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Editorial on the Research Topic 


Molecules of the extracellular matrix as cancer targets


Extracellular Matrices (ECMs) are potent 3D-milieux contributing to the structural integrity of tissues and organs (1). The complex interactions between cells and the surrounding matrix but also within ECM are pivotal for normal development and tissue homeostasis (2). ECM networks, formed by cooperating macromolecules and active effectors, also modulate cell–matrix interactions, cell morphology, growth and function. The ECMs building blocks comprise proteoglycans (PGs) and glycosaminoglycans (GAGs), collagens, fibronectin, tenascins, elastin as well as cell-surface receptors such as integrins, CD44, discoidin domain receptors (DDRs), and receptor tyrosine kinases (RTKs) (3). ECMs function as intermediates between the cells in organs and tissues by regulating multiple inside-out or outside-in signals.

ECM macromolecules play key regulatory roles in gene expression, cell signaling and functions in tissue properties affecting human pathophysiology. Cell-matrix interactions and matrix remodeling are crucial for development, tissue regeneration, as well as disease development and progression. Interactions within the ECMs are quite convoluted and responsible for producing commands to determine vital cellular properties, such as proliferation, motility, autophagy, adhesion, and differentiation (4–7). Building biomolecular networks allows for the conjecture of individual cell properties through association of matrix components, and assists the discovery of targeted therapeutics and their use in drug design (8). It is worth noticing that ECM assembly and organization is constantly adapted based on distinct biomechanical signals.

ECM as a regulatory partner in tissue homeostasis, cancer development and progression, is an emerging field of research, and expression of matrix macromolecules and ECM structural integrity are significantly altered in cancer. Research in the field is focused not only to the extracellularly secreted macromolecules, but also key intracellular, pericellular and basement membrane molecules. Considering its relevance for disease development, the ECM-related field, although emerging, has been underestimated in terms of studies on the mechanistic links behind matrix and several diseases, its prognostic value, and the designing of novel comprehensive treatment strategies.

Recent advances in ECM research have shown that several ECM effectors could be useful potential markers for diagnostic purposes and pharmacological targeting of cancer. Accumulative knowledge has also demonstrated that apart from their action at a cellular level, ECM effectors within their interaction networks could be useful modern biotechnological tools for drug delivery and targeted therapies. Recent research in this area will improve our understanding on the underlying mechanisms involved in cancer development and progression. Advancement in knowledge around ECM has the possibility to guide the development of novel diagnostic tools, innovative therapies, and biomarkers, improving disease management.

This Research Topic collection consists of 26 papers, 18 original research and 8 review articles, co-authored by 166 researchers in the field, and aims to provide the latest advances and insights in the field of ECM in cancer with focus on the ECM roles in cell signaling and cellular functions (proliferation, differentiation, migration, morphology, epithelial-to-mesenchymal transition, angiogenesis, autophagy, etc), pharmacological targeting/treatment and bioengineering approaches.

PGs significantly contribute to the cell signaling and immune responses. The extracellular small leucine-rich proteoglycans, decorin and biglycan, affect tumor growth and progression. Diehl et al. present and critically discuss the complex roles of decorin and biglycan signaling in tumor biology and their potential novel therapeutic implications. Soluble decorin and biglycan modulate key processes vital for tumor initiation and progression, such as autophagy, inflammation, cell-cycle, apoptosis, and angiogenesis. The adaptive nature of a malignant neoplasm is also a major challenge for the development of effective anti-oncogenic therapies.

The RTKs-mediated cell signaling, and integrin matrix receptors have well-established roles in tumor growth and propagation. Rapraeger discussed the syndecans as key molecules in this context. The syndecans, a family of cell membrane heparan sulfate proteoglycans (HSPGs), acting as matrix receptors, organize RTKs and integrins into functional units. Synstatins, peptide mimetics of the docking motifs in the syndecans, prevent assembly of these receptor complexes, block signaling activities and are highly effective against tumor cell invasion, survival and angiogenesis. Syndecan-1, on the other hand, has also been correlated with the development of cervical carcinoma. Syndecan-1 serves as a matrix receptor and coreceptor for receptor tyrosine kinases and additional signaling pathways. The loss of syndecan-1 expression is associated with low differentiation of cervical carcinoma and with an increased rate of lymph node metastases. Hilgers et al. analysed the clinical impact of syndecan-1 expression by analysis of public gene expression datasets and studied the effect of an overexpression of syndecan-1 in the human cervical carcinoma HeLa cells. High syndecan-1 expression correlated with a poor prognosis, suggesting its important role in cervical cancer progression. The reduced syndecans-1-dependent cell motility was linked to the Rho-GTPase signaling pathway. Conclusively, in cervical cancer syndecan-1 modulates pathogenetically relevant processes, which depend on the membrane-association of syndecan-1.

Serglycin, a well-known intracellular PG, is highly expressed by immune cells., It has been recently demonstrated that serglycin is also expressed by several other cell types, such as endothelial cells, muscle cells, and multiple types of cancer cells. Tellez-Gabriel et al. demonstrated that serglycin expression is upregulated in TGF-β induced epithelial-mesenchymal transition (EMT) and provided evidence that is a significant EMT marker gene. Notably, serglycin is more expressed by breast cancer cell lines with a mesenchymal phenotype as well as the basal-like subtype of breast cancers. Authors also found that serglycin is highly expressed by infiltrating immune cells in breast tumor tissue.

The extracellular matrix proteoglycan SPOCK1 contributes to the development and progression of cancers. SPOCK1 present in non-tumorous hepatocytes at low concentrations, promotes the development and progression of malignant hepatocellular tumors. It is worth noticing that syndecan-1, the major proteoglycan of the liver, and SPOCK1 are in inverse correlation. Váncza et al. showed that SPOCK1 downregulation of hepatoma cell lines upregulated p21 and p27 and interfered with pAkt and CDK4 expression. SPOCK1 in the liver cancer cells altered MAPK signaling and downregulated several members of the Src family, all related with the aggressive potential of the hepatoma cells. Therefore, SPOCK1 enhancement in the liver is an active contributor to hepatocarcinogenesis and cancer progression.

The fine structural features of heparan sulfate (HS) chains, including length and sulfation patterns, are crucial for the biological roles displayed by HSPGs, as these features determine binding affinities and selectivity. Marques et al. address in their review the regulatory mechanisms underlying HS biosynthesis and provide insights on the impact of different HS structural epitopes as well as on the effects of deregulated expression of HS modifying enzymes in the development and progression of cancer. The clinical potential of HS biosynthetic enzymes as novel targets for cancer therapy are also presented and discussed. HS chains of endothelial cell PGs interact with the major angiogenic factors, regulating blood vessels´ formation. Melo et al. investigated the effect of a selected HS-binding peptide in angiogenesis and tumor progression. The HS-binding peptide showed a higher affinity for N-sulfated heparin. The HS-binding peptide inhibits the proliferation of human endothelial umbilical cord cells by modulation of FGF-2 and significantly decreases the tube formation of endothelial cells and capillary formation of aorta, the formation of sub-intestinal blood vessels and the tumor size in zebrafish embryos.

Another type of sulfated GAGs, chondroitin sulfate (CS) differs from HS in structural unit hexosamine component and the fine sulfation features. CS chains may also regulate cancer cell properties. CS enhances the invasive activity of the human triple-negative breast cancer (TNBC) cell line MDA-MB-231, but its molecular mechanism remains unclear. Nadanaka et al. demonstrated that CSs bind to ROR1 in the presence of WNT5A. The invasive activity of MDA-MB-231 cells enhanced by CSs was completely suppressed by ROR1 knockdown and knockdown of the CS biosynthesis inhibited invasive activity, even in the presence of ROR1, suggesting that CS is required to induce an ROR1-dependent, aggressive phenotype. Taking into consideration that CS promotes cancer aggressiveness through the ROR1−JNK axis, this study opens a new area of research to help pharmaceutical targeting in TNBC. Tsidulko et al. investigated off-target negative effects of the systemic chemotherapy on glycosylated components of the brain ECM. Using an elaborated glioblastoma multiforme (GBM) relapse animal model, authors demonstrated that healthy brain tissue resists GBM cell proliferation and invasion, thereby restricting tumor development. Adjuvant chemotherapy with temozolomide induced changes in composition and content of brain PGs resulted in the accelerated adhesion, proliferation, and invasion of GBM cells into brain organotypic slices ex vivo and more active growth and invasion of experimental xenograft GBM tumors in SCID mouse brain in vivo. Notably, degradation of CS chains was identified as a key event responsible for the observed functional effects. As a future perspective, authors suggest that ECM-targeted supportive therapy might mitigate the negative off-target effects of the adjuvant GBM treatment and increase the relapse-free survival of GBM patients.

The well-known high molecular weight non-sulfated GAG, hyaluronan (HA), plays pivotal roles in tissue homeostasis, regeneration, several cell functional properties, but also has been related to various pathological conditions including inflammation and cancer. We are delighted that Takabe et al. reviewed the role of HA in the progression of cutaneous melanoma, an aggressive type of skin cancer. The expansion of melanoma is affected by the ECM surrounding the tumor together with immune cells. In early disease stages, HA is the major matrix component in cutaneous melanoma microenvironment. In advanced melanoma, HA content decreases due to altered synthesis and degradation, correlating with poor prognosis. This review focuses on HA matrix in cutaneous melanoma and how the changes in HA metabolism affect the progression of melanoma. HA, as one of the most abundant molecules in the TME, is also often found to coat extracellular vesicles (EVs). EVs derived from plasma membrane tentacles of cancer cells are crucial for migration, such as filopodia, and are abundant in tumor niches. Thus, it is possible that HA and HA-coated EVs have a cooperative role in promoting migration. Aaltonen et al. compared the HA synthesis, EV secretion and migratory behavior of normal and aggressive MCF10 series breast cell lines. Authors demonstrated that EVs left behind by tumor cells during migration are strongly positive for CD9. A leader-follower behavior was significantly decreased upon removal of pericellular HA, indicating that HA promotes the pathfinding behavior of follower cells. The results suggest the orchestrated role of HA, EVs and other extracellular cues in coordinated migration and pathfinding behavior of follower cells.

It is widely accepted that the TME, particularly the ECM, plays an essential role in tumor development through the interaction with specific protein-membrane receptors. One of the most relevant proteins in this context is the transmembrane protein CD44. The role of CD44 in tumor progression, invasion, and metastasis has been well established in many cancers. Fernández-Tabanera et al. summarize its role in sarcomas. CD44 is overexpressed in most sarcomas and exhibits a direct effect on tumor progression, dissemination, and drug resistance. CD44 is a useful prognostic and diagnostic marker (CD44v6 isoform) in osteosarcoma. HA-functionalized liposomes therapy has become an excellent CD44-mediated intracellular delivery system for osteosarcoma. Further research involving the specific role of CD44 in different sarcoma subgroups could provide a more innovative perspective for novel therapies and future clinical trials. Cancer-initiating cells (CICs) drive colorectal tumor growth and interact with multiple cell types within TME, including cancer-associated fibroblasts (CAFs). Chemoresistance in colorectal CICs involves the sustained activation of multiple drug resistance and WNT/β-catenin signaling pathways, as well as of alternatively spliced-isoforms of CD44 containing variable exon-6 (CD44v6). However, the mechanisms underlying sustained WNT/β-catenin signaling have remained elusive. Ghatak et al. investigated the interplay between the CICs and the chemotherapeutic FOLFOX that creates the persistent tumorigenic properties of colorectal CICs and stimulates the microenvironmental factors derived from the CAFs. Using biochemical, molecular and cell biology approaches, cell signaling pathways evaluation and in vivo mouse authors demonstrated that the interplay between chemotherapy-activated CAFs and CICs expressing cd44v6 promotes colon cancer resistance. These findings have crucial clinical implications suggesting that more specific therapeutic approaches required to block a chemotherapy induced remodeling of a TME that acts as a paracrine regulator to enrich CD44v6 (+) in colorectal CICs. In the subsequent study Misra et al. provide evidence that targeting CD44v6-mediated LRP6/β-catenin-signaling and drug efflux may represent a novel approach to overcome FOLFOX resistance and inhibit tumor progression in colorectal CICs. Sustained drug resistance in colorectal CICs is mediated by overexpression of CD44v6, which is both a functional biomarker and a therapeutic target in colorectal cancer. Cold atmospheric plasma (CAP) has been proposed as an emerging anti-cancer treatment modality. Aggelopoulos et al. investigated the effects of direct and indirect CAP treatment on breast cancer cells of different estrogen receptor (ER) status. CAP treatment induced intense phenotypic changes and apoptosis in both ER+ and ER- cells. Interestingly, CAP significantly reduced CD44 protein expression, while differentially affected the expression of proteases and inflammatory mediators. Collectively, the findings of the present study suggest that CAP suppresses breast cancer cell growth and regulates several effectors of the TME and thus it could represent an efficient therapeutic approach for distinct breast cancer subtypes.

DDR1, a collagen receptor and tyrosine kinase, has emerged as an important player in cancer. Sirvent et al. review new DDR1 functions in tumor dormancy following dissemination, immune exclusion and therapeutic resistance induced by stromal collagens deposition. The signaling mechanisms behind these tumor activities and the therapeutic strategies aiming at targeting these collagens-dependent tumor responses as well as future perspectives are also presented and discussed.

Integrin β superfamily members (ITGBs) play important roles in various biological processes and are associated with carcinogenic effects in several malignancies. However, the expression and prognostic values of ITGBs and potential mechanism in gastric cancer (GC), a highly complex and heterogeneous disease, remain largely unclear. Liu et al. evaluated the ITGBs expression profiles in GC using various bioinformatic databases. Authors found that ITGB1-2 and ITGB4-8 are significantly higher in GC, high ITGB5 expression contributes to a poor prognosis and its expression is significantly associated with the ECM organization, cell-substrate adhesion, and ossification. Conclusively, ITGB5 may function as a valid biomarker of prognosis, and high expression of ITGB5 predicts poor prognosis for in GC and might be a potential target of precision therapy. Integrin α11β1 is a collagen-binding integrin. The expression of the α11 is upregulated in CAFs in various human neoplasms. Martínez-Nieto et al. investigated α11 expression in human cutaneous squamous cell carcinoma (cSCC) and in benign and premalignant human skin lesions and monitored its effects on cSCC development. Integrin α11 expression was significantly upregulated in the desmoplastic tumor stroma of human and mouse cSCCs, and the highest α11 expression was detected in high-grade tumors. Authors suggest that α11β1 operates in a complex interactive TME to regulate ECM synthesis and collagen organization and thus foster cSCC growth. Advanced experimental models will help to define the exact roles and molecular mechanisms of stromal α11β1 in skin tumorigenesis.

Targeting tumor-specific ECM molecules and stromal cells or disrupting aberrant mesenchyme-cancer communications might normalize the TME and improve cancer treatment outcome. The tenascins are a family of large, multifunctional extracellular glycoproteins consisting of four members. Tenascin-C and -W are currently the most promising candidates for exploitability and clinical use as they are highly expressed in various tumor stroma with relatively low abundance in healthy tissues. Tucker and Degen review the expression of all four tenascins in tumors, followed by a more thorough discussion on tenascin-C and tenascin-W focusing on their oncogenic functions and their potential as diagnostic and/or targetable molecules for anti-cancer treatment purposes.

Cells recognize and communicate with the surrounding cells and ECM to maintain homeostasis. ECM remodeling is critical for the maintenance of normal functionality. The cellular microenvironment is optimized for the proper functioning of the tissues and organs. Nevertheless, under pathological conditions like cancer, ECM remodeling ceases to be subject to control resulting in disease initiation and progression (9, 10). The actions of proteolytic enzymes such as matrix metalloproteinases (MMPs) as well as non-proteolytic ones such as heparanase (HPSE) alter the ECM composition, can modify the stability and functions of the ECM and drive disease initiation and progression. When cancer arises, the cellular microenvironment is modified to optimize its malignant growth, evading the host immune system and finding ways to invade and metastasize to other organs. Indeed, cancer progression relies on not only the performance of cancer cells but also the surrounding microenvironment. Itoh in his mini review discusses the current understanding of proteolytic modification of the TME signals during cancer progression.

Among glycosidic enzymes, HPSE, the mammalian endoglycosidase degrading HS, has been extensively studied the last decade. It regulates EMT and cancer stem cell properties and involved in prostate cancer progression. Cancer stem cells (CSCs) or cancer-initiating cells contribute to the initiation and tumor growth, the metastatic potential and drug resistance. Masola et al. evaluated two prostate cancer cell lines (DU145 and PC3) following HPSE silencing and overexpression. Expression of EMT and stemness markers was evaluated. The novel findings support a new mechanism of HPSE action in sustaining prostate cancer growth and diffusion and highlight the importance of HPSE as a potential pharmacological target.

Interactions among cancer cells and TME are orchestrated by the ECM contributing to fundamental processes of breast cancer progression. Estrogen receptors (ERs) have pivotal roles in the development and progression of TNBC. Early studies have correlated ERβ expression in tumor sites with a more aggressive clinical outcome (11). Piperigkou et al introduced the functional role of ERβ suppression following isolation of monoclonal cell populations of MDA-MB-231 breast cancer and demonstrated that clone selection results in suppression of the aggressive cell functional properties by transforming their morphological characteristics, eliminating the mesenchymal-like traits. shERβ MDA-MB-231 cells undergo universal matrix reorganization, pass on a MET transition state and prevent tumorigenesis in vivo. These novel findings highlight the promising role of ERβ targeting in future pharmaceutical approaches for managing the high metastatic potential of TNBC.

A major and urgent issue is to identify diagnostic biomarkers of ovarian cancer (OC) to understand the underlying mechanism. Yang et al. studied cell functional properties and EMT using bioinformatic tools, biochemical and cell molecular biology approaches. LncRNA RP11-499E18.1 coexists in the nucleus and cytoplasm of OC cells. Its overexpression suppressed OC cell proliferation, migration, and colony formation, as well as SOX2 nuclear translocation. Interestingly, RP11-499E18.1 downregulated, while PAK2 and SOX2 was upregulated in OC tissues and cells. The new concept of this study indicates that RP11-499E18.1 might be a valuable diagnostic biomarker in OC and might play its tumor suppressor roles via regulation of the RP11-499E18.1–PAK2–SOX2 axis.

The low-density lipoprotein receptor-related protein 1 (LRP1), an endocytic receptor, mediates the clearance of ECM and regulates the expression of matrix receptors. However, the underlying mechanisms remains partial in the frame of cancer cells interaction with matricellular substrates. Langlois et al. identified that LRP1 downregulates calpain activity and calpain 2 transcriptional expression in an invasive thyroid carcinoma cell model, limiting cell-matrix attachment strength. Authors found that LRP-1 exerts a dual mode of control of calpain activity fine-tunes carcinoma cell spreading and suggest an additional and innovative intracellular mechanism which demonstrates LRP-1 pro-motile action in thyroid cancer cells.

Vinculin as a focal adhesion protein play critical role in cell attachment and detachment during migration. Metsiou et al. evaluated the spreading rate and the adhesion strength between breast cancer cells and ECM prior to and post-treatment with anti-tumor agents using tamoxifen treatment for ER+ breast cancer cells, and trastuzumab and pertuzumab for HER2+ cells. Post-treatment spreading rate was significantly decreased in both types of breast cancer, suggesting a lower metastatic potential. Treated cells required greater adhesion forces to detach from the ECM. Post-detachment and post-treatment vinculin levels were increased, indicating tighter cell–ECM junctions, limiting the probability of cell motility and migration.

Although 2D in vitro cell culture studies are common in the cancer research, reliable biomimetic 3D models are needed to ensure physiological relevance. Iazzolino et al. hypothesized that decellularized xenograft tumors can serve as an optimal 3D substrate to generate a top-down approach for in vitro tumor modeling. Authors found that samples decellularized from TNBC basal-like subtype xenograft models had different ECM compositions compared to the rest of the xenograft tumors tested. The in vitro recellularization of decellularized ECM (dECM) yields tumor-type–specific cell behavior in the TNBC context. Authors suggest that dECM is a feasible substrate for reseeding purposes, thereby promoting tumor-type–specific cell behavior, a proof-of-concept for further potential generation of patient-specific in vitro research models.
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Adjuvant chemotherapy with temozolomide (TMZ) is an intrinsic part of glioblastoma multiforme (GBM) therapy targeted to eliminate residual GBM cells. Despite the intensive treatment, a GBM relapse develops in the majority of cases resulting in poor outcome of the disease. Here, we investigated off-target negative effects of the systemic chemotherapy on glycosylated components of the brain extracellular matrix (ECM) and their functional significance. Using an elaborated GBM relapse animal model, we demonstrated that healthy brain tissue resists GBM cell proliferation and invasion, thereby restricting tumor development. TMZ-induced [especially in combination with dexamethasone (DXM)] changes in composition and content of brain ECM proteoglycans (PGs) resulted in the accelerated adhesion, proliferation, and invasion of GBM cells into brain organotypic slices ex vivo and more active growth and invasion of experimental xenograft GBM tumors in SCID mouse brain in vivo. These changes occurred both at core proteins and polysaccharide chain levels, and degradation of chondroitin sulfate (CS) was identified as a key event responsible for the observed functional effects. Collectively, our findings demonstrate that chemotherapy-induced changes in glycosylated components of brain ECM can impact the fate of residual GBM cells and GBM relapse development. ECM-targeted supportive therapy might be a useful strategy to mitigate the negative off-target effects of the adjuvant GBM treatment and increase the relapse-free survival of GBM patients.
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Introduction

GBM is an aggressive malignant brain tumor with a very poor prognosis. The conventional treatment protocol includes surgery followed by concurrent radiotherapy (30 fractions*2 Gy) and chemotherapy with TMZ, with subsequent TMZ courses (1, 2). This adjuvant treatment targets the eliminiation of residual GBM cells and, in the most cases, accompanied by DXM as a basic anti-edema drug (3, 4). During the last decade, substantial efforts have been made to develop new anti-GBM drugs and different treatment strategies; however, they did not lead to significant improvement in survival rates of GBM patients yet (5, 6). Unfortunately, despite the temporal improvement in the disease course, a GBM relapse can develop at 6 to 8 months after surgery resulting in a lethal outcome. At recurrence, there is no standard of care, and there is a clear need for better therapeutic options (7, 8).

The known molecular mechanisms of adverse TMZ effects on the residual GBM cells are presented in detail in the comprehensive reviews (9, 10) and include largely induced resistance of GBM cells to the drug(s) due to DNA repair (11, 12) and contribution of cancer stem-like cells (13–16). For the last years, the tumor microenvironment (TME) also appeared on this scene as an important regulator of phenotypic GBM cells heterogeneity and tumorigenic potential rather than multipotency of cancer stem-cell cells (17).

The role of the microenvironment in brain cancer has been extensively studied during last decades, but that is related, initially, to the role of cellular components of the brain tissue, like the astrocytes (18, 19). ECM components remain less investigated, although their importance to GBM development is not in doubt (20). Brain tissue ECM represents a unique structure, mainly composed of proteoglycans (PGs) and glycosaminoglycans (GAGs), which involvement in normal physiology and carcinogenesis is extensively studied for different cancers (21, 22). The important role of PGs in brain carcinogenesis is comprehensively discussed in the recent reviews (23–25), with special attention to chondroitin sulfate proteoglycans (CSPGs) (26, 27) and CSPG4 (28), heparan sulfate proteoglycans (HSPGs) (29), and polysaccharide molecules of heparan sulfate (HS) (30–32) and keratan sulfates (KS) (33). As for GAGs, one of the most abundant GAGs in brain ECM is hyaluronan (HA), which has a functional role in the GBM development and is comprehensively described in the recent review by Pibuel et al. (34).

During GBM chemotherapy, TMZ affects PGs expression in both the residual cancer cells and surrounding normal brain tissue. More data are available for TMZ effects on PGs in GBM tumor/cells because of the possibility of using experimental cancer cell culture systems in vitro and in vivo as well as clinical data. Important results are obtained from the experiments with TMZ-resistant GBM cells, which allow us to identify potential resistance-related PGs: glypican-1–silenced U-251 cells were much more susceptible to TMZ than intact U-251 MG cells (35); high expression of decorin and lumican in GBM and neuroblastoma stem cells are associated with TMZ resistance (36); CSPG4 is related in molecular mechanisms of TMZ resistance of GBM cells (37); experimental degradation of CS by chondroitinase ABC sensitizes glioblastoma cells to TMZ (38). The observed changes in the PGs expression in TMZ-resistant GBM cells seem to be induced by the systemic long-term TMZ treatment during the selection of the resistant cell clones. Overall, although the use of TMZ in the experimental models does not reflect the clinical situation of GBM development completely (39, 40), the experiments allow for the revealing of important molecular mechanisms of GBM development and identifying PGs as markers for GBM cells transformation.

Effects of systemic long-term TMZ on the extracellular components of normal brain tissue (PGs, GAGs) remain much less investigated due to restricted set of the research methods, which include mainly GBM animal models in vivo (41–44) and brain organotypic culture ex vivo (45–47). In our previous study, we demonstrated for the first time the ability of TMZ and DXM to affect PG/GAG expression and composition in normal rat brain tissue in the experimental system in vivo. TMZ treatment affects mainly GAG chains of the intact PG molecules, while DXM increases overall transcriptional activity and expression patterns of the PGs (changes in syndecan-1 (+4-fold), glypican-1 (+3-fold), brevican (+7-fold), CSPG4/NG2 (+2-fold), decorin (−2-fold), and lumican (+3-fold) expression) in brain zone-dependent manner (48). Combination of TMZ with DXM results in the most profound deterioration in PGs composition and content in the brain tissue both at core protein and glycosaminoglycan levels. In this study, we aimed to investigate the functional role of the TMZ-induced changes in the expression of PGs and content of their polysaccharide GAG chains in GBM relapse development using a novel GBM relapse model.



Materials and Methods


Animals

For in vivo studies, male SCID mice (n=64) aged 10 weeks and weighing 23 to 30 g were used. Animals were housed in groups of two to five mice in individually ventilated polycarbonate cages OptiMice (Animal Care Systems, USA) in special clean rooms with HEPA13-filtered incoming air, with free access to food and water, 12/12-h light/dark cycle, air temperature of 22 ± 2°C, and relative humidity of 45 ± 10%. All in vivo experiments were conducted at SPF Animal Facility at the Institute of Cytology and Genetics SB RAS (Novosibirsk, Russia). For ex vivo organotypic hippocampal slice culture, Wistar rat pups aged 8 to 9 days were used. All procedures were conducted in accordance with the European Communities Council Directive 2010/63/EU and were approved by the Animal Care and Use Committees of the Institute of Cytology and Genetics SB RAS and FRC FTM. All efforts were made to minimize animal suffering and to reduce the number of animals used.



Cells

The human glioblastoma U87 cell line was obtained from the Karolinska Institute (Stockholm, Sweden). The U87-RFP cell line was purchased from Creative Biogene (Shirley, NY, USA). Cells were maintained in IMDM medium supplemented with 2 mM l-glutamine, 100 units/ml penicillin, 100 μg/ml streptomycin, and 10% fetal bovine serum at 37°C in a humidified 5% CO2 incubator. For analysis, cells were harvested using trypsin/EDTA.



Primary Mixed Glial Culture

Primary mixed glia was obtained using gentleMACS™ Octo Dissociator with Heaters and Adult Brain Dissociation Kit (Miltenyi Biotec, Germany) according to the manufacturer’s protocol. Briefly, two 10-week-old C57BL/6J mice were sacrificed by cervical dislocation; brains were removed and washed in cold PBS. Brains were cut into 0.5-cm slices and transferred to C Tubes (Miltenyi Biotec, Germany), containing enzyme mix 1. Enzyme mix 2 was added, and the brains were dissociated using the gentleMACS program 37C_ABDK_01. After the termination of the program, the suspension was filtered through a 70-μm strainer and centrifuged at 300g for 10 min. Debris was removed using centrifugation with Debris Removal Solution at 3000g for 10 min. Cells were washed with cold PBS, incubated with 1× Red Blood Cell Removal Solution for 10 min at 4°C and centrifuged at 300g for 10 min. The remaining cells were resuspended in IMDM (Gibco, USA) medium supplemented with 2 mM l-glutamine, 100 units/ml penicillin, 100 μg/ml streptomycin, and 10% fetal bovine serum. Cells were seeded onto poly-d-lysine-covered flasks and incubated at 37°C in a humidified 5% CO2 incubator. The medium was changed completely after 24 h, and ½ of the medium was changed every 3 days. At day 11, cells reached 85% to 90% of confluency and were used for further experiments.



Cell Viability and Proliferation Assay

Cell viability and proliferation were detected by Hoechst 33342/PI staining. Primary mixed glial cells were seeded on 96-well plates at 104 cells per well and allowed to attach and grow for 24 h. After 24 h medium was changed to the medium containing TMZ (250 µM), DXM (1 µM), TMZ+DXM (250 and 1 µM, respectively) or DMSO (0.25%) as control, ½ medium was replaced with fresh medium containing corresponding drugs every 3 days. Cells viability and proliferation were analyzed at 24, 48, 72, 144, 168, and 192 h of incubation with the drugs. Cells were stained with Hoechst 33342 (Sigma-Aldrich) for 30 min at 37°C and PI (Sigma-Aldrich, USA) for 10 min at 37°C. An IN Cell Analyzer 2200 (GE Healthcare, UK) was used to perform automatic imaging of six fields per well under 200× magnification, in bright field and fluorescence channels. The images produced were used to analyze live and dead cells using the IN Cell Investigator software (GE Healthcare, UK).



RT-PCR Analysis

Total RNA was extracted from the brain samples and organotypic hippocampal slices using the TRIzol Reagent (Thermo Fisher Scientific, USA) and RNeasy Plus Mini kit (Qiagen, USA) according to the manufacturer’s instructions. cDNA was synthesized from 1 μg of total RNA using a first strand cDNA Synthesis kit (Fermentas, USA). Quantitative real-time RT-PCR was performed using the CFX96 Real-Time PCR Detection System (Bio-Rad, USA) and the PCR iTaq Universal SYBR Green Supermix (Bio-Rad, USA) under the following conditions: 95°C for 2 min, followed by 40 cycles at 95 °C for 10 s and 60°C for 30 s. The total reaction volume was 25 µl. The relative amount of mRNA was normalized against Gapdh mRNA, and the fold change for each mRNA was calculated by the 2−ΔCt method. Primer sequences for rat and mouse genes are presented in Table 1.


Table 1 | Sequences of primers used in PCR analysis.





Immunostaining

For immunohistochemistry, 3-μm sections of formalin-fixed, paraffin-embedded tissue samples were used. Deparaffinization and antigen retrieval were performed in PT Module with Dewax and HIER Buffer L (Thermo Scientific, USA). Tissue sections were stained using Lab Vision™ Autostainer 720-2D according to the UltraVisionQuanto HRP DAB Protocol (Thermo Scientific, USA). Briefly, sections were incubated with UltraVision Hydrogen Peroxide Block buffer for 10 min RT and then UltraVision Protein Block solution for 5 min RT before being incubated with primary mouse monoclonal antibody to CS-AC (1:100, CS-56, C8035, Sigma-Aldrich, USA) for 1 h RT. The signal was visualized by incubations with Primary Antibody Amplifier Quanto (10 min, RT), HRP Polymer Quanto (10 min, RT), and DAB Quanto solutions (5 min, RT). All washing steps were performed with Tris-buffered saline and Tween-20 buffer (Thermo Scientific, USA). Staining patterns were counterstained with hematoxylin and photographed by light microscopy with magnification ×400 (AxioScope.A1 with AxioCamMRc5 (Carl Zeiss, Germany).



Dot-Blots for Chondroitin Sulfate Content

Brain tissue samples were lysed with RIPA-buffer (Thermo Scientific, USA), containing “Complete” Protease Inhibitor Cocktail (Roche, USA), sonicated, and centrifuged for 15 min at 14,000g. The protein concentration was quantified using Pierce™ BCA Protein Assay Kit (Thermo Scientific, USA). 1 μg of total proteins were dot-blotted onto PVDF membranes in a volume of 1 μl. The membranes were blocked with 5% non-fat milk for 1 h and incubated with mouse anti-CS primary antibody (1:500, CS-56, C8035, Sigma-Aldrich, USA) overnight at 4°C followed by secondary peroxidase-conjugated antibodies goat anti-Mouse IgG (Abcam, UK) for 1 h at RT. GAGs were detected with an Optiblot ECL Detection Kit (Abcam, UK) according to the manufacturer’s instructions. Blots were imaged using ChemiDoc (BioRad, USA) and analyzed semi-quantitatively using ImageJ 1.52 software.



Organotypic Hippocampal Slice Culture Ex Vivo

Organotypic hippocampal slice cultures (OHSCs) were prepared according to the previously described protocol (49). Briefly, neonatal Wistar rat pups (postnatal days 8–9) were decapitated, and the brains were rapidly removed under aseptic conditions and placed into ice-cold Hank’s balanced solution with 0.9% glucose. The hippocampi were removed and cut rapidly into 400-μm transversal slices with a manual McIlwain tissue chopper (Stoelting Co., USA). The slices were transferred to Millicell culture inserts (Millipore, PICM0RG50) placed into six-well plate containing 1.2 ml of culture medium, consisting of 30% Hank’s balanced solution, 60% IMDM and 10% fetal bovine serum. The organotypic hippocampal slices were cultivated in a 90% humidified atmosphere with 5% CO2 at 37°C. The medium was changed the next day. At the day 4 of the experiment, ½ of the medium was replaced with neurobasal medium supplemented with B27 (Gibco, USA), at day 7, medium was completely replaced with Neurobasal+B27 medium and changed twice a week.

TMZ and/or DXM were added to the culture medium to final concentrations 250 and 1 µM, respectively, at day 7 of the experiment, the treatment conditions were taken from our previous work (48). The organotypic hippocampal slices were incubated with drugs for 24 h, washed with fresh medium and used for co-culture with glioma cells or collected into RNALater solution for RT-PCR analysis.



GAG Content Manipulation in Rat Brain Organotypic Slices

To degrade endogenous GAGs in the organotypic slices, enzymes chondroitinase AC (EC 4.2.2.5, Sigma-Aldrich, USA), and chondroitinase B (EC 4.2.2.19, Sigma-Aldrich, USA) were used. Chondroitinase AC (0.5 U/ml) or chondroitinase B (30 U/ml) were resuspended in the reaction buffer (150 mM NaCl, 25 mM K2PO4, pH 6.5) and applied to brain organotypic slices on the day 8 of the experiment in a volume of 10 μl/slice. The slices were incubated for 1 h at 37°C and 5% CO2, washed with fresh culture medium and used to co-culture with glioblastoma U87-RFP cells.

To increase the amount of GAGs in the organotypic culture, endogenous CS-A/C (Sigma-Aldrich, USA) or CS-B (Sigma-Aldrich, USA) were added to the culture medium on the 8th day of the experiment to a final concentration 0.5 mg/ml. The content of exogenous GAGs in the medium was maintained during subsequent cultivation with GBM U87-RFP cells.

Validation of the used reagents’ specificity is provided on the technical specification inserts.



Co-Culture of Organotypic Hippocampal Slices With U87 GBM Cells

U87-RFP cells were harvested using trypsin/EDTA, pelleted by centrifugation, and resuspended in Neurobasal medium.

To analyze the adhesion of tumor cells to the surface of organotypic slices, 12500 cells in 10 μl were applied onto each slice, incubated for 2 h at 37°С and 5% CO2, washed in PBS, and fixed in 10% neutral buffered formalin at 4°C for 16 h. To assess the proliferation of tumor cells and their invasion into organotypic slices, 2,500 cells in 5 μl were applied onto each slice, incubated for 7 days at 37°С and 5% CO2, then washed with PBS and fixed in 10% neutral buffered formalin at 4°C for 16 h. After fixation, organotypic slices-U87-RFP co-cultures were washed three times in PBS, transferred onto microscope slides, and covered with a coverslip using SlowFade Gold medium with DAPI (Thermo Scientific, USA). These co-cultures were visualized using an LSM 710 laser confocal microscope (Carl Zeiss, Germany). Images were acquired in z-stack and tile-scan modes to visualize the signal over the entire volume of the slice. The acquisition, processing, and analysis of images were performed using the ZEN Black 2012 software (Carl Zeiss, Germany). Tumor cell adhesion was determined as the percentage of the slice surface area occupied by tumor cells (summarized signal from 20 µm deep slice volume); the proliferation of tumor cells was determined as a percentage of the area occupied by tumor cells in the maximum intensity projection mode (summarized signal from the whole slice volume); the invasion of tumor cells was determined as a percentage of the area occupied by tumor cells at a depth of 25 µm from the slice surface.



Drug Administration to Healthy SCID Mice In Vivo

In total, 64 male SCID mice were randomly divided into four experimental groups. TMZ-group (n = 16) received TMZ (MSD, Finland) intragastric as a water suspension in a dose of 30 mg/kg; DXM-group (n=16) received intraperitoneal injection of 1 mg/kg DXM (KRKA, Slovenia), TMZ-DXM-group (n=16) received both TMZ and DXM; control group received water intragastric in the same volume as the TMZ-group. The drugs were administered according to the scheme: three cycles of 5 consecutive days of administration with a 9-day break between cycles (a total of 15 drug injections). The animals were weighed once a week. On the 39th day of the experiment, six animals from each group were sacrificed by cervical dislocation; the brains were removed, one hemisphere was divided into cerebral cortex and subcortex and collected in RNALater solution (Invitrogen, USA) for RT-PCR analysis, the second hemisphere was incubated in 10% neutral buffered formalin for 24 h at room temperature and used to prepare paraffin blocks.

The remaining animals received an orthotopic injection of human GBM U87 cells.



Orthotopic Experimental Tumors Development in the Pre-Treated SCID Mice Brain

The experimental human GBM tumors were induced in the brain of the pre-treated SCID mice by a stereotactic inoculation of U87 cells into the subcortical brain structures (50). Briefly, mice were placed into a chamber with 1.5% isoflurane and airflow of 450 to 500 ml/min for 3 min, and then transferred onto a 37°C heated operating table and placed under an anesthesia mask with 1.5% isoflurane. A 3- to 4-mm incision on the head skin was made in the caudal-cranial direction in the bregma area, and 5 μl of U87 cells suspension in serum-free DMEM/F12 medium (5 × 105 cells per animal) was injected into the subcortical brain structures with a Hamilton syringe through a hole in the skull. The experimental tumor growth was monitored by magnetic resonance imaging (MRI) every 5 days starting at day 10 after tumor cells inoculation using a BioSpec 117/16 USR horizontal tomograph (Bruker, Germany) at 11.7 T using a TurboRARE (Rapid Imaging with Refocused Echoes) T2 scanning sequence (TR=2500 ms, TEeff=24 ms, NA=5, Rare factor = 8, matrix 256×256 dots, field of view 2.0 cm × 2.0 cm). All manipulations were performed on anesthetized animals (1.5% isoflurane in a gas mixture with oxygen and a flow rate of 350–450 ml/min). Tumor size was calculated using the Paravision 5.1 (Bruker) and ImageJ software and expressed in μl. Mice were sacrificed upon 20% weight loss by decapitation using guillotine according AVMA Guidelines for the Euthanasia of Animals (American Veterinary Medical Association, 2013); no hunching, rough coat, ataxia, head tilt, and paralysis were detected. Brains were removed, one hemisphere was divided into the cerebral cortex, subcortex, and tumor and collected into RNALater for RT-PCR analysis, the other hemisphere was fixed in 10% neutral buffered formalin and used to prepare paraffin blocks.



Statistical Analysis

ANOVA analysis with Fisher’s least significant difference (LSD) post hoc test was performed to determine statistical significance between the studied groups. A value of p<0.05 was considered to indicate a statistically significant difference. Data are expressed as means ± SD. Survival analysis was performed by the Kaplan-Meier method. Pearson correlation coefficient was determined to analyze the correlation between PGs expression and tumor volume. All statistical analyses were performed using OriginPro 8.5 software.




Results

Because our previous data indicated that TMZ and DXM change PGs structure and composition in normal rat brain tissue (48), we performed a number of functional tests to investigate whether the structural ECM changes affect a fate of GBM cells in pre-treated brain microenvironment and contribute to experimental tumor development mimicking a GBM relapse. Two complementary approaches were combined in a GMB relapse mouse model—xenograft tumor growth in immunocompromised mice in vivo and co-culture of GBM cells with brain slice cultures ex vivo that closely mimic tumor cell invasion into the brain in vivo (46).


TMZ and DXM Facilitates Adhesion, Proliferation, and Invasion of GBM Cells Into Rat Brain Organotypic Slices Ex Vivo

First, we performed the experiment on co-culture of organotypic brain slices with U87-RFP cells (Figure 1A). The hippocampal slices were treated with TMZ and/or DXM, and the drugs were removed from the culture medium before addition of U87 cells. TMZ/DXM-induced changes in PGs expression were verified by real-time RT-PCR analysis (Supplementary Figure 1). Adhesion, proliferation, and invasion of the fluorescent-labeled cells on the pre-treated brain tissue were assessed as shown (Figure 1B), representative pictures are presented (Figure 1C), and staining signal was quantified using ImageJ 1.52 software (51) (Figure 1D). It was shown that TMZ and DXM possess different effects on brain ECM structure. Although DXM-induced changes facilitated adhesion of GBM cells to the pre-treated hippocampus slices (4- to 5-fold, p<0.05), TMZ-induced changes favored the proliferation of the cells (7-fold, p<0.001) (Figures 1C, D). The most drastic deterioration of brain ECM occurred upon combined TMZ/DXM treatment that resulted in significant activation of U87 adhesion (4- to 5-fold p< 0.01), proliferation (9- to 10-fold, p< 0.001), and invasion (9- to 10-fold, p< 0.001) to the pre-treated brain organotypic culture. These data demonstrate that healthy brain tissue is capable of suppressing adhesion and proliferation of cancer cells, but the systemic use of TMZ (especially in combination with DXM) attenuates this ability and contributes to the transformation of brain microenvironment into a pro-invasive niche. Together, these results reveal the overall toxic effects of systemic use of TMZ (especially in combination with DXM) to brain tissue structure in terms of PGs/GAGs pattern and content, and their impaired ability to resist cancer cells adhesion and proliferation in experimental system ex vivo.




Figure 1 | Effects of TMZ and/or DXM-induced changes in brain organotypic slices on adhesion, proliferation and invasion of GBM cells ex vivo. (A) Scheme of the experiment. (B) Methodology for detection of the studied parameters. (C) Confocal microscopy of U87-RFP cells seeded on the control and TMZ/DXM-treated organotypic brain slices. Cells nuclei are stained with DAPI. Magnification, ×200, scale bar 500 µm. (D) Quantitative analysis of the U87-RFP cells on the control and treated rat brain tissues. ANOVA and post-hoc Fisher’s LSD test, *p < 0.05, **p < 0.01, ***p < 0.001. TMZ, temozolomide; DXM, dexamethasone.





Pre-Treatment of SCID Mice With TMZ and DXM Increases Growth and Invasive Potential of Xenograft U87 Tumors In Vivo

To investigate the effects of TMZ chemotherapy in vivo, we elaborated a mouse model of GBM relapse, where healthy animals were first treated with TMZ and/or DXM, and then the glioma U87 cells were inoculated into the brain pre-exposed to chemotherapeutic drug(s) (Figure 2). This model mimics a clinical situation where post-surgery residual GBM cells have to survive and proliferate in the microenvironment compromised by a long-term TMZ pressure. Indeed, we observed a significant (2.5- to 3-fold) increase in the growth rate and final volume of xenograft U87 tumors in the animals that have undergone TMZ or DXM treatments compared with control animals (Figures 3A–C). Other things being equal, normal brain tissue possessed a restraining effect on tumor growth in vivo, being similar to the results obtained in the ex vivo model system.




Figure 2 | Experimental GBM relapse animal model. Scheme of the experiment to study the effects of pre-treatment of SCID mice with chemotherapeutic drugs on the growth of xenograft U87 tumors. PG, proteoglycan; CS, chondroitin sulfate; TMZ, temozolomide; DXM, dexamethasone.






Figure 3 | Functional effects of TMZ and/or DXM-induced changes in brain tissue on the development of experimental U87 xenograft tumors. (A) MRT-images of the representative U87 xenografts. Intracranial tumors marked with a yellow outline, extracranial—red outline. (B) Growth curves for the xenografts in control and treated brains. (C) Final volume of the xenografts. ANOVA and post-hoc Fisher’s LSD test, *p < 0.05. (D) Frequency of the extracranial tumors in all experimental groups. (E) Odds ratio of extracranial tumors development (OriginPro 8.5). (F) Weight of the animals during the experiment. (G) Survival of the animals (Kaplan-Meier curve). TMZ, temozolomide; DXM, dexamethasone.



Interestingly, the xenograft tumors grown in the animals that received TMZ or combined TMZ-DXM treatment demonstrated not only the bigger tumor size but also more invasive phenotype as well, seen on MRI images, unlike those with DXM-treatment (Figure 3A). They developed extracranial tumors at significantly higher rates (Figure 3D), supporting further the conclusion about an accelerated invasion of GBM cells into the TMZ-compromised brain tissue. The calculated odds ratio showed a 3.8- to 4.5-fold higher probability of extracranial tumor formation in the brain of TMZ-treated animals (Figure 3E). At the same time, the final body weight of the mice from different experimental groups did not differ (although some fluctuations following the TMZ/DXM treatments occurred), and overall survival rates were similar (Figures 3F, G).

These in vivo results match to the data obtained in brain organotypic slices ex vivo and demonstrate different effects of TMZ and DXM on healthy brain tissue, where TMZ pre-treatment (especially in combination with DXM) facilitates adhesion, proliferation, and invasion of GBM cells into the surrounding brain tissue and active growth of the experimental tumors.



TMZ and/or DXM Affect PGs Expression in Normal Mouse Brain Tissue

To analyze the effect of TMZ or DXM on cellular components of normal mouse brain tissue, the viability of primary mixed glial cells from mouse brain and their proliferation rate upon TMZ/DXM treatment were analyzed using InCell Analyzer 2000 System (Figure 4). None of the treatments had a significant effect on the amount of dead cells in the culture (Figure 4A), although their proliferative activity was inhibited (Figures 4B, C). TMZ/DXM treatment significantly affected the expression of some PG core proteins in the brain of healthy SCID mice in brain zone-specific manner (Figure 4D), whereas U87 xenograft tumor growth did not significantly change PGs’ expression in the brain of the SCID mice (Figure 4E). The most significant changes were observed after combined treatment with TMZ/DXM (Figure 4F). DXM increased mRNA levels of biglycan (2.7-fold, p<0.05) in the cortex, and glypican-1 (3.5-fold, p<0.01), syndecan-1 (4.3-fold, p<0.05), and versican (3.1-fold, p<0.001) in the subcortex. TMZ alone did not significantly affect the transcriptional activity of PG-coding genes in the brain tissue, but in combination with DXM resulted in a completely different pattern of PG expression: up-regulation of biglycan (4.3-fold, p<0.05), CD44 (6.3-fold, p<0.01), and decorin (3.6-fold, p<0.01) in cortex and increased expression of glypican-1 (3.2-fold, p<0.01) and versican (3.7-fold, p<0.001) in subcortex. The obtained results demonstrate that TMZ/DXM selectively affect the expression of some PGs at the mRNA levels, resulting in the specific PGs expression patterns and deteriorated brain ECM composition.




Figure 4 | Effects of TMZ and/or DXM on normal glial cells and proteoglycans expression in brain tissue. (A) Viability of primary glial cells during the treatments (as a percentage of dead cells in the culture). (B) Growth curves of the control and TMZ/DXM-treated cells. (C) Doubling time for the control and treated cells. (D, E) PG core proteins mRNA levels in cortex and subcortex before and after treatments with TMZ and/or DXM (D) or U87 cells inoculation (E) or combination of TMZ/DXM treatments and inoculation of U87 cells (F). Real-time RT–PCR analysis, intensity of the amplified DNA fragments normalized to that of Gapdh. Bars represent the mean ± SD from triplicate experiments (OriginPro 8.5). ANOVA + Fisher’s LSD test, *p < 0.05, **p < 0.01. TMZ, temozolomide; DXM, dexamethasone.





TMZ and/or DXM Decrease CS Content in Normal Mouse Brain Tissue

Because the functional properties of complex PG molecules to a large extent depend on their GAG chains, and decorin and brevican are the most expressed PGs in mouse brain tissue responding to TMZ/DXM treatment, we next analyzed the content of CS-AC in the TMZ/DXM-treated brain tissues. According immunohistochemical analysis (IHC) of brain tissue samples (include cerebral cortex and subcortex structures), CS is abundant in healthy SCID mice brain tissue, but combined TMZ/DXM treatment significantly decreased total CS-AC content (−2.3-fold, p<0.05) (Figure 5A, upper line). Inoculation of U87 GBM cells into the mouse brain resulted in the decrease of CS-AC content in paratumorous tissue to approximately the same level as that in TMZ/DXM-treated brain tissue, and this effect was even more pronounced when U87 xenografts were developed in TMZ/DXM pre-treated animals (Figure 5A, middle line). The U87 xenograft tumors themselves retained a high level of CS-AC content, mainly in the GBM cells (Figure 5A, lower line).




Figure 5 | Chondroitin sulfate content in SCID mice brain tissues before and after treatments with TMZ and/or DXM. (A) Immunohistochemical analysis of CS content before and after TMZ/DXM treatments in normal SCID mouse brain tissue, paratumorous tissue and U87 xenografts. Magnification *400. Scale bars 50 µm. (B–E) Dot-blot analysis of the total CS content using anti-CS antibody in cortex and subcortex structures. (B, D) Original representative dot blots. (C, E) Semi-quantitative analysis of the dot-blots (ImageJ 1.52 software). Bars represent the mean ± SD from triplicate experiments (OriginPro 8.5). ANOVA + Fisher’s LSD test, *p < 0.05, **p < 0.01. Control, non-treated mouse brain tissue; TMZ, temozolomide; DXM, dexamethasone.



Quantitative analysis of the changes in CS-AC content was performed using dot-blot analysis with CS-AC–specific antibody (clone CS-56) for cerebral cortex and subcortex tissues separately (Figures 5B–E, respectively). Cerebral cortex was relatively resistive to the manipulations and showed significant decrease of CS content only after combined TMZ/DXM treatment (−2-fold, p<0.05) or U87 inoculation (−2-fold, p<0.05) (Figures 5B, C). Subcortex was more sensitive to any influence (TMZ, DXM, U87 inoculation with/without drug pre-treatments) demonstrating −2- −4-, 5-fold decrease in CS-AC content (p<0.01) (Figures 5D, E).

Together, these data support a hypothesis that both GBM cells and TMZ treatment contribute to the reorganization of brain ECM towards a pro-tumorigenic and pro-invasive microenvironmental niche, being more susceptible to GBM relapse development, through the attenuation of CS-AC content in brain ECM.

The obtained results for the first time indicate PGs/GAGs as potential targets for chemotherapeutic drug(s) in brain tissue, possibly involved in its transformation to a pro-tumorigenic niche.



Xenograft U87 Tumors Growth Is Associated With PGs Expression in Mouse Brain Tissue

To investigate whether these TMZ/DXM-induced changes in PGs expression are associated with the increased proliferation and invasion of U87 cells, we used two complementary approaches.

First, all the mice bearing U87 xenografts were allocated to three groups with relatively small (<30 µl), medium (30–70 µl), or big (>70 µl) tumors, and PG expression in the brain tissue surrounding these xenografts was analyzed separately in each of the cohorts (Figure 6A). Indeed, the normal tissue surrounding bigger-sized U87 tumors possessed significantly higher mRNA levels for multiple PGs, such as decorin (+3.2-fold, p<0.01), biglycan (+2.7-fold, p<0.05), glypican-1 (+4.7-fold, p<0.01), syndecan-1 (+3.4-fold, p<0.05), brevican (+3.8-fold, p<0.01), NG2/CSPG4 (+4.9-fold, p<0.01), neurocan (+4.7-fold, p<0.05), compared with the normal tissue surrounding small tumors.




Figure 6 | Association of the PGs expression levels in surrounding tumor normal tissue with the total volume of U87 xenografts. (A) PG expression levels in brain tissue of animals grouped according to the xenograft tumors size (small <30 µl; medium 30-70 µl; big >70 µl). Bars represent the mean ± SD from triplicate experiments (OriginPro 8.5). ANOVA + Fisher’s LSD test, *p < 0.05. (B) Tumor volumes in animals with relatively high or low expression of selected PGs (decorin, brevican, glypican-1). (C) Pearson’s linear correlation of the xenograft volumes with the expression levels of the PGs in surrounding normal brain tissue (OriginPro 8.5).



Then, the whole experimental cohort was analyzed according to the high or low expression level of each individual PG and xenograft size in these animals. The transcriptional activity of three of the studied PGs (decorin, glypican-1, brevican) demonstrated a clear tendency to be correlated with the size of the experimental xenograft tumors (Figure 6B). To verify this observation, correlation analysis was performed for these best candidate PGs and confirmed a high correlation between the U87 xenograft volumes and the expression levels of the PGs surrounding the normal mouse brain tissue: decorin (Pearson’s correlation coefficient r=0.69), brevican (Pearson’s r=0.77), and glypican-1 (Pearson’s r=0.80) (Figure 6C).

These data suggest that TMZ-induced changes in the PGs expression in brain tissue contribute to the increased proliferative and invasive capacity of GBM cells in TMZ-compromised microenvironment.



Degradation of Chondroitin Sulfate but Not Dermatan Sulfate Results in the Accelerated Adhesion and Invasion of GBM Cells Into Brain Tissue

To study a functional role of CS in GBM cells fate in the pre-treated microenvironment further, we used two approaches, consisting of the removal of different CS sub-types (CS-A/C or CS-B, called also dermatan sulfate, DS) by chondroitinase AC or chondroitinase B treatments (Figure 7A) and addition of exogenous CS-AC or CS-B (Figure 7B). The enzymes (chondroitinase AC and chondroitinase B) have been reported to be specific for the native CS polysaccharide molecules. They degrade specifically CS sub-types A/C and B, respectively, and may be used for identification of these CS sub-types in tissues and cells.




Figure 7 | Effects of experimental modulation of CS content on adhesion, proliferation and invasion of GBM cells ex vivo. (A, B) Schemes of the experiment. (C) Confocal microscopy of U87-RFP cells seeded on the control organotypic brain slices and slices treated with chondroitinase AC or exogenous chondroitin sulfate AC (CSAC), chondroitinase B or chondroitin sulfate B (CSB). Cells nuclei are stained with DAPI. Scale bar 500 µm. (D) Quantitative analysis of the U87-RFP cells on the control and treated rat brain tissues (ImageJ 1.52 software). ANOVA and post-hoc Fisher’s LSD test, *p < 0.05, **p < 0.01. TMZ, temozolomide; DXM, dexamethasone.



It was shown that enzymatic degradation of CS-AC in the organotypic brain slices before their co-culture with U87 cells increased adhesion and invasion but not proliferation of U87 cells on these pre-treated slices, whereas addition of exogenous CS-AC to the intact co-cultures of brain slices with U87 cells did not affect any of the studied functional characteristics of the GBM cells (adhesion, proliferation, migration) (Figures 7C, D). Pre-treatment of the brain slices with chondroitinase B did not affect the interaction of U87 cells with the brain tissue, although the exogenous CS-B significantly increased adhesion, proliferation, and migration of U87 cells (Figures 7C, D). The results suggest that CS-AC is a vital component, and an optimal balance of CS-AC and CS-B is required for the ability of healthy brain tissue to resist glioblastoma cells proliferation and invasion.

Taken together, the obtained results for the first time demonstrate that the TMZ-induced changes of PGs expression and CS-AC/CS-B content directly contribute to the accelerated proliferation and invasion of GBM cells into the compromised brain tissue and xenograft tumor growth in the used GBM relapse model.




Discussion

It is known that after adjuvant chemoradiotherapy, GBM commonly recurs around the tumor removal site. It was suggested by Hide and Komohara that the microenvironment at the tumor border (“border niche”) provides therapeutic resistance to residual GBM cells that allows them to survive and recur at the tumor border, and its understanding is critical to prevent GBM relapse (52). Investigation of GBM TME, especially its extracellular components, demands specific approach related to the preservation of brain tissue ECM.

Currently, multiple glioma models were developed to investigate molecular mechanisms of GBM development, drug resistance of GBM cells, and role of cancer-initiating cells in these processes (41, 42). However, the number of models for studying GBM microenvironment is much smaller (44), and this is also the case for the number of models that investigate molecular mechanisms of GBM relapse development (43). In common, these parameters were investigated separately like studying cellular components (astrocytes) in the recurrent tumors grown after the resection of the primary glioma xenografts (43) or investigation of glioma cells invasion into normal brain slice cultures (45–47). In this study, we suggested a novel GBM relapse model combining mouse experiments in vivo and organotypic brain culture ex vivo, where normal brain tissue was pre-modified by TMZ and/or DXM before the inoculation of GBM cells to mimic GBM relapse development after extensive adjuvant chemotherapy (in contrast to conventional glioma models in which drug treatments are usually performed after the inoculation of cancer cells). Compared with other approaches, a specificity of this model is in the joining GBM relapse study and investigation of the role of glycosylated extracellular components of brain tissue in organotypic brain culture ex vivo pre-treated with TMZ/DXM. This approach allows obtaining original data on the involvement of brain TME in the GBM relapse development and can be useful for further research in this field.

Our results for the first time demonstrate that TMZ-induced deterioration of PGs expression and degradation of polysaccharide molecules CA-AC (but not CS-B) in normal brain tissue may represent a molecular mechanism for survival of the GBM cells and their active proliferation and invasion in the surrounding pre-treated brain tissue resulting in the relapse tumor development. These results add a piece of knowledge to the scarce published data on this issue and stay in line with the findings that CSPGs-rich brain ECM is associated with a noninvasive phenotype of GBM tumors, whereas low CSPGs content is more common for infiltrating tumors (26, 27). The effects are realized through activation of tumor-associated microglia and tumor encapsulation (26) and regulation of the dynamics of the CSPG binding with its receptor LAR (27) and are attributed to the complex CSPG proteoglycan molecules. At first glance, contradictory results were shown by Logun et al., showing that blockade of sulfated polysaccharide CS chains by the sulfated GAG antagonist surfen reduces adhesion and invasion of GBM cells in 3D composite highly sulfated CSA/E matrices. However, this effect was much weaker for low- or non-sulfated matrices and suggested that the functional effects of CSPGs to GBM cells invasion depend on CS sub-types and their sulfation (53). Together with different functional effects of CS-AC or CS-B (dermatan sulfate) degradation on the proliferation and invasion GBM cells shown in this study, these data perfectly correspond to the known differential functional properties of CS/DS molecules with different sulfation level (54, 55) and underline a necessity of careful consideration of CS/DS sub-types in further research on glioma cells behavior and GBM relapse development.

Overall, our findings indicate that long-term TMZ treatment affects the polysaccharide components of brain tissue ECM, transforming that into the pro-carcinogenic niche and creating a favorable microenvironment for GBM relapse development. A balance between the targeted effects and negative side effects of the systemic TMZ treatment toward brain ECM might have a principal mean for GBM relapse development and needs further investigation.
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Angiogenesis is the formation of new vessels from pre-existing vasculature. The heparan sulfate chains from endothelial cell proteoglycans interact with the major angiogenic factors, regulating blood vessels´ formation. Since the FDA´s first approval, anti-angiogenic therapy has shown tumor progression inhibition and increased patient survival. Previous work in our group has selected an HS-binding peptide using a phage display system. Therefore, we investigated the effect of the selected peptide in angiogenesis and tumor progression. The HS-binding peptide showed a higher affinity for heparin N-sulfated. The HS-binding peptide was able to inhibit the proliferation of human endothelial umbilical cord cells (HUVEC) by modulation of FGF-2. It was verified a significant decrease in the tube formation of human endothelial cells and capillary formation of mice aorta treated with HS-binding peptide. HS-binding peptide also inhibited the formation of sub-intestinal blood vessels in zebrafish embryos. Additionally, in zebrafish embryos, the tumor size decreased after treatment with HS-binding peptide.
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Introduction

Angiogenesis is forming new vessels from pre-existing vasculature during embryonic development and adult life (1).

Among the angiogenic factors that participate in neovascularization, we highlight the vascular endothelial growth factor (VEGF), hypoxia-induced factor (HIF), placental growth factor (PGF), fibroblast growth factor (FGF), angiopoietin-1 (Angp), platelet-derived growth factor (PDGF), tumor necrosis factor (TNF), interleukins (IL), epidermal growth factor (EGF), insulin-like growth factor (IGF), angiogenin (Ang), stromal cell-derived factor (SDF) and transforming growth factor (TGF) (2).

The heparan sulfate (HS) chains from endothelial cell proteoglycans interact with the major angiogenic factors, regulating blood vessels´ formation (3). In general, HS stabilizes the complex formation between angiogenic factors and the respective receptors (4). Furthermore, HS can also modulate the release of such angiogenic factors after the action of the enzyme heparanase or proteoglycan cleavage by proteases, forming a concentration gradient that may direct angiogenesis (5–7).

Heparin and HS exhibit structural similarities and share the same biosynthetic pathway. Both HS and heparin are formed by repeated disaccharide units of glucosamine and uronic acid (D-glucuronic acid or L-iduronic acid) residues linked by glycosidic α-intradisaccharide and β-interdisaccharide bonds (5, 7, 8).

Angiogenesis plays an essential role in physiological events such as placenta formation, cicatrization, and the menstrual cycle but is also essential in pathological processes, such as neoplasia (9). In addition, during tumorigenesis, the formation of neovascularization supplies nutrients and oxygen to tumor cells, allowing intense cell proliferation and enabling tumor metastases (9).

In 1971, it was hypothesized that the molecules involved in the angiogenic process could be a good target for antitumor therapy (10). Since then, several treatments have been investigated and developed (10).

In 2004, the US Food and Drug Administration approved using the first anti-VEGF-A monoclonal antibody, called bevacizumab, to treat colorectal cancer. Since then, anti-angiogenic therapy has shown temporary inhibition of tumor progression and increased patient survival. Moreover, the anti-angiogenic treatment combined with chemotherapeutic treatments proved to be more efficient, with a significant increase in survival rate than isolated chemotherapy (4, 10).

Previous work in our group has selected an HS-binding peptide using a phage display system. The biopanning assay was performed using the random peptide library expressed in the bacteriophage system to target the recombinant enzyme N-deacetylase N-sulfotransferase-1 (NDST1) involved in HS/heparin synthesis. The NDST1 enzyme removes the N-linked acetyl group at carbon 2 from glucosamine residue and adds a sulfate group at such a position (SO3-). In addition to selecting a peptide that binds to NDST, an HS ligand peptide was also selected since that HS is present at the catalytic domain of such recombinant enzyme (11).

Peptides have been used as a potential treatment in cancer. Arap and colleagues selected specific peptides that target to tumor vasculature of breast cancer, melanoma, and Kaposi’s sarcoma (12). The selection of specific peptides can be performed by screening using a phage display peptide library. George Smith first described filamentous phage as a random peptide library by fusing the peptide into capsid proteins.

This phage peptide library could be used to select a peptide that binds towards a specific target after rounds of binding assays. These peptides have lower production costs, good affinity, good tissue penetration, and little immune response (13).

Therefore, we were interested in evaluating the ligation specificity and the possible effect of the selected peptide in angiogenesis and tumor progression.



Materials and Methods


Animals

According to the University of California San Diego animal welfare guidelines, all animals were treated as described and approved by the UCSD Institutional Animal Care and Use Committee and comply with the ARRIVE guidelines (S12005 and S06008). Transgenic Tg[(Fli1: eGFP)] zebrafish were kindly provided by Dr. David Traver (UCSD). Zebrafish were maintained as previously described. C57BL/6 J mice were purchased from Jackson Laboratory, and mice were euthanized with CO2. All mice were maintained in a specific pathogen-free vivarium.



Analysis of Tryptophan Emission

Tryptophan can be excited at wavelengths between 280-290 nm and emission at 350 nm. It is important to note that the emission spectrum of tryptophan can be altered depending on its conformation. Therefore, changes in the emission spectrum of tryptophan during the titration of some glycosaminoglycans (heparin, dermatan sulfate, and chondroitin sulfate) suggest an interaction between the glycosaminoglycan and the peptide. The synthetic peptide SADGARGWRGEKIGNGAAG (3 μM, Peptide 2.0, Chantilly, Virginia, USA) or the scramble peptide SADGAIENKWRGGRGGAAG (used as specificity control; 3 μM Peptide 2.0, Chantilly, Virginia, USA) was dissolved in phosphate-buffered saline, PBS (137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.8 mM KH2PO4, pH 7.4). The peptide solution was filtered through a 0.22 μM sterilizing filter (Millipore, Billerica, Mass., USA), followed by collecting of the emission spectrum in a cuvette of quartz. Under constant stirring, each of the glycosaminoglycans were titrated separately, and the emission spectrum was collected by Fluorimeter (Shimadzu, Kyoto, Kyoto, Japan). Chondroitin sulfate from cartilage, and dermatan sulfate from bovine intestinal mucosa were obtained from Seikagaku (Seikagaku Kogyo Co, Tokyo, Japan) and was obtained from Sigma-Aldrich, St. Louis, Missouri, USA.



Circular Dichroism (CD)

Circular Dichroism spectra were recorded by Chirascan Plus (AppliedPhotophysics) using a quartz cuvette with a 0.1-mm optical path. The CD spectra (185-250nm) were collected with 12µM of peptide and 6.7 µg/mL of porcine heparin in sodium phosphate solution (10 mM). All spectra obtained represent the average of eight independent repetitions. Chemically modified heparins were used in the CD assays Heparin N-sulfated (HepNS); Heparin 2-O-Sulfated (Hep2S); Heparin 6-O-sulfated (Hep6S); Heparin 2-O-sulfated and 6-O-sulfated (Hep2S6S); Heparin 6-O-Sulfated and N-sulfated (Hep6SNS); Heparin 2-O-Sulfated and N-sulfated (Hep2SNS). The chemically modified heparins were graciously provided by Dr. Marcelo Lima (Universidade Federal de São Paulo). The modification was performed as described by Yates and co-workers (14). BestSel Software predicted the secondary structure and fold recognition.



Cell Proliferation

Five thousand (5,000) human umbilical vein endothelial cells (HUVEC, ATCC) were plated in a 96-well plate with F-12 medium (ThermoFisher Scientific, Waltham, Mass., USA) containing 10% FBS, penicillin (100 U/ml), and streptomycin (100 μg/ml), 37°C, 5% CO2. HUVEC cells were treated with the selected HS-binding peptide at different concentrations (1 µM, 5 µM, 10 µM and 50 µM) for 18 hours. Proliferation analysis was performed using Cell Proliferation ELISA Kit, BrdU (Roche, Basel, Switzerland), following the manufacturer’s instructions. This assay was performed in triplicate.



Capillary Formation

Matrigel (Becton, Dickinson-BD, Franklin Lakes, New Jersey, USA) was thawed at 4°C, and aliquots of 100 µl (10 mg/ml) applied to 96 well-plate (Corning, New York, New York, USA), which were maintained at 37°C in a humidified atmosphere with 2.5% CO2 for 16 h for gelation. Seven thousand (7,000) endothelial cells from human umbilical vein endothelial cells (HUVEC, ATCC) were plated in the 96-well plate coated with Matrigel (Becton, Dickinson-BD, Franklin Lakes, New Jersey, USA) in the presence of F-12 medium (Thermo Fisher Scientific, Waltham, Mass, USA), containing 10% fetal bovine serum, penicillin (100 U/ml) and streptomycin (100 µg/ml), 37°C, 5% CO2. The cells were treated in the presence or absence of HS-binding peptide (10 µM) for 18 hours. This assay was performed in quadruplicate. The tube formation was analyzed by microscopy (Zeiss, Oberkochen, Germany) 20x magnification. Three images were randomly taken in different areas and quantified by two different observers. The total length tubular structures on the Matrigel was measured and determined using image analysis software (AxioVision software, Carl Zeiss). The results are expressed as lumen length.



Angiogenesis Assay Using Zebrafish Model

For analysis of angiogenesis zebrafish mutant Tg[(Fli1: eGFP)], embryos were cultured in E3 medium containing 1-phenyl 2-thiourea (PTU 0.003%) (Sigma-Aldrich, St. Louis, MO, USA) at 28°C. Different doses of HS-binding peptide or scrambled peptide were microinjected into the heart of 2-day post-fertilization (2 dpf) embryos. On the third day post-fertilization (3 dpf), the formation of subintestinal vessels was analyzed by confocal microscopy. The analysis was performed by confocal images (Nikon C1Si, Minato, Tokyo, Japan). For quantification, it was measured to the size of the subintestinal vessels using ImageJ software. Ten embryos were used in each experimental group, 10x magnification.



Mouse Aortic Ring Assay

Two female C57BL mice (age 6 to 8 weeks) were euthanized with CO2 at the University of California San Diego; the experiments were approved and performed by relevant named guidelines and regulations. The aortas were removed with tweezers’ aid, adipose tissue, and other tissues detached to the aorta. Next, aortas were cut into 0.5 mm rings. The ex vivo aorta rings were incubated for 18 hours in an Opti-MEM culture medium (ThermoFisher Scientific, Waltham, Mass., USA) at 37°C, 5% CO2. Next, 60 μl of Matrigel (10 mg/mL) (Corning, New York, New York, USA) was added to the center of the 24-well plate, and the plate was incubated for 10 minutes at 37°C, 5% CO2. The aortic ring was placed on top of the Matrigel and incubated for 15 minutes at 37°C. Additionally, 50 μl of Matrigel (10 mg/mL) and incubated for an additional 30 minutes at 37°C. The culture of the aortas was maintained into Opti-MEM medium supplemented with 2.5% FBS, penicillin (100 U/mL), streptomycin (100 μg/mL), 50 ng/mL VEGF-A and 20 ng/mL FGF-2. The aortas were incubated for 7 days, 37°C, 5% CO2, with the treatment of the HS-binding peptide (10 μM and 100 μM) or scramble peptide (10 μM). Approximately 50% of the culture medium was changed every 4 days. The peptides and growth factors (VEGF-A, FGF-2) were replenished every 2 days. The aortic rings were analyzed by microscopy (Zeiss). This assay was performed in quadruplicate using 10x magnification.



Cell Index of HUVEC Cells in the Presence of VEGF-A and FGF-2

HUVEC (ATCC) cells (1,500 cells) were cultured in a 96-well plate containing type 1 collagen from rat tail (Sigma-Aldrich, St. Louis, Missouri, USA). First, the culture plates were pretreated with type 1 collagen (10 μg/ml, 1-hour incubation, 37°C). Then, cells were plated in Opti-MEM culture medium (ThermoFisher Scientific, Waltham, Massachusetts, USA), containing 2% FBS, penicillin (100 U/ml), streptomycin (100 μg/ml), 50 ng/ml VEGF-A or 20 ng/ml FGF-2, in the presence of 10 μM of the HS-binding peptide. During 50 hours, the cell index number was determined using xCELLigence (ACEA Bioscience, San Diego, California, USA). The cell index is directly related to the rate of cell proliferation and cell viability. The experiment was performed in triplicate.



3D Culture

PDX (patient-derived tumor xenograft) cells from a patient with a triple-negative breast tumor were used. PDX cells were kindly provided by CROWN Bioscience (San Diego, California, USA). Briefly, the tumor was collected from the patient and injected into a NOD/SCID mouse. After 21 days, the tumor was resected and digested with collagenase for tissue dissociation. Approximately 2,500 PDX cells in 50 μl DMEM/F-12 medium (ThermoFisher Scientific, Waltham, Mass., USA) were supplemented with 10% fetal bovine serum, 100 U/ml penicillin, 100 μg/mL streptomycin, and glutamine/gentamicin solution (Sigma-Aldrich, St. Louis, Missouri, USA). The cells were plated on a 96-well plate (Corning, New York, New York, USA) coated with 50 μl of Matrigel (10 mg/mL) (Corning, New York, New York, USA). Next, culture medium DMEM/F12 containing 5% of Matrigel was added on top of cell culture. The cells were treated with 10 μM or 100 μM of the HS-binding peptide and cultured for 14 days, 37°C, 5% CO2 to obtain the spheres (3D cultures). Exchange of the culture medium and replacement of HS-binding peptide was performed every three days. Cell proliferation and viability analysis were determined by the size of the colonies (area). Measurements were obtained using a Nikon microscope using 10X magnification (Nikon, Minato, Tokyo, Japan). The assay was performed in triplicate.



Effect of HS-Binding Peptide on Tumor Progression

The chorion of the zebrafish embryos Tg[(Fli1: eGFP)], with 1-day post-fertilization (1 dpf), were manually removed with tweezers, the was anesthetized with tricaine, and immobilized. The experiments were performed following relevant named guidelines and regulations in the University of California San Diego. After immobilization, the embryos were microinjected with 150 cells. The same PDX cells (triple-negative breast cancer) obtained in the 3D culture described previously were used for the xenograft assay in zebrafish. Embryos were incubated at 35.5°C for 18 hours and then treated with the injection of 10 μM of the HS-binding peptide. Treatment analysis was completed at 3 dpf. Microinjection was performed in the yolk sac of the animal. PDX cells were first transduced with lentivirus to express a red fluorescent protein (RFP) for fluorescent labeling of tumor cells. The translucent lentivirus cells were selected using 2 μg/ml puromycin for 5 days. The cells exhibiting the greatest expression of the red fluorescent protein were selected by cell sorting BD Influx (Becton, Dickinson-BD). Analysis of the HS-binding peptide effect on tumor progression was performed by 10X magnification confocal microscopy (Nikon C1Si, Minato, Tokyo, Japan), and the amount of red tumor fluorescence was measured by ImageJ software. Also, the survival of the animals was analyzed. The tests were performed with ten zebrafish embryos per group.




Results

The HS binding peptide RGWRGEKIGN was selected by the phage display system published by our group. The synthetic HS-binding peptide used for the experimental assays presents flanked amino acid residues displayed at the pIII capsid protein, where the peptide was expressed in the bacteriophage library. The HS-binding peptide’s affinity was previously analyzed by HS/heparin interaction assays, as described in the article already published by Gesteira et al. (11).


Characterization of the HS-Binding Peptide

The HS-binding peptide interaction with heparin was performed by the emission spectrum of tryptophan (W), showing that HS-binding peptide interacted exclusively with heparin, while the scrambled peptide (SADGAIENKWRGGRGGAAG) interacted with heparin, dermatan sulfate (DS), and chondroitin sulfate (CS). The results showed that the scrambled peptide has lower specificity since it binds with other glycosaminoglycans and presents a higher affinity to heparin than the HS-binding peptide. Such results show that the amino acid sequence is important for the HS/heparin-binding specificity (Figure 1).




Figure 1 | Analysis of tryptophan emission. Heparin, dermatan sulfate (DS) and chondroitin sulfate (CS), were titrated in the presence of 3 µM of HS-binding peptide (A) or in the presence of 3 µM of scrambled peptide (B). Excitation 280 nm, emission 350 nm. The HS- binding peptide interacts only with heparin.



Considering heparin as an analog of heparan sulfate, we used chemically modified heparins to evaluate the HS-binding peptide´s affinity by dichroism analysis. In addition, nuclear magnetic resonance (NMR) was used to characterize each modified heparin (data are not shown). It is noteworthy that the sulfation profile at the C3 position of glucosamine residues was not analyzed; therefore, we cannot determine whether or not there is sulfation at such position in the different modified heparin molecules used in the present study.

The synthetic peptide SADGARGWRGEKIGNGAAG was analyzed by circular dichroism. The peptide presents 41.7% of β-sheet antiparallel conformation, 14.3% turn, 44.1% other conformation. Additionally, 25.9% of β-sheet antiparallel conformation is right-twisted.

The dichroism analysis shows that the HS-binding peptide has a higher affinity for heparin N-sulfated (HepNS) Heparin 2-O-sulfated and N-sulfated (Hep2SNS); heparin 6-O-sulfated and N-sulfated (Hep6SNS) and heparin N-sulfated (HepNS) and lower affinity for N-acetylated heparins, suggesting specific interaction with the N-sulfation pattern (Figure 2A).




Figure 2 | A spectrum obtained by circular dichroism. Circular dichroism was performed to determine the peptide interaction with chemically modified heparins, demonstrating an alteration in the secondary structure of this peptide. Porcine heparin (Hep), Heparin 2-O-sulfated and N-sulfated heparin (Hep2SNS), Heparin 6-O-sulfated and N-sulfated (Hep6SNS), Heparin 2-O-sulfated and 6-O-sulfated (Hep2S6S), Heparin 6-sulfated (Hep6S), Heparin 2-sulfated (Hep2S), and Heparin N-sulfated (HepNS). The heparins that showed the greatest interaction with the peptide were the molecules containing N-sulfation. The assay was performed in the presence of 12 µM of the HS binding peptide and 6.7 µg/ml of each heparin in a 10 mM sodium phosphate solution. Control, 12µM of peptide in 10mM sodium phosphate solution. (A) The lines represent the repeat averages of eight different experimental readings. (B) The percentage of right-twisted antiparallel beta-sheet was analyzed. A reduction from the right-twisted shape to the left-twisted or relaxed shape was observed specifically with N-sulfated heparins.



The HS-binding peptide interaction with modified heparins decreased the right-twisted conformation percentage since the interaction with heparin replaced the right-twisted conformation with left-twisted or relaxed β-sheet antiparallel. (Figure 2B).

Furthermore, the secondary structure analysis predicted by Best Software detected a similarity between HS binding peptide with Taiwan snake cardiotoxin A3 named PDB 2BHI, which is a polypeptide containing a heparin-binding domain corroborating our results (15).



Effect of HS-Binding Peptide in Angiogenesis

The in vitro proliferating assay using BrdU shows HS-binding peptide could inhibit the proliferation of human endothelial umbilical cord cells (HUVEC) at doses from 1 to 100 μM of the, reaching the maximum inhibition the concentration of 5 μM (Figure 3).




Figure 3 | Angiogenesis in vitro analysis. (A) Cell proliferation assay in the presence of HS-binding peptide. Proliferation assays were performed using BrdU as described in Methods. HUVEC cells were treated with the HS-binding peptide at different doses for 18 hours. After treatment, BrdU was added into the cell culture and luminescence was analyzed. Assay performed in triplicate, the bar represents average and lines represent standard deviation. The proliferation is inhibited from 1 µM of HS-binding peptide and reaches maximum inhibition at 5 µM. *p < 0.05 (Kruskall-Wallis). (B) Tubular formation with endothelial cells. Control, Cells remain in the absence of treatment. Peptide, Cells were treated with the HS-binding peptide (10 µM) for 18 hours. The tubular formation was analyzed by microscopy 20x magnification. (C) Lumen size was measured, the bar represents average and lines represent standard deviation, *p < 0.05 (Kruskall-Wallis). Control, cells remain in the absence of treatment. Peptide, cells were treated with HS-binding peptide (10µM) for 18hours. It was verified that peptide was capable to inhibit the tubular formation of endothelial cells.



Also, there was a significant alteration in the tube formation when HUVEC cells were treated with 10 µM of HS-binding peptide for 18 hours. The capillaries had a higher diameter, or the lumen formation was abrogated formed compared to non-treated cells, as shown in Figure 3.

The assay using such peptide was performed with transgenic zebrafish embryos Tg (Fli1:eGFP), that express a green fluorescent protein (GFP) in blood vessels, which allowed us to investigate some effect of the HS-binding peptide in vivo. Figure 4 demonstrates that HS-binding peptide (10 μM) inhibits the formation of sub-intestinal blood vessels in zebrafish embryos Tg(Fli1:eGFP), confirming the anti-angiogenic activity of such peptide obtained by in vitro assays using HUVEC cell line. However, there was no benefit for using a higher dose of the HS-binding peptide (50-100 μM), confirming in vitro experiments described previously.




Figure 4 | Analysis of angiogenesis in vivo. This assay was performed with Tg [Fli1: ​​eGFP] embryos (10 embryos per group). (A) the image of zebrafish embryos. Control, untreated embryos. Peptide, embryos treated with the HS-binding peptide. Scramble, embryos treated with scrambled peptide. Assays were performed with zebrafish embryos 2 days after fertilization (2 dpf). After 24 hours of treatment, the animals were analyzed by confocal microscopy and the images obtained in 10X magnification. Subintestinal vessels were analyzed. (B) the quantification of the subintestinal vessels was evaluated using ImageJ software. The values ​​express the mean and standard deviation in each group. *p < 0.05 (ANOVA). The HS-binding peptide was capable of inhibiting angiogenesis of sub intestinal vessels.



Aortas were collected from two C57BL/6 mice, sectioned in rings, and cultured in Matrigel for seven days to evaluate new blood vessel formation. HS-binding peptide decreased the number and the size of blood vessels in sectioned aorta rings (Figure 5). Thus, this ex vivo experimental model reinforces the inhibitory effect of the HS-binding peptide. Furthermore, the ex vivo assay also confirmed that increasing the HS-binding peptide doses did not intensify the anti-angiogenic effect.




Figure 5 | Ex vivo angiogenesis assay. Sixteen rings of mouse aortas were collected and cultured in culture plates containing Matrigel for seven days, (A) aorta ring cultured in the absence of peptide (control); aorta ring cultured in the presence of HS-binding peptide (10 µM or 100 µM) and aorta ring cultured in the presence of scrambled peptide (10 µM). (B) The area of ​​the formed blood vessels was analyzed using ImageJ software. The values represent means and standard deviations the area reached by the blood vessels formed from the aorta. *p < 0.05 (ANOVA). The HS-binding peptide decreased blood formation from the aorta.





Possible Mechanisms Involved With Angiogenesis Inhibition

Cell index analysis of HUVEC cells in the presence of VEGF-A or FGF-2 was performed using xCELLigence equipment (ACEA Bioscience, San Diego, California, USA). The results showed that the HS-binding peptide inhibited the rate of endothelial cells´ proliferation and viability in the presence of FGF-2 (Figure 6A). However, the proliferation and viability of HUVEC cells were not significant altered by the HS-binding peptide in the presence of VEGF-A (Figure 6B).




Figure 6 | Cell proliferation/viability assay in the presence of growth factors. HUVEC cells were cultured for 50 hours on collagen type 1 in medium containing 2% fetal bovine serum (FBS) and 20 ng/mL FGF-2 or 50 ng/mL VEGF-A, in the presence or absence of the HS-binding peptide. (A) VEGF-A + 2% SFB. (B) FGF-2 + 2% SFB. (C) 2% SFB. Control, HUVEC cells in the absence of treatment. Peptide, HUVEC cells with HS-binding peptide treatment (10 µM). Assay performed in triplicate. The values indicate the mean and standard deviation of the cell index (index proportional to the number of cells adhered to the plate). Peptide inhibited FGF-2 proliferation. Each point of FGF-2 assay was statically significant p<0.05 (Kruskall-Wallis) while the decrease of proliferation/viability with VEGF-A was not significant.



A control assay was performed exclusively in the presence of fetal bovine serum (FBS) to confirm that the enhancement in the proliferation and viability of HUVEC cells was related to FGF-2 and had not been affected by growth factors that were present in the culture medium, which was supplemented by FBS (Figure 6C).

The data suggest that decreased HUVEC cell proliferation after treatment of the HS-binding peptide may be mediated by inhibiting the interaction between HS and FGF-2.



Effect of HS-Binding Peptide on Tumor Progression

Finally, we sought to determine whether the HS-binding peptide could block tumor growth. A tissue biopsy collected from resection of a triple-negative breast cancer patient was cultured in Matrigel to obtain a 3D culture. Patient-derived xenotransplant cells (PDX cells) were maintained for 14 days in a culture medium in the presence or absence of the HS-binding peptide. There was no change in the growth of the 3D culture of PDX colonies after HS binding-peptide treatment, as shown in Figure 7.




Figure 7 | Effect of HS-binding peptide in the 3D culture (spheroid) triple-negative breast cancer. Patient-derived xenotransplant cells (PDX cells) were obtained from tissue collected of a triple negative breast cancer patient. (A) The cells cultured for 14 days. The exchange of culture medium was performed every three days. (B) Cell proliferation and viability analysis were determined by the size of the colonies (area). Measurements were obtained using a Nikon microscope using 10X magnification (Nikon, Minato, Tokyo, Japan). The assay was performed in triplicate. Peptide did not affect triple-negative cells, p>0.05 (Kruskall-Wallis).



However, when triple-negative PDX cells were injected in zebrafish embryos Tg (Fli1: eGFP) and subsequently treated with HS-binding peptide, the tumor size decreased, and there was also an increase in the survival rate of the zebrafish embryos (Figure 8), suggesting an antitumor efficacy of HS-binding peptide.




Figure 8 | Effect of HS-binding peptide on tumor progression. Approximately 150 PDX cells obtained by surgical resection of a patient with triple-negative breast cancer were labeled with red fluorescent protein (RFP) and injected into the zebrafish embryo yolk sac after 1 day of fertilization (1 dpf). Embryos were incubated for 18 hours, 35.5°C. Peptide, animals were treated with 10 µM HS-binding peptide. Control, animals were not treated. Green; green fluorescent protein (GFP) labeled blood vessels. Red; red fluorescent protein (RFP) labeled tumor cells. (A) Representative images of the control group and the treated group. (B) Quantification of tumor fluorescence (tumor size). The bar represent the average of red fluorescence in zebrafish embryos. (C) Values express percent survival of animals; red line (10 μM of peptide treatment); blue line (animals in the absence of treatment). Each group contains 10 zebrafish embryos. Peptide decreased the number of tumoral cells and increased survival.



We hypothesize that the decrease in tumor growth promoted by the HS-binding peptide in the in vivo assay is possibly due to inhibition of angiogenesis since the peptide does not appear to alter the viability or the proliferation of triple-negative breast tumor cells.




Discussion

Breast tumors are classified according to the presence of some plasma membrane receptors, such as estrogen receptors (ER), progesterone receptors (PR), and human epidermal growth factor type 2 receptor (HER-2). Triple-negative breast cancer has low or absent ER, PR, and HER-2 expression. Consequently, hormone treatment or treatment with the anti-HER-2 monoclonal antibody does not have efficacy in these patients (16). Also, triple-negative breast tumor has a higher growth rate compared to the other types of breast tumors. Therefore, new treatment alternatives are important for tumors such as triple-negative breast cancer.

Tumor progression steps include tumor cells´ proliferation, the formation of new blood vessels, and metastasis. The proliferation of the tumor cells and metastatic events is dependent on the neovascularization that nourishes and carries oxygen to the tumor, besides allowing the extravasation of tumor cells. Thus, angiogenesis favors tumor progression and the invasion of tumor cells (16).

The angiogenic process involves cross-talk between tumor cells, stromal cells, and endothelial cells. Tumor and stromal cells appear to activate proliferation, migration and modify endothelial cell phenotype due to the release of soluble factors, mainly VEGF and FGF-2 (4, 9).

The heparan sulfate proteoglycans present in the plasma membrane modulate various cellular responses, including cell proliferation, migration and adhesion, apoptosis, inflammatory response, and angiogenesis (7). It is known that the structural modifications of HS and heparin molecules promote significant changes in the interactions of a variety of compounds. The degree of sulfation and the distribution and conformation of D-glucuronic acid and L-iduronic acid residues interfere with HS/heparin molecule conformation, affecting the interaction of HS with other molecules (5).

It is important to emphasize that the HS-binding peptide was selected by Phage Display using as target endogenous heparan sulfate present at the active site of the recombinant purified enzyme N-deacetylase-N-sulfotransferase-1 (NDST-1) (11).

Moreover, HS-binding peptide has structural similarity with the polypeptide Taiwan snake cardiotoxin A3 (PDB 2BHI), which presents a heparin-binding domain results (15).

The HS-binding peptide has a majority antiparallel beta-sheet conformation that is characteristic of peptides with a heparin-binding site (15, 17).

The present results demonstrate that HS-binding peptide interacts preferentially with N-sulfated heparin. It is well known that N-sulfation and 2-O-sulfation are required for HS binding with FGF-2, while sulfation at the carbon 6 of glucosamine residues is specifically important for FGFR-1 binding (18–24). Our results corroborate these previous studies confirming that HS-binding peptide interacts with N-sulfated and 2-O-sulfated heparin, representing FGF-specific binding domains in the HS molecule, indicating that such an anti-angiogenic effect peptide might be controlled by the specific interaction between FGF-2 and such HS domains.

The involvement of HS proteoglycans (HSPG) in the formation of new blood vessels is well-known. Studies with zebrafish have shown that the decrease of HSPG, syndecan-2, reduces the migration of endothelial cells during the formation of new capillaries during embryonic development and indicates that such inhibition is modulated by VEGF (25). Moreover, some data in the literature demonstrate that a VEGF analogous peptide interacts with HS chains, promotes inhibition of endothelial cell migration, and decreases tumor size in the mouse model (26). Consequently, HS involvement in forming new blood vessels is obvious, which is essential for carcinogenesis.

In this context, the HS-binding peptide indicates a therapeutic potential to inhibit angiogenesis. Moreover, the data showed that HS-binding peptide was able to decrease tumor growth and increase survival of zebrafish embryos, likely by promoting the formation of fewer new blood vessels and not by the direct effect on the tumor cell, since in vitro assays showed that HS-binding peptide did not alter the viability and the proliferation of triple-negative breast tumor cells. Therefore, HS-binding peptide may represent a potential adjuvant treatment for triple-negative breast tumors, known to be poorly responsive to conventional therapy such as chemotherapy.

The selected HS-binding peptide interacts with a specific structure of heparan sulfate and inhibits tumor growth of triple-negative breast cancer cells, possibly interfering with the proliferation signaling modulated by FGF-2 and consequently decreasing angiogenesis.

Despite molecular mechanisms that need to be further investigated, the set of results obtained in the present study highlights the potential use of the HS-binding peptide as an angiogenesis inhibitor and might be useful in combination with other antitumor drugs in cancer therapy.
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LncRNA RP11-499E18.1 Inhibits Proliferation, Migration, and Epithelial–Mesenchymal Transition Process of Ovarian Cancer Cells by Dissociating PAK2–SOX2 Interaction
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Background: Ovarian cancer (OC)is a deadly gynecological malignancy worldwide. It is urgent to identify diagnostic biomarkers of OC to disclose the underlying mechanism.

Methods and Materials: Bioinformatics analysis was used to identify target genes. Gene expression was detected and altered by qRT-PCR and cell transfection, respectively. The interaction between RP11-499E18.1 and PAK2, as well as that between PAK2 and SOX2, was determined using RNA pulldown, RNA immunoprecipitation (RIP), and co-immunoprecipitation (co-IP) assay, respectively. Localizations of RP11-499E18.1, PAK2, and SOX2 were respectively determined employing immunohistochemical (IHC), IF, and FISH. The regulatory effects of RP11-499E18.1, PAK2, and SOX2 on OC cell proliferation, migration, colony formation, epithelial–mesenchymal transition (EMT)-related factor expression, and SOX2 nuclear translocation were determined. Finally, the effects of RP11-499E18.1 and PAK2 expression on the tumor growth in nude mice were determined.

Results: RP11-499E18.1, PAK2, and SOX2 were selected in our study. RP11-499E18.1 was downregulated, while PAK2 and SOX2 was upregulated in OC tissues and cells. RP11-499E18.1 coexists in the nucleus and cytoplasm of OC cells. There is an interaction between RP11-499E18.1 and PAK2, as well as PAK2 and SOX2 in OC cells. Alteration of RP11-499E18.1 and PAK2 expression both had no influence on PAK2 and SOX2 levels, but PAK2 upregulation notably augmented p-SOX2 level. RP11-499E18.1 overexpression suppressed OC cell proliferation, migration, and colony formation, as well as SOX2 nuclear translocation. Besides, it inhibited tumor growth in nude mice. However, these effects were notably reversed by PAK2 upregulation and eventually offset by SOX2 knockdown. Additionally, RP11-499E18.1 overexpression reduced PAK2–SOX2 interaction and SOX phosphorylation, and increased the binding of RP11-499E18.1 by PAK2.

Conclusion: These lines of evidence demonstrated that RP11-499E18.1 might play its tumor suppressor roles in OC via regulation of the RP11-499E18.1–PAK2–SOX2 axis. This research indicated that RP11-499E18.1 might be used as a diagnostic biomarker for OC in the future.

Keywords: ovarian cancer, RP11-499E18.1, PAK2, SOX2, EMT


INTRODUCTION

Ovarian cancer (OC) is one of the most common and deadly gynecological malignancies in the world, which is characterized by high incidence and poor prognosis (Allemani et al., 2018; Kossaï et al., 2018). The overall 5-year survival rate of OC patients is merely 30–50%, because approximately 80% of the patients were in advanced stages at the time of diagnosis (Sundar et al., 2015; Allemani et al., 2018). The major reasons for such poor survival rate mainly lie in the inconspicuous early symptoms and limited screening approaches (Au et al., 2015; Menon et al., 2018). Considering that the outcomes of OC patients diagnosed at the early stage of OC is more satisfactory (Cress et al., 2015), identifying new clinical diagnostic biomarkers of OC with high sensitivity and accuracy and thereby obtaining a further understanding of the potential molecular regulating mechanism will be of great significance for future OC treatment.

Long non-coding RNAs (lncRNAs) are a set of ncRNAs composed of more than 200 nucleotides transcribed by RNA polymerase II (Nagano and Fraser, 2011; Huarte, 2015). In recent years, accumulating investigations have recorded that it functions as a key regulator in tumor development and progression (Hosono et al., 2017; Bill et al., 2019; Wang et al., 2020). It was disclosed that lncRNAs can exert its regulating roles in various biological functions of tumors, such as proliferation, apoptosis, and metastasis, by post-transcriptional regulation, ceRNA regulation mechanism, genomic stability, and epigenetics (Gutschner and Diederichs, 2012; Arnes et al., 2019; Tang et al., 2019). Besides, an earlier literature demonstrated that lncRNAs participated in the regulation of cellular processes depending on their location: cytoplasmic lncRNAs can affect cellular signaling cascades and regulate mRNA translation or stability, while nuclear lnRNAs are capable of transcriptional regulation, RNA processing, and chromatin interactions (Schmitt and Chang, 2016). In the last few years, the functions of many lncRNAs in OC have been investigated. For instance, it was reported that lncRNA NORAD knockdown markedly repressed the proliferation, epithelial–mesenchymal transition (EMT), migration, and invasion of OC cells (Xu et al., 2020). Similar results were also recorded in another investigation that demonstrated the tumor-suppressing roles of LINC-PINT in OC (Hao et al., 2020). Therefore, investigation of the efficacies of lncRNAs in OC may be of great significance for future treatments.

As an emerging biomedical auxiliary research technology, bioinformatics analysis has been widely used in various aspects of basic and clinical medical researches in recent years. At present, numbers of previous investigations have been performed based on the ovarian gene expression profiles available on NCBI Gene Expression Omnibus (GEO) database, and screened out a great many of differentially expressed genes (DEGs) that correlated with the development and progression of OC. For instance, Chen et al. (2020) screened out four hub genes as promising prognostic biomarkers for OC, followed by characterization of gene functions and mutual interactions employing bioinformatic analysis. Besides, Zhang et al. (2019) identified the potential prognostic and early detection biomarkers for OC by use of integrated bioinformatics approaches. Additionally, a previous study conducted utilizing bioinformatic analysis combined with experimental analysis proved that lncRNA FLJ33360 participated in the progression of OC through regulating miR-30b-3p (Yang et al., 2019). These lines of evidence testified that integrated bioinformatical approaches could make great contribution to the exploration for biomarkers and understanding of potential mechanism of the occurrence and development of OC.

In this research, DEGs were firstly screened out based on three OC-related microarray datasets (GSE14407, GSE18520, and GSE26712) obtained from the GEO database. Then, Gene Ontology (GO) analysis, protein–protein interaction (PPI) construction, and identification of hub genes were respectively conducted, followed by survival analysis. Finally, RP11-499E18.1, PAK2, and SOX2 were screened out as the target gene to carry out further investigation based on the results of bioinformatic analysis and previous published literatures. Thereafter, experimental analysis was further performed to reveal the underlying regulating mechanisms.



MATERIALS AND METHODS


Microarray Data Analysis

In this study, three OC-related microarray datasets [GSE14407, GSE18520 (GPL570 platform), and GSE26712 (GPL96 platform)] were obtained from the GEO database1. The GSE14407 dataset contained 12 ovarian serous papillary carcinoma (OSPC) samples and 12 normal human ovarian surface epithelial (OSE) samples, while the GSE18520 had 53 advanced OC samples and 10 normal OSE samples. In addition, 185 primary OC samples and 10 normal OSE samples were included in the GSE26712 dataset (Table 1). Identification of the DEGs was performed with the help of an interactive online tool GEO2R2. The threshold for the DEGs was set as p < 0.05. Then, Venn analysis was conducted to identify the overlapping DEGs, and survival analysis was performed to screen the potential tumor suppressor genes.


TABLE 1. The information about the GEO datasets analyzed in this study.
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Gene Ontology Analysis

Gene ontology (GO) enrichment analysis of the commonly upregulated mRNAs was performed with the help of the Database for Annotation, Visualization, and Integrated Discovery (DAVID3). The top 10 pathways were selected to draw the bubble charts. p < 0.05 indicates a significant difference.



catRAPID Database Analysis

catRAPID database4 is a tool for predicting the binding area of RNA and protein. In this study, catRAPID database was used to identify the interaction between the identified mRNA and proteins.



Cell Lines, Ovarian Cancer Tissues, and Nude Mice

The OC cell lines (CaOV3, OVCAR3, SKOV3, A2780, HO-8910, and IOSE80) used in this study were obtained from the American Type Culture Collection (ATCC, Rockville, United States). CaOV3 and SKOV3 cells were respectively cultured in Dulbecco’s Modified Eagle’s Medium (DMEM, ATCC) and modified McCoy’s 5a Medium (ATCC), replenished with 10% fetal bovine serum (FBS, Gibco, Australia). OVCAR3, A2780, HO-8910, and IOSE80 cells were maintained in RPMI-1640 medium (ATCC) supplemented with 10% FBS. Cell cultivation was performed in a humidified, 5% CO2 and 37°C incubator, and the culture medium was replaced three times each week.

A total of eight pairs of OC tissues and its corresponding pericarcinomatous tissues were obtained from Hunan Cancer Hospital and the Affiliated Cancer Hospital of Xiangya School of Medicine (Changsha, China). One part was stored in a −80°C refrigerator (Harier, Qingdao, China), while another part was fixed in formalin (Aladdin, Shanghai, China) and then embedded in paraffin for subsequent immunohistochemical (IHC) staining. All patients who participated in this research were diagnosed as ovarian serous adenocarcinoma by two pathologists, and none of them received any radiotherapy or chemotherapy prior to surgery. Signed informed consent was obtained from each patient.

A total of 18 female BALB/c nude mice (aged 4–6 weeks) were acquired from the Experimental Animal Center of Hunan Cancer Hospital and the Affiliated Cancer Hospital of Xiangya School of Medicine (Changsha, China) and were divided into three groups (six mice/each group) in the following experiments. The animals were reared in a pathogen-free room under 45–50% humidity and 25–27°C temperature conditions. All procedures involved in this study had obtained the approval from the Animal Ethic Committee of the Hunan Cancer Hospital and the Affiliated Cancer Hospital of Xiangya School of Medicine Hospital.

CaOV3 cells were harvested in the exponential phase and then were digested into single-cell suspensions. After that, the nude mice, which had been reared under standard conditions for 1 week, were inoculated subcutaneously with 1 × 106 cells in 0.2 ml of phosphate-buffered saline (PBS) at the right dorsal proximal upper limbs. The tumor size (width and length) was measured every 3 days for a total of six times after the tumor was visible to the naked eye. Tumor volume calculation was performed according to the formula listed below: tumor volume (V, mm3) = 0.5 × length × width. Additionally, the tumor tissues were collected, fixed in formalin, and embedded in paraffin for subsequent IHC staining to detect the expression of proliferation-related Ki67 and apoptosis-associated caspase-3.



Quantitative Reverse-Transcription Polymerase Chain Reaction

RNA isolation was carried out from the collected tissues and cells utilizing TRIZOL reagent (TAKARA, Beijing, China). Genomic DNA was removed using RiboLock RNase Inhibitor and DNase I (Sangon Biotech, Shanghai, China). Quality control and concentration determination of the isolated RNA was fulfilled with the help of the spectrophotometer (HACH, Shanghai, China). RNA integrity was examined with 1% agarose gel electrophoresis. Then, reverse transcription was conducted with oligo(dT) primers utilizing Revertaid M Mulv Reverse Transcriptase (Thermo Fisher Scientific). Thereafter, qRT-PCR was carried out with the help of 2 × SYBR Green PCR Master mix (Thermo Fisher Scientific). Relative expression of target genes was calculated with the 2–ΔΔCt method (Livak and Schmittgen, 2001). β-actin was set as the internal control. The primers used in this study were synthesized by Sangon Biotech and are listed in Table 2.


TABLE 2. The sequences of the primers used in qRT-PCR.
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Cell Transfection

The full-length complementary cDNA of human RP11-499E18.1 and PAK2 were synthesized by Sangon Biotech and cloned into pcDNA3.1 vector (TAKARA) to construct overexpression plasmids pcDNA-RP11-499E18.1 and pcDNA-PAK2. DNA Midiprep Kits (Thermo Fisher Scientific) were used for preparation of the overexpression plasmids. Meanwhile, the small interfering (si)RNA of RP11-499E18.1 (si-RP11-310-332, si-RP11-454-476 and si-RP11-589-611) and short harpin (sh)RNA of SOX2, as well as their corresponding negative control (NC) were synthesized to perform RNA knockdown. CaOV3 and SKOV3 cells were respectively plated in six-well plates (2 × 105/well) and grown in a 37°C incubator overnight. Thereafter, the overexpression plasmids, pcDNA-RP11-499E18.1 and pcDNA-PAK2, were respectively transfected or co-transfected into the prepared cells. The knockdown sequences si-RP11-499E18.1 and shSOX2 were respectively transfected into cells. Besides, co-transfection of pcDNA-PAK2 and shSOX2 were also performed. Cell transfections were performed with the help of Lipofectamine 3000 (Invitrogen, California, United States). Cells were harvested 48 h post transfection to conduct further experiments. The sequences of the plasmids, siRNAs, and shRNAs are detailed in Table 3.


TABLE 3. The sequences of siRNAs and shRNAs used in cell transfection.
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Cell Proliferation

After transfection, (3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazoliumbromide) MTT assay was carried out to assess cell proliferation. Briefly, 100 μl of the transfected CaOV3 and SKOV3 cells was resuspended and seeded into 96-well plates at a concentration of 1 × 104 cells per well. Then, 50 μl of MTT reagent that was dissolved in PBS was respectively provided into each well at 0, 12, 24, 48, and 72 h after transfection, and the mixtures were maintained in a 37°C incubator for another 4 h. Thereafter, 150 μl of dimethyl sulfoxide (DMSO) was supplied into each well to dissolve the formazan. The optical density (OD) at 570 nm was measured utilizing a microplate reader (Bio-Rad, Hercules, CA, United States). Cell proliferation ratio (%) was calculated according to the formula listed below: Cell proliferation ratio (%) = ODexperimental group/ODNC × 100%.

After transfection, CaOV3 and SKOV3 cells were resuspended and plated into 6-well plates at a concentration of 1,000 cells per well. Then, the plates were maintained in a humidified incubator under 5% CO2 and 37°C conditions for 2–3 weeks. Colony fixation and staining were respectively conducted utilizing methanol and 0.1% crystal violet (Sangon Biotech). Finally, the images of the colonies were photographed with a microscope (Olympus, Tokyo, Japan).



Transwell Assay

After transfection, the invasive capacity of CaOV3 and SKOV3 cells was determined using transwell assay. Briefly, the Matrigel chamber (Corning, New York, United States) used in this study was coated with 50 μl Matrigel (1:8) in advance. CaOV3 and SKOV3 cells were suspended in serum-free medium at a concentration of 5 × 104/ml. Then, 200 μl of the suspended cells was added to the upper chamber, and 600 μl of complete medium was provided to the lower chamber. After maintaining for 48 h in a 5% CO2 and 37°C incubator, the uninvaded cells on the upper chamber were wiped off, while the successfully invaded cells on the lower chamber were fixed with 95% ethanol (Aladdin) for 20 min and stained with hematoxylin (Sangon Biotech) for 10 min. Finally, the images of the invaded cells were photographed with a microscope (Olympus).



Immunohistochemical

The prepared tissues were respectively sliced into 3-μm-thick sections, and baked in a 60–65°C incubator for 4 h. Then, the slices were dewaxed in xylene, rehydrated in grade ethanol, and rinsed with 1× PBS for three times. Afterward, the slices were put into the citrate buffer (10 mmol/L, pH 6.0) and heated to 121°C in an autoclave for 20 min. The endogenous peroxidase was blocked in 50 μl of 5% H2O2 for 10 min at room temperature (RT). Subsequently, incubation of primary antibodies, including anti-PAK2 (ab76293, Abcam, Cambridge, United Kingdom), anti-SOX2 (#2748, Cell Signal Technology, Boston, United States), anti-Caspase3 (ab4051, Abcam), and anti-Ki67 (ab15580, Abcam), was performed at 4°C overnight. After rinsing, each slice was incubated with 50 μl of HRP-labeled secondary antibody (ab6721, Abcam) for 10 min at RT. Then, 50 μl of streptomyces anti-biotin-peroxidase solution was provided to each slice and reacted for 10 min. After rinsing, the slices were incubated with 3,39-diaminobenzidine tetrahydrochloride (DAB) reagent for approximately 10 min to develop color. Then, the reaction was terminated, and hematoxylin re-staining was performed, followed by dehydration and transparency, and neutral resin mounting. For the NC group, the slices were incubated with PBS instead of primary antibodies. Each slice was respectively photographed at 200 and 400× magnification with the help of a microscope (Olympus).



Immunofluorescence

CaOV3 and SKOV3 cells were respectively seeded into six-well plates with the autoclaved cover glasses placed at the bottom of the wells. After cells grown to 50% confluence on the coverslips, PBS rinsing was performed, followed by 4% paraformaldehyde (PFA) fixation at RT for 10 min. After washing, cells were permeated with PBS, which contains 0.5% Triton X-100 for 20 min and blocked with 3% bovine serum albumin (BSA, Thermo Fisher Scientific) for 1 h at RT. After rinsing with PBS, primary antibody anti-SOX2 (#92186, Cell Signal Technology) incubation was carried out with the cells attached on the coverslips at 4°C overnight. Alexa Fluor® 488-conjugated secondary antibody (ab150077, Abcam) incubation was conducted at RT for 1 h. Then, the cell nuclei were counterstained with 4-6-diamidino-2-phenylindole (DAPI) reagent (Sangon Biotech) for 10 min and the slices were mounted. Finally, images were observed and photographed using a confocal microscope (Zeiss, Jena, Germany).



Fluorescence in situ Hybridization

The RP11-499E18.1 and U6 probes were both purchased from RiboBio (Guangzhou, China). CaOV3 and SKOV3 cells were respectively seeded into 24-well plates (approximately 6 × 104/well) with the autoclaved cover glasses placed at the bottom of the wells. After the cells were grown to 60–70% confluence on the coverslips, 4% PFA fixation was performed at RT for 10 min, followed by PBS rinsing. Afterward, cells were permeabilized with 1 ml of pre-cooled PBS containing 0.5% Triton X-100 at 4°C for 5 min. Then, the supernatant was discarded. After that, 200 μl of pre-hybridization reagent was provided and reacted for 30 min at 4°C. Thereafter, the pre-hybridization reagent was removed. The hybridization solution containing RP11-499E18.1 or U6 probes were respectively added under dark conditions, and the solution was maintained at 37°C overnight. Then, 4 × SSC (containing 0.1% Tween-20) rinsing was performed to reduce the background signal, followed by 2 × SSC, 1 × SSC, and PBS rinsing under dark conditions. Subsequently, DAPI reagent was added and reacted for 10 min to counterstain cell nuclei. After rinsing, the slices were mounted and subjected to fluorescent signal detection employing a confocal microscopy (Zeiss).



Western Blot

Protein extraction was performed by use of RIPA lysis buffer (Beyotime, Shanghai, China), in the presence of protease inhibitors (Thermo Fisher Scientific). Quantification of the extracted proteins was fulfilled employing a Nanodrop 2000 system (Thermo Scientific). Afterward, protein separation was carried out utilizing SDS-PAGE. Subsequently, the target proteins were transferred onto the nitrocellulose (NC) membrane, and blocked in 5% BSA. Thereafter, incubation of primary antibodies, including anti-PAK2 (ab76293, Abcam), anti-SOX2 (#2748, Cell Signal Technology), anti-p-SOX2 (#92186, Cell Signal Technology), anti-E-cadherin (ab40772, Abcam), anti-Vimentin (ab137321, Abcam), and anti-β-actin (66009-1-Ig, Ptgcn, IL, United States), was conducted at 4°C overnight. After that, the target proteins were incubated with HRP-labeled secondary antibody (ab6721, Abcam) at RT for 1 h. Finally, the signals were developed using ECL reagent and detected with the help of a LAS-3000 (FUJIFILM, Tokyo, Japan) system.



RNA Pulldown Assay

The biotin-labeled full-length RP11-499E18.1 and antisense RP11-499E18.1 were synthesized using Biotin RNA Labeling Mix (Roche, Basel, Switzerland) and T7 RNA polymerase (Promega, Wisconsin, United States), in the presence of RNase-free DNase I (Thermo Fisher Scientific). Then, the products were purified with the help of RNeasy Mini Kit (Qiagen, MD, United States). Afterward, the proteins exacted from CaOV3 and SKOV3 cells were respectively incubated with the biotinylated RNA at RT for 4 h. Thereafter, the streptavidin magnetic beads (Thermo Fisher Scientific) were provided and the mixtures were maintained at 4°C overnight. After that, the unbounded proteins were removed, while the bounded proteins were eluted and further analyzed by electrophoresis, silver staining, mass spectrometry (MS), and Western blot. The oligonucleotide sequences used for RNA pulldown are listed in Table 4.


TABLE 4. The oligonucleotide sequences used for RNA pulldown assay.
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RNA Immunoprecipitation Assay

RNA immunoprecipitation (RIP) was carried out utilizing EZ-Magna RIP Kit (Millipore, United States) following the manufacturer’s instructions. Briefly, CaOV3 and SKOV3 cells were lysed in RIP lysis buffer, and then the cell lysates were incubated with RIP buffer, with magnetic beads conjugated with AGO2 antibody or NC mouse IgG with rotation at 4°C overnight. After centrifugation, the beads were collected and rinsed by RIP Wash Buffer. Thereafter, the complexes were incubated with proteinase K buffer to remove proteins. After that, isolation and purification of the immunoprecipitated RNA was performed. Further analysis was conducted utilizing qRT-PCR.



Co-immunoprecipitation

For co-immunoprecipitation (co-IP), both of the untransfected and transfected CaOV3 and SKOV3 cells were incubated with RIPA lysis buffer (Beyotime), in the presence of protease inhibitors (Thermo Fisher Scientific). Afterward, the supernatants of cell lysates were collected by centrifugation and then were respectively incubated with primary antibodies, including PAK2 antibody and SOX2 antibody, or control IgG at 4°C overnight. After that, the Protein A/G PLUS-Agarose beads (Santa Cruz Biotechnology) were provided and the mixtures were maintained at 4°C for 2 h. Thereafter, the beads were isolated and rinsed with lysis buffer, and finally analyzed by Western blot.



Statistical Analysis

Each experiment possesses three replications. Data analysis was completed employing GraphPad Prism (GraphPad software, CA, United States). Data were expressed as mean ± standard deviation (SD). The association between RP11-499E18.1, PAK2, and SOX2 expression with the overall survival (OS) was determined with the Kaplan–Meier survival analysis using the log-rank test. Comparison between two groups and among multi-groups was respectively conducted utilizing Student’s t-test and one-way ANOVA followed by Tukey’s post hoc test. p < 0.05 represents statistically significant.



RESULTS


RP11-49E18.1 Was Verified to Be a Potential Tumor Suppressor Gene of Ovarian Cancer

In this study, a variety of bioinformatics approaches were employed to identify the genes that played crucial roles in the regulation of OC. Analysis of GSE14407, GSE18520, and GSE26712 respectively identified 1,164 (586 upregulated, 578 downregulated), 675 (533 upregulated, 142 downregulated), and 138 (89 upregulated, 49 downregulated) DEGs. Venn analysis discovered that there were a total of 20 consistently expressed genes, of which 7 were upregulated, while 13 were downregulated (Figure 1A). Based on these results, survival analysis was further performed to evaluate the relationship between these genes and survival prognosis. Outcomes showed that the four downregulated lncRNAs, including EGOT, WT1-AS, HAND2-AS1, and RP11-499E18.1, exerted typical low expression and poor prognosis, which indicates that these four lncRNAs might be the potential tumor suppressor genes of OC. As shown in Figures 1B–D, RP11-499E18.1 was significantly downregulated in different types of OC (p < 0.01 or p < 0.05). Besides, survival analysis results showed that low expression of RP11-499E18.1 was closely associated with poor prognosis of OC patients (Figures 1E,F, p < 0.05), in which the RP11-499E18.1 high expression group accounts for 40% according to the cutoff values. Afterward, we detected the expression of EGOT, WT1-AS, HAND2-AS1, and RP11-499E18.1 in a series of OC cells. Result shown in Figures 1G–J showed that RP11-499E18.1 was the lowest expressed gene, especially in CaOV3 and SKOV3 cells (p < 0.01 or p < 0.001). Subsequently, the expression of RP11-499E18.1 in eight pairs of clinical OC tissues was also detected. Results showed that its expression in OC tissues was notably lower than in pericarcinomatous tissues (Figure 1K). In addition, the location of RP11-499E18.1 in OC cells was further determined by FISH, and outcomes demonstrated that RP11-499E18.1 exists in cells in the form of plasma–nucleus coexistence (Figure 1L). Therefore, RP11-499E18.1 was chosen to conduct further research in this study.
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FIGURE 1. RP11-49E18.1 was verified to be a potential tumor suppressor gene of OC. (A) Venn diagram analysis respectively identified 7 upregulated and 13 downregulated DEGs. (B–D) RP11-499E18.1 was distinctly downregulated in OC tissues. (E,F) Low expression of RP11-499E18.1 was closely associated with poor prognosis of OC patients. (G–J) RP11-499E18.1 was the lowest expressed gene in a series of OC cells, especially in CaOV3 and SKOV3 cells. (K) RP11-499E18.1 expression in OC tissues was notably lower than in pericarcinomatous tissues. (L) RP11-499E18.1 exists in cells in the form of plasma–nucleus coexistence. DEGs, differentially expressed genes; OC, ovarian cancer. ##p < 0.01, ###p < 0.001, ns, no significance.




PAK2 Was Predicted to Be an Oncogene of Ovarian Cancer

In order to explore how RP11-499E18.1 exerts its regulatory roles in OC, we further analyzed these datasets to figure out the crucial mRNAs participated in the regulation of OC. There were respectively 7,132 (4,546 upregulated, 2,586 downregulated), 14,074 (8,780 upregulated, 5,294 downregulated), and 8,523 (4,705 upregulated, 3,818 downregulated) differentially expressed mRNAs screened out. Venn diagram exhibited that there were a total of 2,291 consistently expressed mRNAs, namely, 1,347 upregulated and 944 downregulated genes (Figure 2A). Considering that the upregulated mRNAs were much more than downregulated mRNAs in OC, GO enrichment analysis was performed among the upregulated mRNAs. Results showed that 2 of the top 10 pathways were related to protein phosphorylation (Figure 2B). Besides, PAK2 was found to exist in several typical GO pathways mentioned above (Table 5), indicating that PAK2 might be the functional protein of RP11-499E18.1. Thereafter, PAK2 expression in OC tissues and the association between PAK2 expression and prognosis of OC patients were further analyzed. Results shown in Figures 2C–E demonstrated that PAK2 was notably upregulated in different types of OC (p < 0.01 or p < 0.05). Besides, survival analysis revealed that there was a close association between high expression of PAK2 and poor prognosis of OC patients (Figures 2F,G, p < 0.01), among which PAK2 high expression groups account for 75% according to the cutoff values. These results indicated that PAK2 might exert a pro-cancer efficacy in OC.
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FIGURE 2. PAK2 was predicted to be an oncogene of OC. (A) Venn diagram analysis respectively identified 1,347 upregulated and 944 downregulated differentially expressed mRNAs. (B) The top 10 pathways obtained by GO term analysis. (C–E) PAK2 expression was distinctly upregulated in OC tissues. (F,G) High expression of PAK2 was closely associated with poor prognosis of OC patients. OC, ovarian cancer; GO, Gene Ontology; PAK2, P21 (RAC1) Activated Kinase 2.



TABLE 5. Gene ontology (GO) analysis of five typical pathways associated with ovarian cancer (OC).
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Validation of the Interactions Among RP11-499E18.1, PAK2, and SOX2

Numbers of previous investigations have clarified the interaction between PAK2 and SOX2 in various human diseases (Huttlin et al., 2015, 2017). Therefore, relative expression of SOX2 in OC tissues and the correlation between SOX2 expression and the prognosis of OC patients were also analyzed. Outcomes displayed in Figures 3A–C showed that there was no significant change of SOX2 expression between OC tissues and normal tissues. Besides, survival analysis revealed that SOX2 was a poor prognostic factor (Figures 3D,E), in which the SOX2 high expression group accounts for 30% according to cutoff values. Combined with the results of PAK2 GO enrichment analysis, these results indicated that PAK2 might function through regulating the phosphorylation level of SOX2, which could further influence gene transcription.
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FIGURE 3. Validation of the interactions among RP11-499E18.1, PAK2, and SOX2. (A–C) There was no significant difference of SOX2 expression between normal tissues and OC tissues. (D,E) High expression of SOX2 was closely associated with poor prognosis of OC patients. (F) The band located at 60 kDa was identified as PAK2. (G) RNA pulldown assay affirmed that there was an interaction between RP11-499E18.1 and PAK2. (H,I) Domain mapping assay and catRAPID database analysis confirmed that there was a strong binding effect between the 150–200 bp region of lncRNA RP11-49E18.1 and the 126–177/245–275 amino acid region of PAK2. (J) There was an interaction between PAK2 and SOX2 in CaOV3 and SKOV3 cells. (K–M) The expression of PAK2 and SOX2 in CaOV3 and SKOV3 cells was notably higher than in IOSE80 cells. (N) The expression of PAK2 and SOX2 in OC tissues was much higher than in pericarcinomatous tissues. OC, ovarian cancer; PAK2, P21 (RAC1) activated kinase 2; SOX2, SRY-box transcription factor 2. #p < 0.05, ##p < 0.01, ###p < 0.001.


Based on the aforementioned results, we deduced that RP11-499E18.1 might exert its anti-cancer efficacy in OC via regulation of the RP11-499E18.1–PAK2–SOX2 axis. Therefore, RNA pulldown assay was carried out to explore whether there exist an association among RP11-499E18.1, PAK2, and SOX2. MS analysis revealed that the protein with a molecular weight close to 60 kDa in the electrophoresis was PAK2 (Figure 3F). In addition, results displayed in Figure 3G confirmed that RP11-499E18.1 could directly bind to PAK2 in both CaOV3 and SKOV3 cells, while there was no interaction between RP11-499E18.1 and SOX2. After that, a series of biotin-labeled RP11-499E18.1 fragments were constructed to determine the specific and effective binding region of RP11-499E18.1 when binding to PAK2. Results showed that the 148–202 bp region of RP11-499E18.1 is the possible binding region of PAK2 (Figure 3H). Meanwhile, catRAPID database analysis revealed that there was a strong binding effect between the 150–200 bp region of lncRNA RP11-49E18.1 and the 126–177/245–275 amino acid region of PAK2 (Figure 3I). Thereafter, Co-IP assay was conducted to confirm whether there exists an interaction between PAK2 and SOX2. Results verified that there was an association between PAK2 and SOX2 in CaOV3 and SKOV3 cells (Figure 3J). Then, the expression of PAK2 and SOX2 in OC cells and tissues was respectively testified. qRT-PCR and Western blot results displayed that both PAK2 and SOX2 in CaOV3 and SKOV3 cells was notably higher than their expression in IOSE80 cells (Figures 3K–M, p < 0.05 or p < 0.01 or p < 0.001). IHC results demonstrated that the expression of PAK2 and SOX2 in OC tissues was much higher than in pericarcinomatous tissues (Figure 3N). These results indicated that RP11-49E18.1 might perform its tumor-suppressive roles through influencing its interaction with PAK2 and the interaction between PAK2 and SOX2.



RP11-499E18.1 Overexpression Obviously Suppressed Cell Proliferation, Migration, Colony Formation, and Epithelial–Mesenchymal Transition Transformation

After transfection, the transfection efficiency was respectively testified employing qRT-PCR and fluorescence microscope. Outcomes verified that the expression of RP11-499E18.1 was successfully knocked down or overexpressed after cell transfection (Figures 4A,B and Supplementary Figure 1, p < 0.01 or p < 0.001), and the knockdown efficiency was especially high when cells were transfected with si-RP11-454-476. Afterward, the expression of PAK2 was detected, and outcomes demonstrated that overexpression or knockdown of RP11-499E18.1 had no significant influence on the expression of PAK2 on both mRNA and protein levels (Figures 4C,D). Thereafter, cell proliferation, migration, and colony formation, as well as the expression of EMT transformation-related factors (E-cadherin and Vimentin) were tested in the transfected cells. Outcomes demonstrated that overexpression of RP11-499E18.1 obviously suppressed the proliferation, migration, and colony formation of both CaOV3 and SKOV3 cells (Figures 4E–H, p < 0.01 or p < 0.001). Besides, the expression of EMT transformation-related E-cadherin was notably augmented, while the expression of Vimentin was obviously decreased by RP11-499E18.1 overexpression in both CaOV3 and SKOV3 cells (Figure 4I). However, RP11-499E18.1 knockdown exerted the opposite effects as RP11-499E18.1 overexpression is performed (Figures 4E–I).
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FIGURE 4. RP11-499E18.1 overexpression obviously suppressed cell proliferation, migration, colony formation, and EMT transformation. The sequences of NC and si-RP11-499E18.1 were respectively transfected into CaOV3 and SKOV3 cells to silence RP11-499E18.1 expression. The plasmids pcDNA 3.1 and pcDNA-RP11-499E18.1 were respectively transfected into CaOV3 and SKOV3 cells to overexpress RP11-499E18.1. (A,B) The transfection efficiency was high, and RP11-499E18.1 was successfully silenced and overexpressed in CaOV3 and SKOV3 cells. (C,D) There was no obvious influence of RP11-499E18.1 knockdown or overexpression on the expression of PAK2. (E–H) The proliferation, colony formation, and migration of CaOV3 and SKOV3 cells were distinctly repressed by RP11-499E18.1 overexpression, while notably promoted by RP11-499E18.1 knockdown. (I) The expression of EMT-related E-cadherin was distinctly increased, while Vimentin was notably decreased by RP11-499E18.1 overexpression. RP11-499E18.1 knockdown performed the opposite effects. NC, negative control; si, small interfering; PAK2, P21 (RAC1) activated kinase 2; EMT, epithelial–mesenchymal transition. #p < 0.05, ###p < 0.001.




PAK2 Upregulation Notably Counteracted RP11-499E18.1 Overexpression-Triggered Tumor-Suppressing Effects

Previous RNA pulldown assay verified that there was an interaction between RP11-49E18.1 and PAK2. Based on this result, we speculated that RP11-49E18.1 might perform its tumor-suppressive roles through interacting with PAK2. Therefore, we respectively co-overexpressed RP11-49E18.1 and PAK2 in CaOV3, SKOV3, and OVCAR3 cells. Results displayed that co-transfection with pcDNA-RP11-49E18.1 and pcDNA-PAK2 had no significant influence on the expression of RP11-49E18.1 (Figure 5A and Supplementary Figure 2), while it had distinctly increased the expression of PAK2 compared with pcDNA-RP11-49E18.1 transfected cells (Figures 5B,C, both p < 0.01). Following experiments further verified that co-overexpression of RP11-49E18.1 and PAK2 notably counteracted RP11-499E18.1 overexpression-triggered suppressing effects on the proliferation, migration, and colony formation of CaOV3 and SKOV3 cells (Figures 5D–G, p < 0.01 or p < 0.001). These outcomes indicated that PAK2 might perform a tumor-promoting efficacy in OC, which is consistent with the prognosis analysis results.
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FIGURE 5. PAK2 upregulation notably counteracted RP11-499E18.1 overexpression-triggered tumor-suppressing effects. The plasmids pcDNA3.1, pcDNA-RP11-499E18.1, and pcDNA-RP11-499E18.1 + pcDNA-PAK2 were respectively transfected into CaOV3 and SKOV3 cells. (A) RP11-499E18.1 was successfully overexpressed in CaOV3 and SKOV3 cells. (B,C) PAK2 was successfully overexpressed in CaOV3 and SKOV3 cells. (D–G) PAK2 overexpression distinctly counteracted RP11-499E18.1 overexpression-triggered suppressing effects on the proliferation, colony formation, and migration of CaOV3 and SKOV3 cells. PAK2, P21 (RAC1) activated kinase 2. ###p < 0.001, ns, no significance.




Knockdown of SOX2 Notably Reversed PAK2 Overexpression-Triggered Tumor-Promoting Effects

Considering that PAK2 is a member of the serine/threonine kinases family, bioinformatic analysis revealed that there were two pathways related to protein phosphorylation. Besides, previous investigation verified that the phosphorylated SOX2 could be transferred into the nucleus and promote gene transcription (Ravindran Menon et al., 2018; Wang Z. et al., 2019). Therefore, we detected the expression of p-SOX2 in OC cells. Western blot results displayed that there was no obvious change between the expression of SOX2 in both PAK2 knockdown or overexpressed cells. However, p-SOX2 expression was distinctly decreased by PAK2 knockdown, while notably upregulated by PAK2 overexpression (Figure 6A and Supplementary Figure 3). Therefore, we deduced that PAK2 overexpression might have promoted the nuclear translocation of SOX2, and this speculation was subsequently testified by the IF assay results (Figure 6B). Afterward, NC, pcDNA-PAK2, and pcDNA-PAK2 plus sh-SOX2 transfection was respectively conducted in CaOV3 and SKOV3 cells to explore the underlying regulating mechanism. Detection of cell phenotype confirmed that PAK2 overexpression obviously promoted the proliferation, migration, and colony formation of CaOV3 and SKOV3 cells (Figures 6C–F, p < 0.01 or p < 0.001). Besides, the expression of p-SOX2 and EMT-related Vimentin was both notably augmented, while E-cadherin expression was significantly reduced by PAK2 overexpression. Meanwhile, no significant change of SOX2 expression was observed (Figure 6G). More importantly, these tumor-promoting effects triggered by PAK2 overexpression were distinctly reversed by SOX2 knockdown (Figures 6C–G). Combination of these results indicated that PAK2 overexpression might perform its tumor-promoting efficacy through increasing the phosphorylation of SOX2.
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FIGURE 6. Knockdown of SOX2 notably reversed PAK2 overexpression-triggered tumor-promoting effects. (A) PAK2 overexpression notably have no notable influence on the expression of SOX2, but obviously increased the expression of p-SOX2. (B) PAK2 overexpression promoted the nuclear translocation of SOX2. (C–F) Knockdown of SOX2 obviously reversed PAK2 overexpression-induced augmenting effects on the proliferation, colony formation, and migration of CaOV3 and SKOV3 cells. (G) PAK2 overexpression obviously decreased the expression of EMT-associated E-cadherin, and increased the expression of Vimentin. Knockdown of SOX2 notably counteracted PAK2 overexpression-induced effects. PAK2, P21 (RAC1) activated kinase 2; SOX2, SRY-box transcription factor 2; EMT, epithelial–mesenchymal transition. ##p < 0.01.




RP11-499E18.1 Overexpression Reduced the Interaction Between PAK2 and SOX2 and Increased the Binding of RP11-499E18.1 by PAK2

For further disclosing the regulating mechanism among RP11-499E18.1, PAK2, and SOX2, co-IP and RIP assay were performed in RP11-499E18.1-overexpressing cells. Results of co-IP assay revealed that RP11-499E18.1 overexpression markedly reduced the interaction between PAK2 and SOX2 compared with the NC group (Figure 7A). Besides, outcomes of RIP assay disclosed that RP11-499E18.1 overexpression distinctly increased the binding of RP11-499E18.1 by PAK2 (Figure 7B, p < 0.05 or p < 0.01). In addition, detection of the location of SOX2 in RP11-499E18.1-overexpressed CaOV3 and SKOV3 cells was carried out. Outcomes displayed that RP11-499E18.1 overexpression obviously reduced the nuclear translocation of SOX2, and SOX2 is more localized in the cytoplasm compared with pcDNA transfected cells (Figure 7C). These outcomes manifested that RP11-499E18.1 overexpression might carry out its tumor-suppressing efficacy through decreasing the interaction between PAK2 and SOX2, and thereby lessen the nuclear translocation of SOX2.
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FIGURE 7. RP11-499E18.1 overexpression reduced the interaction between PAK2 and SOX2, and increased the binding of RP11-499E18.1 by PAK2. (A) Co-IP assay confirmed that RP11-499E18.1 overexpression remarkably reduced the interaction between PAK2 and SOX2. (B) RIP assay affirmed that RP11-499E18.1 overexpression notably increased the binding of RP11-499E18.1 by PAK2. (C) Overexpression of RP11-499E18.1 remarkably decreased the nuclear translocation of SOX2 in CaOV3 and SKOV3 cells. Co-IP, co-immunoprecipitation; RIP, RNA immunoprecipitation; PAK2, P21 (RAC1) activated kinase 2; SOX2, SRY-box transcription factor 2. #p < 0.05, ##p < 0.01.




PAK2 Upregulation Reversed RP11-499E18.1 Overexpression-Induced Facilitating Effects on Tumor Formation

To verify the effect of RP11-499E18.1 and PAK2 overexpression on tumor development, we implanted pcDNA-RP11-499E18.1 or pcDNA-RP11-499E18.1 plus pcDNA-PAK2 transfected CaOV3 cells into the nude mice. Tumor volume measurement results demonstrated that RP11-499E18.1 overexpression distinctly inhibited tumor development of CaOV3 cells as time prolongs, while PAK2 upregulation notably reversed this effect (Figure 8A, both p < 0.001). These effects could be obviously observed from the final tumor volume formatted in nude mice (Figure 8B). In addition, expression of proliferation-related Ki67 and apoptosis-associated Caspase 3 was determined employing IHC assay. Outcomes showed that the expression of Ki67 was notably reduced, while Caspase 3 expression was remarkably augmented by RP11-499E18.1 overexpression compared with the pcDNA transfected group. Whereas PAK2 upregulation remarkably decreased Caspase 3 expression, it notably increased Ki67 expression compared to the pcDNA-RP11-499E18.1 plus pcDNA-PAK2 transfected group (Figures 8C,D, all p < 0.05). These results further validated the tumor volume outcomes, indicating that RP11-499E18.1 overexpression might carry out its tumor-suppressing effects by increasing the expression of apoptosis-related gene expression and decreasing the expression of proliferation-associated gene expression.
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FIGURE 8. PAK2 upregulation reversed RP11-499E18.1 overexpression-induced facilitating effects on tumor formation. The plasmids pcDNA3.1, pcDNA-RP11-499E18.1, and pcDNA-RP11-499E18.1 + pcDNA-PAK2 were respectively, transfected into CaOV3 cells. Then, the transfected cells were respectively inoculated at the right dorsal proximal upper limbs of nude mice. (A,B) RP11-499E18.1 overexpression remarkably inhibited tumor growth as time prolongs, while PAK2 upregulation notably reversed this effect. (C,D) RP11-499E18.1 overexpression remarkably increased the expression of apoptosis-related Caspase 3, while notably decreased the expression of proliferation-associated Ki67. These effects were notably counteracted by PAK2 upregulation. PAK2, P21 (RAC1) activated kinase 2. #p < 0.05.




DISCUSSION

Ovarian cancer is a deadly gynecological malignancy in the world. In recent years, a number of former investigations have discovered the participation of lncRNAs in the regulation of OC progression with the help of bioinformatic analysis (Wu et al., 2017; Li et al., 2018). In this research, we identified lncRNA RP11-499E18.1, which was downregulated in OC tissues, as a potential biomarker of OC via GEO database screening and prognostic analysis. Then, GEO database analysis combined with GO term analysis discovered that PAK2 might be the critical mRNA that participated in the regulation of RP11-499E18.1, while literature analysis found that SOX2 could be the target protein of PAK2. After that, experimental analysis verified that there was an interaction between RP11-499E18.1 and PAK2, as well as PAK2 and SOX2. Therefore, we speculated that RP11-499E18.1 might play its tumor suppressor roles in OC via regulation of the RP11-499E18.1–PAK2–SOX2 axis.

Obviously, we discovered that RP11-499E18.1 functions as a tumor suppressor in OC exhibiting as RP11-499E18.1 overexpression, which notably suppressed the proliferation, migration, and EMT process of OC cells. These outcomes were consistent with former researches. For instance, it was demonstrated that overexpression of Titin-antisense RNA1 (TTN-AS1) repressed colony formation and proliferation, while facilitating apoptosis of OC cells (Miao et al., 2020). Besides, Ma et al. (2018) reported that decreased expression of growth arrest-specific transcript 5 (GAS5) was correlated with advanced clinical stage, and overexpression of GAS5 obviously suppressed the proliferation of OC cells. Moreover, Tao et al. (2020) clarified that maternally expressed 3 gene (MEG3) overexpression notably promoted apoptosis, while restraining the viability and invasion of OC cells.

LncRNAs have been widely proved to be the controller of their downstream targets in OC (Liang et al., 2018; Chen X. et al., 2019; Sun et al., 2019; Yang et al., 2019). For example, Kong et al. (2019) clarified that lncRNA PCAT6 facilitated the initiation and development of OC through repressing the expression of PTEN. Another research demonstrated that lncRNA LINC00702 accelerated the development of OC by interacting with EZH2 and thereby repressing the transcription of KLF2 (Wang L. et al., 2019). Herein, this research identified PAK2 as a target of RP11-499E18.1 and proved that there was an interaction between RP11-499E18.1 and PAK2. Besides, PAK2 upregulation partially reversed RP11-499E18.1 overexpression-triggered tumor-suppressing effects on OC cells. However, RP11-499E18.1 overexpression did not alter the expression of PAK2, so we deduced that RP11-499E18.1 might function in OC through affecting the interaction between PAK2 and its target and thereby influencing the downstream gene transcription.

Considering that PAK2 is a member of the serine/threonine kinases family, this study subsequently focused on the target effect of PAK2 kinase and further searched for the potential PAK2 kinase target proteins. Former investigations pointed out that SOX2 was an interacting protein of PAK2 (Huttlin et al., 2015, 2017). Besides, SOX2 was reported to be associated with early tumor initiation (Robinson et al., 2021), and its level in high-grade serous carcinoma (HGSC) effusions was demonstrated to be markers of clinically aggressive disease (Sherman-Samis et al., 2019). Additionally, SOX2 expression was found to be positively correlated with the proliferation and migration capacities of tumor cells (Chen B. et al., 2019; Meng et al., 2020), and its high expression is a poor prognostic marker for OC. Furthermore, it was clarified that the interaction between SOX2 and UBR5 was inhibited after phosphorylation of SOX2, and thereby stabilized SOX2 in esophageal cancer (Wang Z. et al., 2019). Moreover, CDK1 knockdown decreased the phosphorylation, transcription activity, and nuclear distribution of SOX2, while knockout of SOX2 significantly reduced CDK1 overexpression-induced tumor-initiating capacity (Ravindran Menon et al., 2018). Based on these evidences, we speculated that PAK2 upregulation might perform its tumor-promoting efficacy through increasing the phosphorylation and nuclear distribution of SOX2 in OC cells. Following results confirmed this speculation. Additionally, knockdown of SOX2 notably counteracted PAK2 upregulation-induced tumor-promoting effects on cell proliferation, migration, and expression of EMT-related factors.

Previous investigation demonstrated that the core of personalized medicine for cancer lies in the discovery and development of biomarkers, which reveal information that leads to the diagnosis, prognosis, and therapy of the disease (Dlamini et al., 2021). Besides, a previous research pointed out that uncertainty of prognosis is the main reason that patients with hematologic malignancies receive aggressive therapy near end of life (Iizuka-Honma et al., 2021). In OC, patients are generally diagnosed at an advanced stage primarily because there are few early symptoms and limited screening approaches. Therefore, we hold the opinion that identification of novel effective diagnostic biomarkers, like RP11-499E18.1, will be of great significance for better management of OC in the future.



CONCLUSION

Our results demonstrated that RP11-499E18.1 overexpression might have inhibited proliferation, migration, colony formation, and EMT process of OC cells through dissociating the interaction between PAK2 and SOX2 and reducing the nuclear translocation of p-SOX2. This research mainly explored the potential regulating mechanisms of RP11-499E18.1 on OC progression in vitro, but whether it functions through the same pattern in vivo still needs further investigation. The putative regulation network is displayed in Figure 9.
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FIGURE 9. The putative regulation network of this study. Upregulated RP11-499E18.1 inhibits the proliferation, migration, colony formation, and EMT process of OC cells through dissociating the interaction between PAK2 and SOX2 and reducing the nuclear translocation of p-SOX2.
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Receptor tyrosine kinases (RTKs) and integrin matrix receptors have well-established roles in tumor cell proliferation, invasion and survival, often functioning in a coordinated fashion at sites of cell-matrix adhesion. Central to this coordination are syndecans, another class of matrix receptor, that organize RTKs and integrins into functional units, relying on docking motifs in the syndecan extracellular domains to capture and localize RTKs (e.g., EGFR, IGF-1R, VEGFR2, HER2) and integrins (e.g., αvβ3, αvβ5, α4β1, α3β1, α6β4) to sites of adhesion. Peptide mimetics of the docking motifs in the syndecans, called “synstatins”, prevent assembly of these receptor complexes, block their signaling activities and are highly effective against tumor cell invasion and survival and angiogenesis. This review describes our current understanding of these four syndecan-coupled mechanisms and their inhibitory synstatins (SSTNIGF1R, SSTNVEGFR2, SSTNVLA-4, SSTNEGFR and SSTNHER2).
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Introduction

The growth and progression of tumors is influenced by the tumor microenvironment, including growth factors, cytokines, and components of the extracellular matrix produced by the tumor stroma and the tumors themselves. Receptors on the surface of the tumor cells, of which growth factor receptor tyrosine kinases (RTKs) and integrins are prominent, mediate the response of the tumor to these factors, including enhanced proliferation, survival, metastasis, and resistance to therapeutic drugs. Effective RTK signaling often requires coordination with integrins and RTK activation in turn serves to potentiate integrin signaling (1–4). Integrins are cell-cell and cell-matrix receptors composed of α and β subunits that assemble into 22 distinct receptors with individual signaling and ligand specificity. Their activation is promoted by signaling from inside the cell (e.g., inside-out signaling), often from RTKs, leading to stable adhesion. In addition, they respond to ligands in the tumor microenvironment to activate signaling (outside-in signaling) through cytoplasmic effectors such as FAK, paxillin, Src kinases, and others, often coordinated with RTK signaling (1). It is well established, for example, that integrin-mediated matrix adhesion is required for growth factor-stimulated cell cycle progression [reviewed in (5, 6)]. This extends to the tumor microenvironment as well, where RTKs and integrins function on endothelial cells, stromal cells and immune cells participating in vascular angiogenesis, lymphangiogenesis, and inflammation in support of tumor growth (7). A number of examples have now emerged to suggest that this coordinated signaling requires the RTK and integrin to be assembled into a functional unit [see (8, 9)]. A well-described example involves the α6β4 integrin. Usually found in resting epithelia and endothelia as the central adhesion receptor in highly stable hemidesmosomes, the α6β4 integrin is converted to a signaling scaffold during wound healing or tumorigenesis when phosphorylated by serine-threonine kinases activated downstream of RTKs (10). The free integrin associates with RTKs (e.g., EGFR, HER2, c-Met, Ron kinase), resulting in phosphorylation of tyrosines in the β4 integrin cytoplasmic domain and activation of signaling effectors that drive proliferation, survival and invasion of the tumor cells (11–15). Another example is the interdependence of the αvβ3 integrin and VEGFR2, an example in which upregulated expression and activation of the αvβ3 integrin is observed on endothelial cells in response to the induction of angiogenesis by VEGF (16–18). When activated, these two receptors co-immunoprecipitate as a functional complex from the endothelial cells, and loss or prevention of activation of either receptor negatively impacts the activation of the other (16–18). The αvβ3 integrin also engages in coordinated signaling with the type 1 insulin-like growth factor receptor (IGF-1R) in smooth muscle cells where IGF-1R is recruited to active αvβ3 integrin, which attenuates the IGF-1R signal via SHP2 phosphatase localized to the integrin (19, 20). Despite these and other examples, however, the means by which the RTKs and integrins interact and whether or not these interactions are regulated, often remains unknown. Work over the past decade has identified the syndecans as potential organizers of these signaling units. This review will summarize several examples in which docking sites in the extracellular domains of syndecans serve to organize and regulate the signaling of RTKs and integrins.



An Organizer Role for Syndecans

The syndecans are a family of four cell surface heparan sulfate (HS) proteoglycans, united by their highly homologous transmembrane and cytoplasmic domains, and their display of 2-3 HS glycosaminoglycan chains at the distal tips of their extracellular domains. These conserved features have attracted the attention of investigators attempting to understand syndecan functions [see reviews (21–30)]. In brief, the HS chains endow the syndecans with modulatory roles in numerous processes by engaging “heparin binding domains” in a variety of ligands, including growth factors (FGFs, VEGFs, PDGFs, HGF, EGFs, etc.), proteases and protease inhibitors, and essentially all extracellular matrix (ECM) ligands. Conserved alanine and glycine repeats interrupt their bulky hydrophobic membrane-spanning domains to promote syndecan homo- and heterodimerization, suggesting potential interactions with other membrane receptors as well. Exactly conserved C1 and C2 motifs found in their cytoplasmic domains bind to FERM- and PDZ-domain proteins and work in conjunction with syndecan-type-specific variable (V) domains to promote cytoplasmic activities; these range from chaperoning integrins and other receptors during endocytic and intracellular trafficking to signaling within focal adhesions. Less attention, however, has focused on their extracellular protein domains, which, apart from the conserved motifs that encode HS attachment, share little or no homology across the syndecan family. Emerging work now shows that these domains may be key to a central syndecan function, namely, acting as a “signaling organizer” at the cell surface by providing docking sites for other plasma membrane receptors, especially integrins and RTKs with well-known roles in cancer, that are highly dependent on the syndecan for their activation and signaling.



Coupling of IGF-1R to the αvβ3 or αvβ5 Integrin

The αvβ3 and αvβ5 integrins have been shown in now classical studies from the Cheresh group to play essential roles in vascular angiogenesis stimulated by fibroblast growth factor-2 (FGF-2) and vascular endothelial growth factor (VEGF) (31). These integrins also have other tumor-promoting activities, including displaying upregulated expression in a variety of tumor cells, having a role in the differentiation of tumor progenitor cells and being essential for the differentiation and bone-eroding activity of osteoclasts triggered by tumors homing to the bone marrow (7). The type 1 insulin like growth factor receptor (IGF-1R) is widely expressed in normal tissues and has important roles in prenatal and postnatal organ growth, with key roles in cell cycle progression and cell survival signaling (32). Pups of IGF-1R null mice are born with severe organ hypoplasia and are less than half of normal size (33). These roles are equally, if not more, striking in cancer. Fibroblasts derived from IGF-1R null mice resist transformation by most oncogenes, and tumor growth in mice is blocked by IGF-1R siRNAs that otherwise have little or no effect on normal tissues (34, 35).

An involvement of IGF-1R in cell-matrix adhesion came to light when the Clemmons group demonstrated an important co-regulatory interaction between the αvβ3 integrin, the integrin-associated protein (IAP) and IGF-1R in smooth muscle cells, in which IGF1 stimulates activation of the integrin and the integrin attenuates IGF-1R signaling by recruitment of the phosphatase SHP-2 (19, 20, 36–38). Subsequent studies focusing largely on cancer mechanisms have shown that the activities of the αvβ3 and αvβ5 integrins and IGF-1R are linked and regulated by syndecan-1 (Sdc1). The αvβ3 and αvβ5 integrins are well-studied integrins that are upregulated in the tumor microvasculature and in many tumors as well, where they are likely to engage provisional matrix consisting of vitronectin, fibronectin, osteopontin, fibrinogen and von Willebrand factor in the tumor microenvironment (7). A pre-assembled complex consisting of Sdc1, inactive αvβ3 or αvβ5 integrin and inactive IGF-1R is found in fibroblasts, breast cancer and other carcinomas, multiple myeloma and activated vascular endothelial cells undergoing pathological angiogenesis (39–42) (Figure 1) and is likely found in many cancers. Clustering of this ternary receptor complex, occurring when Sdc1 in adherent cells engages the vast polyvalent array of heparin-binding domains presented by proteins in the basement membrane and stromal ECM, or mimicked by plating cells on Sdc1-specific antibody, leads to ligand-independent activation of the IGF-1R, which initiates inside-out signaling through talin to activate the integrin (41) (Figure 1B). Syndecan mutagenesis studies, together with competitive inhibition of IGF-1R or integrin activation by recombinant Sdc1 ectodomain or peptides derived from the Sdc1 ectodomain, localizes the integrin/IGF-1R docking site to amino acids 93-120 in the extracellular domain of the membrane-anchored human Sdc1 (27, 39) (Figure 1A). A peptide mimetic of this site, originally called “synstatin” (SSTN) and now referred to as “SSTNIGF1R” to distinguish it from other synstatins subsequently identified against other RTKs, directly binds the integrins and IGF-1R and prevents their interaction with the syndecan (Figure 1A). This blocks the autophosphorylation of IGF-1R, even in the presence of IGF-1 (40), and prevents activation of the integrin. In vitro binding experiments using purified IGF-1R, integrin and recombinant Sdc1 extracellular domain show that the ternary complex can be formed in vitro from these three components alone; but, whereas the integrin alone is readily captured by Sdc1, IGF-1R binds only after the integrin is engaged by the syndecan, suggesting that IGF-1R docks to an interface comprised of Sdc1 together with the integrin (41). This feature of the capture mechanism serves to restrict this unique regulation of IGF-1R signaling to select cell types that express all three receptors, typically tumor cells and endothelial cells undergoing pathological angiogenesis. Whether there are additional membrane components expressed in tumor cells that stimulate the assembly of this receptor complex ranging from protein partners such as tetraspannins to specialized lipid rafts has not been explored.




Figure 1 | Regulation of IGF-1R signaling by Sdc1. (A) Model depicting site of IGF-1R capture, along with either the αvβ3 or αvβ5 integrin, in the extracellular domain of human Sdc1. A peptide mimetic of this site, SSTNIGF1R, competitively blocks receptor binding. (B) IGF-1R is not engaged with Sdc1 in nontransformed cells, typically because they lack the αvβ3 and αvβ5 integrins (top left). But integrin expression, usually in response to malignant transformation or activation of endothelial cells during angiogenesis, results in integrin docking to the extracellular domain of Sdc1, which is followed by IGF-1R capture at the same docking site (top right). Once formed, constitutive or matrix-induced clustering of the ternary receptor complex activates IGF-1R by autophosphorylation that does not require IGF-1. Activated endothelial cells or tumor cells bearing the ternary receptor complex rely on the syndecan-activated IGF-1R to phosphorylate and suppress the activity of Apoptosis-Signal regulating Kinase-1 (ASK-1) engaged with the IGF-1R cytoplasmic domain (bottom left), preventing ASK-1-mediated activation of Jun-N-terminal Kinase (JNK) and blocking entry into apoptosis, thus promoting tumor cell survival. In a second activity (bottom right), downstream signaling from IGF-1R activates the αvβ3 or αvβ5 integrin via an inside-out signaling pathway that targets the integrin-activating protein Talin, resulting in endothelial or tumor cell motility during the onset of angiogenesis or tumor cell invasion. SSTNIGF1R competitively disrupts the ternary receptor complex, preventing integrin activation and removing the constitutive suppression of ASK-1. Neither activity can be rescued by IGF-1 when the receptor complex is disrupted by SSTNIGF1R, emphasizing the singular role played by the syndecan in this IGF-1R signaling mechanism (see discussion in text, references (27, 39–41) and references therein.



Immunoprecipitation studies suggest that the majority, if not all, of the IGF-1R in tumor cells is associated with Sdc1, potentially making SSTNIGF1R a highly specific cancer therapy. It resists proteolytic degradation in plasma that usually leads to the rapid demise of most peptides in vivo, and is cleared only slowly from the circulation, displaying a t½ of 27 hr in mice (40). It is highly effective against tumor xenografts, which are reduced in size over 10-fold in mice treated with 0.365 mg/kg/day of the peptide, sufficient to reach a concentration of 3 μM in the blood (39, 40). Restriction of the mechanism to tumors and pathological angiogenesis and its apparent absence in normal tissues suggests that SSTNIGF1R may have little impact, if any, on normal metabolism and low toxicity to normal organs. Conventional therapeutic approaches such as IGF-1R kinase inhibitors also target the insulin receptor and the IGF-1R-feedback loop in the hypothalmus, leading to increased insulin and IGF1 levels in the plasma that are thought to stimulate rather than disrupt tumorigenesis (43). IGF-1R-blocking antibodies developed as potential therapeutics also disrupt the feedback loop and fail to disrupt IGF1R-coupled to Sdc1, which is IGF1-independent (43).

Examination of SSTN-treated tumors demonstrates that not only are they reduced in size, but they display a 10-fold reduction in vascularization as well. This is due to SSTNIGF1R’s activity against both the tumor cell, in which it not only blocks migration but also activates apoptosis, and against activated endothelial cells engaged in tumor-induced angiogenesis. The peptide blocks αvβ3-mediated migration of vascular endothelial cells in vitro with an IC50 of ca. 300 nM and displays similar activity against FGF-induced corneal angiogenesis in vivo when delivered systemically via Alzet pump (39). This traces to the dependence of VEGF signaling on the αvβ3 integrin. A clear example of this dependence is the defective VEGFR2 activation and blocked angiogenesis observed in genetically-engineered mice expressing the β3Y747F/Y757F integrin mutant, which prevents αvβ3 integrin activation and signaling (16, 17). In similar fashion, treatment of endothelial cells with SSTNIGF1R not only blocks αvβ3 activation, but also prevents VEGFR2 activation by VEGF (44). The Sdc1-, IGF-1R- and integrin-dependent regulation of VEGFR2 activation depends on cell-cell contact mediated by VE-cadherin, long known to be a regulator of VEGFR2 activation and angiogenesis (45, 46), linking these disparate mechanisms. This linkage appears to be complex and remains largely unknown, but depends in some manner on the clustering of VE-cadherin (44) and activation of Src (17), ostensibly to phosphorylate tyrosines Y747 and Y757 in the β3 integrin cytoplasmic domain (17). The activation of VEGFR2 by VEGF is blocked by VE-cadherin blocking antibodies, but VEGFR2 activation is restored if the blocking antibodies engaged with the cadherin are artificially clustered, mimicking VE-cadherin clustering that occurs during cell-cell adhesion (44). In step-wise fashion, this causes IGF-1R autophosphorylation that is nonetheless dependent on Src and is prevented by SSTNIGF1R, followed by downstream activation of VEGFR2 (44).



Sdc1-Coupled IGF-1R in Tumor Cell Survival

Perhaps the greatest impact of Sdc1-coupled IGF-1R on tumorigenesis is its role in tumor survival, revealed in myeloma cells that express high levels of Sdc1 (CD138) and constitutively active Sdc1-coupled IGF-1R. SSTNIGF1R induces the rapid activation of Jun-N-terminal kinase (JNK)/stress-activated protein kinase (SAPK) in myeloma cells, and p38MAPK as well in activated endothelial cells and carcinoma cells, two stress-activated MAPKs capable of initiating apoptosis in response to genotoxic and metabolic stressors common in cancer (40). A key upstream activator in myeloma appears to be Apoptosis-signal Regulating Kinase-1 (ASK-1), a MAP3K with critical roles in plasma cell and myeloma cell survival (47). ASK-1 binds the cytoplasmic domain of IGF-1R and is maintained in an inactive state by IGF-1R-mediated tyrosine phosphorylation, as well as by serine-threonine phosphorylation carried out by other enzymes activated downstream of IGF-1R (48, 49). However, inhibition of IGF-1R by SSTNIGF1R prevents these inhibitory phosphorylation events, allowing ASK-1 autoactivation, its subsequent activation of JNK/SAPK, and entry of myeloma cells into apoptosis (40) (Figure 1B). It is of interest to note that although SSTNIGF1R inhibits both IGF-1R and its downstream activation of the αvβ3 or αvβ5 integrin in endothelial and carcinoma cells, the integrin is not active in the myeloma cells, suggesting that it is IGF-1R alone that is required for the survival signaling (40). The signaling pathway downstream of IGF-1R that activates talin and thus the αvβ3 or αvβ5 integrin remains to be identified and the question remains as to whether it is present but inactive in myeloma cells, or if a critical component of the pathway is lacking altogether. Also unique to the myeloma cells compared to carcinoma or endothelial cells is that IGF-1R in the pre-assembled Sdc1-coupled ternary receptor complex is constitutively active (40); it is not dependent on cell adhesion or IGF-1, although exogenous IGF1 stimulates increased levels of IGF-1R activation. But even the IGF1-mediated activation is strictly dependent on the interaction of IGF-1R with the syndecan and is blocked by SSTNIGF1R (40).

Several key questions about this activation mechanism remain unanswered, including how clustering of Sdc1 activates IGF1-R independent of IGF1 ligand, how SSTNIGF1R blocks IGF1 stimulation of IGF-1R in myeloma and whether SSTNIGF1R blocks IGF1-induced IGF-1R activation in tumors other than myeloma. IGF-1R is a dimeric receptor composed of α and β subunits that relies on tyrosine kinase phosphorylation to recruit adaptor proteins (e.g., IRS-1, IRS-2, Shc) that mediate signaling leading to cell proliferation, cell migration and apoptosis (7). High resolution structural modeling suggests that the receptor is auto-inhibited due to wide separation of its cytoplasmic kinase domains (50). Binding of a single IGF1 monomer relieves these constraints and fosters a pseudoligand interaction between the two extracellular domains that re-positions the cytoplasmic kinase domains to undergo transphosphorylation (50). In the case of IGF-1R activation by Sdc1, it is clear that clustering of the syndecan must in some manner reproduce this positioning of the kinase domains. One scenario suggests that IGF-1R is optimally oriented when complexed with Sdc1 and αvβ3 or αvβ5 integrin to favor autophosphorylation in trans between the kinase domains of distinct IGF-1Rs when clustered by the syndecan. A less likely scenario envisions interactions between the IGF-1R extracellular domains promoted by clustering that mimic ligand binding and thus re-orient and activate the kinase domains in a single receptor similar to IGF1 binding.



Sdc1 as an Organizer of VLA-4/VEGFR2-Mediated Cell Polarity and Invasion

The α4β1 integrin, known as VLA-4 (very late antigen-4) on leukocytes, modulates the recruitment of leukocytes during immunity and autoimmune diseases, the dissemination of stem cell precursors into the blood, and the invasive phenotype of blood cell cancers (51). The integrin recognizes several ligands, but most prominently vascular cell adhesion molecule-1 (VCAM-1), which is largely expressed on vascular endothelial cells and stromal cells in the bone marrow, and the stromal matrix macromolecule fibronectin, in which it recognizes a VLA-4-specific PVD binding motif in the CS-1 domain (52). Engagement of these ligands regulates the extravasation of leukocytes through the blood vessel wall and their migration within the interstitial matrix and has been shown to have a similar role on some tumor cells (reviewed in (51). VLA-4 is also expressed on vascular and lymphatic endothelial cells where it plays a role during angiogenesis and polarized re-orientation of endothelial cells in response to blood flow (53, 54). A critical step in these activities is the binding of the scaffolding protein paxillin to the cytoplasmic domain of the α4 integrin subunit, which localizes paxillin-bound signaling effectors to the integrin, including focal adhesion kinase (FAK), proline-rich tyrosine kinase-2 (Pyk2) and G-protein coupled receptor kinase interacting protein-1 (GIT1), an Arf-6 GAP (55–58). GIT1 prevents the local activation of Arf6 and its downstream target Rac-1, the latter necessary for lamellipodium formation in response to VLA-4-mediated adhesion. In contrast, FAK and Pyk2 provide downstream transregulatory signaling leading to activation of leucocyte functional antigen-1 (LFA-1, also known as the αLβ2 integrin), a second integrin important in leukocyte extravasation, shifting the cell invasion behavior to this integrin (57). However, phosphorylation of the α4 cytoplasmic domain on S988 by PKA, which occurs only at the site destined to be the leading edge of the cell, releases the block to Rac1 activation by displacing paxillin from the integrin, and induces VLA-4-mediated, rather than LFA-1-mediated, generation of an active lamellipodium and polarized migration of the cell (54, 59). But how PKA is activated, and how it is localized to the integrin in order to carry out this phosphorylation, has remained unknown.

A recent clue to the activation mechanism comes from the study of multiple myeloma, a disease in which malignant plasma cells extravasate throughout the bone marrow of affected patients, and a unique response of the cells when CD138 (syndecan-1) is targeted by heparanase (HPSE), an HS-degrading endoglucuronidase (60). Although circulating B lymphocytes reportedly express low levels of syndecans, if any, the expression of Sdc1 is greatly upregulated in plasma cells and their malignant counterparts. Poor prognosis in the disease accompanies those tumors that express high levels of HPSE, which trims the HS chains of Sdc1 and causes shedding of high levels of Sdc1 into the bone marrow microenvironment (61–63). Using human CAG myeloma cells expressing low versus high levels of HPSE as a test system, it is observed that high HPSE expression promotes an invasive phenotype that depends on VLA-4; VLA-4 is localized to the leading edge when the cells are plated on fibronectin or VCAM-1, and is responsible for cell invasion through filters coated with these VLA-4 ligands (60). Several lines of evidence trace the polarization mechanism to Sdc1 ectodomain that has been shed from the cell surface. First, polarization is blocked by MMP-9 inhibitors that prevent shedding of the syndecan. Second, polarization can be rescued when shedding is blocked if conditioned medium containing shed Sdc1 is added to the cells, but not if Sdc1 is immunodepleted from the medium. Third, the invasive phenotype on VLA-4 ligands can be stimulated by exogenous recombinant human Sdc1 ectodomain alone in the absence of HPSE, or a peptide representing a putative active site contained within amino acids 210-236 of the recombinant protein (Figure 2A). An asp-phe-thr-phe (DFTF) motif at the N-terminus of this peptide represents a site in the Sdc1 ectodomain that is essential for binding VLA-4 and a pro-val-asp (PVD) sequence at its C-terminus mimics a motif in Sdc1 that captures vascular endothelial cell growth factor receptor-2 (VEGFR2) (60) (Figures 2A, B).




Figure 2 | Regulation of VLA-4 activation and polarized cell invasion by Sdc1. (A) VLA-4 and VEGFR2 docking sites in Sdc1. Juxtamembrane sites in the extracellular domain of human Sdc1 (DFTF and PVD) responsible for engaging very late antigen-4 (VLA-4, α4β1 integrin) and vascular endothelial growth factor receptor-2 (VEGFR2), respectively. Synstatin peptides containing one, but not both of these sites (e.g., SSTNVLA-4 or SSTNVEGFR2), prevent VLA-4 or VEGFR2 capture by the syndecan and disrupt signaling that relies on the co-capture of both receptors. (B) Regulation of high affinity VLA-4 adhesion by Sdc1. VLA-4 undergoes rapid activation when engaging ligand, involving a conformation change and clustering (avidity modulation) to increase binding affinity. On cells expressing Sdc1 (e.g., myeloma cells, vascular endothelial cells, melanoma, Jurkat-T cells), this activation is blocked by preventing VLA-4 docking with Sdc1 using SSTNVLA-4 or mutating the DFTF motif in the syndecan. The mechanism underlying this dependence on the syndecan remains under investigation. (C) Role of heparanase and shed Sdc1 in polarized cell invasion. The heparan-sulfate-degrading enzyme heparanase is a known tumor promoter and enhancer of leukocyte recruitment during inflammation. Trimming of the HS chains on Sdc1 exposes its core protein to cleavage by matrix-metalloproteinase-9 (MMP-9), releasing the syndecan ectodomain. The shed syndecan couples an inactive receptor complex consisting of VEGFR2 with inactive protein kinase A (PKA) attached to its cytoplasmic domain, the cytokine receptor CXCR4 and adenylate cyclase 7 (AC7) to the clustered integrin, causing VEGF-independent activation of VEGFR2; VEGFR2 phosphorylates CXCR4 on Y135, activating its Gαiβγ GTPase and the Gαi-dependent AC7. Local generation of cAMP leads to activation of protein kinase-A (PKA) engaged with the VEGFR2 cytoplasmic domain and phosphorylation of the α4-integrin cytoplasmic domain on serine 988. This displaces the Rac-inhibitory paxillin from the integrin, causing polarized invasion of VLA-4-dependent immune cells, typically tumor supporting cells such a macrophages, MDSCs and others, as well as myeloma cells. Displacement of paxillin also inhibits the cross-talk between VLA-4 and LFA-1 necessary for LFA-1-mediated migration that characterizes tumor suppressor cells, such as NK and cytotoxic T cells. Either prevention of integrin activation by SSTNVLA-4 or VEGFR2-coupling to the integrin by SSTNVEGFR2 serves to block these processes [see discussion in text, references (60, 64) and references therein].



The proposed mechanism that emerges from these studies is as follows. Engagement of VLA-4 with its ligands causes its rapid activation and clustering (avidity modulation), an initial first step designed to rapidly strengthen its affinity for VCAM-1 on the blood vessel wall during leukocyte activation and extravasation from the blood stream (58). In myeloma, this initial step requires association of VLA-4 with membrane-bound Sdc1 via its DFTF motif (60) (Figure 2B), although whether this docking plays a role in the integrin’s conformational change that promotes ligand engagement, or in strengthening the adhesion by avidity modulation, or in some other step, is not yet clear. This step is prevented by a syndecan-derived peptide containing the DFTF motif (SSTNVLA4) but lacking the PVD motif necessary for capturing VEGFR2 (60) (Figure 2C). Next, shedding of Sdc1, induced by HPSE-mediated trimming of its HS chains and carried out by MMP-9, releases Sdc1 from its membrane domain and allows it to engage VEGFR2, which requires the PVD motif in the syndecan (Figure 2C). The result is coupling of VEGFR2 to the clustered VLA-4 by shed Sdc1, which in turn clusters and activates VEGFR2 via autophosphorylation, and induces the polarized invasion of the cells. No VEGF is required and VEGFR2 blocking antibodies fail to disrupt this mechanism (60).

The next important step in the understanding of this mechanism is the target of VEGFR2 phosphorylation that activates and localizes PKA to the integrin, where it carries out the phosphorylation of S988 on the α4 subunit. Cell staining demonstrates that shed Sdc1 causes VLA-4 to re-localize from the lagging edge to the leading edge of myeloma cells where it localizes with the shed Sdc1 and VEGFR2 when cells are plated on VLA-4 ligands (60). Recent work now shows that VEGFR2 is preassembled into a complex with PKA, the cytokine receptor CXCR4, and adenylate cyclase 7 (AC7) (64) (Figure 2C). The target of the VEGFR2 kinase that is activated by clustering when engaged with the shed Sdc1 is tyrosine 135 (Y135) within an asparagine-arginine-tyrosine (DRY) microswitch in cytoplasmic loop 2 of CXCR4, part of an activation switch present throughout the broad superfamily of G-coupled protein receptors (65). Although this tyrosine is highly conserved in the superfamily, there was little prior evidence to support a direct role in G-protein activation until to this demonstration of CXCR4 activation by VEGFR2 phosphorylation. Activation of VLA-4 can also occur if CXCR4 in this complex is activated by its ligand, CXCL12, but this still requires linkage of the complex to VLA-4 by shed Sdc1 (64). Activation of CXCR4 and its Gαiβγ heterotrimeric G-protein activates AC7, one of a small number of adenylate cyclases that are activated by Gαi-containing G-proteins, resulting in increased cAMP levels that locally activate PKA-mediated phosphorylation of Y988 in VLA-4 (64).

This VLA-4 activation mechanism is blocked by syndecan-derived peptides that contain the PVD motif (SSTNVEGFR2) and lack the DFTF motif, thus binding VEGFR2 and competitively preventing it from engaging shed Sdc1 and docking with the integrin (60). These two SSTN peptides provide new tools to either block VLA4-mediated adhesion altogether (SSTNVLA4) or to specifically target VLA-4 actively engaged in cell invasion (SSTNVEGFR2). It is envisioned that in myeloma this mechanism plays a major role in the extravasation of myeloma throughout the bone marrow by engaging VCAM-1 expressed by the vascular endothelium of bone marrow capillaries and VCAM-1 and fibronectin that are richly expressed in the bone marrow stroma. Although initially discovered in HPSE-overexpressing myeloma cells, this mechanism is also operative on vascular endothelial cells, in which VEGFR2 and the α4β1 integrin are commonly expressed (60). VEGFR2 has been shown previously to associate with Sdc1 in myeloma-derived vascular endothelial cells (66). In addition, the short-chain (scFv) recombinant human antibody OC-46F2, which binds to a juxtamembrane site in the Sdc1 ectodomain that overlaps with the VEGFR2 binding motif, disrupts angiogenesis and melanoma xenograft growth in NOD-SCID mice (67).

Further insight into this mechanism and its role in tumorigenesis emerges from an understanding of the role played by α4-S988 phosphorylation during the transregulation that occurs between VLA-4 and LFA-1 (the αLβ2 integrin), the latter utilized for invasion by tumor suppressing cells such as natural killer cells and cytotoxic T-cells (57, 68, 69). LFA-1 activity requires co-signaling from VLA-4 that depends on paxillin, PyK2 and FAK engagement with VLA-4 (57, 58, 70). Thus, phosphorylation of Y988 that displaces paxillin and enhances VLA-4-mediated invasion serves to suppress LFA-1-mediated invasion. This is elegantly shown by the increased LFA-1 activity of cytotoxic leukocytes bearing phosphorylation-resistant α4-S988A integrin; these cells appear to invade the tumor microenvironment more readily, leading to enhanced destruction of melanoma xenografts (71). It has been shown more recently that mouse NK and cytotoxic T-cells rely on Sdc1 as a regulator of this mechanism. NK and T-cells express Sdc1, VEGFR2, CXCR4, AC7 and HPSE and their LFA-1-mediated migration in in vitro invasion assays is dramatically increased by SSTNVEGFR2 while at the same time the peptide inhibits the VLA-4-mediated invasion of myeloma cells (64). This brings into focus the protumorigenic role of heparanase in myeloma and other tumors (72, 73). Myeloma patients with advanced disease are known to express high levels of heparanase and to have high levels of shed Sdc1 in the tumor microenviroment and the blood (74–76). By engaging VLA-4 and VEGFR2 on the myeloma cells and tumor suppressor cells in the tumor microenvironment, the shed syndecan is likely to promote VLA-4-mediated extravasation of myeloma cells in and out of the bone marrow and to extramedullary organs. At the same time, the LFA-1-mediated invasion of NK and cytotoxic T cells is suppressed by the Sdc1 shed into the tumor microenvironment, providing a protected environment for growth of the tumor (71, 77).



Coupling of EGFR and HER2 to the α3β1 and α6β4 Integrins by Syndecans

Work from multiple laboratories has shown that the α6β4 integrin has a signaling role during epithelial wound healing, carcinoma invasion and survival (10). This contrasts with its role on quiescent cells, where it functions as the central adhesion receptor in hemidesmosomes found in epithelial and endothelial cell layers (78–80) (Figure 3A). Here, its uniquely long cytoplasmic domain (over 1,000 amino acids) is linked by plectin to the keratin cytoskeleton, and its extracellular domain engages laminin 332 (LN332, also known as laminin 5) in the basement membrane (84, 85). But activation of RTKs, of which EGFR, HER2, and HGFR (c-Met) have been clearly implicated, causes hemidesmosome breakdown, freeing the integrin to associate with these kinases and resulting in phosphorylation of tyrosines in its “signaling domain” that acts as a scaffold for binding Shc, IRS-1/2 and other mediators in order to activate cell proliferation, invasion and survival (11, 13, 86–92). Cell migration utilizing this integrin occurs on a polarized substratum of LN332 that the cells deposit as they migrate through cooperative signaling from the α6β4 and α3β1 integrin (93). LN332 expression is upregulated along with the β4 integrin in epidermal squamous cell carcinomas (94) and these and other carcinomas depend on it and the α3β1 and α6β4 integrins for their invasion and survival (reviewed by Marinkovich (95). Mouse tumor models expressing a β4 mutant lacking its “signaling domain” (β41355T) have been instrumental in demonstrating its critical role in tumorigenesis and tumor-induced angiogenesis that depends on EGFR, HER2 or c-MET (12, 96, 97). Importantly for this review, two of these RTKs (EGFR and HER2) rely on syndecans to pair them with the α6β4 and α3β1 integrins to carry out these important signaling roles (81, 82).




Figure 3 | Coupling of EGFR family members to integrins by Sdc1 and Sdc4 regulates wound healing, tumor cell invasion and survival. (A) Syndecans and integrins on quiescent epithelial or endothelial cells. The laminin-332 (LN332) binding α3β1 and α6β4 integrin, along with Sdc1 and Sdc4 via their heparan sulfate chains, mediate binding to LN332-rich basement membrane. The long (>1,000 amino acids) cytoplasmic domain of the β4 integrin subunit engages the plectrin and BP180 scaffolding proteins, which engage the intermediate filament network and help stabilize the incorporation of the α6β4 integrin into hemidesmosomes. (B) Sites of EGFR, HER2 and integrin capture in Sdc1 and Sdc4. The multifunctional juxtamembrane site in Sdc1 captures HER2 and the α3β1 integrin. Multiple binding interactions occur throughout the sequence; nonetheless, the DFTF motif that is also essential for binding VLA-4 plays a prominent role in HER2 binding, whereas α3β1 integrin capture is highly dependent on the QGAT motif. An analogous juxtamembrane site in Sdc4, which bears no homology to the site in Sdc1, captures EGFR and the α3β1 integrin, relying on multiple binding interactions throughout the sequence. Synstatin peptides based on these sites are highly selective for EGFR (SSTNEGFR) or HER2 (SSTNHER2) and displace α3β1 integrin only when coupled with the EGFR family member for which they are specific. In addition to these interactions, the C-termini of the syndecans engage the cytoplasmic C-terminus of the β4 integrin, which comprises the α6β4 integrin. This is also syndecan-type specific; mutations that disrupt Sdc1 binding having no effect on Sdc4 and vice versa. (C) Formation and activation of syndecan-organized quaternary receptor complexes containing EGFR or HER2. EGFR and HER2 are overexpressed in squamous cell carcinomas, along with EGF. EGFR depends on EGF for dimerization, and to relieve constraints in its extracellular domain that prevent dimerization. HER2 lacks these extracellular constraints but lacks a ligand to promote its dimerization. Relief of the inhibitory constraints in EGFR allows it to form active homodimers or active heterodimers with HER2. Activation of receptor tyrosine kinases causes the breakdown of hemidesmosomes, freeing the cytoplasmic domain of the β4 integrin to engage Sdc1 and Sdc4. Quaternary receptor complex is formed when EGFR and the α3β1 integrin, or HER2 and the α3β1 integrin assemble with their respective docking site on the syndecans as well. The kinases appear to be captured as monomers and rely on clustering of the complexes to sites of matrix adhesion to be activated. Simple clustering of the syndecan is sufficient to activate HER2, but EGFR also requires EGF, ostensibly to relieve the dimerization constraints in its extracellular domain. Several tyrosines in the β4 cytoplasmic domain become phosphorylated, and support signaling that leads to epithelial cell migration during wound healing, or invasion and survival signaling in tumor cells and endothelial cells engaged in pathological angiogenesis. Synstatin peptides specific for HER2 capture by Sdc1 (SSTNHER2) or EGFR capture by Sdc4 (SSTNEGFR) are highly specific inhibitors of these processes. [See discussion in text, references (81–83) and references therein].



Immunoprecipitation studies show that Sdc1 is assembled into a quaternary receptor complex with HER2, the α6β4 integrin and the laminin-binding α3β1 integrin (81–83) (Figure 3C). A homologous receptor complex containing α3β1 and α6β4 integrins, along with EGFR rather than HER2, assembles with Sdc4 rather than Sdc1 (Figure 3C) (81, 83). The fact that homologous, but clearly distinct, receptor complexes are organized by these two syndecans is explained by the finding that they depend on the two domains of the syndecans that set them apart as family members: their extracellular domain and the V region of their cytoplasmic domains. Sdc1 captures HER2 and the α3β1 integrin via a juxtamembrane “co-receptor” binding site in its extracellular domain (amino acids 210-240) that is unique to Sdc1 (Figure 3B). A peptide mimetic of this extracellular docking site (called SSTNHER2) prevents capture of HER2 and the integrin and blocks epithelial cell motility on LN332 in wound healing assays (Figure 3C) (83). Binding studies using recombinant HER2 and Sdc1 extracellular domain show that the binding is direct and is competed by the SSTNHER2 peptide. Interestingly, the juxtamembrane site in Sdc1 required for the assembly of this receptor complex overlaps extensively with the site required for Sdc1 to capture VLA-4 and VEGFR2. Indeed, the DFTF motif necessary for VLA-4 capture plays a role in HER2 binding as well. In contrast, however, the PVD motif required to bind VEGFR2 appears to have no role in binding either HER2 or α3β1 integrin; instead, a QGAT motif (amino acids 237-240) must be present (83).

