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Stem cells work with their niches harmoniously during development. This concept has been extended to cancer pathology for cancer stem cells (CSCs) or cancer reprogramming. IGF-1R, a classical survival signaling, has been shown to regulate stem cell pluripotency, CSCs, or cancer reprogramming. The mechanism underlying such cell fate determination is unclear. We propose the determination is due to different niches in embryo development and tumor malignancy which modulate the consequences of IGF-1R signaling. Here we highlight the modulations of these niche parameters (hypoxia, inflammation, extracellular matrix), and the targeted stem cells (embryonic stem cells, germline stem cells, and mesenchymal stem cells) and CSCs, with relevance to cancer reprogramming. We organize known interaction between IGF-1R signaling and distinct niches in the double-sided cell fate with emerging trends highlighted. Based on these new insights, we propose that, through targeting IGF-1R signaling modulation, stem cell therapy and cancer stemness treatment can be further explored.
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INTRODUCTION

The development of an embryo requires delicate and precise control over cellular mechanisms to establish a structural and functional organism from the stem cells. Recent advances in stem cell research have revealed the detailed processes of embryogenesis, stem cell differentiation, and cell reprogramming. In contrast to embryogenesis, cancer is considered a dysregulated cellular process. Notably, cancer growth use many of the machinery originally used in the development processes, but they are deregulated for cancer growth and metastasis (Reya et al., 2001; Afify and Seno, 2019). Today, the cancer stemness are thought to derive from direct mutations of stem/progenitor cells (cancer stem cell (CSC) model) or the de-differentiation of cancer cells (cancer reprogramming model) (Bjerkvig et al., 2005). Because of their unlimited self-renewal ability and potential plasticity, the cancer cells with stemness properties are also considered responsible for tumor recurrence, drug resistance, and distant metastasis (Clevers, 2011).

Notably, as researchers have continued to explore the essential signaling pathways that regulate stem cell features in stem cells, these pathways have also been found to control cancer initiation, progression as well as the metastasis of CSCs or cancer cells with stemness-related properties (Taipale and Beachy, 2001; Mishra et al., 2005). For example, Wnt signaling is essential for maintaining the structure and homeostasis of intestinal crypts, and its surrounding mesenchymal cells are the major provider of Wnt ligands, which assist in the functional orchestration of intestinal tissue (Mah et al., 2016). Moreover, excessive Wnt signaling activation is the main trigger of colon cancer initiation, and it is highly expressed in colon CSCs (Basu et al., 2016). In addition, transforming growth factor β (TGF-β) signaling plays a major role in regulating self-renewal and pluripotency in stem cells. It was also proven to be susceptible to hijacking by CSCs to maintain cancer stemness (Sakaki-Yumoto et al., 2013). Nevertheless, the underlying mechanism that switches the role of the same signaling-mediated stemness features between stem cell and cancer reprogramming has been less discussed.

Insulin-like growth factor-1 receptor (IGF-1R) signaling was recently shown to regulate stem cell characteristics during embryogenesis and tumorigenesis (Chang T.S. et al., 2015; Kuo et al., 2018). Interestingly, the interaction between IGF-1R signaling and the niche environment has been shown to modulate IGF-1R signaling itself and the IGF-1R-mediated cellular responses. Here, we review the interaction between IGF-1R signaling and niche environment with specific focus on niche hypoxia, niche inflammation, and the interaction between cell and extracellular matrix, and further explore how such interaction modulates stemness in various stem cells and CSCs (Figure 1). These insights might provide greater understanding in finding therapeutic opportunities in stem cell therapy and cancer treatment. In the following sections, we target IGF-1R signaling as a basis to explore how key signaling pathways are modulated in diverse conditions as well as the possible switches in controlling the double-bladed role of IGF-1R signaling in stem cells, CSCs, or cancer reprogramming. We also develop a niche modulation concept to explain this conundrum.


[image: Figure 1]
FIGURE 1. The interactions between IGF-1R signaling and niches: the regulation in stem cells and cancer stemness. Niche microenvironment differs in various physiological and pathological conditions and modulates cellular signaling as well as tissue function accordingly. Different niches affect IGF-1R signaling to regulate stem cell features and control the dual roles of IGF-1R-mediated stemness in stem cell pluripotency and cancer stemness. SC, stem cell; CSC, cancer stem cell; ECM, extracellular matrix.




IGF-1R SIGNALING AND NICHE INTERACTION

IGF-1R is a transmembrane protein in the receptor tyrosine kinase family. It consists of two subunits, namely IGF-1R-α and IGF-1R-β. IGF-1, IGF-2, and insulin are the three ligands of IGF-1R, among which IGF-1 has the highest affinity. Upon ligand stimulation, IGF-1R-β undergoes autophosphorylation and phosphorylates adaptor proteins such as IRS1/2, SHC, and 14-3-3; subsequently, it activates downstream PI3K/AKT, RAS/MAPK, and JAK/STAT signaling, which modulate gene expressions in apoptosis as well as protein synthesis and cell proliferation [reviewed in Girnita et al. (2014)]. Physiologically, IGF-1R signaling is indispensable during normal development. For example, IGF signaling plays a crucial role in regulating organ size. On a large scale, the growth hormone (GH)/IGF-1 axis is essential for postnatal growth. GH insufficiency and deficiency result in smaller body size during an individual's teenage and adult stages; furthermore, IGF-1 expression in GH-deficient mice reverses the decreased body size caused by GH deficiency, suggesting that GH exerts its pro-growth function through IGF-1 (Kaplan and Cohen, 2007; Velloso, 2008). The IGF-1R pathway has also been linked to cancer progression in multiple cancer types, including liver, lung, breast, and colorectal cancers (Dallas et al., 2009; Chang et al., 2013; Chen et al., 2014; Chang T.S. et al., 2015). Given the importance of IGF-1R signaling as a core pathway in regulating multiple cellular responses, more and more studies explore the mechanism of how IGF-1R signaling is modulated. Niche (microenvironment) has been known to modulate cellular signaling through various parameters. The following subsections outline the interaction between different niche properties and IGF-1R signaling and how such interaction affects IGF-1R-mediated cellular responses. We specifically focused on the interaction between IGF-1R and extracellular matrix, niche hypoxia, as well as niche inflammation, and gave a brief review on nuclear IGF-1R, a possible modulator of IGF-1R signaling that was recently reported (Figure 2).


[image: Figure 2]
FIGURE 2. IGF-1R signaling and its modulation by the extracellular matrix (ECM), niche hypoxia, niche inflammation, and nuclear translocation. The ECM and integrins regulate IGF-1R signaling activation through direct binding, transactivation, and the formation of a tertiary complex with IGF-1R. The ECM also interacts with insulin-like growth factor binding proteins (IGFBPs) to modulate IGF-1R signaling (left panel). Niche hypoxia affects IGF-1R signaling by affecting IGFBPs and increasing IGF secretion from niche cells. Hypoxia also stabilizes hypoxia-induced factors (HIFs), enabling HIF-mediated angiogenesis and tumor progression (middle panel). IGF-1R signaling is regulated by niche immune cells in the inflammation process and further modulates local inflammatory responses or tumor progression (right panel). Nuclear-translocated IGF-1R can bind to DNA; can increase IGF-1R, CYCLIN D1, AXIN2, and SNAI2 expression; and is associated with cancer stem cell properties.



Niche Extracellular Matrix (ECM) and Integrins

ECM and integrins have been demonstrated to modulate IGF-1R signaling directly through the IGF-1R activation (Girnita et al., 2014). In response to the ECM which contains proteins and glycoproteins, the integrins will induce the intracellular signaling to promote cell proliferation and mobility.

Decorin, an extracellular proteoglycan, shows to bind to both IGF-1 and IGF-1R to repress the IGF-1R activation. Therefore, the downregulation of decorin in bladder cancer results in decreased migration ability and mobility (Iozzo et al., 2011). Mechanical stress and ECM binding enhance the IGF-1/IGF-1R signaling through recruiting integrins and integrin-associated downstream adaptor proteins to the IGF-1R (Tahimic et al., 2016). Supportively, the activation of integrin was shown to transactivate the IGF-1R through adaptor proteins (Girnita et al., 2014). In addition, Takada et al. demonstrated that IGF-1 is able to bind both the IGF-1R and integrins to form a tertiary complex that strengthens the IGF-1R signaling. This observation was further verified by the use of mutant IGF-1, which is defective in integrin-IGF-1R tertiary complex formation, can suppress IGF-1-mediated tumorigenesis in vivo in breast cancer and skin squamous cell carcinoma (Fujita et al., 2013; Takada et al., 2017).

Insulin-like growth factor binding proteins (IGFBPs) are proteins secreted by cells to modulate the bioavailability of IGFs [reviewed in Baxter (2014)]. They comprise six main proteins—IGFBP-1 to IGFBP-6—most of which limit the access of IGFs to IGF-1R. IGFBPs participate in various cellular processes, such as cell proliferation, survival, and motility. For example, IGFBP-3 is degraded by matrix metalloproteinase-3 to release IGF-1, activating IGF-1R signaling and cell proliferation (Fowlkes et al., 2004). However, the effect of IGFBP-3 seems to be cell type dependent. In one study, IGFBP-3 exerted a pro-apoptotic effect on doxorubicin-induced endothelial cell death but inhibited apoptosis in serum-starved endothelial cells (Granata et al., 2004). The amount of IGFBPs is also regulated by the ECM. IGFBP-5 was reported to enhance the IGF-1-mediated cell migration of mouse embryonic cells, but this effect was abolished upon fibronectin binding because of the increased proteolysis of IGFBP-5 (Xu et al., 2004).



Niche Hypoxia

Cells receive diverse signals from extracellular microenvironment and respond accordingly. Among different microenvironment factors, niche hypoxia is one of the most common conditions. Physiologically, hypoxia in the early embryonic stage is crucial in stem cell functions, pluripotency, and organ development (Simon and Keith, 2008; Fathollahipour et al., 2018; Kuo et al., 2018) Pathologically, Eliasz et al. demonstrated that hypoxia-activated Notch 1 can increase IGF-1R expression by binding to the IGF-1R promoter, thereby enhancing IGF-1R-mediated antiapoptosis in lung adenocarcinoma (Eliasz et al., 2010). Moreover, in the pathophysiology of pulmonary hypertension, hypoxic condition will enhance the IGF-1 secretion from the arterial smooth muscle cells, by which to affect pulmonary vessel remodeling (Sun et al., 2016). Meanwhile, it was reported that niche hypoxia in pulmonary hypertension reduces the expression of miR-223 in the lung and right ventricle regions. Decreased expression of miR-223 results in the upregulation of IGF-1R and enhances IGF-1/IGF-1R signaling that mediates right ventricular hypertrophy in the pathophysiology of pulmonary hypertension (Shi et al., 2016).

Niche hypoxia also affects the niche cell interactions, IGFBPs, and exosomes to regulate the IGF-1R signaling. In pancreatic cancer, hypoxic conditions both induce IGF-1 expression in cancer-associated fibroblasts (CAFs) and the IGF-1R expression in pancreatic cancer cells, and such IGF-1R signaling promotes cell mobility (Hirakawa et al., 2016). Furthermore, the secretion of IGF-1 from microglia increases under hypoxia, which eventually enhances VEGFR expression in endothelial cells to promote retinal angiogenesis (Yin et al., 2017). IGFBP-1 phosphorylation is also increased by hypoxia, resulting in limited IGF-1 bioavailability (Shehab et al., 2017). Moreover, hypoxia increases the secretion of IGFBP-3 from cardiomyocytes, which reduces cellular survival through the reduction of IGF-1 bioavailability (Chang R.L. et al., 2015). The exosomes and miRNAs may involve in the underlying mechanism. The miR-29a targeted by exosomal circHIPK3 could upregulate IGF-1 expression in hypoxic endothelial cells, thereby reducing cellular apoptosis (Wang et al., 2019).



Niche Inflammation

Niche inflammation plays a prominent role in the body's frequent responses to foreign attacks. IGF-1R signaling is involved in the inflammatory responses in the inflammatory microenvironment. For example, IGF-1 is overexpressed in the inflammatory niche of diabetic nephropathy, and the inhibition of IGF-1R relieves both inflammation and fibrosis in diabetic kidneys (Li et al., 2018). In a model of asthma, a well-known inflammatory disease, Shao et al. demonstrated that miR-133a is downregulated in this inflammatory niche and activates IGF-1R signaling, which is responsible for airway remodeling in asthma (Shao et al., 2019). IGF-1R deletion reduces the infiltration of immune cells as well as the expression of inflammation markers in the lung tissues in a murine model of asthma (Pineiro-Hermida et al., 2017). In addition, niche inflammation modulates IGF-1R signaling and affects local cellular responses. Upon allergen exposure, pulmonary epithelial cells activate certain lymphoid cells to secrete interleukin-4 (IL-4) and IL-13, further inducing the secretion of IGF-1 from macrophages. IGF-1 then binds with IGF-1R to reduce the allergic inflammatory response of pulmonary epithelial cells by promoting microvesicle uptake and anti-inflammatory cytokine release (Han et al., 2016). In rheumatic arthritis, an inflammatory disease affecting multiple organs, including the joints and nervous system, increased IL-6 level and number of activated microglia were observed in the serum and hippocampus, respectively (Andersson et al., 2018). Microglia secrete IL-1β in response to an inflammatory environment, and this secretion is associated with increased IGF-1R expression. This correlates with inhibitory IRS phosphorylation in the neurons and impairs IGF-1R-mediated neurogenesis in the hippocampus regions (Andersson et al., 2018). Niche inflammation is also highly correlated with IGF-IR signal activation and cancer formation. For example, in colorectal cancer, tumor growth and niche inflammation are both attenuated by the dual inhibition of IGF-1R signaling and the STAT3 pathway, resulting in much smaller tumor sizes in both primary and metastatic tumors (Sanchez-Lopez et al., 2016).



Nuclear IGF1R

The traditional concept of membrane receptors has been challenged as an increasing number of studies have suggested that they can be found, with or without their ligands, in cell nuclei. Nuclear IGF-1R was first detected in hamster kidneys and later in cancer cells and highly proliferative non-malignant tissues (Chen and Roy, 1996; Aleksic et al., 2010). After ligand treatment, activated IGF-1R undergoes clathrin-mediated endocytosis before connecting to microtubules and motor protein dynein through the p150Glued subunit of dynactin, which targets nuclei (Aleksic et al., 2010; Packham et al., 2015). As IGF-1R approaches a nucleus, it is sumoylated by RanBP2 before translocating to the nucleus through importin-β/Ran GTPase (Packham et al., 2015). Regarding its function, nuclear IGF-1R possesses a specific DNA binding capacity and seems to be enriched in intergenic regions, suggesting its role in the regulation of gene transcription through the modulation of enhancers as a transcription factor or coactivator (Sehat et al., 2010). Studies have shown that IGF-1R can bind with the transcriptional coactivator of LEF1/TCF to upregulate the gene expression of cyclin D1 and axin2 (Warsito et al., 2012) and that it autoregulates its own gene expression (Sarfstein et al., 2012). More surprisingly, nuclear IGF-1R is associated with RNA polymerase II (Aleksic et al., 2010, 2018) and can phosphorylate histone H3 at the Tyr41 position. This modification can stabilize and recruit the chromatin-remodeling protein Brg1 and further induce SNAI2 expression (Warsito et al., 2016). Physiologically, it was proposed that nuclear IGF-1R might increase cell proliferation while the traditional AKT and ERK pathways promote cell differentiation and survival (Lin et al., 2017). Nuclear IGF-1R in cancers is positively correlated with tumor stage and presents higher protein levels in metastatic cancer (Codony-Servat et al., 2017; Aleksic et al., 2018). High levels of nuclear IGF-1R were detected in PDGFRαhigh/IGF-1Rhigh murine alveolar rhabdomyosarcoma cells and were associated with greater anchorage-independent colony formation ability (Aslam et al., 2013). Furthermore, the amount of nuclear IGF-1R serves as an effective predictor of anti-IGF-1R therapy in sarcoma (Asmane et al., 2012) and of drug resistance in liver cancer cells and colorectal cancers (Bodzin et al., 2012; Codony-Servat et al., 2017). Collectively, nuclear IGF-1R exerts transcriptional regulation activity, and its newly discovered role in cancer provides a novel mechanism in IGF1R-mediated cancer progression and can serve as a new biomarker for predicting clinical prognosis.




NICHE AND IGF-1R-MEDIATED STEMNESS EXPRESSIONS IN STEM CELLS AND CANCERS

The fact that IGF-1R signaling promotes and maintains stemness in both stem cells and CSCs or cancer reprogramming raises the following questions: What transforms IGF-1R signaling from a traditional pathway to being central to the regulation of stem cell properties? Furthermore, how is the dual role of IGF-1R-mediated stemness controlled between the development of embryos and cancers? As mentioned earlier, the interaction between IGF-1R signaling and the niche microenvironment has a crucial role in affecting IGF-1R activation and IGF-1R-mediated cellular responses. Many researches have implicated the importance of niche in controlling stem cell properties, stem cell fate, and lineage differentiation (Morrison and Spradling, 2008; Chacon-Martinez et al., 2018). A similar interplay was also noted between CSCs and cancer niche. We propose that the communication between niche microenvironment and stem cells switches the cell fate into stem cell pluripotency, CSCs, or cancer reprogramming in different stem cells within distinct surrounding niches. Additionally, in normal and malignant cells, interior stimulation could be attributed to the distinct epigenetic signatures of DNA methylation and histone modification at gene promoters. Epigenetic signatures have been proven to change as stem cells differentiate, and the disruption of epigenetic regulation leads to cancer development (Spivakov and Fisher, 2007; Toh et al., 2017). In the following section, we instanced several kinds of stem cell and CSCs to explore how the niche microenvironment modulates the roles of IGF-1R-mediated stemness regulation (Figure 3).


[image: Figure 3]
FIGURE 3. Interplay of IGF-1R-related signaling and niche microenvironment in stemness expressions of different cell types. Traditional IGF-1R signaling promotes cell proliferation, growth, and survival in differentiated normal cells (upper panel). Autocrine IGF-1R signaling promotes mesenchymal stem cell (MSC) proliferation and multiple lineage differentiation through interacting with other signaling pathways (upper-middle panel). In embryonic and germline stem cells (ESC/GSC), niche cells maintain embryonic stem cell survival and pluripotency status through autocrine/paracrine IGF-1R signaling. Niche hypoxia activates both IGF-1R and CXCR4 signaling in promoting the self-renewal and migration of germline stem cells (lower-middle panel). IGF-1R signaling is upregulated in liver cancer because of epigenetic alterations and niche inflammation. The IGF-1R pathway also promotes stemness in liver cancer stem cells (liver CSC) and niche inflammation (lower panel).



IGF-1R-Mediated Stemness in Stem Cells


Embryonic Stem Cells

ESCs are cells that originate from the inner cell mass and contribute to all cell types of the body. Although many factors have been shown to sustain ESC populations, little is known regarding cell surface receptor activation required for ESC self-renewal. Wang et al. demonstrated that IGF-1R could be activated in human ESCs when the cells were cultured in a mouse embryonic fibroblast (MEF)-derived condition medium (Wang et al., 2007). Furthermore, IGF-1R was coexpressed with the stem cell markers OCT4, SSEA4, and SSEA3 in human ESCs. Blocking IGF-1R activation by using specific antibodies and knocking down IGF-1R in human ESCs limited ESC expansion and induced differentiation (Wang et al., 2007). IGFs, fibroblast growth factor (FGF), and heregulin (HRG) in feeder-, serum-, and KSR-free defined medium are required for the colony formation of human ESCs. Furthermore, human ESCs cultured in this defined media exhibit high resemblance to ESCs cultured in MEF-condition media in terms of global transcriptional expression, micro-RNA expression, and genome methylation profile (Wang et al., 2007). Moreover, IGF/IGF-1R signaling together with HRG/ERBB2 signaling promotes the self-renewal of ESCs and prevents their apoptosis through the PI3K pathway (Wang et al., 2007). Another study of human ESCs also showed that IGF-2/IGF-1R is required for their self-renewal (Bendall et al., 2007). IGF-2 sustains ESC expansion and prevents apoptosis (Bendall et al., 2007). Moreover, the IGF-1R pathway participates in regulating pluripotency in stem cells by promoting and maintaining the expression of pluripotency genes. In mouse ESCs, IGF-1/IGF-1R signaling promotes NANOG expression through the PI3K/AKT pathway, and IGF-1R expression is positively associated with stronger expression of alkaline phosphatase (AP), an undifferentiated ESC marker (Chen and Khillan, 2010). Notably, the promoter of pluripotency genes such as OCT4 and NANOG is unmethylated in ESCs, which might facilitate IGF-1R signaling in promoting pluripotency gene expression (Altun et al., 2010). ESCs themselves can form a microenvironment comprising colony-forming ESCs and ESC-derived fibroblasts (Bendall et al., 2007). These fibroblasts secreted IGF-2 and TGF-β in response to ESC-secreted FGFs. These results demonstrated that IGF-2/IGF-1R signaling supports ESC self-renewal and prevents their apoptosis and that their interaction with the surrounding microenvironment sustains their pluripotent stem cell status and prevents differentiation.



Germline Stem Cells

Mouse germline stem cells are responsible for gamete formation during embryogenesis. Our previous study established a serum-free culture system to investigate the defined component of the pluripotency regulation of pluripotent germline stem cells (Huang et al., 2009). Germline stem cells present integrin α6+/AP+/OCT4+ and are capable of differentiating into hepatocyte- and neuron-like cells as well as forming embryonic chimeras; thus, they were designated as AP+ germline stem cells (AP+ GSCs). We found that IGF-1R signaling supported the pluripotency gene expression of OCT4, SOX2, and NANOG in AP+ GSCs. Moreover, IGF-1 was secreted by AP+ GSCs as well as testicular stromal Leydig cells to form an autocrine and paracrine signaling loop. Notably, laminin enhanced the colony-forming ability of AP+ GSCs, indicating the role of the ECM in assisting IGF-1R-mediated stemness.

During embryogenesis, hypoxia is a natural process involved in the development of multiple organs through HIFs. Hypoxia is also an active member of the niche microenvironment in regulating stem cell activities (Mohyeldin et al., 2010). Regarding gamete formation, primordial germ cells, a gamete precursor, migrate from the hindgut to the embryonic genital ridge under a hypoxic environment. Notably, hypoxic conditions enhanced the self-renewal ability and OCT4 expression in mouse GSCs. Studies have revealed that IGF-1/IGF-1R expression is induced and IGF-1R signaling is activated by niche hypoxia to synergistically support the proliferation and OCT4 maintenance of GSCs through the PI3K/AKT/mTOR/HIF-2α pathway (Huang et al., 2009, 2014). Interestingly, niche hypoxia is also essential in supporting the migratory potential of GSCs by promoting SDF1/CXCR4 expression and activation. Of relevance here is that hypoxia-activated IGF-1R signaling not only induces SDF1/CXCR4 expression and activation but also transactivates CXCR4 signaling to collectively enhance hypoxia-mediated GSC migration (Kuo et al., 2018). These findings indicate that during embryogenesis, niche hypoxia governs stem cell features through IGF-1R signaling. Taken together, although the IGF-1R pathway is central to the regulation of the stem cell features of self-renewal and pluripotency, it also supports other cellular processes required for precise and organized embryonic development.



Mesenchymal Stem Cells

In addition to its role in pluripotent stem cells, IGF-1R signaling has also been shown to be involved in maintaining the self-renewal ability of multipotent and less potent stem cells. MSCs, as previously mentioned, are multipotent adult stem cells with great potential for differentiating into cells such as adipocytes, osteocytes, and neurons. The IGF-1/IGF-1R autocrine loop induces stem cell proliferation and prevents apoptosis through the AKT/GSK-3β/P70S6K pathway in umbilical cord–derived MSCs (UC-MSCs) (Wang et al., 2018). IGF/IGF-1R is activated by basic FGFs (bFGF) to maintain MSC multipotency, and disruption of the IGF-1R pathway with specific molecular inhibitors reduces OCT4/NANOG/SOX2 expression (Park et al., 2009). OCT4/SOX2 can bind to the promoter region of integrin α6 (also known as CD49f or ITGA6) and enhance its expression, and integrin α6 promotes multipotency and stemness in MSCs through the PI3K/AKT/p53 pathway (Yu et al., 2012).

IGF-1R signaling is shown to regulate the differentiation of MSCs. A comparison of gene expression profiles between bone marrow–derived MSCs (BM-MSCs) and BM-MSC-derived adipocytes revealed that IGF-1R signaling was highly involved during the adipogenic differentiation of BM-MSCs (Xu X. et al., 2016). Supplementation of IGF-1 in adipocyte-induction medium promoted the adipogenesis of BM-MSCs by stimulating peroxisome proliferator-activated receptor-γ (PPAR-γ) expression and lipid accumulation (Scavo et al., 2004). Moreover, blockage of IGF-1R activation resulted in less adipogenesis of human UC-MSCs (Park et al., 2009).

In addition to adipogenesis, IGF-1R signaling partakes in osteogenic differentiation (Shi et al., 2015). The IGF/IGF-1R autocrine loop in human BM-MSCs is activated and upregulated by hedgehog signaling, a well-established pathway that is essential for osteoblast differentiation during embryonic skeletal development. IGF-1R and its downstream AKT/mTOR cascade stabilize hedgehog-induced transcription effector Gli2 protein, thereby enhancing a hedgehog-mediated effect on osteoblast differentiation (Shi et al., 2015). Xian et al. also reported that the osteoclast-mediated bone resorption microenvironment contains IGF-1 and TGF-β during bone remodeling. TGF-β attracts BM-MSCs to the sites of bone remodeling, where IGF-1/IGF-1R signaling induces osteoblast differentiation of cells through the PI3K/AKT/mTOR pathway, which preserves bone mass and skeletal microarchitecture. Therefore, IGF-1R knockdown reduces bone mineral density and causes loss of trabecular bone volume in an osteoblast differentiation factor Osx1-expressing cell (Xian et al., 2012). Some studies have also demonstrated that IGF-1R activation induces the expression of osteo/odontogenic markers (such as OCN, OSX, DSPP, RUNX2, ALP, COL-1, and DMP1) through the JNK/p38 MAPK pathway in dental pulp–derived MSCs (Liu et al., 2018). Additionally, IGF-1R signaling is essential not only for the induction of neurogenesis in adipose tissue–derived MSCs (AD-MSCs) but also for cardiomyocyte differentiation from BM-MSCs (Ning et al., 2008; Gong et al., 2017).




IGF-1R-Mediated Stemness in Cancer Stem Cells

IGF-1R signaling had also been demonstrated to regulate the cancer stemness in various cancer stem cell models, such as colorectal cancer and breast cancer (Dallas et al., 2009; Chang et al., 2013). We take lung and liver cancer stem cells as an example to explain our concept of niche-specific effect on IGF-1R-mediated cancer stemness.


Liver Cancer Stem Cells

Because studies on embryogenesis have suggested that the niche plays a role in the regulation of stem cell characteristics, we further extended this concept to cancer reprogramming to investigate the role of niche microenvironments in hijacking IGF-1R signaling to promote stemness properties in cancers. IGF/IGF-1R is upregulated in hepatocellular carcinoma (HCC) and is associated with tumorigenesis (Martinez-Quetglas et al., 2016). IGF-1R and FGFR are continuously activated in sorafenib-resistant HCC, and these sorafenib-resistant tumor cells exhibit greater tumor-initiating capacity in vivo (Tovar et al., 2017). IGF-1R induces the Ras/Raf/Erk-kinase cascade and reduces cellular apoptosis in sorafenib resistance. IGF-1R knockdown in sorafenib-resistant cells increases sorafenib sensitivity, whereas IGF-1R inhibition in naïve cells limits the emergence of drug-resistant cells (Xu Y. et al., 2016).

Emerging evidence has revealed the role of inflammation in carcinogenesis. Chronic inflammation and liver cirrhosis are the predisposing factors in the development of HCC. Hepatitis B virus (HBV) infection was reported to increase the expression of IGF-2 through IGF-1R/MEK/ERK signaling (Ji et al., 2018). Decreases in IGFBP-7 expression increase IGF/IGF-1R signaling, which facilitates the proliferation of HCC and creates a proinflammatory microenvironment (Akiel et al., 2017). IGF-1R inhibition also increases chemokine ligand 5 expression, which is essential for T cell recruitment (Wang et al., 2017). Hepatic stellate cells are responsible for the cirrhotic change and would induce Nanog expression through integrin β1 (Zhang et al., 2017). We previously found that IGF-1R signaling promotes the expression of the pluripotency genes OCT4 and NANOG in hepatitis B virus (HBV+)-infected HCC patients. Histological staining of IGF-1R in patients with HBV+ HCC is positively correlated with pluripotency gene expression and worse clinical outcomes. Furthermore, expression of OCT4/NANOG in tumor cells is positively correlated with the amount of infiltrated immune cells within the tumor region. Inflammation-condition medium derived from lipopolysaccharide-stimulated HBV+ HCC induces the expression of stemness gene OCT4 and NANOG through an IGF-1R-dependent mechanism, suggesting the possible role of active inflammation in controlling IGF-1R-mediated cancer stemness (Chang et al., 2016). Moreover, the serum level of the inflammatory cytokine interleukine-6 (IL-6) is highly elevated in patients with HBV+ HCC. Activation of the IL-6/STAT3 pathway induces the expression of IGF-1/IGF-1R, thereby initiating the IGF-1/IGF-1R autocrine and paracrine loop within tumor bulk to induce stemness-related gene expression. Disruption of IGF-1R signaling abolishes IL-6-mediated tumorigenesis in vitro and in vivo. The coexpression of IL-6, phosphorylated IGF-1R, OCT4, and NANOG corresponds to the worst clinical outcomes for HCC (Chang T.S. et al., 2015).

Epigenetic dysregulation also affects IGF-1R signaling-mediated stemness. IGF-2 is upregulated in HCC due to promoter hypomethylation and higher IGF-2 levels are correlated with the upregulation of hepatic progenitor and angiogenesis markers (Martinez-Quetglas et al., 2016). IGF-1R expression level is modulated by IGF-1R-targeted micro-RNA such as miR122 in HCC (Xu Y. et al., 2016). The concept of epigenetic mechanisms also accords with the re-expression of pluripotency genes in somatic cancer cells. The promoter regions of pluripotency genes OCT4, NANOG, and SOX2 are hypomethylated in HCC compared with normal hepatocytes (Wang et al., 2013). Moreover, niche inflammatory factor IL-6 level positively correlated with IGF-1R, OCT4, and DNA-methyltransferase 3b level in HBV+ HCC. This indicates the possible role of epigenetics in controlling IGF-1R-mediated stemness in tumorigenesis under inflammatory niche (Chang T.S. et al., 2015; Lai et al., 2019).