In addition to this extracellular docking site, a five-amino acid motif (QEExYx-c) at the C-terminus of the short Sdc1 cytoplasmic domain, comprised partly of its syndecan-specific V region (.QE.) and the C2 region shared by all four syndecans (…EFYA-c) engages the extreme C-terminus of the β4 integrin cytoplasmic domain, presumably positioning the integrin tail at the plasma membrane and in close proximity to HER2, where it’s signaling domain is phosphorylated by Fyn downstream of activated HER2 (81, 82). Deletion of the C2 region of Sdc1 or the last 28 amino acids in the β4 integrin tail (Δ1728-1752), or mutation of R1733 within this sequence, abolishes the interaction, prevents tyrosine phosphorylation of the integrin and blocks epithelial cell migration on LN332 and breast carcinoma cell survival.

The functional assembly of the Sdc4-coupled receptor complex occurs in a similar manner, but utilizing Sdc4-specific protein sequences. Sdc4 also binds the extreme C-terminus of the β4 integrin but requires E1729 rather than the R1733 required by Sdc1; introducing an E1729A mutation into the β4 cytoplasmic domain prevents its association with Sdc4 but has no effect on its ability to engage Sdc1 (81). Similarly, the R1733A mutant that fails to bind Sdc1 maintains its interaction with Sdc4. These β4 integrin mutants act as dominant negative receptors in cultured cells by outcompeting the wt β4 subunit for a limiting supply of α6 integrin subunit when overexpressed. Integrin subunits containing the R1733A mutation fail to activate HER2-dependent cell migration that depends on Sdc1 yet trigger migration in response to EGF. The E1729A mutant integrin sustains HER2-dependent migration, but cells expressing this mutant fail to migrate when stimulated with EGF.

Analogous to Sdc1, an extracellular, juxtamembrane site in Sdc4 consisting of amino acids 87-131 is responsible for capturing the α3β1 integrin and EGFR (Figure 3A) (83). A peptide mimetic of this site (SSTNEGFR) competes for the interaction and displaces EGFR and α3β1 integrin from the remaining Sdc4-α6β4 integrin duplex. As observed for Sdc1 and HER2, the interaction between Sdc4 and EGFR is direct, as purified recombinant ectodomains interact and are displaced from one another by SSTNEGFR. This peptide also blocks EGF-stimulated epithelial cell migration on LN332 that depends on α3β1 integrin but has no effect on HER2-stimulated migration. Like the juxtamembrane site in Sdc1, there are strong hints that the site in Sdc4 is also multifunctional. It was first described by McFall and Rapraeger as a site in Sdc4 that promoted the adhesion of fibroblasts and endothelial cells, although binding partners were not identified (98, 99). Further work from Couchman and Whiteford has shown that conserved amino acids within this site (I89 and the C-terminal GAT motif) regulate β1 integrin function in zebrafish, although potential interacting partners remain uncertain in those studies as well (100).

As with the other syndecan-organized signaling complexes, questions remain on how association with the syndecan and matrix-mediated clustering may serve to activate HER2 or EGFR and whether this occurs independent of classical growth factor binding. It is clear that stimulation of cell migration by EGFR paired with Sdc4 and the laminin-binding integrins still requires EGF (81, 83). This requirement for an RTK ligand contrasts with each of the other syndecan-organized complexes that have been described, including the HER2 mechanism, where clustering mediated by the adhesion receptors in the receptor complex appears to be sufficient to activate the associated RTK (IGF1R, HER2, VEGFR2) (41, 60, 81). It is possible that this traces to the specific mechanisms that regulate activation of the EGFR family of kinases. Activation of EGFR and HER2 kinases is known be caused by receptor dimerization, leading to head-to tail interactions of their cytoplasmic kinase domains that convert them to the active conformation (101). For EGFR, receptor dimerization is highly regulated by interactions in extracellular domains II and IV that are dependent on growth factor binding (102–104). EGF binding alters the conformation of domain IV, allowing the receptor to transition from a “closed” to an “open” conformation, relieving steric hindrance that otherwise prevents the adjacent receptors from dimerizing. In addition, EGF binding exposes a dimerization arm in domain II that interacts with a corresponding arm in the adjacent partner, stabilizes the receptor pair, and causes kinase activation through “head to tail” interactions of the two kinase domains (102–105) (Figure 3C). It is intriguing to note that HER2 is an orphan receptor that does not depend on ligand binding and is not inhibited by these regulatory sequences in domains II and IV (102–104). In its native state it favors the “open” conformation with exposed dimerization arm and as such does not depend on ligand binding in order to dock with other ligand-activated EGFR family members, such as EGF-bound EGFR (Figure 3C). This may be key to the mechanisms for HER2 and EGFR activation when assembled with the syndecan and integrins. HER2 is autoactivated when the quaternary Sdc1-HER2-integrin complex becomes clustered, either by integrin or syndecan-mediated binding to LN332, or when cells are plated solely on an artificial substratum consisting of β4-integrin-specific antibodies, suggesting that HER2 is captured by Sdc1 as a monomer, and becomes activated when the syndecan with which it is associated is clustered (81, 82). On the same cells, EGFR engaged with Sdc4, α3β1 integrin and α6β4 integrin is not activated when exposed to the same native LN332 or artificial β4-integrin antibody substrata unless EGF is provided. This suggests that matrix-driven clustering is sufficient to activate the kinases, as observed with HER2, but cannot act alone if impediments to dimerization require the additional action of a growth factor.



Summary and Perspectives

The lack of amino acid conservation and recognizable structural motifs in syndecan extracellular domains across each of the four syndecan family members, in sharp contrast to shared motifs in their transmembrane and cytoplasmic domains, belies an important organizer role for these domains in which each syndecan functions as a highly specific organizer of RTKs and integrins at the cell-matrix interface. Each of the RTKs identified to date, EGFR, HER2, VEGFR2 and IGF-1R, have been well-studied and structurally characterized. Yet, their interactions with syndecans have only recently come to light, suggesting that further work may identify a similar dependence for other RTKs. The general picture that emerges is one where RTK signaling can be triggered either by the binding of soluble cytokines or growth factors to exert paracrine growth control over a population of cells, or by syndecans engaged with the ECM that directly pair the RTK with integrins, leading to autocrine, growth factor-independent RTK activation, cell migration and survival. These local mechanisms are likely to play a role in wound healing, where cells depend on the activation of a migratory apparatus and anti-apoptosis signaling as they migrate out of their normal niche and are likely to be co-opted by tumor cells that rely on the same mechanisms for metastasis and survival. Whereas organizer roles for Sdc1 and Sdc4 have now been described, similar roles for Sdc2 and Sdc3 remain unknown but seem likely to exist as well. The examples discovered to date show that a single syndecan may have multiple organizer activities, as revealed by three distinct organizer activities for Sdc1 alone. Sdc4 also appears to be multifunctional, although the full extent of its repertoire remains to be defined. The lack of structural data for any of the four syndecan extracellular domains hampers a full analysis of how these multifunctional sites work to assemble distinct sets of receptors but lead to the speculation that certain amino acids provide a docking structure or motif while others are critical for specific protein-protein interactions with their target receptors. SSTN peptides derived from these sites benefit from this high degree of specificity, which, together with the targets being extracellular, provide promising approaches to target tumor cells and tumor-induced angiogenesis. To date, such studies have relied on cell culture and animal models of tumorigenesis and angiogenesis (SSTNIGF1R). Further work involving all synstatins in animal models is ongoing and will hopefully be extended to human cancer in future clinical trials.
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Heparan Sulfate Proteoglycans (HSPGs) are important cell surface and Extracellular Matrix (ECM) maestros involved in the orchestration of multiple cellular events in physiology and pathology. These glycoconjugates bind to various bioactive proteins via their Heparan Sulfate (HS) chains, but also through the protein backbone, and function as scaffolds for protein-protein interactions, modulating extracellular ligand gradients, cell signalling networks and cell-cell/cell-ECM interactions. The structural features of HS chains, including length and sulfation patterns, are crucial for the biological roles displayed by HSPGs, as these features determine HS chains binding affinities and selectivity. The large HS structural diversity results from a tightly controlled biosynthetic pathway that is differently regulated in different organs, stages of development and pathologies, including cancer. This review addresses the regulatory mechanisms underlying HS biosynthesis, with a particular focus on the catalytic activity of the enzymes responsible for HS glycan sequences and sulfation motifs, namely D-Glucuronyl C5-Epimerase, N- and O-Sulfotransferases. Moreover, we provide insights on the impact of different HS structural epitopes over HSPG-protein interactions and cell signalling, as well as on the effects of deregulated expression of HS modifying enzymes in the development and progression of cancer. Finally, we discuss the clinical potential of HS biosynthetic enzymes as novel targets for therapy, and highlight the importance of developing new HS-based tools for better patients’ stratification and cancer treatment.
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Introduction

Heparan Sulfate Proteoglycans (HSPGs) are important glycoconjugates ubiquitously expressed on cells glycocalyx and Extracellular Matrix (ECM), as well as in secreted extracellular vesicles (1–3). These macromolecules control several regulatory mechanisms related to the formation of extracellular gradients, cellular growth and proliferation, cell adhesion, migration and invasion, membrane trafficking and angiogenesis (4, 5). By interfering with these cellular events, HSPGs display important functions both in physiology and pathology, controlling embryonic development, ECM assembly and maintenance, tissue remodelling, metabolism homeostasis, pathogen invasion and inflammation (6–12). Particularly in cancer, HSPGs and HS chains hold very relevant roles in the development and progression of the disease. Their interaction with different ligands and structural proteins, and modulation of several signalling networks, prompts their active participation in cell transformation and proliferation, tumour growth and metastasis, amongst other cell oncogenic events (2, 12, 13), highlighting the fundamental need of further studying HS biosynthesis in the context of cancer.

HSPGs are composed by a core protein to which Heparan Sulfate (HS) polysaccharide chains are covalently attached, and can be differentially classified according to (i) their cellular and subcellular localization; (ii) PGs core protein homology; and (iii) function (14). HS is an anionic, long and linear glycosaminoglycan (GAG) chain consisting of repeating disaccharide units of N-acetyl-glucosamine (GlcNAc) and hexuronic acid residues, that can be either glucuronic acid (GlcA) or its C5 epimer, iduronic acid (IdoA) (1). The biosynthesis of HS chains occurs at the endoplasmic reticulum-Golgi apparatus interface and in the Golgi apparatus, and includes: i) assembly of a GAG-protein linker, which initiates the covalent binding of HS to proteoglycan core proteins; ii) the polymerization of the HS chain; and iii) the structural modification of the elongated chain (8). The first two stages of HS biosynthesis involve the sequential transfer of sugar residues to the growing chain and are catalysed by different glycosyltransferases. The polymerized chain then undergoes maturation by several HS modifying enzymes, including N-Deacetylase/N-Sulfotransferases (NDSTs), D-Glucuronyl C5-Epimerase (GLCE) and different O-Sulfotransferases (2OST, 6OSTs, 3OSTs) (15). Finally, further modifications of HS structure take place post-synthetically, through the action of 6-O-endosulfatases Sulf-1 and Sulf-2, and Heparanase (16, 17). Structural modification reactions catalysed by these enzymes modulate glycan chain length, epimerization and sulfation profiles, resulting in the synthesis of HS chains with extremely high structural variability (8). These features are key for regulating HSPG biological roles, since they dictate HS-protein binding affinity and selectivity. HS sulfation degree and patterns are particularly relevant, giving rise to highly negatively charged regions and further promoting non-covalent ionic bonding between HS and positively charged amino acid residues in multiple protein targets, including transmembrane receptors, ECM structural proteins and soluble molecules (18). These features allow HSPGs to participate in signalling cascades and take over a range of cell regulatory events. However, the molecular mechanisms promoting the synthesis of particular HS structures are still largely unknown. Furthermore, only a few specific HS sequences have been identified as essential motifs for HS-protein interactions. A significant limitation in studies that aim to uncover HS-ligand binding specificities is the frequent use of heparin and/or short oligosaccharides, which only partially mimic HS natural complexity. The structural details of HSPG interactomes remains therefore mostly unexplored.



HS Biosynthesis and Modification


Biosynthetic Pathway

The biosynthesis of GAGs, and HS in particular, is not a template-driven process, meaning that the extent of modification reactions that the glycan chains may undergo, and the consequent HS final structural motifs, are not directly encoded in the genome. The current general view is that HS biosynthesis is regulated by the availability and expression levels of the enzymes involved in this pathway, and by the binding specificities of these enzymes towards the sequences that are formed in HS growing chains (19). Hence, the structural features resulting from each stage of HS biosynthesis determine subsequent modification reactions, contributing to the “step-by-step” fine tuning of HS overall structure. However, not all of the HS substrates are equally modified, thus giving rise to a great HS structural variability.

The majority of the enzymes that intervene and control HS biosynthesis are located in the Golgi apparatus and are classified as type II transmembrane proteins (15). A HS biosynthesis model has proposed that these enzymes are in tight interaction with each other, forming a supramolecular complex called “GAGosome”, which ensures quick and concerted reactions towards the formation of the GAG chains (20). However, the regulatory mechanisms underlying the activity of this possible enzymatic machinery complex and its impact in HS high structural variability are not yet fully disclosed.

HS biosynthesis is initiated by the formation of a universal tetrasaccharide linker covalently attached to the core protein of all GAG bearing proteoglycans, including HSPGs. Assembly of this tetrasaccharide linker starts with the transfer of a xylose (Xyl) residue to specific protein serine amino acids by two O-Xylosyltransferases (XYLT1 and XYLT2) (Figure 1) (22). This is followed by the sequential transfer of two galactose (Gal) residues, successively added by the Galactosyltransferase-I/β4-Galactosyltransferase 7 (β4Gal-T7) and the Galactosyltransferase-II/β3-Galactosyltransferase 6 (β3Gal-T6), and lastly by the addition of one GlcA residue by the Glucuronyltransferase-I (GlcAT-I), to form the linker GlcAβ1-3Gal-β1-3Gal-β1-4Xyl-β1-O-Ser. During this assembly, transient phosphorylation of the Xyl residue by the kinase FAM20B and dephosphorylation by the 2-Phosphoxylose phosphatase (XYLP) also take place, which enhance the activity of β3Gal-T6, further promoting the maturation of the linker (23, 24). The polymerization of HS chains is then initiated by the transfer of a GlcNAc residue to the tetrasaccharide linker, which is regulated by Exostosin Like 2 (EXTL2) (25) and EXTL3 glycosyltransferases (26), and is followed by further chain elongation promoted by a hetero-oligomeric complex formed by EXT1 and EXT2, which catalyses the alternate transfer of GlcNAc and GlcA residues (Figure 1) (27). Polymerized HS chains then undergo extensive processing and modification reactions that give rise to fully mature HS chains, which are the main focus of this review.




Figure 1 | Illustrative representation of the HS biosynthetic pathway and the disaccharide structural changes that occur during each modification reaction. HS biosynthesis comprises the stepwise transfer of different sugar residues that leads to the elongation of HS chains. In the last stage of this biosynthetic pathway, polymerized HS chains undergo multiple modification reactions: i) NDSTs 1-4 catalyse the removal of the acetyl group from GlcNAc residues and the transfer of a sulfate group to free amino groups to form GlcNS; ii) GLCE epimerizes GlcA residues into IdoA; iii) these residues are then targeted by 2OST1, that transfers sulfate groups to the C2-position of IdoA (more rarely GlcA),thereby preventing further epimerization; iv) lastly, 6OSTs 1-3 and 3OSTs 1-7 add sulfate groups to the C6- and C3-positions of GlcN residues, respectively. Chains non-reducing termini are to the right of the saccharide’s sequences. Glycan structures are represented according to the Symbol Nomenclature for Glycans (SNFG) (21).





Catalytic Activity of HS Modifying Enzymes


N-Deacetylation and N-Sulfation

During the HS modification stage, native HS polysaccharides, consisting of unmodified repeating GlcNAc residues linked to GlcA, are initially targeted by N-Deacetylase/N-Sulfotransferases 1-4 (NDSTs 1-4), that remove N-acetyl groups from GlcNAc residues and transfer a sulfate group to the generated free amino groups to form N-sulfated glucosamine residues (GlcNS) (Figure 1). This first modification is essential to all the remaining reactions that take place in the Golgi, since most of the modifying enzymes act on GlcNS containing motifs (20). Of note, a small subset of N-deacetylated residues do not undergo N-sulfation, giving rise to unsubstituted glucosamine molecules (GlcNH3), which elicit specific biological functions (1, 19). In vertebrates, NDST1 and NDST2 are the most widely expressed isoforms, occurring in several tissues, while NDST3 and NDST4 are more expressed at the embryonic stage and adult brain (28). The different isoforms also vary in their activity, NDST1 and NDST2 have similar N-deacetylase/N-sulfotransferase ratio activity, while NDST3 and NDST4 exhibit opposite trends, with NDST3 presenting the lowest sulfotransferase capacity (28) and NDST4 the lowest N-deacetylase activity (29) of all four enzymes.



Epimerization and 2-O-Sulfation

HS chains are subsequently modified by D-Glucuronyl C5-Epimerase (GLCE), which catalyses the epimerization of D-GlcA residues into L-IdoA (Figure 1) (30). This enzyme targets specifically GlcA residues located at the reducing side of GlcNS residues and catalyses both irreversible and reversible epimerization, since it can also convert IdoA units back to GlcA (31). This “two-way” catalytic activity was observed through in vitro enzymatic assays and it was shown to depend upon HS N-sulfation patterns (GlcNS vs GlcNAc content) (32).

2OST1 catalyses then the transfer of sulfate groups to the C2-position of both GlcA and IdoA residues, although with significantly increased efficiency towards the later, displaying around five-fold higher affinity to epimerized IdoA units (Figure 1) (33). 2-O-sulfation of IdoA residues prevents their reverse epimerization into GlcA, since GLCE cannot use IdoA2S as substrate, which promotes accumulation of these residues on HS chains (34). In addition, it has been proposed that 2-O-sulfated GlcA residues (GlcA2S), generated at a smaller extent in HS chains, might result from early 2-O-sulfation, prior to the epimerization of GlcA, blocking the subsequent activity of GLCE and conversion of those residues into IdoA (35). Moreover, as a prerequisite for 2OST1 efficient activity, the targeted GlcA or IdoA residues must also be flanked by two GlcNS residues, instead of GlcNAc (36).

These structural alterations that ultimately dictate HS GlcA/IdoA ratio are of extreme relevance for HS functional diversity, since GlcA to IdoA epimerization confers higher structural flexibility to HS chains, which is reflected on HS-protein binding properties (30).



6-O-Sulfation and 3-O-Sulfation

In the later stages of HS biosynthesis, 6-O-Sulfotransferases 1-3 (6OSTs 1-3) and 3-O-Sulfotransferases 1-7 (3OSTs 1-7) add sulfate groups to the C6- and C3-positions of glucosamine (GlcN) residues, respectively, contributing to the formation of more heterogeneous HS structures (Figure 1) (37). 6OSTs have broader substrate recognition and 6-O-sulfation activity. Enzymatic assays performed with recombinant mouse 6OSTs 1-3 have shown that all isoforms can transfer sulfate groups to both GlcNAc and GlcNS residues attached to either GlcA or IdoA residues, although they target preferably IdoA-containing disaccharides (38). Furthermore, it was demonstrated that 2-O-sulfation of IdoA residues did not affect 6OST activity (38). Interestingly, a different study using heparin-based oligosaccharide libraries to assess 6OST preferred substrates, revealed that both 6OST2 and 6OST3 had higher specificity for oligosaccharides with higher content in 2-O-sulfation (39). Habuchi H. et al. have also reported that different 6OST isoforms expressed in mice had different specificities towards varied HS polysaccharide samples depending on their hexuronic acid content: 6OST1 targeted preferentially substrates containing IdoA-GlcNS disaccharide units, 6OST2 could act on both IdoA-GlcNS or GlcA-GlcNS motifs depending on substrate concentration, and 6OST3 utilized both substrates independently of substrate abundance (40). 6OST differential expression over different mouse organs was also reported, which supports tissue-dependent expression and consequent varying effects on HS structural motifs (40). 6-O-sulfation contributes to fine-tune the sequential biosynthesis of HS chains, since GlcA epimerization by GLCE is precluded by 6-O-sulfation of adjacent GlcN residues (34), and 2-O-sulfation of IdoA by 2OST1 is inhibited if the adjacent GlcN residue is 6-O-sulfated (36, 41). These data are in line with the described stepwise mechanism underlying HS biosynthesis, further supporting that epimerization and 2-O-sulfation reactions usually take place prior to 6-O-sulfation (Figure 1). More recently, it was uncovered that 6-O-sulfated HS oligosaccharides were able to bind to 2OST1, with higher affinity than 2OST1 direct substrates, and inhibit its catalytic activity (42). In light of these results, it was hypothesized that enzymes involved in the HS biosynthetic pathway might be temporarily and/or spatially separated from the intermediate substrates produced downstream on the Golgi. This would explain why HS modified structures do not impair the activity of initially acting sulfotransferases towards new native glycans (42).

Although 3OSTs constitute the largest family of HS sulfotransferases, composed by 7 isoforms (3OST-1, -2, -3a, -3b, -4, -5 and -6), GlcN 3-O-sulfation is the least frequent modification (8). The different isoforms exhibit specific binding affinity to GlcN residues linked to different hexuronic acid residues contributing to the functional diversity of HS chains. 3OST1 transfers sulfate groups to GlcNS and GlcNS6S bound to unsulfated GlcA and IdoA units (43, 44). In vitro enzymatic assays have revealed that murine 3OST1 activity is specifically inhibited by IdoA2S residues linked to the targeted GlcN residues, suggesting an additional layer of regulation, according to which HS 2-O-sulfation content impacts 3-O-sulfation patterns and overall levels (44). 3OST2 transfers sulfate groups to GlcNS residues attached to either GlcA2S or IdoA2S, while 3OST3A and 3OST3B isoforms act on GlcNS linked to IdoA2S (45). Later, it was also shown that the 3OST3A isoform can utilize substrates on rarer regions of HS motifs, including N-unsubstituted glucosamine (GlcNH3) and N-unsubstituted 6-O-sulfated glucosamine (GlcNH26S) residues linked to IdoA2S at the non-reducing end (46). 3OST4 and 3OST6 catalyse 3-O-sulfation on similar disaccharides targeted by 3OST3 isozymes (GlcN residues linked to IdoA2S residues at the non-reducing site) (47, 48). Lastly, 3OST5 was revealed to have a broader substrate specificity when compared with the other isoforms, targeting both GlcNH3 and GlcNS residues at the reducing end of GlcA, IdoA and IdoA2S residues (49).



Post-Synthetic Modifications

Once HS chains are fully synthesized, and mature HSPGs are expressed at the cell surface, additional post-synthesis reactions can take place and further modify HS chains, namely 6-O-desulfation catalysed by 6-O-endosulfatases Sulf-1 and Sulf-2, and cleavage of the chains by Heparanase, thus generating additional structural diversity with biological relevance. These HS chain edition steps have been described in detail in (8, 17). Interestingly, there is evidence of an interplay between biosynthetic enzymatic activity and post-synthesis modification mechanisms. Lamanna W. C. et al. showed that Sulf-1 and/or Sulf-2 KO mice displayed HS structural changes that were not dependent directly on the Sulfs enzymatic activity, such as altered N- and 2-O-sulfation, which may be explained by the different HS sulfotransferase expression profile observed in these in vivo models (50).





HS Sulfation Epitopes and Ligand Binding Specificities

HS chains feature two main types of structural domains: sulfated (S)-domains, enriched in highly modified disaccharides, i.e. sulfated hexuronic acid units linked to O-sulfated GlcNS residues, that are successively intercalated by N-acetylated (NA)-domains bearing mostly non-modified GlcNAc units linked predominantly to GlcA residues (Figure 2) (8, 51). HS S-domains are responsible for most of the polysaccharide biological activities, their epimerization level and sulfation patterns providing functional diversity. These features indeed modulate HS binding specificities to protein targets, and vary over different organs (52), developmental stages (53–55) and pathologies (56–58). Although most biomolecules interact with the S domains of HS chains, HSPGs can also bind ligands and transduce signal through their protein core (59, 60).




Figure 2 | Illustrative representation of a mature HS chain and its structural organization. In mature HS chains, HS disaccharides are organized in two main structural domains: sulfated (S)-domains, enriched in highly modified disaccharides, and N-acetylated (NA)-domains, that are mostly composed by non-modified GlcNAc units linked predominantly to GlcA residues. Glycan structures are represented according to the Symbol Nomenclature for Glycans (SNFG) (21).



HS chains bind to multiple biologically active molecules, including growth factors, chemokines, cytokines, morphogens, extracellular structural proteins, enzymes involved in different biochemical pathways and transmembrane signalling receptors (5, 61). This prompts cell surface HSPGs to modulate main cellular events, by acting as co-receptors or scaffolds for protein-protein interactions, triggering receptors activation and subsequent signalling transduction, and as important mechanosignalling transducers of extracellular stimuli (13, 62). HSPGs not only enhance the activity of neighbouring receptors expressed on the same cell, but also participate in the transactivation of receptors, including key Receptor Tyrosine Kinases (RTKs), in adjacent cells, mediating cell-cell crosstalk (63). Recently, HSPGs have been shown to play a regulatory role in the activation of calcium channels, and it has been proposed a mechanism dependent on the cytosolic calcium levels, through which HSPGs modulate cells’ cytoskeleton organization and adhesion (64). In the ECM, HSPGs can also function as storage units and contribute to the formation of extracellular gradients of varied soluble molecules, thereby modulating their availability (6).

The impact of HS overall sulfation degree versus specific sulfation patterns as determinants for HS-protein binding has been debated over a long time. It has been established that in the majority of cases tissue-dependent HS general sulfation, and sulfation distribution by blocks (S-domains and NA-domains), rather than unique sulfation sequences encoded in HS glycan chains, determine binding affinities (65). The current consensus is that N- and 2-O-sulfated units are involved in low specificity binding, 6-O-sulfated units in intermediate specificity binding and 3-O-sulfated and N-unsubstituted units are responsible for high specificity binding, which justifies the strong binding overlap of protein ligands towards HS with variable sulfation patterns reported in different HS-binding protein assays.


Low and Intermediate HS-Ligand Binding Specificities

Although unique and distinctive biologically active HS structural motifs have not been disclosed for most protein-HS interactions, distinct roles of the most common types of sulfation (N-, 2-O- and 6-O-sulfation) have been reported for protein binding affinities and biological activities. Basic Fibroblast Growth Factor (FGF2 or bFGF) was the first growth factor reported to depend upon cell surface HS as a co-receptor required for the formation of a biologically active FGFR-FGF2-HS ternary complex (66, 67). FGFs constitute a large family of mitogens involved in the regulation of cellular migration, proliferation, differentiation, and survival (68). FGF2-HS interaction, in particular, is important not only for receptor dimerization and activation, but also for evasion of degradation by FGF2 molecules (69). Maccarana M. et al. showed that IdoA2S and GlcNS were important units for FGF2 binding, whereas the presence of GlcN6S residues was irrelevant for HS-FGF2 interaction (70). It was later reported that 6-O-sulfated residues were required to bridge FGF2 and FGFR, promoting the formation of the full ternary complexes and receptor activation (71–73).

Interestingly, a specific trisaccharide that included both IdoA2S and GlcNS6S residues (IdoA2S–GlcNS6S–IdoA2S) was invariably detected in FGF1 binding sites in HS chains (74). It was demonstrated that the presence of this specific motif repeated in HS polysaccharides contributed to higher FGF1 binding affinity, when compared with HS polysaccharides with increased overall sulfation, and that 6-O-sulfation was important for FGF1-HS interaction (74). Overall, HS structural requisites for binding of FGF1 and FGF2 illustrate the consensus on the general role of N- and 2-O-sulfation in ligand binding and the specificity provided by 6-O-sulfation.

Another example illustrating the biological impact of 6-O-sulfation in HS binding specificities relates to Vascular Endothelial derived-Growth Factors (VEGF) driven-signalling. VEGFs are key molecules in vasculogenesis and angiogenesis, regulating these events during homeostasis and pathology progression (75). In a recent report, it was revealed that HS chains present on the transmembrane HSPG syndecan-2 formed a ternary complex with VEGFA165 and its target receptor VEGFR2. VEGFA165 is an important growth factor involved in retinal angiogenesis, and the formation of this complex was shown to enhance significantly VEGFR2 signalling in endothelial cells, when compared to the binary complex VEGFA-VEGFR2 (76). GAG disaccharide analyses revealed high 6-O-sulfation in HS of syndecan-2 (76), a structural feature that had been previously shown to be specifically related with the increased VEGFA165 binding affinity to HS chains (77).

HSPGs also modulate the activity of morphogens, which are key elements in the cellular events that occur during early development, by providing a scaffold for stabilizing extracellular gradients of these signalling molecules, or acting directly as cell surface co-receptors for receptors activation. Noteworthy, signalling pathways of major HS-binding morphogens including Hedgehog, Bone Morphogenic Protein (BMP) and Wnt, were shown to be impaired by aberrant HS biosynthesis, resulting from the loss of EXT gene expression and function (78, 79). HS bioactive domains for Wnt and for a member of the BMP family, BMP-2, have also been previously disclosed. Wnt interaction with HS and subsequent activation were associated mainly with the polysaccharide 6-O-sulfation content, and its structural remodelling by the Sulfs (80, 81). The most critical components of BMP-2 HS-binding domain were revealed to be GlcNS residues, while 6-O- and 2-O-sulfation were also important, but to a lesser extent (82).



High HS-Ligand Binding Specificities

The most selective interactions take place in regions of HS chains that contain rare modifications, such as GlcNH3 and 3-O-sulfated GlcN residues (83). The first identified and most studied example of a HS specific saccharide sequence required for protein high specificity binding and activity relates to antithrombin, an important inhibitor of blood coagulation, whose inhibitory activity is potentiated upon binding to heparin (84). Since the late 70s, many studies have been dedicated to disclose a specific binding epitope within heparin responsible for antithrombin interactions and activity, and led to the identification of an antithrombin binding pentasaccharide GlcNAc6S-GlcA-GlcNS3S6S-IdoA2S-GlcNS6S (85, 86). Within this sequence, the GlcNS3S residue is highlighted as a fundamental distinctive structural feature as it is an otherwise rare unit within heparin/HS chains (85, 87).

The binding of Herpes simplex virus type 1 glycoprotein D to cell surface HS, that functions as a critical receptor for the virus entry in host cells, was shown to also depend on specific sites within HS chains that include 3-O-sulfation (either IdoA2S-GlcNH23S6S or IdoA2S-GlcNH23S) (88). In addition to its role in antithrombin activity and cellular viral entry, this less frequent type of HS modification has been associated with a few highly selective interactions with other types of bioactive molecules with impact in cell physiology, including the growth factor FGF7 (89), cyclophilin B (90) and the cell surface receptor Neuropilin-1 (91). Lastly, a recent report showed that 3-O-sulfation significantly enhances tau binding to cell surface HS, and subsequent tau cellular uptake, ultimately contributing to the prion-like spread of tau pathology in Alzheimer’s Disease (92).




HS Sulfation PROFILES in Cancer

HSPGs are key players in cancer development and progression, acting as important maestros of cancer cell interaction with the ECM and cancer cell communication, ultimately controlling the tumour microenvironment biochemical and biophysical features (12, 93, 94). The expression of these macromolecules has been shown to be altered in several types of cancer, contributing to the deregulation of different cell events, including proliferation, angiogenesis, adhesion, migration and invasion. The altered cellular levels of HS, resulting from aberrant HSPGs expression and abnormal expression of enzymes involved in HS biosynthesis and editing, are main features heavily involved in cells’ malignant transformation (Table 1) (12, 13). Comparative studies have demonstrated aberrant expression of several genes encoding HS biosynthesis machinery in cancer. Transcriptomic and immunohistochemical analyses have been performed in breast (58) and colorectal (113, 114) tumour samples and indicated significant variations in the expression and tissue-distribution of several enzymes involved mostly in HS epimerization and sulfation. In fact, most variations in the expression of HS-related genes detected in several cancer pathologies concern enzymes specifically involved in HS modification reactions that change HS sulfation degree and patterns. This is likely justified by the dependence of the numerous biological roles displayed by HSPGs on these structural features, as discussed previously.


Table 1 | Aberrant expression of HS modifying enzymes on cancer and its effects on cellular features and patient’s prognosis.




Sulfotransferase Deregulation and Aberrant HS Sulfation Profiles

Regarding NDST isozymes that act in the initial step of HS modification, namely N-deacetylation and N-sulfation of GlcN, loss of NDST4 gene expression in colorectal cancer has been associated with higher pathological stages and patient’s poor prognosis (95). Additionally, Fuster M. M. et al. studied the impact of another NDST isoform, NDST1, on tumour angiogenesis, and showed that endothelial cells isolated from Ndst1 KO mice synthesized structurally modified HS chains that impaired angiogenesis-related signalling pathways, leading to decreased vascularization of lung tumours and consequent reduced tumour growth (96). Altered expression of GLCE, the epimerase controlling HS GlcA/IdoA ratio, was also reported in cancer. Studies indicated significant decreased expression of GLCE in breast tumours (97), even at premalignant stages of the disease, and in lung cancer cells (99). Furthermore, anti-proliferative effects were reported on both breast (98) and small-cell lung (99) cancer cells after induced re-expression of GLCE, highlighting this gene as a potential tumour-suppressor gene.

The sulfotransferases that catalyse the more common HS O-sulfation reactions, 2OST1 and 6OSTs, have also been implicated in cancer pathology. Gene expression datasets from the Oncomine database were explored and revealed that 2OST1 expression is upregulated in prostate carcinoma and functional assays showed that it correlates with cell proliferation and invasion capabilities, known to enhance cancer cells metastatic behaviour (100). In the same line, but in a different model, it was demonstrated that downregulation of 2OST1, and concomitant change in HS structural patterns, accompanied the granulocytic differentiation of SKM-1 leukaemia cells and were associated with cells’ growth inhibition and less aggressive phenotypes (101). In breast cancer, 2OST1 expression was shown to promote the acquisition of cancer stem cell-like properties, by activating stemness-associated signalling pathways (102). Additionally, and contradicting the previously reported 2OST1 “tumour promoter gene”-like features, upregulation of 2OST1 in breast cancer cell lines was shown to promote cell-cell and cell-ECM adhesion and to inhibit cell migration and invasion capabilities (103). These effects were associated with increased HS 2-O-sulfation and subsequent altered growth factor binding affinities, decreased expression and activation of the Epidermal Growth Factor Receptor (EGFR), which impaired different signalling pathways that modulate cancer cell invasiveness, and increased expression of E-cadherin (103).

Regarding 6OSTs, Waaijer C. et al. reported upregulated expression of 6OST1 and 6OST2 during chondrosarcoma progression, correlated with increasing tumour histological grade, higher levels of 6OST3 in most of the analysed cartilage tumours, and higher levels of 6-O-sulfated HS disaccharides in high-grade chondrosarcoma cell lines (104). Similarly, the isoforms 6OST2 and 6OST3 were also found to be overexpressed in colorectal (105) and breast (106) cancer, respectively. 6OST3 expression in particular was shown to influence breast tumour cell growth, invasion and migration (106). HS 6-O-sulfation content was also shown to be augmented in the ovarian endothelium of patients with advanced stage ovarian cancer (115). In agreement with this work, it was later disclosed the impact of HS 6-O-sulfation content, majorly determined by 6OST isozymes, on ovarian cancer angiogenesis (116). In this work, Cole C. L. et al. showed that HS 6-O-sulfation stimulates the heparin-binding EGF-like growth factor (HB-EGF)-dependent activation of cell surface receptor EGFR, which leads to increased expression of angiogenic cytokines (interleukin 6, interleukin 8 and FGF2) by ovarian tumour cells (116). HS post-biosynthesis editing by 6-O-endosulfatases represents an additional regulatory mechanism frequently altered in different tumour models, further emphasizing the role of polysaccharide altered 6-O-sulfation in cancer (16, 117).

Lastly, aberrant expression of 3OSTs, which catalyse the rarest HS modification, was also reported in various human cancers, suggesting an important role in cell malignant transformation and tumour cells’ functional features. Miyamoto K. et al. described hypermethylation of 5’ region of the 3OST2 gene and consequent loss of its expression in human primary breast, colon, lung and pancreatic cancers (107). Later, Kumar A. V. et al. have taken this premise and further investigated the possible functions of 3OST2 in tumorigenesis (109). These authors reported that re-expression of this gene in a highly invasive breast cancer cell line augmented the activation of Mitogen-Activated Protein Kinase (MAPK) and Wnt/β-catenin signalling pathways, which promoted breast cancer cell invasiveness, motility and chemoresistance (109). Additionally, 3OST2 expression in breast cancer cells was shown to be related with acquisition of a cancer stem cell-like phenotype (102). Hypermethylation and silencing of 3OST2 was also reported in non-small cell lung cancer, and it was associated with poor overall patient survival. Hwang J. A. et al. induced exogenous expression of this gene in two lung cancer cell lines and observed reduced cells’ migration and invasion capabilities, as well as their lower proliferation rate, supporting that 3OST2 hypermethylation might promote lung tumorigenesis (108). Regarding different isoforms, 3OST3A was revealed to be epigenetically repressed in breast cancer cell lines representative of distinct molecular subgroups, and it was shown to induce opposite effects, either oncogenic or tumour-suppressive, depending on tumour cell phenotypes (110). Moreover, 3OST3B1 expression was associated to acute myeloid leukaemia progression, by inducing expression and shedding of proangiogenic factors (111), and, more recently, it was found to be upregulated on non-small cell lung cancer and to regulate epithelial-to-mesenchymal transition (112). Interestingly, the telomerase protein TRF2, whose expression is upregulated in tumour cells and associated to suppression of immune response, was shown to regulate 3OST4 expression and to prevent natural killer (NK) cell recruitment and promote cancer immune escape (118, 119).

Together with changes in HS modifying enzymes, altered HS sulfation levels and structural conformations have also been studied and described in different types of cancer, in an attempt to profile specific sulfation patterns as distinctive traits in cancer pathologies that can potentially serve as predictive biomarkers.

GAG disaccharide profiling of cancer patients’ tissue samples has revealed decreased HS 6-O-sulfation and total O-undersulfation in Hepatocellular cancer (120) and overall decreased HS sulfation, both N and O, in renal cell carcinoma, mainly due to lower levels of mono 6-O-sulfated disaccharides, and all disulfated disaccharides (121). HS sulfation was also shown to vary in breast cancer but in a cell dependent manner. As such, it was shown that MCF7 breast cancer cells, expressing oestrogen and progesterone receptors, produce HS with reduced content in 2-O-sulfated disaccharides and enriched in 6-O-sulfation. In contrast, HS isolated from MDA-MB-231 and HCC38 cells, triple-negative for oestrogen and progesterone receptors, as well as human epidermal growth factor receptor-2 (HER2), were more 2-O-sulfated and less 6-O-sulfated, both compared with a non-tumorigenic human mammary gland epithelial cell line (122).

On the other hand, data regarding 3-O-sulfation levels in tumours is very scarce. This is mainly due to the shortage of commercially available 3-O-sulfated disaccharide standards that can be used for comparison in HS disaccharide structural analyses, as well as the low susceptibility of 3-O-sulfated disaccharides to the currently used Heparinases (I, II and III) for exhaustive HS depolymerisation, which is a prerequisite for this type of analyses.




Targeting of HS and HS Biosynthetic Enzymes

Numerous studies reported abnormal expression of HSPGs and HS biosynthesis enzymes in a myriad of different types of cancers, associated with tumour cell transformation, disease progression and patient outcomes. These may therefore have a significant clinical potential as molecular biomarkers to improve cancer diagnosis and prognosis, and as targets for novel treatment strategies. In addition, and considering the important biological roles displayed by HS chains and how these polysaccharides impact cell malignant features, pharmaceutical strategies that also target HS functions and HS-protein interactions are being developed to tackle cancer pathologies. These strategies include small-molecule inhibitors of HS biosynthesis, HS mimetics, synthetic xylosides and anti-HS/HSPG antibodies (Figure 3).




Figure 3 | Illustrative representation of the mechanisms of action of four types of molecules developed to target HS biosynthesis and HS-protein interactions, with potential for cancer therapy: (A) Small-molecule inhibitors of HS biosynthesis. Cell-permeable, small-molecule compounds with inhibitory activity against GAG biosynthesis enzymes, that impair glycans’ biosynthesis and sulfation. (B) HS mimetics. HS-like compounds that compete with HS chains for the binding of enzymes, like Heparanase, or HS-binding proteins, like growth factors, blocking HS-protein interactions and inhibiting the formation of important cell signalling complexes. (C) Synthetic xylosides. Synthetic primers for protein-free GAG biosynthesis, that interfere with the GAGosylation of native PGs’ core protein, and when secreted into de extracellular environment, compete with endogenous GAGosylated PGs for the binding of biologically active ligands. (D) Anti-HS/HSPG antibodies. Antibody molecules developed to target HS and HSPGs and to inhibit HS-ligand interactions and downstream signalling cascades.



There are also several therapeutical strategies in pre-clinical or clinical studies that target post-biosynthesis editing mechanisms involving the activity of Sulfs and Heparanase, which have been thoroughly reviewed in (16, 17). Still, these are out of the scope of this review, whose primary focus is on the role and activity of HS biosynthesis enzymes, mainly HS sulfotransferases, and on HS-ligand interactions, and therefore have not been further discussed in the following sections.


Small-Molecule Inhibitors of HS Biosynthesis

Despite the known role of HS sulfotransferases in determining HS conformations and interacting partners, which influences cell signalling networks, the targeting of these enzymes has been considerably less explored for innovative therapeutic strategies. Some reports have focused on the use of small molecules to manipulate the binding and/or activity of HS sulfotransferases over the last years (Figure 3A). In one of these projects, Byrne D. P. et al. screened several small-molecules from a Public Kinase Inhibitor Set library, and validated cell permeable compounds as probes with inhibitory activity against 2OST, namely three polyanionic compounds - suramin, aurintricarboxylic acid and rottlerin - and one oxindole RAF kinase inhibitor - GW407323A (123). In addition, a new approach for quicker, reproducible and cheaper detection of substrate sulfation was employed. This sulfation detection strategy is based on microfluidics and differential scanning fluorimetry, and in the future it could be applied for the discovery of new inhibitory compounds against other sulfotransferases, like 6OSTs and 3OSTs (123).

More recently, it was reported a methodology for transient and reversible inhibition of HS biosynthesis also involving a small cell-permeable compound, the tetra-acetylated N-azidoacetylgalactosamine (Ac4GalNAz). Maciej-Hulme M. et al. have shown that the treatment of Chinese hamster ovary cells with Ac4GalNAz induces early termination of HS elongation, reducing HS levels and length, potentially by interfering with the activity of NDSTs (124). In a first instance these types of tools will be extremely relevant to further study HS and HS-sulfation dependent cell mechanisms and impact in cancer pathology, and in the long-term these could potentially be applied in cancer research and therapy.



HS Mimetics

HS mimetics are synthetic and homogenous molecules, that can either be saccharide or non-saccharide based, with great potential as anti-cancer agents. These molecules function by competing with HS native chains and blocking HS-protein interactions (Figure 3B), and a few of them either have been or are currently under clinical trials, namely CX-01 (ODSH), Roneparstat (SST0001), Necuparanib (M402), Muparfostat (PI-88) and Pixatimod (PG545) (125). A great variety of these HS mimetics inhibit either Heparanase and/or Sulfs activity and directly target HS-growth factor interactions, and their specific features and functions have been recently reviewed in (126). Furthermore, it has been reported that these mimetics may also inhibit the activation of RTKs. For example, Roneparstat was shown to inhibit FGF, Insulin Growth Factor (IGF), EGF and Platelet-Derived Growth Factor (PDGF) receptors expressed in sarcoma cells (127).

In addition to these widely studied HS mimetics, several different HS-like compounds have been developed and/or discovered and studied specifically due to their ability to interfere with HS mediated signalling cascades, that are yet to be further explored in clinical studies.

Sutton A. et al. revealed the anti-tumour effects of two synthetic sulfated polymers HS mimetics, OTR4120 and OTR4131, in hepatoma cells. These compounds interfere with a HS-mediated signalling pathway regulated by the CC-chemokine Regulated upon Activation, Normal T Cell Expressed and Presumably Secreted (RANTES), also referred to as CCL5, which was shown to induce cell migration and invasion in a HS-dependent manner (128). The G2.2, another synthetic sulfated non-saccharide HS mimetic, has also been evaluated in regard to its anti-tumour activity and it was shown to selectively target and reduce colorectal cancer stem cells, by inducing the activation of p38 MAPK and impairing cell self-renewal, ultimately reducing tumour growth (129). In a different study, Shanthamurthy C. D. et al. synthesized a highly sulfated IdoA-based oligosaccharide as a novel HS mimetic to target chemokines and modulate its activity in cancer progression, and reported its high binding affinity towards several homeostatic and inflammatory chemokines. Additionally, they showed that this HS mimetic, potentially by binding to CCL2, inhibits breast cancer CCL2-mediated cell proliferation and CCR2/CCL2- mediated cell migration, and it reduces cell invasiveness (130). More recently, Jain P. et al. have resorted to a library of HS tetrasaccharide ligands with varying sulfation patterns and high-throughput array binding assays to further address HS binding specificities, and validated two HS analogues, HT-2,6S-NAc and HT-6S-NAc, as potential ligands to target VEGF165-mediated cellular events, as these were shown to not only bind with high affinity to the mentioned growth factor but also to inhibit endothelial cells’ VEGF165-induced proliferation, migration and tube formation, which are known to be relevant tumour related features (131).



Synthetic Xylosides

Another promising tool for cancer therapy pertains to the use of synthetic xylosides. These molecules comprise a xylose residue linked to an aglycone group and serve as primers for protein-free GAG biosynthesis in the Golgi. Synthetic xylosides compete with PGs’ core protein for biosynthetic enzymes, impairing the elongation and modification of GAG chains attached to PGs, while on the other hand the xyloside primed GAG chains secreted into the extracellular environment also compete with endogenous PG-linked GAGs for binding of different ligands (Figure 3C) (132).

The use of synthetic xylosides with HS priming activity was shown to effectively inhibit several tumour-related cellular events. Raman K. et al. revealed significant reduction of the invasive capabilities of glioma cells treated with click-xylosides (133). It has also been reported the anti-angiogenic efficacy of two different fluoro-xylosides that by inhibiting HS synthesis in endothelial cells, ultimately inhibit tumour cells’ angiogenesis (134), which is in agreement with the previously mentioned role of HSPGs as important binding partners and co-receptors of pro-angiogenic factors, including VEGF and FGF. More recently, novel xyloside-derived compounds with potential to be used in therapy for glioblastoma were identified due to their ability of impairing endogenous GAG biosynthesis by binding to XYLT1 and β4GAL T7 active sites, and consequently decreasing glioblastoma cell viability (135). In a different study, Mani K. et al. demonstrated that the use of the synthetic xyloside 2(6-hydroxynaphthyl)-β-D-xylopyranoside inhibited tumour cell growth in vitro, in human lung and hepatocellular carcinoma, and SV40-transformed mouse embryonic fibroblasts 3T3 cells, as well as in vivo, in human bladder carcinoma cells (136). However, unlike the previously mentioned studies, they hypothesised that this anti-proliferative effect, observed at low xyloside doses, was due to the accumulation of antiproliferative products resulting from degradation of the xyloside-primed HS chains inside the cells, rather than competition with PG core protein or PG-linked GAGs for HS biosynthesis or ligand-binding, respectively (136).

HSPGs expressed at cell glycocalyx also function as internalizing receptors for extracellular vesicles (EVs). EVs are cell-derived vesicles that mediate intercellular communication and display crucial roles in a multitude of physiological and pathophysiological processes. In recent years, it has been suggested that EVs released by tumour cells play an important role in the establishment of premetastatic niches and in metastasis. Christianson H. C. et al. have shown that treatment of glioma cells with xylosides inhibited EV cellular uptake and consequently it reduced cell migratory capabilities (137).

Treatment of cancer cells that feature aberrant expression of HS sulfotransferases with xylosides could potentially lessen the synthesis of endogenous PGs modified with HS chains with altered sulfation patterns, diminishing the effects of PG-linked GAG oversulfation on different cell signalling pathways involved in tumorigenesis. Moreover, a higher impact over HS sulfotransferase activities could be achieved by manipulating the structure of the aglycone portion of the synthetic xylosides (138), which could be employed to further increase enzyme affinity towards these synthetic molecules. This type of xyloside dependent HS structural changes were also reported by Chen Y. et al. when comparing the GAG priming efficiency of two synthetic xylosides, 2-naphthyl-β-D-xylopyranoside and its derivative 2-(6-((3-aminopropyl)oxy)-naphthyl)-β-D-xylopyranoside, particularly in terms of sulfation (139).



Anti-HSPG Antibodies

In addition to the previously mentioned strategies, a different line of investigation has been dedicated to the development and study of molecules that impair HS-ligand interactions by directly targeting HS and HSPGs, namely anti-HSPG antibodies (Figure 3D).

Gao W. et al. generated a human monoclonal HS-specific antibody, HS20, targeting HS chains found on glypican-3 (140), a cell surface HSPG known to be highly expressed in hepatocellular carcinoma and associated with patient poor prognosis (141). Treatment of hepatocellular carcinoma cells with HS20 was revealed to block the activation of the HGF/Met pathway, and consequently to inhibit HGF-induced cell migration, motility, and 3D-spheroid formation, as well as in vivo liver tumour growth (140).

Syndecan-1 is another cell-surface HSPG that has been revealed to be a potential immunotherapeutic target for cancer therapy, more specifically for multiple myeloma. Jiang H. et al. developed modified NK cells expressing a syndecan-1-specific chimeric antigen receptor (CAR), that showed enhanced in vitro and in vivo cytotoxicity against syndecan-1 positive multiple myeloma cells, presenting a new possible approach for efficient and specific cancer immunotherapy (142). More recently, it was also developed a new monoclonal anti-syndecan-1 antibody, VIS832, to use in multiple myeloma therapy, and it was shown to induce potent NK cell-mediated antibody-dependent cellular cytotoxicity and macrophage-mediated antibody-dependent cellular phagocytosis against myeloma cells either sensitive or resistant to current therapies (143). In this study it was further demonstrated the efficacy of the VIS832 treatment in a murine model of disseminated human multiple myeloma, both as monotherapy and combined with a proteasome inhibitor (bortezomib) used in therapy (143).

In addition, anti-HSPG antibodies also hold great potential for safer and highly specific drug delivery in cancer immunotherapy. Indatuximab ravtansine (BT062) is an example of such therapeutic approach, as an anti-syndecan-1 monoclonal antibody (nBT062) conjugated with a highly cytotoxic maytansinoid derivative (DM4). This antibody-drug conjugate displayed in vitro and in vivo anti-tumour activity against multiple myeloma cells expressing syndecan-1, both as monotherapy (144) and in combination with other clinically approved anti-myeloma drugs (145), and more recently it has been under phase I and phase I/IIa clinical trials as monotherapy for relapsed and/or refractory multiple myeloma (146). In a different study, Bosse K. R. et al. have identified glypican-2 as a potential immunotherapeutic target for neuroblastoma due to its significantly higher expression in high-risk neuroblastomas, which was also associated with patient worse overall survival, and developed a highly cytotoxic antibody-drug conjugate that specifically targets glypican-2-expressing neuroblastoma cells (147).




Conclusion and Perspectives of Future Research

In summary, the roles of HS and HSPGs in physiological events, but most importantly in cancer, highlight these molecules, as well as HS biosynthesis enzymes, as key players during tumorigenic progression. The increasing need for efficient and highly specific biomarkers, and personalized anti-cancer therapies, including new selective drugs, prompts a more in-depth research of these promising tools, inciting further investigation of HS fine structures and their impact in cancer cell behaviour.

Many studies in this field, that have been performed to infer about structural-functional relationships, resorted to artificial in vitro models, via binding assays and using heavily sulfated heparin molecules and short HS-like oligosaccharides, with the purpose of unravelling bioactive sulfation arrangements and distinctive protein-binding sites within HS chains (70, 148, 149). However, structural differences between these molecules and full-length cellular HS chains might lead to deceitful results, since the use of heavily sulfated heparin might mask specific binding sites and HS oligosaccharides are not presented as embedded in a full-length HS chain. Such assays might thus not accurately represent what occurs in nature (51). Therefore, it has been increasingly important to apply the current knowledge to cell models to assess native GAG biological functions in more complex systems (72, 139), and potentially in disease progression. The great length and high heterogeneity of natural HS chains, whose structures are highly variable, and whose expression is spatially and temporally dependent in organisms, represents a great challenge to this plan (150, 151). Fortunately, the GAG research field is moving at a fast-evolving pace. The development and improvement of robust and sensitive glycoproteomic analytical methodologies combined with computational studies and bioinformatic approaches, such as HS interactome database, will be crucial to assess detailed sequences and conformations adopted by HS glycans implicated in their interactions with proteins in the cell environment (152, 153).

It is also critical to better understand the fine-tuned enzymatic regulatory events that underly HS biosynthesis to elucidate the mechanisms through which endogenous HS modification enzymes regulate tumour cell signalling and disease progression. Overall, the numerous reports describing altered expression of HS sulfotransferases and the abnormal HS sulfation profiles in cancer, further support the clinical potential of these enzymes and structural features as important biomarkers for better diagnosis and prognosis of cancer patients, and as novel targets for improved cancer therapy. However, due to the ubiquitous nature of HSPGs, that exert multiple functions at the physiologic level, it is essential to develop therapeutic approaches targeting specific disease-related modifications, both in terms of HSPG deregulation and GAG conformations. This imposes the challenge of identifying unique cancer Gagosylation signatures to ensure specific targeting and avoid therapy side effects.
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The complex and adaptive nature of malignant neoplasm constitute a major challenge for the development of effective anti-oncogenic therapies. Emerging evidence has uncovered the pivotal functions exerted by the small leucine-rich proteoglycans, decorin and biglycan, in affecting tumor growth and progression. In their soluble forms, decorin and biglycan act as powerful signaling molecules. By receptor-mediated signal transduction, both proteoglycans modulate key processes vital for tumor initiation and progression, such as autophagy, inflammation, cell-cycle, apoptosis, and angiogenesis. Despite of their structural homology, these two proteoglycans interact with distinct cell surface receptors and thus modulate distinct signaling pathways that ultimately affect cancer development. In this review, we summarize growing evidence for the complex roles of decorin and biglycan signaling in tumor biology and address potential novel therapeutic implications.
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1 Introduction


1.1 Extracellular Matrix Guidance in Tumor Initiation and Progression

Over the past decades, it has become apparent that tumorigenesis is not merely the result of accumulated DNA mutations, but tumor development and progression also depend on the context in which malignant cells subsist (1–3). The tumor microenvironment (TME) is a permissive infrastructure primarily composed of non-malignant resident cells, cancer-associated fibroblasts, macrophages, and a variety of inflammatory and immune cells (4–7), pericytes (8, 9), and cells of the tumor-associated vascular system (10, 11). Moreover, the TME includes the extracellular matrix (ECM), an acellular structure with, as has become evident by now, unique tumor-specific characteristics (12, 13).

The ECM forms an intricate, highly ordered, 3D meshwork of large macromolecules, the components of which have been considered in the past solely as structural scaffolds that enable cellular adhesion and migration. However, a vast body of emerging evidence has led to a paradigmatic shift implicating ECM proteins in various signaling pathways and cellular processes including autophagy, inflammation, proliferation, survival, cell morphology, and motility (14–22). To date, several ECM components are increasingly appreciated for mediating and modulating cellular signaling (18, 23–26), and presumably even inter-organ cross-talk (27). Importantly, changes in the ECM are known to lead to, or to correlate with several diseases such as cardiovascular and skeletal disorders, fibrosis and importantly cancer (24, 28–30). The observations that link the ECM to cancer are as diverse as the different macromolecules that comprise the ECM. The impact of the biochemical composition of the ECM on tumor progression (12, 31–33), the ECM-dependent development of metastatic niches (34, 35), and the signaling between the tumor-adjacent ECM and the different players of the TME have been reviewed in detail (36, 37). In this review, we will focus on two proteoglycans of the ECM, biglycan and decorin. We will discuss their implications in selected pathways that are linked to the hallmarks of cancer, with special emphasis on autophagy and inflammation, whose contribution to tumorigenesis is increasingly recognized. Lastly, we will critically discuss recent advances and future perspectives in therapeutic targeting of these proteoglycans for cancer therapy.



1.2 Inflammation as an Emerging Hallmark of Cancer

Tumorigenesis is a multi-factorial process that is characterized by specific biological capabilities that are acquired during the development of tumors. These hallmarks of cancer include evading apoptosis, increased angiogenesis, insensitivity to anti-growth signals, and tissue invasion and metastasis (38). In addition to these established hallmarks of cancer, the vital roles of inflammation and the immune response have gained recognition as emerging hallmarks and enabling characteristics of cancer (31, 39, 40). Intricate interactions between cells of the tumor proper, surrounding stromal cells, and inflammatory cells result in an inflammatory TME. Indeed, chronic tissue inflammation has been linked to a heightened risk for malignant transformation, and additionally, sustained inflammation is assumed to cause pre-cancerous lesions (41–43). Moreover, it is well-established that the TME of most tumors is characterized by the presence of highly abundant inflammatory cells and inflammatory mediators, irrespective of the stages of tumor progression (44). Generally, there are two different types of cancer-associated inflammation. One can exert tissue-protective, anti-tumoral functions; the second on the other hand, is linked to pro-tumorigenic effects, presumably in a context and spatiotemporal-dependent manner (45).

Historically, cancer-associated inflammation was attributed to an attempt by the host immune system to eliminate the tumor and provide tissue-protection. Indeed, for some tumor types, there is increasing evidence for an acute immune response against the tumor, and the primary tumor development depends on the ability of tumor cells to escape the immune-mediated destruction (46, 47). This concept has been exploited for the development and application of immuno-therapies that reinstall or enhance the patient’s immune response towards recognizing and eradicating cancer cells (48, 49). Conversely, the tumor-associated inflammatory response can also facilitate tumorigenesis by providing an inflammatory milieu. This “cancer-promoting inflammation” relies on secretion of growth factors and enzymes to sustain proliferation, inhibit cell death, promote epithelial-mesenchymal transition (EMT), facilitate angiogenesis, invasion, and metastasis (39, 45, 50). In line with this, chronic inflammation has been linked to cancer-promoting effects in so-called ‘hot’ tumors, which are densely infiltrated by immune cells and are often unresponsive to immuno-therapy (44, 45, 51).

On a molecular level, constitutively active NF-κB (nuclear factor kappa-light-chain-enhancer of activated B-cells) signaling is considered to be one of many possible factors that promote chronic inflammation in the context of tumorigenesis (52). NF-κB downstream signaling results in expression of inflammatory cytokines, adhesion molecules, the inducible nitric oxide synthase and angiogenic factors. Inducers of NF-κB include cytokines such as tumor necrosis factor alpha (TNF-α) and interleukin 1 beta (IL-1β). The activation of the NF-κB pathway is mediated through Toll-like receptors (TLRs) that act in concert with their adaptor molecules and co-receptors (53–55). Another signaling pathway that links inflammatory signaling to tumorigenesis includes the NOD-like receptor protein 3 (NLRP3) inflammasome, which activates NOD-like receptors or AIM2-like receptors and ultimately promotes the release of the inflammatory cytokines via activating Caspase 1, however, its precise function in tumor biology remains controversial (56–58).

In summary, inflammation and immune responses can critically contribute to the cancer onset and determine the outcome of the disease progression. Therefore, inflammation can be considered an enabling characteristic of cancer (39). Investigating the role of proteoglycans in mediating these cancer-associated inflammatory processes may provide novel insights in tumor biology.



1.3 Emerging Implications of Autophagy in Tumorigenesis

Autophagy has an ambivalent role in cancer development and progression. Depending on several factors, such as the tumor progression state, the TME and the genetic context, it can exert opposite outcomes and promote or decrease tumorigenesis (59–61). On one hand, before the onset of malignant transformation and tumorigenesis, the cytoprotective effect of autophagy can promote tumor suppression (62–65). On the other hand, evidence suggest autophagy to promote the survival of cancer cells under certain stress conditions, including therapy-induced stress. Moreover, various cancer types were shown to be linked to a high autophagy (66), such as cancers associated with RAS (Ras GTPase, Rat sarcoma) mutations (67, 68), or pancreatic cancer (66, 69), which have been reported to exhibit a high autophagic dependency. Additionally, the upregulation of autophagy is considered to be a frequent side effect of cancer therapies. Therefore, diverse autophagy inhibitors were suggested to increase the efficiency of therapeutics by reducing the tumor cells autophagy-dependent adaptive response mechanisms (70–72). However, increased therapy efficiencies have has also been reported upon activation of autophagy (73). Furthermore, unconventional secretion, endosomal and exosomal pathways have been shown to link autophagy to affecting cancer metastasis, immune responses and shaping the TME (74). Additionally, cross-talk between autophagy and the EMT was reported (75). In this context, autophagy induction was shown to impair EMT (76, 77), which is a critical contributor to metastasis. Other studies, however, showed that treatment-induced autophagy could exert cyto-protective functions and promote melanoma cell EMT (78). In line with this, knockdown of Beclin-1, which is required for autophagosome formation, reduced EMT of colon cancer cells (79). Notably, autophagy activation was also associated with increased anoikis resistance and enhanced metastasis in several tumor models (80, 81).

Several autophagy inhibitors and inducers are currently being evaluated as treatment options in cancer therapies (82, 83), however, the ambiguous roles of autophagy in tumor biology and the highly context-dependent outcomes of modulating autophagy in different cancer types and progression stages impede the translation to clinical applications. A deeper understanding of how proteoglycans influence autophagy in cancer might allow more precise indications for autophagy inhibitors and inducers, and enable the development of adjuvant therapies.



1.4 Structural Characteristics of Small Leucine-Rich Proteoglycans

Proteoglycans are complex molecules that are embedded in the ECM and comprise a protein core and one or more glycosaminoglycan (GAG) chains, which are covalently tethered to the protein core. The different types of GAG chains can be formed by heparan sulfate, chondroitin sulfate/dermatan sulfate (CS/DS), or keratan sulfate (84–86). In mammalian cells, more than 40 proteoglycans have been described, which are classified according to their localization into extra-, peri-, and intracellular, as well as plasma membrane-associated proteoglycans (85). The divers and manifold biological roles of proteoglycans can be attributed to their variability and modularity, as their protein cores and the heterogeneous GAG chains can be variously modified. Proteoglycans critically provide structure to the ECM, are key receptors to diverse signaling stimuli, such as growth factors, cytokines, chemokines, and important regulators at the intersection of the cell and matrix (87, 88).

The complex and multifaceted regulatory functions of proteoglycans are well exemplified by their largest protein family, the small leucine-rich proteoglycans (SLRPs), which are ubiquitously expressed and highly abundant in the ECM (89). After being secreted into the pericellular space SLRPs are incorporated into the ECM. They are composed of a relatively small protein core of about 40–60 kDa that contains 10–12 motifs of leucine-rich repeats (LRRs) and is flanked by characteristic cysteine-rich clusters with defined spacing. Additionally, the heterogeneous GAG chains are post-translationally attached to the protein core (85, 90–92). To date, there are 18 known SLRPs, which are classified into five distinct classes, based on their N-terminal cysteine-rich clusters, evolutionary conservation, sequence homology, and GAG chains (85). The LRRs of the protein core, which give rise to the characteristic solenoid structure of SLRPs, contain a conserved hydrophobic motif wherein distinct leucines can be substituted by other hydrophobic amino acids (90). Irrespective of their classification, all SLRPs share common biological functions, and most importantly, their capability to interact with various cell surface receptors such as receptor tyrosine kinases (RTKs) and TLRs, thus mediating divers downstream signaling events that regulate vital cellular pathways and processes that are also implicated in cancer, including inflammation and autophagy (17). SLRPs can be released upon tissue stress or injury and can act as damage-associated molecular patterns (DAMPs) (93, 94).

Importantly, an emerging body of evidence points to the vital implications of the SLRPs decorin and biglycan in several hallmarks of cancer and regulating tumor-associated pathways, such apoptosis, proliferation, angiogenesis, inflammation, and autophagy (17, 18, 87, 93–95). In the following sections, we will summarize and discuss the major signaling functions of biglycan and decorin in normal physiology and in the context of cancer.




2 Decorin Function In Tumorigenesis

Decorin is a well-characterized, prototypical member of the SLRP family and ubiquitously expressed in most tissues (96). It is mainly known for its vital functions in inflammation, innate immunity, wound healing, fibrotic diseases, angiogenesis, autophagy and cancer, where it is found in the stroma of several cancer types (97–100). Decorin, whose eponym derives from its high affinity for collagen fibrils and thus able to “decorate” collagen fibrils (92, 101, 102), was the first proteoglycan that was associated with regulating the cell cycle by inhibiting transforming growth factor β (TGF-β) signaling (103). This has led to a paradigmatic shift in matrix biology research, since proteoglycans have previously been described only as structural components. Indeed, decorin deficiency in mice leads to a permissive environment favoring tumorigenesis and EMT (104, 105). The diverse functions can be attributed to its ability to interact with numerous components of the ECM and cellular receptors, thereby inducing intracellular signaling cascades. Decorin has the ability to acts as a Pan-RTK inhibitor by engaging numerous RTKs, including the epidermal growth factor receptor (EGFR), the vascular endothelial growth factor receptor 2 (VEGFR2) and the mesenchymal-epithelial transition factor (Met) receptor (Figure 1), and can induce caveosomal internalization and degradation of the RTKs, thus restraining angiogenesis. Therefore, and because of its capability to inhibit cancer growth by sequestrating TGF-β, decorin has also been described as “the guardian from the matrix” (99).




Figure 1 | Decorin-mediated signaling affects diverse pathways associated with tumorigenesis. Decorin activates mitophagy in breast carcinoma cells by binding to the Met receptor and activating PGC-1α, leading to accumulation of Mitostatin. Further, via Met receptor signaling, decorin inhibits tumor growth by down-regulating β-catenin and MYC, and inhibiting angiogenesis by repressing HIF-1α and VEGFA. Angiogenesis is also modulated by decorin through EGFR in a signaling cascade that employs Rho and ROCK1, leading to upregulation of the anti-angiogenic effector TSP-1. EGFR phosphorylation by decorin induces intracellular MAPK, resulting in enhanced expression of p21 and cell cycle arrest, and in release of Caspase 3 and apoptosis. Decorin-mediated VEGFR2 signaling inhibits angiogenesis and induces autophagy in endothelial cells by inhibiting mTOR, activating VPS34, Beclin-1, LC3 and Peg3. Decorin regulates inflammation in a PDCD4-dependent manner through miRNA-21, or by TLR2/4 signaling. AMPK, AMP-activated protein kinase; CCL, chemokine C–C motif-ligand; EGFR, epidermal growth factor receptor; GAG, glycosaminoglycan; HIF-1α, hypoxia-inducible factor 1α; IL, interleukin; LC3, microtubule-associated protein 1A/1B-light chain 3; MAPK, mitogen-activated protein kinase; Met, mesenchymal-epithelial transition factor; miRNA, microRNA; mTOR, mammalian target of rapamycin; MYC, myelocytomatosis oncogene protein; PDCD4, programmed cell death protein 4; Peg3, paternally expressed 3; PGC-1α, peroxisome proliferator-activated receptor-γ co-activator 1-α; Rho, RAS homolog family member A; ROCK1, Rho-associated coiled-coil kinase 1; TGF-β1, transforming growth factor β isoform 1; TLR, Toll-like receptor; TNF-α, tumor necrosis factor alpha; TSP-1, thrombospondin-1; VEGFA, vascular endothelial growth factor A; VEGFR2, vascular endothelial growth factor receptor 2; VPS34, vacuolar protein sorting 34.




2.1 Decorin Acts as a Versatile Tumor Suppressor

One of the most significant RTKs, whose downstream signaling is affected by decorin, is the Met receptor pathway (106–108). Met receptor-mediated signaling is vital for embryonic development and upregulation of the receptor has been linked to tumorigenesis and metastasis (109–112). Direct binding of decorin to the Met receptor results in tumor suppression by phosphorylation of Met tyrosine sites (106), leading to recruitment of the proto-oncogene CBL (Casitas B-lineage Lymphoma) and subsequent proteosomal degradation of the Met receptor (113). This prevents binding of the natural ligand of the Met receptor, HGF (hepatocyte growth factor), which can contribute to tumor survival, growth, angiogenesis, and metastasis under pathologic conditions (112). The antagonistic effect of decorin on Met signaling results in down-regulation of the major oncogene β-catenin and its downstream effector MYC (myelocytomatosis oncogene protein), both involved in the pathologies of various cancers (107, 114), and thus promotes an anti-tumorigenic activity of decorin (Figure 1).

Apart from engaging the Met receptor, decorin can attenuate tumor growth as a monomeric proteoglycan (115). To date, the protein interacting network centered on decorin is vast and expanding (116), with numerous growth factors, receptors, and various matrix molecules. The interaction of decorin with TGF-β causes strong inhibition of proliferation in various cancer cell lines, presumably by decorin-binding activity on TGF-β isoform 1 (TGF-β1), thereby sequestrating it in the ECM and limiting its bioactivity (117). Mechanistically, EGFR phosphorylation by decorin induces intracellular MAPK (mitogen-activated protein kinase) signaling that results in enhanced expression of the cyclin-dependent kinase inhibitor p21, triggering cell cycle arrest, and in release of Caspase 3 to promote apoptosis (99, 108, 118, 119) (Figure 1). Moreover, decorin competes with the natural ligand of EGFR, the epidermal growth factor (EGF), and the decorin-EGFR interaction results in internalization and degradation of the receptor via caveolar endocytosis (120), thus controlling tumor growth (121–123).



2.2 Decorin Regulates Angiogenesis via Receptor Tyrosine Kinase Signaling

A central issue of tumorigenesis is angiogenesis, an intrinsic process required for supplying oxygen and nutrients to the growing tumor through vessels newly formed from preexisting large vessels. The role of decorin in regulating angiogenesis is ambivalent, as decorin promotes angiogenesis by facilitating endothelial cell adhesion and migration in a non-malignant state (108, 124, 125). Likewise, it was shown in healthy, non-tumorigenic models that decorin protects endothelial cells from hypoglycemia and promotes angiogenesis through IGF-1R (insulin-like growth factor type 1 receptor) signaling (126). Conversely, multiple independent studies have clearly demonstrated an angiostatic effect of decorin in the setting of cancer and its down-regulation correlates with the degree of tumor vascularization in various cancer types (99, 100, 108, 127).

The interaction of decorin with VEGFR2 constitutes the most significant contribution to impairing tumor angiogenesis (98, 99) (Figure 1). By competing with its canonical¨ ligand VEGFA (vascular endothelial growth factor A), decorin acts as a partial antagonist of VEGFR2 which is specifically located on the surface of endothelial cells to facilitate their angiogenic activity (128–130). Additionally, decorin decreases the proteolytic cleavage of matrix-bound VEGFA in the ECM by inhibiting matrix-metalloprotease activities and expression (99, 107, 131, 132).

Another contributing mechanism of decorin-mediated angiostasis is the recent observation that soluble decorin can reduce VGFA levels by evoking its catabolic degradation via autophagy (133) (see below). In parallel to suppressing these pro-angiogenic effectors via VEGFR2 signaling, angiogenesis can be modulated by decorin through EGFR. The decorin-EGFR interaction interferes with the signaling cascade that employs Rho (RAS homolog family member A) and the Rho-associated coiled-coil kinase 1 (ROCK1), leading to upregulation of anti-angiogenic effectors, such as thrombospondin-1 (TSP-1) and tissue inhibitor of metalloproteinases-3 (TIMP-3) (108, 131, 132) (Figure 1).

Additionally, decorin inhibits angiogenesis by impairing Met signaling, because attenuation of Met signaling causes an induction of TIMP-3. In parallel, hypoxia-inducible factor 1α (HIF-1α) is being repressed and degraded and Met-induced VEGFA expression is inhibited (107, 131). Regulated by a negative feedback loop, loss of HIF-1α in turn inhibits Met expression (131). Collectively, these observations posit the small leucine-rich proteoglycan decorin as an important component of the angiostatic network and the cross-talk between and endothelial and tumor cells.



2.3 Decorin Activates Endothelial Autophagy and Cancer Cell Mitophagy

The anti-tumor activities of decorin additionally include the regulation of the autophagy and mitophagy pathways. In vascular endothelial cells, a decorin-induced indirect induction of autophagy was demonstrated by promoting the formation of autophagic initiation complexes and by down-regulation of autophagy inhibitors (134–136). Decorin interaction with VEGFR2 induces the AMP-activated protein kinase (AMPK) and initiates a signaling cascade to activate VPS34 (vacuolar protein sorting 34) and to inhibit mTOR (mammalian target of rapamycin). Decorin evokes sustained autophagy by transcriptional activation of Peg3 (Paternally expressed gene 3), an imprinted gene expressed exclusively from the paternal allele (137), and that is often silenced in several tumor types by promoter hypomethylation (138, 139). This leads to accumulation of Beclin-1 and LC3 (microtubule-associated protein 1A/1Blight chain 3), which are required for autophagosome formation (130, 136, 140). As Peg3+ progenitor cells participate in vascular remodeling (141), and as Peg3 represents a marker for a subset of vessel-associated endothelial progenitors (142), it is possible that decorin may additionally affect angiogenesis via Peg3-endothelial stem cells interactions.

A recently uncovered implication of decorin in regulating mitophagy has been reported, which linked decorin directly to affecting the catabolic process of mitophagy within the tumor proper. In line with this, decorin directly activated mitophagy in breast carcinoma cells trough Met receptor activation and subsequent mobilization of PGC-1α (Peroxisome proliferator-activated receptor-γ co-activator 1-α) (143), accompanied by a decorin-mediated mRNA stabilization accumulation of Mitostatin (143) (Figure 1). Thus, decorin can affect the cellular energy production and indirectly cell death/apoptosis by evoking autophagic catabolism of mitochondria.



2.4 Decorin Regulates Inflammation and the Innate Immune Response

Extensive studies using models for tissue stress and injuries have demonstrated the well-established roles of decorin, and likewise biglycan, in regulating inflammatory and immune responses by interaction with TLR2 and TLR4 (144). There are two mechanisms for decorin-dependent control of inflammation and tumor growth that are based on either stimulation of PDCD4 (programmed cell death protein 4) expression, or on it translational repression (145). PDCD4 is known to promote the inflammatory response by activating NF-κB and suppressing the anti-inflammatory mediator interleukin 10 (IL-10) expression (146). PDCD4 expression is increased by decorin acting as an endogenous ligand of TLR2/4 and stimulating production of proinflammatory molecules, including PDCD4 (145). In a second mechanism, decorin down-regulates the pool of bioactive TGF-β1, which, as mentioned before, can be sequestered by decorin in the ECM. TGF-β1 in turn is an inducer of oncogenic microRNA (miRNA)-21 (147), which functions as a translational repressor of PDCD4 (148). Therefore, decorin indirectly regulates the levels of PDCD4 (145) (Figure 1).




3 Biglycan Is a Matrix-Derived Signaling Molecule in Cancer

Biglycan, another member of class I SLRPs and structurally homologous to decorin, is a ubiquitously expressed ECM protein (23, 85, 149). The 42 kDa protein core consists of 10 LRRs as well as two N-terminal, covalently bound, tissue-specific CS/DS type GAG chains (23, 150). Through its protein core and GAG chains, biglycan interacts with other ECM proteins like collagen types I-IV and elastin, thereby providing stability and organization in tissues, as well as bone composition (151–156). Although biglycan is tightly bound to the ECM under physiological conditions, the proteoglycan is released from its ECM-bound state during tissue stress and injury through cleavage by proteases (87, 157–160). Additionally, biglycan can be synthesized de novo in macrophages during inflammation and is released into circulation (161). In its soluble state, biglycan can be found in the bloodstream in many acute or chronic inflammatory disease acting as a DAMP (93, 159). Biglycan holds great potential as biomarker as deregulated levels of soluble biglycan are detected in a variety of inflammatory and chronic disease, such lupus nephritis (144), diabetes (162, 163), fibrosis (164), renal diseases (159), and cancer (165), biglycan holds great potential as biomarker.

Just as decorin, biglycan has proven to be a versatile matrix-derived signaling molecule that can trigger induction of several pathways involved in tumorigenesis via its complex and diverse interactions with both growth factors/cytokines and cell surface receptors (18, 23, 157).


3.1 Mechanisms of Biglycan-Induced Inflammation

Under physiological conditions, in its soluble and intact form, biglycan acts as a DAMP and engages in the innate immunity by binding TLR2 and/or TLR4, mimicking gram negative and positive microbial responses and triggering an inflammatory cell response (93, 157). This results in induction of NF-κB and Erk (extracellular signal-regulated kinase) signaling pathways leading to increased levels pro-inflammatory cytokines and chemokines. Most importantly, these include TNF-α and IL-1β, as well as C-C motif ligand (CCL) and C-X-C motif ligand (CXCL) proteins and ultimately result in recruitment of immune cells such as neutrophils, T-cells, B-cells and macrophages into the inflamed regions, infiltrating tissues and organs (23, 161).

The biglycan-induced downstream signaling and its outcome depend on the selective utilization of either TLR2 or TLR4, or both, as well as on the interactions with their distinct co-receptors and adaptor molecules (157, 161). For instance, while TLR4/2 interaction with MyD88 specifically induces TNF-α, IL-1β, CXCL1, CCL2, and CCL20, interaction of biglycan with TLR4 and TRIF (TIR-domain-containing adapter-inducing interferon-β) results in expression of CCL5 and CXCL10 (161) (Figure 2). Moreover, biglycan interaction with only TLR2 and MyD88 regulates the expression of HSP70 (heat shock protein 70), which binds to NADPH oxidase (NOX)2, and thereby impairs the inhibitory function of NOX2 on IL-1β expression (166) (Figure 2). The repertoire of co-receptors employed by TLR2/4 was extended by the discovery of the co-receptor CD14, a high-affinity ligand of biglycan, whose deficiency resulted in abrogated NF-κB, MAPK and ERK signaling and consequent absence of biglycan-induced increase of cytokine expression in macrophages (167).




Figure 2 | Biglycan signaling and implications in tumorigenesis. Soluble biglycan induces TLR4/CD44mediated autophagy in macrophages and TLR2/4/CD14-mediated inflammation via the adaptor molecule MyD88. Inflammation is also trigger by biglycan binding to TLR4 via TRIF, or TLR 2 via MyD88. Biglycan-mediated clustering of TLR2/4 with the P2X4/P2X7 receptors, which activates the NLRP3 inflammasome, consequently leading to the maturation of IL-1β. In endothelial cells, biglycan promotes angiogenesis in a TLR2/4-dependent manner by enhancing HIF-1α activity and VEGFA expression. Biglycan further affects ROS production via TLR2 and TLR4 in a NOX1- and NOX4-dependent manner. Biglycan stabilizes HIF-2α via TLR2 interaction and leads to of Epo synthesis. Biglycan knockout impaired tumor by repressing TNF-α and ANGPT2 signaling in a cancer mouse model. Additionally, biglycan can induces a cell cycle arrest by increasing the expression p27 and p21 and decreasing Cyclin A levels. By increasing MHC complex I expression via miR-21-3p, biglycan exerts anti-tumoral activities.ANGPT2, angiopoietin 2; CCL, chemokine C–C motif-ligand; CD, cluster of differentiation; CXCL, chemokine C-X-C motif-ligand; Epo, erythropoietin; HIF-1/2α, hypoxia-inducible factor 1/2α; HSP70, heat shock protein 70; IL-1β, interleukin 1 beta; LRP6, low-density lipoprotein receptor-related protein 6; MHC, major histocompatibility complex; miR, microRNA; MyD88, myeloid differentiation primary response 88; NF-κB, nuclear factor kappa-light-chain-enhancer of activated B-cells; NLRP3, NOD-like receptor protein 3; NOX, NADPH oxidase; ROS, reactive oxygen species; TLR2/4, Toll-like receptor 2/4; TNF-α, tumor necrosis factor alpha; TRIF, TIR-domain-containing adapter-inducing interferon-β; VEGFA, vascular endothelial growth factor A.



Additionally, biglycan mediates clustering of TLR2/4 and the purigenic receptors P2X4/P2X7 (168) (Figure 2). This enables a cross-talk signaling between both receptor types and allows biglycan to autonomously activate the NLRP3 inflammasome assembly, which is followed by Caspase 1 activation and processing of pro-IL-1β and pro-IL-18 to their mature forms (168).

Biglycan signaling bridges innate and adaptive immune responses as it is involved not only in recruitment of innate immune cells, most importantly macrophages, but also induces synthesis of chemoattractants of B cells and T helper (Th) cells. Mechanistically, the biglycan/TLR4 interaction mediates signaling to sphingosine kinase-1 to regulate the synthesis of macrophage chemoattractants (169). In macrophages and dendritic cells, biglycan/TLR2/4 signaling evokes the expression of a key chemoattractant of B-cells, namely CXCL13 (144). Additionally, biglycan regulates the expression of CXCL9 and CXCL10 via TLR4 and TRIF to drive recruitment of Th1 and Th17 cells into the kidney (170). The signaling axis of biglycan and TLR2/4 also enhances antigen-specific T cell activation, potentially in a MyD88/TRIF-dependent manner, and induces autoimmune perimyocarditis (171).

The above-mentioned roles of biglycan in regulating inflammatory signaling and immune response, and in particular the recruitment of immune cells, posit several key connections between biglycan-mediated signaling and cancer-associated inflammation. For instance, the significant role of NLRP3 inflammasome activation in cancer is indisputable but ambivalent and complex (58). Thus, biglycan-mediated NLRP3 inflammasome activation provides an additional regulatory mechanism contributing to its complex regulation. Moreover, CCL2 and CCL5, whose expression is regulated in a biglycan-dependent manner, are known contributors that promote immune cells infiltration at the tumor site, metastasis, and angiogenesis (172–175). In addition, Th1 cells promote synthesis of pro-inflammatory factors, such as IL-12, IL-2, IFNγ and TNFα, thus driving inflammation. Tumor-infiltrating Th1 and Th17 cells have also been identified in various cancers inducing both, pro-tumoral and anti-tumoral immunity (176–178). In line with this, it is possible that biglycan-driven recruitment of immune cells could promote an inflammatory milieu that facilitates tumorigenesis, but also support immuno-surveillance by enhanced Th1, Th17 and macrophage recruitment in some cases with anti-tumorigenic effects of biglycan. These diverse implications of biglycan in triggering and modulating inflammation and the immune response suggest an important role for this proteoglycan in the development of tumor-associated inflammation.



3.2 Biglycan as a Regulator of Autophagy

In addition to the various biological roles of biglycan in inflammation, this proteoglycan can cause a switch between inflammation and autophagy in macrophages by selectively binding either CD14 or CD44 with equally high affinities causing an opposing biological outcome. While the interaction of biglycan and CD14, in an TLR2/4-dependent manner, results in an increase of pro-inflammatory signaling and the polarization of M1 macrophages (179), the interaction between biglycan and CD44 counteracts these events and results in the polarization of M2 macrophages as well as in an increase of autophagy-flux and anti-inflammatory effects (180) (Figure 2). The unexpected biglycan-induced opposing switch between inflammation and autophagy is solely caused by fluctuations in interaction partners. This process determines whether the downstream signaling will ultimately lead to chronic inflammation, fibrosis and possibly facilitate tumorigenesis, or promote regeneration. These findings underline how tightly those molecular processes, inflammation, and autophagy, are regulated in non-malignant tissues and presumably also in cancer. Accordingly, we presume that a subtle modulation of either one may have major impact on the other, a key factor affecting their therapeutic targeting. The described regulation of immunity responses by biglycan could, for example, affect the resolution of early pre-cancerous lesions, or promote their tumorigenic development. The cause of this switch is yet to be established and future studies will be needed to unravel the precise function of the biglycan-binding epitopes of CD14 and CD44. While these observations were made in non-malignant cells, the fact that biglycan mediates M2 macrophage polarization through autophagy induction suggests that biglycan could be involved in tumor-associated macrophage (TAM) activation during tumor progression at late stages. This is particularly important as sustained biglycan overexpression is linked to enhanced M2 macrophage numbers in ischemia reperfusion injury (180).

Emerging evidence over the past years has demonstrated the crucial role of autophagy in regulating cancer-associated inflammation, and vice versa. For example, autophagy critically affects inflammation by influencing the development, homeostasis, and survival of immune cells, including macrophages, neutrophils and lymphocytes (181, 182). In the future, it will be vital to investigate the mechanisms that regulate the intricate interplay of autophagy and inflammation. Therefore, this recent discovery of CD44 as an additional co-receptor for TLR4 and a high-affinity ligand for biglycan provide novel and valuable insights of possible cross-talk mechanisms between autophagy and inflammation (179, 180).



3.3 Mechanisms of Biglycan-Mediated Angiogenesis

Angiogenesis is an important hallmark of cancer and vital for tumor growth and metastasis, as it provides vessels for blood supply and allows transformed cells to enter the circulation (39). Despite their structural homology, the roles of decorin and biglycan in neovascularization are rather opposing. The main mechanism of biglycan signaling employs TLR2 and TLR4 receptors and results in pro-tumorigenic effects, including the production of cytokines and growth factors that ultimately promote tumor angiogenesis. For instance, biglycan-induced, upregulated VEGFA expression promotes neovascularization and cancer growth in colon cancer cells (183). Moreover, biglycan stimulation of human umbilical vein endothelial cells results in increased tubular formation capacity (184). On a molecular basis, biglycan stimulation of endothelial cells results in increased interaction between NF-κB and the HIF-1α promoter in a TLR2/4-dependent manner, enhanced HIF-1α levels and activity, and consequently increased VEGFA expression (184) (Figure 2). These findings support a promoting role of biglycan in cancer development and progression, likely by promoting and activating tumor angiogenesis (184).

An additional mechanism that links biglycan signaling to angiogenesis regulation is the enhanced production of reactive oxygen species (ROS). ROS can be produced by NOX enzymes and result in enhanced angiogenesis and tumor growth by increased NF-κB and VEGF expression (185). Due to the ability of biglycan to affect ROS production via TLR2 and TLR4 in a NOX1- and NOX4-dependent manner (166, 168) (Figure 2), it is very likely that biglycan potentially influences tumor angiogenesis via ROS level regulation.

Alternatively, angiogenesis in cancer could be affected by biglycan through the stabilization HIF-2α, which is induced by TLR2 interaction with biglycan and results in the induction of erythropoietin (Epo) synthesis and polycythemia (186) (Figure 2). Changes in HIF-2α expression levels have been described in a variety of solid tumors and are linked to TAMs and HIF-2α is, similar to biglycan, associated with late tumor progression stages (187).

In a mouse model of breast cancer with tumor-bearing mice, knockout of biglycan in the stroma inhibited metastasis to the lung, impaired tumor angiogenesis and normalized tumor vasculature by repressing TNF-α and angiopoietin 2 (ANGPT2) signaling (188) (Figure 2).

Several studies have focused on the role of biglycan in colon cancer (183, 189, 190). For instance, it was shown that, in colon cancer cells, inhibiting biglycan results in increased expression of pro-apoptotic effectors and is linked to suppressed NF-κB pathway activity. On the other hand, biglycan overexpression does the opposite effect (190). Moreover, biglycan-mediated chemotherapy resistance in colon cancer cells occurs by activating NF-κB signaling (190). Considering the well-established, TLR2/4-dependent function of biglycan in NF-κB signaling, the fact that TLRs have been linked to tumorigenesis of multiple tumor types (191, 192), and the known implications of the NF-κB pathway in the development of chemotherapy resistance in cancers (193, 194), it is convincing that biglycan may promote resistance mechanisms by regulating the NF-κB pathway.



3.4 The Role of Biglycan in Promoting Cancer Cell Proliferation, Invasion, and Metastasis

Already a decade ago, a study in osteoprogenitor cells and bone fracture healing models revealed the ability of biglycan to enhance canonical Wnt signaling and to interact with the Wnt co-receptor low-density lipoprotein receptor-related protein 6 (LRP6) (195). Wnt signaling is considered to be a major pathway regulating development and has also been closely linked to carcinogenesis, particularly in the context of colorectal cancer (196, 197). Therefore, these findings suggested a potential function of biglycan in tumorigenesis based on its ability to affect cancer cell proliferation via Wnt signaling modulation. More recently, a link between biglycan and Wnt/LRP6 signaling was additionally reported in the context of osteosarcoma. Specifically, biglycan favors MG63 osteosarcoma cell proliferation via a LPR6/β-catenin/IGF-1R signaling axis and functions in a positive feedback loop regulating osteosarcoma growth (198). By binding to LRP6, biglycan inhibits the destruction of β-catenin, an inducer of Cyclin D1 expression. Increased Cyclin D1 levels, in turn, activate IGF-1R and ultimately result in enhanced biglycan secretion (198).

Another observation that links biglycan signaling to the regulation of cancer cell proliferation was reported in a study conducted in HCT116 colon cancer cells. In this cellular context, suppression of biglycan expression via short hairpin RNA (shRNA) decreases cancer cell proliferation and causes cell cycle arrest at the G0/G1 phase, accompanied by decreased levels of cell cycle associated proteins, including Cyclin A and Cyclin D1 (189). In contrast, expression levels of p21 and p27 are markedly increased in the cancer cells of the control shRNA group (189). Furthermore, the decreased biglycan levels suppressed colon cancer cell migration and invasion, and induced apoptosis in a p38 and MAPK-dependent manner (189).

In the context of gastric cancer, significantly increased tissue biglycan levels have been linked to lymph node metastasis and depth of tumor invasion, both in vivo and in vitro (199). In vitro, investigation of endothelial cell migration, invasion and tube formation ability was positively linked to biglycan levels (199). In vivo, biglycan induced focal adhesion kinase (FAK) phosphorylation, suggesting an oncogenic function of biglycan in gastric cancer metastasis in a FAK signaling-dependent manner (199). In line with this, biglycan was recently shown to modulate gastric cancer aggressive features as cell survival, migration, and angiogenesis and biglycan knockout gastric cancer cells showed increased levels of PARP1 (Poly [ADP-ribose] polymerase 1) and Caspase 3 cleavage (200).

Additional roles of biglycan in cancer cell proliferation, migration and metastasis were reported in tumor endothelial cells, where biglycan mediated tumor cell migration via TLR2/TLR4/NF-κB/Erk1/2 (201), in melanoma cells, where biglycan increased invasiveness by enhancing integrin-β1 expression (202), and in endometrial cancer cells, where knockdown of biglycan reduced migration, tubular formation and metastasis (203). Collectively, these studies point to a pro-tumorigenic role of biglycan proteoglycan in both mesenchymal (osteosarcoma) and epithelial (colon and breast carcinomas) malignancies.



3.5 Anti-Tumorigenic Effects Mediated by Biglycan

The vast majority of research on biglycan in cancer indicate its pro-tumorigenic function. However, several studies have also linked anti-tumorigenic effects to higher biglycan expression levels. Tumor suppressive effects have, for instance, been reported in pancreatic cancer cell lines, where treatment with exogenous biglycan leads to an up-regulation of cyclin-dependent kinase inhibitor p27, down-regulation of Cyclin A and PCNA (proliferating cell nuclear antigen), and cell cycle arrest (204) (Figure 2).

Similarly, treatment with exogenous biglycan of bladder cancer cells inhibits cell proliferation and high biglycan levels correlate with prolonged survival of bladder cancer patients (205), and superior patient prognosis of patients with diffuse large B-cell lymphoma (206). In this context, CD40+ tumors exhibit increased levels of biglycan that additionally correlate with the number of infiltrating macrophages and CD4+ and CD8+ T-cells. In vitro experiments have demonstrated that CD40 signaling can enhance antigen presentation from malignant B-cells, thus inducing an autologous immune response (207, 208). In line with this, higher biglycan levels could be linked to a high intra-tumoral inflammatory reaction that may result in an increased tumor response, and thereby a better prognosis (206).

In an in vitro model of oncogenic transformation, the role of biglycan in the initiation and maintenance of neoplastic transformation was investigated (209). In this study, the HER-2-mediated oncogenic transformation caused silencing of biglycan gene expression, while reconstitution of biglycan expression led to an impaired proliferation and migration of oncogenic transformed cells (209). Therefore, HER2-mediated silencing of biglycan expression may promote tumor cell proliferation and migration and provides a putative therapeutic target for the treatment of HER2+ tumor cells (209). Moreover, restoration of biglycan in HER2 fibroblasts decreases their tumorigenic potential when compared to HER2 cells with low biglycan levels (210). Biglycan restoration is linked to an enhanced immune cell responses and increases numbers of immune effector cells in tumors and peripheral blood, possibly resulting from up-regulated major histocompatibility complex (MHC) class I surface antigens, and decreased expression levels of TGF-β and the TGF-β receptor 1 (210). The overexpression of biglycan in HER2 cells additionally mediates an upregulation of decorin, which also elevates MHC class I surface expression in biglycan negative HER2 cells, suggesting a putative synergistic action of both SLRPs (210). Most recently, miR-21-3p mediates down-regulation of MHC class I surface antigens, interferes with the expression of immune-modulating effectors and promotes immune suppression in HER-2/neu cells (211). Induced overexpression of biglycan in HER‐2/neu cells increases MHC class I expression and decreases miR‐21‐3p, highlighting the vital role of biglycan in the MHC class I‐driven immune escape in tumor cells (211) (Figure 2).




4 Therapeutic Implications and Future Perspectives

Cancer development and progression are multifaceted processes that involve an intricate interplay of genetic and environmental factors. Transformed cells continuously interact with their surroundings, mostly constituted by ECM components. Therefore, proteoglycans, key constituents of the tumor stroma, are increasingly recognized as crucial contributors in shaping the cancer microenvironment by regulating inflammatory and immune responses, affecting autophagy, mediating angiogenesis, and modulating cellular signaling pathways to control cell proliferation, migration and metastasis. All these processes can ultimately either promote resolution and regeneration, or lead to tumor development and disease progression. The diverse implications of proteoglycans in these processes highlight their broad potential as therapeutic targets in cancer therapy. Indeed, the characteristic expression patterns of proteoglycans and their interaction partners in diverse tumor types have been exploited as biomarkers for prognosis and indication for therapy efficiencies.

The well-known pan-tyrosine kinase inhibiting capabilities of decorin have made the SLRP an attractive target for cancer therapies. Although the underlying molecular functions of decorin are complex and not yet fully understood, the evidence favor an antitumorigenic role of decorin. This notion holds great potential of clinical relevance and has led to a variety of studies focused on expressing decorin to attenuate tumorigenic growth (17, 212). Delivery of decorin can be mediated via adenoviral vectors or by systemic administration of decorin proteoglycan, protein core or fragments (212). Numerous studies have showed that expression of exogenous decorin can suppress tumor growth, in particular for cancer types that depend on RTK signaling, such as EGFR, Met and IGF-1R (212). Delivery of decorin via adenoviral vectors into the tumor cells has been demonstrated to inhibit tumor growth of colon, lung, and squamous cell carcinoma (122, 213). Other decorin gene therapy approaches have been successfully tested in various types of cancer including models of breast cancer (214), glioblastoma (215, 216), prostate tumors (213). These studies have largely confirmed the therapeutic capability of decorin in suppressing tumor development and/or growth (212). Despite the promising evidence from in vivo and in vitro studies, and although decorin is unlikely to exhibit toxic side effects, the translation into a clinical drug has not been finalized. One major challenge that limits the development of decorin-based clinical drugs are technical limitations in proteoglycan mass production (217). Future improvements in production, delivery and efficiency will improve the rationale for applying decorin in the treatment of cancer.

Over the past few years, our understanding of how biglycan mediated signaling in the state of health and during disease progression has significantly improved. In particular, the recent evidence of the fine-tuned biglycan-mediated regulation of the inflammatory response, which is orchestrated via distinct receptor, co-receptor, and adaptor molecules, constitutes an important step towards understanding how biglycan signaling can induce different, and often conflicting, downstream signaling outcomes (218). The biglycan-mediated switch between inflammation and autophagy, depending on the respective co-receptor (167, 180), is of particular interest, but raises several questions that await further investigations. These questions include for example, the identification of the binding stoichiometry of biglycan and its co-receptors CD14 and CD44, of the selection mechanisms that govern the choice of the co-receptors and of the CD14 and CD44 binding motifs. The answers will ultimately enable the translation of the current knowledge of biglycan-mediated signaling into pharmacological interventions, as the ability to precisely modulate the biglycan-induced downstream signaling could be a promising therapeutic approach.

In contrast to decorin, which is associated with mainly anti-tumorigenic effects and where administration of the proteoglycan provides a potent strategy for cancer therapy, biglycan is rather linked to pro-tumorigenic effects. However, TLRs have crucial physiological functions, inhibitory targeting of biglycan-mediated signaling cascades requires further studies to gain precise knowledge on the co-receptors and downstream mechanisms of biglycan/TLR signaling to ensure selective targeting in the context of cancer. In cases where tumor growth is linked to decreased levels of biglycan, delivering biglycan could be beneficial to promote immunogenicity. For example, in the context of HER2 cells, where increased biglycan expression is linked to tumor suppression, the recent discovery of the biglycan/miR-21-3p/MHC class I axis provides an interesting and innovative therapeutic concept for HER2+ cancers by administration of biglycan (211). This could increase immunogenicity mediated by a strong infiltration with effector T cells, macrophages, and support inflammation by the production of pro-inflammatory factors, thus inhibit the escape from immune surveillance. Lastly, it is of note that the regulation of tumorigenesis likely depends on the synergistic and timely action of several components of the ECM and thus it is indispensable to broaden our knowledge on the intricate interplay of these proteoglycans in normal and malignant physiology.

In spite of the rapid progress in this field of research, there are still several outstanding questions. For example, given the cell-dependent context of decorin and biglycan in evoking autophagy in tumorigenesis, at what stage do these proteoglycans play an active role in either suppressing or promoting tumor development? Moreover, do the downstream signaling effects of these autophagic modulators occur independently or are they synergistically coordinated in the tumor stroma? Is decorin vs biglycan more critical in regulating disease-altering autophagy in certain types of malignancies over others? We feel that further investigations into these inquiries are required to better decipher the aberrant matrix remodeling and clarify the disease-driving impact of the ECM in carcinogenesis.
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Breast cancer exists in multiple subtypes some of which still lack a targeted and effective therapy. Cold atmospheric plasma (CAP) has been proposed as an emerging anti-cancer treatment modality. In this study, we investigated the effects of direct and indirect CAP treatment driven by the advantageous nanosecond pulsed discharge on breast cancer cells of different malignant phenotypes and estrogen receptor (ER) status, a major factor in the prognosis and therapeutic management of breast cancer. The main CAP reactive species in liquid (i.e. H2O2,  ) and gas phase were determined as a function of plasma operational parameters (i.e. treatment time, pulse voltage and frequency), while pre-treatment with the ROS scavenger NAC revealed the impact of ROS in the treatment. CAP treatment induced intense phenotypic changes and apoptosis in both ER+ and ER- cells, which is associated with the mitochondrial pathway as evidenced by the increased Bax/Bcl-2 ratio and cleavage of PARP-1. Interestingly, CAP significantly reduced CD44 protein expression (a major cancer stem cell marker and matrix receptor), while differentially affected the expression of proteases and inflammatory mediators. Collectively, the findings of the present study suggest that CAP suppresses breast cancer cell growth and regulates several effectors of the tumor microenvironment and thus it could represent an efficient therapeutic approach for distinct breast cancer subtypes.
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Introduction

Breast cancer is a highly heterogeneous disease that may exist in multiple subtypes. Its classification is critical for proper patient management and follow-up (1). Estrogen receptor alpha (ERα) expression profile is the prominent molecular feature for the discrimination of breast cancers, which are classified as ER-positive (ER+) and ER-negative (ER-). Almost 70% of breast cancers are ER+ and can be targeted with endocrine therapies. Others are classified as HER2-positive (they express the HER2 receptor tyrosine kinase) against which anti-HER2 targeted therapies are applied, and triple-negative breast cancer (TNBC, due to the absence of ER, progesterone and HER2 receptors), which has the worst prognosis and lacks an effective targeted therapy (2–4). Further, breast cancers can be classified with regard to their extracellular matrix (ECM) expression pattern resulting in distinct ECM subtypes related with different clinical outcome (5). Current options of breast cancer treatment include surgery, chemotherapy and radiotherapy, which all present severe limitations as they are not selective and offer incomplete tumor ablation. Therefore, the development of new therapeutic approaches that would ablate incurable breast tumor subtypes is urgently needed.

A rapidly evolving technology showing a strong potential for biomedical applications is cold plasma operating at atmospheric pressure (Cold Atmospheric Plasma, CAP) (6). CAP is generated from electrical energy allowing the creation of high energy electrons and reactive oxygen and nitrogen species (ROS/RNS) such as 1O2, OH radicals, NOx, atomic O, O3 and H2O2 which play critical role in transferring the reactivity from the gas discharge plasma zone to solutions/media (7), subsequently inducing specific biochemical responses. CAP has been used in several branches of modern medicine, such as in wound healing and sterilization (8). Notably, CAP has shown promising anticancer activity over the last decade (9–11). The in vitro application of this technology in numerous tumor cell lines resulted in the significant inhibition of cell growth, while it also attenuated the growth of subcutaneous xenograft tumors and melanoma in mice (9, 12, 13).

To date, many studies have concluded that the prominent factors contributing to the lethal CAP-mediated effects on cancer cells both in vitro and in vivo are the ROS/RNS generated during the complex interaction between plasma and cancer cells (14, 15). Fine tuning of the cellular levels of reactive species is critical for numerous cellular processes, such as metabolism, survival and differentiation, since they can act as mediators of various signaling pathways (16). Dysregulated ROS and/or RNS generation may have pro-tumorigenic effects by damaging nucleic acid and promoting genetic instability through induction of DNA strand breaks, which may induce the malignant transformation of tumor cells. On the other hand, excessive rise of intracellular ROS/RNS species appear anti-tumorigenic as they may induce irreversible damage in DNA, mitochondria and other vital components/structures of tumor cells as well as the activation of apoptotic mechanisms (16–20). In addition, several studies suggest the selective cancer cell apoptosis by CAP. For example, ROS produced in cancer cells at much higher levels than in normal cells, tend cancer cells to be more vulnerable than normal cells to ROS generated by CAP (21, 22).

Different setups for CAP cancer treatment have been extensively investigated with the prevailing devices being the plasma jet (9, 23, 24) and the dielectric barrier discharge (DBD) (22, 25, 26). Along with the basic principles of each device, the functions in the two devices are also different; by employing the jet device, the sample is faced as a separate, independent part of the system, while in the case of a DBD device, the sample constitutes a part of the discharge. Therefore, in case of a gentle treatment at a small area of the sample plasma jet device may be more suitable, while for treating a large area of sample and in a more intense mode, DBD could be considered more suitable (9). In addition, the main CAP discharge type reported to date includes AC-driven reactors. However, considering that the effectiveness of the treatment is closely related to the produced plasma reactive species, a rapid, effective and high production of reactive species is of eminent importance. In this context, recent efforts performed in reactors driven by nanosecond pulses (NSP) revealed its advantageous performance with respect to other plasma systems in terms of energy efficiency and production of plasma active particles (27).

In general, there are two different possible ways to perform a CAP-based cancer treatment, either through direct treatment of tumor cells or by an indirect treatment of culture solutions used for cells growth. In the present study, three approaches of DBD-CAP driven by the advantageous nanosecond pulsed discharge have been applied in breast cancer cells of different morphological and molecular features; the non-metastatic MCF-7/ER+ cells and the metastatic MDA-MB-231/ER- and Hs578T/ER- cells. The three DBD-CAP approaches included the direct treatment of the cell cultures, the indirect treatment of cell cultures using CAP-stimulated medium and the direct treatment of the cell cultures followed by the immediate change of the CAP-stimulated medium by fresh.

Collectively, we provide evidence that DBD-CAP suppresses breast cancer cell growth and metastatic potential by triggering cell apoptosis and regulating specific effectors of the tumor cell microenvironment such as ROS, matrix receptors, proteases and inflammatory mediators. The observed differential effects of the applied DBD-CAP approaches on the mammary tumor cell models used in the present study suggest that CAP-based technology could advance the therapy of distinct breast cancer subtypes of different ER profile and specific molecular features.



Materials and Methods


CAP Device and Treatment Strategy

The depiction of the plasma device used to treat breast cancer cell lines along with a picture of the plane-to-plane DBD reactor operated with air is presented in Figure 1A. The HV electrode was a stainless-steel disc (28 mm diameter) covered by an acrylic glass cylinder (bottom thickness 1.5 mm, wall thickness 5 mm) acting as the discharge dielectric barrier. A petri dish (35 mm diameter) was filled with 1 mL of complete cell culture medium [Dulbecco’s Modified Eagle’s Medium (DMEM) with 10% FBS] and placed over a stainless-steel disc serving as the grounded electrode. The inter-electrode distance was ~6 mm, the distance between the dielectric surface and culture medium surface was ~1 mm and the air flow rate streamed above the culture medium surface was fixed at 1.0 liters per minute. The DBD reactor was driven by a high voltage (HV) generator (NPG-18/3500) able to produce positive nanosecond pulses (NSP) recorded on a Rigol MSO2302A, 300MHz oscilloscope using a Tektronix P6015A voltage probe and a Pearson electronics 2877, 300 Hz-200 MHz wideband current transformer. The average discharge power (P) was estimated by multiplying the pulse repetition rate (f) by the discharge pulse energy (Ep), which was found by the integration of the instantaneous pulse voltage and current over the pulse duration (t) (28):






Figure 1 | Schematic illustration of (A) Dielectric Barrier Discharge (DBD) CAP device; (B) breast cancer cell treatment approaches: 1. Direct DBD-CAP treatment (DBD-CAP was directly applied to cell cultures); 2. Indirect DBD-CAP treatment (DBD-CAP-treated medium was transferred to cell cultures); 3. Medium change after DBD-CAP treatment (Direct DBD-CAP was applied to cell cultures followed by immediate change of the CAP-treated medium by fresh untreated).



where V(t) and I(t) are the voltage and current signals, respectively.

Optical emission spectroscopy (OES) was employed to identify the main plasma-induced reactive oxygen and nitrogen species (ROS/RNS) in the gas phase. The emission spectra of the air-DBD was recorded with a fiber optics spectrometer (AvaSpec-ULS2048CL-EVO, Avantes). The NSP-DBD treatments were repeated at two different pulse voltages (27.6 and 31.2 kV), pulse repetition rates (0.5 and 1.5 kHz) and treatment times (2 to 6 min) at room temperature.



Cell Culture and Reagents

Low metastatic MCF-7 (ER+) and highly metastatic MDA-MB-231 and Hs 578T (triple negative, ER-/PR-/HER2-) breast cancer cell lines (obtained from the ATCC) were utilized in the present study. For cell cultures, complete media (DMEM, #LM-D1109/500, Biosera) containing 10% fetal bovine serum and antimicrobial agents cocktail were used as described before (29). All chemicals were of the best commercially available grade.



DBD-CAP Treatment Approaches on Breast Cancer Cells

The schematic illustration of the DBD-CAP treatment approaches applied in the present study is depicted in Figure 1B. In each experiment, a certain number of breast cancer cells (280,000 for MCF-7, 220,000 for MDA-MB-231 and Hs578T) was seeded on a 35-mm dish (#G203-35, Kisker) in complete medium (1 mL). After 24 h incubation under the standard cell culture conditions (a humidified, 37°C, 5% CO2 environment), the medium was replaced with 1 mL of fresh complete medium and the cell cultures were proceeded to DBD-CAP treatment. Three different treatment approaches were followed: (i) Direct treatment, where DBD-CAP was directly applied to cell cultures, (ii) indirect treatment, where cell-free DBD-CAP-treated medium (1 mL) was transferred to cell cultures, and (iii) medium change, where DBD-CAP was applied to cell cultures followed by immediate change of the CAP-treated medium by 1 mL of fresh untreated one. Following 24 h culture, cancer cells were proceeded to the various biochemical assays. For each treatment approach, a control group corresponding to cancer cells grown in 1 mL complete medium without DBD-CAP treatment was included.



Preparation of N-Acetyl-L-Cysteine (NAC)-DMEM and Pre-Treatment of Breast Cancer Cells

DMEM containing NAC (NAC-DMEM) at concentration of 5 mM was made by dissolving NAC powder (Sigma-Aldrich, A7250) in complete medium (DMEM with 10% FBS). Breast cancer cells were cultured for 24 h, as described above, and the medium was replaced with 1 mL of NAC-DMEM. After 2 h, cell cultures were proceeded to the DBD-CAP treatments.



pH and Temperature Measurement in Culture Media

Cell-free complete culture media were exposed to air NSP-DBD plasma for 2, 3, 4 and 6 min under the various abovementioned pulse voltages and pulse frequencies. Immediately after plasma treatment, the pH and temperature of the culture media were measured with a pH meter (Consort C830) and an infrared thermometer (Benetech GM900), respectively.



Measurement of Reactive Species in Culture Media (H2O2,   and  ) and in Reactor Exhaust Gas (NOx)

The concentrations of H2O2, nitrate ions   and nitrite ions   in cell-free complete culture media at the various investigated DBD-CAP conditions were measured with the suitable QUANTOFIX® test strips and quantified accurately with the QUANTOFIX® Relax unit (Macherey-Nagel, GmbH). Moreover, NOx concentration in the plasma exhaust gas was measured with a gas analyzer (Optima 7).



Morphology/Phase Contrast Microscopy

For the observation of cell morphological changes, photographs of breast cancer cells (both the control groups and those subjected to the three DBD-CAP approaches) were captured at 3 h and 24 h after CAP treatment utilizing a color digital camera (CMOS) mounted on a phase contrast microscope (OLYMPUS CKX41, QImaging Micro Publisher 3.3RTV) through a 10x objective.



Cell Viability

To evaluate cell viability, control and DBD-CAP-treated cells were stained with crystal violet solution followed by optical density measurement at 570 nm as described before (29). As an alternative method, breast cancer cells (control and DBD-CAP-treated cells cultured for 24 h) were detached from the 35-mm dishes with trypsin-EDTA 1× in PBS for 3 min, collected and counted on a hemocytometer counting chamber according to standard protocols.



Fluorescence Microscopy

The assay was performed as described before (30). A green fluorescent phalloidin conjugate (Phalloidin-iFluor™ 488) (1:40, #00042, Biotium CF™488A) in 1% BSA/PBST was used to visualize actin cytoskeleton utilizing a fluorescent phase contrast microscope (OLYMPUS CKX41, QImaging Micro Publisher 3.3RTV) at 60×.



RNA Isolation, cDNA Synthesis, and Real Time RT-PCR

RNA isolation from control and DBD-CAP-treated cells, cDNA synthesis and real time PCR analysis were conducted according to the manufacturer’s instructions. The relative mRNA expression of different gene transcripts (the corresponding primer sequences are presented in Table 1) was calculated as described in (30). The threshold cycle (Ct) number of each gene was normalized to the Ct of the normalizer (18S rRNA).


Table 1 | Primer sequences used for quantitative RT-PCR.





Western Blot Analysis

Western blot analysis was performed as described before (29). The primary antibodies used in the present study were: anti-PARP-1 (rabbit, 1:500, #ab6079, Abcam) and anti-α-tubulin (mouse, clone DM1A, 1:500, #T9026, Sigma-Aldrich). Detection of the proteins was performed according to the manufacturer’s instructions.



Statistical Analysis

Reported values are expressed as mean ± standard deviation and are based on three (at least) independent experiments. GraphPad Prism unpaired t-test (95% confidence intervals) was used for the evaluation of statistical significant differences. Three significance levels are indicated, i.e. *p<0.05, **p<0.01 and ***p<0.001.




Results


Electrical and Optical Characteristics of the Discharge

The recorded NSP-DBD voltage and current waveforms during cell cultures treatment are shown in Figure 2A. Both voltage and current signals comprised by a sequence of pulses (31) with the rise time of the main positive HV pulse being ~4 ns and its duration ~15 ns at the full width at half maximum. The peak current was ~50 A resulted in an extremely high instantaneous power of ~1.2 MW (Figure 2B), but at the same time the average discharge power was very low and ranged from 1.8 to 4.8 W under the investigated pulse voltages and frequencies (inset of Figure 2B) due to the quite low duty cycle involved.




Figure 2 | DBD-CAP characterization. (A) Instantaneous voltage and current NSP-DBD signals obtained at V=31.2 kV and f = 0.5 kHz; (B) Instantaneous power signal calculated by multiplying the instantaneous pulse voltage and current (inset: average discharge power as a function of pulse voltage and frequency; (C) Optical emission spectrum to identify the major excited ROS/RNS in the NSP-DBD with air gas.



Various excited molecular and atomic plasma ROS/RNS can be detected based on their peaks on the optical emission spectra (OES) of the discharge. The recorded spectrum at 31.2 kV is presented in Figure 2C revealing the major plasma species generated in the air NSP-DBD system of this study. Mainly, emission peaks originating from the N2 second positive system (N2 SPS) in the range 315-405 nm, the N2 first positive system (N2 FPS) between 500 and 900 nm, and   at 393 and 427 nm were observed (27). Furthermore, OH radical emissions (309 nm) (32) which is a strong oxidant and precursor for H2O2 production, NO gamma emission lines in the range 230-260 nm (33), atomic oxygen (O) line at 777 and 844 nm, and   line at 527 nm were detected (34).



Quantification of Plasma-Generated NOx in Gas Phase

During CAP process under air atmosphere, the dissolution of the produced gaseous NOx in the cell culture media results in the formation of nitrites   and nitrates   that have been identified as reactive species playing a significant role in cancer cell death (35, 36). Thus, the concentration of the gaseous NOx in the plasma exhaust gases under the different pulse voltages and frequencies were measured and presented in Table 2. NO concentration was not detected since in air-CAP nitrogen monoxide is rapidly converted to nitrogen dioxide (37) and therefore NOx concentration is equal to NO2 concentration at each experimental condition. It is apparent that NO2 concentration increased with pulse voltage and repetition rate. At constant repetition rate of 0.5 kHz, NO2 concentration increased from 132 to 173 ppm when pulse voltage increased from 27.6 to 31.2 kV whereas at pulse voltage 27.6 kV and pulse frequency 1.5 kHz, NO2 concentration increased further to 239 ppm. The enhancement of the CAP-induced gaseous NO2 concentration with pulse voltage and frequency is directly related to the enhanced electric field and discharge power (inset of Figure 2B).


Table 2 | Concentration of plasma-generated NOx in the exhaust gases.





Quantification of Hydrogen Peroxide (H2O2), Nitrite   and Nitrate   in Cell-Free Culture Media

To investigate plasma-induced ROS/RNS generation in cell-free culture media, a quantitative analysis with emphasis on the species H2O2,   and   was performed. Besides nitrite and nitrate ions, hydrogen peroxide has been also identified as a major specie of cancer treatment (38). The concentration of H2O2 at various NSP-DBD treatment times and over two different values of the applied pulse voltage and pulse repetition rate is depicted in Figure 3A. H2O2 concentration increased significantly (i) with treatment time under all investigated conditions and (ii) with both pulse voltage and frequency. At mild treatment conditions (pulse voltage 27.6 kV and pulse frequency 0.5 kHz), the NSP-DBD for 2 min induced H2O2 generation of 0.24 mM which enhanced to 0.53 mM and 0.62 mM after 4 min and 6 min of treatment, respectively. Under strong treatment conditions (either pulse frequency 0.5 kHz/pulse voltage 31.2 kV or pulse frequency 1.5 kHz/pulse voltage 27.6 kV) after 6 min of plasma exposure time, H2O2 concentration in culture media increased from 0.62 mM to 2.18 mM (0.5 kHz/31.2 kV) and to 3.56 mM (1.5 kHz/27.6 kV).




Figure 3 | Quantification of major DBD-CAP-originated ROS/RNS. Concentration of (A) H2O2; (B)  ; (C)   in cell-free culture media (DMEM with 10% FBS) exposed to various plasma treatment times at different pulse voltages and frequencies. The values represent the mean ± SD of 3 (at least) independent experiments.



The dissolution of the gaseous NO2 (Table 2) in the culture media results in the formation of nitrites, nitrates and hydrogen ions (39): 2 NO2 (g) + H2O →   (aq) +   (aq) + 2 H+ (aq). The concentration of   in cell-free culture media at various plasma exposure times is shown in Figures 3B, C, respectively. Similar to H2O2, both RNSs increased substantially with treatment time, pulse voltage and pulse frequency, whereas   concentration was about one order of magnitude higher compared to that of   under all investigated plasma conditions. More specifically, at mild CAP conditions, the concentration of   was 0.21 mM after 2 min of treatment and increased to 0.41 mM at 6 min of treatment (Figure 3B). Under strong DBD-CAP,   level was further increased to 1.07 mM at 6 min of treatment (0.5 kHz/31.2 kV) whereas an even higher   concentration was measured (1.25 mM) at higher pulse repetition rate (1.5 kHz/27.6 kV) for the same treatment time.   concentration exhibited an analogous increase with treatment time, pulse voltage and frequency with its maximum (18 mM) measured under strong DBD-CAP (1.5 kHz/27.6 kV) after 6 min (Figure 3C).



Estimation of pH and Temperature

It has been reported that the transfer of ROS/RNS generated by CAP in the aqueous phase affects the pH of the culture media and therefore it was measured for various treatment times under both mild and strong DBD-CAP (Figure 4A). The pH of the cell-free culture media at 0.5 kHz was slightly changed from 8.3 (control) to 8.1 and 8.0 after 6 min of plasma treatment under both mild and strong DBD-CAP (pulse voltage 27.6 kV and 31.2 kV, respectively). At higher pulse frequency of 1.5 kHz (strong conditions), higher acidification was observed since pH was further decreased to 7.8 and 7.5 after 4 min and 6 min of treatment, respectively, which is due to the higher ROS/RNS concentration at 1.5 kHz compared to that at 0.5 kHz as already shown in Figure 3.




Figure 4 | DBD-CAP treatment does not affect cell cultured medium pH and temperature. Effect of plasma exposure time on (A) pH and (B) temperature of cell-free culture media (DMEM with 10% FBS) at different pulse voltages and frequencies of the NSP-DBD device. The values represent the mean ± SD of 3 (at least) independent experiments.



Another important parameter during cancer cells treatment by CAP is the change in temperature of culture media since temperature increase can inflict thermal damages in cells (40). The temperature of cell culture media was measured at various treatment times (2, 3, 4 and 6 min) of CAP treatment and 0.7 ± 0.1°C increase was detected after 6 min under mild DBD-CAP, whereas the corresponding increase under strong DBD-CAP (0.5 kHz/31.2 kV) was 1.0 ± 0.1°C (Figure 4B). Therefore, the NSP-DBD device of this study operating even under strong treatment conditions overcomes the heating effect of other AC-driven plasma devices (41). Nevertheless, a higher increase of 4.2 ± 0.2°C was observed at 1.5 kHz/27.6 kV (Figure 4B).



DBD-CAP Attenuates Breast Cancer Cell Growth

Direct treatment of MCF-7 (ER+, low metastatic), MDA-MB-231 and Hs578T (ER-, highly metastatic) breast cancer cells with mild (0.5 kHz/27.6 kV) or strong (1.5 kHz/27.6 kV or 0.5 kHz/31.2 kV) DBD-CAP conditions revealed a time- and dose-dependent effect on cell viability. Specifically, short (2 min) mild DBD-CAP induced 30-40% toxicity to all cell lines, which was further increased up to 60-80% when cells were subjected to longer (6 min) mild DBD-CAP treatment. Strong DBD-CAP of short treatment time (2 min) resulted in 60-80% cytotoxicity (at levels similar to those observed for the long mild DBD-CAP), which was further enhanced up to 70-90% when cells were subjected to strong DBD-CAP for 6 min (Figures 5A, 6A, 7A). Indirect treatment resulted in a similar strong effect on cell viability as shown by the increased cytotoxicity at all DBD-CAP conditions used in the present study (Figures 5C, 6C, 7C). Among cancer cells, Hs578T cells showed the highest toxicity (approx. 90%) when subjected to strong indirect DBD-CAP even with short treatment time (2 min) (Figure 7C). On the other hand, MDA-MB-231 cells showed a more resistant phenotype at both direct and indirect treatment approaches compared to the other two cell lines (Figures 6A, C).




Figure 5 | DBD-CAP suppresses MCF-7 (ER+, low metastatic) breast cancer cell growth. (A, C, E) Assessment of % cell survival 24 h after treatment with mild (0.5 kHz/27.6 kV) or strong (1.5 kHz/27.6 kV or 0.5 kHz/31.2 kV) DBD-CAP (direct, indirect, media change) for 2 and 6 min. The values represent the mean ± SD of 3 (at least) independent experiments. Asterisks illustrate significant differences of the different treatment conditions compared to untreated (control) cells (*p < 0.05, **p < 0.01, ***p < 0.001). (B, D, F) Cell morphology after mild (0.5 kHz/27.6 kV) or strong (0.5 kHz/31.2 kV) DBD-CAP treatment for 2 min. Scale bars, 50 µm. Representative immunofluorescence images are shown (F-actin, green; nuclei, blue/DAPI).






Figure 6 | DBD-CAP suppresses MDA-MB-231 (ER-, highly metastatic) breast cancer cell growth. (A, C, E) Assessment of % cell survival 24 h after treatment with mild (0.5 kHz/27.6 kV) or strong (1.5 kHz/27.6 kV or 0.5 kHz/31.2 kV) DBD-CAP (direct, indirect, media change) for 2 and 6 min. The values represent the mean ± SD of 3 (at least) independent experiments. Asterisks illustrate significant differences of the different treatment conditions compared to untreated (control) cells (*p < 0.05, **p < 0.01). (B, D, F) Cell morphology after mild (0.5 kHz/27.6 kV) or strong (0.5 kHz/31.2 kV) DBD-CAP treatment for 2 min. Scale bars, 50 µm. Representative immunofluorescence images are shown (F-actin, green; nuclei, blue/DAPI).






Figure 7 | DBD-CAP suppresses Hs578T (ER-, highly metastatic) breast cancer cell growth. (A, C, E) Assessment of % cell survival 24 h after treatment with mild (0.5 kHz/27.6 kV) or strong (1.5 kHz/27.6 kV or 0.5 kHz/31.2 kV) DBD-CAP (direct, indirect, media change) for 2 and 6 min. The values represent the mean ± SD of 3 (at least) independent experiments. Asterisks illustrate significant differences of the different treatment conditions compared to untreated (control) cells (*p < 0.05, **p < 0.01, ***p < 0.001). (B, D, F) Cell morphology after mild (0.5 kHz/27.6 kV) or strong (0.5 kHz/31.2 kV) DBD-CAP treatment for 2 min. Scale bars, 50 µm. Representative immunofluorescence images are shown (F-actin, green; nuclei, blue/DAPI).



To further investigate these observations, breast cancer cells were directly subjected to DBD-CAP under the same conditions as in direct/indirect treatment approaches and the culture medium was immediately replaced with fresh. This approach (medium change) resulted in the lowest cytotoxicity at all three breast cancer cell lines (Figures 5E, 6E, 7E). This was particularly evident for Hs578T cells, which exhibited remarkably lower cytotoxicity (approx. 60%) when medium was changed after strong DBD-CAP (Figure 7E) compared to direct or indirect approaches (Figures 7A, C, respectively) where cytotoxicity ranged from approx. 70 to 95%. On the other hand, the same approach revealed a significantly lower cytotoxicity for MDA-MB-231 cells (Figure 6E) which were the most resistant to all applied approaches.

Overall, these results revealed an important role of DBD-CAP-originated species within the medium in the inhibition of breast cancer cell growth.



DBD-CAP Affects Breast Cancer Cell Morphology

The observed significant reduction in cell viability prompted us to examine cell cytoskeleton changes upon DBD-CAP treatment. To this aim, we used Phalloidin-Fluor488 to visualize filamentous actin (F-actin). Treatment of cells with direct or indirect mild DBD-CAP (2 min) resulted in a moderate to strong actin cytoskeleton disorganization, which was more evident in MCF-7 (Figures 5B, D) and Hs578T (Figures 7B, D) cells. The changes in filamentous actin organization were significantly intensified in all three breast cancer cell lines upon treatment with direct or indirect strong DBD-CAP (2 min), which was followed by cell rounding and a dramatic loss of cells as expected (Figures 5, 6, 7B, D). On the other hand, only moderate changes in actin cytoskeleton were observed when the CAP-treated medium was immediately replaced by fresh (medium change approach) at both mild and strong DBD-CAP conditions while no significant loss of cells occurred in line with the low cytotoxicity observed for this approach (Figures 5, 6, 7F).



Pretreatment With NAC Partly Weakens DBD-CAP-Mediated Effects on Breast Cancer Cell Viability

It is known that the CAP-originated reactive species are the major anti-cancer effectors inhibiting the growth of tumor cells in vitro. Therefore, to further investigate the strong anti-cancer effect of DBD-CAP treatment, breast cancer cells were treated with the intracellular ROS scavenger NAC (5 mM) prior to mild (0.5 kHz/27.6 kV) DBD-CAP (direct, indirect or media change) for 4 min. The results revealed that NAC partly counteracted the significant reduction in cell viability, especially when indirect treatment was applied to breast cancer cells (Figure 8). These findings were confirmed by phase contrast microscopy, which revealed negligible changes in cell morphology when CAP-treated cells were pretreated with the ROS scavenger compared to the CAP-treated cells alone (Supplementary Figure 1).




Figure 8 | ROS scavenger NAC partly inhibits DBD-CAP-mediated effects on breast cancer cell viability. Assessment of % cell survival 24 h after treatment of (A) MCF-7, (B) MDA-MB-231, (C) Hs578T with mild (0.5 kHz/27.6 kV) DBD-CAP (direct, indirect, media change) for 4 min in the absence or presence of NAC (pre-treatment with 5 mM NAC-DMEM for 2 h). The values represent the mean ± SD of 3 (at least) independent experiments. Asterisks illustrate significant differences of the different treatment conditions compared to untreated (control) cells as well as between DBD-CAP and DBD-CAP + NAC (*p < 0.05, **p < 0.01, ***p < 0.001).





DBD-CAP Induces the Mitochondrial Apoptotic Pathway in Breast Cancer Cells

To examine whether the significant inhibition of breast cancer cell growth after DBD-CAP treatment was due to induction of cell apoptosis, we examined the mRNA levels of two key apoptosis-associated mitochondrial proteins, namely the proapoptotic Bax and the antiapoptotic Bcl-2, and evaluated the changes in their ratio since an elevated Bax/Bcl-2 ratio indicates the induction of the intrinsic cell apoptotic pathway (42). The results showed that the Bax/Bcl-2 ratio was significantly elevated (1,5- to 2,5-fold) in all three cell lines subjected to mild (0.5 kHz/27.6 kV) direct DBD-CAP compared to untreated cells (control) (Figure 9A). To further investigate this observation, we performed immunoblotting analysis for poly [ADP-ribose] polymerase 1 (PARP-1) protein (43). Notably, DBD-CAP induced PARP-1 cleavage, a marker of apoptosis, as evidenced by the detection of the PARP-1 fragment (29-kDa, cPARP-1) in all cell lines (Figure 9B).




Figure 9 | DBD-CAP induces apoptosis in both ER+ and ER- breast cancer cells. (A) Bax/Bcl-2 ratio as estimated from the relative expression of Bax and Bcl-2 to 18S rRNA (housekeeping gene) mRNA levels by quantitative qPCR analysis in MCF-7/ER+, MDA-MB-231/ER- and Hs578T/ER- cells treated with mild (0.5 kHz/27.6 kV) direct DBD-CAP for 4 min. The values represent the mean ± SD of 3 (at least) independent experiments. Asterisks illustrate significant differences between control (untreated) and DBD-CAP-treated cells (*p < 0.05). (B) Immunoblot analyses of PARP-1/cPARP-1 and α-tubulin (loading control) in MCF-7/ER+, MDA-MB-231/ER- and Hs578T/ER- untreated (left lane) or treated with mild (0.5 kHz/27.6 kV) direct DBD-CAP for 4 min (right lane). Representative blots are shown.





DBD-CAP Affects the Expression of Matrix Effectors

Next, we investigated whether DBD-CAP would affect tumor cell microenvironment. To this aim, we treated cells with mild (0.5 kHz/27.6 kV) direct DBD-CAP that caused a moderate cytotoxicity and examined the expression of key matrix molecules involved in breast tumor cell malignant properties by qPCR analysis. Our findings showed that DBD-CAP resulted in a significant down-regulation of CD44 (the main cellular receptor for the polysaccharide hyaluronan and a prominent cancer stem cell marker) mRNA expression in all three breast cancer cell lines (Figure 10A). Further, DBD-CAP treatment significantly modulated the expression of several proteases including matrix metalloproteases (MMP-1 and the membrane-associated MT1-MMP) as well as uPA, a critical component of the plasminogen activation system that promotes MMP activation and degradation of most ECM proteins (Figures 10B–D, respectively). Notably, DBD-CAP treatment showed an opposite effect in the expression of the proteases between ER- and ER+ breast cancer cells. Specifically, DBD-CAP significantly down-regulated the mRNA levels of MMP-1, MT1-MMP and uPA in MDA-MB-231/ER- and Hs578T/ER- cells, while it up-regulated these proteases in MCF-7/ER+ cells. In a similar mode of action, DBD-CAP differentially affected the expression of inflammatory mediators such as interleukins IL-6 and IL-8 since they were also up-regulated in MCF-7/ER+ cells, while they were significantly suppressed in ER- cells (MDA-MB-231 and Hs578T) (Figures 10E, F).




Figure 10 | DBD-CAP regulates the expression of matrix effectors in breast cancer cells. Quantitative qPCR analysis of (A) CD44, (B) MMP-1, (C) MT1-MMP, (D) uPA, (E) IL-6 and (F) IL-8 in MCF-7/ER+, MDA-MB-231/ER- and Hs578T/ER- cells treated with mild (0.5 kHz/27.6 kV) direct DBD-CAP for 4 min. The values represent the mean ± SD of 3 (at least) independent experiments. Asterisks illustrate significant differences between control (untreated) and DBD-CAP-treated cells (*p < 0.05, **p < 0.01).






Discussion

Breast cancer derives from a number of distinct tumors of epithelial cells of the breast and it cannot accurately descried as a single disease (44, 45). ERα expression is a major criterion for the classification and clinical management of breast cancers. Although a high proportion is ER+ and responsive to antiestrogens-based treatment, ER- breast cancers (such as TNBC) still lack effective targeted therapies while they present high risk of recurrence and the worst prognosis. Conventional treatments for controlling cancer is mostly based on anti-cancer agents, exhibiting limited effectiveness, high-cost and numerous side-effects. It is therefore obvious that there is urgent need to adopt new technologies and methods to deal with this problem. The outstanding performance of CAP concerning its anti-cancer effects has already been shown in a number of in vitro studies for the treatment of different types of tumors (46, 47), including those of skin (33, 40, 48), pancreatic (49), colon (50), lung (51, 52) and breast (53–55). Nevertheless, although these studies have indicated the prevailing character of plasma as a promising tool in tumor therapy, the responsible effectors and the underlying molecular mechanisms remain unclear.

The critical role of ER in breast cancer pathobiology prompted us to design this study with the assumption that ER would provide a differential outcome on breast cancer subtypes after treatment with plasma. Thus, we investigated the effects of DBD-CAP on three breast cancer cell models of distinct ER status (MCF-7/ER+, MDA-MB-231/ER- and Hs578T/ER-).

The chemical factors in CAP alleged as the critical anti-cancer effectors involve the reactive species generated during plasma process (14, 56). Many studies highlight that the CAP-treated medium, defined as a solution containing most of the long-lived reactive species deriving from CAP, are capable to cause strong and selective anti-cancer effect both in vitro and in vivo (33, 52, 57–62). Long-lived reactive oxygen and nitrogen species (ROS/RNS), including H2O2,  /HNO2 and  /HNO3, and O3 possessing long-lasting halftimes, are critical for the biochemical stimulation of plasma-activated medium (63). Peroxynitrite/peroxynitrous acid (ONOO-/ONOOH) in CAP-treated medium has been also recognized as a quite effective agent based on chain reactions producing NO which is a beneficial specie for pathogen inactivation/cell apoptosis (Eqs. 1-10).





















The major ROS/RNS species generated in the gaseous plasma phase of our NSP-DBD system identified as N2(SPS), , OH, O, NO2/NOx and   (Figure 2C) resulted in the formation of strong oxidants inside the cell culture media (e.g. H2O2,   and  ). These species were found to increase substantially with treatment time, pulse voltage and pulse frequency (Figure 3) similarly to gaseous NO2 concentration (Table 2), which is indicative of the increase of ROS/RNS concentration at higher discharge power (inset of Figure 2B).

Transferring plasma inside the body is an important and challenging issue especially for tumors located in deeper areas. The present study deals with this issue by evaluating the effectiveness of three different CAP approaches (direct, indirect and media change) and clearly shows that indirect treatment of the cells (exposure of cells with DBD-CAP-stimulated medium) induced similar or, in some cases, higher cytotoxicity than the direct approach (Figures 5, 6, 7). Therefore, the indirect approach could be used to treat deep tumors (including breast cancer) by injecting plasma-activated medium alone or in combination with a conventional therapy highlighting the important perspective to apply this technology in clinical practice in a more simplified way without directly subject the patients to plasma treatment. To further understand in depth the CAP-mediated mechanisms it is also useful to examine the cytotoxic effect of CAP treatment by renewing the medium immediately after CAP treatment. In our study, the observation that the medium change approach caused significant lower cytotoxicity to all breast cancer cell lines further supports the assumption that the cytotoxicity of CAP depends on the CAP-derived ROS/RNS (59).

Over the past decade, the importance of the plasma ROS/RNS in cytotoxicity has been investigated (9, 62, 64, 65). To that end, the most effective way to reveal the significance of the reactive species is by using specific chemical species (known as scavengers) added in the medium which can eliminate the CAP effect. CAP-generated ROS/RNS are trapped by these scavengers showing indirectly their importance in CAP treatment (66). In line with this, in the present study, we demonstrate that DBD-CAP-generated ROS contribute to the observed cytotoxicity since pre-treatment of the tumor cells with the ROS scavenger NAC weakened the toxic effects of the plasma (Figure 8, Supplementary Figure 1).

With regard to cell morphology, in agreement with previous studies (67, 68), shortly after the treatment with plasma (direct or indirect) many tumor cells underwent morphological changes that ranged from moderate to strong depending on the cell type and the applied DBD-CAP conditions. Their shapes were changed from spread to contractive accompanied by a disorganized actin cytoskeleton and loss of cell polarization and cytoplasmic protrusions (Figures 5, 6, 7B, D). The observed changes were dependent on plasma-derived reactive species since both the immediate change of the DBD-CAP-stimulated medium (medium change approach) (Figures 5, 6, 7F) and the treatment of tumor cells with the ROS scavenger NAC prior to DBD-CAP treatment (Supplementary Figure 1) resulted in minor cell morphological changes. As a consequence, DBD-CAP might affect proteins that are located on tumor cell membranes, including receptors, channels and transporters, thus affecting cell-cell and cell-matrix interactions and related functions. However, this remains to be investigated.

Regarding the physical parameters, the final temperature and pH of the medium covering the tumor cells is determined by its initial temperature or pH, composition, CAP treatment dose and the power of discharge (9, 41). In our experimental set up, temperature changes were not high enough to impose thermal damages in cells (Figure 4B). Since the standard temperature in the incubator is 37°C, the slightly warmed medium after CAP treatment does not affect tumor cell growth and viability. Another important parameter that should be considered in order to understand the chemical essence of DBD-CAP cytotoxicity is pH. A slight acidification was detected especially when cells were subjected to higher pulse frequency (1.5 kHz/27.6 kV) due to the higher RNS (HNO2/HNO3/ONOOH) concentration at these conditions (Figure 4A). The negligible changes in the pH of the medium could be due to the existence of buffering chemicals in the media and are obviously not harmful for the cells in line with previous studies (9, 41).

CAP induces cancer cell death mainly via induction of apoptosis (11, 69). Apoptotic pathways may be extrinsic, which acts on cell surface death receptors, or intrinsic, which acts through mitochondria. The latter pathway is regulated by key apoptosis-related proteins, including cytochrome c, Bax and Bcl−2, which subsequently activate caspase−3 and PARP-1 protein (70). Bax translocates to the interior of mitochondria upon apoptosis induction and is important for apoptotic signaling (71). On the other hand, Bcl-2 protein negatively regulates cell apoptosis since it promotes cell survival (72). Notably, the ratio of Bax to Bcl-2 indicates induced or suppressed cell apoptosis rates (73). In this study, DBD-CAP resulted in the increase of the Bax/Bcl-2 ratio in both ER+ and ER- breast cancer cells (Figure 9A) suggesting that the observed cell apoptosis is dependent on alterations of these proteins expression and is associated with the mitochondrial apoptotic pathway. This is further supported by the finding that DBD-CAP induced degradation of PARP-1, which is also a marker of cell apoptosis (Figure 9B). Therefore, it is likely that upon rise of the Bax/Bcl−2 ratio in the mitochondrial membrane, cytochrome c is translocated from the mitochondria to the cytosol, resulting in activation of specific proteases (such as caspase−3) that cleave PARP-1. Interestingly, inhibition of PARP-1 activity compromises base excision repair and promotes synthetic lethality in tumor cells with homologous recombination (HR) defects. However, this is not the case for normal cells since they retain the ability to repair DNA through HR (74). These observations are consistent with the possibility that DBD-CAP selectively ablates tumor cells and indicate the potential of CAP as a promising anti-cancer treatment modality.

The present study suggests that the tumor-suppressive properties of DBD-CAP on mammary carcinoma cells occur, at least in part, due to modulation of the tumor cell microenvironment. Our findings revealed significant changes in the expression of specific extracellular matrix effectors with established roles in tumor growth and metastasis. In particular, DBD-CAP markedly down-regulated CD44, which is the major cellular receptor of the extracellular heteropolysaccharide hyaluronan, in both ER+ and ER- breast cancer cells (Figure 10A). Hyaluronan-CD44 interactions have a substantial impact on stemness properties of cancer stem cells and drug resistance through promotion of the epithelial-to-mesenchymal transition program, epigenetic control, oxidative stress resistance, and secretion of exosomes/extracellular vesicles (75). Given that CD44 is a prominent breast cancer stem cell marker (76), our results suggest that CAP affects stem cell niche and suppresses breast cancer cell stemness. DBD-CAP was shown to affect also the proteolytic potential of tumor cells since it significantly down-regulated the expression of MMP-1, MT1-MMP and uPA in the metastatic ER- breast cancer cells (Figures 10B–D). These proteases have been shown to be involved in cancer dissemination. For example, membrane-associated MT1-MMP, a key effector in invadopodia-dependent ECM degradation, interacts with CD44 in protrusions/invadopodia of ER- cells thus promoting proteolytic activities and tumor cell metastasis (77). Moreover, the inhibitory effect of DBD-CAP on uPA is of high interest since it is an established prognostic indicator in breast cancer and, together with PAI-1, comprise efficient predictors of distant metastases in a subset of early node-negative breast cancer patients (78, 79). However, these proteases were induced in ER+ cells (mainly uPA) (Figures 10B, C, D), indicating a differential effect of DBD-CAP on the proteolytic potential of breast cancer cells of different ER status. A similar differential effect was also evident for the inflammatory mediators IL-6 and IL-8, which were suppressed in ER- but induced in ER+ breast cancer cells (Figures 10E, F). Although these findings need further investigation, they clearly demonstrate that CAP has a substantial impact on tumor cell microenvironment, while significant changes in specific matrix effectors seem to occur with regard to the ER expression profile. This seems reasonable given the role of ROS/RNS as major mediators of ECM remodeling during tumor progression (80).

Collectively, our data revealed important DBD-CAP-mediated changes in tumor cell viability and expression of specific matrix effectors not only between breast cancer cells of different ER status (i.e. MCF-7/ER+ vs MDA-MB-231/ER- and Hs578T/ER-) but also between cells of the same ER profile (i.e. MDA-MB-231/ER- vs Hs578T/ER-), since MDA-MB-231/ER- cells appeared more resistant to the applied DBD-CAP treatments than the Hs578T/ER- cells. This observation implies that different molecular mechanisms and effectors determine tumor cell behavior in the newly-formed plasma-induced microenvironment and this should be considered for the treatment of different breast cancer subtypes. Despite recent advances in breast cancer classification that have resulted in efficient targeted therapies for a large cohort of patients, evidence support that there is a high heterogeneity among breast cancers even between those belonging to the same subtype (81, 82). This is reflected to the differences observed for the two ER- cell lines used in the present study, which could be explained from their different molecular characteristics and origin. The Hs578T originated from a carcinosarcoma of the breast (83) while MDA-MB-231 originated from invasive ductal carcinoma (84). Therefore, a precise classification and a targeted therapy for each individual tumor would highly benefit breast cancer patients.

In conclusion, the present study provides a new perspective to understand the interactions of CAP with the tumor cells and their surrounding microenvironment. Our data suggest that CAP operating under mild conditions inhibits the growth of metastatic breast cancer cells and, at the same time, it regulates the expression of extracellular matrix effectors with established roles in inflammation and cancer. Although these interactions need further investigation, we suggest that CAP could represent an effective therapeutic mean for the treatment of specific breast cancer subtypes with regard to their ER status.
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Supplementary Figure 1 | ROS scavenger NAC partly inhibits DBD-CAP-mediated effects on breast cancer cell viability. Morphology of (A) MCF-7, (B) MDA-MB-231, (C) Hs578T breast cancer cells after mild (0.5 kHz/27.6 kV) DBD-CAP (direct, indirect, media change) for 4 min in the absence or presence of NAC (pre-treatment with 5 mM NAC-DMEM for 2 h). Representative phase contrast images captured 24 h after DBD-CAP treatment are shown (magnification, 10X).
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The incidence of cutaneous melanoma is rapidly increasing worldwide. Cutaneous melanoma is an aggressive type of skin cancer, which originates from malignant transformation of pigment producing melanocytes. The main risk factor for melanoma is ultraviolet (UV) radiation, and thus it often arises from highly sun-exposed skin areas and is characterized by a high mutational burden. In addition to melanoma-associated mutations such as BRAF, NRAS, PTEN and cell cycle regulators, the expansion of melanoma is affected by the extracellular matrix surrounding the tumor together with immune cells. In the early phases of the disease, hyaluronan is the major matrix component in cutaneous melanoma microenvironment. It is a high-molecular weight polysaccharide involved in several physiological and pathological processes. Hyaluronan is involved in the inflammatory reactions associated with UV radiation but its role in melanomagenesis is still unclear. Although abundant hyaluronan surrounds epidermal and dermal cells in normal skin and benign nevi, its content is further elevated in dysplastic lesions and local tumors. At this stage hyaluronan matrix may act as a protective barrier against melanoma progression, or alternatively against immune cell attack. While in advanced melanoma, the content of hyaluronan decreases due to altered synthesis and degradation, and this correlates with poor prognosis. This review focuses on hyaluronan matrix in cutaneous melanoma and how the changes in hyaluronan metabolism affect the progression of melanoma.
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Introduction

Cutaneous melanoma is a skin cancer that develops from melanocytes. Melanocytes reside in the basal layer of epidermis and synthesize melanin pigment that is transferred in melanosomes to the surrounding keratinocytes to form a protective shield against the harmful effects of UV. Family history, genetic factors, number of nevi and actinic damage have been identified as risk factors for melanoma (1). Solarium is one source for recreational UV exposure, but the impact of moderate solarium use on melanoma risk is still controversial (2). However, The World Health Organization has listed solar radiance as a carcinogen already in 2009 (3).

The American Cancer Society estimates that over 106 000 new melanomas will be diagnosed and over 7000 melanoma-related deaths will occur during this year (2021) (4). In other countries, also in northern countries such as Finland, almost 2000 new melanomas and over 200 melanoma-related deaths occur annually, causing the incidence of 32.74/100 000 persons (5). Melanoma affects mostly people with a light skin type (Caucasians) and the incidence is 27.5/100,000 people compared to the incidence of 1.1/100,000 among people with a dark skin type (6). UV radiation is the most critical risk factor for melanoma development due to its high mutagenic properties. The rate of basal mutations in melanoma (100 mutations/Mb of entire exome) is higher in comparison to other cancers (7).

Hyaluronan is a glycosaminoglycan found in the extracellular space of most tissues, but it also forms a pericellular coat surrounding individual cells. Hyaluronan is involved in many biological and pathophysiological processes such as tissue homeostasis and integrity, fertilization, wound healing, inflammation, angiogenesis, and cancer. Hyaluronan is mainly produced as a high molecular weight (HMW) chain by hyaluronan synthases (HAS) and degraded to lower molecular weight (LMW) fragments or oligosaccharides by hyaluronidases (HYAL) or environmental factors such as reactive oxygen species (ROS) or UV radiation. The effects of hyaluronan on immune, non-malignant and malignant cells are size dependent. HMW hyaluronan has been shown to be relatively inert, and is more physiological, while its degradation products are more abundant during inflammation and angiogenesis, as reviewed in (8–11), and have been speculated to be biologically active and to modulate the tumor microenvironment (TME) (12).

The role of hyaluronan in cancers has been studied broadly. In cancers originating from simple epithelium such as breast and prostate cancer, the increase of hyaluronan in the tumor and the stroma indicates aggressive type of cancer and poor prognosis (13–17). In melanoma and cancers originating from stratified epithelium, however, poor prognosis is associated with the reduced amount of hyaluronan. Benign nevi and melanoma in situ contain abundant amounts of hyaluronan whereas in deep and metastatic melanomas the hyaluronan content is scarce. This is due to the reduced expression of HAS1 and 2 and the increased expression of HYAL2 in melanoma cells (18). The loss of HAS2 has shown to be associated with the poor prognosis and recurrence of melanoma (19). The role of hyaluronan in melanoma development and its progression is the focus of this review.



Cutaneous Melanoma


The Structure of Skin and Melanocytes

Skin covers the human body and comprises over 20% of the body weight. In addition to providing a physical external barrier and insulation, it is also involved in the process of thermoregulation, pain sensation and chemical messaging (20). Keratinocytes are the main cell type in the avascular epidermis. Epidermis also contains pigment-producing melanocytes, which locate in the basal cell layer, Merkel cells, which are mechanoreceptors and Langerhans cells, which are antigen-presenting dendritic cells (21). The dermal compartment is separated from the epidermis by the basement membrane, and it contains blood and lymphatic vessels, nerve endings for mechanoreception, adnexal structures, and an abundant extracellular matrix (ECM). The ECM is composed of collagen, elastin, glycoproteins like fibronectin, proteoglycans like versican and glycosaminoglycans like hyaluronan, which all are mainly produced by fibroblasts. The subcutis or hypodermis resides deep in the dermis attaching the skin to the underlying skeletal muscles. Due to the structure and organization of the dermis it provides strength and support to the entire skin (20, 22).

In addition to skin, the neural crest-derived melanocytes can be found in hair follicles and in the uvea of the eye (23). Melanocytes produce mainly two types of melanin pigment, eumelanin and pheomelanin. Eumelanin (brown-black pigment) is produced during UV exposure to protect the skin from oxidative (UVA) and direct (UVB) DNA damage. Pheomelanin (yellow-red) is enriched among individuals with red hair and pale skin tone, who lack eumelanin synthesis and are more prone to develop melanoma due to spontaneous reactive oxygen species (ROS) production (24). The dendritic nature of melanocytes with their long axial protrusions and large surface area helps them to transfer melanin granules to adjacent keratinocytes for photoprotection. Melanocytes also have immunomodulatory properties in skin (25).

UV exposure causes the activation of two pathways in melanocytes, namely the immediate tanning pathway by UVA and the delayed tanning pathway by UVB (Figure 1). The immediate tanning pathway is non-photoprotective and leads to immediate and persistent pigment darkening whereas the delayed tanning pathway is photoprotective via increasing melanogenesis. In keratinocytes, UVB increases p53-mediated transcription of POMC (pro-opiomelanocortin) which is post-translationally processed leading to α-MSH (α-melanocyte stimulating hormone), ACTH (adrenal corticotropin hormone) and opioid peptide β-endorphin production. α-MCH is secreted from keratinocytes to the adjacent melanocytes and, then by activation of MC1R (melanocortin 1 receptor), it induces MITF-M (microphtalmia-associated transcription factor isoform M) transcription and melanosome production. After the maturation of melanosomes, they are transported into basal cell layer keratinocytes to form a protective perinuclear cap against harmful effects of UVR (26). Other mechanisms activated in melanocytes in response to UV-related damage are unfolded protein response (UPR) and integrated stress response (ISR). These mechanisms foster the renewal of homeostasis by activating factors with antioxidant activity, such as NRF2 (nuclear factor erythroid 2-related factor 2) that tackles the damaging effects of ROS. Failure in these repair mechanisms leads to the survival of damaged cells, their adaptation to the environment and promotion of carcinogenesis (27, 28).




Figure 1 | UV-induced tanning pathways in melanocytes. UV radiation induces two tanning pathways in melanocytes. The UVA-induced immediate tanning pathway is non-photoprotective and leads to persistent pigment darkening. The photoprotective tanning pathway is activated firstly in keratinocytes by UVB. In keratinocytes, activated p53 pathway induces α-MSH production and secretion. Secreted α-MSH leads to MC1 receptor-mediated MITF-M activation in melanocytes and increase in melanogenesis. Mature melanosomes are transported into keratinocytes to form a protective perinuclear cap against UVR. Hematoxylin eosin staining of skin epidermis, several basal keratinocytes show accumulated melanin granules (brown color, white arrows) above the cell nuclei.





The Classification of Melanoma

Cutaneous melanoma was earlier classified to four major clinical subtypes: superficially spreading melanoma (SSM), nodular melanoma (NM), acral lentiginous melanoma (ALM) and lentigo maligna melanoma (LMM) (29). Interestingly, the World Health Organization recently published a new classification based on the evolutionary pathways of each subtype. The new classification divides melanomas with relation to sun exposure (30). Melanoma subtypes associated with cumulative solar damage (CSD) are superficially spreading melanoma (low-CSD melanoma), lentigo maligna melanoma (high-CSD melanoma) and desmoplastic melanoma. Melanoma subtypes that are not consistently associated with CSD are Spitz melanoma, acral melanoma, mucosal melanoma, melanoma arising in congenital or blue nevi and uveal melanoma. Nodular melanoma constitutes the third group in the new classification (30, 31). Melanomas associated with CSD are more common among Caucasians while non-CSD (without cumulative solar damage) melanomas affect more often the non-Caucasian population (32). High frequency of specific BRAF mutations and patients’ younger age are characteristic for non-CSD. CSD melanomas arise in areas with chronic sun exposure such as face, ears, neck and lower extremities and are associated with high mutational burden. CSD is usually diagnosed in elder people (>60 years) associating with solar elastosis and other non-melanoma skin cancers (31).

SSMs emerge at younger age in comparison to NM or LMM. Typical manifestation of SSM is a flat, slowly growing, irregular lesion with multicolor pigmentation. Histologically, SSM presents with large pleomorphic epithelioid melanocytes showing nested groups of cells and single cells migrating intra-epidermally and/or in the superficial dermis. In contrast, typical for NM is a rapidly expanding nodule that may show ulceration and hemorrhage. Histologically, NM localize in the dermal component, likely combined to epidermal extension. LMM usually appears in chronically sun-exposed areas as a large, multicolor macule with irregular edges. The histological features include proliferation of atypical melanocytes, epidermal atrophy with the loss of rete ridges, severe dermal solar elastosis and dermal thinning. ALM occurs in the palms, soles and fingernail regions showing slowly growing macules like in LMM. Histologically ALM shows single atypical melanocytes scattered along the junctional epidermal layer (33).



Melanoma-Associated Mutations

Melanoma is associated with a broad range of somatic mutations (34). The basal mutation frequency in melanoma is one of the highest of all cancer types (100/Mb entire exome) and most of them are point mutations of C → T (7). The most common mutation, found in around 50% of all melanoma cases, is the BRAF gene mutation, most often the BRAFV600E where valine is substituted with a glutamic acid (35). Interestingly, the BRAFV600E mutation can also be found in over 80% of benign nevi (36, 37) and is thought to be the driver mutation for the formation of acquired nevi (38). Other common mutations found in melanoma are NRAS (neuroblastoma RAS viral oncogene homolog), c-Kit (35) and CDKN2A (cyclin dependent kinase inhibitor 2A) the latter of which associates with familial atypical multiple mole melanoma syndrome (FAMMM) (39). Pigmentation and melanocyte differentiation related mutations in MC1R (melanocortin 1 receptor) and MITF (microphthalmia associated transcription factor) have also been found in melanoma. MITF regulates melanocyte proliferation, differentiation, and survival (40) and acts also as an oncogene regulating the functions of the tumor suppressor p16 and CDK2 (cyclin dependent kinase 2) (41, 42).

Other mutations occurring in melanoma are in genes encoding CDK4 (cyclin-dependent kinase 4), PTEN (phosphatase and tensin homolog), BAP1 (BRCA1 associated protein), p53 and those associated with proper telomere function, such as TERT (telomerase reverse transcriptase) (39, 40, 43). In UV-related melanoma evolution the primary events depend on the age of the individual and the biological demeanor of the oncogenic initiating mutation in the nevi, such as BRAF. Then, the secondary events such as chronic irritation or irregular high dose UV exposure of mutation-bearing melanocytes damage the cell-cycle checkpoint regulatory system (G1/S phase) or telomerase function and result in even higher mutation burden and formation of melanoma cells (44, 45).

The aforementioned mutations often lead to the over-activation of signaling cascades involving MAPK (mitogen-activated protein kinase) and PI3K (phosphoinositol-3-kinase) pathways. Interestingly, these pathways activated in melanoma, act also closely in the regulation of hyaluronan synthesis (reviewed by Heldin et al. (2019) (46). The MAPK pathway (RAS/RAF/MEK/ERK) transduces extracellular signals from growth factors and hormones to proliferative responses, differentiation, and survival. PI3K(/AKT) signaling pathway is associated with cellular homeostasis. Loss of tumor suppressor gene PTEN, which acts as an inhibitor of AKT signaling, further increases the activation of PI3K signaling. The MAPK and PI3K pathways overlap in melanoma and therefore some signaling mediators such as NRAS act through both pathways. This complicates single-agent therapies since the other pathway can take over. Therefore, dual targeting is often needed (47, 48).



Melanomagenesis

Melanomagenesis (Figure 2) is a multistep process. Clustering of melanocytes forms a benign nevus without abnormal characteristics. These benign nevi can locate either in the epidermis (junctional nevus), or in dermis (intradermal nevus), or the nevus cell nests can be accumulated in both the epidermis and dermis (compound nevus). Melanocytic neoplasms arise from gain-of-function mutations in one or several primary oncogenes. The neoplastic changes usually occur as new lesions with dysplastic features in skin areas which have no previous melanocytic lesions (31). Dysplastic nevi embody cell hyperplasia, cytologic atypia and enlarged nuclei. They can remain in this regressed state for a long time or develop into radial growth phase (RGP) of melanoma. In this state, melanoma is still restricted to the epidermis by basement membrane and surgical excision is the preferred treatment of choice. The prognosis is good and the ten-year survival rate is over 90% (20, 49). When melanoma progresses from this step to the vertical growth phase (VGP) where melanoma cells invade through the basement membrane into dermis and are capable of metastasizing (locally or distantly), it has become the most aggressive type of skin cancer. At this point, the prognosis is inversely comparative to the depth of the neoplasm and the extent of lymph node metastases (50). The ten-year survival rates in stage III (lymph node positive) and deep (>4 mm) melanomas’ have improved during recent years due to novel therapies, but the prognosis largely depends on the sex and age of the patient, the anatomical location of the tumor, and the stage of melanoma at the time of diagnosis (51).




Figure 2 | A schematic presentation of the histopathogenesis of the melanocytic tumors. In normal skin, melanocytes are scattered along the basal cell layer. Melanocytes accumulation leads to the formation of benign nevi that can reside in the epidermis (junctional nevus), in the dermis (intradermal nevus) or nevus cells can be assembled in both (compound nevus). In dysplastic nevus melanocytes exhibit cell hyperplasia and show cytological and architectural atypia. Moreover, lymphocyte infiltration around the nevus is typical in dysplastic nevi. In the radial growth phase (RGP) melanoma is still restricted to the epidermis by basement membrane and associates with high lymphocyte infiltration. When melanoma cells start to invade through the basement membrane into the dermis, melanoma has reached the vertical growth phase (VGP). In this stage the melanoma cells are capable of metastasizing via blood and lymphatic capillaries to local lymph nodes and distant organs.





Factors Affecting Melanomagenesis

One important function of UV is the induction of vitamin D precursor synthesis in the skin. For this purpose, the UV requirement is achieved already with the suberythematogenic doses (52). It has been estimated that 65% of all melanomas are caused by UV radiation. Excessive sun exposure during childhood is an important risk factor, but sunburns at any age increase the risk, as well as occupational exposure to UV for people who work outdoors (45). Acute UV exposure increases skin inflammation and DNA damages whereas chronic exposure induces immune cell infiltration and immune suppression leading eventually to malignant changes in melanocytes (26, 53). Within hours after UV exposure repair mechanisms start repairing the oxidative DNA damages (DNA single-strand breaks and DNA-protein crosslinks), and later on the cyclobutane pyrimidine dimers (CPDs). The CPDs are termed as UV signature mutations which induce C → T and CC → TT transitions mostly in the tumor suppressor p53 coding sequence (54). Reactive oxygen species (ROS) such as singlet oxygen, superoxide anion and hydrogen peroxide generated by chromophores, which absorb UVA- and UVB-photons, can also induce damages on nucleic acids, lipids or proteins (55). In addition to the DNA repair mechanisms, UV-induced damages launch multiple other repair mechanisms, such as secretion of paracrine factors (e.g. cytokines, chemokines and growth factors) by skin cells, activation of cellular protection mechanisms (e.g. cell-cycle checkpoints) and activation of cell death pathways and immune responses in damaged cells. At the cellular level, the most important function is the activation of tumor suppressor responses of p53 and p16 signaling pathways (45).




Hyaluronan


Hyaluronan and Its Synthesis

Hyaluronan is a peculiar polysaccharide with broad functions. Hyaluronan is involved in many physiological processes such as embryogenesis (56), wound healing (57), ECM organization (58–60), lubricant in the articular cartilage and synovial fluid (61, 62), mammary gland morphogenesis (63) etc. Hyaluronan, composed of cytosolic UDP-N-acetylglucosamine (UDP-GlcNAc) and UDP-glucuronic acid (UDP-GlcUA) precursors, is produced as a linear chain at the plasma membrane by hyaluronan synthases (HAS1-3), which are glycosyltransferases (64, 65). Hyaluronan synthesis by HASes can start de novo as the synthases do not need a precursor for the initiation. They use self-primer UDP-GlcNAc and add the two sugar substrates by turns to the reducing end of the growing chain (64). HASes are membrane-spanning enzymes that hold the catalytic site at the inner side of the plasma membrane and synthesized hyaluronan is protruded through a pore-like structure to the cell surface (64, 66). It is suggested that HASes can synthesize hyaluronan also intracellularly (67, 68), but the general perception is that HASes are functional and synthesize hyaluronan only at the plasma membrane (69). In normal physiology hyaluronan is produced as HMW size and can be up to 40,000 sugars long (8 MDa) (64). Extracellular and pericellular hyaluronan can be internalized via receptor-mediated (like CD44-mediated endocytosis) endocytosis for hyaluronan turnover and catabolism (70). Hyaluronan is degraded to LMW form either on the plasma membrane or in lysosomes by hyaluronidases (HYALs) (71), ROS (72) or UV (73). Albeit the mechanism of UV-induced hyaluronan degradation is less known. Moreover, TMEM2 (transmembrane protein 2) and HYBID (hyaluronan binding protein involved in hyaluronan depolymerization, also known as CEMIP or KIIAA1199) are also able to depolymerize hyaluronan (74, 75). TMEM2 degrades extracellular hyaluronan in a Ca2+ -dependent manner into intermediate-sized fragments which are thereafter internalized and completely degraded in the lysosomes (76). The HA degradation products, LMW hyaluronan, hyaluronan fragments (<250 kDa) and oligosaccharides (<20 kDa) are involved in inflammation (77, 78), wound healing (79) angiogenesis (80, 81) and in general they associate with pathological conditions, such as asthma and lung infections including coronavirus disease (82, 83) and cancer (84).

The enzymatic activity of the synthases also affects the molecular weight of the produced hyaluronan. It has been proposed that HAS1 and HAS2 synthesize higher molecular weight hyaluronan compared to HAS3 (85). However, recent studies have pointed out that HASes could be able to control the hyaluronan product size and the synthesis rate in vivo by separate enzyme submechanisms. This was shown in targeted mutation studies to B-X7-B motifs in Streptococcus eguisimilis HAS, which indicated that the different regions in the HAS enzyme are involved in hyaluronan size control as well as its enzymatic activity (86).



Hyaluronan in Cancer

Understanding of hyaluronan in the inflammatory diseases and cancer is growing. Depending on which tissue type the cancer originates from, the increased/decreased content of hyaluronan in the tumor or stromal cells correlates with tumor aggressivity, poor prognosis, and recurrence of the cancer. Breast cancer, which originates from simple type of epithelium that contains low levels of hyaluronan in the normal state, shows increased hyaluronan content in the tumor cells and in the stroma, and the amount of hyaluronan associates with aggressive type of breast cancer and poor overall survival (14, 17). The trend is similar in other cancers originating from simple epithelia. Increased content of hyaluronan in the stroma of ovarian cancer (87, 88), prostate cancer (15, 16, 89) and pancreatic cancers (90) indicates poor prognosis. Similar findings have been demonstrated in gastric cancer parenchyma (91) and in tumor cells (92) and tumor interstitial fluid of colorectal cancer (93).

In cutaneous melanoma, hyaluronan metabolism is different compared to cancers originating from simple epithelia. The hyaluronan content varies depending on the stage of the tumor (Figure 3). Cultured skin melanocytes contain high amount of pericellular hyaluronan (94) similarly to the cells in the benign nevi (18). Moreover, the stroma between the melanocytic nests in the benign nevi shows intense staining for hyaluronan. In dysplastic nevus, where melanocytic cells show cytological and architectural atypia, the content of hyaluronan is elevated to local melanomas (melanoma in situ), where tumor cells show intense membraneous and cytoplasmic staining for hyaluronan. When melanoma progresses and tumor cells start to invade vertically, tumoral hyaluronan content decreases (melanoma, Breslow < 1mm) while the stroma remains hyaluronan positive (18). Especially in nodular type of tumors the stroma shows intensive staining for hyaluronan (melanoma, Breslow > 4mm, insert). Hyaluronan staining pattern in lymph node metastases is similar to deep melanomas. The reduction of hyaluronan in the tumor tissue has been shown to be due to the loss of HAS1 and HAS2, and increased HYAL2, and this associated with poor prognosis and shortened disease-specific survival in melanoma (19, 95).




Figure 3 | The amount of hyaluronan in different stages of melanoma. In normal skin, both epidermis and dermis are highly hyaluronan positive, also melanocytes in the benign nevi show moderate or intense hyaluronan staining. The amount of hyaluronan increases in dysplastic nevi and in local tumors (white arrows) probably as part of the inflammatory reaction with elevated number of tumor infiltrating lymphocytes (TILs). In invasive melanoma, the amount of hyaluronan is decreased in tumor tissue but the stroma is strongly hyaluronan positive (black arrows). The hyaluronan staining pattern is similar in lymph node metastases and in deep melanomas (Breslow > 4 mm). Scale bar 100 µm, 40 µm in insert.





The Effects of UVB on Hyaluronan Metabolism

Mouse studies have shown that chronic UV exposure with minimal erythemal dose induces the accumulation of hyaluronan in the epidermis, which correlates with epidermal hyperplasia (96). In organotypic keratinocyte cultures, UV-exposure was shown to increase hyaluronan metabolism by upregulating the expression of both HASes and HYALs simultaneously and by shifting the molecular weight of hyaluronan towards smaller size range (97). Studies with keratinocytes and dermal fibroblasts have shown different temporal expression patterns of HASes and HYALs after UVB-exposure (98). Immediate responses after UVB-exposure showed decrease in hyaluronan secretion in both cell types whereas 24 hours later keratinocytes showed increased hyaluronan synthesis while in dermal fibroblasts hyaluronan synthesis was still downmodulated. 24 hours after UVB-exposure the expression of HAS1 and HAS2 was upregulated in both cell types, and in addition the expression of HYAL1 and -2 was elevated in dermal fibroblasts indicating increased hyaluronan degradation after UVB exposure (98). The similar mechanism was also detected in photoexposed human skin, where LMW hyaluronan content was increased due to upregulated expression of HYALs compared to photoprotected skin (99). In addition to increased HYAL activity after UV exposure, UV induces oxidative stress via ROS production (100), which can further induce hyaluronan fragmentation (72, 101). Hyaluronan is able to scavenge toxic ROS (102, 103), or inhibit their formation, but at the same time hyaluronan is fragmented (103). Albeit it is not yet known how ROS-induced hyaluronan degradation and generation of LMW hyaluronan followed by inflammation in skin contributes to melanoma development in melanocytes, the research is supporting the idea that hyaluronan has a role in melanoma development and especially affecting the TME in melanoma (18, 19, 94, 104).



Hyaluronan in Inflammatory Reactions

As mentioned earlier, UV radiation induces various biological effects in the skin such as DNA damage, pigmentation and inflammation. Excessive exposure to UVB causes sunburn reaction together with inflammation. Several cell types, such as keratinocytes, fibroblasts, Langerhans cells, melanocytes and macrophages, participate in these inflammatory reactions by secreting inflammatory mediators and reshaping the tissue structure. During inflammation, the amount of hyaluronan is elevated (105, 106), and especially the LMW hyaluronan and hyaluronan fragments are associated with inflammation (107). They can activate intracellular signaling cascades and induce cytokine and chemokine production via receptor activation. LMW hyaluronan, for example, has shown to induce the production of IL-6, IL-8, CXCL1, CXCL2 and CXCL6 in dermal fibroblasts (108). Key receptors for LMW hyaluronan include CD44 (cluster of differentiation 44), RHAMM (receptor for hyaluronan-mediated motility), TLR2 (Toll-like receptor) and TLR4 (109). TLR4 activation leads to NF-κB-mediated signaling and production of inflammatory cytokines and chemokines such as IL-6, IL-8, CXCL-1 and CXCL-10 in melanocytes (94) and IL-8 and MMP-2 secretion in melanoma cells (110). Hyaluronan fragments of 4-16 oligosaccharides, in turn, have shown to induce the maturation of dendritic cells by autocrine production of TNF-α (81), and dendritic cell-associated hyaluronan appears to contribute to the antigen-specific activation of T-cells (111). We have recently shown in primary melanocytes that UVB-exposure mediated hyaluronan coat degradation promoted the expression of proinflammatory cytokines IL-6 and chemokines (IL-8, CXCL1, CXCL10) via TLR4 (94). Interestingly, in this model, the expression of proinflammatory cytokines and chemokines were suppressed by HAS2 silencing, suggesting that HAS2 expression and hyaluronan fragments support the formation of pro-inflammatory state. In contrast, HMW hyaluronan (970 kDa) has been shown to protect epidermal keratinocytes against UVB-mediated TGF-β, IL-6 and IL-8 production (112). It is hypothesized that HMW hyaluronan has a protective role in skin against UV radiation and the fragmentation of hyaluronan acts as a damage-associated molecular pattern (DAMP) (113).

The effects of hyaluronan on immune, non-malignant and malignant cells are size-dependent. HMW hyaluronan has been shown to be relatively inert, whereas its degradation products have been speculated to be biologically active and modulate the TME towards pro- or anti-inflammatory states depending on the tumor stage. Hyaluronan and its fragments are thought to regulate macrophage polarization, although the exact mechanisms are still unresolved (114). Macrophages have an essential role in orchestrating the inflammatory responses and they are also a key component of TME in all stages of melanoma development (115, 116). In the TME, tumor associated macrophages (TAMs) are very plastic and are composed of several distinct populations that share features of both pro-inflammatory (M1) and immunosuppressive (M2) macrophages (117). Intermediate-size hyaluronan (50-1000 kDa) fragments have shown to activate monocyte polarization to immunosuppressive M2-type macrophages via the activation of TLR4 (118), but there are also contrasting studies showing that hyaluronan fragments induce M1 polarization of macrophages via TLR4 (119). In addition, TLR4 signaling pathway is responsible for inflammatory gene expression induced by hyaluronan fragments in several other cell types like dendritic cells, melanocytes and tumor cells (81, 94, 110, 119, 120).

In TME, enhanced hyaluronan production by stromal fibroblasts (104, 121) combined to increased hyaluronidase activity from melanoma cells could produce broad pool of different types of hyaluronan fragments and oligosaccharides that maintain the inflammatory milieu. This is also supported by a study from Sapudom et al. (2020) where hyaluronidase added to decellularized fibroblast matrix, 3D fibroblast matrix and hyaluronan-functionalized 3D collagen matrix increased melanoma cell proliferation and invasion due to lower hyaluronan molecular size (122). It has also been shown that LMW hyaluronan promotes melanoma lymph node metastasis (123), soluble LMW hyaluronan contributes to melanoma cell proliferation (124), and shorter hyaluronan fragments induce TLR4-mediated signaling in melanoma and promote inflammation as well as invasiveness (110). Interestingly, in naked mole rats HAS2 produces exceptionally high molecular weight hyaluronan that is able to avoid fragmentation (125). These animals display longevity and are cancer-resistant, but when HAS2 is knocked down or HYAL2 is overexpressed the naked mole rat cells became prone to malignant transformation (125).

Current understanding suggests that hyaluronan fragments modify the adaptive immune responsiveness and shape the microenvironment (113). The formation of cancer inflammatory milieu recruits immune cells to the TME to shape it suitable for tumor progression. TLR4 has shown to be overexpressed in melanoma tumors and associate to decreased survival (126), which links hyaluronan and TLR4 in melanomagenesis. TLRs respond to acute inflammatory signals either from microbial sources (PAMPs, pathogen-associated molecular patterns) or self-derived stress signals (DAMPs), the role that also hyaluronan has been proposed to play. The activation of TLR signaling leads to NF-κB, AP-1 and/or IRF-3 mediated inflammatory response in healthy skin and in primary melanocytes and eventually skin carcinogenesis (94, 127). This suggests a role for hyaluronan metabolism, especially for UV-induced hyaluronan fragmentation via TLR4-mediated inflammation, in melanocyte transformation process towards cutaneous melanoma. Future research should aim at clarifying whether chronic UV-exposure together with hyaluronan fragmentation could mediate sustained inflammatory responses initiating cutaneous melanoma development. Even though hyaluronan can modulate immune responses, it may also act as a protective barrier in the TME and thus prevent immune cells to reach and recognize the tumor cells (128). And in this way hyaluronan may also promote the immune evasion of tumor cells.




Melanoma Tumor Microenvironment


Composition of Different Cell Types in the Tumor Microenvironment

TME is inherently diverse surroundings consisting of not only the tumor and stromal cells but also immune cells, blood vessels and the ECM, which all affect the tumor progression. Considering the complexity of the TME, cancer therapies cannot focus only on the tumor cells (129, 130). Melanoma is one of the most immunogenic cancers and immune cells have a significant role in all stages of tumor progression, from the initiation to the metastatic processes and thus these cells are the main target of modern anti-melanoma therapy. Transformed melanocytic cells start to express tumor-specific antigens (TSA), which induce the infiltration of dendritic cells, which later activate the cells of innate and adaptive immunity. Dendritic cell maturation is needed to actuate the T-cell mediated anti-tumor response and natural killer cell activation (131). Lymphocytes infiltrate the tumor environment in response to chronic inflammation. These so-called tumor-infiltrating lymphocytes (TILs) appear to be a positive indicator for melanoma prognosis (132, 133). TILs are a heterogeneous population of lymphatic cells such as T-cells, natural killer cells and myeloid-derived suppressor cells (134). The presence of TILs promotes immune responses against tumor cells and can be thought as a predictive biomarker in melanoma. Computational meta-analysis of melanoma tumors indicated a favorable prognostic role for CD3+, CD4+, CD8+, FOXP3+ and CD20+ positive TILs in the overall survival when the amount of TILs in the tumor was high (135). A study by Erdag et al. (2012) categorized tumor microenvironments of metastatic melanoma into three immunotype subgroups A, B and C based on the number and localization of TILs (T-cells, B-cells, natural killer cells), mature dendritic cells and macrophages. The immunotype A had no immune cell infiltration and the median estimate of survival in this group was only 15 months. The immunotype B had infiltration of immune cells to regions proximal to intratumoral blood vessels with the median estimate of survival was 23 months. The last immunotype C had immune cell infiltration throughout the metastatic tumor with a median estimate of survival of 130 months (136). Although the number of TILs in melanoma as a prognostic biomarker, especially in the VGP, was established a long time ago (137), it is still a valid diagnostic predictor estimating patients’ survival.

In contrast to TILs, tumor-associated macrophages (TAMs) can promote the dissemination of cancer cells and expansion of the tumor depending on their type. The categorization of TAMs is not unambiguous. Traditionally, TAMs are categorized as classically activated macrophages (M1) that secrete pro-inflammatory cytokines and have anti-tumor effects, and alternatively activated macrophages (M2) that produce anti-inflammatory cytokines and have protumor effects (138). As already mentioned earlier, in the TME, TAMs are composed of several distinct populations that share features of both pro-inflammatory and immunosuppressive macrophages and these cells induce and maintain pro-tumor inflammation, which promotes tumor growth, invasion, angiogenesis, stemness and immune suppression (139, 140). The precise mechanisms underlying TAM-mediated immune suppression in TME are still unknown but at least partly relate to their ability to inhibit cytotoxic activity of CD8+ T cells via PD-1 (programmed cell death protein) (141). PD-1 is an immune checkpoint receptor that prevents overstimulation of immune responses upon engagement to its ligand, PD-L1 (142). In several cancers, including melanoma, the expression of PD-L1 is considered as a marker for immunosuppressive TME (143). During tumor progression, TAMs start to overexpress PD-L1, like tumor cells, and thus are able to downmodulate the function of CD8+ lymphocytes and facilitate the immune evasion of tumor cells (144). Moreover, it has been shown in vitro that alternatively activated macrophages can suppress T-cell function by producing regulatory cytokines, such as TGFβ and IL-10, hence repress T-cell proliferation (145) and recruit regulatory T-cells to the immune suppressed TME, which further contributes to tumor progression (138).

Salmi et al. (2019) reported that the number of TAMs is higher in malignant melanocytic lesions compared to benign nevi and TAMs are localized especially in the tumor nests in deep melanomas. They also reported that the dysplastic nevi have higher number of CD163+ macrophages (M2 type macrophages) compared to benign nevi, which could predict immunosuppression and progression of melanoma (146). It is also known that these benign and dysplastic nevi as well as melanoma in situ express hyaluronan abundantly (18), but its role for macrophage polarization is still unknown. It has been shown that HMW hyaluronan suppresses M1 macrophage polarization and promotes the immunosuppressive activation in induced pulmonary inflammation (147). Kim et al. (2019) also showed in vitro that hyaluronan in the ECM induces M2-type polarization of THP-1 cells (148). The similar mechanism could also be involved in the formation of immunosuppressive microenvironment in melanoma, where increased hyaluronan synthesis at the early stage of melanoma could polarize macrophages toward immunosuppressive phenotype. Although it is generally thought that M2 type TAMs have protumor effects in the TME, the pro-inflammatory macrophages have also shown to secrete several protumor factors, like TNFα and IL1β, and are able to modify the TME suitable for cancer progression (149–151).

In addition to several immune related cells, TME contains fibroblasts which are mainly responsible for the production of complex extracellular matrix, which either suppresses or supports the tumor progression. In the early stages, in pro-inflammatory tumors, factors like IL-6, TNFα, PDGF and ROS secreted from tumor and immune cells can activate the stromal fibroblasts. Once activated these contractile and highly elongated cancer associated fibroblasts (CAFs) produce several cytokines and chemokines, synthesize and degrade matrix components and generate tensile forces, which all are needed for tissue remodeling for tumor cell growth and spreading (152).



Extracellular Matrix in Melanoma

The tumor ECM is a mixed territory of different types of proteins, glycoproteins, proteoglycans and glycosaminoglycans, which all have specific physiological and biochemical properties (153). The composition of ECM maintains the three-dimensional structure that keeps up tissue homeostasis, undergoes continuous remodeling and contains over 100 different proteins and bioactive molecules like growth factors, cytokines and extracellular vesicles (EVs) produced jointly by stromal cells and tumor cells (154). A typical ECM matrix in melanoma includes fibrillar and structural proteins, such as collagen types of I, III, VII, XV, XVIII, laminin 7, tenascin-C, fibronectin and hydrated gel-forming macromolecules like hyaluronan and proteoglycans, as well as integrins, which carry out the adhesive signaling (155). Excess of these ECM components, such as collagen and fibronectin, increase tissue fibrosis and hence matrix stiffness, which affects the metastatic potential of tumor cells and invasiveness (156). Li et al. (2019) showed in melanoma cells that increased matrix stiffness enhanced the metastatic potential of naturally less-metastatic melanoma cells. Their metastatic potential was comparable to melanoma cells with high metastatic potential in stiffer matrix. This indicates that the tumor-surrounding matrix has a high impact on oncogenesis and changes in the matrix might have greater effect on the metastatic process than tumor cells (157).

A rapidly growing cell mass causes dysfunctional tumor vasculature leading to hypoxic environment and low oxygen levels. Hypoxia can lead to specific changes in signaling pathways, such as ERK hyperactivation leading to increased invasiveness, angiogenesis, EMT changes, radiotherapy resistance, changes in the ECM composition, which all promote tumor progression. HIF (hypoxia-inducible factor) 1 and 2 are regulators of hypoxia-mediated responses in over 300 target genes. Hypoxic TME correlates with aggressive cancer phenotype associated with increased tumor plasticity and may induce cancer stem-like cells (158–160). The high metabolic activity of melanoma cells causes the production of acidic molecules to the TME, which affects the ECM composition. Acidification of the TME influences the tumor cell invasiveness, increases expression of EMT-related proteins and causes a selection of acid-resistant cells that show greater metastatic potential. Acidic TME also affects anticancer therapies and the absorption of mildly alkaline chemotherapeutics leading to melanoma cells drug resistance (159).

The composition of the ECM changes during tumor development. Many ECM molecules are expressed at low levels in benign nevi whereas their levels increase in metastatic melanoma, as shown with tenascin-C, fibronectin and different epitopes of heparan sulfate. Other glycosaminoglycans such as chondroitin sulfate and hyaluronan are highly expressed in the benign nevi and also abundant in melanomas either in the tumor nests or in the stroma (18, 161, 162). Recently, Mayorca-Guiliani et al. (2017) developed an ISDoT (in situ decellularization of tissues) technique where they could study the native tumor ECM in a mouse model. They could identify more than 200 ECM proteins as well as many secreted factors such as MMPs, versican and members of the S100 protein family from the decellularized tumor tissues, showing tumor-specific changes in the ECM composition in comparison to healthy tissue (163).

Phenotype switch is an important regulator between proliferative and invasive states of melanoma cells. Melanoma cells do not undergo normal EMT changes, however they utilize EMT and MET (mesenchymal-to-epithelial transition) states that are mediated by adhesion molecules such as Cadherin-11, Connexis, integrins, N-cadherin and MCAM (CD146) which all are indicators of progressed melanoma (164). Melanoma cell phenotype switch can also alter MITF expression, which in melanocytes regulates pigmentation. High MITF expression sensitizes melanoma cells to BRAF and MEK inhibitors whereas the cells are more proliferative. However, low MITF expression increases drug resistance and induces invasive phenotype. Low expression or loss of MITF was also shown to increase glycosaminoglycan metabolism, ECM organization and structural organization in melanoma cells. Also, loss of MITF increased stem cell marker SOX2 that is important in melanoma cell self-renewal. Thereby, the level of MITF alters melanoma phenotype switch as well as matrix composition and interactions (164, 165).

Ubiquitous hyaluronan in the ECM provides the cells a suitable environment to migrate, divide, change their shape and adhere due to its viscous hygroscopic nature. In addition, hyaluronan facilitates signaling from the environment, but at the same time also orchestrates many unwanted functions in the ECM by permitting the cancer cells do the same (66, 166). Even though the role of hyaluronan is broadly studied in the context of melanoma cells in vitro, its function in primary melanocytes and early melanoma development is uncertain. Neither is known how the basal level of hyaluronan differs in different skin types or the alteration of hyaluronan in photoprotected areas versus photoexposed areas, as UV exposure has been shown to increase the hyaluronan content in epidermis (99). It is thought that hyaluronan in the ECM could act as a protective matrix and hinder the inflammatory reaction produced by ROS (10). The thicker hyaluronan content in the skin could shield from the harmful effects of UV, reduce the inflammatory reaction following it, and therefore protect the skin cells against carcinogenesis. When hyaluronan degradation was combined to UV-exposure in primary melanocytes, the inflammatory reaction following it was highly enhanced (94). This could indicate that thicker hyaluronan coat around the cells and in the ECM could moderate the inflammatory reaction following UV exposure. UV-induced conditions also associate with hyaluronan degradation, which further enhances the inflammation. The direct mechanism of hyaluronan fragmentation by UV is still unknown, but the activation of HYAL and/or ROS directly, by ROS-activated HYAL or direct fragmentation by UV have been suggested. Inflammation following UV exposure is also an acute defense mechanism to protect and dispose damaged cells (167), but in a chronic state it can lead to carcinogenesis.



Melanoma-Stroma Interaction

It is well known that the interaction between cancer cells and stroma is needed for tumor progression and metastasis. Already in 1889 Paget’s theory of “seed and soil” emerged (168). Since that, different studies on melanoma-tumor stroma have emerged and nowadays is well acknowledged that the surrounding tumor stroma is equally important as the tumor itself. Our results (2012) as well as others have shown that melanoma cell-secreted factors (PDGF) induce stromal fibroblasts to produce hyaluronan by upregulating HAS2 via PDGFR-PI3K-AKT and p38 MAPK signaling (104, 121). In this study, PDGF -induced HAS2 upregulation associated with activated phenotype of fibroblasts with elongated morphology, upregulation of proteolytic enzyme MMP1, MMP9 and MT1-MMP expressions and increased invasion into the matrix, suggesting that HAS2 is essential in activating the fibroblasts in the tumor stroma (104). The activated fibroblasts, so called cancer associated fibroblasts (CAFs), facilitate melanoma cell invasion by modifying the ECM suitable for tumor invasion (169). These in vitro results are in line with the patient data where Siiskonen et al. (2013) showed that hyaluronan staining in invasive and metastatic melanoma stroma is intense in comparison to almost negative tumor staining. They also showed that HYAL2 staining is elevated in invasive and metastatic melanoma samples, which could indicate that hyaluronan catabolism and thus the degradation of hyaluronan is increased in melanoma cells (18) (Figure 4). Increased hyaluronidase activity in melanoma cells has also been shown to induce angiogenesis (170) and cutaneous wound healing (171) likely attributed to hyaluronan fragments. As it has been shown that tumor cells secrete higher amounts of extracellular vesicles (exosomes, microvesicles) compared to non-transformed cells (172), their role in tumor-stroma interaction is essential. Recently Arasu et al. (2020) published a study where they reported that HAS3-induced hyaluronan coated extracellular vesicles (EV’s) from melanoma cells induced EMT changes and increased proliferation of target cells, keratinocytes, similarly as CAF -derived hyaluronan has shown to promote melanoma cell proliferation (121, 173). In Arasu’s study they hypothesized that hyaluronan coated EV’s may form a positive feedback regulation which induces the tumorigenic potential of the target cells in the surroundings (173). This EV-mediated target cell activation has also been shown to be bidirectional. Cancer associated fibroblasts’ (CAFs) exosome secretion was enhanced by melanoma cell-secreted exosomal miRNA. These CAF-derived exosomes promoted melanoma progression and metastasis (174). In addition, EV’s can carry matrix-remodeling proteins, such as MMPs, TIMPs, ADAMTSs, hyaluronidases, heparanases, whose proteolytic activity can modify the composition of the ECM suitable for tumor progression (175).




Figure 4 | Melanoma-stroma-ECM in superficial and deep melanomas. Superficial melanomas (in situ melanoma) have high tumoral hyaluronan content and the stroma contains also abundantly hyaluronan, which is produced by cancer associated fibroblasts. In addition to hyaluronan, melanoma stroma contains other ECM components such as type I collagen, fibronectin and versican. This hyaluronan-rich pericellular matrix surrounding the melanoma cells may mask the tumor cells from immune cell recognition. In deep melanomas (i.e. invasive melanomas), the tumoral hyaluronan content is decreased but stroma is still hyaluronan positive. The hyaluronan and hyaluronan fragment -rich matrix in the tumor stroma may, in turn, facilitate the invasion and metastasis of melanoma cells. In the TME, soluble growth factors (e.g. PDGF), cytokines (e.g. TNFα) and extracellular vesicles, produced by both tumor and stromal cells regulate the expression of HAS2, HYAL2 and MMPs.





Therapeutic Approaches in Melanoma

The therapeutic approaches in melanoma depend on the prognostic stage of the disease. The 8th American Joint Committee on Cancer staging and classification system (AJCC8) is the recommended standard for melanoma staging (176). The standard of care for local or locally advanced melanoma (AJCC8 stage I-III) is radical surgical excision with either sentinel lymph node biopsy or regional lymph node evacuation depending on the clinical preoperative lymph node status (176–179). Although surgical removal of oligometastases might be an option for selected patients with stage IV melanomas, the backbone of the treatment of metastatic melanoma is systemic oncological therapy with immunomodulating agents (immune check point inhibitors, ICIs) and/or BRAF-signaling route-targeted therapy. During recent years, these agents have also been available for the adjuvant treatment of high-risk stage IIIB-D and IV diseases, where the 5-year melanoma-specific survival is 85% or less (176, 180–185).

Considering the high immunogenicity of melanoma it is not surprising that the therapeutic options targeting the immune cell-TME signaling have turned out effective. Immune checkpoint inhibitors (nivolumab or pembrolizumab, PD-1 antibodies) enhance the anti-tumor immune response by blocking the signaling via suppressive immune checkpoint molecules PD-1, PD-L1 and CTLA-4 that are often expressed in the TME by tumor cells and immune cells, such as tumor associated macrophages (TAMs), as a mechanism of immune evasion. At best, immune checkpoint inhibitors can induce complete and durable tumor regression of metastatic diseases (186, 187). However, therapy resistance is common and severe, even fatal, autoimmune-mediated toxicities are associated with the therapy (186–188). Biomarkers predictive of the therapy result are therefore needed to estimate the response likelihood and to optimize the patient selection for therapy. So far, the only clinically used predictive biomarker of the efficacy for immune checkpoint inhibitor therapy, is the expression intensity of PD-L1 in the TME, but it has turned out to be suboptimal (188, 189). Other potential biomarkers are under investigation. These include the TME lymphocyte infiltration (190, 191) and tumor mutation burden (192). Moreover, as the structure of ECM in melanoma stroma may affect the therapy response, its potential as one of the predictive parameters should also be evaluated.

Hundreds of ongoing clinical trial studies are currently exploring other immunotherapeutic targets for future melanoma treatment (ClinicalTrials.org). The furthest developed novel anti-check point molecule, with recently released phase II/III results, is the LAG-3-inhibitor relatlimab, which has shown clinical efficacy in combination with nivolumab in metastatic melanoma (193). The interleukin 2 pathway agonist bempegaldesleukin, with the currently ongoing phase III clinical trial, and has shown promising phase II results in combination with nivolumab. An IL-6 antagonist, tocilizumab, is also studied in combination with nivolumab in a phase II study (Clinicaltrials.gov, NCT03999749).

A local treatment option for unresectable stage IIIB-IVM1a melanomas with (sub)cutaneous metastases is an oncolytic vaccine called talimogene laherparepvec (T-VEC; IMLYGIC®), a modified herpes virus vector that is injected locally in melanoma lesions and, in addition to direct cell destruction, enhances both local and distant immune responses. The use of T-VEC in advanced melanoma is also being evaluated in combination therapy approaches, e.g. together with ipilimumab and pembrolizumab (194, 195), with the aim of increased efficacy in patients with visceral metastases. Other vaccine therapies, including dendritic cell-based, peptide-based and vector-based vaccines are also in the testing phase and so far, the results have not been assuring (196). Instead, adoptive cell therapies (ACT) are a promising investigational option. The ACT approaches include tumor infiltrating lymphocytes (TILs) and chimeric antigen receptor (CAR) T-cell therapy (197).




Therapeutically Targeting Hyaluronan in MELANOMA

Therapeutic targeting of hyaluronan degradation or combining it with other types of therapy have been studied in solid tumors associating with high accumulation of hyaluronan in the tumor or in the stroma like in pancreatic cancer (198). In vitro studies have shown that hyaluronan-rich matrix constrains the access of immune cells, like CD8+ cytotoxic T cells, to the tumor area in tumors with high hyaluronan matrix such as breast and pancreatic cancer (199). Using a PEGylated recombinant human PH20 hyaluronidase (PEGPH20) in combination with trastuzumab or cetuximab, the immune cell infiltration was enhanced but also the used treatment, trastuzumab- or cetuximab-mediated antibody-dependent cell-mediated cytotoxicity against tumor cells was highly improved. Similar results were seen in mouse models (200). However, a phase I trial in pancreatic ductal adenocarcinoma patients using PEGPH20 in combination with gemcitabine resulted in unacceptable adverse effects such as musculoskeletal pain, peripheral edema and thromboembolic events (201). Moreover, the overall survival or the progression-free survival were not improved in phase III trials of pancreatic ductal adenocarcinoma with the treatment of PEGPH20 in combination neither with nab-paclitaxel nor gemcitabine. Patients also suffered higher grade adverse effects such as fatigue, muscle spasms and hyponatreamia (202). Nevertheless, in 2020, the FDA approved another type of hyaluronidase, hyaluronidase-zzxf from Phesco, to be used as a subcutaneous injection to increase dispersion and absorption of pertuzumab or trastuzumab to treat HER2-positive early stage and metastatic breast cancer (203).

Since the hyaluronan levels in advanced stage melanoma tumors are low or almost negative (18) in contrast to breast and pancreatic cancers, similar kind of hyaluronidase therapies most likely cannot be used. However, in vitro studies have shown that melanoma cells induce hyaluronan production in dermal fibroblasts (104, 121) and it also correlates with the hyaluronan levels in the stroma of melanoma (18), and this could be a potential target for therapy. Theoretically, targeting the stromal hyaluronan in melanoma might induce better immune cell recognition and T-cell infiltration, as was seen in pancreatic ductal adenocarcinoma (204). Bearing this in mind, new local photothermal therapies (PTT) in synergy with immune therapy have been tested by combining dissolved microneedles to hyaluronidase-modified semiconductor polymer nanoparticles containing poly(cyclopentadithiophene-alt-benzothiazole) and immune adjuvant polyinosinic-polycytidylic acid in mouse models. The approach enhanced the activation of immune cells, especially T-cell-mediated immune responses. Although, its use is currently limited only to superficial melanomas as a local treatment (205), it opens prospects to combine targeted hyaluronan degradation and immunotherapy to treat melanoma TME in the future. In addition, 4-methylumbelliferone (4-MU) is an interesting agent known to inhibit hyaluronan synthesis (206). 4-MU acts as a competitive substrate for UDP-glucuronosyltransferase -enzyme involved in hyaluronan synthesis (207), it inhibits hyaluronan synthesis by depleting its precursor sugar UDP-glucuronic acid and downregulating the expression of HAS2 and HAS3 (208). In vitro, 4-MU has shown to inhibit melanoma cell proliferation and invasion into collagen lattices (209). Recently, a topically applied 4-MU formulation was shown to decrease cutaneous hyaluronan content in a mouse model (210), opening interesting new approaches to treatment of conditions with altered hyaluronan metabolism, including melanoma.



Conclusions and Future Perspectives

Considering the yearly increasing numbers of new melanoma cases, the race in finding effective therapies remains tense. Preventive measures seem to be cost-effective (211) but they may not reach people at the greatest risk of developing skin cancer. Luckily, basic clinical research has taken huge steps during the past years and decades and enlightened the details of melanoma progression. Not only has our understanding of the several genes and signal transmitters involved in the pathogenesis of melanoma increased enormously, but we are also starting to realize the complexity of the microenvironment surrounding the evolving tumor. As reviewed here, hyaluronan, an abundant glycosaminoglycan surrounding skin cells, has also several functions affecting the development of melanoma. Hyaluronan may have controversial role in cancer as it is increased in certain cancer types but decreased in others. Although there are effective treatments available and promising therapies being studied in clinical trials, we still need a more detailed understanding of the complexity of the ECM, including hyaluronan, in melanoma progression. Future research should focus on investigating the gradual processes in the TME during tumor development and on finding new ways to modulate the matrix surrounding the tumor. The key to conquer cancer may not be just affecting the tumor cells or the immune reactions but also to modify the TME susceptible for treatment. Hyaluronan appears to be a potent molecular target for future therapeutic modalities and innovative research ideas should be supported. Considering the past advances in cancer biology, the breakthrough findings and the most effective treatments are yet to come.
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Cervical cancer ranks fourth among the most commonly diagnosed malignant tumors in women worldwide. Previously published evidence suggested a possible connection between the expression of the membrane-bound heparan sulfate proteoglycan syndecan-1 (Sdc-1) and the development of cervical carcinoma. Sdc-1 serves as a matrix receptor and coreceptor for receptor tyrosine kinases and additional signaling pathways. It influences cell proliferation, adhesion, and migration and is seen as a modulator of the tumor microenvironment. Following proteolytic cleavage of its extracellular domain in a process called shedding, Sdc-1 can act as a paracrine effector. The loss of Sdc-1 expression is associated with low differentiation of cervical carcinoma and with an increased rate of lymph node metastases. Here, we analyzed the clinical impact of Sdc-1 expression by analysis of public gene expression datasets and studied the effect of an overexpression of Sdc-1 and its membrane-bound and soluble forms on the malignant properties of the human cervical carcinoma cell line HeLa through functional analysis. For this purpose, the HeLa cells were stably transfected with the control plasmid pcDNA3.1 and three different Sdc-1-DNA constructs,encoding wild-type, permanently membrane-bound, and constitutively soluble Sdc-1. In clinical specimens, Sdc-1 mRNA was more highly expressed in local tumor tissues than in normal and metastatic cervical cancer tissues. Moreover, high Sdc-1 expression correlated with a poor prognosis in Kaplan-Meier survival analysis, suggesting the important role of Sdc-1 in the progression of this type of cancer. In vitro, we found that the soluble, as well as the permanently membrane-bound forms of Sdc-1 modulated the proliferation and the cell cycle, while membrane-bound Sdc1 regulated HeLa cell apoptosis. The overexpression of Sdc-1 and its soluble form increased invasiveness. In vitro scratch/wound healing assay, showed reduced Sdc-1-dependent cell motility which was linked to the Rho-GTPase signaling pathway. In conclusion, in cervical cancer Sdc-1 modulates pathogenetically relevant processes, which depend on the membrane-association of Sdc-1.
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Introduction

Cervical cancer represents a major public health problem worldwide. More than 500,000 new cases and approximately 250,000 deaths are reported each year, making cervical cancer the fourth most common type of cancer in women (1). The persistence of Human Papilloma Virus infection is the main factor driving pre-neoplastic lesions and increased risk of cervical cancer, however infection alone is not sufficient to cause cancer (2). Evidence suggests that the microenvironment plays a very important role in the development and progression of cervical cancer. For example, immunosuppression is mediated by the adenosinergic pathway and the presence of immunomodulatory mesenchymal stromal cells (3, 4). Also, the remodeling of the extracellular matrix (ECM) by fibroblasts through the production of laminin is important for cervical cancer cell invasion (5). On the other hand, the ECM receptor Syndecan-1 (Sdc-1) is differentially expressed in cervical intraepithelial neoplasias and carcinoma in situ (6). This cell surface heparan sulfate proteoglycan is one of four members of the Sdc family expressed in mouse and human tissues (7). Sdc-1 has well-documented roles in regulating inflammation by modulating the expression and activity of cytokines, chemokines, growth factors, and adhesion molecules through its heparin-related heparan sulfate chains, thus functioning as a signaling co-receptor for different signaling pathways including Rho, Wnt, Hedgehog, Notch, and STAT3 (8, 9). The Sdc-1 protein contains a cytoplasmic, an extracellular, and a hydrophobic transmembrane domain. The short highly conserved cytoplasmic domain mediates oligomerization, binding to Type 2 PDZ domains, intracellular interactions with cytoskeleton, and modulation of signal transduction (9). The extracellular domain harbours attachment sites for HS and can be substituted with chondroitin sulfate chains (7). With the extracellular domain Sdc-1 acts as a matrix receptor for collagen, fibronectin, and laminin isoforms. Notably, Sdc ectodomains can be shed by proteolytic cleavage mediated by a variety of proteases, including matrix metalloproteinases (MMPs), ADAMs, and gamma-secretase, resulting in the conversion of the membrane-bound molecule into a soluble paracrine effector (9). In cancer, Sdc-1 is involved in the regulation of cell migration, cell-cell and cell-matrix interactions, growth-factor, chemokine, and integrin activity, and in the regulation of protease activity (7, 9–11). Importantly, several preclinical and clinical studies have demonstrated that therapies targeting Sdc-1 can inhibit the aggressive behavior of tumor cells (7, 12). Thus, this protein has emerged as a novel target for the development of selective and more potent therapies. Although some studies indicate that Sdc-1 can act both anti- or pro-tumorigenic (13–17), the mechanisms by which Sdc-1 participates in the pathogenesis and progression of tcervical cancer are still unknown. In this study, we analyzed the dysregulation and prognostic impact of Sdc-1 expression in clinical specimens of cervical cancer utilizing publically available transcriptomic datasets. Then, we analyzed the role of Sdc-1 in the proliferation, cell cycle, migration, and invasion characteristics of the well-established cervical cancer cell model line HeLa. Importantly, we studied the individual contributions of membrane-bound and soluble Sdc-1 forms in these processes and the relation between Sdc-1 and RhoGTPases in the invasive characteristics of HeLa cells. Understanding the mechanisms by which different forms of Sdc-1 promote these processes could help to better understand the behavior of cervical cancer cells and to find specific therapeutic targets.



Materials and Methods


TNMplot and KM Plot Analysis

To compare the expression of Sdc-1 between non-tumor tissue, tumor, and metastases, we used the TNMplot online tool https://tnmplot.com/analysis/, accessed on 15 September 2021. This platform uses data generated by gene arrays from the Gene Expression Omnibus of the National Center for Biotechnology Information (NCBI-GEO) or RNA-seq from The Cancer Genome Atlas (TCGA), Therapeutically Applicable Research to Generate Effective Treatments (TARGET), and The Genotype-Tissue Expression (GTEx) repositories. Statistical significance was computed using Mann–Whitney or Kruskal–Wallis tests. False Discovery Rate (FDR) was computed using the Benjamini–Hochberg method. The database contains 56,938 samples, including 33,520 samples from 3180 gene chip-based studies (453 metastatic, 29,376 tumorous, and 3691 normal samples), 11,010 samples from TCGA (394 metastatic, 9886 tumorous, and 730 normal), 1193 samples from TARGET (1 metastatic, 1180 tumorous and 12 normal) and 11,215 normal samples from GTEx (18). Survival analysis was performed using the Pan-cancer database of the KMPlot online tool (19), selecting the Cervical squamous cell carcinoma subset (n=304 patients). The median of gene expression was used as a cutoff (median 23526, expression range 298 – 129355). All of the clinical data of the current study are publicly available and have been reviewed in the original studies, therefore there was no necessity for additional ethical review approval processes. The original datasets are described in references (18, 19).



Cell Culture and Generation of Stably Transfected Cell Lines

The HeLa cell line was purchased from ATCC/LGC Promochem (Wesel, Germany) and cultured in RPMI (Sigma, cat. No. D8758, Deisenhofen, Germany); containing 10% Fetal Calf Serum (FCS, Biochrom GmbH, Cat. No. S0615, Berlin, Germany) and 1% penicillin/streptomycin (Sigma, cat. No. P433) and maintained in a humidified atmosphere of 5% CO2 at 37°C. Cells were stably transfected with a pcDNA3.1 control plasmid (Invitrogen, Karlsruhe, Germany) or a plasmid allowing for the overexpression of wild-type (WT), a constitutively membrane-bound (Sdc-1-388), and a constitutively shed form (Sdc-1-392) of murine Sdc-1 in the vector pReceiver-M02 under control of the cytomegalovirus promoter (RZPD/ImaGenes, Berlin, Germany) as previously described (10, 20). Stable clones were selected using 1 mg/ml G418. HeLa cells were cultured in RPMI-1640 medium containing 10% FCS, 1% penicillin/streptomycin and 600 mg/ml G418 in a humidified atmosphere of 5% CO2 at 37°C. Successful transfections were confirmed by qPCR.



Quantitative Real-Time PCR

Total RNA isolation was performed with OLS RNA Kits (OMNI Life Science GmbH & Co. KG, Hamburg, Deutschland) according to the manufacturer’s instructions, and reverse transcribed into cDNA using the First-strand cDNA Synthesis Kit (Thermo Scientific, cat. No. K1612, Waltham, MA, USA) according to the supplier’s protocols. Quantitative real-time PCR was performed in duplicates for each target gene using Universal TaqManR PCR Mastermix (Applied Biosystems, cat. No. 4305719, Foster City, CA, USA), and gene expression levels were measured in an ABI 7300 Real-time PCR detection system (Applied Biosystems, CA, USA). Gene expression was analyzed using the 2-ΔΔCT method and samples were normalized to the expression of 18SRNA. The ID of the TaqMan probes are: 18srRNA (hs99999901s1, bp 604, Gen bank accession no. X03205.1), Human Sdc-1 (hs00174579m1, bp 317 exon boundary 1-2, Gen bank mRNA AJ551176.1), Mouse Sdc-1 (Mm00448918m1,bp 429, exon boundary 2-3, Gen bank mRNA AK132236.1), MMP2 (hs00234422m1, bp 1793, exon boundary 12-13, Gen bank mRNA AK301536.1), ECAD (hs00170423m1, bp 451, exon boundary 3-4, Gen bank mRNA AB025105.1), TIMP1 (hs00171558_m1, bp 515, exon boundary 5-6, Gen bank mRNA A10416.1), BAK (hs00832876g1 bp 1330, exon 6, Gen bank mRNA AK091807.1), Bad (hs00188930m1, bp 188, exon boundary 1-2, Gen bank mRNA AB451254.1), and BCL2 (hs00153350m1, bp 977, exon boundary 2-3, Gen bank mRNA BC027258.1) (Assays by Applied Biosystems, CA, USA).



Cell Proliferation Assay

Cell proliferation was evaluated using alamarBlueR-System (Thermo Scientific, cat. No. A50100). A total of 5000 cells/well were seeded in 96-well plates and maintained in RPMI medium supplemented with 10% FCS. After 24 h, 20µl alamarBlueR-substrate was added. Following the manufacturer’s protocol, after 6 h the colorimetric change was analyzed.



Cell Cycle Analysis

For DAPI staining, cell pellets were resuspended in 1 mL of 4,6-diamidino-2-phenylindole (DAPI) (CyStain UV Ploidy, cat. no. 05-5001, Sysmex, Norderstedt, Germany) and after 5-min incubation at RT, cells were analyzed by flow cytometry (CyFlow space, Sysmex/Partec, Münster, Germany). Excitation was carried out with a 375-nm UV laser and fluorescence emission was measured at 455 nm in FL4. Data analysis was performed with FlowJo software (LLC).



Apoptosis Assay

Cells were stained with the Annexin V/propidium iodide (PI) (Thermo Fisher Scientific, cat. No. V13242), as detailed by the manufacturer and as previously described (21). Measurement was performed on a flow cytometer using FloMax software (Quantum Analysis, Münster, Germany) to visualize and manage flow data. For interpretation, the fourth quartile in the measurement graph indicated apoptotic cells, where cells are positive for Annexin V. Annexin V binds to phosphatidylserine when cell membranes lose lipid asymmetry during apoptosis, but are negative for propidium iodide as cell membranes remained intact (22).



Invasion Assay

Transfected cells were diluted to 50.000 cells/mL in RPMI media containing serum. Then, 500 μL (corresponding to 25.000 cells) were transferred to Matrigel-coated inserts (Corning®, cat. no. 354230; Bedford, MA). This was followed by a 24-hour incubation period at 37°C, 7.5% CO2. After carefully removing RPMI media and replaces by 500 μL of RPMI without serum, the invasion was triggered by adding 750 μL of RPMI medium with FCS as a chemoattractant factor into the lower compartment of the chamber. After 24 hours, all media was removed, and the cells on top of the Matrigel were removed with “cotton-wool” sticks and washed in PBS for 1 minute. After removing the PBS, the cells were stained in 1% toluidine blue in BORAX (Sigma, cat. No. T3260) for 6 minutes and washed with H2O. Two non-overlapping pictures were taken under a Zeiss Axiophot (Zeiss, Jena, Germany) bright-field microscope (magnification 10X) and invaded cells were counted.



Wound Healing Assay

Cells were cultivated in 6-well plates for 72 hours in triplicate. After that, the cells were washed one time with 1X PBS, and then a scratched area was created using a sterile 200 μL pipette tip on 90% confluence, followed by incubation in serum-free RPMI medium for 24 hours. Cells migrated into the wound surface were determined under the microscope at time intervals of 0, 6, 8.5, and 23 hours. Images of scratched areas were captured with Zeiss Axiophot bright-field microscope (magnification 10X). The ratio of cell migration was calculated as the percentage of the remaining cell-free area compared with the area of the initial scratched area using the Axio Vision program (Carl Zeiss Microscopy GmbH, Göttingen, Germany). With a 10 X scaling, a contour was drawn around the cells at the edge of the scratch and the wound area was calculated in μm2, supported by the software. Some assays were performed in the presence or absence of 10 μM of the Rho kinase (ROCK) inhibitor Y-27632 (Stem Cell Technologies, cat. No. 72302).



Immunofluorescence Microscopy and Immunocytochemistry

Cells (25,000) were cultured in 8-well slides. After the cells adhered, the medium was removed completely, and then, cells were fixed with 3.7% paraformaldehyde (Merck KGaA, K42464803, Darmstadt, Germany) for 10 minutes, followed by a 5-minute incubation in 0.1% Triton X-100 (Carl Roth GmbH and Co. KG, 3051.3, Austria) to allow permeabilization. Cells were washed twice with 1X PBS for 5 minutes each and incubated for 30 minutes with 10% Aurion BSA (AURION, 60613/3, Wageningen, Netherlands). For immunofluorescence microscopy, the cells were incubated with the primary Rabbit-anti-human RhoB (Santa Cruz Biotechnology, Santa Cruz, California, USA) in Dako antibody diluent (1:50, Agilent Technologies, S2022, California, USA) for 1 hour at room temperature (RT). After that, cells were incubated for 30 min at RT with the secondary IgG anti-rabbit conjugated with AlexaFluor 488 (cat. No. A48282, Thermo Fisher Scientific, USA) diluted at 1:600 in DAKO antibody diluent. For staining of actin filaments, cells were incubated for 30-minutes with Phalloidin CruzFluor™ 594 Conjugate 1000X (1:500, Santa Cruz Biotechnology, cat. No. sc-363795, Texas, USA) in Dako antibody diluent. Then, samples were washed three times with PBS for 5 minutes each and incubated with DAPI diluted 1:5000 in PBS for an additional 1 minute, followed by rinsing with PBS. Coverslips were mounted with Vectashield Medium (Vector Laboratories, Cat. No. H-1000-10, California, USA). Samples were examined by fluorescence microscopy (Olympus BX 61, Camera Regina 4000 R). The image sections were reproduced at 400X magnification using the Q Capture 2.73.0 Media Cybernetics Image Pro® software (Bethesda, USA). For each cell line, several images were photographed from the three independent experiments. For immunocytochemistry of murine Sdc-1, cells were cultured and processed analogously up to the stage of primary antibody incubation. Cells were then stained with rat-anti-mouse Sdc-1 mAb 281-2 (BD Pharmingen, San Jose, CA, 1:1000 in PBS/1% bovine serum albumin (BSA)), Endogenous peroxidase was quenched with methanol/0.6% H2O2, followed by three washes with PBS. Murine Sdc-1 was detected using the Vectastain ABC kit (anti-rat), Vector Laboratories Inc., Burlingame, CA), and the AEC substrate (DAKO, Glostrup, Denmark), followed by counterstaining with Mayer’s Hemalum (Merck, Darmstadt, Germany). Sections were observed with a Zeiss Axiovert 100 microscope equipped with an Axiophot Mrc camera.



Flow Cytometry for Syndecan-1

To detect cell surface Sdc-1, HeLa cells were detached using 1.5 mM ethylenediaminetetraacetic acid (EDTA) in Ca/Mg-free PBS buffer for 10 min at 37°C with gentle agitation. Cells were washed in PBS and resuspended in cold buffer containing 1% FCS. A total of 2 x 105 cells per sample were used for a single analysis. Following centrifugation, cells were resuspended in PBS/2% BSA and incubated for 15 min at 25°C with 10 μl of anti-human Sdc-1 (CD138)-PE (eBioscience, Inc., San Diego, CA, USA) or an isotype control IgG. Stained cells were analyzed by a cube-8 flow cytometer (Sysmex/Partec, Muenster, Germany).



Dot Blot Assay for Shed Syndecan-1

To detect soluble (shed) human and murine Sdc-1, cell culture supernatants were collected from the transfected HeLa cell lines grown for 5 days in 75 cm² flasks (12 ml medium, 6 x 106 cells at time of harvesting). 600µl of cleared (10 000g, 4°C, 10 min) cell culture supernatants were loaded on nitrocellulose membranes using a microfiltration apparatus (Bio-Rad, Hercules, CA). Membranes were blocked for 60 min with 3% non-fat dry milk, 0.5% bovine serum albumin, 150 mM NaCl, 50 mM Tris-HCl, pH 7.4, and incubated for 16 h at 4°C with the rat-anti-mouse Sdc-1 antibody 281-2 (BD Pharmingen, San Jose, CA 1:100 in PBS/1% BSA) at 4°C or the mouse anti-human Sdc-1 antibody DL-101 (1:100 in PBS/1%BSA, Santa Cruz Biotechnology, Santa Cruz, CA, USA). Immunoreactivity was visualized with HRP–conjugated secondary antibodies (1:5000 in PBS/1%BSA, Sigma, Deisenhofen, Germany). Antibodies were detected by enhanced chemiluminescence according to the manufacturer’s instructions using SuperSignal™West Pico PLUS Chemiluminescent Substrate (Thermo Scientific™, cat. no. 34580, Foster City, CA, USA) in a FUSION SL (Vilber Lourmat, Marne-la-Vallée Cedex, France) device. Digitalized images were analyzed densitometrically using ImageJ software (National Institutes of Health, Bethesda, MD), and expressed as percentage of the vector control cells.



Statistical Analyses

Statistical analysis of in vitro data was performed with GraphPad Prism 4.02 (GraphPad Software, La Jolla, CA). GraphPad Prism 4.02 was used to perform two-tailed t-tests, one-way ANOVA with Dunn´s posttest, or nonparametric Friedman’s test with Dunn’s posttest, where appropriate. Data of the TNM Plotter resource were analysed using Mann-Whitney Test or Kruskal–Wallis test as appropriate, whereas data of the KM Plotter resource were analysed by Cox proportional hazards regression analysis calculatinge log-rank P values, and hazard ratios (HR) with the “survival” R package v2.38. Data were considered significant, when P-values were below 0.05.




Results


Sdc-1 Is Highly Expressed in Cervical Carcinoma, and Correlates With a Poor Overall Survival

Previous studies have indicated a dysregulation of Sdc-1 expression in cervical carcinoma tissues (6, 13–17). To further investigate the clinicopathological relevance of aberrant Sdc-1 expression in this disease, we made use of large public gene expression datasets. Using the RNA Seq-based gene expression data of the TNMplot online tool (18), we found that the expression of Sdc-1 in 3 paired samples of adjacent normal cervical tissue cervical squamous cell carcinoma and endocervical adenocarcinoma was strongly, yet non-significantly upregulated in the malignant tissue (Figure 1A). Further analysis of a larger number of cancerous tissues (n=304) and metastases (n=2) showed a trend for a higher expression compared to normal tissues (n=3) (p=0.0669, Kruskal-Wallis-test) (Figure 1B). Post-hoc analysis by Dunn test revealed a p-value of 1.65x10-03 for the comparison of normal tissue and tumors, a p-value of 1.75x10-01 comparing tumor tissue and metastases, and a p-value of 1,15x10-01-for the comparison of normal and metastatic tissue. We next utilized gene chip-based mRNA expression data of 304 cervical carcinoma patients and correlated the high vs low expression of Sdc-1 with patient survival using the cervical carcinoma subset of the KM Plotter pan-cancer database (19). Using the median as cutoff, a high expression of Sdc-1 was found to significantly correlate with a poor overall survival (HR = 1.74 (1.07 − 2.82), logrank P = 0.024) (Figure 1C). Overall, these data confirm previous evidence for a dysregulation of Sdc-1 expression in cervical cancer, and provide novel evidence for its utility as a prognostic marker in mRNA-based analyses.




Figure 1 | Sdc-1 is dysregulated in cervical carcinoma, and its high expression correlates with poor overall survival. Boxplots of SDC-1 gene expression in cervical cancer tissue when comparing paired normal and tumor RNA Seq data of three patients. (A) and when comparing normal, tumor and metastasis RNA Seq data (B). The quantile cutoff values (minimum, 1st quartile, median, 3rd quartile, maximum) and the number of analyzed samples are presented. (C) Kaplan-Meier Survival analysis of 304 cervical carcinoma patients stratified by high or low expression of Sdc-1. (A) p=0.181 (not significant), Mann-Whitney-Test. (B) p=0.069 (Kruskal-Wallis test, trend for significance), post hoc-analysis p-values (Dunn’s test): p=1.65x10-03 normal tissue compared to tumors (significant), p=0.175 tumor tissue compared to metastases (not significant), p=0.115 normal tissue compared to metastatic tissue. (C) p=0.024 (significant), Cox regression analysis log rank p-value.





Overexpression of Membrane-Bound and Soluble Sdc-1 Affects Proliferation and the Cell Cycle, While Membrane-Bound Sdc-1 Increases Apoptosis of HeLa Cells

Previous studies using heterologous overexpression of membrane-bound and soluble forms of murine Sdc-1 in human breast cancer cells had provided valuable insights on their differential role in invasive growth of breast cancer cells (10). To understand the roles of the wild type (Sdc1-WT), membrane-bound (Sdc1-388), and soluble Sdc-1 (Sdc1-392) in the progression of cervical cancer, the human cervical cancer cell line HeLa was stably transfected with three different Sdc-1 DNA constructs and a control vector (Figure 2A), as previously described (10). The control plasmid pcDNA3.1 does not contain an insert. The Wild-Type Sdc-1 plasmid overexpresses murine Sdc-1 under the strong CMV promoter. Murine and human Sdc-1 share 70% amino acid sequence identity in their extracellular, 96% in their cytoplasmic, and 100% in their transmembrane domains (10, 23). The construct Sdc1-392 encodes only the extracellular domain of Sdc-1 and the construct Sdc1-388 enables the overexpression of a constitutively membrane-bound (non-cleavable) form, in which the shedding site is replaced by CD4 sequences (10). To verify overexpression of Sdc-1, the expression of murine Sdc-1 constructs was quantified by qRT-PCR. As expected, the control plasmid did not express murine Sdc-1 (Figure 2B). We confirmed a slight overexpression of the murine Sdc1-WT, while the constitutively membrane-bound and soluble murine Sdc-1 were detected at almost the same levels as the endogenous human Sdc-1 (Figure 2B). Therefore, these results confirm that the transfection was successful, and that the altered Sdc-1 constructs were ectopically expressed at levels comparable to endogenous human Sdc-1. We next confirmed the presence of human Sdc-1 protein at the cell surface of the transfected cells using flow cytometry (Figure 2C). In all cell lines, human Sdc-1 levels clearly exceeded background expression levels, with cells expressing the heterologous constructs exceeding the levels of the vector control (2.64% vs 4.11-8,44%). We next studied the expression of the heterologous murine constructs by immunocytochemistry (Figure 2D). Vector control cells showed only a neglible background staining for murine Sdc-1. Murine Sdc-1 was distributed at the cell surface and cytoplasm of WT-Sdc1 cells, and showed a more pronounced membranous staining in Sdc1-388 cells. Cytoplasmic staining in these cells may mark passage through the secretory pathway. In contrast, no membranous murine Sdc-1 staining was seen in Sdc1-392 cells, where cytoplasmic and nuclear staining of Sdc-1 were observed (Figure 2D). To study the levels of soluble, shed Sdc-1 in our cell models, we employed a dot-blot analysis of conditioned media (Figures 2E, F). Even after long exposure times, signals of shed Sdc-1 were only slightly detectable above background levels, demanding cautious interpretation of the results. All cells shed comparable amounts of human Sdc-1 into the media, with a slight (approx. 10%), yet significant increase noted in cells overexpressing shed murine Sdc-1 (Sdc1-392) (Figure 2E). With respect to murine Sdc-1, results showed greater variability. While both Sdc1-WT and Sdc1-392 cells showed clearly increased soluble murine Sdc-1 levels over vector controls, the increase was only significant in the case of Sdc1-WT cells (Figure 2F). Overall, the results demonstrate the presence of membrane-bound and soluble human Sdc-1 on our cell models, and a proper expression and localisation of the heterologous murine Sdc-1 constructs over a background of endogenous human Sdc-1.




Figure 2 | Characterisation of HeLa cells overexpressing wild-type, constitutively membrane bound (Sdc-388) and constitutively shed (Sdc1-392) Sdc-1. (A) Schematic representation of the plasmid Sdc-1 cDNA inserts, CMV, cytomegalovirus promoter; yellow box, juxta-membrane domain; Black box, non-cleavable CD4 sequence; blue box, transmembrane and cytoplasmic domain, orange box, poly-A-tail; Sdc1-WT murine wild-type form; Sdc1-388, uncleavable construct 388;Sdc1-392, constitutively shed construct 392. (B) Quantitative PCR analysis of murine (mu Sdc-1 and human (Hu Sdc-1) Sdc1 expression. Sdc-1 expression was related to the housekeeping gene 18SrRNA. n ≥ 3, error bars = SEM. (C) Detection of human Sdc-1 protein expression at the surface of the transfected HeLa cell lines using flow cytometry. Cells were stained for isotype control mouse IgG1-PE and mouse anti-human Sdc-1 (CD138)-PE and the cells were subjected to flow cytometry. Human Sdc-1 is expressed at the cell surface of all cell types. (D) Immunocytochemistry for murine Sdc-1, demonstrating expression of murine Sdc-1 in Sdc1-WT, Sdc-1-388 and Sdc-1 392 transfected cells (brown-red staining). Original magnification 10x. (E, F) Detection of shed human (E) and murine (F) Sdc-1 in cell culture supernatants of the transfected cell lines. Conditioned media were collected from the cell lines indicated and 600 µl were subjected to a dotblot assay and quantified by Image J densitometric analysis. Left panels = quantification, right panels= representative dot-blots, n>3, *= p<0.05 Sdc1-392 compared to vector control (t-test). The cell lines shed comparable amounts of human Sdc-1 into the culture media, with a moderately, yet significantly enhanced amount in Sdc1-392 cells. Shed amounts of murine Sdc-1 were variable, with Sdc1-WT cells showing significantly increased levels of shed murine Sdc-1 compared to vector control (n>3, *p<0.05, t-test).



Due to the capacity of Sdc-1 to act as ligands or co-receptors for various signal-transducing receptors, affecting pathways associated with the hallmarks of cancer, namely proliferation, cell cycle, and apoptosis (24, 25), we performed functional analysis related to these processes. We observed that both soluble (Sdc1-392) and constitutive membrane-bound Sdc-1 (Sdc1-388) moderately inhibited HeLa cell proliferation. Compared with vector controls, membrane-bound Sdc1-388 decreased proliferation to 89% and soluble Sdc-1-392 decreased proliferation to 92%. Murine Sdc1-WT overexpression did not affect proliferation (Figure 3A). Figure 3B shows that the overexpression of membrane-bound Sdc1-388 affected apoptosis. The percentage of apoptotic cells was 13.9% in membrane-bound Sdc-1-388 cells compared to the control with 6.75%, the soluble Sdc1-392 with 9.67%, and Sdc1-WT with 8.49% (Figure 3B). Regarding the cell cycle, the overexpression of soluble Sdc1-392 and membrane-bound Sdc1-388 led to a significant shift of the HeLa cells from the S-phase to the G2M-phase (Figure 3C). Approximately, 22% of control cells (vector and Sdc1-WT) are in the S-phase, while 18.6% of membrane-bound Sdc-1-388 and 18.5% of soluble Sdc-1-392 were in the S-phase. Interestingly, a clear shift to the G2M phase was observed from a 12.4% control to a 15.25% of membrane-bound Sdc1-388 and 15.53% of soluble Sdc1-392 in HeLa cells (Figure 3C). Since the membrane-bound Sdc1-388 affected apoptosis, we evaluated the expression levels of apoptosis-related genes in the Sdc1-388 HeLa cells such as Bad, Bak, and Bcl-2 by qRT-PCR. No significant alteration in gene expression was detected, suggesting that transcriptional changes of these markers as a cause of increased apoptosis can be excluded (Figure 3D). These results suggest that both the membrane and soluble forms of Sdc-1 have an impact on proliferation, apoptosis, and the cell cycle in cervical cancer cells.




Figure 3 | Role for soluble and membrane bound forms of Sdc-1 in HeLa cell proliferation, cell cycle progression, apoptosis and invasion. (A) Differential effect of membrane-bound and soluble Sdc-1 on breast cancer cell proliferation. Control vector-transfected HeLa and HeLa cells stably overexpressing WT (Sdc1-WT), constitutively membrane-bound (Sdc1-388) or the soluble ectodomain (Sdc1-392) of Sdc1 were subjected to an Alamar Blue cell proliferation assay *P < 0.05 (One-way ANOVA with Dunn’s post hoc test) for Sdc1-388 compared to vector control and Sdc1-392 compared to vector control n ≥ 3, error bars = SEM. Changes in apoptosis (B) and cell cycle progression (C) after the stable transfection of HeLa cells as quantified by using Annexin V/propidium iodide (B) and by DNA staining (C) and followed by flow cytometry. *P < 0.05 (One-way ANOVA with Dunn’s post hoc test) for Sdc1-388 compared to vector control, and Sdc1-392 compared to vector control, n ≥ 3, error bars = SEM. (D) quantitative Real-Time PCR of the expression of the apoptosis markers Bad, Bak and Bcl-2 in the HeLa Sdc1-388 transfected cells. Data are expressed as fold change versus control vector-transfected cells. ns, no significant p value for all group comparisons (one-way ANOVA with Dunn’s post hoc test). n≥3, error bars = SEM. (E) Stably transfected HeLa cells were subjected to a matrigel invasion assay. Quantification of invasive cells relative to control vector-transfected cells. *p <0.05 Sdc1-WT compared to vectror controls and SDc1-392 compared to vector controls, (one-way ANOVA with Dunn’s post hoc test), n≥4, error bars = SEM. (F) quantitative RT-PCR analysis of E-cadherin, MMP2 and TIMP1 compared with vector controls. *p <0.05, MMP2 Sdc1-388 compared to vector controls, E-cadherin Sdc1-388 compared to vector controls, ***p <0.001, E-cadherin Sdc1-392 compared to vector controls (one-way ANOVA with Dunn’s post hoc test), n≥3, error bars = SEM.





Overexpression of Sdc1-WT and Soluble Sdc1-392 Increases Cervical Cancer Cell Invasiveness

Previously, we observed that the depletion of Sdc-1 in breast and colon cancer cells increases their migration and invasion capacity (24, 26), while in endometriotic cells the expression of Sdc-1 promotes their invasive potential (27). Moreover, membrane-bound and Sdc-1-WT promoted invasion of breast cancer cells in vitro (11). To analyse a possible role of Sdc-1 in the invasion capacity of the transfected HeLa cells, we performed matrigel invasion assays. Overexpression of Sdc1-WT and soluble Sdc1-392 significantly increased the invasion capacity of HeLa cells (430% and 230%, respectively) compared with vector control cells (100%). Overexpression of membrane-bound Sdc1-388 did not affect invasiveness (Figure 3E). To investigate if Sdc-1 in its different forms influences the expression of invasion-related factors, we analyzed the expression levels of E-cad, MMP2, and tissue inhibitor of metalloproteinases 1 (TIMP-1), which are also associated with the metastasis of cervical cancer cells (28, 29) by qRT-PCR. In cells transfected with the membrane-bound Sdc1-388, we observed a significant overexpression in both E-cad and MMP2. Moreover, E-cad was also overexpressed in the Sdc1-392-transfected cells, while no gene expression changes were noted with respect to cells overexpressing Sdc-1-WT (Figure 3F).



Sdc-1 Overexpression Inhibits Migration of HeLa Cells in Rho-GTPase-Dependent Mechanism

We next performed migration assays to analyze if changes in invasive growth may be linked to an altered migration capacity of the Sdc-1-manipulated HeLa cells. For this purpose, a scratch area was created in the transfected HeLa cells, and after 6, 8, and 23 h closing of the cell-free area was analyzed. At 6 hours, the membrane-bound Sdc1-388 and soluble Sdc1-392 cells showed less migration capacity relative to control and Sdc1-WT cells, while at 8 h only the membrane-bound Sdc1-388 cells were less migratory compared to the other cells (Figure 4A). At 23 h the vector cells have a higher migration capacity relative to Sdc1-WT, membrane-bound Sdc1-388, and soluble Sdc1-392 HeLa cells, which displayed a decreased migratory phenotype (Figure 4A). These results suggest that the wild-type and the soluble form of Sdc-1 have an impact on the invasion, while all forms of Sdc-1 influence the migration capacity of cervical cancer cells. We previously found that the depletion of Sdc-1 in the triple-negative breast cancer MDA-MB-231 cell line leads to an increase in migration and invasion which was dependent on the expression and activity of Rho-GTPase (24). To decipher the role of Sdc-1 and Rho in the migration capacity of cervical cancer cells, the transfected HeLa cells were cultured in the presence of the specific inhibitor of Rho-Kinases (ROCK) Y-27632. Interestingly, due to the pharmacological blockade of the Rho signaling pathway, the Sdc-1-specific effect on cell migration could be inhibited (Figure 4B). This suggests that the Sdc-1-dependent changes in migration of cervical cancer cells depend on the Rho signaling pathway. Finally, since Sdc-1 influences the motility of the HeLa cells in a Rho-dependent manner, we performed immunofluorescence staining to examine the distribution of RhoB in the HeLa-transfected cells. Phalloidin staining demonstrated actin fiber formation that was particularly prominent at the margins of cell groups, demonstrating cytoskeletal remodeling of the cervical cancer cells. Moreover, in all cell lines, RhoB showed a cytoplasmic localisation (Figure 4C). However, we found that the overexpression of the soluble Sdc1-392 induced an increased localization of RhoB at the cell-cell boundaries, which indicates an increased membrane localization (Figure 4C, arrow), and could influence the activation of the GTPase signal. On the other hand, overexpression of membrane-bound Sdc1-388 induced cell rounding that could indicate the presence of apoptotic cells (Figure 4C, arrow), which is in agreement with the result of apoptosis analysis (Figure 3B).




Figure 4 | Migration of HeLa cells is decreased by all forms of Sdc-1 in a Rho-GTPase dependent manner. (A) The Scratch/wound area of the four cell lines is shown as a percentage of the wound area at time 0h, 6h, 8.5h and 23h. The ability of all three cell constructs to migrate is reduced compared to the control cell line. * = p <0.05 (nonparametric Friedman’s test with Dunn’s posttest) for Sdc1-388 compared to vector control (t=6h, 8.5h, 23h), for Sdc1-WT vs vector control (t=23h) and for Sdc1-392 vs vector control (t=6h, 23h), n≥3, error bars = SEM. (B) Stably transfected HeLa cells were treated with the Rho kinase (ROCK) inhibitor Y-27632 and then a Scratch/wound area was created. The area of the three cell constructs and vector was quantified at 0h, 6h, 8.5h and 23h. ns, no significant difference compared to vector control (nonparametric Friedman’s test with Dunn’s posttest). n≥3, error bars = SEM. (C) Confocal immunofluorescence microscopic analysis of RhoB protein in HeLa transfected cells. green, RhoB; red, actin-binding protein phalloidin for cytoskeletal staining; blue, DAPI staining for nucleus. Representative images are presented. 40x magnification.






Discussion

Sdc-1 plays an important role in the progression of different types of cancers by regulating the hallmarks of cancer such as proliferation, angiogenesis, apoptosis, invasion, and metastasis (7, 9, 25, 30, 31). Despite all this evidence, little is known about how Sdc-1 affects the progression of cervical cancer. On one hand, it has been observed that the cervix exhibits a differential expression of Sdc-1 depending on the type of cell and epithelium as well as, in non-neoplastic and neoplastic lesions and the histological grade of the tumor (13, 16). Low Sdc-1 expression was observed in the progression of cervical intraepithelial neoplasia (CIN) grade I to grade III, while in poorly differentiated squamous cell carcinomas, Sdc-1 was almost absent (13). Immunohistochemical analysis of cervix tumor tissues showed that the cell surface Sdc-1 expression was higher on stromal fibroblasts than in cancer cells and that patients with high cell surface Sdc-1 expression had significantly better survival (14). In another study, the authors observed that intensity of Sdc-1 staining was higher in the normal epithelium, followed by CIN, and by invasive squamous cell carcinoma (15). Importantly, an inverse correlation between the expression of Sdc-1 in the primary site and lymph node metastasis was observed (15), suggesting that Sdc-1 has a different role in the different stages of development of cervical cancer. In our study, we found that Sdc-1 mRNA showed a trend for a higher expression in local tumor tissues than in normal and metastatic cervical cancer tissues, and a significant correlation with poor survival of cervical carcinoma patients (Figure 1). These data suggest an important role of Sdc-1 in the progression of this type of cancer. In a cohort of 124 samples of primary invasive carcinoma of the cervix, a high expression of Sdc-1 was observed in 39% of the samples which was associated with the grade of differentiation and squamous histology but was not associated with the disease-free survival (16). In a different study, from 121 samples of cervical cancer, 101 (83.5%) were positive for Sdc-1 being the histological type, and grade those that showed statistical significance with Sdc-1 expression (32). In this case, high Sdc-1 expression in the cytoplasm was related to better patient survival (32). These results suggest that in cervical cancer, Sdc-1 plays an important role in the development and maintenance of the primary tumor. Therefore, it would be important to carry out more studies that involve a greater number of samples including primary and metastatic tumors. To know more about the role of Sdc-1 in processes associated with malignancy, we analyzed the effect of the overexpression of Sdc-1 and its membrane-bound and soluble form on the malignant properties of the human cervical carcinoma cell line HeLa through functional analysis. We previously showed that in breast cancer cells, the membrane-bound and the soluble form of Sdc-1 exert different functions (10). Here, we found that the soluble, as well as the permanently membrane-bound state of Sdc-1, decreased the proliferation and the cell cycle progression of HeLa cells (Figures 3A, C). In breast cancer cells, the overexpression of WT Sdc-1 increased cell proliferation, whereas overexpression of the soluble form Sdc1 inhibits proliferation (10). It has been observed that Sdc-1 shedding potentially affects tumor growth and metastasis (30). This suggests that the soluble form of Sdc-1 has an important role in proliferation, but its role is tumor type-dependent. We also observed that the soluble, as well as the permanently membrane-bound state of Sdc-1, modulated the cell cycle from S to G2/M phase. Interestingly, in mesothelioma Sdc-1 promotes an arrest in the G1 phase by modifying the heparan sulfate composition (33). Regarding apoptosis, in endometrial cells, Sdc-1 expression prevents their apoptosis (34). In agreement, in myeloma Sdc-1 functions as an inhibitory factor of apoptosis. Also, inhibiting IGF1R, which is captured by Sdc-1, a reduction in size and vasculature of myeloma tumor xenografts was observed (35). On the contrary, we here observed that the membrane-bound Sdc1-388 promotes the apoptosis of HeLa cells (Figure 3B). Again, the effect of Sdc-1 on apoptosis seems to be dependent on the type of tumor but also on its membrane localisation.

In our study, the overexpression of Sdc-1 and its soluble form Sdc1-392 increased HeLa cell invasiveness (Figure 3E). In concordance, soluble Sdc-1 promoted the invasion of breast cancer cells (10). In contrast to our findings in breast cancer cells (10), we observed an increase in the expression of E-cad and no changes in TIMP expression in the cells transfected with the soluble form (Figure 3F). This suggests that in cervical cancer cells, the soluble form of Sdc-1 has different downstream targets. However, it should be noted that loss of expression of E-cadherin did not affect pancreatic tumor cell motility and metastasis (36). Further, elevated E-cadherin expression enhances invasion and passive dissemination of SUM149 inflammatory breast cancer cells via induction of cell-cell adhesion and formation of tumor clusters or emboli (37, 38). Moreover, in head and neck squamous cell carcinoma the cells with the higher levels of Sdc-1 are less migratory and invasive (39), while the increase in soluble Sdc-1 favors migration and angiogenesis in myeloma (40). Interestingly, the progression of CIN to early invasive cervical cancer was associated with low levels of Sdc-1 (17). Distinguishing the role of membrane-bound and soluble Sdc-1 with respect to invasive behavior, it is surprising that MMP2 was downregulated in the most invasive cell type (WT-Sdc-1), whereas it was upregulated in moderately invasive Sdc1-388 cells (Figure 3F). We can only speculate if upregulation of MMP2 in Sdc1-388 cells may have been balanced by the upregulation of anti-invasive E-cadherin, which may have also contributed to a weaker pro-invasive effect in the Sdc1-392 cells compared to Sdc1-WT (Figures 3E, F). Regarding migration, our in vitro scratch/wound healing assay showed reduced Sdc-1-dependent motility of the HeLa cells which was mediated by the Rho-GTPase signaling pathway (Figure 4). These results appear counter-intuitive considering the effect of the different forms of Sdc-1 on invasion, but demonstrate the complexity of Sdc-1-dependent functions, which may affect cell adhesion, cell matrix-interactions, cytokine and chemokine activity, a modulation of proteolytic factors and expression changes in cell adhesion molecules (7, 9, 10). It is also conceivable that the murine forms of Sdc-1 may have influenced the functional status of endogenous human Sdc-1 in our assays. For example, in Sdc1-392 cells, nuclear localization of Sdc-1 appeared to be more prominent compared to the other forms (Figure 2D), which may have influenced E-cadherin expression and EMT (41). Also, the presence of uncleavable murine Sdc-1 could have resulted in increased compensatory shedding of endogenous Sdc-1, however, we could not find experimental evidence for this hypothesis (Figure 2E). Our data suggest that the migration phenotype may depend on cytoskeletal activity modulated by Sdc-1, whereas factors such as proteolysis and homotypic cell-cell adhesion may be of higher relevance for the invasion phenotype. Furthermore, in the matrigel invasion assay, Sdc-1-dependent interactions with this basement-membrane like extracellular matrix are of relevance, whereas this matrix was absent in the cell motility assay. It was demonstrated that, interacting with focal adhesions, Sdc-1 modulates regeneration of the tumor cell cytoskeleton in a rho-GTPase-dependent manner (42). Studies on MDA-MB-231 breast cancer cells found an association between Sdc-1 and Rho-GTPase in the regulation of cell motility, and in contrast to HeLa cells, MDA-MB-231 cell motility was increased via the Rho signaling pathway upon pathway upon Sdc-1 depletion (24). Moreover, data in an experimental model of lung injury has demonstrated that exosomes enriched in Sdc-1 ameliorate lung edema and inflammation via a mechanism that involves Rho-kinase signaling and cytoskeletal restructuring (43). In addition, calcification-independent vascular effects of osteoprotegerin have been ascribed to an activation of Sdc-1, and included osteoprotegerin-dependent activation of Rho kinase (44). Clinically, different functions of Sdc-1 between cervical and breast cancer have been observed. Whereas high Sdc-1 expression in mammary carcinoma is related to poor prognosis (32, 45), low Sdc-1 expression in cervical carcinoma is associated with poor differentiation and poor prognosis (6, 13). We showed that in HeLa cells, soluble Sdc-1 overexpression leads to changes in Rho B localization (Figure 4C). Since Sdc-1 and Rho-Kinases regulate cell motility, we suggest soluble Sdc-1 placing Rho B into a different activated status, affecting a change of localization to cell-cell borders. Different forms of Rho Kinases need to be relocated when they change from inactive cytoplasmatic form to activated plasma membrane form (42, 46). The involvement of Rho kinases in changes of cell-cell adhesion (42, 46) and the participation of Sdc-1 in the formation of focal adhesions is well known (9).

Some caveats are associated with the present study. Our study focused on clinicopathological data and a model cell line-based in vitro analysis. In the clinicopathological datasets, healthy tissue and metastatic samples were limited, requiring cautious interpretation of some of our results. Regarding the mechanistic data, further xenograft studies could help to corroborate our results in a setting that includes the tumor microenvironment, and could expand our study to find out, e.g., how Sdc-1 in its different forms affects angiogenesis, a mechanism which could promote metastases of the cervical cancer cells. We did not analyse the glycosylation status of our cells, which may have acted as a confounder. However, previous work in breast cancer cells applying the same methodological approach had not revealed major changes in heparan sulfate structure (10). Furthermore, future studies could address if Sdc-1 can function as a co-receptor for Human Papilloma Viruses as an important pathogenetic mechanism in cervical cancer (47). Finally, the role of Sdc-1 in the progression to a malignant phenotype apparently depends not only on its expression in the tumor cells, but also in the stroma, providing a rationale for studies in a co-culture setting.

In conclusion, In HeLa cervical cancer cells, membrane-bound and soluble forms of Sdc-1 modulate cell proliferation, apoptosis, motility, and invasiveness. These observations suggest an important role for Sdc-1 in the progression of cervical cancer. The observation of decreased cell motility in Sdc-1 overexpressing HeLa cells (Figure 4) is consistent with clinical data on Sdc-1-dependent lymph node metastasis, as a previous study on 106 tissue specimens showed an inverse correlation between Sdc-1 expression in the primary site of cervical carcinomas and lymph node metastases (15). Therefore, reduced cell motility in Sdc-1 expressing cervical carcinoma cells may contribute to a reduction in metastatic behaviour. However, the function of Sdc-1 appears to be context-dependent, as we observed increased invasiveness of Sdc-1 WT and Sdc1-392 HeLa cells in the Matrigel invasion chamber assay (Figure 3E, see discussion above). Sdc-1 modulates cell motility in a Rho-GTPase-dependent manner. The membrane-bound and the soluble Sdc-1 can be assigned different functions, the detailed analysis of which appears worthwhile in future studies. Understanding the mechanisms by which Sdc-1 promotes these processes could help to better understand the behavior of cervical cancer and find specific therapeutic targets.
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The extracellular matrix proteoglycan SPOCK1 is increasingly recognized as a contributor to the development and progression of cancers. Here, we study how SPOCK1, which is present in non-tumorous hepatocytes at low concentrations, promotes the development and progression of malignant hepatocellular tumors. Although SPOCK1 is an extracellular matrix proteoglycan, its concentration increases in the cytoplasm of hepatocytes starting with very low expression in the normal cells and then appearing in much higher quantities in cells of cirrhotic human liver and hepatocellular carcinoma. This observation is similar to that observed after diethylnitrosamine induction of mouse hepatocarcinogenesis. Furthermore, syndecan-1, the major proteoglycan of the liver, and SPOCK1 are in inverse correlation in the course of these events. In hepatoma cell lines, the cytoplasmic SPOCK1 colocalized with mitochondrial markers, such as MitoTracker and TOMM20, a characteristic protein of the outer membrane of the mitochondrion and could be detected in the cell nucleus. SPOCK1 downregulation of hepatoma cell lines by siRNA inhibited cell proliferation, upregulated p21 and p27, and interfered with pAkt and CDK4 expression. A tyrosine kinase array revealed that inhibition of SPOCK1 in the liver cancer cells altered MAPK signaling and downregulated several members of the Sarc family, all related to the aggressivity of the hepatoma cell lines. These studies support the idea that SPOCK1 enhancement in the liver is an active contributor to human and rodent hepatocarcinogenesis and cancer progression. However, its mitochondrial localization raises the possibility that it has a currently unidentified physiological function in normal hepatocytes.
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1 Introduction

Several factors influence the contest between cancer and its prevention as well as treatment. Pollution of the environment, sedentary lifestyle, inappropriate food consumption, etc., go together with the inappropriate response of our body to injured molecules that gain oncogenic potentials. Among the factors, the current tumor management still fails to consider the importance of extracellular matrix (ECM) and stromal components of cancers, although they are known to be active participants in the development and progression of malignant tumors (1–3).

In the last 30 years, several publications proved the role of proteoglycans in the physiology and pathology of the liver. Although according to the literature syndecan-1 is the major heparan sulfate proteoglycan of the healthy liver, all four members of the family have been reported in increased amounts in various chronic liver diseases, such as liver fibrosis, cirrhosis (4, 5), cholestasis (6), non-alcoholic fatty liver disease (NAFLD) (7), and cancer (8, 9). Glypican-3 is a typical marker of hepatocellular carcinoma, detected not only in the tumor cells but also in the circulation (10). The fact that it is hardly expressed in the normal healthy liver makes glypican-3 a potential therapeutic target (11). In the healthy liver, agrin and perlecan are the components of basement membranes of the blood vessels; their increased amounts can be detected not only there but also in the connective tissue of the liver cirrhosis and cancer (12). The importance of agrin was suggested in the early phase of cancer development (11). In contrast with published data (13), versican, the only hyalectan ECM proteoglycan, is deposited mainly in the stroma of liver cancer according to the Human Protein Atlas.

SPOCK1/Testican-1 was discovered in 1992, isolated from the seminal plasma (14), and then cloned from brain tissue in 1997 (15). The limited information about the protein verifies its presence in the brain (16), the neuromuscular synapsis (17), the ECM, the endothelial cells, and evidently the testis. Through MT1-MMP, SPOCK1 inhibits MMP2 (18) and a couple of other proteases (19). It is involved in the mechanism of sepsis (20). Since the first study reported its oncogenic role in 2011, a number of accounts described the implication of SPOCK1 in the poor outcome in almost all types of cancers, from glioblastoma to prostate tumors (21–24). The mechanism of its action is still not completely understood; inhibition of apoptosis, upregulation of the Akt pathway, and involvement in epithelial–mesenchymal transition (EMT) are speculated, among others (23, 25–28). SPOCK1 is also implicated in the development and progression of liver cancer (29).

In spite of these reports, SPOCK1 is still considered as an ECM proteoglycan, and interestingly hardly any account paid attention that it can be detected in tumor cells of surgically removed human cancer tissues, and also in the cytoplasm of cancer cell lines (30). Human Protein Atlas provides several examples of cancer tissues expressing ample amounts of SPOCK1 in the tumor cells. The presence of SPOCK1 in epithelial tumors indicates that SPOCK1 likely can be found in resident non-tumorous epithelial cells, although in very low amounts. Based on this background, we investigated if a) healthy or diseased hepatocytes express SPOCK1 and b) SPOCK1 plays a mechanistic role during hepatocarcinogenesis and cancer progression. To this end, we performed a series of assays on an experimental hepatocarcinogenesis model, studied human liver cancers, and quantified how SPOCK1 silencing or upregulation influenced the aggressiveness of hepatoma cell lines.



2 Materials and Methods


2.1 Materials

If it is not indicated otherwise, all materials were purchased from Merck KGaA (Darmstadt, Germany). For the antibodies used see Supplementary Table 1.



2.2 Cell Culture

HepG2 (ATCC HB-8065) was obtained from American Type Culture Collection (ATCC, Manassas, VA, USA); HLE (JCRB0404) and Huh7 (JCRB0403) were obtained from the Japanese Collection of Research Bioresources Cell Bank. Cell lines were maintained in Dulbecco’s Modified Eagle Medium (DMEM) Low Glucose (D5546) supplemented with 10% fetal bovine serum (FBS; FB-1001B/500, Biosera, Kansas City, MO, USA), 2 mM of l-glutamine (XC-T1715/100; Biosera), 100 unit/ml of penicillin, and 100 μg/ml of streptomycin (P0781-100ML).



2.3 Double-Fluorescent Immunocytochemistry: SPOCK1 and TOMM20

Cells were plated on coverslips in 6-well plates (2 × 105 cell/well) and cultivated in a complete growth medium for 24 h. Cells were washed three times with phosphate-buffered saline (PBS; containing 137 mM of NaCl, 2.7 mM of KCl, 10 mM of Na2HPO4, and 1.8 mM of KH2PO4, pH 7.5) and then fixed with ice-cold methanol for 10 min. Fixed cells were washed three times with PBS followed by blocking with 5% w/v bovine serum albumin (BSA) in PBS. SPOCK1 and TOMM20 primary antibodies were applied overnight in 1% w/v of BSA at 4○C. Next day, the coverslips were washed three times with PBS and incubated with fluorescent-labeled Alexa Fluor 488 and Alexa Fluor 568-conjugated secondary antibodies in 1% w/v of BSA containing DAPI (1:200; D9542) for 1 h at room temperature. The cells were washed and mounted using Fluoromount (F4680; Merck KGaA). In the case of the negative controls, the primary antibodies were omitted.



2.4 SPOCK1 Silencing in HLE and Huh7 Cell Lines

The transfection was performed using Lipofectamine™ 3000 Transfection Reagent (L3000008, Life Technologies, Carlsbad, CA, USA) and ON-TARGETplus Human SPOCK1 siRNA (L-013724-01-0005, Dharmacon Inc., Lafayette, CO, USA). The target sequences of the SPOCK1 siRNA were as follows: “CCUACAAAGAACAUCGUAA”, “GGGUUGGACCUUCGAAUUU”, “CGAUGGAGCCACAUUAAUA”, and “GGUGUAAUGAGGAGGGCUA”. To perform the transfection, cells were seeded in 6-well plates at a density of 1.5 × 105 cell/well from Huh7 and 1 × 105 cell/well from HLE and cultured for 24 h in a complete growth medium. In each well, 6 µl of transfection reagent and 50 pmol of SPOCK1 siRNA or 50 pmol of scrambled siRNA as negative control were used. Transfection efficacy was controlled with GAPDH siRNA. Twenty-four hours after the transfection, the medium was changed to a fresh growth medium. Forty-eight hours after transfection, the cells and conditioned medium were collected for follow-up experiments.



2.5 Expression Plasmids and Transfection of HepG2 Cells

The expression plasmid for wild-type SPOCK1 was constructed by PCR cloning. Briefly, full-length ORF encoding human SPOCK1 was PCR-amplified with Phusion High-Fidelity polymerase in two steps. For the first PCR, outer primers (F-out: 5′ GGCGGCGTGTGGCAGGAG 3′ and R-out: 3′ TAGAGAGCAACAATGGAGAAGAGACC 5′) were used in 30 cycles, using cDNA from HLE cells as a template. For the second PCR, inner primers (ORF-F: 5′ TTTTTGGATCCGAAATGCCTGCTATCGCGGTG 3′ and ORF-R: 3′ TTTTTCTCGAGCTACCATATGTACCCGACCTCATC 5′) were used, and the template was the purified product of the first PCR. Gel extracted fragment of the second PCR was inserted into a pcDNA™4/TO mammalian expression plasmid (Invitrogen, Carlsbad, CA, USA) using BamHI and XhoI sites. The transfection was performed using Neon Transfection System (MPK5000, Life Technologies) with 2 × 105 cells in a 100-µl pipette tip with 5 µg of SPOCK1 pcDNA™4/TO and empty vector pcDNA™4/TO using the following settings of the machine: 1,200 V, 50 ms, and 1 pulse. The cells were seeded in 6-well plates in DMEM supplemented with 20% FBS and 2 mM of l-glutamine. Stable transfectants were selected in a selective medium (complete growth medium supplemented with 500 µg/ml of Zeocin). Stably transfected monoclonal cell lines were generated by isolating individual colonies. The colony with the highest SPOCK1 expression was selected and expanded for further experiments.



2.6 Western Blotting

Cell cultures at 70%–80% confluency were harvested in lysis buffer containing 20 mM of Tris, 150 mM of NaCl, 2 mM of EDTA (pH 8), and 0.5% Triton X-100 supplemented with protease and phosphatase inhibitors (P8340). The protein concentration was measured using Protein Assay Dye Reagent Concentrate (500-0006, Bio-Rad, CA, USA). An equal amount of protein (20 µg) was separated by 10% sodium dodecyl sulfate (SDS)–polyacrylamide gel electrophoresis (TGX FastCast Acrylamide Kit, 10%, #1610173, Bio-Rad, CA, USA) and transferred to polyvinylidene difluoride (PVDF) membrane (IPVH00010, Merck Millipore, Burlington, MA, USA) using Trans-Blot Turbo Transfer System (1704150, Bio-Rad). The membrane was incubated with Blotting-Grade Blocker (#170-6404, Bio-Rad) for 2 h at room temperature and with primary antibody overnight at 4°C. After being washed three times in Tris-buffered saline containing 0.1% v/v Tween-20 (TBST containing 8.7 g of NaCl; 2.4 g of Tris; 0.05% Tween-20), the membrane was incubated with horseradish peroxidase (HRP)-conjugated secondary antibody for 1 h at room temperature, then washed three times in TBST, and visualized with SuperSignal™ West Pico PLUS Chemiluminescent Substrate (34580, Life Technologies). Images were performed using iBright FL1000 Imaging Systems (Life Technologies) and analyzed with ImageJ software.



2.7 Human Phospho-Kinase Array

Human Phospho-Kinase Array (ARY003B, R&D Systems, Minneapolis, MN, USA) was used for the detection of relative phosphorylation levels of 43 potential kinase phosphorylation sites. The assay was performed according to the manufacturer’s instructions, and 400 µg of protein of SPOCK1-silenced and control samples was used on each array. The signal detection was performed using iBright FL1000 Imaging Systems and analyzed with Carpentier G. Protein Array Analyze for ImageJ (2010) available online: http://rsb.info.nih.gov/ij/macros/toolsets/Protein Array Analyzer.txt



2.8 Bromodeoxyuridine Assay

Forty-eight hours after transfection, the culture medium was changed to fresh medium supplemented with 10 µM of bromodeoxyuridine (BrdU) (B5002, Merck KGaA) and incubated for 30 min at 37°C. The cells were fixed with ice-cold methanol for 10 min, washed three times with PBS, and incubated with 2 M of HCl for 10 min at room temperature. After being washed, the cells were incubated with an Anti-BrdU antibody for 1 h at room temperature. Finally, the cells were incubated with fluorescent-labeled Alexa Fluor 488 and DAPI (1:200) and mounted using Fluoromount. The stained slides were scanned with 3DHistech Pannoramic Confocal scanner and analyzed using CaseViewer CellQuant 2.2 (3DHISTECH Ltd., Budapest, Hungary).



2.9 Migration Assay

The cells were plated on coverslips and transfected with either SPOCK1 or scrambled siRNA as described before. Twenty-four hours after transfection, the cells were incubated with a complete growth medium containing 10 µg/ml of Mitomycin C (M5353, Merck KGaA, Darmstadt, Germany) for 3 h and then washed two times with PBS. The scratch was created using a 200-µl pipette tip. The debris was removed, and the cells were grown in a complete growth medium containing 1% FBS. The cells were fixed at 0-, 24-, and 48-h time points using methanol as described before and stained with H&E. The slides were scanned with Pannoramic P1000 scanner (3DHISTECH Ltd., Budapest, Hungary).



2.10 Invasion Assay

The invasiveness of the cell lines was studied using CytoSelect™ 24-Well Cell Invasion Assay (CBA-110, Cell Biolabs Inc., San Diego, CA, USA). The cells were transfected as described before; 24 h after transfection, 1 × 106 cells were plated onto each insert. The assay was performed according to the manufacturer’s instructions.



2.11 Generation of Human Syndecan-1-Transgenic (hSDC+/+) Mice and Diethylnitrosamine-Induced Hepatocarcinogenesis

Diethylnitrosamine (DEN) hepatocarcinogenesis model was carried out as was described previously (9). Animal experiments were approved by the Ethics Committee of the Animal Health Care and Control Institute, Csongrád County, Hungary (protocol code XVI/03047-2/2008).



2.12 Immunohistochemistry

The surgical materials were collected and used according to the instructions of Semmelweis University Regional and Institutional Committee of Science and Research Ethics (TUKEB permit number: 155/2012), Medical Research Council Committee of Science and Research Ethics (permit number: 61303-2/2018/EKU). Human, mouse, rat liver, and human bone marrow formalin-fixed and paraffin-embedded tissue sections were deparaffinized and rehydrated. Heat-induced antigen retrieval was carried out by BOND Epitope Retrieval Solution 1 (AR9961, Leica Biosystems, Newcastle, UK). Endogenous peroxidase was blocked with 10% H2O2 in methanol for 20 min at room temperature. Sections were washed in TBST followed by blocking the non-specific protein binding with Novocastra Protein Block (RE71102, Leica Biosystems) for 10 min at room temperature. After a wash step, the sections were incubated with SPOCK1 and CHD1L primary antibodies overnight at 4°C. The next day, the sections were washed and incubated with HISTO-Labeling System for 30 min at room temperature (30011.R500, Department of Immunology and Biotechnology, Pécs, Hungary). The reactions were visualized using diaminobenzidine 1:50 (ImmPACT DAB, SK-4105, Vector Laboratories, Burlingame, CA, USA) followed by counterstain with hematoxylin. The sections were dehydrated and covered using BIOMOUNT (BMT-500, BIOGNOST D.O.O, Zagreb, Croatia). Stained slides were scanned at ×20 magnification with Pannoramic P1000 scanner, and the quantitative analysis was performed using CaseViewer DensitoQuant 2.2 (3DHISTECH Ltd., Budapest, Hungary).



2.13 Automated Western Blotting System (WES™)

The samples were analyzed using WES™ (ProteinSimple, San Jose, CA, USA, a Bio-Techne Brand) automated capillary-based electrophoresis instrument. Cell lysates were prepared as described at the Western blotting and were further diluted in 0.1× Sample Buffer (ProteinSimple, 042-195), and the concentration was set to 1 µg/µl. Conditioned media were collected and concentrated using 10,000 NMWL centrifugal filters (Amicon Ultra-4, UFC801024, Merck Millipore, Burlington, MA, USA). Fluorescent Master Mix was added to the samples in a 1:4 ratio followed by 5-min incubation at 95°C. The samples, blocking reagent (Antibody Diluent; 042-203, ProteinSimple), diluted primary antibody (see Supplementary Table 1), secondary antibody (042-206, ProteinSimple), chemiluminescent substrate, and wash buffer were loaded into WES capillary plate according to the manufacturer’s instruction. Five micrograms of protein from cell lysate and 5 µl of conditioned medium were separated using 12–230 kDa of Separation Module (SM-W004, ProteinSimple) with the following settings: separation (395V, 30 min), blocking (5 min), incubation with primary antibody (30 min), incubation with secondary antibody (30 min), and chemiluminescent detection (15 min). The results were analyzed, and the pictures were edited using Compass software (San Jose, CA, USA).



2.14 Quantitative Real-Time PCR

Total RNA was isolated using RNeasy Plus Mini Kit (74134, Qiagen, Germany). For reverse transcription, 1 µg of RNA was used, and the assay was performed with High Capacity cDNA Reverse Transcription Kit (4368814, Life Technologies) according to the manufacturer’s instructions. The mRNA level was quantified using a SPOCK1 TaqMan Gene Expression Assay (assay ID: Hs00270274_m1; Life Technologies) and TaqMan Fast Advanced Master Mix (4444556, Life Technologies) with the following protocol: 2 min, 50°C UNG incubation; 2 min, 95°C polymerase activation; 40 cycles of 1 s, 95°C denaturation; and 20 sec, 60°C annealing and elongation. The relative quantification was normalized to endogenous β-actin (4326315E, Life Technologies) expression.



2.15 Hepatocyte Isolation

Hepatocytes were isolated from the liver of F344 rats. The breeding animals were purchased from Charles River Laboratories (Écully, France). The animals were housed in plastic cages (556 × 334 mm, AnimaLab, Poznań, Poland) and kept under standard conditions: 12 h of light–dark cycles, constant temperature (23°C), and humidity (22%). Standard rodent chow (V1535000, SSNIFF, Soest, Germany; 15-mm pellets) was provided ad libitum.

Hepatocyte isolation was performed using a two-step collagenase perfusion method as described before (31). The cells were filtered through a 100-µm nylon filter, and then the suspension was centrifuged 3 times for 5 min at 50g to separate hepatocytes from non-parenchymal cells. The cells were kept on ice for 6 h. Hepatocytes were plated on glass slides every hour for immunocytochemistry. The smears were air-dried and then fixed with ice-cold methanol for 10 min. SPOCK1 fluorescent immunocytochemistry was performed as described before.



2.16 Statistical Analysis

Statistical analysis was calculated, and bar charts were drawn using the GraphPad Prism v8.01 (GraphPad Software, La Jolla, CA, USA) software. Results were analyzed by unpaired Student’s t-test, and significance was defined as *p < 0.05, **p < 0.01, and ***p < 0.001.




3 Results


3.1 SPOCK1 in Healthy, Cirrhotic, and Tumorous Human Livers

A pilot survey of a few human liver specimens revealed modest cytoplasmic positivity in the hepatocytes of seemingly healthy human livers. While SPOCK1 expression was high in the cirrhotic hepatocytes, the staining intensity in cancer cells was heterogeneous. The cytoplasm of the endothelial cell displayed intense cytoplasmic positivity; however, except for the blood vessels, the connective tissue was negative. SPOCK1 reaction in the liver cells was an unexpected finding. Apparently, although the expression of SPOCK1 is very low in healthy hepatocytes, their injuries facilitate the upregulation of the proteoglycan, and its expression increases in liver cirrhosis and hepatocellular carcinoma. SPOCK1 expression was assessed on human liver cirrhosis and hepatocellular carcinoma of various etiologies. Compared with control livers, significant upregulation could be detected in both hepatitis C virus (HCV)-infected cirrhotic and tumorous livers (Figures 1, 2).




Figure 1 | Detection of SPOCK1 protein on human liver specimens. (A) Normal liver, moderate staining in the cytoplasm of hepatocytes. (B) Cirrhotic liver with intensive staining in the cytoplasm. Endothelial cells of the blood vessels also show the presence of high levels of SPOCK1. Areas of connective tissue are devoid of SPOCK1. (C) Hepatocellular carcinoma, the tumor cells are loaded with the proteoglycan. (D) Hepatocellular carcinoma, the staining intensity is modest in tumor cells, whereas the cytoplasm of endothelial cells shows high protein levels.






Figure 2 | Quantitative assessment of the expression of SPOCK1 protein in liver cirrhosis and cancer of various origins. Significant increase in cancer specimens. n = 76, *p < 0.05.



In the next step, an experimental hepatocarcinogenesis model was designed, by utilizing the genotoxic diethylnitrosamine as a proxy carcinogen to follow the changes of SPOCK1 during the process of tumor development (Figure 3). The results provided clear evidence that SPOCK1 is hardly detectable in the liver of 6-month-old healthy mice. Weak cytoplasmic staining of the hepatocytes could be deciphered only around the blood vessels. On the contrary, SPOCK1 was well detectable in the transformed hepatocytes without fatty change. These findings support the hypothesis that even if SPOCK1 expression is very low in the normal liver, it is upregulated during carcinogenesis. Furthermore, the process was facilitated by the upregulation of CHD1L, a known oncogenic factor of the proteoglycan (32).




Figure 3 | SPOCK1 expression in control mouse liver and hepatocellular cancer. (A) Healthy liver with low amounts of SPOCK1 around the central veins. (B) SPOCK1 detection in diethylnitrosamine (DEN) induced hepatocellular cancer and transformed liver cells that contain ample amounts of proteoglycan. (C) Expression of CHD1L, the transcription factor of SPOCK1, in the same liver. The protein is detectable in both the nucleus and the cytoplasm.





3.2 SPOCK1 Expression Is Rapidly Activated in Isolated Hepatocytes

SPOCK1 expression was also studied in healthy rat livers. Similar to that in the mouse liver, the proteoglycan was hardly detectable. To evaluate if cellular stress activates the synthesis of the proteoglycan in normal hepatocytes or it is the sign of impaired secretion, hepatocytes were isolated from rat livers, and the expression of SPOCK1 was followed in time.

Immediately after isolation, a proportion of the cells displayed wide cytoplasm with weak SPOCK1 positivity. Nevertheless, in some cells with similar nuclei, the cytoplasm shrank, exhibiting intensive SPOCK1 positivity. Over time, the number of these SPOCK1-positive cells kept increasing, whereas their cytoplasm was shrinking. After plating, the intensity of SPOCK1 expression gradually decreased, and by the end of the third day, it turned back to the state observed immediately after isolation (Figure 4). Taken together, SPOCK1 expression in human fetal livers was comparable with that of normal mouse and rat livers, whereas normoblasts in the sinusoids and the bone marrow were strongly positive (Figure 5).




Figure 4 | Presence of SPOCK1 in fetal human liver. (A) The weak cytoplasmic staining exhibits a good correlation with SPOCK1 intensity in normal mouse liver; normoblasts in the sinusoids display strong staining. (B) SPOCK1-positive normoblasts are detectable in the bone marrow marked with arrows.






Figure 5 | Weak SPOCK1 staining in healthy rat liver, fast upregulation of SPOCK1 during hepatocyte isolation. (A) SPOCK1 protein cannot be detected in healthy rat liver. (B, C) Upregulation of SPOCK1 as a function of time in isolated hepatocytes. (C) HNF4α (Hepatocyte Nuclear Factor 4 Alpha) can be detected in the nucleus. (D) After 3 days of culture, the proteoglycan expression returns to the original low levels.





3.3 SPOCK1 Localizes in the Mitochondria of Human Hepatoma Cell Lines

The granular cytoplasmic SPOCK1 reaction raised the possibility that the proteoglycan localizes in the mitochondria; thus, double fluorescent immunostainings were carried out with SPOCK1 antibody together either with TOMM20 or mitochondrial marker (MitoTracker-red, M22425) on hepatoma cell lines (Figure 6). We observed that SPOCK1 was present in the mitochondria, and it colocalized with both MitoTracker and TOMM20 (Translocase of Outer Membrane of Mitochondrion). This finding indicates that SPOCK1 belongs to the proteins that TOMM20 is ready to transfer from the cytoplasm to the mitochondria.




Figure 6 | Colocalization of SPOCK1 with a mitochondrion marker and TOMM20 mitochondrial protein. (A) Staining of HuH7 hepatoma cells with MitoTracker. (B) SPOCK1 alone. (C) The MitoTracker-red and SPOCK1 (green) stainings are aligned. (D, E) Immunostaining of HLE cells with SPOCK1 (red) and TOMM20 (green); the two proteins are fully aligned (F). Original magnification, ×40.





3.4 Functional Assays to Detect the Effect of SPOCK1 Silencing

To assess the role of SPOCK1 in the regulation of cell proliferation, its effect on DNA synthesis was investigated by BrdU uptake. The amount of the incorporated thymidine analog indicated the activity of DNA synthesis in tumor cells. Control cells were compared with SPOCK1 siRNA silenced and SPOCK1 expression vector-transfected tumor cells following BrdU uptake for 30 min. As an effect of SPOCK1 inhibition, the number of labeled cell nuclei decreased to 25% and 50%, respectively, in siRNA-treated HLE and HUH7 cells and increased to about 130% in SPOCK1-transfected HepG2 cells (Figure 7).




Figure 7 | BrdU uptake was studied in HLE and HuH7 cells after silencing SPOCK1 and HepG2 cells overexpressing the proteoglycan. Silencing of SPOCK1 inhibits its upregulation by transfection, promoting BrdU uptake. (A) HLE, (B) HuH7, and (C) HepG2 control cell lines. (D) HLE and (E) HuH7 cell lines transfected with siRNA. (F) HepG2 cell line transfected with the SPOCK1 expression vector. (G) Quantitation of the fluorescent nuclei. Green BrdU, blue DAPI. Original magnification, ×20. **p < 0.01, ***p < 0.001.



Migration and invasion of HLE and Huh7 tumor cells in control and SPOCK1 siRNA silenced samples showed that siRNA inhibited both migration and invasion of HLE cells. On the contrary, the differentiated control Huh7 cells neither migrate nor invade collagen as it was already determined previously. Thus, we could not detect any difference with these methods between its control and silenced cells (Figure 8).




Figure 8 | Migration and invasion assays of HLE cells. The tumor cells were observed for 48 h in the migration assay. Silencing of SPOCK1 by siRNA inhibited the migration of the tumor cells. (A–C) Control cells at 0, 24, and 48 h time points. (D–F) SPOCK1 siRNA transfected cells at 0, 24, and 48 h time points. Invasion assay of control (G) and SPOCK1-silenced (H) HLE cells. Silencing inhibited both the migration and invasion of the tumor cells. As control Huh7 cells neither migrate nor invade collagen, no difference between the control and silenced cells could be detected.





3.5 Effect of SPOCK1 Silencing on Regulatory Proteins of Hepatoma Cell Lines


3.5.1 Phosphokinase Arrays

HLE and HuH7 hepatoma cells were transfected with SPOCK1 siRNA. Subsequently, their cell homogenates were incubated with the premade filters containing specific antibodies against phosphokinase proteins. SPOCK1 silencing significantly downregulated the activated EGF receptor in both HLE and HuH7 cell lines, together with decreased phosphorylation of ERK1/2, MSK1/2, and CREB (S133), observed in the MAPK pathway. Additionally, 3 proteins from the SRC family, Src, Lyn, and Yes were also downregulated in HLE cells. The EGFR downregulation resulted in significant inhibition of both the ERK and p38 pathways and different Src family members in the Huh7 cells. Inhibition of the mTOR pathway was less detectable in the two cell lines (Figure 9).




Figure 9 | Phosphotyrosine kinase arrays of HLE (A) and Huh7 (B) cells showing the changes as an effect of SPOCK1 silencing by siRNA. Downregulation of SPOCK1 was accompanied by decreased activation of EGFR, and MAPK pathways in both HLE and HuH7 cell lines together with several members of the Sarc family. The inhibition was more effective in the highly aggressive HLE cell line where MSK1, Creb, mTOR, and β-catenin were also affected. *p < 0.05, **p < 0.01, ***p < 0.001.





3.5.2 Western Blotting

Besides those, as revealed on the phosphokinase array, SPOCK1 silencing influenced several other regulatory proteins. Phospho-Akt(T308), CDK4, and cleaved caspase-3 expression decreased, while the expression of cyclin-dependent kinase inhibitors p21 and p27 increased. The modest inhibition of cleaved caspase-3 indicated that SPOCK1 can interfere with the apoptotic machinery (Figure 10).




Figure 10 | Western blotting of control and SPOCK1 siRNA silenced HLE cells. (A) Additional consequences of SPOCK1 downregulation. Inhibition of the proteoglycan resulted in the downregulation of pAkt (T308), and CDK4 cyclin-dependent kinase, accompanied by the elevated expression of p21 and p27 cyclin-dependent kinase inhibitors. (B) Quantitative evaluation. *p < 0.05, **p < 0.01.





3.5.3 Detection of SPOCK1 After Silencing or Transfection of Hepatoma Cell Lines

SPOCK1 mRNA decreased in SPOCK1-silenced and increased in SPOCK1-transfected hepatoma cell lines. However, intracellular SPOCK1 protein expression was constant, and it was only the culture medium where the effect of downregulation or upregulation could be detected on the protein level (Figure 11 and Table 1).




Figure 11 | SPOCK1 downregulation and upregulation were mirrored only by the amount of the secreted proteoglycan. WES of SPOCK1-silenced (A) and SPOCK1-transfected (B) cells were separated and run parallel with the part of the proteins secreted into the culture medium. The intracellular concentration of the protein remained constant, and only the amounts secreted to the medium represented the changes. C, tumor cells; M, culture medium.




Table 1 | Downregulation of SPOCK1 mRNA in HLE and Huh7 cells by SPOCK1 siRNA and its upregulation after transfection by SPOCK1 construct of HepG2.






3.6 SPOCK1 and Syndecan-1 Compete in the Liver and in Hepatocellular Cancer

We studied if the presence or overexpression of syndecan-1 the major transmembrane heparan sulfate proteoglycan of the liver can interfere with the tumor-induced upregulation of SPOCK1. Without DEN exposure, no difference could be detected between wild type and hSDC+/+ by immunostaining (Figures 3A, 12A). However, Western blotting revealed that hSDC+/+ transgenic control livers expressed a lower amount of SPOCK1 (Figures 12C, D). Similarly, hSDC+/+ tumors contained less SPOCK1 than tumors developed in wild-type livers (Figures 3B, 12B). In normal human liver, syndecan-1 and SPOCK1 are well separated, with the former being detected on the cell surface of hepatocytes and the latter in their cytoplasm. In contrast, in human liver cancer, syndecan-1 expression decreases, or even disappears, whereas the cytoplasm is filled with SPOCK1 (Figure 13).




Figure 12 | SPOCK1 expression in hSDC-1+/+ transgenic control liver and its diethylnitrosamine (DEN)-induced cancer. (A) Weak SPOCK1 positivity was detected around the central veins in hSDC-1+/+ control liver. (B) Hepatocellular cancer 11 months after DEN exposure in the hSDC-1+/+ liver. The intensity of SPOCK1 staining is still modest, except around the central veins. Western blotting (C, D) supports the results of immunohistochemistry; SPOCK1 expression in hSDC-1+/+ control livers is lower than that in wild-type liver throughout the whole experiments. **p < 0.01.






Figure 13 | Co-expression of syndecan-1 and SPOCK1 in human liver cirrhosis and hepatocellular cancers. (A) Cirrhotic remodeling of the liver structure. A modest amount of SPOCK1 in the cytoplasm of hepatocytes (red), with syndecan-1 on the surface of the same cells (green). SPOCK1 containing endothelial cells of blood vessels are present in the stroma. (B) Well-differentiated hepatocellular cancer (HCC) with intensive cytoplasmic SPOCK1 staining and large amounts of syndecan-1 on the surface of tumor cells. (C) HCC with de-differentiated cancer cells. Intensive SPOCK1 expression in the cytoplasm; syndecan-1 vanished from the majority of cancer cells. (D) Micro metastases of HCC migrating in the tumor stroma. While SPOCK1 can be detected in large amounts, syndecan-1 protein cannot be observed.






4 Discussion


4.1 Uncertainties Related to SPOCK1

Although SPOCK1 was discovered in 1997, the first reports related to its oncogenic potential were published after 2010, describing the implication of the proteoglycan in gastric cancer (33). In the past 10 years, many more accounts have called attention to the oncogenic potential of SPOCK1. However, it is still uncertain if SPOCK1 has physiological functions outside the central nervous system and where it localizes in vivo. Is it an ECM protein? Or similar to serglycin (34), can it be detected in the cells of epithelial origin? The first assessment of the role of SPOCK1 in tissue metabolism was published last year. According to this report, SPOCK1 regulates adipogenesis-related genes, participates in thermoregulation, induces adipocyte differentiation, and is likely to be involved in the development of obesity and type 2 diabetes (35). Furthermore, SPOCK1 transgenic mice develop fatty liver.

Our work indicates that except for endothelial cells of blood vessels, neither hepatocytes nor the connective tissue of the healthy liver expresses abundant amounts of SPOCK1. However, our results demonstrated that intensive cytoplasmic SPOCK1 expression occurs in normal hepatocytes after their isolation, which most probably is related to cellular stress. The support of these presumptions needs further evaluation. This is in contrast with a recent report emphasizing that SPOCK1 is expressed presumably in activated hepatic stellate cells (HSCs). However, in the published paper, SPOCK1 immunostaining was localized in the cytoplasm of hepatocytes (30, 36), whereas the connective tissue was almost free of immunoreaction. Our studies on human liver specimens support the notion that SPOCK1 is upregulated in cirrhotic liver and hepatocellular carcinoma, but the localization is not stromal. Cultured HSCs do express SPOCK1 in their cytoplasm (36), and we could confirm this in LX2 immortalized HSC cells.



4.2 SPOCK1 in Human Tumors, Intracellular or Stromal?

Immunohistochemical analysis of 76 surgically removed liver specimens revealed that the expression of SPOCK1 is a characteristic feature of human liver cirrhosis and cancer, and its accumulation occurs in the cytoplasm of hepatocytes and the cells of hepatocellular carcinoma. The most significant increase was observed in hepatitis C-infected cirrhotic and tumorous specimens. In general, several tumors of epithelial origin express SPOCK1 in the cytoplasm, including prostate cancer (36, 37), breast cancer (38), gastric cancer (22), and several others (27). In the case of non-small cell lung cancer, the presence of SPOCK1 contributes to the resistance of the third-generation tyrosine kinase inhibitor (39). SPOCK1 can also be the regulator of brain metastasis of lung cancers (40), raising the opportunity to use the protein as a predictive tumor marker. Taken together, SPOCK1 is claimed to be an oncogene, involved in major oncogenic events, such as cell cycle regulation, DNA synthesis, migration, invasion, and EMT (27). This summary supports our findings presented here.



4.3 SPOCK1 and Liver Cancer

Thus, our results on the human hepatocellular cancer (HCC) and mouse hepatocarcinogenesis models, together with literature data, provided confirmation for the presence of SPOCK1 in diseased hepatocytes of cirrhotic liver and cancer cells (29). In support of earlier studies, the transcription factor of SPOCK1 was also upregulated in the experimental hepatocarcinogenesis model. However, the expression of cytoplasmic SPOCK1 in seemingly normal human livers needs explanation, especially as this finding is the opposite of what we found in healthy rodent livers. Our hypothesis is that during the significantly increased lifespan, the human liver is exposed to stressful injuries, capable of upregulating the proteoglycan. Indeed, the expression of SPOCK1 in the cytoplasm of fetal human livers was comparable with that of normal mouse and rat livers. In stress situations in our experiments, isolated hepatocytes from rat livers exhibited rapid transient upregulation of SPOCK1 in the cytoplasm.



4.4 In Vitro Models

HLE, HuH7, and HepG2 cell lines express considerable amounts of SPOCK1 in the cytoplasm, mainly localized in the mitochondria. At this point, it is uncertain if it interferes with the mitochondrial function of these hepatoma cells. The potential of SPOCK1 to inhibit apoptosis has been published (29, 41), and this function of SPOCK1 is related to the effect of its transcription factor CHD1L (42).

To detect the mechanistic function of SPOCK1, we followed the migration and invasion in the HLE and Huh7 cell lines after silencing with SPOCK1 siRNA. Both migration and invasion were successfully inhibited in the highly aggressive HLE cell line, but Huh7 cells neither migrate nor invade collagen. The mechanism behind this phenomenon needs further evaluation. To investigate if SPOCK1 has the potential to interfere with DNA synthesis, we downregulated its expression with siRNA or, alternatively, overexpressed it by using a SPOCK1 construct. From these assays, we learned that the proteoglycan interfered with the DNA synthesis, as its downregulation hampered the incorporation, whereas its elevated amount supported the uptake of BrdU. SPOCK1 inhibition pointed to CREB and CDK4, as both proteins were downregulated by SPOCK1 silencing, suggesting that they regulate the proteoglycan (43). So far, no report has evaluated the relationship between CREB and SPOCK1. However, as more than 4,000 proteins contain creb binding cre element in their promoters, SPOCK1 is likely equipped with this feature (44, 45). The CREB transcription factor is regulated via several tyrosine kinase receptor-activated pathways, and SPOCK1 silencing resulted in decreased EGFR activation followed by downregulation of the MAPK pathway (45). This explains not only the decreased action of CREB but also the lower levels of CDK4 cyclin-dependent kinase. These, together with the elevation of p21 and p27 cyclin-dependent kinase inhibitors, support the notion that SPOCK1 downregulation inhibits proliferation (46). One so far unknown consequence of SPOCK1 silencing is the inhibition of the members of the Src family. This family contains several non-receptor tyrosine kinase proteins, known to be implicated in cancer progression (47) including their involvement in migration, invasion, and proliferation. The HBX protein of the hepatitis B virus needs the action of Src to activate the signaling of RAS (48). C-Src is frequently upregulated in liver cancer and promotes the upregulation of the Hippo pathway (49). As SPOCK1 silencing inhibits the activation of Src, it is possible that this function similarly affects the Hippo pathway. In addition, it was recently reported that the Src protein in the liver interferes with the mitochondrial OXIPHOS complex (50). Considering that TOMM20 is an active player of mitochondrial metabolism and presumably responsible for the mitochondrial uptake of SPOCK1, closer scrutiny of their relationship may provide further clarification of the processes involved. Although our phosphokinase array revealed significant downregulation of Yes and other members of the Src family, its expression in HCC is still under debate (51, 52) without mechanistic data. According to a more recent report, inhibition of Yes by miR-210 decreases the proliferative capacity of hepatoma cells (53).



4.5 SPOCK1 Intracellular or Extracellular?

Although mRNA expression of SPOCK1 depends upon the experimental conditions when using hepatoma cell lines, the intracellular presence of the protein is not influenced either by silencing or transfection. This indicates that SPOCK1 is secreted to the culture media. Certainly, SPOCK1 concentration in the culture medium changes according to the actual experimental conditions; it is decreased after silencing and increased after SPOCK1 transfection, supporting the idea that SPOCK1 is a secreted proteoglycan (36). However, its synthesis was not restricted to stromal cells, as opposed to an earlier report (36). These findings are in direct contradiction with those we detected in human livers, where the cytoplasm of cirrhotic and transformed hepatocytes was loaded with considerable amounts of SPOCK1. This raises several questions: is the signal peptide injured? Are there other structural alterations of the proteoglycan? Do cancer cells need more intracellular SPOCK1 for their functions? Is the proteoglycan removed into the circulation? Further studies are needed to answer these questions.



4.6 Overexpression of SPOCK1 Coincides With Downregulation of Syndecan-1 in Human Hepatocellular Carcinoma

In experimental hepatocarcinogenesis, syndecan-1 overexpression provides protection against the development of cancer, and in addition to other factors, the downregulation of SPOCK1 could be observed throughout the experimental period (9). Since in human HCCs syndecan-1 lacks the protective effect, we assume that the increased syndecan-1 expression is a requirement for the protection against the harmful effects of SPOCK1. Further studies are necessary to understand those events that regulate the interaction of the two proteoglycans. Potential mechanisms can involve forced shedding of syndecan-1 and/or its decreased synthesis. The effect seems to be related to tumor aggressiveness because cells of well-differentiated tumors can rescue their cell surface syndecan-1. In contrast, no detectable amounts of the proteoglycan were found on the surface of micrometastases. Concerning other proteoglycans, no publications were found in PubMed about their interaction with SPOCK1.

Syndecan-1 is the most studied proteoglycan of the liver. Besides it functions as a lipoprotein receptor (54), it interferes with lipid metabolism by inhibiting the synthesis of FASN and modulating the Akt-mTOR and Wnt signaling, in this way protecting again NAFLD and experimental carcinogenesis (9). Its expression increases in liver fibrogenesis and liver cirrhosis (55), and its activity as the receptor of HCV is also confirmed (56).

Recently, syndecan-4 was also published to be a serum marker of NAFLD (7) and also acts as a receptor of HCV (57), not only infecting the hepatocytes but also responsible for the submission of the virus from men to men infecting anal Langerhans cells (58). Besides syndecan-1, syndecan-4 also regulates the Wnt signaling (59). By masking the functional domain of osteopontin, syndecan-4 inhibits the development of osteopontin-induced acute liver injury (60).



4.7 Possible Cooperation of Liver Proteoglycans in the Promotion of Cancer

In preexisting literature, only glypican-3 and agrin have been recognized as proteoglycans with oncogenic potential in the liver. Based on the data presented herein, SPOCK1 will likely join this company. Glypican-3 is a cell membrane-anchored proteoglycan (61), while agrin is present in the basement membranes of tumor vasculature, bile ducts, and the portal area (62). According to our results, SPOCK1 is present in the mitochondria of the HCC cells. Due to their distinct localization, a direct interaction between these proteoglycans is improbable; their effects may nevertheless combine. Glypican exerts its action via the Wnt pathway by upregulating β-catenin, facilitating the transcription of proteins with oncogenic potential while simultaneously downregulating Hedgehog signaling (63). Agrin regulates focal adhesion integrity, facilitates migration, and promotes EMT by signaling through the Musk receptor (64). Furthermore, it is involved in the downregulation of the Hypo pathway via transducing matrix stiffness by utilizing both Musk and integrin receptors (65). SPOCK1 can stimulate the mTOR pathway (38) and utilize Wnt signaling (28, 66). Additionally, the fact that it promotes resistance against third-generation TK inhibitors in lung cancer (39) indicates its involvement in EGFR signaling. The potential cooperation of glypican-3, agrin, and SPOCK1 in liver oncogenesis should be elucidated in future experimental models.



4.8 Conclusion

Data collected in the last 12 years indicate that SPOCK1 is a proteoglycan with oncogenic potential. Its presence in tumor cells increases with tumor aggressiveness, and it can influence the function of receptor tyrosine kinases, intracellular phosphokinases, and DNA synthesis and alleviates the protective potential of syndecan-1 against HCC. Most likely, after secretion to the ECM, SPOCK1 establishes interaction with TGFβ1 and promotes EMT (67). SPOCK1 may additionally interact with other, currently unidentified, proteins and cellular mechanisms (Figure 14). Because in human and experimental hepatocellular carcinoma its stromal expression was hardly detected after secretion, SPOCK1 is likely to be cleared by the circulation. This finding may serve as a diagnostic tool in the not too distant future.




Figure 14 | Action of SPOCK1 in hepatoma cell lines. In harmony with previous results, Spock-1 stimulates the Akt-mTOR pathway. Akt activation results in apoptosis inhibition. The mitochondrial localization of the proteoglycan may interfere in other ways as well with the apoptotic activity, which needs further evaluation. SPOCK1 silencing resulted in the downregulation of the EGFR tyrosine kinase receptor and members of the Sarc tyrosine kinase family, indicating the stimulatory potential of the proteoglycan on the signaling activity, partly through the MAPK pathway. Furthermore, SPOCK1 inhibition pointed to a decrease of two nuclear proteins CREB and CDK4; the former is a multivalent transcription factor with strong oncogenic potential, and the latter is the stimulator of cell cycle. Both nuclear proteins can be upregulated via MAPK signaling. Furthermore, CREB establishes interaction with several nuclear factors, facilitates DNA synthesis, and regulates chromatin function as well. Its action is in a good agreement with the effect of SPOCK1 on DNA synthesis, cell migration, and invasion (43).
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Background: Integrin β superfamily members (ITGBs) are documented to play important roles in various biological processes, and accumulating evidence suggests that ITGBs are associated with carcinogenic effects in several malignancies. Gastric cancer (GC) is a complicated and highly heterogeneous disease; however, the expression and prognostic values of eight ITGBs and potential mechanism in GC remain largely unclear.
Methods: The expression and prognostic significance of ITGBs in GC were systematically analyzed through Gene Expression Profiling Interactive Analysis, Human Protein Atlas, Kaplan–Meier Plotter, and cBioPortal databases. Then, the mRNA transcription data and corresponding clinical data of GC were downloaded from the Gene Expression Omnibus database as a testing cohort, and differentially expressed and prognostic genes were identified. The correlation between ITGB5 expression and overall survival and various clinical parameters were found by using univariate/multivariable Cox regression and Kaplan–Meier survival analysis. Additionally, differential analysis of gene expression profiles in low- and high-ITGB5 expression groups and pathway enrichment analysis was performed. Finally, the correlation of ITGB5 expression with immune infiltrates in GC was clarified.
Results: Compared with adjacent normal tissue, the results reveal that the mRNA levels of ITGB1-2 and ITGB4-8 are significantly higher in GC, and immunohistochemistry results show the consistency between RNA and protein expression levels. Cox regression and Kaplan–Meier survival analysis indicate that high ITGB5 expression contributes to a poor prognosis and could be an independent prognostic factor in GC patients. Besides this, gene functional enrichment analysis indicates that ITGB5 expression is significantly associated with extracellular matrix organization, cell-substrate adhesion, and ossification. The KEGG pathway analysis of ITGB5 shows a close association between ITGB5 and focal adhesion, ECM-receptor interaction, phagosome, and PI3K-Akt signaling pathway. Last, the infiltrating level of CD4+ T cells, macrophages, and dendritic cells are positively related to the expression of ITGB5, especially macrophages, and lower levels of macrophages predict a better prognosis in GC in our study.
Conclusion: Our findings investigate that ITGB5 may function as a valid biomarker of prognosis, and high expression of ITGB5 predicts poor prognosis for patients with GC. Besides this, it might be a potential target of precision therapy against GC.
Keywords: ITGBs, gastric cancer, ITGB5, prognosis, immune infiltrate
INTRODUCTION
Gastric cancer (GC) is the fifth most common cancer and the third leading cause of cancer-related deaths globally (Ferlay et al., 2019). Despite the improvement in radiological diagnosis and surgical techniques, a low 5-year survival rate of patients with advanced GC remains a challenge because of the late presentation, high metastasis, and recurrence rate. The American Joint Committee on Cancer (AJCC) TNM staging system, which is based on tumor infiltration depth (pT), number of lymph node metastases (pN), and the presence of distant metastasis are the main reference index for predicting the prognosis of patients (Compton, 2007). The 8th edition of the AJCC TNM staging system for GC was published in October 2016 and officially implemented in January 1, 2018, in which the N3a and N3b categories were separately introduced into different TNM subgroups (Ilhan et al., 2016). However, due to epigenetic changes, multiple genetic alterations, and the tumor microenvironment, GC is a complicated and highly heterogeneous disease and results in variable prognosis in patients. In addition, there are still significant differences in the survival outcomes of patients with the same clinicopathological characteristics, which means that the current TNM staging system cannot reflect the intrinsic tumor heterogeneity. Hence, further exploration of a specific biomarker is an unmet medical need for improving the diagnosis and prognosis of GC.
The family of integrin is a transmembrane glycoprotein widely existing in the cell membrane, and it consists of α and β subunits by noncovalent bonds. To date, eight members of the Integrin β (ITGB) family of proteins have been identified in organisms. Integrin has a two-way signal transduction function due to its particular transmembrane structure, which interacts with the extracellular matrix (ECM) to activate related signaling pathways and play a pivotal role in the regulation of various biological behavior, including proliferation, adhesion, migration, and differentiation (Chung and Kim, 2008; Ginsberg, 2014; Bianconi et al., 2016). Deregulation of integrin signaling is reported to associate with carcinogenic effects in several malignancies (Shen et al., 2019; Song et al., 2020). Lin et al. (2018) reports that ITGB5 is highly expressed in hepatocellular carcinoma (HCC), and miR-185 regulates the expression of β-catenin through the ITGB5-dependent manner and affects the proliferation and migration of HCC cells. In pancreatic cancer, ITGB4 is demonstrated to be associated with epithelial-mesenchymal transition. Overexpression of ITGB4 promotes pancreatic carcinogenesis and regulates the MEK1-ERK1/2 signal pathway (An et al., 2016). Cui et al. (2018) found that ITGB8 promotes ovarian carcinogenesis, and overexpression of ITGB8 was associated with drug resistance. Similar findings are observed in other types of cancer (Laudato et al., 2017; Huang et al., 2019; Shen et al., 2019). However, the prognostic value and potential biological functions of the entire ITGBs in GC are still largely elusive.
Herein, this study aimed to identify the expression and prognostic values of the eight ITGBs and search for the potential therapeutic biomarker of GC patient survival. Furthermore, we explore the underlying mechanisms based on ITGB5-related GC genes using a pathway enrichment analysis. Finally, the correlation of ITGB5 expression with immune infiltrates in GC is clarified by Tumor IMmune Estimation Resource (TIMER).
MATERIALS AND METHODS
Data Download and Preprocessing
The expression and prognostic significance of ITGBs in GC were systematically analyzed through Gene Expression Profiling Interactive Analysis (GEPIA) (http://www.gepia.cancer-pku.cn/http://www. gepia.cancer-pku.cn/) and cBioPortal databases (https://cbioportal.org). The expression of ITGBs in GC was displayed using boxplots with statistical significance evaluated using the Wilcoxon test and marked with an asterisk. Correlation between mRNA expression of ITGBs and tumor stages in patients with GC was generated and displayed, and the Kaplan–Meier curves were plotted to assess the survival and prognostic values of ITGBs. Data from cBioPortal was selected to analyze genetic changes of gastric cancer, and genetic alterations among diverse types of GC were shown in different colors.
Immunohistochemical Staining Evaluation
The Human Protein Atlas (HPA) (https://www.proteinatlas.org/) aimed to map all the human proteins in cells, tissues, and organs using an integration of various -omics technologies, and consists of six separate parts, each focusing on a particular aspect of the genome-wide analysis of the human proteins. In this study, immunohistochemistry (IHC) images of the ITGBs protein expression in clinical samples of patients with normal and GC tissues were searched in HPA.
Identification of Differentially Expressed and Prognostic Genes
The mRNA transcription data and corresponding clinical data of GC were downloaded from the GEO database as a testing cohort, and the data set with fewer than 60 samples or with incomplete follow-up information was excluded from our selection. Age, overall survival (OS), gender, grade, and TNM stage were obtained. Subsequently, the gene expression profile (GSE84437) was filtered from theGEO database, which contained 357 GC tissues. We combined all this information into a matrix file using Perl language (http://www.perl.org/). Transcriptome data were subjected to differential analysis, and differentially expressed and prognostic genes were identified based on the GEO database using the “survival package” and “limma package” in R software.
Prognosis Analysis and the Association of ITGB5 Expression with Clinical Features in GC
Univariate/multivariable Cox regression and Kaplan–Meier survival analysis were used to analyze the relationships between low- and high-ITGB5 expression and OS rate and various clinical features. The prognostic value of ITGB5 mRNA expression was verified using an online database, Kaplan–Meier Plotter (www.kmplot.com), which contains survival information and expression data of GC patients.
Functional Enrichment Analysis and Immune Cell Infiltration
Functional enrichment analysis was conducted in R studio to identify important key genes and significantly enriched pathways involved in oncogenesis and tumor progression of GC. The heatmap and volcano plot of the differentially expressed genes were drawn using the “pheatmap package” and “ggplot2 package.” Then, we transformed the gene symbols into gene IDs via the “Biomanager” and “org. Hs.eg.db” package. Pathway enrichment analysis based on the Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway by using the “ggplot2,” “cluster Profiler,” and “enrich plot” packages. Furthermore, we explore the correlation between immune cell infiltration and ITGB5 in GC by using the “gene” and “survival” modules in TIMER.
Statistical Analysis
R version 4.0.5 and Perl version 5.28 were used to complete the statistic work. The Kaplan–Meier method with the log-rank test was used to analyze the survival rate. The univariate/multivariate Cox proportional hazard regression model was used to analyze the significant transcription factors affecting OS. p values <.05 indicate statistical significance.
RESULTS
Transcriptional Levels of ITGBs in Patients with GC
The mRNA expression of ITGBs in normal and GC tissues was analyzed using GEPIA. Based on a wide variety of data sets, the results reveal that the mRNA levels of ITGB1, ITGB2, ITGB4, ITGB5, ITGB6, ITGB7, and ITGB8 were significantly higher in GC than in normal tissues. Besides this, ITGB3 was confirmed with a similar expression in GC compared with normal tissues (Figures 1A,B).
[image: Figure 1]FIGURE 1 | The expression of ITGBs in GC [(A) scatter diagram; (B) box plot] (GEPIA).
Correlation Between mRNA Expression of ITGBs and Pathological Stages in Patients with GC
The results indicate that significant statistical differences between tumor stages I–IV were identified in the ITGB2 and ITGB7 groups. There was no association between the other ITGB members and pathological stage (p > .05; Figure 2).
[image: Figure 2]FIGURE 2 | Correlation between mRNA expression of ITGBs and tumor stages in patients with GC (GEPIA).
Survival Analysis and Prognostic Values of ITGBs in Patients with GC
We investigated correlations between ITGB expression levels and patient prognosis using GEPIA. The results reveal that the expression levels of ITGA1, ITGA3, and ITGB5 were remarkably correlated with OS in GC patients (Figure 3). However, no significant difference was observed in DFS in most ITGB family members except ITGB6.
[image: Figure 3]FIGURE 3 | Survival analysis and prognostic values of ITGBs in patients with GC (GEPIA).
IHC Analysis of ITGBs in GC
IHC was used to examine the protein expression of ITGBs in normal and GC tissues. According to the degree of staining, we found that ITGB1, ITGB2, ITGB4, ITGB5, ITGB6, and ITGB8 proteins were more highly expressed in the GC tissues than in the normal tissues (Figure 4), and these findings were consistent with the mRNA expression. Unfortunately, there is no available protein expression of ITGB7.
[image: Figure 4]FIGURE 4 | IHC analysis of ITGBs in GC (the HPA database).
Distinction of Prognostic and Differentially Expressed Genes
A total of 172 genes were identified and analyzed for prognosis of GC (Supplementary Table S1), and 334 differentially expressed GC-related genes, which were analyzed from the GEO database, are listed in Supplementary Table S2. ITGB5 exists in both Supplementary Tables S1, S2. Thus, we selected ITGB5 for further analysis. The heatmap and volcano plot show that the ITGB5 interactive genes in GC between the low- and high-ITGB5 expression groups were mainly upregulated genes (Figures 5A,B). The expressions of ITGB5 among various cancer types are shown in Figure 6A as determined by GEPIA. Subcellular location and immunofluorescence images of ITGB5 expression in GC cells were discovered from HPA (Figure 6B). We analyzed the ITGB5 mutation by using the cBioPortal for GC, and the detailed mutation information of ITGB5 in GC is described in Figures 6C–E.
[image: Figure 5]FIGURE 5 | The heatmap (A) and volcano plot (B) of mRNA expression changes based on ITGB5 in GC samples from the GEO database.
[image: Figure 6]FIGURE 6 | Basic characteristic of ITGB5. (A) Expression of ITGB5 in different types of cancer. (B) Subcellular location and immunofluorescence images of ITGB5 expression in GC cells from HPA. (C–E) Detailed mutation information of ITGB5 in GC.
ITGB5 Expression Predicted Survival and Could Be Used as an Independent Prognostic Biomarker in GC Patients
To explore the relationship between ITGB5 expression and prognosis, the expression levels of ITGB5 in patients were divided into low- and high-expression groups according to the median value of ITGB5 expression levels in the GEO database. We found that high ITGB5 expression was significantly associated with shorter survival time than those with low ITGB5 expression in GC (Figure 7A). To explore the independence of ITGB5, univariate and multivariate Cox analyses were performed using the entire GEO cohort. The univariate analysis demonstrated that age, stage, and ITGB5 level were independently associated with OS in GC (p < .001) (Figure 7B), and the results show that ITGB5 level could be an independent survival predictor of OS in multivariate analyses (p < .001) (Figure 7C). Thus, ITGB5 level may serve as an independent predictive and prognostic factor. Conversely, there were significant correlations between the ITGB5 level and T/N stage (Figures 7D–G). The prognostic value of ITGB5 mRNA expression was further verified by using an online database, Kaplan–Meier Plotter (Figure 8). The correlation between ITGB5 expression and various clinical parameters was found by using univariate and multivariable Cox regression. As shown in Figures 7B,C, ITGB5 expression, age, T stage, and N stage are all significantly correlated with OS and are independent prognostic factors. Therefore, ITGB5 could be used as an independent prognostic biomarker in GC patients. Besides this, we performed a nomogram on the foundation of the GEO data set to anticipate the 1-, 2-, and 3-year OS of each GC patient (Supplementary Figure S1A), and the calibration curve of the 3-year OS was obtained, which compared well with the ideal model (Supplementary Figure S1B).
[image: Figure 7]FIGURE 7 | The results in the GEO test cohort. (A) The K-M curves for the two groups (high vs. low expression). (B,C) The forest maps of univariate and multivariate Cox regression analysis in the GEO data set. (D,G) The expression of ITGB5 assigned by clinical factors, comprising age, gender, T stage, and N stage.
[image: Figure 8]FIGURE 8 | The prognostic value of ITGB5 in GC (Kaplan–Meier Plotter).
Functional Enrichment Analysis of the Differentially Expressed Genes in GC Patients
The functions of ITGB5 and the differentially expressed genes significantly associated with GC were predicted by analyzing the GO and KEGG pathway. GO enrichment analysis predicted the functional effect of target genes on account of three aspects, including molecular functions (MF), biological processes (BP), and cellular components (CC). We found that GO:0030198 (extracellular matrix organization), GO:0043062 (extracellular structure organization), GO:0031589 (cell-substrate adhesion), GO:0001503 (ossification), and GO:0007178 (transmembrane receptor protein serine/threonine kinase signaling pathway) were significantly regulated in GC (Figures 9A, 10). In the KEGG pathway analysis, 16 pathways related to the functions of ITGB5 interactive genes were discovered, and the top five pathways identified were focal adhesion, protein digestion and absorption, ECM-receptor interaction, phagosome, and PI3K-Akt signaling pathway (Figure 9B). The PI3K-Akt signaling pathway was involved in the development of GC (Figures 11A,B). These findings indicate that ITGB5 has potential value in the development and metastasis of GC.
[image: Figure 9]FIGURE 9 | The gene set enrichment analysis. (A) Bar plot of GO enrichment. (B) Bar plot of KEGG enriched terms.
[image: Figure 10]FIGURE 10 | Significant KEGG pathway determined by circos plot.
[image: Figure 11]FIGURE 11 | PI3K-Akt signaling pathway (A) and focal adhesion procedure (B) regulated by ITGBs.
RELATIONSHIP BETWEEN THE ITGB5 EXPRESSION AND THE TUMOR-INFILTRATING IMMUNE CELLS
We used the TIMER algorithm to investigate whether ITGB5 expression is associated with immune infiltration in GC and the abundance of six tumor-infiltrating immune cells (B cells, CD4+ T cells, CD8+ T cells, macrophages, neutrophils, and dendritic cells). The results shown in Figure 12A indicate that the expression of ITGB5 is positively correlated with CD4+ T cells (cor = 0.155, p = 2.91e-03), macrophages (cor = 0.314, p = 6.51e-10), and dendritic cells (cor = 0.132, p = 1.06e-02), whereas it was negatively correlated with B cells (cor = −0.109, p = 3.71e-02). The macrophage infiltration significantly correlated with the prognosis of GC patients in KM survival analysis (Figure 12B). Moreover, we plotted the correlation between ITGB5 expression and gene markers of macrophage, and the ITGB5 expression was significantly correlated with macrophage markers, including M1 macrophages markers (NOS2, IL1B, CD86), M2 macrophages markers (CSF1R, MRC1, CD163), and tumor-associated macrophage markers (MARCO, CSF1R, CD40) (Figures 13A–C). The upper findings imply that ITGB5 might involve in infiltration of macrophages and affect patient prognosis via regulating immune infiltrates in GC (Figure 14).
[image: Figure 12]FIGURE 12 | Immune correlation analysis of ITGB5 based on immune infiltration in GC. (A) Correlation of ITGB5 expression with immune cell infiltration. (B) Prognostic value of immune cell infiltration in GC.
[image: Figure 13]FIGURE 13 | Correlation between ITGB5 expression and gene markers of macrophage in GC. (A) ITGB5 and M1 macrophages. (B) ITGB5 and M2 macrophages. (C) ITGB5 and tumor-associated macrophages.
[image: Figure 14]FIGURE 14 | Phagosome pathway regulated by ITGB5.
DISCUSSION
Although the past 20 years have been characterized by the expansion of clarifying the molecular mechanism of GC and an advance in diagnostic and therapeutic methods for managing GC patients, the survival outcomes remained poor (Liu et al., 2020; Sugawara et al., 2021). Hence, searching for specific molecular biomarkers for the tumorigenesis and pathogenesis of GC had important significance in the diagnosis and treatment of patients. Since their discovery in the late 1980s, the ITGB superfamily members are demonstrated to be involved in the regulation of cancer development and progression (Cooper and Giancotti, 2019). The role of ITGBs in the tumorigenesis and pathogenesis of various cancer types has increasingly received attention (Sharma et al., 2020; Fujita et al., 2021; Nurzat et al., 2021; Paindelli et al., 2021). Here, in this paper, we evaluate the utility of ITGBs as biomarkers in GC, and we utilize bioinformatics tools for investigating the underlying mechanisms by ITGB5 affected GC.
We explored the mRNA levels of ITGB superfamily members in GC, and all ITGBs except ITGB3 were significantly higher in primary tumors compared with normal tissues in GC. The IHC results show the consistency between RNA and protein expression levels. Furthermore, we investigated correlations between ITGB expression levels and patient prognosis using GEPIA. The results reveal that the expression levels of ITGA1 and ITGB5 were remarkably associated with OS in GC patients. Similar findings were reported in other types of cancers (Yang et al., 2014; Laudato et al., 2017). Xu et al. (2010) established a model that can measure the ITGB5 and ITGB1 expression to predict the survival of GC patients. Taken together, ITGA1 and ITGB5 could be utilized as promising prognostic biomarkers in GC patients. The GEO data set is used as the training and test sets, and we further identified prognosis-related genes. Classified according to GC and normal tissues, we screened differentially expressed GC driver genes. ITGB5 exists in both prognosis-related and differentially expressed genes. Thus, we selected ITGB5 for further analysis. Hirano et al. conducted an in silico analysis and found that a high integrin β5 mRNA expression level was correlated with a poor prognosis of patients with GC (Hirano et al., 2020). Similarly, Wang et al. (2020) also suggests that increased ITGB5 level in clinical specimens predicts poor prognosis in GC. We discovered ITGB5 expression upregulated in GC tissues, and the high ITGB5 expression group was positively correlated with advanced tumor stage and positive lymph nodes, which caused a worse prognosis in GC. Our study confirms a high ITGB5 expression level could act as a good predictor of poor prognosis for patients with GC.
However, few studies focus on ITGB5 in GC, and its role in the development and metastasis of GC is not yet fully elucidated (Kawahar et al., 1995; Böger et al., 2015; Lv et al., 2021). ITGB5, encoding integrin-β5, was localized to the plasma membrane and mitochondria, which was supposed to be associated with the initiation and progression of the tumor by mediating links between the ECM and cells (Zhang et al., 2019). According to the enrichment of GO collection, we found that ITGB5 expression is significantly associated with ECM organization, extracellular structure organization, cell-substrate adhesion, and ossification. Exploring the molecular mechanisms of ITGB5 in GC contributed to investigating the novel targeted therapy approach. The KEGG pathway analysis of ITGB5 shows a close association between ITGB5 and focal adhesion, protein digestion and absorption, ECM-receptor interaction, phagosome, and PI3K-Akt signaling pathway. Several studies already report that ITGBs mediate the interaction between ECM and cells and are involved in cell adhesion and migration (Wilisch-Neumann et al., 2013; Lian et al., 2016). Cell adhesion molecules act as one of the main mediators between the ECM and cell. Changes in cell adhesion molecules may affect a variety of signaling pathways, leading to the occurrence and development of tumors (Deville and Cordes, 2019). Previous findings indicate that the focal adhesion signaling pathway plays an important role in the process of epithelial to mesenchymal transition in pancreatic cancer (Ning et al., 2014). Wang et al. (2016a) reports that the focal adhesion signaling pathway activated by ITGB5 can alter cell glycolysis and induce cisplatin resistance in cervical and breast cancer. Meanwhile, for the first time, we demonstrate that ITGB5 overexpression was significantly associated with upregulation of the focal adhesion signaling pathway, indicating the potential role of ITGB5 in the focal adhesion signaling pathway in GC. We also found that the PI3K-Akt signaling pathway is upregulated. The anomalous activation of the PI3K/Akt signal pathway presents in variable tumors, and plenty of studies verify that the PI3K-Akt signal pathway is involved in regulating GC cell growth, proliferation, migration, differentiation, apoptosis, and energy metabolism (Lin et al., 2019; Rong et al., 2020; Xu et al., 2020). However, the research about its mechanism through ITGB5 in GC is insufficient, and there is no direct evidence to confirm that the upregulation of this pathway affiliates with the prognosis of GC. Indeed, the results suggest that we need further work on the relationship between the ITGB5 and PI3K-Akt in GC.
Cellular immunity plays a considerable role in the antitumor process. B cells, T cells, macrophages, neutrophils, and dendritic cells are the main effector cells of the immune system. The infiltrating condition of these immune cells and their differences in forecasting the prognosis of GC has not been discussed yet. To further study the function of ITGB5 in GC, we analyzed whether ITGB5 expression is associated with immune infiltration by using the TIMER algorithm, and the results show that the content of these special immune cells activated was statistically different. In our paper, we find the infiltrating level of CD4+ T cells, macrophages, and dendritic cells were positively related to the expression of ITGB5, especially macrophages, and a low level of macrophages predicts a better prognosis in GC in our study. Besides this, we explored the correlation between ITGB5 expression and gene markers of macrophage, and the ITGB5 expression was significantly correlated with macrophage markers, including M1 macrophage markers (NOS2, IL1B, CD86), M2 macrophage markers (CSF1R, MRC1, CD163), and tumor-associated macrophage markers (MARCO, CSF1R, CD40). Macrophages as a fundamental innate immune population perform various supportive functions specialized to different tissue components, and aberrance in macrophage functions leads substantially to the development and progression of several diseases, including cancer (Ngambenjawong et al., 2017). Tumor-associated macrophages, M1 and M2 macrophage phenotypes, are generally considered to directly or indirectly promote tumor proliferation and metastasis in GC and are positively correlated with invasion depth and tumor stage (Ishigami et al., 2003). The M1 macrophages can stimulate apoptosis, suppress proliferation and the development of neovascularization, whereas M2 macrophages can accelerate both cancer growth and metastasis (Wu et al., 2015; Wang et al., 2016b). In recent years, researchers have expanded their studies to figure out both M1 and M2 phenotypes within microenvironments. High levels of M1 macrophages predict better prognosis, whereas increasing levels of M2 macrophages indicate poor outcomes (Ma et al., 2010; Yuan et al., 2014; Mei et al., 2016). Liu et al. (2020) summarize that the high infiltrating levels of M2 macrophages and total tumor-associated macrophages might be negative prognostic factors for patients with GC. In our present study, M2 macrophages were positively and M1 macrophages negatively related to the expression of ITGB5. The total tumor-associated macrophages were positively correlated with the level of ITGB5, which indicates higher M2 macrophage infiltration, thus supporting the view that ITGB5 may play a vital role in the progression of GC via promoting M2 macrophage polarization and inhibiting antitumor immunity. This might explain, to a certain degree, why GC patients with high expression of ITGB5 had poor prognoses. Along with the existing evidence, the results of our study confirm that ITGB5 might act a critical role in the immune mechanism of cancer.
To the best of our knowledge, this is the first study to comprehensively identify the oncologic and prognostic values of the eight ITGBs. The upper results demonstrate that ITGB5 has potential value in the tumorigenesis and pathogenesis of GC, which might involve infiltration of macrophages and affect patient prognosis via regulating immune infiltrates in GC. However, this study has some limitations that should be considered. On the one hand, our study is based on the specimens from one database and may have a bias by the potential heterogeneity. On the other hand, this study was only at the level of bioinformatics analysis, and in vitro and in vivo experiments about the underlying mechanism of ITGB5 in GC should be performed.
In conclusion, ITGB5 seems to be a valuable prognostic biomarker and a pivotal regulator of immune infiltrates in GC patients, which might be a potential target of precision therapy against GC. However, the molecular mechanism and the related signal pathways of ITGB5 in GC remain unclear, which requires further exploration.
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Serglycin is a proteoglycan highly expressed by immune cells, in which its functions are linked to storage, secretion, transport, and protection of chemokines, proteases, histamine, growth factors, and other bioactive molecules. In recent years, it has been demonstrated that serglycin is also expressed by several other cell types, such as endothelial cells, muscle cells, and multiple types of cancer cells. Here, we show that serglycin expression is upregulated in transforming growth factor beta (TGF-β) induced epithelial-mesenchymal transition (EMT). Functional studies provide evidence that serglycin plays an important role in the regulation of the transition between the epithelial and mesenchymal phenotypes, and it is a significant EMT marker gene. We further find that serglycin is more expressed by breast cancer cell lines with a mesenchymal phenotype as well as the basal-like subtype of breast cancers. By examining immune staining and single cell sequencing data of breast cancer tissue, we show that serglycin is highly expressed by infiltrating immune cells in breast tumor tissue.




Keywords: proteoglycans (PG), serglycin (SRGN), transforming growth factor beta (TGF- β), epithelial-mesenchymal transition (EMT), breast cancer, tumor infiltrating immune cells, Single cell sequencing



Introduction

The extracellular matrix (ECM) is important in regulating cellular behavior and in diverse processes such as development, tissue formation, inflammation, and disease. The ECM is a complex tissue constituent, where its make-up varies between tissues and cells A major component of the ECM is the collagens, comprising more than 20 different members with large structural and functional differences. Other important ECM members are fibronectin, laminin, elastin, and proteoglycans (PGs) (1). The latter family of macromolecules contains both extracellular types such as agrin, versican, perlecan, and decorin, whereas important cell surface PGs are syndecans and glypicans. Serglycin is an intracellular PG, but with important extracellular functions when released from e.g. immune cells (2). PGs are unique among the ECM family of macromolecules as they are heavily glycosylated and sulfated, which contribute to their unique structures and functions. The core proteins are decorated with negatively charged glycosaminoglycan (GAG) chains, which are important for the interactions with partner molecules such as growth factors, proteases, and chemokines (3).

The role of PGs has been studied in relation to cartilage and bone functions, regulation of blood coagulation, extravasation of immune cells, cardiovascular disease, and cancer (4). Serglycin was initially defined as a hematopoietic PG (5), and a series of studies have focused on the role of serglycin in inflammation (2). However, serglycin has now been demonstrated to be expressed by diverse cell types such as muscle cells, chondrocytes, endothelial cells, and several types of cancer cells (6). Several PGs have been associated with epithelial-mesenchymal transition (EMT) (7–23), a naturally occurring, transdifferentiation program by which polarized epithelial cells lose their adherent and tight cell–cell junctions, enhance their migratory capacity, and increase their resistance to apoptosis (24). EMT is important in embryonic development, wound healing, and mammary gland development, and it is induced by a range of extracellular cues including a variety of growth factors, like transforming growth factor beta (TGF-β), and malignancy-associated cellular stress (25–27). The transition is orchestrated by several transcription factors, including Snail, Slug, TWIST, and ZEB (26). In cancer, the process of EMT is of fundamental importance, as EMT has been associated with dissemination, invasion, metastasis to distant organs, chemotherapy resistance, dormancy, and relapse (28–30). Overexpression of serglycin in the breast cancer cell line MCF7 induced expression of mesenchymal markers fibronectin and vimentin and the EMT transcription factor Snail, accompanied with a change to a more mesenchymal like morphology (31). Further, drug resistance towards the chemotherapeutics doxorubicin and methotrexate was increased with induced expression of serglycin (31). Using immunohistochemistry, serglycin was demonstrated to be present in breast cancer tissue, and serglycin was highly expressed in the aggressive MDA-MB-231 cell line (32). The MDA-MB-231 breast cancer cell line has been associated with a mesenchymal phenotype and has a high migratory potential (33, 34). High serglycin expression was also observed in highly metastatic nasopharyngeal cells (35). Furthermore, invasiveness and mobility of the cells was shown to be dependent on the glycosylated form of serglycin in breast cancer (32). In addition, the implication of serglycin in highly aggressive tumor cells was also studied in the glioblastoma cell line LN-18 (12). Silencing of the serglycin gene (SRGN) resulted in less proliferation, colony formation, stemness accompanied by astrocytic differentiation, and diminished tumor cell growth in vivo.

In this study, we have examined several TGF-β induced EMT RNA-Seq experiments, and we find that serglycin is upregulated by TGB-β stimulation. Disruption of the open reading frame (ORF) of the serglycin gene, SRGN, resulted in reduced and delayed induction of EMT. In breast cancer cell lines, serglycin expression is significantly associated with a mesenchymal phenotype. However, in vivo, we find serglycin expression to be highly related to infiltration of immune cells in the breast tumor tissue. Here, we have examined mRNA expression of serglycin in two breast cancer cohorts and a single cell sequencing data set, as well as the protein expression in a tumor microarray (TMA) by immunohistochemistry. Overall, our results presented show that serglycin is one of many important molecules in the complicated network of factors determining the transition from the epithelial to the mesenchymal phenotype, and suggest that serglycin in tumor tissue is mainly produced by infiltrating immune cells.



Material And Methods


Cell Culturing

BT474, BT549, Hs578T, MCF7, MDA-MB-231, MDA-MB-468, SK-BR-3, and T-47D, cells were purchased from the American Type Culture Collection (ATCC). HMLE cells were a kind gift from Robert Weinberg, Whitehead Institute for Biomedical Research and Department of Biology, Massachusetts Institute of Technology. BT474, BT549, MDA-MB-231, MDA-MB-468, SK-BR-3, and T-47D were cultured in RPMI 1640 (Sigma-Aldrich) supplemented with 10% fetal bovine serum (FBS) (Biochrom) and 1% penicillin-streptomycin (Sigma-Aldrich). BT549 cells were grown in the presence of 0.001 mg/ml insulin (Sigma-Aldrich) and T-47D were grown in the presence of 0.006 mg/ml insulin (Sigma-Aldrich). Hs578T were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM; Sigma-Aldrich) supplemented with 10% FBS, 1% penicillin-streptomycin, and 0.01 mg/ml insulin. MCF7 were cultivated in Minimum Essential Medium Eagle (MEM; Sigma-Aldrich) supplemented with 10% FBS, 1% penicillin-streptomycin, and 0.01 mg/ml insulin. HMLE cells were grown in a 1:1 mixture of MEBM (Lonza) with DMEM/F12 (Sigma-Aldrich) supplemented with 10 ng/ml EGF, 0.5 μg/ml hydrocortisone, 0.01 mg/ml insulin, and 1% penicillin-streptomycin. All cell lines were incubated in a 5% CO2 humidified incubator at 37°C.



Generation of Epithelial and Mesenchymal Cell Subpopulations of HMLE Cells

HMLE cells were separated into an epithelial and a mesenchymal subpopulation by immunomagnetic separation. Magnetic beads (Immunomagnetic M450 Dynabeads®, ThermoFisher Scientific) were coated with anti-EpCAM (MOC31, IQ Products). Trypsinized cells (1 ml) were mixed with 30 μl of coated beads and incubated on a rotating rack at 4°C for 30 min. The beads with epithelial cells and cell suspension containing mesenchymal cells were subsequently separated using a magnet rack.



RNA Isolation, cDNA Synthesis, and RT-qPCR

From the breast cancer cell lines, RNA was isolated using the GenElute™ Mammalian Total RNA Miniprep Kit (Merck) according to the protocol provided by the manufacturer.

cDNA synthesis of total RNA was performed with SuperScript™ VI Reverse Transcriptase (ThermoFisher Scientific). 5.0 μM of random hexamer primer (P/N100026484, ThermoFisher Scientific) and approximately 200 ng of template were used for the reaction.

For RT-qPCR of cDNA from total RNA, 5 ng cDNA was mixed with FastStart Essential DNA Green Master (Roche Life Science) and 0.25 μM forward and reverse primer. All primer sequences are provided in Table 1. The LightCycler® 96 was used for quantification, and the formulas 2-ΔΔCq or 2-ΔCq were used to calculate fold change or expression values, respectively, using GAPDH as an internal reference.


Table 1 | Primer list used for RT-qPCR.





Transient Transfections

Lipofectamine® 2000 (ThermoFisher Scientific) was used for transfection according to the protocol provided by the manufacturer. 25 μM siRNA or control siRNA was used for transfections. Cells were incubated for 48, 72, and 96 hours after transfection before harvesting. The following siRNA and control siRNA were used: siSRGN#1 (ThermoFisher Scientific, 4392420-S11041), siSRGN#2 (ThermoFisher Scientific 4392420-S11043), and Silencer® Negative Control No. 1 siRNA, (ThermoFisher Scientific, AM4611).



CRISPR/Cas9 Knockout

For generation of serglycin knockout cells, a synthetic single guide RNAs (sgRNAs) in complex with Cas9, targeting the protein coding sequence of SRGN (guide sequence: CTG AGT CTT ACC TTG AAC TGA GG, exon 1) were transfected by electroporation according to previously described protocol (36). sgRNAs and Cas9 2NLS Nuclease were purchased from Synthego and electroporation was performed using the Cell Line Nucleofector™ Kit V (Lonza). 100.000 cells were diluted in 50 µl electroporation buffer containing 3.6 µM of sgRNA and 0.8 µM Cas9 enzyme and electroporated using the program P-020 (Amaxa™ Nucleofector™ II). Cells were transferred immediately after electroporation to full media and left to recover for 1 week, before single cell colonies were generated by seeding of single cells using Flow cytometry. Screening for knockout clones were done by sanger sequencing of the target region using the forward primer AAA TGC AGT CGG CTT GTC CT and reverse primer CCC AAC AGT CAA AGG TGC CA. For sanger sequencing, the BigDye™ Terminator v3.1 Cycle Sequencing Kit (ThermoFisher Scientific) was used according to the manual provided by the manufacturer. Analysis of sanger sequences was done using the ICE Analysis by Synthego (https://ice.synthego.com/#/).



TGF-β and EGF Stimulation

70.000 cells were seeded in a twelve well plate for each time point. Three wells per time point were stimulated with either 10 ng/ml recombinant human TGF-β (ThermoFisher Scientific, PHG9214) or 20 ng/ml EGF (R&B Systems). If reaching confluency, cells were split, and 70.000 cells were reseeded for each condition. Splitting was never performed less than three days before harvesting, to allow cells to recover.



Analysis of Publicly Available RNA-Seq Data

Three publicly available RNA-Seq experiments where EMT had been induced by TGF-β were downloaded from the Sequence Read Archive (SRA) at NCBI. The bioproject numbers are: PRJNA474381 (37), PRJNA513977 (38), PRJNA260526 (39).

RNA-Seq analyses were performed with the CLC Genomic Workbench 21 following the RNA-Seq analysis pipeline. In short, raw reads were trimmed for quality and the presence of the Illumina adaptor, before being mapped to the human reference genome GRCh38 with Ensembl v104 annotation. Expression values were normalized as Trimmed Mean of the M-values (TMM) adjusted counts per million (CPM). Calculation of significantly differentially expressed genes was done using the Differential Expression for RNA-Seq tool provided in the CLC Genomic Workbench and were defined as >2.0 fold change with <0.05 FDR adjusted p-value.



Gene Expression, Survival, Correlation, and Copy Number Analyses in Breast Cancer Cohorts

Breast cancer cell line RNA-Seq expression data and subtype information was downloaded from the Cancer Cell Line Encyclopedia (https://sites.broadinstitute.org/ccle/) (40). For the TCGA cohort, gene expression data and associated subtype information were obtained using R package TCGAbiolinks (41, 42). Gene expression levels were measured using log2 transformed fragments per kilobase of transcripts per million mapped reads (FPKM). A total of 1079 breast cancer primary tumor samples were included. According to the PAM50 classifier, the number of samples per subtypes were: 1) luminal A (n=506); 2) luminal B (n=207); 3) basal-like (n=190); 4) HER2-enriched (n=82); and 5) normal-like (n=40). PAM50 subtype classification and median centered mRNA expression data of primary tumors from 364 breast cancer patients included in the OSLO2 study were used for expression analyses for the OSLO2 cohort. The OSLO2 study is approved by Regional committees for medical and health research ethics of Norway (approval number 2016/433). The significant differences in gene expression between the five molecular subtypes of breast cancer were examined in both cohorts using One-way ANOVA in GraphPad Prism 9.

Survival analysis was performed using GraphPad Prism 9 using the extracted TCGA cohort data. Patients were divided into a high and low group based on the median expression of SRGN.

Correlations between SRGN and other genes were analyzed by Pearson correlation in R programing environment (R 4.0.5). The p value of 0.05 (p <0.05), and absolute value of the correlation coefficient above 0.6 (abs (correlation) >0.6) were used for selecting correlated genes with SRGN. Gene Set Enrichment Analysis (GSEA) was performed using the web interface (https://www.gsea-msigdb.org/gsea/index.jsp) (43, 44).

Copy number profiling data was obtained from the UCSC Xena platform (https://xenabrowser.net/datapages/). Copy number was measured experimentally using whole genome microarray at a TCGA genome characterization center. Subsequently, the GISTIC2 method was applied using the TCGA FIREHOSE pipeline to produce gene-level copy number estimates. GISTIC2 further thresholded the estimated values to -2, -1, 0, 1, 2, representing homozygous deletion, single copy deletion, diploid normal copy, low-level copy number amplification, or high-level copy number amplification, respectively. Genes were mapped onto the human genome coordinates using UCSC xena HUGO probeMap (45). The estimated values -2 and -1 are classified into loss. The estimated value 1 and 2 are classified into gain. A total of 1042 breast cancer copy number profiling were included in this study. According to the PAM50 classifier, the number of samples per subtypes were: luminal A (n=541); 2) luminal B (n=201); 3) basal-like (n=182); 4) HER2-enriched (n=80); and 5) normal-like (n=38).



Single Cell RNA-Seq Data Analysis

The publicly available dataset E-MTAB-8107 was used for single cell analysis, which includes 18 breast cancer patients (46). Count matrix of single cell RNA-Seq was analyzed using the Seurat package in R (v4.0.2) to obtain UMAP. The count matrix was already filtered for dying cells by the authors. It was further normalized and scaled regressing out potential confounding factors such as: number of UMIs, number of gene detected in the cell, and percentage of mitochondrial RNA. After scaling, variably expressed genes were used to construct principal components (PCs) and PCs covering the highest variance in the dataset were selected based on elbow and Jackstraw plots to build the UMAP. Clusters were calculated by the FindClusters function with a resolution chosen at 1.2, and visualized using the UMAP dimensional reduction method. Cell type annotation from the authors was used to visualize the distribution of different cell types on UMAP.



Clinical Samples and Immunostaining

Two tumor micro array (TMA) slides, including a total of 88 patients from the Clinical and Multi-omic (CAMO) cohort were used for immunostaining. The TMA contained samples of both tumor tissue in the invasive front and in the center of the tumor. Patient clinical data was defined as previously described (47). The use of the tissue samples and data was in accordance with the ethical approval from the Regional committees for medical and health research ethics of Norway (approval numbers 2010/1931 and 2013/2271). FFPE sections were baked in a dry oven at 60°C overnight and deparaffinized and rehydrated in xylene and alcohol. The Envison FLEX + system/Dako Autostainer Link 48 (Agilent Technologies) was used for the immunohistochemistry procedure. Antigen retrieval was performed in a commercial pressure chamber (pt-link, Dako) with a heating of 97°C for 20 minutes in Tris/EDTA buffer pH 9. Slides were then allowed to cool to 65°C and permeabilized in TBST (Tris-buffered saline solution containing Tween 20, pH 7.6, Envision Flex Wash Buffer) for 5 minutes. Peroxidase block was performed for 5 minutes in Envision Flex peroxidase block solution followed by protein blocking in 5% BSA for 10 minutes. After incubation with primary anti-serglycin (generated in the lab of Achilleas Theocharis) 1:10 000 for 30 min in room temperature, slides were washed in TBST and incubated with secondary anti-rabbit antibody and linker for 15 minutes. Following a wash in TBST, slides were incubated with EnVision FLEX/HRP (dextran polymer conjugated with horseradish peroxidase) for 20 minutes and washed for 5 minutes. Immunostaining was developed in DAB chromogen solution for 30 minutes. Finally, after washing in TBST, the slides were immediately counterstained with Shandon instant hematoxylin TID, and mounted using eukitt. The immune staining was documented using the Aperio scanner. Only samples defined as luminal A (ER+, HER2-, and Ki67 ≤30) or triple negative (ER-, PR-, HER-) were evaluated. Due to sample loss or poor-quality samples, 42 patients were included in the final scoring. Serglycin expression was scored from 0-3: 0 - no staining, 1 - low intensity, 2 - medium intensity, 3 – high intensity.




Results


Serglycin Is Transcriptionally Upregulated During TGF-β Induced Epithelial-Mesenchymal Transition

Both during normal development and in carcinogenesis, TGF-β is a potent inducer of epithelial-mesenchymal transition (EMT). TGF-β is also important in the regulation of synthesis of many extracellular matrix (ECM) proteins, including several proteoglycans (PGs) (48). In wound healing, TGF-β plays a major role in inducing EMT and inflammation and in in the remodeling of the ECM (49). To investigate the role of proteoglycans (PGs) in TGF-β induced EMT, we mined publicly available RNA-Seq experiments, in which epithelial cells had been stimulated with TGF-β. Our inclusion criteria were: 1) Cells have a normal non-cancerous epithelial origin, 2) the sequencing experiment should include a minimum of two replicates per sample, and 3) the data is published with a complete method description. Three such datasets were identified; PRJNA474381 (37), PRJNA513977 (38), and PRJNA260526 (39). Differential gene expression analysis was performed using the CLC Genomic workbench, and for all three datasets, Gene set enrichment analysis identified EMT as the most significantly enriched hallmark (Figure 1A). The data was used to examine the expression of 42 PGs, and we identified eight as significantly differently expressed (Figure 1B). Many of the significantly differently expressed PGs have previously been associated with EMT: SDC2 (8, 9), SDC4 (10, 11), SRGN (12–14), VCAN (15–17), DCN (18), LUM (19), SPOCK1 (20–23). One of the most significantly differently expressed genes was serglycin (SRGN), with a fold change of 59.7 (p=8.8E-80), 4.1 (p=1.6E-23), and 17.7 (p=7.0E-72) (Figure 1C). As TGF-β has a functional role in controlling the inflammatory responses (50) and serglycin is an important inflammatory PG, we decided to focus on serglycin in our further studies. To validate the observed induction of serglycin by TGF-β, we treated the HMLE cell line with TGF-β for six days. HMLE is a normal breast epithelial cell line which is known to undergo EMT when stimulated by TGF-β (51, 52). RT-qPCR analysis of SRGN showed a 5.9-fold induction (p=0.004) in the HMLE cells after TGF-β stimulation (Figure 1D).




Figure 1 | Serglycin is transcriptionally upregulated during TGF-β induced epithelial-mesenchymal transition. (A–C) Analysis of RNA-Seq data from three publicly available data sets. (A) Gene set enrichment analysis for differentially expressed genes. Length and color represent the significance of that specific gene-set. (B) Expression of 42 genes encoding proteoglycans. Bold gene symbols marked with * were defined as differently expressed in all three datasets and with the same direction of change. Color (blue-white-red) symbolizes fold change, while the size of circles symbolizes false discovery rate (FDR) corrected p-value. (C) Volcano plot including all analyzed genes. SRGN is marked as a red dot in all three plots. (D) RT-qPCR data showing SRGN expression in TGF- β induced HMLE cells. The experiment includes three biological replicates and is representative for one of a minimum of three independent experimental setups. Error bars represent standard deviation. (**p ≤ 0.01).





Knockout of Serglycin Causes a Delay in EMT-Associated Gene Expression and Morphology

To examine the functional role of serglycin in TGF-β induced EMT, we generated two HMLE knockout clones by CRISPR/Cas9. The two clones had unique frameshift mutations confirmed by Sanger sequencing (Figure 2A). As expected, the serglycin knockout clones had a significantly reduced baseline expression of SRGN (Figure 2B), as mRNA stability is often reduced by frameshift mutations (53). Further, when treating with TGF-β, the serglycin knockout cells showed no evident induction of SRGN, as compared to the wild type HMLE cell line (Figure 2B). Importantly, the loss of SRGN was accompanied by a reduced induction of N-cadherin (CDH2) and the EMT transcription factor ZEB1 (Figures 2C, D). Induction of SRGN expression in the normal HMLE cells preceded induction of both CDH2 and ZEB1, and all together these results indicate that upregulation of SRGN might be an important early event for efficient EMT induction in HMLE cells. Further, we observed more cells with an elongated mesenchymal phenotype and the growth pattern of the cells were more scattered with less contact with other cells in the wild type control cells as compared to the serglycin knock out cells after TGF-β treatment (Figure 2E). As ZEB1 expression was reduced in the serglycin knockout clones, we examined the relationship between ZEB1 and serglycin in TGF-β induced EMT. One of the previously examined publicly RNA-Seq datasets (PRJNA513977) had included sequencing of an epithelial ZEB1 knockout cell line treated with TGF-β. Knockout of ZEB1 was sufficient to inhibit induction of SRGN (Figure 2F), indicating that ZEB1 might be a positive regulator of serglycin. Finally, to examine whether serglycin plays a key role in maintaining an EMT phenotype, we transiently transfected mesenchymal HMLE cells with two different SRGN-targeting siRNAs. Although the siRNAs significantly silenced the SRGN expression, the expressions of key EMT marker genes including CDH2, VIM, TWIST, ZEB1, and ZEB2 remained unchanged 72 hours post-transfection (Figure 2G). This suggests that loss of serglycin is not sufficient to revert an established mesenchymal phenotype in the HMLE cell model.




Figure 2 | Knockout of serglycin causes a delay in EMT-associated gene expression and morphology. (A) Confirmation of CRISPR/Cas9 generation of serglycin knockout clones by Sanger sequencing (bottom part of figure). Green arrow, mRNA; yellow arrow, open reading frame; red arrow, CRISPR/Cas9 target site. (B–D) HMLE epithelial cells were stimulated with 10 ng/ml TGF-β for 2, 4, and 6 days and (B) SRGN, (C) CDH2, and (D) ZEB1 expression were evaluated by RT-qPCR. (E) HMLE epithelial cells were stimulated with 10 ng/ml TGF-β 4 days before imaged using a brightfield microscope. (F) Expression of SRGN in MCF10A wild type and ZEB1 knockout cells, with and without TGF-β stimulation. (G) HMLE mesenchymal cells were transfected for 72 hours with control (scramble) or two siRNAs, siSRGN #1, or siSRGN #2, specifically targeting SRGN. SRGN expression and expression of mesenchymal marker genes or EMT transcription factors were evaluated by RT-qPCR. For (B–D), and (G) the experiments include three biological replicates and are representative for one of a minimum of three independent experimental setups. Error bars represent standard deviation. (***p ≤ 0.001; **p ≤ 0.01; *p ≤ 0.05; ns, not significant).





Breast Cancer Cell Lines With a Mesenchymal Phenotype and the Basal-Like Subtype of Breast Cancer Express High Levels of Serglycin

Elevated levels of TGF-β, both in the plasma and at the invasive front, have been associated with metastasis in breast cancer patients (54–56), and TGF-β has been proposed as a target for cancer therapy (57, 58). Furthermore, many transcription factors and pathways that regulate EMT have been found to be activated in breast tumors (59). To evaluate the association of serglycin expression with EMT in breast cancer, we started by examining RNA-Seq data from 48 breast cancer cell lines deposited to the Cancer Cell Line Encyclopedia (40). The breast cancer cell lines were clustered based on the expression of 194 genes included in the EMT hallmark gene dataset according to the Molecular Signatures Database v7.4 (43, 60) (Figure 3A). The clustering gave three main clusters: Mesenchymal (M), partial EMT (P), and epithelial (E) (Figure 3A). By examining serglycin mRNA levels, we found that SRGN is highest expressed in cell lines defined as mesenchymal, while no or very low expression is identified in epithelial like cells (Figures 3A, B). We confirmed by RT-qPCR the higher expression in the mesenchymal breast cancer cell lines Hs578T, MDA-MB-231, and BT549, versus the plastic MDA-MB-468 and the epithelial T-47D, SK-BR-3, BT474, and MCF7 breast cancer cell lines (Figure 3C). SK-BR-3, an epithelial like breast cancer cell line, can be induced to go through EMT by EGF stimulation, and show a low baseline expression of SRGN. We therefore examined SRGN expression in SK-BR-3 during EMT and found that SRGN was induced by EGF treatment together with N-cadherin (CDH2) and ZEB1 (Figure 3D).




Figure 3 | Breast cancer cell lines with a mesenchymal phenotype and the basal-like subtype of breast cancer express high levels of serglycin. (A) Hierarchical clustering of 48 breast cancer cell lines based on 194 genes included in the EMT hallmark gene dataset. Subtype and expression of SRGN, ESR1, PGR, and ERBB2 are shown separately above the heatmap. E, epithelial; P, partial EMT; M, mesenchymal; RPKM, reads per kilobase per million. (B) SRGN expression in cell lines defined as epithelial (E), partial EMT (P), or mesenchymal (M) based on hierarchical clustering. (C) SRGN expression in breast cancer cell lines evaluated by RT-qPCR. E, epithelial; P, partial EMT; M, mesenchymal. (D) SK-BR-3 cells were stimulated with 20 ng/ml EGF for 5 days. SRGN, CDH2, and ZEB1 expression were evaluated by RT-qPCR. The experiment includes three biological replicates and is representative for one of a minimum of three independent experimental setups. Error bars represent standard deviation.(E) SRGN expression in the TCGA and OSLO2 cohorts. (F) Probability of survival for either all breast cancer patients or only patient with the basal-like subtype from the TCGA cohort. High and low expression is based on the median expression value of SRGN. Dotted lines represent the 95% confidence interval (G) Serglycin copy number gain or loss for patients included in the TCGA cohort. Green bars represent SRGN expression, arranged from high to low expression within each subtype. A red line indicates a copy number gain while a blue line represents a copy number loss in the patient with the specific expression value bar seen above in green. FPKM, fragments per kilobase per million. (***p ≤ 0.001; *p, ≤ 0.05).



As serglycin is important for EMT and expressed by mesenchymal like breast cancer cell lines, we went on to examine the expression of SRGN in two breast cancer cohorts, TCGA and OSLO2. In both cohorts, SRGN is highest expressed in the basal-like subtype of breast cancer (Figure 3E), a subtype associated with triple negative breast tumors and tumors with a mesenchymal phenotype (61, 62). However, the expression of SRGN was not associated with survival, neither for all patients nor for patients with the basal-like subtype (Figure 3F). To examine whether the higher expression of SRGN in the basal-like subtype could be a consequence of gene amplification, we analyzed copy-number of SRGN. Perhaps surprisingly, a higher incidence of allele loss was seen for the luminal B and basal-like subtypes (30.8% and 36.8%, respectively) as compared with the other subtypes (Figure 3G). Generally, allele loss was not seen to be more abundant in patients with lower expression of SRGN, and allele gain was not more prominent amongst patients with high expression of SRGN (Figure 3G), indicating that copy number variation does not influence SRGN expression in breast tumor tissue.



Serglycin Is Expressed by Non-Neoplastic Cells in Breast Tumor Tissue

The higher SRGN genomic loss in the basal-like subtype and the non-enrichment for allele loss in low expressing patients, prompted us to further investigate the association between the basal-like subtype and SRGN expression. We therefore performed immune staining on 42 breast cancer patients, either defined as luminal A (ER+, HER2-, and Ki67 ≤30) or triple negative (ER-, PR-, HER-) (Figure 4A). In both subtypes, we detected expression of serglycin in both the cancer cells and in infiltrating immune cells. For the cancer cells, a non-significant, but higher expression was observed in the luminal A subtype as compared to the triple negative (Figure 4A). In contrast, we observed a significantly higher number of infiltrating immune cells and a significantly higher expression of serglycin in the immune cells in the triple negative subtype as compared to the luminal A subtype (Figure 4A). This may indicate that the increased expression of serglycin in the basal-like subtype is a consequence of immune infiltration in the tumor tissue. By performing a co-expression analysis, we found that genes that correlated with SRGN expression in the basal-like cases from the TCGA cohort were not enriched for genes associated with EMT, but for genes enriched with the hallmarks Allograft rejection, Inflammatory response, and Complement (Figure 4B), which are all associated with an immune response. In addition, the following hallmarks for signaling pathways/molecules were found to be enriched: IFN-γ, STAT5, IFN-α, KRAS, JAK/STAT3, and TNF-α (Figure 4B). The observed high expression of serglycin in immune cells, and the association towards an immune response, prompted us to examine SRGN expression in a publicly available breast cancer single cell RNA-Seq data set (46). Here, expression analysis showed that SRGN is highly expressed in dendritic cells, T-cells, myeloid cells, and mast cells in the tumor tissue, and with lowly detectable expression of SRGN in the cancer cells (Figure 4C).




Figure 4 | Serglycin is expressed by non-neoplastic cells in breast tumor tissue. (A) Immune staining for serglycin in breast cancer patients defined as either luminal A (LumA) or triple negative breast cancer (TNBC). Images representing low (score 1) and high (score 3) serglycin expression in cancer cells, and no (score 0) or high immune cell infiltration (score 3) are included. Bar plots includes quantification of expression of serglycin in either tumor cells or immune cells as well as quantification of immune infiltration in the tumor tissue. Error bars represent semi-standard deviation. (B) Gene set enrichment analysis for genes that show a high correlation with SRGN expression in patients with the basal-like subtype from the TCGA cohort. (C) SRGN expression in single cell RNA-Seq data including 18 patients with different subtypes. Top left: Visualization of the different cell types in the UMAP plot. Top right: SRGN expression visualized as violine plots per cell type. Bottom left: UMAP plot of SRGN expression in all cell types. Bottom right: UMAP plot of SRGN expression in only cancer cells. (*p ≤ 0.05; ns, not significant).






Discussion

EMT in cancer is associated with the acquisition of cancer stem cell-like properties and increased migratory and metastatic abilities, antitumor drug resistance, and immunosuppression. Several stimuli induce EMT in cancer cells including growth factors like TGF-β and EGF, hypoxia, ECM stiffness, cell-cell and cell-ECM interactions, and epigenomic factors (63, 64). We demonstrate that SRGN expression is upregulated in different epithelial cells that undergo EMT as response to TGF-β stimulation (Figure 5). SRGN knockdown in mesenchymal cells is not able to revert an acquired mesenchymal phenotype, but serglycin knockout in epithelial cells exhibit a delay or lower response to TGF-β induced EMT. These data suggest that serglycin is an important player in the EMT reprogramming in epithelial cells, but not essential for cells to maintain a mesenchymal phenotype. The induction of SRGN also preceded CDH2 and ZEB1, indicating that SRGN induction is an early event in EMT. However, knockout of ZEB1 inhibited SRGN induction by TGF-β, suggesting that ZEB1 might be a potentially important transcription factor for serglycin (Figure 5). By examining the UCSC Genome Browser, two ZEB1 binding sites are located in the promotor region of serglycin. The potential directly regulation of serglycin by ZEB1 should therefore be experimentally validated. Aggressive breast cancer cells with mesenchymal traits such as MDA-MB-231 and Hs578T, as well as basal-like breast tumors, express high levels of SRGN, in contrast to epithelial breast cancer cells and respective luminal subtypes of breast cancer. Altogether, our data point to serglycin as a novel, highly significant marker for breast mesenchymal cells. SRGN expression was also found to be induced in the epithelial breast cancer cell line SK-BR-3 through induction of EMT by EGF, which demonstrates the strong association between serglycin and EMT, both in normal as well as in cancer cells.




Figure 5 | The serglycin signaling network. In this manuscript we identify serglycin to be a TGF-β responsive gene that is induced during epithelial mesenchymal transition (EMT), and we propose that ZEB1 might be a potential transcription factor that can induce serglycin expression. From previous publication, serglycin has been shown to be able to act in an autocrine manner through the TGF-β pathway and via the YAP transcriptional co-activator. Several lines of evidence show that immune and stromal cells are major contributors of serglycin in the tumor microenvironment, and we hypothesize that expression of serglycin in the tumor microenvironment can stimulate breast cancer cells to undergo EMT.



Previous studies have shown that expression of serglycin in the epithelial breast cancer cell line MCF7 (32) and in non-small cell lung cancer cells (NSCLC) (65) evokes their malignant properties, and that chondroitin sulfate chains attached on the serglycin core protein are required for this regulation. Increased expression of serglycin in epithelial breast cancer cells drives EMT, chemoresistance, proteolytic potential, invasion, and metastasis both in vitro and in vivo (31, 66–68). Serglycin is constitutively secreted by breast cancer cells acting in an autocrine manner via binding to cell surface receptors such as CD44, a key mesenchymal and breast cancer stem cell marker gene, and integrins, possibly through its chondroitin sulfate (CS) chains (69) (Figure 5). Binding of serglycin to CD44 activates multiple signaling pathways including CD44/CREB1 to induce TGF-β2 secretion that in turn upregulates SRGN expression via Smad3 signaling (66), as well as by activating β-catenin signaling (67). Secreted serglycin also triggers ITGA5/FAK/CREB1 signaling to increase the transcription of YAP (68) (Figure 5). Reciprocally, YAP/TEAD1 complex promotes the transcription of SRGN to form a feed-forward circuit. Furthermore, YAP/RUNX1 complex induces the transcription of HDAC2 to induce chemoresistance and stemness in breast cancer cells (68). Serglycin also promotes IL-8 secretion in breast cancer cells activating IL-8/CXCR2 signaling and underlying signaling cascades such as PI3K, Src, and Rac1 (31). Similarly, to breast cancer, serglycin triggers signaling pathways that evoke malignant properties and EMT in many other cancer types. The serglycin/CD44 signaling axis induces the expression of Nanog and activates NF-κB/claudin-1 axis in NSCLC (70) and triggers MAPK/β-catenin signaling in nasopharyngeal cancer cells (71) to foster EMT, cancer cell stemness, and drug resistance.

Over the last few years, an increasing number of studies have shown that upregulation of serglycin in many tumors is associated with aggressive tumor cells properties (6). In breast cancer, serglycin has been demonstrated to be associated with chemotherapy resistance (31, 72). Here, we describe that SRGN expression in the basal-like subtype of breast cancer is correlated to the expression of genes involved in inflammatory response. Previous reports have also highlighted the role of serglycin in regulation of the biosynthesis of inflammatory mediators and growth factors in immune cells, platelets, endothelial, and tumor cells (2, 69). Serglycin also controls the proteolytic potential of tumor cells via regulating the expression and activity of MMPs (6, 12, 31, 73). Both inflammatory mediators and MMPs are known to be involved in EMT and in the advancement of the malignant phenotype of breast cancer cells (74, 75). We have demonstrated that the high expression of SRGN in the generally aggressive basal-like breast cancer subtype is not a consequence of gene amplification, but rather surprisingly, the subtype shows a higher probability for allele loss. This may imply that the bulk of serglycin expression comes from stromal cells (Figure 5). Several cell types populate the tumor stroma, with the most predominant being immune cells, cancer-associated fibroblasts, and endothelial cells. Breast cancer single cell RNA-Seq data indicate that SRGN is highly expressed mostly in stromal cells and lymphocytes, including myeloid, dendritic, mast cells, T-lymphocytes, endothelial cells, and B-lymphocytes. Cancer cells and fibroblasts exhibit low SRGN expression in the analyzed sample cohort. This points toward infiltrating immune cells being the major source of serglycin in breast tumor tissue. It is well known that serglycin is constitutively expressed by immune cells such as macrophages, lymphocytes, and mast cells and its expression is upregulated upon their activation (2, 76). Mast cells infiltrate the glioma microenvironment and secrete high levels of serglycin, and the process is associated with poor survival (77). Co-culture of mast cells with glioma cells induces the expression of serglycin, CD44, ZEB1, vimentin, CXCL10, CXCL12, and TNF-α in glioma cells and IL-6 and CXCL1 in mast cells, creating an inflammatory milieu that induce glioma cell aggressiveness (77). In glioblastoma, serglycin works in an autocrine manner, and suppression of serglycin potently reduces their malignant properties, pro-neoplastic signaling, and stemness, and evokes astrocytic differentiation (12). This demonstrates a key role for serglycin in glioma progression, and demonstrates how serglycin, either via induction by an inflammatory response or by direct secretion by immune cells is of major importance for cancer progression. Serglycin is also upregulated in cancer-associated fibroblasts in hypoxic conditions and its secretion activates Wnt/β-catenin signaling, leading to enhanced cancer cell stemness, chemoresistance, and tumor growth (78).

It is proposed that cancer cells that are subjected to partial EMT and remain in a hybrid state where they co-express both epithelial and mesenchymal markers, have the greatest malignant and metastatic potential (63, 79). Furthermore, subpopulations of cancer cells composed of epithelial, hybrid, or mesenchymal cells have been found to be localized in specific microenvironments where distinct stromal cells reside (79). Tumor areas specifically populated by the hybrid or mesenchymal cancer cells have an increased number of immune cells, particularly monocytes and macrophages, lymphocytes, and endothelial cells, highlighting the association of EMT induction with the inflammatory environment. Interestingly, cancer cells express increased levels of chemokines and other pro-inflammatory and pro-angiogenic molecules that attract stromal cells and coordinates their niche formation and spatial organization (79). Further, serglycin has recently been identified to be involved in inflammatory reactions in adipose tissue (80). Altogether, our data and previously published data on serglycin, EMT, and cancer, may imply that serglycin participates in an immune cell-cancer cell crosstalk, acting as a regulatory molecule that links inflammation and induced oncogenic signaling and EMT in breast cancer cell (Figure 5). Future studies should therefore investigate the molecular mechanisms behind this potential crosstalk, via serglycin, between the breast cancer cells and the infiltrating immune cells and if expression of serglycin by the immune cells can induce EMT in the breast cancer cells.
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Invasion of tumor cells through the stroma is coordinated in response to migratory cues provided by the extracellular environment. One of the most abundant molecules in the tumor microenvironment is hyaluronan, a glycosaminoglycan known to promote many hallmarks of tumor progression, including the migratory potential of tumor cells. Strikingly, hyaluronan is also often found to coat extracellular vesicles (EVs) that originate from plasma membrane tentacles of tumor cells crucial for migration, such as filopodia, and are abundant in tumor niches. Thus, it is possible that hyaluronan and hyaluronan-coated EVs have a cooperative role in promoting migration. In this work, we compared the hyaluronan synthesis, EV secretion and migratory behavior of normal and aggressive breast cell lines from MCF10 series. Single live cell confocal imaging, electron microscopy and correlative light and electron microscopy experiments revealed that migrating tumor cells form EV-rich and hyaluronan -coated trails. These trails promote the pathfinding behavior of follower cells, which is dependent on hyaluronan. Specifically, we demonstrated that plasma membrane protrusions and EVs left behind by tumor cells during migration are strongly positive for CD9. Single cell tracking demonstrated a leader-follower behavior, which was significantly decreased upon removal of pericellular hyaluronan, indicating that hyaluronan promotes the pathfinding behavior of follower cells. Chick chorioallantoic membrane assays in ovo suggest that tumor cells behave similarly in 3D conditions. This study strengthens the important role of extracellular matrix production and architecture in coordinated tumor cell movements and validates the role of EVs as important components and regulators of tumor matrix. The results suggest that tumor cells can modify the extracellular niche by forming trails, which they subsequently follow coordinatively. Future studies will clarify in more detail the orchestrated role of hyaluronan, EVs and other extracellular cues in coordinated migration and pathfinding behavior of follower cells.
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Introduction

Understanding the mechanisms that drive tumor cell migration is essential in efforts for identifying strategies for effective cancer therapies. All steps within tumor progression; growth, vascularization, intravasation, extravasation, invasion, and metastasis require migration of cells. Tumor cell migration is a complex process which involves reorganization of the intracellular actin cytoskeleton and its modulators (1), components of the cell adhesion machinery (2, 3) and extracellular environment that coordinates cellular motility (4). For effective migration cells both interact with, and often modify their surrounding extracellular matrix (ECM) (5).