Lung Cancer Stem Cells

In lung cancer, IGF-1R signaling regulates CSC activities through the activation of different downstream cascades and cross-talk with the surrounding microenvironment. Xu et al. discovered that IGF-1R expression is highly associated with lung CSC markers CD133 and ALDH1A1 in lung adenocarcinoma. Closer investigation revealed that IGF-1/IGF-1R activates the PI3K/AKT/GSK3β/β-catenin pathway and induces expression of the pluripotency gene OCT4. OCT4 later formed a transcriptional complex with β-catenin that promoted NANOG expression, which is essential for tumorigenesis in vitro and in vivo for CSCs. Moreover, clinical findings of patient tissue immunostaining have indicated that colocalization of IGF-1R, β-catenin, and OCT4 is strongly correlated with poor prognosis (Xu et al., 2013). IGF-1R also regulates cancer stemness through other downstream pathways. In non–small-cell lung cancer (NSCLC), the IGF-1R/Tescalcin/c-Src complex mediates the STAT3 pathway to induce ALDH1 expression, which preserves CSC features (Lee et al., 2018). In addition, the CD74-NRG1 oncogenic fusion gene activates the PI3K/AKT/NF-κB pathway in lung adenocarcinoma and induces activation of the IGF-2/IGF-1R autocrine loop. Disruption of the IGF-2/IGF-1R circuit abolishes CD74-NRG1-mediated tumor-initiating ability (Murayama et al., 2016). In NSCLC, the IGF-1R pathway is activated by APBB1 and stabilizes SNAIL1 through the PI3K/AKT/GSK3β pathway. This cascade also prevents β-catenin from degradation, thereby promoting the expression of the CSC marker ALDH1 (Lee et al., 2017).

In addition, IGF-1R is regulated by the ECM in controlling epithelial-to-mesenchymal transition (EMT). Fibulin-3 is an extracellular glycoprotein expressed in various tissues and involved in embryonic development (Zhang and Marmorstein, 2010). Suppression of fibulin-3 in lung adenocarcinoma stem cells enhances EMT-associated gene expression. Further data revealed that fibulin-3 competitively inhibits IGF/IGF-1R interaction, and therefore, the loss of fibulin-3 promotes IGF-1R signaling to induce EMT in lung CSCs (Kim I.G. et al., 2014). Chen et al. reported that IGF-2/IGF-1R paracrine signaling between NSCLC and CAFs is essential for sustaining CSCs' features. Fibroblasts isolated from the tumors of patients with NSCLC were used as feeder cells and could maintain an in vitro culture system of CSC. IGF-2 secreted from CAFs supported stemness features in CSCs through activation of the IGF-1R/PI3K/AKT pathway, which eventually induced NANOG expression and was responsible for the cells' tumorigenic ability. Depletion of CAFs from the culture system reduced the expression of stemness markers OCT4/SOX2/NANOG and the anchor-independent capacity in CSCs, whereas it increased the expression of differentiation markers such as adenocarcinoma and squamous carcinoma markers (thyroid transcription factor 1, CK7, CK20, p63, and keratin 5/6). Notably, re-coculturing these differentiated cancer cells with CAFs reversed this pattern, suggesting that the microenvironment may be involved in the reprogramming of cancer cells to their CSC state (Chen et al., 2014).





TARGETING IGF-1R SIGNALING IN STEM CELL THERAPY AND CANCER WITH STEMNESS-RELATED PROPERTIES


IGF-1R Signaling in Stem Cell Therapy

Regenerative medicine provides novel and promising means for recovering organ damage and tissue injury caused by trauma, disease, or age. Because of stem cells' self-renewal ability and pluripotency, they are considered one of the finest tools for treating or preventing diseases and injuries. Stem cells have the ability to interact with and affect adjacent cells and their surrounding microenvironment, forming a niche that might be beneficial for healing and regeneration. For example, emerging evidence shows that stem cells might secrete cytokines and exosomes and play an anti-inflammatory role in injured regions (Vakhshiteh et al., 2019). They may also be recruited to damaged areas by local signals and differentiate into much more mature cells that participate in healing and reconstruction.

One of the most promising possible applications of regenerative medicine is in treating or curing devastating neurological diseases, such as brain stroke, spinal cord injuries, and degenerative neurological diseases. Stroke causes ischemic and hypoxic changes in affected brains. Intravenous injection of human BM-MSCs improved functional outcomes in a rat stroke model of middle cerebral artery occlusion (Zhang et al., 2004). Human MSC administration was detected in ischemic regions, and it increased IGF-1 expression as well as local IGF-1/IGF-1R expression; these increases in expression corresponded with increased cell proliferation and neural progenitor cell recruitment at the damage sites (Zhang et al., 2004). Jeon et al. reported that human BM-MSCs secreted IGFBP-6, which in turn increased extracellular IGF-1 levels in reactive oxygen species (ROS)-induced neuron injury. This IGF-1/IGF-1R signaling protects neural cell death from ROS-mediated toxicity through the PI3K/AKT pathway (Jeon et al., 2017). The survival and migration of neural stem cells were also reported to be regulated by IGF-1R when transplanted into an injured spinal cord, and their survival and migration could be augmented through treadmill training (Hwang et al., 2018). Human dental pulp–derived MSCs with higher expression of IGF-1R exhibited a greater antiapoptotic effect and neural differentiation capacity in a cerebral ischemic rat model. Rats with intracerebral transplantation of IGF-1R+ MSCs exhibited improved neurological prognosis and cerebral blood flow (Lee et al., 2016). Additionally, the IGF-1/IGF-1R axis promoted migration potential and neural differentiation in human spinal stem cells without affecting its terminal differentiation. This was used in a phase 1 trial in which human spinal stem cells were injected into cervical, thoracic, and lumbar spinal cord regions to treat amyotrophic lateral sclerosis (ALS), and promising results were reported. Overexpression of IGF-1 in human spinal stem cells enhanced their neuroprotection from excitotoxicity, which enhances the understanding and future prospects of stem cell therapy in ALS (Lunn et al., 2015).

In addition, cardiovascular diseases such as myocardial infarction may benefit from stem cell therapy. Jackson et al. found that after myocardial infarction, IGF-1R expression was upregulated in the ischemic and paraischemic regions of the heart. They then isolated cardiac stem cells from patients with myocardial infarction and overexpressed IGF-1 in the CD90+ cardiac stem cell subset (which is thought to have little effect on myocardial repair) through lentiviral transduction. This IGF-1/IGF-1R signaling in cardiac stem cells promotes stem cell survival and protects surrounding cardiomyocytes from apoptosis after infarction. Intramyocardial transplantation of these IGF-1-overexpressing cardiac stem cells in the infarcted area also preserves stem cells in the damaged region and increases myocardial regeneration without affecting its differentiation into cardiomyocytes, smooth muscle, or endothelial cells (Jackson et al., 2015).

In the muscular-skeletal system, stem cell therapy is widely applied for ligament and muscle sprain as well as osteoarthritis and other muscular-skeletal diseases. In an in vivo study of the use of AD-MSCs to treat rotator cuff injury, IGF-1R was found to be highly expressed in transplanted AD-MSCs and associated with myocyte differentiation marker myosin heavy chain expression (Kim S.H. et al., 2014). Furthermore, overexpression of IGF-1 in BM-MSCs overcomes the decreased proliferation and osteogenic potential caused by aging (Chen et al., 2017). Taken together, these findings indicate that IGF-1R signaling is involved in repairing and restoring dysfunctional tissue damage and also participates in stem cell therapy. More solid evidence demonstrating IGF-1R signaling manipulation is warranted to provide enhanced strategies for applying stem cell therapy in regenerative medicine.



IGF-1R Signaling as a Therapeutic Target of Cancer With Stemness-Related Properties

The IGF-1R pathway has been implicated as participating in the regulation of cell proliferation and antiapoptosis in cancers. This raises the possibility of targeting IGF-1R signaling in cancer treatment. However, despite the promising evidence from preclinical studies and early phase 1 trials, larger clinical trials targeting IGF-1R have experienced great setbacks. Some trials were terminated early due to lack of efficiency, while other completed trials showed no improvement in patient outcomes. Many argued that the failure in the phase 2 and 3 trials was largely due to unselected patients and the lack of studies that actually investigated the patient prognosis based on various biomarkers. Pharmaceutical companies have been closing up their project on IGF-1R and only few drugs are now under clinical evaluation (Table 1) (Beckwith and Yee, 2015; Werner et al., 2019).


Table 1. Ongoing clinical trials of IGF-1R inhibitors in cancers.

[image: Table 1]

Another way to target IGF-1R signaling in cancer could be eliminating cancer stemness or CSCs by inhibiting IGF-1R given that the IGF-1R pathway plays a crucial role in supporting stemness activities in cancer cells with stemness-related properties. For example, in colorectal cancer, IGF-1R signaling enriches the side-population cell (cells that are best at effluxing the dyes and have been referred to as CSCs) but not the non-side-population cells, indicating the role of IGF-1R in CSC features. Targeting IGF-1R with figitumumab reduces side population cells and ALDH+ populations and also inhibits xenograft tumor growth (Hart et al., 2011). Dual inhibitors targeting IGF-1R and other key signaling pathways represent another approach. The co-inhibition of IGF-1R and EGFR inhibits tumor-initiating potential and increases sensitivity to radiation therapy in pancreatic CSCs (Urtasun et al., 2015). The co-inhibition of IGF-1R and EGFR might also render cancer cells sensitive to other combined therapies. However, as indicated in previous clinical trials, specific biomarkers for selecting suitable patients and precise targeting of IGF-1R in CSCs are required. In support of this, Huang et al. demonstrated that the precise targeting of IGF-1R in sarcomas is feasible through the bioengineering of patient-derived chimeric antigen receptor (CAR)-T cells. The authors designed IGF-1R-targeting CAR-T cells and revealed that they selectively exerted their cytotoxicity against sarcoma cells in localized and disseminated xenografts model and extended overall survival (Huang et al., 2015). Further studies should be conducted to identify definitive biomarkers for clinical use and to enhance specific therapeutic targeting of IGF-1R.




CONCLUSION AND PERSPECTIVES

In this review, we highlight the modulation interplay between IGF-1R signaling and microenvironments as well as how this interaction modulates IGF-1R-mediated stemness in stem cells, CSCs, and cancer reprogramming. The implications are 2-folds. The first is about IGF-1R. Given the consequences of the interaction between IGF-1R signaling and niche microenvironments, we reviewed the importance of IGF-1R signaling in regenerative medicine and cancer treatment in terms of stem cell therapy and therapeutic targets toward the cancers with stemness-related properties. Future research will focus on unraveling how IGF-1R signaling regulates stem cell features and to explore the underlying factors that control the dual consequences of IGF1R-mediated stemness. The second is about niche modulation perspective. We contemplate that niche properties can be modulated by adjusting parameters such as extracellular matrix, oxygen tension, cytokines, in different physiological and pathological conditions. The outcome is mediated through selective hub pathways such as IGF-1R signaling in this case, but can be Wnt/beta-catenin in other cases. It is speculative, but we hope more discussions and future investigations along this line can enrich our understanding of stem cell – niche interactions in the future.
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It has been well established that leukemia inhibitory factor (LIF) is essential for maintaining naïve pluripotency of embryonic stem cells (ESCs). Oncostatin M (OSM) is a member of the IL-6 family of cytokines which share gp130 as a receptor subunit, and the OSM-gp130 complex can recruit either LIF receptor β or OSM receptor β. Here we show that OSM can completely replace LIF to maintain naïve pluripotency of ESCs. Mouse ESCs (mESCs) cultured in the presence of LIF or OSM not only express pluripotency genes at similar levels but also exhibit the same developmental pluripotency as evidenced by the generation of germline competent chimeras, supporting previous findings. Moreover, we demonstrate by tetraploid embryo complementation assay, the most stringent functional test of authentic pluripotency that mESCs cultured in OSM produce viable all-ESC pups. Furthermore, telomere length and telomerase activity, which are also crucial for unlimited self-renewal and genomic stability of mESCs, do not differ in mESCs cultured under OSM or LIF. The transcriptome of mESCs cultured in OSM overall is very similar to that of LIF, and OSM activates Stat3 signaling pathway, like LIF. Additionally, OSM upregulates pentose and glucuronate interconversion, ascorbate and aldarate metabolism, and steroid and retinol metabolic pathways. Although the significance of these pathways remains to be determined, our data shows that OSM can maintain naïve pluripotent stem cells in the absence of LIF.

Keywords: oncostatin M (OSM), LIF, ESC, naïve pluripotency, TEC mice, telomere, 2C-genes, Stat3


INTRODUCTION

Mouse embryonic stem cells (mESCs) derived from the inner cell mass of preimplantation embryos are known to be in a state of naïve pluripotency. This condition is underscored by the derivation of healthy adult mice if the cells are introduced into a tetraploid donor blastocyst (Nagy et al., 1993). Leukemia inhibitory factor (LIF) is typically added to the culture medium to inhibit autonomous differentiation of mESCs, mainly by activating the Jak/Stat3 pathway (Niwa et al., 1998; Raz et al., 1999). Novel condition 2i (inhibitors of Mek and Gsk3β signaling) medium reportedly could retain self-renewal and multilineage commitment of embryoid bodies independent of LIF and Stat3 (Ying et al., 2008). Addition of LIF to 2i medium (2i/L medium) was reported to elevate the development potential of mESCs by completed-ESC pups, although the pups failed to survive to adulthood due to irreversible global DNA hypomethylation and impaired telomere function for long-term culture (Choi et al., 2017; Yagi et al., 2017; Guo et al., 2018). More specifically, LIF has been shown to play an essential role in underpinning the naïve pluripotency of mESCs not only in conventional serum medium but also in chemically defined 2i medium. Thus far, however, there have been no reports of a complete replacement for LIF in mESC cultures.

Oncostatin M (OSM) is a member of the interleukin (IL)-6 family and was originally characterized for its ability to promote differentiation of histiocytic lymphoma cells (Zarling et al., 1986). Of note, OSM has been reported to be structurally and functionally related to LIF, sharing both the transducer gp130 and LIF receptor beta (LIFRβ) (Gearing and Bruce, 1992; Gearing et al., 1992). Notably, mESCs cultured in OSM were shown to resemble, in morphology and expression of pluripotency markers, to mESCs grown in LIF-supplemented medium (Rose et al., 1994). Moreover, OSM was found to retain mESCs in pluripotency, as revealed by the detection of chimeras that were competent for germline transmission (Nichols et al., 1994). However, it remains elusive whether OSM could completely substitute LIF in maintaining the mESCs in naïve pluripotency by tetraploid embryo complementation, which is considered the most stringent test for complete developmental potential (Eggan et al., 2002).

In the present study, we demonstrate that OSM could maintain mESCs in naïve pluripotency, as validated by the generation of healthy adult mice from mESCs cultured in OSM for up to 10 passages using the TEC method. mESCs in OSM-supplemented medium exhibited equivalent pluripotency and 2-cell gene expression levels, telomere length, telomerase activity, overall transcriptome profile, efficiency of germline competent chimera, and generation of TEC mice, compared with mESCs cultured in LIF. In addition to activating the Jak/Stat3 signaling pathway, OSM was also found to upregulate pentose and glucuronate interconversion, ascorbate and aldarate metabolism, and steroid and retinol metabolic pathways, which might be involved in the self-renewal and maintenance of naïve pluripotency. However, this needs further investigation.



MATERIALS AND METHODS


Mice and Cell Culture

Mice were housed in the College Animal Facility and the use of mice for this research was approved by the Institutional Animal Care and Use Committee at Nankai University. Balb/c and ICR mice were purchased from Beijing Vital River Laboratory Animal Technology Co., Ltd.

The mouse ES cell line used in this study was derived from the C57BL/6 × 129S6 blastocyte based on the method described (Huang et al., 2008). The mESCs were cultured on mitomycin C-inactivated MEF feeder cells in serum and LIF based conventional ESC culture medium for five passages. Then the mESCs were transferred to different conditions including ESC basic medium (-LIF medium), ESC basic medium with 1,000 U/mL LIF (Millipore) (LIF medium), and ESC basic medium with OSM (GenScript) (OSM medium), for another 5 (P5) and 10 (P10) passages. ESC culture medium was changed daily and cells routinely passaged every 2 days. Count the cells during passaging for proliferation curve. The ESC basic medium consisted of knockout DMEM (Invitrogen), 20% ESC-quality FBS (Hyclone), 0.1 mM non-essential amino acids (Sigma), 0.1 mM β-mercaptoethanol (Invitrogen), 1 mM L-glutamine (Invitrogen), penicillin (50 U/mL) and streptomycin (50 U/mL) (Invitrogen).



Immunofluorescence Microscopy

Mouse ESCs were fixed in 3.7% paraformaldehyde in PBS for 30 min at 4°C, washed once in PBS then permeabilized in 0.1% Triton X-100 in blocking solution (3% goat serum plus 0.1% BSA in PBS) for 30 min at room temperature, washed once with PBS, and left in blocking solution for 2 h. Cells were incubated overnight at 4°C with primary antibodies against Oct4 (sc5279, Santa Cruz), Nanog (A300-397A, Bethyl), SSEA-1 (MAB4301, Millipore). ESCs were washed three times (each for 15 min) with blocking solution, and incubated for 2 h with secondary antibodies at room temperature. Goat Anti-Mouse IgG (H + L) FITC (115-095-003, Jackson) and Goat Anti-Rabbit IgG (H + L) Alexa Fluor® 594 (111-585-003, Jackson), diluted 1:200 with blocking solution, were used. Samples were washed and counterstained with 0.5 μg/mL DAPI in Vectashield mounting medium (Vector Laboratories). Fluorescence was detected and imaged using Confocal laser scanning microscope LSM710 (Carl Zeiss).



Gene Expression Analysis by Real-Time qPCR

Total RNA of mESCs at P10 was extracted with RNeasy Mini Kit (Qiagen), according to manufacturer’s instructions. The cDNA was generated from 2 μg total RNA using M-MLV Reverse Transcriptase (Invitrogen). Real-time quantitative PCR (qPCR) reactions were set up in duplicate with the FS Universal SYBR Green Master (Roche) and run on an iCycler MyiQ2 Detection System (Bio-Rad). Each sample was repeated three times and normalized using Gapdh as the internal control. The amplification was performed for primary denaturation at 95°C for 10 min, then 40 cycles of denaturation at 95°C for 15 s, annealing and elongation at 58°C for 1 min, and the last cycle under 55–95°C for the dissociation curve. Relative quantitative evaluation of the target gene was determined by comparing the threshold cycles. The primers are listed in Supplementary Table 1.



Western Blot

Mouse ESCs were collected and lysed in cell lysis buffer on ice for 30 min and then sonicated for 1 min at 60 of amplitude at 2 s intervals. After centrifugation at 10,000 g at 4°C for 10 min, the supernatant was collected. The protein samples were boiled in SDS sample buffer at 95°C for 10 min then was resolved by 10% Acr-Bis SDS-PAGE and transferred to polyvinylidene difluoride membranes (PVDF, Millipore). Non-specific binding was blocked by incubation in 5% non-fat milk or 5% BSA solution for 2 h. Blots were then probed with primary antibodies overnight by incubation at 4°C with Oct4 (sc5279, Santa Cruz), Nanog (ab80892, Abcam), Lin28a (3978S, CST), Stat3 (ab76315, Abcam), pStat3 (#9131S, Cell Signaling), H3K4me3 (Abcam, ab213224), H3K27me3 (Abcam, ab177178), H3 (Abcam, ab1791), or β-Actin (P30002, Abmart) served as the loading control. Secondary antibodies HRP conjugated goat anti-rabbit IgG (NA934V, GE Healthcare) or goat anti-mouse IgG (H + L) (ZB2305, ZSGB-BIO) were used for incubation at room temperature for 2 h. Protein bands were visualized using Chemiluminescent HRP substrate (WBKLS0500, Millipore).



FACS Analysis

For the FACS analysis of Zscan4 expression profile, mESCs at P10 were collected and washed with cold PBS, then fixed in cold 70% ethanol, permeabilized in 0.1% Triton X-100 in blocking solution (3% goat serum in PBS) for 30 min, washed three times, and left in blocking solution for 1 h. ESCs were incubated with primary antibody against Zscan4 (AB4340, Millipore) for 1.5 h, washed three times, and incubated for 1 h with secondary antibody Alex a Fluor 488 Goat Anti-Rabbit IgG (H + L) (A11008, Life) diluted 1:200 with blocking solution. Samples were washed three times with PBS and FACS analysis was performed using a Flow Cytometer (BD Biosciences).



Telomere Measurement by Q-FISH

Telomere length was estimated by telomere Q-FISH as described previously (Herrera et al., 1999; Huang et al., 2011). Telomeres were denatured at 80°C for 3 min and hybridized with Cy3-labeled (CCCTAA)3 peptide nucleic acid (PNA) probe at 0.5 μg/mL (F1002, Panagene). Chromosomes were stained with 0.5 μg/mL DAPI. Fluorescence from chromosomes and telomeres were digitally imaged on a Zeiss microscope with Cy3/DAPI using AxioCam and AxioVision software 4.6. Telomere length showed as telomere fluorescence intensity was integrated using the TFL-TELO program (a gift kindly provided by P. Lansdorp).



Telomerase Activity by TRAP Assay

Telomerase activity was determined by the Stretch PCR method according to manufacturer’s instruction using the TeloChaser Telome-rase assay kit (T0001, MD Biotechnology). About 2.5 × 104 mESCs at P10 from each sample were lysed. Lysis buffer served as negative controls. PCR products of cell lysate were separated on non-denaturing TBE-based 12% polyacrylamide gel electrophoresis and visualized by ethidium bromide (EB) staining.



Telomerase Assay by ELISA Assay

Telomerase level was determined by ELISA method according to the manufacturer’s instruction using Mouse Telomerase (TE) ELISA kit (CSB-E08022m, CUSABIO).



Chimera Generation, Tetraploid Complementation, and Genotyping

To produce chimeric mice, 10–15 mESCs were injected into four or eight-cell embryos collected from Balb/c mice, using a piezo-actuated microinjection pipette. Injected embryos were cultured overnight in KSOM medium. Blastocysts were transplanted into the uterus of 2.5 dpc pseudo-pregnant ICR mice. For tetraploid embryo complementation assay, tetraploid embryos were first produced by electrofusion of two-cell stage embryos collected from ICR mice. Approximate 15 ESCs at P10 were subsequently injected into the cavity of the tetraploid blastocysts. The tetraploid complemented embryos were transplanted into the uterus of pseudo-pregnant ICR mice. Surrogate mother delivered pups naturally on approximately day 17.5 of gestation. DNA microsatellite genotyping analysis was performed using D12Mit136 and D8Mit4. The PCR primer sequences (Supplementary Table 2) were obtained from the Mouse Genome Informatics website.



Library Preparation and RNA-Sequencing

Library Preparation and RNA-Sequencing mRNA was purified from total RNA extracted from mESCs at P10 using poly-T oligo-attached magnetic beads. Fragmentation was carried out using divalent cations under elevated temperature in NEB Next First Strand Synthesis Reaction Buffer (5×). First strand cDNA was synthesized using random hexamer primer and M-MLV Reverse Transcriptase (RNase H). Second strand cDNA synthesis was subsequently performed using DNA Polymerase I and RNase H. Remaining overhangs were converted into blunt ends via exonuclease/polymerase activities. After adenylation of 30 ends of DNA fragments, NEB Next Adaptors with hairpin loop structure were ligated to prepare for hybridization. To select cDNA fragments of preferentially 150–200 bp in length, the library fragments were purified with AMPure XP system (Beckman Coulter, Beverly, United States). Then 3 mL USER Enzyme (NEB, United States) was used with size-selected and cDNA adaptor ligated at 37°C for 15 min followed by 5 min at 95°C prior to PCR. PCR was performed with Phusion High-Fidelity DNA polymerase, Universal PCR primers and Index Primer. At last, PCR products were purified using AMPure XP system and library quality assessed on the Agilent Bioanalyzer 2100 system. Cluster of the index-coded samples was performed on a cBot Cluster Generation System using TruSeq PE Cluster Kit (Illumina) according to the manufacturer’s instructions. After cluster generation, the library preparations were sequenced on an Illumina Hiseq platform.



Bioinformatics Analysis

Clean reads were mapped to the mouse reference mm10 reference genome using Hisat2 (Kim et al., 2015). Reads were assigned and counted to genes using the Featurecounts (Liao et al., 2014). The read counts were then loaded into RStudio (R version 3.5), and DESeq2 was used to identify differentially expressed genes. Functional enrichments (GO annotation or KEGG) of differential genes were performed using clusterProfiler (Yu et al., 2012). The heat-maps were drawn by the function “pheatmap” of R packages, correlation coefficients were calculated by the function “cor” in R. Scatterplots were generated using the “ggplot2” package to graphically reveal genes that differ significantly between two groups. Corrected P-value of 0.05 and log2 (fold change) of 1 were set as the threshold for significantly differential gene expression.



Quantification and Statistical Analysis

Statistics were analyzed using the GraphPad Prism. Data were analyzed using two-tailed unpaired Student’s t-test to compare two groups or ANOVA to compare more than two groups and expressed as Mean ± SEM. P-values less than 0.05 were considered significant (∗P < 0.05, ∗∗P < 0.01 or ∗∗∗P < 0.001). In addition, data of TFU is expressed as Mean ± SD in Figure 2B. FACS data were analyzed by FlowJo. TFU of telomere Q-FISH was quantified by TFL-TELO program. Graphs were generated using GraphPad Prism or R package ggplot2 and other R packages described in the method details.



RESULTS


OSM Activates the Stat3 Pathway and Sustains Expression of Pluripotency Genes

It is known that LIF binds to the gp130/LIFRβ cell-surface receptor complex, which intracellularly bound to Jak1 to initiate activation of the Stat3 signaling cascade and the core pluripotency circuitry (Niwa et al., 2009). Activation of Stat3 is known to be critical for the maintenance of pluripotency in ESCs (Raz et al., 1999). We thus investigated whether the Stat3 pathway was activated by OSM and aimed to confirm the optimal concentration for this activation.

We used naïve mESCs at passage 5 in these experiments. Using western blot analysis, we measured the protein levels of Stat3 and pStat3 (phosphorylated Stat3) in the mESCs treated with different concentrations of OSM (5, 10, and 20 ng/mL) for 24 h. We also used mESCs cultured in LIF and LIF-free ESC culture medium as positive and negative controls, respectively. As expected, based on the shared receptors with LIF, we found that OSM activated Stat3 at concentrations of 5, 10, and 20 ng/mL. We also observed that phosphorylation of Stat3 reached its maximum level at 10 ng/mL OSM (Figure 1D). Based on this finding, we cultured mESCs in medium supplemented with 10 ng/mL OSM in all subsequent experiments. To determine the time required for OSM-triggered activation of Stat3, we treated mESCs with 10 ng/mL OSM for different periods (0, 1 2, 3, and 4 h). Our western blot analysis showed that after 1 h of incubation with OSM, the level of pStat3 increased, reaching its maximum level at 3 h, after which it decreased to a relatively stable level (Figure 1E).
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FIGURE 1. OSM activates Stat3 pathway and sustains expression of pluripotency genes. (A) Morphology of mESCs cultured in ESC basic medium (-LIF), ESC basic medium with LIF (LIF) and ESC basic medium with OSM (OSM). Scale bar, 100 μm. (B,C) Expression of pluripotency genes cultured in -LIF, LIF and OSM medium at P5 and P10 by immunofluorescence (B) and western blot (C). Scale bar, 20 μm. (D) Western blot analysis of Stat3 activated by treatment with different concentrations of OSM for 24 h. (E) Western blot analysis of Stat3 activated by treatment with 10 ng/mL OSM for different lengths of time.


Mouse ESCs were then cultured for another 5 (P5) and 10 (P10) passages in the ESC culture medium supplemented with 10 ng/mL OSM (OSM-ESCs) or 1,000 units/mL LIF (LIF-ESCs), with mESCs cultured in the absence of either LIF or OSM (-LIF-ESCs) serving as the control. We observed that morphologically, both LIF and OSM could sustain the undifferentiated cell state (characterized by compact domed cell colonies). In contrast, only differentiated clones (characterized by large, flat cells) could be observed in the -LIF-ESCs at the same passages (Figure 1A). Furthermore, immunofluorescent staining indicated that the expression of pluripotency-associated proteins (Oct4, Nanog, SSEA1) did not differ in mESCs cultured in either OSM or LIF at either P5 or P10, whereas they were dramatically decreased in -LIF-ESCs, suggesting that these cells underwent dramatic cellular differentiation (Figure 1B). This result was further validated by western blot analysis for Oct4, Nanog, and Lin28 (Figure 1C).



OSM Facilitates Normal Telomere Function and Heterogeneity in 2-Cell Gene Expression

Mammalian telomeres consist of TTAGGGn repeat sequences at the end of chromosomes that are known to protect genomic stability, with the telomere length being maintained primarily by the action of telomerase (Blackburn et al., 2015; Liu, 2017). Telomere lengths have been highly correlated with the developmental pluripotency of mESCs (Huang et al., 2011). Therefore, we measured telomere length of mESCs chromosomes by telomere quantitative fluorescence in situ hybridization (Q-FISH). We observed that mESCs cultured under the three conditions described above exhibited normal karyotypes at P10 (Figure 2A). Moreover, telomere length (represented as telomere fluorescence intensity (TFU) in OSM-ESCs (83.56 ± 30.00 TFU) were similar to those of LIF-ESCs (81.89 ± 21.43 TFU). In contrast, we note that telomeres dramatically shortened in -LIF-ESCs (76.32 ± 38.40 TFU) over passages in vitro (Figure 2B), which is associated with the differentiating phenotype. Using quantitative real-time PCR (qRT-PCR), we found that the expression of Tert was significant at a higher level in OSM-ESCs than in -LIF-ESCs, though lower than in LIF-ESCs. There were no significant differences in the expression levels of Terc telomerase subunits in -LIF-ESCs, OSM-ESCs and LIF-ESCs (Figure 2C). To directly assess the telomerase activity, we performed both telomeric repeat amplification protocol (TRAP) and enzyme-linked aptamer sorbent assay (ELISA). The TRAP assay did not reveal any noticeable differences among -LIF-ESCs, LIF-ESCs, and OSM-ESCs in terms of their telomerase activity. For ELISA assay, we used the A49Terc-knockout ES cell line as the negative control, and the N33 wild-type ES cell line as the positive control. We observed that both OSM-ESCs and LIF-ESCs exhibited significant higher telomerase activity than -LIF-ESCs, whereas telomerase activity in OSM-ESCs was lower than in LIF-ESCs (Figures 2D,E). Together, these results indicated that OSM retained the length of telomeres and a relatively high telomerase activity to maintain the capacity of ESCs for indefinite self-renewal.
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FIGURE 2. OSM maintains telomere elongation, telomerase activity and heterogeneity in 2-cell gene expression. (A) Representative images displaying telomere Q-FISH of mESCs cultured in -LIF, LIF, and OSM medium. Blue, chromosomes stained with DAPI; Red dots, telomeres. Bottom panel, the ratio of normal karyotype in the three culture conditions. (B) Telomere Q-FISH assay showing telomere length distribution by telomere fluorescence unit (TFU). Data shown as Mean ± SD. (C) Expression of telomerase-related genes: Tert and Terc in mESCs cultured in -LIF, LIF and OSM medium. **p < 0.01; ***p < 0.001; ns, no significant difference. (D) Telomerase activity measured by TRAP assay. Lysis buffer served as negative control. (E) Telomerase activity measured by ELISA assay. A49 mESCs (Terc–/– G4 ESCs) and N33 mESCs (wild type ESCs) served as negative control and positive control, respectively. *p < 0.05; **p < 0.01. (F) Relative expression of 2-cell genes including Tcstv1, Tcstv3, and Zscan4 in ESCs cultured in -LIF, LIF, and OSM medium. ***p < 0.001; ns, no significant difference. (G) Immunofluorescence staining of Zscan4 (green) and Oct4 (red) in ESCs cultured in -LIF, LIF, and OSM medium. Blue, DAPI. Scale bar, 20 μm. (H) Percentage of Zscan4+ cells (number of mESCs counted in immunofluorescence staining assay). (I) Flow cytometry diagram indicating percentage of Zscan4+ cells in mESCs cultured in -LIF, LIF, and OSM medium. Samples lacking the antibody served as a negative control.