Hyaluronan is an abundant molecule of the tumor ECM with a fundamental role in tumor progression and regulation of migration (6). Interestingly, hyaluronan is associated with formation of filopodia (7), which are crucial in tumor cell migration via sensing the environment and interactions with the ECM (5). Additionally, hyaluronan induces the secretion of extracellular vesicles (EVs) (8) and accumulates on their surface, forming a thick coating on EVs (9). EVs are plasma membrane-derived particles produced by all cell types into the extracellular space and body fluids, regulating both normal physiology and pathological conditions (10). Tumor derived EVs affect the formation of tumor microenvironments and mediate cellular interactions during cancer progression (11). Lately, the contribution of EVs in tumor cell migration has received increased attention (12). Moreover, hyaluronan-coated EVs are shedding from tips of filopodia (8, 13, 14), calling for a direct testing of the role of hyaluronan and EVs in regulating the migratory capacity and invasive potential of tumor cells.

EVs have been suggested to be related to multiple aspects of cell motility, including directional sensing, cell adhesion, ECM degradation, and leader-follower behavior (12). For example, it has been shown that EV secretion is essential for promoting adhesion formation during tumor cell migration (15), and for coordination of directional cell migration (16). Coordinated cell migration relies on cellular interactions through soluble and contact-mediated signals and chemotactic gradients. During coordinated migration, leader cells facilitate the directed migration of followers, either directly by generating pulling forces via intercellular contacts, or indirectly by modifying the composition of the extracellular matrix (17). This kind of coordination between migrating cells is a hallmark of cancer invasion and metastasis, immune responses, angiogenesis, wound healing, and morphogenesis during embryonic development (18). All the data described above suggest an association between EVs, coordinated migration, filopodia and hyaluronan, but so far, no studies have directly demonstrated this connection.

To understand this connection in more detail, we utilized MCF10 cell series as a model of breast cancer cell migratory behavior. MCF10A cell line is a spontaneously immortalized non-malignant breast epithelial cells line that is considered normal, with no invasiveness, and no ability to form tumors in immunodeficient mice (19), while MCF10CA is the most malignant and aggressive cell line from the MCF10 series with high metastatic potential (20). We demonstrated that aggressive breast cancer cells not just produce higher numbers of EVs and more hyaluronan than normal cells, but also form trails that are coated with hyaluronan and EVs originating from cellular protrusions. Our live imaging experiments and tracking analyses in single cell level revealed that tumor cells migrate in more coordinated way than normal cells, which is attenuated when hyaluronan is enzymatically digested. We demonstrated a similar trail formation tendency of tumor cells in 3D cultures and chorioallantoic membrane (CAM) assays. The results of this study introduce a novel mechanism for hyaluronan as a guide for coordinated migration and support the role EVs as facilitators of migration.



Materials and Methods


Cell Culture

MCF10 human breast cell lines, MCF10A and MCF10CA, were cultured in DMEM/F12 medium (Gibco, Thermo Fischer Scientific, Waltham, MA, USA) supplemented with 5% horse serum (Invitrogen, Carlsbad, CA, USA), 2 mM glutamine (EuroClone, Pavia, Italy), 100 µg/mL streptomycin sulfate, 100 U/mL penicillin (EuroClone), 0.5 µg/mL epidermal growth factor (EGF, Sigma), 0.5 µg/mL hydrocortisone (Sigma), 0.1 µg/mL cholera toxin (Sigma), and 10 µg/mL insulin (Sigma). Both cell lines were passaged twice a week at the following split ratios (MCF10CA 1:20; MCF10A 1:25) using 0.05% trypsin (w/v) 0.02% EDTA (w/v) (Biochrom AG, Berlin,Germany). For experiments with the EV isolation, serum was purified by centrifugation at 110,000× g for 16 h and sterile-filtered with 0.22 µm syringe filters (Guangzhou Jet Bio-Filtration Co., Ltd., Guangdong, China).



Immunostainings and Vital Stainings

The cells were cultured on 8-well Ibidi chamber slides (Ibidi GmbH, Martinsried, Germany) and fixed with 4% paraformaldehyde in PB for 20 min. The fixed cells were permeabilized for 15 min with 0.1% Triton X-100 with 1% BSA, blocked with 1% BSA for 20 min at room temperature. For detection of actin, cells were incubated for 20 min with Phalloidin-iFluor 594 Reagent (Abcam, Cambridge, UK), washed with PB, and stored at 4°C. For staining of CD44, cells were incubated overnight at 4°C with anti-CD44 antibody (1:100, Novus Biologicals, Abingdon, Oxon). After washing, the cells were incubated for 2 h with Texas red-labeled secondary antibody (l:500; Vector Laboratories Inc., Burlingame, CA, USA). For HA staining, cells were incubated overnight at 4°C with 3 µg/ml of biotinylated HA-binding complex (bHABC). After washing, the cells were incubated for 2 h with Alexa Fluor® 488-streptavidin (1:500, Vector, Burlingame, CA, USA). Nuclei were labeled with 4′,6-diamidino-2-phenylindole (DAPI, 1 µg/mL, Sigma-Aldrich, St. Louis, MO, USA).

For staining of pericellular HA coat of live cells, a fluorescently labeled (Alexa Fluor® 680) HA binding complex (fHABC) was used as described previously (21). Live cell cultures grown on chambered cover glasses were incubated for 2 h at 37°C with 10 µg/ml of fluorescent HABC in culture medium. CellMask™ Deep Red plasma membrane stain (1.25 µg/ml, Molecular Probes, Eugene, OR, USA) was added to the cultures immediately before imaging to label the plasma membranes. For staining of CD9 in live cultures, a FITC-labeled CD9 antibody (1:200, BioLegend, San Diego, CA, USA) was used, and nuclei were labeled with NucBlue™ (Molecular Probes) or DRAQ5™ (Biostatus Ltd., Leicesterchire, UK) DNA labels.



Confocal Imaging

The fluorescent images were obtained with a Zeiss Axio Observer inverted microscope (40 × NA 1.3 oil objective) equipped with a Zeiss LSM 800 confocal module (Carl Zeiss Microimaging GmbH, Jena, Germany). Image processing, including three-dimensional rendering, was performed using the ZEN software (Carl Zeiss Microimaging GmbH).



Quantitative Real-Time RT-PCR (qRT-PCR)

Total RNA from the cells was isolated using Tri Reagent (Molecular Research Center Inc., Cincinnati, OH, USA). The cDNAs were synthesized using the Verso cDNA kit (Thermo Scientific, San Jose, CA, USA). The quantitative real-time PCR was performed with Fast Start Universal SYBR Green mix (Roche Applied Science, Indianapolis, IN, USA) using the Stratagene Mx3000P real-time PCR system (Agilent Technologies, Santa Clara, CA, USA). The primer sequences were the same as used in (13). Relative mRNA expression levels were compared by using the 2−ΔΔC(T) method, with Ribosomal protein, Large, P0 (RPLP0) as reference gene.



Hyaluronan Assay

Subconfluent cell cultures were used to measure the cellular hyaluronan secretion levels. After change of fresh medium, the cells were cultured for 48 h before the cells were counted and the media harvested for the sandwich-type hyaluronan assay as described previously (21).



Hyaluronan Size Determination

Hyaluronan size determinations were performed using Sephacryl S-1000 (1 × 30 cm) column with 100 mM ammonium bicarbonate as a buffer. The protocol was modified from Tammi et al. (22). The column was calibrated with 2500 kDa, 500 kDa and 150 kDa hyaluronan (Hyalose, Oklahoma City, OK, USA). Cell culture medium samples in volume of 1 ml were injected into column directly (MCF10CA) or after lyophilization and dilution to volume of 1.2 ml by 100 mM ammonium bicarbonate (MCF10A). From each sample, 40 fractions (0.8 ml) were collected. Two consecutive fractions were combined and lyophilized. The dried samples were dissolved into 1% BSA-PBS and analyzed for their hyaluronan content by hyaluronan assay as described above.



EV Isolation and Nanoparticle Tracking Analysis (NTA)

The conditioned culture media from MCF10 cells were filtered with 5 µm syringe filter (Sartorius, Goettingen, Germany) to remove cell debris. Filtered media were centrifuged at 10,000× g for 90 min at 4°C and the supernatants were centrifuged at 110,000 × g for 90 min at 4°C. Pellets from both centrifugation steps were suspended into sterile filtered PBS and combined. The size distribution and number of the EVs in isolates from MCF10 culture media were analyzed with the Nanoparticle Tracking Analyzer (Malvern Instruments Ltd., Malvern, UK) with a NS300 view unit. The following settings were used for data acquisition: camera level 13, acquisition time 30 s, and detection threshold 3. Data analysis was performed with the NTA v3.1 software (NanoSight, Amesbury, UK).



Transmission Electron Microscopy

The EV preparations were layered onto carbon-coated glow-discharged copper grids. Grids were fixed in 2% paraformaldehyde for 10 min and contrasted using 2% neutral uranyl acetate for 10–15 min and embedded in 1.8% methylcellulose (25 Cp)/0.4% uranyl acetate. Imaging was performed with JEOL JEM 2100F transmission electron microscope (Jeol Ltd., Tokyo, Japan) operated at 200 kV.

CAM tumors were prefixed with 2.5% glutaraldehyde in 0.1 M phosphate buffer for 4h at room temperature. After an overnight wash in 0.1 M phosphate buffer, pH 7.4 and 1 h wash in H2O, the tumors were postfixed in 1% osmium tetraoxide and 2.22% CaCl2 in H2O and stained with 1% uranyl acetate. The tumors were dehydrated and embedded in LX-112 resin (Ladd Research Industries, Burlington, VT) and polymerized at 60°C for 48 h. The 70 nm sections were stained with 1% uranyl acetate and imaged with JEOL JEM-2100F transmission electron microscope (Jeol Ltd., Tokyo, Japan) at 200 kV.



Correlative Light and Electron Microscopy

For correlative light and electron microscopy, cells were seeded on 13 mm cover glasses coated with Poly-D-Lysine (Sigma-Aldrich) and grown overnight. The cells were fixed and stained with CD44 antibody and bHABC probe as described above. After confocal imaging of the fluorescent stainings, cells were processed for scanning electron microscopy. Shortly, the cells were routinely dehydrated in ascending series of ethanol and hexamethyldisilazane, and finally, coated with a thin layer of gold. After processing, cells were re-localized by utilizing gridded glass bottom culture dishes and imaged with a Zeiss Sigma HD|VP (Carl Zeiss Microscopy GmbH, Oberkochen, Germany) scanning electron microscope operated at 3 kV. Adobe® Photoshop was utilized to overlay of the SEM images with confocal images



Proliferation Rate and Tracking and Analysis of Coordinated Migration

MCF10A and MCF10CA cells were seeded on the 96-well plate (2500, 3500 or 4000 cells/well). The following day, growth media was replaced with fresh growth media containing IncuCyte® NucLight®Rapid Red Reagent (Essen BioSciences, Hertfordshire, UK) and Streptomyces hyaluronidase (10 TRU/ml) in selected wells. The cells were imaged every 20 min for a total of 24 h using Incucyte® S3 Live-Cell Imaging System (Essen BioSciences Ltd., Hertfordshire, UK) and Incucyte S3 2021C software (Essen BioSciences, Hertfordshire, UK) was used to count the numbers of cells and the level of confluency.



Image Analysis of Single Cell Migration

For the analysis of collective migration, MCF10A and MCF10CA cells were imaged every 20 min for 8 h, yielding a 25 time-points/frames movie for each field of view (FOV). Several FOVs were imaged for each condition, during each experiment. Cell motion was analyzed within each FOV separately as follows. First, single cell trajectories (Figure S1A) were extracted from the movies with the TrackMate plugin in ImageJ and computed the displacement vector of each cell along its trajectory at each time-point (See Supplemental Material for details). Second, for each pair of cells i and j the angle θi-j,k made by their displacement vectors was computed at each time-point k: θi-j,k =0 means that cells are moving exactly in the same direction at this instant of time, while θi-j,k =π means that they are moving in opposite directions. Since each FOV encompassed several hundreds of cells, hundreds of thousands of such displacement angles θi-j,k were obtained for each FOV. Third, the distribution of the displacement angles was computed, as illustrated for two typical FOVs of normal cells (Figure S1B, top) and cancer cells (Figure S1B, bottom). From this distribution, the correlation index (CI) was computed for each FOV as the ratio between the peak (around θ=0) and the basal (around θ=π) occurrence levels (Supplemental Material and Figure S1B). Therefore, equally distributed displacements (100% uncorrelated motion, flat distribution) yield CI~1, and strongly correlated collective motion corresponds to a majority of colinear displacements θi-j,k~0 and large CI values. This analysis was performed in Matlab R2019b (the Mathworks) using custom dedicated scripts.



Data Processing and Statistics

As illustrated on Figure S1B the CI as defined above was larger for cancer cells compared to normal cells and for untreated cancer cells compared to hyaluronan-degrading enzyme-treated cancer cells in most FOVs, and across all replicate experiments. However, we observed differences in the scaling of the CI across different replicate experiments, which could stem from different cell densities or culture conditions across experiments. Hence, to be able to aggregate data from multiple replicates without artefactually increasing data variance, we normalized the CI of each FOV of each experiment to the median CI across all control FOVs of the same experiment (normal cells for Figure 5A, or untreated cancer cells for Figure 6G), yielding the normalized CI shown on those Figure panels.

To assess the statistical significances of the differences in median CI across conditions, we performed Wilcoxon rank tests using Matlab’s ranksum function. The differences in CI for cancer versus normal cells and treated versus untreated cancer cells were statistically significant with p-values close to 0.01. To further demonstrate that such p-values were unlikely to originate by chance from the variability in our data coupled with a limited number of FOVs, we randomized the CI values for sample and control FOVs and repeated the Wilcoxon ranksum tests for 100 randomization trials. P-values lower than 0.05 were obtained in only 2-3% of the trials, limiting to this extent the odds that our conclusions arise from sample-to-sample variability and limited sampling (limited number of FOVs).



Chick Chorioallantoic Membrane (CAM) Assays

Fertilized white Leghorn chicken eggs were incubated at 37°C under constant humidity, starting at embryo development day 0 (EDD0). Separation of the CAM was induced on EDD4 by piercing the eggshell. On EDD8 cells were collected, suspended in PBS, and Corning® Matrigel® Matrix GFR Phenol Red Free (Thermo Fisher Scientific Inc., Göteborg, Sweden) (1:1), and implanted on the CAM (106 cells per egg). On EDD13, the tumors were photographed in ovo and excised. Tumor area was measured on photographs from 8-10 eggs per cell line.

Tumors were fixed in 3% paraformaldehyde, embedded in paraffin and cut in 5 µm sections. The sections were deparaffinized and rehydrated with routine protocols (xylene for 2 × 5 min, absolute EtOH for 2 × 2 min, 94% EtOH for 2 × 2 min), and washed with dH2O for 20 s. The deparaffinized sections were subjected to antigen retrieval by incubation in 10 mM citrate buffer, pH 6.0 for 15 min in a pressure cooker at 120°C. To block endogenous peroxidase, the sections were treated for 5 min with 1% H2O2. After washing with 0.1 M Na-phosphate buffer, pH 7.4 (PB), the sections were incubated in 1% bovine serum albumin (BSA) in PB for 30 min to block nonspecific binding. For hyaluronan staining, sections were incubated overnight with biotinylated complex of HA-binding region of bovine articular cartilage aggrecan G1 domain and link protein (bHABC) diluted in 1% BSA. The intensity of HA staining was quantified using the color deconvolution algorithm for DAB in ImageJ and the optical density was calculated with the formula log (max intensity/mean intensity). For staining of mitotic cells, sections were incubated overnight with primary antibody against proliferation marker protein Ki-67 (Dako, Glostrup, Denmark) and after washing, for 1 h with biotinylated antimouse secondary antibody (1:1000, Vector Laboratories). Stainings were visualized with the avidin–biotin peroxidase method (Vectastain Kit, Vector Laboratories) followed by incubation for 5 min in 0.05% diaminobenzidine (Sigma) and 0.03% hydrogen peroxide in PB, yielding a brown reaction product. The nuclei were stained with Mayer’s hematoxylin. Stained sections were imaged with Zeiss Axio Imager M2 light microscope (Carl Zeiss Microimaging GmbH, Zeiss, Jena, Germany). Stained sections were scanned by Nanozoomer XR digital slide scanner (Hamamatsu Photonics K.K., Hamamatsu City, Japan) at 20× and evaluated by the automated Oncotopix image analysis software v2018.2 (VisioPharm, Hoersholm, Denmark) provided by the Biobank of Eastern Finland.

For fluorescent stainings, the deparaffinized CAM tumor sections were treated with 50 mM glycine for 20 min at room temperature to quench any autofluorescence. The sections were blocked with 1% bovine serum albumin for 30 min, followed by an overnight incubation at 4°C with the primary antibodies against CD44 (Novus Biologicals). After washing, the sections were incubated for 1 h with the secondary antibodies (1:1000, Texas Red anti-rabbit IgG, Vector and 1:1000, Dylight 488-streptavidin, Vector). Nuclei were labelled with DAPI (1 μg/ml, Sigma-Aldrich). The sections were mounted in Vectashield (Vector H-1000, Vector) and the samples were imaged with confocal microscope.



Statistical Analyses

Statistical analyses were carried out using the GraphPad Prism version 5.00 for Windows (Graph-Pad Software, San Diego, CA, USA). The significance of differences between groups was tested using Mann–Whitney test or Student’s t-test. Differences were considered significant when p < 0.05.




Results


MCF10CA Tumor Cells Produce Higher Levels of Hyaluronan and Have Increased HAS3 Expression Levels as Compared to MCF10A Normal Breast Epithelial Cells

To compare the hyaluronan production activity of non-malignant MCF10A breast epithelial cells and malignant MCF10CA cells, hyaluronan secretion levels in the culture media were analyzed by hyaluronan assay and size analysis. MCF10CA cells secreted significantly higher levels of hyaluronan than MCF10A cells (Figure 1A), with an increased fraction of high molecular weight hyaluronan (85.5% and 65.9%, was high molecular weight in MCF10CA, and MCF10A, respectively) than normal MCF10A cells (Figure 1B). To find out, which of the three isoforms of hyaluronan synthases are mainly responsible for this increase, we analyzed the relative expression levels of HAS isoenzymes in both cell lines by qPCR. Both cell lines expressed all HAS isoenzymes, but the expression level of HAS3 was clearly higher in MCF10CA cells as compared to the levels of MCF10A cells (Figure 1C). Localization of pericellular hyaluronan was studied in live cells with fHABC hyaluronan binding probe. MCF10CA cells formed larger hyaluronan coats around them than MCF10A cells (Figures 1D, E). Interestingly, hyaluronan seemed to form trails on the substratum between individual MCF10CA cells (arrowheads in Figure 1E). We next studied the morphology of fixed, phalloidin-stained cells. We found that the cytoskeletal organization differed between the two cell lines, with denser actin peripheral accumulation and higher number of filopodia in MCF10CA cells compared to MCF10A cells (Figures 1F, G), in agreement with previous findings (23). Higher number of both lateral and dorsal filopodia in MCF10CA cells was confirmed by scanning electron microscopy that reveals the cells’ surface morphology (Figures 1H, I).




Figure 1 | MCF10CA cells synthesize more hyaluronan and express higher levels of HAS3 than MCF10A cells. Hyaluronan secretion levels by MCF10A and MCF10CA cell lines analyzed by hyaluronan assay (A) and analysis of relative molecular weight distribution of produced hyaluronan (B). Relative expression levels of HAS isoenzymes (C). Confocal images of live MCF10A (D) and MCF10CA (E) cells stained with fHABC to detect pericellular hyaluronan (arrowheads in E indicate HA-rich trails) and fixed cell stained with phalloidin to show actin cytoskeleton of MCF10A (F) and MCF10CA (G). Scanning electron microscopic images of MCF10A (H) and MCF10CA (I). Blue = nuclei in (D–G). The data represent means ± SE of 6 independent experiments in (A) ± SE of 3 independent experiments in (B, C) ***p < 0.001, Mann–Whitney test.





Tumor Cells Secrete More EVs Than Normal Cells and Form Trails Rich in Hyaluronan and Hyaluronan-Coated EVs

We next sought to compare the EV production activity of the two MCF10 cell lines. In this purpose, we first isolated EVs from culture media and performed NTA analysis where isolated vesicles were counted and sized. We found that MCF10CA cells produced significantly more EVs (about 2.5-fold, Figure 2A), but of similar size (Figures 2B, C), than MCF10A cells. Likewise, both cell lines produced typical cup-shaped EVs with similar morphology as revealed by transmission electron microscopy (arrows in Figures 2D, E). Hence, the number - but not the size or shape - of EVs was upregulated in cancer cells.




Figure 2 | MCF10CA cell produce more EVs than MCF10A cells. Particle counts (A), mean particle sizes (B) and size distributions (C) of EV isolates from MCF10 cell lines analyzed by NTA. TEM images from the same isolates are shown in (D, E). The data represent means ± SE of 5-6 independent experiments in (A, B) and means ± SE of 5-6 independent experiments in (C) **p < 0.01, Mann–Whitney test. Arrows point EVs in panels (D, E).



We next aimed to confirm these findings in live MCF10 cells. In this purpose, MCF10A and MCF10CA subconfluent monolayer cultures were stained in situ with the CellMask® plasma membrane marker (that also labeled EVs), FITC-labeled antibody for the EV-marker CD9, and the fHABC probe to detect hyaluronan. In agreement with our fixed cells data (Figures 1D, E, H, I), MFC10A cells exhibited substantially less filopodia than MCF10CA (Figures 3A–D, E–H respectively). EVs seemed to originate from those plasma membrane protrusions (arrows in Figures 3A, E). Some EVs were also detected on the bottom of the plate (arrow in Figure 3A), in particular in MCF10CA cancer cells where a high number plate-adherent EVs were arranged as trails next to cells with high number of long plasma membrane protrusions (arrows in Figure 3E). Double staining with CD9 and fHABC (Figures 3B, C, F, G) showed that the filopodia and EVs were strongly positive for CD9, and that the trails generated by MCF10CA cells were hyaluronan-rich and localized in the same areas than CD9-positive protrusions and EVs (Figures 3F, G). These structures were all less pronounced in MCF10A cells, with some filopodia, EVs and a weak hyaluronan staining (Figures 3B, C). Scanning electron microscopy corroborated fluorescence imaging findings, showing a lower number of protrusions and EVs in MCF10A cell cultures (Figure 3D), as compared to MCF10CA cells with clear trails of filopodia and EVs (Figure 3H). A lower magnification overview of MCF10CA cells labeled with CellMask (pseudo colored green) and fHABC (red) revealed the huge length of hyaluronan-rich trails, reaching up to several hundreds of micrometers (Figure 3I). A higher magnification image from trail area of the same live MCF10CA cell culture shows EVs of variable size (Figure 3J), most of which carried hyaluronan (arrows in Figure 3K). In addition to EV-associated hyaluronan, also “free” hyaluronan was detected in trail areas (Figure 3K). A higher magnification scanning electron microscopic image from the trail area revealed single EVs of variable size (arrows in Figure 3L). Hence, tumor cells generate hyaluronan-, EV- and hyaluronan-coated EV-rich trails on their neighbor substrate.




Figure 3 | MCF10CA cells form hyaluronan-rich trails that contain plasma membrane-derived vesicles. Live MCF10 cells stained with CellMask® to label lipid membranes (A, E) and FITC-conjugated antibody against EV marker CD9 (B, F) co-stained with fHABC to visualize hyaluronan (C, G). A lower-magnification image (G) of double-staining with CellMask and fHABC shows the trails of up to several hundreds of micrometers long coated with hyaluronan. Scanning electron microscopic images of MCF10A (D) and MCF10CA (H). Panel (I) shows a lower magnification overview of trails of MCF10CA cells. A higher-magnification images of the trail-areas show HA-coated (red) EVs (green) of different diameter (J, K). A higher magnification scanning electron microscopic image from the trail area (L). Arrows in all panels point membrane-derived vesicles and arrowheads show hyaluronan-rich trails.



Next, we aimed to visualize the ultrastructure of hyaluronan-rich trails formed by MCF10CA cells in more detail with correlative light and electron microscopy (CLEM). The fluorescence staining with CD44 antibody and bHABC probe to detect hyaluronan indicated that fixation decreased the number and length of filopodia as compared to live cells (Figure 3), as previously shown (23). Intensity of hyaluronan staining on trails was also diminished in fixed cells, but clearly visible trails with hyaluronan positivity were detected (Figures 4A, C, E, G). Correlation of the SEM and fluorescence images and higher resolution imaging from selected areas (white boxes in 4A, C, E, and G) indicated that the hyaluronan-rich trails contained EVs and also other ECM material that was adhered to the bottom of the plate and left as “slime trails” behind migrating cells, (Figures 4B, D, F, H).




Figure 4 | Visualization of HA-positive trails with correlative light and electron microscopy (CLEM). Single cells or groups of cells are presented as overlay images of confocal 3D projections from CD44 and fHABC stainings and scanning electron microscopy (A, C, E, G) and high magnification SEM images from the selected areas indicated by white boxes are shown in (B, D, F, H).





Tumor Cells Migrate in a More Coordinated Way Than Normal Cells

We next interrogated the functional relationship between cancer-associated hyaluronan/EV-rich trails and the ability of cancer cells to coordinate their motion. To quantify coordinated cellular motion, we imaged MCF10A and MCF10CA cells overtime in an Incucyte Live-Cell Imaging System. For each field of view (FOV), we computed single-cell trajectories and defined a FOV-based correlation index (CI), that measures the degree of collinearity between the displacement directions of all pairs of cells across the FOV and all time-points (Methods). The CI defined a FOV-based global metric of collective cell motion. The median CI was 48% larger for FOVs showing cancer cells than for FOVs showing normal cells (Figure 5A, Wilcoxon rank-test p-value p=0.0151, N=11 FOVs per cell type). This increase in correlated motion index was not due to the limited number of FOVs (Methods). Therefore, collective cell motion is more coordinated in cancer cells than in normal cells (Figure 5A).




Figure 5 | Collective cell motion is more coordinated in cancer cells than in normal cells. Whisker and box plot showing the distribution of correlation index (CI) for MCF10A (left) and MCF10CA (right) cells (A). Plots were constructed using data from 11 FOVs from 2 experiments for each cell type, totalizing several hundreds of cells. The CI of each FOV was normalized to the median CI of normal cells for the same experiment. **: Wilcoxon rank-text p-value p=0.0151. Two examples of collective migration of live MCF10CA cells along trails are shown in (B). Asterisks (*) indicate the hyaluronan-rich area that the migrating cell follows, and arrowheads show the trail that a moving cell leaves behind (left panel in B and Supplementary Movie 2). The right panel in B and Supplementary Movie 2 show an example of leader-follower behavior, where the original position (0 min) of the leader cell is indicated by an arrowhead and the follower cell by an arrow. Red = hyaluronan and blue = nuclei.



Then we sought to investigate correlations between coordinated motion and hyaluronan trails. We utilized time lapse live cell imaging combined with fHABC staining to monitor simultaneously single cell motion and the appearance of trails (selected time points: Figure 5B; full movies: Supplementary Movies 1 and 2). On the left panels of Figure 5B, a group of 4 cells that have produced a hyaluronan rich coating around them. Asterisk indicates a hyaluronan-rich area, which the migrating cell follows and reaches the area at 100 min time point. On the right, one leader cell is followed by a follower cell along the leader’s trajectory. These analyses strongly suggest that the follower cell tracks the hyaluronan-coated trail that the leader cell leaves behind.



Hyaluronidase Digestion Decreases the Coordinated Migration Behavior of Tumor Cells

To test this hypothesis, we sought to investigate how the leader-followed behavior of MCF10CA cells is dependent on hyaluronan. In this purpose, we degraded the extracellular hyaluronan with the Streptomyces hyaluronidase, and compared MCF10CA motion coordination in presence and absence (control) of hyaluronan-digesting enzyme treatment of the extracellular medium. After 4 h digestion, most of the hyaluronan that in control untreated cells was abundant around CD9-positive plasma membrane protrusions and trails (Figure 6B) had disappeared (Figure 6E). Also, the plasma membrane protrusions and EVs decreased in hyaluronidase-treated cells (Figure 6D) as compared to control cells (Figure 6A). However, as previously shown (24), many of the lateral filopodia supported by the substratum were not dependent on hyaluronan coating (Figures 6C, F). Hence, hyaluronidase treatment effectively disrupted hyaluronan accumulation in cell trails.




Figure 6 | Pericellular hyaluronan promotes the coordination of cell motion in cancer cells. Comparison of live MCF10CA control cells (A–C) and hyaluronidase-digested cells (D–F) stained with FITC-labeled CD9 and fHABC. Blue = nuclei. Whisker and box plot showing the distribution of correlation index (CI) for untreated (left) and hyaluronan-degrading enzyme-treated (right) cancer cells (G). Plots were constructed using data from 25 and 20 FOVs from 4 experiments for each condition respectively, totalizing several hundreds of cells. The CI for each FOV was normalized to the median CI of untreated cells for the same experiment. **: Wilcoxon rank-text p-value p=0.0068.



Then, we repeated our time-lapse imaging experiments of moving cancer cells and quantification of the motion correlation in the presence of hyaluronidase-treatment to assess whether the coordinated motion of MCF10CA cells was dependent upon the presence of hyaluronan in trails. HYAL-treatment decreased the median CI by 28% (Figure 6G, Wilcoxon rank-text p-value p=0.0068, N=25 and 20 FOVs for untreated and treated cells respectively). Hence, extracellular hyaluronan promotes the coordination of cell motion in cancer cells.



Cancer Cells Create Hyaluronan/EV-Rich Trails and Long Protrusions Also In Ovo

To mimic in vivo conditions, we cultured the MCF10 cells in chick chorioallantoic membrane (CAM) assays. Transplantation of both MCF10CA and MCF10A cells onto the CAM membrane of fertilized eggs resulted in tumor formation. The MCF10A cells formed small islands while MCF10CA tumors were formed by clearly bigger islands and chords (Figure 7A). As expected, MCF10CA cells showed a significantly higher proliferative index (Figure 7B) and formed significantly bigger tumors as compared to those of MCF10A cells (Figure 7C). Especially tumor cell-associated hyaluronan was high in MCF10CA tumors but was also increased in the stromal areas of the tumors formed by MCF10CA cells, while MCF10A cells had a less intense staining (Figure 7A). The hyaluronan staining of tumor sections was analyzed, and there was a significant increase in the optical density of staining in MCF10CA tumors as compared to MCF10A tumors (Figure 7D), which is in line with the results of the monolayer cell cultures.




Figure 7 | MCF10CA cells have a higher proliferation index, and they form bigger tumors with higher hyaluronan content than MCF10A cells in CAM model. Representative images of Ki-67-stainings (brown) and hyaluronan stainings (brown) of MCF10A and MCF10CA tumor sections (A) The proportion of Ki-67-positive nuclei in both tumor groups is shown in (B), the average tumor area is shown in (C) and optical density of HA staining visualized with DAB in (D); n = 8 in MCF10A and n = 10 in MCF10CA groups. **p < 0.001.



CAM MCF10CA tumor paraffin sections were double stained with CD44 antibody and HABC for a more detailed analysis by confocal microscopy. Again, hyaluronan staining was very intense around and between tumor cells (Figures 8A, B), and hyaluronan-rich trails were detected in the stromal areas (arrowheads in Figures 8A, B), resembling the trails seen in monolayer cultures. Additionally, higher magnification revealed hyaluronan-positive particles (arrows in Figure 8B), which suggests the presence of hyaluronan-coated EVs. Because detection of thin plasma membrane protrusions and EVs in paraffin sections is challenging, transmission electron microscopy was utilized for more detailed morphological analysis of the cultures. Electron microscopy revealed EVs of variable size and morphology in the extracellular matrix (arrows in Figures 8C–F) and the very long plasma membrane protrusions (arrowheads in Figures 8D, E) that follow the orientation of bundles of collagen fibers (asterisks in Figures 8D, E). EVs were especially abundant in the proximity of plasma membrane protrusions pointing towards the stroma (Figure 8F). This data suggest that cancer cells also create hyaluronan/EV-rich trails to coordinate motion in 3D environments.




Figure 8 | High resolution imaging of CAM tumor sections shows that hyaluronan-rich trails are formed in tumors in ovo. Confocal 3D projections from CAM tumor paraffin sections (A, B) derived from MCF10CA cells show high amount of hyaluronan between and around tumor cells and hyaluronan-rich trails (arrowheads in A, B). TEM images (C–F) show the numerous EVs of variable size and shape in the stromal areas (arrows in C–F). Asterisks (*) in (D, E) indicate collagen bundles.






Discussion


The Leader-Follower Behavior of Cancer Cells Is Guided by Trails Left Behind by Leader Cells

In this study, we have discovered that aggressive MCF10CA breast cancer cells were forming trails coated with hyaluronan and EVs, and showed that “follower” cells stepped in those trails for coordinated, directional cell migration. The hyaluronan-coated trails discovered in this work resemble the EV containing “slime trails” introduced by Sung et al. (16), that are left behind migrating leader cells and promote the pathfinding behavior of follower cells in a paracrine manner (15). EVs contain multiple motility-promoting cargoes which might facilitate migration (15), although resolving how the effect of EVs is mediated would require more detailed investigation. It may be possible that the migrating cells internalize the EVs while they migrate over EV trails and use their motility-promoting cargoes to enhance their migratory capacity.

Cell-cell contacts and adhesion to the substratum or extracellular matrix are thought to be crucial for cell migration. This is particularly important during collective cell migration to maintain cells in contact with their neighbors while moving directionally (25, 26). Here we demonstrated a coordinated migration without direct cell-cell contacts, where single cells migrate in a coordinated way by following the ECM cues left by leader cells. Cellular adhesion to the ECM becomes particularly important for this kind of solitary migrating cells, including immune cells or metastatic tumor cells escaping the local tumor tissue.

Plasma membrane protrusions, especially filopodia are involved in substrate tethering and environment sensing of invasive tumor cells, and it is well known that migrating cancer cells assemble filopodia also in 3D environment (5). EVs are released from retraction fibers of migrating cells, as demonstrated using the pHluorin-CD63 EV marker (27). In agreement, we observed in this work very long filopodia or retraction fibers especially at the rear end of migrating breast cancer cells. From those filopodia, EVs were shedding as revealed by the CD9 marker, in line with the previous findings of filopodia as sources for EV shedding (28).



Role of Hyaluronan in Coordinated Migration

The extracellular cues play a crucial role in paracrine interactions between the tumor cells and the ECM, either disabling or enabling tumor progression (4). These involve both mechanical and chemical migratory cues that regulate cell migratory behavior (25, 29). Hyaluronan expression in cancer is a predictor of poor prognosis (30), and its role in many processes related to cancer progression, including migration is well known (6). Hyaluronan secreted by leader cells can therefore provide in principle migratory cues to the follower cells.

Our results showed that breast tumor cells produced higher amounts of hyaluronan with higher average molecular weight than their normal counterparts, and that hyaluronan was positively affecting coordinated migration. In fibroblasts, it was shown that short hyaluronan chains stimulate migration (31), while in contrast high molecular weight hyaluronan in the ECM reduces migration of glioblastoma stem cells (32) and MDA-MB-231 breast cancer cells (33). Hence, it is possible that the effect of hyaluronan on migration is cell type/tissue-dependent. High expression levels of adhesion receptor CD44, which binds hyaluronan with high affinity, has been observed and shown to promote collective invasion in breast cancer (34, 35). This result could provide a mechanistic basis to explain the role of hyaluronan in coordinated migration. Interestingly, CD44- and integrin αVβ5-positive EVs released from retracting filopodia of trabecular meshwork cells were arranged in ‘trails’ (36). In addition to hyaluronan (37), tumor cells produce high amounts of mucins (38) on their cell surface, which creates a niche promoting tumor growth and survival. Our study does not exclude that other ECM proteins, possibly via interactions with cellular adhesion molecules including integrins, may play a role in facilitating the migration along these trails.



EVs as Facilitators of Migration

Interestingly, hyaluronan synthesis is associated with enhanced EV shedding, which has been shown either by overexpressing hyaluronan synthases (8, 39, 40) or by removal of the glycocalyx by hyaluronidase digestion (41). Specific glycocalyx compositions such as mucin biopolymers and long-chain polysaccharides are secreted by tumor cells and drive formation of protrusions and secretion of EVs (41). We showed here that when cultured in identical conditions, aggressive MCF10CA cancer cells produce more EVs than their corresponding, close to normal breast epithelial cells. Although there is evidence that tumor cells produce more actively EVs compared with their nonmalignant counterparts (42, 43) some reports show no differences on the levels of plasma EVs between cancer patients and healthy people (44). The complexity of plasma samples with EVs from many cell types, as well as methodological pitfalls, may interfere with analysis of this data and obfuscate the differences between cancer and healthy patients. In addition, the secretion of EVs in cancer cells migration could also be cell type/tissue-dependent.

Many recent findings suggest that tumor EVs can prime premetastatic niches (45). Furthermore, EV secretion rate is enhanced in migrating cells as compared to non-moving cells and directional cell migration is dependent on EV secretion (16). There is recent evidence on EV shedding from retraction fibers as “footprints” (13), or “adhesive exosome trails” (27).



Directional Tumor Cell Movements in 3D Environment

Fibroblasts are major producers of the ECM and often drive the collective migration of tumor cells through direct intercellular contact (46) and by protease- and force-mediated matrix remodeling (47). Typically, carcinoma cells move within tracks in the ECM behind the leading fibroblast (47). However, the results of this study support the findings (4) that in addition to cancer associated fibroblasts, cancer cells themselves may also produce and modify ECM to guide their own collective migration.

Mechanical properties of the tumor niche regulate tumor cell migration (32). ECM modeling and alignment are strongly correlated with promotion of cancer invasion, and cell invasion is oriented along collagen fibers, suggesting that alignment of collagen fibers relative to tumors regulates invasion (48). It has been reported that hyaluronan can alter the orientation of collagen network (32). Recent data suggest that increased hyaluronan concentration swells the size of collagen network pores, which are filled with hyaluronan molecules (33). This may be due to the high water binding capacity of hyaluronan, which increases the hydrostatic pressure to create space between collagen fibers. The ability of tumor cells to acquire a distinct “leader” cell phenotype may be triggered by these hyaluronan-rich “voids” formed between dense collagen networks. According to the data of our study, filopodia seemed to follow the orientation of collagen fibers. This suggests that hyaluronan, cellular protrusions and EVs via their molecular interactions such as MMP activity may create spaces between collagen fibers to facilitate or attract follower cell invasion. Interestingly, in a recent work, increased pressure of the ECM was shown to drive coordinated cellular motion, by a rapid burst-like streams of cervical cancer cells emerging in matrices with low collagen concentration (49). It is thus possible that also hyaluronan has a role in the regulation of pressure by creating areas of lower collagen concentrations to facilitate bursts of cancer cell invasion.



Final Conclusions

This study showed that aggressive breast cancer cells migrate in a more coordinated way than normal cells. During migration, they leave trails containing EVs secreted from plasma membrane protrusions and hyaluronan, which guide the migration of follower cells. These trails tended to follow the direction of collagen fibers in 3D conditions. This study introduces a novel mechanism for hyaluronan as a guide for coordinated migration and supports the role EVs as facilitators of migration.




Data Availability Statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



Author Contributions

NA, SO, and KR contributed to conception and design of the study. NA, HK, ST, JC, JH, JM, SO, and KR performed the imaging, laboratory analyses and analysis of the results. NA, HK, ST, and SO performed the statistical analysis. KR wrote the first draft of the manuscript. NA, HK, and ST wrote sections of the manuscript. All authors contributed to manuscript revision, read, and approved the submitted version.



Funding

This research was financially supported by Academy of Finland GeneCellNano Flagship (grant 337120), Jane and Aatos Erkko Foundation, Juselius Foundation and Mizutani Foundation.



Acknowledgments

Taija Hukkanen, Eija Rahunen, Virpi Miettinen, Aija Kekkonen and Helena Keniläinen are acknowledged for their expert technical assistance. We are thankful for the opportunity to use the facilities of the SIB Labs and UEF Cell and Tissue Imaging Unit, Biocenter Kuopio and Biocenter Finland.



Supplementary Material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fonc.2022.869417/full#supplementary-material

Supplementary Figure 1 | Schematics of the correlation index definition. (A) Exemplary FOV showing normal cell trajectories as output by TrackMate, at times Tk (top) and Tk+1 (bottom). Two exemplary cells labeled Ci and Cj are shown for illustrative purposes. The displacement vectors Di,k and Dj,k of the cells Ci and Cj respectively are shown as arrows on the bottom panel, together with the displacement angle θi-j,k made by the directions of these two displacements. Similar displacement angles were obtained for all pairs of cells and all time-points to obtain the distributions shown in (B). (B) exemplary distributions of displacement angles for two FOVs representing normal cells (top) and cancer cells (bottom). The ranges of displacement values used to compute the peak occurrence (PO) and basal occurrence (BO), as well as the formula for the CI are indicated in red.

Supplementary Movie 1 | An example video of trajectories of MCF10A cell cultures. The video was recorded for 12 h.

Supplementary Movie 2 | An example video of trajectories of MCF10CA cell cultures. The video was recorded for 12 h.

Supplementary Movie 3 | Time lapse movie of MCF10CA cells labeled with fHABC and NucBlue™. shows the coordinated movements of follower and leader cells along the hyaluronan-coated trails. Movie shows fHABC and NucBlue™ signals in MCF10CA cell culture during 100 min. The frames were collected in every 60 s and the movie plays at 7 frames/s.

Supplementary Movie 4 | A time-lapse movie shows the coordinated movements of follower and leader cells along the hyaluronan-coated trails. Movie shows fHABC and NucBlue™ signals in MCF10CA cell culture during 60 min. The frames were collected in every 60 s, the movie plays at 7 frames/s and the total time is 60 minutes. The focus drift was adjusted a couple of times during the imaging.
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Extracellular and cell surface chondroitin sulfates (CSs) regulate cancer cell properties, including proliferation and invasion. Thus, it is necessary to understand the mechanisms underlying their roles in cancer. Although we have shown that CS has an inherent ability to enhance the invasive activity of the human triple-negative breast cancer cell line MDA-MB-231, its molecular mechanism remains elusive. Here, we focused on receptor tyrosine kinase-like orphan receptor 1 (ROR1) and dickkopf WNT signaling pathway inhibitor 1 (DKK1). MDA-MB-231 cells express high levels of ROR1; their invasive potential depends on ROR1 signaling. Although accumulating evidence has demonstrated that ROR1 is associated with aggressive breast-cancer phenotypes, the whole picture of its biological function remains poorly understood. In this study, we examined whether CS controls ROR1 function. Surface plasmon resonance analysis indicated that CSs were bound to ROR1 in the presence of WNT5A. The invasive activity of MDA-MB-231 cells enhanced by CSs was completely suppressed by ROR1 knockdown. In addition, knockdown of the CS biosynthetic enzymes CHST11 and CHST15 inhibited invasive activity, even in the presence of ROR1. These results suggest that CS is required to induce an ROR1-dependent, aggressive MDA-MB-231 phenotype. ROR1 signaling in MDA-MB-231 cells activated c-Jun N-terminal kinase (JNK), leading to increased invasive potential; moreover, exogenous CSs activated JNK. MDA-MB-231 cells express DKK1, a tumor suppressor factor that binds to CS, at high levels. Knockdown of DKK1 enhanced CS-stimulated tumor invasion activity of MDA-MB-231 cells, suggesting that DKK1 sequesters CS to block ROR1/JNK signaling. These results showed that CSs promotes cancer aggressiveness through the ROR1−JNK axis in MDA-MB-231 cells.
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Introduction

Tumor-associated glycocalyx plays a key role in the promotion and regulation of breast cancer progression and metastasis (1). The glycosaminoglycan chondroitin sulfate (CS) is present on the cell surface and in the extracellular matrix (ECM), including the glycocalyx. There is ample evidence for a pro-tumorigenic role for CS in the enhancement of cell proliferation, motility, and metastasis (2–5).

Chondroitin sulfate proteoglycans (CS-PGs) consist of a core protein and covalently attached CS chains. CS is a linear sulfated polymer of repeating disaccharide units of glucuronic acid (GlcA) and N-acetylgalactosamine (GalNAc) [-GlcA-GalNAc-]n. During the synthesis of the chondroitin backbone, multiple sulfotransferases catalyze the transfer of a sulfate group from 3’-phosphoadenosine 5’-phosphate, the universal donor in sulfation reactions, to their respective sulfation sites on GalNAc or GlcA residues in the CS chain. Based on the substrate preferences of chondroitin sulfotransferases identified to date, the biosynthetic scheme for CS-type sulfation can be separated into initial 4-O-sulfation and 6-O-sulfation pathways. In the initial step, the non-sulfated O unit [GlcA-GalNAc] serves as a common acceptor substrate for two types of sulfotransferases, chondroitin 4-O-sulfotransferases (CHST11 and CHST12) (6–8) and chondroitin 6-O-sulfotransferse-1 (CHST3), forming monosulfated A [GlcA-GalNAc(4-O-sulfate)] and C [GlcA-GalNAc(6-O-sulfate)] units, respectively. Subsequent sulfation of the A and C units also occurs via GalNAc 4-sulfate 6-O-sulfotransferase (CHST15) or CS-specific uronyl 2-O-sulfotransferase (UST), producing disulfated disaccharide E [GlcA-GalNAc(4,6-O-disulfate)] and D [GlcA(2-O-sulfate)-GalNAc(6-O-sulfate)] units, respectively (9). Of these sulfotransferases, it has been reported that the expression of CHST11 and CHST15 is upregulated in breast cancer cells (10). Moreover, the expression of CHST11 has been correlated with breast-cancer progression (11). Specific sulfation patterns are hypothesized to underlie the distinct functional roles of CS not only under physiological conditions but also in tumor development and progression (12, 13).

Interestingly, it has been reported that the invasive activity of basal-like subtypes (MDA-MB-231 and BT-549 cells) is elevated by treatment with chondroitin sulfate E (CS-E), the major component of which is the E-unit (14). This result prompted us to hypothesize that there is a CS-E receptor in some cancer cells. We previously showed that N-cadherin functions as a receptor for CS-E in BT-549 cells, enhancing invasion activity by upregulating matrix metallopeptidase 9 via N-cadherin–catenin signaling. In another basal-like subtype of MDA-MB-231 cells, invasive activity was enhanced by treatment with CS-E; however, MDA-MB-231 cells do not express N-cadherin. In addition, CS-E had no effect on β-catenin-dependent transcription in MDA-MB-231 cells (14), suggesting that CS-E increases invasive activity mediated by non-canonical Wnt signaling. MDA-MB-231 cells express high levels of receptor tyrosine kinase-like orphan receptor 1 (ROR1), a receptor for non-canonical Wnt ligands such as WNT5A (15). ROR1 is associated with CS-dependent invasiveness of MDA-MB-231 cells. In addition, MDA-MB-231 cells express high levels of the Wnt signal modulator, Dickkopf-1 (DKK1), which binds directly to CS-E (14). Although DKK1 is a secreted inhibitor of β-catenin-dependent Wnt signaling, recent studies have shown that its elevated expression correlates with poor prognosis in a range of cancers (16). Here, we show that ROR1-dependent invasion activity is controlled by CSs in MDA-MB-231 cells. In addition, this study suggests that DKK1 exhibits tumor suppressor activity by blocking the tumor invasion activity of CS-E and by inhibiting β-catenin-dependent Wnt signaling.



Materials and Methods


Cell Culture and Stable Transfection

The human breast cancer cell line MDA-MB-231 (#92020424) was purchased from the European Collection of Cell Culture (ECACC) (Salisbury, UK). MCF7 cells (ATCC® HTB-22™) were obtained from the American Type Culture Collection (ATCC). Both lines were cultured in Roswell Park Memorial Institute (RPMI) 1640 supplemented with 10% heat-inactivated fetal bovine serum (FBS), 100 units/ml penicillin, 100 μg/ml streptomycin, and 1% L-glutamine.

The expression plasmids [pcDNA3.1(+)-ROR1] were transfected into MCF7 cells using Lipofectamine 3000 (Thermo Fisher Scientific, Waltham, MA), according to the manufacturer’s instructions. Transfectants were cultured in the presence of 300 μg/ml G418. Colonies surviving in the presence of 300 µg/ml G418 were collected, and ROR1-expressing cell populations were enriched using 2 μg of anti-ROR1 antibody (Clone 4A5, Cat. No. 564464, BD Biosciences, Franklin Lakes, NJ, USA) and 1.5 mg of Dynabeads™ Protein G (Cat. No. 10003D, Invitrogen, Waltham, MA). The pooled ROR1-expressing clones were propagated for experiments.



Plasmid Construction

A human ROR1 Flexi clone (FXC20341) was obtained from Kazusa Genome Technologies, Inc. (Chiba, Japan). For the expression of ROR1, polymerase chain reaction (PCR) was performed using the following primers and pF1KE3329-human ROR1 as a template: forward, 5’-GCTGGCTAGCGTTTAATGCACCGGCCGCGCCGCCG-3’ [underline, homologous to the pcDNA3.1(+) vector sequence; bold, start codon]; reverse, 5’-GGTTTAAACGGGCCCTTACAGTTCTGCAGAAATCATAGATTCG-3’ [underline, homologous to the pcDNA3.1(+) vector sequence]. pCDNA3.1(+)-ROR1 was constructed using an In-Fusion® HD cloning kit (TaKaRa Bio Inc., Shiga, Japan). Linearized pcDNA3.1(+)was generated by inverse PCR using the following primers and KOD One PCR master mix (TOYOBO, Osaka, Japan): forward, 5’-TAAACGCTAGCCAGC-3’, reverse, 5’-GGGCCCGTTTAAACC-3’.



Real-Time PCR

Total RNA was isolated from cells using Sepasol®-RNA I Super G (Nacalai Tesque, Inc., Kyoto, Japan). For reverse transcription, 1 μg of total RNA was treated with Moloney murine leukemia virus reverse transcriptase (Promega, Madison, WI, USA) using random primers [nondeoxyribonucleotide mixture; pd(N)9] (Takara Bio Inc., Shiga, Japan). Quantitative real-time PCR was conducted using FastStart DNA Master Plus SYBR Green I in a LightCycler® 96 (Roche Applied Science, Penzberg, Germany), according to the manufacturer’s protocol. The data processing was based on standard curves, and target-to-reference ratios were calculated using the relative quantification analysis module of the LigtCycler® 96 software. The amplification efficiency was calculated based on the slope of the standard curve (target DNA was amplified with 90%–110% efficiency). Amplified DNA product was checked by post-PCR melting curve analysis. The housekeeping gene GAPDH was used as an internal control for quantification. Primers are listed in Table 1.


Table 1 | Primers used for real-time PCR.





Knockdowns

Cells were transfected with Silencer® Select siRNAs targeting ROR1 (assay ID s9755), WNT5A (assay ID: s14873), CHST11 (assay ID: s27032 and s27033), CHST15 (assay IDs: s28015 and s28017), and DKK1 (assay ID: s22721) purchased from Thermo Fisher Scientific. Forty-two hours after transfection, cells were subjected to invasion and migration assays.



Invasion and Migration Assays

Invasion was assessed using Corning® BioCoat™ Matrigel® invasion chambers, according to the manufacturer’s instructions. Cells were collected by treatment with trypsin/EDTA, washed twice with phosphate-buffered saline (PBS), pelleted, and resuspended in medium containing 0.2% fetal bovine serum or 0.1% bovine serum albumin. Cells (5 × 104/ml) were incubated in the presence or absence of 50 μg/ml CS-E (Seikagaku Corporation, Tokyo, Japan) or 10 μM JNK inhibitor SP600125 (Cat. No. 129-56-6, Cayman Chemical Company, Ann Arbor, MI) for 20 min at 25°C, added to the upper chamber, and allowed to invade for 22 h at 37°C in a CO2 incubator. Complete medium containing 10% fetal bovine serum or 200 ng/ml recombinant human/mouse Wnt-5A (Cat. No. 645-WN/CF) was placed in the bottom well as chemoattractant. Migration was assessed using Corning® BioCoat™ control inserts according to the manufacturer’s instructions. Cells (5 × 104/ml) were prepared as described above.



Immunoblotting

Cells were treated with 50 μg/ml CS-E or CS-A (Seikagaku Corporation, Tokyo, Japan), 50 μg/ml synthesized hexasaccharides GalNAc(4-O-sulfate,6-O-sulfate)-GlcA-GalNAc(4-O-sulfate,6-O-sulfate)-GlcA-GalNAc(4-O-sulfate,6-O-sulfate)-GlcA-O-p-methoxyphenyl (E-E-E 6-mer), or GalNAc-GlcA-GalNAc-GlcA-GalNAc-GlcA-O-p-methoxyphenyl (O-O-O 6-mer) for the indicated times. Cells were solubilized in M-PER (Thermo Fisher Scientific) containing a protease inhibitor cocktail (Nacalai Tesque, Inc., Kyoto, Japan) and 10 μM proteasome inhibitor (MG132; PEPTIDE Institute. Inc., Osaka, Japan) for 30 min on ice. Lysates were centrifuged at 16,500×g for 15 min. Proteins were separated on Bullet PAGE precast gels, 5-15% (Nacalai Tesque, Inc.), transferred to polyvinylidene fluoride (PVDF) membranes, and incubated overnight with primary antibodies against phosphor-c-Jun N-terminal kinase (JNK) (T183/Y185) (clone 81E11, Cat. No. 4668S, Cell Signaling Technology, Danvers, MA, USA), actin (clone AC-40, Cat. No. A3853, Sigma-Aldrich, St. Louis, MO), Ror1 (clone D6T8C, Cat. No. 16540S, Cell Signaling Technology), phospho-cortactin (Y421) (Cat. No. 4569S, Cell Signaling Technology), and cortactin (clone H222, Cat. No. 3503S; Cell Signaling Technology).



Flow Cytometry

Cells (1×106) were fixed with PBS containing 4% paraformaldehyde on ice for 30 min. After washing with PBS, cells were incubated with PBS containing 2% BSA on ice for 30 min and then stained with anti-ROR1 antibody (dilution ratio, 1:100) (Clone 4A5, Cat. No. 564464, BD Biosciences, Franklin Lakes, NJ, USA) on ice. After 1 h, cells were washed and incubated with mouse IgG2b antibody conjugated with Alexa™488 (dilution ratio, 1:400) (Thermo Fisher Scientific) on ice for 1 h. Cells were analyzed using a BD Accuri™ C6 flow cytometer (BD Biosciences).



Disaccharide Analysis of CSs From Human Breast Cancer Cell Lines

CSs isolated and purified from human breast cancer MDA-MB-231 and MCF7 cells were analyzed as previously described (6, 7, 17–19).



Biacore Analysis

Real-time binding was assessed as described previously (19), using Biacore X100 (Cytiva, Tokyo, Japan). Recombinant human ROR1-Fc chimera (Cat. No. 9490-RO, R&D Systems) was immobilized on a CM5 series chip (Cytiva) using the amine-coupling method. ROR1 injection was stopped when the surface plasmon resonance reached ~ 3,200 RU. For ROR1 binding assays, WNT5A (0, 0.038, 0.075, 0.15, 0.30, and 0.60 μM), WNT5A/CS-E (0, 0.036/0.25, 0.071/0.50, 0.15/1.0, 0.29/2.0, and 0.57/4.0 μM), recombinant human DKK1 (Cat. No. 5439-DK/CF, R&D Systems) (0, 0.038, 0.075, 0.15, and 0.3 μM), or DKK1/CS-E (0, 0.038/0.28, 0.075/0.55, 0.15/1.1, and 0.3/2.1 μM) were sequentially injected at a flowrate of 30 μl/min for 120 s at 25°C; the dissociation time was set for 130 s. Binding reactions were performed in 50 mM Tris–HCl buffer (pH 7.5).



Statistical Analysis

Data are expressed as means ± one standard deviation. Statistical significance was determined using Student’s t-test or one-way ANOVA, with Tukey’s honestly significant difference (HSD) test.




Results


Invasion-Promoting Activity of CS-E Is Mediated by WNT5A/ROR1/JNK Signaling

We have shown that the invasive activity of basal-like subtypes (MDA-MB-231 and BT-549 cells) is elevated by treatment with chondroitin sulfate E (CS-E) (13). Because MDA-MB-231 cells express mRNAs for the receptors in the canonical Wnt signaling pathway, LRP5 and LRP6, at low levels (13), we hypothesized that the receptors for the non-canonical Wnt signaling pathway, ROR1 and ROR2, are targeted by CS-E in MDA-MB-231 cells. Quantitative real-time PCR (qRT-PCR) indicated that ROR1 was predominantly expressed in MDA-MB-231 cells (Figure 1A). Because it is known that Ror1 is a receptor for WNT5A and WNT5B (20), their gene expression levels were examined (Figure 1A). Among the Wnt ligands examined, WNT5A mRNA was expressed at the highest level in MDA-MB-231 cells. To determine whether ROR1 is involved in invasion activity enhanced by treatment with CS-E, ROR1 was knocked down. The invasion potential of MDA-MB-231 cells was significantly upregulated in response to CS-E, whereas MDA-MB-231 cells became less responsive to CS-E after ROR1 knockdown (Figure 1B). Next, we examined the effect of WNT5A knockdown on invasiveness elicited by CS-E (Figure 1C) but did not observe an increase. As WNT5A signals are transduced through RORs to activate the c-Jun N-terminal kinase (JNK) pathway (21–23), we determined whether an inhibitor of JNK, SP600125, altered invasiveness in MDA-MB-231 cells (Figure 1D). As expected, CS-E did not promote invasiveness in the presence of JNK inhibitor. These results suggest that CS-E enhances the invasive activity of MDA-MB-231 cells through the WNT5A−ROR1−JNK signaling axis.




Figure 1 | CS-E-elicited invasiveness via WNT5A-ROR1-JNK signaling. (A) Expression levels of ROR1 (n=4), ROR2 (n=4), WNT1 (n=3), WNT2 (n=3), WNT3A (n=3), WNT4 (n=4), WNT5A (n=13), WNT5B (n=8), WNT6 (n=4), WNT7A (n=4), and WNT11 (n=4) in MDA-MB-231 cells measured by qPCR. (B) ROR1 expression after ROR1 knockdown (siROR1) (n=5) or control cells (siCont) (n=5) measured by qPCR. Invasiveness of siROR1-treated cells (siROR1) (n=3) or control cells (siCont) (n=3) was measured in the absence or presence of 50 μg/ml CS-E. Data were analyzed using Student’s t-test. (C) Left graph: WNT5A mRNA expression decreased at the mRNA level following siRNA-induced knockdown in MDA-MB-231 by qPCR (n=4). Expression data were normalized to those of GAPDH. Right graph: invasiveness of WNT5A-knockdown (siWNT5A) and control cells (siCont) measured in the absence or presence of 50 μg/ml of CS-E (n=5). Data were analyzed using Student’s t-test. (D) MDA-MB-231 cells treated with DMSO or 10 μM JNK inhibitor SP600125, assessed for invasiveness in the absence or presence of 50 μg/ml CS-E.





CSs activate JNK in a Sulfation Pattern-Dependent Manner

Treatment with CS-E polymers for 10 min significantly elevated JNK phosphorylation (Figure 2A). The CS-E polymers used in this study contained 72% E, 18.4% A, 8.7% C, and 6.6% O units. To determine whether the E-disaccharide unit is required to activate JNK, we used chemically synthesized hexasaccharide sequences, including the E-E-E-containing sequence GalNAc(4-O-sulfate,6-O-sulfate)-GlcA-GalNAc(4-O-sulfate,6-O-sulfate)-GlcA-GalNAc(4-O-sulfate,6-O-sulfate)-GlcA-O-p-methoxyphenyl (E-E-E 6-mer). The E-E-E 6-mer also activated JNK in MDA-MB-231 cells (Figure 2B). These results suggest that the E units in the CS chains play an important role in the activation of JNK.




Figure 2 | CS-E and chemically-synthesized E unit-containing hexasaccharides specifically activate JNK. MDA-MB-231 cells were treated with 50 μg/ml of CS-E polymers (A), 50 μg/ml chemically synthesized hexasaccharides consisting of three E units (E-E-E 6 mer) (B), 50 μg/ml of CS-A polymers (C), or 50 μg/ml chemically synthesized hexasaccharides consisting of three O units (O-O-O 6 mer) (D) at the indicated times. Phosphorylated JNK and actin levels were assessed by immunoblotting (top of each panel) and quantified by densitometry (bottom of each panel) (n≧3). Representative protein bands are indicated by arrows. Statistical significance was assessed using Student’s t-test.



As described in Introduction, CS exhibits highly diverse structural variations that contribute to its functional diversity. Therefore, we determined whether CS-E specifically elicits JNK phosphorylation. Chondroitin sulfate A (CS-A) polymers used in this study contained 74.5% A units, 23.7% C units, 1.9% O units, 1.8% D units, and 0% E units. CS-A polymers did not activate JNK (Figure 2C). In addition, chemically synthesized non-sulfated hexasaccharides GalNAc-GlcA-GalNAc-GlcA-GalNAc-GlcA-O-p-methoxyphenyl (O-O-O 6-mer) did not activate JNK (Figure 2D). These results suggest that CS controls JNK activation in a sulfation-pattern-dependent manner.



E Unit-Containing CS Chains Enhance Invasiveness

As shown in Figure 3A, the disaccharide unit of CS, GlcA-GalNAc, is sulfated by the indicated sulfotransferases. The E unit is synthesized by CHST11 (carbohydrate sulfotransferase 11, C4ST-1) and CHST15 (carbohydrate sulfotransferase 15, GALNAC4S-6ST). The expression levels of these sulfotransferases in MDA-MB-231 cells were examined (Figure 3B). The CS chains produced in MDA-MB-231 cells contained 63.5% A, 21.8% O, 7.9% C, 4.5% E, and 2.2% D units (Figure 3C). To downregulate the expression of the A and E units, CHST11 was knocked down; this strongly decreased the invasiveness of MDA-MB-231 cells (Figure 3D). When only E units were decreased by CHST15 knockdown, the invasiveness was suppressed (Figure 3E). These results suggest that a specific sulfation pattern, the E unit, is associated with the high invasive potential of MDA-MB-231 cells.




Figure 3 | Decreased E unit biosynthesis decreases invasiveness. (A) Diagram of sulfation pathways. The C4-position of the GalNAc residue in the O unit is sulfated by CHST11 and CHST12 to form an A unit. Subsequently, the A unit is converted to an E unit by CHST15. (B) mRNA expression levels of chondroitin sulfotransferases, CHST11, CHST12, CHST15, CHST3, CHST7, and UST in MDA-MB-231 cells measured by qPCR (n=4). (C) Composition of CS-disaccharide units of sulfated CS chains isolated from MDA-MB-231 cells analyzed using HPLC (n=3). (D) CHST11 mRNA expression decreased following two kinds of siRNA-induced knockdown (siCHST11#1 and siCHST11#2) in MDA-MB-231 cells, measured using qPCR (n=7). Expression data were normalized to those of GAPDH. Right graph: Invasiveness of CHST11 knocked down cells (siCHST11#1 or siCHST11#2) (n=3) or control cells (siCont) (n=3). (E) CHST15 mRNA expression decreased at the mRNA level following knockdowns by siCHST15#5 and siCHST15#7 in MDA-MB-231 cells measured using qPCR (n=4). Expression data were normalized to those of GAPDH. Right graph, invasiveness of CHST15 knocked down cells (siCHST15#1 or siCHST15#2) (n=3) or control cells (siCont) (n=3). Data were analyzed using the Tukey–Kramer multiple comparison.





Increased Invasiveness Elicited by Expression of ROR1 Is Diminished by CHST15 Knockdown in MCF7 Cells

MCF7 is a less-aggressive, non-invasive cell line that is normally considered to have low metastatic potential (24). MCF7 cells expressed low levels of ROR2, WNT5A, and WNT5B (Figure 4A). Endogenous ROR1 (Figures 4A, C) and DKK1 proteins (13) were not detected in MCF7 cells, so ROR1-expressing cells were generated. ROR1 surface expression in MCF7 cells stably transfected with an empty vector (MCF7-empty cells) or stably expressing ROR1 (MCF7-ROR1 cells) was confirmed by flow cytometry (Figure 4B). Immunoblotting showed that MCF7-ROR1 cells expressed ROR1 at high levels (Figure 4C). As shown in Figure 4D, MCF7 cells produced CSs containing 20% E. Next, we examined whether the E unit was required for ROR1-mediated migration activity using MCF7-ROR1 cells. The migration potential of MCF7 cells was increased by ROR1 expression. This increase was attenuated by CHST15 knockdown (Figure 4E). In addition, enhanced migration stimulated by treatment with WNT5A was suppressed by knockdown of CHST15 (Figure 4F). Hasan et al. reported that WNT5A stimulates ROR1-dependent cortactin phosphorylation and enhances cell migration (25). We found that CS-E increased the phosphorylation of cortactin by WNT5A and that CHST15 knockdown inhibited cortactin phosphorylation (Figure 4G). These results suggest that CSs regulate ROR1-mediated migration of breast cancer cells.




Figure 4 | MCF7 cells acquire invasiveness by expression of ROR1 and lose it by knockdown of CHST15. (A) mRNA expression levels of chondroitin sulfotransferase genes, ROR1, ROR2, WNT5A, and WNT5B in MDA-MB-231 cells measured by qPCR (n=4). (B) ROR1 surface expression by MCF7-empty cells (shaded area) and MCF7-Ror1 cells (red line) measured by flow cytometry. (C) Left, ROR1 expression in MDA-MB-231 and MCF7 cells measured by immunoblotting. Right, ROR1 expression MCF7 cells stably transfected with an empty vector (MCF7-Empty) or an ROR1 expression plasmid (MCF7-ROR1) analyzed by immunoblotting. (D) CS-disaccharide composition of sulfated CS chains from MCF7 cells analyzed using HPLC (n=3). (E) Left, CHST15 mRNA expression following siRNA-induced knockdown (siCHST15#1 or siCHST15#2) in MCF7-empty cells and MCF7-ROR1 cells measured using qPCR (n=4). Expression data were normalized to those of GAPDH. Right, migration of CHST15 knocked down cells (siCHST15#1 or siCHST15#2) (n=4) and control cells (siCont) (n=4) measured using a Transwell assay. (F) CHST15 knocked down MCF7-ROR1 cells (siCHST15#1 or siCHST15#2) or control cells (siCont) serum-starved and treated with (+) or without (−) 200 ng/ml of WNT5A. (G) CHST15 knocked down MCF7-ROR1 cells (siCHST15#1 or siCHST15#2) or control cells (siCont) treated with or without 100 ng/ml of WNT5a for 5 min, lysed, and subjected to immunoblotting using anti-phospho-cortactin and anti-cortactin antibodies. Right graph, relative levels of phosphorylated cortactin, standardized against total cortactin (n=4). Statistical significance was assessed using Student’s t-test.





CS-E Directly Interacts With ROR1 in the Presence of Either WNT5A or DKK1

By surface plasmon resonance (SPR) analysis, neither WNT5A nor CS-E bound to ROR1 (Figures 5A, B). In contrast, CS-E pre-mixed with WNT5A at a molar ratio of 7:1 did bind ROR1 (Figures 5A, B).




Figure 5 | WNT5A binds ROR1 in the presence of CS-E. (A) Raw sensor grams. ROR1 was immobilized in a flow cell of a CM5 sensor chip. WNT5A (a), CS-E (b), WNT5A pre-mixed with CS-E (c), CS-A (d), and WNT5A pre-treated with CS-A (e) were used as analytes. (B) Response-unit quantification of binding.



As it has been previously shown that DKK1 binds to CS-E (13), we hypothesized that DKK1 was able to bind to ROR1 by forming a complex with CS-E. DKK1 is known to bind to LDL receptor-related proteins 5 and 6 (LRP5/6), which function as coreceptors in the canonical WNT signaling pathway, but no direct interaction between DKK1 and ROR1 has been shown. SPR indicated that DKK1 weakly bound to ROR1 in the concentration range of 0.0375 to 0.15 μM (Figures 6A, B). Binding of DKK1 to ROR1 was not reproducibly observed at 0.3 μM DKK1. CS-E was premixed with DKK1 at a molar ratio of 7:1, after which it was bound to ROR1 in a concentration-dependent manner, while DKK1 did not bind to ROR1 in the presence of CS-A (Figures 6A, B). These results suggested that DKK1 binds to ROR1 in the presence of CS-E.




Figure 6 | CS-E-elicited invasiveness is enhanced by the absence of DKK1. (A) Raw sensor grams. ROR1 was immobilized in a flow cell of a CM5 sensor chip. DKK1 alone (a), DKK1 premixed with CS-E at a 1:7 molar ratio (b), and DKK1 premixed with CS-A at a 1:7 molar ration (c) were used as analytes. (B) Response-unit quantification of binding. (C) DKK1 mRNA expression in MDA-MB-231 cells transfected with siDKK1 or control siRNA (siCont) measured using qPCR (n=4). Expression data were normalized to those of GAPDH. (D) Invasiveness of DKK1 knocked down MDA-MB-231 cells (siDKK1) or control cells (siCont) treated with or without CS-E (n>5). Data were analyzed using a Tukey–Kramer multiple comparison.



We next examined whether CS-E increased the invasiveness of MDA-MB-231 cells by forming a complex with DKK1. Unexpectedly, DKK1 knockdown enhanced CS-E-elicited invasiveness (Figure 6D). These results suggest that ROR1-dependent invasion signaling is blocked by binding of the DKK1/CS-E complex to ROR1 and that DKK1 exerts anti-tumorigenic effects by blocking the tumor invasion activity of CS-E as well as by inhibiting β-catenin-dependent Wnt signaling.




Discussion


ROR1 as a Potential CS Target

Focusing on the roles of CS in regulating cancer hallmark capabilities, we show here the involvement of ROR1, known as a receptor for WNT5A, in CS-E-mediated upregulation of invasion activity in MDA-MB-231 cells (14). Particular attention has been paid to the functional and clinical significance of ROR1 in many malignancies, including breast cancer. ROR1 is present in breast cancer specimens, but not in normal breast tissues (26), and high expression of ROR1 in breast cancer is associated with aggressive phenotype (27, 28). Several therapeutic strategies targeting ROR1 have been developed and evaluated in clinical trials (15).

ROR1 is a transmembrane receptor that contains extracellular, transmembrane, and cytoplasmic domains. The extracellular region includes immunoglobulin-like, cysteine-rich (CRD), and Kringle domains. Although ligands for ROR1 have not been identified for many years, it is now known that ROR1 is a receptor for WNT5A/B and WNT16, with WNT5A as the primary ligand (15, 29, 30). The CRD of ROR1 is thought to interact with WNT5A (31, 32). Although Fukuda et al. showed in vitro binding of ROR1 to WNT5A using immunoprecipitated WNT5A expressed in CHO cells (27), the possibility that CSs mediate binding between ROR1 and WNT5A cannot be excluded. We analyzed the direct interaction between recombinant ROR1 and WNT5A using Biacore, but unexpectedly, we observed no binding in the absence of CS (Figure 5). The cell-surface chondroitin sulfate proteoglycan functions as a coreceptor in WNT5A−ROR1 signaling (Figure 7). Further studies are needed to clarify whether CS-E universally act on WNT5A-ROR1 signaling using other ROR1-positive and estrogen-negative cell lines.




Figure 7 | Schematic of CS-E enhancement of invasive activity of the triple-negative breast cancer MDA-MB-231 cell line. CS chains bind WNT5A and ROR1 through E units, signaling cancer cells to activate JNK1. Decreasing E units by knockdown of CHST11 and CHST15 inhibits WNT5A−ROR1−JNK signaling. DKK1 suppresses CS tumor promoting activity by binding to E units.





CS Sulfation and Cell Signaling in Cancer

Extensive evidence supports the importance of tumor-associated CSs in promoting aggressive and metastatic behavior of malignant cells by engaging transmembrane receptors (4, 33). In addition, it has been reported that cancer-cell surface CS chains facilitate downstream signal transduction through specific binding to adhesion molecules, including selectins and N-cadherin (14, 34). CS activity is governed by specific sulfation patterns. As mentioned in Introduction, CS is modified by sulfation by multiple sulfotransferases, including CHST11 and CHST15, which are involved in the synthesis of E units and are upregulated in breast cancer cells (4, 10). Although E units have low abundance in mammals, they play a critical role in regulating tumor progression and metastasis (35, 36). We have previously reported that CSs rich in E units (CS-E) utilize N-cadherin as a receptor and control β-catenin signaling via N-cadherin in the human basal-like breast cancer cell line BT-549. In this study, we showed that the E unit is required for the binding of WNT5A to ROR1 (Figure 7). CSs rich in A-units (CS-A) did not mediate the interaction between WNT5A and ROR1. A decline in the expression levels of CHST11 and CHST15, which are involved in the synthesis of E units, suppresses the invasive activity of MDA-MB-231 cells (Figure 7). Thus, CS-E likely contributes to breast cancer malignancy. Further studies are needed to elucidate whether cancer-cell-derived CS-E promotes tumor growth and metastasis in vivo.

Changes in the degree of sulfation and/or the pattern of CSs and the expression level of Chn sulfotransferases are associated with cancer; these changes have been proposed as cancer biomarkers (37). Furthermore, the degree of sulfation and/or the pattern of CSs exhibit person-to-person variations. In addition, the same cancers at different stages are associated with different sulfation changes (38). Thus, identifying tumor subtypes using CS sulfation patterns may have potential applications in patient stratification for therapy. CS sulfation patterns are thus key components in future diagnostic and therapeutic strategies and provide novel targets for improved and personalized cancer therapy (39).



Another CS-E Partner Protein, DKK1

DKK1 was originally characterized as a secreted inhibitor of canonical WNT signaling. It binds to LRP5/6 coreceptors with high affinity and blocks β-catenin-dependent WNT signaling (40). MDA-MB-231 cells express high levels of DKK1 but LRP5/6 at low levels (14). We have previously shown that DKK1 binds to CS-E in a sulfation-dependent manner (14). Furthermore, recent studies have shown that elevated DKK1 expression contributes to tumor growth and poor prognosis in a range of cancers, suggesting a role in tumor aggressiveness independent of WNT signaling (16). Cytoskeleton-associated protein 4 (CKAP4) is a novel DKK1 receptor that binds to DKK1 to activate AKT signaling and enhance cancer cell proliferation (41). These findings prompted us to hypothesize that DKK1 binds to an unidentified receptor in the presence of CS-E to enhance the invasive potential of MDA-MB-231 cells. However, knockdown of DKK1 increased invasive activity (Figures 6, 7). Interestingly, invasiveness enhanced by exogenously added CS-E was further increased by knockdown of DKK1 (Figure 6). These results suggested that DKK1 suppresses the tumor-promoting activity of CS-E by binding to CS-E. The ability of CS-E to function as a tumor promoter likely depends on the expression level of CS-E partner proteins such as N-cadherin, ROR1, and DKK1.
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Estrogen receptors (ERs) have pivotal roles in the development and progression of triple-negative breast cancer (TNBC). Interactions among cancer cells and tumor microenvironment are orchestrated by the extracellular matrix that is rapidly emerging as prominent contributor of fundamental processes of breast cancer progression. Early studies have correlated ERβ expression in tumor sites with a more aggressive clinical outcome, however ERβ exact role in the progression of TNBC remains to be elucidated. Herein, we introduce the functional role of ERβ suppression following isolation of monoclonal cell populations of MDA-MB-231 breast cancer cells transfected with shRNA against human ESR2 that permanently resulted in 90% reduction of ERβ mRNA and protein levels. Further, we demonstrate that clone selection results in strongly reduced levels of the aggressive functional properties of MDA-MB-231 cells, by transforming their morphological characteristics, eliminating the mesenchymal-like traits of triple-negative breast cancer cells. Monoclonal populations of shERβ MDA-MB-231 cells undergo universal matrix reorganization and pass on a mesenchymal-to-epithelial transition state. These striking changes are encompassed by the total prevention of tumorigenesis in vivo following ERβ maximum suppression and isolation of monoclonal cell populations in TNBC cells. We propose that these novel findings highlight the promising role of ERβ targeting in future pharmaceutical approaches for managing the metastatic dynamics of TNBC breast cancer.
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Introduction

Human cancers arise from multistep processes that make their way from normalcy to the acquisition of particular hallmark traits during complex tumorigenic signaling cascades (1). Breast cancer is characterized by a great heterogeneity in its molecular subtypes, therefore important breakthroughs reducing relapse and providing higher quality years of life may be accomplished in treatment approaches.

Estrogens as master regulators of breast cancer susceptibility, mediate their effects in target tissues through two estrogen receptors (ERs), ERα and ERβ. ERs and their variants exert distinct functions following activation in response to ligand binding and trigger genomic and non-genomic signaling cascades (2). Many lines of evidence suggest that in breast cancer, ER-evoked signaling is closely connected to extracellular matrix (ECM) remodeling that stimulates cancer progression, metastasis and drug resistance (3). The role of tumor ECM has long been recognized as a dynamic 3D structural and functional network of biomolecules that dynamically interact to reinforce cancer cell properties (4). Major matrix components of this functional bioscaffold consist, among other constituents, of collagen, proteoglycans (PGs), glycosaminoglycans (GAGs), adhesive glycoproteins, fibrils and degrading enzymes, that actively communicate to orchestrate ECM renewal, cell morphology and functional properties of cancer cells (5–7). The integrity of ECM composition is critical for normal tissue homeostasis, since altered expression of ECM macromolecules in the tumor microenvironment (TME) affects cancer cell survival, growth, migration, and invasion to adjacent tissues (8, 9). The triple-negative breast carcinoma (TNBC), accounting for up to 20% of breast carcinomas, is the aggressive molecular subtype of breast cancer, characterized by the absence of ERα, progesterone receptor (PgR), and HER2. Population-based studies show that TNBC is more common to younger age groups of premenopausal African American and Hispanic women compared to Caucasian American women (10).

There is increasing evidence that the second ER isoform, ERβ, which is localized in myoepithelial cells as well as in the surrounding stroma and endothelial cells, is highly expressed and correlated to worse survival rates in TNBC patients (3, 11). The discovery of ERβ in 1996 as the second nuclear receptor for steroid/thyroid hormones (i.e., 17β-estradiol, E2), after ERα, reserved a new era in the diagnosis, survival estimation and therapeutic targeting of breast cancer (12). While less well established, ERβ dynamically communicates with major matrix components, including PGs and epidermal growth factor receptor (EGFR) to stimulate cancer cell behavior, epithelial-to-mesenchymal transition (EMT) and stem-like characteristics (13–15).

EMT is an evolutionarily conserved developmental program in which cells gradually unbend tight cell junctions due to the decreased expression of epithelial proteins (i.e., E-cadherin) and gain mesenchymal traits through epigenetic alterations, reorganized cytoskeleton and the expression of mesenchymal matrix markers, such as fibronectin and vimentin (16). This process is the driving force of cancer cells to increased motility and initiation of metastasis, through matrix remodeling and the activation of signaling cascades (i.e., Notch, TGFβ) and a possible mechanistic basis for anticancer drug resistance (17, 18).

The daunting consequences of TNBC arise from matrix extensive reorganization and EMT activation builds the aggressive cancer cell behavior that establishes the initiation of metastasis. These functional capabilities acquired by TNBC cells may be the motive power to advance modern TNBC targeting approaches for the diagnosis and personalized therapeutic management. Recent work has revealed some encouraging data correlating ESR2 suppression in TNBC cells with a less aggressive cell phenotype (14, 19, 20). Similar to other receptors for steroid hormones, ERβ, encoded by ESR2 gene, is expressed as a pool of five alternatively spliced variants; the wild-type, ERβ1 and also ERβ2, ERβ3, ERβ4 and ERβ5, which exist in normal and disease states (2). In breast cancer tissues, the most common ERβ variants are ERβ1, ERβ4 and ERβ5, which may be dimerized in order to boost signal transduction processes (21, 22). This explains that shERβ MDA-MB-231 cells demonstrated phenotypic heterogeneity that was reflected in deviant phenotype and ESR2 mRNA levels; from 70% to 80% inconstant decrease in ESR2 levels and intrigued us to achieve higher ERβ gene and protein suppression rates to exclude the impact of ERβ variants on heterogenous profile of ERβ-suppressed cells.

Herein, we report for the first time that the isolation of monoclonal cell populations, characterized by ERβ knockdown, led to cultures with a constant epithelial-like behavior. Certainly, such clues force further investigation ERβ as a power player of the tumor microenvironment of TNBC cells. This prompted us to further elucidate the functional effects of ERβ knockdown as compared to parental breast cancer cell lines with distinct ER status, as well as the in vivo tumorigenic effects of monoclonal shERβ MDA-MB-231 cell populations. A detailed molecular understanding of ERβ functions is critical in identifying its promising role in TNBC targeting.



Materials and Methods


Cell Cultures, Transfections and Selection of Monoclonal Cell Populations

MDA-MB-231 (high metastatic potential; ERβ-positive) and MCF-7 (low metastatic potential; ERα-positive) breast cancer cell lines were obtained from the American Type Culture Collection (ATCC). MDA-MB-231 cells were routinely cultured in a humidified 95% air/5% CO2 incubator at 37°C in complete medium [Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with 10% fetal bovine serum (FBS), 1.0 mM sodium pyruvate, 2 mM L-glutamine and a cocktail of antimicrobial agents (100 IU/ml penicillin, 100 μg/ml streptomycin, 10 μg/ml gentamicin sulfate and 2.5 μg/ml amphotericin B)]. Cells were harvested by trypsinization with 0.05% (w/v) trypsin in PBS containing 0.02% (w/v) Na2EDTA. Transfections of MDA-MB-231 cells with shRNA against human ESR2 or non-targeting shRNA control were performed as previously described by Piperigkou et al. (14), and ERβ suppression was monitored with real-time PCR analysis and western blot analysis.

Since the cultures of stably transfected shERβ MDA-MB-231 cells were heterogenous in respect of ESR2 levels, the isolation of monoclonal cell populations (clone selection) was performed to identify single clones with the highest ESR2 suppression levels, as follows. Briefly, 10 cells/ml of shERβ MDA-MB-231 cells were seeded in a 96-well culture plate adding 100 μl per well (i.e., 1 cell per well), the number of cells per well after 24 hours was assessed and the wells with only 1 cell were noted. The monoclonal population has been expanded and passaged to 6-well plates. A portion of cells was examined for the levels of ESR2 suppression and expression stability and the cultures were further expanded. Finally, suppressed clones (~90% ESR2/ERβ suppression) were freezed down and named “clone shERβ MDA-MB-231” cells). Notably, during the freeze-thaw cycle of clone shERβ MDA-MB-231 cells the suppression rates of ESR2 and ERβ are totally stable, as confirmed by real-time PCR and western blot analysis, respectively.



Chemicals and Reagents

DMEM, FBS, L-glutamine, penicillin, streptomycin were all obtained from Biosera (Nuaillé, France). All other chemicals used were of the best commercially available grade.



RNA Isolation, Reverse Transcription and Real-Time qPCR Analysis

Total cellular RNA was isolated using NucleoSpin RNA II Kit (Macherey-Nagel, Duren, Germany). The amount of isolated RNA was quantified by measuring its absorbance at 260 nm. Total RNA was reverse transcribed using the PrimeScript 1st strand cDNA synthesis kit perfect real time (Takara Bio Inc., Japan). Real-time qPCR analysis was conducted in 20 μl reaction mixture, according to manufacturer’s instructions (KAPA Taq ReadyMix DNA Polymerase, KAPA BIOSYSTEMS, Wilmington, Massachusetts). The amplification was performed utilizing Rotor Gene Q (Qiagen, USA). All reactions were performed in triplicates and a standard curve was always included for each pair of primers for assay validation. In addition, a melting curve analysis was always performed for detecting the SYBR Green-based objective amplicon. To provide quantification, the point of product accumulation in the early logarithmic phase of the amplification plot was defined by assigning a fluorescence threshold above the background, defined as the threshold cycle (Ct) number. Relative expression of different gene transcripts was calculated by the ΔΔCt method. The Ct value of any gene of interest was normalized to the Ct of the normalizer (GAPDH). Fold changes (arbitrary units) were determined as 2-ΔΔCt. Primer sequences of the tested genes are presented in Supplementary Table 1. All primers were purchased from Eurofins Genomics (Ebersberg, Germany).



Tumorigenicity Assay

An equal number (106) of MDA-MB-231 or clone shERβ MDA-MB-231 cells was inoculated in the back of seven 5-weeks-old SCID female mice. Four weeks later, the animals were sacrificed, and the tumors formed following MDA-MB-231 inoculations were removed. The tumor volume was calculated with the Caliper method, using the formula tumor volume = 1/2(length × width2) (23). Tumor samples developed from MDA-MB-231 cells were mechanically homogenized in the presence of liquid nitrogen and stored in -80°C. All animal studies were conducted according to the institutional guidelines conforming to international standards and the protocols were approved by the relevant committee of the Veterinary Direction, Greek Ministry of Rural Development and Food (Permission No. 193900).



Immunohistochemistry

Serial 3μm paraffin sections were cut from tissue blocks, mounted on poly-L-lysine-coated slides and subjected to immunohistochemical staining. Briefly, the sections were initially dried for 24 hours at 60°C, deparaffinized in xylene and dehydrated in gradient alcohol. Antigen retrieval was performed at 600W in a microwave for 20 minutes. Endogenous peroxidase blocking was performed by incubating the slides in a 3% H2O2 solution for 15 minutes. Sections were then incubated with the following primary antibodies against: ERα, clone 6F11 (Leica Biosystems), Ki-67 IHC MIB-1 (DAKO, mouse monoclonal, 1:50), HER2 (DAKO, Rabbit polyclonal, 1:300), E-cadherin (DAKO, mouse monoclonal, 1:50), vimentin, clone V9 (Leica Biosystems). Dako EnVision polymer (Dako EnVision Mini Flex, Dako Omnis, Angilent Technology Inc., California, USA, GV823) was used for signal detection. Diaminobenzidine (Dako Omnis, GV823) was used as a chromogen and Harris hematoxylin was used for nuclear counterstaining. Positive and negative controls for antibody validation were used according to the manufacturer’s instructions.



Western Blot Analysis

Cell monolayers were washed with cold PBS and lysed with Lysis Buffer: 25 mM Hepes, pH 7.5, 150 mM NaCl, 5 mM EDTA, 10% (v/v) glycerol, 1% (v/v) Triton X-100, containing protease inhibitor cocktail (#20-201 Chemicon, Millipore, CA) and 0.5 mM sodium orthovanadate (S6508, Sigma-Aldrich, Inc). Samples were reduced with β-mercaptoethanol in Laemmli sample buffer, separated by SDS-PAGE in 12% poly-acrylamide gels and transferred to polyvinylidene difluoride (PVDF) membranes (Macherey Nagel, Germany). The membranes were blocked in 5% (w/v) non-fat dry milk in Tris-buffered saline pH 7.4 containing 0.05% Tween-20 (TBS-T) for 2 hours at room temperature and were then incubated with primary antibodies for 16 hours at 4°C. After three washes in TBS-T, membranes were further incubated with peroxidase-conjugated secondary goat anti-rabbit IgG (A0545, Sigma-Aldrich, Inc) or anti-mouse IgG (A4416, Sigma-Aldrich, Inc) for 90 minutes at room temperature. Detection of the immunoreactive proteins was performed by chemiluminescence horseradish peroxidase substrate Super Signal (Pierce, Thermoscientific), according to the manufacturer’s instructions. Primary antibodies used in immunoblotting include ERβ (ab3576, abcam), p-ERK1/2 (9101, Cell Signaling Technology, dilution 1:1000), total ERK1/2 (9102, Cell Signaling Technology, dilution 1:1000) and α-tubulin (T9026, Sigma-Aldrich Inc., dilution 1:7500). ImageJ software has been used for measuring the band density.



Immunofluorescence and Phase-Contrast Microscopy

For immunofluorescence microscopy, parental and transfected breast cancer cells were seeded on glass coverslips in 24-well plates and grown to confluence. Cells were first washed twice with phosphate-buffered saline (PBS) buffer, fixed in 4% formaldehyde in PBS buffer, washed three times with PBS-Tween buffer, permeabilized with freshly made 0.5% Triton X-100 in PBS, washed three times with PBS-Tween buffer and blocked with 5% BSA in PBS. Slides were stained for E-cadherin, vimentin and F-actin with the following primary antibodies: E-cadherin (ECCD-2, Takara, dilution 1:200) and Alexa-Fluor 568-labeled phalloidin (Invitrogen Corporation, Carlsbad, USA, dilution 1:100. Then the appropriate Alexa Fluor-488 anti-mouse (A-11032, Invitrogen, dilution 1:2000) secondary antibody was used for E-cadherin staining and the coverslips were mounted on microscope slides. Stained slides with the appropriate secondary antibodies alone were used as negative controls. For phase-contrast microscopy, images of live cells growing on the culture dish were collected on an OLYMPUS CKX41 microscope equipped with a CMOS color digital camera (SC30). Cell circularity was monitored using the ImageJ plugin that calculates object circularity using the formula: circularity= 4pi(area/perimeter2). This formula was applied to each cell of 10 representative digital images of parental and transfected breast cancer cells. A circularity value of 1.0 indicates a perfect circle. As the value approaches 0.0, it indicates an increasingly elongated polygon.



Scanning Electron Microscopy

Parental and transfected breast cancer cells seeded in culture flasks for 48 hours, were firstly rinsed with a phosphate buffer solution to prevent cells detachment and then fixed in a Karnovsky’s solution for 20 minutes. Flasks with adhering cells were again rinsed three times with 0.1% cacodylate buffer, post-fixed in 1% OsO4 in cacodylate buffer for 20 minutes, dehydrated with increasing concentrations of ethanol, and finally dehydrated with hexamethyldisilazane (Sigma-Aldrich Inc.) for 15 minutes. The specimens were mounted on appropriate stubs, coated with a 5nm palladium gold film (Emitech 550 sputter-coater) to be observed under a SEM (Philips 515, Eindhoven, The Netherlands) operating in secondary-electron mode.



Cell Viability Assay

Parental and transfected breast cancer cells were seeded in the presence of FBS into 96-well plates at a density of 5,000 cells/well and then the cells were incubated in serum-free culture medium. Premix WST-1 (water-soluble tetrazolium salt) Cell Proliferation Assay System (Takara Bio Inc., Japan) was added after 24 hours at a ratio 1:10. The assay is based on the reduction of WST-1 by viable cells, producing a soluble formazan salt absorbing at 450 nm (reference wavelength at 650 nm).



Wound Healing Assay

Parental and transfected breast cancer cells were seeded in 12-well cell culture plates at a density of 25,000 cells/well. Breast cancer confluent cell layers were serum starved for 16 hours and then wounded by scratching with a sterile 100 μl pipette tip. Detached cells were removed by washing twice with PBS and fresh culture medium, in the absence of FBS, was added. The wound closure was monitored at 0 and 24 hours using a digital camera connected to a microscope. Wound surface area was quantified by image analysis (Image J software).



Collagen Invasion Assay

The invasive potential of parental and transfected breast cancer cells was evaluated as previously described (24). In brief, the collagen type I solution with final concentration of 1 mg/ml was prepared by mixing the precooled components: 4 volumes collagen type I (stock concentration 3 mg/ml), 5 volumes of CMF-HBSS, 1 volume of MEM (10x), 1 volume of 0.25 M NaHCO3, 2.65 volumes of standard medium and 0.3 volumes of 1M NaOH. The solution was gently mixed and added to one well of 12-well plate, spread homogeneously and let gelify in a humidified atmosphere of 10% CO2 at 37°C for at least 1 hour. Cells were serum-starved overnight and then seeded at a density of 6x104 cells/well on top of collagen I type gels and cultured for 24 hours. Digital images were obtained with 10x objective and the evaluation of cell invasion was conducted according to the experimental protocol (24).



Cell Adhesion Assays

In order to evaluate the adhesion potential of breast cancer cells, the following adhesion protocol was performed, as previously described (25). Briefly, 96-well plate was coated with collagen type I (40 μg/ml) and kept at 4°C. After 12 hours, the solution was removed, and the plate was air-dried; 3% BSA in PBS solution was added in each well, for 30 minutes, to block non-specific adsorption. Then the solution was removed, and the plate was washed with PBS and air-dried. Cells treated for 24 hours prior to the adhesion assay were detached with PBS-EDTA 1x and resuspended in serum-free medium with 0.1% BSA. and seeded at a density of 2x104 cells/well. Cells were incubated for 30 min, to allow adhesion to the surface. Non-adherent cells were removed with serum free medium, and then cells were incubated with medium supplemented with 10% FBS for 2 hours for recovery. Premix WST-1 (water-soluble tetra-zolium salt) Cell Proliferation Assay System (Takara Bio Inc., Göteborg, Sweden) was then added at a ratio 1:10, and the absorbance at 450 nm was measured (reference wavelength at 650 nm).



Prognostic Power of ESR2

Data on the ESR2 isoform structure, the interactive bodymap, the signature-based statistics for normal/cancer comparison, and Kaplan-Meier overall survival were collected byGEPIA2, the online server for large-scale analysis of cancer-related genomic datasets (26). GEPIA2 is a highly cited resource for analyzing the RNA sequencing expression data of 9,736 tumors and 8,587 normal samples from the TCGA and the GTEx databases, using a standard processing pipeline applying the bioinformatics tools CIBERSORT, EPIC and quanTIseq, and performing multiple downstream analyses. Tumor/normal differential expression analysis, profiling according to cancer types, patient survival analysis was performed.2. Kaplan-Meier overall survival analysis performed using the TCGA dataset for breast cancer invasive carcinoma. The statistical difference between the curves can be measured by the log-rank test. The package “survival” of the R statistical environment was used to calculate hazard ratio (HR), 95% confidence intervals (CI), and log-rank p-values.



Statistical Analysis

Reported values are expressed as mean ± standard deviation (SD) of experiments in triplicate. Three independent biological samples have been used in each experimental set. Statistically significant differences were evaluated using the analysis of variance (two-way ANOVA) test and were considered statistically significant at the level of at least p ≤ 0.05. Statistical analysis and graphs were made using GraphPad Prism 8.2.1. software.




Results


ESR2 Predicts Overall Survival Rates in Breast Cancer Patients

ER status is the most important discriminator of breast cancers highlighting the cardinal role of ERs as biomarkers in breast cancer progression (27). Functional studies indicate that the structural organization of main ERβ subtype suggest the ligand-induced conformational changes that explain distinct genomic and non-genomic transcriptional actions (Figure 1A) (3). Interactive bodymap indicates that ESR2 is aberrantly expressed in several tumor tissues (Figure 1B). Regarding breast cancer, ESR2 expression is 2-fold higher in invasive breast carcinoma as compared to normal breast tissues (Figure 1C). Notably, Kaplan-Meier survival analysis revealed that high levels of ESR2 in patients with invasive breast carcinoma, demonstrate a significantly lower overall survival, as compared to breast tumors with low ESR2 expression (Figure 1D). This suggests the crucial role of ERβ in prognosis of aggressive breast cancer and that its targeting may be beneficial for effective management of this malignancy.




Figure 1 | Gene structure and expression profiling of estrogen receptor beta gene (ESR2). (A) Structure of ESR2 alternatively spliced transcript variant aberrantly expressed in breast cancer. (B) Interactive bodymap presenting median expression of ESR2 in tumor samples. Scale: log2(TPM+1); p ≤ 0.05. (C) The gene expression profile across tumor samples and paired normal tissues. (D) ESR2 expression is correlated to worse prognosis in breast cancer patients. GEPIA2 tool was utilized to perform these meta-analysis tests. Kaplan-Meier overall survival analysis performed using the TCGA dataset for breast cancer invasive carcinoma. The statistical difference between the curves [P value and hazard ratio (HR) value] has been calculated by the log-rank test. BRCA, breast cancer; HR, hazard ratio; TPM, transcripts per million. Asterisk (*) indicate statistically significant differences (p ≤ 0.05).





Expression Traits of Matrix Signaling Mediators Following ESR2 Suppression

Recent work deduced that the highest possible ERβ suppression should be achieved to avoid the heterogenous genotypic and phenotypic experimental observations resulting from the ERβ variants in MDA-MB-231 TNBC cells. The mature antisense sequences that have been developed to suppress ESR2 target three sites: 3’ untranslated region (UTR), non-coding and open reading frame (ORF). These regions are common among ERβ variants. In the direction of avoiding disorientations of still present ERβ variants, we proceeded to isolation of monoclonal cell populations in shERβ MDA-MB-231 cells as to achieve higher ESR2 suppression rates and phenotypic homogeneity, and we named the monoclonal cell cultures, clone shERβ MDA-MB-231 cells. Indeed, clone selection in shERβ MDA-MB-231cells resulted in 90% decrease in ESR2 levels, as compared to MDA-MB-231 cells (Figure 2A). Notably, ESR2 expression levels in clone shERβ MDA-MB-231 cells seem to resemble ERα-positive and ERβ-negative MCF-7 breast cancer cells (Figure 2A). These results have been confirmed by ERβ protein detection; not to mention the statistically significant 70% decrease in ERβ protein levels in clone shERβ MDA-MB-231 cells as compared to the heterogenous cultures of shERβ MDA-MB-231 cells (Figure 2B).




Figure 2 | Expression of ESR2, ERβ protein levels, and signaling mediators in breast cancer cells. (A) Real-time PCR analysis of ESR2 in MCF-7, MDA-MB-231, shERβ MDA-MB-231 and clone shERβ MDA-MB-231 cells. (B) Immunoblots of ERβ and α-tubulin in the four cell lines (left panel) and quantification of protein bands (right panel). (C) Real-time PCR analysis of EGFR, HER2 and IGF-IR. (D) Immunoblots of phospho-ERK1/2 (p44/42) and α-tubulin (left panel) and quantification of protein bands (right panel). The data are presented as the mean ± SD values (n=3). Asterisks (*), (**) indicate statistically significant differences (p ≤ 0.05 and p ≤ 0.01, respectively).



The ligand-independent ER actions include the phosphorylation of growth factor receptors and the subsequent activation of protein kinase signaling pathways to regulate transcription (28). Therefore, we further evaluated the expression and activity levels of major matrix signaling molecules, as growth factor receptors and mitogen-activated protein kinases (MAPK). It has been established that the most clinically aggressive subtypes of breast cancer, are also associated with EGFR overexpression (29, 30), while in ERα-positive breast cancer, IGF-IR is present at high levels and its action is correlated to ER status (31). In this study, we confirmed that the less aggressive breast cancer cell line, namely MCF-7, demonstrated a slight EGFR expression, and 7-fold IGF-IR and 2.5-fold HER2 increased levels, respectively, as compared to MDA-MB-231 cells (Figure 2C). Most importantly, we demonstrated that clone shERβ MDA-MB-231 cells demonstrated 75% reduced EGFR levels, and a 2-fold increase in HER2 and IGF-IR levels as compared to MDA-MB-231 cells, resembling the expression profile of epithelial cell line (Figure 2C). Notably, we did not note any significant alteration in ESR1 levels in clone shERβ MDA-MB-231 cells. Finally, as shown in Figure 2D, the isolation of monoclonal population of shERβ MDA-MB-231 cells resulted in 65% reduction in the phosphorylated levels of ERK1/2 MAPK, as compared to MDA-MB-231 cells, that can be further connected to the less aggressive phenotype of this cell type.



ER Status Drives Morphological Characteristics and Metastatic Potential of Breast Cancer Cells

The inherent aggressive character of cancer cells dictates the initiation of metastasis, caused by an extensive matrix remodeling, loss of tissue organization and abnormal cell behavior (32). Changes in tumor microenvironment play critical roles in the migrating capability of cancer cells through the EMT program where cancer cells develop mesenchymal morphology and increased invasive capacity (33, 34). SEM analysis of MDA-MB-231 2D cultures revealed different phenotypes: mainly isolated, elongated cells with lamellipodia and filopodia protrusions, but also “cobblestone”-shaped cells and a few isolated globular-like ones (Figure 3A). Microvilli, microvesicles and intercellular connections were also detected on the surface of MDA-MB-231 cells, explaining the highly mobile nature of TNBC cells (35). On the other hand, the epithelial morphology of ERα-positive MCF-7 cells is pursued by the formation of cell-cell contacts, tight cell junctions and cell aggregates as confirmed by SEM analysis in 2D cultures (Figure 3A). Ultrastructural investigations confirmed that ERβ suppression induced the development of more round and flattened cells, significant loss of cytoplasmic protrusions and cell-cell contacts as well as the tendency to form cell aggregates. Notably, when we selected and cultured monoclonal cell populations of shERβ MDA-MB-231 cells we noticed a profound elimination of cytoplasmic protrusions and the establishment of cell cultures with flattened cells (Figure 3A). Notably, the high suppression rates of ESR2 have been connected with the establishment of cultures with grouped cells exhibiting a small nucleus and large cytoplasm, no evident cytoplasmic protrusions (Figure 3A, right panel) and evident cell-cell contacts. Moreover, tight junctions and few microvesicles were detectable on the surface of clone shERβ MDA-MB-231 cells (Figure 3A, right panel).




Figure 3 | ERβ-dependent cellular morphological characteristics. (A) Scanning electron microscopy (SEM) of MDA-MB-231 cells shows elongated cells with long filopodia (arrows), whereas MCF-7 cultures consist of grouped cobblestone/flattened cells with tight cell junctions (arrows). ERβ-suppressed cells demonstrate phenotypic heterogeneity similar to MDA-MB-231 cells. However, the majority of ERβ-suppressed cells look like flattened with cell-cell contacts and less cytoplasmic processes. Monoclonal populations of ERβ-suppressed cells mainly contain grouped and very flattened cells with small nucleus and large cytoplasm, no microvesicles or cytoplasmic protrusions (right panel) and many cell-cell junctions. (B) Circularity of the different breast cancer cellular models as quantified by Image J software. The data are presented as the mean ± SD values (n=3). Asterisk, (**) indicate statistically significant differences p ≤ 0.01.



We further analyzed the morphological characteristics of breast cancer cells with different ER status, in respect of cell circularity (Figure 3B). It is well established that the architecture of tumor microenvironment constructs cancer cell characteristics, thus predicting the tumor biological behavior and invasive potential (4, 36, 37). Of note, as the value of circularity approaches 0.0, it indicates an increasingly elongated polygon; a circularity value of 1.0 indicates a perfect circle. Formation analysis in our models at first confirmed that the mesenchymal-like MDA-MB-231 cells demonstrate the lowest circularity level of 0.2. Intriguingly, the monoclonal cell populations of shERβ MDA-MB-231 cells demonstrated a 0.8 circularity rate that is much higher than that of shERβ MDA-MB-231 cells and clearly approaches MCF-7 cells’ circularity (Figure 3B). The above data confirm the value of ERβ in the morphology, growth and invasive properties of breast cancer cells. MDA-MB-231 breast cancer cells are characterized by increased rates of cell viability, motility and invasive capacity, followed by significant loss in cell adhesive efficiency (Figures 4A–D). The aggressive behavior of ERβ-positive MDA-MB-231 cells confirms their mesenchymal-like characteristics (Figure 3A). The striking phenotypic changes in clone shERβ MDA-MB-231 cells were guided by critical alterations in functional properties of these cells. In particular, clone shERβ MDA-MB-231 cells demonstrated harsh decrease in viability, motility and invasive capacities, along with a profound increase in adhesion capability, as compared to aggressive ERβ-positive MDA-MB-231 cells (Figures 4A–D). Intriguingly, these changes were much more evident than in heterogenous shERβ MDA-MB-231 cells, approaching the levels of epithelial MCF-7 cells. Collectively, these novel data suggest the prominent role of ERβ suppression in the establishment of a permanently less aggressive phenotype as depicted in the monoclonal cell populations of clone shERβ MDA-MB-231 cells.




Figure 4 | Evaluation of ERβ suppression on cell functional properties of breast cancer cells. Monoclonal populations of shERβ-MDA-MB-231 cells demonstrate much lower levels of viability (A), motility (B) and invasiveness (C) and in increased adhesive capacity (D) as compared to shERβ MDA-MB-231 cells. The data are presented as the mean ± SD values (n=3). Asterisks (*), (**) indicate statistically significant differences (p ≤ 0.05 and p ≤ 0.01, respectively).





Reprogramming EMT and ECM Degradation in Monoclonal Cultures of shERβ MDA-MB-231 Cells

The conversion of early-stage tumors into invasive malignancies is a hallmark in tumorigenesis and is mediated by the actions of matrix degrading enzymes, as the proteolytic MMPs, that directly mediate EMT program (7). In this study, we revealed that ESR2 high suppression rates in monoclonal shERβ MDA-MB-231 cells decreased the mRNA levels of MMP7 and MMP14, 70% and 55%, respectively, as compared to the highly invasive MDA-MB-231 cells (Figure 5A), whereas it led to a 3-fold increase in MMP9 levels (Figure 5A), an epithelial-derived MMP that acts as tumor suppressor in many types of cancer (38, 39). These changes in clone shERβ MDA-MB-231 cells co-existed with TIMP1 and TIMP2 decrease at 75% and 60%, respectively as compared to MDA-MB-231 cells (Figure 5B). Our data pinpointed that the expression profile of clone shERβ MDA-MB-231 cells in respect of MMPs and TIMPs resembles that of low metastatic MCF-7 breast cancer cells (Figure 5A, B). Furthermore, as shown in Figures 5C, D, the 90% ESR2 suppression in monoclonal shERβ MDA-MB-231 cells resulted in a 2.5-fold increase in E-cadherin mRNA and protein levels, the major protein in adherens junctions, serving as an epithelial marker (40). Immunofluorescence analysis revealed the characteristic E-cadherin expression dots, in the monoclonal populations of shERβ MDA-MB-231 cells. These cells express this glycoprotein in cell junctions, as compared to MDA-MB-231 cells where E-cadherin staining is negative (Figure 5D, yellow frames). Notably, E-cadherin protein expression is more evident in clone shERβ MDA-MB-231 cells than in heterogenous shERβ MDA-MB-231 cells (Figure 5D). These results confirm the adhesive profile of clone shERβ MDA-MB-231 cells as depicted in Figure 4D. E-cadherin protein expression in MCF-7 epithelial cells with tight junctions confirmed the existence of this cell adhesion molecule in cell junctions (Figure 5D). ESR2 depletion resulted also in a 50% reduction in fibronectin levels, as compared to MDA-MB-231 cells (Figure 5C). Fibronectin that promotes EMT and serves as a scaffold for fibrillar ECM (41), explaining its high mRNA levels in aggressive ERβ-positive MDA-MB-231 cells compared to the 70% decrease in MCF-7 epithelial cells (Figure 5C). This screening highlights the ERβ-mediated switch of the mesenchymal-to-epithelial transition (MET) trait in homogenous monoclonal cultures of shERβ MDA-MB-23 cells.




Figure 5 | ERβ regulates matrix composition in breast cancer cells. (A) Real-time qPCR analysis of major MMPs (MMP7, MMP9, MMP14) and their endogenous inhibitors (TIMP1, TIMP2) (B). (C) Real-time qPCR analysis of EMT biomarkers, E-cadherin and fibronectin. The mRNA levels were studied using GAPDH as reference gene. Asterisks (*), (**) indicate statistically significant differences (p ≤ 0.05 and p ≤ 0.01, respectively). (D) Immunofluorescence analysis of E-cadherin (green) and F-actin (red). Scale bar, 10μm.



The invasive capacity of breast carcinoma cells is broadly connected to their phenotype, which determines EMT, cell-matrix and cancer cell-stroma interactions, critical to initiate a premetastatic niche (42). Striking alterations in morphological characteristics, lamellipodia deletion (Figure 3A), E-cadherin increment along with fibronectin loss, has led to robust cytoskeleton rearrangement in clone shERβ MDA-MB-231 cells (Figure 5D). F-actin staining for cytoskeleton revealed a clearly condensed cytoskeleton network in these cells, resembling F-actin microtubule network of MCF-7 cells, as compared to the characteristic mesenchymal-like cytoskeleton of MDA-MB-231 cells. All things considered, these findings highlight that ESR2 could play a role in matrix remodeling, hence the expression of certain MMPs (i.e., MMP7, MMP9, MMP14) are critical factors for the degradation and reorganization of ECM components. ESR2 also drives cytoskeletal rearrangement, and the expression profiles of major EMT markers.



ERβ Maximum Suppression Prevents In Vivo ERβ-Evoked Tumorigenesis

On account of the intrigued role of ERβ in mediating MET process by altering cellular characteristics and functions, F-actin cytoskeleton rearrangement and ECM reorganization, the in vivo tumorigenic capacity of this ER was assessed. 106 MDA-MB-231 and clone shERβ MDA-MB-231 cells were injected in two sites in the back of three female SCID mice and tumor formation was monitored for four weeks (Figure 6A). Intriguingly, after four weeks, in vivo tumor formation was observed exclusively in sites where MDA-MB-231 cells were injected (Figure 6A). The size and expression profile of MDA-MB-231-formed tumors was calculated with ex vivo size measurements (Figures 6B, C) and immunochistochemistry analysis of major TNBC markers, including ERα, PgR, HER2, Ki-67, E-cadherin and vimentin (Figure 6D). Specifically, MDA-MB-231-generated tumors express vimentin and Ki-67, whereas the loss of ERα, PgR, HER2 and E-cadherin confirmed the aggressive phenotype of MDA-MB-231 cells and the necessity of targeting the ER that mediates this behavior, namely ERβ. In light of these facts, we conclude that ERβ directly controls in vivo tumorigenesis and the aggressive profile of TNBC cells, as the capacity of MDA-MB-231 cells to form tumors is vanished following ESR2 practically total suppression, highlighting the importance of its molecular targeting.




Figure 6 | The highest ESR2 suppression in MDA-MB-231 cells prevents tumorigenesis in vivo. (A) 106 MDA-MB-231 (red cycles) and clone shERβ MDA-MB-231 (blue cycles) cells were inoculated in two sites in the back of three female SCID mice. Tumor formation was observed only in sites where MDA-MB-231 cells were injected (M1, M2, M3) and no obvious tumors were detected following injections with clone shERβ MDA-MB-231 cells (sh1, sh2, sh3). (B) Size of the three tumors extracted from mice following injections with MDA-MB-231 cells (M1, M2, M3) for four weeks and (C) ex vivo tumor measurements. (D) Immunohistochemical analysis of specific breast cancer markers (i.e., ERα, PgR, HER2, Ki-67, E-cadherin, vimentin) in the MDA-MB-231 tumor tissue confirms the mesenchymal phenotype of tumor cells. Positive staining is indicated with brown. Scale bar, 10μm.






Discussion

The complex structure of solid tumors together with the interactions of cancer cells with the surrounding stroma and matrix components stimulate the initiation of a premetastatic niche that promotes metastasis to distant sites (8, 43–45) (Figure 7A). Alterations in the expression profiles of ECM structural components, including among others, PGs, hyaluronan, growth factor receptors, MMPs, and signaling stimulators, foresee the variations in cancer cell behavior, and construct the homes for metastasis (7, 46–48). Even though the significance of ERβ is less clarified in breast cancer progression than its isoform, ERα, probably due to the existence of several alternatively spliced ERβ variants; however, the potential of ERβ targeting in aggressive breast cancer subtypes, as TNBC, has gained attention over the years (49). In this study, we reported that high ESR2 expression rates have been correlated to decreased overall survival rates in breast cancer patients diagnosed with invasive breast carcinoma. Recent reports indicate that ERβ target genes mostly regulate cell survival, movement, and growth (50), and that ERβ signaling pathway intersects with EGFR cascade to mediate TNBC cell morphology and stemness (13, 15). These data have been corroborated by the strong implication of ERβ in EMT process since it acts as EMT promoter by activating the TGFβ/Smad3 pathway to promote tumor growth and invasion in metastatic renal cell carcinoma (51). We demonstrated that ERβ maximum suppression (90%) leaded to transformed MDA-MB-231 clones that slightly express EGFR, whereas the expression rates of IGF-IR and HER2 have been induced. Notably, IGF-IR signaling is reported to drastically lower the aggressive potential of breast cancer cells (31). The intracellular signaling pathway of EGFR receptor tyrosine kinase, includes the activation of Ras/MAPKs and PI3K/AKT and is involved in various aspects of breast cancer cell growth (52). Here we report that the slight EGFR expression is correlated with a robust decrease in ERK1/2 phosphorylation in monoclonal shERβ MDA-MB-231 cells, compared to the excessive phosphorylation in the invasive MDA-MB-231 cells. In previous studies, we have demonstrated that the distinct ER status of breast cancer cells is correlated to different microRNA (miRNA) epigenetic signatures and that specific miRNAs (i.e., miR-10b, miR-145 and miR-200b) are possible biomarkers for regulating breast cancer cell behavior by interacting with matrix mediators (19, 20, 53, 54). Especially for ERβ, this ER is the epigenetic mediator of miR-10b, miR-145 and miR-92, specific miRNAs implicated in breast cancer progression (19, 55). These findings clearly indicate the potential of ERβ-targeting in aggressive breast cancer, however little is known about its implication in tumor formation in vivo.




Figure 7 | ERβ globally mediates the behavior of triple-negative breast cancer cells. (A) Schematic depiction of major steps during breast cancer metastasis from a primary breast tumor of mesenchymal-like cancer cells, as the ERβ-positive triple-negative breast cancer (TNBC) cells. ERβ-dependent epithelial-to-mesenchymal transition alters the behavior of TNBC cells to advance high dynamics to invade endothelial barrier and enter blood stream. Intravasated cells follow the opposite process in order to be transferred through the blood stream. The extravasation of metastatic cancer cells creates a favourable microenvironment for premetastatic niche formation in secondary tissues and distant organs that is characterized by extensive matrix remodelling and the activation of the angiogenic switch. (B) Schematic representation delineating the cardinal role of ERβ in modulating the invasive phenotype of MDA-MB-231 TNBC cells. ERβ suppression and isolation of monoclonal populations transforms MDA-MB-231 cells into a less aggressive subtype that prevents in vivo tumorigenesis. Please consult the manuscript for additional details. Created with BioRender.com.



Enzymatic proteolysis is critical for matrix functionality and integrity, tissue homeostasis and cell signaling. Matrix degradation is predominantly orchestrated by bioactive MMPs that are not only responsible for ECM remodeling, but they also control the activities of other matrix components, suggesting their fundamental role in complex biological processes during cancer progression (7, 56). Moreover, it is well established that extensive or even dysregulated matrix remodeling generate molecular cues to promote tumorigenic processes. In datasets of primary breast tumors, high expression levels of a subset of MMPs, including MMP7 and MMP14, are correlated to poor prognosis and decreased survival rates (7, 57, 58). However, MMP9 expression varies among the molecular subtypes of breast carcinoma (39, 59). Clearly, ERβ has a critical role in reducing the expression levels of MMPs, MMP7 and MMP14, and their endogenous inhibitors, TIMP1 and TIMP2, underscoring the notion that ERβ-evoked MMPs elevated levels in TNBC cells is cardinal for the initiation of the premetastatic niche in these cells. Intriguingly, monoclonal populations of shERβ MDA-MB-231 cells demonstrate a strong increase in MMP9 levels following the profile of the MCF-7 breast cancer cells of low metastatic potential. This suggests that TNBC has a stronger clinical value in predicting metastasis rather than any of the other biological factors examined.

The formation of cell junctions is controlled by interactions of the transmembrane glycoproteins, mainly E-cadherin and intracellular components as β-catenin. The multifunctional complex of cell junctions includes the organization of actin cytoskeleton and the stabilization of cell-cell adhesion (60, 61). ERβ has an active role in regulating major EMT modulators, as its absence in monoclonal populations of shERβ MDA-MB-231 cells clearly boosted E-cadherin protein expression in the newly formed cell-cell junctions that these cells form. In respect to this observation, fibronectin, a fibrillar protein regulating cell-matrix adhesion and fibro-proliferative condition in diseased tissues (62), is diminished compared to the aggressive MDA-MB-231 TNBC cells, depicting that the ERβ-dependent mesenchymal characteristics connected to EMT initiation have been lost. Lamelipodia and long filopodia dynamics consist the cell motor pool mediating cell adhesion, motility, EMT and invasive capacity of breast cancer cells (63–65). Notably, ERβ-suppression in monoclonal cell populations of shERβ MDA-MB-231 cells clearly transformed TNBC cells to those with a less aggressive phenotype as explained by the fact that these cells lost the invasive morphology of MDA-MB-231 cells that is explained by the spindle-like shape and the long filopodia and lamellipodia cellular protrusions. Intriguingly, clone shERβ MDA-MB-231 cells gained the acquired morphological characteristics of MCF-7 epithelial-like cells, implying the flattened shape, loss of cellular protrusions and the formation of cell aggregates (Figure 7B). This transformation in clone shERβ MDA-MB-231 cells resulted in robust F-actin cytoskeletal rearrangement and the establishment of condensed F-actin network that is related to the decreased viability, motility and invasion to collagen type I of these cells (66). In addition, previous studies suggest that actin dynamics directs the suppression of cell invasion in HER2-positive and ERα-positive tumors (67). Together, these findings suggest that ERβ is required for the establishment of actin structures and cellular characteristics during TNBC progression.

Collectively, the main goal of this study focused on unravelling the effects of highest possible ERβ suppression in ERβ-positive MDA-MB-231 TNBC cells on matrix composition, EMT program and in vivo tumor growth. The pioneering discovery of this study summarized that ERβ serves as one of the major biomolecules in this aggressive subtype of breast carcinoma and that its suppression is capable of leading to the total prevention of tumorigenesis (Figure 7). The molecular axis enclosing ERβ, matrix effectors (i.e., cell receptors and MMPs), and principal EMT mediators (i.e., E-cadherin and fibronectin), is critical for breast cancer progression and definitely affects response to endocrine therapy.

The apparent advantage of precise ERβ inhibition in guiding a paradigmatic shift to a less aggressive cell population with no apparent dynamics in forming tumors in vivo may be of great clinical interest opening new horizons in research of personalized therapeutics for TNBC. Exploiting the pharmacological targeting of ERβ as a powerful biomarker in TNBC may be among the bio-tools for improving the management and survival rates of breast cancer patients.
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For their full manifestation, tumors require support from the surrounding tumor microenvironment (TME), which includes a specific extracellular matrix (ECM), vasculature, and a variety of non-malignant host cells. Together, these components form a tumor-permissive niche that significantly differs from physiological conditions. While the TME helps to promote tumor progression, its special composition also provides potential targets for anti-cancer therapy. Targeting tumor-specific ECM molecules and stromal cells or disrupting aberrant mesenchyme-cancer communications might normalize the TME and improve cancer treatment outcome. The tenascins are a family of large, multifunctional extracellular glycoproteins consisting of four members. Although each have been described to be expressed in the ECM surrounding cancer cells, tenascin-C and tenascin-W are currently the most promising candidates for exploitability and clinical use as they are highly expressed in various tumor stroma with relatively low abundance in healthy tissues. Here, we review what is known about expression of all four tenascin family members in tumors, followed by a more thorough discussion on tenascin-C and tenascin-W focusing on their oncogenic functions and their potential as diagnostic and/or targetable molecules for anti-cancer treatment purposes.
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1 Introduction

The extracellular matrix (ECM) is a complex meshwork of various cell-secreted macromolecules that regulates the development and homeostasis of tissues. In humans, the ECM is broadly composed of a mixture of proteins, polysaccharides, and water that, depending on the specific composition, reflect the physiological requirements for a given tissue (1). The main building blocks of the ECM are (i) collagens, (ii) glycoproteins, (iii) proteoglycans, and (iv) elastin. Collagens include the most abundant fibrous proteins of our body. They maintain the structural integrity of tissues by providing tensile strength. Glycoproteins are responsible for either linking different ECM molecules or mediating cell-ECM interactions, while proteoglycans include gel-like elements within the ECMs that allow a tissue to resist compressive forces. Finally, elastin, as its name indicates, is responsible for tissue elasticity (2). The human genome harbors 274 genes encoding for the proteins of the core matrisome (3). Although typical ECM-like domains were already present in the proteins of unicellular organisms, the complexity and diversity of the matrisome mainly arose during the transition from unicellular (protozoa) to multicellular (metazoa) animals. The emergence of more complex and multicellular organisms required major evolutionary innovations, which were accompanied by the creation of more specialized and sophisticated ECM frameworks. Extensive elaborations of ECM proteins by exon shuffling, multiplications, and gene family expansions provided the rich repertoire of ECM molecules required for building the various structures (4, 5).

Initially, the ECM was mainly perceived as an inert physical scaffold for cells. However, this view has changed considerably during recent decades. Not only does the ECM provide structural and mechanical support for tissue integrity, but it is also responsible for the mobilization and availability of growth factors and cytokines (4). Additionally, the three-dimensional (3D) network provides specific biochemical and biomechanical properties that are sensed by specialized transmembrane receptors, such as integrins, syndecans and discoidin domain receptors, which can bind specific motifs in ECM proteins. Receptor ligation results in its activation, triggering signaling cascades that regulate various vital cellular processes, including cell adhesion, migration, proliferation, survival, and differentiation. Moreover, the ECM is subject to specific modifications and remodeling, which tailors the ECM to the unique needs of tissues. Therefore, each tissue is surrounded by an ECM that is fine-tuned in its composition and arrangement, providing the necessary cues for tissue homeostasis.

Since tissue homeostasis is often disrupted in cancers, the ECM surrounding cancer cells is significantly different from the one found in healthy conditions (6, 7). The role of the tumor microenvironment (TME) on cancer cells has only recently begun to be appreciated. Earlier cancer research was focused on the individual cancer cell, oncogenes and tumor suppressors; novel mutations and hyperactive signaling pathways were then identified and exploited as anti-cancer therapies. While this approach revolutionized cancer treatment, it seems clear today that cancers need to be viewed as complex heterogeneous tissues. Apart from cancer cells, cancers also depend on supporting components present in the TME that are not malignant themselves. These include the vasculature, immune cells, fibroblasts, and the ECM. Cellular sources of this tumor-specific ECM might be tumor cells themselves, but more often this matrix is derived from cancer-associated fibroblasts (CAFs). CAFs are believed to evolve from the activation of quiescent fibroblasts by epithelial-mesenchymal interactions, often involving cancer cell-derived growth factors (8). Hence, while carcinoma growth is initiated by transformed epithelial cells, cancers continuously tailor and orchestrate their microenvironment for their specific needs. Consequently, a unique composition and mix of ECM molecules is created, which provides feedback to malignant cells allowing the modulation of various hallmarks of cancers (9–11).

There is mounting evidence that the tumor ECM plays an active role in driving malignancy (9). Hence, novel anti-cancer drugs might be more powerful if they not only aim to eliminate cancers cells, but also try to normalize the TME. Such an approach requires a better understanding of the aberrant tumor cell-stroma crosstalk as well as a better understanding of the tumor-specific ECM molecules that are present. At least two members of the tenascin family of ECM glycoproteins, tenascin-C (TN-C) and tenascin-W (TN-W), are highly expressed in most solid cancers, but are expressed at much lower levels in normal tissues. Both of these tenascins provide multifunctional pro-tumorigenic activities (12). Therefore, tenascins, as specific components of tumor-permissive ECMs, are interesting candidates for potential exploitation for cancer therapies. Herein, we will briefly revisit the tenascin family with a focus on their structure and patterns of expression in physiological as well as in cancerous conditions. We will further focus on their cancer-related functions providing the basis for their exploitability and value for translational applications and clinical benefit.



2 A Brief Encounter With the Tenascins

Tenascins are a family of modular ECM glycoproteins (Figure 1). The family members share both a basic domain architecture and a common evolutionary ancestor. Near their amino-termini most tenascins have a coiled-coil domain that supports trimerization. This is followed by one or more EGF-like domains, numerous fibronectin-type III (FNIII) repeats, and a fibrinogen-like globe (FBG) at their carboxy-termini. The founding member of the tenascin family is TN-C, with the C designating “cytotactin”, which was one of its original monikers. This was followed by descriptions of tenascin-R (TN-R), tenascin-X (TN-X) and TN-W (31, 32). While the roles of the EGF domains remain to be clarified, one or more of a tenascin’s FNIII repeats typically contains integrin-binding motifs (33, 34), and tenascin FBGs bind to and activate toll-like receptor 4 (TLR4) (35). Tenascins are only found in chordates, with all four family members present in bony fishes and tetrapods (36).




Figure 1 | The tenascin family. A brief description of the four tenascin members, including their structure and alternative splicing, major sites of expression, and functions. Original rotary shadowing micrograph for TN-C is from Chiquet-Ehrismann et al. (13) and for TN-W from Scherberich et al. (14) both with permission. The following symbols have been used to describe the structural domains: EGF-like domains (diamonds), FNIII domains (boxes), fibrinogen globe (circle). FNIII repeats shown above the structure are subject to alternative splicing (black boxes). Selected references: for TN-C (15–17), TN-X (18–21), TN-R (22–24), TN-W (25–27), and for tenascins in general (28–30).



After considering each member of the tenascin family, this review emphasizes what we have learned about the two tenascins that are most abundant in the TME: TN-C and TN-W. In humans, TN-C has 14 EGF-like domains and 8 constant FNIII repeats. Between the 5th and 6th constant FNIII repeats alternative splicing can add up to 9 additional FNIII repeats, resulting in hundreds of TN-C variants with significantly different molecular weights (32, 37). The potential to exploit differential expression patterns of TN-C isoforms in normal tissues and in cancer is described below. Human TN-W has just three EGF-like domains and 9 FNIII repeats. There is no evidence of alternative splicing in TN-W (32). In addition to trimerization via the coiled-coil domain, the amino-termini of TN-C and TN-W have free cysteine residues that support the formation of hexamers from two trimers (i.e., hexabrachions). As well as being integrin ligands, both TN-C and TN-W can bind to Wnt3a (38).

TN-C and TN-W are both widely expressed during embryonic development. For example, TN-C is found around migrating neural crest cells, at sites of branching morphogenesis and epithelial-mesenchymal interactions, and throughout the central nervous system in zones where glial precursors are proliferating and migrating. TN-C and TN-W are both expressed at sites of smooth muscle morphogenesis as well as chondrogenesis and osteogenesis, where their expression patterns often partially overlap (32, 37). In the adult, both remain highly expressed in dense connective tissues (28) and in certain stem cell niches (39), but they are largely absent from most other tissues (Figure 2).




Figure 2 | The images to the left show double label immunohistochemistry of the developing gut with antibodies to TN-C, TN-W, TN-R and TN-X. TN-C expression is widespread, while TN-W is found in small patches in a subset of the smooth muscle. TN-R is limited to the autonomic ganglia of the gut, while TN-X is concentrated in the epimysium surrounding bundles of smooth muscle. On the top right is a section of a developing ulna immunostained with antibodies to TN-C and TN-W. Both are strongly expressed in developing bone, with partially overlapping patterns (yellow). On the bottom right is a section though the whisker follicle stem cell niche of an adult mouse. The patterns of TN-C and TN-W expression are more limited in the adult, but they are found in partly overlapping patterns in this stem cell niche. Original images of the developing gut and bone from Meloty-Kapella et al. (40) and adult stem cell niches from Tucker et al. (41) with permission.





3 Expression of the Tenascin Members in Cancer

The TME plays an active role in cancer progression. Therefore, full awareness of the composition and expression patterns of tumor-specific ECM, compared to the matrix of corresponding healthy tissues, is of high clinical importance. Tumor-specific ECM molecules might be harnessed and targeted in combination with more classical anti-cancer treatment approaches for the benefit of patients. Almost 40 years ago, TN-C was identified as an ECM protein enriched in the stroma of glioma (42). As other members of the tenascin family were identified, each was studied in turn to see if it was also expressed in tumor stroma. The next section will focus on the expression patterns of all four members of the tenascin family in solid cancers.


3.1 TN-C: “The Founding Member”

As described above, TN-C is transiently expressed in a highly spatio-temporal manner in various tissues during development (Figure 2). In the adult, its expression is only preserved in a few tissues that mainly have to withstand tensile stress (e.g., tendons, ligaments) (28). A robust re-expression in solid cancers is one of the most intriguing features of TN-C. One of the earliest studies analyzing tumor-specific TN-C expression was performed in mouse models of mammary breast cancer (43). These data described TN-C as an ECM molecule present in malignant breast cancer, but absent in the normal healthy mammary parenchyma as well as in benign tumors of the breast. This initial discovery fueled subsequent studies analyzing various cancers for the presence of TN-C, which resulted in an extremely rich literature on its expression in human tumors. TN-C has been identified in the tumor stroma of basically all cancer types analyzed, including cancers derived from breast, brain, uterus, ovary, prostate, pancreas, colorectal, kidney, biliary tract, stomach, gastric, osteosarcoma, oral cavity, urinary tract, skin tissue and many more [for reviews see (44–47)]. This abundant tumor-specific TN-C expression is compelling as TN-C is only mildly expressed in normal adult tissues, although most of them are not completely deprived of it. In certain cancers, such as renal cell carcinoma, brain and lung cancer, TN-C is expressed adjacent to CD31-positive vascular endothelial cells (48). TN-C is not only abundantly expressed in the tissues of cancer patients, but also detectable in their sera. Several studies reported increased TN-C levels in serum of cancer patients compared to healthy controls in non-small cell lung cancer, squamous cell carcinoma of the head and neck, colorectal cancer, breast cancer, and ovarian cancer (49–52).

The TNC gene is subject to extensive alternative splicing within its FNIII repeats (Figure 1). Hence, many different TN-C isoforms can be produced, with the larger isoforms with additional FNIII repeats typically present during development and in tumors. Indeed, the TN-C isoform spectrum present in the ECM surrounding cancer cells significantly differs from the one in normal ECM (53–56). Consequently, not only general detection of TN-C in tumor stroma is important, but also knowledge about the precise expression of tumor-specific TN-C isoforms is relevant for translational use, as different isoforms in the stroma might affect cancer cell behavior in a distinct way (57). While alternative splicing adds another level of complexity to the multifunctional activities of TN-C, tumor-specific TN-C isoforms also represent promising exploitable targets for anti-cancer therapies (58, 59).

The observation of a tight regulation of TN-C expression during development, in the adult, and in cancers prompted numerous studies trying to elucidate the regulatory mechanisms for this multifunctional ECM molecule. Many factors have been identified, both in vivo and in vitro, that lead to induction of TN-C. Inducing stimuli include patterning genes during development such as paired-related homeobox 1, as well as growth factors (e.g., PDGF, TGFβ1, FGF2), inflammatory cytokines (e.g., IL1α, IL1β), biophysical properties of the microenvironment (e.g., hypoxia, ECM stiffness), mechanical stress, activated signaling pathways, and micro RNAs (miRNAs). In contrast, glucocorticoids are known to repress TN-C, though the exact molecular mechanism underlying this repression is not clear (60, 61). While some of these regulatory mechanisms might also be relevant for TN-C expression in tumors (e.g., TGFβ1 in breast cancer), the transcription factor SOX4 has been shown to induce TN-C in many malignancies (62). In addition, a crosstalk between TN-C and Notch signaling has also been described in glioma (63). The proximal TNC promoter contains a crucial RBPJκ binding element and in glioblastoma, TN-C was shown to be trans-activated by Notch2 signaling in an RBPJκ-dependent manner. How alternative splicing of the TNC is gene is regulated is not well understood. Apart from some specific splice factors (e.g., Sam68), certain growth factors/cytokines as well as biophysical properties of the microenvironment might also be involved in the splicing regulation of TNC (64–67). Clearly, regulation of TNC is a very complex process that reflects its highly specific expression pattern both in physiological conditions as well as in cancers.

TNC mRNA has been detected both in stromal as well as in cancer cells. Epithelial-mesenchymal interactions between cancer cells and stromal cells results in the differentiation of quiescent fibroblasts into CAFs, which show a unique gene expression profile. TN-C is one of the specific proteins that is secreted and incorporated into a tumor-permissive ECM by CAFs (8). Furthermore, hyperplastic endothelial cells are also a source for TN-C, which showed strong TNC expression in astrocytoma but not in vessels of normal brains (68). Similarly, TNC was also identified as a gene highly enriched in endothelial cells isolated from a panel of malignant compared to normal tissues (69). However, TN-C expression has also been found in many cancer cells, including cancers of the breast, brain, skin, colon, pharynx, and larynx as well as in oral squamous cell carcinoma (46). The strongest TN-C positivity is often observed in the cancer cells at the periphery of malignant nests suggesting a role for this tenascin in driving invasion and migration (70). The importance of epithelial-mesenchymal interaction for TN-C expression is illustrated by the fact that in co-culture experiments cancer cells are able to induce TN-C expression in otherwise TN-C-negative fibroblasts (71), while TN-C-negative cancer cells start to express this tenascin when co-cultured with embryonic mesenchyme (72).



3.2 TN-R: “The Brain-Specific Member”

TN-R shows a very tissue-specific expression pattern during development and in the adult as it is only detectable in the nervous system (Figure 2) (22, 73). Relatively few studies focused on the expression and function of TN-R in cancers, and its expression was only revealed in brain cancer. As often is the case with a low number of studies and lack of functional analyses, the expression as well as the role of TN-R in brain cancer remains controversial. Although TN-R was found to be expressed in fetal cerebellum, TN-R was not detectable in the most common malignant brain tumor in children, medulloblastoma, as assessed by a cDNA microarray as well as immunohistochemistry (74). In contrast, analysis by high resolution northern blot displayed TNR in both astrocytoma and meningioma (75). Ayachi et al. show by quantitative real-time PCR (qPCR) and in situ hybridization (ISH) that TNR was over-expressed in pilocytic astrocytoma and ganglioglioma, two non-invasive tumors, while in low-grade infiltrative glioma and glioblastoma, TNR expression was moderate and negative, respectively (76). These results suggest that TN-R could act as a suppressor of glioma invasion. But clearly, more studies are required to allow a conclusive verdict to be given about the role of TN-R in brain and in other cancers.

Regulation of TNR remains not well-understood at the moment. Some growth factors and cytokines, including PDGF and NGF, have been shown to induce TN-R in vitro. TN-R is mainly produced by oligodendrocytes. Co-culturing these cells with either astrocytes, neurons, or conditioned medium from activated microglia modulates TN-R expression (60). Whether any of these or related mechanisms play a role in aberrant TN-R expression in cancer is not known.



3.3 TN-X – “The Controversial Member”

TN-X is found in epimysium and loose connective tissues (Figure 2) (32). As with TN-R, only a few studies have addressed TN-X expression in tumor-specific ECMs, and the results of these studies have proven to be controversial. TN-X levels were found to be elevated in the tumor stroma of malignant mesothelioma, ovarian cancer, and low-grade astrocytoma. In the latter, TN-X was expressed in the adventita and the perivascular niche (77–80). In mesothelioma, high TN-X expression allowed the differential diagnosis between malignant mesothelioma and lung adenocarcinoma (78) as well as between malignant mesothelioma and ovarian carcinoma/peritoneal serous carcinoma (77). TN-X is also expressed by Hodgkin lymphoma-derived Reed Sternberg cells (81). Additionally, elevated TN-X concentrations were detectable in serum of breast cancer and ovarian cancer patients compared to control serum (79). Contradictory results were observed in high-grade astrocytoma, malignant nerve sheath tumors, melanoma, and cancers of the uterus (leiomyoma) (80, 82–84). In these malignancies, TN-X was markedly reduced compared to their corresponding normal tissues or to their benign forms. The most elaborate study on TN-X expression in cancer, which used in silico analyses of expression data as well as immunohistochemical screening of tissue microarrays, was recently published (85). In this study, TN-X was found to be downregulated in the six cancers with highest incidence and mortality in the world (lung, breast, colon, prostate, stomach, and liver) as well as in all other cancers tested. Notably, diminished TN-X levels were found in the cancers reported to have upregulated TN-X expression by others (see above). Only in brain cancers (astrocytoma, glioblastoma multiforme and oligodendroglioma) was TN-X found to be enriched compared to healthy tissue. For lung adenocarcinoma and breast cancer, clinical data matching the in silico datasets were also available, which allowed to establish a negative correlation between TN-X expression and tumor stage as well as patient survival. These data suggest that TN-X levels are reduced in most cancers and that TN-X might represent a promising prognostic biomarker (85). Tumor-specific TN-X downregulation was also shown in another study examining The Cancer Genome Atlas for ECM molecule dysregulation in a large panel of malignancies (86). While 58 of the 249 ECM molecules analyzed were dysregulated in cancers, TNXB was found to be the most significantly downregulated gene overall. However, all these data have to be interpreted carefully since (i) TN-X RNA and protein levels did not always correlate; (ii), TN-X downregulation was not observed in every clinical specimen analyzed from the same cancer type; (iii) TN-X was still readily detectable in cancer tissues. However, these observations definitely warrant additional studies looking at TN-X expression and function in cancers.

Very limited data are available regarding TNXB gene regulation. So far, there is no evidence that TNXB responds to any growth factors or cytokines, which is in contrast to the other tenascin members. This is somewhat surprising since several putative binding sites for Sp1/Sp3 transcription factors were identified close to the transcription start site and found to be functional and required for driving TNXB expression. However, the upstream signaling pathways remain elusive. As with other tenascin family members, it is known that glucocorticoids have a negative effect on TNXB levels. However, details remain unresolved (60).



3.4 TN-W: “The Most Tumor-Specific Member”

TN-W is the newest member of the tenascin family, which was often found co-expressed or at least in the vicinity of TN-C during development (Figure 2) (25, 26). Since TN-C has been known for its high expression in the tumor stroma of breast cancer, initial studies on TN-W in tumors focused on this tissue as well. Using different breast cancer mouse models, TN-W was found to be enriched in the tumor stroma surrounding breast cancer cells. However, tumor stroma was only positive for TN-W in the models with a high likelihood to metastasize and not in the non-metastatic ones (87). Encouraged by these findings in mice, the human orthologue was cloned, expressed, and antibodies raised against it. The first tissues analyzed resulted in intriguing observations. In healthy normal breast and colorectal tissues, TN-W was not detectable at all, while their corresponding cancerous tissues displayed a robust and highly significant de novo expression of TN-W (52, 88). Screening of additional human tumor types confirmed these initial observations: TN-W was strongly enriched in the stroma of brain (glioblastoma, oligodendroglioma, astrocytoma), prostate, kidney (clear cell carcinoma, papillary carcinoma, chromophobe renal carcinoma, and oncocytoma), ovarian, prostate, pancreas, biliary tract (liver carcinoma, gallbladder carcinoma), and lung cancers as well as in melanoma (48, 89, 90). Most significantly, TN-W was not detectable in the corresponding healthy tissues. However, TN-W expression in tumors was heterogenous, varying from low to very high levels, but was significantly increased compared to the normal tissues in most of the cases tested. For some metastatic melanoma patients, lymph node metastases as well as metastases from diverse locations (spleen, lung and skin) were found to be TN-W positive (87.5% of lymph node metastases, and 85% of other metastases) (48). Similar to TN-C, TN-W was often found to be expressed in close proximity to the vasculature as assessed by co-staining of TN-W with endothelial cell markers CD31/Pecam-1, von-Willebrand-factor, and Desmin in at least kidney, lung, breast, colon, ovary, and brain cancers (48, 90). Elevated concentrations of TN-W could also be measured in the serum of breast and colon cancer patients compared to healthy controls using a sensitive TN-W sandwich ELISA (52).

Although the list of solid cancers with prominent upregulation of TN-W is constantly growing, some very elementary questions about TN-W in tumor stroma remain. For instance, what is the cellular source of its expression? It is believed that TN-W is mainly expressed by stromal cells mediated by epithelial-mesenchymal interactions. This statement is supported by immunohistochemical analyses of TN-W that never revealed any TN-W expression in cancer cells as well as by in vitro experiments unsuccessfully trying to detect endogenous TN-W in numerous cancer cell lines of various origin (26). The concept of stromal cell origin of TN-W was reinforced by observations that bone marrow-derived stromal cells exclusively expressed TN-W when co-cultured with malignant cells in a xenograft model of breast cancer cell displaying metastatic propensity toward bone (91). However, a recent study screening for TNW transcripts in 20 biliary tract cancer cell lines is challenging the idea about pure stromal cell origin of TN-W (89). While most of the cells displayed very modest or negligible TNW levels, Huh-28 cells, an intrahepatic cholangiocarcinoma cell line, showed high levels of TNW. These results were further confirmed by immunoblotting and immunocytochemistry. Notably, when cultured alone, TN-W in Huh-28 cells was mainly observed to be intracellular without being organized and incorporated into the ECM. However, when co-cultured with bone marrow-derived stromal cells, Huh28-derived TN-W organized into ECM fibrils surrounding nests of tumor cells, a situation that closely mimics the situation of tumors in vivo (89). Therefore, there is strong evidence that proper epithelial-mesenchymal crosstalk is required for formation of TN-W-positive fibrils, but also that cancer cells themselves might represent a cellular source for TN-W, which is similar to the situation for TN-C. Additional experiments, such as ISH on tumor samples, are required to fully elucidate the cell types responsible for TN-W expression and to know whether the cellular source might differ among distinct tumors.

Another open question about TN-W expression in tumor stroma concerns the regulatory mechanisms of its de novo expression. Most of the available knowledge on this topic has been gained in in vitro studies of mouse and chicken cells. Growth factors, such as BMP2, BMP7, and TNFα induce TN-W in mouse embryonic fibroblasts, mouse cranial fibroblasts, mouse C2C12 myoblasts, HC11 normal mouse mammary gland epithelial cells, mouse bone marrow-derived Kusa-A1 cells as well as in primary chicken osteoblasts (14, 92, 93). In addition, Wnt5a seems also indirectly involved in triggering TN-W expression through p38/MAPK signaling (94). However, the molecule that acts as the upstream inducer has not been identified. In contrast, none of these factors have been shown to be able to activate TNW in human cells. Today, we only know that TGFβ1 signaling has an inducing effect on TN-W. Breast cancer cells secrete TGFβ1 into the tumor stroma, where the growth factor is sensed by bone marrow-derived stromal cells, which leads to a Smad4-dependent induction of TNW in the stromal cells (91). Negative impact on TNW transcripts has been attributed to glucocorticoids, which is similar to their effect on TNC and TNXB (60). More studies and research are required to better understand cancer-specific expression of TN-W.

There is not much evidence available for the presence of specific TN-W isoforms or TN-W modifications. The only observation in this regard was gained in the Huh-28 cells, which showed a TN-W protein with a higher molecular weight than expected (89). Whether this result hints at a tumor-specific isoform, modification, or multimerization of TN-W in this cell line and whether it has any relevance in vivo remains to be seen.




4 Potential Cancer-Promoting Activities of Tenascins

As mentioned before, tenascins are multifunctional matricellular proteins with a highly specific pattern of expression during development and in cancer. Although each family member might be involved in cancers to some extent (see above), currently there is only robust and consistent data about expression and function in tumors for two of the family members: TN-C and TN-W. Therefore, we put the focus in the following chapters on TN-C and TN-W and try to emphasize their role in regulating various cellular processes required for tumor progression (Figure 3).




Figure 3 | Overview of oncogenic activities of TN-C and TN-W. As matricellular proteins, TN-C and TN-W can influence various cellular processes involved in tumor progression by modulating the interplay between stromal and epithelial cells or other cells. Schemes were created using www.biorender.com.




4.1 Modulation of Cell Adhesion

The potential to modulate cell adhesion is probably one of the most described and studied characteristics of TN-C. TN-C is an anti-adhesive molecule, which, as substratum, does not promote attachment and spreading of either epithelial cells (e.g., breast cancer cells) or fibroblasts (95). The most prominent feature of TN-C is its inhibitory effect on fibronectin (FN)-mediated cell adhesion (13). Attachment and spreading on FN requires cells to engage synergistically both the heparan sulfate proteoglycan receptor syndecan-4 and integrin α5β1. However, TN-C can bind to FN at a heparin binding motif located around the 13th FNIII repeat, which leads to a competitive hindrance of syndecan-4 binding to FN. Consequently, the presence of TN-C (such as in tumors) inhibits cell spreading and increases cell proliferation (96). Similar, but less consistent and less understood properties, have been found for TN-W in regulating cell adhesion. Initially, a TN-W substratum was found to be anti-adhesive for human breast cancer cells, while it promoted human fibroblast attachment, but not proper spreading. However, for both cell types, the presence of TN-W did not interfere with FN-mediated attachment (88). Different results were observed in primary chicken osteoblasts, mouse C2C12 myoblasts, embryonic fibroblasts, and whisker follicle stem cells, for which TN-W was able to interfere with FN-mediated cell spreading when soluble or used as substratum (41, 97). These results suggest that the activity of TN-W to modulate cell adhesion and spreading is cell-type specific. For cancer cells, TN-W seems to be anti-adhesive and not able to interfere with FN-mediated cell attachment, while for normal cells, TN-W shares the anti-adhesive properties of TN-C towards FN-mediated cell spreading. However, the mechanistical details underlying the latter observation remain unknown, as direct TN-W/FN interactions have yet to be reported.



4.2 Cell Proliferation

In vitro, cancer cell lines can be stimulated to become hyperproliferative by the addition of recombinant TN-C (45). This is most likely the consequence of TN-C impairing cell adhesion to FN by blocking the binding site of syndecan-4 (96). As a result, tumor cell proliferation was enhanced in the presence of TN-C. Gene expression profiling revealed the mechanistical details for this effect: TN-C disrupts the actin cytoskeleton by downregulation of tropomyosin 1, while it was able to de-repress and activate Wnt and MAPK signaling, respectively (98). Besides having a pro-proliferative effect on cancer cells, TN-C is also able to stimulate proliferation of endothelial and smooth muscle cells (45). The mitogenic activity of TN-C is supported in vivo by immunohistochemistry showing TN-C co-expression with the proliferation marker Ki-67/Mib-1 in many invasive carcinomas (99), and the observation that TN-C is associated with proliferative epithelial cells in regenerating epithelia (100). A study by Swindle et al. also revelaed that select EGF-like repeats of TN-C might promote proliferation in an EGFR-dependent way by activating downstream MAPK signaling (101). In contrast, there are not many studies available on the effect of TN-W on cell proliferation. While an anti-proliferative activity was reported for TN-W in the murine osteoblastic cells MC3T3 (92), treatment of MDA-MB231-1833 breast cancer cells with different concentrations of recombinant TN-W resulted in a significant increase of BrdU incorporation, suggesting that TN-W is able to stimulate cancer cell proliferation (91).



4.3 Cell Migration/Invasion

In clinical specimens, TN-C is often expressed in the intratumoral stroma but also at the invasive front of the tumor nests (46). TN-C expression at the invasive front is correlated with aggressive tumor behavior and poor prognosis and is suggestive of a role for TN-C in promoting migration and invasion of cancer cells (45, 46). These observations could be recapitulated in vitro by showing increased motility of various cell types, including cancer cells, fibroblasts, endothelia cells, and smooth muscle cells, in the presence of soluble TN-C or TN-C as substratum (102–104). Again, the TN-C-mediated cell adhesion modulating effect might explain the mechanisms underlying the pro-migratory outcome. In the presence of TN-C, cancer cells cannot properly spread, favoring an intermediate state of adhesions with suppressed Rho activation and actin-rich filipodia, which enhances their motile behavior (105). In contrast, lack of TN-C allows cell spreading and the formation of stable focal adhesions with stress fibers. Similar pro-migratory properties can be attributed to TN-W, although the molecular mechanisms have not been elucidated yet. First evidence for this finding has been gained in the highly metastatic murine mammary cancer cell line 4T1, which showed a faster migratory behavior across a transwell filter coated with TN-W (87). A follow-up study using human T47D breast cancer cells lines confirmed this result and showed that treatment of the cells with soluble TN-W increased their migratory phenotype (88). Accordingly, the migration of chicken osteoblasts across filters coated with TN-W was stimulated and TN-W added to the medium increased osteoblast migration when cultured on FN-coated filters when compared to controls (106).

Another prominent feature that is linked to altered motile behavior is the process of epithelial-mesenchymal-transition (EMT). While EMT is crucial during development, cancers often use this process for invasion and their dissemination into distant organs (107). TN-C has been found to be able to promote EMT. In MCF7 breast cancer cells, TN-C induced EMT-like morphological changes, which, on a molecular level, included the delocalization of E-cadherin and β-catenin correlating with tyrosine-protein kinase SRC activation and the SRC-mediated phosphrorylation of FAK (108). Subsequently, these changes were accompanied by cell detachment from the substratum and an enhanced migratory cell phenotype. In clinical breast cancer specimens, a frequent upregulation and co-localization of TN-C with the mesenchymal marker vimentin was observed at the invasive fronts of cancers in those cells having a more scattered and mesenchymal-like morphology. Such a cancer fingerprint could be correlated to increased malignancy in breast cancer (109). These data suggest an active role for TN-C in promoting EMT-like features. In regard to this, a recent in vitro study identified the highly conserved C-terminal FBG of TN-C and TN-W as activators of latent TGFβ (110). Subsequently, the mature TGFβ is presented to cells, which elicits an intracellular smad-dependent signaling cascade. Since TGFβ is a potent inducer of EMT (111), these data indicate that the FBGs of tenascins might be able to promote a TGFβ-mediated EMT. Whether this process plays an active role in TN-C- and/or TN-W-rich tumor stroma remains to be elucidated. However, EMT-promotion by tenascins represent intriguing options for them to drive cancer progression.



4.4 Metastasis and the “Cancer Stem Cell” Niche

Metastasis is a complex multistep process by which cancer cells gain the power to escape from the primary tumor mass, disseminate into the vasculature and throughout the body, and finally home and colonize distant organ sites to form secondary cancers (112). On this journey, cancer cells must overcome several hurdles and challenges. Successfully disseminated cancer cells often are able to produce a specific microenvironment, a so-called niche, that protects them and enables them longer survival in a hostile environment during their metastatic journey (70, 113). The invasive front of tumors has been suggested to be rich in cancer-initiating cells (“cancer stem cells”) and the same region is known to express high levels of TN-C, indicating that TN-C might be a component of the metastatic niche (70). Disseminating breast cancer cells that express their own TN-C have survival advantages early on until the CAFs take over and produce TN-C, creating a niche that supports their fitness by modulating stemness-like signaling pathways such as Wnt and Notch (70, 114). A more recent study promotes TN-C as a specific and highly-expressed molecule of the lymph node pre-metastatic niche in muscle invasive bladder cancer (115). In this niche, TN-C induction by CAFs is believed to be triggered by cytokines present within tumor cell-derived extracellular vesicles (EV). Hence, infiltrating tumor cells secrete EVs with signaling cues that prepare a TN-C-rich niche, which provides survival advantages (115). Similar findings have recently emerged for TN-W (91). Breast cancer cells on their way to metastasize to bone are surrounded by a specific niche, established by epithelial-mesenchymal interactions. Cancer cell-derived TGFβ1 induces de novo expression of TN-W in the stromal cells, providing an important component for the metastatic niche. Accordingly, aberrant presence of TN-W in the metastatic niche, shaped and tailored by the cancer cells, provides the stimuli for increased cancer cell proliferation and migration, thereby increasing the risk for bone metastases (91). In vitro studies in biliary tract cancers revealed that TN-W fibrils are only formed in the presence of stromal cells (89). This observation might reflect such a metastatic niche as well. In there, TN-W can carry out its potential oncogenic activities leading to the successful dissemination of the cancer cells.

TN-C is also believed to influence metastasis by its very specific organization in the tumor matrix networks. Together with additional ECM proteins, TN-C remodels the ECM to form channel-forming, migratory tracks, which provides signaling cues for the survival of cancer cells and supports dissemination of cancer cells during the metastatic process (116, 117). Notably, periostin (POSTN), another matricellular ECM molecule associated with the metastatic niche (118), interacts with TN-C and is responsible for TN-C incorporation into this specialized ECM organizational units. While doing so, POSTN might enhance collagen cross-linking, which leads to the formation of migratory tracks during metastasis (119). Functionally, both POSTN and TN-C are known to be able to activate Wnt signaling in cancer cells by recruiting Wnt ligands and the downregulation of the Wnt signaling pathway inhibitor DKK1, respectively (98, 118). The education of stromal cells to produce POSTN and TN-C by infiltrating cancer cells represents a crucial step during the metastatic process, which might be exploitable for anti-cancer therapies.



4.5 Angiogenesis

TN-C as well as TN-W are found associated with endothelial cells in various cancers suggesting that both tenascins might play a role in promoting tumor angiogenesis. In vitro, both tenascins trigger an elongated morphology and motility of human umbilical vein endothelial cells (HUVEC), properties related to angiogenic endothelial cells (90). Presence of either TN-W or TN-C in a collagen gel induces endothelial cell sprouts in gel-embedded HUVEC spheroids compared to collagen alone (90). Similarly, injection of malignant melanoma cells into TN-C-deficient mice revealed significantly less vascularization within the tumor mass (120). All these data point towards an active role for TN-C and TN-W in promoting angiogenesis in cancers. Indeed, TN-C in the TME contributes to the angiogenic switch in neuroendocrine tumors (121) and belongs to the AngioMatrix signature (a panel of 110 ECM genes) that correlates with poor prognosis in glioma patients (122). In addition, a higher vessel density, but less functional vessels, are also observations attributed to high TN-C levels in tumors (121). How TN-W triggers angiogenesis mechanistically has yet to be addressed. For TN-C, it is known that its presence in the mesenchyme results in increased levels of the pro-angiogenic factor VEGF in A375 melanoma cell transplant experiments (120) and TN-C is able to repress Wnt signaling by DKK1 in tumor and endothelial cells creating a proangiogenic TME (121). Increased complexity was revealed by a more recent study showing that TN-C can regulate both pro- and anti-angiogenic factors (123). Direct contact of TN-C with endothelial cells inhibits YAP signaling by disrupting actin polymerization. Since YAP signaling is required for the induction of pro-angiogenic genes (e.g., CTGF and CYR61), endothelial cell survival, proliferation, and vessel formation is impaired. In contrast, brain cancer cells exposed to TN-C respond by secretion of pro-angiogenic signals promoting tubulogenesis of endothelial cells. Hence, TN-C can play multiple and opposing roles during tumor angiogenesis depending on the cells with which it interacts.



4.6 Immunomodulation

Although it has been known that TN-C is able to shape innate and adaptive immunity (124, 125), its impact on tumor immunity is not fully elucidated yet. Studies have revealed that the C-terminal FBG of TN-C as well as of TN-W is able to activate TLR4 on either macrophages or fibroblasts (35, 126). TLR4 is a key component of the innate immune system and when activated stimulates the secretion of pro-inflammatory cytokines such as IL6, IL8, or TNFα (127). In vivo relevance for TLR4 activation by the FBG of TN-C was established in an orthotopic grafting model of breast cancer (128). Application of a therapeutic monoclonal antibody raised against the FBG of TN-C blocked TLR4 activation and reduced primary tumor growth and metastasis (128). The same authors reported a dual role for TN-C on tumor immunity depending on its cellular source: while tumor cell-derived TN-C polarized macrophages towards a pathogenic, immune-suppressive phenotype, host stromal cell-derived TN-C promoted immunity by recruiting anti-tumoral macrophages. Additional roles for TN-C in modulating the immune system in cancers are only recently emerging. In a mouse model, prostate cancer-initiating cells were protected from immune surveillance by over-expressing TN-C, which in turn was able to inhibit T-cell proliferation and effector functions (129). Similar results were obtained in a study in brain cancer. There, TN-C is packaged into exosomes derived from brain tumor-initiating cells and released into the microenvironment, where it can suppress systemic T-cell responses through an α5β1 or αvβ6 integrin-dependent inhibition of T-cell activation and proliferation (130). Both studies promote TN-C as a molecule providing protection for cancer-initiating cells from host-derived immune surveillance. Moreover, TN-C was recently shown to contribute to an immune-suppressive microenvironment in oral squamous cell carcinoma by mobilizing dendritic cells in the tumor stroma through binding CCL21 (131). Similarly, TN-C was responsible for the induction of CXCL12, which in turn immobilized CD8+ tumor infiltrating T lymphocytes (CD8 TIL) in the matrix. Trapped in the TN-C-rich matrix, CD8 TIL could not combat and kill breast cancer cells, suggesting a role for TN-C in anti-tumor immunity escape (132). The newest discovery that the FBGs of both TN-C and TN-W can activate latent TGFβ renews speculation about a potential involvement of tenascins in tumor immunomodulation (110) since TGFβ is a potent suppressor of immune responses (133). Data on the effect of TN-W in immunomodulation remain absent apart from the potential of its FBG to activate TLR4 and TGFβ. Whether such activities might play a role in tumor progression has to be addressed in the future.



4.7 Therapy-Related Activities

Cancer therapy resistance represents a major hurdle and some evidence suggests that TN-C might be involved in this process. In a melanoma model, knockdown of TN-C not only significantly diminished the stem cell-like cells in melanoma spheres, but also lowered their resistance to doxorubicin treatment (134). Therefore, it can be assumed that TN-C is a driver of melanoma progression as it provides protective cues for therapy-resistant melanoma-initiating cells. A tumor-specific large TN-C isoform was shown to confer gemcitabine resistance in pancreatic cancer cells by the canonical phosphatidylinositol 3-kinase/AKT/NF-κB signaling pathway by its interaction with Annexin2 (135). In a study aiming to determine changes of stromal proteins in breast cancer following neoadjuvant chemotherapy, TN-C was identified as a molecule being important for conferring cancer cell resistance to doxorubicin- and docetaxel-based neoadjuvant chemotherapy by activating the integrinβ1/mTOR pathway (136). Moreover, a correlation of high TNC expression with tamoxifen resistance was identified in a clinical study analyzing 1286 primary breast tumors by qPCR (137).

Having reviewed the functions of TN-C in tumor immunity, TN-C might also affect the success rate of anti-cancer immunotherapies. Regarding this, a recent study identified a molecular mechanism explaining the observation that triple-negative breast cancers (TNBC) often do not respond to T-cell-mediated immunotherapies (138). In TNBC, defective autophagy-mediated TN-C degradation results in TN-C accumulation, which impairs T-cell-mediated tumor cytotoxicity. This phenotype could be reversed by inhibition of TN-C suggesting an important role for TN-C in autophagy deficiency-mediated immunosuppression. Consequently, blocking TN-C by specific anti-TN-C antibodies could boost the efficiency of immunotherapies in TNBC.

In addition to chemo- and immunotherapies, radiotherapy is a frequent cancer treatment option. Radiotherapy triggers DNA damage leading to the death of rapidly dividing cancer cells. However, tissues adjacent to the tumor and other normal cells are also affected. Ionization can lead to the modulation of the ECM and indeed, TN-C has been found to be induced upon this treatment (47). Moreover, it is known that ionization also stimulates an inflammatory reaction, fibrosis, and hypoxia. These conditions are known to mediate high TN-C expression (28). With all the knowledge we have gained about the tumor-promoting activities of TN-C, radiation, while killing cancer cells, might also create a pro-tumorigenic stroma. Whether or not this radiation-induced TN-C plays a role in potential tumor relapses, or secondary tumor formations after radio-treatment, remains to be investigated. Nothing is known yet about TN-W function in therapy resistance.




5 Can We Make Use of the Prominent Expression of TNC and TNW in Tumor Stroma?

Having summarized the expression patterns of TN-C and TN-W in tumors as well as their potential tumor-promoting activities, we plan to shed light on the possibilities they offer to be harnessed for clinical use and for the benefit of cancer patients.


5.1 Diagnostic and/or Prognostic Tumor Biomarker

Cancers are most dangerous when they are able to form distant metastases. Unfortunately, some cancers are only detected when such metastases have already formed rendering therapy even more challenging. In order to prevent this, there is an urgent need for diagnostic tumor markers that recognize premalignant lesion with high specificity and sensitivity. The best-case scenario would be that in adult healthy tissues a potential biomarker is not detectable, while its levels are sharply elevated in early premalignant dysplasia. This would allow an early detection of dysplastic and pre-malignant tissues. Both TN-C and TN-W seem to be interesting cancer biomarker candidates as they are often over-expressed in the tumor stroma (Figure 4A). However, the two tenascins differ significantly in their expression in healthy and noncancerous tissues. A recent screening of a healthy tissue microarray revealed limited basal TN-W expression. Apart for some expression in spleen, kidney, and some adult stem cell niches (e.g., hair follicles), as has been already observed in the initial mouse studies, TN-W was also weakly present in the female reproductive system and in certain glands (89). In contrast, TN-C is readily detectable in a larger array of healthy tissues (Figure 4A). Moreover, it is well established that TN-C upregulation is not restricted to cancers, but that abundant TN-C expression is a prominent feature of many other pathological conditions. These include inflammatory diseases (e.g. arthritis and asthma), infections (e.g. viral infections), and tissue remodeling processes such as wound healing and fibrosis (28). This is in stark contrast to TN-W, for which there is no evidence for de novo expression in pathological conditions other than cancers. Even in conditions with strong TN-C expression such as healing wounds and inflammatory bowel diseases, TN-W is not detectable (Figure 4B). These observations promote TN-W as a better and more tumor-specific tissue biomarker than TN-C (48). However, we have mentioned that TN-C is subject to alternative splicing generating very tissue- and condition-specific isoforms. Therefore, it might be also worth studying tumor-specific expression of distinct TN-C isoforms. It is known that certain splice variants, especially the variants with additional FNIII domains, are expressed in cancerous conditions. Hence, even if normal healthy tissue is expressing TN-C, detection of tumor-specific TN-C isoforms might still be of clinical value as a diagnostic readout.




Figure 4 | TN-C and TN-W expression in human cancers. (A) Examples of immunohistochemical analyses of TN-C and TN-W in human breast, liver, and colorectal cancer as well as in adjacent normal tissues. Note that while TN-W is not expressed in healthy tissues, TN-C is detectable in colon and liver. In glioblastoma TN-C and TN-W show strong expression around vessel-like structures (top). Double immunofluorescence staining of TN-W or TN-C (green) with desmin (red) shows that TN-C encloses all pericytes, while TN-W staining is adjacent to them. Original images of breast tissue from Degen et al. (88), of liver tissue from Hendaoui et al. (89), of colon tissue from Degen et al. (52), and of brain tissue from Martina et al. (90) with permission. (B) Table of all cancer/normal tissues that have been analyzed so far for TN-W and TN-C by immunohistochemistry and/or immunoblotting (left). Right table shows non-cancerous conditions with TN-C upregulation and non-detectable (white box) TN-W expression. Fully colored boxes: expressed; gradient-colored boxes: variable expression ranging from low (light) to high (dark). * not assessed yet; MS, multiple sclerosis.



TN-C and TN-W can also be detected in elevated concentrations in serum of cancer patients. But similar to the situation in tissues, increased TN-C levels in serum are also found in additional pathologies. Some of the conditions known to have increased serum TN-C levels include spondylitis, sepsis, myocardial defects, traumatic brain injuries, rheumatic diseases, pulmonary hypertension, Alzheimer’s disease, systemic lupus, idiopathic inflammatory myositis, muscular dystrophy, chronic hepatitis C infection, and chronic renal diseases (139–146). Common to most of these conditions is the fact that they involve an inflammatory reaction. Therefore, it is not surprising that TN-C in serum correlates with C- reactive protein, a common inflammation marker, and represents a questionable tumor biomarker (147, 148). As mentioned above, the presence of certain TN-C splice variants in serum may still have some value as a marker of cancer. In contrast, to date elevated TN-W has only been detected in the serum of cancer patients (52).

Numerous studies also assessed the prognostic value of TN-C. Although these results are often ambiguous, there seems to be a clear trend towards a positive correlation between TN-C levels and local tumor recurrence, the metastatic potential, and poor prognosis in many aggressive human cancers. This correlation was observed in clinical specimens of brain, breast, colon, head and neck, and lung cancer (45). Why this observation is not valid for other cancers is not understood, but it might reflect the multifunctional roles of TN-C and tumor heterogeneity. There are also two studies that report a correlation of serum TN-C with prognostic factors of cancers: In non-small cell lung cancer patients TN-C serum levels correlated with larger tumor size, lymph node metastases and patient’s overall survival (51), while serum TN-C levels in grade 3 breast cancer were significantly higher than in grade 1-2 tumors (50). Moreover, TN-C is known to be a substrate for various matrix metalloproteinases and serine proteases, which can lead to TN-C fragmentation (149). Significantly more small TN-C fragments were found in lung cancer patients who had a higher risk to develop lymph node as well as poor overall survival suggesting that TN-C degradation might be a marker for the metastatic potential of lung tumors (150, 151). Unfortunately, little has been done to date to study the prognostic value of TN-W. Initially, TN-W was found to be mainly enriched in mouse models of mammary cancer that metastasize (87). However, such a correlation could not be confirmed in human breast cancer where TN-W was more strongly expressed in low-grade tumors than in high-grade tumors (88). In lung cancer, TN-W showed a tendency towards higher expression in high-grade compared to low-grade cancers. Similarly, the more severe clear cell carcinoma expressed more TN-W (and TN-C) than the less severe oncocytoma (48). In colorectal carcinoma patients with tumor recurrence, serum TN-W levels were higher than in those without recurrence (52). Although these data suggest some prognostic value of TN-W in certain malignancies, the number of cases analyzed for TN-W are too small to draw any definite conclusions yet.



5.2 Modulating Tumor-Specific Tenascin Expression

TN-C and TN-W are enriched in most solid human tumors. Both molecules also share a broad spectrum of tumor-promoting activities (Figure 3). Reversing their high expression in tumors could be a promising concept to normalize the TME thereby impairing its effect on promoting tumor progression. This approach should be attempted in combination with more classical, cancer cell-targeting therapies with the ultimate goal to limit the metastasis of, and to kill, cancer cells. To target tumor-expression of tenascins and prevent TN-C and TN-W from joining the TME, there are broadly two options: pharmacological inhibition and gene-based approaches.


5.2.1 Pharmacological and Natural Inhibitors

A simple concept for reducing the expression levels of tenascins includes the inhibition of the signaling pathways required for to their activation. However, this approach requires full knowledge about how tenascins are regulated in tumors. While for TN-C several pathways have been reported to lead to its induction (e.g. TGFβ signaling), knowledge of TN-W regulation in tumors remains sparse. In addition, inhibiting such important and canonical pathways will likely have unwanted side effects and therefore, does not represent a feasible approach to target tenascins in tumor stroma.

The use of miRNAs might represent an alternative approach to target tenascins. miRNAs are regulators of post-transcriptional gene regulation, which are also known to play a critical role in different cancer types as their dysregulation has been shown to affect the hallmarks of cancer (152). Therefore, tenascin-specific miRNA could be utilized in combination with additional treatment strategies to increase treatment success against cancer. A major challenge for this approach is the efficient delivery of these agents to target cells, which might require antibodies or peptides. Several miRNAs have been identified to suppress TN-C levels in cancers: miRNA-198 in colorectal cancer (153), miRNA-335 in breast cancer (154), miRNA-150 in head and neck squamous cell carcinoma (155), and miRNA-218 in glioma (156). In brain cancer, miRNA-107 indirectly diminishes TN-C levels by targeting Notch2, a direct inducer of TN-C (157). So far, no data exist about a possible regulation of TN-W by miRNAs.

Glucocorticoids are known repressors of both TN-C and TN-W (60). Therefore, the use of corticoids, which dampen tenascin expression, might represent a promising addition to the treatment cocktail of specific cancer types. Such an approach is applied in the treatment of castration-resistant prostate cancer patients, who receive dexamethasone as monotherapy or as part of their chemotherapeutic cocktail (158, 159). However, the effects of a widespread use of dexamethasone either to attenuate the side effects of chemotherapy or to combat malignancies might be double-edged as it has been shown that the glucocorticoid can enhance lung metastasis of breast cancer cells (160).

Recently, an approach to reduce TN-C in the tumor stroma of pancreatic cancer involved interfering with the aberrant cancer cell-mesenchymal crosstalk, which is required for stellate cell activation (161). These activated stellate cells are responsible for TN-C secretion into the stroma, in which TN-C can activate oncogenic signaling cascades (Wnt/β-catenin via inhibition of DKK1 and YAP/TAZ signaling) leading to tumor progression. The metastasis suppressor, N-myc downstream-regulated gene-1 (NDRG1) is able to dampen tumorigenesis by inhibiting these two pathways as well as by decreasing TGFβ production by cancer cells. The latter factor is required for stellate cell activation, which enables TN-C synthesis. Consequently, upregulation of NDRG1 might have the power to normalize the TME by impairing stellate cell activation thereby preventing induction of TN-C. Interestingly, the anti-cancer compounds thiosemicarbazone potently upregulate NDRG1, which both prevents aberrant epithelial-stellate cell crosstalk and synthesis of TN-C.



5.2.2 Gene-Based Approaches

Another strategy for anti-cancer treatment includes the use of RNA interference (RNAi) technologies. With RNAi, it is possible to specifically target a gene that is known to play a key role in tumor progression. As such it is not surprising that several attempts used RNAi to target TN-C in cancers (Table 1). Double-stranded RNAs specific for the TN-C sequence (ATN-RNA) were used to inhibit its expression in glioma, which are rich in TN-C. ATN-RNA was injected into the brain of 11 patients after initial tumor surgery, and treatment specificity and effects were assessed (162). Thereafter, the study was extended to 46 patients with grade II, III, and IV glioma (163, 164). Both the well-being as well as progression-free and overall survival of the patients were significantly increased in the ATN-RNA treated patients compared to the ones only obtaining brachytherapy. Although promising, this treatment only provided small advantages in survival prolongation. Whether the foreign dsRNA elicited an immune response affecting the patient’s outcome was not assessed. A recent study used the same approach in vitro to show proof of concept for ATN-RNA application in breast cancer (165). ATN-RNA treatment significantly downregulated TN-C in MDA-MB-231 cells and reduced many TN-C-mediated activities for tumor progression, such as cancer cell proliferation and migration. Although, the ATN-RNA approach shows some apparent benefits, systemic delivery of RNAi to the patients remains one of the most difficult challenges in the clinic. We are not aware of any RNAi approaches targeting TN-W in the tumor stroma.


Table 1 | Strategies for targeting TN-C in cancer treatment.




5.2.2.1 Function Blocking Antibodies

In an effort to develop novel and better tools to detect human TN-C, recombinant single-domain nanobodies (Nbs) have been recently raised in the dromedary (166). Nbs possess favorable properties over regular antibodies as they present a high stability, solubility, specificity as well as low immunogenicity. These Nbs recognized the 5th FNIII repeat of TN-C and were able to specifically detect TN-C in formalin-fixed and paraffin-embedded tumor sections. The Nbs also abolished certain pro-tumorigenic functions of TN-C, such as cell adhesion modulation on a FN substratum as well as stromal retention of dendritic cells DC2.4 by CCL21/TN-C. These results promote the newly developed TN-C-specific Nbs as novel molecular tools for detecting TN-C in tumors (diagnostic biomarker) as well as for their potential use as anti-cancer treatment options by blocking the oncogenic functions of TN-C (Table 1). Although TN-W-specific single-domain antibodies have been developed in the dromedary as well (188), so far they only have been tested for the specific detection and imaging of TN-W and not for blocking its functions.



5.2.2.2 Affinity Ligands to TN-C and TN-W as Anti-Cancer Strategy

Well-known challenges faced by conventional cytotoxic anti-cancer drugs are their side effects in normal tissues and the barriers in the organism that the drugs need to cross to reach the target site. Specificity is lacking and high drug doses are required for reaching the required local compound concentration. For these reasons, drug-targeting strategies represent promising new avenues for anti-cancer treatment. High-affinity targeting ligands, such as antibodies, peptides, and aptamers can be used that specifically recognize a molecule overexpressed at the target site. By coupling active pharmacological molecules, it should be possible to maximize the therapeutic effects by specific drug delivery. The idea of targeted therapy was initially developed by Ehrlich more than 100 years ago, who proposed to kill pathogens without harming the body [reviewed by (189)]. This simple concept can be and is currently applied to cancer therapy where malignancies must be specifically targeted and eliminated. TN-C, including tumor-specific isoforms, and TN-W represent very promising targets for high-affinity ligands as they are both explicitly enriched in various tumor stroma and as ECM proteins represent quite stable antigens. The benefits in doing so are twofold: TN-C and TN-W are expressed and accessible in the TME (target site), and their levels represent excellent biomarkers for treatment success. As indicated before, available data so far speak in favor of TN-W being superior to TN-C as a tumor biomarker. This holds true both in regard to its tumor-specific expression and to its more significant threshold defining the stage of transformation from normal to malignant tissues as compared to TN-C. However, as it was identified almost 40 years ago, there is much more known about TN-C biology, function, and expression and more TN-C-specific tools have been developed for studying and targeting TN-C in animal models, preclinical, and clinical trials than for TN-W. Indeed, TN-C targeting approaches are actively exploited in in vivo models as well as in clinical trials for delivering drugs (e.g., cytokines, radionuclides) specifically to distinct cancer tissues (Table 1). Several different tumor-homing agents have been used to target TN-C, including antibody fragments, monoclonal antibodies, peptides, and aptamers. Optimally, the ligand should possess high-binding affinity for TN-C and low immunogenicity. We present a short overview about the most promising approaches, tools and studies, which utilize TN-C as delivery address for anti-cancer payloads.


5.2.2.2.1 Peptides

During the last two years several novel peptide-based approaches for TN-C-targeted anti-cancer therapies have been developed. A peptide PL1 that targets bi-specifically the oncofetal FN isoform (FN-EDB) and a large TN-C isoform (TN-C-C) was identified and shown to home exclusively to the TME as well as to glioblastoma and prostate carcinoma cells in xenografts models (167). When loaded with a pro-apoptotic peptide, the PL1-targeted model nanocarrier was able to shrink glioblastoma in mice and significantly increase their survival. The same authors also developed a specific, octameric PL3 peptide targeting TN-C and cell- and tissue-penetration receptor NRP1. Promisingly, nanoparticles containing PL3-targeted anticancer payloads proved to be very useful in detection and systemic therapy in prostate carcinoma, glioma, and melanoma cells and in the corresponding xenograft mouse models, as the animal significantly survived for longer periods (168). A similar approach was applied by Kang et al. They also used the combination of TN-C and NRP1 as homing addresses for targeting the tumor ECM and neovasculature, respectively. When loaded with paclitaxel, the synergistic dual-targeting nanocarrier showed higher cytotoxic effects and apoptosis rate compared with mono-targeting approaches in glioma models (169).