Naïve mESC cultures are known to be a heterogeneous mixture of metastable cells with fluctuating activation of 2-cell embryo specific genes (2C-genes), such as Zscan4 (Falco et al., 2007), Tcstv1/3 (Cerulo et al., 2014) and MERVL elements (Macfarlan et al., 2012). These 2C-like cells have been reported to exhibit an extended development ability, contributing to both embryonic and extraembryonic tissues, thus mimicking their in vivo counterparts, the totipotent 2-cell embryos. To determine whether OSM facilitates expression of 2C-genes, we analyzed the transcripts of Zscan4, Tcstv1, and Tcstv3 by qRT-PCR. We did not observe any significant differences in the expression levels of these three genes between OSM-ESCs and LIF-ESCs. In contrast, their expression was dramatically decreased in ESCs grown without LIF or OSM (Figure 2F). Typically, mESC cultures (~5% of cell population) are known to express Zscan4, facilitating telomere elongation by telomere-sister chromatid exchange (T-SCE) (Zalzman et al., 2010). Immunofluorescence microscopy quantification and flow cytometry analysis confirmed the occurrence of a proper proportion of Zscan4-positive (Zscan4+) cells maintained in OSM-ESCs, similar to those in LIF-ESCs (Figures 2G–I).



OSM Supports Efficient Production of Germline Transmission Mice and TEC Mice

To assess the developmental potential of mESCs cultured in OSM, we performed injections of 4–8-cell embryos. We noted that the mESCs cultured in OSM and LIF exhibited similar efficiency in generating chimeras with germline competence (Figures 3A,B,D). Microsatellite genotyping analysis verified that these mESCs contributed to the generation and development of various tissues including the heart, liver, spleen, lungs, brain, kidneys, and gonads (Figure 3C). To firmly demonstrate their naïve pluripotency, we performed TEC experiment, the most stringent functional test of pluripotency (Eggan et al., 2002). Surrogate female mice naturally delivered TEC pups on approximately day 17.5 of gestation. We found that the mESCs cultured in OSM and LIF achieved similar efficiency in producing TEC pups, and all pups were able to grow healthily into adulthood, being fertile (Figures 3E,F). Microsatellite genotyping analysis confirmed that the examined tissues were molecularly of an ESCs origin (Figure 3G). Both chimera and TEC experiments demonstrated that naïve ESCs cultured in OSM based medium robustly contribute to three germ layers including brain from ectoderm, kidney, heart from mesoderm, and liver, lungs and spleen from endoderm, revealed by microsatellite genotyping analysis (Figures 3C,G). These results verified that OSM was equivalent to LIF in maintaining the naïve pluripotency of ESCs in the TEC assay.
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FIGURE 3. Germline competence chimera and viable tetraploid complementation mice generated from ESCs cultured in OSM medium. (A,B) Chimera (A) and germline competency (B) of mESCs cultured in LIF and OSM medium by 4–8-cell embryo injection. Germline offspring was produced by mating chimeras with albino ICR mice. Albino Balb/c mice served as embryo donors, and pseudo-pregnant albino ICR mice as surrogate mother. (C) Genotyping analysis of chimeras by microsatellite primers D12Mit136. (D) Summary of 4–8-cell embryo injection of mESCs cultured in LIF and OSM medium. (E) Full-ESC mice generated from mESCs cultured in LIF and OSM medium by tetraploid complementation (TEC mice). (F) Summary of tetraploid embryo injection of mESCs cultured in LIF and OSM medium. (G) Genotyping analysis of TEC mice by microsatellite primers D12Mit136 and D8mit4.




Transcriptome Profile and Signaling Pathways Regulated by OSM

To illustrate the mechanism underlying the maintenance of naïve pluripotency by OSM, we compared the transcriptomes of mESCs cultured in OSM, LIF, and -LIF medium at P10, using RNA-seq analysis. The tSNE and correlation analyses showed that OSM-ESCs clustered closely together with LIF-ESCs, and were obviously separated from -LIF-ESCs (Figures 4A,B). The global gene expression profile revealed substantial similarities between OSM- and LIF-ESCs, compared to -LIF-ESCs (Figures 4C,D). We also observed that pluripotency genes, such as Oct4, Nanog, Tbx3, Sox2, Esrrb, and Nr0b1, were expressed at higher levels in both OSM-ESCs and LIF-ESCs than in -LIF-ESCs (Figures 4D,E), consistent with our immunofluorescence and western blotting data (Figures 1B,C). Moreover, genes regulated DNA methylation and histone methylation and acetylation showed no significant differences between LIF-ESCs and OSM-ESCs except for Dnmt3b and Dnmt3l (Supplementary Figures 1A,B).
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FIGURE 4. Transcriptome and signal pathways in ESCs cultured in OSM medium. (A) tSNE analysis of ESCs cultured in -LIF, LIF, and OSM medium by RNA-seq. (B) Pearson’s correlation coefficient graph of mESCs cultured in -LIF, LIF, and OSM medium. The value of 1.0 represents perfect positive correlation and 0 represents no correlation between the two samples. (C) Heatmap displaying global gene expression profile of mESCs cultured in -LIF, LIF, and OSM medium. Color key from red to blue represents the relative gene expression level from high to low. (D) Scatter-plots showing the differential expression genes in mESCs cultured in -LIF, LIF, and OSM medium. Parallel diagonal lines indicate twofold threshold in expression difference (P < 0.05). (E) Heatmap of expression profile of pluripotent genes in ESCs cultured in -LIF, LIF, and OSM medium. (F) GO and KEGG analysis of genes expressed without differences (fold change < 1.5) in LIF-ESCs and OSM-ESCs. (G) Heatmap illustrating differentially expressed genes (DEGs) between mESCs cultured with LIF and with OSM. Two biological replicates were analyzed per group. Genes with ≥0.5-fold expression changes, P-value < 0.05 were chosen for heatmap. (H) KEGG analysis of upregulated genes in mESCs cultured in OSM medium and those in LIF medium, respectively.


Using KEGG pathway and GO term analysis, we found that the genes expressed equivalently in both OSM-ESCs and LIF-ESCs were enriched in pathways including PI3K-Akt signaling (Paling et al., 2004), cell cycle, stem cell maintenance, and proliferation-associated molecular functions, suggesting that these signaling pathways were likely involved in self-renewal and pluripotency maintenance by OSM, as with LIF (Figure 4F). We also examined the differentially expressed genes (DEGs) between OSM-ESCs and LIF-ESCs. Compared to LIF-ESCs, the number of upregulated and downregulated genes in OSM-ESCs were 169 and 87, respectively (Figure 4G and Supplementary Figure 1C). The genes upregulated in OSM-ESCs were enriched in pentose and glucuronate interconversion, ascorbate and aldarate metabolism, and steroid and retinol metabolism (Figure 4H). The genes downregulated in OSM-ESCs were enriched in carbohydrate metabolism, such as fructose and mannose metabolism and galactose metabolism. The role of retinol in supporting the self-renewal of ESCs by elevating the expression of Nanog and Oct4, which are known to be the critical transcription factors for the maintenance of pluripotency of ESCs, has been previously reported (Chen et al., 2007; Chen and Khillan, 2008, 2010). In addition, ascorbate (vitamin C) has been shown to improve the efficiency of generation and quality of induced pluripotent stem cells by modulating histone demethylation (Esteban et al., 2010; Wang et al., 2011; Esteban and Pei, 2012; Chen et al., 2013). To illustrate whether vitamin C (Vc) associated histone modifications might play roles in pluripotency maintenance by OSM, we assessed protein levels of H3K4me3 and H3K27me3 in mESCs cultured in LIF, OSM and LIF medium supplemented with 50 μg/mL Vc. By western blot, level of H3K4me3 did not differ among LIF-ESCs, OSM-ESCs and LIF + Vc-ESCs, but level of H3K27me3 was decreased in OSM-ESCs, and addition of Vc slightly decreased H3K27me3 level of ESCs compared to LIF medium but with no significant differences (Supplementary Figure 2A). Moreover, genomic 5 mC level decreased in OSM-ESCs compared to that of LIF-ESCs by dot blot assay (Supplementary Figure 2B). By real-time qPCR of relative expression levels of selective genes associated with the metabolism, Ugt1a1 and Ugt1a6a, upregulated in OSM-ESCs by RNA-seq, also were expressed at higher levels in OSM-ESCs than in LIF-ESCs (Supplementary Figure 2C). Together, these upregulated metabolic pathways might be involved in the regulation of naïve pluripotency by OSM, but this requires further investigation.



DISCUSSION

Pluripotent ESCs can differentiate into all cell types in the body and thus have great potential for cell replacement therapy in regenerative medicine, but their culturing requires LIF, a very expensive reagent, to maintain stemness. This expense has limited the number of labs that can participate in stem cell research and has encouraged efforts to find a viable alternative. Several studies have shown that dimethyl sulfoxide (DMSO) (Yi et al., 2020), salvianolic acid B (Liu et al., 2014), and cordycepin (Wang et al., 2020) could maintain the expression of pluripotency markers in mESCs cultured in the absence of LIF; however, the developmental pluripotency of these mESCs was elusive.

That OSM could maintain pluripotency of mESCs has been reported either through morphological criteria (Rose et al., 1994) or through the generation of chimeras (Nichols et al., 1994). The method they used for generation of germline-competent chimeric mice by injecting mESCs into diploid blastocysts provided a valuable but less stringent test of pluripotency (Jaenisch and Young, 2008). Whether OSM could maintain the authentic pluripotency of mESCs through the most stringent tetraploid complementation needed to be addressed. This study reports the first instance of successfully generated all-ESC mice by using the TEC method. In addition, we further examined the effects of OSM on telomere function, 2-cell gene expression, and global gene transcription in naïve mESCs.

Cell metabolism has been shown to be closely related to the pluripotency of ESCs (Gu et al., 2016; Li et al., 2020). We found OSM upregulates ascorbate and retinol metabolic pathways. Future study on these pathways’ function in OSM-maintained pluripotency will expand our understanding of the mechanisms underlying pluripotency. In addition, longer in vitro culture is required to confirm the role of OSM in mESC maintenance.

In summary, we demonstrated that OSM can maintain full pluripotency of mESCs in the absence of LIF. This study demonstrates the potential of OSM to completely substitute LIF in mESC cultures, which would be a cost-effective strategy in mESC maintenance.
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Cancer stem cells (CSCs) are subpopulations of undifferentiated cancer cells within the tumor bulk that are responsible for tumor initiation, recurrence and therapeutic resistance. The enhanced ability of CSCs to give rise to new tumors suggests potential roles of these cells in the evasion of immune surveillance. A growing body of evidence has described the interplay between CSCs and immune cells within the tumor microenvironment (TME). Recent data have shown the pivotal role of some major immune cells in driving the expansion of CSCs, which concurrently elicit evasion of the detection and destruction of various immune cells through a number of distinct mechanisms. Here, we will discuss the role of immune cells in driving the stemness of cancer cells and provide evidence of how CSCs evade immune surveillance by exerting their effects on tumor-associated macrophages (TAMs), dendritic cells (DCs), myeloid-derived suppressor cells (MDSCs), T-regulatory (Treg) cells, natural killer (NK) cells, and tumor-infiltrating lymphocytes (TILs). The knowledge gained from the interaction between CSCs and various immune cells will provide insight into the mechanisms by which tumors evade immune surveillance. In conclusion, CSC-targeted immunotherapy emerges as a novel immunotherapy strategy against cancer by disrupting the interaction between immune cells and CSCs in the TME.
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INTRODUCTION

Cancer stem cells (CSCs) are subsets of cancer cells enriched with stem cell-like characteristics, including self-renewal ability and multilineage differentiation (Bhatia and Kumar, 2016). The CSC theory of tumor progression presents the tumor microenvironment (TME) as a hierarchically organized tissue with a CSC subpopulation ranked at the top level, which generates more differentiated cancer cells with lower or limited proliferative potential. CSCs are often defined by the expression of surface stem cell markers such as CD24, CD34, CD44, CD47, CD133, and CD90, along with side populations that can be isolated and enriched in vitro and in vivo without stem cell surface markers (Taniguchi et al., 2019). Epithelial-to-mesenchymal transition (EMT) is well known to be an inducer of CSC phenotypes via epigenetic regulation (Bocci et al., 2019). Its activation allows CSCs to drive resistance to conventional therapy and thus leads to treatment relapse and tumor reoccurrence (Shibue and Weinberg, 2017).

A substantial body of literature has extensively described the interactions of tumor bulks with the immune system; however, investigations have only begun to elucidate the relationship of CSCs and immune cells within the TME, paving the way for the development of rational therapeutic strategies to explore CSC-immune dynamics. The capability of CSCs in tumor initiation in partly immunocompromised mice e.g., SCID or NOD/SCID mice (T, B cells defect but NK cells present) suggests that these cells are empowered with the definitive ability to evade immune detection and surveillance, whereas non-CSCs require a higher extent of deficiency in immune system for generating tumors in NSG mice (lack of T, B, and NK cells) (Tsuchiya and Shiota, 2021). Increasing evidence has demonstrated that there is a reciprocal interaction between CSCs and various immune cells. Major immune cells within the TME drive CSC expansion and concurrently elicit protumorigenic immune cell activities, promoting CSC-specific avoidance of immune detection and destruction. In this section, we will discuss the emerging knowledge of the role of tumor-associated macrophages (TAMs), dendritic cells (DCs), myeloid-derived suppressor cells (MDSCs), T regulatory (Treg) cells, natural killer (NK) cells, and tumor-infiltrating lymphocytes (TILs) in driving cancer stemness and how CSCs evade the immune surveillance of these cells. Finally, we will discuss the potential of CSC-targeted immunotherapy to eradicate cancer.



TUMOR-ASSOCIATED MACROPHAGES

Macrophages can be classified into two subtypes: pro-inflammatory M1 and anti-inflammatory M2 macrophages (Chen et al., 2019). TAMs usually express an M2 phenotype, which executes immunosuppressive and pro-tumor functions and is thus closely related to cancer progression and recurrence (Lewis and Pollard, 2006; Malfitano et al., 2020).

Developing findings support the hypothesis that CSCs influence the immune TME via the recruitment of macrophages and the promotion of their pro-tumor properties, while TAMs, in turn, are crucial for the self-renewal ability and maintenance of CSCs in primary tumors through the coupling between STAT3 and NF-κB signaling cascades (Sainz et al., 2016). It has been proposed that CSCs have an intrinsic immunosuppressive program involving recruiting macrophages and driving them toward M2 polarization at the tumor site (Brissette et al., 2012). This ability of CSCs is commonly found in ovarian, glioblastoma, liver, breast and lung cancers through activating the signal transducer and activator of transcription 3 (STAT3) and nuclear factor-κB (NF-κB) pathways and cytokines such as interleukin (IL)-8 and IL-10 (Iliopoulos et al., 2009; Ginestier et al., 2010; Mitchem et al., 2013; Fang et al., 2014). For example, in hepatocellular carcinoma (HCC), CD133+ cells induce M2 polarization of TAMs through secretion of IL-8 (Xiao et al., 2018). In glioblastoma, CSCs generate higher levels of the chemoattractants C-C motif chemokine ligand 2 (CCL2), CCL5, vascular endothelial growth factor-A (VEGF-A), and neurotensin than the bulk of the glioma (Yi et al., 2011). The extracellular matrix protein periostin is preferentially expressed on CD133+CD15+ glioma CSCs and recruits macrophages through integrin αvβ3 from the peripheral blood to the brain (Zhou et al., 2015). Depletion of periostin in glioma CSCs leads to a reduction in the M2 population and alleviates tumor growth in glioblastoma xenografts. In breast cancer, Sox2+ cancer cells, via activation of nuclear factor of activated T-cells (NFAT), STAT3 and NF-κB, express chemokines CCL3 and ICAM-1 and thus recruit TAMs into the TME (Yang et al., 2013; Mou et al., 2015). These findings suggest that CSCs play an important role in TAM recruitment and M2 polarization by secreting macrophage chemoattractants.

Subsequent to TAM recruitment to the TME, TAMs are deployed as a “niche” to support CSC growth. Infiltrating TAMs, by activating the NF-κB signaling pathway, secrete the inflammatory cytokines IL-1β, IL-6, IL-10, transforming growth factor beta (TGF-β), and MFG-E8 (Jinushi et al., 2011; Li et al., 2012; Fang et al., 2014; Wan et al., 2014; Yang et al., 2019). These tumor-promoting cytokines bind to their receptors, further stimulating STAT3 activation in adjacent CSCs. This results in a vicious cycle of NF-κB activation as well as stemness maintenance of cancer cells. For example, treatment of breast cancer cells with conditioned medium of TAMs leads to increments in the stem cell markers Sox-2, Oct3/4 and Nanog with enhanced ALDH1 activity in a mouse model (Nnv and Kundu, 2018). The abrogation of STAT3 confirmed the role of JAK/STAT pathway in mediating TAM regulation on CSC enrichment. In coculture systems, recruited TAMs promote liver CSC expansion through IL-6/STAT3, Wnt/β-catenin and TGF-β signaling pathways (Fang et al., 2014; Wan et al., 2014; Chen et al., 2019). TAMs preferentially secrete TGF-β to stimulate CSC-like properties by inducing EMT, while TAM-derived IL-6 induces CD44+ HCC stem cell expansion by activating STAT3, thus promoting tumor development through CSC growth. Blockade of IL-6 with tocilizumab and STAT3 knockdown attenuated CD44+ sphere formation and tumor growth of patient-derived HCC as well as breast xenografts (Wan et al., 2014; Wang et al., 2018a).

To facilitate communication, TAMs establish direct adhesion with CD90+ CSCs through EphA/ephrin A signaling and promote tumor initiation in breast cancer tissue (Lu et al., 2014). The EMT program first induces the expression of the surface ligands Thy1 and EphA4, which enable more frequent cell-cell interactions between TAMs and CSCs. Upregulated TAM-CSC contact thus activates the EphA4 receptor on CSCs and its downstream Src and NF-κB pathways (Iliopoulos et al., 2009; Lu et al., 2014). NF-κB activation positively reinforces the secretion of cytokines, including IL-6, IL-8, and GM-CSF, which are crucial for CSC self-renewal and stemness state maintenance (Rinkenbaugh and Baldwin, 2016; Choi et al., 2019). Interestingly, proinflammatory M1 macrophages were also found to play a role in breast CSC formation due to their activation of the STAT3 and NF-κB pathways by CD44high/CD24–/low or ALDH1+ CSCs, while M2 macrophages maintained a higher population of ALDH+ cells (Guo et al., 2019). There is a possibility that M1 macrophages, through M2-mediated signaling, modulate CSC formation and regulate tumor initiation. Other signaling pathways, such as PTN/β-catenin, Notch1 and p38-MAPK, are also involved in stimulating CSC self-renewal in lymphoma, lung and ovarian cancers via the preferential secretion of IL-10 and IL-17 by TAMs (Xiang et al., 2015; Wei X. et al., 2019; Yang et al., 2019). Taken together, TAMs, through activating STAT3 and NF-κB signaling cascades and cytokines IL-1β, IL-6, IL-8, IL-10, and IL-17 and growth factor TGF-β, play an important role in the self-renewal and chemoresistance of CSCs.

Numerous studies have demonstrated the direct regulation of CSC self-renewal and proliferation by TAMs. CSCs also take advantage of TAM immunosuppressive functions to escape immune surveillance. In HCC, TAMs provide a “safe” environment for CSCs by overexpressing SIPRα, which interacts with CD47 that in turn acts as a “Don’t eat me” signal and protects CSCs from being phagocytosed. Recently, CD24, one of the liver CSC markers, was identified to be another “Don’t eat me” signal to macrophages by binding to inhibitory receptor sialic-acid-binding Ig-like lectin 10 (Siglec-10) (Lee et al., 2014; Barkal et al., 2019). Liver CSCs may also escape the clearance of macrophages by interacting with their surface Siglec-10 receptor. TAMs also influence T-cell cytotoxic activity by stimulating immune checkpoint molecules such as programmed death-ligand 1 (PD-L1) in cancer cells and T cell immunoglobulin and mucin domain-containing protein 3 (TIM-3), programmed cell death protein-1 (PD-1) and cytotoxic T-lymphocyte-associated protein-4 (CTLA-4) on the T cell surface, leading to an impaired immune response (Cassetta and Kitamura, 2018; Liu et al., 2018; Xiao et al., 2018). Interestingly, it has been proposed that leukemic CSCs secure their survival by overexpressing TIM-3, which promotes MDSCs and subsequent differentiation into TAMs in the leukemic stem cancer niche (Kikushige et al., 2010; Gao et al., 2014; Raggi et al., 2016). The relationship between TIM-3 expression and CSCs has also been shown in melanoma, osteosarcoma, as well as liver, lung, and ovarian cancers (Fourcade et al., 2010; Gao et al., 2012). To protect themselves from being targeted, deterioration in the antigen-presenting ability of TAMs also minimizes macrophage stimulation of T-cell and NK cell cytotoxicity activity (Lewis and Pollard, 2006).

In summary, complicated STAT3/NF-κB crosstalk is established between CSCs and TAMs in the TME, in which CSCs attract, re-educate, and put macrophages into their service to support primary tumor growth.



DENDRITIC CELLS

Dendritic cells are antigen-presenting cells that elicit innate or adaptive immune responses (Ma et al., 2013). Immature DCs capture tumor-derived antigens and present them on their cell surface to immune cells with proper costimulatory molecules, resulting in an antigen-specific immune response and the formation of T and B cell memories (Ravindran et al., 2019). Nevertheless, DCs exert antitumor or pro-tumor immune responses in accordance with their distinct morphologies and phenotypes.

A growing number of research studies have demonstrated the importance of CSCs in immune evasion by changing DC phenotypes and impeding their recruitment to the TME. CSCs are responsible for influencing the functional differentiation and activation of DCs, turning DCs to become tolerogenic or limiting them to activate T cells (Jachetti et al., 2015; Zhong et al., 2019). CD133+ CSCs impair the function of DCs by reducing the quantity of activated DCs in colorectal cancer (Szarynska et al., 2018). The EpCAM+ HCC subtype has stemness properties and induces AFP expression, which hinders DC differentiation, maturation and T cell proliferation (Yamashita et al., 2009; Pardee et al., 2014). CSCs also produce immunosuppressive cytokines IL-4, IL-10, IL-13, and TGF-β, and express higher levels of coinhibitory molecules such as PD-L1, B7-H3, and IDO1 (Shipitsin et al., 2007; Todaro et al., 2007). These molecules play crucial roles in accumulating immunosuppressive DCs, which hamper the antitumor response by inducing T cell tolerance and T reg cell recruitment (Boks et al., 2012; Pardee et al., 2014). TGF-β is known for its negative effect on immune response; in terms of DCs, TGF-β inhibits DC activation by suppressing the expressions of its costimulatory molecules CD80 and CD86 and MHC class II (Kobie et al., 2003; Fainaru et al., 2007). Defective RIG-I liver CSCs reduce DC population and induce immunotolerance by upregulating TGF-β signaling (Zhong et al., 2019). Additionally, TGF-β promotes Wnt/β-catenin activation and thus impairs the recruitment of BATF3+ DCs, which is correlated with CD8+ T cell infiltration (Spranger et al., 2017). Via β-catenin activation, TGF-β impairs T cell mediated immune surveillance and subsides DC recruitment to the tumor site, consequently incurring HCC immune escape and resistance to anti-PD1 treatment (Ruiz de Galarreta et al., 2019). Moreover, TGF-β encourages the development of PD-L1-expressing immunosuppressive DCs, resulting in weakened CD8+ T cell activity in a metastatic ovarian cancer model (Cubillos-Ruiz et al., 2010; Krempski et al., 2011).

In the TME, cancer and stromal cells also express C-X-C motif chemokine receptor 4 (CXCR4) and produce its ligand C-X-C motif ligand 12 (CXCL12) to sustain CSC self-renewal and to recruit regulatory DCs. These DCs produce CXCL12 themselves in an autocrine manner and employ a feed-forward mechanism for maintaining CSC stemness (Sultan et al., 2017). Similar to TAM-mediated escape from phagocytic killing, overexpressed CD47 on CSC surface elicits “Don’t eat me” signal by binding to signal regulatory protein alpha (SIPRα), which acts in phagocytosis signaling pathway of DCs (Liu et al., 2017). Although recent findings showed CSCs hijack immune responses by impairing DC functions and recruiting immunosuppressive DC subsets, more investigations are necessary to shed light on the interactions between these two cell types, especially on how DCs alternately regulate CSC stemness properties.



MYELOID-DERIVED SUPPRESSOR CELLS

Myeloid-derived suppressor cells are a heterogeneous subset of myeloid-originated progenitor cells. In humans, these cells are defined by CD11b+CD14–CD33+, while in mice, they are characterized by CD11b+Gr1+ (Kusmartsev et al., 2004; Nagaraj and Gabrilovich, 2010). MDSCs have been used as a prognostic indicator for patients’ responsiveness to immunotherapy and their survival, as they account for the majority of cells that promote an immunosuppressive environment in the TME (Ai et al., 2018). MSDCs can be classified into two main populations according to their different nuclear morphologies: monocytic-MDSC (mMDSC) and granulocytic-MDSC (gMDSC). They are endowed with different immunosuppressive molecules: mMDSC contains both arginase-1 and iNOS, while g-MDSC contains high levels of arginase-1; therefore, are suggested to exert distinct spatiotemporal regulations on tumor plasticity (Ouzounova et al., 2017). Both mMDSC-derived iNOS and NO, and gMDSC-induced ROS and arginase-1, can lead to TCR peroxynitration and T cell apoptosis (Nagaraj and Gabrilovich, 2010). In addition, MDSCs produce the immunosuppressive cytokines IL-10 and TGF-β as well as PD-L1, which together suppress T cell activity and recruit Tregs (Ostrand-Rosenberg, 2010). They also convey their immunosuppressive functions to macrophages, NK cells and DCs via crosstalk.

Myeloid-derived suppressor cell accumulation in the TME is facilitated by the secretion of cytokines, including IL-1β, IL-6, G-CSF, M-CSF, GM-CSF, macrophage MIF, and TGF-1β, and chemokines CCL1, CCL2, CCL5, CCL22, CXCL2, CXCL5, and CXCL12. The quantity of infiltrating MDSCs is positively associated with CSCs in cancer patients. In a synergistic mammary tumor model, CSCs enhance G-CSF, which is responsible for recruiting MDSCs to the tumor site (Welte et al., 2016). Activation of IL-6/STAT3 signaling has been reported to promote the differentiation of monocytes to MDSCs (Panni et al., 2014). Reciprocally, MDSCs promote the stemness and mesenchymal properties of cancer cells through NOTCH/STAT3 signaling, forming a positive feedback loop with crosstalk between MDSCs and CSCs (Welte et al., 2016; Ouzounova et al., 2017). Via secretion of prometastatic molecules such as MMP9 and chitinase 3–like 1 (CHI3L1), recruited MDSCs enhance stem cell features to promote tumorigenesis and metastasis in triple-negative breast cancer (Kumar et al., 2018). MDSCs also enrich breast cancer cells with stem-like properties by activating IL-6/STAT3 and NO/NOTCH signaling pathways with NO, leading to suppression of T cell activation (Peng et al., 2016). Intriguingly, MDSCs play an additional important role beyond just IL-6-induced transient STAT3 activation. Cell-derived IL-6 further increases IL-6 and IL6Rα in MDSCs, thus allowing MDSCs to prolong STAT3 signaling activation and maintain STAT3 phosphorylation. IL-6-derived MDSC regulation of CSC expansion and immunosuppressive activity is present in both breast and liver cancers (Peng et al., 2016; Xu et al., 2017).

In addition, MDSCs influence cancer stemness via modulation of RNA interference as well as epigenetic regulation. MDSCs trigger miR-101 expression in ovarian cancer, thus inhibit the co-repressor CtBP2 from repressing the transcription of stem cell core genes, leading to an upregulation of stemness markers and tumor growth (Cui et al., 2013). In a co-culture setup, gMDSCs are found to enhance expression of stemness genes and CSC phenotypes of multiple myeloma cell lines through piRNA-823 and subsequent activation of DNA methyltransferases DNMT3B (Ai et al., 2019). MDSCs also increase stem-like properties in ovarian CSCs by upregulating prostaglandin E2 (PGE2) and PD-L1 expressions (Komura et al., 2020). Under hypoxic conditions where liver CSCs are enriched, MDSCs migrate to the tumor site through ENTPD2/CD39 L1 signaling. These MDSCs further promote HCC progression and reduce the efficacy of PD1 therapy (Chiu et al., 2017). Interestingly, depletion of MDSCs leads to sensitization of HCC cells to 5-FU (Xu et al., 2017). Reduction of MDSCs by Listeria bacteria or herpes simplex virus expressing 15-PGDH can attenuate tumor growth and metastasis in breast cancer (Walker et al., 2011; Chandra et al., 2013). All of these findings emphasize the role of MDSCs in reshaping stemness in breast, ovarian and liver cancers and demonstrate the possibility of targeting MDSCs along with CSC eradication in future immunotherapy.



REGULATORY T CELLS

Regulatory T cells (Tregs) are a group of CD4+ T cells with tumor-promoting effects, usually defined by the Foxp3+CD25+CD4+ T cell subpopulation (Sakaguchi et al., 2010). Tregs abolish host defense mechanisms and exert their functions by inhibiting effector T cells and other immune cells by secreting immunosuppressive cytokines such as IL-10, IL-35, and TGF-β.

A positive correlation has been observed between the presence of CSCs and Tregs in cancers, suggesting possible crosstalk between these cell populations in promoting an immunosuppressive milieu (Yu et al., 2012; Napoletano et al., 2016; Solis-Castillo et al., 2020). In glioblastoma, CSCs induce Treg cell infiltration mediated by the costimulatory molecule PD-L1, soluble Galectin-3, and TGF-β secretion (Wei et al., 2010, 2011), whereas ABCB5+ melanoma cells induce Treg cell infiltration via a B7-2-dependent mechanism (Schatton et al., 2010). Chemokines such as CC17, CCL22, and CCL28 are also produced by various cancers to attract Foxp3+ Treg cells.

CSCs have been suggested to affect the Th17/Treg balance by altering the production of cytokines such as IL-6 and IL-8 and chemokine CCL5 in the TME (Yu et al., 2012). Treg/Th17 homeostasis has been implicated in its dual effect on the promotion or suppression of cancer (Maniati et al., 2010; Marshall et al., 2016; Knochelmann et al., 2018). A study on Treg and Th17 cells demonstrated STAT3 was a pivotal transcription factor in Th17 differentiation and Treg inhibition, whereas STAT3 is significantly activated in gastric CSCs (Wei et al., 2008; Rezalotfi et al., 2019). Therefore, STAT3 may act as a key factor in modulating CSC stemness and expansion as well as Th17/Treg homeostasis. Yang et al. (2011) demonstrated that IL-17 Tregs stimulate the development of colorectal cancer-related stemness markers, including CD44, CD133, CD166, EpCAM, and ALDH, in bone marrow-derived mononuclear cells and drive cells to become CSCs, indicating the ability of Tregs to induce CSC development. In addition, Tregs release PGE2, which promotes colorectal CSC expansion and metastasis in a mouse model through NF-κB activation (Wang et al., 2015). Indirect interactions between Tregs and CSCs act on the regulation of angiogenesis, TGF-β signaling and macrophage-associated EMT (Mima et al., 2012; Yu et al., 2012; Liu et al., 2021). Under hypoxic conditions, Tregs, which are an important source of VEGF expression, release TGF-β and indirectly regulate CSC expansion by mediating angiogenesis (Facciabene et al., 2011). Additionally, VEGF signaling was found to promote CSC stemness and expansion in melanoma (Beck et al., 2011). Depletion of Tregs lowers VEGF-A and decreases vascularization in tumors. Blockade of VEGFR2 leads to a shrunken CSC population and impaired self-renewal. Similar results have been demonstrated in brain tumors, where the vascular niche directly correlates with CSC generation (Treps et al., 2017). Blockade of angiogenesis signaling significantly inhibits brain CSCs due to reduced blood vasculature in tumors. In line with clinical data, metastatic renal cancer patients who receive antiangiogenic therapy have an overall survival strongly correlated with the reduction in Treg numbers (Brodaczewska et al., 2018). Additionally, the angiogenetic situation is aggravated by TAM preferential secretion of VEGF and IL-8, doubling the effect on promoting CSC proliferation (Werno et al., 2010). Apart from angiogenesis, Tregs also promote CSC expansion by TAM-mediated EMT induction via the expression of CTLA-4, IL-10, and TGF-β (Yu et al., 2012).

Overall, CSCs induce Treg infiltration via costimulatory molecules and STAT3 signaling in the TME, while Tregs alternately regulate CSC proliferation and expansion directly via secretion of IL-17 and PGE2 or indirectly through TGF-β-mediated angiogenesis and EMT.



NATURAL KILLER CELLS

Natural killer cells represent a population of cytotoxic lymphocytes with an innate immune response and are responsible for eradicating tumor cells. High cytotoxic activity of NK cells is correlated with a lowered cancer risk (Imai et al., 2000). Approximately 95% of peripheral blood NK cells are CD56dimCD16+, which exert strong cytotoxic activity.

Beside antibody-dependent cellular cytotoxicity (ADCC) via Fc receptors bound to target cells, NK cells recognize target cells in cell-cell interactions through a variety of activating and inhibitory receptors. Activating receptors, including NKG2C, NKG2D, and NCR, as well as inhibitory receptors, such as Ly49, bind to MHC or HLA class I molecules and cellular stress ligands, leading to the NK cell response (Zhang et al., 2020a). In response to exposure to cancer cells, preferential NK killing of CSCs has been demonstrated in oral squamous carcinoma, human colon carcinoma, melanoma and glioblastoma (Castriconi et al., 2009; Pietra et al., 2009; Tseng et al., 2010; Tallerico et al., 2013; Pan et al., 2015). Specific killing of CSCs with the stem cell markers CD24+, CD133+, and ALDH+ confirms the role of NK cells in effectively targeting and eradicating CSCs. This selective recognition of CSCs has been proposed to be mediated through NKG2D-, DNAM-1- and NKp30-activating receptors (Tallerico et al., 2016). In line with these findings, different types of CSCs express or overexpress the corresponding ligands of those activating receptors with low expression of MHC class I on the surface, leading to effective NK cytotoxicity activity.

However, the preferential tumorigenic capability of CSCs in NOD/SCID mice suggests that there are underlying immunosuppressive mechanisms for CSCs to dodge from NK cell specific killing (Al-Hajj et al., 2003; Tsuchiya and Shiota, 2021). It has been reported that CSCs escape NK-mediated cytotoxicity via various mechanisms by tuning NK receptors. In lung cancer, tumor-derived mesenchymal stem cells (MSCs) alter the NK cell phenotype by downregulating activating receptor expression and inhibiting interferon gamma (IFN-γ) secretion, whereas abortion of PGE2 and restoration of IL-6 activity reverse the tumor-derived MSC-mediated immunosuppression activities (Galland et al., 2017). CD34+CD38– leukemic stem cells were shown to be resistant to allogenic NK-mediated killing (She et al., 2012). Breast ALDH+ CSCs escape NK cells by reducing the expression of NKG2D ligands MICA and MICB through miR20a modulation (Wang et al., 2014). Downregulation of MICA/B expression supports CSC resistance to NK cell cytotoxicity and increases their metastatic capacity in vivo. Recent research also revealed the dual immunoinhibitory role of PCNA in upregulating the stemness of pancreatic and colon CD44+CD133+ CSCs, as well as participating in immune evasion from NK cytotoxicity by engaging with the inhibitory receptor NKp44 (Malaer and Mathew, 2020). Blockade of the PCNA-NKp44 interaction changes IFN-γ secretion and NK cytotoxicity, suggesting a potential immunotherapeutic target for NK cell-mediated attack. The interaction of NK cell coinhibitory receptors, such as PD-1, with their ligands on tumor cells, also suppresses NK cell-mediated glioma CSC eradication (Huang et al., 2015).

As most NK cell-mediated immune responses occur in tumor cells with low levels of MHC-I, melanoma cancer cells may escape NK cells by upregulating MHC-I on their surface. Interestingly, Huergo-Zapico et al. (2018) suggested that NK cells may release tumor necrosis factor-alpha (TNF-α) and IFN-γ and induce melanoma cells to undergo EMT, pushing them toward invasive phenotypes. EMT induction endows melanoma cells with upregulated stemness markers and enhances their invasive capability. Moreover, EMT favors immune escape by suppressing activating receptors or HLA class-I (Chen et al., 2015). In contrast, some reports have demonstrated that EMT induction promotes NKG2D-L expression on colorectal cells and upregulates NK cell-mediated immunosurveillance in lung cancer (Lopez-Soto et al., 2013; Chockley et al., 2018). This finding suggests that the disparity of the EMT-derived NK cell immune response is dependent on the cancer type.

In summary, NK-mediated killing plays an important role in immune response in diminishing CSCs through the assistance of various activating and inhibitory receptors. Nevertheless, CSCs may escape specific targeting by modulating the expression of these receptors. A novel study also pointed out that NK cells may clash with their classical cytotoxic activity by promoting EMT in CSCs, dependent on the cancer type (Huergo-Zapico et al., 2018).



TUMOR-INFILTRATING LYMPHOCYTES

Tumor-infiltrating lymphocytes represent all lymphocytic cell populations, including CD4+, CD8+, and a small portion of B and NK cells that infiltrate the TME. TILs have been observed in the majority of solid tumors, such as breast, liver and lung cancers (Biller and Dow, 2007). These cells exert diverse effects on the immune response toward the tumor and are correlated with tumor aggressiveness, metastasis, treatment response rate and tumor recurrence. Subsequent to antigen stimulation by APCs, activated helper (CD4+) T cells (Th) support the antitumor immune response by further activating cytotoxic (CD8+) T cells (CTLs) and recruiting innate immune cells. Th cells stimulate CTLs by IL-2 secretion and cell-cell interactions through costimulatory molecules, including MHC-II, CD27 and CD134 (Giuntoli et al., 2002). Cancer cells, by producing CCL18, recruit Tregs that promote tumor formation and impact other immune cells (Paluskievicz et al., 2019). Bone marrow-derived MSCs have been reported to recruit and maintain Tregs via TGF-β secretion, leading to a negative regulation on T cell proliferation (Di Ianni et al., 2008; Papaccio et al., 2017). Moreover, tumor-derived TGF-β, TNF-α, and IFN-γ induce the differentiation of IL-17hi Th17 cells, which supports angiogenesis and enhances protumor transcription factors (Maniati et al., 2010).

The presence of TILs frequently represents a good prognosis for cancer patients (Fridman et al., 2011; Dieci et al., 2014; Idos et al., 2020). Tumor-specific CD8+ T cells induced by CSCs in vitro demonstrated an effective antitumor response, including inhibiting tumor growth and metastasis with prolonged survival in pancreatic and lung cancer mouse models (Visvader and Lindeman, 2008; Luo et al., 2014). Nevertheless, CSCs are capable of attenuating the action of these cells directly by altering their PD-L1 expression. Elevated stromal TILs and their PD-L1 expression in inflammatory breast cancer and lung adenocarcinoma have been reported to be significantly associated with CSC markers (Mansour et al., 2020; Zhang et al., 2020b). By analyzing PD-L1 expression in a large cohort of HCC patients, Kurebayashi et al. (2018) and others showed that PD-L1 expression in tumor infiltrates is associated with the progenitor subtype of HCC, marked by CK19 and SALL4 expression (Calderaro et al., 2016). High expression levels of PD-L1 are also observed in CD133+CD44+ colorectal CSCs and CSC-enriched tumor spheres. Hsu et al. (2018) suggested that PD-L1 enrichment in CSCs is mediated by β-catenin/STT3 signaling through glycosylation modulation and PD-L1 stabilization. Based on the clinical correlation between IL-6 and PD-L1 in HCC patient samples, Chan et al. (2019) showed that IL-6 activated JAK1 signaling cascade-induced N-glycosylation and the stabilization of PD-L1. Notch3/mTOR pathway activation is also reported to mediate PD-L1 overexpression on breast CSCs (Mansour et al., 2020). Altered PD-L1 expression, in turn, facilitates colorectal CSC self-renewal with upregulated stemness genes and promotes CSC expansion by activating HMGA1-dependent signaling pathways (Wei F. et al., 2019). PI3K/Akt pathway activation has also been reported to participate in PD-L1-derived promotion of stemness in CSCs (Almozyan et al., 2017).

In addition, interaction with nonlytic CD8+ T cells leads to CSC expansion by cell-cell contact in primary breast cancer cell cultures (Stein et al., 2019). The induction of stemness properties in CSCs was confirmed by enhanced tumorigenesis in immunodeficient mice, and the resulting tumors were endowed with a higher cell density and an increased proliferation rate, as well as an elevated chance of lymphoid metastasis. Taken together, these findings showed that the ineffective cytotoxic activity of tumor infiltrates not only fails to eradicate malignancy but also conversely facilitates immune evasion by promoting CSC stemness, proliferation and tumorigenesis of cancer cells. The interaction between various immune cells and CSCs was summarized in Figure 1.
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FIGURE 1. A diagram illustrating the crosstalk between immune cells and CSCs.




DEVELOPMENT OF CSC-TARGETED IMMUNOTHERAPY

Immune checkpoint CTLA-4 and PD-1 inhibitors revolutionized cancer research in the last decade and brought immunology back to the spotlight in therapeutic development. As immunotherapy relies on the immune system to recognize and attack tumor cells, it takes into account not only the tumor cells but also the TME as a therapeutic target to induce a powerful antitumor response. It is clear that CSCs and differentiated tumor cells exhibit distinct gene expression and functions in the tumor bulk, and therefore immunological targeting of the tumor bulk will be biased toward more differentiated tumor cells that express differentiated antigens (Pan et al., 2015). Effective targeting of CSCs may require highly specific identification of the CSC population. Currently, immunological targets of CSCs in therapeutic development have now been focused on three major approaches: CSC-associated antigens, phenotypes and niches.

The innate immune response, including NK and DC cells, exhibits cytotoxic activities toward tumor cells when they are exposed to foreign antigens in the normal immune system. The innate effector and antigen-presenting properties of NK and DC cells empower them to be suitable candidates for immunotherapy. Furthermore, several studies demonstrated that chemotherapy or radiation therapy increased MICA and MICB expression on CSCs, accompanied with CSC expansion (Ames et al., 2015b). This highlights the prospective use of NK cell therapy in combination with traditional therapies in eradicating CSCs. Currently, several clinical trials using NK cells infusion (NCT04162158 and NCT03592706) or in combination therapies (NCT03319459) to treat advanced solid tumors are ongoing. Adoptive NK cell therapy aims to strengthen and reinforce the antitumor functions of NK cells from autologous and allogeneic sources (Wang et al., 2021). After exposure to cytokines such as IL-2 and IL-5, NK cells prolong their activation and exhibit increased cytotoxicity. IL-2- and IL-15-activated NK cells have been shown to be able to eradicate human breast, colon, glioblastoma and melanoma CSCs (Castriconi et al., 2009; Ames et al., 2015a; Yin et al., 2016). A phase I clinical trial using allogeneic NK cells to target CSCs in advanced biliary tract cancer was conducted (NCT03358849). However, the administration of the activating cytokine IL-2 may also lead to the expansion of other immunosuppressive immune cells, including Treg cells (Koreth et al., 2016). In addition, to consistently activate NK cells, the trafficking and maintenance of engineered cytokines such as mbIL-15 and mbIL-21 will also need to be modified during the development of NK cell therapy (Pittari et al., 2015).

Sipuleucel-T is the first FDA-approved DC vaccine against advanced prostate cancer, ensuring DCs as a promising therapeutic strategy in immunotherapy (Cheever and Higano, 2011). DC vaccination has been confirmed to have effective immunologic activities in several preclinical studies. Stimulating DCs with CSC-designated antigens is believed to facilitate CSC eradication with high specificity and effectively resolve CSC-mediated tumor relapse and metastasis (Pang et al., 2019). However, clinical trials reported only a 10 to 15% response to DC vaccination by several cancer types (Anguille et al., 2014). One of the problems leading to low efficacy is the immunosuppressive effect from the upregulation of immune checkpoints (Shi et al., 2018). Recently, CSC-targeted DC vaccines have been reported to enhance the elimination of melanoma CSCs in a mouse tumor model with a combination of PD-L1 and CTLA-4 blockades, with an enhanced CD8+ T cell response, increased IFN-γ and inhibited TGF-β expression (Zheng et al., 2018). This finding demonstrates the potential of CSC-based DC vaccines in combinational therapy.

The FDA has approved the use of chimeric antigen receptor (CAR)-T cell therapies targeting CD19 in treating lymphoma since 2017 (FDA, 2017). Increasing numbers of preclinical studies have demonstrated effective immunological control of CAR-T cells in inhibiting cancer growth and prolonging host survival (Chong et al., 2017; Foster et al., 2017; Heczey et al., 2017; Kloss et al., 2018; Zhang et al., 2019). As CAR-T therapy has been in use with a high success rate in treating lymphoma and leukemia, it has also been proposed for targeting CSCs. CSC-related markers such as CD133, EpCAM, and CD90 have been identified as targeted antigens for CAR-T cells (Guo et al., 2018). Zhu et al. (2015) successfully eliminated CD133+ CSCs derived from glioblastoma patients; however, T cell aging marker CD57 was induced as a side effect. Recently, a phase I clinical trial (NCT02541370) using autologous CD133-targeted CAR-T cells to treat 23 patients with advanced CD133+ tumors resulted in a benefit of 5-month median progression-free survival, with controllable toxicity (Wang et al., 2018b). Zhang et al. (2019) also reported that adoptive transfer of EpCAM-targeted CAR-T cells significantly reduced tumor growth in a xenograft model without safety issues. An EpCAM-targeted CAR-T cell clinical trial (NCT03013712) is in progress for targeting EpCAM+ cancers. To minimize the toxicity to normal cells, targeting these CSC markers can be coupled with an inhibitory receptor with specificity for normal tissue antigens.

Yet, more investigations are necessary to overcome the challenges of using CAR-T cells to eliminate CSCs. One of the limitations in developing CAR-T cells targeting CSCs is the diverse treatment response due to the distinct CSCs plasticity and heterogenicity in patients (Alhabbab, 2020). Common immunotherapy hurdles, including acquired resistance as well as upregulation of immune checkpoints are also observed in T cell immunotherapies. Miao et al. (2019) demonstrated that TGF-β-enriched CSCs dampened the cytotoxicity of adoptive T cells by promoting the exhaustion state through CD80-CTLA4 interaction in squamous cell carcinoma. The findings of adaptive immune resistance raised from CSCs against immunotherapy echoes with the previously proposed immunosuppressing feature of CSC, and furthermore emphases CSC as the root of tumor relapse (Tsuchiya and Shiota, 2021).

In addition to direct targeting CSC phenotype and markers, researchers have also targeted the CSC niche, which contributes to CSC self-renewal and immune escape. This includes CSC-associated pathways, cytokines and immune cells (Table 1). As mentioned above, CSCs maintain their self-renewal by generating a positive feedback loop with immunosuppressive cells such as TAMs through JAK/STAT3, Wnt/β-catenin, and NF-κB crosstalk activation, with the expression of inhibitory cytokines such as IL-6, IL-8, and TGF-β. Wnt/ β-catenin-targeted therapies such as anti-FZD receptors monoclonal antibody (Vantictumab), β-catenin inhibitors PRI-724, as well as small-molecule porcupine inhibitor WNT974 are currently in clinical trials. Wnt-targeted treatments are proposed to be implemented as combinational therapies with immune checkpoint inhibitors such as nivolumab and ipilimumab or tyrosine kinase inhibitors, in order to pinpoint the immune evasive ability of CSCs in Wnt-driven cancers (Katoh, 2017). Blockade of IL-6 was previously proven to affect non-small cell lung cancer tumorigenesis and the proliferation of H460 lung CSCs (Yi et al., 2012). The IL-6 receptor monoclonal antibody tocilizumab has been reported to suppress the premetastatic ability of breast CSCs and potentiate the cytotoxicity of cisplatin against triple-negative breast cancer (Alraouji et al., 2020). The drug has been approved by the FDA for treating rheumatoid arthritis and is now under phase II study for curing advanced melanoma in combination with the immune checkpoint inhibitors nivolumab and ipilimumab (NCT03999749). Blockade of the IL-8 receptor CXCR1 using small molecule Reparixin successfully attenuated the CSC population and induced massive apoptosis in a breast cancer cell line. The result of phase I clinical trial showed that Reparixin is safe and well tolerated, in combination of paclitaxel (Schott et al., 2017). Phase II study of this drug showed a ≥20% reduction in CSC markers ALDH+ and CD24–/CD44+ in HER-2-negative breast patients with no serious adverse reactions (Goldstein et al., 2020). Due to the limited number of CSC in primary breast cancer, another clinical trial (NCT02370238) with alternative evaluation endpoint, for example, measurement of metastasis, has been set for assessing the effectiveness of reparixin on CSC eradication (Ruffini, 2019).


TABLE 1. Therapeutic strategies targeting the CSC niche and their development progress.
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The roles of angiogenesis in supporting immunosuppressive TME and self-renewal of CSCs have been extensively studied, thus the combination use with VEGF inhibitor provides a novel direction for immunotherapy. A phase III clinical trial (NCT03434379) of bevacizumab with PD-L1 inhibitor atezolizumab showed a superior outcome in overall and progression-free survival than sorafenib in advanced HCC cases (Finn et al., 2020). Due to this encouraging result, FDA approved the combined use of bevacizumab and atezolizumab as the first-line treatment for unresectable HCC patients (Yang et al., 2020). A recent report on targeting aberrant mRNA modification in leukemia has highlighted another potential therapeutic approach to suppress fat mass and obesity-associated protein (FTO), an RNA N6-methyladenosine (m6A) demethylase (Su et al., 2020). M6A RNA modification has been implicated in self-renewal and tumorigenesis in various cancers, thus is proposed to be a novel therapeutic target against CSCs (Ma and Ji, 2020). Using small molecule inhibitors CS1 and CS2, inhibition of FTO attenuates self-renewal ability of leukemic stem cells via reducing MYC and CEBPA expressions. Targeting FTO also suppresses the immune checkpoint gene LILRB4, and thus sensitizes the cancer cells to T cell cytotoxicity (Su et al., 2020). Thus, the combination of FTO inhibitors and hypomethylating agents (HMA) is recommended for future clinical trials, in order to overcome the adaptive immune resistance induced by HMA treatment in leukemia patients with high FTO.

Direct targeting of immunosuppressive cells such as TAMs with zoledronic acid successfully inhibited the growth of cervical cancer cell-derived CSCs by reducing their stemness properties and inducing apoptosis (Wang et al., 2019). The drug is now undergoing phase III clinical trials to examine its preventive effect on bone metastasis in patients with advanced lung cancer (NCT02622607). CD47-targeting antibodies also overcome a key immune escape mechanism, the CD47/SIRPα-mediated “Don’t eat me” signal. ALX148, which is a CD47 blocking protein, was well tolerated in combination with anticancer antibodies and conventional chemotherapy in patients with advanced cancers (NCT03013218). Hu5F9-G4, an anti-CD47 antibody, also shows excellent tolerability and promising effects in leukemia stem cells in combination with Azacitidine (NCT03248479). These findings suggest that targeting CD47 with conventional cancer treatment may be a powerful strategy to address CSC-derived immune evasion. Ontak, a fusion protein comprized of human IL-2 and diphtheria toxin, targets CD25+ Treg cells by inducing apoptotic cell death (Cheung et al., 2019). A pilot study was carried out to evaluate its inhibitory effect on Tregs in metastatic pancreatic cancer patients (NCT00726037). This drug is designed to integrate DC vaccine administration for treating unresectable pancreatic cancer. Several clinical trials aiming at other immunotherapeutic targets, such as MDSCs and NK cells, are also ongoing (Table 1).

While direct CSC-targeted treatments such as NK, CAR-T therapies and DC vaccines are still being studied, targeting the CSC niche might be a feasible immunological therapeutic approach to eradicate cancer, considering several encouraging preclinical results. Similarly, much effort will be required to resolve the side effects such as the resistance or diverse treatment responses that most immunotherapies may arouse. Additionally, basic research on the crosstalk between CSCs and their niche is also necessary for identifying a biomarker that can monitor the treatment response, as well as novel therapeutic targets for the development of effective treatments.
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The mechanism on how extracellular matrix (ECM) cooperates with niche growth factors and oxygen tension to regulate the self-renewal of embryonic germline stem cells (GSCs) still remains unclear. Lacking of an appropriate in vitro cell model dramatically hinders the progress. Herein, using a serum-free culture system, we demonstrated that ECM laminin cooperated with hypoxia and insulin-like growth factor 1 receptor (IGF-1R) to additively maintain AP activity and Oct-4 expression of AP+GSCs. We found the laminin receptor CD49f expression in d2 testicular GSCs that were surrounded by laminin. Laminin and hypoxia significantly increased the GSC stemness-related genes, including Hif-2α, Oct-4, IGF-1R, and CD49f. Cotreatment of IGF-1 and laminin additively increased the expression of IGF-IR, CD49f, Hif-2α, and Oct-4. Conversely, silencing IGF-1R and/or CD49f decreased the expression of Hif-2α and Oct-4. The underlying mechanism involved CD49f/IGF1R-(PI3K/AKT)-Hif-2α signaling loop, which in turn maintains Oct-4 expression, symmetric self-renewal, and cell migration. These findings reveal the additive niche laminin/IGF-IR network during early GSC development.

Keywords: germline stem cell, niche, extracellular matrix, hypoxia, laminin, IGF, self-renewal


INTRODUCTION

Germline stem cells (GSCs), including primordial germ cells (PGCs), postmigratory PGCs, and spermatogonial stem cells, are cells involving gamete production. During the embryogenesis, germ cells begin with early PGC specification through the expression of transcription factors, such as Fragilis, Stella, and Blimp1 to regulate PGC emergence (Saitou et al., 2002; Ohinata et al., 2005), and then followed by external BMP4 signaling that enables PGC competence (Lawson et al., 1999; Ying et al., 2000, 2001). In response to surrounding niche factors, competent PGCs can then either maintain self-renewal or migrate into the genital ridge, where they become mature germ cells. The robustness of these cellular behaviors requires the synergistic coordination of responses to niche factors, and defects in the self-renewal or maintenance of stemness during early germ cell development cause insufficient germ cell production in embryonic gonads, which can lead to infertility or formation of extragonadal germ cell tumors (Hoei-Hansen et al., 2006). Currently, the understanding of signaling and networking interactions among niche factors is still limited.

Niche factors have been referred to as secreted growth factors, cytokines, and morphogens. Recently, other factors, including oxygen level and extracellular matrix (ECM) composition, have been considered critical for maintaining the stemness of germ cells (Ginsburg et al., 1990; Lawson et al., 1999; Ying et al., 2000; Saitou et al., 2002; Ohinata et al., 2005). For example, a physiological hypoxic environment (with 1–5% O2), which stabilizes hypoxia-inducible factor (HIF) by preventing its degradation (Ginouves et al., 2008), was reported to play a crucial role in embryogenesis and early germ cell survival (Scortegagna et al., 2005; Covello et al., 2006). Increasing Hif-2α expression by generating Hif-2α knockin mice was reported to enhance expression of the pluripotent transcription factor Oct-4 through direct promoter binding, whereas the loss of Hif-2α results in a severe deficiency of embryonic PGCs in the genital ridge (Covello et al., 2006) and subsequent azoospermia (Scortegagna et al., 2005).

In parallel, evidence has recently identified the association between ECM components and the regulation of stem cell fate (Mercier, 2016), where the signaling of ECM often acts through the cell surface receptor integrin, which is composed of various α and β subtypes specific to ECM components (Ying et al., 2001). Laminin is the major ECM component involved in stem cell self-renewal, migration, adhesion, and differentiation (Covello et al., 2006). It binds primarily to the heterodimeric integrins α3β1, α6β1, and α6β4 (Lawson et al., 1999). In vitro assay has shown that laminin maintains Oct-4/Sox2 expression and cell proliferation in embryonic stem cells (Ying et al., 2000; Ohinata et al., 2005). Overexpression of integrin α6, one of the integrin subunit specific to laminin, was found to enhance the proliferation, differentiation, and Oct-4/Sox2 expression in human mesenchymal stem cells via the PI3K/Akt/p53 pathway (Scortegagna et al., 2005).

Hypoxic response and ECM signaling might act along or coordinate with growth factor–mediated signaling to determine the fate of stem cells (Francis and Wei, 2010). Decoupling of the effects of these factors in vivo is unlikely because a single genetic deletion often causes embryonic fatality. Moreover, the use of conventional in vitro stem cell cultures is not possible because most of cell cultures use a serum-containing medium, which does not permit a distinction to be made between the effects of hypoxia and ECM and those mediated by growth factor signaling. To overcome this limitation, we previously developed a serum-free culture system to generate pluripotent GSCs by using wild-type neonatal mouse testes (Huang et al., 2009). These pluripotent GSCs, referred to as CD49f+AP+GSCs, display early germ cell characteristics, including high alkaline phosphatase (AP) activity, an abundance of cell surface proteins, such as the stage-specific embryonic antigen (SSEA)-1 and the laminin receptor integrin α6 (also referred to as CD49f), an ability to express PGC-related genes (e.g., Oct-4, Nanog, and Blimp1), and the capability to migrate and differentiate into multiple cell types in vitro as well as to form chimeras/teratomas in vivo (Huang et al., 2009). Using the CD49f+AP+GSCs as an in vivo model system, we demonstrated that the niche hypoxia-induced growth factor signaling, Hif-2α-IGF-1R, can maintain the expression of Oct-4 and the capacity of self-renewal in embryonic GSCs (Huang et al., 2009, 2014). However, whether laminin also plays a crucial role in maintaining GSC stemness and survival, and whether crosstalk occurs between laminin signaling and the signaling from other niche factors, such as hypoxia and growth factor IGF-1, remain unclear.

In the present study, we used the serum-free culture system to demonstrate the occurrence of additive crosstalk among the three niche factors that converges into a CD49f/IGF1R-(PI3K/Akt)-Hif-2α signaling loop, to maintain Oct-4 expression and increase cell migration in CD49f+AP+GSCs. These findings improve our understanding of the regulatory capacity of niche ECM and endocrinal signaling in the proliferation and maintenance of stemness in early embryonic GSCs, and may facilitate the development of potential strategies for engineering stem cell–based cell therapy in regenerative medicine.



RESULTS


Laminin Increases the Activity of AP and the Expression of Stemness-Related Genes in Mouse AP+GSCs Under IGF-1 Free and Serum-Free Culture Conditions

Neonatal mouse testis (where GSCs reside) harvested on day 2 exhibited positive signals of stemness and hypoxia responses, as manifested in the immunohistochemical staining of Oct-4 and Hif-2α (Figure 1A). The abilities of self-renewal and differentiation of stem cells have been suggested to be associated with the presence of niche ECM factors, such as laminin (Covello et al., 2006). Consistently, we observed 7positive signals of immunostained CD49f in testicular GSCs harvested on day 2, which were surrounded by positive signals of laminin (Figure 1B). The effects of laminin on GSC stemness and hypoxia responses were confirmed by cultivating harvested AP+GSCs on laminin-coated or non-coated substrates in serum-free medium (Huang et al., 2014; Kuo et al., 2018). Compared with colony formation of AP+GSCs in the absence of laminin, AP+GSCs cultivated in the presence of laminin showed obviously a higher AP activity, more cell proliferation (Figure 1C), and significantly higher expressions of stemness-related genes, such as Oct-4, Nanog, Sox2, Stella, Blimp1, Fragilis, Plzf, and Mvh (Figure 1D).


[image: image]

FIGURE 1. Laminin increases alkaline phosphatase (AP) activity and stemness-related gene expression in mouse germline stem cells (GSCs) (AP+GSCs). (A,B) Protein expression and localization of Oct-4 (A-a), Hif-2α (A-b), CD49f (B-a), and laminin (B-b) in cells obtained from testes of 2 days postpartum mice. (A-c,B-c) Control. Bar = 100 μm. (C) Stained alkaline phosphatase (AP) activity in GSC colonies cultivated on laminin-coated or non-coated culture plates. Bar = 100 μm. (D) Gene expression in GSC colonies cultivated on laminin-coated or non-coated culture plates through reverse transcription polymerase chain reaction (RT-PCR) (left panel) and RT-qPCR (right panel) analyses. (E) Gene expression in magnetic-activated cell-sorting system (MACS)-purified CD49f+AP+GSCs cultivated on culture plates coated with different ECM components determined through RT-PCR analysis. (F) Protein expression in MACS-purified CD49f+AP+GSCs cultivated on culture plates coated with different ECM components through Western blot analysis. Lam: laminin. Co-I: type I collagen. Co-IV: type IV collagen. Statistical data are means ± SEM of at least three independent experiments for each condition. *p < 0.05; **p < 0.01; ***p < 0.001 (Student’s t-test).