5.2.2.2.2 Aptamers

Aptamers are short single-stranded oligonucleotides (DNA or RNA) and represent an alternative approach for targeting approaches in tumors. They possess high affinity and selectivity for a specific target, while there is low immunogenicity, amenability to modifications and conjugations, as well as favorable pharmacokinetics. Several TN-C-specific aptamers have been developed that can be used as imaging tools [99mTc-TTA1 (170–172) and GBI-10 aptamers (173)] and PET tracers [18F-Fb-TN-C and 64Cu-NOTA-TN-C aptamers (174)] to localize and detect tumor-specific TN-C expression allowing the planning of personalized treatment strategies as well as tumor monitoring. Aptamers are usually taken up by a variety of solid tumors and are rapidly cleared from the blood and other nontarget tissues, which add to their beneficial properties. A multimodal nanoparticle-based Simultaneously Multiple Aptamers and RGD Targeting (SMART) cancer imaging probe, which is able to simultaneously target nucleolin (AS1411 aptamer), integrin avβ3 (RGD), and TN-C (TTA1 aptamer) hes been described by Ko et al. (175). This probe showed enhanced tumor targeting efficacy and a better signal-to-noise ratio compared to mono-biomarker targeting approaches in various cancers (175). Moreover, TN-C targeting aptamers can also be used as vehicles for delivering radioisotopes or chemical agents to cancerous tissues and present novel potential therapeutic applications. So far, clinical trials with aptamers targeting TN-W have not been reported.



5.2.2.2.3 Antibodies

Antibody-drug-conjugate (ADC) technology aims to home a toxic agent specifically into the tumor using target-specific antibodies. Several ADCs have shown impressive results in treating cancers, which resulted in the approval of 11 different ADCs by the FDA that target hematologic as well as solid malignancies (190). Four crucial features might decide the success or failure of ADC applications: (i) specific tumor targeting; (ii) the property of the antibody itself; (iii) the nature of the cytotoxic payload; and (iv) the method used for linking the payload to the antibody. As described, TN-C and especially tumor-specific large TN-C isoforms (as well as TN-W) represent interesting tumor marker candidates for ADCs. Indeed, several monoclonal antibodies recognizing isoforms of TN-C are in preclinical and clinical stages. For instance, 131I- and 211At-labeled chimeric 81C6 monoclonal antibody (Neuradiab recognizing TN-C-C/D) as monotreatment or in combination with other compounds for the treatment of patients with non-Hodgkin lymphoma, with recurrent glioma, with primary or metastatic brain cancer showed encouraging initial results with relatively low toxicity (176–178). Additional TN-C-specific antibodies have been tested in recurrent malignant glioma patients (antibodies BC-2-131I, BC-4-131I; clinical phase II) and in anaplastic astrocytoma and glioblastoma patients (BC4-biotin + avidin + 99Y-biotin; clinical phase I) and revealed disease stabilization with partial remission (185, 186). Another promising tool consisting of a fully humanized antibody F16 recognizing the variable FNIII domain A1 of TN-C has been developed by Philogen (191). In the small immunoprotein format (SIP), F16 was able to recognize TN-C in several different cancers such as glioblastoma, lymphoma, melanoma, head and neck, and renal cell carcinoma (182, 192–196). The promising biodistribution of F16 prompted its testing for radionuclide as well as cytokine/chemokine combination therapy. F16-124I has been applied in four head and neck cancer patients resulting in a tumor-specific signal in all patients within 24 hours (184). Phase I/II clinical dose finding and efficacy trials (www.clinicaltrials.gov; NCT01240720) have been performed with F16-131I (Tenarad) in eight Hodgkin lymphoma patients (183). Treatment of the patients with F16-131I did not cause any severe toxicity problems and was effective in providing clinical benefit in the majority of the patients. Apart from radiotherapies, F16SIP is currently also evaluated for its potential as combinatory treatment option when coupled to IL2, which elicits an immune response that is able to kill cancer cells. So far, F16-IL2 (Teleukin, Philogen) has been applied in combination with paclitaxel for breast cancer, melanoma, non-small lung cancer [NCT01134250 (180)] as well as in metastatic Merkel cell carcinoma patients (NCT02054884), together with low doses of cytarabine in AML patients with advanced disease (NCT02957032 (181), and simultaneously with doxorubicin in advanced solid tumor and metastatic breast cancer patients (NCT01131364). Initial results for the studies using F16-IL2 are promising as it can be safely and repeatedly administered to patients with lung cancer in combination with paclitaxel (180) and to patients with different solid and metastatic breast cancer together with doxorubicin (179). The strong safety profile and the appearance of early signs of clinical activity of F16-IL2 warrant further studies.

Tumor-homing, extravasation, and penetration of cancer drugs can be improved by conjugation to tumor penetrating iRGD peptides, which is a widely used approach (197–199). Several clinical trials are ongoing in pancreas, colon, and digestive cancers testing the effect of iRGD alone [NCT05052567 (not yet recruiting)] in combination with anti-cancer drugs nabpaclitaxel and gemcitabine [NCT03517176 (completed), NCT05042128 (not yet recruiting)], or with panitumumab [NCT05121038 (recruiting)]. Recently, a study analyzed the effect of genetic fusion of the iRGD peptide to recombinant anti-TN-C-C single-chain antibody clone G11 (58) in U87-MG glioma tumor models compared to the parental antibody (187). Comparative biodistribution studies revealed improved homing to blood vessels, extravasation, and tumor penetration in the presence of the iRGD peptide (187). Such an approach using a tumor-penetrating peptide-functionalized TN-C antibody could be more efficient in delivering therapeutic agents into solid tumor lesions and may develop into a useful strategy for affinity targeting of solid tumors.







6 Concluding Remarks

Tenascins are a family of matricellular proteins that show intriguing expression patterns. During development they are expressed widely in various tissues reflecting their important role in organ and tissue development. In most healthy adult tissues their levels of expression are greatly diminished. Upon disturbance of tissue homeostasis, which often accompanies the initiation of a tumor (200), TN-C and TN-W are sharply upregulated in the TME. There, they make use of their multifunctionality and interact with several other ECM proteins and cell surface receptors, eliciting signaling pathways that drive tumor progression (201).

In the embryo and in the TME tenascins are part of a complex microenvironment with many other ECM molecules and growth factors. With these many potential interaction partners available, tenascins have multiple possibilities to influence cell fate. This enormous complexity makes the study of the real in vivo effects and functions of tenascins in physiological as well in pathological conditions challenging. Can we really study tenascin function in a 2D tissue culture dish? Is the use of 3D conditions or Matrigel of any advantage to determine the in vivo function of these molecules? What all these study models have in common is the limitation that none can fully recapitulate the microenvironment as it exists in vivo. Still, the proper understanding and a thorough characterization of the tenascin members is of utmost importance. Even if the study conditions do not fully reflect the complexity of the in vivo situation, much has been and still can be learned from these experimental approaches. This is especially true for TN-C and TN-W, which are both prominently over-expressed in tumor stroma. The many pre-clinical and clinical studies trying to harness their tumor-specific expression for diagnostic and therapeutic use could not have been done without understanding the basics about TN-C and TN-W biology.

Fundamental to the study of TN-C and TN-W in clinical settings is the availability of excellent antibodies for their detection. For both proteins, outstanding antibodies have been raised (88, 147, 188), and more recent efforts generated TN-C-specific Nbs (166), which might be highly useful for future studies and clinical trials. Unfortunately, research on TN-W lags behind the research focused on its older brother, TN-C. In contrast to TN-C, TN-W function has not been thoroughly elucidated yet and there still remains a lot to be learned about the role of TN-W in tumors, which might clarify why it is expressed at a high level in many cancers. A better understanding of TN-W function and regulation, as well as its interactions with cellular receptors in tumors, might also provide the basis for more attempts in using it as a cancer biomarker or therapeutic target. This, of course, raises the questions about the importance of TN-C and TN-W in tumor ECM. Is it feasible to expect better cancer management or a normalization of the TME by targeting one specific aberrantly expressed ECM protein present in the tumor stroma, such as TN-C, while we know that the TME consists of a 3D meshwork with seemingly countless components? Perhaps after targeting TN-C in tumors stroma, TN-W can compensate for its absence and, therefore, a positive treatment effect is only short-lived or only achieved if both tenascins are targeted. The clinical trials with drug-delivery vehicles targeting TN-C produced some encouraging results in their initial phases (see above). Certainly, it is worth continuing this path of research and making use of their highly regulated expression in tumors. In this regard, TN-W might also represent an interesting and promising tumor-specific homing address for drug delivery: (i) TN-W is often expressed around blood vessels in the tumor stroma, which are often leaky making antibody administration feasible; (ii) TN-W is not known to be upregulated in pathologies other than cancers; and (iii) TN-W is generally not expressed in normal tissues with some few exceptions. However, we are currently not aware of such attempts. It also remains to be understood why among patients suffering from the same type of tumor, TN-W and TN-C expression is very heterogenous. Some patients display very high levels of the tenascins, while other patients only show modest expression [see for example (88)]. Which biochemical, biophysical or clinical properties dictate their regulation of expression in cancer?

Herein, we attempted to summarize some of the knowledge about the tenascin family of ECM proteins in health and cancer. Although we have learned much over the last 40 years, there is still much to be discovered. We are still far from being able to depict the full picture of the specific roles of each of the tenascin members and how they are incorporated into complex ECM networks, and how they are precisely regulated in health and disease. This is true for all four members. As of today, TN-C and TN-W are the most promising family members to be exploited for anti-cancer treatment. However, this does not diminish the potential roles that TN-R and TN-X might play in tumorigenesis. Clearly, more work is required to address and recognize the pleiotropic roles of all tenascin members in physiological as well as in pathological conditions. Only a broader understanding of tenascin biology might give us the chance to use them as exploitable matricellular proteins for cancer diagnosis and monitoring as well as for anti-cancer therapies.
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It is widely accepted that the tumor microenvironment, particularly the extracellular matrix, plays an essential role in the development of tumors through the interaction with specific protein-membrane receptors. One of the most relevant proteins in this context is the transmembrane protein CD44. The role of CD44 in tumor progression, invasion, and metastasis has been well established in many cancers, although a comprehensive review concerning its role in sarcomas has not been published. CD44 is overexpressed in most sarcomas and several in vitro and in vivo experiments have shown a direct effect on tumor progression, dissemination, and drug resistance. Moreover, CD44 has been revealed as a useful marker for prognostic and diagnostic (CD44v6 isoform) in osteosarcoma. Besides, some innovative treatments such as HA-functionalized liposomes therapy have become an excellent CD44-mediated intracellular delivery system for osteosarcoma. Unfortunately, the reduced number of studies deciphering the prognostic/diagnostic value of CD44 in other sarcoma subgroups, neither than osteosarcoma, in addition to the low number of patients involved in those studies, have produced inconclusive results. In this review, we have gone through the information available on the role of CD44 in the development, maintenance, and progression of sarcomas, analyzing their implications at the prognostic, therapeutic, and mechanistic levels. Moreover, we illustrate how research involving the specific role of CD44 in the different sarcoma subgroups could suppose a chance to advance towards a more innovative perspective for novel therapies and future clinical trials.
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1 Introduction

Sarcomas are a heterogeneous group of tumors originating from mesenchymal cells. These rare malignancies account for approximately 10% of childhood solid tumors arising in soft and bone tissues (1), and 2% of cancers diagnosed in adult individuals (representing an overall annual incidence of approximately six adult cases per 100,000 people in Europe) (2, 3). Sarcomas are mostly detected in the extremities (approximately 60%) and the trunk (around 18%) (4), but they can arise from any part of the body (retroperitoneum-12%, head and neck-9%, and mediastinum-1%). Metastases, when detected, are located predominantly in the lung, although are rarely present at the time of diagnosis (around 10% of the cases) (5–7).

According to the World Health Organization (WHO), there are more than 100 histological subtypes of sarcomas with different clinical characteristics (8). This classification considers the histology but also key genetic alterations, which are found within specific sarcomas. During the last decades, our understanding of the molecular mechanisms that underlie most of the sarcomas has been largely determined, contributing to improving diagnosis and treatment. The genetic alterations more frequently detected in sarcomas are: tyrosine-kinase activating mutations (9), gene fusions of growth factors or kinases (e.g., involving ALK, ROS1 or NTRK family) (10–12), gene fusions involving transcriptions factors (e.g., EWSR1-FLI1, PAX3-FOXO1) (13, 14), inactivation of tumor suppressor genes (e.g., NF1, PTEN or TP53) (15–17), gene amplification (e.g. MDM2 and MDM2/CDK4 co-amplification) (18) and epigenetic dysregulation (19, 20).

In addition to genetic alterations, other factors are also involved in the initiation, maintenance, and progression of cancer cells (21). Thereby, it is now widely accepted that the tumor microenvironment plays an essential role in tumor maintenance and progression. Particularly, the extracellular matrix (ECM) regulates many aspects related to the processes of cancer cell invasion, cancer cell dissemination, and the establishment of distant foci of metastasis. The components of the ECM interact with specific protein membrane receptors activating signaling pathways involved in migration, epithelial-mesenchymal transition (EMT), mesenchymal-epithelial transition (MET), and stemness (22). Collagens, proteoglycans, laminins, fibronectins, glycosaminoglycans, as the hyaluronic acid, or matricellular proteins, as periostin, are extracellular components present in the ECM. All of them are able to interact with specific receptors modulating the malignant phenotype, the metastatic processes, or the resistance to drugs (23, 24). One of the more relevant actors in this scenario is the transmembrane protein CD44, which interacts with many ECM components, triggering multiple signaling cascades within tumor cells. The role of CD44 in tumor progression and particularly in the processes of invasion and metastasis has been well established in many cancers mainly of epithelial origin, which have been the subject of excellent reviews (25–27). However, as far as we know, no comprehensive review compiling the data concerning the role of CD44 in sarcomas has been published. In this review, we have gone through the information available on the role of CD44 in the development, maintenance, and progression of sarcomas and analyzed their implications at the prognostic, therapeutic, and mechanistic levels.



2 CD44: Structure, Ligands, and Signaling


2.1 CD44 Structure

The gene encoding human CD44 protein is located on the short arm of chromosome 11 and it is composed of 18 exons (HGNC:1681). Several exons (exons 6-14) undergo alternative splicing generating different isoforms (CD44v2-v10) (Figure 1) (25, 28). The isoform CD44v1 is not present in humans due to the absence of one exon in comparison to the CD44 gene in mice, which is composed of 19 exons instead 18 (28). The CD44 standard isoform, called CD44s (29), is composed of exons 1-5 (N-terminal and ligand binding domain) and exons 15-18 (C-terminal domain), thus excluding all the alternatively spliced exons. There are three differentiated regions in this complex cell-surface glycoprotein (Figure 2): i) the ectodomain, constituted by exons 1-16. It includes the alternatively spliced regions and thus their length is variable. This domain interacts with numerous extracellular ligands; ii) the transmembrane domain (TM, exon 17) and iii) the intracellular domain (ICD, exon 18) which interacts with kinases and other signaling molecules (27, 30) (UniProt accession number: P16070).




Figure 1 | Diagram of full-length CD44 pre-mRNA, CD44s and CD44v6 mRNA in human. CD44 is encoded by 18 exons (ENSEMBL accession number #ENSG00000026508. https://www.ensembl.org/). CD44 isoform 1 (CD44v1) is not present in humans. Exons marked in purple color are always expressed in the ectodomain of all CD44 isoforms. Up to nine exon variants can be inserted by alternative splicing to compose the variable region (Exons 6-14 in red). Exon 17 (yellow) codes for the transmembrane domain (TM) and exon 18 (green) codes for the intracellular domain (ICD).






Figure 2 | Schematic representation of CD44 protein structure. The four domains of CD44 glycoprotein are represented with different colors: ectodomain (purple), variable domain (red), transmembrane domain (yellow), and intracellular domain (green). Ligands interacting with the ectodomain (left), and the different therapeutic approaches (right) are schematically represented. Presenilin‐γ complex promotes the ICD cleavage which can be blocked by using γ-secretase inhibitors (GSIs).





2.2 CD44 Ligands

The extracellular domain of CD44 has been shown to interact with several ligands as for example hyaluronic acid (HA), osteopontin (OPN), serglycin/sulfated proteoglycans, fibronectin, collagen, and matrix metalloproteases (MMPs) (Figure 2). The binding of these ligands to CD44 triggers diverse cellular signaling cascades, some of which have been studied in sarcomas (see below) (25, 27, 31–37). The bioavailability of these biomolecules at the tumor or metastatic sites can modulate cancer progression through the activation of specific pathways. In this section, we analyzed briefly the effects triggered by CD44-ligand interactions.


2.2.1 Hyaluronic Acid (HA)

HA is a primary ECM constituent (commonly found in connective tissue and bone marrow) and the major ligand for CD44 (36). HA is a linear polymer of disaccharide units of β-1,3-N-acetyl glucosamine and β-1,4-glucuronic acid that is synthesized by the hyaluronan synthase proteins (HAS1-3) (38). The CD44/HA binding region resides in the N-terminal domain, located in residues 21-178, and is stabilized by three cysteine disulfide cross-links (39) (Figure 2). Interestingly, the molecular weight of HA, which can vary between dozens (≈5 KDa) and thousands of units (2,000 KDa), affects the binding of HA to CD44 and consequently to the effects that it causes in tumor cells (35). High molecular weight HA (HMW-HA, >500kDa) causes cell cycle arrest and reduces proliferation, neo-angiogenesis, and inflammation (35, 40), while low molecular weight HA (LMW-HA, 1-500 kDa) induces proliferation, ECM degradation processes (mediated by metalloproteases) and cell migration and invasion (35, 41). Ras, MAPK, PI3K, Nanog‐Stat3, Oct4‐Sox2‐Nanog, c-Met or c‐Src kinase signaling are some of the pathways directly modulated through CD44-HA binding (42–45). Merlin-ERM (ezrin-radixin-moesin) family of proteins, acts as a tumor suppressor by inhibiting the CD44-HA signaling (46).



2.2.2 Osteopontin (OPN)

OPN is an acidic phosphoprotein mainly secreted in plasma by macrophages and activated T cells and into the bone matrix by osteoblasts, among other cell types. This protein has been shown to be of predictive value in several types of cancers (47) and to be specifically upregulated in primary cultures from giant cell tumors of bone and desmoplastic fibroma samples (48). The CD44 residues implied in OPN binding involve the region containing amino acids 121 to 140 (47). The CD44/OPN interaction (32) supports tumor progression through the activation of the phosphatidylinositol 3-kinase/Akt signaling pathway (49), increasing consequently cell survival. Several cells, such as MDA-MB-435 or LCC15-MB among other breast cancer cell lines produce increased levels of this protein (50), which provide them with a growth advantage. HIF‐2α (Hypoxia-Inducible Factor 2α) expression is also regulated by CD44‐OPN interaction through a CBP/p300‐dependent mechanism (mediated by CD44-ICD) and it has been demonstrated to promote stem-like properties and tumoral aggressiveness in glioma cells (51).



2.2.3 Proteoglycans

Several proteoglycans are being shown to interact with CD44. For example, serglycin a proteoglycan characterized by repeats of Serine-Glycine dipeptide, is primarily expressed in hematopoietic tissue (52). However, this proteoglycan can be secreted by many cancer cells (e.g., nasopharyngeal carcinoma cells, myeloma cells, non-small cell lung cancers) (53, 54). CD44-Serglycin interaction maintains tumoral cell stemness through CD44 upregulation (as part of a positive feedback loop) mediated by MAPK/β-catenin pathway activation in nasopharyngeal carcinoma cells (55). Another proteoglycan, the versican, which is secreted by tumor stromal fibroblasts and cancer cells, binds to HA and generates HA/versican aggregations through its N-terminal region that contains a G1 domain (56), composed of an immunoglobulin-like domain (57, 58). The macromolecular complexes CD44/HA/versican promoted the invasion events in ovarian cancer cells (59). Another proteoglycan, aggrecan, a major component of cartilage, interacts with CD44, mediates cell adhesion, and induces CD44 oligomerization, which may lead to the triggering of the phosphorylation of Src kinases, activation of Rho-like GTPases or NF-κB activation cascades (60).



2.2.4 Fibronectin and Collagen

Fibronectin and collagens are abundantly present in the ECM and are mostly found in connective tissues. The interaction of fibronectin with CD44 facilitates the extravasation of cells and the adhesion processes, allowing cancer cells to adhere more efficiently to ECM within a metastatic microenvironment (61). On the other hand, collagens are the main components of the ECM which must be degraded so that tumor cells can colonize other tissues and organs. CD44 can upregulate serine protease and collagen-degrading enzymatic expression and its activity to achieve it (62) (see the paragraph below matrix metalloproteinases). Additionally, CD44 and type IV collagen interactions have been involved to participate in cell adhesion processes in colorectal carcinoma cell lines (KM-12c, CCL 188, and MIP-101) (63).



2.2.5 Matrix Metalloproteinases (MMPs)

MMPs are a group of calcium-dependent zinc-containing endopeptidases, which are responsible for tissue remodeling and degradation of ECM components, including collagens, elastins, gelatin, matrix glycoproteins, and proteoglycans (64). Malignant cells produce high levels of these proteins, which allow them to degrade ECM components faster than normal cells (65). The tumor invasiveness promoted by MMP-9 seems to be mediated by the binding of the proteolytically active metalloprotease to the CD44 ectodomain (66). Alternatively, the migration in rounded-amoeboid cells is supported through a non-catalytic mechanism based on actomyosin contractility modifications via CD44-MMP9 interaction (65). The metalloproteinase MT1-MMP, also known as MMP14, colocalizes with CD44 forming a complex through the hemopexin-like (PEX) domain in the MT1-MMP and the CD44-ICD, whose interaction is indispensable for degrading the extracellular matrix barrier during cancer invasion and is also involved in the CD44 ectodomain cleavage (see below) (67, 68).




2.3 Signaling Pathways Activated Through CD44

CD44-dependent signalling pathway activation takes place through two different mechanisms: i) the interaction between adaptor molecules and the intracellular domain (CD44-ICD) (28, 37) and ii) through the direct translocation of the CD44-ICD to the nucleus (37, 69, 70).

i) The CD44-ICD domain lacks kinase activity but it can interact with adaptor molecules like ankyrin and ERM (ezrin-radixin-moesin protein family) (Figure 3), which link CD44 to the actin‐cytoskeleton network. These interactions trigger changes in the tumor cell cytoskeletal architecture and cell signaling (e.g., c-Met activation, Ras-MAPK cascade, Snail/β-catenin translocation, or PI3K-AKT pathway activation), playing a role in the regulation of epithelial‐mesenchymal transition mechanisms (EMT) and the activation of angiogenesis, proliferation, and invasion mechanisms (70, 71).




Figure 3 | Schematic representation of the signaling pathways activated through CD44. (A) Interaction between adaptor molecules Ankyrin (blue) and Ezrin-Radixin-Moesin (green) with the intracellular domain CD44-ICD. This interaction triggers modifications in the cytoskeletal disposition and the activation of specific pathways (e.g., c-Met activation, Ras-MAPK cascade, Snail/β-catenin translocation, or PI3K-AKT pathway activation). As consequence, this via is involved in epithelial‐mesenchymal transition mechanisms (EMT) and the activation of angiogenesis, proliferation, and invasion mechanisms. (B) Schematic representations of CD44-ICD signaling via, including the sequential proteolytic cleavage of the CD44 protein. 1) The ectodomain shedding is induced by PKC, Ca2+ influx or cytokines that activate the MMPs (ADAM17, ADAM10 and MMP14, respectively). 2) The presenilin-y-secretase complex is activated and processes the ICD through the specific cleavage sites in the transmembrane domain (residues L-A and residues I-A). GSIs (γ-secretase inhibitors) and the merlin protein can inhibit this second proteolytic processing. 3) The ICD is released and translocated to the nucleus upregulating stemness factors, activators of cell proliferation, epithelial‐mesenchymal transition mechanisms (EMT) regulators and CD44 itself.



ii) On the other hand, CD44-ICD can translocate to the cell nucleus thanks to the transportin1-specific nuclear localization signal (residues DRKPS) present at its N-terminal region and there (Figure 3) (71, 72). At the nucleus, CD44-ICD regulates the expression of some genes through the formation of different complexes with CBP/p300, Runx2, or Stat3 (42, 70, 73–76). Among the genes that have been shown to be regulated by CD44-ICD are some stemness factors (e.g., Nanog, Sox2, or Oct4), activators of cell proliferation (e.g. Cyclin D1 or c‐myc), regulators of EMT (e.g., MMP‐9 or Twist1) or CD44 itself (51, 69, 70, 73, 74, 76, 77).

The translocation of CD44-ICD to the nucleus is preceded by a sequential cleavage (Figure 3) of the CD44 protein (69). The ectodomain cleavage produced between the variable region and the transmembrane domain could be activated by three different pathways; i) the protein kinase C (PKC) which activates the ADAM Metallopeptidase Domain 17 (ADAM17); ii) the calcium influx which activates the ADAM10; iii) the interleukin 1, TGFβ1, or interferon γ which induces the expression of MT1-MMP (MMP14) activating proMMP-2 (78, 79), and promoting cell migration and invasiveness (80–82). Subsequently, a mechanism called regulated intramembrane proteolysis (RIP), which is driven by the presenilin‐γ‐secretases is activated. The presenilin‐γ‐secretase complex, constituted by presenilin 1 and presenilin 2 γ‐secretases, recognizes the proteolytic cleavage sites at the CD44 transmembrane domain (residues Ala278-Leu279 and Ile287-Ala288) and detaches the intracellular domain from the rest of the protein (83), releasing the CD44-ICD domain to the cytoplasm (70, 73, 84). Interestingly, this sequential proteolytic cleavage can be promoted by CD44-ligand interactions (26, 35, 79, 83, 85), while the CD44-ICD releasing can be inhibited by γ-secretase inhibitors (GSI) (69, 77) or by merlin protein. Merlin recognizes the same motif recognized by ERM (71) and can provide a tumor suppressor state by blocking the cleavage site (46).




3 MSCs, CSCs, AND DIFFERENTIATED TISSUES: CD44 EXPRESSION AND INFLUENCE DURING CELL DIFFERENTIATION AND SARCOMAGENESIS

Sarcomas are thought to arise from mesenchymal stem cells (MSCs) or derived progenitors, from which normal differentiated cells are also produced (for example adipo-, chondro-, myogenic, and osteocytic cells) (86). Therefore, the study of the similarities and differences among different grades of cell differentiation, that is, mesenchymal stem cells, sarcoma cells, and normal differentiated cells, is important to understand the role of CD44 in sarcomas.


3.1 CD44 Expression in MSCs, Sarcoma (CSCs), and Differentiated Tissues

MSCs presents different surface markers including STRO-1, CD166, CD146, CD106, CD105, CD90, CD73, CD54, CD44, CD34, CD29 and CD13 (87, 88). CD44 shows high expression in MSCs as well as in sarcomas (89–92). Interestingly, CD44 has been shown to be expressed in the subpopulation of cancer stem cells (CSCs), which can reconstitute the tumor mass. CSCs and MSCs share similar stem-like properties and features. These similitudes among the characteristics of MSC (stemness, healing, regeneration processes, and cell recruitment) and cancer stem cells CSCs (potential for tumor initiation, EMT, tumoral progression, and stemness) with increased CD44 expression have already been broadly described in different cancers (28, 70, 93–97). Concordantly, CD44 is expressed at high levels in most sarcomas (Figure 4). The available data from the public database (DEPMAP Portal, https://depmap.org/portal/) confirms that CD44 expression was elevated in all sarcoma cell lines available in the dataset, with the unique notable exception of Ewing sarcoma, which expresses low levels of CD44 in comparison to the rest of sarcoma cell lines. Controversially, Skubitz et al., performed a CSCs characterization of stem cell markers in 31 soft tissue sarcoma from patients and determined that neither CD44, ALDH1, or CD133 were useful for sarcoma (CSCs) identification in these samples (98).




Figure 4 | CD44 normalized expression of the different cell line sarcoma subtypes. Data extracted from DEPMAP Portal (https://depmap.org/portal/). The number of cell lines in each sarcoma subtype is indicated in brackets.



On the other hand, the CD44 protein is detected in the most differentiated tissues according to the Human Protein Atlas database (https://www.proteinatlas.org/). In consequence, CD44 shows a reduced tissue specificity due to its ubiquitous nature. Despite its ubiquity, CD44 is predominantly found in epithelial cells, bone marrow, and lymphoid tissue. Mesenchymal-derived tissues such as chondrocytes and bone cells have been demonstrated to express CD44 and modulate its expression in specific biological processes (cell-cell and/or cell-matrix attachment, morphological changes observed from osteoblasts to osteocytes, osteoclastogenesis, regulatory function in chondrocytes) (99–101). Additionally, CD44 seems to be involved in the processes of MSCs differentiation (101–105). Interestingly, CD44 expression was suggested to be reduced during the process of differentiation from MSCs to differentiated mature cells (103, 106). Thus, Huynh et al., monitored the process of chondrogenic differentiation from MSCs derived from bone marrow. They analysed the changes in the mRNA profile during differentiation and described several MSC markers, such as CD44, ENG, NT5E, or THY1, that progressively decreased during the differentiation process, while well-established chondrogenic markers (e.g., COL2A1, ACAN, COL9A1, COL11A1, COMP) were up regulated as the process of cell differentiation progressed (106). Moroes et al., studied the effect of CD90 and CD44 on differentiation processes induced in mesenchymal stem cells. The silencing of CD90 decreased the expression of CD44 which promoted the osteogenic and adipogenic differentiation of MSCs in vitro, thus associating the expression of high levels of CD44 and CD90 to the stemness state of MSCs (103, 107). Alternatively, the impairments in maturation processes involving high levels of CD44 were tested in neural differentiation experiments from MSCs and astrocytes precursor cells. Increased expression of CD44 inhibited oligodendrocytes differentiation and arrested the cells at the glial progenitor state. The in vivo research performed in a CD44 misexpression transgenic mouse model (CNP-CD44 mouse), supported that the CD44 overexpression blocked the oligodendrocyte maturation (108, 109). Complementary, Naruse et al., demonstrated that despite the widespread expression of CD44 in progenitor cells at early embryonic stages, the CD44 expression in adults was restricted to a specific mature subtype of cells (granule neurons). Thus, supporting the role of CD44 in the maintenance of stemness properties, but being able to promote differentiation of specific subtypes of neurons and astrocytes (110).

In summary, there is a relatively high expression level of CD44 in MSCs and sarcomas according to different studies and publicly available datasets. The differences in CD44 expression among the stem-like cells (MSCs and CSCs/sarcomas) and differentiated tissues suggest a down-regulation event of CD44 upon differentiation into mature cells, acquiring a new basal level of CD44, corresponding to its novel biological functions, which is susceptible of up/down-regulation.



3.2 CD44 and Tumor Microenvironment

The mesenchymal cell microenvironment has been demonstrated to be crucial for the development of multiple functions of mesenchymal stem cells (MSCs). This microenvironment provides components for cell regeneration and self‐renewal potential maintenance (111, 112). For instance, abundant quantities of HA are produced by MSCs to maintain their stemness (70). Injure healing processes and tissue regeneration are typical MSCs-driven processes, for which MSCs recruitment is mandatory, and CD44s-HA interaction seems to be a determinant mechanism to promote cell migration (113). Therefore, CD44 and the microenvironment play an important role in the processes performed by these cells and as consequence in their derived tumors.

Functionally, the high expression of CD44 benefits CSCs in several situations. CD44 works as a co-receptor for growth factors (CD44v3 co-receipts FGF and VEFG, while CD44v6 co-receipts EGF and HGF) and cytokines in the tumoral niche, potentiating receptor tyrosine kinase or CD44‐mediated signalling (37, 114) and triggering TGF-β up-regulation and the induction of Snail and Twist (115, 116). These two genes are considered key regulators of EMT and cancer progression (117–119). Snail has also been associated with cell cycle regulation, apoptosis evasion, cell adhesion, neuroendocrine differentiation, and chemoresistance (118–120). Twist is thought to promote metastasis, although the mechanisms implied are poorly understood (121, 122). Additionally, CD44-regulated transcription factors related to stem cell expression programs (Sox2, Klf4, Oct4, and Nanog), are commonly identified in MSCs and tumors (115), when CD44 has been knocked-down the expression of these markers (Oct4, Nanog, and Sox2) are notably reduced (123). Consequently, the transcriptional networks mediated by these factors are crucial for stemness properties observed during tissue development (70, 124, 125).

The hypoxic low-ROS (reactive oxygen species) environment is also associated with proliferation and the maintenance of self‐renewal capacities in cancer stem cells (CSCs) and solid tumors (126, 127). In this situation, CD44 has a specific function. HIF‐1α induced by hypoxia promotes glycolytic metabolism, angiogenesis (128), and CD44, CD44v6/v7/v8 expression (129). CD44 regulates ROS-mediated cytotoxicity in tumors through two different mechanisms (70). The interaction of CD44‐ICD-PKM2 (pyruvate kinase isoenzyme type M2) increases PKM2 phosphorylation (suppressing its activity) which promotes the activation of glycolytic metabolism, driving the CSCs to a pro-antioxidant status (130). Low PKM2 activity increases the levels of reduced NADPH which favors the regeneration of reduced glutathione GSH (131, 132). Alternatively, the interaction CD44-XCT (subunit of the cystine‐glutamate transporter Xc), promotes cystine uptake for the synthesis of GSH (133). As consequence, oxidative stress is controlled and reduced, providing a favorable environment for CSCs. The relevance of this mechanism has supposed its targeting through xCT inhibitors, like the sulfasalazine. This molecule has been tested in a dose-escalation clinical study with advanced gastric cancer patients, showing the inhibition of the proliferation in CD44v-positive cancer cells, both in vitro and in vivo (134).




4 Functional Characterization of CD44 in Sarcoma Cell Lines

Most of the studies carried out to understand the functionality of CD44 in cancer have been performed in epithelial tumors, although some relevant works focused specifically on sarcomas.


4.1 Chondrosarcoma

Some studies performed in chondrosarcoma cell lines have contributed to understanding the role of CD44 in these tumors and clarifying the signal transduction cascade triggered upon CD44 stimulation. Suzuki et al., reported that LMW-HA (molecular weight 3.5 kDa) can stimulate CD44 and subsequently, increase c-Met expression and c-Met phosphorylation in the chondrosarcoma cell line HCS-2/8 (45). In a similar study, using the same chondrosarcoma cell line, Kobayashi et al., demonstrated that the mRNA and protein of the urokinase-type plasminogen activator (uPA) and theurokinase-type plasminogen activator receptor (uPAR) were upregulated after CD44 stimulation with LMW-HA. Moreover, it was shown that CD44 stimulation with LMW-HA induced MAPK pathway activation, via phosphorylation of MEK1/2, ERK1/2, and c-Jun. Additionally, the signalling cascade derived from the interaction of HA with CD44 could be disrupted at different points; by using anti-CD44 antibodies, MAP kinase inhibitors, neutralizing anti-uPAR pAb, anti-catalytic anti-uPA mAb, or amiloride (135). These results provide a novel therapeutical alternative and suggest that there could exist an autocrine loop; CD44 stimulation - MAP kinase cascade activation (including c-Met) - uPA/uPAR overexpression, in chondrosarcoma cells that can boost their invasiveness.



4.2 Osteosarcoma

Gene silencing and CRISPR/Cas9-mediated knockout have been used to elucidate the role of CD44 in osteosarcoma pathogenesis, particularly in relation to resistance to treatment and metastasis formation. Knocking-out of CD44 using CRISPR/Cas9 system in the drug-resistant osteosarcoma cell lines KHOSR2 and U-2OSR2 (both resistant to Doxorubicin) showed significant inhibition of migration, invasion, proliferation, and resistance to doxorubicin (136). In another study, CRISPR/Cas9 was also used to knocking-out CD44 in the human osteosarcoma cell lines MNNG/HOS and 143B, both highly metastatic. This study showed the inhibition of cell proliferation and tumor-sphere formation in 3D cultures upon CD44 inactivation (137). CD44 inactivation, through a siRNA strategy, performed by Kong et al., in MG63 and U2OS cells showed a reduction in proliferation rate and inhibited the cell migration and the invasive capability (138). It was suggested that this effect could be a consequence of the downregulation of cathepsin S (a lysosomal cysteine protease of papain subfamily) upon CD44 knocking out. Concordantly, a similar study performed by Gvozdenovic et al., in 143B osteosarcoma cell line using an shRNA-silencing approach to downregulate CD44 expression, resulted in a decrease in the adhesion of osteosarcoma cells to HA, migration, and a diminished capacity to growth anchorage independent in soft agar. However, CD44 silencing favored the growth of the primary tumor and the appearance of pulmonary metastasis in an intratibial xenograft model (139), highlighting the existence of controversial results between in vitro and in vivo situations. Immunohistochemistry analysis of intratibial primary tumor and lung metastasis showed notably lower levels of merlin, a tumor suppressor protein, compared to the same cell lines in in vitro conditions. Therefore, this enhanced malignant phenotype in vivo could be associated with the impairment of the adhesion properties to ECM due to CD44 depletion or the reduced expression of merlin in in vivo conditions. The authors explained that since 143-B cells were obtained through Ki-Ras transformation (140), the enhanced Ras-driven metastatic behavior is evidenced because of merlin protein expression lacked in vivo. Although the mechanism involved in merlin downregulation in osteosarcoma cells has not been yet elucidated, a possible explanation could be deduced from studies carried out in breast cancer cells. In breast cancer cells, the phosphorylation of merlin which promotes its proteasomal degradation is a process initiated by OPN and mediated by the Akt pathway (141), thus suppressing completely the antitumoral activity of merlin. Interestingly, the CD44 expression in osteosarcoma CSCs has been determined to be affected by pimozide treatment (a STAT5 inhibitor). This drug reduced considerably the expression of CD44 among other stem cell markers (CD133, Oct-4, and ABCG2) in KHOS/NP and SJSA-1 cell lines and, in consequence, impaired the growth and stemness of CSCs (142). The available data from the depmap portal (https://depmap.org/portal/) showed some differences in CD44 expression among osteosarcoma cell lines. Thus, MG63, OS252, C396, and HS888T cell lines showed the highest levels of CD44 expression, while NOS1 and HSOS1 had the lowest levels.

In addition to the experimental strategies described above, the study of miRNAs and long non-coding mRNAs that can downregulate CD44 levels have been also useful to determine the role of CD44 in osteosarcoma pathogenesis. For example, ectopic expression of miR-34a represses the expression of CD44 in two osteosarcoma cell sublines (F5M2 with highly metastatic potential and F4 with a low metastatic potential), inhibiting their migration and invasive ability (143). Another miRNA, the miR-199a-3p that targets directly the 3′-UTR region of CD44, produces a reduction in the levels of CD44 mRNA. Interestingly, miR-199a-3p levels are notably reduced in osteosarcoma cells and tumors compared to normal osteoblast. The overexpression of miR-199a-3p in KHOS and U-2OS inhibited CD44 mRNA levels and significantly increased the sensitivity of these cells to doxorubicin (144). In other studies, in vitro knockdown of the oncogenic long non-coding RNA GAPLINC (Gastric adenocarcinoma predictive long intergenic non-coding) in HOS and Saos-2 osteosarcoma cell lines, reduced migration and invasion by inhibiting considerably CD44 expression, although it does not impair cell proliferation (145). In summary, these studies suggest that the CD44-miR-199a-3p axis and GAPLINC regulation are relevant regulators in the development of metastasis, tumor recurrence, and drug resistance in osteosarcoma cells mediated by CD44.



4.3 Ewing Sarcoma

Ewing sarcoma, an extremely rare sarcoma that arises mainly during childhood and adolescence, presents a notably reduced expression of CD44 compared to the rest of the sarcoma cell lines (Figure 4). The explanation for this difference could rely on the CD44 gene regulation, which contains an element recognized by the ETS-1 (v-ets erythroblastosis virus E26 oncogene homolog 1) family transcription factors. Ewing sarcoma is genetically characterized by a balanced chromosomal translocation, in which a member of the FET gene family (FUS, EWSR1, or TAF15) is fused with an ETS transcription factor (FLI1, ERG, ETV1, ETV4, or FEV, among others) (146). The EWSR1–FLI1 chimeric protein can recognize the domain on the CD44 promotor and regulates its expression. An assay performed in the A673 cell line with an shRNA silencing approach for EWSR1-FLI1 showed that EWSR1-FLI1 inhibition induces CD44, CD59, CD73, CD29, and CD54 surface antigen expression, among others (147). Therefore, the lower CD44 levels find in this rare cancer are due to the high basal expression levels of the EWSR1-ETS1. This phenomenon, regarding the downregulation of CD44 in comparison to other sarcomas, could be determinant for the tumor growth, dissemination, and drug resistance in this sarcoma subtype. Thus, further research is required to define the role of CD44 in Ewing sarcoma.

Beyond this observation, the role of CD44 in the progression, metastasis, or drug resistance of Ewing sarcoma remains unclear. Recently, Paulis et al., showed that CD44 was involved in a phenomenon known as ‘vasculogenic mimicry’, defined as the ability of some cells to transdifferentiate into cells with endothelial characteristics and constitute vasculogenic networks independent of angiogenesis, which is associated with tumor aggressiveness and poor prognosis. The authors used two derived Ewing sarcoma cell lines (EW7 and SIM.EW27) and two breast cancer cell lines (MDA-MB-231 and MCF-7) to study key molecules involved in the vasculogenic mimicry. The authors concluded that CD44/c-Met signalling cascade, highly overexpressed in the aggressive cell lines (EW7 and MDA-MB-231), is crucial for vasculogenic mimicry (148). Overexpression of CD44 (CD44s and CD44v6 isoform) in the EW7 and MDA-MB-231 cell lines (highly metastatic) compared to the low-invasive cell lines (SIM.EW27 and MCF-7) was related to increased aggressiveness and to the promotion of the formation of vasculogenic structures in vitro. Accordingly, knocking-out CD44 by siRNA reduced the CD44 RNA level and the protein expression to approximately 40% in EW7 cells. As result, the migration capacity was markedly reduced, as well as the vascular-like networks. Tumor samples from patients analyzed in this study also supported the association among vasculogenic structures and ‘blood lakes’ formation and CD44 expression. CD44 was detected by immunochemistry in 14 out of 15 Ewing sarcoma tissues whose score was positive for the presence of blood lakes (149).



4.4 Fibrosarcoma

Several studies involving fibrosarcoma cell lines have been performed to elucidate the role of the receptors for hyaluronic acid-mediated motility (RHAMM, another HA receptor) and HA interactions in fibrosarcoma. Kouvidi et al., determined the effect of HA/RHAMM signalling on the ability of HT1080 fibrosarcoma cell line to adhere to fibronectin. On one hand, the adhesion properties of HT1080 cells significantly increased (p ≤ 0.01) with LMW-HA treatment, while HMW-HA inhibited them. On the other hand, the HT1080 RHAMM-deficient cells had a diminished adherence capacity compared with control cells. Additionally, in vitro experiments established that the activation of FAK and ERK1/2 signalling pathways, triggered through the RHAMM/HA interaction, regulated cell adhesion properties in HT1080 fibrosarcoma cells (150). Hatano et al., reported that, in in vitro conditions, RHAMM interacted with ERK (as previously explained), increasing the proliferative ability of fibroma cells. However, this process involved the interaction of CD44 with the epidermal growth factor receptor (EGFR) (151). Therefore, the axis CD44/RHAMM seems to mediate proliferation and metastatic dissemination due to the modification of adhesiveness to ECM components.

The specific contribution of CD44 in metastatic dissemination was studied in murine models (152). Culp et al., overexpressed the human CD44s (standard isoform) on the nonmetastatic cell lines: sis-transformed Balb/c 3T3 cells and ras-revertant IIIA4 cells. Afterward, the cells were implanted in athymic nude mice. The result of the experiment demonstrated that the increased expression of human CD44s in the mice model promoted micrometastasis events of the lungs (152).

The functional studies performed in different sarcomas demonstrate that CD44 plays a relevant role in sarcomagenesis and tumor progression. Ligand-dependent processes, proliferation events, migration/adhesion capacities, or drug resistance were shown to be regulated through specific mechanisms in which CD44, ECM components, and microenvironment have a direct or indirect effect. Although several studies have shown a relevant role of CD44 in a reduced number of sarcomas, there is a clear lack of studies in other types of sarcomas such as myxofibrosarcoma, synovial sarcoma, or rhabdomyosarcoma, among others. This highlights the existence of a poorly developed field of research that needs to be completed to define in detail the role that CD44 plays in these types of cancer.




5 Prognostic Value of CD44 Expression in Sarcomas

Several studies have analyzed the prognostic value of CD44 expression in sarcomas (Table 1). Given that sarcomas are rare cancers, and therefore it may be difficult to accumulate a relevant number of cases, several of these studies have been carried out with a series of patients consisting of various tumor types. Henderson et al., analyzed the expression of CD44 by immunohistochemistry in a series of 23 soft tissue sarcomas (8 liposarcomas, 4 myxofibrosarcoma, 4 undifferentiated pleiomorphic sarcomas, 1 alveolar soft parts sarcoma, 1 extraskeletal mesenchymal chondrosarcoma, 1 leiomyosarcoma, 1 malignant peripheral nerve sheath tumor, 1 extraskeletal osteosarcoma, 1 synovial sarcoma, and 1 primitive neuro-ectodermal tumor. Their results suggest that increased CD44 expression was associated with a worse disease specific survival (p=0.056, univariant analysis). In the same article, the authors analyzed by multivariate analysis 74 cases of soft tissue sarcoma from The Cancer Genome Atlas program (TCGA) that included clinical and genomic data (https://www.cancer.gov/about-nci/organization/ccg/research/structural-genomics/tcga). It was shown that CD44 copy number variations predicted worse disease specific survival (p=0.007). Thus, the authors concluded that increased expression of CD44 was correlated with worse outcomes in soft tissue sarcomas (153). In another study, Kahara et al., analyzed by immunohistochemistry the expression of several CD44 isoforms in a series of 47 sarcomas (18 malignant fibrous histiocytomas, 13 synovial sarcomas, 7 malignant schwannomas, and 9 liposarcomas). Isoforms CD44v3, v4, v5, v6, v7, and v9 were frequently detected, whereas CD44v10 was not expressed in any of the samples analyzed. CD44v6 isoform was commonly detected in high-grade tumors and both CD44v6 and v9 expression correlated negatively with metastasis-free survival (154). Kebudi et al., also studied the relevance of CD44 levels in serum (measured by ELISA), in the context of pediatric sarcomas (18 rhabdomyosarcomas, 22 Ewing sarcoma, and 15 osteosarcomas). In this study, the differences observed between the serum levels of CD44 in children with sarcoma and healthy controls were not significant (p>0.05), as result, a non-diagnostic or prognosis value was established (155).


Table 1 | Summary of sarcoma subtype studies analyzing CD44 expression alone or in combination with other biomarkers in patient samples.




5.1 Studies Performed on Specific Sarcoma Subtypes


5.1.1 Myxofibrosarcoma

Myxofibrosarcoma is one of the most common and aggressive soft tissue sarcomas, commonly developed in the limbs. A multivariate study focused on the analysis of CD44 isoforms in 34 adult patients with myxofibrosarcoma showed that increased expression of CD44s and reduced expression of CD44v6 isoform correlated significantly with an improved outcome (p<0.05 and p<0.02, respectively) (156). Additionally, a recent multivariate analysis designed to identify possible relationships between CD44s expression and clinic-pathological factors carried out in 44 retrospectively enrolled myxofibrosarcoma patients, showed that increased expression of CD44s correlated negatively with event-free survival and local recurrence. Additionally, in the subgroup of patients with distant metastasis, the CD44 expression was significantly elevated in patients with lung metastasis compared to patients with lymph node metastasis (p=0.044) (157).



5.1.2 Synovial Sarcoma

Synovial sarcoma is an aggressive soft tissue sarcoma, whose initiation and progression rely on the fusion gene SYT-SSX (158). This tumor has a low incidence, and it is predominantly detected in the lower extremities of young adults (8). This tumor is formed by mesenchymal spindle cells, but it is not related to the synovial membrane. Studies of immunohistochemistry determined that CD44 expression did not correlate with prognosis (survival, local recurrence, or metastasis) in synovial sarcoma (159). The uselessness of CD44 levels in synovial sarcoma prognosis has also been supported by Zhou et al., where stem cell-associated markers (CD133, CD29, CD44, nestin) and ALDH1 were characterized immunohistochemically in 20 synovial sarcomas. No relationship was settled down between these markers and clinical parameters (age, gender, sites, tumor size, histological type, tumor stage, and distant metastases). However, this study confirmed that ALDH1 positive synovial sarcomas had a significantly poorer prognosis compared to ALDH1 negative synovial sarcomas (160), providing an alternative prognosis marker to CD44.



5.1.3 Rhabdomyosarcoma

Rhabdomyosarcoma is a malignant soft tissue tumor that arises from muscle cells. It commonly arises during childhood. There are two main types of rhabdomyosarcomas that differ in their molecular and clinical characteristics. Alveolar rhabdomyosarcomas are characterized by the presence of reciprocal translocations that result in chimeric proteins that fusion the PAX3 or PAX7 genes with the transcription factor FOXO1. By contrast, embryonal rhabdomyosarcomas are characterized by chromosomal losses and gains (161). Humphrey et al., analyzed by immunohistochemistry, a series of 28 rhabdomyosarcomas (8 alveolar and 20 embryonal) and showed that CD44 positive patients had improved outcomes compared with CD44 negative tumors (p=0.001, Fisher test) (162). By contrast, a study performed by Saxon et al., in 12 pediatric rhabdomyosarcoma tumor-derived cells (five alveolars, six embryonal, and one botryoid subtype) reported no association between the expression of ECM proteins (laminin, fibronectin, thrombospondin, tenascin) and CD44 with metastatic events at clinical presentation (163).



5.1.4 Chondrosarcoma

Chondrosarcoma is a type of sarcoma that develops from chondrocyte progenitors, primarily affecting the cartilage of the femur, arm, pelvis, or knee. Heyse et al., determined that the levels of CD44s increased with the malignant grade of the tumor and that the overexpression of CD44 correlated with metastatic potential and survival (164). This study included 22 conventional chondrosarcomas, two dedifferentiated chondrosarcomas, two extraskeletal chondrosarcomas, and one periostal, mesenchymal, clear cell, and myxoid chondrosarcoma each. In another study, Rozeman et al., analyzed sixteen chondrosarcomas by immunohistochemistry for CD44, different ECM components, and growth factors. The study suggested the existence of a differential pattern of CD44 isoform. Thus, CD44 positive and CD44v3 negative expressions were found in the chondrogenic component of dedifferentiated peripheral chondrosarcoma, whereas in secondary peripheral chondrosarcomas was detected the expression of CD44 negative− and CD44v3 positive isoforms (165). Dedifferentiated peripheral chondrosarcoma is a rare subtype of chondrosarcoma arising superimposed on the cartilage cap of a pre-existing osteochondroma (8). These findings suggest that different CD44 isoforms can be associated with different grades of chondrogenic differentiation in chondrosarcomas. No data about the correlation of clinical parameters with CD44 expression were present in this study.



5.1.5 Osteosarcoma

Osteosarcoma is one of the most common sarcomas observed during childhood and adolescence (8). Approximately 30% of patients develop pulmonary metastasis (166). Some parameters well-established that affect the patient outcome are the anatomic location of the primary tumor, tumor size, dissemination processes, and response to induction chemotherapy (167). These tumors are the sarcomas in which more studies on CD44 have been carried out although the role of CD44 as a prognostic marker in osteosarcoma patients is controversial. Some studies, including one meta-analysis of 329 patients from six different studies (168), conclude that there is no significant association between prognostic or metastatic recurrence with CD44 expression levels (168–170). However, recent studies, including other meta-analyses of 548 osteosarcoma patients from nine studies, have concluded that CD44 expression may predict survival, metastasis recurrence, and drug resistance (136, 137). This agrees with in vitro studies carried out in different osteosarcoma cell lines (KHOS doxorubicin resistant, U2-OS doxorubicin resistant, MNNG/HOS, and 143B) that demonstrated that CD44 promotes cell migration, cell invasiveness, and drug resistance (136, 137, 139, 170).

Other studies focused on osteosarcoma have revealed that overexpression of CD44v6 (171, 172), CD133 (173), CD133/CD44 combination (174), CDH11 (172), β-catenin (172), GAPLINC (145), CD44-miR-199a-3p axis (144) and the combination CD44/IGF1R/ABCG2 (175) could provide valuable information as prognostic markers in this sarcoma. Supporting the role of the CD44v6 marker in osteosarcoma, two meta-analyses (both with more than 460 osteosarcoma cases) focused on the prognostic utility of this specific CD44 isoform revealed that its overexpression is associated with the overall survival rate and the occurrence of metastatic events and could be used as a complementary diagnostic marker in osteosarcoma (176, 177). However, the authors explained that the diagnostic utility of CD44v6 presented some limitations due to the low number of articles involved in the meta-analysis and the heterogeneity among them (because of the cut-off values, control groups, assay kits, and other aspects). Interestingly, the CD44v6 variant is one of the CD44 isoforms that more frequently correlates with tumor progression in other malignancies. For example, poor prognosis, presence of metastasis, or disease progression have been correlated with CD44v6 expression changes (alone or in combination with other isoforms) in gastric carcinoma (178, 179), non-small cell lung carcinoma (180, 181), hepatocarcinoma (182), acute myeloid leukemia (183), non-Hodgkin’s lymphoma (184, 185), pancreatic adenocarcinoma (186), primary pancreatic cancer (187) and uterine cervical carcinoma (188). Therefore, the CD44v6 variant seems to play a critical role in disease progression and could provide useful prognostic information in osteosarcoma, among other malignancies.

The combination of CD44 with other surface markers can provide additional information about the malignant potential of osteosarcoma cells. For example, in nude mice intratibial xenograft model performed with Saos-2 osteosarcoma cell line, CD133+/CD44+ cells were potentially more metastatic (174). A multivariate analysis performed on 90 osteosarcomas and 20 osteochondromas, indicated the clinical stage, metastasis status, and the relationship between the expression of CD44V6, CDH11, and β-catenin correlated with improved outcome (172). GAPLINC showed an indirect regulation of CD44 due to both mRNAs are negatively regulated by the same microRNA, the miR211-3p. GAPLINC overexpression in osteosarcoma was shown to correlate with advanced Enneking stage, distant metastasis, and poor outcome (145), providing an additional novel biomarker. The expression of CD44/IGF1R/ABCG2, tumoral markers related to prognosis and drug resistance, have also been analyzed, alone and in combination, in order to obtain information about their contribution to the patient prognosis. Thus, the Insulin Growth Factor 1 receptor (IGFR1) has been shown to be a prognostic factor for metastasis in osteosarcoma (189). The analysis of the expression pattern in 59 osteosarcomas showed that IGF1R expression is highly correlated with ABCG2 expression and with CD44 expression in osteosarcoma patients under 10 years old (175).





6 Therapeutic Approaches Targeting CD44

CD44 can be considered a suitable therapeutic target in many malignancies by blocking the activation of the signalling pathways in which this protein is involved, or by using its overexpression to drive, specifically, the pharmacological treatment. In fact, several strategies targeting CD44 have already been developed which include small molecular inhibitors, peptides, aptamers, blocking antibodies, secretase inhibitors, drug delivery systems, CD44 decoys, and HA oligomers (Table 2).


Table 2 | Summary of therapeutic approaches targeting CD44.




6.1 Inhibition of CD44 Expression

Since CD44 is expressed at high levels in most types of sarcoma, inhibition of CD44 expression could have therapeutic usefulness. In this sense, several compounds have been shown to regulate the expression of CD44, both directly and indirectly (218). Silibinin, a flavonolignan composed of two diastereomers (silibinin A and B), strongly inhibited the activity of the CD44 promoter in the prostate (PC-3M) and pancreatic cancer cell lines (BxPC-3 and PANC-1) (190, 191). Zerumbone, a sesquiterpenoid and cyclic ketone, suppressed EGF-dependent CD44 expression through inhibition of the STAT3 pathway in breast cancer cell lines (SKBR3 and MDA-MB468) (192). Additionally, the inhibition of the STAT3 pathway (through the selective blocking of STAT3 phosphorylation) was obtained with the combination of curcumin and epigallocatechin gallate in a pharmacological treatment, which reduced the CD44+ population of CSCs in MDA-MB-231 and MCF7 breast cancer cell lines (193). Therefore, the use of Sibilin, Zerumbone, or curcumin/epigallocatechin notably reduced the population of CD44+ tumor cells (breast cancer, pancreatic cancer, and prostate cancer), suggesting a novel approach for the treatment of sarcomas.



6.2 Inhibition of γ-Secretases

As described above, CD44-ICD is released upon cleavage of CD44 by γ‐secretases and, subsequently, it is translocated to the nucleus where upregulates the expression of specific target genes implied in stemness, migration/invasiveness, or cell proliferation. The cleavage mechanism requires, inexorably, the activity of the presenilin‐γ‐secretases (aspartyl proteases). Thus, direct inhibition of these enzymes with γ-secretase inhibitors (GSIs) is a particularly interesting approach to block CD44-mediated signalling because these inhibitors can block CD44-ICD release and, consequently, interfere with the gene regulatory functions of CD44-ICD. The γ-secretase complex processes the precursor of amyloid protein (APP) and cleavages the intracellular domain of NOTCH signaling protein (NOTCH-ICD), analogously, to CD44-ICD. Several γ-secretase complex inhibitors (GSIs) have been developed and deployed for the treatment of Alzheimer’s with variable success (219) and there has been a repositioning of these molecules as candidate drugs against cancer and immune diseases. Since GSIs are also active inhibiting CD44-ICD cleavage (220), the CD44-ICD downstream signalling could be effectively affected and consequently, CD44-mediated cell migration and invasion mechanisms. Many of these inhibitors have been extensively tested in clinical trials and currently, it is an active development field. For example, the GSI PF-3084014 (Nirogacestat) was well tolerated in patients with advanced cancer and demonstrated promising clinical benefit in patients with refractory, progressive desmoid tumors who receive long-term treatment (NCT01981551) (194). Another of these GSIs, LY450139 (Semagacestat), was also well-tolerated and demonstrated evidence of clinical activity in heavily pretreated patients with breast cancer and leiomyosarcoma (NCT01695005) (195). In preclinical studies, the potent GSI BMS-906024 showed enhanced antitumor activity in combination with paclitaxel versus either drug alone, decreasing cell proliferation and increasing apoptosis in in vivo studies using cell line- and patient-derived lung adenocarcinoma xenografts (196). However, this approach has not been tested to date in sarcomas and may represent an attractive treatment strategy.



6.3 Blocking CD44 With Antibodies

Antibodies targeting CD44 are being tested in preclinical and clinical trials for many types of cancer. These antibodies can be conjugated with anti-tumor drugs to target cells overexpressing CD44 to favor the antitumoral drug uptake or act as blockers of CD44-mediated signalling. There have been developed several molecule-conjugated antibodies. The Roche radioimmunoconjugate RO5429083 (RG7356) antibody targets a conformational-dependent epitope of CD44 (in the constant region of the extracellular domain), and it is being tested in clinical trials to treat neoplasms (NCT01358903) and acute myelogenous leukemia (NCT01641250) (197, 198). Another anti-CD44 monoclonal antibody, called U36, labeled with indium-111, was tested in head and neck carcinoma xenografts that expressed CD44v6 isoform. The authors of this study suggested the possible use of this antibody as a cancer detection tool (199). Bivatuzumab mertansine is the combination of a humanized monoclonal antibody against CD44v6 and a cytotoxic agent (mertansine), which has been tested in a phase I trial in head and neck carcinoma (200, 201). However, the therapeutic response in these trials was variable and severe skin toxicity was detected due to the binding of the antibody to the CD44v6 isoform located on the keratinocyte’s membrane.

Alternatively, CD44 blocking antibodies have also been developed. H4C4, a monoclonal antibody that recognizes the extracellular domain of CD44 (from residue 69 to residue 90), reduced tumor growth, metastasis, and post-radiation tumor recurrence in human pancreatic mice xenografts (202). This antibody affected both bulk tumor cells and tumor initiating cells, decreasing the capacity of self-renewal and tumor initiation through STAT3 signalling inhibition and the downregulation of the stemness gene Nanog (202). The CD44 blocking monoclonal antibodies IM7 (that recognizes the constant region of the ECD, specifically residues 145-186) and KM201 (that binds to a region that is close to the HA binding domain) abrogate the VEGF secretion mechanism through the inhibition of the HA-CD44 signalling in human umbilical vein endothelial cells (203). Additionally, Uchino et al., demonstrated that the IM7 antibody decreased cell migration and invasion capacities in breast cancer cells (MCF-7-14 cells and its clone CL6, and MDA-MB-231 cells) using in vitro conditions (204). Therefore, there is an untested group of anti-CD44 blocking antibodies, which may have therapeutic potential in the context of sarcomas, but further research is needed.



6.4 Blocking CD44 With Peptides and Aptamers

Another therapeutic strategy could be based on the use of peptides and aptamers to block CD44 interactions or reduce CD44 expression. These molecules have a great affinity and specificity to target proteins and thus are excellent tools to inhibit their functions. Several peptides and RNA aptamers directed against CD44 have already been tested in many cancer models (221). The peptide PEP-1 (a short amphipathic peptide that blocks the interaction CD44/HA) reduced the CD44 expression levels in mice models of gastric cancer (205). PCK3145, a synthetic peptide corresponding to amino acids 31-45 of prostate secretory protein 94 (PSP94), was demonstrated to reduce bone metastases and prostate tumor growth tumor in rats injected with MAT-Ly-Lu-B-2 cell line (206). The mechanism of action of this antitumoral peptide is not completely understood, but it seems the peptide interferes with the tyrosine kinase activity associated with the VEGF signalling axis in endothelial cells inhibiting angiogenesis processes (in vivo testing with Mat Ly Lu rat prostate cancer cells) (207) and reduces the levels of plasma matrix metalloproteinase MMP-9 (a CD44 ligand). Annabi et al., studied the antitumoral effect of this peptide in the fibrosarcoma cell line HT1080 and showed that it inhibited cell adhesiveness to HA, laminin-1, and type-I collagen. PCK3145 inhibited the secretion of MMP-9 and triggered the shedding of the ectodomain of CD44 from the cell surface preventing the interaction of CD44 with MMP-9 (208). The RNA aptamer (Apt1) was used to functionalize the surface of PEGylated liposomes. This combination, Apt1-Liposome, allowed a better cellular uptake of the conjugated molecule in CD44 positive cell lines A549 (lung cancer) and MDA-MB-231 (breast cancer) (209). Finally, CD44-EpCAM (Epithelial Cell Adhesion Molecule) aptamer is a double-stranded RNA adaptor which acts blocking both, CD44 and EpCAM, simultaneously reducing tumor progression and promoting apoptosis, both in vitro and in vivo xenograft models of ovarian tumor cells (OVCAR8) (210).



6.5 CD44-Ligand Chemotherapy Delivery Systems

In addition, several strategies exploit the ability of CD44 to interact with a variety of extracellular proteins (25). For example, the interaction of CD44 with HA, its principal ligand, can be used to maximize the uptake of chemotherapy delivery systems on cells overexpressing CD44. Chemotherapeutic agent-encapsulated liposomes, or covalently bound HA-bioconjugates, were selectively taken up by tumor cells after systemic delivery and reduced specific gene expression in several xenograft models (222–224). Several of these innovative tools based on HA-functionalized liposomes have become an excellent CD44-mediated intracellular delivery system for doxorubicin (DOX) or photodynamic anticancer therapy in osteosarcomas: Chol-SS-mPEG/HA-L (211), HA-LsDOX (212), ALN–HA–SS–L–L/DOX (213), and HA-es-ZnPP (214). Chol-SS-mPEG/HA-L is an HA-coated redox responsive liposome, whose cytoplasmic drug release system is triggered by GSH. The HA-LsDOX liposomes mechanism consists in the release of the drug into the endoplasmic reticulum, promoting protein sulfhydration and ubiquitination, and activating CHOP-mediated pro-apoptotic signalling. ALN-HA-SS-L-L/DOX is a liposome with dual bone and CD44 targeting abilities and redox sensitivity whose efficacy appears to be increased by the co-administration of internalizing RGD (Arg-Gly-Asp motif). HA-es-ZnPP, a hyaluronan conjugated zinc protoporphyrin via an ester bond with a tumor environment-responsive mechanism, was tested in vitro and in a mouse sarcoma S180 solid tumor model. This nanoprobe for photodynamic anticancer approach combined with a xenon light source, demonstrated prolonged circulation time and enhanced cell permeability and retention. Consequently, an improved anticancer therapy effect without apparent side effects.

The micelles with HA functionalization have been used in other drug–gene combinations therapies to co-delivery the antitumor treatments (e.g., siRNA against overexpressed cancerous genes, anticancer drugs-Paclitaxel, doxorubicin, superparamagnetic iron oxide nanoparticles-SPIONs…) (225–228). The synergistic effect of these micelles on cell cytotoxicity was tested in the MDA-MB-231 breast cancer cell (229) and OVCAR8TR ovarian cancer cells (230, 231), both overexpressing CD44. Additionally, a dual-targeting platform for CD44 has already been tested in hepatic tumors (e.g., HA- glycyrrhetinic acid -conjugated polymer to target liver) (232, 233) and breast cancer (e.g., HA-folic acid micelles for cells overexpressing the folic acid receptor) (234). These multiple targeting strategies showed better consistency and increased cellular uptake, thus enhanced cytotoxicity. In the study performed by Xi Y et al. curcumin was used in a dual-targeting delivery therapy combining the active bone accumulating ability with tumor CD44 targeting capacity in alendronate-hyaluronic acid-octadecanoic acid (ALN-HA-C18) micelles (215). The curcumin loaded in ALN-HA-C18 micelles showed increased cytotoxic activity against MG-63 cells and reduced tumor growth in the osteosarcoma mouse model compared to the free drug. Nanoparticles labeled with CD133-EGFR aptamers were determined to inhibit tumor growth in the osteosarcoma mouse model (235). Thereby, novel combinations of dual-targeting such as CD133-CD44 aptamers, both overexpressed in osteosarcoma CSCs, are potentially susceptible to being tested in these malignancies. Overall, these innovative delivery packages showed an increased tissue specificity, enhanced anticancer effect and great potential in clinical developments and delivery systems, supposing a therapeutic alternative superficially explored in sarcomas.

In summary, these studies indicate that treatment with HA-functionalized liposomes or photodynamic therapy reduced tumor growth and increased survival time in xenograft models of osteosarcoma, becoming a promising osteosarcoma-targeted therapy. Beyond its biological properties, HA nanomedicine is limited by the reduced methods for chemical conjugation, the fluctuant cellular uptake caused by the chemical characteristics of HA, and the unavoidable biological degradation when it enters in vivo (228). Therefore, the effects of these limitations need to be further studied to ensure minimum adverse responses and maximum clinical efficacy.



6.6 Blocking CD44 With CD44 Ligands

Finally, another way to block the CD44 function is by blocking CD44-HA interactions. The soluble CD44 ectodomain has been demonstrated to compete with the CD44-HA interaction on malignant cells, inhibiting tumor progression and invasiveness (236). Conversely, another strategy is to use HA-oligomers to block CD44-HA interactions. HA oligomers are small molecule chains composed of a variable number of units (6-12 mers). These molecules have been shown to suppress signalling pathways involved in drug resistance against different therapeutic agents (237, 238). Several studies have shown that HA disaccharides bind CD44, competing by and displacing the biological HA polymer (239, 240) and can inhibit HA synthesis (241). Despite its therapeutic potential there are few studies addressing the therapeutic possibilities of these molecules in sarcomas. Hosono et al., studied the effect of hyaluronan oligosaccharides on tumor growth in murine (LM-8) and human (MG-63) osteosarcoma cells. Hyaluronan octamers promoted apoptosis and reduced both cell viability, cell proliferation and cell motility, and decreased the retention of endogenous HA. The intratumoral injection of these molecules in xenograft models produced a reduction of HA accumulation in the tumor, suppressing the dissemination of tumor cells to the lung (216). A similar effect has been observed in other cancers such as melanoma, carcinoma, or glioma (94, 217). HA oligomers therapies provide a viable alternative for blocking the CD44-HA interactions in sarcomas which has been only superficially explored, so that clinical trials should be performed to confirm this antitumoral approach.




7 Conclusions

CD44 has a key role, along with ECM components, in sarcoma tumor development, metastasis, and drug resistance. Understanding CD44 signalling is crucial to comprise the multifactorial role of this protein in several processes, such as activation of different pathways, upregulation of several genes, or modification of cytoskeletal structures that promote EMT mechanisms, among others.

MSCs are thought to give rise to sarcomas. As consequence, several molecular mechanisms, transcription factors, metabolic pathways, and cell markers are shared among MSCs, CSCs and sarcomas. CD44, in this context, provides the elements to maintain the stemness and to take advantage of the tumoral microenvironment in hypoxia conditions. Studies focused on MSCs, and sarcomas have shown CD44 to be highly expressed in these tissues compared to mature cells. Thus, it has been proposed that during cell differentiation, expression of CD44 could be downregulated, and conversely, high levels of CD44 are necessary to maintain the cells in a stemness state.

Further research involving the sarcoma functional mechanisms could be really enriching in the characterization context of sarcoma, as well as, in the therapeutic approaches targeting CD44. Some of the innovative treatment tools such as peptides, aptamers, HA oligomers, pharmacological substances, and chemotherapy delivery systems, among others, have been developed from the discovery and well-understanding of the CD44 structure, the signalling pathways and the interactions involved.

The data from the characterization of osteosarcomas have revealed that CD44 (concretely CD44v6 isoform) is a potential and promising marker for prognosis and diagnosis. There is a low number of detailed studies deciphering the prognostic/diagnostic value of CD44 in sarcomas (excluding osteosarcoma which is one of the most studied and common sarcomas). In addition, sarcoma-specific studies involving a greater number of patients are necessary to confirm the influence of CD44 variant expression on the patients’ prognosis (regardless of the utility of CD44v6 as a prognostic marker in osteosarcoma). The complexity and distinct molecular origin of the different sarcoma subgroups have made impossible to apply a unified characterization or prognosis criterion, and therefore they should be studied separately. In addition, the reduced number of studies focused on CD44, and the low number of patients involved in the different sarcoma subgroups have produced inconclusive results. As consequence, the combination of different characterization markers will be more precise and will provide relevant information to determine patients’ outcomes, neither than the use of CD44 individually.

To conclude, more research about the contribution of CD44 in sarcomas could contribute to understand the pathogenesis of these rare cancers, and evolve towards novel therapies and future clinical trials.
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The tumor microenvironment facilitates cancer progression and therapeutic resistance. Tumor collagens and their architecture play an essential role in this process. However, little is known about the mechanisms by which tumor cells sense and respond to this extracellular matrix environment. Recently, the Discoidin Domain Receptor 1 (DDR1), a collagen receptor and tyrosine kinase has emerged as an important player in this malignant process, although the underlying signaling mechanisms remain unclear. Here, we review new DDR1 functions in tumor dormancy following dissemination, immune exclusion and therapeutic resistance induced by stromal collagens deposition. We also discuss the signaling mechanisms behind these tumor activities and the therapeutic strategies aiming at targeting these collagens-dependent tumor responses.
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Tumor collagens

Extracellular matrix (ECM) components from the tumor microenvironment (TME) play an important role in epithelial tumor development (1, 2). Specifically, aberrant deposition of collagens, the most abundant components of tumor ECM, defines a bad prognosis marker in several cancer patients and contributes to their tumor progression (3). TME collagens are secreted by cancer-associated fibroblasts (CAF), tumor-associated macrophages (TAM) and tumor cells themselves, and are deposited within or around the tumor and at the metastatic site. They are modified by components secreted by tumor and stromal cells in the TME that modulate their organization, resulting in wavy or fibrotic and aligned fibers. For instance, TME acidification and secretion of metalloproteases, collagenases or lysine oxidases induce cross-linkage and stabilization of insoluble collagen deposited in tumor tissues (4, 5). Other post-translational modifications may participate in collagens’ organization locally, as reported for Peptidyl Arginine Deaminase activity that promotes dense collagen fibers at the metastatic niche (6). Besides the nature of TME collagens, these architectures define important prognostic markers of the disease. Consistent with this notion, deposition of a dense and reticulated collagen induces tumor stiffness, resulting in enhanced tumor growth, reduced immune infiltration, and promote metastatic colonization (4, 5).



The collagen receptor DDR1

The mechanism by which tumor cells respond to the heterogeneous collagen-enriched microenvironment is not clearly established. Collagens bind to 6 receptor types (i.e Integrins, DDRs, Lairs, GPVI receptors, and OSCAR) (7). While integrins may play a role in this process (8), several of these tumor responses also implicate DDR1 (9, 10). DDR1 belongs to the DDRs family of the receptor tyrosine kinase (RTK), which includes DDR1 and DDR2 (11, 12). DDRs exhibit a similar modular structure to RTKs (i.e. extracellular domain with ligand binding, short transmembrane domain, and large cytoplasmic tail containing a kinase domain); however, unlike other RTKs,DDRs bind to the ECM collagens, and theirr kinase activation kinetic is slow but sustained over time (11, 12). Although the underlying mechanism is not fully understood, DDR1 regulation involves its aggregation into large clusters where collagen induces the lateral association of receptor dimers (i.e. receptor clustering) and phosphorylation between dimers (13–15). DDR1 is activated by most collagen types, including I and IV, which are abundant in the basement membrane (11, 12). DDR1 is preferentially expressed in epithelial tissues and acts as a cellular sensor of the collagen-enriched microenvironment by modulating growth and adhesive receptors signaling (12). In physiological conditions, DDR1 deficient mice revealed an important function of DDR1 in mammary gland development as well as pancreatic and kidney tissue homeostasis (16–21). Whether DDR1 displays similar function in other epithelial tissues is unknown. DDR1 is upregulated in many epithelial cancers and plays important roles during tumor development. Positive and negative functions were reported depending on the cancer type, the tumor stage and the nature/organization of collagens matrix (11, 12, 22–24). DDR1 has been involved in tumor growth, dissemination and metastasis development, implicating an interplay between DDR1 signaling and collagen remodeling, and these functions have been extensively discussed in previous reviews (11, 12, 22–24). Here we discuss recent findings uncovering additional DDR1 functions in tumor dormancy following dissemination, immune exclusion and therapeutic resistance governed by specific TME collagen-enriched matrices.



DDR1 in cancer dormancy and metastatic reactivation

Metastatic development is an inefficient multistep process characterized by local tumor cell invasion of the stroma surrounding the tumor, followed by dissemination in the blood or lymphatic circulation and colonization of distant tissues (25, 26). While metastatic development is initiated by disseminated tumor cells (DTCs) with cancer stem cell properties, this whole process is supported by the aberrant tumor cell communication with their microenvironment (i.e. the front of the primary tumor, the stroma, the blood vessels and the metastatic niche of the colonized tissue) (25, 26). In this context, aberrant collagen deposition plays an essential role throughout this malignant process and DDR1 contributes to tumor cell responses to these collagen-enriched microenvironments. For instance, DDR1 promotes local invasion of epithelial cancer cells into collagen fibers deposited at the front of the tumor, both in a single or collective mode (27, 28). DDR1 is also essential for homing and colonization of epithelial cancer in the lungs and the bones (10, 29). Similarly, DDR1 upregulation enables liver metastatis of colon cancer cells (30). This metastatic function may be activated by the collagens deposited at the metastatic site from CAFs, TAMs, DTCs and cancer exosomes secereted by the primary tumor (23).

Recently, Di Martino uncovered an additional important function of DDR1 in this metastatic process, through the maintenance of DTCs in a quiescence state (31) (Figure 1A). It is known that tumor cell dissemination can occur both at early stages of tumorigenesis (i.e. when the primary tumor is not macrosopically detectable) and during cancer progression (26). These DTCs become non-proliferative (i.e. dormant state) at the metastatic site for long periods of time and are reactivated by specific signals to induce metastatic development (26). This process is at the origin of the clinical manifestation where patients develop metastasis years after the removal of the primary tumor by surgery and chemotherapy. The authors assessed the contribution of local ECM components in the induction of this cellular dormant state by using well-established dormant and proliferative models of human head and neck squamous cacrinoma cells and murine mammary tumor cell-lines in mouse xenograft assays. By comparing collagens’ architecture and composition in both situations, they found a deposition of wavy collagens (i.e. with low degree of linear orientation) enriched in collagen III surrounding dormant tumor cells and showed that this ECM impacts their non-proliferative state. In sharp contrat, proliferative DTCs were surrounded by an extracellular matrix enriched in ECM glycoproteins with aligned collagen fibers. Interestingly, collagen III was provided by landed DTCs, suggesting a self-protective non-proliferative program. Next, the authors demonstrated that DDR1 mediates this collagen III-dependent dormant state. Interestingly, DDR1 dormant signaling was dependent upon its binding to collagen III but independent of its kinase activity. Importantly, they identified a feedforward loop where DDR1 induces COLA31 expression by a Stat1-dependent mechanism. From this, they propose that COL3A1 expression remodels the ECM in a wavy collagen architecture to maintain the cells into a dormant state (Figure 1A). In agreement with this idea, DDR1 downregulation reactivated DTCs proliferation. Of note, the authors observed that DDR1 was also essential for survival of proliferative DTCs, consistent with a DDR1 function also during metastatic reactivation (10). In this context, DDR1 survival signaling was kinase-dependent and involved Stat3 signaling. Collectively these results support a model where DDR1 regulates both cell dormancy and metastatic reactivation, depending on the architecture of the ECM deposited at the metastatic niche (collagen III-enriched wavy ECM versus collagen I-enriched linear ECM) (Figure 1A).




Figure 1 | New functions of DDR1 collagen receptor in tumor dormancy, immune exclusion and therapeutic resistance. (A) A model on DDR1 signaling during DTC dormancy and metastatic reactivation induced by TME collagens. (B) A model on DDR1 signaling during therapeutic resistance and immune exclusion induced TME collagens.





DDR1 in tumor immune exclusion

Immune evasion is an important feature of aggressive tumors and the ECM deposited at the TME contributes to this pathogenic effect (5). While a dense ECM network surrounding the tumor may prevent immune infiltration (5), the underlying mechanism is largely unclear. Recently, Sun et al. reported a central role of DDR1 in this malignant process (32) (Figure 1B). By using murine models of mammary tumor cells, they could show that DDR1 ablation prevented tumor development in immuno-competent, but not in immune-deficient mice, thus uncovering a new DDR1 function in tumor immune evasion. This effect was attributed to an immune exclusion effect rather than an inhibition of infiltrated cytotoxic lymphocytes. Importantly, the authors reported an inverse correlation between DDR1 tumor expression and CD8+ T cells intra-tumoral levels in a cohort of breast cancer patients, highlighting the clinical relevance of their findings. While transcriptomic analysis were not very insightful, functional rescue assays uncovered an unsuspected mechanism behind this new DDR1 tumor function. It is known that DDR1 can be subjected to membrane shedding leading to the release of the whole extracellular domain (ECD-DDR1) (12). Surprisingly, expression of ECD-DDR1 alone was sufficient to promote substantial tumor immune exclusion. Mechanistically, this response was associated with a higher order of dense collagen fibers deposited at the ECM, suggestive of ECD-DDR1 function in ECM remodeling. This hypothesis was next validated by showing that ECD-DDR1, in its multimeric form, efficiently remodels collagen fibers and reduces T cells motility in culture. In vivo, injection of purified ECD-DDR1 reduced tumor immune infiltration in tumor xenografts. Finally, they could validate DDR1 as a therapeutic target for tumor immunotherapy by generating a blocking anti-DDR1 antibody. This antibody promoted immune infiltration and reduced tumor development in vivo. Unlike tumor xenograft animals, DDR1 knock-out in genetically modified MMTV-PyMT mice promotes spontaneous mammary tumor development, consistent with a DDR1 negative function during tumor initiation (33). Still, their DDR1 antibody gave a similar anti-tumor effect, suggesting that DDR1 may have a tumor-promoting function at later stages of tumor development. This novel study further confirms previous results showing a function for DDR1 in tumor evasion and resistance to anti-Programmed cell Death protein 1 (PD1) immunotherapy (34). However, it uncovers an additional mechanism by which DDR1 contributes to immune evasion, i.e. the remodeling of TME collagen-enriched matrix unfavorable of immune infiltration. Whether this mechanism is conserved in other epithelial cancers is however unknown. Overall, this study further highlights the important role of DDR1 in tumor immune evasion (Figure 1B).



DDR1 in induced therapeutic tumor resistance

Tumor cells have a remarkable capacity to adapt to different environments and to cellular stresses (e.g. oxidative, oncogenic, and therapeutic) (2). This cellular plasticity is at the origin of the clinical manifestation of cancer patients that become resistant to therapy, resulting in treatment failure. While tumor adaptation can be induced by therapeutic resistant mutations in tumor cells, it can be induced by genetic-independent mechanisms, which involve the TME (3). In this context, Berestjuk et al. reported a central role of DDR1 and DDR2 in this adaptation process (35) (Figure 1B). By addressing the influence of TME ECM in the induced resistance of melanoma cells to anti-BRAFV600E therapy, they could show that the ECM produced by CAFs confers a drug-protective action to melanoma cells in culture. This drug tolerance effect was attributed to the aligned and dense collagen I fibers. The authors noticed a high expression of DDR1 and DDR2 in melanoma that was associated with a bad prognosis. Additionally, they associated DDR1/2 expression with melanoma progression and with the invasive and therapy-resistant phenotype. From this, they hypothesized that DDRs would mediate this drug resistance response. Consistently, interaction of melanoma cells with CAFs’ ECMs induces activation and linear clustering of DDR1/2. Functionally, inhibition of DDR1/2 expression or activity overcome ECM-mediated melanoma cell resistance to the targeted therapy in vitro. In vivo, mice treatment with imatinib, a tyrosine kinase inhibitor (TKi) known to target DDR1/2 activity (36, 37), improved anti-BRAFV600E drug efficacy and delayed tumor relapse. Interestingly, this anti-tumor effect was associated with a diminution of drug-induced collagen remodeling, suggestive of a feedforward loop between DDR1/2 and collagens. However, additional imatinib drug targets (e.g. stromal PDGFR and DDR2) may contribute to the normalization of collagen deposition. Finally, while MAPK signaling was not modified by this resistance mechanism, proteomic analysis pointed to a pro-survival NIK/IKKα/NF-κB2 pathway downstream this DDR1/2 drug resistance effect (Figure 1B). Interestingly, this study suggest that DDR1 and DDR2 can signal in a concerted fashion. While the underlying mechanism is unclear, it may likely involve receptor hetero-dimerization. This new DDR1 activity was corroborated in KRAS-mutant lung cancer upon treatment with platinum (38). In this study, DDR1 was found upregulated during chemotherapy and its expression levels correlated with poor response to chemotherapy in lung cancer patients. Importantly, pharmacological DDR1 inhibition gave a synergistic effect with chemotherapy in a number of lung cancer experimental models tested. Whether this DDR1 function was induced by collagen remodeling during therapeutic treatment was not investigated. However, the authors discussed a tetraspanin TM4SF1-dependent mechanism of DDR1 upregulation, previously reported in lung cancer metastasis (39). In summary, these new studies confirm an important function of DDR1 in tumor adaptation to therapy, which implicates TME ECM remodeling.



Discussion and future direction

These recent findings bring new insights into the complex signaling mechanisms behind DDR1 tumor activities. Both kinase-dependent and independent DDR1 tumor signaling were reported, although their underlying mechanisms remain unclear (12, 23). Interestingly the work of Di Martino suggests that the nature of collagen-enriched ECM (wavy versus dense aligned collagen) would discriminate between DDR1 kinase-independent dormant versus kinase-dependent survival signaling. Specifically, aligned collagen fibers would promote high DDR1 clustering, which is necessary for DDR1 kinase activation (13). However, it is likely that additional factors (ECM, cytokine, receptors) may be involved in this process. Consistent with this idea, in resistant melanoma cells, DDR2 may contribute to DDR1 clustering, enabling kinase-dependent signaling. Similarly, TM4SF1 may act as a co-receptor for DDR1 function during metastatic reactivation (10). While TM4SF1 also induces DDR1 clustering, receptor phospho-signaling was relayed by cytoplasmic protein kinases, such as PKCalpha/JAK2 in metastatic breast cancer (10) and PKCtheta/SYK in metastatic pancreatic cancer (40). These new findings suggest that the combination of collagen-induced DDR1 clustering and their association with specific co-receptors may influence DDR1 phospho-signaling. Sun et al. provided an additional kinase-independent DDR1 signaling mechanism in tumor immune exclusion (32). This activity is mediated by receptor shedding, previously identified as a negative mechanism of DDR1 signaling (12). Importantly, this study brings the first pro-tumoral function of this known molecular process. However, this attractive model raises several important mechanistic questions. For instance, it is unclear whether the endogenous level of ECD-DDR1 produced from the tumor is consistent with its remodeling effect observed in overexpressing system. It is likely that additional factors may contribute to this response. Similarly, additional DDR1 signaling may contribute to this tumor effect and the activity of a shedding-resistant DDR1 allele would be informative in this regard. While ADAM10 and MMPs (41, 42) were involved in DDR1 shedding, the nature of proteases triggering this new DDR1 activity was not addressed, while of potential therapeutic interest. Finally, this model does not address how receptor shedding would cope with its cytoplasmic signaling capacity to mediate collagen DDR1 pro-tumoral activities. For instance, a role of DDR1 was reported in mechanical remodelling of collagen I by tumor cells, which depends on DDR1 clustering and association with myosin (14, 43). It is thus likely that this signaling mechanism also participates in this pathological effect. In this scenario, the shredded DDR1-ECD would be left on collagens after cells reorganize it and would contribute to the DDR1 tumor function reported by Sun et al. (32). Clearly, further investigation is needed in the future to decipher these complex DDR1 tumor signaling mechanisms.

Finally, these recent reports may have important therapeutic consequences on the design of DDR1-based cancer therapies. First of all, they confirm the interest of therapeutically targeting DDR1 to reduce tumor immune evasion, metastatic development and thepareutic resistance in several cancer types. Second, these observations may help in optimising a strategy to chemically inhibit these diverse DDR1 pathogenic activities. For instance, a tumor with dense and aligned collagen fibers could be predictive of DDR1-kinase dependent signaling that could be targeted by TKi. While specific DDR1 kinase inhibitors did not reach the clinic yet, several clinically available TKi (e.g. imatinib, nilotinib, dasatinib) were shown to effectively inhibit DDR1/2 (22) and could be used for this purpose. However, this strategy may not be effective on kinase-independent DDR1 tumor functions. A complementary approach would involve an anti-DDR1 immunotherapy, as demonstrated in experimental settings addressing tumor immune evasion (32, 34). While this approach would target both kinase-dependent and independent DDR1 functions, several adverse effects could be predicted, such as metastatic reactivation of dormant DTCs. Besides, not all tumor-types may be dependent upon TME collagens to mediate immune evasion. For instance, in pancreatic cancer, TME collagen depletion from CAFs led to an increased tumor immune supression consistent with anti-tumor function of TME collagens (44). Whether DDR1 has a role in this anti-tumor effect is currently unknown. Clearly, further investigation is needed to clarify the role of TME collagens and its receptor DDR1 in cancer agressiveness.

In conclusion, these new studies add additional important DDR1 functions in cancer development and confirm this receptor as an attractive target in oncology. Mechanistic insight into these new functions may help to develop effective DDR1-based therapy in order to improve anti-tumor effects of the currently used therapy. Finally, additional exciting new findings on DDR1 tumor function may be expected in the future, such as tumor cell metabolism, another hallmark of cancer (1, 2) influenced by TME collagens (45).
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Prostate cancer displays a certain phenotypic plasticity that allows for the transition of cells from the epithelial to the mesenchymal state. This process, known as epithelial–mesenchymal transition (EMT), is one of the factors that give the tumor cells greater invasive and migratory capacity with subsequent formation of metastases. In addition, many cancers, including prostate cancer, are derived from a cell population that shows the properties of stem cells. These cells, called cancer stem cells (CSCs) or tumor-initiating cells, not only initiate the tumor process and growth but are also able to mediate metastasis and drug resistance. However, the impact of EMT and CSCs in prostate cancer progression and patient survival is still far from fully understood. Heparanase (HPSE), the sole mammalian endoglycosidase capable of degrading heparan sulfate (HS), is also involved in prostate cancer progression. We had previously proved that HPSE regulates EMT in non-cancerous pathologies. Two prostate cancer cell lines (DU145 and PC3) were silenced and overexpressed for HPSE. Expression of EMT and stemness markers was evaluated. Results showed that the expression of several EMT markers are modified by HPSE expression in both the prostate cancer cell lines analyzed. In the same way, the stemness markers and features are also modulated by HPSE expression. Taken together, the present findings seem to prove a new mechanism of action of HPSE in sustaining prostate cancer growth and diffusion. As for other tumors, these results highlight the importance of HPSE as a potential pharmacological target in prostate cancer treatment.
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Introduction

Of all the existing cancers, prostate cancer is the one that has globally recorded the greatest growth in cases over the last 30 years in both developing and developed countries. Being a male cancer that occurs mainly in old age, the aging of the population is one of the factors that have contributed most to the increase in cases (1). It is estimated that prostate cancer will increase to nearly 2.3 million new cases and 740,000 deaths per year by 2040 simply as a result of population growth and aging (2, 3). The severity of the disease is conferred by the ability of cancer cells to disseminate and metastasize, affecting various organs and tissues—specifically, bone tissue in 84% of cases, distant lymph nodes in 10.6%, the liver in 10.2%, and the thorax in 9.1% (4).

Two phenomena that contribute to the progression and metastasis of this neoplasm are the epithelium–mesenchymal transition process (EMT) and the presence of tumor stem cells. The EMT is a reversible cell-differentiation process during which the morphological and phenotypic conversion of polarized epithelial cells into mesenchymal cells occurs. These cells have a greater migratory capacity, greater resistance to apoptosis, increased expression of mesenchymal markers, and resistance to senescence. This change involves the loss of the junction systems that hold epithelial cells together and the loss of baso-apical polarity and various rearrangements of the cytoskeletal apparatus (5, 6).

The EMT process has also been shown to be present in prostate cancer, and among the various factors that seem to be involved in promoting this change, androgens and estrogens with their related signaling, hypoxia, transforming growth factor beta (TGF-β), and epidermal growth factor (EGF) must be mentioned (7).

These factors promote the activation of the PI3K/AKT and MAPK signaling pathway—thus activating the downstream effectors such as GSK3β and NF-kB, which increase the activity of SNAI-1 and Twist and consequently induce the expression of mesenchymal proteins (8).

Cancer stem cells, according to the American Association for Cancer Research, are described as “a cell within a tumor that possesses the capacity to self-renew and to cause the heterogeneous lineages of cancer cells that comprise the tumor” (9).

Consequently, in line with this definition, CSCs possess both the ability to expand the population of cancer stem cells and, after differentiation, to give rise to other types of neoplastic cells that will make up a large part of the tumor mass. Since non-stem cells in cancer have a limited capacity for proliferation, the only cells with unlimited potential are cancer stem cells, which are thus able to guide the growth and metastatic process (10). For this reason, CSCs that have very long division times, and which are relatively insensitive to drug therapies aimed at targeting rapidly proliferating cells, may be one of the sources of cancer recurrence (11). Over the last few years, experimental evidence has accumulated in favor of the existence of CSC in prostate cancer and its role in tumor and metastatic progression (12). CSCs of the prostate can originate from basal or luminal-type progenitor/stem cells that will develop into tumors with markedly different biological and clinical characteristics in terms of aggressiveness and response to chemotherapy treatments and androgen-deprivation therapy (ADT) (13, 14). Since prostatic CSCs play a fundamental role in ADT resistance, it is currently considered essential to develop new anti-CSC strategies to compensate for treatment failure and disease recurrence (15).

More recently, it has been suggested that the expression of HPSE, the only enzyme capable of degrading the heparan sulfate (HS) chains of HS-proteoglycans (HSPGs), is associated with the characteristics of CSCs in Hodgkin’s lymphoma cells (16) and in myeloma (17).

HS is a highly sulfated linear polysaccharide, attached to the core protein of heparan sulfate proteoglycans (18, 19). HS proteoglycans are ubiquitously found both at the cell surface (i.e., syndecans and glypicans) and in the extracellular matrix (ECM) (18) where they regulate ECM structure and cell–ECM interaction (20, 21). In addition, HS regulates the activity of several molecules (cytokines, growth factors, etc.) (22–25). Currently, heparanase (HPSE) is defined as a multitasking protein capable of performing enzymatic-degradative activity towards HS chains, but which, at the same time, also manifests non-enzymatic activities (26). Through its cutting activity of the side chains of heparane sulfates (HS), it contributes both to the remodeling of the extracellular matrix and to the release and diffusion of various bioactive molecules linked to HS such as growth factors, cytokines, and enzymes. Considering that heparanase is not only produced and secreted by cancer cells but also by endothelial cells and activated immune cells and platelets, it is not surprising that its activity has a strong impact on the tumor microenvironment, thanks to those factors linked to HS, which, once released, promote tumor growth, neo-angiogenesis, and the formation of a metastatic niche (27). As a proof of concept, it has been shown that heparanase overexpression in transgenic mice (Hpa-Tg) makes the tumor microenvironment more conducive to neoplastic development in various experimental models of in vivo tumorigenesis (28, 29).

Since prostate cancer also has an increased expression of HPSE (30), we decided to verify whether this increase could be able to regulate EMT and cancer stem cells properties of prostate cancer.



Methods


Cell lines

DU145 (ATCC® HTB-81™) and PC3 (ATCC® CRL-1435™) prostate cancer cell lines were cultured in Roswell Park Memorial Institute (RPMI) containing 10% fetal bovine serum and supplemented with 1% penicillin/streptomycin. Cells were maintained in a humidified environment containing 5% CO2 at 37°C, and the culture medium was replaced every 2 days.



Transfection of HPSE overexpressing and shRNA plasmid

In order to stably obtain HPSE-overexpressing DU145 cells, we used a plasmid-coding HPSE ORF purchased from OriGene, and as a negative control, we used the corresponding empty vector.

To stably obtain HPSE-silenced PC3 cells, we used four different shRNAs targeting human heparanase (NM_006665) purchased from OriGene as described earlier (31, 32). As a negative control, we used an shRNA pRS non-effective GFP plasmid (TR30003).

DU145 and PC3 cells were seeded in six-well plates and when they reached 70%–80% of confluence, they were transfected with Lipofectamine 3000 (Invitrogen) according to the manufacturer’s instructions. Forty-eight hours after transfection, DU145 cells overexpressing HPSE were selected with 500 μg/ml G418 (Sigma), and PC3 cells silenced for HPSE were selected with 0.75 μg/ml of puromycin (Sigma). Single clones were isolated and analyzed for HPSE expression. The ones with the highest overexpression/silencing rate were used in the subsequent experiments.



RNA isolation and real-time qPCR analysis

Total RNA was extracted from cells by Trizol reagent (Invitrogen) according to the manufacturer’s instructions (33). RNA yield and purity were checked using a Nanodrop spectrophotometer (EuroClone), and total RNA from each sample was reverse transcribed into cDNA using Moloney Murine Leukemia Virus Reverse Transcriptase (Sigma-Aldrich). Real-time PCR was performed on a StepOne™ Real-Time PCR System (Thermo Fisher) using SensiFAST SYBR Hi-Rox (Bioline). The comparative Ct method (ΔΔCt) was used to quantify gene expression, and the relative quantification was calculated as 2−ΔΔCt. The presence of non-specific amplification products was excluded by melting curve analysis. Statistical analyses on real-time PCR data were performed using the Relative Expression Software Tool (REST) (34). The forward and reverse primer sequences were reported in Table 1.


Table 1 | Primer sequences used for real-time PCR .





Western blotting and immunofluorescence

Cells were lysed in radioimmunoprecipitation assay buffer (RIPA) buffer composed of 150 mM NaCl, 50 mM TRIS_HCl (pH 8), 0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate (SDS), and 1% Triton-X with Complete Protease Inhibitor Mixture (Roche Applied Science, Penzberg, Germany). In brief, equal amounts of proteins were treated in reducing sample buffer and denatured for 10 min at 100°C. Protein samples were then resolved in 10% sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS–PAGE) and electrotransferred to nitrocellulose membranes. Non-specific binding was blocked for 1 h at room temperature with non-fat milk (5%) in TBST buffer (50 mM Tris–HCl, pH 7.4, 150 mM NaCl and 0.1% Tween 20). Membranes were exposed to primary antibodies GAPDH (sc-47778 Santa Cruz), HPSE (MA1-83806 HP3/17, Thermo Fisher), E-cadherin (E-CAD) (GTX10443 GeneTex), vimentin (VIM) (sc-7557 Santa Cruz), α-SMA (A5228 Sigma), SOX2 (GTX101507 GeneTex), OCT4 (GTX627419 GeneTex), and NANOG (GTX100863 GeneTex), overnight at 4°C and incubated with a secondary peroxidase-conjugated antibody for 1 h at room temperature. The signal was detected with Luminata™ Forte Western HRP Substrate (Millipore) according to the manufacturer’s instructions, and the signal was acquired with Mini HD9 (UVItec, Cambridge, UK). Immunofluorescence cells were fixed in 4% paraformaldehyde for 15 min, permeabilized with 0.2% Triton X-100 in phosphate-buffered saline (PBS) for 5 min, and blocked with 3% bovine serum albumin (BSA) in PBS at room temperature for 30 min. Cells were then incubated overnight at 4°C with the primary antibodies in PBS with 1% BSA and then washed three times for 5 min with PBS before incubation for 1 h at 37°C with the secondary antibody, again in PBS with 1% BSA. Cell nuclei were visualized with a Hoechst 33258. Images were obtained with a confocal LeicaSP5 microscope.



Colony formation assay

WT and HPSE-silenced/overexpressing prostate cancer cells were seeded in 35-mm culture dishes (1,000 cells per well) and incubated with RPMI supplemented with 10% FBS for 7–10 days (35, 36). The media was renewed every 2 days. The colonies were fixed using paraformaldehyde and stained with 0.1% crystal violet. Cell colony-forming ability was assessed by counting the number of colonies. A colony was defined when the number of cells was more than 50.



Hanging drop assay

To assess the spheroid-formation capacity and compare the spheroid size of the cells, 500 cells in DMEM-F12 complete medium were placed as drops (20 μl each) into the lid of a Petri dish. The lid was then rapidly re-inverted onto the culture dish that was filled with 10 ml of sterile PBS to prevent evaporation of the drops. The hanging drop cultures were incubated at 37°C in a humidified atmosphere with 5% CO2 for 1 week. Pictures of the spheroids inside the drop were taken using a Leica MZ16F stereomicroscope, and their comparative size was obtained measuring the area occupied by the spheres using the software NIH ImageJ.




Results


Establishment of HPSE overexpressing/silenced prostate cancer cell lines

In order to investigate the function of HPSE in prostate cancer, we choose to use two prostate cancer cell lines because they display very different morphological aspects related to EMT. DU145 has a more epithelial phenotype, whereas PC3 cells are elongated and spindle-shaped like mesenchymal cells. Starting from this evidence, we decided to overexpress HPSE in DU145 and to silence it in PC3 (Supplementary Figure S1). HPSE was overexpressed in DU145 cells and silenced in PC3 cells. Results confirmed a significant HPSE upregulation in DU145 cells both at gene and protein level confirmed by WB and immunofluorescence (Figure 1) with respect to DU145 control cells transfected with the empty vector (CTR). CTR cells displayed HPSE expression levels comparable to wt DU145 cells (data not shown). Furthermore, HPSE was silenced by shRNA in PC3 cells by more than 50% both at gene and protein levels (Figure 1).




Figure 1 | HPSE overexpression and silencing in prostate cancer cells. HPSE gene expression was evaluated by real-time PCR on DU145 (A) and PC3 (D) cells. Data were normalized to GAPDH expression. Means ± SD (error bars), n=6. **p < 0.001 vs. CTR. WB analysis of HPSE in DU145 (B) and PC3 (E) and relative quantification (C, F). (G) HPSE immunofluorescence in DU145 and PC3 cells (green). Nuclei were counterstained with Hoechst 33342. Scale bar = 100 μm.





HPSE regulates EMT in prostate cancer cells

In order to investigate whether HPSE is able to modulate EMT, the expression levels of epithelial and mesenchymal markers were measured in DU145 and PC3 cells. Gene expression analyses indicated a decrease in epithelial marker E-cadherin in HPSE overexpressing DU145 cells compared with the control. Also observed was a marked increase in the expression levels of vimentin, α-SMA, SNAI1, and TGF-β compared with the control (Figure 2A). By contrast, in HPSE-silenced PC3 cells, E-cadherin gene expression was increased, and the expression of mesenchymal markers was reduced (Figure 2C). The reduction in E-cadherin and the increase in vimentin and a-SMA in HPSE-overexpressing DU145 cells were also confirmed at protein level by WB and by immunofluorescence (Figures 2B, E). On the other hand, the reduction in vimentin and a-SMA in HPSE-silenced PC3 cells was also confirmed at protein level (Figures 2D, E). These results indicate that HPSE likely promotes EMT in prostate cancer cells.




Figure 2 | EMT markers expression in prostate cancer cells. E-CAD, VIM, α-SMA, TGF-β, and SDC-1 gene expression was evaluated by real-time PCR in DU145 (A) and PC3 (C) cells. Data were normalized to GAPDH expression. Means ± SD (error bars), n=6. **p < 0.001, *p<0.05 vs. CTR. E-CAD, VIM, a-SMA, and protein level were quantified by WB in DU145 (B) and PC3 (D) cells. GAPDH was included as loading control. (E) E-CAD (green) and α-SMA (red) immunofluorescence in DU145 and PC3 cells. Nuclei were counterstained with Hoechst 33342. Scale bar = 100 μm.



HS proteoglycans has an important role on prostate epithelium–stroma architecture (34). In particular, syndecans, a family of heparan sulfate proteoglycans that are present on the cell surface, are involved in the control of cell proliferation, apoptosis, and transformation. In prostate cancer, the expression of syndecan-1 in epithelial cells decreases when cells are transformed and acquire invasive properties. This decreased expression is associated with a bad prognosis (37–39).

In addition, HPSE cleaves HS chains on syndecan-1, and a tight relationship between HPSE and syndecan-1 has been documented in tumor and non-tumor models (19, 32, 40, 41).

Results showed that syndecan-1 gene expression was reduced in HPSE-overexpressing DU145 cells, and, in contrast, syndecan-1 expression was increased in HPSE-silenced PC3 cells.



HPSE regulates stemness features in prostate cancer cells

Numerous studies have shown that the key regulators in maintaining the stemness of embryonic stem cells, including Oct4, Sox2, and Nanog, along with their activation targets, are commonly overexpressed in cancer stem cells in several malignancies (42–44). In addition, a series of molecules, including CD44, CD133, integrin α2β1, ALDH1A1, and Bmi1, involved in the regulation of cancer stem cell self-renewal, metastasis, and drug resistance, have also been confirmed in prostate cancer (45, 46). Results showed that the stemness markers SOX2, OCT4, NANOG, and CD133 were upregulated both at gene and protein level in HPSE-overexpressing DU145 cells compared with the control. By contrast, the same markers were significantly reduced in HPSE-silenced PC3 cells compared with the control (Figure 3).




Figure 3 | Stemness markers expression in prostate cancer cells. SOX2, OCT4, NANOG, and CD133 gene expression were evaluated by real-time PCR in DU145 (A) and PC3 (B) cells. Data were normalized to GAPDH expression. Means ± SD (error bars), n=6. **p < 0.001, *p<0.05 vs. (C) SOX2, OCT4, and NANOG protein level were quantified by WB in DU145 and PC3 cells. GAPDH was included as loading control.



Two important characteristics of cancer stem cells are the capacity to grow starting from a single cell and to form a sphere in an independent anchoring system.

Colony formation is the ability of cancer stem cells to form colonies when seeded on cell culture dishes at very low concentrations after limiting dilutions (47). Results showed that HPSE overexpression in DU145 cells increases the number of colonies compared to control cells and that HPSE silencing in PC3 significantly limited the ability to form colonies (Figures 4A, B).




Figure 4 | Stemness properties in prostate cancer cells. Representative images of colony (A) and sphere (C) assays evaluated in DU145 and PC3 cells. (B, D) Bars represent the quantification of colony and sphere assay respectively and are expressed as mean ± SD values; n=8. **p < 0.001, *p<0.05 vs. CTR.



To assess the spontaneous sphere formation efficiency of cancer stem cells, we used the hanging drop method (48, 49). Both cell lines were able to form similar circular spheres. HPSE overexpression in DU145 cells increased the sphere perimeter, whereas HPSE silencing in PC3 cells exerted the opposite effects (Figures 4C, D).




Discussion

The malignant growth and progression of tumor disease are supported by key features of cancer cells that have collectively been referred to as “hallmarks of cancer.” To the initial six hallmarks (supporting proliferative signaling, evading growth suppressors, replicative immortality, resistance to cell death, inducing angiogenesis, and activating invasion and metastasis), four other “enabling features” have more recently been added, such as instability and mutation of the genome, tumor-promoting inflammation, deregulated energy metabolism, and escape from immune destruction (50). Since it is now consolidated evidence that all tumors examined to date overexpress HPSE, some authors have proposed that with its multiple roles within the tumor microenvironment, heparanase can regulate each of these distinctive characteristics of cancer and, in turn, highlight the need for therapies aimed at its inhibition (51).

Starting from this evidence, our goal was to evaluate how the overexpression and silencing of heparanase in prostate cancer cells affect stemness characteristics and epithelium–mesenchymal transition (EMT)—two of the classic tumor “hallmarks.”

EMT is thought to be activated in cancer cells, linked to their dissociation from the primary tumor and their intravasation into blood vessels (52). However, the impact of EMT in cancer progression and patient survival is still far from fully understood.

EMT was originally described during morphogenesis and later was observed in several pathological events, including fibrosis and cancer metastasis (53). During EMT, epithelial cells lose adherence junctions and (54) apical–basal polarity and acquire a mesenchymal phenotype with an enhanced motility. In response to various signals (55–58), epithelial cells upregulate a group of transcription factors to orchestrate EMT, and the main ones are SNAI-1 and TWIST. EMT can be considered to be a continuum process (59), and cells with this hybrid phenotype have been referred to as “metastable” (60), reflecting the flexibility of these cells in inducing or reversing the EMT process (61).

Heparanase is the sole mammalian endoglycosidase capable of degrading glycosaminoglycan HS. The enzymatic cleavage of HS by HPSE results in ECM remodeling and releasing these bioactive mediators, producing a rapid tissue response to local or systemic stimuli. These effects profoundly affect multiple pathophysiological processes such as tumor progression, inflammation, and fibrosis (62–65). Since uncontrolled HS degradation results in significant tissue damage, HPSE expression is tightly regulated (19, 66, 67), whereas it is overexpressed in malignant tumors (66, 68).

Prostate cancer is responsible for more gender-specific cancer-related deaths in men than any other cancer (1). Zhou et al. (69) have shown that HPSE overexpression can facilitate tumor invasion and accelerate bone destruction caused by prostate cancer metastasis. Expression of HPSE has also been evaluated in prostate neoplasia; its malignant transformation has been shown to be associated with heparanase-1 increased expression at both mRNA and protein levels (70). These authors have also correlated HPSE expression with the degree of metastasizing tumors and suggested its use as a potential marker for diagnosis of the prostate metastatic process (70).

We and other previous literature support the contention that heparanase is needed for pathological organ fibrosis, and this action is exerted thorough the regulation of EMT. In vitro and in vivo studies have shown that HPSE regulates renal EMT induced by FGF-2, TGF-beta, and hypoxia (71–74). We have also proved that HPSE regulates high glucose-induced EMT of mesothelial cells (75). In addition, it has been proven that HPSE participates in lung fibrosis by regulating EMT (76), and it probably also has a role in the liver (33).

We induced HPSE overexpression in DU145 cell line and its silencing, by shRNA, in PC3 cell line. The silencing/overexpression rate was confirmed both at gene and protein levels. Results showed that HPSE is an EMT inducer in prostate cancer. Indeed, the epithelial marker E-cadherin was reduced in HPSE-overexpressing DU145 cells and upregulated in HPSE-silenced PC3 cells with respect to control. In contrast, the expression of mesenchymal markers a-SMA and vimentin was increased in HPSE-overexpressing DU45 cells and reduced in HPSE-silenced PC3 cells with respect to control.

Moreover, we have proved that HPSE regulates the expression of TGF-β (one of the principal EMT activators) and the levels of its associated transcription factor SNAI-1. Specifically, TGF-b and SNAI-1 were increased in HPSE-overexpressing DU145 cells and reduced in HPSE-silenced PC3 cells with respect to control.

During malignant transformation depletion of epithelial cell surface, syndecan-1 profoundly alters cell morphology and anchorage-dependent growth: thus, syndecan-1 is necessary in maintaining the epithelial phenotype. TGF-β can induce EMT by activating SNAI-1, which in turn, represses the expression of syndecan-1. A coordinated loss of syndecan-1 and E-cadherin has been documented in many epithelial malignancies compared to their benign counterparts. In the prostate, changes in syndecan-1 expression are linked to EMT (77). It has been described that syndecan-1 expression is lower in PC3 and DU145 prostate cancer cell lines than in normal prostate epithelial cells (78).

Here, we have shown that HPSE expression modulates syndecan-1: HPSE overexpression reduced syndecan-1 in DU145 cells, and HPSE silencing increased syndecan-1 expression in PC3 cell line.

Recently, EMT has been linked to stem cell phenotype (79), since cancer cells with EMT characteristics acquires stem-cell-like features, such as self-renewal and slow proliferation (80, 81). Cancer stem cells acquire more complete EMT molecular characteristics and exhibit more aggressive abilities. Specifically, prostate cancer stem cells display increased EMT markers and increased tumorigenesis, migration, and invasion ability (82). Cancer stem cells have a specific gene signature, and the principal markers are SOX2, OCT4, and NANOG. Additionally, other genes involved in maintaining self-renewal capacity in prostate cancer include CD-133 and CD-44 (83, 84).

Here, we have proved that HPSE expression modulates prostate CSCs. Specifically, the stemness markers SOX2, OCT4, NANOG, and CD133 were upregulated both at gene and protein levels in HPSE-overexpressing DU145 cells and reduced in HPSE-silenced PC3 cells compared with the control. In addition, functional assays confirmed a role of HPSE in prostate cancer stemness: HPSE increases the capacity to grow starting from a single cell and to form a sphere in an independent anchoring system. Future studies could also characterize the potential role of HPSE in self-renewal capacity of prostate CSCs.

Here, we report that the expression of several EMT markers is controlled by HPSE expression in prostate cancer. Moreover, stemness markers and features of CSCs are also modulated by HPSE. Collectively, these results proved an additional mechanism by means of which HPSE can contribute to prostate cancer progression and metastasis, and further studies will be necessary to clarify its potential as a pharmacological goal.
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Cancer-initiating cells (CICs) drive colorectal tumor growth by their supportive niches where CICs interact with multiple cell types within the microenvironment, including cancer-associated fibroblasts (CAFs). We investigated the interplay between the CICs and the clinically relevant chemotherapeutic FOLFOX that creates the persistent tumorigenic properties of colorectal CICs, and stimulates the microenvironmental factors derived from the CAFs. We found that the CICs expressing an immunophenotype (CD44v6[+]) promote FOLFOX-resistance and that the CIC-immunophenotype was enhanced by factors secreted by CAFs after FOLFOX treatment These secreted factors included periostin, IL17A and WNT3A, which induced CD44v6 expression by activating WNT3A/β-catenin signaling. Blocking the interaction between CICs with any of these CAF-derived factors through tissue-specific conditional silencing of CD44v6 significantly reduced colorectal tumorigenic potential. To achieve this, we generated two unique vectors (floxed-pSico-CD44v6 shRNA plus Fabpl-Cre) that were encapsulated into transferrin coated PEG-PEI/(nanoparticles), which when introduced in vivo reduced tumor growth more effectively than using CD44v6-blocking antibodies. Notably, this tissue-specific conditional silencing of CD44v6 resulted in long lasting effects on self-renewal and tumor growth associated with a positive feedback loop linking WNT3A signaling and alternative-splicing of CD44. These findings have crucial clinical implications suggesting that therapeutic approaches for modulating tumor growth that currently focus on cell-autonomous mechanisms may be too limited and need to be broadened to include mechanisms that recognize the interplay between the stromal factors and the subsequent CIC-immunophenotype enrichment. Thus, more specific therapeutic approaches may be required to block a chemotherapy induced remodeling of a microenvironment that acts as a paracrine regulator to enrich CD44v6 (+) in colorectal CICs
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Introduction

Human colorectal cancer is a widely studied human tumor type for which the steps from small adenomas to metastatic colorectal cancer (CRC) are clearly defined. In the face of recent progress in cancer therapy and increased knowledge of tumor biology, CRC ranked second in women after breast cancer and third in men after prostate and lung cancers (1). CRC-associated death is primarily caused by cancer recurrence and metastasis. CRC recurrence is defined as local, regional, and distant metastatic recurrence after a disease-free period (2). Moreover, five-year survival in CRC ranges from 90% in early localized stages to less than 10% in advanced, metastatic cases (3, 4).

The vast majority of tumors (90%) are linked to somatic mutations and environmental factors, whereas only a minority of all cancers are caused by germline mutations. Recent studies provide evidence that tumors exist as complex tissues composed of heterogeneous, aberrant cell types containing a hierarchy of cells that differ in morphology, gene expression, proliferative capacity, and invasiveness (5). A small subset of cancer cells known as cancer initiating cells (CICs) display cellular hierarchies from which tumor clones originate with tumor initiation ability, self-renewal capacity, long-term repopulation potential, cell death evasion capacity, and demonstration of extensive proliferating capacity to differentiate into multi cell types (6–11). CICs do not simply survive in seclusion, but rather live in a tumor microenvironment known as “niche”. The niche is the cellular environment in which the CICs exist and interact within the extracellular matrix (ECM) with mesenchymal fibroblast cells called cancer associated fibroblasts (CAFs) (12–15). Additionally, immune cells (16), endothelial cells (17), and paracrine signaling molecules such as growth factors (18), matricellular proteins (19) and cytokines (20) are found in the microenvironment of these niches (21, 22). We hypothesize that paracrine factors secreted by CAFs in the CIC niche interact with specific isoforms (variants) of CD44 receptors on CICs to govern tumor growth.

CD44 is a multi-structural and multi-functional transmembrane glycoprotein that is encoded by a single gene containing 20 exons, ten of which are alternatively spliced to generate the numerous CD44 splice variants (CD44v) (23, 24). The standard isoform of CD44 (CD44s) has no variant exons, is small, and is nearly ubiquitous in vertebrate cells (25). Even though CD44s, CD44v6 and CD44v4-10, are detected in the human gut epithelium (26), experiments using knock-in mice that express either CD44v4-10 or CD44s isoforms have demonstrated that CD44v isoforms, but not the CD44s isoform, promote adenoma formation in Apc/Min/+ mice (26). CD44v6 acts as a coreceptor for many growth factors and cytokines produced by cells in the tumor microenvironment, including HGF (27), VEGF (28), EGF (29) and TGFβ1 (30, 31). We and others have shown that CD44 receptors can serve as a signaling platform that integrates cellular microenvironmental cues with growth factor and cytokine induced receptor tyrosine kinase or non-tyrosine kinase signals and transduces these signals to membrane-associated cytoskeletal proteins (27, 28, 32–36). This regulates a variety of genes related to apoptosis resistance including MDR1 (37–40), suggesting a mechanism that could explain CIC’s chemoresistance.

While cytokines and chemokines within the tumor environment are well known paracrine and autocrine signaling factors, in this study, we have focused on stromal proteins secreted by CAFs whose roles are less understood in the context of the tumor microenvironment associated with CD44v6(+)-CICs. One of the stromal factors is periostin (PN), a matricellular protein (41). It is frequently upregulated in various types of human cancers, including CRC (41–45). PN is observed mainly in tumor stroma and at a minor level in the cytoplasm of cancer cells, and stromal PN has a key role in regulating CIC maintenance and expansion during metastatic colonization by increasing WNT signaling (19). Similarly, CAFs create a chemo-resistant niche in CRC by releasing cytokines, including IL17A, a colorectal CIC maintenance factor (20). Likewise, the functional expression of WNT activity defines CRC stem cells and is regulated by the microenvironment (12, 46). WNT-pathway activation results in nuclear accrual of its main effector protein, β-catenin, which interacts with transcriptional regulators including leukocyte enhancer factor-1 (LEF-1) and T cell factor (TCF), which leads to WNT responsive gene expression (47).

Although much work has been done on molecular structure and tumorigenic functions of CD44v6, most of these functions are contributed by tumor cells instead of CICs. Thus, in this study, we present evidence for the role of CD44v6(+) expressed by CICs in communicating within the tumor microenvironment and in regulating CIC stemness properties to sustain drug resistance, which has not been clearly understood. We showed that FOLFOX therapy induces reorganization of the tumor micro-environment that supports a cellular hierarchy in CRC, enriching the undifferentiated highly tumorigenic CD44v6(+)CIC subpopulation through secreted factors derived from CAFs. We found that human colorectal tumor tissue contains cancer initiating cells defined by CD44v6 expression that are exclusively tumorigenic and highly resistant to standard chemotherapy, and the CIC tumorigenic potential is stimulated significantly. Our data also suggest that combinations of 5-fluorouracil [5-FU], oxaliplatin [OXA], and leucovorin induce reorganization of the tumor microenvironment that supports a cellular hierarchy in CRC, enriching the undifferentiated highly tumorigenic CD44v6(+)CIC subpopulation through secreted factors derived from CAFs. FOLFOX stimulation increased the ability of CAFs to stimulate a relative proportion of fibroblasts to the epithelial component (α SMA versus EpCAM). Subsequently CAFs create a chemo-resistant niche by releasing pre-dominantly PN, WNT3A and IL17A. Exogenous addition of either PN, IL17A or WNT3A increased CIC tumorigenic function and maintenance. Especially, these factors were overexpressed by colorectal CAFs in response to FOLFOX with expression validated directly in patient-derived specimens. Periostin and IL17A sustain a WNT3A induced maintenance of CD44v6(+) CICs. Additionally, our data also revealed that the tumorigenic potential of these CICs together with the CAFs subpopulation significantly increased in secondary and tertiary subcutaneous xenograft tumors. In contrast, tumorigenic potential of Non-CICs plus CAFs was completely lost in secondary, tertiary and quaternary subcutaneous xenograft tumors suggesting that non-CICs are differentiated non-tumorigenic cells. These results provide evidence that drug resistance and long-term tumorigenic potential are restricted to the CD44v6 expressing CIC population, and chemotherapy induces remodeling of the tumor microenvironment to support the tumor cellular hierarchy through secreted factors. These results have central clinical significances as most chemotherapeutic methods focus on blocking cell-autonomous mechanisms without reflecting on the crosstalk between CICs and CAFs that may promote the specific CD44v6-signaling required for maintenance of CIC resistance and tumor recurrence through sustained WNT3A/β-catenin/TCF4 signaling.



Materials and Methods


Institutional Review Board (IRB) Statement

The Medical University of South Carolina (MUSC) IRB determined that this research project meets the criteria for “Not Human Subjects”.



Institutional Animal Care and Use Committee (IACUC) Statement

All animal studies described were approved by the Medical University of South Carolina (MUSC) IACUC (protocol # IACUC – 2019-00829; Approval period 08/03/2020- 09/24/20221) and conducted in accordance with the National Institutes of Health Guide for the Care and Use of Animals.



Materials

Dulbecco’s Modified Eagle’s Medium (DMEM), Eagle’s Minimum Essential Medium (EMEM), McCoy’s 5A Medium, F-12K Medium, Leibovitz’s L-15 Medium, L- Glutamine, Sodium pyruvate, Penicillin (100 µg/ml) and Streptomycin (100 µg/ml), sodium pyruvate, 0.05% EDTA solution (Versene), Phosphate buffered saline (PBS, Calcium and Magnesium free), and 0.05% Trypsin were from Corning Inc. Fetal Bovine Serum (FBS) was from Atlanta Biologicals. Amphotericin B- Hyclone was from Thermo Fisher Scientific, Waltham, MA, USA. Nonidet P-40, EGTA, sodium orthovanadate, glycerol, phenylmethylsulphonyl fluoride, leupeptin, pepstatin A, aprotinin and HEPES were from Sigma-Aldrich, Inc. St. Louis, MO, USA. Recombinant human WNT3A protein (5036-WN) periostin protein (CF 3548-F2), IL-17A protein (CF 317-ILB) were from R&D Systems, Inc. Minneapolis, MN, USA. The anti-Active-β-catenin antibody (05-665, anti-ABC antibody clone 8E7)from Millipore Sigma, Burlington, MA, USA, and the anti- β-catenin antibody (610153, mouse IgG1, BD, Tempe, Arizona, USA) were used for total β-catenin detection in western blotting analysis. The antibodies p-LRP6 (Serine 1490) (#2568, Rabbit IgG), LRP6 (#2560, Rabbit mAb clone C5C7), TCF4 antibody (#2569, Rabbit mAb clone C48H11) were from Cell Signaling Technology, Inc. Danvers, MA, USA. P-Glycoprotein (MDR1) western blotting antibody (PA5-28801, Rabbit Polyclonal against Human) was from Invitrogen-Thermo Fisher Scientific, Waltham, MA, USA. β β−Tubulin Antibody (D-10) (sc-5274, Mouse monoclonal IgG2b κ, SCBT), Mouse anti-rabbit IgG-HRP (sc-2357, IgG, SCBT), Rabbit anti mouse IgG-HRP (sc-358914, IgG, SCBT), and Western blotting Luminol reagent (sc-2048, SCBT) were purchased from Santa Cruz Biotechnology Inc., Dallas, Texas, USA. Blocking antibodies for CD44v6 (BBA13, Monoclonal Mouse IgG1 Clone # 2F10, R&D), and isotype control (MAB002, IgG1, R&D) were from R&D Systems, Inc. Minneapolis, MN USA. The mouse IgG1 antibodies were from R&D Systems, Inc. Minneapolis, MN, USA. Blocking antibody for protein WNT3A (703666) was from R&D Systems, Inc. Minneapolis, MN USA. Rabbit monoclonal IgG clone 1H12L14) was from Thermo Fisher Scientific. Waltham, MA, USA. Blocking antibody for periostin (OC-20) was from Adipogen Corporation, San Diego, CA, USA. Blocking antibody for IL17A Monoclonal (eBioMM17F3), and the mouse IgG1 antibodies were from R&D Systems, Inc. Minneapolis, MN USA. pcDNA3-WNT3A-V5 was a gift from Marian Waterman (Addgene plasmid # 35927; http://n2t.net/addgene:35927; RRID : Addgene #3 5927). Periostin cDNA was a gift from Dr. Akira Kudo, School of Dentistry, Showa University, Tokyo, Japan.



Cell Line

SW480(CCL-228) was maintained in Leibovitz’s L-15 medium that was purchased from ATCC (Manassas, Virginia, USA) in a humidified atmosphere in the presence of 10% FBS, Penicillin (100 µg/ml) and Streptomycin (100 µg/ml) in 5% CO2 at 37° C.



Generation of FOLFOX Resistant Cells

To determine the mechanisms of FOLFOX resistance, we selected SW480 cells out of 7 cell lines (as shown in in our companion paper (48), which have low basal levels of CD44v6 gene expression. Using this cell line, we determined the IC50 values for 5-Flourouracil (5-FU) and for oxaliplatin (OXA) (as shown in in our companion paper (48), because these molecules are the components of FOLFOX. To determine these IC50 values, cells were separately pretreated with various concentrations of 5-FU, or OXA, or vehicle. After a 24-h incubation at 37° C, growth assays were analyzed as described below. The 50% inhibitory concentration (IC50) was identified as a concentration of drug required to achieve a 50% growth inhibition relative to untreated controls. The average IC50 value for SW480 cells for 5-FU is 47 µM and for OXA is 9.6 µM. FOLFOX resistance cells were generated by incubating the sensitive parental SW480 cells (SW480-S) with increasing concentrations from 1x FOLFOX (50 µM 5-FU + 10 µM OXA + 1 µM leucovorin) to 5 x FOLFOX over 3 days. This exposure and withdrawal cycle was repeated five times for each dose of FOLFOX. The surviving cells were cultured in normal medium for 5 days. The resistances of these resistant clones were compared to sensitive pairs by determining the numbers of colonies in soft agar growth with 1x FOLFOX - 5x FOLFOX treatments.



Cell Viability and Apoptosis Assays

Five thousand cells were plated in triplicate into 96-well plates containing appropriate growth media and incubated overnight. After 16 hours growth, cultures were incubated in media containing no serum for 16 hours at 37°C in 5% CO2, 95% air. Vehicle or chemotherapy drug was added to the plate. In each experiment, a total of five plates (6 wells/treatment) were used. Experiments were repeated 3 times. The growth of the cells was determined by measuring increases in readings of ATP levels for viability (CellTiter-Glo, Promega). Cell apoptosis was determined by the Caspase-Glo® 3/7 assay (Promega) using DEVD-amino luciferin substrate. The luminescent signal is proportional to caspase 3/7 activity and was measured using a luminometer (Perkin Elmer).



Tissue Collection and Isolation of CICs

All human drug resistant human CRC tissues were acquired from primary human colorectal tumor patient specimens undergoing colorectal resection, in agreement with human experimental guidelines and the ethical standards of the institutional review board (IRB). Human protocols were approved by the Institutional Review Board of the Medical University of South Carolina. The IRB has determined that this research project meets the criteria for ‘Non Human Subjects’ research. Patient-derived (PD) biopsies collected from 5-FU resistant (PD-5FUR), Oxaliplatin (PD-OXAR), and FOLFOX (PD-FR) tumor specimens and our FOLFOX resistant (FR), Oxaliplatin resistant (OXA-R), 5-flurouracil resistant (5-FUR) cell clones. SW480-S (sensitive) cells were maintained through subcutaneous (SQ) xenografts in the flanks of immunocompromised [NOD-SCID/IL2Rγnull (NSG)] mice and in SCID mice, respectively. Fresh tumors from normal colonic tissue and colorectal PD-FR, PD-OXAR, PD-5FUR, SW480-FR, SW480-OXAR, SW480-5FUR, and SW480-S SQ tumors were rinsed with DMEM (Life Technologies) supplemented with 200 units/mL of penicillin, 200 µg/mL of streptomycin, and 4 units/mL of amphotericin B, followed by incubation with 300 units/ml of collagenase (Worthington Biochemical) at 37° C for 3 hours. A single cell suspension was obtained by filtration through a 40 µm filter. After discarding lymphocytes by gradient centrifugation, the cells were processed for sphere formation (see below for methods), and sphere-propagated cells were subjected to fluorescence-activated cell sorting (FACS) buffer [Phosphate-buffered saline (PBS) + 2% BSA + 1 mM EDTA + 0.1% sodium azide], incubated with Fc blocking reagent (Millenia Biotech), and stained with directly conjugated antibodies by incubating on ice for 20 minutes.

Flow cytometry was done in a cell sorter. To enrich for CICs, single cells were labeled with a phycoerythrin (PE)-conjugated monoclonal antibody against CD44v6 (Miltenyi Biotec), and then analyzed for the expression of Fluorescein-5-isothiocyanate (FITC)-conjugated monoclonal antibody against EpCAM (R&D Systems). Purified CD44v6+/EpCAM+ and CD44v6-/EpCAM+ cells from various tumors were cultured separately and grown in fresh CIC growth medium. CICs were cultured in serum-free media with basic fibroblast growth factor (bFGF, 10 ng/ml; R&D Systems) and epidermal growth factor (EGF, 10 ng/ml; R&D Systems) for 2 weeks. Then, the cultured CD44v6+/EpCAM+ and CD44v6-/EpCAM+ cells were subjected to flow cytometric analysis for isolation of CD44v6+EpCAM+ALDH1+CD133+ (designated as CICs), and CD44v6-EpCAM+ALDH1+CD133+ (designated as Non-CICs) using appropriate fluorescence-conjugated antibodies as described in our companion paper (48). CICs were cultured in serum-free media with basic fibroblast growth factor (bFGF, 10 ng/ml; R&D Systems) and epidermal growth factor (EGF, 10 ng/ml; R&D Systems).



Tissue Collection and Isolation of CAFs

Single cell suspensions from a dissociated FOLFOX resistant (FR) patient colorectal tumor (PD-FR) were sorted by FACS using PDGFR-α-PE and EpCAM-FITC. Percentages of EpCAM(-)/PDGFR-α(+) (CAFs) and EpCAM(+)/PDGFR-α(+) (Non-CAFs) in total unsorted cell populations were quantified. The integrities of EpCAM(-)/PDGFRα(+) gated CAFs from the dissociated CRC cells from the patient colorectal tumors (PD-5FUR, PD-OXAR, PD-FR) and from the sensitive and FOLFOX resistant SW480/SQ tumor tissues were confirmed by QPCR analyses for CAF-associated markers FSP1, FAP, PDGFR-α, and epithelial cell marker EpCAM (negative control). EpCAM (-)/PDGFR-α(+) cells referred to as ‘CAFs’ were isolated from the indicated tumor tissues. The high PDGFRα positive population was gated in a range of 4–20% (depending on the percentage of the total positive cell population of each sample) of the tail of the positive cells. These EpCAM(-)/PDGFR-α(+) cell populations (CAFs) were cultured in DMEM with 10% BSA for 12 days, and were sorted by FACS using α-SMA-PE and EpCAM-FITC antibodies. The percentages of the sorted α-SMA(+)/PDGFR-α(+) cells in total unsorted CAFs are designated as enrichment of active CAFs. Dead cells were eliminated by using the viability dye DAPI. Isotype controls were used to establish proper gates.



Tumor Sphere Formation

We followed the tumor sphere formation assay protocol from the Creative Bio-array (Shirley, NY, USA). An optimized serum substitute (1 x B27 supplement) (from Creative Bio array) was freshly added to tumor formation medium (500 ml Dulbecco’s Modified Eagle Medium/F12) containing 20 ng/ml epidermal growth factor, 10 ng/ml basic fibroblast growth factor, 5 μg/ml insulin, and 0.4% bovine serum albumin. After harvesting the cells, 200 live cells/200 µl of tumor sphere medium were suspended on ice and mixed well for plating. PBS was added to the first and last columns (column 1 and 12) of the 96-well plate to help minimize medium evaporation. This leaves 10 wells available for each row. 200 μL aliquots of the cells were suspended in tumor sphere medium and added into each well (200 cells per well). For each treatment, CICs were seeded into the wells of 2 rows for a total of 20 wells. Vehicle or 20 ng/ml of WNT3A, or PN, or IL17A, or a chemotherapeutic drug was added. The upper and lower edges of the 96-well plate were sealed with laboratory tape to avoid evaporation of medium, and cells were placed in an incubator set to 37°C and cultured in 5% CO2 for 10 -14 days. These proteins/cytokines were added in optimum media for 24 hours, and this addition was renewed every 3 days. The medium was changed after 48 hours. After stipulated times of incubation, tumor sphere numbers were counted under a phase-contrast microscope using the 40X magnification lens. Data are presented as a percentage of wells containing tumor spheres compared to the total number of wells.



Cell Lysis, Immunoprecipitation and Immunoblot Analysis

Cells were cultured until they were 75% confluent. They were then washed twice at 4° Cwith phosphate-buffered saline (PBS), and harvested with 0.05% Versene. The cells were pelleted by centrifugation at 5,000 x g for 2 minutes at 4°C. The pellets were treated for 30 minutes with the lysis buffer containing 1% Nonidet P-40, 0.3 M NaCl, 1.5 mM MgCl2, 0.2 mM EDTA, 5 mM sodium orthovanadate, 10% (v/v) glycerol, 100 µg/ml phenylmethylsulphonyl fluoride (PMSF), 1 µg/ml leupeptin, 1 µg/ml pepstatin A, 1 µg/ml aprotinin, and 50 mM HEPES, pH 7.5. For immunoprecipitation, the cell extracts (1 mg total proteins) were precleaned by rotation for 1 h with 20 µl of protein G-Sepharose beads (Santa Cruz, CA). The precleaned supernatant was incubated with antibody needed for each specific experiment overnight. After incubation with 20 µl of protein G-Sepharose beads for 1 h, the suspension was centrifuged, and pellets were washed and collected as immunoprecipitation complexes. Western blotting was done as previously described (31, 49–51). Images were recorded using a luminescent image analyzer, and the intensities of the bands were quantitated by densitometry (NIH Image J software). Each protein was analyzed in samples from at least three independent experiments from each set of tumor cells, CICs and CAFs.



Lipid-Raft Isolation

All procedures were done at 4° C. Cells were scraped into buffer containing 1% cold Triton X-100 buffer (20 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1% Triton X-100, 1% deoxycholate, 0.1% sodium dodecyl sulfate [SDS], 1 mM EGTA, 1 mM sodium orthovanadate with a cocktail of protease inhibitors at final concentrations of 0.2 mM aminoethyl-benzene sulfonyl fluoride, 1 µg/ml aprotinin, 3 µM E-64, 10 µg/ml leupeptin, 2 µM pepstatin, and 50 µg/ml calpain inhibitor I) and lysed on ice for 30 minutes. After centrifugation at 800 x g to remove nuclei and cell debris, lysates were subjected to sucrose gradient fractionation as described previously (52). An equal volume of each fraction was boiled in SDS-Lammeli sample buffer and subjected to western blotting analyses as described previously (30, 31, 49, 50, 53, 54). On the other hand, the Triton-insoluble rafts and Triton-soluble fractions were diluted with an equal volume of extraction buffer (25 mM HEPES, pH 7.6, 0.3 M NaCl, 1.5 mM MgCl2, 0.2 mM EDTA, 1% Nonidet P-40, and 0.5 mM dithiothreitol) and subjected to immunoprecipitation as described previously (31, 49, 55, 56).



Biotin Labelling of Cell Surface Receptors and Internalization Assays

For cell surface protein labelling, cells were treated in the presence or absence of FOLFOX or WNT3A conditioned media at 37°C for the times indicated and washed three times with ice-cold phosphate-buffered saline (PBS; pH 8.0) to remove any contaminating proteins. Biotinylation followed by immunoprecipitation and western blotting was done as described in our companion paper (48). For internalization assays, cell surface proteins were biotin-labelled as described in our companion paper (48). The amounts of receptor bound to beads were determined by SDS–PAGE and immunoblot analysis.



Transient Transfection and Luciferase Reporter Assay

For the transient assays, 1.0 x 105 cells were transfected using Lipofectamine LTX 2000 (Invitrogen) with 1 μg of each Luciferase construct and 100 ng of pRL-SV40 vector (Promega), according to the manufacturer’s instructions. Firefly and Renilla Luciferase activities were measured in cell lysates 48 hours after transfection using the DualGlo Luciferase Assay System (Promega) on a Veritas TM Microplate Luminometer (Perkin-Elmer) following the manufacturer’s protocol and as shown in our companion paper and as described previously  (48, 55). All experiments were done in triplicate. Ratios of Renilla luciferase readings to firefly luciferase readings were taken for each experiment, and triplicates were averaged. The average values of the tested constructs were normalized to the activity of the empty pGL3-basic vector, which was arbitrarily set at value 1.



β-Catenin/TCF Reporter Assays

All reporter gene assays were done in 96-well plates. PD-FR/CICs or CD44v6 overexpressing SW480-FR/SQ/Non-CICs (Non-CICs/CD44v6) (1.0 × 104/well) were transfected with Super TOPFlash reporter (25 ng) and TK-Renilla (5 ng), and with the respective plasmid DNA as indicated using Lipofectamine™ 3000 transfection reagent according to the manufacturer’s protocol. Each transfection was adjusted to 150 ng DNA/transfection with pcDNA3.1 empty vector. Where indicated, cells were transfected at 50–70% confluency with shRNA constructs using Lipofectamine™ 3000 transfection Reagentin 6 cm petri dishes according to the manufacturer’s protocol 24 h before seeding the cells for the reporter assays. 50 ng/ml of WNT3A was added 24 h after DNA transfection. Cells were lysed 72 h after DNA transfection with 1 × Passive Lysis Buffer (Promega), and the luciferase activity was measured using the Luminescence counter (PerkinElmer). TOPFLASH experiments were normalized to co-transfected Renilla gene expression. In parallel to the reporter assay, transfected CICs and Non-CICs/CD44v6 cells were subjected to western blotting analysis to detect the proteins involved in CD44v6-β-catenin-MDR1 signaling.



RNA Extraction and cDNA Synthesis

RNA extraction and cDNA synthesis were done following published work (57). Total RNA was isolated from cells using the RNeasy mini kit (Qiagen) according to the standard protocol provided by the manufacturer, with on-column DNA digestion. Five hundred ng of RNA was used for cDNA synthesis. One μl primer, 1 μl buffer (from 10X ezDNase™ Buffer), 0.5 μl RNase inhibitor, 1 μl dNTP (10 mM) and 0.5 μl Reverse Transcriptase (Thermo Fisher Scientific) and 6 μl Nuclease-free Water were mixed in a microtube (0.2 ml) to make 10 μL DNA digestion reaction mix for each RT-PCR reaction for cDNA synthesis. The synthesis was done at 50° C for 60 minutes in a thermal cycler (Bio Rad).



Primer Design and Semiquantitative RT-PCR

Design of primers and semiquantitative RT-PCR were performed following published works (55, 57, 58). Primers were designed by online Primer Quest Tool (https://www.idtdna.com/PrimerQuest/Home/Index). The quality of designed primers was analyzed by Oligoaniline Tool software. The semi-quantitative PCR primer sequences used for CD44 exon specific PCR are given in Tables 1, 2. The semiquantitative PCR primer sequences used for proteins and cytokines of CAFs are presented in Table 3. Semi-quantitative PCR was done using different amounts of cDNA of RNA samples. One μl of forward (F) and of reverse (R) primers were used. For each sample, PCR was repeated three times. The reaction contained 1 μl of each cDNA sample, 0.5 μl of each primer, 5 μl Taq DNA Polymerase 2× Master Mix Red (Amplicon Co.) and 3 μl dd water in a final volume of 10 μl. Before the main reactions, the PCR conditions, including thermal conditions, and the number of cycles and the cDNA concentrations, were optimized. During the main PCR cycles, temperature conditions included one initial denaturation cycle (3 min at 95° C) followed by 35 cycles with a denaturation step for 5 sec at 95°C and a combined annealing and extension step for 35 sec at 61°C. The PCR products were electrophoresed on agarose 2.5%, stained with ethidium bromide and photographed. The analysis of band intensities was done by ImageJ software.


Table 1 | CD44 exon specific PCR examined using 5' primers complementary to individual variable exons and a primer to the 3' constitutive exon 7.




Table 2 | CD44 exon specific PCR examined using 3' primers complementary to v6 and vs exons and a primer to the 5' constitutive exon 5.




Table 3 | Semiquantitative RT-PCR primers for Cytokines, growth factors, PN and relates receptors.





Primer Design and Quantitative Real-Time RT–PCR

Design of primers and RT–qPCR were done following previously described protocols (55, 58). Total RNA was isolated from cells after various treatments and transfections as described in the figure legends for each specified experiment using the RNeasy mini kit (Qiagen) according to the standard protocol provided by the manufacturer, with on-column DNA digestion. RNA integrity and concentration were analyzed using Bioanalyzer, and 100 ng of RNA was retrotranscribed into cDNA using the First Strand cDNA synthesis kit from Roche Applied Science (Qiagen). SYBR Green technology (Bio-Rad) was used for all real-time PCR experiments. Amplification was done with the real-time PCR analyzer (Bio-Rad). The PCR mixture (25 µl) contained 12.5 µl of 2 SYBR Green PCR Master Mix (Bio-Rad), 5 µl of diluted RT product (1:20), and 0.5 µM sense and antisense primer sets. The real-time PCR assays were done in three individual experiments with duplicate samples using standard conditions in a CFX96 real-time PCR detection machine. After incubations at 95° C for 3 minutes, the amplification protocol consisted of 50 cycles of denaturing at 95° C for 10 sec, followed by annealing and extension at 60° C for 30 sec. The standard curve was made from a series dilution of template cDNA. Expression levels of tested genes were calculated after normalization with the housekeeping gene GAPDH or β-actin. The QPCR primers used in this study in analyses of various genes associated with fibroblast specific markers as well as for PN, IL17A and WNT3A, are presented in Table 4. The QPCR primers used in this study in analyses of various genes associated with CIC stemness factors are presented in Table 5.


Table 4 | Real-time PCR (QPCR) primers for various genes used in this study.




Table 5 | Real-time PCR (QPCR) primers for various genes associated with CICs stemness functions.





RNA Silencing and Confirmation of the Specificity of shRNA

For determining shRNA sequences, coding nucleotide sequences were used of the genes obtained from the National Institutes of Health database, website (www.ncbi.nlm.nih.gov). The hairpin shRNAs to target transcript sequences were designed using the Broad Institute GPP Web Portal (http://portals.broadinstitute.org/gpp/public/). The sequences for cloning in pSico/pSicoR vectors were designed following instructions described in the Jackson Lab website (http://web.mit.edu/jacks-lab/protocols). The resulting pSicoR-CD44v6 shRNA1 (CD44v6 sh1), pSicoR-CD44v6 shRNA2 (CD44v6 sh2), pSicoR-WNT3A shRNA1 (WNT3A sh1), pSicoR-WNT3A shRNA2 (WNT3A sh2) transfectants constitutively silence respectively CD44v6, WNT3A and β-catenin RNAs in the cells. The pSicoR-Non targeted shRNA (NT sh) was used as a control to the above shRNA transfectants for shRNA sequences used in this study. The specificities of the prepared shRNAs were confirmed (31, 49) as described in our companion paper (48). The primers for various shRNAs used in this study are given in Table 6.


Table 6 | shRNA sequence in pSico and pSicoR vectors (https://web.mit.edu/jacks-lab/protocols/).





Chromatin Immunoprecipitation (ChIP) Assay

The chromatin immunoprecipitation (ChIP) assay was done using the ChIP assay kit (Upstate Biotechnology) following the manufacturer’s directions (44). Details of the ChIP assay and the primers used for ChIP PCR studies are presented in Table 7, and were described in our companion paper (48).


Table 7 | ChIP PCR primers for MDR1 and CD44v6 promoters.





In Vivo Tumorigenic Potential of the CAFs to Affect the Tumorigenic Capacity of CICs

CICs and CAFs were isolated from subcutaneous SW480-FR/SQ xenografts in SCID mice (using an approved IACUC protocol). Tumorigenic potentials of CICs alone or in combination with CAFs (DMSO or FOLFOX treated) were determined by subcutaneous implantation in the flanks of six-week-old SCID female mice from the Jackson Laboratory. The CAFs were treated with DMSO or FOLFOX (50 μM 5-FU + 10 μM OXA + 1 μM leucovorin) for 3 days. Tumorigenic potentials of CICs alone (4 x 10 3), or CICs (4 x 103) + CAFs (4 x 104) pre-treated with DMSO, or CICs (4 x 103) + CAFs (4 x 104) pre-treated with FOLFOX were determined by SQ implantation as described above. Twenty-five mice per cell types were used. The appearances of tumors were monitored, and five mice were sacrificed every 2 weeks. Tumors were removed and weighed to evaluate the tumor development (Figure 8).



In Vivo Evaluation of the CIC Tumor Growth Dependence on PN, WNT3A, IL17A and CD44v6

CICs (2 x 104) and CAFs (6 × 104) together were implanted subcutaneously (SQ) into immunocompromised mice (using an approved IACUC protocol). When tumors reached ~0.3 cm3 in volume, treatment was initiated. Four arms were included: 1) isotype control (2 mg/kg antibody, 3 times/wk for 2 wks followed by 1 time/wk for 2 wks); 2) FOLFOX chemotherapy alone (1x FOLFOX, 3 times/wk for 2 wks, followed by 1 time/wk for 2 wks); 3) PN, or IL17A, or WNT3A, or CD44v6 blocking antibody therapy alone (2 mg/kg antibody, 3 times/wk for 2 wks, followed by 1 time/wk for 2 wks); and 4) a combination of the blocking antibodies and FOLFOX chemotherapy (5 mice per each time point, 0 wk, 2 wks, 4 wks and 6 wks). Mice were weighed, and the tumor volumes were measured by caliper every other day for 6 weeks. Every two weeks mice were sacrificed, and tumors were collected.



Conditional Knockdown of CD44v6

To test whether CD44v6 is a good therapeutic target, an in vivo approach to deliver shRNA specifically targeting CD44v6 was developed. Two vectors (floxed pSico-CD44v6shRNA + pFabpl-Cre) were engineered and encapsulated into transferrin (Tf)-coated nanoparticles (59, 60). The shRNA vectors are inherently inactive due to the presence of a Lox-Stop-Lox cassette prior to the start codon. When injected intraperitoneally (i.p.), there is ubiquitous cellular uptake of these vectors. However, only cells expressing FABPL (i.e. intestinal epithelium specific) will express the Cre protein and activate the shRNAs. First, we prepared transferrin (Tf)-PEG-PEI nanoparticles and encapsulated both plasmids (floxed pSico-CD44v6shRNA + pFabpl-Cre) into them following our published procedure (59). Our pSico-CD44v6shRNA in SW480-FR cells was validated  in Figure 9.



Preparation of Transferrin (Tf)-Coated PEG-PEI (Nanoparticle)

The transferrin (Tf)-PEG-PEI/Nanoparticle (Nano) was prepared as validated in our previous studies (31, 49, 59). Briefly, transferrin was linked with N-hydroxy succinimide/PEG/maleimide and then allowed to react with a mercaptopropionate-modified branched PEI to form Tf-PEG-PEI (59). The pSico-CD44v6 shRNA, or pFabpl-Cre plasmid were jointly encapsulated in the purified Tf-PEG-PEI conjugate (size: ~80 ± 31 nm).



Validation of pSico-CD44v6shRNA in Cells

In order to use shRNA for target genes in in vivo experiments, pSicoR-CD44v6 shRNA, pSicoR-WNT3A shRNA, and pSicoR-β-catenin shRNA were prepared as described in our previous study (59) in the RNA silencing section. The abilities of pSico and pSicoR vectors to conditionally silence endogenous CD44v6 genes were demonstrated by their ability to inhibit expression of the human CD44v6 expressionin SW480-FR cells (Figures 9A–C, and Figures 9D–F). PCR was done to amplify the recombined and unrecombined genomic plasmid DNAs from SW480-FR cells.



In Vivo Distribution of shRNA in Tissues

Distributions of shRNA against the firefly luciferase gene (pSico-Firefly luciferase shRNA/Nano) plus pFabpl-Cre/Nano were determined in various organs of C57Bl/6 mice (n = 4) that were previously injected (i.p.) with reporter plasmids expressing firefly luciferase and renilla luciferase. Twelve hours after their injection, pSico-Firefly luciferase shRNA/Nano plus pFabpl-Cre/Nano were injected (i.p.) Thirty-six hours later, cells from SQ tumors, intestine, colon, kidney and liver tissues were lysed, and the ratios between firefly and renilla luciferase activities were calculated. Distributions of the tissue specific delivery of luciferase-shRNAs were determined by measuring activities of luciferase-shRNA in various tissues as indicated above. Three independent experiments were performed. Western blot analyses of extracts from the various treated tumors collected at the end of the experiment were analyzed for CD44v6 and MDR1 expressions (β-tubulin was used as an internal standard).



In Vivo Targeting of CD44V6 by Genetic Modification to Inhibit CICs Tumor Growth in Mice

Study design: 2 x 104 CICs and 6 × 104 CAFs were isolated from SW480-FR SQ tumors, and PD-FR tumor specimens were implanted together into 8-week-old female SCID mice and NSG mice. When tumors reached ~0.3 cm3 in volume, treatment was initiated. Ten arms were included: Group 1: [(100 µg) of pSico NT shRNA-Nano (3 x per wk for 4 wks)]; Group 2: [(100 µg) of pFabpl Cre-Nano (3 x per wk for 4 wks)]; Group 3: 1 x FOLFOX [(3 x per wk for 4 wks)] with pSico NT shRNA-Nano (3 x per wk for 4 wks)]; Group 4: 1 x FOLFOX [(3 x per wk for 4 wks] with pFabpl Cre-Nano (3 x per wk for 4 wks); Groups 5, 7, and 9: (pSico v6 shRNA plus Fabpl Cre)-Nano [(each plasmid 20 µg, Group 5); (each plasmid 50 µg, Group 7); (each plasmid 100 µg, Group 9) (3 x per wk. for 4 wks)]; Groups 6, 8 and 10: ([pSico v6 shRNA plus Fabpl Cre]-Nano + 1 x FOLFOX [3 x per wk for 4 wks]); [(each plasmid 20 µg plus FOLFOX, Group 6); (each plasmid 50 µg plus FOLFOX, Group 8); (each plasmid 100 µg plus FOLFOX, Group 10) (3 x per wk. for 4 wks)]. Seven SCID mice per group were used. Mice were weighed every other day, and the tumor volumes were measured by caliper every day. Mice were sacrificed every week for 4 weeks, and tumor weights were taken.



Statistics

A two-tailed Student’s t-Test was used to compare mean value between sensitive and resistant cells using the following parameters: mean ΔΔCT values for QPCR; mean colony number for soft agar growth assays; mean densitometry values for QPCR and WB; mean percentage of cell viability assay (CellTiter-Glo) and FACS analysis; mean luminescence for ATP activity in cell growth, Caspase Glow assays in Apoptosis measurements; and mean tumor weight in xenograft studies. Chi-squared analysis was used to compare incidences between sensitive and resistant cells for the following assays: number of positive wells containing tumor spheres in the sphere formation assay, and numbers of mice developing tumors in xenograft studies. For experiments involving three or more groups, statistical significance was calculated with GraphPad Prism Software (version 8) using a 1-way or 2-way ANOVA with a Bonferroni’s posttest, Student’s t test, or log-rank (Mantel-Cox) test where appropriate (Graph-Pad Software Inc.). Data are represented as the mean ± SD.
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Results


FOLFOX-stimulated Enrichment of CAFs Promotes Expression of CD44v6, Which Defines Highly Tumorigenic Potential of CICs

The majority of studies indicate that cancer stem cells (CSCs) in solid tumors divide symmetrically, do not display multipotency, and are unable to generate an entire array of lineages (61). Subsequently, the CSCs are termed as cancer initiating cells (CICs) to define this subset of cells with self-renewal and tumorigenic potential (62, 63). Furthermore, the hierarchical model suggests that the CIC is the cell-of-origin of tumor cells. During cancer treatment, chemotherapy inflicts strong selective pressures on cancer cells to gain characteristics that promote the recruitment of pro-tumorigenic tumor microenvironment cells. Chemotherapeutics modulate the composition, or function of the tumor microenvironment cells thereby further altering the selective pressures to which cancer cells are exposed. This promotes resistance to apoptosis through the ECM adhesion proteins, integrins and CD44/CD44v6, which integrates cellular microenvironmental cues with stromal-secreted growth factors and cytokines including WNT, IL-6, IL17A, SDF-1, HGF, FGF, and TGF-ß leading to the activation of several tumor survival pathways (48). We therefore generated FOLFOX resistant (FR) CRC cells from their sensitive (S) pairs (see details in preparing these FR cells described in materials and methods and in our companion paper (48). Next, the responses of CAFS from biopsies of a group of colorectal patients resistant to 5-FU (PD-5FUR), Oxaliplatin (PD-OXAR), FOLFOX (PD-FR) and their sensitive pairs of CRC cells derived from SQ tumors were analyzed. Viable CAFs were isolated from freshly resected PD-colon tumor tissues and from SQ/FR and SQ/S tumor samples by FACS using platelet-derived growth factor receptor-α (PDGFR-α) and EpCAM antibodies (Figure 1A). Data in Figure 1B show that unsorted PD-FR cells contain ~20% of EpCAM (–)/PDGFRα(+) (hereafter referred to as CAFs) and slightly more than 20% EpCAM(+)PDGFRα(+) cells (henceforth referred to as Non-CAFs). The PD/SQ-derived and FR/SQ tumor-derived CAFs expressed high levels of fibroblast mRNA markers (via QPCR analyses) αSMA, PDGFRα and FAP, but very little or no epithelial cell marker EPCAM (Figure 1C). The data in Figure 1C also demonstrated that fibroblast markers, including αSMA and PDGFRα, increased in FOLFOX resistant (FR) cells. Moreover, the basal level of αSMA in all indicated CAFs isolated from chemo-resistant colon tumors significantly increased compared to CAFs isolated from the corresponding sensitive (S) SQ tumor cells (Figure 1C). Figure 1D shows quantitative measures of the fibroblast component α-SMA versus the epithelial component EpCAM with or without FOLFOX treatment (measured by FACS sorting). The results show that CAFs derived from SQ/FR tumor cells enrich the proportion of fibroblasts to the epithelial component (αSMA/EpCAM), compared to SQ/5-FUR, SQ/OXAR and SQ/S tumor cells. The αSMA versus EpCAM ratio is further increased with FOLFOX treated CAFS in all the tumor types (Figure 1D), confirming that CAFs are enriched in post-FOLFOX therapy on tumors.




Figure 1 | Cancer associated fibroblasts (CAFs) account for tumor resistance to FOLFOX. (A), Single cell suspensions isolated from a dissociated colorectal tumor (PD-FR) from a FOLFOX resistant (FR) patient were sorted by FACS using PDGFR-α-PE and EpCAM-FITC. CAFs were analyzed by FACS using: (i) the epithelial marker EpCAM-FITC; and (ii) the functional fibroblast cell immunophenotype by PDGFR-α-PE. (B), Percentages of EpCAM [-]/PDGFR-α [+] (CAFs) and of EpCAM [+] /PDGFR-α [+]) (Non-CAFs) in total unsorted cell populations were quantified. (C), The integrities of CAFs (EpCAM [-]/PDGFR-α [+]) from the dissociated patient colorectal specimens (PD-5FUR, PD-OXAR, PD-FR), and from the sensitive and FOLFOX resistant SW480/subcutaneous (SQ) tumor tissues were confirmed by QPCR analyses for CAF-associated markers FSP1, FAP and PDGFR-α, and for epithelial cell marker EpCAM (negative control), and for ☐ SMA. (D), CAFs from the PD- 5FUR, PD-OXAR, PD-FR, SW480-S and SW489-FR (SQ) tumors were cultured in DMEM with 10% BSA and were further sorted by FACS using α SMA-FITC and PDGFR-α-PE antibodies. The percentages of the sorted α SMA (+)/PDGFR-α [+] cells in total EpCAM [-]/PDGFR-α [+] cells were quantified. Data are presented as Mean ± SD from six independent replicates in three independent experiments. (D), *, P < 0.05 was considered significant, percent CAFs with post-FOLFOX treatment compared with pre-FOLFOX-treated cells after normalization to CAFs of serum starved untreated SW480 controls. Student’s t-test was used to assess the significance. 





CD44v6 Expression Establishes a Highly Tumorigenic Colorectal Population

It has been previously demonstrated that colorectal CICs are enriched in tumor spheres or in freshly fractionated ALDH(+), or CD133(+), or EpCAM(+) cells (48, 55, 64). Moreover, since ALDH, CD133 and EpCAM are well known colorectal CIC markers (55, 64–67), we determined whether a sphere-propagated CD44v6(+)ALDH(+)CD133(+)EpCAM(+) (CICs) subpopulation of cells demonstrate distinct drug resistance properties. Since our focus in this study is on CD44v6 function in mediating communication between CAFS-derived factors and CICs isolated from resistant and sensitive colorectal cells, first we compared the expressions of different CD44 variant isoforms in our sensitive and resistant SW480 cells and designed a series of forward primers, which base pair with v3, v4, v5, v6, v7, v8, v9 and v10 exons independently (Figure 2A). The reverse primer formed a base pair with a constant exon (c7). As shown in Figures 2B, C, CD44 exon specific RT-PCRs were examined using 5’ primers complementary to individual variable exons and a primer to the 3’ constitutive exon 7 (c7) (primers are shown in Table 1). The results demonstrated that although SW480-S and SW480-FR cells expressed similar CD44 isoforms, the CD44v6 isoforms in resistant cells are significantly higher compared to sensitive cells. In addition, as shown in Figure 2D, although several of the variable CD44 exons were uniformly translated across SW480-FR/SQ tumor subsets, mRNA levels of CD44v6 appeared considerably higher in bulk parental primary tumors cells, freshly purified CD133(+) cells, EpCAM(+) cells, Sphere-propagated FACS sorted ALDH1(+)CD133(+)EpCAM(+) cells (Sphere/ALDH1(+)/CD133+/EpCAM+) cells, and in Sphere-propagated FACS sorted CD44v6(+)ALDH1(+)CD133(+)EpCAM(+) cells (Sphere/CICs) from SW480-FR/SQ tumor cells (Figure 2D). Analysis of CD44v6-containing isoforms in these cells further suggested that CD44v6 is translated in the same subset of SW480-FR cells (Figure 2D). Intriguingly, CD44v6 is significantly expressed more in sphere-propagated cells than in their corresponding parental primary tumors cells (Figure 2E), and knocking down CD44v6 with specific shRNA downregulates all CD44v6-containing isoforms (Figure 2E, validation of CD44v6 shRNA is shown in Figure 2G). Since CD44v6, ALDH, CD133 and EpCAM are well known colorectal CIC markers (55, 64–67), analysis of FOLFOX sensitivity in Sphere/CICs, in Sphere-propagated CD44v6(+)/ALDH1(+)/CD133(+)/EpCAM(+) (Sphere/CICs) cells, and in Sphere-propagated ALDH1(+)/CD133(+)/EpCAM(+) cells were compared to parental SW480-FR cells (Figure 2F). Results in Figure 2F further suggested that Sphere/CICs are more resistant than in their corresponding Sphere/ALDH1(+)/CD133(+)/EpCAM(+) cells and in parental primary tumor cells. Taking into consideration; 1) the strong elevation of the expression of CD44v6 isoform in FR cells compared to sensitive cells (Figures 2B, C); and 2) that sphere/CICs located in tumor spheres are more resistant compared to Sphere/ALDH1(+)/CD133(+)/EpCAM(+) cells and primary parental tumor cells (Figure 2F), we concluded that CD44v6 splicing likely defines a colorectal CIC population with increased drug resistance properties.




Figure 2 | CD44v6 appeared considerably higher in FACS sorted CD133+, ALDH+ and EpCAM+ cells, and in sphere-propagated ALDH+/CD133+/EpCAM+ cells relative to bulk primary cells. (A), Constant and variable exons are shown for the PCR primers used to amplify CD44 variable (v) and standard (s) isoforms in the human CD44 gene. Primer positions are shown. The expected sizes of the PCR products are indicated. The primers for both the CD44v6 and standard isoforms (CD44s) predominantly generate one PCR product (c5v6c7 [v6] for CD44v6, and C5C7 for CD44s), whereas the primers for the v8 variants amplify two splice variants C5v6v7v8C7 (v6-v8) and C5v8C7 (v8). These PCR products are depicted in panels (B, E) experiments. (B), SW480-FR cells show a differential expression profile of CD44 isoforms when compared with that of the SW480-S cells (C). (D), RT-PCR analyses are shown of CD44 variants (v2-v10) in parental cells, freshly purified CD133+ cells, EpCAM+ cells, sphere-propagated FACS sorted ALDH1+CD133+EpCAM+, and CD44v6+ALDH1+CD133+EpCAM+ (sphere/CICs) from cells SW480-FR/SQ tumor cells. Normalization was done by using GAPDH as a housekeeping control gene. (E) RT-PCRs are shown for CD44v6, CD44v6-v8, and CD44v8 on Non-targeted control shRNA (NTshRNA) cells and on CD44v6shRNA1 overexpressed in parental cells and in sphere/CICs. GAPDH was used as a housekeeping control gene. (F), FOLFOX sensitivity was measured in parental cells, in freshly isolated sphere/ALDH1+CD133+EpCAM+ cells, and in sphere/CICs isolated from SW480-FR/SQ tumors grown in serum free medium that were treated with various concentrations of FOLFOX. An ATP based assay (CellTiter-Glo) measured cell viability compared with control cells (without FOLFOX treatment) as 100%. Error bars represent calculated SDs (n = 3). (G) Validations of two shRNAs for CD44v6 used in panel (E) were done by the indicated shRNA mediated knockdown and the corresponding knock-in (KI) gene transfections as described in Methods. Target proteins were analyzed by WB analysis (β-tubulin, internal control). Data are presented as Mean ± SD from n = 3–5 independent replicates in three independent experiments. All semi quantitative RT-PCR and western blot data are representative of three experiments. *, P < 0.05, **, P < 0.01 were considered significant, percent cell viability in ALDH (+)/CD133 (+)/EpCAM (+), and from CD44v6 (+)/ALDH (+)/CD133 (+)/EpCAM (+) fractions compared with control parental cell. Student’s t-test was used to assess the significance.



Given that FOLFOX significantly increased the percentage of CAFs (αSMA[+]/EpCAM[+]) after drug (FOLFOX) treatment (as seen in Figure 1D), next, we determined whether FOLFOX treatment induces microenvironmental signals to instruct the tumorigenic potential of CICs. Thus, the effects of CAFs on viability of CICs were determined in co-culture experiments in which CICs and CAFs were either in close contact or in proximity, but not in direct contact, and by co-culture with conditioned media (CM) from the CAFs. Co-culture with FOLFOX-treated PD-FR/CAFs, or with their CM increased the PD-FR/CIC viability compared with DMSO (vehicle)-treated control (Figures 3A, B). Thus, CM from FOLFOX-treated PD-FR/CAFs contains secreted factors that promote PD-FR/CIC growth independent of contact. CAFs under both experimental conditions demonstrated a paracrine effect through secreted factors from CAFs pre-treated with FOLFOX to promote growth of CICs (Figures 3A, B). Interestingly, normal fibroblasts, which are not CAFs, used as control, did not increase CIC viability significantly upon FOLFOX treatment relative to untreated cells (Figure 3A). In agreement with the co-culture data, FOLFOX-treated CAFs enhanced the ability of CICs to initiate tumors and increase tumor growth rates in immunocompromised mice (Figures 3C, D). Moreover, xenografts generated by CICs co-implanted with FOLFOX-treated CAFs displayed increased SQ tumor incidence with increased tumor size (Figures 3C, D) and tumor numbers, and they reduced the latency of tumor formation by CICs (Figure 3E).




Figure 3 | FOLFOX-stimulated CAFs promote CIC growth. (A, B), The effect of CAFs on CICs was measured by co-culture of PD-FR/CICs with PD-FR/CAFs (A) and conditioned media (CM) treatment (B). (A), 1.5 x 105 PD-FR CICs were cultured with 3 x 105 PD-FR CAFs or with 3 x 105 normal fibroblasts pre-treated with vehicle (DMSO) or with FOLFOX-therapy for 12 days. Cellular viability was measured by the ATP Glo assay. (B), 1.5 x 105 PD-FR/CICs, and 3 x 105 PD-FR CAFs were treated with vehicle (DMSO) or with FOLFOX for 72 hours. Conditioned media (CM) from CAFs were collected and used to culture CICs for 12 days. Cellular viability was measured by the ATP Glo assay. (C, D), The abilities of the CAFs (4 x 104 ) to affect the tumor growth of CICs (4 x 103 ) from three different batches of SW480-S. (C) and of SW480-FR (D) were tested for tumorigenic potential. SW480-FR/SQ CAFs that were pre-treated with vehicle (DMSO) or with FOLFOX for 72 hours were subcutaneously co-implanted in immunocompromised mice. Tumors were harvested every week to evaluate their latency, and weights were measured to evaluate their development. (E), The contributions of SW480-S/CAFs and SW480-FR/CAFs to post-FOLFOX treated tumor growth (tumor %) in their CICs were assessed by measuring tumor 10 weeks after implantation of the CICs and CAFs into immunocompromised mice. (F), Numbers of SQ tumors formed by injections of the indicated numbers of CICs, Non-CICs, and unfractionated bulk tumor cells with and without addition of FOLFOX treated CAFs from the PD-FR cells are shown. FACS sorted CICs (2 x 103), Non-CICs (5 x 105), and the unfractionated bulk tumor cells (5 x 105), with and without FOLFOX treated CAFs (6 x 103 or 1.5 x 106 cells) from PD-FR tumor cells were resuspended in Matrigel and implanted in immunocompromised mice. The same cells from the first generation of SQ tumors were further implanted into immunocompromised mice to generate second generation of xenograft tumors. The experiments were repeated to generate tumors into a third generation of xenograft tumors. Only CICs and the unfractionated bulk tumor cells were capable of inducing first generation xenograft tumors formations. Isolation of second and third generation xenograft tumors displayed similar results (n = 5 analyzed patients derived cells, 8 mice group and experiments were performed in triplicates), Tumor percent (percentage of tumor bearing mice) (F) and tumor volumes (G) from experiment (F) were evaluated. Data are presented as Mean ± SD from n = 5 analyzed patients derived cells, 8 mice/group and experiments independent replicates in three independent experiments. (A, B), *, P < 0.05 was considered significant, percent cell viability with FOLFOX treatment compared with DMSO treated coculture after normalization to that of untreated coculture. Student’s t-test was used to assess the significance. (C, D), Tumor growth stimulation data with pre-treatment with FOLFOX compared with DMSO-treated CICs + CAFs after normalization to tumor growth of CICs represent means ± SD.; n = 5-8; *, P < 0.05. **, P < 0.01 were considered significant; (F, G), Tumor (%) and tumor volume of primary, or secondary, and tertiary xenografts from CICs-tumor compared to Bulk-tumor populations. *, P < 0.05, **, P < 0.01 were considered significant; ANOVA, followed by Bonferroni’s post-hoc test was used to assess the significance in experiments (C, G)



In a further step, we evaluated the effect of FOLFOX-treated CAFs on re-transplant ability of isolated colorectal patient tumor CD44v6(+)EpCAM(+)CD133(+)ALDH1(+) cells (CD44v6(+) CICs). 2 x 103 CICs alone or in combination with 6 x 103 CAFs pretreated with FOLFOX were subcutaneously implanted in immunocompromised mice. As shown in Figures 3F, G, in the immunocompromised mice models of colorectal cancer, as many as 5 x 105 patient-derived non CICs (CD44v6(-) cells), did not induce tumor formation. In contrast, 5 x 105 unfractionated bulk cells or as few as 2 x 103 CICs resuspended in Matrigel generated visible tumors after 3 weeks (Figures 3F–G). In concordance with the cell culture results, FOLFOX induced enrichment of CAFs (as shown in Figure 1D) increased the ability of CICs to initiate tumors in immunocompromised mice (Figures 3F, G). Interestingly, in spite of the higher number of CICs present in 5 x 105 unfractionated bulk tumor cells, tumor formation following injection of purified CICs co-implanted with FOLFOX-treated-CAFs was faster and more efficient than tumor formation obtained with the low number of CICs (Figures 3F, G). To investigate whether colorectal CD44v6(+) CICs co-implanted with FOLFOX-treated-CAFs display long-term tumorigenic potential, we assessed their ability to generate tumors after serial transplantations. For this purpose, indicated cells from primary SQ tumors were transplanted into secondary mice (Figures 3F–G). Indeed, injected CICs with FOLFOX-treated-CAFs engrafted and generated tumors that grew rapidly compared to CICs alone and required the mouse to be sacrificed within 6 weeks after implantation. Furthermore, CICs, or CICs plus FOLFOX-treated-CAFs tumor cells obtained from secondary xenografts were subsequently transplanted into third-generation mice. Thus, the CICs, alone or CICs with the FOLFOX-treated-CAF population in CRC tumors were able to generate serial xenografts showing a virtually unlimited growth potential. Interestingly, the presence of FOLFOX-treated-CAFs showed increased tumor incidence and reduced latency of tumor formation with increased size in each serial transplantation. Thus, data in Figures 1–3 demonstrate that FOLFOX-therapy activates CAFs to secrete biological components in the microenvironment that stimulate CIC maintenance. Furthermore, the response to FOLFOX by these CAFs appears to be preconditioned by the tumor microenvironment since normal fibroblasts treated with FOLFOX could not induce CIC viability to the same degree (Figure 3, and data not shown).



FOLFOX Stimulated Cytokine Secretion of CAFs Maintains the Viability and Tumorigenic Potential of CICs

The data in Figure 3 provide evidence that cytotoxic (FOLFOX) therapy induces remodeling of the tumor microenvironment to enrich the CAF secretome with biologically important components to support the tumorigenic potential of CICs. Therefore, using published microarray data in metastatic CRC associated fibroblasts (68), we made comparative analyses of CAF secreted cytokines, PN and some inflammatory proteins, and receptors including CD44v6, and transcription factor expressions in PD-5FUR/CAFs, PD-OXAR/CAFs and PD-FR/CAFs, as well as in normal fibroblasts (Normal-Fb) without further FOLFOX treatment (Figures 4A, B). Figure 4A (and data not shown) show several molecules that are exclusive to each CAF, and there were only 12 cytokines and matricellular protein molecules common to all three patient-tumor derived CAFs shown in the Venn diagram (Figure 4C). To further characterize the CAFs and compare their putative effects on CIC growth, conditioned media without serum (CM) from the three CAF and the normal fibroblast cultures were compared at baseline (without FOLFOX treatment) or after treatment with FOLFOX. Data in Figures 4D–F show that FOLFOX treatment significantly increased secretion of three dominant secreted factors (PN, IL17A and WNT3A) from their basal levels among the top five stromal secreted factors (PN, IL17A, WNT3A, IL-6 and TGF-β) in patient-derived PD-FR/CAFs, PD-OXAR/CAFs and PD-5FUR/CAFs (Figure 4G). Particularly, cytokine expression from normal fibroblasts was always lower than in CAFs basally and following FOLFOX treatment, highlighting the generally altered function of CAFs (Figure 4D–G, and data not shown). Regulation of these major secreted factors (PN, IL17A and WNT3A) by FOLFOX appears to occur at the level of transcription, as large increases compared to their basal levels were detectable for each of these target factors compared to IL-6 and TGF-β (Figure 4G). We also show that PN and IL17A were only present at ~2-7 ng/ml in sensitive cells, versus the constitutively high endogenous level (~40-59 ng/ml) observed in resistant cells (data not shown). Moreover, results of Figures 4H, F, and Supplemental Figure 1A indicate that both PN and IL17A induced WNT3A mRNA expression and secretion. Therefore, in the present study, we focused on PN, WNT3A and IL17A. Overall, these data strongly suggest that CAFs respond to FOLFOX treatment by secreting paracrine signaling factors, including matricellular proteins, cytokines, and growth factors.




Figure 4 | FOLFOX induces cytokine secretion in CAFs. (A, B), Basal mRNA expression levels of PN and the indicated growth factors, and of growth promoting cytokines and related molecules (A, B), were analyzed by semi quantitative RT-PCR in eight indicated CAFs isolated from drug resistant patient tissues and from three normal fibroblasts (Fb). GAPDH was the reference gene. (C), Venn diagram shows common cytokines isolated from PD-5FUR, PD-OXAR and PD-FR from the experiment in (A). (D–F), CAFs derived from three patient colorectal tumor (PD)-tissues and one normal intestinal fibroblast cell line were analyzed for their PN and two dominant cytokines (IL17A and WNT3A) after FOLFOX treatment. (G), QPCR analyses are shown of PN and 4 major cytokines (WNT3A, IL17A, IL6 and TGFβ1) and of CD44v6 in patient tumor CAFs treated with DMSO or FOLFOX for 72 hours. GAPDH was the reference gene. (H), PN and IL17A stimulated WNT3A production in CAFs isolated from sensitive and FR tumors of SW480 were assessed by transfecting these freshly isolated CAFs by vector control, PN and IL17A expression plasmids for 72 hours. Secretion of WNT3A was measured by an ELISA assay. (I), Effects of PN, IL17A and WNT3A on cell viability were assessed by using ATP Glo assay on PD-FR CICs and SW480-FR CICs. The effects were assessed in these different specimens by culturing 104 CICs with vehicle, or with 20 ng/ml of PN, IL17A or WNT 3A for 12 hours. (J) Percentages of colon tumor sphere formation are shown in tumor spheres isolated fromCICs of FR-resistant and sensitive cells of SW480 in the absence and presence of 50 ng/ml of either PN, or IL17A or WNT3A proteins. (K), Effects of the autocrine PN, IL17A and WNT3A production in growth of tumor spheres-derived CICs (CICs) were examined by studying the effects of blockade of PN, or IL17A or WNT3A on the tumor-initiating capacity of 1 x 104 CICs. The effects were evaluated in CICs by 12-day cultures with vehicle or FOLFOX alone. Cell viabilities (# of viable cells) were measured by ATP Glo assay. Data are presented as Mean ± SD from n = 3–5 independent replicates in three independent experiments. All semi quantitative RT-PCR data are representative of three experiments. (D–F), *P < 0.05 was considered significant, Secreted protein of FOLFOX treated groups compared to vehicle control group. (G), *P < 0.05, was considered significant, FOLFOX treated groups compared to vehicle control group. (G) *P < 0.05 was considered significant, the mRNA levels of FOLFOX treated CAFs were compared with vehicle treated CAFs. (H), *P < 0.05 was considered significant, secreted WNT3A in PN, and IL17A overexpressed CAFs compared with vector control. (I), *P < 0.01 was considered significant, percent cell viability stimulation with PN, WNT3A, and IL17A treatment compared with vehicle-treated cells after normalization to growth of untreated controls. (J), *P < 0.05 was considered significant, percent tumor sphere stimulation with PN, WNT3A, and IL17A treatment compared with vehicle-treated CICs from S-CICs, and FR-CICs of SW480 cells after normalization to untreated controls. (K), *P < 0.01 was considered significant, percent cell viability stimulation with FOLFOX treatment group compared with vehicle-treated CICs that were pre-treated with PN-, or IL17A-, and WNT3A-antibodies. Student’s t-test was used to assess the significance.