To further identify the effect of laminin/CD49f signaling on GSC stemness and hypoxia responses, CD49f+AP+GSCs were isolated using the magnetic-activated cell sorting (MACS, Miltenyi Biotec), where the laminin receptor integrin α6, also known as CD49f, a cell surface marker of AP+GSCs was used (Mercier, 2016). The cells were then cultured on substrates coated with various ECM components in serum-free medium. Previously, we found that these MACS-purified CD49f+GSCs exhibited high AP activity and expressed pluripotency-related genes, such as Oct-4, Nanog, Sox2, and Blimp1 (Huang et al., 2014). To mimic the physiological condition, type I collagen, which is enriched in the stroma, and type IV collagen and laminin, the two components enriched in the basement membrane surrounding GSCs in vivo, were used as coating materials. Compared with types I and IV collagen, laminin-coated substrates significantly enhanced the expression of CD49f and stemness/hypoxia-related genes at the mRNA (Figure 1E, Oct-4, Nanog, Sox2, and Hif-2α) or protein levels (Figure 1F, CD49f, Oct-4, and Hif-2α, the repeated data (n = 3) were provided in Supplementary Figure 4).



IGF-1 Increases the Expression of CD49f Involving IGF-1R-PI3K/Akt-mTOR/Hif-2α Signaling in CD49f+AP+GSCs

Previously, we showed that niche endocrinal IGF-1 signaling enhanced GSC stemness by upregulating the expression of Hif-2α, which in turn promoted not only Oct-4 expression through direct promoter binding (Huang et al., 2014; Kuo et al., 2018) but also IGF-1 and IGF-1R expression, which led to a self-perpetuating effect on IGF-1 signaling. We also found that the niche hypoxia can activate IGF-1R signaling and enable migration of AP+GSCs through a Hif-2α-OCT-4/CXCR4 signaling loop (Huang et al., 2014; Kuo et al., 2018). Hypoxia, endocrinal IGF-1, and ECM laminin are all crucial niche factors for GSC self-renewal and development. Furthermore, both IGF-1 and laminin signaling utilizes the PI3K/Akt pathway (Nguyen et al., 2000; Akeno et al., 2002; Huang et al., 2009, 2014; Yu et al., 2012; Yazlovitskaya et al., 2019). Hence, we could hypothesize that crosstalk exists among signals from these factors.

To ascertain the possibility of crosstalk, we first examined whether hypoxia or IGF-1 signaling caused an amplification effect on laminin signaling by upregulating the expression of laminin receptor CD49f. We found that hypoxic culture conditions increased the expression of not only Hif-2α but also IGF-1R and CD49f in CD49f+AP+GSCs in the absence of IGF-1 and laminin (Supplementary Figure 1). We also found that in the absence of laminin, IGF-1 increased the expression of CD49f, along with IGF-1R, Hif-2α, and Oct-4, in CD49f+AP+GSCs in a dose-dependent manner; however, no such effect was observed when the cells were treated with epidermal growth factor (EGF) or transforming growth factor beta (TGF-β) (Figure 2A, the original data are provided in Supplementary Figure 5). The specificity of the involvement of IGF-1/IGF-1R signaling in the upregulation of CD49f expression was confirmed by genetic and pharmaceutical manipulation. First, two silencing RNA interference constructs that target endogenous IGF-1R (shIGF-1R) with different knockdown efficiencies were selected for IGF-1R knockdown experiments in CD49f+AP+GSCs (shIGF-1R#1 and shIGF-1R#2) (Supplementary Figure 2). We found that shIGF-1R#2 effectively suppressed not only the expression of IGF-1R but also the IGF-1-induced expression of CD49f, Oct-4, and Hif-2α in CD49f+AP+GSCs in the absence of laminin (Figure 2B, the repeated data (n = 3) are provided in Supplementary Figure 6). Second, pharmaceutical inhibitors that suppress IGF-1R/PI3K-Akt/mTOR signaling downstream to IGF-1 stimulation, such as cyclolignan picropodophyllin (PPP, a phospho-IGF-1R inhibitor), LY294002 (PI3K/Akt inhibitor), and rapamycin (mTOR inhibitor), were applied to IGF-1-treated CD49f+AP+GSCs in the absence of laminin. The aforementioned inhibitors also efficiently suppressed IGF-1-induced expression of CD49f, Oct-4, and Hif-2α in CD49f+AP+GSCs (Figure 2C, the repeated data (n = 3) are provided in Supplementary Figure 7).
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FIGURE 2. IGF-1 enhances the expression of CD49f, IGF1-R, and Oct-4 involving an IGF1R-PI3K/Akt-mTOR-Hif-2α signaling pathway in CD49f+AP+GSCs. (A) Effect of IGF-1 (0, 1, 10, and 50 ng/ml), EGF (0, 25, and 50 ng/ml), and TGF-β (0, 1, 5, and 10 ng/ml) on expression of CD49f, IGF-1R, Hif-2α, and Oct-4 in CD49f+AP+GSCs. The relative quantification was normalized to the corresponding β-Actin. (B) Protein expression of CD49f, Hif-2α, and Oct-4 in CD49f+AP+GSCs under IGF-1 treatment (50 ng/ml) with scramble shRNA or shIGF-1R in the absence of laminin. The knockdown efficiencies are given in Supplementary Figure 2. (C) Protein expression of CD49f, Hif-2α, and Oct-4 in CD49f+AP+GSCs under IGF-1 treatment (50 ng/ml) with or without PPP (1 μM), LY294002 (10 μM), or rapamycin (50 nM) in the absence of laminin. (D) Effect of shHif-2α on the expression of CD49f, IGF-1R, and Oct-4 in IGF-1-treated CD49f+AP+GSCs in the absence of laminin. Data are means ± SEM of at least three independent experiments. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001 (Student’s t-test).


Our previous study showed that IGF-1-mediated upregulation of IGF-1, IGF-1R, Oct-4, and Hif-2α all depended on the expression of Hif-2α (Huang et al., 2014; Kuo et al., 2018). To ascertain whether this was also applicable to IGF-1-induced CD49f upregulation, we performed genetic perturbation on Hif-2α expression. We used two RNA interference constructs that target endogenous Hif-2α (shHif-2α) with different knockdown efficiencies (#2 and #3). We found that knockdown of Hif-2α (particularly by shHif-2α #3) effectively suppressed not only the expression of Hif-2α but also the IGF-1-induced expression of Oct-4, IGF-1R, and CD49f (Figure 2D, the repeated data (n = 3) are provided in Supplementary Figure 8). These results suggest the crosstalk among laminin, hypoxia, and IGF-1 signaling and that PI3K/Akt-mTOR-Hif-2α signaling is involved in the IGF-1-mediated upregulation of CD49f expression in CD49f+AP+GSCs.



IGF-1 and Laminin Additively Increase the Expression of IGF-1R, CD49f, Hif-2α, and Oct-4 in CD49f+AP+GSCs

Robust control in GSC self-renewal and differentiation requires synergistic coordination in the responses to niche factors. Having shown that IGF-1 upregulated the expression of laminin receptor CD49f, we examined whether exposure to laminin reciprocally affected IGF-1 signaling. IGF-1 and laminin signaling have both been reported to activate the PI3K/Akt pathway (Nguyen et al., 2000; Akeno et al., 2002; Huang et al., 2009, 2014; Yu et al., 2012; Yazlovitskaya et al., 2019), indicating a potential synergy in their signaling. To examine this possibility, CD49+AP+GSCs were cultivated in serum-free culture medium in the presence or absence of laminin and with or without IGF-1 in the medium. Figure 3A shows that in the absence of IGF-1, laminin enhanced the expression of not only CD49f but also that of IGF-1R, Oct-4, and Hif-2α in a dose-dependent manner and the repeated data (n = 3) are provided in Supplementary Figure 9. An additive enhancement of the expression of IGF-1R, CDC49f, Hif-2α, and Oct-4 in CD49f+AP+GSCs was observed when cells were cotreated with laminin (500 ng/cm2) and IGF-1 (50 ng/ml). Cotreatment resulted in higher expression than did treating the cells with each of the factors alone, despite that the enhancement was weaker in Hif-2α and Oct-4 expressions (Figures 3B,C, the repeated data (n = 3) are provided in Supplementary Figure 10). In addition, the IGF-1-induced upregulation of Akt/mTOR activity and Oct-4/Hif-2α expression appeared in a dose-dependent manner in the presence of laminin (Figure 3D, the original data and repeated data are provided in Supplementary Figure 11). Likewise, the laminin-induced upregulation of expressions of IGF-1R, Oct-4, and Hif-2α exhibited a dose-dependent response to IGF-1 (Figure 3E, the original data were provided in Supplementary Figure 12). These data suggest that the effects of IGF-1 and laminin on the upregulation of IGF-1R, CD49f, Hif-2α, and Oct-4 expression are additive.
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FIGURE 3. IGF-1 and laminin act additively to increase the expression of CD49f, IGF-1R, Hif-2α, and Oct-4 in CD49f+AP+GSCs. (A) Dose-dependent effects of laminin (0, 120, 250, and 500 ng/cm2) on the protein expression of CD49f, IGF-1R, Hif-2α and Oct-4 in CD49f+AP+GSCs in the absence of IGF-1. (B) Effects of laminin (500 ng/cm2) with or without IGF-1 (50 ng/ml) treatment on the expressions of IGF-1R, CD49f, Hif-2α, and Oct-4. (C) Quantitative and statistical analysis of the effects on (B). Data are means ± SEM of at least three independent experiments. *p < 0.05; **p < 0.01 (one-way ANOVA). (D) Dose-dependent effects of IGF-1 (0, 1, and 10 ng/ml) with or without laminin (500 ng/cm2) treatment on the protein expression of Hif-2α, Oct-4, and on the Akt-mTOR signaling. (E) Dose-dependent effects of laminin (0, 100, 250, and 500 ng/cm2) with or without IGF-1 (50 ng/ml) treatment on the expression of IGF-1R, Hif-2α, and Oct-4. The relative quantification was normalized to the corresponding β-actin.




Both IGF-1R and CD49f Are Required for IGF-1/Laminin-Mediated Additive Upregulation of CD49f, IGF-1R, Oct-4, and Hif-2α Expression in CD49f+AP+GSCs

To confirm the specificity of the involvement of CD49f/IGF-1R in the laminin/IGF-1-mediated effect, constructs of silencing RNA interference that target endogenous CD49f (shCD49f) or IGF-1Rβ (shIGF-1R) were engineered and applied to CD49f+AP+GSCs cotreated with laminin (500°ng/cm2) and IGF-1 (50°ng/ml). Five constructs for each target were engineered. Among them, we selected those with the highest knockdown efficiencies, shCD49f#5 for CD49f and shIGF-1R#2 for IGF-1Rβ (Figure 4A, the repeated data (n = 3) are provided in Supplementary Figure 13). Cotreatment with laminin and IGF-1 significantly increased the expression of CD49f, IGF-1R, Oct-4, and Hif-2α in CD49f+AP+GSCs compared with that in cells treated with laminin alone (Figure 4B, lane 2 vs. lane 1, and Figure 4C, bar 2 vs. bar 1); however, the addition of shCD49f#5 or shIGF-1R#2 effectively suppressed the effect of cotreatment on Hif-2α, Oct-4, CD49f, and IGF-1R expression (Figure 4B, lane 4–6 vs. lane 3, and Figure 4C, bar 4–6 vs. bar 3). Figure 4D shows the corresponding confocal images of Oct-4 and CD49f stained through immunocytochemistry. Given the activation of the PI3K-Akt pathway in laminin and IGF-1 signaling (Nguyen et al., 2000; Akeno et al., 2002; Huang et al., 2009, 2014; Yu et al., 2012; Yazlovitskaya et al., 2019) and the dependence of IGF-1 signaling on Hif-2α expression (Huang et al., 2014; Kuo et al., 2018), the results suggest the presence of additive crosstalk in IGF-1/laminin signaling that acts through a CD49f/IGF1R-(PI3K/Akt)-Hif-2α signaling loop, which in turn regulates the maintenance of Oct-4 expression of mouse CD49f+AP+GSCs.


[image: image]

FIGURE 4. Both IGF-1R and CD49f are required for IGF-1/laminin-mediated additive upregulation of CD49f, IGF-1R, Hif-2α, and Oct-4 expression in CD49f+AP+GSCs. (A) Suppression effects of shCD49f and/or shIGF-1R on the expression of Hif-2α, Oct-4, CD49f, and IGF-1R in CD49f+AP+GSCs treated with IGF-1 (50 ng/ml) on laminin-coated substrates (500 ng/cm2). (B,C) The quantitative and statistical analyses of shCD49f- and/or shIGF-1R-mediated suppressing effects on the expression of (B) CD49f and (C) IGF-1R from (A). Data are means ± SEM of at least three independent experiments. *p < 0.05; **p < 0.01, ***p < 0.001 (one-way ANOVA). (D) The suppressing effect of shCD49f and shIGF-1R on cellular localization of immunocytochemistry stained Hif-2α and Oct-4 in CD49f+AP+GSCs treated with IGF-1 (50 ng/ml) on laminin-coated culture plates (500 ng/cm2).




Laminin Induces Cell Morphological Changes and Genetic Reprogramming

The development of germ cells begins with the specification of PGCs marked by the expression of transcription factors, such as Fragilis, Stella, and Blimp1 (Saitou et al., 2002; Ohinata et al., 2005), following which the cells acquire the ability to signal to external BMP4. BMP4 enables PGC competence (Lawson et al., 1999; Ying et al., 2000, 2001); this is the ability to facilitate niche development by secreting the basement membrane and paracrine components as well as the ability to migrate into the genital ridge where PGCs become mature germ cells. In the present work, we showed that laminin induced the upregulation of Fragilis, Stella, and Blimp1 in CD49f+AP+GSCs (Figure 1D), as well as the upregulation of CD49f and IGF1-R (Figure 3A). To determine whether exposure to laminin enhanced the ability of CD49f+AP+GSCs to signal to BMP4, to participate in niche development, or to migrate, we performed RNA sequencing on CD49f+AP+GSCs cultivated in the presence or absence of laminin (500°ng/cm2) in serum-free culture medium. Although our serum-free CD49f+AP+GSC model system served as a convenient platform to study the interplay of niche factor–mediated signaling in vitro, long-term cultivation on tissue-culture plates can problematically cause significant distortion of genotype and phenotype. Thus, we harvested the cells for RNA sequencing after 3 days of cultivation. The data were analyzed using fold change (i.e., log2) between the laminin-treated and untreated samples (Figure 5A). The results showed that exposure to laminin induced the maintenance of stemness, hypoxia response, and PI3K/Akt/mTOR signaling to some degree (Figure 5A, red, blue, and cyan, respectively). In addition, laminin increased the expression of receptor subunits for BMP4 signaling (Figure 5A, gray), the secretion of cytokines and basement membrane components (Figure 5A, green and pink), and the expression of molecules involved in cell migration (Figure 5A, orange). Upregulation of these genes were confirmed by RT-qPCR analysis (Figure 5B).
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FIGURE 5. Laminin induces morphological changes and genetic reprogramming. (A) Analyses of RNA-seq data collected from CD49f+AP+GSCs cultivated on laminin-coated and non-coated substrates. Genes were grouped into color categories. Red: stemness. Blue: hypoxia responses. Green: cytokines. Black: BMP4 receptors. Cyan: PI3K/Akt/mTOR pathway. Pink: basement membrane components. Orange: cell migration. (B) Validation of RNA-seq data in (A) by RT-qPCR. Data are means ± SEM of at least three independent experiments. *p < 0.05; **p < 0.01; ***p < 0.001 (Student’s t-test). (C) Dose-dependent effects of laminin on cell morphology and alkaline phosphatase (AP) activity. The intensity of the red stain indicates AP activity. (D) Wound-healing assay showed that laminin coating enhanced cell migration in a dose-dependent manner. Data are means ± SEM of at least three independent experiments. **p < 0.01; ***p < 0.001 (one-way ANOVA).


To ascertain whether these laminin-induced genetic changes reprogrammed cell behavior, we performed cell-based phenotypic assays. First, we examined how cells changed their morphology in response to the exposure of laminin. By cultivating CD49f+AP+GSCs on substrates coated with various concentrations of laminin, we found that laminin enhanced cell spreading, protruding, and AP activity in a dose-dependent manner (Figure 5C). Next, we used wound-healing assay to examine how cells modulated their migration in response to laminin. The results showed that laminin enhanced cell migration in a dose-dependent manner (Figure 5D). Of note, none of these changes was related to cell proliferation as quantitative measurements on cell growth rates showed a laminin-independent trend (Supplementary Figure 3). Taken together, these results suggested that the exposure to laminin reprogrammed the ability of CD49f+AP+GSCs to migrate, affected the assembly of the microenvironment, and maintained stemness, hypoxia response, and PI3K/Akt/mTOR signaling.




DISCUSSION

The fate of stem cells, including self-renewal and differentiation abilities, is regulated by the interplay of internal gene expression and external mechanochemical signals from the niche. In GSCs, development involves maintaining the ability of self-renewal and acquiring the ability to migrate into the genital ridge where the cells mature (Figure 6A). Examples of niche factors include oxygen tension, endocrinal factors, and ECM, all of which can signal to each other, resulting in a complex niche signaling network. For decades, the understanding of the niche signaling network has been hindered by the lack of proper in vitro cell model systems. This hindrance in GSC research has recently been resolved by our novel serum-free culture system. By using our serum-free culture system, we showed that niche hypoxia can activate the niche endocrinal IGF-1 signaling to maintain Oct-4 expression, promote symmetric self-renewal, and enable migration of AP+GSCs through the Hif-2α-OCT-4/CXCR4 signaling loop (Huang et al., 2014; Kuo et al., 2018). That work highlighted the connection between two crucial niche factors, namely, hypoxia and endocrinal factors. However, the coordination of other critical niche factors, such as ECM, with hypoxia and endocrinal signals to maintain Oct-4 expression in AP+GSCs remains unknown. Here, using CD49f+AP+GSCs as the model system, we advanced our previous findings by showing that niche hypoxia increases the expression of not only IGF-1R but also the laminin receptor CD49f. We also found an additive effect in CD49f/IGF1R-(PI3K/Akt)-Hif-2α signaling for the maintenance of Oct-4, and that exposure to niche ECM laminin results in genetic reprogramming of cell migration ability (Figures 5B, 6). In the present study, we unveiled the niche-signaling network between ECM (laminin) and hypoxia–endocrinal signaling (IGF1-Hif-2α) in the embryonic development of CD49f+AP+GSCs.
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FIGURE 6. In vitro model of the CD49f/IGF1R-Hif-2α regulatory circuit in CD49f+AP+GSCs. (A) Depiction of the stages in early germ cell development. (B) In vitro model of CD49f/IGF1R-Hif-2α signaling circuit in mouse CD49f+AP+GSCs under hypoxic conditions. AP, alkaline phosphatase; HIF, hypoxia-inducible protein; IGF-1, insulin-like growth factor-1; IGF-1R, insulin-like growth factor-1 receptor; PHD, prolyl hydroxylases. Notably, the laminin lattice network can be assembled on the cell surface through integrin and in turn be incorporated into the underlying type IV collagen network, thereby forming the basement membrane (Hohenester and Yurchenco, 2013; Yurchenco, 2015).


Hypoxia (i.e., low oxygen tension) is a physiological condition that appears during early embryogenesis. It occurs predominately in tissues undergoing rapid growth and has been shown to promote the survival of stem cells, including human ES cells (Ezashi et al., 2005), PGCs (Scortegagna et al., 2005; Covello et al., 2006), induced pluripotent stem cells (iPSCs) (Yoshida et al., 2009), hematopoietic stem cells (Danet et al., 2003), and neural crest stem cells (Morrison et al., 2000; Studer et al., 2000). Hif-2α has been associated with early PGC development (Covello et al., 2006). When PGC cells migrate from the hindgut to the genital ridge, they maintain their Oct-4 levels and AP activity and increase their cell number from 50 (E8.5 embryos) to 20,000 (E12.5 genital ridges) (Covello et al., 2006). Experiments with transgenic mice have shown that the loss of Hif-2α (Hif-2α–/–) severely reduced the number of PGCs from 20,000 to approximately 20 in E12.5 genital ridges (Covello et al., 2006) and caused azoospermia (Scortegagna et al., 2005). As Hif-2α directly regulates Oct-4 (Covello et al., 2006) and c-Myc (Keith and Simon, 2007) expression, we can reasonably assume that regulating Hif-2α expression can affect Oct-4 expression and stem cell proliferation.

In support of the aforementioned assumption, we have previously shown that hypoxia elevates the expression of stemness-related genes (e.g., Oct-4, Sox2, Nanog, and Klf-4) in mouse AP+GSCs. In particular, hypoxia can increase the expression of IGF-1/IGF-1R, which in turn stimulates the expression of Hif-2α (Huang et al., 2014) and leads to a feedforward loop between hypoxia and IGF-1 signaling. Herein, we additionally showed that Hif-2α knockdown suppressed IGF-1-induced IGF-1R/CD49f expression in CD49f+AP+GSCs (Figure 2D). Consistent with our results, IGF-1/IGF-1R signaling was reported to be associated with Hif-1α or Hif-2α expression in cancers and in cells of somatic lineage (Akeno et al., 2002; Carroll and Ashcroft, 2006; Catrina et al., 2006). Similarly, human cancer converged at the Hif-2α oncogenic axis has been suggested to require IGF-1R activation (Franovic et al., 2009). Thus, the crosstalk between hypoxia and IGF-1/IGF-1R signaling is manifested not only in the GSC development and maintenance but also in tumorigenesis (Lee et al., 2019). Identifying the molecular mechanisms underlying such crosstalk will not only benefit stem cell–based cell therapy for regenerative medicine but also provide insights into cancer biology and therapy.

ECM components (such as laminin) are the important niche factors in the microenvironment surrounding GSCs (Figure 1B). An increasing body of evidence has shown that niche laminin is highly associated with the development of embryonic germ cells and cancer. In stem cell development, for example, laminin was demonstrated to promote embryonic GSC migration—a significant amount of laminin receptor CD49f was found to be expressed in these cells (Hedger, 1997; Morita-Fujimura et al., 2009). Laminin/CD49f activation has also been shown to regulate Oct-4 expression through PI3K/Akt signaling in human mesenchymal stem cells (Yu et al., 2012). Consistently, laminin has been reported to be a potent substrate for large-scale expansion of induced pluripotent stem cells of humans (Paccola Mesquita et al., 2019). Remodeling of basal lamina at the niche of skeletal muscle stem cells was also found to mediate stem cell self-renewal, and genetic ablation of laminin-α1, disruption of integrin-α6 signaling, or the blockade of matrix metalloproteinase activity can impair satellite cell expansion and self-renewal (Rayagiri et al., 2018). In patients with somatic cancers, by contrast, cancer cells expressing a high level of laminin and CD49f are associated with poor prognosis, high recurrence rates, and high incidence rates of cancer stem cells (Chang et al., 2012; Vieira et al., 2014), and the blockade of a laminin-411–Notch axis was shown to inhibit glioblastoma growth through tumor–microenvironment crosstalk (Sun et al., 2019). Nevertheless, how laminin signaling is coupled with the signals from other niche factors, such as hypoxia and IGF-1, both of which play crucial roles in cancer and stem cell development, remains largely unknown.

Here, we showed that niche hypoxia upregulates the expression of not only IGF-1R but also the laminin receptor CD49f (Supplementary Figure 1) and that Hif-2α is involved in IGF-1-induced upregulation of CD49f (Figure 2D), while autocrine signals in IGF-1/IGF-1R and laminin/CD49f activation increased Hif-2α expression (Figures 1–4). These results provide evidence suggesting that the presence of crosstalk and a signaling network among the three niche factors, namely, hypoxia, endocrinal IGF-1, and ECM laminin, that can act additively through a CD49f/IGF1R-Hif-2α signaling loop to maintain Oct-4 expression in the embryonic CD49f+AP+GSCs.

In the present study, Oct-4 expression level was primarily used as the reporter to indicate the extent of stemness. Consistent with our results, the level of Oct-4 expression in vivo was closely associated with cell fate specification during embryogenesis (Sun et al., 2019). In male GSCs, for example, Oct-4 expression levels are different among PGCs, postmigratory PGCs (i.e., gonocytes), and spermatogonial stem cells (Pesce et al., 1998); furthermore, the importance of Oct-4 expression level in PGC cell fate specification has been documented using a conditional Cre/loxP gene-targeting strategy (Kehler et al., 2004). To regulate Oct-4 expression levels, several regulators have been identified, including Hif-2α (Covello et al., 2006), EpCAM (Huang et al., 2011), estrogen (Zhang et al., 2008; Jung et al., 2011), SUMO1/sentrin-specific peptidase proteins (Wu et al., 2012), and IGF-1/IGF-1R signaling (Bendall et al., 2007; Huang et al., 2009). Among these regulators, Hif-2α is well-documented because hypoxia is a common niche factor in embryonic stem cell development. One factor that has not been previously reported but was reported in the present study is laminin. In addition to laminin, IGF-1 signaling is of particular interest because its role in modulating the proliferation and pluripotency of stem cells has been extensively studied (Huang et al., 2009, 2014; Li and Geng, 2010). For example, studies have reported that IGF-1 cooperates with basic fibroblast growth factor to maintain self-renewal in human embryonic stem cells (Bendall et al., 2007; Huang et al., 2014). In parallel, the PI3K/Akt signaling axis, which is downstream to both IGF-1 and laminin signaling, has been reported to be involved in crosstalk with self-renewal mechanisms in embryonic stem cells (Watanabe et al., 2006; McLean et al., 2007). In the context of cancer, the activation of IGF-1R signaling has been demonstrated to initiate the expression of stemness in breast cancer (Motallebnezhad et al., 2016) and hepatocellular carcinomas (HCC) (Chang et al., 2015, 2016). Consistent with these reports, our previous data showed that the activation of the PI3K/Akt pathway can promote PGC proliferation and maintain Oct-4 expression in embryonic germ cells (Kimura et al., 2003; Moe-Behrens et al., 2003; Kuo et al., 2018) and that niche IL-6/IGF-IR signaling causes poor prognosis of hepatitis B virus (HBV)-related HCC because of Oct-4/Nanog expression (Chang et al., 2015).

In summary, this study used primary CD49f+AP+GSCs and serum-free culture medium and provided the first evidence demonstrating the enhanced expression of CD49f and IGF-1R because of hypoxia and the cooperation of niche laminin with the associated CD49f/IGF1R-(PI3K/Akt-mTOR)-Hif-2α signaling loop to maintain cell proliferation and Oct-4 expression in embryonic CD49f+AP+GSCs (Figure 6). Findings from this study provide important insights into the niche signaling network among ECM laminin/CD49f signaling, endocrinal IGF-1/IGF-1R signaling, and hypoxia responses in early embryonic germ cell development. These insights have potential applications for future strategies to engineer cell therapy for regenerative medicine.



EXPERIMENTAL PROCEDURES


Electroporation of Short Hairpin RNA

The shControl (TRCN0000072246), shIGF-1R#1 (TRCN0000023489), shIGF-1R#2 (TRCN0000023491), shCD49f#3 (TRCN0000066150), and shCD49f#5 (TRCN0000066152) plasmids were purchased from National RNAi Core (Taiwan). Double-stranded hairpin oligonucleotides designed to target the mouse Hif-2α cDNA (NM_010137) at the sequence position 2052–2070 (5′-GATGAGGTCTGCAAAGGAC-3′, shRNA#2) and 87–105 (5′-GGAGACGGAGGTCTTCTAT-3′, shRNA#3) of the Hif-2α gene were cloned into the BamHI/NotI site of the pGSH1-GFP vector to generate shHif-2α. Gene knocked-down GSCs were generated through electroporation with plasmids (15 μg). Electroporation was performed using an electroporator (BTX) at 250 V for three pulses, each pulse lasting 0.1 ms with an interval of 0.25 s.



RNA Isolation and Reverse-Transcription Polymerase Chain Reaction

The AP+GSC colonies and the MACS-purified CD49f+GSCs were collected, and the total RNA was extracted using an RNeasy Micro Kit (QIAGEN, Valencia, CA, United States) according to the manufacturer’s instructions. Three micrograms of total RNA and a random primer (Invitrogen, Carlsbad, CA, United States) were used to synthesize complementary (c)DNA. The cDNA synthesis was performed at 42°C for 50 min in a final volume of 20 μl according to the manufacturer’s instructions for Superscript III reverse transcriptase (Invitrogen). Polymerase chain reaction (PCR) was performed with PlatinumTaq polymerase (Invitrogen), and the real-time RT-qPCR amplicons were titrated within a linear range of amplification. The accession numbers, primer pair sequences, and annealing temperatures are listed in Supplementary Table 1. Beta-2 microglobin was used as an internal control. PCR products were separated through agarose gel electrophoresis, and the DNA bands were visualized using ethidium bromide under ultraviolet light. RT-qPCR analysis of at least three independent cultures was performed for all experiments.



Western Blotting Analysis

The MACS-purified CD49f+GSCs were collected and lysed in reducing 2× Laemmli sample buffer, subjected to 10% SDS-PAGE, and then transferred to a polyvinylidene difluoride (PVDF) membrane for Western blot analysis. The primary antibodies used in the experiment are listed in Supplementary Table 2, and horseradish peroxidase (HRP)-conjugated anti-mouse/rabbit immunoglobulin G (IgG; 1:2,000) was used as the secondary antibody. The activity of HRP was detected using an enhanced chemiluminescence system according to the manufacturer’s instructions (Amersham Pharmacia Biotech., Buckinghamshire, United Kingdom). Quantifications of the protein bands were performed using the SPOT DENSO software on an AlphaImager2200 instrument (Alpha Innotech Corporation, CA, United States).



RNA Sequencing Analysis

The MACS-purified CD49f+GSCs cultivated on laminin-coated and non-coated substrates in the serum-free medium were harvested. RNA sequencing (RNA-seq) was performed by the Phalanx Biotech Group (Taipei, Taiwan). Briefly, RNA samples from the cell lysates were first enriched in mRNA by using oligo(dT) beads. Subsequently, double-stranded cDNA synthesis, end repair, the addition of the nucleotide “A” overhangs and adaptors, cDNA second-strand degradation, fragment selection, PCR amplification, library quality test, and illumine sequencing were performed. For sequencing, the amplified raw output was trimmed to a 150-bp fragment, and the cutoff was applied when the sliding window (four-base window) dropped below 15 or when the read was shorter than 35 base pair. This method yielded a total of 20 million reads. For sequence alignment, STAR was used to map preprocessed read data with the reference genome GRCm38.p6. After the reads were aligned to the genome, the package Cuffquant was used on the resulting alignment files to compute gene and transcript expression profiles. Cuffdiff, a module of the Cufflinks package, merged assemblies from two or more conditions to estimate the expression levels by calculating the number of RNA-seq fragments per kilobase of transcript per million (FPKM) fragments mapped. Cuffdiff was used to test the statistical significance of observed changes and identify genes that were regulated at the transcriptional or posttranscriptional level. Clustering analysis was performed to segregate upregulated and downregulated genes in the laminin-treated and non-laminin-treated samples. The differentially expressed genes in the laminin-treated and non-treated samples were then distributed according to fold change (i.e., log2) and significance (i.e., p- and Q-values).



Statistical Analysis

All experiments were repeated at least three times with individual samples. Data were expressed as the mean ± standard error of the mean (SEM). Differences in means were assessed using the t-test or one-way analysis of variance analysis (ANOVA) and post-hoc tests (GraphPad InStat 3.0, GraphPad Software, Inc., La Jolla, CA, United States). A p-value of < 0.05 was considered statistically significant.
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Cartilage tissue is comprised of extracellular matrix and chondrocytes, a cell type with very low cellular turnover in adults, providing limited capacity for regeneration. However, in development a significant number of chondrocytes actively proliferate and remodel the surrounding matrix. Uncoupling the microenvironmental influences that determine the balance between clonogenic potential and terminal differentiation of these cells is essential for the development of novel approaches for cartilage regeneration. Unfortunately, most of the existing methods are not applicable for the analysis of functional properties of chondrocytes at a single cell resolution. Here we demonstrate that a novel 3D culture method provides a long-term and permissive in vitro niche that selects for highly clonogenic, colony-forming chondrocytes which maintain cartilage-specific matrix production, thus recapitulating the in vivo niche. As a proof of concept, clonogenicity of Sox9IRES–EGFP mouse chondrocytes is almost exclusively found in the highest GFP+ fraction known to be enriched for chondrocyte progenitor cells. Although clonogenic chondrocytes are very rare in adult cartilage, we have optimized this system to support large, single cell-derived chondrogenic organoids with complex zonal architecture and robust chondrogenic phenotype from adult pig and human articular chondrocytes. Moreover, we have demonstrated that growth trajectory and matrix biosynthesis in these organoids respond to a pro-inflammatory environment. This culture method offers a robust, defined and controllable system that can be further used to interrogate the effects of various microenvironmental signals on chondrocytes, providing a high throughput platform to assess genetic and environmental factors in development and disease.
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INTRODUCTION

Chondrocytes are specialized extracellular matrix-secreting cells that contribute to maintenance of healthy cartilage. Due to the avascular nature of cartilage, cellular maintenance and turnover is relatively low in adult and there is low regenerative potential upon injury or pathological microenvironments (Jayasuriya et al., 2016). The joint niche balances paracrine input from synovial and immune cells and thus regulates chondrocyte response in both homeostasis and in diseased states, as seen in aberrant microenvironmental situations such as arthritis where the niche can drive loss of healthy matrix, chondrocyte hypertrophy and formation of fibrocartilage (Sokolove and Lepus, 2013; Shkhyan et al., 2018; Roseti et al., 2019). Although immature chondrocytes have some proliferative capacity (Yasuhara et al., 2011; Li et al., 2013), in pathological conditions such as osteoarthritis, this potential is insufficient to overcome degenerative signals in the microenvironment. Pro-degenerative factors, particularly interleukin 1 (IL-1β) and IL-6 family cytokines such as oncostatin M (OSM), overwhelm and suppress this regenerative potential, inevitably leading to cartilage degradation (Ni et al., 2015; Shkhyan et al., 2018).

The role of SRY-box transcription factor 9 (SOX9) in both homeostatic and arthritic chondrocytes have been well described (Haag et al., 2008; Zhang et al., 2015). Because SOX9 expression has been best described as a regulator of chondrogenesis, chondrocyte proliferation, and a marker for immature chondrocytes (Leung et al., 2011), it has the potential to be used for further assessment of their regenerative response to microenvironmental signaling. Increases in SOX9 activity have been correlated with stimulation by growth factors such as insulin-like growth factor-I (IGF-I) and fibroblast growth factor-2 (FGF-2) in articular chondrocytes (Shi et al., 2015), signifying its role in responding to the paracrine signals present in the niche. Other growth factors such as leukemia inhibitory factor (LIF), transforming growth factor-beta 1 (TGF-β1) and low levels of bone morphogenetic protein-4 (BMP-4) have been shown by our group to inhibit excessive chondrocyte maturation and hypertrophy (Wu et al., 2013), further suggesting that supplementation of growth factors can preserve SOX9-expressing chondrocytes in an immature state.

To model development and disease, multiple in vitro methods have been used to culture chondrocytes, however, chondrocytes grown in a 2-dimensional (2D) monolayer dedifferentiate into a fibroblast-like cell, losing expression of extracellular matrix molecules such as glycosaminoglycans (GAGs), collagen 2, and aggrecan (Caron et al., 2012; Wu et al., 2014; Matak et al., 2017). This loss of chondrogenic phenotype severely hinders the use of 2D in vitro experiments to accurately represent in vivo biology. To prevent this dedifferentiation of chondrocytes, many 3D culture systems of varying composition that attempt to mimic the chondrogenic niche have been developed, including agarose (Buschmann et al., 1992), fibrin glue (Perka et al., 2000), alginate (Almqvist et al., 2001), synthetic hydrogels (Ko et al., 2016) or aggregation into a pellet (Caron et al., 2012). Derivation of chondrocytes from mesenchymal stromal cells (MSCs) in a high-density pellet culture has also been utilized to assess chondrogenic capacity (Ullah et al., 2012). While these 3D methods are superior to traditional 2D culture of chondrocytes, there are no methods that offer single-cell resolution, which would provide a critical asset to interrogate the genetic and microenvironmental factors that influence the proliferative capacity of chondrocytes.

Here we present a novel 3D in vitro culture system using methylcellulose (MC), a culture method most commonly used for hematopoietic progenitor cell growth and differentiation (Li et al., 2013), for long-term culture of single chondrocytes. By supplementing MC with media previously established for the maintenance of human embryonic stem cell-derived chondrocyte progenitors, termed Maintenance Media (MM; Ferguson et al., 2018), we select for clonogenic colony-forming chondrocytes from developing tissue or adult articular cartilage by offering a microenvironment that best recapitulates the natural progenitor niche. In this method, chondrocytes from mouse, pig, and human form chondrospheres that retain their chondrogenic phenotype and resemble native cartilage, providing a more accurate surrogate for in vivo studies. These chondrogenic organoids can be maintained for at least 8–10 weeks, showing long-term stability of structure, viability and chondrogenic phenotype in a novel in vitro setting. This model enables the delineation of the impacts of pro-inflammatory stimuli on chondrocytes in a controllable setting that mimics microenvironmental signaling observed in arthritis, offering a novel and permissive system to model arthritis in a dish.



MATERIALS AND METHODS


Mouse Line and Breeding

Homozygous Sox9IRES–EGFP (shortened to Sox9GFP henceforth; Strain 030137, Chan et al., 2011) and corresponding wildtype C57BL/6J (Strain 000664) mice were purchased from Jackson Laboratories and used for all subsequent in vitro studies. All procedures and breeding involving mice were approved by the Institutional Animal Care and Use Committee of USC and was compliant with all relevant ethical regulations regarding animal research.



Tissue Collection and Digestion

Mouse, human, and pig tissues were enzymatically digested for varying lengths of time at 37°C with mild agitation in digestion media consisting of DMEM/F12 (Corning) with 10% Fetal Bovine Serum (FBS; Corning), 1% penicillin/streptomycin/amphotericin B solution (P/S/A; Corning), 1 mg/mL dispase (Gibco), 1 mg/mL type 2 collagenase (Worthington), 10 μg/mL gentamycin (Teknova) and 100 μg/mL primocin (Invivogen). For mouse femoral heads, postnatal day 7 (P7) Sox9GFP or C57BL/6J pups were sacrificed and both femoral heads were harvested. Each pup was harvested separately as a biological replicate. Femoral heads were lightly crushed with a mortar and pestle, then digested in digestion media for 4–6 h. For adult Sox9GFP mouse knee joints, 4 months old or 1.5 years old knees were cut at the femur and the tibia and crushed lightly with a mortar and pestle. They were then placed in digestion media in an Erlenmeyer flask with a spin bar in 4°C overnight, then in 37°C for 4–6 h. For pig articular cartilage, 4–6 months old Yucatan minipig hind legs were purchased from Premier BioSource (formerly S&S Farms). The cartilage was shaved from the articular surface of the condyles, minced and digested in digestion media at 37°C for 16–24 h. For human samples, young adult human primary tissue samples aged 19–26 years and mature adult human primary tissue samples aged 57–60 years were obtained from National Disease Research Interchange (NDRI) and complied with current IRB approval. All donated material was anonymous, carried no personal identifiers, and was obtained after informed consent. Human cartilage was digested in the same manner as pig cartilage. All cells were washed with DPBS (Corning) after digestion and strained through a 70 μm filter (Fisher) before use.



Methylcellulose and Liquid Culture Method of Chondrocytes

To culture isolated chondrocytes in a 3D environment, methylcellulose (H4100, StemCell Technologies) was resuspended in Maintenance Media (MM; Ferguson et al., 2018), which consists of DMEM/F12 (Corning) with 10% FBS (Corning) and 1% P/S/A (Corning) supplemented with fibroblast growth factor-2 (FGF2, 10 ng/mL), bone morphogenic protein-4 (BMP4, 1 ng/mL), insulin-like growth factor-1 (IGF1, 10 ng/mL), Leukemia Inhibitory Factor (LIF, 50 ng/L), Transforming Growth Factor-β1 (TGF-β1 10 ng/mL), and primocin (100 μg/mL). All supplemental growth factors were purchased from PeproTech Inc., and the final concentration of methylcellulose was 1%. Passage 0–1 chondrocytes were resuspended at low density (300–400 cells/mL) and plated in 6-well ultra-low attachment plates (Corning) for 3–4 weeks. Sox9GFP femoral head cells were cultured in a hypoxic chamber with 5% O2, whereas human and pig chondrocytes were cultured in normoxia. To ensure moisture and nutrients remained available to the cells, 120–160 μL of liquid MM was distributed twice weekly on the surface of the wells. After 3–4 weeks, colonies were counted for clonogenicity. Inclusion criteria consisted of clones larger than ∼40 μm in diameter or greater than 5 cell divisions as observed under a compound light microscope. All images of clones in methylcellulose were taken on an Echo Revolve Inverted microscope and scale bars were added using FIJI software (ImageJ). For individual clone culture in liquid media, colonies were plucked with a wide-bore pipette tip, washed in 10% FBS + 1% P/S/A + DMEM/F12 media, and transferred into a 96-well U-bottom ultra-low attachment plate (Corning) containing 200 μL of liquid MM. For arthritis in a dish experiments, addition of Oncostatin M (OSM; 10 ng/mL, PeproTech Inc.) to Maintenance Media was used. The remaining colonies were harvested for quantitative Real-Time PCR (qPCR) by washing the well with DPBS and further dilution of the methylcellulose by subsequent washing and centrifugation with DPBS in a 50 mL conical vial. To maintain the individual spheres in liquid, 100–120 μL of media was removed and added as necessary.



Flow Cytometry and FACS

All flow cytometry and FACS was performed on a BD FACSAria IIIu cell sorter. Mouse cells were washed twice in 1–2% FBS and stained with DAPI for viability. Populations of interest were sorted based on DAPI negativity, GFP expression, and lack of the following lineage markers: APC-Cy7: CD31 (endothelial cells), Ter119 (erythrocytes), and CD45 (leukocytes) at 1 μL antibody/106 cells (BioLegend). Cells were directly sorted into DMEM/F12 containing 10% FBS with 1% P/S/A. Flow cytometry data was analyzed using FlowJo software.



RNA Sequencing Library Preparation and Sequencing

Total RNA was isolated using QIAGEN RNeasy Mini kit and quantified using Qubit fluorometer (Thermo Fisher Scientific). Quality of the isolated RNA was checked using Agilent Bioanalyzer 2100. Universal Plus mRNA-Seq. Library with NuQuant (TECAN) was used to generate stranded RNA-seq libraries. Briefly, poly(A) RNA was selected followed by RNA fragmentation. Double stranded cDNA was generated thereafter using a mixture of random and oligo(dT) priming. The library was then constructed by end repairing the cDNA to generate blunt ends, ligation of Unique Dual Index (UDI) adaptors, strand selection and PCR amplification. Different adaptors were used for multiplexing samples in one lane. Quality of the library was checked using Agilent Bioanalyzer 2100. Sequencing was performed on Illumina HiSeq 3000 with single end 50 base pair reads.



RNA Sequencing Data Analysis

Raw fastq files were analyzed in Partek flow (version 10.0.21.0801). Reads were aligned to mouse GRCm38 (mm10) genome using Gencode Release M25 reference using STAR aligner (version 2.7.3a) (Dobin et al., 2013). Transcript levels were quantified to the reference using Partek E/M with default parameters. Normalization was done using counts per million (CPM) method. Genes were considered to be differentially expressed based on fold change >5 and FDR < 0.01. Heatmap for normalized gene expression was generated using Morpheus software1. Gene ontology enrichment analysis for the differentially expressed genes was performed using DAVID (Huang et al., 2009).



RNA Extraction and Quantitative Real-Time PCR

Total RNA was extracted using either the RNeasy Mini or Micro Kit (Qiagen) and cDNA was amplified using the Maxima First Strand cDNA Synthesis Kit (Thermo Fisher Scientific). Power SYBR Green (Applied Biosystems) RT-PCR amplification and detection was performed using an Applied Biosystems Step One Plus Real-Time PCR machine. The comparative Ct method for relative quantification (2-ΔΔCt) was used to quantitate gene expression, where results were normalized to ribosomal protein L7 (RPL7). Primer sequences used and corresponding GenBank Accession numbers are listed in Supplementary Table 1.



Histology, Immunohistochemistry, and Immunofluorescence

Tissues were fixed in either 10% formalin or 4% paraformaldehyde and sectioned at 5 μm. For DAB immunohistochemical (IHC) staining on pig slides, sections were deparaffinized using standard procedures and antigen retrieval was performed by incubating the slides in 1X citrate buffer pH 6.0 (Diagnostic Biosystems) at 60°C for 30 min followed by 15 min cooling at room temperature. For IHC on mouse slides, the above procedure was used with the addition of Proteinase K (Sigma) digestion at 37°C for 5 min after citrate buffer antigen retrieval. Endogenous peroxidase activity was quenched by treating samples with 3% H2O2 for 10 min at room temperature (RT). Sections were then blocked in 2.5% normal horse serum for 20 min, then incubated with primary antibodies diluted in PBS with 0.1–1% BSA (Sigma) overnight at 4°C. Sections were washed three times with TBS +0.05% Tween 20 (TBST, Sigma) before addition of HRP-conjugated secondary antibody for 30–120 min incubation at RT. Sections were washed three times with TBST after secondary incubation and DAB substrate (Vector Laboratories) was added until positive signal was observed. Sections were then immediately washed with tap water, counterstained in hematoxylin for 1 min and washed again with tap water before dehydration and mounting. Secondary antibody only (no primary antibody) controls were used for IHC, and a list of all antibodies and their concentrations used can be found in Supplementary Table 2. Toluidine Blue staining was performed on deparaffinized sections in accordance with standard laboratory techniques. For immunofluorescent visualization of apoptosis and proliferation, the TdT-mediated dUTP nick-end labeling (TUNEL; Promega Corp.) assay and the EdU Click-iT Assay Kit (Thermo Fisher Scientific) was performed as described in the manufacturer’s protocols, respectively. For the EdU assay, 10 μM of EdU was added to liquid MM for 24 h prior to fixation. Fluorescent slides were counterstained with DAPI (10 μg/mL in DPBS) for 5 min. All slides were viewed using a ZEISS Axio Imager. A2 Microscope and images were taken using ZEN 2 software (Zeiss). Standard microscope camera settings were used and scale bars were added using FIJI software (ImageJ).



Statistical Analysis

The number of biological replicates and types of statistical analyses for each experiment are indicated in the figure legends. All statistical analyses were performed using Prism (version 9.0, GraphPad Software Inc.). All results are presented as mean ± SEM where p < 0.05 was considered statistically significant.




RESULTS


Murine Sox9GFPHi Chondrocytes Are Clonogenic in a Novel 3D in vitro Culture System

The main purpose of this study was to derive an in vitro method that recapitulated the 3D microenvironment to promote long-term retention of a chondrogenic phenotype at a single-cell level. To achieve this, chondrocytes were seeded at low density in methylcellulose (MC) reconstituted with Maintenance Media (MM) and cultured for 3–4 weeks (Figure 1). Once single cell-derived chondrogenic organoids, or chondrospheres, were established in MC, we transitioned the chondrospheres into liquid Maintenance Media to advance maturation for further assessment.
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FIGURE 1. Schematic and timeline of 3D single-cell based in vitro culture method of colony-forming chondrocytes.


As a proof of concept, we wanted to address which cells contribute to colony formation by utilizing the Sox9GFP reporter mouse (Figure 2). Due to an abundance of chondrocytes within the femoral heads of postnatal day 7 (P7) pups (Blumer et al., 2007), we isolated and digested the femoral heads and plated the cells in MC to see if Sox9 expression was retained. These cells formed large chondrospheres that maintained high levels of GFP expression after 4 and 8 weeks in culture (Figure 2A and Supplementary Figure 1A, respectively). To interrogate if there were specific populations of Sox9-expressing cells generating the chondrogenic organoids, we fractionated cells via FACS based on level of Sox9 expression into negative, mid or high GFP expression (Figure 2B) using wildtype P7 femoral head cells as a control (Supplementary Figure 1B). The negative and high fractions of Sox9GFP cells represented about 40 and 57% the of the population, respectively, whereas the mid fraction represented less than 10% of live cells (Figure 2C), indicating an enrichment of Sox9GFPHi cells endogenously found within the femoral heads. We plated the fractionated groups in MC, and after 4 weeks in MC, clonogenic frequency was assessed. A significant trend between increased clonogenicity and high Sox9 expression was observed (Figure 2D), whereas cells in the Sox9GFPNeg did not form any colonies. Furthermore, Sox9 expression was detected in both the Sox9GFPMid and Sox9GFPHi fractions after culture in MC (Figure 2E), but the average diameter of the Sox9GFPHi chondrospheres was about three-fold higher than the Sox9GFPMid chondrospheres (Figure 2F), suggesting increased proliferative and/or matrix deposition capacity associated with Sox9 expression, a trend also seen in the proliferating chondrocytes of the growth plate (Dy et al., 2012).
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FIGURE 2. Sox9GFPHi chondrocytes demonstrate increased clonogenic and proliferative capacity. (A) Unsorted P7 Sox9GFP femoral chondrocytes after 3 weeks in methylcellulose (MC), Scale bar = 100 μm. (B) Representative FACS gating strategy and (C) frequency of live cells in Sox9GFP fractions; n = 6 biological replicates and p-values calculated using one-way ANOVA with Tukey’s correction for multiple comparisons. (D) Clonogenicity of Sox9GFP fractions in MC; n = 3 biological replicates and p-values calculated using One-Way ANOVA with Tukey’s correction for multiple comparisons. (E) Representative images of mid (upper row) and high (lower row) Sox9GFP chondrospheres in MC after 4 weeks, scale bar = 100 μm. (F) Average diameter of chondrospheres in MC, n = 2 biological replicates, p-value calculated with unpaired t-test. All error bars represent mean ± SEM.


To better understand the differentiation pathways of the Sox9GFPHi chondrospheres, transcriptomic analyses were performed. We used RNA-sequencing to compare the Sox9GFPHi chondrospheres with previously published datasets using murine synovial fibroblasts to represent dedifferentiated chondrocytes commonly seen in long-term 2D culture (Saeki and Imai, 2020), and murine chondrocytes cultured in a 3D pellet assay designed for hypertrophic differentiation to represent terminally differentiated chondrocytes (Singh et al., 2021). The heat map for gene expression of selected chondrogenic genes indicated a clear enrichment in the Sox9GFPHi chondrospheres after long-term in vitro culture when compared to fibroblasts or hypertrophic, pelleted chondrocytes (Figure 3A). Furthermore, Gene Ontology (GO) analyses of the genes significantly enriched (>5 fold-change, FDR < 0.01) in Sox9GFPHi chondrospheres versus fibroblasts yielded categories related to cartilage and chondrocyte development, as well as extracellular matrix organization (Figure 3B). Conversely, when observing the genes significantly enriched in the hypertrophic pellet versus the Sox9GFPHi chondrospheres, categories such as chondrocyte differentiation, ossification, and apoptotic process were upregulated (Figure 3C).
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FIGURE 3. Sox9GFP chondrocytes cultured in 3D culture maintain chondrogenic gene expression. (A) Heatmap and quantification showing the normalized bulk-sequencing gene expression profile for selected chondrogenic genes in Sox9GFPHi chondrospheres, hypertrophic pellet, and synovial fibroblasts (Saeki and Imai, 2020 and Singh et al., 2021, respectively). Color scale denotes the minimum (blue) and maximum (red) expression value across each row. P-values were calculated with two-way ANOVA with Tukey’s correction for multiple comparisons. (B) Gene Ontology analysis showing enriched terms of Sox9GFPHi chondrospheres versus synovial fibroblasts (n = 2 and 3, respectively). (C) Gene Ontology analysis showing enriched terms of hypertrophic pellets versus Sox9GFPHi chondrospheres (n = 3 and 2, respectively). (D) Quantitative PCR analyses of chondrocyte-specific genes after normalizing expression to freshly isolated Sox9GFPNeg chondrocytes; n = 4 biological replicates for freshly isolated Sox9GFP fractions, n = 2 biological replicates for MC – Sox9GFP fractions. P-values were calculated with one-way ANOVA with Tukey’s correction for multiple comparisons; all error bars represent mean ± SEM.


We then wanted to further validate the trends seen in the transcriptomic analyses via quantitative PCR performed on freshly isolated and cultured fractions of Sox9GFP femoral chondrocytes (Figure 3D). Genes such as Col2a1 and Acan in the freshly isolated Sox9GFPHi fraction showed increased trends compared to freshly isolated Sox9GFPNeg fraction and was maintained in the cultured Sox9GFPMid and Sox9GFPHi fractions. No cell growth was seen in the plated Sox9GFPNeg fraction. Col1a1 expression was relatively unchanged in the cultured chondrocytes, whereas Col10a1 was enriched in both the freshly isolated and cultured Sox9GFPHi cells (Figure 3D), suggesting that this culture system allows for natural differentiation of chondrocytes that are found in the femoral head. Of note, Sox9 gene expression of freshly isolated Sox9GFPMid chondrocytes was more akin to the Sox9GFPNeg fraction, however, after 4 weeks in MC, cultured Sox9GFPMid chondrocyte gene expression was more similar to the plated Sox9GFPHi fraction, despite their differences in clonogenicity and size (Figures 2D,F).

To assess the quality of matrix formed and organizational structure within the in vitro mouse chondrogenic organoids, we histologically compared Sox9GFP chondrospheres grown for 8 weeks total to P7 femoral heads. Interestingly, the chondrospheres stained for GAGs comparably to femoral heads (Figure 4A) and collagen II was detected throughout the spheres (Figure 4B, upper right panels), but largely localized to the periphery as seen in the femoral head. Sox9 expression was also detected in the chondrospheres, as well as collagen X expression similar to the femoral head (Figure 4B, lower row). Both the mouse chondrospheres and the femoral head strongly stained for aggrecan (Figure 4B). When assessing apoptosis within the chondrospheres, TUNEL staining was sparse and randomly patterned, dissimilar to the centralized cell death observed in conventional aggregate pellet cultures (Figure 4C, left and middle; Weissenberger et al., 2020). Cell proliferation was observed at the periphery of the spheres (Figure 4C, right). Taken together, these results show that chondrocytes can form large and zonally structured multicellular organoids from a single cell in vitro and that the Sox9GFPHi fraction exhibits the highest clonogenicity and chondrogenic capacity. Previously published literature states that colony-forming units in hematopoietic and mesenchymal systems are only typical for progenitor cells (Friedenstein et al., 1974; Sacchetti et al., 2007; Frisch and Calvi, 2014), suggesting that this system is preferentially selecting, based on their in vivo function, for the most immature chondrocytes with colony-initiating potential.
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FIGURE 4. Sox9GFP chondrospheres self-organize and form extracellular matrix similar to native femoral head after 8 weeks in culture. (A) Toluidine Blue/Fast Green staining for GAGs in Sox9GFP chondrospheres (left) and P7 femoral head (right). (B) Immunohistochemistry of collagen II, Sox9, collagen X, and aggrecan in Sox9GFP chondrospheres (left) and P7 femoral head (right). No primary antibody staining is provided as a negative control. (C) TUNEL staining to detect apoptosis (left, middle) and EdU staining to detect proliferation (right) in Sox9GFP chondrospheres. Scale bar = 100 μm.


Because proliferative capacity of chondrocytes declines with age, we assessed levels of Sox9GFPHi cells in the mouse knee joints at different stage of ontogeny. We digested knee joints of young adult mice (4 months old) and mature adult mice (1.5 years old) and assessed GFP levels in the lineage negative fraction (CD45–/CD31–/Ter119–; Figure 5). Interestingly, Sox9 expression shifted to favor the Sox9GFPMid fraction in young adult mouse knee joints, and the Sox9GFPHi fraction in knee joint was almost non-existent in mature adult mouse knee joints (Figures 5A–D). Furthermore, qPCR showed that the Sox9GFPHi fraction isolated from young adult knees had the most chondrogenic gene expression except for Prg4 (Figure 5E). When assessing gene expression in Sox9GFPNeg and Sox9GFPMid fractions of mature adult mouse knee joints, most chondrogenic genes were not detectable or not statistically significantly different from the Sox9GFPNeg fraction (Supplementary Figure 1C). Altogether, this decrease in Sox9 expression could indicate that a significant fraction of Sox9-expressing cells in the knee joint is lost with age.
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FIGURE 5. Sox9GFPHi cells in the knee joint show highest chondrogenic gene expression but diminish with age. Representative FACS plot (A) and quantification (B) of Sox9GFP levels in 4 months old Sox9GFP knee joint; n = 3 biological replicates. Representative FACS plot (C) and quantification (D) of GFP levels in 1.5 years old Sox9GFP knee joint; n = 3 biological replicates. (E) qPCR of chondrogenic genes in 4 months old Sox9GFP cells in the knee joint, n = 6 biological replicates. Data represented as mean ± SEM and all p-values calculated using one-way ANOVA with Tukey’s correction for multiple comparisons.




Human Articular Chondrocytes of All Ages Have Clonogenic Capacity

Given that genetic reporters are not available for clinically relevant chondrocytes, we wanted to assess whether this in vitro culture system could be used to select for human colony-forming chondrocytes. Articular chondrocytes isolated from human young adult and mature adult were plated in our method (Figure 6). Intriguingly, we found that both age groups had cells capable of forming clones (Figure 6A). The young and mature adult chondrocytes had similar clonogenic frequency (Figure 6B), and for all tested donors only a very small percentage (around 5% or less) of articular chondrocytes formed multicellular organoids. Young adult chondrocytes formed significantly larger chondrospheres than mature adult chondrocytes (Figure 6C), and further analysis via qPCR showed that chondrogenic genes SOX9, COL2A1, and ACAN were maintained compared to freshly isolated cells (Figures 6D,E). However, while COL1A1 and COL10A1 showed upward trends in culture, these results were not statistically significant. These data indicate that while key chondrogenic genes are not lost, further optimization is needed to ensure that human chondrospheres do not transition into a fibrocartilage or hypertrophic phenotype.
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FIGURE 6. Human articular chondrocytes of different ages demonstrate clonality and retention of chondrogenic genes in 3D culture. (A) Representative images of young and mature adult chondrospheres in MC after 4 weeks, scale bar = 100 μm. (B) Clonogenic frequency of chondrocytes in MC, n = 2 biological replicates. (C) Diameter of chondrospheres of young and mature adult chondrospheres in MC, n = 2 biological replicates. qPCR of chondrogenic genes in young adult (D), and mature adult (E) chondrospheres cultured in MC after normalizing expression to freshly isolated chondrocytes of respective samples, n = 2 biological replicates. Data represented as mean ± SEM and p-values calculated using an unpaired t-test.




Porcine Articular Chondrocytes Maintain Chondrogenic and Clonogenic Capacity

Next, we wanted to assess whether articular chondrocytes from a large animal used to model cartilage repair and arthritis can respond to the microenvironment of our 3D culture system. Chondrocytes isolated from porcine articular cartilage were cultured in MC for 3 weeks, where sizable chondrogenic organoids were formed (Figure 7A, left). Clonogenic frequency was similar to the Sox9GFPHi fraction in mouse at 8–10% (Figure 7B). These porcine chondrospheres further grew in liquid Maintenance Media, reaching up to 1–1.5 mm in diameter (Figure 7A, right; Figure 7C), and compared to freshly isolated articular chondrocytes, chondrogenic gene expression was maintained even after long-term culture in our system (Figure 7D). PRG4 expression decreased with culture in MC, however, began to increase back to native levels in the liquid phase of culture, suggesting reactivation of articular surface-specific markers.
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FIGURE 7. Porcine articular chondrocytes proliferate and maintain chondrogenic identity in 3D culture. (A) Representative images of pig chondrospheres in MC after 3 weeks (left) and after transition into liquid media for an additional 3 weeks (right); scale bar = 100 μm. (B) Clonogenic frequency of chondrospheres in MC, n = 9 biological replicates. (C) Average diameter of chondrospheres in MC versus liquid; n = 9 biological replicates, p-value calculated using an unpaired t-test. (D) qPCR of chondrogenic genes after normalizing expression to freshly isolated P0 chondrocytes; n = 9 biological replicates and p-value calculated by two-way ANOVA with Tukey’s correction for multiple comparisons. All data represented as mean ± SEM.


To further confirm that porcine articular chondrocytes retained their chondrogenic features after culture, we histologically assessed chondrospheres generated after 7- and 10-weeks (Figure 8). Similar to the P7 mouse chondrocytes, articular chondrocytes stained strongly for GAGs at both 7 and 10 weeks of culture (Figure 8A). Of note, immunohistochemical staining indicated that collagen II expression was present on the majority of chondrocytes, whereas SOX9 expression was enriched after 7 weeks but diminished at 10 weeks (Figure 8B), potentially reflecting the maturation process. Collagen I was also detected at minimal levels in pockets (Figure 8B), suggesting little to no fibrocartilage formation. TUNEL staining showed minimal and sparse pockets of apoptotic cells at both 7 and 10 weeks in culture (Figure 8C), suggesting retention of viability in the center of the sphere where hypoxia and lack of nutrients are often observed in larger aggregates (Ware et al., 2016). Proliferating chondrocytes at the periphery of the chondrogenic organoids were still detected after 10 weeks of culture in our system (Figure 8D). Altogether, these data reveal that this culture system can mimic a native niche to support clonogenic, colony-forming chondrocytes from a large animal, offering a customizable system that can be further used to interrogate pathophysiological environments.
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FIGURE 8. Porcine articular chondrospheres self-organize and deposit extracellular matrix. (A) Toluidine Blue/Fast Green staining for GAGs in pig articular chondrospheres cultured for 7 weeks (left) or 10 weeks total (right). (B) Immunohistochemistry of collagen II, Sox9, collagen I, and collagen X in pig articular chondrospheres cultured for 7 weeks (left) or 10 weeks total (right). Black arrows demarcate positive staining, no primary antibody staining is provided as a negative control. (C) TUNEL staining to detect apoptosis shown in chondrospheres cultured for 7 weeks. (D) TUNEL staining (left) and EdU staining to detect proliferation (right) shown in chondrospheres cultured for 10 weeks. Scale bar = 100 μm.