In order to determine the involvement of these stromal-factors on CIC maintenance, we analyzed the autocrine production of the three stromal-secreted factors in PD-FR/CICs that were previously treated with vehicle or FOLFOX in the absence of CAFS. The results showed insignificant or only moderate levels of autocrine productions of PN, WNT3A and IL17A by CICs compared to their levels in CAFs (Supplementary Figure 1B, versus Figures 4D–F), and treatment with FOLFOX greatly increased the gene expressions and secreted proteins by these three paracrine factors (Figures 4H, and Supplementary Figure 1A). Moreover, each of these three stromal-secreted factors (PN, WNT3A or IL17A) directly augmented CICs viability in the absence of CAFs (ATP activity, Figure 4I) with reduced apoptosis (apoptosis data not shown). Further, these three CAF-secreted factors stimulated tumorigenic potential of CICs as measured by tumor sphere formation in CICs from sensitive and FR tumors of SW480 (Figure 4J). Note that the basal tumorigenic activity of SW480-FR-CICs was much higher compared to SW480-S-CICs, and treatment with each of the three stromal-secreted factors (PN, WNT3A and IL17A) increased tumor sphere formation ability relative to vehicle treated CICs (Figure 4J). These results provide evidence that these CAF-derived factors might directly regulate CIC maintenance. Moreover, both PN and IL17A increase WNT3A secretion (as in Figures 4H and Supplementary Figure 1A) indicating that WNT3A signaling may have a crucial role in tumor cellular hierarchy. To further elucidate the possible role for autocrine effects of PN, IL17A and WNT3A on CICs, we investigated the effects of blocking each of these stromal factors on the viability of CICs (measured by Cell Titer-Glo assay) and on the tumorigenic potential of CICs (measured by quantitation of tumor spheres) in the absence of CAFs using a blocking antibody for each of the stromal factors (Figures 4K and Supplementary Figure 1C). Only moderate levels of viability and tumorigenic potential were noted as a result of PN, or IL17A or WNT3A blocking antibodies in CICs (Figuress 4K and Supplementary Figure 1C), suggesting that CAF-derived PN, IL17A and WNT3A (Figures 4D–F) have a major affect compared to autocrine production of these factors in CICs. Further, blocking IL17A, PN or WNT3A only reduced tumor sphere formation in CICs isolated from resistant cells, while having no effect in CICs derived from sensitive cells (Supplementary Figure 1C) indicating that PN, WNT3A and IL17A induced tumorigenic activity is confined to the role of increased CAFs after FOLFOX treatment (as seen in Figure 1D).



PN and IL17A Can Contribute to CIC Maintenance Through WNT3A-CD44v6 Signaling

Given that CAFs derived from resistant tumor cells (PD-5FUR, PD-OXAR and PD-FR CAFs) also express significant levels of CD44v6 compared to its absence in normal-fibroblasts (as seen in Figure 4B), we determined if CD44v6 induces WNT3A activation in CAFs since it regulates WNT3A/β-catenin signaling in CICs (48). Thus, first, WNT3A expression was analyzed in FOLFOX treated PD-FR CAFs in which CD44v6 was knocked down, and the results show that CD44v6 regulates WNT3A production in FOLFOX treated PD-FR/CAFs (Figure 5A). Furthermore, this regulation of CD44v6 on WNT3A is through IL17A and PN in FR-tumor cell derived CAFs (Figure 5B), and this regulation of CD44v6 on WNT3A, PN and IL17A was not found in sensitive S-tumor cell derived CAFs (data not shown). Second, to investigate whether CD44v6 variants are important for β-catenin-MDR1 signaling, we examined the effects of WNT3A and FOLFOX on activation of CD44v6 splicing and β-catenin-MDR1 signaling in oxaliplatin resistant SW480-OXAR/SQ tumor cells. To detect the effects on CD44v6 and CD44v8, exon specific PCRs were examined using two different 3’ primers paired to either the v6 or v8 exon respectively, and to a primer to the 5’ constitutive exon 5 (c5) (as shown in schematic diagram Figure 5C; primers are shown in Table 2). As shown in Figure 5D, following WNT3A or FOLFOX addition, the expression of CD44v6 variants increased significantly, whereas the expressions of the CD44v8 isoform or the standard CD44s isoform were not increased. Along with the CD44v6-containing isoform, the activation of β-catenin modulators, including p-LRP6, active β-catenin and MDR1 expressions were upregulated. Knocking down CD44v6 or WNT3A inhibited the induction of CD44v6 and WNT/β-catenin-MDR1 signaling (Figure 5D). The residual expressions of CD44 variants after WNT3A knockdown suggests that other signaling cascades, in addition to WNT/β-catenin, may also regulate v6 splicing of CD44 (Figure 5D). However, the levels of the v8 variant and of CD44s (with no variant exon) were almost identical after treatment with either v6 shRNA expressing cells (Figure 5D) or to the levels of control shRNA (NT-shRNA) treated cells. Treating cells with CD44v8shRNA and either WNT3A or FOLFOX inhibited the up-regulation of all the examined CD44v8-containing variants, but not the CD44v6 variants, and not the activation of p-LRP6, active-β-catenin and MDR1 expressions (Figure 5E). WNT3A, or FOLFOX stimulated isoforms containing v6 were silenced by WNT3A shRNA, or CD44v6 shRNA (Figure 5D), but not by CD44v8 shRNA (Figure 5E). This indicates that CD44v6 signaling, but not CD44v8 signaling, is required for WNT3A-, or FOLFOX-induced WNT/β-catenin-MDR1 signaling (Figure 5E). The v6–v8 variant amplified in the same experimental RT-PCR analysis maintained down-regulated levels (42 ± 5.0% of NT shRNA levels) because this variant contained the v6 exon targeted by v6 shRNA1 (Figure 5E). These results (Figures 5D, E) show that the CD44v6 containing isoform and CD44v6/LRP6/β-catenin/MDR1 signaling triggered by stromal secreted WNT3A might be important for drug resistance in CICs.




Figure 5 | FOLFOX induces CD44v6 expression, which is critically regulated by the WNT pathway stimulated by PN and/or IL17A. (A), Confirmation of involvement of CD44v6 expression in regulating WNT3A production was assessed in PD-FR CAFs by examining the effects of blockade of CD44v6 using specific shRNAs on 104 SW480-FR/CAFs in the absence and presence of FOLFOX. The effects were evaluated by measuring secreted WNT3A in cultures by ELISA. (B), Involvement of CD44v6 in regulating PN and IL17A induced WNT3A production was assessed in PD-FR CAFs by examining the effects of blockade of CD44v6 using specific shRNAs in the absence and presence of PN or IL17A. The effects were evaluated by measuring secreted WNT3A in cultures by ELISA. (C), Schematic illustration of the CD44 gene is shown. Both constitutive (C) and variable (v) exons are represented. The PCR primers used to amplify CD44 variable (v) and standard (s) isoforms are shown as black arrows. The primers for both the v6 and standard isoforms (CD44s) predominantly generate one PCR product [C5v6 (v6) for CD44v6, and C5C7 for CD44s], whereas the primers for the v8 variants amplify two splice variants C5v6v7v8 (v6-v8) and C5v8 (v8). These PCR products are depicted in panels (D–G) experiments. The primers for both the v6 and standard isoforms predominantly generate one PCR product [c5v6 (v6)], whereas the primers for the v8 variants amplify two splice variants C5v6v7v8 (v6-v8), and C5v8 (v8). (D, E), WNT3A shRNA, or CD44v6 shRNA1 (D), but not CD44v8 shRNA1 (E) Upper panels: Semi-quantitative RT-PCR analyses are shown for CD44 variants in SW480-OXAR SQ tumor cells transfected with NT sh, or v6 sh1 or WNT3A sh1 followed by WNT3A or FOLFOX stimulation for 12 hours. Lower panels: Western blot analyses are shown for p-LRP6, active β−catenin, total β−catenin, MDR1, CD44v6 or β-tubulin. (E), Upper panels: Semi-quantitative RT-PCR analyses are shown for CD44 variants in SW480-OXAR SQ tumor cells transfected with NT sh, or v8sh1, or WNT3A sh1 followed by WNT3A or FOLFOX stimulation for 12 hours. Lower panels: Western blot analyses are shown for p-LRP6, active β−catenin, total β−catenin, MDR1, CD44v6 or β-tubulin. (F, G), Upper panels: Semi-quantitative RT-PCR analyses are shown for CD44 variants in SW480-OXAR SQ tumor cells transfected with NT sh or v6 sh1 followed by PN or IL17A stimulation for 12 hours. Lower panels: Western blot analyses are shown for p-LRP6 (S1490), active β−catenin, total β−catenin, MDR1, CD44v6 or β-tubulin. Data in A, B, represent means ± SD; n = 3–6 independent replicates in three independent experiments. (A), *p < 0.05 was considered significant, inhibition of WNT3A secretion in v6 shRNA1 groups compared to NT shRNA1 controls. (B), *p < 0.05, **p < 0.01 were considered significant, Inhibition of WNT3A secretion in v6 shRNA1 +PN and v6 shRNA1 +IL17A groups compared to NT shRNA1 controls. All Western blots and semi quantitative RT-PCR data are representative of three experiments.



To gain insight into how PN and IL17A are related to the mechanisms that control viability of CICs and tumorigenic potentiality, we determined whether PN and IL17A coordinated with WNT to activate WNT-CD44v6-MDR1 signaling as described in our companion paper (48). Thus, we measured expressions of CD44 variants by RT-PCR, and levels of p-LRP6 (S1490), active β-catenin and MDR1 by WB after PN and IL17A stimulation in SW480-FR cells. As shown in Figures 5F–G, following addition of PN (Figure 5F) or IL17A (Figure 5G), expressions of CD44v6 and v6-containing variants increased, while the standard form (CD44s) remained unchanged. Activation of LRP6, active β-catenin and MDR1 also increased following PN or IL17A treatment, which was abrogated following v6 shRNA1 transfection. The expressions of variants containing the v6 exon were increased by greater than three (3.7 ± 0.54) and six (6 ± 0.53) fold respectively. Increases of 1.8 ± 0.33 and 2.6 ± 0.53 fold were observed for the v6–8 for PN and IL17A addition respectively (Figures 5F, G). Expression of CD44v6shRNA1 in PN- and IL17A-treated cells inhibited the up-regulation of all the CD44v6-containing variants. In addition, the interaction between either PN or IL17A with CD44v6-downstream signaling activities were measured by LRP6 phosphorylation, and by expressions of active β-catenin and MDR1 proteins (Figures 5F, G). TOPFlash carries TCF-binding sites, which are directly activated by the TCF4/β-catenin complex (69, 70). The data in Figures 6A–C indicate that PN, IL17A or WNT3A treatment in CICs from sensitive and chemo-resistant colorectal tumors induces the TOPFlash reporter activity. In each case each of these paracrine factors increases the reporter activity from their basal activity levels, and the combined treatment further stimulates the transactivation of the TOPFlash reporter (Figures 6A–C).




Figure 6 | FOLFOX induces b-catenin/TCF4 luciferase activity and tumor sphere formation in CICs stimulated by PN and/or IL17A, and TCF4 regulates CD44v6 expression. (A–C), WNT reporter (TOPFLASH/FOPFLASH) activities were determined in SW480-S (H), SW480-OXAR (I) and SW480-FR (J) CICs in response to culturing with vehicle (Control), or with PN, or IL17A or WNT3A alone (20 ng/ml), or in combination PN + WNT3A or IL17A + WNT3A. (D), Dominant negative TCF4 mediated down regulation of TCF4 inhibits CD44v6 expression in nuclear lysates of SW480-FR SQ tumor cells. (E), Flow cytometry analyses of percent enrichment of CICs are shown for unsorted cells from SW480-5FUR/SQ, SW480-OXAR/SQ and SW480-FR/SQ cells overexpressing WNT3A or vector control. (F), Percentages of colon tumor sphere formation were measured in a sphere-formation assay for CICs and Non-CICs in SW480-OXAR SQ tumor cells overexpressing WNT3A or vector control. (G,H), The effects of shRNA-mediated knockdown of CD44v8 and WNT3A using specific shRNAs in SW480-FR cells on the expressions of CD44v8 mRNA and WNT3A mRNA, as determined by real-time PCR (at 24 h; RQ, relative quantification) were done by the indicated shRNA mediated knockdown and the corresponding knock-in (KI) gene transfections as described in Methods. Target mRNAs were analyzed by QRT-PCR analysis (GAPDH, internal control). Data in A–C, E–H, represent means ± SD; n = 3–6 independent replicates in three independent experiments; (A–C), *p < 0.05 was considered significant, stimulation of TOPFLASH/ FOPFLASH activities in treatment groups compared to control groups. (D), Western blot data are representative of three experiments. (E), *p < 0.05 was considered significant, stimulation of % of CICs by WNT3A over expression or exogenously added WNT3A group (inset) compared to respective control groups. , (F), *p < 0.05 was considered significant, stimulation of tumor sphere formation in WNT3A over expression or exogenously added WNT3A group (inset) compared to respective control groups. (G, H), **p < 0.01 was considered significant, Fold inhibition of CD44v8 and WNT3A mRNA in shRNAs overexpressing groups compared to corresponding NT shRNA groups; Fold restoration of CD44v8 and WNT3A mRNA in corresponding shRNA + Knock-in (KI) groups compared to corresponding shRNA groups. Student’s t-test was used to assess the significance.



Given that TCF4 binding sites are present in the CD44v6 promoter sequence as described in our companion paper (48), we determined whether FOLFOX induced increased expression of CD44v6 depends on TCF4. Thus, a dominant-negative TCF-DN was co-transfected in resistant SW480-FR cells, and their CD44v6 expression in nuclear fractions was strongly inhibited (Figure 6D). Furthermore, WNT3A signaling activity is increased in the CD44v6(+)CIC population isolated from SW480-5FUR, SW480-OXAR and SW480-FR SQ tumor cells overexpressing WNT3A, as analyzed by FACS (Figure 6E). Flow cytometry analysis showed that following the enrichment of CICs in WNT3A transfectants, a majority of CICs were present in sorted SW480-FR/SQ tumor cells expressing constitutively high WNT3A activity (Figure 6E), and this WNT3A activity is required for maintenance of the CIC immunophenotype (CD44v6 [high+]) by promoting tumor sphere formation in CICs (Figure 6F). Validations of CD44v6 shRNAs, CD44v8 shRNAs and WNT3A shRNAs were done following our previously published paper (31, 49) and are shown in Figures 2G, 6G, and 6H. Thus, PN, WNT3A and IL17A act as CIC niche components that can promote CIC maintenance and expansion by augmenting WNT-CD44v6-β-catenin-MDR1-signaling. This can trigger therapeutic resistance in CICs and their ability to generate virtually unlimited growth potential in serial xenografts established by injecting CICs in combination with CAFs subcutaneously in

immunocompromised mice (as seen in Figure 3F–G).



PN and IL17A Induce Association of Nuclear β-catenin/TCF4 With CD44v6 and MDR1 to Modulate Drug Resistance

PN and IL17A mediation of a WNT3A/β-catenin pathway regulates CD44v6 expression and vice versa (as seen in Figures 5A,B,D–G), and enriches CD44v6 in CICs (Figures 6D). In searching for a possible linkage between PN and IL17A with WNT/β-catenin signaling to regulate CD44v6 expression and CIC survival/self-renewal, we analyzed transient transfection assays using SW480-FR cells with constructs containing TCF binding sites within the MDR1 promoter cloned into a luciferase reporter plasmid (see the schematic model of MDR1 luciferase reporter in Figure 7A). This construct was transfected with or without manipulations of TCF4 knockdown followed by either PN or IL17A co-transfection, and luciferase activities were measured for the PGL3-mdr1 constructs (Figure 7B). The results showed an ~8-fold decrease of basal PGL3-mdr1 luciferase activity by knocking down TCF4 (Figure 7B). In a further step, to determine the linkage between PN and IL17A with WNT/β-catenin signaling to regulate CD44v6 gene expression, we analyzed transient transfection assays using SW480-FR cells with constructs containing TCF binding sites within the MDR1 promoter cloned into a luciferase reporter plasmid. The cells were transfected with or without manipulations of TCF4 knock down followed by either PN or IL17A co-transfection, and luciferase activities were measured for the PGL3-mdr1 constructs (scheme in Figure 7A). The results showed that either PN or IL17A overexpression increases this promoter activity ~3 fold and ~3.5 fold respectively (Figure 7B). In contrast, the MDR1 promoter luciferase constructs negatively responded to co-transfection of dominant-negative TCF4-DN in cells pre-transfected with PN or IL17A constructs (Figure 7B). These reductions provide evidence that TCF promoter binding and activation of MDR1 is mediated through both PN and IL17A stimulated TCF4 in the nucleus. In agreement with these results, ChIP assays were done using CD44v6- immunoprecipitated (IP) DNA, and TCF4-IP’d DNA, and input DNAs were amplified using primers covering the indicated TCF4 binding sites (see the schematic model of MDR1 promoter containing TCF4 binding sites in Figure 7C). ChIP assays (Figure 7D) showed robust binding of β-catenin/TCF4 to MDR1 sites in the SW480-FR cells. Results also showed a robust binding activity for CD44v6 to the DNA fragment where TCF4 binds (Figure 7D). Knockdown of CD44v6 reduced endogenous β-catenin/TCF4 binding to the MDR1 promoter in response to PN and IL17A in SW480-FR cells (Figure 7D), thus validating the results from the luciferase reporter assay (Figure 7B) that CD44v6 and β-catenin co-regulate MDR1 expression in response to PN and IL17A in FOLFOX resistant cells. ChIP assays showed that at basal level, β-catenin/TCF4 bound weakly to TCF binding sites of the MDR1 promoter in sensitive cells compared to robust binding activity in resistant cells (data not shown). These data provide evidence that in the presence of CD44v6, TCF4-mediated transactivation of MDR1 was up-regulated from basal activity to CD44v6-regulated activity via TCF4 in response to PN and IL17A. When stabilized β-catenin enters the nucleus, it interacts with transcriptional regulators, including TCF4, which leads to WNT/β-catenin responsive gene expression (69). Thus, the results in Figure 7D indicate that PN and/or IL17A regulate β-catenin/TCF4 binding to a MDR1 promoter in a CD44v6-regulated manner in FOLFOX resistant cells.




Figure 7 | PN and IL17A induce association of nuclear β-catenin/TCF4 with CD44v6 and MDR1 to modulate drug resistance. (A, B), PN and IL17A induced MDR1 promoter luciferase activities were measured in SW480-FR cells using the indicated pGL3-mdr1 (a) reporter containing TCF4 binding sites (CTTTGA). (A), The scheme shows the pGL3-mdr1 (a) reporter constructs with TCF binding sites. (B), MDR1 luciferase activity reporter assays are shown for SW480-FR cells overexpressing a dominant negative TCF4-DN construct for 48 hours followed by co-transfection with or without PN or IL17A expression vectors. (C), The sketch map shows the predicted TCF4 binding sites (CTTTGA) within the indicated MDR1 promoter (blue arrows). The transcriptional start site (red arrow) was at “+1”, and ATG is at the translation start site. The putative TCF4 binding sites (MDR1 (A), MDR1 (B) and MDR1 (C) are shown, and their locations are labeled. (D), ChIP PCR primers, designated for MDR1 (A) as shown in (C), were used for amplification of the potential TCF4 binding sites of the MDR1 gene. ChIP assays were done using either anti-CD44v6, anti β-catenin or irrelevant IgG antibody as negative control in SW480-FR cells overexpressing specific shRNAs against CD44v6 or Non-targeted shRNA (NT-sh) with or without co-transfection with PN or IL17A constructs. Input: total genomic DNA was used as control for the PCR. (E, F), PN and IL17A induced CD44v6 promoter luciferase activities were measured in SW480-FR cells using the indicated pGL3-CD44v6 (a) reporter containing TCF4 binding sites. (E), The sketch map of predicted TCF4 binding sites (CTTTGA) within the CD44v6 promoter luciferase construct (CD44v6 [a]) is shown. (F), CD44v6 luciferase activity reporter assays are shown for SW480-FR cells overexpressing dominant negative (DN) TCF4 for 48 hours followed by co-transfection with or without PN or IL17A expression vectors. (G, H), PN or IL17A induced CD44v6 gene expression regulated by TCF4 in SW480-FR cells is shown. (G), The sketch map shows the predicted TCF4 binding sites (CTTTGA) within the indicated CD44v6 promoter (blue arrows). The transcriptional start site was at “+1”, and ATG is at the translation start site (red arrow). The putative TCF4 binding sites [CD44v6 (A)] and CD44v6 (B) are shown, and their locations are labeled. (H), ChIP PCR primers, designated for CD44v6 (A) as shown in (G), were used for amplification of the potential TCF4 binding sites of the CD44v6 gene. ChIP assays were done using either anti-TCF4 or irrelevant IgG antibody as negative control in SW480-FR cells overexpressing a dominant negative TCF4-DN construct for 48 hours followed by co-transfection with or without PN or IL17A expression vectors. Data presented in (B, D, F, H are Mean ± SD.; n = 3–5 independent replicates in three independent experiments; (B), *, P < 0.05, **, P < 0.01 were considered significant, Inhibition in MDR1 luciferase activity in TCF4 DN, or PN + TCF4 DN, or IL17A + TCF4 DN overexpressed groups compared to vector control group. (D), *, P < 0.05, **, P < 0.01 were considered significant, Inhibition of percent of enrichment of MDR1 mRNA in v6 shRNA1 (v6 sh1), v6 sh1+PN, v6 sh1+IL17A groups compared with , NT sh1, or PN, or IL17A overexpressed groups. (E), *, P < 0.05, **, P < 0.01 were considered significant, Inhibition in CD44 luciferase activity in TCF4 DN, or PN + TCF4 DN, or IL17A + TCF4 DN overexpressed groups compared to vector control group. (F), *, P < 0.05, **, P < 0.01, ***, P < 0.001 were considered significant, Inhibition of percent of enrichment of CD44v6 transcripts in TCF4 DN, or PN + TCF4 DN, or IL17A + TCF4 DN overexpressed groups compared to vector control group. Student’s t-test was used to assess the significance.



Several putative TCF binding sites were located 2 kb upstream of the transcriptional start site of the CD44v6 gene (see the schematic model of CD44v6 luciferase reporter in Figure 7E). A CD44v6 luciferase assay was used to directly examine the interaction between PN and IL17A induced β-catenin/TCF4 and the CD44v6 promoter. The luciferase activities in SW480-FR cells transfected with dominant negative TCF4-DN were significantly lower than vector group, while PN and IL17A overexpression significantly increased the luciferase activity (Figure 7F). Further, this result also indicates that PN and IL17A induced CD44v6 promoter activity requires WNT/TCF4 binding to the CD44v6 promoter. This provides evidence that PN and IL17A stimulated the β-catenin/TCF4-mediated increase in CD44v6 transcription activity. To further validate these results, conventional ChIP analyses were done, and they provided direct evidence for the ability of PN and IL17A to stimulate TCF4 to bind to the promoter of CD44v6 (see the scheme in Figure 7G, and CD44v6 transcription activity in Figure 7H). The data in Figure 7 indicate that PN and IL17A promote both CD44v6 and MDR1 gene expressions through a β-catenin/TCF4 pathway. Overall, the above results (Figure 7) indicate that FOLFOX treatment mediates PN and IL17A, which recruit a WNT3A pathway that promotes CD44v6 expression (as seen in Figures 5, and in MDR1 and CD44v6 transcription activities in Figure 7), and CD44v6 regulates WNT3A production (as seen in Figures 5A, B and β-catenin signaling through PN and IL17A (as seen in Figures 5D–G) in response to FOLFOX treatment. Taken together our results provide evidence for a positive feed-back loop between CD44v6 and β-catenin/TCF4 that activates MDR1 gene expression and CD44v6 splicing, and mediates FOLFOX resistance (as seen in Figures 2F, 5 and 7).



Stromal Secreted Factors Can Maintain CIC Growth and Tumorigenic Function

To address the contributions of PN, WNT3A, IL17A or CD44v6 in the in vivo SQ growth of CICs, a neutralizing antibody for each of these factors was used in combination with 1 x FOLFOX (schematic model detailing the experimental procedures (Figure 8A) used in the experiment of Figure 8B). Tumors were established by injecting CICs in combination with CAFs subcutaneously in immunocompromised mice. Administration of neutralizing antibodies for PN, or WNT3A, or IL17A, or CD44v6 increased the efficacy of FOLFOX-chemotherapy on reducing tumor growth (Figures 8B–E). These results confirm that FOLFOX resistance depends primarily on secreted factors including PN, WNT3A and/or IL17A in CAFs, as well as on CD44v6 in both CICs and CAFs. These data provide evidence that the central roles of PN, WNT3A and/or IL17A are to serve more as paracrine signals to have crucial roles in driving FOLFOX resistance in CICs and in promoting tumor growth. Together our data support a pattern in which FOLFOX-therapy stimulates CAFs and activates CIC maintenance (as seen in Figure 1D, and Figure 3) in the microenvironment to stimulate paracrine signals (as seen in Figure 4) for induction of CIC growth (as seen in Figures 3C–G) and SQ tumor growth when implanted with CAFs and CICs (Figures 8B–E).




Figure 8 | FOLFOX induced PN, WNT3A and IL17A signaling regulates CIC growth in vivo. (A), Timeline is shown for antibody treatments with and without FOLFOX in xenograft tumors implanted by a mixture of CICs plus CAFs from PD-FR human tissues (B, D) and from SW480-FR xenograft tumor cells (C, E). The dependences of CICs on IL17A, WNT3A, PN and CD44v6 were evaluated in vivo. 2 x104 CICs and 6 x 104 CAFs were injected into mice. When tumors reached to approximately 0.3 cm3 in volume, treatments were initiated. Detailed treatment procedure is in Methods. Mice were weighed, and the tumor volumes were measured every other day for 4 weeks. (B, C), Representative tumors from three experiments are shown from mice treated as indicated. (D, E), Tumor weights from the experiments in (B, C) for each tumor set at the end of treatment after 4 weeks are shown. Data presented in (D, E) are Mean ± SD.; n = 5 mice/group independent replicates in three independent experiments; (B), *, P < 0.05 were considered significant, inhibition in tumor growth represented by tumor weight and tumor volume in treatment groups compared to IgG control groups. ANOVA, followed by Bonferroni’s post-hoc test was used to assess the significance. Scale bars, 1 cm.





Tissue Specific Inhibition of CD44v6 In Vivo Inhibits MDR1 Expression and CRC Progression by Retaining FOLFOX Sensitivity

There is no small molecule inhibitor for CD44v6 commercially available. For genetic targeting of CD44v6, we tested the effect of pSico-CD44v6shRNA plus pFabpl-Cre by intraperitoneal treatment with nanoparticle delivery systems engineered to express CD44v6shRNA in the SW480-FR/CICs plus PD-FR/CAFS implanted xenograft tumors in immunocompromised mice. The purpose was to transactivate a conditionally silenced pSico- plasmid with a CD44v6 shRNA oligonucleotide (pSico-CD44v6shRNA) by Cre-recombinase that is produced in response to an intestine/colon tissue-specific pFabpl promoter. The principle is as follows. The recombinase, produced under the influence of a tissue-specific promoter in the cells, will eliminate the (CMV-EGFP)-cassette from U6-(CMV-EGFP)flox/flox-CD44v6 shRNA from the pSico-CD44v6shRNA, and then the U6 promoter will induce synthesis of CD44v6 shRNA. Normal cells in the intestine/colon will not be affected because they rely mostly on the standard CD44s expression, which does not have any variant exons of CD44. Even if cells in other organs express CD44v6shRNA, knockdown of CD44v6 will not be produced due to lack of response to the tissue-specific promoter. Unused plasmids in other organs will be progressively destroyed by cytoplasmic nucleases, and the nanoparticles will be cleared because PEG and PEI are biodegradable, thus avoiding any toxicity problem (31, 49), It has been shown that Transferrin (Tf)-receptors are highly expressed in colon tumors (59).

First, to assess the contributions of CD44v6 in colorectal CICs and CAFs implanted SQ tumors, we generated pSico-CD44v6shRNA plus pFabpl-Cre plasmids and encapsulated them in a Tf-polyethylene glycol (PEG)-polyethylene imine (PEI) nanoparticles following our previous study (59). The pSico-CD44v6shRNA was used in in vivo experiments in the presence of Fabpl-Cre to constitutively silence endogenous CD44v6 (schematic representation of pSico is shown in Figure 9A). The same CD44v6shRNA sequence was cloned in a pSicoR vector (Figure 9D schematic representation of pSicoR) and was used to constitutively silence endogenous CD44v6 in the absence of Fabpl-Cre in in vitro experiments. As a control, non targeted (NT) shRNA was also cloned in these vectors. Second, before applying our pSico-CD44v6shRNA1 plus Fabpl-Cre in in vivo experiments, we validated our Cre-regulated v6-shRNA1/nanoparticles in SW480-FR cells, which were transfected with either pSico-CD44v6shRNA1 with or without Fabpl-Cre containing nanoparticles. High-efficiency transduction by either vector was achieved as indicated by uniform GFP expression (Figure 9B for pSico-CD44v6shRNA1 and Figure 9E for pSicoR-CD44v6shRNA1 with or without Fabpl-Cre nanoparticles). Validation of the v6shRNA1 was done in Figure 2G following our previously published papers (31, 49). CD44v6shRNA1 expression by this vector was functionally consistent in inducing large reductions of CD44v6 gene expression, which was Cre-dependent (Figures 9B, C for pSico-CD44v6shRNA1 and Figures 9E, F for pSicoR-CD44v6shRNA1 with or without Fabpl-Cre nanoparticles). The results of Figures 9A–H validate the use of Fabpl-Cre- and pSico-CD44v6shRNA1, and pSicoR-CD44v6shRNA1 nanoparticles for silencing CD44v6 expression in in vitro and in in vivo experiments.




Figure 9 | Confirming the inducible CRE system used tissue specific knockdown of CD44v6 to inhibit subcutaneous (SQ) tumor growth. (A–D), Schematic representations of pSico, and pSicoR after Cre-mediated recombination to synthesize active shRNA are shown. (B–E), SW480-FR/SQ tumor cells from the transfection of the cells with (pSico-v6shRNA1 plus the pFabpl-Cre)/transferrin (Tf)-PEG-PEI) (Nanoparticles [Nano]) and with the (pSicoR-v6shRNA1 plus pFabpl-Cre)/Nano and were analyzed by epifluorescence microscopy to detect GFP. Similar cell densities and identical exposure times were used for all images. (See Materials and Methods for details in nanoparticles). (C, F), Total RNAs extracted from the transfected cells were analyzed for CD44v6 and GAPDH mRNAs by semi-quantitative PCR. (G), SW480-FR cells were transfected with pSico v6 shRNA plus Fabpl-Cre/Nano, or with pSicoR v6shRNA plus Fabpl-Cre/Nano. PCR detection is shown for Cre-mediated recombination of pSico-CD44v6 shRNA in tumor Genomic DNAs extracted from mice 4 days after shRNA plus indicated Cre/Nano treatments to xenograft tumors induced by SW480-FR cells. (# of mice/experiment = 5; # of experiments = 2). Note that pSico v6 shRNA plus Probasin Cre/Nano did not have any effect on colon tumors. Inset shows the functionality of Floxed-pSVβ-galactoside/ plus pARR2-Probasin Cre/nanoparticles in the prostate gland. (H), Validation for tissue specific delivery of shRNA/nanoparticles was done by verifying distributions of shRNA against the firefly luciferase gene (pSico-Firefly luciferase shRNA plus pFabpl-Cre)/Nano, and are shown in various organs of C57/Bl mice (n = 4), which were previously injected with reporter plasmids expressing firefly luciferase and renilla luciferase (i.p.). The luciferase activities of the tumor extracts and the indicated tissues were measured. Note that luciferase-shRNA is active in colon tumors and in normal colon and intestine tissues due to the functionality of pFabpl-Cre. Data presented are Mean ± SD.; n = 5 mice/group independent replicates in two (G) and three (H) independent experiments. All semi quantitative RT-PCR and Epifluorescence microscopy data are representative of three experiments. (H), *, P < 0.05 was considered significant, inhibition in luciferase activity in (pSico-Luc sh (100μg) + pFabpl-Cre (100μg))/ Nano compared to pSico-Luciferase shRNA (100μg)/Nano group. Student’s t-test was used to assess the significance in (H).



Further we validated the inclusion of a pFabpl-Cre plasmid in our conditional silencing of CD44v6 in in vivo tumors derived from CICs plus CAFs isolated from SW480-FR tumor cells. As shown in Figure 9G, shRNA knockdown of CD44v6 in CICs plus CAFs implanted to form SW480-FR/SQ tumors depended on the inclusion of a pFabpl-Cre plasmid and induced nearly complete recombination due to loss of GFP. In contrast a pARR2-Probasin-Cre plasmid, which is specific for prostate tissue, could not induce a recombination of the pSico-CD44v6-shRNA plasmid and did not show any effect in colon tissue. The inset (Figure 9G) shows that pARR2-Probasin Cre releases β-galactosidase from a conditional β-gal plasmid in the mouse prostate, further validating tissue specific delivery of the plasmid when a tissue specific Cre is in the right place. In addition, we validated tissue specificity of pFabpl-Cre dependent knockdown of another gene (firefly luciferase gene). Figure 9H shows that the in vivo transfection and pFabpl-Cre dependent knockdown of the firefly luciferase gene was specific to colorectal tumor tissue, as well as to small and large intestines, but not to kidney or liver. This indicates that the nanoparticles carrying plasmids activate only in specific tissues that are dependent on promoter driven Cre expression. The in vivo knockdown of the luciferase gene was strikingly greater in SQ tumors with similarity between colon and intestine tumors (Figure 9H), indicating that the transferrin-coated nanoparticles carrying plasmids accumulate into the colon tumors more than into normal intestine/colon cells because of increased expression of transferrin receptor by these tumors as well as by expression of pFabpl-Cre mediated conditional silencing of the firefly luciferase gene (59, 71).

We next used the transferrin-nanoparticle delivery of pSicoCD44v6 shRNA plus Fabpl-Cre to determine whether silencing the expression of CD44v6, or of CD44v6-containing variants, can inhibit the tumor cell survival and growth by reducing WNT-CD44v6-MDR1 signaling. The pSicoCD44v6 shRNA1 plus Fabpl-Cre nanoparticles were used in vivo to examine the therapeutic potential of targeting CD44v6 in tumors implanted from CICs plus CAFs isolated from a FOLFOX resistant SW480-FR/SQ tumor, and from a patient-derived tumor specimen (PD-FR) (Figure 10A, schematic model). Details of the experimental procedures used are in Figure 10B. For this experiment, xenograft tumors were established by injecting SW480-FR/CICs in combination with SW480-FR/CAFs, and with PD-FR/CICs in combination with PD-FR/CAFs subcutaneously into immunocompromised mice (schematic model indicated in Figure 10A). Cre-mediated conditional silencing of endogenous CD44v6 was used in combination with FOLFOX therapy. Tissue samples from the experiments in Figure 10B were used in the follow-up experiments in the Figures 10B–H. Administration of Cre-mediated CD44v6shRNA nanoparticles prevented tumor growth (Figures 10B–D) and strongly inhibited CD44v6 and MDR1 expressions (Figure 10E) in a dose-dependent manner. Moreover, 100 µg/ml plasmid concentration + 1 x FOLFOX had the predominant effect in reducing tumor growth and inhibiting MDR1 expression (Figures 10B–F). In agreement with our recent study (55), knocking down CD44v6 reduced stemness related genes including c-Myc, TWIST1, OCT4, SOX2 and ABCB1 (MDR1) substantially in tumors generated from CICs plus CAFs (Figure 10H). Moreover, our data in Figures 10G, H support our hypothesis that CD44v6-WNT/β-catenin signaling regulates the stemness of CICs expressing CD44v6 (Figure 10H), and that blocking CD44v6 tissue specifically by conditional silencing has a dramatic effect on reduction of tumor growth (Figures 10B–D) by blocking WNT/β-catenin specific TOPFlash promoter activity in tumor lysates (Figure 10G). Importantly, pSico-v6shRNA1/Nano i.p. administration showed no evidence of toxicity within these experiments or in previous studies using Cre-mediated CD44v6shRNA1 nanoparticles (31, 49). These results provide direct relevance for CD44v6 as a therapeutic target to maintain FOLFOX sensitivity and reduce colon tumor growth by reducing MDR1 expression.




Figure 10 | Tissue specific knockdown of CD44v6 by pFabpl-Cre inhibits subcutaneous (SQ) tumor growth of implanted CICs plus CAFs from SW480-FR/SQ tumors and from PD-FR/SQ tumors. (A), Timeline is shown for pSico-v6-shRNA/Nano particle treatment with and without pFabpl-Cre/Nano in xenograft tumors derived from CICs plus CAFs from SW480-FR/SQ tumors and PD-FR/SQ tumors. (B), The dependence of tumors derived from CICs and CAFs on CD44v6 was evaluated in vivo. 2 x 104 FACS sorted CAM(+)CD44v6(+)CD133(+)ALDH1(+) CICs and 6 x 104 CAFs (EpCAM [-]/PDGFR-α were injected into mice. When tumors reached to approximately 0.3 cm3 in volume, treatment was initiated. Detailed treatment procedure is in Methods. Seven immunocompromised mice per group were used. Mice were weighed every other day, and the tumor weights were measured every week for 4 weeks. Representative tumors following sacrifice from three experiments are shown from mice treated as indicated in the schedule of treatment (A). (C, D), Kinetics of relative tumor weights with time are shown during in vivo SQ tumor growth at the indicated weeks that were generated by CICs plus CAFs from SW480-FR/SQ tumors (C) and from PD-FR/SQ tumors (D) injected (i.p.) with pSico-NT shRNA/Nano, pSico-v6 shRNA/Nano, and (pSico-v6 sh plus pFabpl-Cre)/Nano. Treatments were performed at weeks (wks) 2, 3, 4, and 5 and tumor growth was measured at wks 3, 4, 5, and 6 after treatments. (E), Western blot analyses using CD44v6, MDR1 and β-catenin antibodies in extracts from the various treated xenograft tumors derived from CICs plus CAFs from SW480-FR/SQ tumors collected at 6 weeks from the experiment in (A–C) are shown. (F), Densitometric ratios are shown of CD44v6/β -actin and MDR1/β -actin in the Western blot analyses using CD44v6, MDR1 and β−catenin antibodies in extracts from the various treated xenograft tumors derived from CICs plus CAFs and from PD-FR/SQ tumors collected at 6 weeks from the experiment in (A, B, D). The results are means ± SE from four independent experiments (n = 6 mice) (G), QPCR analyses of the indicated stemness related transcription factors from the total RNA from the various treated tumors collected at 6 weeks in (A, B, D) are shown. (H), WNT3A/β-catenin reporter activities in the lysates from the tumors collected at 6 weeks from experiments in (A, B, D) are shown. Data (C, D–H) are presented as mean ± SD (n = 7); *P < 0.05 compared to appropriate control group. Western blot data (E) are representative of three experiments. Tumor data are presented as mean ± SD (n = 7 mice/group in four independent experiments); (C–H), *P < 0.05. **P < 0.01, ***P were considered significant, Inhibition of tumor growth in (v6 shRNA + pFabpl Cre)/nano, and in (v6 shRNA + pFabpl Cre)/nano plus FOLFOX compared with (NT shRNA + pFabpl Cre)/nano, and in (NT shRNA + pFabpl Cre)/nano plus FOLFOX groups respectively Western blot data are representative of four independent experiments. ANOVA, followed by Bonferroni’s post-hoc test was used to assess the significance in C and D. Student’s t-test was used to assess the significance in (E–H). Scale bars, 1 cm.






Discussion

Many studies have shown that CICs may be accountable for tumor resistance to conventional chemotherapy (8, 72). When the resistance is increased through the crosstalk between CICs and the tumor microenvironment, that resistance concept acts through two ways for tumor progression in CICs: intrinsic and extrinsic pathways. The intrinsic mechanisms involve gene mutation, while the extrinsic mechanisms incorporate the production of distinct growth factors and cytokines by the tumor microenvironment leading to the activation of specific signaling pathways (22). This study revealed that paracrine factors secreted by TME cells such as CAFs induce WNT-CD44v6 signaling in CICs to further drive tumor growth in xenograft tumors implanted with CICs combined with CAFs. Interestingly, administration of cytotoxic drugs, including FOLFOX, induces secretion of paracrine factors by CAFs derived from colorectal cancer specimens from patients after cytotoxic drug treatment compared to normal fibroblasts (Figures 4D–F).This concept is important because several studies carefully used modified normal fibroblasts in place of CAFs with CRC cell lines to dissect out tumor-stromal interactions (12, 13, 73, 74). Most lethal colorectal tumors are diagnosed at more advanced stages. Thus we used a clinically relevant approach based on CAFs and CICs directly derived from fresh tumors of drug resistant human patient tissues (PD-FUR, or PD-OXAR or PD-FR), or from CAFs and CICs derived from our resistant cell implanted SQ tumors. Using these fresh specimens from patients, we showed a significant increase in CAFs occurrence in cytotoxic drug treated tumors (Figure 1D). Interestingly, the CICs isolated from cytotoxic drug treated patient specimens produced very low levels of secretome (secreted factors) (Supplemental Figure 1A). Thus, if CAFs truly do evolve from lethal chemotherapy resistant tumors upon drug exposure, then data acquired from modified normal colon fibroblasts may not reflect an accurate picture of the functions of CAFs in supporting CIC growth. Based on data in this study, we postulate that the secretome from CAFs used in our study supports that cytotoxic therapy induced CIC growth/maintenance drives CRC recurrence and mortality.

Most cancers originate from cells that gained cancer-initiating capacity or cancer stemness. These cells are known as CICs that are plastic in nature. Stemness functions of CICs are influenced by extrinsic factors secreted from stroma. Sustained drug resistance and tumorigenic potential of CICs is on TME and especially on the niche-microenvironment where CICs reside. Niches are specialized microenvironments that regulate the fate of CICs by providing cues in the form of both CIC-TME cell contacts and by secreted stromal factors. Here we demonstrate that tumorigenic colorectal cells are included in a rare population of undifferentiated CICs that express CD44v6 (Figures 2D, E). Our companion paper (48) revealed that the CIC immunophenotype (CD44v6high+) within a tumor is responsible for tumor formation, progression, and resistance to FOLFOX therapies. The interaction between CICs and their tumor niches is strongly linked to the CIC survival/self-renewal (75). Through this tumor-stroma interaction, CICs can preserve the tumor heterogeneity that underlies their important malignant behaviors and therapy resistance (76). Based on this backdrop, our present study revealed that colorectal tumors respond to FOFOX therapy by stimulation of supporting CAFs in the tumor-microenvironment to provide cues in the form of secreted factors (PN and IL17A) to stimulate WNT3A signals to maintain CICs. Our data also suggest that FOLFOX stimulation increased the frequency of CAFs measured by stimulating a relative proportion of fibroblasts to the epithelial component (αSMA versus EpCAM). Subsequently, the CAFs create a niche that is chemo resistant by releasing predominantly PN, WNT3A and IL17A. Exogenous addition of either PN, IL17A or WNT3A increased CIC tumorigenic function and maintenance. Especially, these factors were overexpressed by colorectal CAFs in response to FOLFOX with their expression validated directly in patient-derived specimens. Periostin and IL17A sustain a WNT3A-CD44v6 induced CD44v6(+) CIC-maintenance that is shared by WNT ligands. Additionally, our data also revealed that the tumorigenic potential of these CICs together with the CAF subpopulation significantly increased in secondary and tertiary subcutaneous xenograft tumors. In contrast, tumorigenic potential of Non-CICs plus CAFs was completely lost in secondary, tertiary and quaternary subcutaneous xenograft tumors suggesting that Non-CICs are differentiated non-tumorigenic cells. These results provide evidence that drug resistant and long-term tumorigenic potential are restricted to the CD44v6 expressing CIC population, and chemotherapy induces remodeling of the tumor microenvironment to support the tumor cellular hierarchy through secreted factors.

First, using primary cultures derived from the tumors of patients who were treated with cytotoxic regimens (PD-5FUR, PD-OXAR and PD-FR), we showed how FOLFOX induced enrichment of CAFs induces maintenance of CICs for self-renewal capacity as they can be clonally expanded, are exclusively tumorigenic, and are able to differentiate. As PN and IL17A provide important instructive signals from supportive CAFs to stimulate WNT3A, and because CD44v6 regulates these factors in the microenvironment, we focused our attention on these molecules within the CAF’s-secretome. Freshly isolated patient-derived CD44v6+CICs were highly tumorigenic, and as few as 2 x 103 CD44v6+CICs were capable of inducing orthotopic tumor formation in immunocompromised mice. In contrast, as many as 5 x 105 CD44v6 (–) Non-CICs did not result in any tumor formation. Interestingly, when freshly derived CAFs from FOLFOX-resistant tumors were combined with CICs, the resultant tumors attained long term tumorigenic potential with shorter latency, and increased self-renewal capacity as they can be clonally expanded (Figures 3F–G).

Second, these factors (PN and IL17A) from CAFs recruit WNT3A ligands and thereby stimulation of WNT-CD44v6 signaling in CICs, which instructs the cellular hierarchy. In our companion paper (48), we showed for the first time that CD44v6 regulated a WNT/β-catenin axis, which in turn further transactivates MDR1 and CD44v6 gene expressions in CD44v6(+) CICs. Activation of WNT-CD44v6 signaling has a key role in maintaining the CIC pool in the gut and in promoting self-renewal of colorectal-CICs (64, 77, 78). Stromal elements contribute significantly to maintain the undifferentiated status and the clonogenic activity of the tumorigenic cells (12–14, 79). Our results revealed that this property is not confined only to WNT, but is shared by PN and IL17A through FOLFOX, which augments β-catenin activation in colorectal CICs expressing CD44v6 (Figure 5).

Third, our results show the direct relevance of PN, WNT3A and IL17A as dominant paracrine signals for the interplay between CICs and CAFs in tumorigenesis. Since CD44v6 regulated WNT3A, as well as IL17A and PN production in CAFs (Figures 5A, B), we showed that targeting either WNT3A, or IL17A, or CD44v6 or PN in the CICs + CAFs implanted PD-FR and SW480-FR SQ tumors in immune-deficient mice was effective in reducing colon tumor growth (Figures 10B–E versus Figures 8B–E). Importantly, these results further indicate that IL17A signaling also has a functional role in CIC-CAF interactions independent of adaptive immune cell functions.

Fifth, we showed that our cell-specific delivery approach (59) to target the CD44v6-induced signaling pathway in colon cancer cells inhibited colon tumor growth (Figure 10) significantly compared to the CD44v6 neutralizing antibody mediated reduced tumor growth (Figure 8). This cell-specific targeting approach has several advantages and may be easily designed to target other CD44variant-expressing cancer cells, or any cell-surface receptor-expressing cancer cells where the receptor is both a functional marker and a therapeutic target of CICs.



Conclusion

We found that human colorectal CICs that are defined by CD44v6 expression are exclusively tumorigenic and highly resistant to FOLFOX-therapy. Colorectal-tumor progression is initially triggered by CD44v6(+) CICs. The interactions between CD44v6(+) CICs and their niche are supported by periostin and IL17A (Figure 11). Periostin and IL17A simulate WNT3A, which is crucial for augmenting CD44v6(+) CICs that promotes long-lasting tumorigenic potential. It is most intriguing that in an in vivo model of orthotopic colorectal cancer, implantation of CAFs with CD44v6(-) Non-CICs virtually abrogated the primary-tumor formation, whereas CAFs with CD44v6(+) CIC populations can reproduce the original tumor in permissive recipients. Since FOLFOX-therapy treated CAFs and CICs express increased levels of CD44v6 that regulates periostin, IL17A and WNT3A, the depletion of CD44v6 from tumors by tissue specific delivery of CD44v6 shRNA almost abrogated the stemness phenotype of CICs with significant inhibition effects on their tumorigenic potential (Figure 11). Therefore, we demonstrate that CD44v6 is a CIC marker and a therapeutic target. In summary, the drug resistance ability of colorectal CICs is increased by supported microenvironmental signals that promote the expression of CD44v6, and this indicates that CD44v6 is a molecule that could be clinically exploited both as a biomarker and an effective therapeutic modulator of CRC.




Figure 11 | Conclusion Figure. Colon cancer associated fibroblast derived PN and IL17A promote WNT3A induced CD44v6 expression in cancer initiating cells (CICs). CD44v6 positive CICs induce drug resistance and colorectal tumorigenesis by enhancing CD44v6/βcatenin nuclear localization and MDR1 gene expression in CICs. CD44v6 regulated PN, IL17A and WNT3A derived from chemotherapy induced CAFs that contribute to CIC maintenance through induction of the CD44v6 receptor. CD44v6 regulated PN, IL17A and WNT3A mediates the crosstalk between CICs and their niche to permit tumor growth and drug resistance. Importantly, this work identifies that tissue specific knockdown of CD44v6 inhibits functions of CICs and their interaction with CAFs, and thereby significantly suppresses tumor growth.
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Supplementary Figure 1 | Exogenous addition of PN and IL17A induces WNT3A secretion and tumor sphere formation in CAFs. (A), Exogenous addition of 20 ng/ml of PN, or IL17A stimulated WNT3A production in CAFs isolated from sensitive and FR tumors of SW480 were assessed by measuring secretion of WNT3A by an ELISA assay. (B), Autocrine expression of two dominant cytokines (IL17A and WNT3A) and of PN were assessed by using ELISA assays on PD-FR CICs (Sphere/CICs) treated with vehicle (DMSO) or with 1 x FOLFOX for 72 hours. (C) Percentages of colon tumor sphere formation are shown in CICs of FR-resistant and sensitive cells of SW480 in the absence and presence of 100 ng/ml of either PN-blocking antibody, IL17A-blocking antibody or WNT3A-blocking antibody. Data are presented as Mean ± SD (n = 4 replicates from three independent experiments *, P < 0.05 was considered significant, (A, B), stimulation of secreted protein in treatment groups were compared with vehicle controls; (C), Inhibition of percent of tumor sphere formation in PN, IL17A and WNT3A antibody treated groups compared with IgG control group. Student’s t-test was used to assess the significance.
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Integrin α11β1 is a collagen-binding integrin that is needed to induce and maintain the myofibroblast phenotype in fibrotic tissues and during wound healing. The expression of the α11 is upregulated in cancer-associated fibroblasts (CAFs) in various human neoplasms. We investigated α11 expression in human cutaneous squamous cell carcinoma (cSCC) and in benign and premalignant human skin lesions and monitored its effects on cSCC development by subjecting α11-knockout (Itga11−/−) mice to the DMBA/TPA skin carcinogenesis protocol. α11-deficient mice showed significantly decreased tumor cell proliferation, leading to delayed tumor development and reduced tumor burden. Integrin α11 expression was significantly upregulated in the desmoplastic tumor stroma of human and mouse cSCCs, and the highest α11 expression was detected in high-grade tumors. Our results point to a reduced ability of α11-deficient stromal cells to differentiate into matrix-producing and tumor-promoting CAFs and suggest that this is one causative mechanism underlying the observed decreased tumor growth. An unexpected finding in our study was that, despite reduced CAF activation, the α11-deficient skin tumors were characterized by the presence of thick and regularly aligned collagen bundles. This finding was attributed to a higher expression of TGFβ1 and collagen crosslinking lysyl oxidases in the Itga11-/- tumor stroma. In summary, our data suggest that α11β1 operates in a complex interactive tumor environment to regulate ECM synthesis and collagen organization and thus foster cSCC growth. Further studies with advanced experimental models are still needed to define the exact roles and molecular mechanisms of stromal α11β1 in skin tumorigenesis.
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Introduction

The dynamic interactions of tumor cells with the surrounding tumor microenvironment (TME), consisting of various stromal cells, soluble factors, and the extracellular matrix (ECM), critically regulate all steps of tumorigenesis (1, 2). The non-vascular, non-inflammatory stromal cells within the TME are designated cancer-associated fibroblasts (CAFs) (3). Recent single-cell RNA sequencing (scRNA-seq), proteomics and flow cytometry approaches have revealed extraordinary heterogeneity and plasticity among CAFs subpopulations (2–4). The three major subtypes of CAFs, originally identified in pancreatic adenocarcinoma (PDAC), are myofibroblastic CAFs (myCAFs), inflammatory CAFs (iCAFs), and antigen-presenting CAFs (apCAFs) (5, 6). The biomarkers expressed in the different subsets of CAFs include alpha-smooth muscle actin (αSMA), fibroblast-specific protein 1 (FSP-1), platelet-derived growth factor receptors α and β (PDGFRα/β), and fibroblast-activating protein (FAP). CAFs are often characterized by the synthesis of ECM proteins, including fibrillar collagens, proteoglycans, matricellular proteins, and ECM-modifying enzymes, contributing to tumor fibrosis (2, 7). A current challenge in TME research involves identifying, characterizing, and targeting tumor-promoting CAF subtypes (2–4).

Cell-ECM interactions and signalling through αβ heterodimeric integrin receptors regulate the properties and functions of tumor cells, as well as the various cell types found in the TME. Tumor stromal integrins regulate tumor stiffness, matrix reorganization, tumor angiogenesis, CAF activation, and metastasis (8–10). The vertebrate integrin family is composed of 18 α subunits and 8 β subunits which can form 24 different αβ heterodimers. Integrin α11β1, together with α1β1, α2β1, and  α10β1, constitute a subgroup that can bind collagens and associate exclusively with the β1 subunit (11). The first report demonstrating the importance of fibroblast-derived integrin α11 in cancer focused on non-small-cell lung cancer (NSCLC) and showed that α11β1 is highly expressed in the tumor stroma and promotes tumorigenesis through the induction of insulin growth factor 2 expression in CAFs (12). Later studies on NSCLC demonstrated that α11β1 signaling leads to the upregulation of lysyl oxidase like-1 (LOXL1) and, subsequently, increased collagen crosslinking, stromal stiffness, and tumor growth and progression (13, 14). High α11 expression in CAFs has been reported in many other solid tumors, such as head and neck squamous cell carcinoma (HNSCC) and breast cancer and PDAC, in which it is associated with a poor prognosis (15–17). Mechanistically, α11β1 has been shown to regulate the PDGFRβ/JNK signaling axis in breast cancer CAFs, leading to ECM remodeling and CAF-induced tumor cell invasion (16). In PDAC in vitro systems, the knockdown of α11 in pancreatic stellate cells inhibited cell contractility, migration, and differentiation and reduced the expression of several ECM components (17).

Cutaneous squamous cell carcinoma (cSCC) is the second most common human cancer. It is principally caused by ultraviolet light, increasing the incidence of this cancer type in sun-exposed areas of the body (18, 19). Although early detection and surgery can prevent complications, primary cSCC can frequently recur and metastasize, with an 5% average rate of metastasis. The accumulation of genetic mutations in epithelial cells fosters the progression of the disease from precancerous actinic keratosis lesions to cSCC in situ, to the invasive form of cSCC and, finally, to metastatic cSCC. The stromal compartment plays an important role in cSCC progression, and changes in ECM composition and properties, as well as inflammatory and immune cells, contribute to a milieu that favors tumorigenesis (20, 21).

The expression of β1-integrins and their ligands is known to correlate with tumor progression in human cSCC, and the roles of major epidermal β1 integrins (α2β1, α3β1) are widely studied (19, 22). In contrast, the data regarding the functions and significance of β1-integrins in CAFs are still limited (23). To advance our understanding of integrin α11β1 in cSCC, we analyzed the expression of the α11 subunit in human cSCC samples and in benign and premalignant human skin lesions via immunohistochemistry (IHC) and subjected mice deficient in the α11 subunit to the broadly used murine model of skin cancer, the multistep chemical skin carcinogenesis protocol involving 7,12-dimethylbenz[α]anthracene (DMBA) and 12-O-tetradecanoylphorbol-13-acetate (TPA) treatments (24). Our studies demonstrate, for the first time, the upregulation of integrin α11 in CAFs in human and mouse cSCC, as well as its tumor-promoting role in an experimental mouse model of skin carcinogenesis. We also describe interesting alterations in the skin tumor stroma on account of α11 ablation in mice.



Materials and methods


Human samples and immunohistochemistry

Formalin-fixed, paraffin-embedded (FFPE) human skin tissue samples were collected from the archives of the Department of Pathology, Oulu University Hospital, Finland, and consisted of 19 seborrheic keratosis samples, 14 actinic keratosis samples, five squamous carcinomas in situ (also known as Bowen’s disease), 15 keratoacanthoma samples, and 29 cSCC samples (total n = 82). Diagnoses were made according to the current WHO classification (25). The use of skin specimens was approved by the Finnish National Supervisory Authority for Welfare and Health (V/12456/2019) and the Ethical Committee of the Northern Ostrobothnia Hospital District (Dnr. 100/2018). Studies were carried out in accordance with the provisions of the Helsinki Declaration (1983).

Skin tissues were stained with a previously validated monoclonal anti-human integrin α11 antibody (clone 210F4B6A4) (26) using an Envision FLEX+ kit (Dako, K800221-2). 3.5 µm-thick FFPE sections were dried at 55°C for 48h, deparaffinized in xylene (3 min, 3 times), and rehydrated through graded ethanol solutions. Antigen retrieval was performed using Tris-EDTA pH 9 (EnVision FLEX Target Retrieval Solution, high pH; Dako, K801021-2) by boiling with microwaves at 850W for 2 min and 150W for 15 min. After boiling, the sections were allowed to cool at room temperature (RT) and washed using distilled water and EnVision FLEX Wash Buffer for 10 min. The sections were incubated in the peroxidase blocking solution of the kit for 8 min and washed with EnVision FLEX Wash Buffer for 10 min. After washing, the sections were incubated with the primary α11 antibody for 1 h at RT at a 1:1000 dilution following overnight incubation at +4°C, incubated again at RT for 60 min, and then washed with EnVision FLEX Wash Buffer for 10 min. Then, the samples were incubated with secondary antibody (EnVision FLEX+ mouse linker) and visualized using EnVision FLEX/HRP and DAB according to the manufacturer’s instructions. After being rinsed with distilled water, sections were counterstained with hematoxylin, rinsed, dehydrated, cleared, and mounted. The samples were imaged using a Hamamatsu NanoZoomer S60 whole-slide digital scanner in the 20× mode. In dermal spindle-shaped cells, the staining intensity was evaluated as one of the following expressions: absent (0), weak (1), moderate (2), or strong (3). The quantity of each intensity level was recorded:<10% (1), 10–50% (2), or >50% (3). Subsequently a staining index (SI) score (0–9) was obtained by multiplying the score for intensity by the quantity percentage group. The unambiguous α11 signal in myoepithelial cells around the sweat glands served as a positive control. Hematoxylin-eosin (H&E)-stained samples were used for cSCC grading.



Mice

Integrin-α11-knockout mice (Itga11tm1Dgul, MGI:3714472) (27) were backcrossed to the FVB/N (Harlan, The Netherlands) strain for at least five generations. The mice were maintained in a pathogen-free facility, group-housed with corncob bedding and enrichments at 21°C with a 12:12-hour light:dark cycle and given ad libitum water and standard rodent chow. Mice were maintained and animal experiments were conducted in the Laboratory Animal Centre of the University of Oulu (OULAC), following the the regulations for the protection of vertebrate animals used for experimental and other scientific purposes (European Convention Treaty ETS No. 23, European Community Council Directive 2010/63/EU, and Finnish Government Decree 564/2013).



Chemical skin carcinogenesis and hyperplasia models

Skin carcinogenesis experiments were approved by the National Animal Experiment Board of Finland (license ESAVI/1188/04.10.07/2016). Skin tumors were induced in seven-week-old Itga11+/+(n = 25) and Itga11-/- (n = 21) male mice with topical DMBA (Sigma-Aldrich) and TPA (Sigma-Aldrich) treatments (24). The dorsal skin of the mice was shaved and treated with a single dose of DMBA (100 μg in 100 μl acetone), followed by weekly TPA treatments (5 μg in 100 μl acetone), which continued until the mice were removed from the experiment at predetermined time points (15, 20, 25, and 30 weeks) or on the basis of humane endpoints (engraved or ulcerative cSCCs, tumors with a diameter over 10 mm, or excessive tumor load per mouse). During the treatments and tumor monitoring, the mice were housed in single cages to avoid fights and skin wounding, which can have an impact on tumorigenesis. Tumor growth was monitored once per week, and tumor number, size and macroscopic appearance were recorded. Tumor incidence (percentage of mice with a tumor) and cumulative tumor multiplicity (number of papillomas divided by the total number of mice alive at the time when the first mouse was removed from the experiment because of humane endpoints) were recorded and tumors were dissected for further analyses. H&E-stained carcinoma samples were analysed and graded by a pathologist in a blinded manner. To label the actively proliferating tumor cells, 100 µg/kg of 5-bromo-2-deoxyuridine (BrdU, Abcam) was injected intraperitoneally into the mice two hours before sacrifice.

To induce epidermal hyperplasia, the shaved dorsal skin of seven-week-old male mice was treated six times, at two-day intervals, with 5 µg of TPA in acetone, and skin samples were collected for analyses. Mouse skin treated with acetone was used as a control.

Mice were euthanized with CO2 inhalation and cervical dislocation. Tissues were dissected and fixed in fresh phosphate-buffered 4% paraformaldehyde (PFA) for 24 hours at +4°C, washed for one hour under running tap water, dehydrated in ethanol of increasing concentration, cleared with xylene, and embedded in paraffin. Alternatively, the dissected tissues were embedded in OCT compound (Tissue-Tek, Sakura Finetechnical) and frozen for cryo-sectioning.



Immunofluorescence staining

Immunofluorescence was used to visualize integrin α11-, Ki67-, cytokeratin 5- (CK5), NG2-, PDGFRβ-, LOX-, and αSMA-positive cells in 5 µm-thick cryosections (Supplementary Table S1). Staining with rabbit polyclonal anti-integrin α11 antibody (1:200 dilution) (13, 28) was performed overnight at +4°C, after a 10 min methanol-acetone fixation at −20°C and blocking with 10% goat serum in PBS for one hour at RT. For monoclonal anti-Ki67 antibody ethanol-fixed (10 min at −20°C) cryo-sections were used, and antigen retrieval with 1% Triton-X and blocking with goat 10% serum for one hour at RT preceded the overnight incubation with the primary antibody +4°C. For the CK5, NG2, PDGFRβ, LOX, and αSMA antibodies, the blocking solution contained 1% BSA and 22.5 mg/ml glycin in PBS/0.1% Tween. Appropriate goat anti-rabbit Alexa Fluor 488 (1:300, Invitrogen) and goat anti-rat or donkey anti-mouse Cy3 (1:200, Jackson ImmunoResearch) secondary antibodies were used for the detection. To visualize αSMA in PFA-fixed tissues by immunofluorescence, antigen retrieval was accomplished by treating the 5 µm-thick sections in Tris/EDTA in boiling water for 10 min, followed by blocking in 10% goat serum for one hour at RT and overnight incubation with Cy3-conjugated anti-αSMA antibody. To detect BrdU, sections were blocked with 5% donkey serum, treated with 2M HCl (30 min) and 0.1M sodium borate (10 min), and then stained with anti-5-Bromo-2-Deoxyuridine antibody, followed by the application of donkey anti-mouse Cy3 (1:200, Jackson ImmunoResearch). Cell nuclei were labelled with DAPI (1:300, Sigma-Aldrich). A confocal microscope Zeiss LSM 700 or 780 was used for imaging. The intensities of the fluorescent PDGFRβ, αSMA, and LOX signals in the tumors were quantified from 20× confocal microscopy images in a blind manner using Fiji ImageJ analysis software.



Analysis of collagen content

To analyze the content of fibrillar collagen in skin tumors, Masson trichrome and picrosirius red stainings were performed as described previously (29). PFA-fixed tumor sections were dewaxed in xylene; rehydrated with decreasing ethanol series; and treated with a nuclear stain (Celestine blue and Harris’ hematoxylin), acid fuchsin, phosphomolybdic acid, and methyl blue stain (all reagents from Sigma–Aldrich). For picrosirius red staining, PFA-fixed tumor sections were treated with 0.2% phosphomolybdic acid for 5 min, followed by staining with 0.1% Direct Red 80/Sirius Red F3B (Sigma–Aldrich) in saturated picric acid for 1 h at RT. Both protocols were finished via dehydration with an ethanol series, clearing with xylene, and mounting with Pertex (Sigma–Aldrich). The Masson’s trichrome-stained sections were imaged with a Leica DM LB2 microscope, and picrosirius red-stained sections were imaged under bright and polorized light with an Olympus BX51 microscope (Olympys, Tokyo, Japan). Fiji ImageJ software was used for birefringence signal quantification, and the ratio of thick versus thin collagen fibers was calculated as described previously (30).



Transmission electron microscopy

Papillomas were dissected from mice; cut into 1 mm3 cubes; fixed with 1% glutaraldehyde, 4% formaldehyde, and 0.1 M phosphate buffer (pH 7.4) for 12 hours at RT; post-fixed in 1% osmium tetroxide for 15 min; dehydrated in acetone; and embedded in Epon LX 112 (Ladd Research Industries). 80 nm sections were examined using a Tecnai G2 Spirit transmission electron microscope, and images were captured using Veleta or Quemesa CCD cameras (Olympus Soft Imaging Solutions). A total of six papillomas from different individuals, three per genotype, were analyzed using TEM.



Fluorescence-activated cell sorting

Mouse skin pieces were dissected and digested in 0.25% collagenase I (w/v) in DMEM for 2 hours at +37°C, disaggregated with vigorous pipetting, and passed through a 40 μM cell strainer. The resulting single-cell suspension was analyzed for different cell populations using FACSCalibur running the CellQuest Pro software (BD Biosciences). Fibroblast and immune cell populations were analysed with antibodies listed in Supplementary Table S2. Data were examined using FlowJo software (FlowJo LLC).



In vitro adipogenesis assay

Mesenchymal (MSC) progenitors were isolated from the stromal vascular fraction (SVF) of the mouse inguinal fat pads and differentiated into mature adipocytes using a standard protocol (31, 32), with minor modifications. Six-week-old mice were euthanized, sprayed with ethanol, and opened in a laminar hood. Inguinal fat pads were collected from four to five mice per genotype and pooled in cold phosphate buffered saline (PBS). Fat tissues were minced and digested with 2.5 mg/ml of collagenase D (Roche) and 3.1 U/ml of Dispase II (Sigma-Aldrich) in 10 mM CaCl2/PBS for 45 min at 37°C with regular shaking. Digestion was terminated by adding complete preadipocyte medium consisting of DMEM/F12 supplemented with 10% FBS, 1% penicillin/streptomycin and 0.1mg/ml primocin (In vivoGen). The cellular suspension was filtered through 100 μm cell strainer to remove undigested tissue debris and centrifuged at 600 x g for 5 min at +4°C. SVF cells were suspended in preadipocyte medium, the suspension was filtered through a 40 μm cell strainer, and cells were seeded on a 10 cm culture plate in the complete preadipocyte medium. On the next day, the cells were washed four times with PBS and then cultured in complete preadipocyte medium. The culture medium was changed every day until the cells reached 90% confluence. Cells were divided and allowed to grow to confluence, and two days post-confluence, adipocyte differentiation was induced by adding preadipocyte medium supplemented with 5µg/ml insulin (Sigma-Aldrich), 1µM rosiglitazone (Cayman), 0.5mM isobutylmethylxanthine (Sigma-Aldrich), and 1µM dexamethasone (Sigma-Aldrich). After 48 h of induction, the cells were maintained in medium containing 1µM rosiglitazone and 5µg/ml insulin, and cell differentiation was monitored for 6 days, changing the maintenance medium daily. Cell samples were collected for RNA analyses every two days, and Oil Red-O staining was performed at the end of the experiment to measure to lipid accumulation. The medium was collected on Day 6 to measure the glycerol concentration. Cells were imaged using the Olympus CellSens imaging system with a 10× objective and supplemented with the Olympus XM10 CCD camera (Tokyo, Japan). The adipogenesis assay was repeated with at least three primary cell preparations per genotype.



Quantitative real-time polymerase chain reaction

Total RNA was extracted from snap-frozen mouse tumors and hyperplastic skin with TriPure reagent (Roche), followed by the RNeasy mini kit (Qiagen). A total of 0.5 μg RNA, pooled from at least five papillomas collected from five individuals of each genotype at a selected time point, was used to synthesize cDNA by using the iScript cDNA synthesis kit (Bio-Rad). Samples were analysed for the mRNA expression of α1 chains of collagen I (Col1a1) and III (Col3a1), prolyl 4-hydoxylases-1 (Pdha1) and -2 (Pdha2), αSMA (Acta2), PDGFRα (Pdgfra), PDGFRβ (Pdgfrb), and tenascin-C (Tnc). The PCR primers are listed in Supplementary Table 3. The qPCR was performed with iTaq SYBR Green Supermix with ROX reagents (BioRad), and each sample was run in duplicate by using a Mx3005P qPCR device (Stratagene) and repeated at least three times. Relative mRNA levels were calculated with the 2ΔΔCt method (33). Values were normalized against Gapdh, and the control values were expressed as 1 to indicate the fold change in mRNA expression.



Atomic force microscopy

Force-distance curve measurements were collected using an MFP-3D Molecular Force Probe AFM (Asylum Research, Santa Barbara) and a borosilicate glass particle (5 μm in diameter) on silicon nitride cantilevers (Novascan Tech Inc., Ames). The cantilevers had a nominal spring constant of 0.02 N/m and were calibrated before each experiment with the thermal noise method (34). All measurements were collected in 18.2 MΩ cm Milli-Q water. Each AFM probe was used to measure one control and one knockout sample, and the order of sample measurement was randomized for each probe. The samples were indented at a loading rate of 500 nm/s with a maximum force of 1 nN. 300 force extension curves were collected over three randomly chosen 20 μm × 20 μm areas of each sample. The results show the contributions of four Itga11+/+ and three Itga11-/- samples. The determination of the Young’s elastic modulus of the samples from force-distance curves was performed using the Hertz model (35, 36).

	

where F is the loading force (N), E is the Young’s modulus (Pa), v is the Poisson ratio, R is the radius of curvature of the tip (m), and δ is the indentation depth (m). Samples were assumed to be incompressible, and a Poisson’s ratio of 0.5 was used in the calculation of the Young’s elastic modulus.



Statistical analysis

Statistical significance was computed with a two-tailed unpaired t-test or ANOVA using Prism software. The differences were considered significant at p< 0.05 and expressed in figures as *, p< 0.05; **, p< 0.01; *** and p< 0.001. Figure data are presented as means ±SEM or ±SD, as indicated in the respective figure legends. For human IHC, statistical analyses were performed by using IBM SPSS Statistics software, Version 28.0.0.0 (IBM Corporation, Armonk, NY, USA). The significance of associations was defined by using the Mann-Whitney U test and Kruskal-Wallis test.




Results


Integrin α11 is upregulated in the stroma of human and mouse cSCC

Integrin α11 expression and localization were examined in a collection of pre-malignant and malignant human skin lesions using IHC and a previously validated monoclonal anti-human integrin α11 antibody (26). In the benign seborrheic keratosis and premalignant actinic keratosis specimens, as well as squamous carcinoma in situ, weak or moderate membranous α11 signals were regularly detected in spindle-shaped cells at the dermal-epidermal junction (Figure 1A). In the malignant keratoacanthoma and cSCCs, α11 expression showed upregulation but also considerable variation. Often, the α11-positive cells were located diffusely throughout the tumor stroma, the intensity of staining ranging from weak to strong, as well as being absent in some cases. Intense α11 staining was frequently seen as a fibrillar, tangle-like pattern at the tumor-stroma interphase. The number of α11-positive cells varied substantially, even within a given tumor sample (Figure 1A; Supplementary Figure 1). The samples with the strongest staining were classified as grade-3 cSCCs (Figure 1A). The quantification of α11 expression in skin lesions using an SI score (i.e., the number of α11-positive spindle-like cells and staining intensity) showed high variability within the diagnostic groups of malignant cases (Figure 1B). Nevertheless, SI scores differed significantly between the groups of benign to premalignant keratoses and the groups of malignant carcinomas (p<0.001), demonstrating that the stromal upregulation of α11 integrin is associated with malignancy in human cSCC. No membranous α11 staining was observed in tumor cells, but the nuclear positivity of keratinocytes was frequently observed. Because we have not observed α11 RNA in keratinocytes (37), this signal may be an artefact related to heat-induced antigen retrieval at a high pH (38). In tumor-adjacent tissues, prominent α11 signals were also localized to the myoepithelial cell layer of the sweat glands and around the hair follicles (Figure 1A; Supplementary Figure 1).




Figure 1 | Expression and localization of integrin α11 in human cutaneous lesions. (A) Representative images of integrin α11 expression and localization in human skin lesions, stained with a monoclonal anti-human integrin α11 antibody (clone 210F4B6A4) (26). Integrin α11 showed strong expression around sweat glands in the tumor-adjacent normal skin, likely in the myoepithelial cells of the acini (arrowheads); scant positive signals in spindle-shaped cells at the dermal-epidermal junction (arrowheads) in benign seborrheic keratosis, premalignant actinic keratosis, and in squamous carcinoma in situ; generally moderate or strong signals in spindle-shaped cells distributed within the fibrillar stroma; and present in a tangle-like pattern at the tumor−stroma interphase (arrowheads) in malignant keratoacanthoma and cutaneous squamous cells carcinomas (cSCC). Stromal α11 staining is strong in grade 3 cSCCs. (B) A boxplot diagram representing the staining index score in seborrhoeic keratosis (SK), actinic keratosis (AK), in situ carcinomas (in situ), keratoacanthomas (KA), and cSCCs. Arrowheads, α11 signals. A, adipocyte, BV, blood vessel; D, dermis; E, epidermis; K, keratin; M, muscle; S, stroma; T, tumor. Scale bars, 100 μm. ***, p<0.001.



In addition to human tissue material, we studied α11 expression and localization in healthy murine skin and in DMBA/TPA-induced skin tumors obtained from wild type FVB/N mice (39). In normal mouse skin, α11 expression was barely detected in the dermis. A significant upregulation of α11 was observed in mouse skin tumor samples, both in papillomas and in cSCCs of different grades, in which α11 was abundantly expressed in the tumor stroma (Figures 2A-C). Often but not always, α11 signals overlapped with αSMA, a common marker of myofibroblasts and myCAFs. The chondroitin sulphate proteoglycan NG2, a marker of pericytes and subsets of CAFs, showed faint signals in α11-positive stromal areas and prominent signals in the tumor vasculature, where it was associated with αSMA (Figure 2B). α11 expression was not detected in tumor areas, which were visualized by cytokeratin (Figure 2B). As in human cSCC, variation in α11 signal intensity and localization was observed between tumor samples and even different stromal regions of the same tumor. Thus, our immunostainings show that α11 is highly upregulated in both human and mouse cSCC stroma and localized in spindle-shaped cells, which, in mouse tumors, were shown to represent specific CAF subtypes. The data suggest a role for α11 in cSCC tumorigenesis and prompted us to subject α11-knockout (Itga11−/−) mice to an experimental skin carcinogenesis model.




Figure 2 | Expression and localization of integrin α11 in mouse skin and chemically induced skin tumors. Representative images of α11 immunofluorescence in normal mouse skin and skin tumors, stained with a polyclonal anti-mouse α11 antibody (28). (A) α11 expression is negligible in normal mouse skin; scant positive signals are found around hair follicles and in isolated dermal cells (arrowheads), sometimes overlapping with smooth muscle actin (αSMA) signals. The positive signal in the cornified epithelium represents non-specific tissue autofluorescence due to Alexa Fluor 488-conjugated secondary antibody. (A-C) α11 is significantly upregulated in the stroma of premalignant papillomas and malignant cSCCs of different grades and partially co-localizes with αSMA-positive cells (arrowheads). (B) Sequential sections of a moderately differentiated (grade 2) cSCC. Integrin α11 and αSMA are localized exclusively in the tumor stroma and show partial overlapping (arrowheads). αSMA is also detected in smooth muscle cells around some blood vessels (arrow) and is closely associated with a pericyte marker, NG2. Cytokeratin 5 (CK5) is a marker of carcinoma cells and does not co-localize with α11. (C) Examples of integrin α11 and αSMA staining in grade 3 cSCC; immunofluorescent signals in the stroma occasionally overlap with αSMA (arrowheads). (D) A well differentiated (grade 1) cSCC from a Itga11-/- mouse was used as a staining control for the α11 antibody. Scale bars: A, 100 μm, B-D, 50 μm. Markings in images: D, dermis; S, stroma; T, tumor.





Skin tumor growth is impaired in integrin α11-deficient mice

To evaluate the relevance of integrin α11β1 integrin signaling in skin carcinogenesis, we compared the development and progression of DMBA/TPA-induced skin tumors between α11-deficient (Itga11−/−) and control mice (Itga11+/+) mice. The absence of α11 expression in knockout tumors was confirmed by immunofluorescence staining (Figure 2C). We observed a significant impairment in tumor growth in the Itga11−/− mice as compared with the controls. First, a delay of approximately two weeks in terms of tumor incidence (i.e., the proportion of mice bearing at least one tumor) was observed in the Itga11−/− mice, with the difference being most evident at week 11, when approximately 75% of the control mice but only 25% of the Itga11−/− mice had developed measurable papillomas (Figure 3A). Impaired tumorigenesis in the Itga11−/− mice was seen even more clearly when the tumor multiplicity between these and the Itga11+/+ controls was compared. A marked reduction in the number of skin tumors was apparent already at week 10, and at weeks 20–28, the Itga11−/− mice had, on average, 50% fewer papillomas than the Itga11+/+ mice (Figures 3B, C). In addition, a difference in tumor size was observed between the genotypes such that, in the Itga11−/− mice, the papillomas were generally smaller than those in the controls (Supplementary Figure 2A). In consequence, the total tumor burden per mouse was significantly smaller in the Itga11−/− mice from week 10 onwards (Figure 3D).




Figure 3 | Skin tumor growth is impaired in integrin α11-deficient mice. Tumors were induced in the dorsal skin of the Itga11+/+ (n = 25) and Itga11-/- (n = 21) male mice using the 7,12-dimethylbenz[a]anthracene (DMBA)/12-O-tetradecanoylphorbol-13-acetate (TPA) protocol, and tumor incidence and multiplicity were monitored for up to 28 weeks in some individuals. (A) Tumor incidence. At week 10, the tumor incidence in the Itga11-/- mice was approximately 50% that in the Itga11+/+ mice. There was a delay of two weeks in terms of tumor incidence in the Itga11-/- mice (T50); however, all mice developed skin tumors by week 13. (B) Representative photographs of the DMBA/TPA-treated Itga11+/+ and Itga11-/- mice at week 20. (C) Cumulative tumor multiplicity. Compared to the Itga11+/+ controls, the Itga11-/- mice developed roughly 50% fewer skin tumors upon DMBA and TPA treatments. (D) The total tumor burden per mouse was significantly smaller in the Itga11-/- mice from week 10 onwards. (E, F) Tumor cell proliferation. Representative images of Ki67 staining of the control and α11-deficient skin papillomas and quantification of proliferating Ki67-positive cells. Ten papillomas per genotype (from different mice) and four to five microscopic fields for each papilloma sample at a magnification of 200× were counted. In E, scale bars 100 μm; T, tumor. *, p<0.05, **, p<0.01, ***, p<0.001.



Given the marked difference in tumor growth between the Itga11+/+ and Itga11−/− mice, we addressed the impact of α11 in tumor cell proliferation by determining the numbers of actively dividing cells in tumor tissue sections. Anti-Ki67 staining showed a significant, up to 50%, reduction in the number of dividing tumor cells in Itga11−/− tumors relative to Itga11+/+ tumors at week 20 (Figures 3E, F). In vivo 5-bromo-2’-deoxyuridine (BrdU) labelling and subsequent anti-BrdU staining confirmed this finding, showing a roughly 30% reduction of BrdU-positive cells in Itga11−/− tumors at the same time point (Supplementary Figures 2B, C). As expected, the numbers of proliferating cells were trivial in the untreated skin in both genotypes and were not counted, underpinning our observation that the upregulation of α11 expression in CAFs boosts tumor cell proliferation.

Only a small portion of papillomas progressed to invasive cSCCs in our experimental setup, and these typically presented as doughnut-shaped tumors with erosion and/or ulceration. Recording the incidence of tumors with these features at weeks 15–25 showed that, compared the to the Itga11−/− mice, the Itga11+/+ mice had almost double the number of tumors with a malignant appearance (Supplementary Table 4). However, because the overall tumor number was considerably lower in the knockout mice, the calculated conversion rates were equal between the genotypes (Supplementary Figure 2D). When the dissected cSCC suspects were histologically graded, 64% (n = 9/14) of those in the Itga1+/+ mice represented cSCCs of grades 1–3, and 36% (n = 5/14) represented benign or dysplastic papillomas, whereas in the Itga11−/− mice, 29% (n = 2/7) of tumors were eventually scored as cSCCs, and 71% were scored as (n = 5/7) as papillomas (Supplementary Table 4).



Alterations in the ECM and immune microenvironments in Itga11−/− skin tumors

High integrin α11 expression has been associated with the matrix-producing and -remodeling CAF subpopulations, including the cells designated as mCAFs in breast cancer (40) and myCAFs in PDAC (41). Hence, we analyzed the expression of selected ECM components in skin tumors by qRT-PCR and found that the mRNA levels of α1 chains of collagen I (Col1a1) and III (Col3a1) and Tnc were significantly higher in Itga11+/+ papillomas than in Itga11−/− papillomas (Figure 4A). The mRNA levels of prolyl 4-hydoxylases-1 (Pdha1) and -2 (Pdha2), the key enzymes in collagen biosynthesis, were also significantly downregulated in Itga11−/− papillomas (Figure 4B). Masson trichrome staining did not reveal obvious differences in the collagen content of tumors, although areas with hyalinized collagen, suggestive of thicker collagen fibers (42), were frequently observed in the Itga11−/− tumor stroma (Supplementary Figure 3A). Inspection of picrosirius red-stained tumor samples under polarized light showed that collagen fibers in Itga11−/− tumors often appeared orange or red, whereas they were yellow or green in Itga11+/+ control tumors, indicating the presence of thicker collagen fibers in the knockout samples (Figure 4C). When the red and green signals were quantified, the ratio of thick/thin collagen fibers was approximately twofold higher in the Itga11−/− papillomas as compared with that in the Itga11+/+ papillomas (Figure 4D).




Figure 4 | Characterization of α11-deficient of skin tumor stroma. (A, B) RT-qPCR analysis of collagen I (Col1a1) and III (Col3a1) α1 chain, tenascin (Tnc), and prolyl-4-hydoxylase 1 (Pdha1) and 2 (Pdha2) in Itga11+/+ and Itga11-/- papillomas. RT-qPCR data are an average of ten samples (from different individuals) per genotype collected at weeks 19–20 and normalized with endogenous Gapdh. (C) Representative images of picrosirius red staining of Itga11+/+ and Itga11-/- papillomas imaged by polarized light microscopy. Thin collagen fibers appear as yellow/green, and thick collagen bundles appear as red/orange tones. Scale bar, 200 μm. T, tumor. (D) The quantification of collagen birefringence shows that the ratio of thick/thin collagen fibers is significantly increased in the Itga11-/- tumors compared to the Itga11+/+ tumors (n = 10 per genotype). (E) Transmission electron microscopy (TEM) of skin tumors (n = 3 per genotype). Representative images of two separate Itga11+/+ and two Itga11-/- papillomas with different magnifications are shown. In the Itga11+/+ papillomas, a prominent dilated rough endoplasmic reticulum (rER, arrowhead) of fibroblasts is evident, and collagen fibers (asterisk) are scattered in the stroma. In the Itga11-/- tumors, collagen fibers are organized parallelly in large bundles (asterisk), and the rER is less evident. E, endothelial cell; F, fibroblast; scale bars are marked in the pictures. (F) FACS analysis of immune cells in skin tumors. Ten papillomas per genotype, which were harvested from three individuals, were analyzed. In (A, B, D, F) *, p<0.05; **, p<0.01; ***, p<0.001. ns, not significant.



The ultrastructural analysis of papillomas confirmed the differences in collagen fiber organization and also revealed potential differences in the activity of fibroblasts. In the α11-deficient tumors, the collagen fibers were organized in thick, regularly aligned bundles amongst the fibroblasts, whereas in the control tumors, the fibers were dispersed into scattered scaffolds (Figure 4E). The rough endoplasmic reticulum (rER) was prominent and highly dilated in the Itga11+/+ tumor fibroblasts, whereas it was clearly less dilated in the Itga11−/− CAFs. An obvious, dilated rER is associated with myofibroblasts or CAFs in pathological conditions but not with resident (or less active) fibroblasts (43). Our data suggesting lower fibrillar collagen biosynthesis on the part of α11-deficient CAFs are congruent with the less active rER in these cells but stand in contrast with the observed well-organized collagen bundles in the Itga11−/− tumor stroma (Figure 4E).

We addressed the immune cell profiles in the TMEs of mouse skin tumors in order to determine whether α11-positive CAFs exerts paracrine effects on the immune environment, as well as whether these potential alterations could contribute to the observed impaired skin tumor growth in Itga11 knockout mice. The FACS analysis showed that the Itga11−/− papillomas harbored significantly more macrophages and CD8+ T-cells and significantly fewer CD4+ T-cells and neutrophils than the Itga11+/+ papillomas (Figure 4F). This result implies that the genetic depletion of α11 expression promotes the development of tumor-suppressive stroma in cSCC.



Integrin α11 regulates LOX and PDGFRβ expression in CAFs

We then deciphered the potential mechanisms that could explain the conspicuous changes observed in the collagenous matrix in α11-deficient skin tumors. Collagen assemblies are stabilized by covalent intra- and intermolecular crosslinks in collagen fibrils, which are predominantly catalyzed by lysyl oxidase (LOX) and four LOX-like enzymes (LOXL1-4) (44, 45). The RT-qPCR analysis showed a surprisingly high, on average 3,000-fold, increase in LOX transcripts in the Itga11−/− tumors in comparison with the Itga11+/+ tumors (Figure 5A). Also, LOXL2 and LOXL4 mRNA levels were markedly upregulated in α11-deficient skin tumors, on average by 300-fold and 50-fold relative to the controls, respectively. In contrast, LOXL1 and LOXL3 mRNA levels were weakly downregulated in Itga11−/− tumors. The mRNA levels of TGFβ1, a key inducer of LOX family members, was also highly upregulated in Itga11−/− tumors relative to Itga11+/+ tumors (Figure 5A). The immunofluorescence staining of mouse tumor tissues revealed prominent LOX signals in Itga11−/− papillomas, whereas there were clearly fewer in Itga11+/+ papillomas. The LOX signals were distributed throughout the papilloma stroma and likely represented CAFs, while tumor cells were LOX-negative (Figure 5B). The quantification of stromal LOX signal intensities showed a significant difference between genotypes (Figure 5C). The large highly crosslinked collagen bundles observed in the Itga11−/− tumors are expected to lead to an increase in tissue stiffness. In agreement with this, atomic force microscopy measurements demonstrated a shift toward a higher elastic modulus in the α11-deficient skin tumors (Figure 5D).




Figure 5 | Expression of LOX family members and CAF markers in Itga11−/− skin tumors. (A) RT-qPCR analysis of lysyl oxidase (Lox), LOX-like enzymes (Loxl1-4), and transforming growth factor beta-1 (Tgfβ1) in Itga11+/+ and Itga11-/- skin papillomas at week 20. The data are an average of ten samples (from different individuals) per genotype and normalized with endogenous Gapdh. (B) Representative immunofluorescence staining of LOX in Itga11+/+ and Itga11-/- papillomas. LOX signals are prominent in α11-deficient skin tumors and widely distributed within the tumor stroma. Scale bars, 50 μm. S, stroma; T, tumor. (C) Quantification of LOX immunofluorescence in Itga11+/+ and Itga11-/- papillomas. Twelve to 15 images from five tumors from five different individuals/genotype were quantified using Fiji ImageJ analysis software. (D) Tumor stiffness measurements by atomic force microscopy. Histograms of the Young’s elastic modulus (kPa) of the Itga11+/+ (n = 4) and Itga11-/- (n = 3) papillomas collected at weeks 20–25. (E) RT-qPCR analysis of fibroblast markers PDGFRα, PDGFRβ, and αSMA (Acta2) in Itga11+/+ and Itga11-/- papillomas collected at week 20. Data are an average of ten samples (from different individuals) per genotype. Values were normalized with Gapdh. (F) Numbers of Lin- PDGFRα+ cells in the acetone-treated normal and TPA-treated hyperplastic skin of the Itga11+/+ and Itga11-/- mice. In (A, C, E, F) *, p<0.05, **, p<0.01, ***, p<0.001. ns, not significant



We then addressed cell differentiation in Itga11−/− skin and skin tumors by analyzing the expression of various MSC and fibroblast markers in the knockout and control papillomas via qRT-PCR and by utilizing tissue immunostainings, FACS analysis, and in vitro cell cultures. We found that the mRNA levels of αSMA and PDGFRβ, markers of activated myofibroblasts and CAFs, were significantly lower in the Itga11−/− papillomas as compared with the Itga11+/+ papillomas. In particular, PDGFRβ expression in knockout tumors was negligible as compared to that in control tumors. The MSC and pan-fibroblast marker PDGFRα showed significantly higher expression in the knockout tumors than in control tumors (Figure 5E).

Immunofluorescence demonstrated somewhat weaker PDGFRβ signals in the stroma of Itga11−/− tumors than in the Itga11+/+ tumors, whereas αSMA signals were mostly alike between the two genotypes. However, the quantification of signal intensities did not reveal significant differences in PDGFRβ or αSMA expression between the Itga11−/− and Itga11+/+ papillomas (Supplementary Figures 4A, B). Hyperplastic skin can be considered to represent an early step in skin tumor development (24) and was induced in Itga11−/− and Itga11+/+ mice by repeated treatments of TPA. In comparison to the acetone-treated control skin, a notable increase was observed in the number of PDGFRβ−positive cells in the hyperplastic dermis of the Itga11+/+ (Supplementary Figure 4C). In contrast, the number of PDGFRβ< mice cells increased only marginally in the hyperplastic skin of the Itga11−/− mice after the TPA treatments (Supplementary Figure 4C). The FACS analysis showed that the number of PDGFRα mice−lineage cells increased significantly upon TPA induction in both mouse strains but that their numbers were equal between genotypes, both in the healthy skin and in the inflamed skin (Figure 5F). These observations indicate that, in the mouse skin, α11β1 signalling affects myofibroblast activation, and especially the differentiation of the PDGFRβ−positive subpopulation, both in TPA-induced epidermal hyperplasia and chronic inflammation and during the cSCC development in the DMBA/TPA model.

Finally, to further shed light on the roles of α11β1 signaling in MSCs and address the previous findings regarding the accumulation of adipocytes in Itga11−/− skin wounds (46), we compared the differentiation potential of SVF progenitors from the knockout and control mice under in vitro culture conditions. This assay did not reveal differences in adipocyte differentiation between the genotypes, as assessed by cell morphology, Oil-Red-O staining of the lipid content, and mRNA expression of the adipogenic markers peroxisome-proliferator activated receptor gamma (Pparγ) and adipocyte protein 2 (aP2) (Supplementary Figure 5). Our current immunostainings of tumor tissues and FACS analysis, together with the previously published data on α11 in fibroblasts, reinforce the perception that integrin α11β1 signaling plays an active role in mediating the differentiation of skin fibroblasts into myofibroblasts and CAFs but does not play a significant role in the differentiation of SVF progenitors into subcutaneous adipocytes.




Discussion

Substantial evidence has been gathered to demonstrate the relevance of α11β1 signaling in CAFs in distinct solid cancer types, as well as in myofibroblasts during wound healing [reviewed in (4, 11)]. Here, we report our novel findings on the notable upregulation of integrin α11 expression in the stromal compartment of human and mouse cSCCs, as well as the significant impairment of DMBA/TPA-induced skin tumor growth in mice, accompanied by interesting alterations in the tumor stroma, in the absence of α11 integrin.

The α11 expression was most prominent in the desmoplastic stroma of malignant high-grade human cSCCs, where the intense, tangle-like α11 signals resembled the staining patterns that have previously been reported for this integrin subunit in human HNSCC (15), as well as in human breast, lung and pancreatic adenocarcinomas (12, 16, 17). The quantification of immunosignals showed that α11 expression was significantly higher in cSCC in the in situ stage than in benign and premalignant skin lesions, which suggests that α11 could potentially be utilized as a novel early biomarker to improve the diagnosis and prognostication of this common human cancer. However, using our current, limited cSCC material, we were unable to evaluate whether α11 can distinguish cases with a high risk of cSCC progression and metastasis from those that involve less aggressive tumors and can be treated surgically. Our ongoing work exploiting large and well-characterized cSCC cohorts with full clinical data (47) will better reveal the value of α11 as a novel biomarker in cSCC.

Recent scRNA-seq and bulk RNASeq analyses have identified integrin α11 among the upregulated genes in CAF subpopulations in several human carcinomas, including HNSCC, cutaneous melanoma, lung cancer, breast cancer, and PDAC (40, 48–50). These CAF signatures are associated with active TGFβ signaling and matrix synthesis and remodeling and, in addition to α11, include transcripts for PDGFRB, ACTA2, FAP, LOX, periostin, fibronectin, and various collagens, just to mention a few. Thus far, the data on CAF signatures in non-melanoma skin cancers are limited, but one study demonstrated the upregulation of a prominent number of genes involved in ECM remodeling in human basal cell carcinoma (BCC) (51). Interestingly, ITGA11 was found among these upregulated CAF genes, together with PDGFRB, COL1A1, COL1A3, LOXL2 and P4HA, which all were downregulated in our cSCC mouse model with Itga11 depletion. The findings published by Omland and coworkers highlight the important role of the microenvironment and CAF activity in the regulation of BCC and point to a tumor-promoting signalling axis, which links integrin α11 with CAF activation and ECM remodeling in this skin cancer type. Another study showed that specific CAF phenotypes can cluster cutaneous melanomas, BCCs and cSCCs into distinct histological subgroups and that this clustering can be used to facilitate diagnosis and even predict tumor progression. In this analysis, cSCC was characterized by the high expression of CAF and epithelial-to-mesenchymal (EMT) markers PDGFRβ, αSMA, podoplanin, Zeb1, Slug, and Twist (52).

With respect to cSCC, next-generation sequencing efforts have mainly targeted transcriptional profiles and genomic alterations in carcinoma cells, but one recent study reports scRNA-seq data on various TME cell types in cSCC and also lists the top ligand-receptor pairs between tumor-specific keratinocytes and CAFs (53). ITGB1 and ITGA1 were found among the key CAF receptors that mediate crosstalk between tumor cells and CAFs by interacting with COL1A1 and TNC and, thereby, modulating the TME. Although ITGA11 was not found in this scRNA-seq analysis, our expression and mouse data predict similar functions on the part of α11β1 in regulating the CAF-tumor cell interplay in cSCC.

Our previous analysis of open databases showed that ITGA11 expression was correlated positively with PDGFRB, ACTA2, TNC, COL1A1, and COL1A3 in human breast cancer, and the immunostainings showed that α11, PDGFRβ, and TNC were colocalized to CAF subsets in human breast cancer stroma (16). By subjecting wild-type and α11-deficient CAFs from PyMT mouse mammary tumors io 3D spheroid assays, we showed that the interaction between α11 and PDGFRβ  in CAFs is needed for efficient PDGFRβ signaling through JNK upon PDGF-BB stimulation. PDGFRβ activation then leads to ECM remodeling, including TNC upregulation, and promotes CAF migration and CAF-induced tumor cell invasion (16).

Our novel observation regarding reduced PDGFRβ and TNC expression in α11-deficient mouse skin tumors is in line with these previous findings on breast cancer and suggests that the α11/PDGFRβ/TNC axis may promote also skin carcinogenesis. Our attempts to establish CAF lines from Itga11-/- skin tumors using either the explant method or anti-PDGFRα antibody-based FACS were not successful, and thus, the functions and molecular mechanisms involving α11, PDGFRβ and TNC could not be studied further under in vitro conditions. Nevertheless, our findings on reduced PDGFRβ expression in the absence of α11, not only in Itga11-/- skin tumor stroma but also in chronically inflamed dermis, suggest the need for further studies on integrated α11β1 and PDGFRβ signaling. In fact, an early study showed that PDGFRβ is highly expressed in fibroblasts in skin biopsies of systemic sclerosis (SS) patients (54), and a recent scRNA-seq analysis identified ITGA11 as enriched in SS skin myofibroblasts (55). Interestingly, the blocking of fibrotic activity in skin SS myofibroblasts with a YAP inhibitor, verteporfin, reduced the expression of ITGA11, ITGB1, PDGFRB, COL1A1, and many other ECM-associated genes (56), further reinforcing the view that α11 and PDGFRβ are concomitantly regulated and form a signaling hub that promotes myofibroblast activation in fibrotic tissues.

An unexpected observation in our study was the obvious alteration of the collagenous stroma in the Itga11−/− skin tumors. Despite the apparent defect in the activation of the matrix-producing CAF subtype in the knockout tumors, the collagen fibers in the α11-deficient tumor stroma were conspicuously abundant, large, and parallelly assembled, as compared to the less organized and more scattered collagen fibers in control tumors. This finding is likely due to the high expression of LOX, LOXL2, and LOXL4 in Itga11−/− tumors, driven by noticeable TGFβ1 upregulation, while LOXL1 and LOXL3 were slightly downregulated in Itga11−/−. A recent study showed a strong correlation between CAF-expressed α11 and LOXL1 expressions in lung adenocarcinoma, and LOXL1 was shown play a critical role in inducing matrix remodeling and collagen fiber alignment, thereby supporting tumor growth and progression in a xenograft model (14). Similar to our observations in Itga11−/− skin tumors, LOXL1 expression was decreased in Itga11−/− mouse embryonic fibroblasts. The findings by Zeltz and coworkers in lung adenocarcinoma and by us in cSCC demonstrate a link between α11 and ECM crosslinking by LOX and LOXL enzymes but also imply that the molecular mechanisms whereby α11β1 reorganizes the ECM vary by tumor and CAF subtype.

It is well established that TGFβ signaling plays dual roles in cancer, including in cSCC (57, 58). In DBMA/TPA-treated mouse skin, TGFβ1 is upregulated in basal cells in papillomas and inhibits cell proliferation and papilloma formation, whereas carcinoma cells are devoid of TGFβ1 expression. However, the upregulation of TGFβ1 in macrophages and fibroblasts enhances malignant transformation and metastasis in the later stages of skin carcinogenesis (57). Hence, our data indicating significantly higher levels of TGFβ1 in Itga11-/- papillomas than in Itga11+/+ papillomas suggest that enhanced TGFβ1 signaling could be one reason for the reduced tumor cell proliferation and impaired primary tumor growth. TGFβ1 expression in fibroblasts, in turn, promotes CAF differentiation in an autocrine manner, leading to the increased deposition of ECM proteins, desmoplasia and tissue stiffening (59). TGFβ1 induces α11 expression in skin myofibroblasts during wound healing (46), and we observed higher levels of TGFβ1 in Itga11-/- skin tumors as compared to Itga11+/+ tumors. However, according to our data, the Itga11-/- skin tumor CAFs do not respond as efficiently to TGFβ1 induction as the control CAFs, as demonstrated by the downregulation of fibrillar collagen and TNC biosynthesis in the knockout tumors. The high levels of LOX, LOXL2, and LOXL4 transcripts in α11-deficient CAFs are congruent with the observed formation of extensive, linear collagen bundles and a shift toward stiffer skin tumor tissue in this mouse strain.

Elevated fibrillar collagen synthesis, crosslinking and fiber alignment are usually associated with increased cancer invasion and metastasis and poor patient outcome, as exemplified by pioneering studies on breast cancer (60, 61) and PDAC (62). However, recent data have challenged this view by showing, for example, that the deletion of either the αSMA-expressing myCAF subset or the depletion of all hepatic stellate cell-derived CAFs in PDAC mouse models decreases tumor growth and metastasis significantly (63, 64). Bhattacharjee et al. linked the tumor-promoting effects of CAFs with high expression levels for hyaluronan in myCAFs and hepatocyte growth factor in iCAFs. Moreover, tumor progression may be opposed by myCAF-synthesized fibrillar collagen I, which restrains tumor spread mechanically and, at the same time, suppresses the stiffness-induced mechanosignals from the ECM (64). In agreement with this novel experimental data, a previous work with PDAC patient samples showed that, in the absence of αSMA-positive CAFs, collagen deposition is correlated with a good prognosis (65). Considering these data regarding PDAC, our observations regarding the defects in the activation of matrix-producing CAFs, LOX upregulation, and the formation of dense and aligned collagen matrix and the impaired growth of skin tumors in Itga11-/- mice are not necessarily contradictory. In contrast, our data highlight the extreme complexity of TME, CAF, and ECM functions in tumors, as well as the central role of α11β1 signaling in CAFs, and also point to differences in their interplay in different tumor types. The dynamic interactions and crosstalk between different stromal cell types and the insoluble matrix in the TME have important immune modulatory functions in tumors, as are also evidenced by our observation regarding altered immune cell profiles in the α11-deficient skin tumors. We postulate that the effects of α11β1 signaling on the immune environment are indirect because both CAF-immune cell interactions and ECM deposition and collagen assembly are known to significantly affect immune cell recruitment and phenotypes (66–69).

In summary, we describe here, for the first time, the expression of α11 integrin in the stroma of human and mouse cSCC and show that α11β1 signaling in CAFs promotes skin carcinogenesis in a chemical mouse model. We conclude that α11β1 operates in a subset of skin tumor CAFs, likely in co-operation with PDGFRβ signaling, thereby regulating ECM synthesis and collagen assembly to encourage cSCC growth and progression. Further studies with sophisticated experimental models are needed to reveal the molecular mechanisms of α11β1 in skin tumor CAFs, as well as its role in the interplay of CAFs with other cell types in the TME in cSCC. Because α11 is not essential for skin development, it should be evaluated as a therapeutic target in skin cancer.
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The low-density lipoprotein receptor-related protein 1 (LRP1) is a multifunctional endocytic receptor mediating the clearance of various molecules from the extracellular matrix. LRP1 also regulates cell surface expression of matrix receptors by modulating both extracellular and intracellular signals, though current knowledge of the underlying mechanisms remains partial in the frame of cancer cells interaction with matricellular substrates. In this study we identified that LRP1 downregulates calpain activity and calpain 2 transcriptional expression in an invasive thyroid carcinoma cell model. LRP1-dependent alleviation of calpain activity limits cell-matrix attachment strength and contributes to FTC133 cells invasive abilities in a modified Boyden chamber assays. In addition, using enzymatic assays and co-immunoprecipitation experiments, we demonstrated that LRP1 exerts post-translational inhibition of calpain activity through PKA-dependent phosphorylation of calpain-2. This LRP-1 dual mode of control of calpain activity fine-tunes carcinoma cell spreading. We showed that LRP1-mediated calpain inhibition participates in talin-positive focal adhesions dissolution and limits β1-integrin expression at carcinoma cell surface. In conclusion, we identified an additional and innovative intracellular mechanism which demonstrates LRP-1 pro-motile action in thyroid cancer cells. LRP-1 ability to specifically control calpain-2 expression and activity highlights a novel facet of its de-adhesion receptor status.
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Introduction

The Low-density lipoprotein (LDL) receptor-related protein-1 (LRP-1) is a large ubiquitously expressed multifunctional receptor, member of the LDL-receptor family (1). Being first identified as an endocytic receptor for α-2 macroglobulin (2, 3), LRP-1 demarks from the smaller isoforms of this ancient gene family by its ability to mediate the specific internalization and lysosomal targeting of over 30 distinct extracellular ligands. This includes proteases, protease-inhibitor complexes, matricellular proteins and growth factors (4). Initially synthesized as a 600 kDa precursor, LRP-1 is processed in the trans-Golgi by a furin-convertase to be addressed at cell surface in the mature two-chain form. It is composed of a 515 kDa extracellular α-chain, involved in the specific recognition of cell surface and soluble proteins, and a 85 kDa β-chain encompassing the transmembrane domain and a short cytoplasmic tail providing dual function to LRP-1 in the recruitment of adaptors of the endocytic machinery or signaling scaffolds (4, 5).

The diversity of cell surface interactions engaged by LRP-1 has attracted research interest in several pathological contexts including atherosclerosis, neurodegenerative and fibrotic disorders (6–8). Additionally, LRP-1 well documented function in the endocytic clearance of matrix proteases-containing complexes, including matrix metalloproteases (MMPs) (4), and plasminogen activators uPA and tPA (9–11), widely involved in invasive behavior of cancer cells, early pointed its crucial role in matrix remodeling events and designated its putative status of tumor suppressor (4, 12). Consistently, a weak expression of the receptor was observed in high grade cancer cells and tissues of various origins (11, 13, 14). However, this attractive model was counterbalanced by studies reporting LRP-1 positive contribution towards tumorigenesis and metastatic dissemination (15, 16). Moreover, the LRP-1 endocytic control of matrix proteolysis may be antagonized by its ability to control expression of matrix components (17) and proteases (18, 19) at the transcription level.

LRP-1 overall function in carcinogenesis therefore appears to be much more complex than initially assumed. Beyond endocytosis, LRP-1 was indeed reported to control activation of several intracellular signaling pathways by recruiting various scaffolding proteins on the two NPxY motifs of its intracellular domain (20, 21). In this way and in response to extracellular stimuli, LRP-1 may assemble specific signaling platforms to regulate cell proliferation, survival, differentiation and migration (22–25). Accordingly, LRP-1 dependent activation of the JAK/Stat pathway was involved in the pro-motile effect of the plasminogen activator inhibitor PAI-1 (26). In fibrosarcoma cells, LRP-1 deficiency appeared to limit invasive process by down-regulating the extracellular signal-regulated kinase (ERK) pathway (27, 28). In contrast, LRP-1 was shown to activate promigratory signals in various cell types (25, 29–31), including tumor cells (15, 19, 32–34). For instance, in breast (33) and pancreatic (34) cancer models, the secretion of HSP90α in the tumor microenvironment and its specific binding to LRP-1 at the tumor cell surface was recently linked to the induction of common, but also distinct features, of an epithelial-to-mesenchymal transition in favor of metastatic dissemination and correlated to poor prognosis of cancer patients. Noticeably, we recently described that LRP-1 contributes to thyroid carcinoma cell invasion by subtly controlling the composition and turn-over of adhesive complex (9, 28).

Accumulating evidence now shows that LRP-1 may exert a pivotal function in the dynamic of cell-matrix interactions (28, 35, 36). Consistently, the receptor was demonstrated to influence several aspects of integrin functions critically engaged during aggressive cancer cells epithelial-to-mesenchymal transition, such as activation (8), clustering (37) and endocytosis that leads to either cell surface recycling or catabolism (10, 38–40). Tumor cells migration through extracellular matrix network is a complex multistep process relying on spatially and temporally regulated assembly of adhesion sites at the leading edge, cell contraction, and focal adhesion turn-over at the rear. Although LRP-1 now emerges as a putative regulator of each process (4, 35), the intracellular events it may solicit to control both adhesion complex formation and disassembly remain partially unraveled and controversial. The intracellular cysteine proteases calpains are well known regulators of cell migration for controlling focal adhesion stability through limited proteolysis of cytoskeletal components (41). The two best characterized members of the family, calpain-1 and calpain-2, are ubiquitously expressed and can be regulated by their endogenous inhibitor calpastatin or by various post-translational modifications, including autoproteolysis, calcium or phosphoinositide binding (41–43). In this study we pursued our investigation on LRP-1-dependent intracellular signals sustaining cell-matrix interactions dynamics by testing its contribution to calpain activity control in the context of thyroid carcinoma.



Materials and methods


Antibodies and chemicals

Anti-LRP-1 α-chain (8G1), anti-LRP-1 β-chain (5A6), anti-human IgGs used as negative control for immunoprecipitation experiments (HP6030), specific inhibitors for calpain (Calpeptin) and PKA (KT5720), and fluorigenic Calpain Substrate II were obtained from Calbiochem (distributed by VWR International, Strasbourg, France). Anti-calpain-2 (H240) used for immunoprecipitation experiments, anti-β1 (M-106), anti-calpastatin (C-20) and anti-β-actin (sc-1616) antibodies were purchased from Santa-Cruz Biotechnology (distributed by Tebu-Bio, Le Perray en Yvelines, France). Anti-phosphothreonine (9381) and HRP-conjugated anti-rabbit antibodies were from Cell Signaling (distributed by Ozyme, Saint Quentin Yvelines, France). Anti-calpain-2 (ab39165) and anti-talin (8D4) were from Abcam (Cambridge, UK). Anti-talin antibody used for immunocytochemistry (MAB1676) and anti-calpain-1 (MAB3104) were from Chemicon (distributed by Millipore, Molsheim, France). HRP-conjugated anti-mouse antibody (NA931V) was from Amersham Biosciences (Buckinghamshire, UK). Anti-pan β1 integrin (clone Mab13) and anti-active β1 integrin (9EG7) antibodies were from BD Transduction Laboratories (Mississauga, Canada). 7-amino-4-chloromethylcoumarin, t-BOC-L-leucyl-L-methionine amide (CMAC, t-BOC-Leu-Met), anti-mouse AlexaFluor 488 (A11001), AlexaFluor 568-phalloidin (A12380) and Prolong Gold antifade reagent with DAPI (P36935) were from Molecular Probes (Cergy Pontoise, France). Anti-phosphoserine (PSR-45), HRP-conjugated anti-goat secondary antibodies, leupeptin and other chemicals were purchased from Sigma-Aldrich (Steinheim, Germany).



Cell culture and transfection

The FTC133 human follicular thyroid carcinoma cell line was grown in Dulbecco’s Modified Eagle Medium-Ham’s F12 (Invitrogen, Cergy Pontoise, France) with 10% FBS, as previously described (44). SiRNA mediated silencing of LRP-1 was described elsewhere (9). Specific LRP-1 targeting sequences were designed by Dharmacon (distributed by Perbio Science, Brebiere, France) as follows: GACUUGCAGCCCCAAGCAGUU (sense), CUGCUUGGGGUGCAAGUCUU (antisense). Control transfection experiments were achieved by using SiGENOME Non-targeting siRNA #1 (D00121001-20) from Dharmacon. For transient transfection assays, siRNA were transfected for four hours by using Lipofectamine 2000 (Invitrogen) according to manufacturer instructions.



Reverse transcription and quantitative real-time PCR

Total RNAs isolated using the RNeasy Mini kit (Qiagen, Courtaboeuf, France) were reverse transcribed to cDNA with the ABsolute Blue verso 2-step kit and subjected to quantitative real-time PCR by using the Absolute SYBR Green mix (Thermo Fisher Scientific, Epsom, Surrey, UK) and a Chromo4 Real-Time PCR Detector system from Bio-Rad. Primers for LRP-1 were previously described (9). Primers for calpain 1, calpain 2 and β-actin were designed by Eurogentec (Seraing, Belgium) as follows: calpain 1: forward, CCTTGAGGATGATCTGGTAGA; reverse, AGCTAGTGTTCGTGCACTCTG; calpain 2: forward: CTGGAGATCTGTAACCTGACC; reverse: GGTACTGAGGGTTCATCCAGA; β-actin: forward: GTGTGACGTGGACATCCGC; reverse: CTGCATCCTGTCGGCAATG. The relative levels of expression were quantified by using Opticon Monitor software (Bio-Rad). For each specific gene, the amount of target RNA (2-ΔΔCt) was normalized to the internal actin reference (ΔCt) and related to the amount of target RNA in control sample, set to 1. All experiments were performed at least in triplicate with internal duplicate for each sample.



Western blot analysis

Whole-cell extracts were prepared by scrapping cells in ice-cold lysis buffer (25 mM Tris-HCl, pH 7.7, 150 mM NaCl, 0.5% glycerol, 1% Triton X-114, 5 mM EDTA, 0.5 mM EGTA, 1 mM phenylmethylsulfonyl fluoride, 1 mM orthovanadate supplemented with proteinase inhibitor cocktail). After 30 min incubation on ice, extracts were centrifugated (10,000 X g for 10 min at 4°C) and pellets were discarded. The protein concentration in supernatants was quantified by the Bradford method (BioRad Laboratories). Proteins were separated by electrophoresis in a 10% sodium dodecyl sulfate-polyacrylamide gel, transferred onto a nitrocellulose membrane (Whatman GmbH, Dassel, Germany), and incubated overnight at 4°C with primary antibodies. Immunoreactive bands were revealed using an ECL plus chemiluminescence kit from Amersham Biosciences by using a ChemiDoc-XRS imaging station from Bio-Rad. Immunoblots presented are representative of at least three separate experiments. The specific signal of β-actin was used to ensure equal loading.



Biotinylation of cell surface proteins and detection of cell surface integrins

Separation of cell surface proteins was conducted by immunoprecipitation of biotinylated proteins. Briefly, after culture on gelatin-coated surfaces, cells were rinsed with ice cold PBS and incubated for 30 min at 4°C under slow agitation with 0,5 mg/mL EZ-Link Sulfo-NHS-LC-Biotin (Pierce). All further steps until cell lysis were made at 4°C to avoid cell surface protein endocytosis. After 3 PBS washes, reaction was quenched by 100 mM Glycine for 30 min under gentle agitation and cells were scrapped in lysis buffer (10 mM Tris-HCl, pH 7.4, 150 mM NaCl, 0,1% Triton X-100, 5 mM EDTA, 1 mM phenylmethylsulfonyl fluoride, 1mM orthovanadate supplemented with proteinase inhibitor cocktail). 500 µg of clarified cell extracts were then incubated for 1 hour with 40 µL of avidin beads (Pierce) under agitation. After three washes in lysis buffer, immunoprecipitated proteins were reduced and analyzed by immunoblotting. Supernatants were used to control selective fractionation of cell surface proteins. When indicated, cell surface specific integrin-containing complexes were subjected to a second immunoprecipitation step after competing biotin-avidin complexes overnight with 10 mM D-Biotin (Pierce). Procedure for immunoprecipitation is described in the following section.



Immunoprecipitation

The procedure was adapted from one previously described (9). Briefly, for the immunoprecipitation of cell surface integrin containing complexes, Biotinylated protein fraction was subjected to a second immunoprecipitation step in the same lysis buffer, as described above. Cell extracts for immunoprecipitation of calpain were prepared in a distinct lysis buffer (10 mM Tris-HCl, pH 7.4, 0.75% Brij, 75 mM NaCl, 5 mM EDTA, 1 mM phenylmethylsulfonyl fluoride, 1 mM orthovanadate supplemented with proteinase inhibitor cocktail). After centrifugation (10,000 X g, 10 min at 4°C) and Bradford titration, 500 µg of total proteins were incubated for 4 hours at 4°C on an orbital agitator in presence of anti-calpain antibodies. Nonspecific IgGs were used for negative controls. Immunoprecipitation was performed with 40 µL protein G-Sepharose (Amersham Biosciences) for 2 hours at 4°C under agitation. The samples were washed three times in the corresponding lysis buffer and protein complexes bound to beads were solubilized under reducing conditions and analyzed by immunoblotting as described above.



PKA activity assay

PKA activity was assessed by using ProFluor PKA assay from Promega with minor modifications to quantify specific PKA activity in raw cell extracts. Briefly, cells were detached and cultivated on gelatin-coated for 3 hours. Cells were then scrapped 48 hours post transfection on ice in PKA buffer (25 mM Tris-HCl, pH 7.4, 0,5 mM EDTA, 0,5 mM EGTA), sonicated, clarified (10,000 X g for 10 min at 4°C) and protein concentration was determined by Bradford method. Equal amounts of proteins were then assessed for PKA activity following standard procedure, based on phosphorylation-dependent quenching of a fluorescent PKA substrate. Results were obtained from three separate experiments with internal quadruplicate, and related to control sample, set to 1. Specificity of reaction was ensured by subtracting residual PKA activity in the presence of 10 µM of specific inhibitors H-89 and KT5720.



Calpain activity assays

Cells were scrapped on ice in lysis buffer (50 mM Hepes, pH 7.4, 150 mM NaCl, 1% Triton X-100, 0,5 mM DTT, 10 mM β-mercapto-ethanol, 20 µM leupeptin, 1 mM PMSF, 1 mM Na3VO4) and clarified (10,000 X g for 10 min at 4°C). In vitro calpain activity was then quantified through two different procedures. First, calpain activity was measured with Innozyme Calpain 1/2 Activity Assay Kit (Calbiochem) following manufacturer instructions. A second procedure was adapted from Goette et al. (45). Briefly, 100 µg of proteins were diluted in activation buffer (20 mM Tris-HCl pH 7.4, 5 mM CaCl2) containing 2 µM calpain substrate II (Suc-Leu-Tyr-AMC). Background fluorescence was determined by negative control carried out for each sample in the presence of 10 mM EDTA, 10 mM EGTA and 50 µM of the specific calpain-1/2 inhibitor calpeptin. Reaction was developed in 96-wells plate at 37°C for 1 hour and fluorescence resulting from calpain-mediated release of AMC was measured at 380 nm (excitation)/430 nm (emission) wavelengths using a Perkin-Elmer LS50B spectrometer. Results were expressed as percentage of control after background subtraction. Each experiment was made at least four times with internal quadruplicate. Calpain activity was visualized in intact cells by using a previously described method (46). Cells were cultivated on gelatin-coated coverslips and incubated for 10 min in the presence of 50 µM BOC-LM-CMAC (t butoxycarbonyl-Leu-Met-chromomethylaminocoumarin), a cell permeant thiol-reactive substrate selective for calpains. Cells were then replaced in fresh medium for 1 hour, fixed on ice in 4% paraformaldehyde and mounted in aqueous antifading medium (Immunotech). Fluorescence resulting from Calpain-mediated CMAC release was observed under UV light with an optical microscope (BH2; Olympus). Specificity of the reaction was controlled in the presence of 50 µM calpeptin. Quantification of calpain activity was achieved by counting 300 cells from 3 distinct experiments. The number of positive cells exhibiting a clear fluorescence signal was normalized to a total cell number for each treatment and expressed as a percentage of control condition.



Boyden chamber assay

Matrigel invasion assay was performed using modified Boyden chambers in 24-well dishes with filter inserts provided with 8-µm pores (Transwell, Costar, Brumath, France), as described elsewhere (44). Matrigel-coated filters were used for invasion assays and uncoated filters were used for migration assays. Invasiveness was determined by counting cells in eight random microscopic fields per well, each seeded in triplicate.



Adhesion and trypsinization assays

Measurement of cancer cell adhesion to gelatin-coated surfaces and trypsinization assays were carried out according to a previously described method (9).



Immunofluorescence microscopy

FTC133 cells were seeded onto gelatin-coated coverslips for 2 hours at 37°C, fixed with 4% paraformaldehyde for 5 min on ice and then permeabilized in ice-cold 0,1% Triton X-100 for 10 min. After three washes with PBS, cells were incubated for 30 min with PBS containing 2% bovine serum albumin to saturate nonspecific antigens. Coverslips were then incubated for 30 min with AlexaFluor 568-phalloidin or 60 min with anti-talin antibodies followed by three washes with PBS (Phosphate Buffered Saline). Talin staining was revealed after 30 min incubation with secondary antibodies conjugated to AlexaFluor 488. Coverslips were then mounted in Prolong Gold antifade medium with DAPI to obtain nuclei counterstaining. All acquisitions were made with an Olympus BH2-RFCA epifluorescence microscope (Olympus, Japan), equipped with a 100W mercury lamp (OSRAM, GmbH), using a SPlan achromat x 40 objective (Olympus) and fluorescein, rhodamin, DAPI filters for talin, actin and nuclei staining, respectively. Antibodies used for immunostainings of integrins were incubated overnight and revealed after 1 hour incubation with Alexafluor 568-coupled secondary antibodies. Images were acquired with Zen software on a Zeiss LSM 880 Airyscan confocal microscope (Oberkochen, Germany) using a x63 Plan Apochromat objective (oil immersion, 1.40 NA). Representative images from three separate sets of cultures were treated and merged with ImageJ software. The percentage of cells positive for focal adhesions was determined as previously reported (9), by examining 300 cells from three different experiments for each condition.



Densitometric analysis and statistical evaluation

Bands from immunoblots or agarose gels were quantified by using Quantity One image-analyzer software (Bio-Rad Laboratories). All culture assays were normalized on the basis of cell viability by using the CellTiter-Glo assay from Promega. Each experiment was performed at least in triplicate and data were expressed as mean ± SEM. Comparisons between two or four samples were performed using Student’s t-test or one way analysis of variance (47) with post hoc Tukey’s test (Prism software, GraphPad Inc, San Diego, CA).




Results


LRP-1 expression contributes to repress calpain activity in invasive thyroid carcinoma cells

We previously reported that LRP-1 is involved in the regulation of cell-matrix interactions turnover by exerting an intimate control on the focal adhesion composition and dynamics (9, 28, 40). We demonstrated that LRP-1 functions as a molecular relay and provides an intracellular docking platform to regulate the incorporation and activation of MAPK into focal complexes. This work established a direct link between intracellular signaling pathways modulated by LRP-1 and dynamics of matrix attachment of migrating tumor cells. However, a complete overview of the intracellular connections of the receptor in that context is still lacking. We further investigated the still incomplete knowledge of intracellular functions of the receptor involved in the control of adhesion complexes stability. To achieve this goal, we used a validated method of invalidation of LRP-1 in FTC-133 thyroid carcinoma cells by siRNA (36) leading to a 70% decrease of its gene expression as evaluated by RT-qPCR (Figure 1A), and to a 66% decrease of its protein expression measured by western blot (Figure 1B). Calpains constitute a family of intracellular calcium-dependent cysteine-proteases which exert crucial actions on focal adhesion dynamics, and are able to cleave cytoskeleton components to mediate turnover and disassembly of focal complexes as well as the activation and clustering of extracellular matrix receptors (41, 48, 49). We tested the consequences of LRP-1 invalidation on calpain activity in FTC133 cells during the phase of attachment by performing a biochemical assay based on calpain substrate II cleavage (Figure 1C). We evidenced an increase of 34,5% of the capacity of LRP-1-silenced cells to degrade calpain substrate II in vitro, as compared to control tumor cells. A distinct fluorigenic assay was conducted to confirm this result using the quenching of DABCYL substrate. By using this complementary approach, we observed a 2.2 fold increase of calpain activity in LRP-1-depleted cells, as compared to control (Figure 1D). Of note, we were able to efficiently inhibit calpain activity by adding 50µM of their specific inhibitor calpeptin. A 26% inhibition was detected in control cells whereas the amplitude of this inhibition in LRP-1-silenced cells was 60%, reinforcing the idea that the baseline activity of this class of proteases is significantly higher in the absence of the receptor. Finally, we incubated thyroid carcinoma cells with the cell permeant substrate of calpains BOC-LM-CMAC in order to visualize their activities in living cells (Figure 1E) (46). We evaluated the proportion of cells exhibiting high calpain-dependent release of fluorescent CMAC probe (Figure 1F). In LRP-1 expressing control cells, 18,6% of the total cells were fluorescent when 43% of LRP-1 depleted cells had developed the calpain-dependent reaction. In conclusion, we showed by three independent biochemical assessments that LRP-1 silencing leads to a significant induction of intracellular calpain activity in thyroid carcinoma cells.




Figure 1 | LRP-1 controls calpain activity in carcinoma cells. FTC133 cells were transfected with siRNA against LRP-1 expression (siLRP-1) or non-targeting control sequences (siCtrl) and total RNA were extracted after 48 hours. The transcriptional level of LRP-1 expression was assessed by RT-qPCR, using β-actin as a normalization control (A). The LRP-1 protein expression was assessed by western blot, using β-actin as a normalization control. A representative picture of immunoblots is presented (B). Whole extracts FTC133 cells transfected with siRNA sequences were used to test their ability to degrade the calpain substrate II, measured by spectrofluorimetry. Results are expressed as percentage of control after background fluorescence subtraction (C). Same extracts were used to measure calpain activity by using Innozyme Calpain 1/2 Activity Assay Kit in the presence or absence of 50µM of calpeptine to ensure the specificity of the reaction (D). Intracellular activity of calpains was visualized by fluorescence microscopy in intact cells treated with cell permeant calpain substrate BOC-LM-CMAC (E). The percent of cells harboring strong intracellular accumulation of fluorescent CMAC, above fluorescent developed in presence of 50µM of calpeptin, was quantified (F). Each value is mean ± sem for at least four independent experiments, each performed in triplicate. *, P < 0,05; **, P < 0,01; ****, P < 0,0001.





LRP-1-dependent attenuation of calpain activity contributes to migratory capacities of carcinoma cells by regulating cell-matrix attachment processes

We reported that LRP-1 functionalities in invasive cancer cells are not restricted to the endocytic control of extracellular matrix degrading enzymes (9). We showed that this endocytic receptor can directly feed pro-motile signals by coordinating the stability and distribution of cell surface matrix receptors through its control of downstream intracellular signaling events (28, 36, 39). In order to measure the consequences of the LRP-1-mediated control of calpain activity, we performed Boyden chamber assays with FTC133 cells LRP-1-silenced or not, in the presence or absence of the specific calpains inhibitor calpeptin (Figure 2A). As expected, we observed that LRP-1 silencing reduced carcinoma cell migration by 29% as compared to migrated control cells. Interestingly, addition of 50µM calpeptin completely restored the migration of LRP-1-silenced cells to the level of control cells. The same treatment did not exert any significant effect on LRP-1 expressing cells, suggesting that calpain activity is low. We conducted complementary modified Boyden chamber assays to analyze the invasive behavior of thyroid carcinoma cells using Matrigel as matrix barrier (Figure 2B). In that context, the consequences of LRP-1 depletion were more drastic since the proportion of invading cells was decreased by 51% in LRP-1 deficient-cells. Inhibition of calpain activity in LRP-1-depleted cells restored invasive potential that recovered 71% of the level observed in control cells. In contrast, the calpain inhibitor failed to modulate the invasive ability of LRP-1 expressing cells. We therefore demonstrated that LRP-1 maintains a low level of calpain activity that contributes to the migratory and invasive capacities of carcinoma cells. We then conducted adhesion assays to test the likely involvement of LRP-1-dependent calpain regulation in the control of carcinoma cell attachment to matrix compounds (Figure 3A) (28). We evidenced an increase of the adhesion rate of cells lacking LRP-1, as 64% more cells spread compared to control cells. Inhibition of calpain activity reduced the adhesion rate of LRP-1-silenced cells to the level of control situation. By contrast, the adhesion of LRP-1 expressing cells adhesion was not affected by calpeptin treatment. In a complementary experimental set-up, we performed detachment assays of fully spread carcinoma cells in response to the enzymatic action of trypsin, using the proportion of cells remained adherent as a readout for cell-matrix interactions strength (36). The proportion of detached cells after LRP-1 knock-down was decreased by 51% as compared to control cells (Figure 3B). Adding calpeptin during the previous phase of attachment reduced the resistance of LRP-1-silenced cells to trypsin to recover the detachment rate detected in control cells. Although a similar trend could be observed in LRP-1 expressing control tumor cells, it was not significant. Together, those data illustrated that the pro-invasive action of LRP-1 in thyroid carcinoma cells relies in part on the maintenance of a low level of calpain activity leading to a moderate cell-matrix interactions strength.




Figure 2 | LRP-1-mediated control of calpain activity contributes to carcinoma cells migratory and invasive properties. Cell migration and invasion assays were carried out with FTC133 cells transfected with siRNA sequences, treated with 50 µM calpeptin or vehicle. Three-dimensional cell migration was assessed by using uncoated Transwell filters (A). Tumor cell invasion was measured on Matrigel-coated Transwell membranes (B). Representative images are shown. Migration and invasion were determined by counting cells in eight random microscopic fields per well. Results are expressed as mean ± sem after normalization by comparison with siCtrl transfected cells set to 100%, from at least four distinct experiments each performed in triplicate. ns, not significant; ****, P < 0,0001.






Figure 3 | Calpain activity modulates carcinoma cells adhesion strength. FTC133 cells transfected with siCtrl or siLRP-1 RNA were seeded onto gelatin-coated plates in presence or absence of 50µM calpeptin, and the non-adherent cells were discarded after 60 minutes (A). Transfected tumor cells were grown in gelatin-coated dishes for 24 hours and subjected to trypsinization assay by incubating cells with 0,025% (wt/vol) trypsin for 10 minutes (B). For each cell condition, results are expressed as mean percentages of attached or detached cells ± sem, relative to control set to 1. ns, not significant; *, P < 0,05; ****, P < 0,0001.





LRP-1 limits transcriptional expression of calpain-2 and inhibits calpain activity through a PKA-dependent mechanism

Having identified calpains as new intracellular targets regulated by LRP-1 in carcinoma cells, we next set up an experimental design to decipher the mechanistic nature of the process controlling their activities. First we evaluated the differential expression of members of the ubiquitous calpain family by western blot (Figures 4A, B). Although we did not observe any difference of expression neither of calpain-1 (µ-calpain) nor of calpastatin, the endogenous inhibitor of activated calpains, we evidenced a significant 5-fold increase of calpain-2 (m-calpain) protein expression in LRP-1-silenced FTC133 cells. We then analyzed the level of the transcriptional expression of the two main proteases, namely calpain 1 and calpain-2, by RT-qPCR (Figures 4C, D). Consistently, calpain-1 transcriptional level was not affected by LRP-1 modulation, whereas calpain-2 gene expression was 4,4-fold increased under LRP-1 silencing. Since the expression level of calpastatin was not altered according to the expression of LRP-1, we then focused our attention on the regulation of the calpain activity by phosphorylation. In our screen for potential LRP-1 downstream signaling events, we measured PKA activity in cellular extracts from both LRP-1-silenced and control FTC133 cells. We evidenced that LRP-1 inhibition led to a 1.6-fold decrease of PKA activity (Figure 5A). Interestingly, PKA-dependent phosphorylation of calpain-2 had already been reported to inhibit the proteolytic activity of ubiquitous calpains (46). Accordingly, the treatment of FTC133 cells with H-89, a specific inhibitor of PKA, induced a 2-fold increase of calpain activity as measured by the cleavage of calpain substrate II (Figure 5B). H-89 treatment did not significantly affect this activity when LRP-1 was silenced. To support these data, we then used two distinct inhibitors of PKA activities, H89 and KT5720, and evaluated the impact on calpain activity using the fluorogenic calpain activity assay described in Figure 1D (Figure 5C). We evidenced that H-89 or KT5720 treatment respectively resulted in about a 2-fold and 1.7-fold increase of basal calpain activity in LRP-1 expressing carcinoma cells. Inhibition of PKA by H-89 was also efficient to increase the proportion of FTC133 cells positive for calpain activity (Figure 5D). Importantly, this effect was specific for controlling cells in which PKA activity was mainly detected. We then conducted pull-down experiments to study the phosphorylation status of calpain-2 (Figure 5E). We were able to immuno-precipitate the protein and we evidenced by western blot that its level of phosphorylation on serine residues was higher in control than in LRP-1 depleted cells. This signal was decreased in the presence of H-89, indicating that PKA-dependent mechanism was in part responsible for serine phosphorylation of calpain-2 in FTC133 cells. Adhesion assays were also conducted to demonstrate that PKA activity was functionally associated to the control of carcinoma cell attachment and spreading by LRP-1-mediated regulation of calpains (Figure 5F). Indeed, we specifically showed that inhibition of PKA by H-89 treatment in LRP-1 expressing cells enhanced their adhesion rate to gelatin to a similar level to that observed after LRP-1 inhibition. Our data indicated that PKA helped to limit calpain activity in a LRP-1-dependent manner in the frame of cell-matrix interactions established by thyroid carcinoma cells.




Figure 4 | LRP-1 maintains low level of CAPN2 in carcinoma cells. Whole extracts from FTC133 cells transfected with siRNA sequences were analyzed by SDS-PAGE and western blot using specific antibodies against calpain-2, calpain-1, calpastatin and β-actin that was used as loading control. Pictures are representative of 3 independent experiments (A). Densitometric analysis of calpain-2 specific bands normalized to actin signal and expressed as percentage of siCtrl transfected cells (B). The transcriptional levels of calpain-1 (C) and calpain-2 (D) expressions were assessed by RT-qPCR, using β-actin as a normalization control. Results shown are expressed as mean ± sem percentage of the expression measured in control cells from 6 independent experiments. ns, not significant; **, P < 0,01; ****, P < 0,0001.






Figure 5 | LRP-1-dependent PKA signaling limits CAPN2 activity. PKA activity was measured in whole extracts of FTC133 cells transfected with siRNA sequences and cultivated 3 hours on gelatin-coated dishes by using the fluorigenic ProFluor PKA enzymatic assay (Promega), adapted to measure specifically PKA activity in raw cellular extracts (A). Extracts from FTC133 cells, treated with 10µM H-89 (PKA inhibitor) or vehicle, were used to measure the calpain specific degradation of the fluorigenic calpain substrate II (B). Same extracts were used to test the impact of PKA on calpain activity measured by the Calpain ½ Activity Assay Kit in presence or absence of 50µM of calpeptin, 10µM of H-89 or 5µM of KT5720 (C). Calpains-specific release of CMAC from calpains substrate BOC-LM-CMAC was analyzed in intact cells after treatment with calpeptin of H-89 (D). Whole-cell extracts were isolated from FTC133 cells treated with 10µM H-89. Co-immunoprecipitation of calpain-2 were performed and phosphorylation status of the protease was analyzed by SDS-PAGE and immunoblotting using an antibody reacting with phosphorylated serine residue (E). FTC133 cells transfected with siCtrl or siLRP-1 RNA were seeded onto gelatin coated plates in presence or absence of calpeptin or H-89 and the non-adherent cells were washed out after 60 minutes (F). Results are representative of at least 3 independent experiments and are expressed as mean percentage from a minimum of 4 internal replicates standardized to control value. ns, not significant; *P < 0,05, ****, P < 0,0001.





Regulation of calpain activity by LRP-1 plays a part in adhesion complexes lability and limits cell surface β1-integrin distribution

Considering the deep consequences of LRP-1-dependent regulation of calpain activity on the invasive potential and adhesion/deadhesion processes of tumor cells, we then analyzed the distribution and the morphology of cytoskeleton constituents. The fibrillar actin network of thyroid carcinoma cells after two hours of attachment was characteristic of spread and polarized cells such as mesenchymal cells (Figure 6A). Most of the fibrillar structures positively stained by phalloidin were concentrated at the cell periphery and protrusion sites. This specific pattern was not modified by calpains inhibition in control cells. In accordance with previous reports (9, 28), LRP-1 silencing induced drastic changes of carcinoma cells morphology and actin fibers distribution. Cells were overspread as compared to control cells and exhibited prominent radial and transverse fibers, widely distributed, both at tumor cell center and periphery. Under LRP-1 inhibition the calpain inhibitor induced a clear transition of cells toward the mesenchymal and elongated aspect observed in the control condition. We performed talin immuno-fluorescent staining to evaluate the consequences of calpains inhibition. In accordance with the morphological transitions described above, calpeptin did not affect the proportion of talin-positive structures in control cells, whereas LRP-1 inhibition reinforced the proportion of cells exhibiting obvious and stabilized talin-positive structures (Figure 6B). The occurrence of these complexes was specifically decreased in LRP-1-depleted cells under calpeptin treatment (Figure 6C). Our data illustrated that during the attachment of FTC133 cells to gelatin, calpains inhibition by LRP-1 sustained the polarization of thyroid carcinoma cells and constituted a limiting mechanism in focal adhesion maturation. We then measured the protein expression of talin by western blot using the 8D4 antibody, allowing the detection of the full length protein and its calpain-dependent cleavage fragment (Figure 7A). In accordance with the altered distribution of talin observed by immunocytochemistry (Figure 6B), we detected an accumulation of both native and cleaved forms of talin in LRP-1-silenced tumor cells. Interestingly, calpeptin treatment appeared to limit the accumulation of the cleaved form of talin. In order to assess the level of adhesion receptors expressed at cell surface, we performed biotin labelling of tumor cells spread on gelatin and treated with calpain inhibitor or vehicle. Precipitated protein membrane fractions were analyzed by immunoblotting (Figure 7B). Interestingly, we observed an increase of β1 integrin subunit at cell surface upon LRP-1 repression. This accumulation seemed partially decreased under calpeptin treatment. We then conducted immunostainings to qualify the distribution of β1 integrins in non-permeabilized carcinoma cells cultivated in the same conditions (Figure 7C). β1 integrins were detected in FTC133 cells and were mostly present at the periphery and at the front of spread and elongated cells. The presence of β1 integrins was accentuated in LRP-1 repressed cells and highly accumulated along the whole cell periphery. In the presence of calpeptin the polarized morphology of control cells did not show any clear critical transition, in opposition to LRP-1-silenced tumor cells which were more frequently polarized and spindle shaped and exhibited a discontinuous β1 integrin-positive margin that appeared more concentrated on distal sites of cell projections. We then conducted immunostainings by using an antibody specific for active forms of β1 integrins (Figure 7D). The localization of these forms of the receptors in non-permeabilized cells was more punctuated with some positive clusters at the leading edge of elongated control cells. These clusters were evenly observed across the ECM-attached area from overspread LRP-1-silenced cells. After inhibition of LRP-1 expression, both the number and size of theses clusters were diminished upon calpeptin treatment when LRP-1 was down-regulated. Altogether, these data showed that LRP-1-mediated control of calpain activity determined cell surface distribution of β1 integrins in thyroid carcinoma cells.




Figure 6 | LRP-1-mediated control of calpain activity fine-tunes spreading and focal adhesion maturation in carcinoma cells. FTC133 cells transfected with siRNA sequences were cultivated two hours on gelatin-coated coverslips in the presence or absence of 50µM of calpeptin, fixed, and labelled with phalloidin to analyze their morphology and fibrillar actin network (red) by fluorescence microscopy. Nuclei were counterstained with DAPI (blue) (A). Alternatively, cells were immunostained with an antibody against talin (green) to analyze the formation of focal adhesion (B). The percentage of cells positive for focal adhesions was quantified following the inhibition of calpain activity by calpeptin or control treatment (C). For each condition, at least one hundred of cells from three separate experiments were evaluated. ns, not significant; *, P < 0,05.






Figure 7 | β1 integrin membrane expression is controlled by LRP-1-dependent calpains regulation. Whole extracts from FTC133 cells transfected with siRNA sequences, seeded onto gelatin and cultivated in the presence or absence of calpeptin for 3 hours were analyzed by SDS-PAGE and western blot using specific 8D4 antibodies against talin, allowing the detection of native full length and calpain-released cleaved product of talin. β-actin that was used as loading control. Picture is representative of 3 independent experiments (A). FTC-133 cells were cultivated in the same conditions and biotinylated at 4°C to label cell-surface proteins. Membrane fraction was purified by precipitation of surface proteins by using avidin-sepharose beads. Surface expression of β1-integrins was analyzed by SDS-PAGE and immunoblotting. Corresponding cytosolic fractions that were not immobilized by avidin beads were loaded as a control of cell membrane purity (B). Tumor cells transfected with siCtrl or siLRP-1 RNA were seeded onto gelatin coated coverslips for 2 hours in the presence of calpeptin and immune-stained with antibodies directed against either total β1-integrins pool (C) or active forms of the receptor (D). Confocal microscope captures in Z series were acquired and projected by using maximum intensity, stacking the 10 optical slices attached to the coating. Pictures are representative of 3 separate experiments.






Discussion

In the present study, we identified for the first time the regulation of calpain activity as a new mechanism by which LRP-1 controls the spreading and migratory capacities of thyroid carcinoma cells. Indeed, we have shown that LRP-1 restrains calpain activity, both through a transcriptional mechanism targeting capn2 gene expression, but also via PKA activation and Ser-phosphorylation on calpain-2. Such a regulation contributes to the achievement of an intermediate and optimal attachment state and promigratory phenotype (Figure 8).




Figure 8 | Regulation of calpain activity by LRP-1 and its consequences for thyroid carcinoma cell adhesion. In the presence of LRP-1, low transcriptional expression and PKA-mediated phosphorylation of calpain-2 controls talin-rich focal adhesion complexes dynamics and surface expression of inactive (blue) and active (red) forms of β1 integrins (A). The resulting intermediate adhesive state contribute to the invasive potential of polarized tumor cells (B). Under LRP-1 silencing, gene induction of calpain-2 and decrease of its PKA-dependent phosphorylation result in strong calpain activity. Subsequently, tumor cells exhibit an overspread phenotype explained by surface accumulation of β1 integrin and focal adhesion (FA) stabilization leading to impaired invasive capacities (C).



Our comprehension of LRP-1 contribution to cell-matrix interactions dynamics has significantly evolved in the past decade. Several studies revealed that this endocytic receptor controls cell surface stability and internalization of multiple cell surface complexes engaged during movements of migrating cells within their microenvironment, including matricellular proteins, integrins and proteoglycans (4, 28, 35, 36). This revised model of LRP-1 functionality could have been drawn earlier from studies showing that even proteolytic ligands of the receptor such as tissue plasminogen activator (tPA), bound to its inhibitor PAI-1, could trigger a full adhesion/deadhesion cascade of events when specifically complexed to LRP-1, fibronectin and LFA-1 (αLβ2) integrin (10). Proteomic and coimmunoprecipitation approaches then illustrated that LRP-1 acts as a bona fide adhesion receptor by itself, notably by recruiting to the intracellular tail of its β-chain focal adhesion and cytoskeleton components such as talin, paxillin or α-actinin (21, 28). These data support the idea that LRP-1 integrates extracellular and intracellular events and acts as a mechanosensing hub driving the fate, lifespan and turnover of nascent adhesion in a given cellular context. This concept was especially well documented for integrin-based adhesion to the extracellular matrix. After ligand binding, LRP-1 was involved in the reinforcement of cell surface expression of β1 integrins, and in their activation and signaling through integrin-linked kinase (8). LRP-1 was also identified as controlling tissue transglutaminase endocytosis, complexed with β1 integrin and fibronectin (38). We recently evidenced that the association of β1 integrin with domain II and IV of LRP-1 extracellular α-chain in thyroid carcinoma cells exerted a crucial function in routing it in a Rab11 endocytic recycling traffic (39). A parallel study showed that LRP-1 was engaged in the association with the intracellular domain of β1 integrin through kindlin-2 (40), a family of adhesion scaffolds that also constitute cleavage substrates for calpains (50). Most of the published litterature illustrated the de-adhesive consequences of the complexe interactions of LRP-1 with integrins (10, 38, 39). The control of cell surface expression and activation of β1 integrin that we documented in FTC133 cells cultivated on gelatin could therefore play similar functions in other extracellular matrix environments depending on the integrin dimers specifically present at tumor cell surface. The molecular link between LRP-1, calpain activity and β1 integrin stability at cell surface of migrating thyroid carcinoma cells that we established in this study shed new light on the inner control of integrin activity by LRP-1. It also confirms that calpain activity may exert a strong influence on inside-out activation of integrins by controlling the net balance of pro and anti-adhesive signals that determines the adoption of an efficient migrating strategy for invading tumor cells.

An abundant literature described a pro-motile action of calpains linked to the release of tensions exerted at cell-matrix adhesion sites through partial proteolysis of focal contacts and cytoskeleton components (41, 48, 51). Though, a growing number of evidence conversely showed that calpains substrates cleavage can produce or unmask pro-adhesive motifs and stabilize peripheral focal adhesions. Accordingly, calpain-dependent proteolysis of paxillin negatively regulated focal adhesion dynamics and impaired cell migration (52). The binding of talin amino-terminal head domain to the intracellular tail of integrin constitutes a paradigm of inside-out activation of multiple classes of integrins that reinforces their affinity for extracellular ligands (53, 54). Although calpains can reduce the rate of talin stability in adhesion complexes, the local release of its head domain was associated to integrin activation and focal complexes stabilization (55, 56). Ultra-resolutive studies of talin orientation in adhesion sites revealed that its amino-terminal part was in close association with the core focal adhesion area, containing intracellular domains of integrins, whereas its rod carboxy-terminal part was more distal and oriented towards the zone of junction with actin stress fibers (57). We observed that the cell-surface accumulation of β1 integrin upon LRP-1 silencing was partially reversed by calpain inhibition and that the occurrence of the cleaved form of talin appeared to follow the presence of this integrin at the membrane of thyroid carcinoma cells. We previously showed that LRP-1 inhibition resulted in a depletion of talin-enriched complexes from FAK, which could function as a platform for calpain-2 targeting and activation (9, 58). Unlike calpain-2, which was accumulated in LRP-1-silenced cells, calpain-1 expression was surprisingly unaffected. We thus postulate that the increase in calpain activity documented here mainly involves calpain-2 isoform and that LRP-1 is controlling this dominant calpain signal to limit the adhesive strength of FTC133 cells. Capn1 and capn2 genes being located on different chromosomes, and regulated by distinct promoter regions, LRP-1-dependent signals likely mobilize a set of transcription regulators leading to the specific downregulation of calpain-2 transcriptional expression. Of note, most of the reports illustrating pro-adhesive functions of calpains were focused on calpain-2, which is in accordance with our data (41, 48, 59). Following LRP-1 repression, we showed that increased calpain activity coincided with an overspread morphology of tumor cells that accumulated more peripheral talin-positive complexes. This strongly argues for a major role of calpain-2 in favor of focal adhesion maturation and stabilization of integrin-based adhesions. In that context, the maintenance of baseline calpain activity by LRP-1 is therefore permissive to efficient tumor cell motility.

The regulation of calpain activity is complex dynamic and still lacking in mechanistic insights, especially in the field of cancer (41, 49, 60, 61). In this study, we evidenced that calpain activity are dampened by LRP-1 in thyroid carcinoma cells. An in-depth mechanical investigation revealed that this attenuation was in part linked to a specific control of calpain-2 transcription. We tested the potential contribution of two LRP-1-dependent intracellular signals, namely ERK and JNK kinases (28), but we did not evidence any variation of capn2 transcription level in the presence of specific MAPK inhibitors (data not shown). Further studies should thus address the specific LRP-1-dependent signals involved in capn2 gene expression control. In our experiments, the expression level of calpastatin was not affected by LRP-1 expression. MAPK can also influence calpains at post-translational level. Indeed, JNK kinases can phosphorylate some focal adhesion components and calpains substrates with various consequences on cell motility, but also potentially on calpains targeting to adhesion sites (62, 63). Phosphorylation by ERK1/2 MAPK had been directly involved in the activation of calpain 2 (43). We had previously shown that LRP-1 controls both the activation and the incorporation of JNK and ERK kinases to talin-rich focal adhesions (28). We therefore tested a putative cross-reaction of MAPK with calpains by measuring their activities in the presence of specific inhibitors but we could not detect any significant contribution of MAPK to LRP-1-dependent calpains regulation (data not shown). The phosphorylation of S369 residue of calpain-2 by protein kinase A (PKA) was involved in the inhibition of the protease, that subsequently became frozen in an inactive conformation (46). Ligand binding to LRP-1 had previously been involved in the activation of PKA (25). We demonstrated that PKA activity was decreased upon LRP-1 repression in thyroid carcinoma cells. Moreover, specific inhibitors of PKA significantly impaired calpain activity developed upon LRP-1 silencing and we could show by coimmunoprecipitation that the level of serine phosphorylation of calpain-2 was decreased by the PKA inhibitor H-89, specifically in LRP-1 expressing carcinoma cells. These data strongly argue that PKA activation by LRP-1 contributes to the limitation of calpain activity and establish a new functional link between LRP-1, extracellular matrix attachment and invasive properties of carcinoma cells. Among other putative mechanisms that might be at play to control the activity of calpains, are the expression, activity and distribution of calcium channels, which have not tested to date. Although, TRPM4 and PIEZO1 for instance emerge as mechanosensitive regulators of spatio-temporal confinement of calpain activity in various physio-pathological contexts (61, 64, 65). These targets provide an appealing outlook for investigating and completing our view of the multifaceted contributions of LRP-1 to extracellular stimuli and mechanical tensions integration in both nascent and mature integrin-based attachment to various extracellular matrix environments.

Considering the complexity and the multiplicity of the proteolytic targets of calpains, disentangling its control mode of tumor cell migration could be puzzling, even limiting the analysis to integrins adhesome. The level of maturation and clustering of adhesion complexes affects the spatial control of calpain activity and their targets ratio, making the net balance of their proteolytic action difficult to predict. It is interesting to note that similarly to LRP-1 (4, 9), the mobilization of calpains to adhesion sites can be coupled to membrane focalized matrix proteases, such as MT1-MMP, directed in an endocytic/recycling pathway to support persistent migration of tumor cells (47). It is tempting to propose a model where LRP-1 could organize both extracellular and intracellular proteolytic events to control tensional stress accumulating in cell-matrix adhesion sites. Moreover, common intracellular scaffolds shared between LRP-1 and some integrins could result in synergistic or competitive titrations depending on the availability and access of calpains to their substrates. Accordingly, the deregulation of some specific targets of calpains can trigger cancer cell motility and promote their aggressive behavior by displacing calpain activity from anti- to pro-metastatic substrates (66). Our work and concomitant studies from other teams demonstrated the critical role played by LRP-1 in cell polarization based on rear/front partition of focal contacts components, such as FAK or paxillin (9), or actin cytoskeleton regulators Rho and Rac small GTPases (30). Here we showed that calpain inhibition in LRP-1-silenced cells restored the mesenchymal morphology of spread FTC133 cells, suggesting that baseline calpain activity maintained through LRP-1-mediated signals contributed to polarize tumor cells. Ezrin, a cytoskeleton protein incorporated in focal complexes, was involved in the recruitment and the distribution of calpain at membrane protrusion or retraction sites (60). Moreover, the spatial restriction of active calpains can stabilize the formation of nascent filopodiae (67) as well as the maturation of dual adhesive and invasive structures such as invadopodiae (59), which could predispose cancer cells to aggressive behavior in vivo. A recent in vivo study described that calpains constitute crucial determinants of tumor cell dissemination strategies. Indeed, under hypoxic conditions, induction of calpain-2 switched the collective mode of migration of breast and head and neck cancer cells to an amoeboid metastatic behavior. This transition relied on talin cleavage and decreased strength of β1 integrin-mediated attachments, and was reverted by pharmacological challenge of calpain activity (49).

Like most drug targetable molecules that are deregulated during cancer progression, a major clinical challenge in practice could rely on the highly specific and contextual cleavage products of calpains and their associated metabolic consequences on cancer cells as well as the reactive and adaptive tumor bed. However, the novel LRP-1-mediated pathway that we identified enrich the panel of versatile functions exerted by the receptor, once again detected at the crossroad between extracellular cues and membrane dynamics, and further illustrates its crucial role in cell-matrix adhesions adaptation to the microenvironment of cancer cells.
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The onset and progression of cancer are strongly associated with the dissipation of adhesion forces between cancer cells, thus facilitating their incessant attachment and detachment from the extracellular matrix (ECM) to move toward metastasis. During this process, cancer cells undergo mechanical stresses and respond to these stresses with membrane deformation while inducing protrusions to invade the surrounding tissues. Cellular response to mechanical forces is inherently related to the reorganization of the cytoskeleton, the dissipation of cell–cell junctions, and the adhesion to the surrounding ECM. Moreover, the role of focal adhesion proteins, and particularly the role of vinculin in cell attachment and detachment during migration, is critical, indicating the tight cell–ECM junctions, which favor or inhibit the metastatic cascade. The biomechanical analysis of these sequences of events may elucidate the tumor progression and the potential of cancer cells for migration and metastasis. In this work, we focused on the evaluation of the spreading rate and the estimation of the adhesion strength between breast cancer cells and ECM prior to and post-treatment with anti-tumor agents. Specifically, different tamoxifen concentrations were used for ER+ breast cancer cells, while even concentrations of trastuzumab and pertuzumab were used for HER2+ cells. Analysis of cell stiffness indicated an increased elastic Young’s modulus post-treatment in both MCF-7 and SKBR-3 cells. The results showed that the post-treatment spreading rate was significantly decreased in both types of breast cancer, suggesting a lower metastatic potential. Additionally, treated cells required greater adhesion forces to detach from the ECM, thus preventing detachment events of cancer cells from the ECM, and therefore, the probability of cell motility, migration, and metastasis was confined. Furthermore, post-detachment and post-treatment vinculin levels were increased, indicating tighter cell–ECM junctions, hence limiting the probability of cell detachment and, therefore, cell motility and migration.
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1 Introduction

Breast cancer is a heterogeneous disease where different metabolic phenotypes of cancer cells predispose the tumor to progression, while metastasis is one of the leading causes of death in patients with breast cancer. Hence, the investigation of biomechanical and biochemical processes and the interplay between breast cancer cell–ECM interactions that participate during metastasis is of paramount importance (1). The mechanisms of metastasis include a sequence of attachment, spreading, and detachment events, encouraged by the dissipation of cell–cell junctions and cell–ECM adhesion forces (2). Cell spreading is an essential step for the progression of cell motility, migration, and, therefore, metastasis (3). Cancer cells adhere and spread by exerting forces on the cell membrane and the ECM. Intracellular forces drive the membrane outward during spreading and stabilize cell shape in adherent and migrating cells, while the cytoskeleton plays a pivotal role in cell spreading and detachment (4). More specifically, actin polymerization and myosin contraction contribute to cell movement within the ECM in the direction of metastasis (5, 6). The process of cell adhesion is primarily achieved by connecting intracellular cytoskeletons between cells or connecting the cellular cytoskeleton with ECM components (7). The loss of cell–cell adhesion is important for developing cancer invasion and metastasis (8–10). Reduced cell–cell adhesion due to loss of E cadherin along with loss of cell–ECM local adhesion proteins may lead to epithelial-to-mesenchymal transition (EMT), a critical condition leading to the initiation of metastasis. A key adhesion-related protein regarding cell–ECM and cell–cell junctions is vinculin. New insights have established that vinculin has no enzymatic activity, while its function is still emerging (11). Specifically, vinculin regulates the transmission of contractile forces (12), which affect metastasis. The loss of vinculin is correlated with the development of many cancers, such as squamous carcinoma rhabdomyosarcoma and breast cancer.

Recent studies suggest that cell–cell adhesiveness is generally reduced in human cancers (13). Hence, reduced intercellular adhesiveness permits cancer cells to disobey the social order, contributing in dissociation of histological structure, which is the morphological hallmark of malignant tumors, thus facilitating invasion and metastasis (14). The question that arises is how would the progression of the tumor microenvironment, specifically the spreading rate and adhesion forces between untreated and treated with anti-tumor drugs, cancer cells be affected? How do these drugs affect focal adhesion formations in the ECM and therefore the metastatic cascade?

This work aimed to investigate and elucidate the metastatic potential of cancer cells by evaluating the cell stiffness, the spread and the adhesion strength of two breast cancer cell lines with different phenotypes, MCF-7/ER+ and SKBR-3/HER2+, prior to and post-treatment with the antitumor agents tamoxifen, a selective estrogen receptor modulator; and trastuzumab and pertuzumab, monoclonal antibodies against HER2. Initially, we estimated the cell stiffness via the micropipette aspiration technique, underlying the alterations in elastic Young’s modulus upon treatment. Furthermore, the spreading rate of the cell area prior to and post-treatment was determined. Finally, a range of shear stresses were applied to cancer cells, to detach from the ECM and therefore to evaluate the adhesion strength (15–17). More specifically, the rotating disc device was employed for estimating the cell–ECM adhesion strength of both cancer cell lines prior to and post-treatment with the aforementioned agents. To identify the role of vinculin in adhesion mechanisms, cancer cells exhibited immunofluorescence assay post-detachment event and post-treatment with anti-tumor agents. The understanding of the role of adhesion strength and spreading rate and their correlation with biochemical alterations can provide innovative insights into the process of cancer and may establish the basis for new therapeutic approaches (18–20).



2 Materials and methods


2.1 Cell culture

As previously, MCF-7 and SKBR3 (ATCC, USA) cancer cell lines were used (21). Briefly, MCF-7 was cultured in EMEM supplemented with 1 mM sodium pyruvate, 1.5 g/l sodium bicarbonate, 2 mM L-glutamine, 0.1 mM nonessential amino acids, and 0.01 mg/ml insulin (Sigma-Aldrich, Inc., USA). SKBR-3 cancer cells were cultured in DMEM supplemented with 2 mM L-glutamine. Both cell lines were supplemented with 100 μg/ml penicillin G/streptomycin, 50 μg/ml gentamycin, and 10% Fetal Bovine Serum (FBS). Phosphate Buffered Saline (PBS) was used for rinsing cells. All the above media and supplements were purchased from Biochrom (Berlin, Germany). Cells were cultured at 37°C, 5% CO2, and 100% humidity. Tamoxifen was purchased from Sigma-Aldrich (Sigma-Aldrich, Inc., USA) and trastuzumab (Herceptin) and pertuzumab (Perjeta) were purchased from Roche (Roche). MCF-7 cells were treated with different concentrations of tamoxifen (10, 20, and 50 nM) while SKBR-3 cells were treated with 10 μg/ml of trastuzumab or/and pertuzumab, respectively (22–24). Dexamethasone was used as a positive control at a concentration of 10−8 M.



2.2 Preparation of 2D surfaces coated with collagen I

Volume of 1 ml of collagen I (cat. no. L 7220, Biochrom) was added to a 6-well polystyrene plate with an equal volume of 1× PBS and adjusted to a pH of 3.0–3.5. The PBS solution was also adjusted to a pH of 3.0–3.5 as follows: 1 ml 1 N HCl to 100 ml PBS solution. Volume of 2 ml of the diluted collagen I solution per 10 cm2 area of the culture flask and incubated for 2–3 h. The solution was then removed and washed with 1× PBS (pH approx. 7.3). The 6-well plate was then immediately filled with media and cancer cells were seeded.



2.3 Cell elasticity

Cancer cells exhibited a micropipette aspiration technique (MA) as previously described (21). In brief, MA was used to partially aspirate the cell membrane firmly, thus avoiding nucleus aspiration, to obtain measurements for the applied negative pressure at each time point of the resulting aspirated cell elongation. A range of suction pressure DP from 0.05 to 340 Pa was applied very slowly, to achieve a linear expression of cell deformation vs. aspiration pressure to determine the elastic Young’s modulus. When the micropipette radius was exceedingly small compared to the local radius of the cell surface, the projection of cell length, L, into the micropipette was predicted to be proportional to the aspiration pressure ΔP (25). Therefore, cancer cell elasticity was determined through the slope of the curve   via the interpreted equation:   (1) where E is the elastic Young’s modulus, RP the inner pipette radius, and φp represents a function of the ratio of the pipette wall thickness to the pipette radius (φp = 2.0–2.1 when the ratio of the pipette wall thickness to radius was equal to 0.2–1.0). Four repeated sample tests with MA were performed for each cell type condition (treated and untreated), measuring approximately 20 cells per sample.



2.4 Assessment of spreading rate

To address the cell spreading procedure, including untreated and treated with anti-tumor drugs tamoxifen, trastuzumab, and pertuzumab, cancer cells were seeded on a collagen I-coated 12-well plate and incubated for 12 h. The cell spread area was evaluated during incubation time of 0–12 h, and the attached cell membrane to the substrate contact area was determined by tracing the outline of the cell every hour using Sigma Scan Pro 5 software. The time-dependent normalized area was quantified by dividing the difference between the cell area at time t, At, and the initial spread area Aintial (the very first spread area after cell rolling upon surface) by the difference in area between the initial (Ainitial) and final time points (Afinal), where the cell was fully spread. Therefore, the cell spread area was estimated via the equation   (2). The curves yielded the spreading rate of % Anormalized cell area vs time for each case of control and treatment (26).


2.4.1 Evaluation of isotropic and anisotropic spreading

The evaluation of isotropic or anisotropic spreading was estimated when HER2+ (SKBR-3) and ER+ (MCF-7) breast cancer cells were spread in the maximal area of contact with the ECM. Control SKBR-3 and MCF-7 cells were seeded on a collagen I-coated 12-well plate and incubated until the cell membrane reached its maximal spread potential. The cells were then fixed with 4% paraformaldehyde and permeabilized with 0.1% Triton X-100. Cells were rinsed with wash buffer and then blocked with bovine serum albumin in phosphate-buffered saline for 1 h at RT. After blocking, cells were labeled with conjugated Phalloidin TRITC (1:200, Merck/Millipore) for 1 h at RT and then rinsed with wash buffer. Then, Hoechst 33258 (1:4,000, Sigma-Aldrich) was used for nuclear counterstaining and then the cells were mounted. Fluorescent imaging was conducted on a Leica SP5 TCS equipped with a ×40/1.25NA oil immersion lens. Three different experiments were performed, and 100 cells were measured using Image J. Specifically, the associated aspect ratio was calculated as the minimal and maximal cell radius from the center of the nucleus in cartesian coordinates (Rx,Ry). An isotropic distribution of cell fibers was achieved when the aspect ratio is ˜1.




2.5 Assessment of cell detachment

Cells were grown in collagen coated circular glass coverslips, 0.7 cm in radius, immersed in 12-well plates filled with media and 10% FBS (40 × 103 cells/well). After 24 and 48 h of incubation of MCF-7 and SKBR-3 with the relevant drugs and inhibitors, respectively. Cell adhesion forces were evaluated using a rotating disc device for each case of untreated and treated cells. This technique utilizes shear stress generated from the rotating disc upon attached to ECM cancer cells. Specifically, a rotating disc device was employed to apply shear stress to cells. The adhesion strength of the cells was determined by estimating the essential shear stress to detach the cells from their substrate (27). The rotating disc device comprises a disc clutched to the motor and a chamber made of plexiglass® (27). The chamber was filled with PBS 1× solution at a constant 37 °C temperature. The aforementioned glass coverslips with the adherent cancer cells were glued to the disc and inserted into the rotation chamber, and hence, the cancer cells underwent shear stress (Figure 1). When the value of shear stress reaches a critical level, then 50% of the attached cancer cells are detached from the surface. The adherent fractions of cells were quantified using microscopy in combination with image processing software (Sigma Scan Pro 5). The shear stress at the surface of the rotating disc was calculated from the equation: τ=0.7996 r ρ v1/2 ω 3/2 (3) where τ is the applied shear stress, r the distance to the center of the disc, ρ the density of the rotation buffer, v the kinematic buffer viscosity and ω the angular velocity with a range of 100–300 rpm (28). After this process, the curves of the percentage number of detached cells (referred to the distance of each cell from the center of the disc) vs required shear stress for detachment were educed and the critical shear stress for detachment was assessed. Post detachment event cells were fixed for immunofluorescence assay.




Figure 1 | Estimation of adhesion forces by rotating disc assay. (A) The device consists of (a) rotor (b) tank filled with PBS at 37 °C, and (c) attached cancer cells on coverslips exhibiting shear stress (τ) (16, 17). (B) MCF-7 cell detachment event in different distances from the center of the disc (Rcenter = 0) to the edge (Redge = 0.7 cm) and in different tamoxifen concentrations, black scale bar 100 μm, ×10 microscope lens. Cell detachment was less favored at the highest tamoxifen concentrations.




2.5.1 Immunofluorescence assay after detachment

After detachment, cells were gently rinsed with PBS and fixed with 4% paraformaldehyde and permeabilized with 0.1% Triton X-100. Cells were then rinsed with wash buffer (1× PBS containing 0.05% Tween-20). Blocking was performed with 3% bovine serum albumin in phosphate-buffered saline containing 10% FBS for 1 h at RT. After blocking, cells were labeled with anti-Vinculin for 1 h. Cells were labeled with conjugated Phalloidin TRITC (1:200, Merck/Millipore) and FITC (1:200, Jackson ImmunoResearch Laboratories, Inc.) for 1 h at RT and then rinsed with wash buffer. Then Hoechst 33258 (1:4,000, Sigma-Aldrich) was used for nuclear counterstaining and then the cells were mounted. Z-stack imaging was conducted on a Leica SP5 TCS equipped with a ×40/1.25NA oil immersion lens. Overall, more than 200 cells for each case of control and treatment were studied after multiple repeated experiments (>3), and the mean fluorescence intensity of the sum projection of vinculin was evaluated after background subtraction with the use of the software ImageJ.




2.6 Statistical analysis

The results from cell spreading and detachment were statistically analyzed and fitted using Origin Pro9 (OriginLab Corporation, Northampton, USA) and Sigma Scan Pro 5 software for evaluating normalized cell area (Anormalized). The results of the Elastic Young’s modulus of cancer cells were statistically analyzed using Matlab R2021a. For each case of control and treated with anti-tumor agents, 40 cancer cells were probed using a micropipette technique over three repeated experiments. Differences between the groups and controls were assessed by one-way analysis of variance (ANOVA). Each experiment included a minimum of three repeated measurements. The results were considered to be statistically significant when p <0.05.




3 Results


3.1 Elastic Young’s modulus of breast cancer cells (overview)

Breast cancer elasticity post-treatment with 10 nM tamoxifen and 10 μg/ml trastuzumab was investigated in our previous work (21). Here, we aimed to further investigate whether different concentrations of Tamoxifen or different anti-tumor agents affect cell elasticity and relate these results to the potential of breast cancer cells to spread and detach. Indeed, in Table 1, the Elastic Young’s modulus of both previous and current work is included. Specifically, in MCF-7 cells, we found that the Elastic Young’s modulus was markedly increased as tamoxifen concentration levels were increased. Regarding SKBR-3 cells using another anti-tumor agent, pertuzumab, the cell elasticity increased radically while the synergistic effect of trastuzumab and pertuzumab affected cell elasticity modestly regarding the isolated effect of pertuzumab.


Table 1 | Elastic Young’s modulus of ER+ cancer cells in different tamoxifen concentrations and HER2+ cancer cells post-treatment with trastuzumab, pertuzumab, and their synergistic effect in even concentrations.





3.2 Anti-tumor agents regulate spreading rate of breast cancer cells

For estimating spreading kinetics, the experimental data of normalized cell area versus time were fitted with a sigmoidal fit, which reflects the dose–response curve. Two distinct phases of expanded cell area were observed with a different spreading rate Anormalized/dt.

The spreading kinetics of MCF-7 cancer cells is depicted in Figure 2. Results showed that 50% of the Anormalized of untreated (Control) cells was achieved in the very first 1.5 h, while the maximum spread area was integrated within 4 h (p <0.001). Regarding 10 nM of tamoxifen-treated cells, 50% of Anormalized was achieved within 2.17 h after 24 h of treatment, and within 2.98 after 48 h of treatment, respectively. Moreover, the maximum spread area was integrated within 4 h (p <0.001) (Figure 2A). Post treatment with 20 nM tamoxifen, MCF-7 cells reached the 50% of Anormalized within 2.80 h in both 24 h and 48 h post-treatment (Figure 2B). Furthermore, 24 h and 48 h post-treatment with 50 nM tamoxifen, 50% of Anormalized was achieved within 2.84 h and 3.24 h, respectively (Figure 2C). Positive control cells treated with dexamethasone for 24 h and 48 h reached 50% of Anormalized within 2.5 and 2.65 h, respectively (Figure 2D). Overall, regarding MCF-7 cells, different concentrations of tamoxifen postponed the spreading event and the maximum spread cell area of treated cells was confined compared to untreated cells. MCF-7 cells were reluctantly spread post-treatment with 50 nM tamoxifen after 48 h of treatment.




Figure 2 | Plotted normalized cell area interprets spreading kinetics. Merged experimental curves of three repeated tests of the spreading rate (dAnormalized/dt) of Control vs 10 nM tamoxifen (A), Control vs 20 nM tamoxifen (B), Control vs 50 nM tamoxifen MCF-7 (C) and Control vs dexamethasone (D) are depicted.



In the case of SKBR-3 cancer cells, untreated (Control) cells exhibited a rapid spreading rate, where the increase of 50% of Anormalized was achieved within 2.7 h following the plateau and the maximum spread area was completed within 7 h. In contrast, trastuzumab treated SKBR-3 cancer cells exhibited initially a slow spreading rate followed by a rising period of spreading rate where the increase of 50% of Anormalized was integrated within 1.8 h and 4.7 h post 24 h and 48 h of treatment with trastuzumab and the maximum spread area, within 5 h (p <0.001) (Figure 3A). Regarding post-treatment with 24 h and 48 h of pertuzumab, SKBR-3 cells reached 50% of Anormalized within 3.2 and 4.9 h, respectively (Figure 3B). The synergistic effect of trastuzumab and pertuzumab post 24 h and 48 h of treatment increased the time where 50% of Anormalized was integrated at 4.3 and 4.8 h correspondingly (Figure 3C). Regarding positive control cells, 50% of Anormalized achieved within 3.9 h (Figure 3D).




Figure 3 | Plotted normalized cell area interprets spreading kinetics. Merged experimental curves of three repeated tests of the spreading rate (dAnormalized/dt) of Control vs trastuzumab (A), Control vs pertuzumab (B), Control vs trastuzumab + pertuzumab SKBR-3 (C), and Control vs dexamethasone (D) are depicted.



Overall, SKBR-3 cancer cells exhibit a slower spreading rate when treated with trastuzumab and pertuzumab, corroborating that in the presence of monoclonal antibodies, the attachment and the spreading rate are less favored.



3.3 Isotropic and anisotropic spreading

To address the isotropic and anisotropic spreading, we measured the morphology of F-actin stress fibers once control MCF-7 and SKBR-3 cells were completely stressed. MCF-7 adopted a spherical like spreading with an even distribution of F-actin fibers along the cell periphery (Figures 4A, B). MCF-7 Rx = 21.94 ± 5.20 μm and Ry = 20.54 ± 5.12 μm with the associated aspect ratio of 1.068 (˜1). However, SKBR-3 cells presented highly elongated morphologies on dense F-actin networks (Figures 4C, D). The aspect ratio of SKBR-3 cells was estimated with continuous growth, implying anisotropic shape (29). Specifically, the estimated maximal and minimal radii were estimated to be Rx = 51.62 ± 11.79 μm and Ry = 6.87 ± 2.01 μm, correspondingly with the associated aspect ratio of 7.5 (>1).




Figure 4 | Represented images of spreading events of MCF-7 (A, B) and SKBR-3 (C, D) cancer cell lines after 20 h of incubation. White arrows indicate isotropic-like spreading in the case of MCF-7 cancer cells where the cell membrane extends and flattens evenly in all directions and a similar distance from the center of the nucleus. Anisotropic spreading occurs in the case of SKBR-3 cancer cells where the cell membrane extends unevenly from the center of the nucleus to the protrusions’ leading edge. The minimum and maximum cell radii are indicated with yellow arrows. The isotropic spread occurs when the aspect ratio of Rmax and Rmin is approximately 1. White color scale bar 40 μm, ×10 microscope lens (A, C) and 20 μm ×40 confocal lens (B, D).





3.4 The role of anti-tumor agents on adhesion forces of breast cancer cells

For the estimation of detachment forces, which is equal to the adhesion strength, a crucial detachment force was defined as the critical shear stress τ50, namely, the value of the needed force where 50% of the cells were detached from the surface of the rotating disc. Figures 5, 6 show the plotted curves of the number of remaining cells after the detachment event vs the essential shear stress for cells to detach from the ECM.




Figure 5 | Plotted curves of the number of remaining MCF-7 cells post-detachment event vs the essential shear stress for detachment (A–D). The applied shear stress is zero to attached cancer cell upon the center of the disc (r = 0) where the remained cells after detachment are 100%, no detachment was occurred and maximum when r = Rdisc = 1 cm where all cancer cells where detached. Percentage number of remaining cells of control and treated MCF-7 breast cancer cells upon the collagen coated surface after applying a range of 0–200 dyn/cm2 shear stresses (E). Data express mean values ± SD of at least three repeated experiments, *p <0.05.






Figure 6 | Plotted curves of the number of remaining SKBR-3 cells post detachment event vs the essential shear stress for detachment (A–D). The applied shear stress is zero to attached cancer cell upon the center of the disc (r = 0) where the remained cells after detachment are 100%, no detachment was occurred and maximum when r = Rdisc = 1 cm where all cancer cells where detached. Percentage number of remaining cells of control and treated SKBR-3 breast cancer cells upon the collagen coated surface after applying a range of 0–200 dyn/cm2 shear stresses (E). Data express mean values ± SD of at least three repeated experiments, *p <0.05, **p <0.01, and ***p <0.001.



In the case of MCF-7 cells, untreated cancer cells revealed a critical shear stress τ50 of 21.0 dyn/cm2. Considering post-treatment with 10 nM tamoxifen dyn/cm2 (Figure 5A) the τ50 was at 23.5 and 25.7 dyn/cm2 24 h and 48 h of post-treatment. After increasing tamoxifen to 20 nM, the relevant critical shear stress τ50was also increased to 29.8 and 33.4 dyn/cm2 respectively (Figure 5B). A further increase in tamoxifen concentration of 50 nM indicated 50% cell detachment at 34.7 and 38.5 dyn/cm2 (Figure 5C). In dexamethasone-treated cells, the critical shear stress τ50 was 27.3 and 29.2 dyn/cm2 after 24 h and 48 h of treatment, respectively (Figure 5D).

Overall, post-treatment with increased tamoxifen levels, the potential of MCF-7 to detach was decreased and the required shear stress for detachment compared to control cells was 14.2 % higher at  10 nM tamoxifen and dramatically increased at 48.5% and 54.2% at tamoxifen concentrations of 20 nM and 50 nM, 48 h post-treatment, respectively. These results imply that the increased tamoxifen concentration inhibits the detachment of treated cells and hence implies strong adhesion forces between the cell and ECM (Figure 5E).