Arthritis in a Dish: Microenvironmental Cues Can Be Modified to Mimic Pro-degenerative Stimuli

After demonstrating that articular chondrocytes can form cartilage-like structures in our in vitro system, we then started manipulating microenvironmental factors to mimic a pro-inflammatory environment observed in arthritic joints. Porcine articular chondrocytes were cultured for 3 weeks in MC and transferred into liquid Maintenance Media for 1 week before the addition of the pro-inflammatory cytokine OSM for an additional 3 weeks (Figure 9A). Compared to chondrogenic organoids maintained in MM alone, chondrospheres exposed to pro-inflammatory cytokine OSM showed decreased density and size (Figures 9B,C). In response to OSM exposure, qPCR demonstrated that the spheres significantly downregulated chondrogenic genes ACAN and COL2A1 but only marginally decreased SOX9 expression (Figure 9D), an observation consistent with the early stages of osteoarthritic cartilage degeneration (Zhang et al., 2015). Although COL1A1 was unchanged upon OSM treatment, significant ADAMTS5 and MMP13 upregulation indicated activation of catabolic pathways seen in degenerating cartilage (Figure 9E; Chan et al., 2017). The COL2A1/COL1A1 ratio also showed a significant decrease in collagen II expression upon OSM exposure (Figure 9F), demonstrating a shift in the overall matrix composition. These results highlight the responsiveness of articular chondrocytes to pro-inflammatory stimuli most commonly found in diseased settings, showing a proof of concept for creating a dynamic and customizable in vitro readout for manipulating the joint niche. This will allow for assessment of genetic and microenvironmental factors that promote arthritic phenotypes in chondrocytes.
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FIGURE 9. Porcine articular chondrospheres degrade and upregulate catabolic genes in response to pro-inflammatory stimuli. (A) Schematic and timeline of MC with MM culture method and introduction of pro-inflammatory cytokine OSM at 4 weeks. (B) Representative images of a pig articular chondrospheres in liquid MM alone (left) or liquid MM + OSM (right) after 3 weeks exposure, scale bar = 100 μm. (C) Average diameter of chondrospheres cultured in liquid MM or MM + OSM. (D) qPCR of anabolic genes after normalizing expression to chondrospheres cultured in MM alone, n=4 biological replicates. (E) qPCR of catabolic genes after normalizing expression to chondrospheres cultured in MM alone, n=4 biological replicates. (F) Collagen II/Collagen I ratio for chondrospheres in MM alone versus MM + OSM, n=4 biological replicates. All data are represented as mean ±SEM and p-value calculated using an unpaired t-test.





DISCUSSION

In this study, we have shown that chondrocytes can be cultured at a single-cell level in a 3D environment that recapitulates the in vivo niche, permitting them to retain their chondrogenic identity in vitro. We have demonstrated that three different species representing both small and large animals, as well as clinically relevant cells from human, show retention of the chondrogenic phenotype which allow for assessment of cells that can be genetically modified to interrogate molecular mechanisms of cellular regeneration and response to pro-inflammatory stimuli. While the use of methylcellulose culture has been described for assessing clonogenicity in hematopoietic cells (Matsui et al., 2004; Li et al., 2013), here it is used in conjunction with Maintenance Media, which provides chondrogenic factors and other factors preventing chondrocyte maturation (LIF) produced by synovial cells of both young and adult joints (Wu et al., 2013). Our in vitro model contributes to the maintenance of clonogenic colony-forming chondrocytes found in articular cartilage without promoting a fibrotic or hypertrophic phenotype, thus providing a more favorable physiological niche than traditional 2D culture systems allow. In vivo assays to assess feasibility and integration of chondrospheres into cartilage defects would be valuable and is our future direction, where improved production of large chondrospheres from patient autologous bio-specimens generated in this method has the potential to be therapeutically relevant for articular cartilage repair.

Based on the retention and selectivity of high Sox9GFP expression in juvenile mouse femoral cells cultured in this method, it is likely that this culture system is only permissive for cells of chondrogenic lineage that are immature in nature. Deletion of Sox9 in aggrecan-expressing cells inhibits chondrogenesis and chondrocyte proliferation (Akiyama et al., 2002; Dy et al., 2012), whereas a decrease in Sox9 at different stages of development is essential for progression to a terminally differentiated, hypertrophic state (Leung et al., 2011). Because Sox9 expression is retained even after 4 weeks in our culture system, it is feasible that this retention correlates to selection of an immature chondrocyte with minimal hypertrophy, our system recapitulating a progenitor niche, or a combination of both. Additionally, Sox9GFPHi cells are minimally present in the articular cartilage of aged 1.5 years old mice. This finding is consistent with our previous studies in humans, showing that the percentage of SOX9 cells declines with age, and cells with high levels of SOX9 expression also express other progenitor markers such as GLI1, BMPR1B, and Integrin alpha 4, as well as activated STAT3 signaling (Ferguson et al., 2018).

Due to the natural development of the juvenile femoral head, there will be Sox9-expressing pre-hypertrophic cells, osteochondral precursor cells, and mesenchymal stromal cells that may co-express GAGs and collagen X where the secondary ossification center will form (Blumer et al., 2007; Madsen et al., 2011; Yen et al., 2021), which could explain the high gene expression levels of Col10a1 seen by qPCR and RNA sequencing in both the freshly isolated and cultured Sox9GFPHi fraction, respectively. Indeed, we observed the most differentiated, pre-hypertrophic/hypertrophic-like cells localized to the middle of the chondrogenic organoid. The immature and actively proliferating cells were found in the peripheral zone, concurrent with rare progenitor cells found on the superficial articular surface (Shwartz et al., 2016; Li et al., 2017), further suggesting self-organization of the cells in vitro. The increased expression levels of Col1a1 within the Sox9GFP mid fraction assessed by qPCR could also be due to a contamination of the ligamentum teres femoris when processing the femoral heads. Because this culture system is likely not permissive for cell types outside of the chondrocyte lineage, Col1a1 expression in the Sox9GFPMid or Sox9GFPHi fraction is not maintained after culture. Overall, our data shows that Sox9 expression correlates with the highest clonal and chondrogenic capacity and these cells are exclusively selected for in this system, allowing for future assessment of subpopulations found in immature clonogenic chondrocytes to advance our understanding of what drives regenerative potential.

Interestingly, human articular chondrocytes from young and mature adults demonstrate clonality in this culture system, but the percentage of cells with colony forming potential was relatively low in all tested specimens. Moreover, cultured cells showed an upward trend in COL1A1 and COL10A1 gene expression compared to freshly isolated cells, but neither the young or mature groups were statistically significant. Adult human cells did not show the same level of proliferation as the chondrocytes isolated from mice or pigs. Despite the multi-cellular appearance, no human chondrospheres of the age groups were large enough to move into the liquid phase of culture. This indicates the necessity of further optimization of culture conditions such as additional proliferation-inducing factors, or a hypoxic environment, which has also been shown to increase matrix accumulation specifically for human cell culture (Markway et al., 2013). Continual studies to further advance this culture technique for human cells are ongoing. Nevertheless, chondrogenic genes specific for hyaline-like cartilage were maintained, indicating some retention of a healthy chondrogenic phenotype.

It was interesting that porcine articular chondrocytes, considered a cell with limited self-renewal capacity, proliferated to such great extent that we observed. While it should be noted that porcine articular cartilage has been shown to spontaneously heal partial-thickness cartilage defects without bone marrow stimulation (Fisher et al., 2015), the level of growth observed in porcine articular chondrocytes was impressive. Diameters of up to 1–1.5 mm were reached with maintenance of chondrogenic genes expression, signifying highly anabolically active chondrocytes even after 6 weeks of total culture time. COL10A1 expression was endogenously high in freshly isolated porcine articular chondrocytes, which have been previously described (Rucklidge et al., 1996), but could also be attributed to our chondrocyte harvest method including some hypertrophic chondrocytes found just above the subchondral bone. We did not detect hallmark fibrocartilage features as seen with minimal collagen I staining and COL1A1 expression, supporting the superiority of our long-term culture method compared to 2D culture where cells rapidly de-differentiate and loose heir chondrogenic identity. Although there was a decrease in Sox9 detected via IHC by 10 weeks culture time, proliferative cells were still detected at the periphery of the chondrosphere as well as heavy GAG staining, validating our culture system’s ability to recreate a niche that supports progenitor cells long-term.

When looking at functional outcomes of porcine chondrospheres assessed in the arthritis in a dish model, exposure to the pro-inflammatory cytokine OSM significantly decreased the density and size of the spheres and upregulated catabolic genes most associated with ECM degradation and osteoarthritis (Heinegård and Saxne, 2011). This switch from anabolic to catabolic mechanisms of the chondrospheres due to OSM exposure supports previous data that show a decrease in aggrecan and TGF-β1 in chondrocytes cultured in 3D with OSM (Sanchez et al., 2004). This demonstrates the in vitro system’s capability of customization and multiplexing pro-inflammatory stimuli to assess potential anti-inflammatory or protective signaling in clinically relevant cells. Small molecule screening or cellular pathway inhibition are our future directions in further developing this readout for modulating outcomes of chondrospheres exposed to pro-inflammatory stimuli.

Altogether, this novel in vitro culture system offers a robust and controllable system that can provide essential niche signaling to support and maintain colony forming chondrocytes at a single-cell level. Continual optimization will allow us to further perturbate responses of different chondrocyte subsets to extracellular stimuli in an in vitro model, which will be of great value for future genetic modifications to define genes required for regeneration in chondrocytes or development of new treatments specifically designed to enhances endogenous regenerative potential of articular cartilage tissue in diseases such as osteoarthritis.
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Supplementary Figure 1 | Supplemental characterization of Sox9GFP chondrospheres, femoral head, and knee joints. (A) Representative FACS analysis of dissociated Sox9GFP spheres after 8 weeks total culture. (B) Representative FACS plot of GFP expression in wild-type P7 femoral head cells (left) and quantification (right) as percentage of live cells; n=4 biological replicates, p-values calculated using one-way ANOVA with Tukey’s correction for multiple comparisons. (C) qPCR of chondrogenic genes in 1.5-year-old Sox9GFP cells in the knee joint, n=3 biological replicates. Data are represented as mean ±SEM and p-values calculated using an unpaired t-test.

Supplementary Table 1 | qPCR primer sequences.

Supplementary Table 2 | Antibodies used for IHC.
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The enrichment of cancer-associated fibroblast (CAFs) in a tumor microenvironment (TME) cultivates a pro-tumorigenic niche via aberrant paracrine signaling and matrix remodeling. A favorable niche is critical to the maintenance of cancer stem cells (CSCs), a population of cells that are characterized by their enhanced ability to self-renew, metastasis, and develop therapy resistance. Mounting evidence illustrates the interplay between CAF and cancer cells expedites malignant progression. Therefore, targeting the key cellular components and factors in the niche may promote a more efficacious treatment. In this study, we discuss how CAF orchestrates a niche that enhances CSC features and the potential therapeutic implication.
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INTRODUCTION

Tumors are illustrated as “wounds that do not heal” due to the enrichment of fibroblasts and immune cells at the tumor site, which highly mimics that of an inflammatory response of a non-neoplastic tissue (Dvorak, 1986). Indeed, cancer-associated fibroblast (CAF) constitutes the bulk of the stromal component in solid tumors. Cancer cells hijack the normal physiological function of activated fibroblast functions during wound recovery to fuel malignant development. Given cancer stemness accelerates disease progression and impinges therapy, understanding how CAFs cultivate a niche that bestows cancer stem cell (CSC) features in cancer cells may facilitate novel therapeutic intervention.



CANCER-ASSOCIATED FIBROBLAST AS A DYNAMIC PLAYER IN PROMOTING CANCER STEMNESS

Cancer-associated fibroblast, also known as tumor-associated fibroblast, is generally regarded as fibroblasts that exist within or enveloping the tumor (Öhlund et al., 2014). The presence of CAFs throughout tumor development, from the incipient stage to advanced stages, alludes to CAF participation in tumor initiation and progression (Erez et al., 2010). Compared with non-tumor fibroblast (NF) or peri-tumor fibroblast, CAFs are located more proximal to the neoplastic region and exhibit a greater activation marker, namely actin smooth muscle (αSMA) and fibroblast activation protein (FAP) (Qin et al., 2016, 2019). However, compiling studies indicate CAF displays vast heterogeneity within a tumor with distinct functions, underscoring the importance of identifying the function of how each subtype contributes to malignancy (Öhlund et al., 2017; Costa et al., 2018; Lambrechts et al., 2018). A myriad of elements may affect CAF subtypes, for instance, proximity to the tumor. CAF subsets were distinguished based on their expression of αSMA and IL6 with high-αSMA localized nearer to the tumor and high-IL6 further, indicating juxtacrine and paracrine interaction between cancer cells and fibroblast may stimulate the CAF to differentiate to subtypes with distinct functions (Öhlund et al., 2017). Aside from molecular markers, the secretome of CAF and NF can be discerned as the former secretes a greater abundance of ligands that promote stemness properties of HCC (Jiang et al., 2017; Álvarez-Teijeiro et al., 2018). CAF plays an extensive role in shaping the extracellular matrix (ECM) of the tissues, allowing it to exert its oncogenic influence by modulating the physical properties of the TME. In addition to promoting cancer progression, fibroblasts are shown to be educated by neoplastic cells to their benefits, depicting the dynamic cellular network in the TME (Figure 1).
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FIGURE 1. CAF and cancer cells in a dynamic TME. CAF secretes chemokines that can potentiate stemness and metastasis properties of cancer cells via distinct pathways. In turn, cancer cells have demonstrated the capacity to direct CAF to fuel their malignant properties. Immune cells, such as T cells, macrophages, and neutrophils, are orchestrated by CAF-cancer cell interaction to promote tumor progression. ANXA1, Annexin A1; CLCF1, cardiotrophin-like cytokine factor 1; COMP, cartilage oligomeric matrix protein; CXCL6, C-X-C motif chemokine ligand 6; CXCL12, C-X-C motif chemokine ligand 12; CCL2, CC-chemokine ligand 2; CCL5, CC-chemokine ligand 5; CCL7, CC-chemokine ligand 7; CCL16, CC-chemokine ligand 16; FGF5, fibroblast growth factor 5; HA, hyaluronan; Hh, hedgehog ligand; HMGB1, high-mobility group box protein 1; HGF, hepatocyte growth factor; IGFI, insulin-like growth factor 1; IGFII, insulin-like growth factor 2; IL6, interleukin 6; IL8, interleukin 8; MMP2; matrix metalloproteinase-2; MMP9, matrix metalloproteinase-9; POSTN, periostin; PGE2, prostaglandin E2; SHH, sonic hedgehog ligand; TGF-β, transforming growth factor-β; TGF-β1, transforming growth factor-β 1; TGF-β2, transforming growth factor-β 2; TGF-β3, transforming growth factor-β 3; WNT3a, Wnt Family Member 3A. The figure is created with BioRender.com.


Cancer stem cells are generally deemed as a rare population of cancer cells that share similar features to normal stem cells, including the ability to self-renew and differentiate into lineages that comprise the tumor bulk, thus regarded as tumorigenic, as opposed to non-CSC cancer cells (Reya et al., 2001; Clarke et al., 2006). Common CSC markers include surface markers, such as CD24, CD44, CD90, CD133, EpCAM, LGR5, and aldehyde dehydrogenase (ALDH) ALDH activity (summarized in Walcher et al., 2020). Moreover, expressions of stemness genes, such as OCT4, SOX2, and NANOG, are often deployed to measure cancer stemness. Functional surrogate to assess cancer stemness properties includes in vitro sphere formation and in vivo limiting dilution in which cancer cells are injected at low doses into animal models. Cancer cells with greater stemness are generally considered to have augmented metastasis ability due to their enhanced ability to reconstitute a tumor at the secondary site, and the acquisition of EMT is coupled with elevated stem cell properties, including stem cell markers and tumorigenicity, signifying EMT mimics features of CSC (Mani et al., 2008; Baccelli and Trumpp, 2012; Oskarsson et al., 2014). Emerging evidence illustrates that stemness properties of cancer cells are dependent on their niche (Plaks et al., 2015; Batlle and Clevers, 2017). Factors derived from niche may promote plasticity of non-CSC cancer cells into CSC, whereas depletion of factors may reduce the CSC population, thereby implicating niche factors as potential therapeutic targets (Batlle and Clevers, 2017). Given the CAF fosters the niche by enriching pro-tumor factors and remodeling the matrix of the TME, understanding how a niche facilitates cancer initiation and progression will allow us to contrive therapy targeting the key cellular components and factors sustaining cancer stemness.


Cancer Cells Educate Cancer-Associated Fibroblast to Adopt a Pro-tumor Phenotype

Accumulating research illuminates the cancer cells instigate pro-tumor CAF to foster a pro-favorable niche. Transforming growth factor-β3 (TGF-β3) derived from HNSCC cells can activate CAF to secrete POSTN, leading to greater metastasis ability of the neoplastic cells (Qin et al., 2016). Prostate cancer cells can recruit marrow-derived mesenchymal stem cells (MSCs) and activate them into CAF by TGF-β1 (Barcellos-de-Souza et al., 2016). Of significance, MSC-derived CAF can recruit and induce monocytes into M2 macrophages, illustrating the CAF capacity to govern the TME. Cardiotrophin-like cytokine factor (CLCF1) derived from CAF stimulates the production of C-X-C motif ligand 6 (CXCL6) and TGF-β, which not only escalate stemness properties of cancer cells but also stimulate CLCF1 expression in the CAF, thereby fostering a positive feedback loop that expedites malignancy (Song et al., 2021). Furthermore, CXCL6 and TGF-β can enhance infiltration and development of pro-tumor N2-neutrophils (Song et al., 2021), corroborating CAF capacity to foster an immunosuppressive TME. Sonic hedgehog (SHH) ligand derived from CD24+CD49fhibreast CSCs constructs a pro-tumorigenic TME by activating CAF (Valenti et al., 2017). Cancer cells-derived hedgehog (Hh) instigates the production of pro-tumor paracrine factors and ECM constituents in CAF (Cazet et al., 2018). Autocrine and colorectal cancer cells-derived paracrine signaling of IL34 facilitate the conversion of normal fibroblast into CAF that adopts a pro-tumor secretome that includes stemness-promoting factors, such as Netrin-1 and FGF2 protein (Giulianelli et al., 2019; Sung et al., 2019). The coculture of HNSCC cells and CAF stimulate CAF to generate WNT3A, leading to increased cancer stemness (Le et al., 2019).

Exosomal miRNAs are gaining interest as a mediator between cancer cell-fibroblast crosstalk. Activation of focal adhesion kinase (FAK) signaling by cancer cell-derived miRNA stimulates the production of CAF-derived exosomes that facilitate the spheroid formation and metastasis (Wu et al., 2020). Tumor-derived exosomal miR-1247-3p triggers the activation of fibroblast by fueling NF-κB signaling consequently stimulates the CAF to secrete a greater abundance of IL6 and IL8, instigating the cancer cells to an EMT phenotype with enhanced lung metastases (Fang et al., 2018). Exosomal miR-9-5p elevates IL6 production in CAF, leading to enhanced spheroid-forming ability (Zhang et al., 2020). In summary, targeting the aforementioned factors or exosomes may disrupt the ability of cancer cells to assemble a pro-tumor niche.



Cancer Cell-Educated Cancer-Associated Fibroblast Cultivates a Supportive Secondary Site for Colonization

The TGF-β family is shown to play pivotal roles in allowing cancer cells to colonize secondary sites. TGF-β3 rooted from cancer cells fortifies a favorable niche to colonize a foreign site by stimulating fibroblast-derived POSTN, which is crucial for initiating breast cancer cell colonization at the lung by maintaining CSC properties via the Wnt signaling (Malanchi et al., 2011). In accordance, HNSCC cancer cells secrete TGF-β3 that enhances POSTN secretion from CAF, resulting in the augmented migratory phenotype of cancer cells (Qin et al., 2016). Upon stimulation by TGF-β, CAF confers colorectal cancer cells-enhanced tumor-initiating capacity and reduced tumor latency (Calon et al., 2015). Tumor organoids with elevated TGF-β profoundly enhanced ability to form liver metastases by orchestrating a pro-tumor stroma niche (Calon et al., 2015). Colorectal cancer (CRC) fueled by driver mutations in the Lgr5 + stem cells is accompanied by enrichment of CAF-derived TGF-β that suppresses the tumor-killing T cell populations, thus leading to greater metastases to the liver (Tauriello et al., 2018), highlighting the interplay between CAF, immune cells, and cancer cells. Conversely, the TGF-β-signaling inhibitor significantly dampened the tumor volume and liver metastases of the colon.



Paracrine Signaling of Cancer-Associated Fibroblast Enhances Cancer Stem Cell Features

In a tumor, fibroblast-secreted factors and cytokines, which serve for tissue recovery, are seized by cancer cells. Compiling studies have depicted the critical roles of CAF-derived factors in maintaining the CSC features of cancer cells by promoting stemness pathways (Table 1). HGF is reported to enhance cancer stemness by potentiating the frequency of CD44+, CD47+, and CD90+ HCC CSC and spheroid formation, stemness and EMT gene expressions (Lau et al., 2016; Ding et al., 2018; Yan et al., 2018). Mechanistically, HGF exerts its oncogenic influence via distinct mechanisms in a tissue-dependent manner. HGF augments ERK/FRA1/HEY1, STAT3/TWIST1, and YAP/HIF-1α in HCC, gastric cancer, and pancreatic cancer, respectively (Lau et al., 2016; Ding et al., 2018; Yan et al., 2018). CAF-derived IL6 is demonstrated to fuel stemness as evident in increased spheroid formation, stemness genes markers via STAT3 signaling (Xiong et al., 2018; Zhang et al., 2020). CAF paracrine signaling regulates the AKT pathway via insulin-like growth factor 2 (IGFII), thereby promoting NANOG expression, enhanced tumorigenicity in vivo, and ALDH activity (Chen et al., 2014). The AKT signaling is also mediated by cartilage oligomeric matrix protein (COMP) to fuel EMT and spheroid formation (Li et al., 2018). CC-chemokine ligand 2, 5, 7, and 16 (CCL2, CCL5, CCL7, and CXCL16) potentiate EMT via the Hh and TGF-β signaling (Liu et al., 2016). Serglycin (SRGN), a proteoglycan secreted from cancer cells and CAFs, renders chemoresistance and EMT features via a CD44-dependent NF-κB activation (Guo et al., 2017). The binding of CAF-derived periostin (POSTN) to protein tyrosine kinase 7 (PTK7) drives the β-catenin signaling, leading to increased expression of CSC markers and stemness genes (Yu et al., 2018). Annexin A1 (AnxA1) secreted from CAF potentiates stemness and EMT genes expressions, and spheroid formation (Geary et al., 2014). Prostaglandin E2 (PGE2) produced from fibroblasts drives the expansion of tumor-initiating cells by inducing YAP signaling (Roulis et al., 2020). The cellular crosstalk within the TME was displayed as CAFs recruit tumor-associated macrophages (TAMs) via CXCL12 secretion and induces the M2-phenotype TAMs, subsequently promotes stemness and EMT signature genes (Li et al., 2019). Alteration in specific genes may dictate the impact of CAF on cancer cells. Androgen receptor (AR)-depleted CAF enhances the production of IFN-γ and M-CSF, leading to increased cancer stemness (Liao et al., 2017). Notch1-depleted CAFs augment CD271+ melanoma CSC frequency (Du et al., 2019) and metastasis to the lung (Shao et al., 2016). Together, blocking CAF-derived factors or a downstream signaling cascade may be a therapeutic revenue to diminish cancer stemness.


TABLE 1. Cancer-associated fibroblast (CAF)-derived factors on cancer stemness.

[image: Table 1]


Cancer-Associated Fibroblast Mediates Cancer Stemness via Extracellular Matrix Remodeling

A fundamental function of activated fibroblast is its participation in ECM homeostasis by synthesizing ECM constituents, including collagen and fibronectin, and producing ECM-degrading proteases to aid communication and trafficking of inflammatory cells (Kalluri, 2016). While the impact of matrix stiffness remains controversial as studies indicate both softer matrix (Tan et al., 2014; Ng et al., 2021) and stiffer matrix (Pang et al., 2016; Tao et al., 2021) can instigate cancer stemness, the role of CAF in mediating the stiffness of the ECM illustrates its ability to affect stemness. Indeed, collagen deposited by CAF functions as a mechano signal to escalate stem cell markers and spheroid formation ability (Cazet et al., 2018). Additionally, hyaluronan (HA), a major constituent of the ECM that boosts CSC self-renewal and EMT (summarized in Chanmee et al., 2015), is shown to be highly produced by CAF (Affo et al., 2021). Given CAFs are a source of ECM-degrading proteases, namely matrix metalloproteinases (MMPs), they can affect CSC properties by remodeling the ECM. Studies demonstrated IL6 derived from prostate cancer cells elicits pro-tumor FAP+CAF (Giannoni et al., 2010). Consequently, these FAP+ CAF secretes MMP2 and MMP9 to potentiate EMT and stemness genes. MMP3 that is predominantly produced by fibroblast (Witty et al., 1995) is demonstrated to promote stem cell population by enhancing canonical Wnt signaling, potentially leading to hyperplastic growth of normal tissues (Kessenbrock et al., 2013), depicting fibroblast can contribute to tumor initiation via ECM remodeling. Future research can focus on ablating the effect of CAF on the ECM, either by targeting ECM constitutes or MMPs, to attenuate the CAF-mediated oncogenic effect.



Cancer-Associated Fibroblast Role in Endowing Drug Resistance

The augmented cancer stemness conferred by CAF may endow cancer resistance to conventional therapy. Patients with breast cancer, who are resistant to chemotherapy, show a greater abundance of CAF marked with a cluster of differentiation 10 (CD10) and G protein-coupled receptor 77 (GRP77) cell surface proteins (Su et al., 2018). CD10+GRP77+ CAFs promote sphere formation, the proportion of ALDH+ and CD44+CD24– breast CSCs, and chemoresistance properties of cancer cells by secreting IL6 and IL8. A similar phenomenon was observed in HNSCC as CAFs undergoing autophagy secrete greater levels of IL6 and IL8 to confer chemoresistance (New et al., 2017). Increased NANOG and SOX2 stemness gene expression in cancer cells treated with CAF-conditioned media may lead to greater cisplatin resistance (Peltanova et al., 2021). CAF-derived TGF-β1 drives self-renewal and gemcitabine resistance by upregulation of activating transcription factor 4 (ATF4) via the SMAD2/3 pathway (Wei et al., 2021). SRGN facilitates cisplatin resistance via inducing NANOG (Guo et al., 2017). In line, CAF-rooted TGF-β2 can elicit stemness and chemoresistance by enhancing GLI Family Zinc Finger 2 (GLI2) (Tang et al., 2018). CAF-derived exosomes enhance the stemness properties of CD133+ colorectal CSCs, leading to greater chemoresistance to fluorouracil and oxaliplatin (Hu et al., 2015). Additionally, exosomal miR-92a-3p derived from colorectal CAF targets anti-tumor F-box/WD repeat-containing protein 7 (FBXW7) and a modulator of apoptosis 1 (MOAP1), thereby endowing chemoresistance to cancer cells (Hu et al., 2019). In line, exosomal miRNA was demonstrated to confer chemoresistance in prostate cancer (Shan et al., 2020) and head and neck cancer (Qin et al., 2019). CAF-derived exosomal long non-coding RNA (lncRNA) H19 was exhibited to enable stemness expression by sponging miR-141 that targets β-catenin (Ren et al., 2018).

Another mechanism that CAF mediates chemoresistance resides in its ability to remodel the ECM. Studies have demonstrated HA upregulates NANOG/STAT signaling, leading to increased expression of multidrug transporter (MDR1) that contributes to chemoresistance (Bourguignon et al., 2008). In accordance, HA-CD44 interaction mediates stemness signaling that governs miRNA regulation of genes involved in chemoresistance in breast cancer cells (Bourguignon et al., 2009) and HNSCC cells (Bourguignon et al., 2012a, b). HA mediates CD44v3highALDH1highHNSCC CSC via an epigenetic alteration to promote cisplatin chemoresistance (Bourguignon et al., 2016). The ability of CAF to mediate matrix stiffness via MMPs may be an area of interest. Given matrix stiffness regulates stemness and chemoresistance (Ng et al., 2021); how a CAF-mediated ECM fosters a niche that endows chemoresistance warrants further investigations.



Single-Cell RNA Sequencing Identified Cancer-Associated Fibroblast Subsets With Distinct Functions on Cancer Stemness

State-of-the-art single-cell transcriptomic profiling of intrahepatic cholangiocarcinoma (ICC) revealed six distinct fibroblast populations (Zhang et al., 2020). Vascular CAFs (vCAF), the most abundant population, were found to secrete IL6 to promote self-renewal of cancer cells. Of note, the characterization of the function of other CAF subtypes identified such as matrix CAFs, which expressed high ECM signature genes, would be an interesting area of research. Lineage tracing coupled with single-cell RNA sequencing (scRNA-seq) in sophisticated animal models categorized CAF into myofibroblast (myCAF) and inflammatory and growth factor-enriched CAF (iCAF) populations that modulate tumor cell proliferation via distinct mechanisms; the former has a high level of hyaluronan synthase 2 (Has2) that can enhance pro-tumor HA; the latter secretes HGF (Affo et al., 2021). scRNA-seq identified prostaglandin-endoperoxide synthase 2 (Ptgs2)-expressing fibroblasts that expand tumor-initiating stem cells via YAP signaling, whereas ablation of Ptgs2 diminished the occurrence of the small intestine and colon cancers (Roulis et al., 2020). Capturing cellular diversity at single-cell resolution ignites exciting research questions as follows: how cellular and non-cellular components of the TME govern CAF identity? How each subtype contributes to disease progression? How CAFs differentiate or undifferentiate into different subtypes?