In the case of SKBR-3 cancer cells, the critical shear stress τ50 for untreated cells was estimated at 32.7 dyn/cm2 (Figure 5), while in the case of trastuzumab-treated cells it was at 37.2 and 42.5 dyn/cm2 after 24 h and 48 h of treatment, correspondingly (Figure 6A). Regarding pertuzumab-treated cells, the critical shear stress τ50 reached 54.9 dyn/cm2 and 55.87 dyn/cm2 post 24 h and 48 h of treatment, respectively (Figure 6B). The synergistic effect of trastuzumab + pertuzumab revealed a prerequisite critical shear stress τ50 of 49.5 dyn/cm2 and 51.2 dyn/cm2 at 24 h and 48 h of treatment, respectively (Figure 6C). Finally, critical shear stress τ50 for dexamethasone-treated cells was estimated at 44.5 dyn/cm2 and 48.2 dyn/cm2 at 24 h and 48 h post-treatment (Figure 6D).

Overall, increased shear stress was essential to detach post-treated SKBR-3 cells from the ECM. Specifically, 48 h post-treatment with trastuzumab, the essential shear stress for 50% of cell detachment was 43.1% higher than control cells, while in the case of pertuzumab it was 88% higher. Moreover, in the case of both trastuzumab and pertuzumab-treated cells, the relevant shear stress τ50 was 82.5% higher. The results from the detachment study suggest that in the presence of pertuzumab, cancer cells detached reluctantly from the ECM (Figure 6E).



3.5 Detachment forces and anti-tumor agents regulate vinculin and F-actin of breast cancer cells

In the case of MCF-7 cells, vinculin expression levels were markedly increased post-treatment with tamoxifen. Initially, vinculin levels of control, positive control (Dexa 24 h, 48 h), and post-treated with 10 nM tamoxifen for 24 h were at approximately even fluorescence intensities as depicted in Figures 7A, B. However, as the concentration of the drug increases, the vinculin mean intensity also increases. Notably, after 48 h of treatment with 10 nM, 20 nM, and 50 nM tamoxifen, vinculin showed a redistribution and increased signal levels (Figures 7A, B), indicating a post-treatment vinculin upregulation. Moreover, the morphology of F-actin cytoskeleton protein was not altered post-treatment. However, high levels of F-actin were detected in control cells following a reduced expression in treated cells. These results corroborate the findings from the Elastic Young’s modulus evaluation, as increased post-treatment cell stiffness indicates confined migration potential (21).




Figure 7 | Effect of tamoxifen on vinculin expression levels. Post-detachment MCF-7 cancer cells were incubated with different concentrations of tamoxifen for 24 h and 48 h. Tamoxifen treated cells and merge plot of vinculin, F-actin and nucleus, white color scale bar 40 μm, ×40 microscope confocal lens (A). Quantitative confocal microscopy analysis via ImageJ displays mean fluorescence intensity. Mean values ± SD of mean immunofluorescence intensity of 400 cells per treatment with three independent experiments are represented reflecting Control, decamethastone as postitive control (D 24 h, D 48 h), 10 nM tamoxifen (10 T 24 h, 10 T 48 h), 20 nM tamoxifen (20 T 24 h, 20 T 48 h) and 50 nM tamoxifen (50 T 24 h, 50 T 48 h). Box-plot whiskers represent the 5th and 95th percentile, the median value is represented by the line within the box, and the red square box depicts the mean (B).



Regarding SKBR-3 cells, vinculin mean fluorescence intensity was significantly increased 48 h post-treatment with trastuzumab, pertuzumab, and trastuzumab + pertuzumab, as depicted in Figures 8A, B. Furthermore, the distribution of F-actin stress fibers was altered post-treatment. Fully polymerized F-actin in control SKBR-3 cells with extended lamellipodia and filopodia indicates a high density of F-actin cross-linking, which, according to previous studies, is related to soft and therefore more elastic cells with greater potential for migration. However, in the case of post-treated SKBR-3 cells, F-actin stress fibers were depolymerized and perinuclear accumulated, revealing a roundish cell with confined protrusions. The results of increased vinculin levels with limited cell protrusions conform to the increased cell stiffness post-treatment with anti-tumor agents, indicating confined cell motility.




Figure 8 | Effect of trastuzumab, pertuzumab, and their synergistic effect for double inhibition of HER2+ cancer cells on vinculin expression levels and merge plot of vinculin, F-actin, and nucleus, white color scale bar 40 μm, ×40 microscope confocal lens (A). After detachment, SKBR-3 cancer cells were incubated with monoclonal antibodies, trastuzumab and/or pertuzumab for 24 h and 48 h. Quantitative confocal microscopy analysis via ImageJ displays the mean fluorescence intensity of vinculin. Mean values ± SD of mean immunofluorescence intensity of 400 cells per treatment with three independent experiments are represented reflecting Control, dexamethasone as positive control (D 24 h, D 48 h), trastuzumab (T 24 h, T 48 h), pertuzumab (P 24 h, P 48 h), and their synergistic effect (T + P 24 h, T + P 48 h). Box-plot whiskers represent the 5th and 95th percentile, the median value is represented by the line within the box, and the red square box depicts the mean (B).






4 Discussion

In the series of steps that comprise the metastatic potential of cancer cells, the spreading rate upon ECM and the adhesion forces between cell and ECM are inextricably linked with the progression of the disease (4, 30, 31). Biological and biochemical mechanisms of cancer cells alter and remodel the structure of the cytoskeleton to invade the ECM. Altered cytoskeleton proteins result in changes in the ability of cancer cells to contract, spread, and move upon ECM, thus influencing their biomechanics (32). As pathological tumor progression leads to aberrant biomechanical behavior in cells and tissues, thereby affecting the tumor microenvironment and therefore participating in the malfunction of cell–ECM homeostatic equilibrium (33). Nevertheless, the influence of adhesion forces between treated with anti-tumor agent cancer cell–ECM junctions and the spreading rate of treated cancer cell membranes has not been thoroughly elucidated. In this work, we compared two breast cancer cell lines with different profiles regarding their aggressiveness, to investigate the treatment mechanisms in Elastic Young’s modulus, spreading rate, adhesion forces, and focal adhesion protein vinculin levels. These parameters reflect the biological and biochemical interactions between cells and the ECM, by expressing macroscopically cell biomechanics and hence indicating the mechanical behavior of malignant cells (34). Consequently, the biomechanical properties of cancer cells could be used as indicators of their biological state or metastatic potential.

Several studies have established that the high stiffness of the ECM in the tumor microenvironment contributes to cancer progression and triggers malignant transformation (35–37). Clinical studies suggest that the collagenous matrix stiffens the tumor stroma, which directly increases tumor cell proliferation and enhances metastatic colonization, and growth (38, 39). Here, we were intrigued to extend our previous work and test the hypothesis of whether different drug concentrations affect the Elastic Young’s modulus in the case of MCF-7 cells and whether different anti-tumor agents and their synergistic effects could regulate the cancer cell elasticity of SKBR-3 cancer cells. Indeed, we estimated that in the case of MCF-7 cells, the Elastic Young’s modulus increased as tamoxifen levels were increased from 10 to 50 nM and significantly after 48 h of treatment. Regarding SKBR-3 cancer cells, we conclude that the cell stiffness increased markedly in post-treated cells with monoclonal antibodies. Interestingly, in the presence of pertuzumab, the Elastic Young’s modulus increased in a greater rate compared with trastuzumab or their synergistic effect. Overall, the increased post-treatment cell stiffness in both ER+ and HER2+ cancer cells indicates a less deformable cytoskeleton, resulting in a confined potential for cell movement (Table 1) (21, 40).

Regarding spreading rate, our results suggest that in both cancer cell lines, after treatment, there was no enhancement of the spreading rate, which reflects a confined extension of the cell membrane in both MCF-7 and SKBR-3 cancer cells. Hypothesizing that spreading rate reflects the metastatic potential, the finding of the same post treatment spreading rate in both breast cancer cell lines, implies an equal metastatic potential indicating the endogenous feature of aggressive phenotype of cancer cells (Figures 2, 3). Comparing the two different cancer cell lines of this study, SKBR-3 and MCF-7, we showed that untreated SKBR-3 cells, as HER2+ belongs to highly metastatic breast cancer cells with an aggressive metastatic phenotype, and therefore the slope of the curve of the spreading experiment increased more rapidly than MCF-7 cells. In contrast, the results of untreated MCF-7 cancer cells are in line with recent studies which showed that MCF-7 cells are weak metastatic cells with less invasive potential, and therefore the spreading rate procrastinates a lot compared to SKBR-3 cancer cells (41). Interestingly, regarding post-treatment results, the spreading rate of treated SKBR-3 cancer cells indicates an expeditious progress of the phenomenon, compared to tamoxifen-treated MCF-7 cancer cells. This is in line with clinical evidence that ER+ breast tumors are less aggressive than HER-2+ tumors (42). Previous studies established that spreading could occur either isotropically or anisotropically (43, 44). Isotropic spreading occurs when the cell membrane flattens equally in all directions. On the contrary, anisotropic spreading occurs when cells produce increased membrane extensions or pseudopod protrusions. In this work, MCF-7 cancer cells followed an isotropic spread (Figures 4A, B) while SKBR-3 showed an anisotropic spread (Figures 4C, D), indicating that SKBR-3 cancer cells present a more aggressive profile with increased protrusions compared to MCF-7. Furthermore, this might imply that SKBR-3 cells might be polarized, and membrane receptors related to movement are not allocated all over the membrane of cells (45).

Cellular forces are primarily generated in the cytoskeleton, which is responsible for maintaining the cell shape and organization, imparting specific mechanical properties to cells (46). In malignant transformation, the reorganization of the cytoskeleton occurs with a simultaneous loss of strong intracellular forces, contributing to a softer cancer cell with the ability to migrate easily upon ECM (47). Additionally, according to several studies, the cell–cell adhesiveness of malignant cells is generally reduced (48, 49). Hence, cancer cells readily degrade the ECM and surrounding tissues and converge to a highly aggressive and metastatic phenotype. Regarding the results of the detachment experiment with the rotating disc and correlating treated and untreated cells, we established that the adhesion strength in case of treated cancer cells was found to be 50% higher in MCF-7 and 25% higher in SKBR-3 cells (Figures 5, 6) (Table 2). These findings suggest that the external mechanical stimuli via shear stress induced biological pathways in post-treated cells which triggered the overexpression of focal adhesion vinculin in both intercellularly and cell–ECM junctions, thus impeding cancer cells from detaching from the ECM and hence confining the motility, migration, and metastatic potential (50, 51).


Table 2 | Cumulative results of MCF-7 and detachment of SKBR-3 breast cancer cells upon treatment.



In the existing literature, the loss of vinculin is linked to the development of many cancers (10, 52, 53). Our study conforms to other studies, which showed that overexpression of vinculin causes reduced cell migration, whereas knockdown of vinculin-enhanced cell motility (54, 55). Moreover, the study by Toma-Jonik et al. showed an association between the downregulation of vinculin, the reduced adhesion and the enhanced motility of cells over-expressing active heat shock transcription factor 1 (HSF1), the major regulator of stress response, which is frequently activated in cancer (56). Coll et al. inactivated the vinculin gene in mouse embryonal carcinoma cell lines and embryonic stem cells, and their results showed that the loss of vinculin resulted in increased cell motility (57). Sadano et al. showed that highly metastatic melanoma cells lacked vinculin or expressed only scant amounts (58). Other studies have estimated that vinculin overexpression leads to stronger adhesion and less motility (12, 54). Therefore, our data are in line with these studies, as we showed that high post-treatment vinculin expression, in both ER+ and HER2+ cancer cells (Figures 7A, B, 8A, B), correlates with decreased potential for detachment and, therefore, migration upon ECM from the yielded evidence of detachment, spreading and cell stiffness. However, in vivo studies must elucidate and decipher the focal adhesion distribution and localization regarding post-treatment with anti-tumor agents in cancer cells to establish the correlation between knockout of vinculin and restricted cell motility.

This study aimed to understand the regulation of cell adhesion dynamics and the role of cell adhesion protein vinculin of breast cancer cells prior to and post-treatment with anti-tumor agents and their correlation to cell motility by identifying the cell stiffness and the potential for cell spread. Moreover, cell detachment was markedly confined post-treatment with various levels of tamoxifen concentration in the case of MCF-7 cells and post-treatment with trastuzumab, pertuzumab, and their synergistic effect, in SKBR-3 cells. Our results suggest a limited potential for cell movement post-treatment with the aforementioned anti-tumor agents in both breast cancer cells, and this hypothesis was enhanced by elevated mean fluorescence intensity and, therefore, overexpression of vinculin in post-treated cells. This study of MCF-7 and SKBR-3 breast cancer, which reflects the patients with ER+ and HER2+ breast cancer, respectively, and may contribute and provide new insights into new therapeutics that are about to influence both the biochemical and biomechanical responses of cancer cells.
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In vitro cell culture studies are common in the cancer research field, and reliable biomimetic 3D models are needed to ensure physiological relevance. In this manuscript, we hypothesized that decellularized xenograft tumors can serve as an optimal 3D substrate to generate a top-down approach for in vitro tumor modeling. Multiple tumor cell lines were xenografted and the formed solid tumors were recovered for their decellularization by several techniques and further characterization by histology and proteomics techniques. Selected decellularized tumor xenograft samples were seeded with the HCC1806 human triple-negative breast cancer (TNBC) basal-like subtype cell line, and cell behavior was compared among them and with other control 2D and 3D cell culture methods. A soft treatment using Freeze-EDTA-DNAse allows proper decellularization of xenografted tumor samples. Interestingly, proteomic data show that samples decellularized from TNBC basal-like subtype xenograft models had different extracellular matrix (ECM) compositions compared to the rest of the xenograft tumors tested. The in vitro recellularization of decellularized ECM (dECM) yields tumor-type–specific cell behavior in the TNBC context. Data show that dECM derived from xenograft tumors is a feasible substrate for reseeding purposes, thereby promoting tumor-type–specific cell behavior. These data serve as a proof-of-concept for further potential generation of patient-specific in vitro research models.
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Introduction

Understanding the biology of tumor initiation and progression processes has a huge impact on the successful development of novel and effective cancer treatments (1). Despite its high cost and ethical concerns, in vivo human tumor cell xenografting in mouse orthotopic and ectopic locations remains the most reliable experimental model to mimic tumor microenvironment and to study, among others, tumor formation and progression processes (2). Moreover, in vitro monolayer culture of cancer cells in a two-dimensional (2D) environment is a highly popular and straightforward method to perform cancer-related preclinical research (3). However, 2D cell cultures are considered too simplistic to accurately test solid tumor-derived cell behavior, as they do not resemble the tumor’s three-dimensional (3D) architecture and the lack of mechanical/biochemical signals coming from 3D cell–cell and cell–matrix interactions (4, 5).

In comparison to 2D cell cultures, 3D cell culture models are more accurate tumor-mimicking approaches (6) because they present enhanced cell–matrix and cell–cell interactions while modulating differently those signaling pathways related to cell migration, morphology, proliferation, and viability (7–10). Among in vitro cancer 3D models, those promoting extracellular matrix (ECM) and cell interaction are considered the most relevant. For example, hydrogels formed with the ECM extracted for cell-cultured tumor cells (e.g., Matrigel) are widely exploited in cancer research as matrices for tumor cell seeding and study (3, 11). These hydrogels provide chemical and physical characteristics potentially beneficial to mimicking tumor 3D environment, as they have ECM structural proteins (e.g., collagens) to which cells can attach, along with growth factors, hormones, and other essential molecules (12). Despite having noteworthy properties, commercially available cell culture extracted ECM and their hydrogels possess various significant drawbacks. Most notably, by using this commercial ECM as a 3D culture environment, the target cells are exposed to an ECM composition different from the one of the specific tumor to be studied. Moreover, the cells at hydrogels grow as spheroids, and therefore, they lose their original morphology, mobility, and cell–cell and cell–matrix interactions. Furthermore, from a technical point of view, the postprocessing steps required after decellularization may induce a loss in the processed material and that is not assumable when handling small decellularized samples.

Aiming to define more reliable and tumor-specific 3D cancer models, bioengineered approaches have recently been explored. For example, hydrogels have been structured using 3D bioprinting technology to generate matrices or microfluidic cancer-on-a-chip models. On the other hand, spontaneous spheroids formed by target cells have been considered a potential valid in vitro tumor-mimicking model, while tumor organoids formed by the multiple cell types present in the targeted tumor are the ultimate promise to mimic tumor complexity in in vitro structures (13–21).

Decellularization is a propitious approach in which cells are removed from tissues or organs, thereby isolating the ECM structure to be recovered (22). This technique provides an advantageous approach to producing more effective tissue models in which ECM and tissue architecture are preserved (23). The advantage of using biologically derived matrices for in vitro 3D studies is that some part of the major proteins and factors already exist in the decellularized scaffold, which makes them useful in a wide range of applications, from physiological regenerative medicine to pathological (cancer) research studies (24–30).

Decellularized ECM (dECM) can be obtained from both normal and tumor tissues following several types of decellularization protocols, including physical, chemical, or enzymatic methods reported in the literature. The different decellularization methods alter the ECM components differently, and therefore, it is important to define the tissue-specific decellularization method in each context (31). dECM can then be used as a 3D scaffold or it can be processed for hydrogel formation (32, 33). Matrices from normal tissue can be used to recognize novel genes inducing cancer or the interactions between cancer cells and healthy ECM. On the other hand, decellularized tumor tissue is more appropriate for studying the influence of pathological ECM on controlling cancer cell function at primary or metastatic sites and the role of ECM as a modulator of cell behavior (34–37).

In this manuscript, we hypothesized that decellularized xenograft tumors can serve as an optimal 3D substrate to generate a top-down approach for in vitro tumor modeling. Aiming to prove that, we xenografted multiple tumor cell lines and the formed solid tumors were recovered for their decellularization by several techniques. Data indicate a soft decellularization protocol based on tumor freezing followed by EDTA treatment allows the recovery of dECM with tumor-type–specific protein components. When used as a substrate for human triple-negative breast cancer cell seeding, and compared to other 3D cell culture models, a characteristic cell behavior was observed in terms of cell morphology, proliferation, and mobility.



Materials and methods


Cell cultures

Cell lines were numbered from 1 to 13 for easy trackability of samples during the study (see Table 1). MDA-MB-231 (RRID : CVCL_0062), MIA PaCa-2 (RRID : CVCL_0428), PANC-1 (RRID : CVCL_0480), U87 (RRID : CVCL_0022), HepG2 (RRID : CVCL_0027), and Du145 (RRID : CVCL_0105) cell lines were cultured in DMEM (11995065; Gibco, UK); 4T1 (RRID : CVCL_JG34), HCC1806 (RRID : CVCL_1258), and AR42J (RRID : CVCL_0143) cell lines were cultured in RPMI-1640 (11875101; Gibco, UK); Capan1 (RRID : CVCL_0237) and Pc3 (RRID : CVCL_0035) cell lines were cultured in F12K (21127022, Gibco, UK); and GH4 (RRID : CVCL_WX20) cell line was cultured in Ham’s F10 (11550043, Thermo Fisher). All media were supplemented before being used with 10% fetal bovine serum (10500-064, Gibco, UK), 2 mM l-glutamine (25030024, Gibco, UK), and 50 U/ml penicillin and 50 µg/ml streptomycin (15070063, Gibco, UK). As an exception, AR42J cells required 20% fetal bovine serum as a supplement.


Table 1 | Tumor cell lines, origin, and provided number.





Xenografted tumor generation

Animals were cared for and handled following internal guidelines and in compliance with the European Guidelines for Accommodation and Care of Animals. The study was conducted in accordance with the Declaration of Helsinki and approved by the Ethics Committee of CICbiomaGUNE and local authorities (protocol code PRO-AE-SS-166 and date of approval 01/06/2019).

Cells were resuspended in Matrigel HC (354248, Corning, USA) diluted 1:4 in cold Dulbecco’s phosphate-buffered saline (DPBS, 14040-091, Gibco, UK) and injected in the back (100 µl/animal) of 6–8-week-old athymic nude mice (Crl : NU(NCr)-Foxn1nu, Charles River). Animals were monitored for tumor growth using an electronic digital caliper 779A series (Starrett) (see Table 1). At the endpoint, animals were processed for perfusion with heparinized physiological serum. The tumors were extracted, deposited in a sterile container, and stored at −80C.



Decellularization protocol

The tumors were thawed and sectioned into 30 mg pieces for further decellularization. Six custom protocols were used in the initial studies (see Table 2).


Table 2 | Treatment type and concentrations used in each one of the decellularization protocols.



Protocol “a” corresponds to 15 freezing cycles. Protocol “b” corresponds to three washes of DNase (Sigma-Aldrich) at 37°C in agitation. Protocol “c” uses Trypsin-EDTA (25050-014, Sigma-Aldrich, USA) over 30 min at 37°C in agitation, followed by the DNase (7469, StemCell, CA) treatment mentioned in protocol b. Protocol “d” uses EDTA (E9884, Sigma-Aldrich, USA) for 30 min at room temperature (RT) in agitation, followed by the DNase treatment mentioned in protocol b. Protocol “e” uses the freezing cycles of protocol a, followed by treatment mentioned in protocol d. Protocol “f” uses Triton X-100 (T9284, Sigma-Aldrich, USA) for 30 min at RT in agitation, followed by the DNase treatment mentioned in protocol b. In all protocols, each step was followed by three DPBS washes in agitation for 20 min at RT.



DNA extraction and quantification

To verify the decellularization efficiency, the DNA was extracted and quantified. The extraction was performed using the EchoLUTION Tissue DNA Micro Kit (010-002-010, BioEcholife), and for the DNA quantification, a NanoDrop (Jasco V-730) spectrophotometer was used. Data were obtained as nanograms of DNA per milligram of the wet original tissue. According to the ASTM International standards, 50 ng of DNA/mg of tissue was established as the acceptable DNA threshold to consider the tumor as decellularized (38).



Histology of the decellularized tissues

Samples were embedded in Tissue Tek OCT (4583, Sakura Finetek, Japan), stored at −20°C, and sliced in the cryostat (CM1860, Leica). To check the nuclei distribution changes and the overall ECM structure, the slides were fixed for 1 h with neutral buffered 10% formalin solution (HT501128, Sigma-Aldrich, USA) and stained with hematoxylin (5 min) and eosin (2 min) (05-M06015 and 05-M10003, Bio-Optica, It).

Collagens and noncollagenous proteins of dECM were visualized by staining the samples with the Sirius Red/Fast Green Staining kit (9046, Chondrex, USA). This is a differential staining with two dyes, as Sirius Red binds to all types of collagen, whereas Fast Green stains noncollagenous proteins. All histology samples were visualized on a routine optical microscope equipped with a camera.



Scanning electron microscopy

The decellularized samples were frozen at −20°C for 24 h and subsequently lyophilized for 24 h. A sputter coater (Alto 1000, Galan) was used to coat the sample’s surface with gold/palladium before their visualization in JSM-6490LV (JEOL) scanning electron microscope (SEM) equipment.



Proteomics and mass spectrometry

Proteins were extracted from decellularized samples using a mixture of 7 M urea, 2 M thiourea, 4% CHAPS, and 5 mM DTT and then digested following the filter-aided FASP protocol described by Wisniewski et al. (39) with minor modifications. Briefly, trypsin was added to a trypsin:protein ratio of 1:20, and the mixture was incubated overnight at 37°C, dried out in a RVC2 25 speedvac concentrator (Christ), and resuspended in 0.1% FA. Peptides were desalted and resuspended in 0.1% FA using C18 stage tips (Millipore).

Samples were analyzed on a timsTOF Pro with PASEF (Bruker Daltonics) coupled online to an Evosep ONE liquid chromatograph (Evosep). A total of 200 ng was directly loaded onto the Evosep ONE and resolved using the 30 sample-per-day protocol.

Protein identification and quantification were carried out using MaxQuant software (40) using default settings except for the match between runs (match time window of 5 min, alignment tie window of 20 min) and an LFQ min. ratio count of 1. Searches were carried out against a database consisting of human and mouse protein entries (Uniprot/Swissprot), with precursor and fragment tolerances of 20 ppm and 0.05 Da. Only proteins identified with at least two peptides at FDR<1% were considered for further analysis. LFQ intensities were used for further analyses and loaded onto the Perseus platform (41).

Data were loaded onto the ClustVis web tool for the visualization and clustering of multivariate data using principal component analysis (PCA) (42). Data were loaded to MetaboAnalyst to be normalized and statistically analyzed. Partial least squares discriminant analysis (PLS-DA) was used to get the variable importance in projection (VIP) and differentiate the groups. For the Gene Ontology (GO) analysis ShinyGO web tool was used. All the results were represented using Graphpad Prism software.

The original contributions presented in the study are publicly available. The mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium. Data can be found here: [PXD034597].



In vitro cell culture

HCC1806 (RRID : CVCL_1258) cell line cultured in RPMI-1640 was used for materials seeding studies. Control collagen scaffolds (20483, collagen wound dressing Suprasorb® C, Lohmann&Rauscher, Austria) and tumor-derived dECMs were firstly cut into smaller pieces of approximately 3–10 mm and sterilized. Briefly, frozen tumor small pieces were thawed and two washes of ethanol (diluted to 70%, Et 00020005P, Sharlau, Spain) for 15 min were performed, followed by cleaning and rehydration by three washes at sterile DPBS for 5 min. Furthermore, UV light irradiation was applied for 18 h inside a cabinet (Bio II Advance Plus, Telstar, Japan). The cells were deposited similarly to what was previously described for other similar materials (43–45). Each material piece was transferred to a 48-well plate well (3548, Costar, USA) and injected with 30 µl of a cell dilution, trying to seed evenly all around the sample, resulting in 70,000 HCC1806 cells seeded per sample. In parallel, cells in sterile DPBS were mixed in a ratio of 1:4 with Matrigel® to achieve a final concentration of Matrigel of 4 mg/ml for hydrogel formation into a 96-well plate (92096, TPP, Switzerland). Cell-seeded samples were incubated at 37°C and 5% CO2 for 1 h in a Forma Steri-cycle CO2 incubator (Model 381 Thermo Scientific, USA), then covered with complete warm complete RPMI-1640 media and finally cultured at 37°C and 5% CO2 for 3 days.



Cell morphology and immunostaining

Actin fibers and nuclei were stained as follows. Samples were washed with DPBS and fixed in 10% formalin solution, neutral buffered (HT501128, Sigma-Aldrich, USA) for 30 min, washed with DPBS, and incubated with DPBS containing ActinRed555 ReadyProbes reagent (1/10 dilution, R37112, Invitrogen, USA) for 30 min at 37°C. Following two washes with DPBS, the scaffolds and cells were imaged in DPBS containing 5 ng/ml 2-[4-(aminoiminomethyl)phenyl]-1H-Indole-6-carboximidamide hydrochloride (DAPI) (D9542, Sigma-Aldrich, USA).

For immunolabeling of the Ki67 nuclear marker, samples were permeabilized by 5 min incubation in DPBS supplemented with 0.1% Triton X-100 (T9284, Sigma-Aldrich, USA) and washed for 5 min in DPBS. Blocking of unspecific binding sites was achieved by 30 min incubation with 1% bovine serum albumin (BSA, A7906, Sigma-Aldrich, USA) in DPBS containing 0.1% Tween 20 (DPBST, P9416, Sigma-Aldrich, USA). The Ki67 nuclear marker was then labeled by incubation with 1% BSA in DPBST containing rabbit anti-human Ki67 primary recombinant monoclonal antibody (1:200 dilution, MA5-14520 Invitrogen, USA) at 4°C overnight in a humidified chamber. Samples were washed three times with DPBS and incubated for 1 h in the dark with a donkey anti-rabbit antibody polyclonal highly cross-absorbed with Alexa Fluor Plus 488 (dilution 1:500, A32790, Invitrogen, USA) in 1% BSA DPBST. Samples were then washed with DPBS, stained with DAPI-containing (5 ng/ml) DPBS, and imaged. All the incubation times described above were doubled in the assays, including the Matrigel® matrix.

For cell imaging, the scaffolds with fluorescently labeled cells were kept covered with DPBS in a 35-mm-diameter ≠1.5 optical glass bottom dish (D35-20-1.5-N, Cellvis, CA). Single plane images were taken in a Laser Scanning Confocal Microscope (Zeiss LSM 880, Carl Zeiss AG, Germany) with the Plan-Apochromat ×10/0.45 employing the excitation/emission wavelengths of 561 nm/610–715 nm for Actin Red 555, 405 nm/420–475 nm for DAPI, and 488 nm/500–600 nm for Ki67 labeled with Alexa Fluor 488 (AF488). For imaging the tumor-derived dECM scaffolds, 458 nm/441–471 nm or 633 nm/620–650 nm were used in reflection mode, while transmitted light was used in the case of collagen-based scaffolds or Matrigel® matrix samples. In total, 20 to 40 µm Z-stacks were imaged, and maximum intensity z-tack projections were obtained. For quantification purposes, ×10 images were used, and data were normalized to the nuclei number in each image.

For the quantification of Ki64+ nuclei and the mean cell area, the FIJI image analysis software was employed. FIJI is a distribution of the popular open-source software ImageJ (National Institutes of Health, USA) focused on biological-image analysis (46).

To calculate the Ki64+ nuclei, immunostaining for Ki67 in green (AF488) and counterstaining of nuclei in blue (DAPI) were employed for proliferative nuclei stain and general nuclei stain, respectively (green and blue channels). Regions of interest (ROI, objects) were automatically drawn for the nuclei, and a mask is generated. The mask was overlaid on the image with the Ki67+ image. The percentage of proliferating cells was calculated as a ratio of Ki67+ objects to nuclei counts (total object number).

To calculate the mean cell area, ActinRed555 and DAPI stains were employed for cell and nucleus delimitation, respectively. Once the cells were delimited (objects), the area of the objects was measured. Finally, the mean cell area was calculated by dividing the total area of the objects by the total amount of nuclei in each picture.



Live imaging

Complete RPMI-1640 media of samples in a 35-mm-diameter ≠1.5 optical glass bottom dish was replaced by warm complete RPMI-1640 media containing 1.5 to 2.5 µg/ml Calcein-AM (56496, Sigma-Aldrich, USA) and incubated for 30 min at 37°C and 5% CO2. Samples were transferred to a Laser Scanning Confocal Microscope (Zeiss LSM 880, Carl Zeiss AG, Germany) equipped with a ×20/0.8 objective lens and a chamber to keep conditions of 95% humidity, 37°C, and 5% CO2 during Z-stacks image acquisition period using 488 nm/500–600 nm excitation/emission wavelengths. Z-stacks are presented as maximum intensity Z-projection images employing the Zen Blue software v2.3 (Carl Zeiss AG, Germany).

For live time-lapse imaging, images were acquired for 5 h every 15 min employing the Axio Observer Z1 microscope (Carl Zeiss AG, Germany) with the EC Plan-NEOFLUAR 5×/0.16 Ph1 M27, the LED illumination module at 470 nm, and the 38 HE eGFP shift free filter set. In addition, during the acquisition, samples were kept at 37°C and 5% CO2 inside the equipment in an Incubator XL S1 (Carl Zeiss AG, Germany). Live cell single plane images were also acquired in the LSM 880 confocal microscope with a heating insert P S1 (130-800 005, PeCon, Germany) for temperature and atmosphere control. For video processing, the Zen Blue software v2.3 (Carl Zeiss AG, Germany) was employed. The screen recorder software OBS Studio v37.2.4 (© 2022 GitHub, Inc. CA) was used for additional video editing. To measure cell displacement, the videos were analyzed with the FIJI plugin TrackMate v2.1.0 (47) that semiautomatically segments fluorescent cells present in the first frame and generate tracks that follow each cell through the rest of the video frames giving a score equal to the number of frames in which a particular cell was found. The resulted list, including the tracking number, frame number, and the position (x/y) of each cell in the image, is next analyzed by the Chemotaxis and Migration Tool 2.0 software (ibidi GmbH, Germany) to plot a Cell Tracking graph for the displacement of cells in a centered coordinate grid and to calculate the accumulated distance of each cell after the 5 h that lasted for the recording (image scaling, 3.87 µm per pixel).



Statistics

All data were plotted and statistically analyzed using the Graphpad Prism software (La Jolla, CA, USA). In all cases, data normality was verified using the Shapiro–Wilk test and a normal QQ plot was assessed. Data that passed the normality test (alpha = 0.05) were statistically analyzed using parametric tests (ordinary one-way ANOVA) and Tukey’s multiple comparisons tests. Data that did not pass the normality test (alpha = 0.05) (data in Figure 6G) were analyzed using the Kruskal–Wallis nonparametric test and Dunn’s multiple comparisons tests. Data are presented as mean ± SD, and each individual point is provided in the plots. Additionally, the n number of each assay is provided in the figure legends. P values of less than 0.05 were considered statistically significant (ns p > 0.05; *p < 0.05; **p < 0.01; ***p < 0.001).




Results


A soft treatment based on Freeze-EDTA-DNAse allows tumor decellularization

Tumor xenografts (Figure 1A) obtained from the MDA-MB-231 cell line, numbered as 1 in Table 1, were tested for decellularization with multiple custom-designed decellularization protocols (see Table 2). The DNA quantification results in Figure 1B (and Supplementary Table S1) show that protocols e and f successfully reduced the DNA content below the 50-ng DNA/mg tissue threshold. The histology examination in Figure 1C, H&E staining for nucleic acids and ECM, confirms the absence of hematoxylin-related purple nucleic acid staining in e and f protocol-treated decellularized samples but the presence of eosin-related ECM pink staining in all samples. In Figure 1C, Sirius Red/Fast Green dye combination staining is shown. It is used to distinguish collagen from its surrounding materials, as Sirius Red stains collagens in red, while Fast Green stains noncollagenous proteins in green. Samples treated with the protocol e (freezing cycles followed by EDTA) stain red and green similar to the control untreated samples. However, trypsin enzyme-treated and Triton X-100 detergent-treated samples showed an absence of the green color, which is typical of the ECM noncollagenous protein staining. Altogether, data in Figure 1 indicate that the treatment of MDA-MB-231 cell line tumor xenografts with a protocol based on freezing cycles-EDTA-DNAse allowed for sample decellularization and proper preservation of tumor ECM in terms of collagens and proteins. Following these data, multiple types of tumor xenografts were processed using the decellularization protocol e. As it is shown in Figure 2 (and Supplementary Table S2), in all cases, the treatment yields a successful xenograft tumor sample decellularization.




Figure 1 | Enzyme and detergent-based protocols yield different decellularization outcomes. (A) Schematic of cell xenografting in mice: tumor formation, sample harvesting, and decellularization. (B) DNA quantification data on control samples and “a” to “f” protocol-treated samples (n = 3 to 6). The dotted line indicates the 50-ng DNA/mg tissue threshold used to define successful decellularization. (C) Histology assessment of samples. (Black and white scales represent 100 µm).






Figure 2 | Freeze-EDTA-DNAse protocol decellularizes multiple tumor xenografts. DNA quantification data on control samples and “e” protocol-treated samples from multiple types of tumor xenografts (n = 3). The dotted line indicates the 50-ng DNA/mg tissue threshold used to define successful decellularization. Note: cell line number codes are provided in Table 1.





Triple-negative breast cancer basal-like subtype xenograft tumors show a distinctive ECM protein composition after decellularization

A proteomic study was performed to define the composition of the decellularized ECM. Matrigel was included in the study as a control ECM. Figure 3 (and Supplementary Figure S1) shows the number of total proteins detected in each kind of sample. A GO analysis revealed an enrichment of proteins related to “extracellular space” in all tested samples and also the existence of proteins from mitochondria and endoplasmic reticulum (ER), possibly related to cellular debris (Figure 3B).




Figure 3 | Proteomic study shows differences in ECM composition among samples. (A) Total amount of proteins detected in the proteomic study. (B) The most relevant Gene Ontology (GO) terms related to retrieved proteins in each sample. (C) The number of proteins from the GO term “Extracellular space” present in each sample, and the (D) GO terms related to these shortlisted proteins. Note: cell line number codes are provided in Table 1. The same tumor color codes are used in all panels of the figure.



A more detailed study of extracellular space proteins (Figures 3C, D) revealed a group of roughly 200 proteins commonly present in all samples, including control Matrigel. There was another group of proteins commonly present only in xenografted tumor samples, while all samples presented a high number of sample-specific extracellular space proteins. Further GO analysis (Figure 3D) revealed a specific enrichment on proteins related to secretory vesicles and extracellular matrix. The group of extracellular space proteins present in control Matrigel was compared to all other target tumor xenograft samples, aiming to identify ECM proteins down- or upregulated in xenografted tumors compared to the control Matrigel condition. In this sense, Matrigel showed a higher amount of Fibulin-1 and LAMA5 laminin subunit, two components previously related to the inhibition of tumor progression processes because they mediate different cell attachment, migration, and organization processes into tissues.

The principal component analysis revealed again that all decellularized xenografted tumors had a protein composition different from the control Matrigel (Figure 4A). Moreover, this principal component analysis revealed that two triple-negative breast cancer xenograft-decellularized samples were different from all other samples. These samples correspond to triple-negative breast cancer (TNBC) basal-like subtype. A detailed study of discriminant differences between samples revealed the 50 more significant differentially present proteins in these two TNBC samples. The heat map representation of these proteins shows that most of them were overrepresented in these two TNBC samples, compared to all other decellularized xenografted tumor samples (Figure 4B). GO analysis of the 50 proteins indicates they were mainly proteins with catalytic activity and related to lipidic and cholesterol metabolism (Figure 4C). These differences may be related to the observed incomplete removal of cell mitochondrial and/or ER components, which would show up the differences in cell metabolism along the different tumor xenografts tested, a feature specifically relevant for TNBC basal-like subtype samples.




Figure 4 | Proteomic study shows distinctive ECM on decellularized TNBC xenograft samples. (A) Principal component analysis (PCA). Matrigel control samples are plotted separately from all tumor xenograft samples. Tumor xenograft samples come out splinted into two groups, with the two TNBC xenograft-derived samples separated from the rest of the samples. (B) Heat map representation of the 50 more discriminant proteins obtained by partial least squares discriminant analysis (PLS-DA). (C) GO analysis of the 50 more discriminant proteins. Note: cell line number codes are provided in Table 1. The same tumor color codes are used in all panels of the figure.





HCC1806 TNBC cells show substrate-specific behavior when seeded on their tumor xenograft-derived dECM

One of the potential applications of tumor dECM is as a substrate in cell culture studies to generate in vitro cancer models. As shown in Figure 4C, dECM from HCC1806 and 4T1-xenografted tumors show a differential composition in the proteomic PC analysis. At this point, we hypothesized that this specific protein composition may modulate cell behavior in in vitro studies. Therefore, we considered them a promising substrate with specific features to be tested in a cell culture context. Specifically, we wondered whether the cells that generated these tumors would behave differently on their specific tumor-derived dECM compared to other substrates. As 4T1 is a mouse cell line, we selected the HCC1806 human cell line to follow with in vitro cell culture studies and characterized the potential of the generated tumor dECM as in vitro model for cell culture studies. First, three different tumor xenograft dECM were selected to be cell-seeded. The selected samples correspond to tumor-derived dECM from the PC-3 human prostate model, PANC-1 human pancreas model, and HCC1806 human TNBC basal-like subtype model. Moreover, a commercially available collagen-based foam was included as a control (Figure 5).




Figure 5 | HC1806 cells show different cell behavior on HC1806 dECM compared to dECM from other tumor xenografts. (A) Detail of SEM imaging of samples showing surface structure (scale, 50 μm). (B-D) Images of cell-seeded samples. (B) Calcein-AM–positive cells are shown in green, while scaffold material is shown in grey (×20 (scale, 20 μm)). (C) Actin cytoskeleton immunostaining in orange; DAPI nuclear staining in blue (×10 (scale, 50 μm) and detailed images (scale, 20 μm)). (D) Ki67 immunostaining in green; DAPI nuclear staining in blue (×10 (scale, 20 μm) and detailed images (scale, 50 μm)). (E) Quantification of cell size (area) using actin cytoskeleton membrane distribution images. (F) Quantification of proliferative cells (Ki67-positive cells vs. total cells observed in each material). N = 3 in all cases and 2 areas measured per sample.



Initial SEM imaging revealed that all dECM and control collagen foam present an open porous scaffold structure (Figure 5A; Supplementary Figure S2). Three days after cell seeding, substrate-attached live cells were detected on all samples (Figure 5B, green cells correspond to calcein live dye positive cells). After sample fixation, cell morphology was analyzed by detecting the area of the cells (Figure 5C, actin cytoskeleton staining in orange, cell nuclei in blue). Images indicate morphological differences related to seeding substrate, with more spread cell morphology and bigger cells on HCC1806 xenograft dECM substrate. Additional immunostaining studies were performed to visualize proliferative cells (Figure 5D, cell nuclei in blue and Ki67 proliferation marker observed as green dots at cell nuclei area). Quantitative data were obtained for cell morphology (Figure 5E), and cell proliferation (Figure 5F) and data show statistically significant differences related to cell size and proliferation rate of the cells seeded on the HCC1806 dECM substrate.

Similar cell staining and measurement tools were used to define any potential cell-behavior difference between HC1806 xenograft dECM and other common 2D and 3D substrates, such as plastic cell culture substrate or Matrigel 3D cell culture methods. Live cells were observed in all cell-seeding models (Figure 6A, green cells correspond to calcein live dye positive cells). After fixation, actin cytoskeleton staining (Figure 6B, actin cytoskeleton staining in orange and cell nuclei in blue) and Ki67 proliferative maker staining (Figure 6C, cell nuclei in blue and Ki67 observed as green dots at cell nuclei area) were performed. Images indicate differences in cell morphology with more pronounced morphology in 2D cultures and dECM matrix compared to spheroid formation in Matrigel cell cultures. Quantitative data for cell morphology (Figure 6E) and cell proliferation (Figure 6F) show statistically significant differences in the measured parameters. Additionally, displacement of calcein-positive live cells was recorded and plotted (Figure 6D; Supplementary Figure S3), suggesting cells at Matrigel barely move. Quantification in Figure 6G indicates statistically significant differences related to cell movement.




Figure 6 | HC1806 cells show different cell behaviors on HC1806 dECM compared to other 2D and 3D culture methods. (A–C) Images of cell-seeded samples. (A) Calcein-AM–positive cells are shown in green, while scaffold material is shown in grey (×20 (scale, 20 μm)). (B) Actin cytoskeleton immunostaining in orange; DAPI nuclear staining in blue (×10 (scale, 20 μm) and detailed images (scale, 50 μm)). (C) Ki67 immunostaining in green; DAPI nuclear staining in blue (×10 (scale, 50 μm) and detailed images (scale, 20 μm)). (D) Plotting of the cell displacement during 5 h. Each line represents one cell; 100 cells are provided per plot. The starting point of each cell is provided centered for easy visualization. (E) Quantification of cell size (area) using actin cytoskeleton membrane distribution images. (F) Quantification of proliferative cells (Ki67-positive cells vs. total cells observed in each material). (G) Quantification of cell displacement measured by accumulative distance traveled. N = 3 in all cases and 2 areas measured per sample.






Discussion

Cancer solid mass decellularization has been tested before in different research contexts and for multiple research purposes (35). In this manuscript, we aimed to prove that xenografted tumor-derived dECM may be achieved and used as a substrate on which the same cell line can be seeded again, thereby yielding a biomimetic, tumor-cell context-simulating, in vitro 3D cell culture system. For this purpose, we generated a multidisciplinary research approach compiling; animal research for xenotransplantation and generation of the raw tumors; material research for decellularization of samples; proteomics for sample characterization; and in vitro cell culture studies to prove the feasibility and outcome of the approach.

The previous bibliography in the tumor decellularization field tends to show studies decellularizing one specific type of tumor, with scarce research on optimization of the decellularization protocol and usually reporting sequential enzymatic- (trypsin) and detergent-based (Triton X-100) decellularization (48, 49). On the contrary, in the physiological tissue decellularization context, the development of tissue-specific decellularization protocols has gained relevance, and multiple decellularization protocol comparative research studies are common (50–52). Therefore, in our research approach, we defined the initial objective of the study and defined a decellularization protocol broadly useful in multiple solid tumor contexts.

In this sense, we generated a cohort of 13 different xenografted tumor cell lines, corresponding to seven different tissues of origin (Table 1). We then chose one of them to test some of the most common decellularization procedures, e.g., trypsin-EDTA and Triton X-100, in xenografted tumors (Figure 1). As controls, we included protocols with only the complementary reagents or treatments, such as multiple freezing of the raw tissue to easy cell detachment from the ECM; DNAse treatment to eliminate cell waste; and EDTA treatment as ion chelator to break integrin-ECM interaction. Note that EDTA is considered a gentler cell detaching agent when used in a cell culture context, and it is generally used in combination with trypsin, a protease effective for cell detachment purposes. Interestingly, the combination of multiple freezing with EDTA and DNAse treatments resulted in enough to induce decellularization without the need for trypsin, which is potentially deleterious for the ECM proteins, or Triton X-100, a detergent potentially harmful for the ECM, too. The histology study revealed not only decellularization with preservation of collagen matrix but also the preservation of noncollagenous proteins stained by Fast Green, an ECM component absent when samples were treated with trypsin or Triton X-100 (Figure 1C). Freezing-EDTA-DNAse treatment was further tested in all xenografted tumor types, and this approach yielded the successful decellularization of all tested samples (Figure 2).

In order to characterize the obtained tumor-derived dECM and define possible differences between xenografted tumors, a proteomic analysis was performed (Figure 3). Proteomics is a powerful tool to define the composition of a sample, in this case, dECM, but to our knowledge, it has not been applied to the study of that kind of sample before. We were able to detect thousands of individual proteins in each sample, most of them related to the extracellular matrix, extracellular vesicles, and extracellular location (Figures 3A, B). Interestingly, proteomic data from all tumor-derived samples were notably different from Matrigel, the 3D environment used to generate the implants, indicating the ECM composition develops during tumor formation and changes compared to this tumor cell-line-derived ECM (Figure 4A). While DNA and nuclear proteins were removed with the decellularization, it is worth noticing that proteomic study reveals the existence of cellular organelle waste material from mitochondria and endoplasmic reticulum in tumor-derived samples (Figure 3B).

Proteomics data analysis also revealed a different dECM composition in two of the breast cancer samples, HCC1806 and 4T1, compared to all other dECM tumor xenograft samples (Figure 4). The breast cancer samples included in this study correspond to the triple-negative subtype, and among them, MDA-MB-231 cells have been previously classified as mesenchymal stem-like subtype, while HCC1806 cells represent the basal-like subtype (53). A recent study based on the multiomics characterization of the mouse 4T1 TNBC cell line found significant overlap with top pathways and GO terms reported for the basal-like TNBC subtype (54). Therefore, the proteomic data here presented revealed the tumors with basal-like TNBC subtype were similar between them and different from the other dECM obtained from other xenografted tumors. A detailed study shows some specific features related to lipidic metabolism and cholesterol metabolism (Figure 4C). These processes are mainly related to mitochondria and endoplasmic reticulum, suggesting organelle waste contained in the decellularized sample may have an influence on dECM tumor-specific composition. This relationship would go unnoticed without the proteomic study here performed. It is well-known that fatty acid synthesis is upregulated in TNBC, while specifically basal-like TNBC subtypes overexpress genes involved in the utilization of exogenous fatty acids (55). The dependency of this type of tumor on cholesterol has been assessed before, by proving that the downregulation of the cholesterol metabolism suppresses its growth. Moreover, the esterification of cholesterol has been associated with the metastasis of this specific breast cancer subtype (56–58). Therefore, these data indicate that, after decellularization, some tumor-specific characteristics can be retained and observed by proteomics, such as the upregulated lipidic metabolism at the basal-like TNBC subtypes.

We next wondered whether this specific composition of dECM in basal-like TNBC subtype samples, with some debris of mitochondria and endoplasmic reticulum related to specific lipidic and cholesterol metabolism, would have any influence on in vitro cell behavior when used as a substrate. Tumor-derived dECM has previously been used as a substrate for in vitro cell culture studies and cancer modeling. In some reports, it has been processed as hydrogels and further as inks for the printing and development of 3D bioengineered structures (34, 59). In other reports, tumor-derived dECM has been used as a 3D scaffold for cell-seeding purposes (48, 49, 60–63). Therefore, we considered using dECM directly as a substrate for seeding basal-like TNBC cells, aiming to test any substrate specificity. To our knowledge, this is the first time that a xenografted tumor dECM with no postprocessing treatment has been further tested in vitro with the same cell line, aiming to define any substrate vs. cell-specific behavior.

Aiming to generate data with more potentially translational meaning, we chose the HCC1806 human cell line as a testing model in further in vitro cell culture studies rather than the 4T1 mouse cell line. We used as substrate not only dECM from hCC1806 xenograft tumors but also dECM from other xenografted tumors types, such as the PC-3 human prostate model and PANC-1 human pancreas model, which showed a different proteomic composition compared to the basal-like TNBC subtype samples, but similar between them and also to MDA-MB-231 mesenchymal stem-like TNBC subtype (Figure 3). As a control, we included a collagen matrix, which should not provide any tumor-specific signal to the seeded cells. Interestingly, data indicate that HCC1806 cells spread and proliferate more in their own xenograft-derived dECM compared to dECM from other tumor xenografts or to the collagen scaffolds (Figure 5). This data suggest that cells recognize their own dECM, and behave specifically on it. As a complementary in vitro testing, we compared cells’ behavior at their own xenograft tumor-derived dECM, or embedded in Matrigel which provides multiple growth signaling, or in the conventional 2D plastic surface which does not provide any 3D environment. Again, cells show different size, proliferation, and mobility features in the tested cell culture models (Figure 6).

The most notable limitations of the study are related to the availability of the raw sample. The experimental approach is time consuming, as it requires medium- to long-term mouse xenotransplantation in an ectopic location to obtain the raw tumor material. It may raise ethical concerns related to experimentation in animals and samples may differ from human primary tumor tissue samples. Moreover, relatively small-sized xenograft tumors are obtained, limiting sample availability for further multiple studies. Decellularized tumor pieces are directly used for the intended application, and it avoids the potential loss of material related to postprocessing steps required to form hydrogels. However, samples are more prone to being contaminated, and the setting up of specific, more complex sterilization protocols is required.

Altogether, we believe this approach is a valid proof-of-concept to show the relevance of optimizing the tumor decellularization protocol to generate an optimal tumor dECM material useful to study tumor-specific cell–matrix interactions. This research opens the way to further use of well-characterized xenografted tumor dECM materials as a 3D cell culture platform for basic tumor biology and tumor progression studies, as well as global gene expression studies, drug testing studies, and other in vitro 3D cell culture functional studies relevant in the cancer field. Moreover, it may pave the way to further patient-specific physiologically relevant in vitro 3D research models, in which optimized decellularization may lead to primary tumor cell testing on their own dECM, thereby providing a potentially useful tool for personalized medicine research and diagnosis purposes (37, 49, 60–62, 64).



Conclusions

A soft treatment using Freeze-EDTA/DNAse allows decellularization of the solid tumor mass of multiple types of xenografted cell lines. Interestingly, samples decellularized from basal-like triple-negative breast cancer subtype models show different proteomic ECM composition compared to the rest of the xenograft tumors tested. The in vitro recellularization of HCC1806 xenograft-derived dECM with HCC1806 cells yields different proliferation and cell spreading, compared to the cell behavior on dECM from other tumor origins, collagen matrices, Matrigel, or plastic cell culture surfaces. Altogether, data indicate that decellularized xenograft tumors are a feasible substrate for re-seeding purposes, thereby promoting specific cell behavior in the TNBC context. These data serve as a proof-of-concept for further potential generation of patient-specific in vitro research models.



Data availability statement

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found below: ProteomeXchange Consortium, [PXD034597].



Ethics statement

The animal study was reviewed and approved by Ethics Committee of CICbiomaGUNE.



Author contributions

Conceptualization and methodology: AA Formal analysis: GI, UM, BA, and MA Investigation: GI, UM, BA, AR-D-A, and KB Validation and data curation: AA Writing and original draft preparation: UM, BA, NK, and AA. Visualization: FE, BO, VG-V, JL, and AA Writing, review, and editing: AA Supervision, funding acquisition, resources, and administration: BO, VG-V, JL, and AA. All authors have read and agreed to the published version of the manuscript.



Funding

Grant RTI2018-101708-A-I00 funded by MCIN/AEI/10.13039/501100011033 and by ERDF A way of making Europe. Grants RYC2018-025502-I and PRE2018-084542 are funded by MCIN/AEI/10.13039/501100011033 and by ESF Investing in your future. Grant MDM-2017-0720 Maria de Maeztu Units of Excellence Program funded by the Spanish State Research Agency. Grant KK-2019/00093 Elkartek program funded by Basque Government. Grant CICBMG_PhD_03_2021 funded by CICbiomaGUNE and Polymat. Grant CICBMG_PhD_05_2019 funded by CICbiomaGUNE and Polymat. 2019 Leonardo Grant for Researchers and Cultural Creators, BBVA Foundation, grant number IN[19]_CMA_BIO_0119. The BBVA Foundation accepts no responsibility for the opinions, statements, and contents included, which are entirely the responsibility of the authors.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fonc.2022.956940/full#supplementary-material



References

1. Alemany-Ribes, M, and Semino, CE. Bioengineering 3D environments for cancer models. Adv Drug Deliv Rev (2014) 79–80:40–9. doi: 10.1016/J.ADDR.2014.06.004

2. Jung, J. Human tumor xenograft models for preclinical assessment of anticancer drug development. Toxicol Res (2014) 30(1):1–5. doi: 10.5487/TR.2014.30.1.001

3. Martinez-Pacheco, S, O’driscoll, L, Gaspar, V, and Mano, JF. Pre-clinical In vitro models used in cancer research: Results of a worldwide survey. Cancers (2021) 13:6033. doi: 10.3390/CANCERS13236033

4. Nyga, A, Cheema, U, and Loizidou, M. 3D tumour models: Novel in vitro approaches to cancer studies. J Cell Commun Signaling (2011) 5:239–48. doi: 10.1007/S12079-011-0132-4/FIGURES/2

5. Papalazarou, V, Salmeron-Sanchez, M, and Machesky, LM. Tissue engineering the cancer microenvironment–challenges and opportunities. Biophys Rev (2018) 10:1695–711. doi: 10.1007/S12551-018-0466-8

6. Baker, BM, and Chen, CS. Deconstructing the third dimension-how 3D culture microenvironments alter cellular cues. J Cell Sci (2012) 125:3015–24. doi: 10.1242/JCS.079509/258092/AM/DECONSTRUCTING-THE-THIRD-DIMENSION-HOW-3D-CULTURE

7. Thoma, CR, Zimmermann, M, Agarkova, I, Kelm, JM, and Krek, W. 3D cell culture systems modeling tumor growth determinants in cancer target discovery. Adv Drug Deliv Rev (2014) 69–70:29–41. doi: 10.1016/J.ADDR.2014.03.001

8. Bredholt, G, Mannelqvist, M, Stefansson, IM, Birkeland, E, Bø, TH, Øyan, AM, et al. Tumor necrosis is an important hallmark of aggressive endometrial cancer and associates with hypoxia, angiogenesis and inflammation responses. Oncotarget (2015) 6:39676. doi: 10.18632/ONCOTARGET.5344

9. Northcutt, LA, Suarez-Arnedo, A, and Rafat, M. Emerging biomimetic materials for studying tumor and immune cell behavior. Ann Biomed Eng (2019) 48:2064–77. doi: 10.1007/S10439-019-02384-0

10. Unnikrishnan, K, Thomas, LV, and Ram Kumar, RM. Advancement of scaffold-based 3D cellular models in cancer tissue engineering: An update. Front Oncol (2021) 11:733652/BIBTEX. doi: 10.3389/FONC.2021.733652/BIBTEX

11. Kratochvil, MJ, Seymour, AJ, Li, TL, Paşca, SP, Kuo, CJ, and Heilshorn, SC. Engineered materials for organoid systems. Nat Rev Mater (2019) 4:606–22. doi: 10.1038/s41578-019-0129-9

12. Birgersdotter, A, Sandberg, R, and Ernberg, I. Gene expression perturbation in vitro–a growing case for three-dimensional (3D) culture systems. Semin Cancer Biol (2005) 15:405–12. doi: 10.1016/J.SEMCANCER.2005.06.009

13. Rodrigues, J, Heinrich, MA, Teixeira, LM, and Prakash, J. 3D In vitro model (R)evolution: Unveiling tumor–stroma interactions. Trends Cancer (2021) 7:249–64. doi: 10.1016/J.TRECAN.2020.10.009

14. Wang, C, Tang, Z, Zhao, Y, Yao, R, Li, L, and Sun, W. Three-dimensional in vitro cancer models: a short review. Biofabrication (2014) 6:22001. doi: 10.1088/1758-5082/6/2/022001

15. Fontana, F, Marzagalli, M, Sommariva, M, Gagliano, N, and Limonta, P. In vitro 3D cultures to model the tumor microenvironment. Cancers (2021) 13:2970. doi: 10.3390/CANCERS13122970

16. Vitale, C, Marzagalli, M, Scaglione, S, Dondero, A, Bottino, C, and Castriconi, R. Tumor microenvironment and hydrogel-based 3D cancer models for In vitro testing immunotherapies. Cancers (2022) 14:1013. doi: 10.3390/CANCERS14041013

17. Nii, T, Makino, K, and Tabata, Y. Three-dimensional culture system of cancer cells combined with biomaterials for drug screening. Cancers (2020) 12:2754. doi: 10.3390/CANCERS12102754

18. Kim, SK, Kim, YH, Park, S, and Cho, SW. Organoid engineering with microfluidics and biomaterials for liver, lung disease, and cancer modeling. Acta Biomater (2021) 132:37–51. doi: 10.1016/J.ACTBIO.2021.03.002

19. Ferreira, LP, Gaspar, VM, Mendes, L, Duarte, IF, and Mano, JF. Organotypic 3D decellularized matrix tumor spheroids for high-throughput drug screening. Biomaterials (2021) 275:120983. doi: 10.1016/J.BIOMATERIALS.2021.120983

20. Pednekar, KP, Heinrich, MA, van Baarlen, J, Prakash, J, ednekar, PKP, Heinrich, MA, et al. Novel 3D µtissues mimicking the fibrotic stroma in pancreatic cancer to study cellular interactions and stroma-modulating therapeutics. Cancers (2021) 13:5006. doi: 10.3390/CANCERS13195006

21. Bray, LJ, Hutmacher, DW, and Bock, N. Addressing patient specificity in the engineering of tumor models. Front Bioeng Biotechnol (2019) 7:217/BIBTEX. doi: 10.3389/FBIOE.2019.00217/BIBTEX

22. Ott, HC, Clippinger, B, Conrad, C, Schuetz, C, Pomerantseva, I, Ikonomou, L, et al. Regeneration and orthotopic transplantation of a bioartificial lung. Nat Med (2010) 16:927–33. doi: 10.1038/nm.2193

23. Ghajar, CM, Kachgal, S, Kniazeva, E, Mori, H, Costes, SV, George, SC, et al. Mesenchymal cells stimulate capillary morphogenesis via distinct proteolytic mechanisms. Exp Cell Res (2010) 316:813–25. doi: 10.1016/J.YEXCR.2010.01.013

24. Pinto, ML, Rios, E, Silva, AC, Neves, SC, Caires, HR, Pinto, AT, et al. Decellularized human colorectal cancer matrices polarize macrophages towards an anti-inflammatory phenotype promoting cancer cell invasion via CCL18. Biomaterials (2017) 124:211–24. doi: 10.1016/J.BIOMATERIALS.2017.02.004

25. Ohata, K, and Ott, HC. Human-scale lung regeneration based on decellularized matrix scaffolds as a biologic platform. Surg Today (2020) 50:633–43. doi: 10.1007/S00595-020-02000-Y/FIGURES/5

26. Tong, C, Li, C, Xie, B, Li, M, Li, X, Qi, Z, et al. Generation of bioartificial hearts using decellularized scaffolds and mixed cells. Biomed Eng Online (2019) 18:1–13. doi: 10.1186/S12938-019-0691-9/FIGURES/7

27. Mazza, G, Rombouts, K, Rennie Hall, A, Urbani, L, Vinh Luong, T, Al-Akkad, W, et al. Decellularized human liver as a natural 3D-scaffold for liver bioengineering and transplantation. Sci Rep (2015) 5:1–15. doi: 10.1038/srep13079

28. Chen, P, Zheng, L, Wang, Y, Tao, M, Xie, Z, Xia, C, et al. Desktop-stereolithography 3D printing of a radially oriented extracellular matrix/mesenchymal stem cell exosome bioink for osteochondral defect regeneration. Theranostics (2019) 9:2439. doi: 10.7150/THNO.31017

29. Dequach, JA, Yuan, SH, Goldstein, LSB, and Christman, KL. Decellularized porcine brain matrix for cell culture and tissue engineering scaffolds. Tissue Engineering Part A (2011) 17:2583–92. doi: 10.1089/TEN.TEA.2010.0724

30. Yao, Q, Zheng, YW, Lan, QH, Kou, L, Xu, HL, and Zhao, YZ. Recent development and biomedical applications of decellularized extracellular matrix biomaterials. Mater Sci Eng: C (2019) 104:109942. doi: 10.1016/J.MSEC.2019.109942

31. Mendibil, U, Ruiz-Hernandez, R, Retegi-Carrion, S, Garcia-Urquia, N, Olalde-Graells, B, and Abarrategi, A. Tissue-specific decellularization methods: Rationale and strategies to achieve regenerative compounds. Int J Mol Sci (2020) 21:5447. doi: 10.3390/IJMS21155447

32. Ferreira, LP, Monteiro, MV, Gaspar, VM, and Mano, JF. Chapter 25:Decellularized matrix hydrogels for In vitro disease modeling. RSC Soft Matter (2021), 25:626–59. doi: 10.1039/9781839161124-00626

33. Ferreira, LP, Gaspar, VM, and Mano, JF. Decellularized extracellular matrix for bioengineering physiomimetic 3D in vitro tumor models. Trends Biotechnol (2020) 38:1397–414. doi: 10.1016/J.TIBTECH.2020.04.006

34. Tamayo-Angorrilla, M, López de Andrés, J, Jiménez, G, and Marchal, JA. The biomimetic extracellular matrix: a therapeutic tool for breast cancer research. Trans Res (2021) 247:117–136. doi: 10.1016/J.TRSL.2021.11.008

35. Marques-Magalhães, Â, Cruz, T, Costa, ÂM, Estêvão, D, Rios, E, Canão, PA, et al. Decellularized colorectal cancer matrices as bioactive scaffolds for studying tumor-stroma interactions. Cancers (2022) 14:359. doi: 10.3390/CANCERS14020359

36. Hoshiba, T. Decellularized extracellular matrix for cancer research. Materials (2019) 12:1311. doi: 10.3390/MA12081311

37. García-Gareta, E, Pérez, MÁ, and García-Aznar, JM. Decellularization of tumours: A new frontier in tissue engineering. J Tissue Eng (2022) 13:204173142210916. doi: 10.1177/20417314221091682

38. ASTM International. ASTM F3354-19, standard guide for evaluating extracellular matrix decellularization processes. (2019). doi: 10.1520/F3354-19

39. Wiśniewski, JR, Zougman, A, Nagaraj, N, and Mann, M. Universal sample preparation method for proteome analysis. Nat Methods (2009) 6:359–62. doi: 10.1038/nmeth.1322

40. Cox, J, and Mann, M. MaxQuant enables high peptide identification rates, individualized p.p.b.-range mass accuracies and proteome-wide protein quantification. Nat Biotechnol (2008) 26:1367–72. doi: 10.1038/NBT.1511

41. Tyanova, S, Temu, T, Sinitcyn, P, Carlson, A, Hein, MY, Geiger, T, et al. The Perseus computational platform for comprehensive analysis of (prote)omics data. Nat Methods (2016) 13:731–40. doi: 10.1038/NMETH.3901

42. Metsalu, T, and Vilo, J. ClustVis: a web tool for visualizing clustering of multivariate data using principal component analysis and heatmap. Nucleic Acids Res (2015) 43:W566–70. doi: 10.1093/NAR/GKV468

43. Abarrategi, A, Foster, K, Hamilton, A, Mian, SA, Passaro, D, Gribben, J, et al. Versatile humanized niche model enables study of normal and malignant human hematopoiesis. J Clin Invest (2017) 127:543–8. doi: 10.1172/JCI89364

44. Mian, SA, Abarrategi, A, Kong, KL, Rouault-Pierre, K, Wood, H, Oedekoven, CA, et al. Ectopic humanized mesenchymal niche in mice enables robust engraftment of myelodysplastic stem cells. Cancer Discovery (2021) 2:135–45. doi: 10.1158/2643-3230.BCD-20-0161/49975/AM/ECTOPIC-HUMANIZED-MESENCHYMAL-NICHE-IN-MICE

45. Kurelac, I, Abarrategi, A, Ragazzi, M, Iommarini, L, Ganesh, NU, Snoeks, T, et al. A humanized bone niche model reveals bone tissue preservation upon targeting mitochondrial complex I in pseudo-orthotopic osteosarcoma. J Clin Med (2019) 8:2184. doi: 10.3390/JCM8122184

46. Lima, RT, Sousa, D, Paiva, AM, Palmeira, A, Barbosa, J, Pedro, M, et al. Modulation of autophagy by a thioxanthone decreases the viability of melanoma cells. Molecules (2016) 21:1343. doi: 10.3390/MOLECULES21101343

47. Ershov, D, Phan, M-S, Pylvänäinen, JW, Rigaud, SU, Blanc, L, Charles-Orszag, A, et al. Bringing TrackMate into the era of machine-learning and deep-learning. bioRxiv (2021). doi: 10.1101/2021.09.03.458852

48. Lv, Y, Wang, H, Li, G, and Zhao, B. Three-dimensional decellularized tumor extracellular matrices with different stiffness as bioengineered tumor scaffolds. Bioactive Mater (2021) 6:2767–82. doi: 10.1016/J.BIOACTMAT.2021.02.004

49. Koh, I, Cha, J, Park, J, Choi, J, Kang, SG, and Kim, P. The mode and dynamics of glioblastoma cell invasion into a decellularized tissue-derived extracellular matrix-based three-dimensional tumor model. Sci Rep (2018) 8:1–12. doi: 10.1038/s41598-018-22681-3

50. Isidan, A, Liu, S, Chen, AM, Zhang, W, Li, P, Smith, LJ, et al. Comparison of porcine corneal decellularization methods and importance of preserving corneal limbus through decellularization. PLoS One (2021) 16:e0243682. doi: 10.1371/JOURNAL.PONE.0243682

51. Kang, HV, Im, JH, Chung, YG, Shin, EY, Lee, Mk, and Lee, JY. Comparison of two different decellularization methods for processed nerve allograft. Cell Tissue Banking (2021) 22:575–85. doi: 10.1007/S10561-021-09965-1/FIGURES/8

52. Gharenaz, NM, Movahedin, M, and Mazaheri, Z. Comparison of two methods for prolong storage of decellularized mouse whole testis for tissue engineering application: An experimental study. Int J Reprod Biomed (2021) 19:321. doi: 10.18502/IJRM.V19I4.9058

53. Lehmann, BD, Bauer, JA, Chen, X, Sanders, ME, Chakravarthy, AB, Shyr, Y, et al. Identification of human triple-negative breast cancer subtypes and preclinical models for selection of targeted therapies. J Clin Invest (2011) 121:2750–67. doi: 10.1172/JCI45014

54. Schrörs, B, Boegel, S, Albrecht, C, Bukur, T, Bukur, V, Holtsträter, C, et al. Multi-omics characterization of the 4T1 murine mammary gland tumor model. Front Oncol (2020) 10:1195/FULL. doi: 10.3389/FONC.2020.01195/FULL

55. Monaco, ME. Fatty acid metabolism in breast cancer subtypes. Oncotarget (2017) 8:29487. doi: 10.18632/ONCOTARGET.15494

56. Han, B, Alonso-Valenteen, F, Wang, Z, Deng, N, Lee, TY, Gao, B, et al. A chemokine regulatory loop induces cholesterol synthesis in lung-colonizing triple-negative breast cancer cells to fuel metastatic growth. Mol Ther (2022) 30:672–87. doi: 10.1016/J.YMTHE.2021.07.003/ATTACHMENT/4D0C962E-A3A5-4D3D-B742-34F930779D26/MMC1.PDF

57. Shim, SH, Sur, S, Steele, R, Albert, CJ, Huang, C, Ford, DA, et al. Disrupting cholesterol esterification by bitter melon suppresses triple-negative breast cancer cell growth. Mol Carcinogenesis (2018) 57:1599–607. doi: 10.1002/MC.22882

58. Sun, X, Wang, M, Wang, M, Yu, X, Guo, J, Sun, T, et al. Metabolic reprogramming in triple-negative breast cancer. Front Oncol (2020) 10:428/BIBTEX. doi: 10.3389/FONC.2020.00428/BIBTEX

59. Keller, CR, Hu, Y, Ruud, KF, Vandeen, AE, Martinez, SR, Kahn, BT, et al. Human breast extracellular matrix microstructures and protein hydrogel 3D cultures of mammary epithelial cells. Cancers (2021) 13:5857. doi: 10.3390/CANCERS13225857

60. Liu, G, Wang, B, Li, S, Jin, Q, and Dai, Y. Human breast cancer decellularized scaffolds promote epithelial-to-mesenchymal transitions and stemness of breast cancer cells in vitro. J Cell Physiol (2019) 234:9447–56. doi: 10.1002/JCP.27630

61. Leiva, MC, Garre, E, Gustafsson, A, Svanström, A, Bogestål, Y, Håkansson, J, et al. Breast cancer patient-derived scaffolds as a tool to monitor chemotherapy responses in human tumor microenvironments. J Cell Physiol (2021) 236:4709–24. doi: 10.1002/JCP.30191

62. Gustafsson, A, Garre, E, Leiva, MC, Salerno, S, Ståhlberg, A, and Landberg, G. Patient-derived scaffolds as a drug-testing platform for endocrine therapies in breast cancer. Sci Rep (2021) 11:1–12. doi: 10.1038/s41598-021-92724-9

63. Lü, WD, Zhang, L, Wu, CL, Liu, ZG, Lei, GY, Liu, J, et al. Development of an acellular tumor extracellular matrix as a three-dimensional scaffold for tumor engineering. PLoS One (2014) 9:e103672. doi: 10.1371/JOURNAL.PONE.0103672

64. Garre, E, Gustafsson, A, Leiva, MC, Håkansson, J, Ståhlberg, A, Kovács, A, et al. Breast cancer patient-derived scaffolds can expose unique individual cancer progressing properties of the cancer microenvironment associated with clinical characteristics. Cancers (Basel) (2022) 14:2172. doi: 10.3390/CANCERS14092172/S1



Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Iazzolino, Mendibil, Arnaiz, Ruiz-de-Angulo, Azkargorta, Uribe, Khatami, Elortza, Olalde, Gomez-Vallejo, Llop and Abarrategi. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.




REVIEW

published: 05 September 2022

doi: 10.3389/fonc.2022.935231

[image: image2]


Proteolytic modulation of tumor microenvironment signals during cancer progression


Yoshifumi Itoh *


Kennedy Institute of Rheumatology, University of Oxford, Oxford, United Kingdom




Edited by: 

Alberto Passi, University of Insubria, Italy

Reviewed by: 

Pirjo Spuul, Tallinn University of Technology, Estonia

George N. Tzanakakis, University of Crete, Greece

*Correspondence: 

Yoshifumi Itoh
 yoshi.itoh@kennedy.ox.ac.uk

Specialty section: 
 This article was submitted to Molecular and Cellular Oncology, a section of the journal Frontiers in Oncology


Received: 03 May 2022

Accepted: 10 August 2022

Published: 05 September 2022

Citation:
Itoh Y (2022) Proteolytic modulation of tumor microenvironment signals during cancer progression. Front. Oncol. 12:935231. doi: 10.3389/fonc.2022.935231



Under normal conditions, the cellular microenvironment is optimized for the proper functioning of the tissues and organs. Cells recognize and communicate with the surrounding cells and extracellular matrix to maintain homeostasis. When cancer arises, the cellular microenvironment is modified to optimize its malignant growth, evading the host immune system and finding ways to invade and metastasize to other organs. One means is a proteolytic modification of the microenvironment and the signaling molecules. It is now well accepted that cancer progression relies on not only the performance of cancer cells but also the surrounding microenvironment. This mini-review discusses the current understanding of the proteolytic modification of the microenvironment signals during cancer progression.
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1 Introduction

It is now well accepted that surrounding microenvironment is a determinant of the cancer cell progression  (1). Cancer cells modify a normal tissue microenvironment and turn into a tumor microenvironment (TME) that helps cancer cells to grow, invade, and metastasize (1). A major component of the TME is the extracellular matrix (ECM) (2, 3). Cancer cells recognize ECM components through ECM receptors and modify them by depositing or degrading the ECM (3). Cells within the TME, such as cancer-associated fibroblasts (CAFs) and tumor-associated macrophages (TAMs), also contribute to this process. In addition to being a glue function to connect the cells and a bordering function to separate tissues and organs, the ECM also acts as signaling molecules, a pool for cytokines and growth factors, and a scaffolding for migrating cells (3). Thus, the modification of the pericellular ECM would impact cancer progression significantly.

Invasion and metastasis are the most life-threatening feature of malignant cancers. Transformed epithelial cells gain the ability to proliferate, downregulate cell–cell adhesion, and degrade the basement membrane (BM) and stromal tissue under it. This invasion process disturbs tissue architecture and causes the loss of tissue function. Once cancer cells reach either blood vessels or lymphatic vessels, they intravasate and traverse to distant organs. During this process, many cancer cells are attacked by immune cells. Still, some cancer cells evade this immune surveillance and reach the organ where they can extravasate and create metastatic colonies. Once they extravasate, they grow, invade tissue, and cause tissue malfunction (Figure 1).




Figure 1 | Proteolytic events during cancer progression. Epithelial cancer arises within the epithelial layer. They break through the basement membrane (BM) and invade stromal tissue. Upon BM degradation, matrikines are generated by proteolytic action, and cell surface extracellular matrix (ECM) receptor shedding promotes cancer cell motility. Stromal fibroblasts are activated and become cancer-associated fibroblasts and help cancer cells further invade. Tumor-associated macrophages (TAMs) help to evade the immune system. Cells degrade stromal the ECM further, including type I collagen, and intravasate into the vessel. Cancer cells traverse other organs through the bloodstream, interacting and rolling on the endothelial cell layer. Intercellular adhesion molecule–1 may be expressed in cancer cells, and its shedding allows cancer cells to migrate through the endothelial cell layer and extravasate. Cancer cells invade stromal tissue, form a metastatic colony, create a tumore microenvironment, and cause tissue malfunction.



One of the means for cancer cells to modify their microenvironment signals is by using proteolytic enzymes. These proteinases degrade the ECM for growth, invasion, metastasis, and causing tissue damage (4). Proteinases can also generate bioactive fragments from the ECM by limited processing. It also degrades or processes soluble factors and modifies the signaling events in cancer cells and other cells within the TME. Proteinases also shed transmembrane (TM) cell surface receptors for cytokines and growth factors and adhesion molecules for cell–cell and cell–ECM attachments and adhesion. Proteolytic events are non-reversible reactions and are thus effective in modulating the function of the molecules. This mini-review discusses the current understanding of proteolytic modification of microenvironment interaction in cancer.



2 Proteolytic enzymes involved in microenvironment modulation


2.1 Matrix metalloproteinase

Matrix metalloproteinases (MMPs) belong to the metzincin clan of metalloendopeptidase, and the major substrates of MMPs are ECM components (5). They harbor zinc in their catalytic site for the hydrolysis of peptide bonds. There are 23 MMPs in humans, and they can be divided into two groups according to their membrane-bound nature: soluble MMPs and membrane-type MMPs (Figure 2) (6). Within soluble MMPs, they can be further classified according to domain structure. Classical MMPs contain a pre-/propeptide, a catalytic domain, a hinge, and a hemopexin domain. This group contains interstitial collagenase (MMP-1), stromelysin 1 (MMP-3), neutrophil collagenase/collagenase 2 (MMP-8), stromelysin 2 (MMP-10), macrophage elastase (MMP-12), collagenase 3 (MMP-13), MMP-19, enamelysin (MMP-20), and MMP-27. Gelatinase MMPs have three repeats of the type II fibronectin domain in the catalytic domain, allowing them to bind collagen and gelatin. This group has two gelatinases, MMP-2 (gelatinase A) and MMP-9 (gelatinase B). The third group is minimal as its domain structure consists only of a pre-/propeptide and a catalytic domain. Matrilysin 1 (MMP-7) and matrilysin 2 (MMP-26) belong to this group. The fourth group has classical MMPs’ domain structure, but it has a basic amino acid motif of R-X-K/R-R that is recognized and cleaved by proprotein convertases (PCs) such as furin at the C-terminus of the propeptide, allowing them to be activated during the secretory process by PCs. This group includes stromelysin 3 (MMP-11), MMP-21, and epilysin (MMP-28). MMP-23 is a unique member of MMP that is a type II TM enzyme. The TM domain is located at the N-terminus of the propeptide, and the basic motif of R-R-R-R for activation by furin is inserted at the C-terminus of the propeptide. Thus, MMP-23 becomes a soluble enzyme upon activation. Membrane-type MMPs (MT-MMPs) have two subgroups. One is type I TM-types, including MT1-, MT2-, MT3-, and MT5-MMPs, and the other glycosylphosphatidylinositol (GPI)-anchored types, including MT4- and MT6-MMPs. As they have a membrane-anchored part at the C-terminus of the enzyme molecule, MT1-MMPs are expressed on the cell surface. All MT-MMPs have the basic motif of R-X-K/R-R motif at the C-terminus of propeptide for activation by PCs. TM-type MT-MMPs have a characteristic eight amino acid insertion in the catalytic domain called MT-Loop or IS-2. GPI-type MT-MMPs do not have this insertion.




Figure 2 | Domain structure of metalloproteinases. Matrix metalloproteinases (MMPs) can be divided into two major groups: soluble MMPs and membrane-type MMPs. According to their structures, they can be classified into six soluble MMPs and two subgroups in membrane-type MMPs. MMP-11, 21, 28, 23, and MT-MMPs have a basic motif of RXKR that is recognized and cleaved by proprotein convertases to activate the enzymes by removing their pro-domain. Sig, signal peptide; Pro, pro-domain; Cat, catalytic domain; L, linker or hinge region; Hpx, hemopexin domain; C, cysteine; FN-II, fibronectin type-II repeats; TM, transmembrane domain; CA, cysteine array; IgG, IgG-like domain; L1, linker1 or hinge region; L2, linker 2 or stalk region; MT-Loop, eight amino acids insertion unique to TM-type MT-MMPs; and CP, cytoplasmic domain. ADAM enzymes have a conserved domain structure. DITG, a disintegrin-like domain; CysR, a cysteine-rich domain; EGF, an EGF-like domain. ADAMTS enzymes also have a conserved domain structure and differ in the number of thrombospondin motifs (TS) at their C-terminus. ADAMTS-4 is the smallest, without a C-terminal TS, and ADAMTS-5 and 8 have two. Other members have 2–14 repeats. Spacer, spacer domain. Both ADAM and ADAMTS enzymes have an RXKR motif at the C-terminus of their propeptide for activation by proprotein convertases.





2.2 A disintegrin and a metalloproteinase

ADAM belongs to the metzincin clan of metalloendopeptidase-like MMPs. There are 12 ADAMs that are catalytically active and eight ADAMs that are catalytically inactive (Figure 2) (7). ADAMs are type-I TM proteinases and share conserved domain structures within the family. They consist of a signal peptide, pro-domain, catalytic domain, disintegrin domain, cysteine-rich module, EGF-like domain, TM domain, and cytoplasmic domain. ADAMs also have a basic R-X-K/R-R motif at the C-terminus of propeptide for activation by PCs at trans-Golgi. Thus, ADAMs are displayed on the cell surface as an active form. ADAMs are generally considered membrane protein sheddases, cleaving a range of cell surface proteins, including cytokines, growth factors, receptors for cytokines and growth factors, and cell adhesion molecules (8). Among 12 catalytically active ADAMs, ADAM10 and ADAM17 are the most characterized dominant membrane sheddases.



2.3 A disintegrin and metalloprotease with thrombospondin type 1 motif

ADAMTS enzymes have conserved domain structures, consisting of a signal peptide, pro-domain, catalytic domain, disintegrin domain, cysteine-rich module, spacer domain, and additional repeats of thrombospondin regions for some enzymes (Figure 2) (9). ADAMTS enzymes also have a basic motif of R-X-K/R-R motif at the C-terminus of the pro-domain and are activated by PCs during secretion. Unlike ADAMs, ADAMTSs are soluble enzymes whose primary function is ECM degradation (9).



2.4 Plasmin system

The serine proteinase plasmin is the major proteinase in our body fluid (10). It is mainly produced in the liver and exists in the plasma as its precursor form, plasminogen (or Glu plasminogen with the glutamic acid at the N-terminus), at approximately 0.2 mg/ml. Its major function is fibrin degradation, but it also degrades ECM components, including fibrinogen, laminin, vitronectin, and osteocalcin. It also activates several proMMPs, including proMMP-1, proMMP-3, proMMP-9, and proMMP-13. It cleaves complement components 3 and 5 (C3 and C5), factors V, VIII, and X, and protease-activated receptors (PARs). Thus, plasmin possesses a broad substrate specificity. Plasminogen is activated by two types of plasminogen activators (PA), urokinase PA (uPA) and tissue-PA (tPA), by the cleavage in the activation loop between Arg561 and Val562. Activated plasmin activates pro-uPA and pro-tPA, providing positive proteolytic feedback (Figure 3).




Figure 3 | Plasmin system. Plasminogen is a precursor form of plasmin, mainly produced in the liver and present in the plasma at approximately 150–200 μg/ml. Plasminogen is activated by either a tissue plasminogen activator (tPA) or urokinase plasminogen activator (uPA). uPA is bound to the glycosylphosphatidylinositol-anchored uPA receptor and activates plasminogen on the cell surface. tPA and uPA are also produced as precursor forms, and activated plasmin can activate these activators. Activated plasmin can degrade cross-linked fibrin and various ECM components, interact with the complement system to facilitate complement cascade, activate proMMPs, activate the precursor form of TGFβ, and cause syndecan shedding.





2.5 Neutrophil-derived serine proteinases

Neutrophil in the TME produces serine proteinases, including neutrophil elastase (NE), proteinase 3 (Pro3), and cathepsin G (CG) (11, 12). NE, Pro3, and CatG cleave elastin, the telopeptide region of fibrillar collagen types I, II, III; collagen types IV, VI, VIII, IX, X, and XI; and fibronectin, laminin, and aggrecan (11, 12). They can also activate proMMPs and inactivate endogenous proteinase inhibitors such as α2 antiplasmin, α1 antichymotrypsin, and the tissue inhibitors of metalloproteinases (TIMPs) (11, 12). It has also been shown that NE and CatG activate PARs (11, 12).




3 Microenvironment modification by proteolytic enzymes


3.1 Extracellular matrix degradation for cancer invasion

The ECM holds cancer and other cells together to create a TME. The ECM provides signals to cells through ECM receptors and migration cues. On the other hand, the ECM also acts as a physical barrier to invading cancer cells as it is a solid matrix. For a cancer cell to migrate through the ECM, its pore size needs to be big enough for cells to squeeze the nuclei to migrate through: 7 μm2 for cancer cells (13). If the ECM gaps are not sufficiently large, cells will use proteolytic enzymes to enlarge the opening to migrate through. It has been well accepted that one of the major proteinases to degrade the ECM during invasion under the condition is MT1-MMP (4, 13–15). MT1-MMP degrades many ECM components, including fibrillar collagens I, II, III, fibronectin, vitronectin, laminins-1, -2, -4, and -5, fibrin/fibrinogen, perlecan, and aggrecan (4, 14). It activates other MMPs on the cell surface, namely, proMMP-2 and proMMP-13, expanding the proteolytic repertoire (14). ProMMP-2 activation is critical when cancer cells need to degrade the BM since a major component of the BM can be degraded by activated MMP-2 but not by MT1-MMP itself. It was shown that epithelial cancer cells could not invade or grow without stromal-derived proMMP-2 due to the inability to degrade type IV collagen (14, 16). MT1-MMP is also a major collagenase that promotes cancer invasion in stromal tissue. There are five collagenolytic MMPs, including MMP-1, MMP-2, MMP-8, MMP-13, and MT1-MMP. However, MT1-MMP is the only collagenase that promotes cellular invasion within the type I collagen matrix (17).

MT1-MMP is regulated by different post-translational mechanisms to promote cellular invasion effectively. One is homodimer formation on the cell surface through the hemopexin (Hpx) domain and TM domain (18, 19). The homodimer state is considered an active state of the enzyme, as both the proMMP-2 activation and fibrillar collagen degradation activities of MT1-MMP on the cell surface require the enzyme to be in the dimer state (18, 20). In invading cells, the dimerization of MT1-MMP constitutively occurs at the leading edge (21). The dimerization was regulated by the coordination of the actin cytoskeleton, and Rac1 and Cdc42 activation was shown to enhance MT1-MMP dimerization (21).

The second regulation is localization at the “leading edge” membrane structures, such as lamellipodia and invadopodia. Preventing MT1-MMP localization to the leading edge would disable MT1-MMP-dependent cancer invasion as the coordination of MT1-MMP activity and migrating machinery would be lost (15). It was shown that MT1-MMP localization at the lamellipodia is mediated by interacting with a hyaluronan receptor CD44 through the Hpx domain (22). Since CD44 is associated with the actin cytoskeleton through ERM proteins at the cytoplasmic domain, MT1-MMP is also associated with F-actin indirectly.

Invadopodia is another leading-edge membrane structure, and it was initially characterized as “a vertical membrane protrusion extends towards ECM that contains proteinases to degrade ECM” (23). The key components of the invadopodium include a scaffold protein, tyrosine kinase substrate with 5 SH3 domains (Tks5), the actin-regulating molecule cortactin, neural Woskott–Aldrich syndrome protein N-WASP, and cofilin (23). Aside from these molecules, MT1-MMP is another component that provides invasive function to the membrane structure (23). It has been extensively documented that breast cancer cells extend the invadopodia structure and degrade the matrix creating punch hole degradation spots (24–29). However, as the invasion process progress, a single protrusion seems to expand to a larger cell cortex along the matrix to degrade further and push the ECM to expand the gaps of the meshwork (27). Thus, invadopodia can no longer be defined as a protruding membrane structure but as a membrane with a molecular composition of Tks5, cortactin, F-actin, and MT1-MMP. It was shown that MT1-MMP localization at the invadopodia requires the cytoplasmic tail (CT) of the MT1-MMP (27, 30), suggesting that the CT-binding molecules play a role in MT1-MMPp localization at invadopodia. However, the crucial adaptor molecule enabling MT1-MMP localization at the invadopodia has not been identified yet.

On the other hand, two kinesin motor proteins, Kinesin-1 (KIF5B) and Kinesin-2 (KIF3A), were shown to be involved in MT1-MMP trafficking to the invadopodia (31). Recently, the picture of the MT1-MMP vesicle trafficking to invadopodia was further clarified by a study reporting that the ER (endoplasmic reticulum) protein, protrudin, is crucially involved in MT1-MMP vesicle transport to the invadopodia (Figure 4A) (32). Protrudin makes contact sites with RAB7 and phosphatidylinositol 3-phosphate (PI3P)–positive late endosomes (LEs) containing MT1-MMP. Protrudin hands over RAB7-binding KIF5 adaptor protein FYCO1, enabling the transport of MT1-MMP-containing vesicles along microtubules toward invadopodia at the plasma membrane (Figure 4A) (32).




Figure 4 | Vesicle transport of MT1-MMP to the invadopodia and the focal adhesion (FA). (A) Vesicle transport of MT1-MMP to the invadopodia has been extensively studied. It was shown that the endoplasmic reticulum protein protrudin plays a crucial role. Protrudin makes contact sites with RAB7 and phosphatidylinositol 3-phosphate (PI3P)–positive MT1-MMP-containing vesicles. Protrudin hands over RAB7-binding KIF5 adaptor protein FYCO1, enabling the transport of MT1-MMP-containing vesicles along microtubules toward invadopodia (32). (B) It was found that localization at FA is due to the direct transport of MT1-MMP-containing vesicles along the microtubules. KIF3A and KIF13A transport the vesicles between the trans-Golgi and the endosome. From the endosome, KIF13A solely transports the vesicles to the plasma membrane. The FA localization of MT1-MMP is essential for the HT1080 cell invasiveness (33).



Aside from invadopodia, MT1-MMP has been shown to localize at the focal adhesion (FA) (34–36). FA is where the distance of the plasma membrane and ECM is the closest since integrins directly interact with ECM components at FA. However, unlike invadopodia localization, MT1-MMP localization at the FA is independent of the CT of the MT1-MMP (34). It was shown that an eight-amino-acid loop structure called MT-Loop or IS-2 (163PYAYIREG170) within the catalytic domain is necessary to localize at the FA (34). Since MT-Loop is positioned on the opposite side of the catalytic site in the catalytic domain, it does not influence the catalytic function. Still, it acts as a molecular interface, allowing MT1-MMP to localize at the FA (34). It was recently discovered that the FA localization of MT1-MMP is carried out by direct intracellular trafficking of MT1-MMP-containing vesicles to the FA by kinesin superfamily motor proteins, KIF13A and KIF3A (33). KIF3A and KIF13A coordinately transport MT1-MMP-containing vesicles from the trans-Golgi to endosomes. KIF13A alone then takes over the vesicles and transports them from the endosomes to the plasma membrane (33) (Figure 4B). This is a distinct vesicle trafficking pathway from invadopodia as KIF5B is not involved (33). It is possible that KIF3A- and KIF13A-mediated trafficking can be therapeutic targets to prevent invasion in specific cancers that utilize FA-dependent invasion mechanisms.

In contrast to ECM degradation, the stiffening of the tumor ECM, called desmoplasia, is also known to correlate with tumor aggressiveness. In this case, stiffened ECM-driven signals promote the progression of cancer. This aspect is reviewed by Gkretsi and Stylianopoulos (37). It is seemingly contradictory, but cancer invasion only requires local ECM degradation; thus, it makes sense.



3.2 Generation of matrikines: Bioactive fragments from extracellular matrix

ECM components are generally large multidomain glycoproteins that interact with each other to create a unique solid structure to support the function of the cells, tissues, and organs (2). These ECM molecules contain hidden sequences or modules that can send signals to the cells through the receptors upon exposure. These epitopes can be revealed either due to partial unfolding of the protein structures or proteolytic processing (38). These ECM fragments are termed “matrikines” (39). This section discusses collagen-derived fragments, elastin-derived fragments, and laminin-derived fragments.


3.2.1 Collagen-derived fragments

Non-fibrillar collagens consist of triple helical regions and non-triple helical regions, and some of these collagens were shown to contain antiangiogenic fragments. The first example is type XVIII collagen. It is a component of the BM and plays a significant role in providing the integrity of the structure of the BM for both endothelial and epithelial cells. It is well known that type XVIII collagen proteolysis generates angiogenesis inhibitor endostatin (38). It is a C-terminal non-collagenous domain 1 (NC1) fragment of collagen XVIII. Endostatin can be generated by many different proteinases, including the lysosome cysteine proteinases of Cathepsin L, Cathepsin B, and Cathepsin K; MMPs including MMP-3, MMP-9, MMP-12, MMP-13, MMP-20; and, to a less extent, by MMP-2 and MT1-MMP (38). An increase in the proteolytic activities of these proteinases in tumor tissue would generate endostatin and delay tumor angiogenesis and thereby tumor growth and metastasis.

The following example is type IV collagen. It is a major BM component and forms a thin sheet-like structure with laminin 5. Type IV collagen is composed of six different α chains (α1–α6) that are encoded by six different genes (COL4A1–COL4A6) (40). The three primary antiangiogenic fragments released from the α1, α2, and α3 chains of type IV collagen are arresten, canstatin, and tumstatin, respectively (40). It was shown that arresten was generated upon p53 activation in cancer cells, and it was due to p53-induced MMP activity (41). It was reported that MMP-2, MMP-3, and MMP-13 could generate tumstatin, but MMP-9 was the most efficient in liberating it from type IV collagen, and MMP-9 null mice showed significantly decreased circulating blood levels of tumstatin (42). While endostatin inhibits both physiological and tumor angiogenesis, tumstatin inhibits only tumor angiogenesis. It is because the tumstatin’s receptor αvβ3 only plays a role in tumor angiogenesis (42). It was also shown that MT2-MMP could cleave the NC1 domain of type IV collagen in the submandibular gland, which promotes branching morphogenesis (43). Since MT2-MMP cleaves off all three chains, it effectively generates arresten, canstatin, and tumstatin (43).

The final example of antiangiogenic fragment generation is type XV collagen. It is classified as a chondroitin sulfate proteoglycan and a member of the multiplexin and non-fibrillar collagen subgroups (44). It is also a member of the FACIT collagen family (fibril-associated collagens with interrupted helices). Upon the cleavage of the C-terminal NC1 domain of type XV collagen on its α1 chain, restin, a 22-kDa antiangiogenic factor similar to endostatin, is produced (45). Restin exhibits antiangiogenic properties in vivo in xenograft carcinoma mouse models (45). However, responsible enzymes to generate restin have not been described. Similar other antiangiogenic fragments of ECM molecules include vastatin (type VIII collagen), anastellin (fibronectin), and endopellin (perlecan), but responsible proteinases are not known.



3.2.2 Elastin-derived fragments

Elastin provides elasticity and resilience to tissues, including the lungs, arteries, and skin. It shows a unique protein containing a large amount of four hydrophobic amino acids of Gly, Val, Ala, and Pro. It is heavily cross-linked at Lys residues. Due to its hydrophobicity and extensive cross-linking, elastin is insoluble, highly resistant to proteolytic degradation, and does not undergo substantial turnover in healthy tissue (46–48). However, it was found that elastin can be extensively degraded by proteinases related to inflammation and cancer.

It has been reported that MMP-7, MMP-9, and MMP-12 degraded elastin extensively and also generated fragments possessing pro-inflammatory activities (49). It has also been reported that neutrophil-derived serine proteinases, NE, CatG, and RR3, degrade elastin, and these elastin-derived peptides possess pro-inflammatory activities (50). VG-6 (VGVAPG) and AG-9 (AGVPGLGVG) peptides are especially considered to be active fragments showing various pro-inflammatory and protumorigenic activities (38).



3.2.3 Laminin-derived fragments

Laminin has also been extensively studied for biological fragments. Laminin 5 (Laminin 332) is a major component of the epithelial and endothelial BM aside from type IV collagen, and it is composed of the three laminin chains of α3, β3, and γ2. After secretion and deposition in the ECM, laminin 332 undergoes physiological maturation processes consisting of the proteolytic processing of domains located within the α3 and the γ2 chains by plasmin (51), mammalian tolloid (mTLD) (52), and bone morphogenic protein 1 (BMP-1) (53). These maturation events are essential for laminin 332 integration into the BM, where it plays a vital function in the nucleation and maintenance of anchoring structures. C-terminal globular domains 4 and 5 (LG45) of the α3 chain are proteolytically removed during maturation, but soluble LG45 has biological functions. It was shown that soluble LG45 induced keratinocyte migration and the expression of MMP-1 and MMP-9 (54).

It was shown that a 30-kDa γ2 chain fragment containing an epidermal growth factor (EGF)–like motif (DIII, domain III) was released by the two cleavages by MT1-MMP and MMP-2 (55–57). The released DIII fragment of the γ2 chain then promotes the migration and invasion of cancer cells by engaging to the EGF receptor (56–58). It is considered that this event promotes the growth and initial breach of the BM at primary tumor sites.




3.3 Releasing extracellular matrix–bound soluble factors

One of the important biological roles of the ECM is pooling growth factors and cytokines (59, 60). There are growth factors associated with heparan sulfate (HS) and those that interact with matrix proteins (59, 60). They are secreted from the cells and retained in the ECM. Binding to the ECM prevents these soluble factors from binding to their receptors, but upon liberating from the ECM, they become bioavailable to cells to transmit the signals (59, 60). Proteolytic enzymes are responsible for this release.

One of the examples is the vascular endothelial growth factor (VEGF). The VEGF is a potent inducer of angiogenesis, implicated in cancer angiogenesis (61). It binds to HS through the heparin-binding domain with basic motifs encoded by exons 6 and 7 (61). VEGF has several alternative splicing variants, including VGFA121, VGFA165, VEGF189, and VEGF206. VEGF189 and VEGF206 have two heparin-binding sites, and VEGF165 has a single heparin-binding domain encoded by exon 7, while VGFA121 does not have the heparin-binding domain (61). VEGF165 is the most physiologically relevant VEGF isoform, and the heparin-binding domain locates at the C-terminus. While VEGF189 and VEGF206 exclusively localize on the cell surface or ECM and cannot be detected in the culture medium due to two heparin-binding domains, 50%–70% of VEGF165 can be secreted to the medium due to weaker affinity to HS (62). Serine proteinase plasmin was shown to proteolytically release the ECM-bound VEGF species of both VEGF165 and VEGF189 into a soluble biologically active VEGF (63), suggesting that the proteolytic cascade of plasminogen activation, a critical step during angiogenesis, can result in an angiogenic switch. It was also found that MMP-9 can cause an angiogenic switch in tumor tissue by releasing VEGF from the matrix (64).

Another example is TGF-β, which exerts both tumor-suppressive and -promoting effects (65). The suppressive effect is due to its ability to upregulate the cyclin kinase inhibitors, causing the inhibition of cell proliferation. However, as the cancer progresses, cyclin kinase inhibitors become refractory to growth inhibition and begin to produce large amounts of TGF-β (65). TGF-β is produced as an inactive pro-form and requires proteolytic conversion by furin or other proteinases, such as MMP-9, to become an active form. MMP-9 can localize at the cell surface by binding to the CD44, a hyaluronan receptor, and then activate TGFβ (66). It was also shown that MT1-MMP and MMP-2 could activate TGF-β1 (67). On the other hand, MMP-2 and MMP-9, and MT1-MMP indirectly modulate TGF-β by cleaving the latent TGFβ-binding protein 1 (LTBP-1), releasing ECM-bound TGF-β (68, 69). Since tumor cells often acquire non-responsiveness to TGF-β, the proteolytic activation of TGF-β by MMPs may exhibit cancer-promoting effects by selectively driving stroma-mediated cancer invasion and metastasis (65). It has also been shown that plasmin can release active TGFβ from the ECM (70).

Although it is not a proteolytic action, the degradation of HS chains in HS proteoglycans (HSPGs), such as syndecans and perlecan, by the hepanase glycolytic enzyme can also release growth factors and is also considered to be an essential modulator of growth factor signaling within the TME.



3.4 Processing soluble factors: cytokines and chemokines

Proteinases are known to process cytokines and modify their signals (71). Interleukin 1β (IL-1β) is degraded by MMP-1, MMP-2, MMP-3, and MMP-9, while IL-1α is resistant to these proteolytic enzymes (72). Although both IL-1α and IL-1β bind to the same IL-1 receptor (IL1R) and activate through the same pathway, they are separately encoded proteins with low sequence homology and divergent biological processes, cellular localization, and the mechanisms of activation (73). However, IL-1β was shown to be involved in cancer more than IL-1α. IL1β has two opposite roles in cancer: promoting cancer and suppressing cancer. The tumor-promoting effects of IL-1β are to promote inflammation-driven carcinogenesis and cause tissue damage by upregulating various MMPs. On the other hand, the tumor-suppressing effect is the activation of anticancer immunity (73). Cancer may take advantage of IL-1β degradation to evade immunity.

Another example of proteolytic processing is chemokines. It has been shown that MMP-dependent chemokine proteolysis can affect the biological functions of chemokines in different ways (71). First, the proteolysis inactivates the chemokine. Second, the processing generates antagonistic derivatives, which can still bind to the chemokine receptor but cannot exert chemotaxis. Third, the truncation of chemokine results in a higher chemotactic effect. It has been shown that MMP-1, MMP-2, MMP-3, MMP-9, MMP-13, and MT1-MMP inactivate CXCL12 (stromal cell-derived factor-1) (74). MMP-2 also sheds the plasma membrane-associated chemokine, CX3CL1 (fractalkine), generating a soluble chemokine. However, an additional cleavage at the N terminus of the protein by MMP-2 inactivates the chemokine, converting it into a potent antagonist (75).

MMP-9 also inactivates CXCL chemokines, including CXCL4 and CXCL1 (76). MMP-9 inactivates CXCL5 and CXCL7 as well (76). It was also shown that MMP-8 and MMP-9 inactivate CXCL9 and CXCL10 by processing their C-terminus (77).

Several inactivated chemokines can still bind to their receptors, acting as functional antagonists. MMP-1, MMP-2, MMP-3, MMP-13, and MMP-14 process CCL7 (MCP-3) into an antagonistic form (78, 79). The closely related chemokines CCL2 (MCP-1) and CCL13(MCP-4) can also be cleaved by MMP-1 and MMP-3 and CCL8 (MCP-2) by MMP-3 (79). Thus, MMPs can exhibit anti-inflammatory effects by dampening the action of chemokines.

MMP-9 was shown to process CXCL8 (IL-8), significantly increasing chemotactic activity (76). MMP-8, MMP-13, and MT1-MMP also generate truncated IL-8 species with increased activity (80, 81). MMP-8 also activates CXCL5 (81).



3.5 Membrane protein shedding and processing

ECM–cell communication is mediated by cell surface receptors and other cell surface molecules, and the proteolytic cleavage of these membrane proteins termed shedding modifies microenvironment signaling. The major shedding enzymes are MT1-MMP, ADAM17, and ADAM10 in the TME. They are type-I TM proteinases, and, together, these enzymes modify diverse signaling pathways. This section discusses six shedding examples that influence cancer progression, namely, CD44, ICAM-1, DDRs, syndecans, EphA2, and HB-EGF.


3.5.1 CD44

CD44 is a type I TM cell adhesion molecule whose ligand is hyaluronic acid (HA), a glycosaminoglycan (82–84). It has been shown that CD44 can also bind to osteopontin (85), fibronectin, type I collagen (86), type IV collagen (87), and matrix metalloproteinases (MMPs) (88). CD44 is expressed in most cell types in our body, and a shed form of soluble CD44 has been detected in the circulation and other body fluids (83). A single gene encodes CD44, but alternative splicing generates multiple isoforms. CD44 gene contains 20 exons, and the most common form of CD44, referred to as standard or hematopoietic CD44, contains 10 exons (82, 83, 89). This form is the shortest isoform, and other forms have the insertion of alternative exons (V2–V10) at a single site within the membrane-proximal region of the ectodomain (82, 83, 89). Interestingly CD44 with V3 insertion made CD44 to be modified with HS, which may provide additional functionality to the receptor: HB-EGF presentation (90). CD44 consists of N-terminal HA-binding globular domain, followed by a stem with glycosylation and GAG binding sites, a TM domain, and the cytoplasmic tail. The cytoplasmic domain binds to band 3.1 proteins (ERM proteins), linking CD44 to the actin cytoskeleton (83) (Figure 2A). It has been reported that CD44 can transition to a high-affinity state upon the stimulation of the cells by soluble factors (91–93). However, the molecular event on CD44 during the activation process is not understood.

CD44 was shed by three TM metalloproteinases, namely, MT1-MMP (94), ADAM10, and ADAM17 (95, 96). The CD44 shedding by each metalloproteinase was shown to promote cell migration (94, 95). MT1-MMP shedding occurs constitutively at the lamellipodia when CD44 and MT1-MMP are coexpressed in the cells (94). It was found that CD44 shedding by MT1-MMP promoted cancer cell migration on the HA-based substratum (94). CD44 interacts with MT1-MMP through its stem region and the hemopexin (Hpx) domain of MT1-MMP, which mediates MT1-MMP localization at the lamellipodia (22). ADAM10- or ADAM17-dependent CD44 shedding was induced by calcium influx or protein kinase C activation, respectively (97, 98). However, when cell migration on the HA-based matrix was measured, the knockdown of ADAM10 or 17 in human lung adenocarcinoma inhibited the migration by 75% in both (98), suggesting that ADAM-dependent CD44 shedding also supports cell migration on the HA matrix. Since CD44 is localized at the lamellipodia, and the suppression of Rac1 by overexpressing Rac1 dominant-negative mutant inhibited the shedding (97), CD44 shedding by these proteinases also occurs at the lamellipodia. It has been reported that adding HA to the cells initiated CD44 shedding (99), suggesting that CD44 shedding may occur at the leading edge where CD44 binds to the HA-containing substratum (Figure 2). It was shown that after shedding the ectodomain by a metalloproteinase, the soluble intracellular domain of CD44 was released by presenilin-dependent gamma-secretase (100, 101), and this fragment has a transformation activity (101). Thus, CD44 ectodomain shedding triggers transformation as well. Taking together, the membrane proteinase-dependent shedding is likely the core of CD44-mediated cell migration. As described above, CD44 is cleaved by three membrane-bound metalloproteinases, and all of this shedding promotes cell migration. However, it is unclear which shedding events play a role in different types of cell migration. In human melanoma cells, the constitutive shedding of CD44 was reported to be mediated by ADAM10 but not by MT1-MMP or ADAM17, although all these enzymes are expressed in the cells (102). Further clarifications are required in the future.




3.6 Intercellular adhesion molecule–1

Intercellular adhesion molecule (ICAM)–1 is a TM glycoprotein of the immunoglobulin (Ig)−like superfamily. It consists of five extracellular Ig−like domains (D1-D5), a TM domain, and a short cytoplasmic tail. ICAM-1 interacts with the αLβ2 integrin (lymphocyte function-associated antigen 1 or LFA-1), mediating cell–cell interaction. ICAM-1 is expressed in endothelial cells, and αLβ2 integrin in lymphocytes and myeloid cells, and ICAM-1–αLβ2 interaction is crucial for the transendothelial migration of the lymphocytes and myeloid cells (103). Soluble proteolytically shed ICAM-1 (sICAM-1) has been detected in human serum, and it contains all five IgG domains of the D1-D5 (104). Thus, the cleavage for this shedding occurs between D5 and the TM domain. It has been shown that NE cleaves ICAM-1 (105). However, it was revealed that an antibody against D1 inhibited NE-mediated cleavage, indicating that NE is unlikely to cleave between D5 and the TM region. Therefore, NE is unlikely to be responsible for generating sICAM-1. Later, it was found that phorbol 12-myristate 13-acetate-induced ICAM-1 shedding was due to ADAM17 (106). In addition, it was found that MT1-MMP-mediated ICAM-1 shedding plays a crucial role during the transendothelial migration of monocytes (107). It was also reported that oxidative stress–induced ICAM-1 shedding was MT1-MMP dependent (108). Most recently, it has been found that ADAM10-mediated ICAM-1 shedding plays a role in the transendothelial migration of neutrophils (109). Thus, it is possible that ICAM-1 shedding may be involved in the infiltration of lymphocytes and myeloid cells within the TME. ICAM-1–αLβ2 interaction was also shown to play a role in the transendothelial migration of the melanoma (110). It was demonstrated that the coculture of melanoma cells with endothelial cells induced the expression of αLβ2 in melanoma cells, allowing them to interact with ICAM-1 in endothelial cells. Given the role of ICAM-1 shedding during the transendothelial migration of lymphocytes and myeloid cells, it is expected that the shedding also plays a role in the transendothelial migration of melanoma.


3.6.1 Syndecans

Syndecans are type 1 TM HSPGs. The HS chains at the extracellular domains interact with different ligands, including ECM glycoproteins, cytokines, chemokines, and growth factors. There are four syndecans. Syndecan-1 is highly expressed in epithelia, syndecan-2 in endothelia and fibroblasts, syndecan-3 is mainly expressed in neuronal and some musculoskeletal tissue, while syndecan-4 can be found in most tissues. A single cell can express multiple syndecans. Each syndecan is attached by three HS chains, and syndecan-1 and syndecan-3 are attached by additional two chondroitin sulfate chains. The TM domain of all syndecans contains a GXXXG motif that promotes the formation of SDS-resistant dimers (111, 112). This TM domain–mediated dimer was reported to be crucial for the function of syndecan-2 and syndecan-4 (112). Syndecans are known to be shed by many different proteinases (113). Syndecan-1 was shown to be shed by MMP-7 (114), MMP-9 (115), MT1-MMP, MT3-MMP (116), and ADAM17 (117). Syndecan-2 was shown to be shed by MMP-2, MMP-9 (118), MMP-7 (119), and MT1-MMP (120). Syndecan-3 sheddase was shown to be metalloproteinase, but it has not been identified yet (121). Serine proteinase, thrombin, was also shown to cleave syndecan-3 (122). Syndecan-4 is shed by MMP-9 (115), ADAM17 (117), ADAMTS1 (123), plasmin (124), and thrombin (122, 124). Syndecan shedding has two biological effects. First, it decreases syndecan levels on the cell surface. Several growth factors are known to interact with the HS chain of the syndecans, including fibroblasts growth factor (FGF), vascular endothelial growth factor (VEGF), EGF, hepatocyte growth factor (HGF), platelet-derived growth factor (PDGF), and transforming growth factor β1 (TGFβ1). This interaction is essential for growth factor signaling. It has been shown that HS-bound FGF-2 increased the affinity for FGFR by over one magnitude (125). Thus, loss of syndecan by shedding would greatly influence the presentation of growth factors to the receptors. The second effect is that the shed ectodomain of syndecans can act as a soluble factor that exerts biological function. For instance, shed soluble syndecan-1 from fibroblasts can mediate mitogenic responses in human breast cancer cells. This paracrine event is mediated by the HS chain, basic FGF, and stromal-derived factor 1 (126). Another example can be that shed syndecan-2 deposited to the ECM can be a ligand for the protein tyrosine phosphatase receptor CD148 to promote β1 integrin-mediated cell adhesion (127).



3.6.2 Discoidin domain receptors

Discoidin domain receptors (DDRs) are collagen receptor tyrosine kinases, and there are two types, DDR1 and DDR2. Both DDRs have a collagen-binding discoidin domain at the N-terminus of the ectodomain and tyrosine kinase domain at their cytoplasmic domain. DDRs are the only receptor tyrosine kinase whose ligands are collagens. Both DDRs bind to fibrillar collagens, but DDR1 additionally binds to type IV collagen. Under physiological conditions, DDR1 is expressed in epithelial cells, while DDR2 is expressed in mesenchymal cells.

DDR1 and DDR2 bind to the GVMGFO motif (128, 129) found in collagen types I, II, and III, distinct from the β1 integrin-binding site GFOGER (130). Thus, the binding of DDRs and integrins are independent. For DDRs to bind collagens, they must form a homodimer (131). The DDR1 dimer is likely mediated through the leucine zipper in the TM domain (132), while the DDR2 ectodomain spontaneously forms a dimer (131). Thus, ligand binding–induced dimerization, which is found in many receptor tyrosine kinases, does not apply to DDRs. It has been shown that further clustering of dimer DDRs occurs upon collagen binding. Interestingly, inter-DDR dimer phosphorylation was shown to occur between DDR1s and between DDR1 and DDR2 (133).

It was shown that the DDR1 ectodomain is proteolytically shed upon the collagen stimulation of the cells, which can be inhibited by a broad-spectrum metalloproteinase inhibitor (134). Later, the responsible enzyme was identified as ADAM10 (135). Interestingly ADAM10 and DDR1 exist as a stable complex on the cell surface, but the shedding does not occur unless collagen binds to DDR1. Since the interaction of DDRs with collagen cannot be controlled by inside-out signaling like integrins, ectodomain shedding is the only means to dissociate cells from DDR1-mediated collagen adhesion. It was shown that shedding-deficient DDR1 had a much longer half-life of collagen-induced tyrosine phosphorylation (135), suggesting that DDR1 shedding controls the duration of collagen signaling. The DDR1-mediated collagen signal has been shown to increase cell motility (136). When cells migrate on the collagen matrix, adhesion to the matrix is essential, but dissociation from the collagen is equally important, and ADAM10-dependent DDR1 shedding plays a key role. The inhibition of DDR1 shedding by ADAM10 significantly inhibited epithelial cell migration on the collagen matrix (135). Aside from ADAM10, MT1-MMP was also reported to shed a DDR1 ectodomain. It was shown that the coexpression of MT1-MMP with DDR1 in COS7 cells caused a constitutive shedding of DDR1 ectodomain (137). However, this event was not shown in endogenous MT1-MMP and DDR1 (137). Thus, further investigation is necessary to examine the role of MT1-MMP in DDR1 shedding.

DDR2 must also be dissociated from collagen upon transmitting collagen signals, but DDR2 shedding has not been described, and an alternative mechanism has not been identified.



3.6.3 EphA2

Erythropoietin-producing hepatocellular receptor-2 (EphA2) is a member of the Eph receptor kinase family, which is overexpressed frequently in diverse cancer types (138, 139). EphA2 is also overexpressed in various cancer cell lines, such as fibrosarcoma, breast cancer, and ovarian cancer, and high EphA2 levels are correlated with increased malignancy and poor clinical prognosis (140). Furthermore, ectopic expression of EphA2 in a normal mammary epithelial cell line, MCF10A, was enough to confer tumorigenicity in mice (141). However, activation of EphA2 is known to exhibit tumor-suppressive activities (140, 142); thus, the exact mechanism of tumor-promoting activity of EphA2 was unclear. It turns out that the shedding of EphA2 by MT1-MMP was one of the mechanisms promoting cancer. It was shown that both EphA2 and MT1-MMP are upregulated in different invasive breast cancer cells, and silencing the EphA2 or MT1-MMP gene inhibited collagen invasion of the cells. It was found that the proteolytic cleavage of EphA2 by MT1-MMP initiated increased cleaved EphA2 translocation to the intracellular compartment and increased activity of RhoA small GTPase, which, in turn, caused a repulsive effect between cells, and promoted single cancer cell invasion (143). The shedding of EphA2 by MT1-MMP was also found to play other important roles in cancer progression. Without EphA2 cleavage by MT1-MMP, the ligation of ephrin A1 to EphA2 causes a significant inhibition of EGF-ErbB induced phosphor-Erk, phosphor-Akt, anchorage-independent growth, and cell migration (144). Upon EphA2 cleavage by MT1-MMP, this effect was significantly hampered; thus, EphA2 shedding by MT1-MMP converts a tumor-suppressive RTK to an oncoprotein (144).



3.6.4 Heparin-binding epidermal growth factor

Heparin-binding EGF (HB-EGF), a member of the EGF family, transduces extracellular signals via ErbB receptors and plays a pivotal role in many physiologic and pathologic processes (145, 146). HB-EGF is also expressed in various human carcinomas such as pancreatic, esophageal, colon, gastric, ovarian, and bladder cancers (147). HB-EGF is synthesized as a type-I TM pro-HB-EGF, and its propeptide is removed by proprotein convertases such as furin during secretion to the cell surface. The ectodomain of HB-EGF comprises a heparin-binding domain containing a core stretch of basic amino acids at its N-terminus, followed by an EGF-like domain and a juxtamembrane domain (145). Membrane-bound HB-EGF can bind to its cognate ErbB receptors expressed in other cells in trans, or its ectodomain can be proteolytically cleaved at the juxtamembrane region to become a soluble HB-EGF and ligate ErbB receptors in neighboring cells, transmitting a signal. It has been reported that ADAM10, ADAM12, and ADAM17 shed HB-EGF to generate a soluble HB-EGF. In addition, MMP-2 or -9 (148), MMP-7 (149), and MMP-10 (150) were also reported to shed HB-EGF as well. This shedding event makes HB-EGF bioavailable to cells within the TME.

The heparin-binding domain (HBD) of HB-EGF prevents the EGF-like domain from binding to its cognate ErbB receptors. However, heparin-binding to the HBD renders the EGF-like domain available to ligate ErbB. Thus, the binding to the HSPG is thought necessary for HB-EGF to transmit a signal to the cells. However, it was found that MT1-MMP removes the N-terminal 20 amino acids of HBD by cleaving at A81-L82, making an HB-EGF heparin-independent growth factor (151). It was shown that this MT1-MMP cleavage plays a significant role in cancer cell growth in a three-dimensional matrix (151).





4 Conclusion and future prospective

Within the TME, there are many signaling events in cancer cells and neighboring cells. They can be signals from the ECM, soluble factors, and cell–cell communications. As discussed above, many of these signaling events involve the proteolytic modulation of signaling molecules. Therefore, proteolytic enzymes are considered part of these signaling events, and cancer cells utilize them for their malignant progression. It becomes apparent that several enzymes promote cancer progression by modulating multiple signaling events. Especially, membrane-bound metalloproteinase, MT1-MMP, ADAM10, and ADAM17, are significant players. For instance, MT1-MMP plays a role in ECM degradation for invasion and metastasis, laminin-5 γ2 chain processing to stimulate cell motility and growth, cleaving chemokines to modulate host immunity, shedding CD44 to promote cell migration, shedding ICAM-1 to mediate trans-endothelial migration, shedding EphA2 to enhance EGF signaling in cancer, and cleaving the N-terminus of HB-EGF to convert it to heparin-independent growth factor, promoting cancer cell growth and motility. ADAM10 and ADAM17 play a role in CD44 shedding to promote cell migration, ICAM-1 shedding to mediate the trans-endothelial migration of cells, syndecans’ shedding to modulate heparan-sulfate-mediated signaling events, ADAM10-mediated DDR1 shedding to modulate DDR1-mediated cell adhesion and to control prolonged collagen signaling, and HB-EGF shedding to generate soluble HB-EGF. Thus, the inhibition of each enzyme or all these enzymes would inhibit multiple events in the TME, which significantly impact cancer progression. Therefore, these metalloproteinases can be potentially effective target molecules for cancer therapy. However, the past failures of the clinical trial of metalloproteinase inhibitors have hampered metalloproteinase inhibitor drug development. Further understanding of the regulation of these enzymes during cancer progression may reveal novel means to control the activity of these enzymes without directly inhibiting the enzyme activities so that novel treatments that target cancer invasion, growth, and metastasis can be developed in the future.
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Chemoresistance in colorectal cancer initiating cells (CICs) involves the sustained activation of multiple drug resistance (MDR) and WNT/β-catenin signaling pathways, as well as of alternatively spliced-isoforms of CD44 containing variable exon-6 (CD44v6). In spite of its importance, mechanisms underlying the sustained activity of WNT/β-catenin signaling have remained elusive. The presence of binding elements of the β-catenin-interacting transcription factor TCF4 in the MDR1 and CD44 promoters suggests that crosstalk between WNT/β-catenin/TCF4-activation and the expression of the CD44v6 isoform mediated by FOLFOX, a first-line chemotherapeutic agent for colorectal cancer, could be a fundamental mechanism of FOLFOX resistance. Our results identify that FOLFOX treatment induced WNT3A secretion, which stimulated a positive feedback loop coupling β‐catenin signaling and CD44v6 splicing. In conjunction with FOLFOX induced WNT3A signal, specific CD44v6 variants produced by alternative splicing subsequently enhance the late wave of WNT/β-catenin activation to facilitate cell cycle progression. Moreover, we revealed that FOLFOX-mediated sustained WNT signal requires the formation of a CD44v6-LRP6-signalosome in caveolin microdomains, which leads to increased FOLFOX efflux. FOLFOX-resistance in colorectal CICs occurs in the absence of tumor-suppressor disabled-2 (DAB2), an inhibitor of WNT/β-catenin signaling. Conversely, in sensitive cells, DAB2 inhibition of WNT-signaling requires interaction with a clathrin containing CD44v6-LRP6-signalosome. Furthermore, full-length CD44v6, once internalized through the caveolin-signalosome, is translocated to the nucleus where in complex with TCF4, it binds to β-catenin/TCF4-regulated MDR1, or to CD44 promoters, which leads to FOLFOX-resistance and CD44v6 transcription through transcriptional-reprogramming. These findings provide evidence that targeting CD44v6-mediated LRP6/β-catenin-signaling and drug efflux may represent a novel approach to overcome FOLFOX resistance and inhibit tumor progression in colorectal CICs. Thus, sustained drug resistance in colorectal CICs is mediated by overexpression of CD44v6, which is both a functional biomarker and a therapeutic target in colorectal cancer.
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1 Introduction

Colorectal cancer (CRC) is the second leading cause of cancer-related deaths in Western countries, including the USA, with incidences increasing by 2% annually (1, 2). Despite improved survival attributed to early detection and chemotherapy with FOLFOX (1 x FOLFOX: 50 µM 5-fluorouracil [5-FU] + 10µM oxaliplatin [OXA] + 1 μM leucovorin), the first-line treatment for CRC, the emergence of multidrug resistance (MDR) that accounts for the poor tumor response to FOLFOX has limited the efficacy of this chemotherapeutic drug and finally results in therapy failure in CRC patients (3–7).

In recent years, a growing body of evidence suggests that tumor tissue is composed of a heterogeneous hierarchy of cells that differ in morphology, gene expression, proliferative capacity, and invasiveness (8). This heterogeneity originates from a small subset of cancer cells, called cancer stem cells or cancer initiating cells (CICs), that are the unique source of all tumor cells and responsible for tumor propagation and relapse (9–12). Since the first identification of CICs in breast cancer where a CD44/CD24 marker (13) was used to isolate the CICs, CICs have been now identified in a variety of solid tumors (5, 14–19) including colon carcinomas. Unlike naturally occurring somatic stem cells, CICs initiate tumorigenic activity when transplanted into animals (20, 21). Moreover, variation in the genetics and epigenetic damages of CRC patients is so different that markers to detect CICs from more differentiated progeny have not been completely informative across all patient tumors (22–25). In addition, most CIC enhancement markers mediate interactions between a tumor cell and its stromal environment, indicating that the tumorigenic characteristics associated with that marker may be lost after depletion of CICs from their microenvironment. However, the cell-surface markers that recognize CICs and have a functional role in the antiapoptotic signaling to drive tumorigenesis have remained poorly defined.

CD44 is a multi-structural and multi-functional transmembrane glycoprotein that acts as a receptor for hyaluronan (also called hyaluronic acid). CD44 is encoded by a single gene containing 20 exons, ten of which are alternatively spliced to generate the numerous CD44 splice variants (CD44v) (15, 26). The standard isoform of CD44 (CD44s) has no variant exons, is small, and is nearly ubiquitous in vertebrate cells (27). Experiments using knock-in mice that express either CD44v4-10 or CD44s isoforms have demonstrated that CD44v isoforms, promote adenoma formation in Apc (Min/+) mice but not the CD44s (28). Variant 6 of CD44 (CD44v6) participates in tumor development and progression in many ways that are restricted to stem cell subpopulations and promotes generation of gut adenomas in mouse models of familial adenomatous polyposis (28). Its role in CRC progression derives from its ability to bind ligands associated with both tyrosine kinase receptors and non-tyrosine receptors including c-Met, VEGF, TGFβ1 and ERB2 (29–39), leading to changes in biological activities such as activation of anti-apoptotic signaling and survival (40, 41). Studies have reported that CRC cells expressing CD166 (42), CD44 (43), CD44v6 (19), CD66c (42) and aldehyde dehydrogenase (ALDH1) (44) describe CRC/CIC characteristics. CD44v6 (+)/CICs have been associated with increased metastatic behavior in both pancreatic cancer (15, 45–47) and CRC (19). Further, in this study we showed that tumorigenic potentiality of the Non-CICs (CD44v6 (-) cells) was entirely lost in secondary xenograft tumors whereas tumorigenic potential of CD44v6 (+)/CICs in primary, secondary and tertiary recipients in xenograft models are confined to the small CD44v6 (+) population. Thus, the CD44v6 (+)/CICs cell population residing in the colon tumor mass is able to generate serial xenografts showing a virtually unlimited growth potential.

Recent studies indicate that several regulatory serine/arginine rich 2 splicing factors (SRSFs), such as SRSF1 (48, 49), SRSF3 (50), SRSF6 (48, 51), HNRNPA2/B1 (52), or HNRNPH (53), have oncogenic properties, whereas other factors, including RNA binding protein QKI (54), RBM5, RBM6, and RBM10 (55), act as tumor suppressors. Some of these splicing factors (SRF1/Sam68 (56) and SRSF3 (SRp20) (57) depend upon exon splicing enhancers in the case of CD44 variable exons. Their activity in promoting the inclusion of CD44 variable exons is controlled by several oncogenic signaling pathways such as, Ras/MAPK signaling (58) and β-catenin signaling (57), at least in part through modification of splicing factors at the level of activation (phosphorylation) (59–62). However, the signaling pathway between FOLFOX induced WNT3A activation and stimulation of alternative splicing in the nucleus is not well defined. In an unpublished study (manuscript under preparation), we found that transcription of the alternative splicing regulator SRSF3 responsible for production of CD44 variants (v6-v8) and SRF3 expression is regulated by WNT3A/β-catenin signaling (a FOLFOX-WNT3A-β catenin-TCF4-CD44v6 pathway). This might be the way FOLFOX regulates alternate splicing of CD44 in the nucleus by splicing factor 3 which is stimulated by β-catenin/signaling. Thus, the CD44v6 isoform is likely to be a better CIC marker than the CD44s isoform in CRCs. The WNT/β-catenin signaling pathway remains important throughout life as it has crucial roles in self-renewal for adult stem and progenitor cells (63–65). WNTs are lipid-modified glycoprotein ligands that bind to both Frizzled and low-density lipoprotein receptor-related protein 6 (LRP6) (65). In physiological conditions, in the absence of a WNT signal, β-catenin is phosphorylated and degraded by a complex composed of glycogen synthase kinase 3β (GSK3β), Axin, adenomatous polyposis coli (APC), and casein kinase 1 (CK1). Upon binding of WNT to Frizzled and LRP5/6 (65, 66), the WNT-Frizzled-LRP5/6 complex is phosphorylated and activates disheveled protein (DVL) (67). DVL activation inhibits GSK3β, which subsequently decreases β-catenin degradation and allows for its stabilization and translocation to the nucleus, where it binds to the T-cell factor (TCF)/lymphoid enhancer factor (LEF) transcription factor and activates gene transcription (68). Endocytic adaptor DAB2 is a tumor suppressor protein (69, 70) involved in several receptor-mediated pathways (71–74). In most carcinomas, the expression of DAB2 is only expressed in low levels.

Many receptors and their protein partners, including CD44, concentrate at caveolin-1 (CAV1)-enriched lipid-rafts within the plasma membrane to mediate signaling cascades (33, 75, 76). A previous study has shown that CD44 also regulates WNT signaling in the developing brain of Xenopus Leavis embryos by association with LRP6 in the membrane (77). Many of the oncogenic activities that have been previously attributed to CD44, in particular those relevant to ligand induced translocation of receptors into discrete caveolin-microdomain in the plasma membrane that strengthen signaling pathways, could be ascribed in part to CD44-mediated caveolin-dependent endocytic signaling interactions in CRC (78).

CICs develop several mechanisms that protect them from long-term side effects caused by chemotherapeutic-drugs and make them resistant to chemotherapeutic drugs (79). In the clonal evolution model, tumor cells develop drug resistance by sequential alteration of DNA by genetic modifications. This model predicts that after chemotherapy only the drug-resistant cells within the tumor survive, proliferate, and regenerate the tumor mass that is made up of the drug-resistant cells. In the CIC model, although successful cancer therapy abolishes the bulk of proliferating tumor cells, a subset of remaining CICs can survive and promote cancer relapse due to their ability to establish higher invasiveness and chemoresistance. Generally, resistance to a clinically relevant chemotherapy combination such as FOLFOX involves the participation of a variety of cellular mechanisms, including: drug target mutations; oncogene/onco-suppressor deregulations; activation of pathways blocking the drug action; increased DNA damage repair; and overexpression of a drug extrusion pump MDR-1 (multidrug resistance-1 [P-GP, ABCB1]). The decreased influx of drugs leading to the generation of reactive oxygen species (ROS) can directly induce WNT-β-catenin signaling through DVl protein-mediated drug resistance that originates due to the crosstalk between tumor and stromal cells (6, 80–82). Among the WNT targets involved in drug resistance, the drug extrusion pump MDR-1 and the cell adhesion molecules from the CD44v family are highlighted (83–87). Additionally, we showed that CD44 regulates β-catenin-COX2 signaling in colon tumor cells (30, 88). Oncogenic CD44v expression is a downstream target gene of the WNT3A/β-catenin signaling pathway (89). CICs exhibit high expression levels of the two main MDR genes, ABCB1 (MDR1) and ABCG2 (ATP-binding cassette G2) (79). Additionally, since the basal promoter of MDR1 has several β-catenin/TCF4/LEF binding sites (90, 91), this protein is a target gene of the β-catenin/TCF4 transcriptional regulators. Thus, activation of β-catenin augments MDR1 expression, which confirms the direct connection between the WNT/β-catenin pathway and chemoresistance (90–92). Additionally, we showed that CD44 regulates β-catenin-COX2 signaling in colon tumor cells (30, 88). CD44v expression is downstream of the WNT signaling and induced by the β-catenin/Tcf-4 signaling pathway (89). A WNT3A canonical pathway (WNT3A/Frizzled/LRP6-GSK3β-catenin/TCF4) induces drug resistance (93, 94). However, the requirement of CD44v6 for the FOLFOX induced β-catenin-TCF4/MDR1 activation remains to be addressed since induction of this pathway with a chemotherapy induced WNT ligand was not tested.

Given that CICs are defined by their capacity for the development of drug-resistance, treatment failure, and tumor relapse in cancer (5, 6, 95), we investigated the mechanisms by which CICs contribute to the cell autonomous resistance against FOLFOX-chemotherapy with distinct modulation of WNT-CD44v6 signaling by regulating the endocytic fate of the CD44v6-LRP6 receptor interaction in membrane microdomain. We base this investigation on the following observations.

1) Our results identify that FOLFOX treatment induced WNT3a secretion, which stimulated a positive feedback loop coupling β‐catenin activation signals and CD44v6 splicing for sustained drug resistance. In addition, CD44v6 could sustained cell cycle S phase responses through a positive feedback loop, where this isoform is speculated to be important for a secreted factor WNT3A signaling. 2) β-catenin interacts with TCF4 binding elements in the MDR1 and CD44 gene promoters. This suggests that crosstalk between WNT/β-catenin/TCF4-activation and the expression of the CD44v6 isoform mediated by FOLFOX could be a fundamental mechanism of FOLFOX resistance in colorectal CICs. 3) FOLFOX-mediated sustained WNT/β-catenin signaling requires the formation of a CD44v6-LRP6-signalosome in caveolin-microdomains, leading to increased FOLFOX efflux. Conversely, in the absence of FOLFOX, DAB2 links CD44v6 and LRP6 in clathrin containing vesicles that attenuate WNT/β-catenin signaling to maintain drug sensitivity in sensitive cells. 4) In FOLFOX resistant cells, CD44v6 is internalized through the caveolin containing signalosome, and this signalosome is recruited to the endosome for sorting of CD44v6-β-catenin/TCF4-complex vesicles, which are then destined to the nucleus. In the nucleus, CD44v6 binds to various promoters, including β-catenin/TCF4-regulated promoters, leading to FOLFOX resistance through transcriptional reprogramming. TCF4 maintains distinctive transcriptional programs via interactions with MDR1 and CD44 promoters and sustains CD44v6-mediated autonomous-resistance in CICs.



2 Materials and methods


2.1 Materials

Dulbecco’s Modified Eagle’s Medium (DMEM), Eagle’s Minimum Essential Medium (EMEM), McCoy’s 5A Medium, F-12K Medium, Leibovitz’s L-15 Medium, L-Glutamine, Sodium pyruvate, Penicillin (100 µg/ml) and Streptomycin (100 µg/ml), sodium pyruvate, 0.05% EDTA solution (Versene), Phosphate buffered saline (PBS, Calcium and Magnesium free), and 0.05% Trypsin were from Corning Inc. Fetal Bovine Serum (FBS) was from Atlanta Biologicals. Amphotericin B was from Hyclone, Thermo Fisher Scientific. Waltham, MA, USA. Nonidet P-40, EGTA, sodium orthovanadate, glycerol, phenylmethylsulphonyl fluoride, leupeptin, pepstatin A, aprotinin and HEPES were from Sigma-Aldrich, Inc. St. Louis, MO, USA. Recombinant human WNT3A protein (5036-WN) was from R&D Systems, Inc. Minneapolis, MN, USA). Blocking antibody for protein WNT3A (703666, Rabbit monoclonal IgG clone 1H12L14) was from Thermo Fisher Scientific, Waltham, MA, USA. The anti-Active-β-catenin antibody (05-665, anti-ABC antibody clone 8E7) was from Millipore Sigma, Burlington, MA, USA, and the anti- β-catenin antibody (610153, mouse IgG1, BD, Tempe, Arizona, USA) was used for total β-catenin detection in western blotting analysis. The antibodies p-LRP6 (Serine 1490) (#2568, Rabbit IgG), LRP6 (#2560, Rabbit mAb clone C5C7), TCF4 antibody (#2569, Rabbit mAb clone C48H11) were from Cell Signaling Technology, Inc. Danvers, MA, USA. P-Glycoprotein (MDR1) western blotting antibody (PA5-28801, Rabbit Polyclonal against Human) was from Invitrogen Thermo Fisher Scientific, Waltham, MA, USA. β-tubulin Antibody (D-10) (sc-5274, Mouse monoclonal IgG2b κ, SCBT), Mouse anti-rabbit IgG-HRP (sc-2357, IgG, SCBT), Rabbit anti mouse IgG-HRP (sc-358914, IgG, SCBT), and Western blotting Luminol reagent (sc-2048, SCBT) were purchased from Santa Cruz Biotechnology, Inc. Dallas, Texas, USA. Blocking antibodies for CD44v6 (BBA13, Monoclonal Mouse IgG1 Clone # 2F10, R&D), and isotype control (MAB002, IgG1, R&D) and the mouse IgG1 antibodies were from R&D Systems, Inc. Minneapolis, MN, USA. Radiocarbon-labeled oxaliplatin ([14C]oxaliplatin) was purchased from Amersham Biosciences, Piscataway, NJ, USA.



2.2 Cell lines

Human colorectal adenocarcinoma cell lines: 1) WIDR (CCL-218) was maintained in Eagle’s Minimum Essential Medium (EMEM) +10% FBS; 2) LOVO (CCL-229) was maintained in F-12K Medium 2 mM L-glutamine and 1500 mg/L sodium bicarbonate; 3) HT29 (HTB-38) was maintained in McCoy’s 5A medium; 4) SW480 (CCL-228) was maintained in Leibovitz’s L-15 Medium; and 6) SW948 (CCL-237) was maintained in Leibovitz’s L-15 Medium that was purchased from ATCC, Manassas, Virginia. The cell lines were maintained in medium mentioned next to the cell line in humidified atmosphere in the presence of 10% FBS, Penicillin (100 µg/ml) and Streptomycin (100 µg/ml), 5% CO2 at 37°C. HCA-7 colony 29 was purchased from European Collection of Authenticated Cell Cultures and maintained in DMEM + 10% FBS + 2 mM L-Glutamine + 110 mg/L sodium pyruvate.



2.3 Generation of drug resistant cells

To determine the mechanisms of drug (FOLFOX) resistance, we selected three cell lines (HT29, SW480, WIDR and LOVO cells [CRC cells used in Figure 1B]) out of 7 cell lines (Figure 1A), which have low basal levels of CD44v6 mRNA expression. To generate these drug resistant cells, we first determined IC50 values of the parent CRC cells for 5-Flourouracil (5-FU) and oxaliplatin (OXA) (see Figure 1B), because these molecules are the components of FOLFOX. The 50% inhibitory concentration (IC50) was identified as a concentration of drug required to achieve a 50% growth inhibition relative to untreated controls. Next, we determined IC50 values of the parent sensitive SW480-S, HT29-S, WIDR-S, and LOVO-S cells for FOLFOX (1x FOLFOX = 50 µM 5-FU + 10 µM OXA + 1 µM leucovorin). The average IC50 values for tested CRC cells are in Figure 1B. The 5-FU resistance (5-FUR), and oxaliplatin resistance (OXAR) cells were generated by incubating the parental sensitive SW480-S, or HT29-S, or WIDR-S, and LOVO-S cells with repeated exposure to increasing concentrations of the drug (100 µM 5-FU) for generating 5-FUR cells; and 20 µM OXA for generating OXAR cells for 3 days. For generating FR cells from SW480-S and HT29-S, we incubated each of the two cells to 5 x FOLFOX for 3 days. To generate FR cells from WIDR-S and LOVO-S, we incubated each of the two cells to 10 x FOLFOX for 3 days. This exposure and withdrawal cycle was repeated five times for the above mentioned doses of each of the drug. The surviving 5-FUR, OXAR and FR clones were cultured in normal medium for 5 days and maintained with selection pressure of half the average IC50 dose of CRC cells for 5-FU, OXA and FOLFOX (Figure 1B). The resistances of these resistant clones were compared to sensitive pairs by determining the numbers of colonies in soft agar growth with 1x FOLFOX - 5x FOLFOX treatments




Figure 1 | FOLFOX induces CD44v6 expression. (A), QPCR data for CD44v6 expression in 6 CRC cell lines are shown as fold change relative to pre-neoplastic Apc 10.1 cells as controls. (B–E), The concentrations (IC50) (µg/ml) of (5-FU) and (OXA) required to achieve a 50% growth inhibition relative to untreated controls using the ATP Glo-growth assay are shown (B). The IC50 values of 5-FU (C), OXA (D), and FR (E) for sensitive (S) and corresponding FOLFOX resistant (FR) cells are shown. (F), Real-time PCR data for the CD44v6 expression are presented for SW480 tumor cells resistant to either 5-Fluorouracil (5FUR), oxaliplatin (OXAR), or FOLFOX (FR) compared to sensitive (S) pairs of cells. Gene expression was normalized to the reference gene GAPDH. (G), Constant and variable exons are shown for the PCR primers used to amplify CD44 variable (v) and standard (s) isoforms in the human CD44v6 gene. The primers for both the v6 and standard isoforms (CD44s) predominantly generate one PCR product c5v6c7 (v6) for CD44v6 and C5C7 for CD44s, whereas the primers for the v8 variants amplify two splice variants C5v6v7v8C7 (v6-v8) and C5v8C7 (v8). These PCR products are depicted in panel H and panel I experiments. (H), RT-PCR results are shown for the CD44v isoforms using the different primers in the tumor cells derived from colorectal patients (PD) who were resistant to 5FU, OXA and FOLFOX (PD-5-FU, PD-OXA and PD-FR). (I), RT-PCR results are shown for the CD44v isoforms using the different primers (C5v6v8v9C7, C5v6v8C7 and C5v6C7) in the PD-FR, PD-OXA and PD-5-FU cells. Data are presented as Mean ± SD from n = 3-6 independent replicates in three independent experiments. All semi quantitative RT-PCR data are representative of three experiments (C–E), *P < 0.05 was considered significant, 50% inhibitory concentration (IC50) for 5-FU in SW480-5FUR cells was compared with SW480-S cells (C), for OXA in SW480-5FUR cells was compared with SW480-S cells (D), and for FOLFOX n SW480-5FUR was compared with SW480-S cells (E, F), *P < 0.05 considered significant, fold expressions of CD44v6mRNA in SW480-5FUR, SW480-OXAR, and SW480-FR cell were compared to control (SW480-S) cells.





2.4 Tissue collection, isolation of CICs

All human tissues were acquired from primary human colorectal tumor patient specimens undergoing colorectal resection, in agreement with human experimental guidelines and the ethical standards of the institutional review board (IRB). Human protocols were approved by the IRB of the Medical University of South Carolina. The IRB has determined that this research project meets the criteria for ‘Non Human Subjects’ research. Patient-derived (PD) biopsies collected from 5-FU resistant (PD-5FUR), Oxaliplatin resistant (PD-OXAR), and FOLFOX resistant (PD-FR) tumor specimens and our FOLFOX resistant (FR), Oxaliplatin resistant (OXA-R), 5-flurouracil resistant (5-FUR) cell clones, and parental SW480 cells (sensitive [s]) cells were maintained through subcutaneous (SQ) xenografts in the flanks of immunocompromised (NOD-SCID/IL2Rγnull [NSG]) mice and in SCID mice, respectively. Ex vivo cultures from the fresh normal colonic tissue and colorectal PD-FR, PD-OXAR, PD-5FUR, SW480-FR, SW480-OXAR, SW480-5FUR, and SW480-S SQ tumors were rinsed in DMEM (Life Technologies) supplemented with 200 units/mL of penicillin, 200 µg/mL of streptomycin, and 4 units/mL of amphotericin B. After mincing, they were incubated with 300 units/mL of collagenase (Worthington Biochemical) at 37°C for 3 hours. A single cell suspension was obtained by filtration through a 40 µm filter. After discarding lymphocytes by gradient centrifugation, Ex vivo cultures were cultured in DMEM (Life Technologies) supplemented with 200 units/mL of penicillin, 200 µg/mL of streptomycin, and 4 units/mL of amphotericin B, serum-free media with basic fibroblast growth factor (bFGF, 10 ng/ml; R&D Systems) and epidermal growth factor (EGF, 10 ng/ml; R&D Systems). The cells were processed for sphere formation. Sphere-propagated cells were subjected to fluorescence-activated cell sorting (FACS) buffer [Phosphate-buffered saline (PBS) + 2% BSA + 1 mM EDTA + 0.1% sodium azide]. They were then incubated with FC blocking reagent (Millenyi Biotech) and stained with directly conjugated antibodies by incubating on ice for 20 minutes. They were then sorted in a Mo Flo cell sorter for CD44v6 CICs (CD44v6 high (+) by CD44v6-PE) and tested for tumor sphere formation at 37°C in 5% CO2.



2.5 Cell viability and apoptosis assays

Five thousand cells were plated in triplicate into 96-well plates containing appropriate growth media and incubated overnight. After 16 hours growth, cultures were incubated in media containing no serum for 16 hours at 37°C in 5% CO2, 95% air. Vehicle or chemotherapy drug was added to the plate. In each experiment, a total of five plates (6 wells/treatment) were used. Experiments were repeated 3 times. The growth of the cells was determined by measuring increases in readings of ATP levels for viability (CellTiter-Glo, Promega). Cell apoptosis was determined by the Caspase-Glo® 3/7 assay (Promega) using DEVD-amino luciferin substrate. The luminescent signal is proportional to caspase 3/7 activity and measured using a luminometer (Perkin Elmer).



2.6 Flow cytometric analysis of CIC cells

Flow cytometry was done using a FACS Cell Sorter. To enrich cells for CICs, single cells were labeled with a phycoerythrin (PE)-conjugated monoclonal antibody against CD44v6 (Miltenyi Biotec), and then analyzed for the expression of Fluorescein-5-isothiocyanate (FITC) with conjugated monoclonal antibody against EpCAM (R&D Systems). Purified CD44v6 (+)/EpCAM (+), and CD44v6 (–)/EpCAM (+) cells from various tumors were cultured separately and grown in fresh CIC growth medium (see below) for 2 weeks. Then, the cultured CD44v6 (+)/EpCAM (+) and CD44v6 (-)/EpCAM (+) cells were subjected to flow cytometric analysis for isolation of CD44v6 (+)/EpCAM (+)/ALDH1 (+), and CD44v6 (–)/EpCAM (+)/ALDH1 (+) cells using a FITC-conjugated monoclonal antibody against ALDH1 and grown in fresh medium for 2 weeks. Cultured CD44v6 (+)/EpCAM (+)/ALDH1 (+) cells and CD44v6 (-)EpCAM (+)/ALDH1 (+) cells were subjected to flow cytometric analysis for isolation of CD44v6 (+)/EpCAM (+)/ALDH1 (+)/CD133 (+) (designated as CICs), and for CD44v6 (-)/EpCAM (+)/ALDH1 (+)/CD133(+) cells (designated as Non-CICs) using a FITC-conjugated monoclonal antibody against CD133.

CICs were cultured in serum-free media with basic fibroblast growth factor (bFGF, 10 ng/ml; R&D Systems) and epidermal growth factor (EGF, 10 ng/ml; R&D Systems). For isolation of CAFs, surgical tissues were similarly dissociated into single-cell suspensions, and PDGFRα-expressing cells were sorted using flow cytometry (FACS Aria II). Cells were then cultured in DMEM with 10% BSA. For cell counting before each experiment, a single-cell suspension was achieved using TrypLE (Invitrogen) dissociation.



2.7 Tumor sphere formation

An optimized serum substitute (1 x B27 supplement) (Creative Bio array, Shirley, NY, USA) was freshly added to tumor formation medium (500 ml Dulbecco’s Modified Eagle Medium/F12) containing 20 ng/ml epidermal growth factor, 10 ng/ml basic fibroblast growth factor, 5 mg/ml insulin, and 0.4% bovine serum albumin. After harvesting the cells, 200 live cells/200 µl of tumor sphere medium were suspended in ice. We followed the tumor sphere formation assay protocol from the Creative Bio-array (Shirley, NY, USA). After stipulated times of incubation, tumor sphere numbers were counted under a phase-contrast microscope using the 40X magnification lens. Data are presented as a percentage of wells containing tumor spheres compared to the total number of wells.



2.8 Cell lysis, immunoprecipitation and immunoblot analysis

Cells were cultured until they were 75% confluent. They were then washed twice at 4°C with phosphate-buffered saline (PBS), and harvested with 0.05% Versene. The cells were pelleted by centrifugation at 5,000 x g for 2 minutes at 4°C. The pellets were treated with the lysis buffer (containing 1% Nonidet P-40, 0.3 M NaCl, 1.5 mM MgCl2, 0.2 mM EDTA, 5 mM sodium orthovanadate, 10% (v/v) glycerol, 100 µg/ml phenylmethylsulphonyl fluoride (PMSF), 1 µg/ml leupeptin, 1 µg/ml pepstatin A, 1 µg/ml aprotinin, and 50 mM HEPES, pH 7.5) for 30 minutes. For immunoprecipitation, the cell extracts (1 mg total proteins) were precleaned by rotation for 1 hour with 20 µl of protein G-Sepharose beads (Santa Cruz, CA). The precleaned supernatants were incubated with antibodies needed for each specific experiment overnight. After incubation with 20 µl of protein G-Sepharose beads for 1 hour, the suspension was centrifuged, and pellets washed and collected as immunoprecipitation complexes. Western blotting was done as previously described (38, 39, 96–98). Each protein was analyzed in samples from at least three independent experiments from each set of tumor cells, CICs and CAFs. Images were recorded using a luminescent image analyzer, and the intensities of the bands were quantitated by densitometry (NIH Image J software). Each protein was analyzed in samples from at least three independent experiments from each set of tumor cells, CICs and CAFs.



2.9 Cell cycle synchronization and analysis of cell cycle profile

For synchronization into the G2/M phase of the cell cycle, SW480 cells were treated with 100 ng/mL of nocodazole (Sigma-Aldrich, Inc. St. Louis, MO, USA) for 16 hours. To study the enrichment of the cells into the different cell cycle phases, cells were released by drug removal by washing twice with E8 media (E8 medium consisted just of insulin, selenium, transferrin, L-ascorbic acid, FGF2, and TGFβ in DMEM/F12 with pH adjusted with NaHCO3). Sixteen hours after release from G2/M phase, when 97% of the cells were in G1 phase (cell cycle analyzed by flow cytometry) the cells were transfected with either non-targeted (Control) or CD44v6 shRNA. Twenty four hours after transfection, the cells were incubated in low serum medium (0.5% serum) with 20 ng/ml WNT3A or with 1 x FOLFOX and stimulated for 30 minutes, 1, 2, 8, 12, and 24 hours. Cell cycle profiles were analyzed using the Click-iT™ EdU Cell Proliferation Kit (Invitrogen Thermo Fisher Scientific, Waltham, MA, USA) following the manufacturer’s instructions. Briefly, SW480 cells cultured cells were incubated at 37°C with 10 mM EdU (5-ethynyl-20-deoxyuridine) for 1 hour and harvested using cell dissociation buffer (Gibco Thermo Fisher Scientific, Waltham, MA, USA). After three washes with PBS/1% BSA, cells were fixed with 4% paraformaldehyde for 15 min at room temperature and released from paraformaldehyde by washing three times with PBS/1% BSA. Cells were then permeabilized for 15 minutes with saponin-based permeabilization/wash buffer and incubated with the Click-iT EDU Alexa Fluor reaction cocktail for 30 min in dark. Click-iT Assay Kits for Flow Cytometry provide the measurement by tracking new DNA content in fixed cells that were washed once with permeabilization/wash buffer and stained for DNA,content in fixed cells when combined with RNAse using the FxCycle™ Far Red stain (F10348, Invitrogen Thermo Fisher Scientific, Waltham, MA, USA) Cells were analyzed on the flow cytometer with FlowJo software.



2.10 Lipid-raft isolation

All procedures were done at 4°C. Cells were scraped into buffer containing 1% cold Triton X-100 buffer (20 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1% Triton X-100, 1% deoxycholate, 0.1% sodium dodecyl sulfate [SDS], 1 mM EGTA, 1 mM sodium orthovanadate with a cocktail of protease inhibitors at final concentrations of 0.2 mM aminoethyl-benzene sulfonyl fluoride, 1 µg/ml aprotinin, 10 µM pepstatin, 3 µM E-64, 10 µg/ml leupeptin, 2 µM pepstatin, and 50 µg/ml calpain inhibitor I) and lysed on ice for 30 minutes. After centrifugation at 800 x g to remove nuclei and cell debris, lysates were subjected to sucrose gradient fractionation as described previously (99). An equal volume of each fraction was boiled for 3 minutes in SDS-Lammeli sample buffer and subjected to western blotting analyses as described previously (38, 39, 96–98, 100, 101). On the other hand, the Triton-insoluble rafts and Triton-soluble fractions were diluted with an equal volume of extraction buffer (25 mM HEPES, pH 7.6, 0.3 M NaCl, 1.5 mM MgCl2, 0.2 mM EDTA, 1% Nonidet P-40, and 0.5 mM dithiothreitol) and subjected to immunoprecipitation as described previously.



2.11 Endosome isolation

Endosomes from SW480-FR-NON-CICs/CD44v6 cell clones expressing actin binding NLS mutant (nuclear localization signal mutant) and Δ67 mutant cells (Figures 9 and 10) were isolated by sucrose density gradient (102). All operations were done at 4°C. The cells were grown in plates and washed with PBS three times to remove growth medium. The cells in 0.5 ml of homogenization buffer (250 mM sucrose, 1 mM EDTA, 1 mM phenylmethylsulphonyl fluoride (PMSF)) were lysed by passing through a 22G needle and syringe. After centrifugation at 1000xg for 10 minutes, the supernatant was adjusted to 25% sucrose/1 mM EDTA. Step gradients in four layers were set up in SW41Ti tubes and centrifuged at 100,000×g for one hour. Fractions (2 ml) were collected from top to bottom. The densities of the fractions were measured by refractometry. The fractions were analyzed by western blotting.



2.12 Plasmids and reporter assays


2.12.1 Expression vectors

pcDNA-Wnt3A-V5 was a gift from Marian Waterman (Addgene plasmid # 35927; http://n2t.net/addgene:35927; RRID : Addgene #3 5927), human pcDNA3-β-catenin was a gift from Eric Fearon (Addgene plasmid # 16828; http://n2t.net/addgene:16828; RRID : Addgene # 16828). CD44v6 specific PCR amplification products were isolated with polyadenylated RNA from the HT29 cell line. The PCR product was cloned in the pcDNA3.1 vector and used as previously described. Myc-tagged human full length TCF4E pcDNA3 was a gift from Frank McCormick (Addgene plasmid # 32738; http://n2t.net/addgene:32738; RRID: Addgene # 32738). pDONR223_DKK1_WT was a gift from Jesse Boehm & William Hahn & Root (Addgene plasmid # 82250; http://n2t.net/addgene).



2.12.2 Reporter vectors

The MDR1 and CD44v6 reporter constructs were synthesized by Bio basic (US) and cloned into the firefly pGL3-basic vector (Promega) upstream of the Luciferase reporter gene. The constructs named: 1) mdr1 (a) contains the basal promoter and multiple (four) TCF binding sites (−1301/+1); 2) mdr1 (b) contains the basal promoter and one TCF binding site (−1067/+1); and 3) mdr1 (c) contains just the basal promoter. The constructs named: 1) CD44v6 (a) contains one TCF binding site (-1700/500); and 2) CD44v6 (b) contains basal promoter and two TCF binding sites (-2100/500). The M50 Super 8x TOPFlash vector (plasmid 12456) with a luciferase gene under the control of seven TCF/LEF-binding sites and the corresponding M51 Super 8x FOPFlash vector (plasmid 12457) with mutated TCF/LEF-binding sites were obtained from Addgene (Cambridge, MA, USA). The normalization vector pRL-TK renilla with a HSV-TK promotor driving Renilla luciferase was purchased from Promega.



2.12.3 Transient transfection and luciferase reporter assay

For the transient assays, 1.0 x 105 cells from both cell lines were transfected using Lipofectamine LTX 2000 (Invitrogen) with 1 μg of each Luciferase construct and 100 ng of pRL-SV40 vector (Promega), according to the manufacturer’s instructions. Firefly and Renilla Luciferase activities were measured in cell lysates 48 hours after transfection using the DualGlo Luciferase Assay System (Promega) on a Veritas TM Microplate Luminometer (Perkin Elmer) following the manufacturer’s protocol. All experiments were done in triplicate. Ratios of Renilla luciferase readings to firefly luciferase readings were taken for each experiment, and triplicates were averaged. The average values of the tested constructs were normalized to the activity of the empty pGL3-basic vector, which was arbitrarily set at value 1.



2.12.4 β-catenin/TCF Reporter assays

All reporter gene assays were done in 96-well plates. PD-FR/CICs or CD44v6 overexpressing SW480-FR/SQ/Non-CICs (Non-CICs/CD44v6) (1.0 × 104/well) were transfected with Super TOPFlash reporter (25 ng) and TK-Renilla (5 ng), and with the respective plasmid DNA as indicated using Lipofectamine™ 3000 transfection reagent according to the manufacturer’s protocol. Each transfection was adjusted to 150 ng DNA/transfection with pcDNA3.1 empty vector. Where indicated, cells were transfected at 50–70% confluency with shRNA constructs using Lipofectamine™ 3000 transfection Reagent in 6 cm petri dishes according to the manufacturer’s protocol 24 hours before seeding the cells for the reporter assays. 50 ng/ml of WNT3A was added 24 hours after DNA transfection. Cells were lysed 72 hours after DNA transfection with 1 × Passive Lysis Buffer (Promega), and the luciferase activity was measured using the Luminescence counter (PerkinElmer). TOPFlash experiments were normalized to co-transfected Renilla gene expression. In parallel to the reporter assay, transfected CICs and Non-CICs/CD44v6 cells (CD44v6 overexpressed Non-CICs) were subjected to western blotting analysis to detect MDR1, CD44v6 and β-catenin for CD44v6-β-catenin-MDR1 signaling.




2.13 Primer design and PCR


2.13.1 RNA extraction and cDNA synthesis were done following published work

Total RNA was isolated from cells using the RNeasy mini kit (Qiagen) according to the standard protocol provided by the manufacturer, with on-column DNA digestion. Five hundred ng of RNA was used for cDNA synthesis. One ml primer, 1 ml buffer (5x), 0.5 μl RNase inhibitor, 1 ml dNTP (10 mM) and 0.5 ml Reverse Transcriptase (Thermo Fisher Scientific) were mixed in a microtube (0.2 ml) (103). The synthesis was done at 50°C for 60 minutes in a thermal cycler (Bio Rad).



2.13.2 Primer design and semiquantitative RT-PCR

Primers were designed by online Primer Quest Tool (https://www.idtdna.com/PrimerQuest/Home/Index). The quality of designed primers was analyzed by Oligoaniline Tool software. The semi-quantitative PCR primer sequences used for CD44 exon specific PCRs are given in Tables 1 and 2. Semi-quantitative PCR was done using different amounts of cDNA of RNA samples. One ml of forward (F) and of reverse (R) primers were used. For each sample, PCR was repeated three times. The reaction contained 1 ml of each cDNA sample, 0.5 ml of each primer, 5 ml Taq DNA Polymerase 2× Master Mix Red (Amplicon Co.) and 3 μl dd water in a final volume of 10 μl. Before the main reactions, the PCR conditions, including thermal conditions, and the number of cycles and the cDNA concentrations, were optimized (5, 103, 104). During the main PCR cycles, temperature conditions included one initial denaturation cycle (3 minutes at 95°C) followed by 35 cycles with a denaturation step for 5 seconds at 95°C and a combined annealing and extension step for 35 seconds at 61°C (5, 103, 104). The PCR products were electrophoresed on agarose 2.5%, stained with ethidium bromide and photographed. The analysis of band intensities was done by ImageJ software.


Table 1 | CD44 exon specific PCR examined using 5’ primers complementary to individual variable exons and a primer to the 3’ constitutive exon 7.




Table 2 | CD44 exon specific PCR examined using 3’ primers complementary to v6 and v8 exons and a primer to the 5’ constitutive exon 5.





2.13.3 Quantitative real-time RT–PCR (QPCR)

Total RNA was isolated from cells after various treatments and transfections as described in the figure legends for each specified experiment using the RNeasy mini kit (Qiagen) according to the standard protocol provided by the manufacturer, with on-column DNA digestion. RNA integrity and concentration were analyzed using Bioanalyzer, and 100 ng of RNA was retrotranscribed into cDNA using the First Strand cDNA synthesis kit from Roche Applied Science (Qiagen). SYBR Green technology (Bio-Rad) was used for all real-time PCR experiments. Amplification was done with the real-time PCR analyzer (Bio-Rad). The PCR mixture (25 µl) contained 12.5 µl of 2 SYBR Green PCR Master Mix (Bio-Rad), 5 µl of diluted RT product (1:20), and 0.5 µM sense and antisense primer sets. The QPCR primers used in this study in analyses of various genes associated with CIC stemness function are presented in Table 3. The real-time PCR assays were done in three individual experiments with duplicate samples using standard conditions (5, 104) in a CFX96 real-time PCR detection machine. After incubations at 95°C for 3 minutes, the amplification protocol consisted of 50 cycles of denaturing at 95°C for 10 seconds, followed by annealing and extension at 60°C for 30 seconds. The standard curve was made from a series dilution of template cDNA. Expression levels of tested genes were calculated after normalization with the housekeeping gene GAPDH or β-actin (5, 104).


Table 3 | Real-time PCR (QPCR) primers for various genes associated with CICs stemness function.






2.14 RNA silencing

For determining shRNA sequences used in this study: 1) coding nucleotide sequences of the genes were obtained from the NCBI, National Institutes of Health, website (www.ncbi.nlm.nih.gov); 2) hairpin shRNAs were designed to target a transcript sequence using the Broad Institute GPP Web Portal (http://portals.broadinstitute.org/gpp/public/); and 3) sequences for cloning in pSico/pSicoR vectors were designed following the MIT Jackson Lab website (http://web.mit.edu/jacks-lab/protocols). The resulting pSicoR-CD44v6 shRNA1 (CD44v6 sh1), pSicoR-CD44v6 shRNA2 (CD44v6 sh2), pSicoR-WNT3A shRNA1 (WNT3A sh1), pSicoR-WNT3A shRNA2 (WNT3A sh2), pSicoR-β-catenin shRNA1 (β-catenin sh1), pSicoR-β-catenin shRNA2 (β-catenin sh2) transfectants constitutively silence respective CD44v6, WNT 3A and β-catenin genes in the cells. pSicoR-Non targeted shRNA (NT sh) transfectants were used as control to the above shRNA transfectants (see Table 4 for shRNA sequences used in this study).


Table 4 | shRNA sequence in pSico and pSicoR vectors (https://web.mit.edu/jacks-lab/protocolsl).





2.15 Confirming the specificity of shRNA experiments

To confirm the shRNA knockdown efficiencies in specific experiments, more than one shRNA was used. The knockdown experiments were confirmed by comparing the knockdown effects of shRNAs for CDS either with those of NCDS (as proper negative controls) or with rescue of the observed shRNA-mediated knockdown phenotype by expression of a resistant form of the targeted mRNA. This was done: 1) by transfecting the cells with specific shRNAs for the CDS of the target gene, or 2) by co-transfecting the shRNA (CDS) for the target gene with or without corresponding cDNA transfection, or 3) by the indicated shRNA-mediated knockdown and corresponding KI gene transfection. Total cell lysates were examined by Western blot analysis for the indicated proteins, and for β-tubulin or β-actin (as internal standards). In some cases Total mRNAs were analyzed for the indicated mRNAs by QPCR.



2.16 Chromatin immunoprecipitation assay

The chromatin immunoprecipitation (ChIP) assay was done using the ChIP assay kit (Upstate Biotechnology) following the manufacturer’s directions as described (44). A ChIP assay was done with chromatin from SW480-FR CICs using anti-CD44v6 antibody. The immunoprecipitated DNA was amplified using ChIP primers in PCR using Taq polymerase and subcloned in the TA vector (Invitrogen). The reaction mixtures containing clones were transformed in DHα competent bacteria. Plasmids were prepared from randomly selected colonies. Plasmid DNAs from 11 clones were analyzed by M13 sequencing primers. Computer-based analysis of these DNA sequences revealed the presence of various consensus-binding sites for common transcription factors (see Table 5). QPCR analyses showed the expressions of these 11 transcription factors in CICs of SW480-FR cells.


Table 5 | Cis-sequences bourd by CD44v6.



For ChIP PCR analysis in Figures 11, 12, nuclear fractions (after crosslinking with formaldehyde) from SW480-S and SW480-FR cells were immunoprecipitated with 5 μg of anti-β-catenin or TCF4 antibodies, or with CD44v6 antibody, or with 1 μg of normal mouse IgG for 3 hours. Chromosomal DNAs were purified and analyzed using semi-quantitative PCR to detect the MDR1, and for CD44v6 promoter regions, and for MDR1 and CD44 promoters (Figures 11, 12). SW480-FR cells were transfected with or without either NT sh, or CD44v6 sh1, or β-catenin sh1 for 48 hours. Nuclear β-catenin-associated chromatins were immunoprecipitated with β-catenin or CD44v6 antibodies for 3 hours. Chromosomal DNAs were purified and analyzed using QPCR with primers for TCF4 sites of MDR1 to detect the MDR1 promoter regions. Similarly, SW480-FR cells were transfected with or without non-targeted (NT) and β-catenin small hairpin RNA (shRNA) sequences, or with dominant negative TCF4 (TCF4-DN) constructs for 48 hours. Nuclear TCF4-associated chromatins were immunoprecipitated with β-catenin, or CD44v6 antibodies for 3 hours. Chromosomal DNAs were purified and analyzed using QPCR with primers for TCF4 sites of CD44v6 to detect the CD44 promoter regions. Control IgGs were used as negative controls for immunoprecipitation. Chromatin inputs were used as loading controls for PCR. The primers used for ChIP PCR experiments studies are presented in Table 6.


Table 6 | ChiP PCR primers for MDR1and CD44v6 promoters.





2.17 In vivo tumorigenic potential of CICs

All animal studies described were approved by the Institutional Animal Care and Use Committee (IACUC) at the Medical University of South Carolina (IACUC # -2017-00250; approval date: 2019/03/14-2021/03/29). Procedures for animal studies were conducted in accordance with the National Institutes of Health Guide for the Care and Use of Animals. For studies of subcutaneous tumors, 2 × 103 or 5 x 105 NON-CICs, or 5 x 105 unsorted bulk tumor cells from a xenograft derived from the patient tissues (PD-FR), or from SW480-FR cells, were suspended in Matrigel and then implanted in 25 mice/cell types, 5 mice per week (Wk) in 6-wk-old female NSG mice (for PD-FR cells) or in SCID mice (for SW480-FR cells) that were obtained from The Jackson Laboratory. Tumors were monitored, and after 2 weeks from the first tumor growth, every 2 weeks, 5 mice were sacrificed, and tumors were removed and weighed to evaluate the tumor development (Figures 4B, 4D-G).



2.18 Biotin labelled receptor internalization assays

For cell surface protein labelling, cells were treated in the presence or absence of FOLFOX or WNT3A conditioned media at 370 C for the times indicated and washed three times with ice-cold phosphate-buffered saline (PBS; pH 8.0) to remove any contaminating proteins. Cells were biotinylated using Sulfo-NHS-SS-Biotin (21331, EZ-Link™ Sulfo-NHS-SS-Biotin, ThermoFisher Scientific). Cells from 70–80% confluent cultures (2.5 x 107 cells/ml) were resuspended in PBS, and cell surfaces were biotinylated following the manufacture’s instruction. Cell lysates were prepared in lysis buffer, and biotinylated proteins were precipitated using streptavidin beads from equal amounts of cell lysates. Precipitates were washed three times with cell lysis buffer and analyzed by SDS–PAGE and immunoblotting with appropriate antibodies.

For internalization assays, cell surface proteins were biotin-labelled as described above at room temperature for 1 hour, followed by treatment with or without WNT3A for the indicated times at 37°C. Following stimulation, cells were incubated with 0.1 M glycine in PBS for 30 min at 4°C to quench the unreacted biotin. Surface-retained biotin was removed using reduced glutathione (60 mM glutathione, 0.83 M NaCl), with 0.83 M NaOH and 1% bovine serum albumin (BSA) added before use for two 30-min incubations, followed by ice-cold PBS washes four times. Cells were collected and lysed, and biotinylated proteins isolated using streptavidin beads from equal amounts of cell lysates. The amounts of receptor bound to beads were determined by SDS–PAGE and immunoblot analysis.



2.19 Drug Efflux and Retention Assays

[14C] Oxaliplatin Efflux/Retention in SW480-S and SW480-FR cells by FOLFOX induced hyaluronan-CD44v6-mediated ankyrin function were analyzed. For drug retention (105), exponentially grown SW480-S and SW480-FR tumor cells (transfected with indicated constructs or with shRNAs) were harvested by trypsinization. The single cell suspensions were plated into tissue culture plates and incubated for 24 hours for attachment. The cells were then washed three times with PBS and incubated for 24 hours with 0.2 µM oxaliplatin containing 300 dpm (2.16 pmole) [14C] oxaliplatin (77.6 µCi/mmole). The cells were then washed to remove free radioactive oxaliplatin and incubated in drug-free medium containing 1 x FOLFOX or WNT3A (20 mg/ml) or no FOLFOX, or no WNT3A, or CD44v6shRNA, or CD44D67 construct transfection for 48 hours prior to treatment with or without FOLFOX or WNT3A for 2 hours. At the end of treatment, cells were harvested, washed, and cell numbers were measured with a coulter counter. Radioactivity associated with cells (indicated as intracellular drug retention) was then measured by a liquid scintillation counter. Radioactive [14C] oxaliplatin in vector control cells was used as 100% (Figure 11A).



2.20 Statistics

A two-tailed Student’s t-Test was used to compare mean values between sensitive and resistant cells using the following parameters: mean ΔΔCT values for QPCR; mean colony number for soft agar growth assays; mean densitometry values for QPCR and WB; mean percentage of cell viability assay (CellTiter-Glo) and FACS analysis; mean luminescence for ATP activity in cell growth; Caspase Glow assays in Apoptosis measurements; and mean tumor weight in xenograft studies. Chi-squared analysis was done to compare incidences between sensitive and resistant cells for the following assays: number of positive wells containing tumor spheres in sphere formation assays; and number of mice developing tumors in xenograft studies. For experiments involving three or more groups, statistical significance was calculated with GraphPad Prism Software (version 8) using a 1-way or 2-way ANOVA with a Bonferroni’s posttest, Student’s t test, or log-rank (Mantel-Cox) test where appropriate (Graph-Pad Software Inc.). Data are presented as the mean ± SD.



2.21 Ethics statement

The animal study was approved by the Institutional Animal Care and Use Committee (IACUC) at the Medical University of South Carolina (MUSC). Procedures for animal studies were conducted in accordance with the National Institutes of Health Guide for the Care and Use of Animals IACUC-2017-00250 (approval date: 2019/03/14-2021/03/29).




3 Results


3.1 Upregulations of CD44v6 and active β-catenin contribute to acquired chemoresistance in colon tumor cells

In order to determine the mechanism of FOLFOX resistance in CRC, a cellular model of FOLFOX resistance was developed. Seven CRC cell lines, including the pre-neoplastic APC10.1 cells derived from the APCMin/+ mouse (31, 106), were screened for CD44v6 expression, and SW480, WIDR, LOVO, and HT29 cells that exhibited lower steady-state expressions of CD44v6 were selected (Figure 1A). In order to determine the mechanism of resistance to FOLFOX in CRC cells, FOLFOX-resistant (FR) CRC cell clones were established using serially escalated doses of FOLFOX (1-5 × FOLFOX; [1 × FOLFOX = IC50 of 5-FU + IC50 OXA + 1 µM leucovorin]) in parent sensitive CRC cells (SW480-S, WIDR-S, LOVO-S, and HT29-S) (for details, see Method section). To determine the mechanism of FOLFOX resistance in CRC, ex vivo cultures were established from patient-derived (PD) biopsies collected from 5-FU resistant (PD-5FUR), Oxaliplatin (PD-OXAR), and FOLFOX (PD-FR) tumor specimens and from subcutaneous (SQ) tumor samples derived from our FOLFOX resistant (FR) cell clones. Next, the IC50 concentrations of drug-values of 5-FU and OXA for inhibiting SW480, WIDR, HT29 and LOVO CRC cell growth were assessed by a cell viability ATP based assay (Cell Titer-Glo) in the presence of increasing concentrations of these drugs (5-FU, OXA, and FR). Figure 1B shows the IC50 values of 4 sensitive cell lines (SW480-S, WIDR-S, LOVO-S, and HT29-S) treated with 5-FU or OXA with average values ~49-63 µg/ml for 5-FU and ~5-10 µg/ml for OXA treatments. Figures 1C-E show the IC50 values of sensitive SW480-S cells compared with SW480-5FU resistant (SW480-5FUR) cells, SW480-OXAR resistant (SW480-OXAR) cells, or SW480-FOLFOX resistant (SW480-FR) cells. In each case the resistant cell lines have 3-5 fold higher IC50 values compared to sensitive cells.

While 5-FU, OXA and FOLFOX have been associated with increased CD44v6 mRNA expression in CRC cells (5, 6), their stimulating actions to attain chemoresistance in CICs have not yet been clearly identified. To examine the effects of 5-FU, OXA, and FOLFOX on the regulation of chemoresistance by CD44v6 signaling, we first investigated CD44 variants expressions in sensitive cells and compared their expressions with those of 5-FUR, OXAR, and FR cells of SW480. A specific primer pair was used to amplify the CD44v6 variant by QRT-PCR in these sensitive and drug resistant cells of SW480. Results in Figure 1C-E demonstrate that basal CD44v6 expression was very low in SW480-S cells but significantly increased with resistance to chemotherapeutics (5-FU, OXA or FOLFOX). The basal expression of CD44v6 in these cells increased in the order of SW480-S < SW480-FR < SW480-OXAR < SW480-5-FR (Figure 1F). Similar results were found in WIDR, HT29, and LOVO CRC cells (data not shown).

We evaluated the kinetics of CD44v6 induction in SW480-S cells upon exposure to 1x FOLFOX. To determine whether FOLFOX resistance is associated with CD44v6, the expression profiles of CD44 variants in PD-FR, PD-OXAR and PD-5FUR cells were monitored by quantitative RT–PCR using distinct sets of primers. See the schematic diagram of the CD44 gene in Figure 1G. Sets of CD44 variants were detected using a series of forward 5’ primers that were made to base-pair with v3, v4, v5, v6, v7, v8, v9 and v10 exons independently and with one 3’ primer from the constitutive constant exon 7 (c7) (reverse primer) (shown in Figure 1G). Primers are presented in Table 1 in Methods. In addition, the CD44s standard form having no alternate splicing was detected using primers that base-pair to the constitutive constant exons 5 and 7 of CD44. Exon v6 was expressed together with exons v6–v8 and as an independent isoform (Figure 1H). The v6-v8 variants were detected using a 3′ primer from c7 (reverse primer) of CD44 and two distinct 5′-primers (forward primers) complementing to v6 and v8 exons of CD44, respectively (Figure 1G). The v6 primers and CD44s primers each principally amplified a single product (Figure 1H). The C5v6v8 primer gave rise to two alternately spliced variants of CD44 containing (1): variant exons v6 and v8 (illustrated as v6–v8); and (2) variant exon v8 (shown as v8), all joined to the 3′-constitutive exon C7 (Figure 1I). Although RT-PCR results showed that PD-FR, PD-OXAR and PD-5FUR expressed similar CD44 isoforms (Figure 1H), PD-FR specimens also express low-molecular-weight isoforms detected by the RT-PCR analysis with primers v3, v5, v6 and v9 (Figure 1H). Comparative analysis of matched colorectal cancer specimens from patients after cytotoxic treatment revealed a significant increase in de novo CD44v6 transcript across all drug resistant specimens (Figure 1H).

We focused on CD44v6 signaling in this study. To characterize specifically the CD44v6 transcript variant, further RT-PCR analysis was done using a forward primer that base pairs with both the v6 and C5 exons, and a reverse primer that base pairs with the C7 exon. RT-PCR results showed that PD-FR, PD-OXA and PD-5-FU cells predominantly expressed the C5v6v8C7 (v6-v8) and C5v6C7 (v6) isoforms (Figure 1I). Therefore, we concluded that C5v6v8C7 and C5v6C7 isoforms are unique to chemo resistant cells derived from patients who are resistant to 5-FU, or OXA, or FOLFOX (Figure 1I). No changes in CD44s were observed (Figure 1H). Overall, our data (Figures 1F, H, I) indicate that in patient tumor derived cells, FOLFOX and its components 5-FU and OXA considerably and distinctively induced CD44v6 transcript expression, which could interact with various cellular targets and offer one of the fundamental mechanisms for the drug resistance in CRC cells.

To determine the effects of the expression profiles of CD44 variants, SW480 cells were examined after stimulation with FOLFOX by exon-specific reverse transcription-PCR (RT-PCR). The expression levels of CD44v6 transcripts were monitored by quantitative RT–PCR using distinct sets of primers. See the schematic diagram of the CD44 gene in Figure 2A. A set of variants were detected using a 5’ primer from a constitutive exon C5 and two different 3’ primers complementary to either the v6 or v8 exon, respectively (primers are shown in Table 2). In addition, the standard form of CD44 (CD44s) was detected using primers that base-pair to the constitutive exons C5 and C6. The v6 primer and standard primer predominantly amplified a single product C5v6 (CD44v6 [v6]) (Figure 2B). The v8 primer amplified two spliced variants containing (1) C5v6v7v8 (referred as CD44v6-v8 [v6-v8]), and (2) C5v8 (referred as CD44v8 [v8]) all joined to the c5 constitutive exon (Figure 2A). All products were confirmed by DNA sequencing. As shown in Figure 2B, following 24 hours of serum starvation, the relative expression levels of CD44 variants were low. Stimulation of these cells with 1 x FOLFOX upregulated the v6 gene transcript that peaked between 4 and 16 hours and returned to basal levels at 24–36 hours likely due to the exhaustion of FOLFOX within the media (Figure 2B).




Figure 2 | 
FOLFOX induced CD44v6 expression establishes FOLFOX (FR) resistant colorectal cancer cells (CRCs). (A), Schematic illustration of the CD44 gene. Both constitutive (c) and variable (v) exons are represented. The PCR primers used to amplify CD44 variable and standard isoforms are shown as arrows and the PCR products are depicted in panel (B) experiments. (B), Serum-starved SW480-S cells were stimulated with 1 x FOLFOX (50 µg/ml 5-flurouracil + 10 µM oxaliplatin + 1 µM leucovorin) at the indicated time periods. The mRNA expressions show that primers for v6 isoforms generate v6 and v6-v8 PCR products. The primers for v8 and the standard isoform of CD44 primarily generate one product. (C), Western blots are shown for antibodies that recognize either CD44v6, the active hypo phosphorylated β-catenin (Active β-catenin (ABC)), β-catenin, MDR1 or β-tubulin in sensitive (S) and FR clones of SW480 cells following stimulation with 1x FOLFOX for 4-48 hours. (D, E), Upper panels: Semi-quantitative RT-PCR analyses are shown for CD44 variants in SW480-S and SW480-FR cells transfected with pSicoR-non targeted shRNA1 (NT sh1) or pSicoR-v6 shRNA1 (v6 sh1) (D), and NT sh2 or v6 sh2 (E) for 72 hours followed by FOLFOX stimulation for another 12 hours. Lower Panels: Western blot analyses are shown for p-LRP6 (S1490), active ABC, β-catenin, MDR1, or β-tubulin following 1 x FOLFOX stimulation for 12 hours in cells transfected with NT sh1 or v6 sh1. (F), Effects of CD44v6 shRNA1 and WNT3A shRNA1 knockdown of CD44v6 and WNT3A respectively on the viability of SW480-FR cells in presence of v6 cDNA that were treated with various concentrations of FOLFOX. An ATP based assay (CellTiter-Glo) measured cell viability compared with vector transfectant without FOLFOX treatment as 100%. Error bars represent calculated SDs (n = 3). (G) Same experiments as in F carried out in presence of CD44v6 shRNA2 and WNT3A shRNA2. (H) Sixteen hours after release from G2/M phase by nocodazole treatment, when 97% of the cells were in G1 phase (cell cycle analyzed by flow cytometry) the cells were transfected with either non-targeted (Control) or CD44v6 shRNA. Twenty four hours after transfection, the cells were incubated in low serum medium (0.5% serum) with 1 x FOLFOX for different time periods to re-enter the cell cycle. Cell cycle analysis were carried out in these cells. Samples were analyzed through a time course of 12 hours. Bar graph summarizing the flow cytometry cell cycle profile analysis of SW480 cells. Error bars represent ± SEM of five independent experiments. (I) Upper and lower panels: Western blot for the activated β-catenin accumulation in nuclear fraction in G2/M arrested and 1 x FOLFOX or 20 ng/ml WNT3A stimulated SW480-cells which were previously transfected with NT shRNA or v6 shRNA for 24 hours. These cells were collected at indicated times after 1 x FOLFOX or WNT3A -stimulation. Inset: A model for sustained WNT3A signaling and G1–S transition, dependent on CD44 v6 variants (details are in the text). (J), Anchorage-independent growth in soft agar is shown for SW480-FR, WIDR-FR and LOVO-FR cells and compared with their sensitive (S) pairs. Scale bars, 100 μm. (K), Tumor-sphere formation assays were done for the SW480-FR, WIDR-FR and LOVO-FR cells and compared with their sensitive (S) pairs. Scale bars, 100 μm. (L), Tumor formation is shown in nude mice injected with either 5 x 104 SW480-FR cells, or 5 x 104 SW480-S cells, or 1 x 106 SW480-S cells. SW480-FR cells formed tumor nodules in all injected mice (7/7). Starting at week 3, SW480-R (5 x 104) cells induce tumor nodules whereas SW480-S (5 x 106) cells induced much smaller tumor nodules starting a week later than the SW480-FR cells (7/7 mice). SW480-S (5 x 104) cells were unable to induce tumors. Growth curves are shown for these xenograft tumors in immunocompromised mice. Data are presented as Mean ± SD from n = 3-6 replicates in three independent experiments. All WBs, FACS data, semi quantitative RT-PCR data are representative of three experiments (F, G), *P < 0.05, **P < 0.01 were considered significant, percent cell viability in WNT3A shRNA and CD44v6 shRNA transfected cells compared with vector control and NT shRNA transfected. *P < 0.05, **P < 0.01 were considered significant, percent cell viability in WNT3A shRNA + v6 cDNA transfected cells compared with WNT3 shRNA transfected cell. Student’s t-test was used to assess the significance. (H), *P < 0.05, **P < 0.01 were considered significant, percent cells in S phase in CD44v6 shRNA transfected cells compared with NT shRNA transfected cell. (J–L) *P < 0.05, **P < 0.01, ***P < 0.001 were considered significant. Soft agar colonies, tumor sphere growth, and SQ tumor growth of SW480-FR cells were compared with SW480-S cells. Tumor growth kinetics data in (L) (n = 7) represent mean +/- SD, from at least 3 independent experiments.



Next, we found that FOLFOX-resistant (FR) cells express constitutively high levels of CD44v6 and hypo-phosphorylated, active β-catenin (ABC), as a read-out for WNT pathway activity, and for increased MDR1 protein expression, as a read-out for drug resistance compared to sensitive cells (Figure 2C). In contrast, sensitive cells have low basal levels of these proteins that transiently increase following FOLFOX treatment but return to basal levels following drug withdrawal (Figure 2C). However, this induction in sensitive cells fails to reach the constitutive level as observed in resistant cells (time 0, Figure 2C). These results of high expression of CD44v6 in SW480-FR cells (Figures 1F, H, 2B, C) were consistent with high expression of the CD44v6 transcript in PD-FR cultures (Figures 1H, I). To further validate that active β-catenin and MDR1 expressions in CRC cells are correlated with CD44v6 expression, we evaluated the effects of FOLFOX on expression of these proteins in SW480-S and SW480-FR cells following FOLFOX treatment with or without CD44v6 shRNA1, and CD44v6 shRNA2 (Figures 2D, E). These two sets of shRNAs were used to confirm that the effects of FOLFOX on CD44v6 function are specific to v6. Knockdown of CD44v6 in both FOLFOX-treated SW480-S and SW480-FR cells down-regulated expressions of pLRP6, active β-catenin, and MDR1 and inhibited the FOLFOX-induction of v6-containing variants but not of standard or v8 variants (Figures 2D, E). To further test that CD44v6-regulated WNT/β-catenin signaling affects resistance in response to FOLFOX, FOLFOX resistant SW480-FR tumor cell viability was assayed using different doses of FOLFOX in the presence or absence of two different sets of shRNAs (shRNA1 and shRNA2) targeted to CD44v6 and WNT3A (CD44v6 shRNA1/2, or WNT3A shRNA1/2, and CD44v6 shRNA1/2 plus pCD44v6 cDNA) (Figures 2F, G). A similar experiment was done with a second set of shRNAs for CD44v6 and WNT3A to confirm that the effects of CD44v6 and WNT3A are specific for FOLFOX stimulated colon tumor resistance (Figures 2G). WNT3A shRNA alone inhibited tumor cell proliferation to nearly the same extent as v6 shRNA at the highest concentration of FOLFOX treatment (Figures 2F, G). However, WNT3A shRNA1, or WNT3A shRNA2 combined with v6 cDNA overexpression nearly eliminated WNT3A shRNA-mediated inhibition of FOLFOX resistance compared to v6 cDNA + NT shRNA1, or v6 cDNA + NT shRNA2 groups in SW480-FR cells (Figures 2F, G, magenta lines compared to black lines). This suggests that WNT3A-CD44v6 interaction promotes resistance to FOLFOX induced death in the presence of the chemotherapeutic drug FOLFOX in CRC cells (Figures 2F, G). Overall, these data indicate that FOLFOX transiently upregulates CD44v6, active β-catenin and MDR1 expression in sensitive cells, while these proteins are already constitutively high in FR cells (as seen in Figure 2C) and facilitate FOLFOX resistance (Figures 2F, G). Supplemental Figure1A-C show the validation of WNT3A shRNA, CD44v6 shRNA, and v6 cDNA expression vectors. Our results (Figures 2B, C, F, G) also show that two sets of shRNAs display similar results confirming that this effect on FOLFOX resistance was specific to CD44v6 and WNT3A/CD44v6 signaling and not an off-target effect of using CD44v6 shRNA and WNT3A shRNA.

Next, results in Supplemental Figure 1D showed that knock down of WNT3A in SW480-FR cells inhibited the up-regulation of CD44v6 variants. These data indicated that WNT3A signaling may be required for FOLFOX-induced alternative splicing of CD44. These results (Figures 2F, G, and Supplemental Figure 1C) provide strong support for a positive feedback loop in which specific v6 isoform-dependent activation of WNT3A signaling in response to FOLFOX results in additional synthesis of these CD44v6 isoforms. The results confirm that the positive feedback loop altering WNT3A signaling could lead to long lasting changes in cellular properties such as cell cycle progression. A previous study showed that cytoplasmic and nuclear β-catenin are dynamically regulated during the cell cycle and increased during S phase (107). To investigate the role of the positive feedback loop between CD44v6 and WNT3A signaling in cell cycle progression, we determined the time course of active β-catenin (ABC) expression, and the cell cycle progression of quiescent cells into S phase in SW480 cells treated with CD44v6 shRNA followed by treatment with WNT3A or FOLFOX treatment for various time periods (Figures 2H, I, and Supplemental Figure 1D). After 2 hours of FOLFOX or WNT3A stimulation, 35-43% of the cells entered S phase in NT shRNA transfected cells compared with 15-23% of CD44v6 shRNA transfected SW480 cells treated with FOLFOX, and WNT3A respectively (Figure 2H, and Supplemental Figure1D). Upon WNT3A, or FOLFOX stimulation, WNT3A either by itself, or through FOLFOX, induced an initial burst of nuclear β-catenin activation independent of CD44v6. This activated signal was rapidly downregulated by CD44v6 shRNA after 2 hours. As shown in Figure 2H and Supplemental Figure 1D, ∼90% of the NT shRNA treated cells had entered S phase after 10-12 hours of treatment with FOLFOX and WNT3A. In contrast, only ∼7-12% of the CD44v6 shRNA-treated cells had progressed into S phase at 12 hours of stimulation with FOLFOX and WNT3A, indicating an interruption of S-phase access following down-regulation of the CD44v6 isoform. However, these results initiate a positive feedback loop between WNT3A mediated β-catenin activation and CD44v6 splicing (Figures 2H, I, and Supplemental Figure 1D) by stimulating v6-specific CD44 expression, and this could establish a mechanism for persistent activated β-catenin signaling in FOLFOX resistant cells. In addition, our FOLFOX resistant cells were generated by repeated exposure of the cells to 1x – 5x FOLFOX, and the resistant clones were maintained in 0.5 x FOLFOX selection pressure. Therefore, the FOLFOX-resistant cells sustain WNT3A production, and the maintenance of WNT3A/β-catenin signaling necessary for S phase could constitute a mechanism for a positive feedback loop between β-catenin activation and CD44v6. The depletion of this circuit by the use of v6 exon-specific shRNA in our study uncovered new understandings into how regulated alternative splicing can control intracellular β-catenin signaling sufficient to drive cell cycle progression in response to FOLFOX induced WNT3A secretion.

To further understand whether resistance to chemotherapeutics has been independently associated with increased CD44v6 variant expression that may be associated with a β-catenin/MDR1 pathway, we evaluated stemness in sensitive and FOLFOX resistant (FR) cells of SW480, WIDR and LOVO, by determining their clonogenicity, tumor sphere formation, and their in vivo tumor development by implanting FR and sensitive (S) cells in immunocompromised mice. To determine the clonogenicity of these cells in vitro, their clonal capacity was measured in a soft agar colony formation assay. Compared to parental S cells, FR cells were able to form increased anchorage-independent growth assessed by formation of large numbers of soft agar colonies (Figure 2J). Further, compared with parental S cells, FR cells were able to form significantly greater numbers of tumor-spheres in serum free medium (Figure 2K).

Next, to evaluate whether FOLFOX resistant cells increased tumor growth in vivo compared to the corresponding sensitive cells, 5 × 104 SW480-FR cells, 5 x104 SW480-S cells and 5 x 106 SW480-S cells, were each implanted into 7 immunocompromised mice in 3 separate experiments. In agreement with the soft agar growth and tumor sphere formation results (Figures 2J, K), 5 × 104 FR cells generated tumors in at least 90–100% of immunocompromised mice injected with SW480-FR cells (Figure 2L, green, tumor formation = 7/7 mice), whereas 5 × 104 sensitive cells (SW480-S) were not adequate to form tumors (Figure 2L, purple, tumor formation = 0/7 mice). However, implantation of 200-fold more sensitive SW480-S cells (5 × 106) initiated tumors in three independent experiments (Figure 2L, orange, tumor formation = 6/7 mice). When tumor volumes were examined every day to evaluate the latency, tumors initiated from 5 × 104 SW480-FR cells began to increase at 2 weeks while tumors initiated from 5 × 106 SW480-S cells began to increase later at 3–4 weeks and had much smaller size at 8 weeks compared with 5 × 104 SW480-FR cell-derived sub cutaneous (SQ) tumors (averages 1175 mm3 compared to 2400 mm3 at 8 weeks, Figure 2L). The results from Figures 2J–L provide evidence that FOLFOX-resistant FR cells were more tumorigenic in vitro and in vivo and had greater sphere-forming activity than parental sensitive cells, which are hallmark characteristics of CRC-CICs. This provides evidence that expansion of CICs expressing CD44v6 can have an important role for the acquisition of FOLFOX resistance.

Overall, these results indicate that: 1) CD44v6 has key roles for FOLFOX-induced WNT3A/β-catenin/MDR1 activation that is clearly inhibited by CD44v6 shRNA, confirming that FOLFOX might induce WNT ligands to mediate CD44v6-dependent WNT/β-catenin signaling, 2) constitutive activation of CD44v6 and WNT3A are necessary for maintaining FOLFOX resistance in CRC cells through a WNT3A-CD44v6-β-catenin-MDR1 pathway, and 3) Our data, suggest (Figure 2H, I, and Supplemental Figure 1D) that upon FOLFOX or WNT3A stimulation, WNT/β-catenin signaling generate an early burst of β-catenin activation independent of CD44v6 variants. This activation of β-catenin is promptly down-regulated by CD44v6 shRNA and the findings suggest that a positive feedback loop between WNT/β-catenin signal activation and CD44v6 splicing occurs by stimulating v6-specific CD44 expression.



3.2 CD44v6 expression defines highly tumorigenic colorectal cancer-initiating cells

Cancer initiating cells (CICs) have two decisive features: stemness and resistance to conventional chemotherapies, and thus are a hallmark of drug resistance. CICs are considered to remain after chemotherapy to initiate metastasis (108). According to the published data, CD44v6 has important roles in the stemness of CICs (15, 19, 109). Therefore, we investigated whether expression of CD44v6 defines CRC/CIC subpopulations with drug resistance and tumorigenic properties in clinical samples (PD-FR, PD-5FUR and PD-OXAR) isolated from patients who were resistant to several chemotherapeutic drugs as well as in our FOLFOX resistant WIDR, HT29 and SW480 cells.

First, CICs were isolated from the tumor sphere-propagated cells from colorectal human specimens and colorectal xenograft (SQ) tumors by FACS sorting using several of the previously reported candidates (CD44v6, CD133, EpCAM and ALDH1) (19, 43, 110–112). The data in Figure 3A (upper panel) show that CD44v6 (+) EpCAM (+) sorted cells (10% of unsorted PD-FR tumor cells, Figure 3B) overlapped with CIC markers ALDH1 and CD133 antigen expressions in PD-FR patient tissues (lower panel of Figure 3A). The data in Figures 3C, D show the percentages of CD44v6(+) and CD44v6 (–) cells in EpCAM (+)/ALDH1 (+), and EpCAM (+)/ALDH1 (+)/CD133 (+) cells with respect to unsorted cells. Hereafter freshly isolated CD44v6 (+)/EpCAM (+)/ALDH1 (+)/CD133 (+) cells from the corresponding sphere-propagated tumor cells will be referred to as CICs, and CD44v6 (–)/EpCAM (+)/ALDH1 (+)/CD133 (+) cells as Non-CICs (Figure 3D). Results in Figure 3E showed increased CIC-stemness related gene expressions (primers are given in Table 3 in Methods) in CICs isolated from both PD-FR patient tissues and from SW480-FR/SQ tumors compared to their respective Non-CICs. Overall, the data in Figures 3A-E validate that the CICs overexpressing CD44v6 were originated from epithelial and stem cells.




Figure 3 | CD44v6 identifies colorectal cancer (CRC) initiating cells (CICs). (A), Single-cell suspensions from patient derived (PD) specimens collected from 5-FU (PD-5FUR), Oxaliplatin (PD-OXAR) and FOLFOX (PD-FR) resistant tumor tissues, and from SW480-FR/subcutaneously (SQ) tumor cells were processed for tumor spheres. Sphere propagated cells were FACS sorted for high expressions of CD44v6-PE. CD44v6 positive (+) populations were sorted using EpCAM (–) FITC and CD44v6-PE. CD44v6 (+)/EpCAM (+) cells from various tumors were cultured separately and grown in fresh medium for 2 weeks. The cells were then subjected to flow cytometric analysis for isolation of CD44v6 (+)/EpCAM (+)/ALDH1 (+)/CD133 (+) (CICs), and for CD44v6 (–)/EpCAM (+)/ALDH1 (+)/CD133 (+) (Non-CICs) using antibodies to ALDH11-FITC, CD133-FITC or CD44v6-PE. (B–D), Percentages of CD44v6 (+) and CD44v6 (–) fractions in EpCAM (+) (B), in EpCAM (+)/ALDH1(+) (C), and in EpCAM (+)/ALDH1 (+)/CD133 (+) (D) sorted cells in PD-FR tumor tissues are shown. Henceforth, the CD44v6 (+)/EpCAM (+)/ALDH1 (+)/CD133 (+) cells are identified as CICs, and the CD44v6 (–)/EpCAM (+)/ALDH1 (+)/CD133 (+) cells as Non-CICs (details in Methods). (E), QPCR analyses of CIC-stemness markers (ALDH1, SOX2, OCT4, Nanog, c-Myc and CD44v6) were done on PD-FR CICs, PD-FR Non-CICs, SW480-FR CICs, and SW480-FR Non-CICs isolated from SW480-FR and SW480-S SQ tumor samples. (F), CD44v6 mRNA expressions (by QPCR) are shown in PD-FR, PD-OXAR and PD-5FUR cells treated with or without 1 x FOLFOX for 12 hours. Data are presented as fold change of CD44v6 mRNA expressions relative to adjacent control cells from colon tissue. (G, H), Cell viability of CICs and non-CICs from three independent PD-FR (G) and PD-5-FUR (H) cultures following treatment with or without FOLFOX were assessed by an ATP based assay (CellTiter-Glo). (I–J), Apoptosis of CICs and non-CICs from three independent PD-FR (I) and PD-5-FUR (J) cultures following 1 x FOLFOX treatment were assessed by a Caspase 3 ELISA assay. Data are presented as Mean ± SD from n = 3-6 replicates in three independent experiments. All QPCR, and FACS data are representative of three independent experiments (B–D), *P < 0.05, were considered significant, CD44v6 (+) cells were compared with CD44v6 (–) cells. (E), *P < 0.05, were considered significant, expression of stemness associated factors of CICs were compared with Non-CICs. (FH–J), *P < 0.05, were considered significant, FOLFOX treated cells were compared with Non FOLFOX cells.



Second, given that CD44v6 and β-catenin activation are CRC-CIC markers (19, 113) and that FOLFOX therapy induces CD44v6 associated β-catenin-MDR1 signaling (as seen in Figures 2C-G), we examined whether CD44v6-β-catenin signaling can classify CRC/CICs as a FOLFOX-resistant phenotype. In agreement with the results in our generated FR and S cells of SW480 (as seen in Figures 1F, 2B-E), data in clinically relevant human specimens demonstrated that basal CD44v6 expression was also significantly increased in ex vivo cultures from PD-FR tumor specimens compared to PD-OXAR and PD-5-FUR tumor specimens, and FOLFOX stimulation further increased CD44v6 mRNA expressions in each of the cultures from PD-FR, PD-OXAR and PD-5-FU specimens (Figure 3F). Next, the viable cell growth of CICs and Non-CICs derived from our PD-FR and PD-5FUR specimens were compared to FOLFOX treatment (Figures 3G, H). The data in Figure 3G demonstrate that in a PD-FR tissue, the cell viability of CICs was little or not affected by FOLFOX treatment, whereas Non-CICs displayed an ~2.8-fold reduction in cell viability following FOLFOX therapy that correlated with increased Caspase 3 activation (Figure 3I). In PD-5FUR cells, Non-CICs displayed ~2.3 fold more sensitivity to FOLFOX (measured by Caspase 3 activity) compared with CICs from PD-5FUR SQ tumor cells (Figures 3H, J). Importantly, PD-5FUR CICs from SQ tumors displayed partial sensitivity to FOLFOX (40%) compared to no sensitivity in PD-FR CICs indicating that our PD-FR CICs are indeed resistant to FOLFOX, whereas PD-5FUR CICs are only partially resistant to FOLFOX (Figures 3G-J).

Third, we evaluated tumor sphere forming ability between CICs and Non-CICs from PD-FR and SW480-FR/SQ tumor cells. Quantification of the sphere-formation assay demonstrates that CICs have elevated tumor sphere formation efficiency (Figure 4A). To establish the effects on CICs in functional assays, we performed SQ tumor growth assays (Figures 4B, C) for CICs, Non-CICs and unsorted bulk tumor cells. Importantly, tumors derived from freshly isolated CICs from SW480-FR and PD-FR tumor samples were able to generate larger tumors compared to those induced by unsorted cells in immunocompromised mice (Figures 4B, C). When CICs were injected in immune-compromised mice, 80-100% developed tumors compared to 50-65% of mice injected with unsorted (Bulk) cells (Figure 4D). Examples of tumor growth in cultures of SW480-FR/CICs and PD-FR/CICs isolated from xenograft tumors, and the inability of Non CICs from these tumors to do so, are shown in Figures 4B-D. Moreover, the CICs increased tumor incidence and reduced the latency of tumor formation by PD-FR, HT29-FR, SW480-FR and WID-FR cells with increased tumor sizes in mice implanted with CICs compared to unsorted (Bulk) tumor cells, which required 100-fold more cells compared to CICs (Figure 4D). In concordance with results of Figures 4B, D, when implanted into immunocompromised mice, despite the higher number of unsorted bulk tumor cells (5 x 105) that were used, tumor formations following injection of purified CICs (2 x 103) were faster and more efficient than tumor formations obtained with the total unsorted bulk cancer cell population (Figures 4B-D). Importantly, as high as 5 x 105 Non-CICs from these specimens failed to form any tumors (Figure 4E).




Figure 4 | Tumor response to FOLFOX is correlated with enrichment of CD44v6 (+) CICs and resistance of CICs. (A), Percentages of tumor sphere formation of PD-FR CICs and Non-CICs were measured in a sphere-formation assay. Representative pictures of tumors are shown. (B), Implantation of 5 x 103 CICs from SW480-FR (SQ) tumors resuspended in Matrigel were tumorigenic while 100-fold more unsorted cells (Bulk) resuspended in Matrigel were required to generate tumors in four independent implantations. Five mice per group were used. SW480-FR SQ tumor weights following injection of indicated cell numbers from CICs and unsorted (Bulk) tumor cells are shown. (C), A representative image of tumors initiated from (B) is shown. (D), FACS sorted 2 x 103 CICs resuspended in Matrigel were tumorigenic while 250-fold more unsorted bulk cells (resuspended in Matrigel) were unable to generate the same capacity of tumorigenesis in four independent specimens. Six mice per group were used for four independent experiments. (E), Numbers of SQ tumors formed by implantations of the indicated numbers of CICs and Non-CICs resuspended in Matrigel that were FACS sorted from the SW480-FR cells and PD-FR cells are shown. Five mice were used per group. (F), FACS sorted CICs (2 x 103), Non-CICs (5 x 105), and the unfractionated bulk tumor cells (5 x 105), from indicated tumor samples were resuspended in Matrigel and implanted in immunocompromised mice. The same cells from the first generation of SQ tumors were further implanted into immunocompromised mice. The experiments were repeated to generate tumors into the third generation of xenograft tumors. Only CICs and the unfractionated bulk tumor cells were capable of inducing tumor formations. Isolation of second and third generation xenograft tumor cells displayed similar results (n = 5 mice; experiments were performed in triplicates). (G), Tumor volumes from the experiment (F) were measured in implanted tumors from the indicated CICs, and from the unfractionated bulk tumor cells (n = 5 mice; experiments were performed in triplicates). (H), Percentages of tumor sphere formation in freshly isolated dissociated primary, secondary and tertiary xenograft tumors generated with the indicated CICs, Non-CICs, and unsorted bulk tumor cells from the experiment (F) are shown. (I), Enrichments of CICs in bulk cells from three sources – 1) patient derived specimens, 2) SQ tumor samples developed using FR-cells, and 3) the corresponding sensitive pairs, were assessed by FACS analysis for CD44v6 after FOLFOX treatment. Data are representative of four independent human specimens, and of three independent tumor samples from sensitive and FR cells. Data are presented as Mean ± SD from n = 3 replicates in three independent experiments. (A) *P < 0.05, were considered significant, tumor sphere growth in PD-FR CICs were compared with Non-CICs. (B), *P < 0.05, **P < 0.01, were considered significant, SQ tumor growth in SW480-FR CICs were compared with bulk tumor from SW480-FR cells. Tumor growth kinetics data in (B, C), n = 6 mice/each group represent mean +/- SD, from at least 3 independent experiments. (D, E), n = 6 mice/each cell types (CIC or unsorted) in each cell types in three independent experiments represent mean +/- SD.(F, G), n = 5 mice/each cell types (CIC, Non-CICs, or unsorted) in three independent experiments represent mean +/- SD, *P < 0.05, **P < 0.01, were considered significant, tumor growth using CICs were compared with tumors from bulk tumor cells. (H), *P < 0.05, *P < 0.05, *P < 0.05, were considered significant for tumor sphere growth from cells from primary, secondary, and tertiary xenografts of CICs compared with bulk cells. Tumor growth kinetics data in L (n = 7) represent mean +/- SD, from at least 3 independent experiments.



Fourth, to investigate whether CICs from patient-derived PD-FR colon tumor cells, and from SW480-FR/SQ tumor cells display long-term tumorigenic potential, we evaluated their ability to generate tumors after serial transplantations. Indeed, injected CICs engrafted and generated tumors that grew rapidly and required the mouse to be sacrificed within 28 days. Similar to the results of Figures 4D-E, examples of tumor growth of freshly isolated SW480-FR/SQ/CICs and PD-FR/SQ/CICs, and the inability of Non-CICs from these tumors to do so, are shown in Figures 4F-G. Interestingly, despite the presence of CD44v6 (+) cells present in 5 x 105 unsorted bulk cells, tumor formation following implantation of sorted CICs was quicker and more effective than tumor generation from the 5 x 105 unsorted bulk tumor cell population (Figure 4F). To determine if the tumorigenic population in CRC is restricted to CD44v6 (+), CICs were evaluated by their ability to generate tumors after serial transplantations in secondary and tertiary xenograft models. To address this issue, 2 x 103 CICs, 5 x 105 Non-CICs, and 5 x 105 unfractionated tumor cells from primary tumor xenografts were transplanted into a secondary xenograft model. The implanted CICs increased tumor incidence, grew rapidly and reduced the latency of tumor formation by CICs with increased tumor size (Figures 4F, G). Furthermore, CICs obtained from similar CIC derived secondary xenografts were subsequently transplanted into third generation of xenografts in mice. During the in vivo serial transplantation, CICs did not lose their tumorigenic potential but instead increased their long-lasting faster tumor growth (as measured by the tumor volume in Figure 4G). In contrast to the data of Figures 4F, G, importantly, the tumorigenic potentiality of the Non-CICs was entirely lost in secondary recipients (Figures 4H, as well as in 4F), providing evidence that Non-CICs include mainly differentiated nontumorigenic cells whereas tumorigenic colorectal CICs are restricted to the small population of CICs expressing CD44v6 (Figures 4F-H). Thus, the CIC population in colon tumors was able to generate serial xenografts showing a nearly unlimited tumor growth potential.

The relative resistance of CICs to chemotherapy (as seen in Figure 4A-H) suggests that CICs may be enriched after chemotherapy treatment. Indeed, the CIC immunophenotype (CD44v6 (+)) was increased 1.3-8-fold after chemotherapy treatment (Figure 4I). Importantly, the CIC population in the colon tumor tissue can generate serial transplantation derived SQ tumors indicating an essentially unlimited tumorigenic potential of CICs expressing CD44v6 (Figures 4F–H). Together, these data collectively support a model in which drug resistant colorectal CICs are confined to the small CD44v6 (+)/EpCAM (+)/ALDH1 (+)/CD133 (+) cell populations isolated from sphere-propagated tumor cells (as seen in Figure 3D), which are enriched with FOLFOX therapy (Figure 4I) with high tumorigenic potential (Figures 4B-H). The tumorigenic potential of CICs was not related to a higher content of CD44v6 (+) CICs in response to FOLFOX therapy as seen in Figure 4E, but may be related to in vivo selection of a highly tumorigenic subpopulation of CICs (Figures 4F-H). These results favor a cell-autonomous relative chemo resistant and virtually unlimited growth potential phenotype of colorectal CICs expressing CD44v6, indicating that CD44v6 can be used as a CIC marker, and as a therapeutic target for CRC.



3.3 FOLFOX-induced WNT3A and CD44v6 signaling establishes cell autonomous resistance to conventional FOLFOX chemotherapies in colorectal CICs

Given that human colorectal CICs can be defined based on high WNT signaling activity (113, 114), we examined if elevated CD44v6 regulated β-catenin activation, as seen in Figures (2C-E), can define the FOLFOX resistance of the CIC fraction (as seen in Figures 2F-G). To address this, first we generated drug resistant (5-FU, OXA, and FOLFOX resistant) SW480 cells. To generate these drug resistant cells, we first determined IC50 values of the parent SW480 cells for 5-Flourouracil (5-FU) and oxaliplatin (OXA) (see Figure 1B), because these molecules are the components of FOLFOX. FOLFOX resistance cells were generated by incubating the sensitive parental cells of SW480 (SW480-S) with repeated exposure to increasing concentrations of the drug from 1x FOLFOX (50 µM 5-FU [IC50 values for SW480 cells for 5-FU] + 5 µM OXA [IC50 values for SW480 cells for 5-FU] + 1 µM leucovorin) to 5 x FOLFOX over 5 days. This exposure and withdrawal cycle was repeated five times for each dose of the drug. The surviving 5-FU resistant (5-FUR), OXA-resistant (OXAR) and FOLFOX-resistant (FR) clones were cultured in normal medium for 5 days and maintained with selection pressure of half the IC50 dose of SW480 cells for 5-FU, OXA and FOLFOX. In Figure 5A, we compared expression of CD44v6 mRNA (Upper panel, Figure 5A) and protein (Lower panel, Figure 5A) in sensitive (S), 5-FUR, OXAR, and FR clones with and without 1 x FOLFOX treatment for 8 hours. Results in Figure 5A show that FR cells express significantly highest levels (~20 ± 1.67-fold mRNA [Upper panel] and ~8 fold protein [Lower panel]) of CD44v6. OXAR and 5-FUR cells express moderately higher levels (~5-6 ± 0.9 - fold mRNA [Upper panel] and ~3-3.5 fold protein [Lower panel]) compared to sensitive SW480-S cells (Figure 5A). Since these resistant cells were selected by repetitive treatment of the sensitive cells with 5 µM OXA, 50 µM 5-FU, and 5 x FOLFOX drugs and maintained under selection pressure of 25 µM of 5-FU, 2.5 µM of OXA and 0.5 x FOLFOX, the basal levels of CD44v6 mRNA and protein in these cells are already elevated, and further addition of 1 x FOLFOX to these cells has little or moderate effect on CD44v6 expression (Figure 5A), whereas addition of FOLFOX to sensitive cells increase the CD44v6 mRNA expression to ~ 5 ± 0.49-fold and CD44v6 protein by ~2 fold (Lower panel, Figure 5A). These increases in CD44v6 expression in sensitive cells were decreased (data not shown) to basal level at ∼24–48 h due to the depletion of FOLFOX in the media as seen in the results of Figures 2B, C. In a further step, we analyzed the expression of CD44v6 mRNA in resistant and sensitive cells with and without treatment with WNT inhibitor LGK974 in FOLFOX treated CICs from resistant and sensitive cells (Inset, Figure 5A). The results (Inset, Figure 5A) indicate that, WNT3A inhibitor inhibited FOLFOX induced CD44v6 expression substantially in FOLFOX treated CICs from resistant and sensitive cells, suggesting that FOLFOX induced WNT3A maintains CD44v6 mRNA and protein expression in CICs. These data in Figure 5A, and in Figures 2B-C indicate that FOLFOX treated transient upregulation of WNT3A regulates CD44v6 activation in sensitive cells, and WNT3A induced constitutively active CD44v6 activation in resistant cells to maintain FOLFOX resistance in SW480-FR cells. Abrogation of the CD44v6-WNT3A signaling pathways restores sensitivity to cytotoxic drugs (Figures 2F, G).




Figure 5 | CICs isolated from resistant cells demonstrate resistance to FOLFOX treatment through WNT3A/β-catenin signaling. (A), QPCR (Upper panel) and western blot (Lower Panel) data are shown for CD44v6 mRNA (Upper panel) and protein expression (Lower panel) in CICs isolated from SQ tumors of SW480-FR, SW480-OXA, SW-5-FU, and SW480-S cells that were treated with or without either 1 x FOLFOX for 12 hours, Inset: CICs isolated from SQ tumors of SW480-FR, SW480-OXA, SW-5-FU, and SW480-S cells that were treated with either 1 x FOLFOX, or 1.2 ng/ml of WNT inhibitor LGK974 (IC50, for LGK974 in SW480-S and SW480-FR cells are 0.8 ng/ml and 1.15 ng/ml [data not shown]), or 1 x FOLFOX + LGK974 for 12 hours. QPCR analysis was done with total RNA extracted from these treated cells and data are shown for CD44v6 mRNA. (B), Secretion of WNT3A was measured by ELISA in sensitive and FR cells of SW480 after treatment with DMSO. Or 1 x FOLFOX, or 1.2ng/ml of LGK974, or 1 x FOLFOX + LGK974 for the indicated times. (C), Sensitive and FR cells of SW480 were transfected with 50 ng TOPFlash and 50 ng TK-Renilla vectors, or with 50 ng FOPFlash and 50 ng TK-Renilla vectors. The TOPFlash/FOPFlash promoter was activated by treatment with FOLFOX (1x) for 12 hours. Cells were lysed and subjected to luciferase measurements. (D-E), Validations of β-catenin shRNAs (β-catenin sh1 and β-catenin sh2) (D) and of constitutively active β-actin (E) used in the following experiments (H-K) were examined. In “D”, the indicated shRNA mediated knockdown and the corresponding knock-in (KI) gene transfections were dune as described in Methods. Target proteins were analyzed by WB analysis (β-tubulin, internal control). (F), CD44v6 negative PD-FR/NON-CICs were transfected with either TOPFlash and control TK-Renilla vectors, or with FOPFlash and TK-Renilla vectors together with increasing time of incubation with CD44v6 cDNAs. After 48 hours, the cells were stimulated with or without 20 ng/ml WNT3A for the indicated times. Then the cells were lysed and subjected to luciferase measurements (upper panel) or, in parallel, to WB analysis for CD44v6 and Flag. (G), PD-FR CICs were transfected with NT sh1, or with CD44v6 sh1. After 48 hours, cells were analyzed for WNT3A stimulated β-catenin/TCF4 promoter luciferase activity as shown in upper panel or, in parallel, to WB analysis with the indicated proteins (lower panel). (H, J), SW480-FR CICs were transfected with NT sh1, or CD44v6 sh1 (v6 sh1), or β-catenin sh1, or treated with DMSO, or 1.2 ng/ml of LGK974. 48 hours after the transfections, and 12 hours after the LGK974 treatment, cell growth was assessed by counting colonies in a clonogenic growth assay (H), and apoptosis was assessed by the Annexin V positive stain assay (J). (I, K), SW480-FR Non-CICs were transfected with vector control, v6 cDNA, or CA β-catenin cDNA. 48 hours after the transfections, cell growth was assessed by clonogenic growth assay (I), and apoptosis was assessed by the Annexin V positive stain assay (K). Data are presented as Mean ± SD from n = 3-4 replicates in three independent experiments. All WB data are representative of 4 independent experiments. (A) *P < 0.05 was considered significant for red asterisks, CD44v6 mRNA levels of FOLFOX treated cells were compared with the DMSO treated cells; *P < 0.05 considered significant for the green and blue asterisks, CD44v6 mRNA levels of 1.2 ng/ml, LGK974 and FOLFOX + LGK974 treated cells were compared with DMSO, or FOLFOX treated controls. (B), *P < 0.05, was considered significant, secreted WNT3A in LGK974 treated cells of SW480-S and SW480-FR were compared with their respective DMSO treated controls. (C), *P < 0.05, was considered significant, FOLFOX treated cells of SW480-S and SW480-FR were compared with their respective DMSO treated controls. (D-E), *P < 0.05, was considered significant, WNT3A treated PD-FR NON-CICs (D) and PD-FR CICs (E) at various time points were compared with their respective untreated controls. (F, H), *P < 0.05, was considered significant, v6 shRNA1, β-catenin shRNA1, and LGK974 treated clonogenic growth (F), and Annexin V positive (H) CICs were compared with their appropriate vector + NTshRNA, and DMSO controls. (G, I), *P < 0.05, was considered significant, v6 cDNA, CA-β-catenin CDNA overexpressed clonogenic growth (G), and Annexin V positive (I) NON-CICs were compared with their appropriate vector controls.



Second, since cancer cells secrete cytokines to evade drug-induced death (115), and oxaliplatin, a component of FOLFOX, induces a WNT/β-catenin target IL-6 (116, 117), we determined whether our resistant cells and sensitive cells differentially secret WNT3A ligands in response to FOLFOX treatment. Results (Figure 5B) indicate that SW480-FR cells endogenously produce higher WNT3A levels compared to SW480-S cells, and additional FOLFOX treatment increases WNT3A secretion levels. Additionally, WNT inhibitor LGK974 inhibits the secretion of endogenous WNT3A and FOLFOX induced WNT3A protein in both the cells (Figure 5B). This higher WNT3A secretion in response to FOLFOX treatment suggests that WNT3A-induced TOPFlash transactivation may be enriched after FOLFOX treatment. To determine the reporter activity, we overexpressed a luciferase construct containing four native TCF/LEF binding sites (TOPFlash) or its negative-control counterpart (FOPFlash) containing four mutated LEF/TCF binding sites along with a Renilla construct. At 24 hours post-transfection, luciferase activity was measured using the dual-luciferase system. Indeed, the TCF/LEF responsive reporter TOPFlash transactivation increased significantly higher in SW480-FR cells compared to SW480-S cells in response to 1 x FOLFOX treatment for 12 hours (Figure 5C), indicating that FOLFOX stimulates WNT3A pathway activation.

Third to determine whether CD44v6-WNT3A signaling has a direct role in mediating FOLFOX resistance, we first investigated whether overexpression of a CD44v6 expression vector in CD44v6 negative PD-FR Non-CICs induces a time-dependent stimulation of WNT3A-mediated transactivation. Results in Figure 5F indicate that CD44v6 variant overexpression increases WNT3A-induced TOPFlash luciferase reporter activation. Conversely, we transfected PD-FR/Non-CICs expressing CD44v6 stably with the TCF/LEF responsive reporter TOPFlash and with CD44v6 shRNA. Treatment with WNT3A resulted in activation of WNT3A-induced β-catenin signaling, and this was significantly reduced by CD44v6 shRNA1 (Figure 5G). The results in Figures 5F-G provide evidence that CD44v6 clearly regulates WNT3A-induced β-catenin/TCF/LEF transactivation. Next, CD44v6 and β-catenin expressions in CICs were knocked down by specific shRNAs, and WNT3A production was inhibited by LGK974 in CICs isolated from SW480-FR cells. In untreated and vector controls, cell viability was not reduced, and cells were resistant to apoptosis upon FOLFOX treatment in SW480-FR/CICs (Figures 5H, J). In contrast, Non-CICs show sensitivity to FOLFOX as determined by reduced colony formation in clonogenic growth assays and increased apoptosis determined by apoptosis assay (Figures 5I, K). Knockdown of either CD44v6 or β-catenin or inhibiting WNT3A production by LGK974, restored FOLFOX sensitivity in SW480-FR/CICs by reversing the resistant phenotype (Figures 5H, J), while overexpression of CD44v6 and β-catenin in SW480-FR/Non-CICs induced FOLFOX resistance (Figures 5I, K). Validations of shRNA of β-catenin were done by the indicated shRNA mediated knockdown and the corresponding shRNA resistant knock-in (KI) (shRNA sequences are in Table 4 in Methods) gene overexpressions and consequent analysis of indicated proteins in western blots (WB) (Figure 5D) following our previously published method (38, 39). Validation of constitutively active (pCA)-β-catenin was demonstrated by the indicated protein expressions in WB analysis (Figure 5E). The results show: 1) increased resistance of PD-FR/CICs compared to PD-FR/NON-CICs in response to FOLFOX treatment (Figures 5H versus 5I); 2) pCA-β-catenin and overexpression of v6cDNA mediated increased FOLFOX resistance in SW480-FR/NON-CICs (Figures 5I, K); and 3) knockdown of CD44v6 variant, or β-catenin, or inhibition of WNT3A by LGK974 nearly eliminated FOLFOX-resistance in SW480-FR CICs (Figures 5H, J). These data indicate that CD44v6 regulated WNT3A/β-catenin signaling has a vital role for FOLFOX resistance. Indeed, enrichment of CD44v6 expressing CICs from indicated tumor samples after FOLFOX therapy was demonstrated in Figure 4I.

Fourth, to validate that active β-catenin (ABC) and MDR1 protein expressions in CRC cells are correlated with CD44v6 expression, we evaluated the effects of FOLFOX on active β-catenin and MDR1 expressions in SW480 cells following FOLFOX treatment with or without CD44v6 shRNA transfection. Knockdown of CD44v6 variant in pCD44v6 overexpressing FOLFOX resistant cells down-regulated ABC and MDR1 expressions and inhibited the v6-containing variants but not the standard or v8 variants (as seen in Figures 2D, E). Thus, to define that CD44v6 is a positive regulator of WNT3A/β-catenin signaling, we tested whether CD44v6 transcript interacts with the nuclear complex of active β-catenin/TCF4 to transcriptionally regulate MDR1 (118, 119). In an effort to gain a better understanding of the specific functions of the CD44v6 isoform expressed by drug resistant CRC cells, we used CD44-negative COS-7 cells (120). COS-7 cells were transfected with Flag-CD44v6 and control vector (not tagged with flag). In Figure 6A inset, we verified the CD44v6 expression and Flag expression in Flag-CD44v6 knock-in clones and in CD44v6 transfected parental COS-7 cells with either anti-CD44v6 or anti-Flag antibodies (upper panel of Figure 6A inset). This was further confirmed by immunoprecipitating cell lysates of CD44v6 × Flag knock-in and parental wild type CD44v6 transfectants of COS-7 cells with anti-Flag and subsequently western blotting with anti-CD44v6 (lower panel of Figure 6A inset). Co-IPs showed that WNT3A stimulated MDR1 and TCF4 were in a nuclear complex with CD44v6 in CD44v6 overexpressing COS-7 cell (Figure 6A, Flag tagged CD44v6 compared to Flag tagged vector transfectant cells).




Figure 6 | CD44v6 regulated β-catenin signaling establishes FOLFOX resistance in CRC-CICs. (A), CD44 negative COS7 cells were stably transfected with vector control or with Flag-CD44v6 cDNA. Nuclear (N) and cytosolic (C) fractions were prepared from COS-7/Flag-tagged vector and COS-7/Flag tagged-CD44v6 stable transfectants and immunoprecipitated by the anti-Flag antibody. Flag-immunoprecipitated proteins were analyzed by Western blotting with the indicated antibodies. Upper panel of inset - Western blots of wild-type and Flag-tagged CD44v6 in Flag-CD44v6 knock-in clones and the parental clone (wild type CD44v6 transfectants of COS-7 cells) with either anti-CD44v6 or anti-Flag antibodies, Lower panel of inset - Cell lysates of CD44v6 × Flag knock-in and parental clones were immunoprecipitated with anti-Flag and western blotted with anti-CD44v6. (B-E), CICs from SW480-S cells (B, D) and SW480-FR cells (C, E) were transfected with NT sh1 or v6 sh1. After 48 hours, CICs were analyzed for FOLFOX stimulated β-catenin/TCF4 promoter luciferase activity (B, C) as described in Figure 5C or, in parallel, to WB analysis with the indicated proteins (D, E). (F, G), CICs from SW480-S (F) and SW480-FR (G) cells were transfected with NT sh1 or CD44v6 sh1 vectors. After 48 hours, CICs were subjected to WB analysis for the indicated proteins. (H–J), COS-7/vector and COS-7/Flag-CD44v6 stable clones were further transfected with 50 ng TOPFlash and 50 ng TK-Renilla vectors, or with 50 ng FOPFlash and 50 ng TK-Renilla vectors for 48 hours. They were then treated either with vehicle (DMSO) or with the MEK inhibitor U0126 (20 µM) (H), or with the PI3K-Inhibitor Ly294002 (50 µM) (I), or a casein kinase 1 inhibitor CKI-7 (hydrochloride) (CKI-7) (2 µM) (J) 2 hours prior to the addition of WNT3A. After 12 hours of induction with WNT3A, cells were lysed and subjected to luciferase measurements. (K), PD-FR CICs were transfected with NT sh1 or v6 sh1. After 48 hours, cells were transfected with TOPFlash and TK-Renilla or with FOPFlash and TK-Renilla vectors. The TOPFlash/FOPFlash promoter was activated by stimulation with WNT3A (20 ng/ml) for 12 hours or by further transfection with LRP6, DVL2 or constitutively active (CA) β-catenin for 48 hours. Cells were lysed and subjected to luciferase measurements, and the data are presented as TOPFlash/FOPFlash promoter activity or, in parallel, to WB analysis. (L), COS7-Vector and COS7-CD44v6 clones were transfected with TOPFlash and TK-Renilla vectors, or with FOPFlash and TK-Renilla vectors for 48 hours. The reporter was stimulated with 20 ng/ml WNT3A for 12 hours or by further transfection with LRP6, DVL2, or constitutively active (CA) β-catenin for 48 hours. Cells were lysed and subjected to luciferase measurements or, in parallel, to WB analysis. Data are presented as Mean ± SD from n = 3-6 replicates in three independent experiments. All WBs data are representative of 4 independent experiments. (B, C), *P < 0.05 was considered significant, TOPFlash/FOPFlash activity in v6shRNA1 (v6sh1) transfected SW480-S/CICs and SW480-FR/CICs were compared with their NT shRNA (NT sh) transfected cells. (H–J), *P < 0.05 was considered significant, TOPFlash/FOPFlash activity in WNT treated v6 cDNA overexpressed COS-7 cells were compared with untreated v6 cDNA transfectants; TOPFlash/FOPFlash activity in WNT plus inhibitors treated (U0126 [H], LY294002 [I], and CK 1-7 [J]) v6 cDNA overexpressed COS-7 cells were compared with inhibitors only treated v6 cDNA transfectants. (K, L), *P < 0.05 was considered significant, TOPFlash/FOPFlash activity in v6 shRNA1 (v6 sh1) transfectant of PD-FR (CICs) (K), and v6 cDNA overexpressed COS-7 cells (L) were compared with the NT shRNA (NT sh) transfected PD-FR (CICs) (K), and vector control transfected COS-7 cells (L).



Since FOLFOX stimulates WNT3A secretion and WNT3A/β-catenin transcriptional activity (Figures 5B, C), we determined whether knocking down CD44v6 expression would alter FOLFOX-mediated activation of β-catenin signaling in CICs isolated from SW480-S and SW480-FR cells. A WNT3A pathway was activated significantly with 1 x FOLFOX treatment for 12 hours in SW480-FR/CICs compared to SW480-S/CICs (as shown in Figures 6C, E compared to Figures 6B, D). This activation of β-catenin-dependent transcription in FR CICs was significantly reduced by knocking down CD44v6 in these CICs (Figures 6C, E). Together the results indicate that CD44v6 clearly regulates FOLFOX-induced β-catenin activation (hypo phosphorylated, active β-catenin [ABC] expression) in SW480-FR CICs compared to SW480-S/CICs (Figures 6C, E compared to Figures 6B, D).

Fifth, using CICs from sensitive and FR cells of SW480, we specifically tested the involvement of CD44v6 in LRP6 phosphorylation at Serine 1490, an early event in the activation of the WNT signaling (121). Importantly, FOLFOX resistant CICs predominantly express LRP6 phosphorylation at Serine 1490, whereas this phosphorylation was nearly absent in sensitive cells (Figures 6D, F compared to 6E, G). Furthermore shRNA1-mediated knockdown of CD44v6 variant in these CICs strongly inhibited WNT3A-induced phosphorylation of LRP6 (S1490) in SW480-FR CICs (Figure 6G). We also observed significant induction of ABC and MDR1 expression in SW480-FR CICs, whereas very little stimulations of endogenous expression of these two proteins by WNT3A was found in SW480-S-CICs, and these inductions are CD44v6 dependent (Figure 6G compared with Figure 6F). These results indicate that phosphoLRP6 (S1490) distributions, active β-catenin (ABC), and MDR1 expression were significantly obstructed in CICs of sensitive cells, whereas LRP6 (S1490) is a positive regulator of LRP6-mediated β-catenin (ABC) signaling in SW480-FR CICs (Figure 6G compared with Figure 6F). Moreover, WNT3A induced a mature glycosylated membrane bound form of LRP6 (upper band of LRP6) that is reduced by knocking down CD44v6 in SW480-FR CICs (Figure 6G), whereas in sensitive cells, knocking down CD44v6 represses both the immature endoplasmic reticulum bound (ER) form of LRP6 (faster migrating band) and the mature membrane bound form of LRP6 (slower moving band) (Figure 6F). These results provide evidence that WNT3A stimulated CD44v6 expression drives the matured form of LRP6, and that subsequent LRP6 phosphorylation at Serine 1490 activates β-catenin signaling and its localization at the membrane in FR-CICs compared to sensitive CICs (Figure 6G compared with 6F). Moreover, knocking down CD44v6 variant in SW480-FR CICs reduced both FOLFOX and FOLFOX+WNT3A induced mature glycosylated membrane bound form of LRP6 (122) (upper band of LRP6, red and blue stars) (Figure 6G). On the other hand, in sensitive cells, knocking down CD44v6 represses both the immature endoplasmic reticulum bound (ER) form of LRP6 (faster migrating band) and the mature membrane bound form of LRP6 (slower moving band represented by red and blue stars) (Figure 6F). These results provide evidence that FOLFOX/WNT3A stimulated CD44v6 drives the matured form of LRP6, and that subsequent LRP6 phosphorylation at Serine 1490 activates β-catenin signaling and its localization at the membrane in FR-CICs compared to sensitive CICs (Figure 6G compared with 6F). In contrast, WNT3A stimulated CD44v6 drives both mature and immature forms of LRP6 and inactivates β-catenin signaling in sensitive SW480-S/CICs (Figure 6F). Together, these data demonstrate that CICs have autonomous resistance to FOLFOX therapy that is dependent on CD44v6 expression and CD44v6-dependent WNT3A signaling activation, and on MDR1 expression.



3.4 CD44v6-dependent β-catenin/TOPFlash transactivation is mediated by the membrane WNT3A and LRP6

CD44v6 regulates multiple receptor tyrosine kinase and non-tyrosine kinase signaling pathways (29–39), and RTKs induce LRP6 phosphorylation/β-catenin signaling via the mitogen-activated protein kinase (MAPK)/Erk and phosphatidylinositol 3 kinase (PI3K)/Akt signal transduction pathways (123). Moreover, casein kinase 1 (CK1) family members, particularly CK1γ, are known to phosphorylate LRP6 (124). To understand the role of MEK, or PI3K or CK1 in CD44v6 regulated LRP6 phosphorylation, we used their pathway inhibitors and examined whether these pathways affect CD44v6-LRP6/WNT signaling. The results indicate that MEK or PI3K pathways did not impact CD44v6 regulated WNT3A-induced TOPFlash transactivation in a COS-7-CD44v6 stable transfectant clone (Figures 6H, I). However, inhibiting CK1 substantially blocked CD44v6 regulated LRP6 phosphorylation in response to WNT3A (Figure 6J), indicating that CD44v6 regulated WNT3A/β-catenin transcriptional activation in association with CK1. To further confirm that CD44v6 regulated WNT3A-induced TOPFlash transactivation is regulated exclusively by CD44v6 function, we knocked out CD44v6 in SW480-FR CICs and then stimulated them with WNT3A, or co-transfected them with LRP6, or with cytoplasmic protein disheveled 2 (DVL-2), or with CA β-catenin overexpressing vectors (Figure 6K). Conversely, a CD44v6 gain-of function experiment was done in pCD44v6 overexpressing COS-7 cells, which were then either stimulated with WNT3A, or co-transfected with cDNAs for LRP6, or with DVL-2, or with a CA-β-catenin plasmid (Figure 6L). Figures 6K, L show that TOPFlash promoter activation is decreased by WNT3A and LRP6 treatment when CD44v6 variant has been knocked down (Figure 6K), and that they are increased when CD44v6 is increased with transfection using CD44v6 cDNA(Figure 6L). In contrast neither the pDVL2 nor the pCA-β-catenin treatments alter TOPFlash transactivation. Therefore, TOPFlash promoter activation occurs by membrane constituents WNT3A or LRP6, but not by transfection with cDNAs for cytoplasmic molecules such as DVL2 or CA-β-catenin, providing evidence that WNT3A-induced TOPFlash transactivation occurs only in the membrane associated LRP6 activated by CD44v6 presumably in association with CK1 (Figures 6J, K, L).



3.5 Caveolin-mediated endocytosis is essential for CD44v6-LRP6-β-catenin signaling

Endocytosis of transmembrane signaling receptors is an important regulatory event in signal transduction including CD44/CD44v6 (33, 76, 125) and WNT/LRP6/β-catenin signaling (126, 127). Clathrin-mediated endocytosis has a crucial role in terminating cell survival signaling by inhibiting association of cell surface receptors (128, 129). A CAV1-endocytosis pathway has been shown to function as a platform for receptor mediated signaling by accelerating the sequestering of receptors and signaling molecules within caveolae (130, 131). With evidence that CD44v6 regulates WNT signaling at the level of association with mature LRP6 (as seen in Figure 6G), and at the membrane (as seen in Figures 6K-L), we hypothesized that formation of intact lipid-rafts at the membrane microdomain may be required for CD44v6 to interact with LRP6. To address this, lighter lipid raft (expressing caveolin-1 [CAV1]) and heavier non raft (Clathrin) membrane fractions were isolated using OptiPrep gradient centrifugation of the Triton X-100-insoluble fractions of the cell lysates that were prepared from SW480-S and SW490-FR cells after 1 x FOLFOX treatment for 30 minutes. Gradient fractions were analyzed for the cholesterol content, protein concentration, and density of the gradient layers after centrifugation. As shown in Figure 7A, the low protein content of the 1-5 fractions mostly exhibited high cholesterol and CAV1 expression. The 6-10 fractions with low cholesterol and high protein content exhibit clathrin. To avoid contamination, we used the 3-4 fraction as shown in Figure 7A, which is the caveolin-raft fraction between 15%-20% Optiprep gradient layers and depicted as “R”. Similarly, the 7-8 fraction as shown in Figure 7A is clathrin-non-raft fractions > than the 30% Optiprep gradient layer and depicted as “NR”. As shown in Figure 7B, increased levels of CD44v6 and LRP6 (S1490) localized in R fractions of FR cells, which were greatly reduced in NR fractions expressing clathrin. As shown in Figure 7B, transient WNT3A stimulation had little effect on the stimulation of the relatively lower density distribution of CD44v6 and LRP6 to the R fraction in sensitive SW480-S cells compared with the significantly higher density distribution of CD44v6 and LRP6 to the R fraction in SW480-FR cells. Furthermore, phospho-LRP6 (S1490), indicative of activated WNT signaling, co-sediments at higher density with LRP6 and CD44v6 in caveolin containing fractions. Since WNT-mediated phosphorylation of LRP6 at S1490, which is postulated to be required for interaction with and modulation of the β-catenin destruction complex (124), is not observed when the receptor is internalized in clathrin containing endocytic vesicles; we can conclude that the increased WNT3A mediated CD44v6-LRP6 (S1490)/β-catenin signaling in caveolin-lipid raft is required for maintaining CIC autonomous resistance in FOLFOX-resistant cells (as seen in Figures 2F-G, Figure 4, and Figures 5F, H). Methyl-β-cyclodextrin, a cholesterol depleting agent, abolished recruitment of CD44v6 and LRP6 to lipid-rafts (Figure 7C).




Figure 7 | Caveolin-mediated endocytosis is essential for CD44-LRP6-β-catenin signaling to maintain FOLFOX resistance. (A), Detergent-resistant membranes, Triton X-100 (1%) insoluble fractions of FR and sensitive cells, were separated in the OptiPrep linear gradients, and distributions of protein and cholesterol across the gradient are shown (details in Methods). Dot Blot analyses show the presence of caviolin1 (CAV1) and clathrin in different Optiprep fractions. (B), SW480-S and SW480-FR cells were treated with 1 x FOLFOX for 30 minutes. The raft (R) < 20% OptiPrep fractions [2-5], and the non-raft (NR) > 20% OptiPrep fractions [6-9] were isolated and analyzed by western blots (WBs) for CD44v6, phosphorylated LRP6 (S1490), LRP6, caveolin-1, and clathrin. (C), SW480-S cells were treated with or without 5 mM methyl-β-cyclodextrin (MβCD) for 1 hour, and the R and NR fractions were analyzed by WBs for CD44v6 and clathrin. (D), SW480-FR and SW480-S cells transfected with dominant negative dynamin (DN Dyn) [DN K44A] were co-transfected with 50 ng TOPFlash and 50 ng TK-Renilla vectors, or with 50 ng FOPFlash and 50 ng TK-Renilla vectors. After stimulation with WNT3A (20 ng/ml) for 12 hours, cells were lysed and subjected to luciferase measurements. (E), SW480-S and SW480-FR cells were transfected with TOPFlash and TK-Renilla vectors, or with FOPFlash and TK-Renilla vectors luciferase reporter constructs. Transfected cells were treated for 1 hour with the indicated concentrations of nystatin, known to block caveolin-1-mediated endocytosis, or with monodansylcadaverine (MDC), known to block clathrin-mediated endocytosis. After stimulation with WNT3A (20 ng/ml) for 12 hour, cells were lysed and subjected to luciferase measurements. (F), SW480-FR cells and SW480-S cells (G) SW480-S cells were treated for 1-4 hours with Nystatin (150 µg/ml) or MDC (150 µg/ml). After stimulation with WNT3A (20 ng/ml) for 1 or 4 hour, cells were lysed and subjected to western blots. Data are presented as Mean ± SD from n = 3-6 replicates in four independent experiments. All WBs data are representative of 4 independent experiments. (D), *P < 0.05 was considered significant, TOPFlash/FOPFlash activity in DN Dyn transfectants of SW489-S, and SW480-FR cells were compared with their vector control transfectants. (E), *P < 0.05 was considered significant, Nystatin and MDC treated SW489-S, and SW480-FR cells were compared with their untreated control cells.



To confirm the role of endocytosis in FOLFOX induced WNT/β-catenin signaling in our FR cells versus sensitive SW480 cells, we transfected these cells with a dominant-negative dynamin (DN) K44A (DN Dyn) that inhibits both clathrin and caveolin-mediated receptor endocytosis (132). After 48 hours, the cells were co-transfected with the TOPFlash reporter and increasing concentrations of DN Dyn. Our FR cells of SW480 that express high levels of CD44v6 and WNT3A (Figures 5A, B) show higher TOPFlash promoter activity than sensitive (S) cells of SW480 (Figure 7D). Additionally, this increased TOPFlash promoter activity of SW480-FR cells was inhibited by DN Dyn in a dose-dependent way (Figure 7D). To further characterize the endocytic pathway mediating WNT3A-induced TOPFlash transactivation in our FR cells compared to our sensitive SW480 cells, we treated these cells with monodansyl-cadaverine (MDC), which blocks clathrin-mediated endocytosis (133), or with nystatin, which disrupts lipid rafts and caveolin dependent endocytosis (132). Results in Figure 7E show that Nystatin, but not MDC, inhibits FOLFOX-induced WNT/β-catenin TOPFlash promoter activity in FR cells, whereas TOPFlash transactivation was significantly inhibited in SW480-S cells regardless of Nystatin or MDC treatment. In agreement to TOPFlash transactivation blockage by Nystatin, but not by MDC treatment, inhibited active β-catenin expression and its target MDR1 expression (Figure 7F). However, SW480-S cells show inhibition of the WNT3A-induced active β-catenin expression and its target MDR1 expression irrespective of whether the caveolin (Nystatin) or clathrin (MDC) endocytic pathways are modulated (Figure 7G). Overall, these results provide evidence that repeated exposure to FOLFOX as it happens in chemo resistant tumors promotes coalescence of CD44v6 and LRP6 induced by LRP6 (S1490) in a SW480-FR/caveolin compartment, whereas in SW480-S cells, brief exposure to FOLFOX fails to associate LRP6 S1490 with a CD44v6-LRP6 complex in a clathrin-microdomain (as seen in Figure 7B).



3.6 Recruitment of a CD44v6-LRP6 complex toward clathrin-dependent endocytosis in sensitive cells requires DAB2 protein in the complex

A recent study links LRP6 to DAB2 in a clathrin microdomain (134). This suggests that LRP6 and CD44v6 distributions to a clathrin domain in sensitive cells (as seen in Figure 7B) may be linked to DAB2 in response to brief treatment with FOLFOX or WNT3A. Thus, with evidence that knocking down CD44v6 substantially reduced β-catenin/TCF4 promoter TOPFlash activation in sensitive cells compared to the FR counterpart of SW480 cells (as seen in Figure 6B versus Figure 6C), we hypothesized that DAB2-mediated internalization of LRP6 through the clathrin pathway may be the likely mechanism for stabilization of the destruction complex and the subsequent attenuation of the β-catenin signaling activation. To further understand the mechanism of FOLFOX resistance through CD44v6-LRP6-WNT3A/β-catenin signaling, the levels of DVL-2 and DAB2 gene expressions in our sensitive and FR pairs were determined. As shown in Figure 8A, DVL-2 is highly expressed in SW480-FR cells, whereas SW480-S cells express higher levels of DAB2.




Figure 8 | DAB2 favorably sequesters a CD44v6-LRP6 complex in the direction of clathrin-dependent endocytosis to retain FOLFOX sensitivity. (A), mRNA expressions of disheveled protein 2 (DVL-2) and DAB2 protein normalized to β-actin in sensitive and resistant pairs of cells are shown by qPCR. (B), Whole cell lysates (WCL) of Vector and DAB2 cDNA transfected SW480-FR cells at time 0 or after 12 hours treatment with or without WNT3A were analyzed by WB for the indicated proteins. Vector (C), and DAB2 cDNA (D) transfected SW480-FR cells were treated with or without WNT3A for 12 hours, and the Triton X-100 (1%) insoluble fractions were separated into lipid raft (R) and non-raft (NR) by OptiPrep gradient centrifugation. Pooled OptiPrep gradient fractions (light fractions (3–4) and non-raft heavy fractions (7–8)) were immunoprecipitated with anti-caveolin-1 (left panels) and anti-clathrin (right panels) antibodies. Immunocomplexes were immunoblotted for CD44v6, LRP6 (S1490), LRP6, Axin, GSK3β, and DAB2, and for clathrin or caveolin (bottom panels). IgG antiserum was used as negative control for the various immunoprecipitations. QPCR data represent results from 3 independent experiments done in n = 3-6 replicates. All WB data are representative of 4 independent experiments. (A), *P < 0.05 was considered significant, DVL2 and Dab2 mRNA expressions in FR cells were compared with S cells. (B), *P < 0.05 was considered significant, DVL2 and Dab2 mRNA expressions in LGK974 treated SW480-FR cells were compared with untreated SW480-FR cells.



Moreover, inhibiting WNT3A by LGK974 substantially suppressed DVL2 with a moderate increase in DAB2 levels (Figure 8B). Further, SW480-FR cells are WNT signaling competent as shown by active β-catenin (ABC) accumulation and MDR1 induction (Figures 8B, C), whereas in SW480-FR cells that ectopically express DAB2 cDNA (SW480/FR-DAB2 clones), WNT3A/β-catenin signaling was attenuated (Figure 8C).

To further examine this redistribution of LRP6 towards clathrin by DAB2, we fractionated the lipid raft (R, caveolin containing pooled fractions 3-4) and the non-lipid raft (NR, clathrin containing pooled fractions 7-8) fractions in SW480-FR cells that ectopically express vector and DAB2, and determined the relative associations and distributions of -catenin signaling modulators. As shown in Figures 8D, E, CD44v6 and phospho-LRP6 (S1490) distributions were substantially impacted by the presence of DAB2. In the absence of DAB2, in vector transfected cells, CD44v6 and LRP6 (S1490) co-immunoprecipitated with the lighter caveolin containing R fractions, and WNT3A stimulation appears to promote this association into a caveolin-compartment. Importantly, phospho-LRP6 (S1490), indicative of activated WNT3A/β-catenin signaling, is significantly increased with caveolin containing fractions in SW480-FR-vector clones (Figure 8D) and is not present in SW480/FR-DAB2 clones following WNT3A treatment (Figure 8E).

Next, we determined the relative associations and distributions of other β-catenin modulator proteins. In agreement with the distribution of phospho-LRP6 (S1490), we also found that the presence of axin and GSK3β in caveolin-immunoprecipitates depended on WNT3A (Figures 8C, D). In contrast, in DAB2 transfected cells, clathrin co-immunoprecipitated with LRP6 and CD44v6 in a WNT3A-dependent manner, but not with axin or GSK3β. Collectively, these results provide evidence that DAB2 regulates the localization of a CD44v6-LRP6 receptor complex following WNT3A stimulation in a clathrin compartment, resulting in β-catenin destruction with attenuation of interaction with axin and GSK3β (Figures 8C, D). These results further suggest that LRP6-CD44v6 distributions to a clathrin domain in sensitive cells may be linked to DAB2 in response to brief treatment with WNT3A. In contrast, in FR cells that endogenously secrete WNT3A via FOLFOX (as seen in Figure 5B), WNT3A-mediated activation of LRP6 phosphorylation at S1490 through CD44v6 (as seen in Figures 6D-G, 6K, L) regulated CK1 (Figure 6J), which shunts the receptor complex to the caveolin endocytic pathway (as seen in Figure 7B).



3.7 Palmitoylation and the nuclear localization site of CD44v6 are essential for caveolin1-lipid-raft


3.7.1 Mediated endocytosis to enhance WNT3A-β-catenin mediated TCF4 promoter activation

Since β-catenin signaling modulators were associated with CD44v6 in lipid-rafts of FR cells (as seen in Figures 8C, D), we examined first the mechanism of localization of CD44v6 in lipid-rafts and then the mechanism of recruitment of LRP6 to CD44v6 in response to WNT3A that is secreted in response to FOLFOX (as seen in WNT3A stimulation by FOLFOX in Figure 5B). Previous studies identified the inhibitory effects of mutants of CD44 membrane-proximal cysteines, which are palmitoylation sites of CD44 that are essential for the association of CD44 with caveolin lipid-rafts (135, 136). In order to examine whether the CD44v6-palmitoylation sites (present at Cys354 and at Cys363), or the putative CD44v6-nuclear localization sequence (NLS) (360RRRCGQKKK368) are involved in association of CD44v6 with lipid rafts, we generated a series of the intracellular domain (ICD)-deletion and point mutation mutants from the pCD44v6429aa wild type (pCD44v6-WT) (Figure 9A). Next, we expressed these CD44v6 mutant cDNAs as well as pCD44v6-WT constructs in CD44v6 (–)/SW480-FR Non-CICs and explored whether the association of these sites of CD44v6 are involved in caveolin1-lipid raft organization through interaction with cellular β-catenin signaling modulator proteins. Data in Figure 9A, B indicate that exclusion of the palmitoylation-sites of CD44v6 by changing cysteine at C354 and C363 to alanine (C354A and C363A) did not fully prevent the re-localization of the resultant CD44v6PALM mutants (palmitoylation mutants) into the raft (R) fractions upon FOLFOX treatment for a brief period (30 minutes) in SW480-FR Non-CIC clones expressing these mutants.




Figure 9 | Both palmitoylation and linkage to a nuclear localization site of CD44v6 contribute to recruitment of LRP6 to caveolin1-rafts to regulate CD44v6-induced WNT3A/β-catenin signaling. (A), Schematic representations of individual CD44v6 mutants are shown; ED, extracellular domain; TM, transmembrane domain; ICD, intracellular domain. (B), CD44v6 negative SW480-FR/(NON-CICs) were transfected with individual CD44v6 mutants as depicted. Individual CD44v6 cell clones were either untreated (control) or challenged with 1 x FOLFOX for 30 minutes. Raft (R) and non raft (NR) fractions were prepared as described in Methods. (C), SW480-S and SW480-R cells were incubated with biotin conjugated anti-CD44v6 antibody at 4°C separately followed by further incubation at 37°C for 10, 20 and 30 minutes as indicated. The percentage of internalization was measured by flow cytometry after staining with fluorescein conjugated anti-biotin antibody. Data were calculated by setting the mean fluorescence intensity of cells after biotin labeling without glutathione incubation as 100%. (D), SW480-FR cells were cultured in complete media with and without K+ depletion at 37°C for 1 hour followed by further stimulation with WNT3A for 30 minutes. Total cell lysates and endosomes purified by sucrose gradient centrifugation were analyzed by western blotting. (E-F), SW480-FR cells were surface labeled with biotinylating agent (non-cleavable Sulfo-NHS-LC-Biotin). Cells were stimulated with WNT3A at 37°C for the times indicated and placed at 4°C for 1 hour of labelling with the biotinylating agent. Cytosolic membrane and nuclear membrane fractions were affinity purified with avidin-conjugated beads and analyzed by western blotting. (G-I), Sensitive and FR SW480 cells were stably transfected with vector or a DAB2 construct. These stable clones were co-transfected with NTshRNA1, or caveolin1 (CAV1) shRNA1, or clathrin shRNA1. After 48 hours, cells were then transfected with TOP/FOPFlash luciferase reporter constructs prior to 20 ng/ml WNT3A stimulation for 12 hours, and cell lysates were subjected to luciferase activity determination (G) and processed for WB analysis for the indicated proteins (H-I). (J-K), Validations of CAV1shRNAs (CAV1 sh1 and CAV1 sh2) and Clathrin shRNAs (Clathrin sh1 and Clathrin sh2) were done by the indicated shRNA mediated knockdown and the corresponding knock-in (KI) gene transfections as described in Methods. Target proteins were analyzed by WB analysis (β-tubulin, internal control). FACS data in ‘C’ represent are representative of 4 independent experiments. All WBs are representative of 3 independent experiments. QPCR data represent results from 3 independent experiments done in n = 3-6 replicates. (C), *P < 0.05 was considered significant, Internalization of SW480-FR cells was compared with SW480-S cells. Data in ‘G’ represent results from 3 independent experiments performed in triplicates; *P < 0.05 was considered significant, TOPFlash/FOPFlash activity of CAV1 shRNA1 transfectant results were compared with NT shRNA transfectant of SW480-FR-Vector transfectant cells; TOPFlash/FOPFlash activity of clathrin shRNA1 transfectant results were compared with NT shRNA transfectant of SW480-FR-DAB2 cells.



Next, we tested whether the ICD of CD44v6 is required for lipid raft affinity through interaction with LRP6 protein. Serial deletion of most of the ICD domain of CD44v6 (CD44v6Δ67 [deletion of aa 362 to 429]), and CD44v6 Δ61C354A, C363A (CD44v6Δ61 [deletion of aa 368 to 429]) did not block fully the association of the CD44v6 mutants in control and FOLFOX treated SW480-FR/CIC-CD44v6 clones (Figure 9A, B). To verify whether CD44v6 is also associated with lipid-rafts via the NLS sequence [360RRR362CGQ366KKK368]) of CD44v6, a CD44v6NLS Mutant was generated by changing the putative NLS sequence 360RRRCGQKKK368 to 360AAACGQAAA368. Because this site is required for cross-linking transmembrane receptors, including CD44v6, to actin-based cytoskeletons (137), the CD44v6-NLS-site (360RRR362CGQ366KKK368) is the site where ezrin, radixin, and moesin (ERM) bind (138). Our pCD44v6Δ67Mut is devoid of NLS sites of CD44v6. As demonstrated in Figure 9B, overexpression of the pCD44v6Δ67PALM Mut and the pCD44v6Δ61PALM+NLS Mut completely block the association of CD44v6 to lipid rafts. Importantly the pCD44v6NLS Mut did not completely block association of this mutant to lipid rafts. Since, the engagement of the pCD44v6Δ67PALM Mut and the pCD44v6Δ61PALM+NLS Mut that were defective in PALM and NLS sites fail to induce lipid raft redistribution/reorganization of CD44v6 (Figure 9B), we can conclude that both PALM and NLS sites of CD44v6 are required for CD44v6 to be associated with lipid rafts.

To address the effects of WNT3A on endocytosis directly, first the kinetics of CD44v6 internalization were followed in SW480-FR and SW480-S cells that were incubated with biotin-conjugated anti-CD44v6 antibodies prior to WNT3A treatment for various lengths of time to allow internalization of CD44v6. Cellular intake of biotin-conjugated anti-CD44v6 antibodies increased as a function of time, and a greater intake of CD44v6 was observed with FR cells, suggesting that repeated FOLFOX exposure in SW480-FR cells increases the internalization of CD44v6 compared to that of SW480-S cells (Figure 9C). In agreement with this, increasing amounts of CD44v6, as well as of LRP6, were recovered from the early endosome fraction isolated from SW480-FR cells after WNT3A treatment for 30 minutes (Figure 9D). Pretreatment of cells with NH4+ or phenyl arsine oxide (PAO), or depletion of K+ to block endocytosis, significantly inhibited the internalization and uptake of CD44v6 and LRP6 (Figure 9D). A biotin-labeled endocytosis assay showed that WNT3A stimulation indeed increased the rapid internalization of the biotin-labeled CD44v6 as well as its subsequent nuclear localization (Figure 9E). Interestingly, WNT3A stimulation only increased the rapid internalization of the biotin labeled LRP6 but not its nuclear localization (Figure 9F). Thus, following triggering by WNT3A, once internalized, endogenous LRP6 and CD44v6 then translocated to membrane-bound vesicles known as early endosomes (Figure 9F), where they are sorted, and LRP6 is recycled back to the cell surface within 4 hours of the initial stimulation with WNT3A (Figure 9F) presumably for reuse. In contrast, CD44v6 was delivered to the nucleus for further use (Figure 9E). Indeed, a previous study has shown that a fragment of CD44 can directly interact with the transcriptional machinery, resulting in the up-regulation of genes containing the TPA (12-O-tetradecanoylphorbol 13-acetate) - responsive element, including CD44 itself (139). However, the mechanism of CD44v6 regulated LRP6 endosomal sorting and of full length-CD44v6 nuclear import/function through its engagement with WNT3A to regulate FOLFOX resistance is not known.

To further confirm whether the increased WNT3A mediated TOPFlash promoter activation can corroborate with the LRP6 (S1490)-CD44v6 complex in a caveolin compartment, we silenced both caveolin and clathrin in SW480-FR-Vec and SW480-FR-DAB2 cells by targeted shRNA for caveolin (CAV1) and clathrin. Figures 9G-I show that caveolin knockdown blocks WNT3A/β-catenin transcriptional activation, and active β-catenin (ABC) and MDR1 expressions in vector transfectant cells, whereas clathrin knockdown overturned the inhibitory effect of DAB2 on WNT3A/β-catenin mediated TOPFlash transactivation (Figure 9G) as well as on ABC and MDR1 expressions in DAB2 transfected FR cells (Figures 9H-I). Validations of CAV1 and clathrin shRNAs are shown in Figures 9J, K) following our published methods (38, 39). These results provide evidence that DAB2 segregates a LRP6-CD44v6 complex towards clathrin and away from the interaction of this complex with caveolin to inactivate WNT3A/β-catenin signaling regulated by CD44v6 (see Table 4 for shRNA sequences).




3.8 Nuclear translocation of CD44v6 with TCF4 through endosomal sorting contributes to enrichment of TCF4/TOPFlash activation

With the evidence that FOLFOX stimulates WNT3A secretion (as seen in Figure 5B) and that WNT3A enhanced the internalization of the biotin-labeled receptor LRP6 followed by nuclear localization of CD44v6 but not LRP6 (as seen in Figure 9E, F), we investigated the mechanism of recruitment of LRP6 by CD44v6 to the lipid rafts. Co-immunoprecipitation assays, as shown in Figure 10A, indicate that mutation of the PALM motif in the NLS-deleted-CD44v6Δ67 (CD44v6Δ67PALM Mut), or mutation of this NLS motif in CD44v6Δ61PALM (CD44v6Δ61PALM-NLS Mut), disrupted the association of CD44v6 with LRP6 and actin protein in the lipid raft fraction predominantly in WNT3A stimulated cells. In contrast, CD44v6 proteins containing an intact NLS motif in the CD44v6Δ61PALM Mut and the CD44v6PALM Mut, were constantly associated with actin and LRP6, and engagement of CD44v6 strongly enhanced the formation of the CD44v6-LRP6-actin signalosome in lipid-rafts in response to WNT3A stimulation (Figure 10A). These results further corroborate that WNT3A induces a CD44v6-LRP6-actin complex in FR cells, and that CD44v6 binds LRP6 through its NLS site (Figure 10A). To substantiate that endosomal sorting as well as the NLS site of CD44v6 are essential for the nuclear localization of CD44v6 protein, we tested the subcellularly fractionated endosomal and nuclear fractions in SW480 FR-Non-CIC/CD44v6 transfected clones and found that when the wild-type (WT)-CD44v6 construct was overexpressed in the SW480 FR-Non-CICs, CD44v6 was readily detected in the endosomal and nuclear fractions, whereas LRP6 in these cells was detected only in endosomes (Figure 10B). In contrast, CD44v6Δ67 failed to internalize. However, the CD44v6NLS mutant internalized efficiently but failed to enter the nucleus, indicating that CD44v6 is internalized through endosomal sorting and imported to the nucleus through the nuclear pore complex (Figure 10B). Thus, our data indicate that the FOLFOX induced WNT3A mediated posttranslational modifications of CD44 ((as seen in Figure 5A), were required for efficient interaction between CD44v6 clones and LRP6 in membrane and in endosome compartments in SW480-FR-Non CIC/CD44v6 transduced cells (Figures 10A, B). Our data also provide evidence that MDR1 and β-catenin participate in the formation of the CD44v6-TCF4-β-catenin-MDR1 complex in the cytosol and nucleus through its interaction with TCF4 (Figure 10C). We also observed that little β-catenin was associated with TCF4 in vector transfected COS-7 cells, whereas elevated β-catenin was found in the SW480-FR cells and in COS-7-CD44v6WT cells, and that removal of the CD44v6 ICD region (CD44v6Δ67) prohibited its interaction with TCF4 and significantly suppressed the association of β-catenin with TCF4 (Figure 10C). To further confirm that CD44v6 facilitates the association of β-catenin with TCF4, we knocked down the expression of endogenous CD44v6 in HT29-FR, LOVO-FR, and SW480-FR cells and showed that the associations of β-catenin with TCF4 were substantially precluded (Figure 10D). When SW48-FR-Non-CIC/CD44v6 clones were incubated with biotin-labeled CD44v6 in an endocytosis assay, the internalized CD44v6 formed a complex with TCF4 in both the cytosol and in the nucleus, whereas the CD44v6NLS Mutant only formed a complex with TCF4 in the cytoplasm, and CD44Δ67 was not internalized (Figure 10E). TCF4 translocation to the nucleus was inhibited in cells overexpressing the CD44v6NLS mutant (Figure 10E). These data provide evidence that internalized CD44v6 forms a complex with TCF4 in the cytosol, and CD44v6-TCF4 co-translocates to the nucleus in a CD44v6-NLS dependent manner. To test the ability of pCD44v6Δ67 and pCD44v6NLS to amplify WNT/β-catenin signaling in SW480-FR-NON-CICs, cDNAs were overexpressed for full length pCD44v6-WT, and pCD44v6Δ67 and pCD44v6NLS mutants in SW480-FR-Non-CICs and they were tested for their ability to augment WNT/β-catenin signaling in these cells (Figures 10G, H). In contrast to full-length pCD44v6-WT, pCD44v6Δ67, which is a membrane-localized protein (Figure 10F), failed to increase WNT3A-induced TOPFlash activation (Figure 10G). Moreover, since the pCD44v6NLS mutant does not allow the CD44v6-TCF4 complex to migrate to the nucleus (Figure 10E), the pCD44v6NLS mutant failed to increase WNT/β-catenin signaling activation (Figure 10H) demonstrating that the effect of CD44v6 on WNT3A/β-catenin signaling is mediated through the CD44v6-LRP6 binding, which requires the CD44v6/NLS site (as seen in Figure 10A). CD44v6 then sorted in the endosome and translocated to the nucleus with TCF4 (as seen in Figures 10B, E) for augmentation of WNT/β-catenin signaling in FOLFOX resistant cells (as seen in Figures 7D, E).




Figure 10 | Nuclear localization site (NLS) in the ICD domain of CD44v6 is required for nuclear translocation of CD44v6 through endosomal sorting, and its subsequent association with TCF4 contributes to enrichment of TCF4/TOPFlash transcription. (A), Associations of CD44v6 with LRP6 and actin were examined in pooled lipid raft fractions isolated from SW480-FR NON-CICs/CD44v6 cell clones expressing the indicated CD44v6 mutants (see the structures of CD44v6 mutants in Figure 9A). After stimulation with WNT3A for 12 hours, the cell lysates from the individual CD44v6-expressing SW480-FR NON-CIC clones were immunoprecipitated (IP) with an anti-CD44v6 antibody, followed by fractionation and western blotting. (B), WB analyses are shown for endosomal and nuclear fractions in individual SW480-FR NON-CICs/CD44v6 cell clones expressing the v6Δ67 mutant (devoid of ICD) and v6 NLS mutants (devoid of nuclear localization site; see figure 9A). (C), Nuclear (N) and cytosolic (C) fractions were immunoprecipitated with TCF4 or IgG (Control) followed by Western blotting for the CD44v6, β-catenin, MDR1 and TCF4 proteins in the SW480-FR cells, and in the COS-7-CD44v6 clones expressing the indicated mutants and vector controls. (D), Nuclear extracts were prepared from the parental HT29-FR, LOVO-FR, and SW480-FR cells, or from cell clones stably harboring lentivirus-encoded NT sh1, or v6 sh1, and they were immunoprecipitated with TCF4 antibody followed by Western blotting with the indicated antibodies. Whole cell lysates (WCL) from the same experiment were used as input and subjected to WB analysis for CD44v6. (E), SW480-FR NON-CICs/CD44v6 cells were incubated with biotin-conjugated CD44v6 at 4°C for 1 hour followed by an additional hour of incubation at 37°C. Cytosolic and nuclear fractions were isolated and immunoprecipitated with streptavidin beads and analyzed by Western Blotting. (F), Lysates from indicated SW480-FR-NON-CIC/CD44v6 cell clones expressing the indicated CD44v6 mutants were subjected to cytosol and membrane fractionation and then analyzed by WBs. The relative purities of the membrane and cytosolic fractions were confirmed by probing for the cytoplasmic protein HSP90 and the membrane protein transferrin receptor (Tf-R). (G–H), SW480-FR-NON-CIC/CD44v6 cell clones expressing the pCD44v6/Δ67mutant (G), and the pCD44v6/NLS mutant (H), were transfected with TOPFlash and control TK-Renilla vectors, or with FOPFlash and TK-Renilla vectors in the presence or absence of 20 ng/ml of WNT3A. After 48 hours, cells were lysed and subjected to luciferase measurements and in parallel to WB analysis. All WBs are representative of 4 independent experiments. All luciferase data represent at least 3 independent experiments done in triplicates. (G, H), *P < 0.05 was considered significant, TOPFlash/FOPFlash activity of WNT3A treated SW480-FR/NON-CICs/CD44v6Δ67Mut cells were compared with SW480-FR/NON-CICs/CD44v6 cells, and TOPFlash/FOPFlash activity of WNT3A treated SW480-FR/NON-CICs/CD44v6NLSMutant was compared with SW480-FR/NON-CICs/CD44v6 cells.



Thus our results confirm our findings that: 1) CD44v6 regulated LRP6 activation (as seen in Figures 6F, G); 2) this activation is at the membrane level (as seen in the Figures 6K, L); 3) importantly, FOLFOX stimulated WNT3A induces lipid raft coalescence for CD44v6-LRP6 signaling (Figures 7B, D, E); 4) formation of the CD44v6-LRP6 signalosome complex in response to WNT3A stimulation (Figure 10A) requires the NLS motif in CD44v6 (Figure 10B); 5) the internalized CD44v6 formed a complex with TCF4 in both the cytosol and the nucleus, whereas the pCD44v6NLS mutant only formed a complex with TCF4 in the cytoplasm, and the pCD44v6Δ67 mutant was not internalized (Figure 10E); and 6) TCF4 was sequestered from the nucleus in cells overexpressing the pCD44v6NLS mutant (Figure 10E). These data provide evidence that internalized CD44v6 formed a complex with TCF4 in the cytosol and that CD44v6-TCF4 co-migrated to the nucleus in a CD44v6-dependent manner that depends on a particular CD44v6-NLS site (Figures 10C-E) to induce TCF4/FOPFlash promoter activation (Figures 10G, H) and subsequent augmentation of drug resistance (as seen in Figures 2F, G).



3.9 Nuclear CD44v6 stimulates FOLFOX resistance through elevation of efflux of oxaliplatin

MDRl (P-gp) is known to be involved in the drug efflux and multidrug resistance of solid tumors including CRC (140–142). Recent studies have revealed that both hyaluronan and CD44/CD44v6 stimulate drug resistance by promoting transcriptional up-regulation of the MDR1 gene and the stimulation of multidrug resistance expression in different cancer types (5, 29, 143, 144). However, the molecular mechanisms underlying the acceleration of MDR1 gene expression and the stimulation of drug efflux by FOLFOX stimulated WNT/CD44v6 signaling are not well understood. Our data indicate that elevated MDR1 was found in the CD44v6-expressing COS7 cells, and that removal of the CD44v6 ICD (CD44v6Δ67) region precluded its interaction with TCF4, and of β-catenin with MDR1, which significantly suppressed the association of TCF4 and β-catenin (as seen in Figure 10C). Moreover, knocking down the expression of endogenous CD44v6 in FR cells prohibited this association of TCF4 with β-catenin (as seen in Figure 10D) and inhibited cell viability/proliferation (as seen in Figures 2F, G). These data suggest that localization of CD44v6 in the nucleus is an important aspect of its FOLFOX resistance function. Thus, we used radioactively labeled [14C]oxaliplatin (OXA) to measure drug effluxes after FOLFOX stimulated WNT3A/β-catenin/TCF4/MDR1 signaling in SW480-FR and SW480-S cells. Figure 11A shows that the efflux of 14C-OXA (a component of FOLFOX) was elevated, leaving low levels of intracellular drug retention after the addition of 1 x FOLFOX, or of 20 ng/ml WNT3A for 2.0 hours. Elevation of efflux of 14C-OXA in these cells increases in a time-dependent manner reaching a plateau level 2.0 - 2.5 hours after FOLFOX, or WNT3A treatments (data not shown). Our results clearly show that the efflux of oxaliplatin was elevated in control FR-tumor cells compared to sensitive SW480 cells (Figure 11A). This high level of FOLFOX-mediated drug efflux causes low levels of intracellular OXA retention in FR cells compared to sensitive cells (Figure 11A). The retention of OXA was further downregulated with FOLFOX or WNT3A treatments (Figure 11A). We also observed that knocking down CD44v6, or expressing pCD44v6Δ67, or expressing pCD44v6NLS without FOLFOX or WNT3A addition reduced drug efflux, resulting in high levels of intracellular OXA retention (Figure 11A). Addition of FOLFOX, or WNT3A to the cells pre-transfected with CD44v6shRNA or with pCD44v6Δ67 or with pCD44v6NLS could not reverse the low level of OXA efflux caused by CD44v6shRNA, or pCD44v6Δ67, or pCD44v6NLS overexpression (Figure 11A). These results clearly indicate that the WNT3A-CD44v6-β-catenin/TCF4-CD44v6 interaction has an important role in regulating MDR1-linked drug efflux/retention and multidrug resistance.




Figure 11 | Nuclear CD44v6 associates with TCF4 and functions to modulate MDR1 transcription in FOLFOX resistant cells. (A), The intracellular domain (ICD) of CD44v6 induces 14C Oxaliplatin Efflux/Retention in SW480-S and SW480-FR cells by FOLFOX and WNT3A treatments. For analyzing drug retention, tumor cells were transfected for 48 hours with CD44v6shRNA, or with a CD44Δ67 construct (devoid of the ICD region of CD44v6). They were then treated with 14C-oxaliplatin for 24 hours, washed and incubated in drug-free medium alone or with 1 x FOLFOX, or with WNT3A (50 ng/ml) for 12 hours. Cells were harvested and washed, and their numbers were measured by a coulter counter. The radioactivity associated with cells (indicated as intracellular drug retention) were then measured by a liquid scintillation counter as described in Methods. (B), QPCR analyses of CD44v6, β-catenin and MDR1 levels in SW480-S, SW480-FR, SW480-OXAR and SW480-5FUR cells are shown. (C), QPCR analyses of CD44v6 and MDR1 mRNAs in SW480-S, SW480-5FUR and SW480-OXAR cells treated with or without 1 x FOLFOX or 20 ng/ml WNT3A for 12 hours are shown. (D-E), QPCR analyses are shown for TCF4, CD44v6 or MDR1 levels in SW480-S cells overexpressing constitutively active (CA) pTCF4 cDNA (D), or forβ-catenin, CD44v6 or MDR1 levels in SW480-S cells overexpressing pCA-β-catenin (E). (F-G), Transcription activities of the MDR1 promoter with TCF4 binding sites were measured using the indicated pGL3 reporters. (F), The scheme shows the constructs with TCF binding sites in the pGL3 MDR1 promoter. (G), MDR1 Luciferase activity reporter assays are shown for SW480-FR cells overexpressing shRNA for NT (Control), or β-catenin, or CD44v6, or a dominant negative pTCF4-DN construct. (H-I), MDR1 gene expressions regulated by TCF4 in SW480-FR cells are shown. (H), The sketch map shows the predicted TCF4 binding sites (CTTTGA) within the indicated MDR1 promoter. The transcriptional start site was at +1, and ATG is at the translation start site. The putative TCF4 binding sites (MDR1 [A], MDR1 [B] and MDR1 [C]) are shown, and their locations are labeled. (I), Semiquantitative PCR products using ChIP PCR primers for MDR1 (A–C) were amplified. (J), ChIP assays were done using anti-CD44v6 (red), anti-TCF4 (purple), anti-β-catenin (blue), or irrelevant IgG antibody (green) as negative control using indicated ChIP primers in SW480-FR cells. Total genomic DNA was used as control for the PCR. Quantitative qPCR data representing the qPCR products in immunoprecipitated DNA versus 10% input DNA of ChIP primers for the designated TCF4 binding sites on MDR1 [A], MDR1 [B] and MDR1 [C] are shown. (K), ChIP assays were done using either anti-CD44v6 (red), anti-TCF4 (purple), anti β-catenin (blue), or irrelevant IgG antibody (green) in SW480-FR cells overexpressing CD44v6 shRNA1, or NT-shRNA1, or with pCD44v6 WT, or pCD44v6NLS mutant constructs. Quantitative ChIP-QPCR data representing the PCR products in immunoprecipitated DNA versus 10% input DNA of ChIP primers for the designated TCF4 binding sites on MDR1 (A, H) are shown. QPCR and ChIP PCR data represent mean +/- SD, n = 5 replicates from at least 3 independent experiments. (B), *P < 0.05 was considered significant, CD44v6, β-catenin, and MDR1 mRNA levels in 5-FUR, OXAR, and FR SW480 cells were compared with SW480 sensitive cells. (C), *P < 0.05 was considered significant, CD44v6, and MDR1 mRNA levels of FOLFOX and WNT treated cells were compared with vehicle controls in each cell type.(D), *P < 0.05 was considered significant, CD44v6, TCF4 and MDR1 mRNA levels of CA-TCF4 transfectant were compared with vector transfectant. (E), *P < 0.05 was considered significant, CD44v6, β-catenin, and MDR1 mRNA levels of CA- β-catenin transfectant were compared with vector transfectant. (G), *P < 0.05 was considered significant, CD44v6, β-catenin, and MDR1 mRNA levels of CA- β-catenin transfectant were compared with vector transfectant. (G), Luciferase data in “G” represent results from 3 independent experiments performed in triplicates. *P < 0.05 was considered significant, Luciferase activity of TCF4 DN. β-catenin sh1, and CD44v6 sh1 transfectant of SW480-FR cells for all the PGL3-mdr1 (A), PGL3-mdr1 (B), and PGL3-mdr1 (C), constructs were compared with that of vector control. (J), *P < 0.05 was considered significant, ChIP PCR data for all MDR1 sites (A–C) of TCF4. β-catenin, and CD44v6 antibody data were compared with that of IgG control in SW480-FR cells.(K), *P < 0.05 was considered significant, ChIP PCR data for MDR1 (A) site of TCF4. β-catenin, and CD44v6 antibody data were compared with that of IgG control in v6 shRNA1 (v6 sh1) and v6 NLS Mut transfectant of SW480-FR cells were compared with respective controls such as NT shRNA, and v6 cDNA transfectant of cells.





3.10 Nuclear β-catenin/TCF4 associates with CD44v6 to modulate transcription of MDR1 and CD44v6

As noted above CD44 expression is downstream of the WNT3A/β-catenin signaling (30, 88, 89). However, a similar regulation of CD44v6 by WNT/β-catenin in response to FOLFOX stimulation has yet to be identified. Our data show that CD44v6-LRP6 is internalized in the presence of FOLFOX-stimulated WNT3A, and after internalization the CD44v6 is translocated to the nucleus by the stimulation of WNT3A. After being internalized and trafficked to the nucleus, the full-length CD44v6 form complexes with TCF4 and MDR1 because CD44v6 and MDR1 promoters have TCF4 binding sites (see Figures 11H and 12C). To understand the mechanism of this regulation, chromatin immunoprecipitation (ChIP) was done to identify DNA sequences bound by nuclear CD44v6 and β-actin complexes. DNA fragments were pulled down by an anti-CD44v6 antibody from a total of 11 clones. A National Center for Biotechnology Information basic local alignment search tool analysis shows that these clones contained sequences corresponding to the promoters of several genes, including MDR1 (Table 5). Among them, 9 clones contained sequences for TCF4, and 11 clones contained sequences for MDR1. Thus, we tested whether nuclear CD44v6 exerts its transcriptional regulatory function on MDR1 through interacting with β-catenin/TCF4 pathway.




Figure 12 | Nuclear TCF4 modulates CD44v6 transcription in resistant cells, and the ICD domain of CD44v6 is required for oxaliplatin (a component of FOLFOX) efflux. (A-D), CD44v6 was transcriptionally regulated by TCF4 in SW480-FR cells. (A), The sketch maps of predicted TCF4 binding sites (CTTTGA) within the CD44v6 luciferase promoter (A), and CD44v6 (B) are shown in SW480-FR CICs. (B), CD44v6 luciferase (Luc) activity reporter assays are shown for SW480-FR cells CICs overexpressing dominant negative (DN) TCF4, or β-catenin shRNA, or NT-shRNA (control). (C, D). (C) The sketch map shows the predicted TCF4 binding sites (CTTTGA) within the indicated CD44 promoter. The transcriptional start site was at +1, and ATG is at the translation start site. The putative TCF4 binding sites (CD44v6 [A], CD44v6 [B]) are shown, and their locations are labeled by blue arrows. (D) Semiquantitative PCR products using ChIP PCR primers for the designated TCF4 binding sites on CD44v6 (A) and CD44v6 (B), were amplified in SW480-FR CICs. (E), ChIP-qPCR using PCR primers for designated CD44v6 (A) sites (as shown in the schematic diagram in (C)) were used for amplification of the CD44v6 mRNA of untreated SW480-FR CICs cells and of CICs overexpressing the indicated vector and TCF4-DN cDNA. (F) Proposed model is shown for a positive feedback loop coupling β-catenin/TCF4 activation and CD44v6 alternate splicing that sustains cancer initiating cell proliferation and FOLFOX resistance. Left panel: In FOLFOX-resistant cells, in the absence pf DAB2, elevated WNT3A induces CD44v6 that recruits LRP6 to caveolin-micro domain through its nuclear localization site (NLS). The CD44v6-lRP6 complex is internalized through the caveolin-mediated endocytosis followed by endosomal sorting, resulting in accumulation of a TCF4-CD44v6 complex that causes transcriptional activation and the expression of its target genes including CD44v6 and MDR1 genes. Our results are the first demonstration of a positive feedback loop linking FOLFOX mediated increased WNT3A signaling-dependent alternative splicing of CD44 which is important for cell cycle progression resulting in FOLFOX-resistance in CRC-CICs in the absence of DAB2. Right panel: In sensitive cells in the presence of DAB2, the CD44v6-LRP6 complex is internalized through the clathrin-mediated endocytosis pathway and promotes β-catenin destruction and fails to recruit the β-catenin/TCF4-CD44v6 complex into the nucleus. Data in B, E represent at least 3 independent experiments performed in triplicates. Values represent means ± SD.; n = 3–5; Semi-quantitative PCR data in “D” are representative of three experiments. (B), *P < 0.05 was considered significant, Luciferase activity of TCF4 DN. and β-catenin sh1 transfectant of SW480-FR cells for all the PGL3-CD44v6 (A), and PGL3-CD44v6 (B) constructs were compared with that of vector control. (E), *P < 0.05 was considered significant, ChIP PCR data for CD44v6 (A) sites of TCF4. and β-catenin antibody data were compared with that of IgG control in SW480-FR cells.



To understand the mechanism of CD44v6-β-catenin-MDR1 regulation in CRC, we first determined the mRNA expressions of CD44v6, β-catenin and MDR1 in our sensitive and resistant SW480 cells (Figure 11B). The results show that resistant SW480-FR cells express these three molecules in significantly increased levels compared to sensitive SW480-S cells. Second, we manipulated the β-catenin signaling level through treatment of sensitive and resistant SW480 cells with 1 x FOLFOX or WNT3A and found that these treatments increased CD44v6, β-catenin and MDR1 mRNA expressions in these cells (Figure 11C). Importantly, WNT3A had modest effects in sensitive cells compared to resistant cells (Figure 11C). Third, we overexpressed cDNAs for TCF4 and β-catenin in sensitive SW480-S cells and showed that these strategies increased CD44v6 variant and MDR1 gene expressions (Figures 11D, E).

To further evaluate the relative contribution of TCF4 transcription factor to the regulation of MDR1 promoter activity, transient transfection assays were done using SW480-FR cells with constructs containing TCF binding sites within the MDR1 promoter cloned into a luciferase reporter plasmid (Figure 11F). These constructs were transfected with or without manipulations of CD44v6, TCF4 and β-catenin by knocking them down and measuring their luciferase activities using a luciferase assay for the PGL3-mdr1 constructs. The results showed that luciferase activity increases in the presence of TCF binding sites in these cells (Figure 11G). Even with only one TCF binding site, pGL3-mdr1(b) construct transfection, a higher luciferase activity was observed compared with a basal promoter lacking TCF binding sites (pGL3-mdr1-c), but less activity than when more than one TCF binding site was present (pGL3-mdr1-a) (Figure 11G). The MDR1 promoter luciferase constructs negatively responded to co-transfection with dominant-negative TCF4-DN cDNA, shRNA1 (sh1) for β-catenin and CD44v6. These inhibitory constructs reduced the responsiveness in PGL3-mdr1(a), and PGL3-mdr1(b) in SW480-FR cells (Figure 11G). These reductions provide evidence that TCF promoter binding and activation of MDR1 is mediated through both CD44v6 variant and β-catenin in the nucleus.

We used ChIP assays to understand the interaction of CD44v6 and β-catenin proteins at TCF binding regions of the MDR1 promoter and of their bound chromatin from the protein mixture that was extracted from SW480-FR CICs. ChIP assays were done and immunoprecipitated, and the input DNAs were amplified using primers (see Table 6) covering the indicated TCF4 binding sites as shown in Figure 11H. ChIP assays (Figure 11I) showed that β-catenin/TCF4 bound to three MDR1 sites in both sensitive and resistant SW480 cells. CD44v6 only bound to these three sites in resistant cells and was associated with markedly increased binding of TCF4 and β-catenin when compared to sensitive cells (Figure 11I). ChIP analyses provided direct evidence for the ability of TCF4 and β-catenin to bind to the promoters of CD44v6 (Figure 11J). Knockdown of CD44v6, or blocking the NLS site of CD44v6 using the pCD44v6NLS mutant, showed reduced endogenous MDR1 promoter binding in SW480-FR cells (Figure 11K). This validates our results from the luciferase reporter assay that CD44v6 and TCF4/β-catenin co-regulate MDR1 expression in a CD44v6-regulated manner in FOLFOX resistant cells, and this CD44v6-regulated MDR1 gene expression through TCF4 sites requires the CD44v6 NLS site.

Several putative TCF binding sites were located 2 kilobases upstream of the transcriptional start site of the CD44 gene (Figure 12A). A fragment of the CD44 promoter (-2100 to 500 bp) was fused upstream of the firefly luciferase gene in pGL3-CD44v6 (a), and similarly pGL3-CD44v6 (b) was prepared (-1700 to 500 bp). Both pGL3-CD44v6 (a) and pGL3-CD44v6 (b) contain TCF4 binding sites. Luciferase assays were used to directly examine the interaction between β-catenin/TCF4 and the CD44 promoter in SW480-FR CICs. The luciferase activities in SW480-FR cells transfected with dominant negative TCF4-DN and shRNA1 (sh1) for β-catenin were significantly lower than in the vector group (Figure 12B), while β-catenin and TCF4 overexpression significantly increased the luciferase activity (data not shown). This provides evidence that β-catenin/TCF4 increases CD44v6 transcription activity. To identify whether β-catenin can bind to TCF4 binding sites in the CD44 promoter in SW480-FR cells CICs, ChIP assays were done and immunoprecipitated, and input DNAs were amplified using primers (see Table 6) covering the indicated TCF4 binding sites of the CD44 promoter as shown in Figure 12C. To validate these results, conventional ChIP analyses were done, and they provided direct evidence for the ability of TCF4 to bind to the CD44 promoter in SW480-FR CICs (Figures 12D, E). As noted in Figures 5B, C, FOLFOX induces secretion of WNT3A and WNT3A/β-catenin transactivation in CICs. Further, Figures 5 and 6 show that FOLFOX mediates CD44v6 expression to regulate WNT3A/β-catenin TCF4 signaling, and in this section, we showed that a β-catenin/TCF4 pathway promotes both CD44 and MDR1 gene expressions in FR-CICs (Figures 11 and 12).

Overall, this study indicates that FOLFOX treatment induces both WNT3A and CD44v6 through its NLS site, recruits LRP6 to CAV1-rafts, and activates LRP6 (S1490) to promote WNT3A/β-catenin/TCF4 signaling that induces CD44v6 expression (Figures 5-12). This functions through a positive feed-back loop between CD44v6 and FOLFOX induced WNT3A/β-catenin/TCF4 activation stimulates MDR1 gene expression and CD44v6 splicing that sustains FOLFOX resistance. Furthermore, we have found that the failure to recruit MDR1 into a complex with CD44v6 using overexpression of pCD44v6Δ67 or silencing CD44v6 variants abolishes FOLFOX-induced active multidrug efflux and increases drug retention.




4 Discussion

5-FU, a component of FOLFOX, promotes CD44v6 (6), and induces stemness/self-renewal in CRC activation by WNT/β-catenin signaling (145), and CICs are more resistant to therapy. Thus, it is not difficult to understand how the induction of CD44v6 and WNT/β-catenin signaling in human colorectal CICs directly affects the treatment outcome. WNT/β-catenin signaling is one of the key cascades regulating development and stemness, and has also been tightly associated with CICs in the gut and with promoting self-renewal of CRC-CICs (19, 146–148). Our data indicate strong support that WNT signaling and CD44v6-containing variant expression might be coordinately controlled by a positive feedback loop in CICs isolated from FOLFOX resistant colorectal tumor. This is in accordance with our findings that feedback regulation is a key aspect of CD44v6 signaling in which WNT/β-catenin signaling promotes CD44v6 splicing, and CD44v6 then sustains WNT/β-catenin signaling, which is important for cell sycle progression and uncontrolled drug resistance in CRC-CICs (Figure 2). In line with this, negative feedback mechanisms are likely necessary in normal colon cells to regulate uncontrolled WNT/β-catenin/CD44v6 activation. Further, targeting WNT or CD44v6 showed increased FOLFOX sensitivity and completely blocked the WNT3A mediated transactivation of the CICs cell cycle profile and drug resistance (as seen in Figures 2F, G, H, Supplemental Figure 1D, 2I and 5G). This indicates that the CIC’s FOLFOX resistance was generated by WNT/β-catenin via CD44v6.

In our recent study, the importance of CD44v6-YB-1-MDR1 signaling that maintains chemo resistance in CICs was described (5). However, upstream signaling mechanisms leading to drug resistance with potential crosstalk between CD44v6 signaling and WNT-receptor LRP6 involvement in FOLFOX-therapy in CRC are largely unknown. To explore the link between chronic FOLFOX-therapy stress and colorectal CIC “stemness”, we initiated a comprehensive molecular and functional analysis of CD44v6 regulation of WNT/β-catenin signaling and its effects in CICs isolated from FOLFOX resistant human tumor specimens, and from SQ tumor samples. Since the expression of CIC markers may not be regulated in a coordinated fashion, we analyzed three widely used stem-cell/progenitor markers (EpCAM, ALDH1 and CD133) in CD44v6 (+) FACS sorted cells to isolate CICs and used them in several cellular/molecular functional tests. These included WNT/β-catenin/TCF4 mediated TOPFlash promoter activity, lipid raft localization assays, internalization/endosomal sorting and nuclear trafficking analysis, cell viability, Annexin V positive cells expressing cell apoptosis, tumor sphere formation, xenograft tumor growth, and MDR1 and CD44v6 transcriptions through a nuclear CD44v6-TCF4 complex.

We investigated drug resistance and consequent tumor relapse as a mechanism to mediate self-renewal functions of CICs (149) and evaluated the tumorigenic potential of freshly isolated CD44v6 (+) CICs and CD44v6 (–) populations (Non-CICs), and of unsorted bulk cells to form colon tumors by implantation of these cells into immunocompromised mice. In this xenograft model of CRC, implantation of 5 x 105 Non-CICs from colorectal tumor cells did not induce tumor formation (Figures 4F-G). Even though a higher number of CD44v6 (+) cells was present in 5 x 105 unfractionated bulk tumor cells, tumor formation capacity of as few as 2 x 103 CD44v6 (+) CICs was faster and more efficient than tumor formation obtained with the unfractionated bulk tumor cells (Figures 4F-4G). To evaluate whether CD44v6 (+) CICs can reproduce long-term tumorigenic potential in progressive recipients, we analyzed their ability to generate tumor sphere formation after serial transplantations in secondary and tertiary mouse recipients. During the in vivo passaging, CD44v6 (+) CICs did not lose their tumorigenic potential but instead increased their faster tumor size and growth (Figure 4G). Data in Figure 4H show that only CD44v6 (+) CICs form tumor spheres in primary, second and third generations of mice whereas tumorigenic potential of CD44v6-Non-CICs was completely lost in secondary and tertiary recipients of xenografts. Thus, the CD44v6 (+) CICs are confined to a small cell population resident in the colon tumor and have the ability to reproduce long-term tumorigenic potential in serial recipient xenografts with unlimited tumorigenic potential, whereas CD44v6 (–)Non-CICs include transient amplifying of differentiated cells.

Gain-in-function and loss-in-function of CD44v6 experiments (Figures 6K, L) demonstrated that CD44v6 acts at the level of WNT3A and LRP6 and upstream of DVL-2 and β-catenin. Nonetheless DVL-2 was shown to be required for LRP6 phosphorylation (150). These data are further supported by the finding that CD44v6 regulates WNT3A-dependent LRP6 phosphorylation at the level of CIC membranes (as seen in Figures 6F, G, K, L). These data and the findings show that either clathrin-mediated (Non-lipid raft) or caveolin-mediated (lipid-raft) internalization of LRP6 is key for the WNT/β-catenin signaling. This led us to study the interaction of DAB2 with CD44v6 and LRP6 in Non-lipid raft or lipid-raft micro-domains that regulate WNT3A/β-catenin signaling. Additionally, we provide evidence that WNT3A-mediated interaction of CD44v6 with LRP6 phosphorylation (LRP6 [S1490]) by CD44v6 is required for its association with DVL-2 and caveolin in lipid rafts, whereas DAB2 attenuates the WNT signaling by shifting the CD44v6-LRP6 complex to clathrin mediated endocytosis in sensitive cells (Figures 7, 8). In the absence of DAB2, WNT induces internalization of CD44v6, which in turn interacts with LRP6 through caveolin mediated endocytosis (Figure 7B) and promotes membrane localization of matured LRP6. This results in WNT/β-catenin signaling in a CD44v6 mediated CK2-dependent manner but not through CD44v6 regulated (MAPK)/Erk and phosphatidylinositol 3 kinase (PI3K)/Akt pathways (Figure 6), whereas in its presence DAB2 binds CD44v6 and LRP6 in a WNT-dependent manner, and pushes LRP6 towards clathrin mediated endocytosis and suppresses β-catenin signaling and MDR1 expression (Figure 8). We propose, therefore, that FOLFOX regulates cellular DVL-2 and DAB2 levels that modulate CD44v6-LRP6 interaction and consequent WNT/β-catenin signaling by regulating endocytosis of LRP6 and CD44v6.

In a further step, we have presented new evidence indicating that FOLFOX induces WNT signaling through CD44v6 mediated recruitment of LRP6/LRP6 (S1490) to caveolin-dependent internalization of these receptors (Figure 7, Figures 9C-F). The internalized CD44v6 and LRP6 were sorted in endosomes, and CD44v6 formed a complex with TCF4 in both the cytosol and nucleus. Then the CD44v6 with TCF4 co-translocated to the nucleus in a CD44v6-dependent manner, and this association requires the nuclear localization signal (NLS) of CD44v6 (Figures 10B-E). The NLS motif that mediates CD44v6 nuclear translocation was mapped to the intracellular domain of CD44v6 (Figure 9A). Importantly, internalized CD44v6 forms a complex with TCF4 and β-catenin, and this complex is translocated to the nucleus through a CD44v6 dependent manner (Figure 10C). Expression of a CD44 (NLS) mutant sequesters TCF4 in the cytosol (Figure 10E). In the nucleus, the TCF4 remains associated with CD44v6 and binds to the TCF4, MDR1 and CD44 promoters, leading to increased MDR1 activity and drug efflux (Figures 11, 12). Further our data provide evidence that WNT3A-mediated phosphorylation of S1490 of LRP6 mediated by CD44v6 is required for its association with DVL-2 and caveolin, whereas DAB2 attenuates the WNT signaling by shifting the CD44v6-LRP6 complex to clathrin mediated endocytosis in sensitive cells (Figures 8 and 9G-I). Consequently, all these events contribute to CD44v6-WNT3A-mediated therapeutic drug resistance in CICs of colon tumor cells. This provides evidence that targeting the CD44v6-WNT3A mediated β-catenin/TCF4-MDR1 signaling pathways and the increased MDR1 efflux function may represent a novel approach to overcome chemotherapy resistance in colon tumor CICs.



5 Conclusion


5.1 Proposed model for a positive feedback loop that couples β-catenin/TCF4 activation and CD44v6 alternate splicing that sustains CIC drug resistance

We propose that FOLFOX mediated WNT3A stimulation of CD44v6 through its NLS site recruits LRP6 in a caveolin-microdomain in the absence of DAB2. The CD44v6-LRP6(S1490)/LRP6-signalosome is internalized through endosomal sorting resulting in nuclear accumulation of a β-catenin/TCF4-CD44v6 complex, which then transcriptionally activates stemness-associated MDR1 and a CD44v6-containing isoform, which sustains drug-resistance in CRC-CICs. In contrast, a CD44v6-LRP6 complex is internalized through the clathrin microdomain in sensitive cells and fails to recruit the β-catenin/TCF4-CD44v6 complex in the nucleus. Our data, suggest a biphasic activation of β-catenin in response to either WNT3A or FOLFOX (Figure 2I). Furthermore, upon WNT3A stimulation either alone or through FOLFOX (Figure 5B) produces an early surge of nuclear β-catenin activation independent of CD44v6 variants. This signal is rapidly down regulated by CD44v6 shRNA when FOLFOX or WNT3A generates CD44v6 expression after 2 hour of either WNT3A, or of FOLFOX stimulation (Figure 2I). However WNT3A/β-catenin activation signal initiates a positive feedback loop by inducing CD44v6 expression through alternative splicing (Figure 12F).
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Supplementary Figure 1 | (A, B), Validations of CD44v6 shRNAs (v6 sh1 and v6 sh2) and WNT3A shRNAs (WNT3A sh1 and WNT3A sh2) used in panels (D–G) were done by the indicated shRNA mediated knockdown and the corresponding knock-in (KI) gene transfections in SW480-FR cells as described in Methods. Target proteins were analyzed by WB analysis (β-tubulin, internal control). (C), The effect of shRNA-mediated knockdown of CD44v6 in SW480-FR cells on the expression of CD44v6 mRNA was determined by real-time PCR (at 24 h; RQ, relative quantification). Validation of expression vector CD44v6 cDNA (v6 cDNA) was done by WB analysis (β-tubulin, internal control) (D), Bar graph summarizing the flow cytometry cell cycle profile analysis after WNT3A stimulation in G2.M-arrested-SW480-cells which were previously transfected with NT shRNA or v6 shRNA for 24 hours. These cells were collected at indicated times after WNT3A -stimulation and cell cycle were analyzed (details in Method section). Data are presented as Mean ± SD from n = 3 replicates in three independent experiments. FACs data are representative of three experiments *P < 0.05, **P < 0.01 were considered significant, percent cells in S phase in CD44v6 shRNA transfected cells compared with NT shRNA transfected cell.
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Accession number

NM_001001389.2
NM_001001390.2
NM_001001391.2
NM_00100139.2.2
NM_001202555.2
NM_001202556.2
NM_001202557.2
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X155 150 (EMBL/Genebank)
NM_002046.7

Forward sequence (5'-3')

AAGACATCTACCCCAGCAAC

GAT GAG CAC TAG TGC TAC AG
ACG TCT TCA AAT ACC ATC TC
TCA ACC ACA CCA CGG GCT TT
GTA GAC AGA AAT GGC ACC AC
CAG GCA ACT CCT AGT AGT AC
CAG CCT CAG CTC ATA CCA G
TCC AGT CAT AGT ACA ACG CT
CAG AGC TTC TCT ACA TCA CA
GGT GGA AGA AGA GAC CCA AA
ATCCCTGC TACCATCCAGGCAAC
AAGACATCTACCCCAGCAAC
ACC ACA GTC CAT GCC ATC A

Primers

Reverse sequence (5'-3')

TTTGCTC CACCTTCTTGACTCC
TTTGCTCCACCTTCTTGACTCC
TTTGCTCCACCTTCTTGACTCC
TTTGCTCCACCTTCTTGACTCC
TTTGCTCCACCTTCTTGACTCC
TTTGCTCCACCTTCTTGACTCC
TTTGCTCCACCTTCTTGACTCC
TTTGCTCCACCTTC TTGACTCC
TTTGCTCCACCTTCTTGACTCC
TTTGCTCCACCTTC TTGACTCC
TTTGCTCCACC TTCTTGACTCC
TTTGCTCCACCTTCTTGACTCC
TCC ACC ACC CTG TTG CTG TA
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CD44 total  Sense: ATAATTGCCGCTTTGCAGGTGTATT 60°C
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uPA Sense: ACTACTACGGCTCTGAAGTCACCA 60°C
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IL-8 Sense: GGCACAAACTTTCAGAGACAGCAG 61°C
Anti-Sense: GTTTCTTCCTGGCTCTTGTCCTAG
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Genes

MDR1 (A)
[-644- (-447)]
MDR1 (B)
[-1218- (-080)]
MDR1 (C)
[-1301- (-1056)]
CD44v6 (A)
[-1618- (-1370)]
CD44V6 (B)
[-1997- (-1793)]

Primers

Forward sequence (5'-3’)
TAGGTCTTTCCACTAAAGTC
TTTCTTTCATTCCATTTATC
AATGTAAGAATTTAAAATGC
AGAAGTCCTGGCATGGTTCC

GGATGACTTACTTGTCCCTGT

Reverse sequence (5'-3’)
AGAGGACTTCACACTATCCA
AAGTCTTCATATCCATATAA
CTTTGAAAAGGCTAGGAGAA
TCTTCAGGGGAAGCCTTTTGA

ACTCACAAGCAGGCCATTACCA






OPS/images/fonc.2022.906415/table6.jpg
Genes

CD44v6 shRNA1

CD44 ShRNA2

WNT3A ShRNA 1
WNT3A shRNA 2
Beatenin SHANA 1
Beatenin SNRNA 2
Caveolin-1 ShRNAT
Caveolin-1 shRNA2
Clatirin ShRNAT
Clathrin ShRNA2

Firefly luciferase shRNA1
Firefly Lciferase ShRNA2

Primers

Sense sequence (5-3)

TCCTCCCAGTATGACACATATTTTCAAGAGAAATATGTGTCATACTGGGAGGTTTTTTC
T GGACCAATTACCATAACTATTTCAAGAGA AATAGTTATGGTAATTGGTCCTTTTTTC
TGTAGCGAGGACATCGAGTTTGTTCAAGAGACAAACTCGATGTCCTCGCTACTTTTTTC
TGAACTACGTGGAGATCATGCTTCAAGAGAGCATGATCTCCACGTAGTTCCTTTTTTC
TATCTGTCTGCTCTAGTAATAATTCAAGAGATTATTACTAGAGCAGACAGATTTTTTTC
TTCTAACCTCACTTGCAATAATTTCAAGAGAATTATTGCAAGTGAGGTTAGATTTTTTC
TACCTTCACTGTGACGAAATATTCAAGAGA TATTTCGTCACAGTGAAGGTGTTTTTTC

T ACCTTCACTGTGACGAAATATTCAAGAGA TATTTCGTCACAGTGAAGGTG TTTTTTC
TTGACTATGGAGTCTGACAAATTTCAAGAGA ATTTGTCAGACTCCATAGTCA TTTTTTC
TACTATGGAGTCTGACAAATTTTCAAGAGA AATTTGTCAGACTCCATAGTC TTTTTTC
TGCCCTGGTTCCTGGAACAATTTTCAAGAGA AATTGTTCCAGGAACCAGGGCTTTTTTC
TTGAGTATTTCTGTCTGATTTTTCAAGAGA AATCAGACAGAAATACTCAC TTTTTTC

Antisense sequence (5'-3)

TCGAGAAAAAACCTCCCAGTATGACACATATTTCTCTTGAAAATATGTGTCATACTGGGAGGA
TCGAGAA AAAAGGACCAATTACCATAACTATTTCTCTTGAAAATAGTTATGGTAATTGGTCCA
TCGAGAAAAAAGTAGCGAGGACATCGAGTTTGTCTCTTGAACAAACTCGATGTCCTCGCTACA
TCGAGAAAAAAGGAACTACGTGGAGATCATGCCTCTTGAACATGATCTCCACGTAGTTCCA
TCGAGAAAAAAATCTGTCTGCTCTAGTAATAATCTCTTGAATTATTACTAGAGCAGACAGATA
TCGAGAAAAAATCTAACCTCACTTGCAATAATTCTCTTGAAATTATTGCAAGTGAGGTTAGAA
TCGAGAAAAAACACCTTCACTGTGACGAAATATCTCTTGAATATTTCGTCACAGTGAAGGTGA
TCGAGAAAAAAATCAACTTGCAGAAAGAAATATCTCTTGAATATTTCTTTCTGCAAGTTGATA
TCGAGAAAAAATGACTATGGAGTCTGACAAATTCTCTTGAAATTTGTCAGACTCCATAGTCAA
TCGAGAAAAAAGACTATGGAGTCTGACAAATTTCTCTTGAAAATTTGTCAGACTCCATAGTCA
TCGAGAAAAAAGCCCTGGTTCCTGGAACAATTTCTCTTGAAAATTGTTCCAGGAACCAGGGCA
TCGAGAAAAAAGTGAGTATTTCTGTCTGATTTTCTCTTGAAAATCAGACAGAAATACTCACA
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Genes

SOX-2
OCT4
c-MYC
TWIST1
ALDH1
MDR1
CD44v6
GAPDH
B-actin

Primers

Forward sequence (5’-3’)

GGACTGAGAGAAAGAAGAGGAGAG
GGAGGAAGCTGACAACAATGA
AAGCTGAGGCACACAAAGA
AGACTCTGGAGCTGGATAACT
CTTGGAATTTCCCGTTGGTTATG
TGCTGGTTGCTGCTTACA
GACAGAATCCCTGCTACCAATAG
GAAGGTGAAGGTCG
AGAAAATCTGGCACCACACC

Reverse sequence (5'-3’)

CGCCGCCGATGATTGTTATTA
CTCTCACTCGGTTCTCGATACT
GCTTGGACAGGTTAGGAGTAAA
GCCTGTCTCGCTTTCTCTTT
GAGAGCAGTGAGAGGAGTTTG
GCCTATCTCCTGTCGCATTATAG
TCCTTCGTGTGTGGGTAATG
CTTCCCGTTCTCAG
AGAGGCGTACAGGGATAGCA

Validation of pSico-CD44v6shRNA in Cells In order to use shRNA for target genes in in vivo experiments, pSicoR-CD44v6 shRNA, pSicoR-WNT3A shRNA, and pSicoR- b-catenin shRNA
were prepared as described in our previous study (59) in the RNA silencing section. The abilities of pSico and pSicoR vectors to conditionally silence endogenous CD44v6 genes were
demonstrated by their ability to inhibit expression of the human CD 44 v6 expressionin SW 480- FR cells (Figures 9A-C, and Figures 9D-F). PCR was done to amplify the recombined
and unrecombined genomic plasmid DNAs from SW480-FR cells.
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Genes

IL17A
Periostin
WNT3A
PDGFR o
EpCAM
FAP

FSP1
0-SMA
GAPDH
B-actin

Accession number

NM_002190.3
NM_006475.3
NM_033131.4
NM_006206.6
NM_002354.3
NM_004460.5
NM_002961.3
NM_001100.4
NM_002046.7
NM_001904.4

Forward sequence (5'-3')

AAGACCTCATTGGTGTCACTGCTAC

TGTTGCCCTGGTTATATGAG
GGATACTTCTTACTCCTCTGCAG
GGTGGTCACAGGTG
GCCAGTGTACTTCAGTTGGTGC
TGTGCATTGTCTTACGCCCT
TTGGGGAAAAGGACAGATGAAG
CTATGCCTCTGGACGCACAACT
GAAGGTGAAGGTCG
AGAAAATCTGGCACCACACC

Reverse sequence (5'-3')

ATCTCTCAGGGTCCTCATTGCG
ACTCGGTGCAAAGTAAGTGA
AATGGCGTGGACAAAGGCCGACT
CTTAAGGCTCTCAGGA
CCCTTCAGGTTTTGCTCTTCTCC
CCGATCAGGTGATAAGCCGT
TGAAGGAGCCAGGGTGGAAAAA
CAGATCCAGACGCATGATGGCA
CTTCCCGTTCTCAG
AGAGGCGTACAGGGATAGCA
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Genes

IL-17A
IL-17R
1 L-23A
IL-23R
RORa
Periostin
Integrin b1
PDGF o
TGFBA
TGFp2
G-CSF
WNT3A
WNT5A
SDF-1
EGF
HGF
FGF
1B
L4
L8
TNFa
VEGFA
IFNy
PGE2
IGF1
IGF1R
CD44v6
Ccox2
FLT
MCP-1
STAT3
GAPDH

Accession number

NM_002190.3
NM_014339.7
NM_016584.3
NM_ 144701.3
NM_134261.3
NM_006475.3
NM_002211.4
NM_002607.6
NM_000660.7
NM_001135599.4
X03438.1
NM_033131.4
NM_003392.7
AY874118.1
NM_001963.6
NM_000601.6
NM_000800.5
NM_000576.3
NM_000589.4
M28130.1
NM_000594.4
NM_001171623.2
NM_000619.3
NM_004878.5
NM_001111283.3
NM_000875.5
NM_001202555.2
M90100.1
NM_002019.4
NM_002982.4
NM_139276.3
NM_002046.7

Primers

Forward sequence (5'-3')

AGATTACTACAACCGATCCACCT
AGTTCCACCAGCGATCCAAC
CTCAGGGACAACAGTCAGTIC
ACATGCTTCTATGTACTGCACTG
CTTGCCGTAGGGATGTCTCG
CTCATAGTCGTATCAGGGGTCG
CCTACTTCTGCACGATGTGATG
GCAAGACCAGGACGGTCATTI
GGCCAGATCCTGTCCAAGC
CCATCCCGCCCACTTTCTAC
GCTGCTTGAGCCAACTCCATA
AGCTACCCGATCTG GTGGTC
ATTCTTGGTGGTCGCTAGGTA
ATTCTCAACACTCCAAACTGTGC
TGGATGTGCTIGATAAG CGG
GCTATCGGGGTAAAGACCTACA
ACACCGACGGGCTTITATACG
AGCTACGAATCTCCGACCAC
CCAACTGCTICCCCCTCTG
TTTTGCCAAGGAGTG CTAAAGA
CCTCTCTCTAATCAGCCCTCT
AGGGCAGAATCATCACGAAGT
TCGGTAACTGACTTGAATGTCCA
GTGACCGAGTICGG CAATAAG
GCTCTTCAGTICGTGTGTGGA
TCGACATCCGCAACGACTATC
CTGCCGCTTTGCAGGTGTA
TAAGTGCGATIGTACCCGGAC
GAAAACGCATAATCTG GGACAGT
CAGCCAGATGCAATCAATGCC
CAGCAGCTTGACACACGGTA
GGAGCGAGATCCCTCCAAAAT

Reverse sequence (5'-3')

GGGGACAGAGTTCATGTGGTA-
GTCTGAGGCAGTCA TIGAGGC
ACAGGGCTATCAGGGAGCA
TGTGTCTATGTAGGTGAGCTICC
GAAGTTCCGTCAGC CCGTI
ACACAGTCGTITICTGTCCAC
CCTTTGCTACGGTTGGTTACATI
GGCACTTGACACTG CTCGT
GTGGGTTTCCACCATIAGCAC
AGCTCAATCCGTIGTTCAGGC
GAACGCGGTACGACACCTC
CAAACTCGATGTCCTCGCTAC
CGCCTTCTCCGATGTACTGC
ACTTTAGCTTCGGGTCAATGC
ACCATGTCCTTTCCAGTGTGT
CGTAGCGTACCTCTGGATTGC
CCCATTCTTCTIGAGGCCAAC
CGTTATCCCATGTGTCGAAGAA
TCTGTIACG GTCAACTCGGTG
AACCCTCTG CACCCAGTITIC
GAGGACCTGGGAGTAGATGAG
AGGGTCTCGATTGGATGGCA
TCGCTTCCCTGTITIAGCTGC
CGGACAATGTAGTCAAAGGACG
GCCTCCTIAGA TCACAG CTCC
CCAGGGCGTAGTIGTAGAAGAG
CATTGTGGG CAAGGTGCTATI
TTTGTAGCCATAGTCAGCA TIGT
GCGTGGTGTGCTTATTTGGA
TGGAATCCTGAACCCACTICT
AAACACCAAAGTGGCATGTGA
GGCTGTTGTCATACTTCTCATGG
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Genes

Cs
h-CD44V6
h-CD44V8

h-CD44s
h-GAPDH

Accession number

NM_001202555.2
NM_001202557.2

X156150 (EMBL/Genebank)
NM_002046.7

Forward sequence (5'-3')

CATCCCAGACGAAGACAGTC

CATCCCAGACGAAGACAG TC
ACC ACA GTC CAT GCC ATC A

Primers

Reverse sequence (5'-3')

CAG GCA ACT CCT AGT AGT AC
GTIGTCATTGAAAGAGG TCCT
TTIGCTCCACCTTCTTGACTCC
TCC ACC ACC CTG TIG CTG TA
TTIGCTCCACCTTCTTGACTCC
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Breast cancer cells ER HER2
MCE-7 + -
SKBR-3 - +

Drug

Tamoxifen

Dexamethasone

Trastuzumab
Pertuzumab
Trastuzumab + Pertuzumab

Dexamethasone

Concentration Control
Tso(i’%) (E;)oz)
21.00 505
10 nM
20 nM
50 nM
10°° M
32.70 285
10 pg/ml
10 ug/ml
10 pg/ml
107°M

Tso in ( 1’4) is the essential shear stress to detach 50% of the cell population and Ny is the relevant number of detached cells.

b

24h

d)
750(4)
cm

23.50
29.80
34.70
27.30

37.20
54.90
49.50
44.50

Nso
(x10%)

330.00
392.00
465.00
362.00

166.00
195.00
167.00
171.00

48 h

d
Tso( LZ )
cm

25.70
33.40
38.50
29.20

42.50
55.87
51.20
4820

Nso
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332.00
278.00
201.00
242.00

183.00
151.00
220.00
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Breast cancer cells ER™ HER2" Drug

MCE-7 + -
Tamoxifen
Dexamethasone
SKBR-3 - +
Trastuzumab
Pertuzumab

Trastuzumab + Pertuzumab

Dexamethasone

Concentration

10 nM
20 nM
50 nM
107 M

10 pg/ml
10 pg/ml
10 pg/ml
10 M

Elastic modulus (Pa)

Control

196.3 + 21.68 (21)

277.86 + 12.57 (21)

24 h of treatment

465.80 + 30.15*
585.00 + 24.80**
37542 + 35.12%*

360.89 + 31.41**
261.79 + 11.80***
186.42 + 88.50%*

Dexamethasone was used as positive control. Data express mean values + SD of at least three repeated experiments, *p <0.05, **p <0.01, and ***p <0.001.

48 h of treatment

22464 + 15.34*(21)
536.25 + 43.42%
63438 + 35.40%
417.03 + 1636

343.62 + 28.45**(21)
559.00 + 13.90**
395.89 + 45.90**
466.45 + 14.20*
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Description GeneBank Gene Organism Sequence
Syndecan-1 NM_013026.2 Sdc1 Rattus norvegicus F 5-GAACCCACCAGCAGGGATAC-3'
R 5'-CACACTTGGAGGCTGATGGT-3'
NM_011519.2 Sdc1 Mus musculus F 5-GGTCTGGGCAGCATGAGAC-3'
R 5'-GGAGGAACATTTACAGCCACA-3'
Glypican-1 NM_030828.1 Gpet Rattus norvegicus F 5'-GCCAGATCTACGGGGCTAAG-3'
R 5'-AGACGCAGCTCAGCATACAG-3'
NM_016696.5 Gpet Mus musculus F 5'-CTTTAGCCTGAGCGATGTGC-3'
R 5'-GGCCAAATTCTCCTCCATCT-3'
Perlecan XM_017593851.1 Hspg2 Rattus norvegicus F 5-TGATGACGAGGACTTGCTGG-3’
R 5'-ACACCACACTGACAACCTGG-3'
NM_008305.3 Hspg2 Mus musculus F 5-CCGTGCTATGGACTTCAACG-3'
R 5'-TGAGCTGTGGAGGGTGTATG-3'
Versican NM_001170558.1 Vean Rattus norvegicus F 5-ATGTGGATCATCTGGACGGC-3’
R 5-GTTTCGATGGTGGTTGCCTC-3'
NM_001081249.1 Vean Mus musculus F 5-GGAGGTCTACTTGGGGTGAG-3'
R 5'-GGGTGATGAAGTTTCTGCGAG-3
Brevican NM_012916.2 Bcan Rattus norvegicus F 5-AGGGGACCTCACAAGTTCTTC-3'
R 5'-ATTTGACTCGGGGAAAGCCC-3'
NM_012916.2 Bcan Mus musculus F 5-GTGGAGTGGCTGTGGCTC-3'
R 5'-AACATAGGCAGCGGAAACC-3'
CSPG4/NG2 NM_031022.1 Cspg4 Rattus norvegicus F 5'-ATCTGGGAGGGGGCTATTGT-3"
R 5'-GTACGCCATCAGAGAGGTCG-3'
NM_139001.2 Cspg4 Mus musculus F 5'-TCTTACCTTGGCCCTGTTGG-3"
R 5'-ACTCTGGTCAGAGCTGAGGG-3'
CD44 NM_009851.2 Cda4 Mus musculus F 5'-CAAGTTTTGGTGGCACACAG-3'
R 5'-AGCGGCAGGTTACATTCAAA-3'
Decorin NM_024129.1 Den Rattus norvegicus F 5'-AATGCCATCTCCGAGTGGTG-3
R 5'-TTGTCGTGGAGTCGAAGCTC-3’
NM_007833.6 Den Mus musculus F 5-CCCCTGATATCTATGTGCCC-3"
R 6'-GTTGTGTCGGGTGGAAAATC-3
Biglycan NM_017087.1 Bgn Rattus norvegicus F 5'-GAACAGTGGCTTTGAACCCG-3’
R 5'-CCTCCAACTCGATAGCCTGG-3'
NM_007542.5 Bgn Mus musculus F 5'-GCCTGACAACCTAGTCCACC-3
R 5'-CAGCAAGGTGAGTAGCCACA-3’
Lumican NM_031050.1 Lum Rattus norvegicus F 5'-AATTTGACCGAGTCCGTGGG-3'
R 5'-GCCTTTCAGAGAAGCCGAGA-3'
Neurocan NM_007789.3 Ncan Mus musculus F 6-CCAGCGACATGGGAGTAGAT-3’
R 5'-GGGACACTGGGTGAGATCAA-3'
Gapdh NM_017008.4 Gapdh Rattus norvegicus F 5-ATGGCCTTCCGTGTTCCTAC-3'
R 6'-TCCAGGGTTTCTTACTCCTTGG-3'
NM_008084.3 Gapdh Mus musculus F 5'-CGTCCCGTAGACAAAATGGT-3'

R 5'-TTGATGGCAACAATCTCCAC-3'
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Gene Forward primer sequence Reverse primer sequence

SRGN  GCTACTCAAATGCAGTCGGC CCCATTGGTACCTGGCTCTC
CDH2  GGCTTCTGGTGAAATCGCAT AAGAGGCTGTCCTTCATGCAC
vim GAACGCCAGATGCGTGAAAT AAGGTGACGAGCCATTTCCT
TWIST ATTCAAAGAAACAGGGCGTGGG AGAATGCAGAGGTGTGAGGATG
ZEB1 GCGCTTCTCACACTCTGG GCGCTTCTCACACTCTGG
ZEB2  ACTTGCAGAGCATTACCCC ACTTGCAGAGCATTACCCC
GAPDH GAGCGAGATCCCTCCAAAAT AAATCAGCCCCAGRCETICT
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Gene/protein Cancer Altered HS sulfation  Effect on tumour cell and patient’s Refs

deregulation prognosis

| NDST4 Colorectal cancer (tissue, in higher [ ] Patient’s poor overall survival. (95)
pathological stages [T3 and T4], and
several colorectal cancer cell lines)

@ Ndst1 Lung cancer (LLC cells were injected  Reduced N-sulfation.  Impaired angiogenesis-related signalling (96)
in Ndst1”TekCre* mice) Reduced 6-O- and 2- pathways: decreased FGF2- and VEGF-

O-sulfation dependent Erk1/2 phosphorylation.
(mice endothelial Decreased tumour vascularization.
cells). Reduced tumour growth.

I GLCE Breast cancer (tissue and MCF-7 cells) m - 97, 98)
Lung cancer (several lung cancer cell ® = (99)
ines cells)

@® GLCE Breast (MCF7 cells) and small-cell lung m Decreased cell proliferation. 98, 99)
cancer (U2020 cells) Supressed the growth of U2020 xenograft

tumours.

1 20ST1 Prostate cancer (tissue and LNCaP, | | Correlated with metastatic potential. (100)
C4, C4-2, C4-2B cells)

@ 20ST1 Prostate cancer (LNCaP, C4, C4-2, | ] Decreased cell proliferation and invasion. (100)
C4-2B cells)

1 20ST1 Leukaemia (SKM-1 cells under [] Cell growth inhibition and less aggressive (101)
granulocytic differentiation) phenotypes.

@ 20ST1 Breast cancer (MDA-MB-231 and | | Acquisition of cancer stem cell-like (102)
MCF-7 cells) properties.

@ 20ST1 Breast cancer (MCF-7 and MDA-MB-  Increased 2-O- Decreased EGFR expression and (103)
231 cells) sulfation. activation.

Upregulated E-cadherin.
Promoted cell-cell and cell-ECM adhesion.
Inhibited cell migration and invasion.

1 60STH Chondrosarcoma (tissue; correlated with  m - (104)
increasing tumour histological grade)

1 60ST2 Chondrosarcoma (tissue; correlated with  m = (104)
increasing tumour histological grade)

Colorectal cancer (tissue and several  ® = (105)
colorectal cancer cell lines)

1 60ST3 Chondrosarcoma (tissue) | | - (104)
Breast cancer (T47D, MCF7 and ] - (106)
MDA-MB-231 cells)

@ 60ST3 Breast cancer (T47D, MCF7 cells) | | Increased cell apoptosis and adhesion. (106)

Reduced cell proliferation.
Reduced cell migration and invasion
(except for T47D cells).

| 30ST2 Breast, colon, lung and pancreatic ] - (107)
cancer (tissue and several breast
cancer cell lines)

Non-small cell lung cancer (tissue and m Poor patient’s survival. (108)
several NSCLC cell lines)

@ 30ST2 Non-small cell lung cancer (H460 and m Reduced cell proliferation, migration and (108)
H23 cells) invasion.

Breast cancer (MDA-MB-231 cells) Increased 3-O- Increased activation of MAPK and Wnt/B- (109)
sulfation. catenin signalling pathways.
Increased cell invasiveness, motility and
chemoresistance.
Breast cancer (MDA-MB-231 and | | Acquisition of cancer stem cell-like (102)
MCF-7 cells) properties.

| B0ST3A Breast cancer (luminal-A and triple- ] Promoted oncogenic features. (110)
negative breast cancer tissues and
MCF-7 and MDA-MB-231 cells)

1 30ST3A Breast cancer HER2+ tumours | Decreased disease-free survival. (110

@ 30ST3B1 Acute myeloid leukaemia (U937 cells) m Induced cell proliferation. (111)

Induced expression and shedding of
proangiogenic factors.
Promoted pro-angiogenic signalling
pathways.
1 30ST3B1 Non-small cell lung cancer (tissue and ® Regulated epithelial-to-mesenchymal (112)

several NSCLC cell lines)

| downregulation or loss of expression in cancer.

1 upregulation in cancer.

@ induced silencing or KO in cancer cell models.

® induced overexpression in cancer cell models.

Wl HS sulfation features were not described.

— effects on cell behaviour or patient’s prognosis were not reported.

transition (EMT).
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Genes

MDRI (A)
[-644-(-447)]
MDRI (B)
[-1218-(-980)]
MDRI (C)
[-1301-(-1056)]
CD44v6 (A)
[-1618-(-1370)]
CD44v6 (B)
[-1997-(-1793)]

Accession number

NIil_001348945

NL1_001348945

NL1_001348945

NIII_001202555.2

Nlii_001202555.2

Forward sequence (5'-3")
TAGGTCTTTCCACTAAAGTC
TTTCTTTCATTCCATTTATC
AATGTAAGAATTTAAAATGC
AGAAGTCCTGGCATGGTTCC

GGATGACTTACTTGTCCCTGT

Primers

Reverse sequence (5' 3')
AGAGGACTTCACACTATCCA
AAGTCTTCATATCCATATAA
CTTTGAAAAGGCTAGGAGAA
TCTTCAGGGGAAGCCTTTTGA

ACTCACAAGCAGGCCATTACCA
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Transcription Accession Abundance/11

factors number clones
P300 NM 001429.4 11/11
STATS NM 139276.3 11/11
TCF4 NM_001083962.2 9/11
cMyc NM 002467.6 9/11
Snaill NM 005985.4 8/11
Twistl NM_000474.4 8/11
Oct4 NM_002701.6 8/11
SOX2 NM 003106 8/11
Nanog NM 024865.4 8/11
YB-1 NM_004559.5 7/11
NFkB NM_003998.4 7/11
E2F1 NM 005225.3 7/11
RUNX2 NM 001024630.4 7/11
AP-1 NM_002228.4 7111
Pgp (MDR1) NM 001348945 7/11
C/EBP NM 001806.4 7/11
Notch1 NM_017617.5 7111

ChiP assay was performed with chromatin from SW480-FR CICs using CD44v6
antibody. The immunoprecipitated DNA-Chromatin complex was amplified by PCR
and subcloned. A total of 11 clones were sequenced. Blast analysis revealed the presence of
various cis- binding sites for sternness/drug resistance related transcription factors in
these DNA sequences.
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Genes

CD44v6
shRNA1

CD44v6
shRNA2
WNTJA
shRNA 1
WNTJA
shRNA 2

lk:atenin
shRNA 1

lk:atenin
shRNA 2

Caveolin-1
shRNA1

caveolin-1
shRNA2

Clathrin
shRNA1

Clathrin
shRNA2

Firefly
luciferase
shRNA1
Firefly
luciferase
shRNA2

Accession
number

NL1_001202555.2 TCCTCCCAGTATGACACATATTTTCAAGAGAAA

NM_001202555.2

NM_033131.4

NM_033131.4

NM_001904.4

NM_001904.4

NM_001753.5

NM_001753.5

NIII_004859.4

NM_004859.4

M15077.1

M15077.1

Sense sequence (5'-3')

TATGTGTCATACTGGGAGGTTTTTTC

TGGACCMTTACCATAACTATTTCAAGAGA AA
TAGTTATGGTAATTGGTCCTTTTTTC

TGTAGCGAGGACATCGAGTTTGTTCAAGAGAC
AAACTCGATGTCCTCGCTACTTTTTTC

TGAACTACGTGGAGATCATGCTTCAAGAGAGC
ATGATCTCCACGTAGTTCCTTTTTTC

TATCTGTCTGCTCTAGTAATAATTCAAGAGATT
ATTACTAGAGCAGACAGATTTTTTTC

TTCTMCCTCACTTGCMTAATTTCAAGAGAAT
TATTGCAAGTGAGGTTAGATTTTTTC

TACCTTCACTGTGACGAAATATTCAAGAGA
TATTTCGTCACAGTGAAGGTGTTTTTTC
TACCTTCACTGTGACGAAATATTCAAGA GA
TATTTCGTCACAGTGAAGGTG TTTTTTC
TTGACTATGGAGTCTGACAAATTTCAAGAGA
ATTTGTCAGACTCCATAGTCA TTTTTTC
TACTATGGAGTCTGACAAATTTTCAAGAGA
AATTTGTCAGACTCCATAGTC TTTTTTC
TGCCCTGGTTCCTGGAACMTTTTCAAGAGA
MTTGTTCCAGGAACCAGGGCTTTTTTC

TTGAGTATTTCTGTCTGATTTTTCAAGAGA
AATCAGACAGAAATACTCAC TTTTTTC

Primers

Antisense sequence (5'-3")

TCGAGAAAAAACCTCCCAGTATGACACATATT
TCTCTTGAAAATATGTGTCATACTGGGAGGA

TCGAGAAAAAAGGACCAATTACCATAACTATT
TCTCTTGAAMTAGTTATGGTAATTGGTCCA

TCGAGAAAAAAGTAGCGAGGACATCGAGTTT
GTCTCTTGAACAAACTCGATGTCCTCGCTACA

TCGAGAAAAAAGGAACTACGTGGAGATCATG
CCTCTTGAACATGATCTCCACGTAGTTCCA

TCGAGAAAAAAATCTGTCTGCTCTAGTAATAAT
CTCTTGAATTATTACTAGAGCAGACAGATA

TCGAGAAAAAATCTAACCTCACTTGCAATAATT
CTCTTGAAATTATTGCAAGTGAGGTTAGAA

TCGAGAAAAAACACCTTCACTGTGACGAAATA
TCTCTTGAATATTTCGTCACAGTGAAGGTGA
TCGAGAAAAAAATCAACTTGCAGAAAGAAATA
TCTCTTGAATATTTCTTTCTGCAAGTTGATA
TCGAGAAAAAATGACTATGGAGTCTGACAAAT
TCTCTTGAAATTTGTCAGACTCCATAGTCAA
TCGAGAAAAAAGACTATGGAGTCTGACAAATT
TCTCTTGAAAATTTGTCAGACTCCATAGTCA
TCGAGAAAAAAGCCCTGGTTCCTGGAACAATT
TCTCTTGAAAATTGTTCCAGGAACCAGGGCA

TCGAGAAAAAAGTGAGTATTTCTGTCTGATTTT
CTCTTGAAMTCAGACAGAAATACTCACA
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Genes

SOX-2
ALDH1
OCT4
c-MYC
Nanog
TWIST1
EpCAM
MDR1
CD44v6
NFkB
E2F1
STAT3
RUNX2
Snail
P300
YB-1
AP-1
Notch1l
GAPDH
B-actin
C/EBP
TCF4

Accession number

NM_003106
NM_000689.5
NM_002701.6
NM_002467.6
NM_024865.4
NM_000474.4
NM_002354.3
NM_001348945
NM_001202555.2
NM_003998.4
NM_005225.3
NM_139276.3
NM_001024630.4
NM_005985.4
NM_001429.4
NM_004559.5
NM_002228.4
NM_017617.5
NM_002046.7
NM_001904.4
NM_001806.4
NM_001083962.2

Forward sequence (5’-3’)

GGACTGAGAGAAAGAAGAGGAGAG
TGGCTTATCAGCAGGAGTGT
GGAGGAAGCTGACAACAATGA
AAGCTGAGGCACACAAAGA
GCCTGTAGTCCCAGCTATTTG
AGACTCTGGAGCTGGATAACT
AGCTGGTGTTATTGCTGTTATTG
TGCTGGTTGCTGCTTACA
GACAGAATCCCTGCTACCAATAG
GTGACAGGAGACGTGAAGATG
TCCCTGAGCTGTTCTTCTG
GAGAAGGACATCAGCGGTAAG
CGGAATGCCTCTGCTGTTAT
ACTATGCCGCGCTCTTTC
ACTTTGGAGGCACTTTACCG
TCAATGTAAGGAACGGATATGGT
GGACACGCCTTCTGAACG
ATCAACTCACACGCCGAC
GAAGGTGAAGGTCG
AGAAAATCTGGCACCACACC
CGAACTGGACACGCTGC
GGACCTTCTCATAATGGAGCC

Primers

Reverse sequence (5’-3)

CGCCGCCGATGATTGTTATTA
GCAATTCACCCACACTGTTC
CTCTCACTCGGTTCTCGATACT
GCTTGGACAGGTTAGGAGTAAA
GGAGTGCAGTGGTGTGATATT
GCCTGTCTCGCTTTCTCTTT
GCATCTCACCCATCTCCTTTAT
GCCTATCTCCTGTCGCATTATAG
TCCTTCGTGTGTGGGTAATG
TGAAGGTGGATGATTGCTAAGT
CCTCCCTCACTTTCCCAATAAA
CAGTGGAGACACCAGGATATTG
TGTGAAGACGGTTATGGTCAAG
GCTGGAAGGTAAACTCTGGATTA
CTGTCCAGTGTCTAACTTCCTC
AACATCAAACTCCACAGTCTCT
CGGAGTCCAGTGTGGTTTG
TGCATATCTTTGTTAGCCCCG
CTTCCCGTTCTCAG
AGAGGCGTACAGGGATAGCA
ACCCCAAACCACTCCCT
TGGTTTGGCAGAAGAGAATGG
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Genes

Cs
h-CD44V6
h-CD44V8
h-CD44s
h-GAPDH
C;

Accession number

NM_001202555.2
NM_001202557.2

X155150 (EMBL/Genebank)
NM_002046.7

Primers

Forward sequence (5’-3’)

CATCCCAGACGAAGACAGTC

CATCCCAGACGAAGACAGTC
ACC ACA GTC CAT GCC ATC A

Reverse sequence (5°-3’)

CAG GCA ACT CCT AGT AGT AC
GTTGTCATTGAAAGAGGTCCT
TTTGCTCCACCTTCTTGACTCC
TCC ACC ACC CTG TTG CTG TA
TTTGCTCCACCTTCITGACTCC
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Genes

Cs
C;

h-CD44V2
h-CD44V3
h-CD44V4
h-CD44V5
h-CD44V6
h-CD44V7
h-CD44V8
h-CD44V9
h-CD44V10
h-CD44C5V6
h-CD44s
h-GAPDH

Accession number

NM_001001389.2
NM_001001390.2
NM_001001391.2
NM_001001392.2
NM_001202555.2
NM_001202556.2
NM_001202557.2
XM_011520485.2
XM_005253238.3

X155150 (EMBL/Genebank)
NM_002046.7

Forward sequence (5’-3’)
AAGACATCTACCCCAGCAAC

GAT GAG CAC TAG TGC TAC AG
ACG TCT TCA AAT ACC ATC TC
TCA ACC ACA CCA CGG GCT TT
GTA GAC AGA AAT GGC ACC AC
CAG GCA ACT CCT AGT AGT AC
CAG CCT CAG CTC ATA CCA G
TCC AGT CAT AGT ACA ACG CT
CAG AGC TTC TCT ACA TCA CA
GGT GGA AGA AGA GAC CCA AA
ATCCCTGCTACCATCCAGGCAAC
AAGACATCTACCCCAGCAAC
ACC ACA GTC CAT GCC ATC A

Primers

Reverse sequence (5°-3)

TTTGCTCCACCTTCTTGACTCC

TTTGCTCCACCTTCTTGACTCC
TTTGCTCCACCTTCTTGACTCC
TTTGCTCCACCTTCTTGACTCC
TTTGCTCCACCTTCTTGACTCC
TTTGCTCCACCTTCTTGACTCC
TTTGCTCCACCTTCTTGACTCC
TTTGCTCCACCTTCTTGACTCC
TTTGCTCCACCTTCTTGACTCC
TTTGCTCCACCTTCTTGACTCC
TTTGCTCCACCTTCTTGACTCC
TTTGCTCCACCTTCTTGACTCC
TCC ACC ACC CTG TTG CTG TA
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Pharmacological Agent Mechanism of action Stage of development Refs
approach
Small molecular Silibinin Inhibits the activity of the CD44 Preciinically tested in prostate, pancreatic, and breast cancer cells (190,
inhibitors promoter reducing its expression. 191)
Zerumbone Suppresses EGF-dependent Preclinically tested in breast cancer cells. (192)
CD44 expression through
inhibition of the STAT3 pathway.
Curcumin and Reduces CD44 expression Alternative approach like Zerumbone. Not tested yet. (199)
epigallocatechin  through the inhibition of the
gallate STAT3 pathway (blocks the
STAT3 phosphorylation).
GS| (y-secretase PF-3084014 Blocks CD44-ICD releasing and Phase Il. Clinical benefit in patients with refractory, progressive desmoid tumors who  (194)
inhibitors) (Nirogacestat) subsequently interfere with CD44-  receive long-term treatment (NCTO1981551).
LY-450139 ICD-dependent functions. Phase |. Clinical activity in heavily pretreated patients with breast cancer and (195)
(Semagacestat) leiomyosarcoma (NCT01695005).
BMS-906024 Preclinically tested. Decreases cell proliferation in in vivo studies using cell line- and (196)
patient-derived lung adenocarcinoma xenografts.
Antibodies R0O5429083 Immunoconjugates antibody that ~ Phase |. Tested in patients with metastatic and/or locally advanced CD44- (197,
conjugated with (Roche) binds to the constant region of expressing malignant solid tumors (NCT01358903). 198)
anti-tumor drugs the extracellular domain, favoring
the antitumoral drug uptake.
U36 indium-111  Monoclonal antibody labeled with  Preclinically characterized in head and neck carcinoma xenografts mice models (199)
indium-111 that targets CD44 and  expressing CD44v6 isoform.
had been suggested the possible
use in the detection of this
cancer.
Bivatuzumab Humanized monoclonal antibody ~ Phase I. Tested in head and neck carcinoma patients with variable therapeutic (200,
mertansine against CD44v6 and a cytotoxic response and a severe skin toxicity 201)
agent (mertansine).
Antibodies H4C4 Decreases the capacity of self- Preclinically tested. Reduces tumor growth, metastasis, and post-radiation tumor (202)
blocking CD44 renewal and tumor initiation recurrence in human pancreatic mice xenografts.
through STATS signaling inhibition
and the downregulation of the
stem cell self-renewal gene
Nanog.
M7 Inhibits HA-CD44 mediated Preclinically tested. Additionally, decreases cell migration and invasion capacities in (208,
signaling in human umbilical vein  breast cancer cell lines. 204)
KM201 endothelial cells. Preclinically tested in human umbilical vein endothelial cells. (203)
Peptides and PEP-1 Reduces CD44 expression levels  Preclinically tested. (205)
aptamers in mice models for gastric cancer.
PCK3145 Seems to interfere with the Preclinically tested. Demonstrated to reduce bone metastases and prostate tumor
tyrosine kinase activity associated ~ growth tumor in rats inoculated with MAT-Ly-Lu-B-2 cell line. (206-
with the VEGF signalling axis in 208)
endothelial cells inhibiting
angiogenesis processes.
Apt1 (RNA Used to functionalize the surface  Preclinically tested in cell lines: A549 (lung cancer) and MDA-MB-231 (breast (209)
aptamer) of PEGylated liposomes, cancer).
increasing cellular uptake of CD44
positive cell lines.
CD44-EpCAM Blocks simultaneously CD44 and  Preclinically tested. In vitro and in vivo xenograft models of ovarian tumor cells (210)
(double- EpCAM, reducing tumor (OVCARS).
stranded RNA  progression and promoting
aptamer) apoptosis.
Ligand Chol-SS-mPEG/ HA-coated redox responsive Preclinically tested in xenograft models of osteosarcoma. The results showed: a 211)
chemotherapy HA-L liposome, whose cytoplasmic reduction of tumor growth and increased animal survival.
delivery systems drug release system is triggered
by GSH.
HA-LsDOX Promotes the sulfhydration and (212)
ubiquitination of proteins and
activates the pro-apoptotic
CHOP-mediated signaling.
ALN-HA-SS-L- Equipped with bone- and CD44- (213)
L/DOX dual-targeting and redox cleavage
characteristics, its efficacy seems
to increase with the
coadministration of internalizing
RGD.
HA-es-ZnPP Photodynamic therapy based on  Preclinically tested in vitro and in a mouse sarcoma $180 solid tumor model, (214)
a hyaluronan conjugated zinc demonstrating prolonged circulation time, enhanced cell permeability and retention
protoporphyrin via an ester bond,  and anticancer effect.
with a tumor environment-
responsive mechanism.
ALN-HA-C18/ Dual-targeting delivery therapy Tested preclinically in MG-63 cells and in in vivo model. The results showed a (215)
curcumin combining the active bone reduction of tumor growth in osteosarcoma mouse model.
accumulating ability and the
curcumin inhibition effect on CD44
expression.
Hyaluronic Acid HA-mers Bind CD44, competing by and Preclinically tested. Promoted apoptosis and reduced both cell viability, cell (94,
oligomers displacing the biological HA proliferation, cell motility, and decreased the retention of endogenous HA in murine 216,
polymer and can inhibit HA (LM-8) and human (MG-63) osteosarcoma cells. lIts intratumoral injection in 217)

synthesis.

xenograft models suppressed dissemination events in the lung. A similar effect has
been observed in other cancers such as melanoma, carcinoma, or glioma.
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Sarcoma subtype Study Number CD44 isoform Detection Additional Clinical conclusion
of detected technique markers tested
samples
Myxofibrosarcoma Matuschek 34 Increased Quantitative PCR = Improved clinical outcome
etal. CD44s
Low CD44v6
Tsuchie et al. 44 Increased Inmunohistochemical - Poor event free survival and local recurrence in patients
CD44s with lung metastasis
Synovial Sarcoma Sneath et al. 56 CD44 Inmunohistochemical - No correlation with prognosis
expression
Zhou et al. 20 CD44 Inmunohistochemical CD133, CD29, CD44 was not correlated with prognosis, but ALDH1
expression Nestin and ALDH1  positive cases showed a poorer prognosis
Rhabdomyosarcoma Saxon et al. 12 CD44 Inmunohistochemical ECM proteins No correlation among the markers tested with
expression (laminin, metastasis or with the level of tumor differentiation
fibronectin,
tenascin and
thrombospondin)
Humphrey 28 CD44 Inmunohistochemical - CD44 positive patients presented improved outcome
etal. expression
Chondrosarcoma Heyse et al. 30 CD44 Inmunohistochemical - Correlation with tumor grading, metastatic potential, and
overexpression survival
Roxeman 16 CD44 Inmunohistochemical ECM components,  Preferential CD44 splicing: CD44+/CD44v3- in the
etal. expression growth factors, chondrogenic component of dedifferentiated peripheral
p53, among others  chondrosarcoma and CD44-/CD44v3+ in secondary
peripheral chondrosarcomas
Osteosarcoma Boldrini et al. 34 CD44 Inmunohistochemical Ezrina No correlation was established
expression
Gvozdenovic 53 CD44 Inmunohistochemical - Failed as an independent predictor
etal expression
Liu et al. 329 CD44 Meta-analysis - CD44 expression did not correlate with overall survival or
expression metastasis
Xiao et al. 96 CD44 Inmunohistochemical - Useful biomarker to predict chemoresistance. Supported
expression by functional studies
Liu et al. 548 CD44 Meta-analysis - Useful in the prediction of poor survival and metastatic
expression potential
Kuryu et al. 44 CD44s and Inmunohistochemical - CD44v6 was correlated to patient prognosis
CD44v3, v4,
V5, V6, V7, V9,
and v10
Deng et al. 110 CD44v6 Inmunohistochemical CDH11 and B- CD44V6, CDH11, and B-catenin were associated with
catenin overall survival
Gao et al. 114 CD44 Inmunohistochemical - Poor outcome and drug response
expression
Kim et al. 59 CD44 Inmunohistochemical IGF1R and ABCG2 CD44 and ABCG2 can be used in combination with
expression IGF1R as prognosis and efficient treatment factors
Zhang et al. 486 CD44v6 Meta-analysis - CD44v6 over-expression correlates with poor outcome
and metastasis
Zhang et al. 463 CD44v6 Meta-analysis - CD44v6 could act as a diagnostic marker for

osteosarcoma
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TN-C COMPOUND APPLICATION CANCER TYPE/ CLINICAL OUTCOME REF
MODEL TRIALS
INTERFERENCE ATN-RNA (anti TN-C Injection into the brain Glioma 11 patients Significant extension of survival (162)
RNA dsRNA) after tumor resection
ATN-RNA (anti TN-C Injection into the brain Glioma, grade II, lll, and 46 patients Increased overal well-being and (163,
dsRNA) after tumor resection v survival 164)
ATN-RNA (anti TN-C “Proof of concept” in Breast cancer cells preclinical Reduced tumor cell proliferation (165)
dsRNA) MDA-MB-231 cells and migration
FUNCTION Single domain nanobodies “Proof of concept” in Osteosarcoma cells preclinical TN-C function-blocking (166)
BLOCKING (Nbs) KRIB cells
ANTIBODIES
PEPTIDES PL1 (targeting FN-EDB and 10 injections every other ~ Xenograft mose model of = preclinical Reduced tumor size and prolonged  (167)
TN-C-C) loaded with pro- day glioma (U87-MG) median survival
apoptotic payload
PL3 (targeting TN-C-C and 10 injections every other  Xenograft mose model of = preclinical Prolonged survival (168)
NRP1) loaded with pro- day glioma (U87-MG)
apoptotic payload
Ft peptide (targeting TN-C Intravenously Xenograft mose model of  preclinical Prolonged survival (169)
and NRP1) loaded with administered every 2 glioma (U87-MG)
paclitaxel weeks for 3 times
APTAMERS SmTc-TTA1 Tumor imaging and Xenograft mouse models  preclinical Specific uptake into tumors (170-
targeted delivery of (glioma) 172)
payload
GBI-10 SELEX for TN-C - - Several TN-C-specific sequences (173)
were bound
8F-Fb-TN-C PET tracer based on a Xenograft models preclinical Tumor-specific uptake with high (174)
TN-C ssDNA aptamer (glioma, lung, melanoma tumor-background ratio
cell lines)
84Cu-NOTA-TN-C PET tracer based on a Xenograft models preclinical Tumor-specific uptake with high (174)
TN-C ssDNA aptamer (glioma, lung, melanoma tumor-background ratio
cell lines)
SMART Cancer imaging probe Cell lines in vitro preclinical Enhanced specificity and signal (175)
intensity when compared to
“mono” probes
ANTIBODY- Tenatumomab-'2"| (sigma- RI Various solid cancers Phase I; Uptake of drug into the tumor
DRUG- tauifr. S.p.A) NCT02602067; lesion was negligible
CONJUGATES terminated
81C6-'%"| (Neuradiab, R after resection Primary or metastatic Phase I/l Low toxicity and prolonged survival (176,
Bradmer Pharmaceuticals) followed by systemic brain cancer 177)
chemotherapy
81C6-'%" (Neuradiab, RI combined with Glioma, grade IV Phase III; Delay in site initiation and funding
Bradmer Pharmaceuticals) temozolomide NCT00615186;  considerations
terminated
81C6-'%" (Neuradiab, RI after resection Recurrent brain and Phase I; Unknown
Bradmer Pharmaceuticals) central nervous system NCT00002753;
tumors completed
81C6-'%" (Neuradiab, Bolus injection vs. Primary brain and central  Phase I/ll; Unknown
Bradmer Pharmaceuticals) microinfusion nervous system tumors ~ NCT00003478;
completed
81C6-'%"l (Neuradiab, Rl after resection Primary or metastatic Phase I/1; Unknown
Bradmer Pharmaceuticals) brain cancer NCT00002752;
completed
81C6-"%"| (Neuradiab, Rl after tumor resection  Primary brain cancers Phase I; Unknown
Bradmer Pharmaceuticals) combined with NCT00003484;
carmustine or irinotecan completed
81C6-'%" (Neuradiab, Combined with Glioma, grade IV Phase II; Unknown
Bradmer Pharmaceuticals) bevacizumab (Avastin) NCT00906516;
unknown
81C6-2""At (Bradmer RI after resection Primary or metastatic Phase I/; Unknown
Pharmaceuticals) brain cancer NCT00003461;
completed
8106-2""At (Bradmer Rl after resection follwed  Primary or metastatic Phase I/l Tolerable toxicity and promising (178)
Pharmaceuticals) by systemic brain cancer response
chemotherapy
F16-IL2 (Teleukin, Philogen) ~ Combined with Advanced solid tumors, ~ Phase I/ll; Safe administration 179)
doxorubicin breast cancer NCTO01131364;
terminated
F16-IL2 (Teleukin, Philogen) ~ Combined with paclitaxel ~ Solid tumors, breast Phase I/1; Safe administration/disease (180)
cancer, metastatic NCTO01134250;  stabilization
melanoma, lung cancer  completed
F16-IL2 (Teleukin, Philogen) ~ Combined with AML, relapse, adult Phase I; Marked reduction of AML lesions; (181)
cytarabine NCT0297032;  clinical improval
active
F16-IL2 (Teleukin, Philogen) ~ Combined with paclitaxel ~Merkel Cell Carcinoma Phase II; Terminated due to lack of
NCT02054884;  enroliment
terminated
F16-IL2 (Teleukin, Philogen) =~ Combined with anti- AML relapse after Phase I; Unknown
CD33 antibody Bl allogeneic stem cell NCT03207191;
836858 transplantation completed
F16-IL2 (Teleukin, Philogen) ~ Combined with Xenograft mose model of  preclinical Complete remission (182)
temozolomide glioma (U87-MG)
F16-'®'l (Tenarad, Philogen) Rl Solid tumors, Hodgkin's ~ Phase I/l; Partial response/stabilization; (183)
lymphoma NCT01240720; tolerable toxicity
completed
F16-'2% (Philogen) RI Head and neck cancer Phase 0 Tumor-specific uptake and good (184)
tolerance
BC-2-'3"I; BC-4-"%"| RI Glioma, recurrent Phase II; -; Partial stabilization (185)
completed
BC-4-biotin + avidin + %Y~ Pre-targeted antibody- Glioma Phase |; -; Stabilization (186)
biotin guided RI completed
PEPTIDE- iRGD peptide fused to TN-  Tail vein injection Xenograft mose model of  preclinical Improved homing to blood vessels,  (187)
ANTIBODY C-C antibody G11 glioma (U87-MG) extravasation, and penetration of

tumor parenchyma

Summary of the strategies mentioned in the text for TN-C-targeted approaches in cancer treatment. If available, the NTC identifiers are indicated (www.clinicaltrials.gov). Table was
adapted from reference (47). Note that so far there are no clinical trials aimed to target cancer-specific TN-W, TN-R or TN-X. R, Radioimmunotherapy; AML, Acute Myeloid Leukemia; IL2,
Interleukin-2; SELEX, Systematic Evolution of Ligands by Exponential Enrichment; SMART, Simultaneously Multiple Aptamers and RGD Targeting; RGD, arginine-glycine-aspartic acid;
PET, Positron Emission Tomography; ds, double-stranded; ss, single-stranded; TN-C, Tenascin-C; TN-C-C, Tenascin-C with extradomain C; FN-EDB, Fibronectin with extradomain B;
NRP1, Neuropilin-1; REF, References.
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Gene name

EGOT-F

EGOT-R
RP11-499E18.1-F
RP11-499E18.1-R
WT1-AS-F
WT1-AS-R
HAND2-AS1-F
HAND2-AS1-R
PAK2-F

PAK2-R

SOX2-F

SOX2-R

B-actin-F
B-actin-R

Primers U1-F
Primers U1-R

Primer sequences

5-ACCGACTGTCCAACTAGCAA-3
5'-TTGTGTTTCCCTGTGCAGTG-3'
5'-AGCGTTGGGATTACAGGAGT-3'

5 -AGGACAGAAGCCAGAAGTTGA-3'
5'-ACTCGTCTGTTCTGATGCCA-3'
5'-ATGGGCCTACGTATCTGCTC-3
5-TCCCCGAATCTGTAGTGTGG-3
5'-GAGTCACAGGCAGTCGTAGA-3'
5'-TGAGCACACCATCCATGTTGG-3'
5-AGGTCTGTAGTAATCGAGCCC-3'
5'-TACAGCATGTCCTACTCGCAG-3'
5'-GAGGAAGAGGTAACCACAGGG-3
5'-ACCCTGAAGTACCCCATCGAG-3'
5'-AGCACAGCCTGGATAGCAAC-3'
5'-GGGAGATACCATGATCACGAAGGT-3'
5'-CCACAAATTATGCAGTCGAGTTTCCC-3'
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si-RP11-310-332

Si-RP11-454-476

si-RP11-589-611

si-PAK2

si’-PAK2

shSOX2-1
shSOX2-2

Sequences

5"-UCCAUAUCCUCUUAACCAGGA
CUGGUUAAGAGGAUAUGGAUA-3

5"-UCCUUUUAUCUUUGUCUUCAU
GAAGACAAAGAUAAAAGGAAC-3'

5'-UAGGAUAUGGUAAACACUGUU
CAGUGUUUACCAUAUCCUAAU-3

5'-AGAAGGAACUGAUCAUUAA-3'
5'-GAAACUGGCCAAACCGUUAUU-3
5'-CGAGATAAACATGGCAATCAA-3'
5'-GTACAGTATTTATCGAGATAA-3
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RP11-499E18.1-
sense-F
RP11-499E18.1-
sense-R
RP11-499E18.1-
antisense-F
RP11-499E18.1-
antisense-R

Sequences

5-TAATACGACTCACTATAGGGAGACCTCAGCGTCCGGAG
TAGCTA-3'

5-TTGCAAGTTAGAGCACTATATT-3'

5'-CCTCAGCGTCCGGAGTAGCTA-3'

5'-TAATACGACTCACTATAGGGAGATTGCAAGTTAGAGCAC
TATATT-3
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Term/gene function

G0:0006468
~protein
phosphorylation

GO:0098609
~cell-cell adhesion

GO:0046777
~protein
autophosphorylation

G0O:2001238
~positive regulation
of extrinsic apoptotic
signaling pathway
G0:0043066
~negative regulation
of apoptotic process

p <0.01

Genes

NUAK2, FASTK, PASK, PKMYT1, RPS6KB2, AURKA,
AURKB, PRKY, CCNE1, ACVR1B, ADCK2, CSNK2A1,
PAK2, TLK1, CDK16, CSK, LIMK1, PHKG2, PRKCI,
PKN1, MINK1, PBK, SRPK1, GAK, CCND1, MAST2,
HIPK2, BUB1B, WNT11, EIF2AK2, LRRK1, KALRN,
NEK2, MAP4K1, MAPKAPK2, BUB1, CAMK2B,
DYRK2, STK19, RUNX3, AATK, CSNK1A1, TAF1,
TRIO, BIRCS, ILF3, IKBKE, CSNK1E, GSK3A, GRK6,
TSSK2, JAKS, CIT, IKBKB

ALDOA, YWHAZ, SEPT2, ZC3HAV1, RANGAP1, SFN,
TAGLN2, PKM, EPCAM, PAKB, BZW2, PAK2, DDX3X,
CC2D1A, CLINTT1, TES, GOLGA2, HIST1H3J, STX5,
MYOB6, BAIAP2, TRIM29, CBL, DOCK9, PFKP,
LYPLA2, MICALL1, CORO1B, EPB41L1, CCNB2,
HIST1H3B, HIST1H3E, ERC1, HIST1H3F, DBNT,
HIST1H3G, HIST1H3H, PUFG0, HIST1H3I, SEPT9

FGFR2, TAF1, FLT1, NEK2, PASK, MAP4K1, TTK,
MINK1, AURKA, CAD, MAPKAPK2, AURKB, EPHB3,
PRKX, ACVR1B, DDR1, PTK2, PAK2, MAP3K10,
TSSK2, CAMK2B, EIF2AK2, CSK, MELK

BID, LTBR, PAK2, TNFRSF12A, PML, RBCK1, WWOX

STIL, CLDN7, PPARD, YWHAZ, HTATIP2, MCL1,
NUAK2, AURKA, BCL2L1, SOX9, ADORA1, EPCAM,
PTK2, PAK2, DDX3X, ITCH, ARHGDIA, DHCR24,
KIF14, CDK1, PRAME, SOCS3, SMADG, CBL, TP53,
PRKCI, BIRC5, HMGA2, PPIF, ATF5, PA2G4,
HSP9O0B1, MSX1, MAD2L1, UCP2, VEGFA, TFAP2A,
WNT11, IKBKB, EIF2AK2, CLEC5A, GSTP1, BARD1
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GEO accession Platform

Sample size
GSE14407 GPL570 24, 0OSE (n =12), PSOC (n =12)
GSE18520 GPL570 63, OSE (n = 10), advanced OC (n = 53)
GSE26712 GPL96 195, OSE (n = 10), primary OC (n = 185)

GEO, Gene Expression Omnibus; OSE, ovarian surface epithelial; PSOC, papillary
serous ovarian cancer; OC, ovarian cancer.