POTENTIAL THERAPEUTIC STRATEGY AND CHALLENGES


Targeting Multiple Cancer-Associated Fibroblast-Derived Factors to Circumvent Stemness

As aforementioned (Table 1), cancer-promoting bioactive molecules derived from stromal cells may be targeted using specific neutralizing antibodies, particularly in combination with chemotherapy. However, the promising preclinical results have yet to yield optimistic results in clinical settings. A Phase 2 trial (NCT00433446) examining siltuximab (CNTO328), an anti-IL6 antibody, showed siltuximab did not have clinical benefit for patients with advanced prostate cancer (Dorff et al., 2010). Similarly, the addition of siltuximab (CNTO328) to mitoxantrone/prednisone regimen did not yield improved clinical (NCT00385827) outcomes compared to mitoxantrone/prednisone alone in treating advanced prostate cancer (Fizazi et al., 2012). The Phase 2, single-arm, clinical trial (NCT00992186) explored the efficacy of carlumab (CNTO 888), antibody targeting (CCL2), in patients with metastatic castration-resistant prostate cancer (CRPC), who had undergone docetaxel treatment (Pienta et al., 2013). However, none of the patients treated with carlumab showed partial or complete remission. One key possibility is that, while the CCL2 level was depleted upon carlumab administration, the level rebounded rapidly within a week, thus suggesting carlumab cannot suppress CCL2 for the clinically meaningful duration (Pienta et al., 2013). Nonetheless, the addition of siltuximab to bortezomib-melphalan-prednisone (VMP) demonstrated marginal clinical benefits in multiple myeloma by statistically improving partial response rate (San-Miguel et al., 2014). Together, these imply more precise stratification of patients and usage of biomarkers may result in better clinical outcomes. Of note, several clinical trials are exploring the clinical utility of neutralizing antibodies that target HGF (NCT04368507), MET (NCT04077099), and IL6R (NCT03999749). Aside from neutralizing antibodies, a combination of inhibitors-targeting receptors, including Osimertinib (an EGFR inhibitor) and Savolitinib (MET inhibitors), are being tested in clinical trials (NCT03778229). Notably, MP0250, a drug candidate targeting HGF and VEGF, which have met the safety requirement and demonstrated clinical efficacy, is being tested in combination with existing drugs to treat multiple myeloma (NCT03136653). Given the TME is often accompanied by an upsurge of cytokines and chemokines, targeting multiple factors may promote treatment efficacy.



Depleting Pro-tumor Cancer-Associated Fibroblast

The ability of CAF to endow stemness of cancer cells makes it an intriguing therapy. CAF is shown to be more positively correlated with gene sets associated with poor prognosis compared with epithelial cancer cells, immune cells, and endothelial cells (Calon et al., 2015), substantiating targeting CAF as a potential therapeutic avenue. Studies have demonstrated that αSMA expression represents a marker for worse prognosis in colorectal cancer, indicating myofibroblast abundance is crucial to disease prediction (Tsujino et al., 2007). In accordance, studies conducted in tongue cancer and oral cancer depicted similar results (Vered et al., 2010; Marsh et al., 2011).

However, the heterogeneity of CAF necessitates precise identification of more specific markers as tumor-restraining CAF exists. Genetic deletion of αSMA in mouse models enhances the progression of pancreatic ductal adenocarcinoma (PDAC) as evidenced by a lower survival rate in αSMA-depleted mice (Ozdemir et al., 2014). Interestingly, the myofibroblast-depleted tumor demonstrated enhanced spheroid-forming ability, indicating a greater proportion of CSC. Indeed, identification of CAF subtypes shows they promote or suppress tumor progression in a tissue-dependent manner (Galbo et al., 2021), corroborating the need for further investigation into more CAF-specific markers. Recent work has illuminated the potential therapeutic benefit of targeting tumor-promoting fibroblasts. Administration of GRP77 neutralizing antibody-targeting CAF depletes CAF-secreted IL6 and IL8, thereby abolishing a stem cell-supporting niche and sensitizing breast cancer cells to doxycycline, leading to significant shrinkage of the tumor volume (Su et al., 2018), highlighting the therapeutic potential of targeting precise tumor-promoting CAF.



Rewire Pro-tumor Cancer-Associated Fibroblast Into Quiescent or Anti-tumor Fibroblast

Reeducating pro-tumor CAF into a quiescent state or even anti-tumor CAF is a tempting strategy. Vitamin D metabolite 1α, 25-dihydroxyvitamin D3 [1,25(OH)2D3] is shown to deplete the oncogenic influence of stromal fibroblast to the cancer cells, while 1,25(OH)2D3-treated stromal fibroblast displayed a gene signature that favors a clinical outcome (Ferrer-Mayorga et al., 2017). VDR activation of the stromal fibroblast using calcipotriol, a vitamin D analog, diminished expression of genes involved in growth factors and cytokines, for instance, the IL6 and POSTN, thereby suppressing a tumor-promoting secretome (Sherman et al., 2014). Additionally, the combination treatment of calcipotriol and gemcitabine markedly prolonged survival in preclinical models. Moreover, high vitamin D receptor (VDR) expression in stromal cells predicts favorable survival (Ferrer-Mayorga et al., 2017). All-trans retinoic acid (ATRA), also known as tretinoin, a vitamin A metabolite, renders pancreatic stellate cells into a quiescent state, which, in turn, secreted a greater level of secreted frizzled-related protein 4 (sFRP4) that negatively modulates Wnt signaling of cancer cells in a paracrine manner (Froeling et al., 2011). Indeed, ATRA has passed the safety in Phase I clinical trial (NCT03307148) and will proceed to Phase II (NCT04241276) as encouraging therapeutic responses were observed (Kocher et al., 2020). Given vitamins are essential for healthy tissue and their toxicity is relatively lower compared to chemotherapy, repurposing vitamin analogs to rewire activated fibroblast into a quiescent state may present a viable therapeutic strategy that can be translated into the clinical settings.

Another strategy to rewire the population of fibroblasts is by reprogramming the fibroblast using growth factors as exemplified in the plasticity of CAF found in PDAC. While IL1 induces fibroblast into having an inflammatory phenotype categorized by an elevated cytokines production, TGF-β antagonizes an IL1-induced phenotype and stimulates the fibroblast to adopt a myofibroblastic phenotype with less tumorigenesis, particularly reduced expression of factors promoting cancer stemness such as Il6 and Cxcl12 (Biffi et al., 2019). Together, this rationalizes the option to rewire tumor-promoting into tumor-restraining fibroblast. To account for the ability of the cancer cell to instigate tumor-promoting CAFs, inhibitors may be deployed to circumvent cancer cell-mediated activation of CAF. Breast cancer cells activate CAF via the hedgehog signaling to cultivate a stem cell niche by ECM remodeling and FGF5 secretion that promote docetaxel chemoresistance (Cazet et al., 2018). As such, targeting the crosstalk via smoothened inhibitors (SMOi), a hedgehog-signaling inhibitor, sensitizes triple-negative breast cancer (TNBC) to docetaxel. Concomitantly, inhibition of hedgehogs abrogates the activated stromal cells, thereby augmenting the efficacy of chemotherapy in treating pancreatic cancer (Olive et al., 2009). However, either genetic depletion or pharmacological inhibition of SHH, a ligand that activates pancreatic CAFs, resulted in less stromal composition but also a more aggressive tumor (Rhim et al., 2014), suggesting treatment should be tailored based on tissue and treatment.




FUTURE PERSPECTIVES

Advances in single-cell RNA sequencing may not only aid the characterization of cell types based on their molecular profiles and, subsequently, functions but also have the potential to be used to identify new biomarkers for patient stratification and tailor-personalized medicine (Dominguez et al., 2020). Harnessing single-cell RNA-sequencing to profile CAF at the molecular level, future studies can address outstanding questions, including the origin and development of specific CAF subtypes, identification of biomarkers corresponding to each subtype, how each CAF subtype interacts with its niche, and amenable therapeutic opportunities to tackle tumor-promoting CAF. A more holistic approach investigating the CAF molecular profile, for instance, epitranscriptomic and epigenetics (Delaunay and Frye, 2019; Song et al., 2020), may unravel novel insights into how CAF shuttles between cell types. Recent studies have unmasked that the altered epigenetics profile between CAF and NF allows the former to generate greater levels of WNT5A that confers malignancy to the neoplastic cells (Maeda et al., 2020). A critical unmet knowledge gap in our understanding of CAF function is if juxtracrine signaling between CAF and cancer cells affects cancer stemness.

Given the TME is a dynamic region with various cell types actively contributing to tumor progression, merely focusing on targeting a single aspect seems unlikely to yield any long-term therapeutic benefit. For example, targeting niche factors alone may not be sufficient to eradicate the tumor due to the inclination of cancer cells to evolve into a niche-independent malignancy as the disease progresses (Fujii et al., 2016). Therefore, comprehensive characterization of cell types and their respective functions in the TME may pave the way for a multimodal approach to improve cancer treatment.
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Dephosphorylation of Caveolin-1 Controls C-X-C Motif Chemokine Ligand 10 Secretion in Mesenchymal Stem Cells to Regulate the Process of Wound Healing
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Mesenchymal stem cells (MSCs) secrete cytokines in a paracrine or autocrine manner to regulate immune response and tissue regeneration. Our previous research revealed that MSCs use the complex of Fas/Fas-associated phosphatase-1 (Fap-1)/caveolin-1 (Cav-1) mediated exocytotic process to regulate cytokine and small extracellular vesicles (EVs) secretion, which contributes to accelerated wound healing. However, the detailed underlying mechanism of cytokine secretion controlled by Cav-1 remains to be explored. We show that Gingiva-derived MSCs (GMSCs) could secrete more C-X-C motif chemokine ligand 10 (CXCL10) but showed lower phospho-Cav-1 (p-Cav-1) expression than skin-derived MSCs (SMSCs). Moreover, dephosphorylation of Cav-1 by a Src kinase inhibitor PP2 significantly enhances CXCL10 secretion, while activating phosphorylation of Cav-1 by H2O2 restraints CXCL10 secretion in GMSCs. We also found that Fas and Fap-1 contribute to the dephosphorylation of Cav-1 to elevate CXCL10 secretion. Tumor necrosis factor-α serves as an activator to up-regulate Fas, Fap-1, and down-regulate p-Cav-1 expression to promote CXCL10 release. Furthermore, local applying p-Cav-1 inhibitor PP2 could accelerate wound healing, reduce the expression of α-smooth muscle actin and increase cleaved-caspase 3 expression. These results indicated that dephosphorylation of Cav-1 could inhibit fibrosis during wound healing. The present study establishes a previously unknown role of p-Cav-1 in controlling cytokine release of MSC and may present a potential therapeutic approach for promoting scarless wound healing.
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INTRODUCTION

Wound healing is a complex process involving increased proliferation, adhesion, and migration of cells from connective tissue and epithelium, inflammatory reactions, and extracellular matrix remodeling. Oral gingival and mucosal wounds heal faster with minimal scar formation than cutaneous wounds (Hu et al., 2014). Mesenchymal stem cells (MSCs), capable of self-renewal and differentiation into mesenchymal and non-mesenchymal lineages (Abe et al., 2012), are essential players in maintaining tissue homeostasis (Gronthos et al., 2006). As resident cells, MSCs from the gingival or skin play an important role during the wound healing process (Li et al., 2018). However, the detailed mechanism by which MSCs contribute to wound healing is still not fully understood.

Numerous secreted factors, including cytokines, growth factors, chemokines, contribute to the remolding process of cutaneous wound healing (Forbes and Rosenthal, 2014; Rani et al., 2015). MSCs secrete cytokines in a paracrine or autocrine manner to regulate immune response and tissue regeneration. Gingiva-derived MSCs (GMSCs) have a distinct neural crest origin and show characteristics of self-renewal, multipotent differentiation, and immunomodulatory capacities both in vitro and in vivo (Zhang et al., 2009; Xu et al., 2013). Our previous study showed that GMSCs displayed different secretion profiles compared with skin-derived MSCs (SMSCs) and produce a higher amount of interleukin-1 receptor antagonist (IL-1RA) to accelerate gingival and cutaneous wound healing in mice (Kou et al., 2018). However, the critical role of other cytokines secreted by MSCs in wound healing has not been elucidated except IL-1RA.

Previously, we found that MSCs use Fas/Fas-associated phosphatase-1 (Fap-1) complex combined with the caveolin-1 (Cav-1) to activate the exocytotic process, secrete cytokines, and small EVs (Kou et al., 2018). However, the detailed underlying mechanism of cytokine secretion controlled by Cav-1 remains obscure. Cav-1 is a scaffold protein and the main protein component of caveolae. It participates in various cellular functions, including transcytosis, potocytosis, signal transduction endocytosis, proliferation, and differentiation (Predescu et al., 1997; Zhang et al., 2021). Cav-1 tyrosine 14 (Y14) is the primary phosphorylation site targeted by Src (Huang and He, 2017). The increase of phospho-Cav-1 (p-Cav-1) versus total Cav-1 is related to the reducing plasma membrane-attached caveolae and a simultaneous increase of cytoplasmic vesicles (Zimnicka et al., 2016). Studies suggest that phosphorylation of Cav-1 is associated with the formation and internalization of caveolae. Previous research also revealed that Y14 phosphorylation regulates divergent actions on stem cells, such as migration, proliferation, and survival (Park and Han, 2009). We thus hypothesized that phosphorylation of Cav-1 might regulate the secretion process of MSCs. In the current study, we show that dephosphorylation of Cav-1 controls the cytokine secretion capacity of MSCs to secrete a higher amount of C-X-C motif chemokine ligand 10 (CXCL10) and may serve as a potential therapeutic approach for promoting scarless wound healing.



MATERIALS AND METHODS


Animals

Female C57BL/6J, B6.MRL-Faslpr/J (MRL/lpr, Fas-deficient), and B6.Cg-Cav1TM 1Mls/J (Cav-1 knockout) mice were purchased from the Jackson Laboratory (Bar Harbor, ME, United States) and Laboratory Animal Center of Sun Yat-sen University. Age-matched 8–10-week female mice from the same background were used in all experiments. All the animals were fed under specific pathogen-free conditions with an ambient temperature of 24°C, 55–65% relative humidity, and a 12:12 h light:dark cycle. Animal experiments were performed under protocols institutionally approved by Animal Care and Use Committee of Sun Yat-sen University (SYSU-IACUC-2021-000118).



Reagents and Chemicals

Src kinase inhibitor 4-amino-5-(4-chlorophenyl)-7-(t-butyl) pyrazolo[3,4-d]pyrimidine (PP2) was purchased from Sigma-Aldrich (St. Louis, MO, United States). Recombinant mice tumor necrosis factor-α (TNF-α) (315-01A), interferon-γ (IFN-γ) (500-P119) was purchased from PeproTech (Rocky Hill, NJ, United States). Fas (sc-2931) and Fap-1 (sc-145067) small interfering RNA (siRNA) was purchased from Santa Cruz Biotechnology (Santa Cruz, CA, United States). LipofectamineTM RNAiMAX transfection reagent (#13778030) was purchased from Thermo Fisher Scientific (Waltham, MA, United States). Mouse Cytokine Array Panel A (ARY006) was obtained from R&D system (Minneapolis, MN, United States). Mouse CXCL10 enzyme-linked immunosorbent assay (ELISA) Kit (ab214563) was purchased from Abcam (Cambridge, MA, United States). DeadEndTM Fluorometric TUNEL System (G3250) was purchased from Promega (Madison, WI, United States).



Antibodies

Anti-Fas antibody (05-351) was purchased from Millipore (Burlington, MA, United States). Anti-Fap-1 (MBS242520) were purchased from MyBioSource (MyBioSource, CA, United States). Anti-CXCL10 (sc-374092), Cav-1 (7C8) antibodies were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, United States). Anti-Caspase-3 (5A1E), Cleaved Caspase-3 (Asp175), Anti-p-Cav-1 (3251), proliferating cell nuclear antigen (PCNA) (2586s) were purchased from Cell Signaling Technology (Danvers, MA, United States). Anti-α-smooth muscle actin (α-SMA) antibody was purchased from eBioscience (14-9760-82). Anti-actin (A2066) antibody was purchased from Sigma-Aldrich (St. Louis, MO, United States). Collagen I (bs-10423R) and Collagen III (bs-0549R) were purchased from Bioss (Cambridge, MA, United States). Alexa Fluor 488, Alexa Fluor 568, and Alexa Fluor 647 secondary antibodies were purchased from Invitrogen (Carlsbad, CA, United States).



Isolation of Mouse and Human Gingival, and Skin Mesenchymal Stem Cells

Murine GMSCs and SMSCs were isolated and cultured as reported by our previous study (Zhang et al., 2009; Xu et al., 2013; Kou et al., 2018). To put it simply, gingival tissue around the molars and dorsal skin tissues of mice were separated and minced. Then tissues were incubated in 2 mg/ml collagenase type I (Worthington Biochemical) and 4 mg/ml dispase II (Roche Diagnostics) in phosphate-buffered saline (PBS) for 1 h at 37°C. Single cell suspension was obtained by filtering through a 70 μm cell strainer (BD Biosciences). And then, cells were seeded in 10 cm diameter culture dish (Corning, NY, United States) in complete media containing alpha minimum essential medium (α-MEM, Invitrogen) supplemented with 20% fetal bovine serum (FBS), 2 mM L-glutamine, 55 mM 2-mercaptoethanol, 100 U/ml penicillin, and 100 μg/ml streptomycin (Invitrogen) at 37°C in 5% CO2. After an initial incubation for 48 h, the cultures were washed with PBS to eliminate the non-adherent cells. Colony-forming attached cells were cultured for another 7 days and then passaged with TrypLETM Express Enzyme (Thermo Fisher Scientific) once for further experimental use.

Human gingiva and skin were obtained as remnant or discarded tissues following routine procedures at Guanghua School and Hospital of Stomatology, Sun Yat-sen University, under the protocol approved by the Medical Ethics Committee of Hospital of Stomatology, Sun Yat-sen University (KQEC-2021-23-01). Tissues were minced aseptically and digested as previously mentioned. Cell suspension was filtered through a 70 μm cell strainer; plated in 100-mm culture dishes with α-MEM containing 15% FBS, 2 mM L-glutamine, 100 U/ml penicillin, and 100 μg/ml streptomycin, 10 mM L-ascorbic acid phosphate and cultured at 37°C in a humidified culture incubator with 5% CO2. The plastic-adherent cells were passaged and maintained in the complete growth medium. Cells from second to sixth passages were used in the experiments.



Transfection of Small Interfering RNA in GMSCs

GMSCs were passaged on a culture plate and were 50–70% confluent at the time of transfection. Fas, Fap-1, and Cav-1 siRNA (Santa Cruz Biotechnology) were used to treat the GMSCs according to the manufacturer’s instructions. Non-targeting control siRNA (Santa Cruz Biotechnology) was used as negative controls. Transfected GMSCs were incubated at 37°C for 48 h before further assay. The efficiency of siRNA knockdown was confirmed by western blotting analysis. Transfected cells were then treated with different concentrations of IFN-γ or TNF-α for 24 h, cells were used for protein extraction for western blotting, and the culture supernatants were used for ELISA.



Cytokine Array and Enzyme-Linked Immunosorbent Assay Analysis

Total 0.4 × 106 cells were seeded in 6-well plate, after the cell were attached, cells were serum deprived for 12 h and then treated with different stimuli for 48 h. Cell supernatant were collected and centrifuged at 2000 g for 10 min. And then supernatant were analyzed using a Mouse Cytokine Array Panel A Array Kit (R&D Systems) according to the manufacturer’s instructions. The results were scanned and analyzed using ImageJ software. CXCL10 levels of the cell culture supernatant were measured by ELISA kit according to the manufacturer’s protocol.



Western Blotting

Total protein from cells and tissues were extracted using M-PER mammalian protein extraction reagent (Thermo Fisher Scientific, United States) with protease and phosphatase inhibitors cocktail (Thermo Fisher Scientific, United States). According to the manufacturer’s instructions, proteins from cytoplasmic and membrane fractions were extracted using Mem-PER Plus Membrane Protein Extraction Kit (Thermo Fisher Scientific). Briefly, adherent cells were lysed with a permeabilization buffer and centrifuged at 16,000 g for 15 min to separate the cytosolic and membrane proteins. Then, the cytosolic proteins were extracted from the supernatant, and the pellet was lysed again in a solubilization buffer to collect the membrane-associated proteins. Proteins were quantified using the BCA protein assay kit (Thermo Scientific, United States) following the manufacturer’s instructions. Then, 20 μg of proteins was separated by electrophoresis with 12% SDS-PAGE gel, and transferred onto a polyvinylidene difluoride membrane (Millipore, United States). Membranes were blocked with 5% BSA and 0.1% Tween 20 for 1 h, followed by overnight incubation with the primary antibodies at 4°C. The membranes were then incubated under room temperature for 1 h in species-related horseradish peroxidase-conjugated secondary antibody (Santa Cruz Biotechnology) and detected using SuperSignal West Pico Chemiluminescent Substrate (Thermo Fisher Scientific) and Biomax film (Bio-Rad); the sensitivity of this substrate was chosen to detect low-picogram amounts of protein in polyvinylidene difluoride membrane. β-actin was used as the internal loading control.



Wound Healing in Mice

A 1.5 cm × 1.5 cm full-thickness wounds were created in the dorsal skin of the mice. Seven days after surgery, wounds were topically submucosally injected with 100 μl placebo (PBS) or 100 μl PP2 (50 mg/kg body weight) in PBS every other day. Digital photographs of the cutaneous wounds were taken, including a ruler for scale. The percentage of wound closure (expressed as a percentage of the initial wound area) was quantified on photographs using ImageJ public domain software (NIH, Bethesda, MD, United States). Mice were sacrificed and tissues around the wound were harvested 14 days later.



Histology

For histological analyses, the excised skin from wound sites was fixed in 4% formalin overnight, dehydrated with a graded-alcohol series, embedded in paraffin, and sectioned perpendicularly to the wound surface into 5-μm-thick sections. Hematoxylin and eosin (H&E) staining was used for histological observations. Masson’s trichrome staining (Trichrome Stain LG Solution, Sigma-Aldrich) was applied to determine the degree of collagen maturity according to the manufactures’ instructions. For immunofluorescent staining, wound tissue was fixed in 4% paraformaldehyde overnight, dehydrated in 30% sucrose solution, embedded in OCT, and sectioned perpendicularly to the wound surface into 5-μm-thick sections.



Immunofluorescence Study

Cells growing on coverslips were fixed in 4% paraformaldehyde, permeabilized with 0.2% Triton-X, blocked with blocking buffer (5% BSA, 0.3% Triton-100 in 1× PBS) for 1 h at RT. Subsequently, coverslips were incubated with the primary antibodies overnight and then stained with secondary antibodies in the dark at room temperature for 1 h. Then, slides were mounted with Vectashield mounting medium containing 4’,6-diamidino-2-phenylindole (DAPI) (Vector Laboratories Burlingame, United States). Isotype-matched control antibodies (Invitrogen) were used as negative controls. Images were acquired using a Carl Zeiss Airscan LSM-900 confocal microscope or Zeiss Elyra 7 with Lattice SIM and analyzed using the Zen 2.3 SP1 software, Blue Edition. Three-dimensional reconstruction of 2D Z-stack data from SIM-microscope was performed using IMARIS software (Oxford).



TUNEL Assay

Excised skin slices were obtained and incubated with permeabilization solution (PBS; 0.1% Triton X-100; 0.1% sodium citrate) for 2 min on ice and then the slices were incubated with a TUNEL reaction mix for 30 min at 37°C, two additional washing steps were performed, and the cells were then stained with DAPI for a further 7 min. The number of TUNEL-positive stained cells was divided by the number of DAPI-stained nuclei. The stained cells were analyzed using Zeiss LSM 900 confocal microscope with a 63× oil immersion objective.



Statistical Analysis

All data are shown as mean ± SD. Statistical analysis was performed by GraphPad Prism 8 (GraphPad Software, San Diego, CA, United States). Comparisons between two groups were analyzed using independent unpaired two-tailed Student’s t-tests. Differences between more than two groups were assessed by one-way analysis of variance (ANOVA) with Tukey’s post hoc test. P-values < 0.05 were considered statistically significant.



RESULTS


GMSCs Produce and Secrete Higher Amounts of C-X-C Motif Chemokine Ligand 10 Than SMSCs

In order to confirm the different secretion profiles between GMSCs and SMSCs, we compared the cytokine secretion pattern in the culture supernatant of murine GMSCs and SMSCs using the Proteome Profiler Cytokine Array. We found that in addition to previously reported IL-1RA (Kou et al., 2018), GMSCs also secreted a higher amount of CXCL10, a potent chemokine for activated T lymphocytes, compared to SMSCs (Figure 1A). ELISA analysis further confirmed that GMSCs secreted a higher level of CXCL10 (Figure 1B). In addition, western blotting analysis showed that both human and mouse GMSCs expressed elevated CXCL10 than SMSCs (Figure 1C and Supplementary Figure 1A). Next, we showed that CXCL10 was co-expressed with MSC markers CD73 in both GMSCs and SMSCs (Figure 1D).
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FIGURE 1. Murine GMSCs produce and secrete higher amounts of CXCL10 than SMSCs. (A) Cytokine array analysis of cytokines in cell culture supernatant from mouse GMSCs and SMSCs. Equal volume of cell culture supernatant were taken from 48 h incubation of 0.4 × 106 cells. (B) ELISA analysis of CXCL10 in the culture supernatant of GMSCs and SMSCs. (C) Western blotting analysis showed that the protein expression of CXCL10 was higher in GMSCs than SMSCs. β-Actin was used as a protein loading control. (D) CXCL10 (green) co-expressed with the MSC marker CD73 (red) in GMSCs and SMSCs as analyzed by immunocytofluorescence staining. Scale bar, 20 μm. All results are representative of data obtained from at least three independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001. Error bars are means ± SD. Data were analyzed using independent unpaired two-tailed Student’s t-tests.




GMSCs Displayed Lower Caveolin-1 Phosphorylation Than SMSCs

Our previous research revealed that GMSCs use the Fas/Fap-1/Cav-1 cascade to regulate cytokine and EV secretion (Kou et al., 2018). Previous research revealed that phosphorylation of Cav-1 is associated with the formation and internalization of caveolae and is involved in lots of cellular functions (Han et al., 2021). Tyrosine residue Y14 located at the NH2-terminus of Cav-1 protein, is the premier phosphorylation site (Shi et al., 2021). We thus speculated that change of Cav-1 Y14 phosphorylation status might contribute to Fas/Fap-1/Cav-1 cascade-controlled cytokine secretion of MSCs. Western blotting analysis revealed that Cav-1 Y14 phosphorylation in human and mouse GMSCs was lower than in SMSCs, while this trend was not observed in Cav-1 expression (Figure 2A and Supplementary Figure 1A). Semi-quantification analysis confirmed the significant difference of p-Cav-1 between GMSCs and SMSCs (Supplementary Figure 2). To further confirm the difference of Cav-1 phosphorylation between GMSCs and SMSCs, we performed immunofluorescent staining and used super-resolution structured illumination microscopy (SIM) to show that despite similar membrane located p-Cav-1 signal in both GMSCs and SMSCs, cytoplasmic p-Cav-1 was weaker in human and mouse GMSCs than SMSCs (Figure 2B and Supplementary Figures 1B, 3). On the other hand, although Cav-1 signal intensity did not show a significant difference between GMSCs and SMSCs, Cav-1 signal was nearly completely absent from p-Cav-1 in GMSCs, and lots of Cav-1 signals were colocalized with p-Cav-1 (indicated by merged yellow signal) in SMSCs (Figure 2B). In many cell types, caveolae are usually single or in chains or grape-like clusters (Stan, 2005). The three-dimensional reconstruction of SIM (3D-SIM) images further showed that the patterns of p-Cav-1 on the cell membrane of the two kinds of MSCs were different. Specifically, p-Cav-1 caveolae clusters on the GMSCs cell membrane were larger and plump, while the p-Cav-1 structure on SMSCs cell membrane was smaller and slender. 3D-SIM images further revealed that even the membrane p-Cav-1 has a different pattern.
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FIGURE 2. Murine GMSCs displayed lower Cav-1 phosphorylation than SMSCs. (A) Western blotting analysis showed the expression of p-Cav-1 and Cav-1 in GMSCs and SMSCs. (B) Higher resolution images of Cav-1 (red) and p-Cav-1 (green) in MSCs captured by SIM microscopy. Scale bar, 20 μm. Right panel, 3D reconstruction of 2D Z-stack data showed the different steric structures of p-Cav-1 in GMSCs and SMSCs. Scale bar, 2 μm. (C) Immunofluorescence analysis showed that p-Cav-1 or Cav-1 (green) co-localized with the MSC marker CD73 (red) in GMSCs. Scale bar, 200 μm. (D) Representative immunofluorescence staining images of p-Cav-1 and Cav-1 (green) in GMSCs at indicated time point after seeding to the culture plate. Time dependent p-Cav-1 translocation could be observed. Scale bar, 50 μm.


Next, we confirmed that p-Cav-1 and Cav-1 signal was co-expressed with MSC marker CD73 (Figure 2C). Phosphorylation of Cav-1 is associated with the formation of caveolae, and we found most of the p-Cav-1 signal located on the cell edge. We, therefore, investigated the dynamic change of Cav-1 phosphorylation during the cell attachment process of suspended GMSCs. In the suspended GMSCs (1 h group), p-Cav-1 was dispersed throughout the intracellular compartment, where it was almost wholly co-localized with Cav-1. When the cells were attached, p-Cav-1 showed time-dependent translocation from the intracellular compartment to the plasma membrane, leading to increased p-Cav-1-labeled cell region of the GMSCs (Figure 2D).



Dephosphorylation of Caveolin-1 Controlled C-X-C Motif Chemokine Ligand 10 Secretion in GMSCs

GMSCs secreted a higher amount of CXCL10 and expressed decreased p-Cav in contrast to SMSCs (Figures 1, 2). Our previous study revealed that the complex of Fas/Fap-1/Cav-1 controlled EV/cytokine release (Kou et al., 2018). Here, we hypothesized that dephosphorylation of Cav-1 might control the secretion of CXCL10 in MSCs. Src kinase inhibitor 4-amino-5-(4-chlorophenyl)-7-(t-butyl) pyrazolo[3,4-d] pyrimidine (PP2) is an efficient Cav-1 phosphorylation inhibitor (Zimnicka et al., 2016). After PP2 treatment, GMSCs showed dose-dependent Cav-1 dephosphorylation on Y14, along with an increased accumulation of intercellular CXCL10 (Figure 3A). Meanwhile, CXCL10 secretion into the culture supernatant was elevated in a PP2 dose-dependent manner (Figure 3B). Acute H2O2 exposure can serve as a Cav-1 Y14 phosphorylation activator (Chen et al., 2005). After H2O2 treatment, GMSC showed a dose-dependent increase of Cav-1 phosphorylation on Y14, along with a decreased accumulation of intercellular CXCL10 (Figure 3C). Meanwhile, CXCL10 secretion into the culture supernatant was decreased in a H2O2 dose-dependent manner (Figure 3D). These data suggested that dephosphorylation of Cav-1 contributes to CXCL10 secretion in GMSCs.
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FIGURE 3. Dephosphorylation of Cav-1 controlled CXCL10 secretion in murine GMSCs. (A) Western blotting analysis showed cytoplasmic protein expression of p-Cav-1, Cav-1, and CXCL10 of GMSCs treated with different dose of PP2 for 2 h. (B) ELISA analysis of CXCL10 secretion in the culture supernatant from GMSCs treated with different dose of PP2 for 24 h. *P < 0.05 compared with control group. (C) Western blotting analysis showed cytoplasmic protein expression of p-Cav-1, Cav-1, and CXCL10 of GMSCs treated with different dose of H2O2 for 0.5 h. (D) ELISA analysis of CXCL10 secretion in the culture supernatant from GMSCs treated with different dose of H2O2 for 24 h. **P < 0.01 compared with control group. (E) Western blotting analysis showed absent expression of Cav-1 and p-Cav-1 and decreased cytoplasmic CXCL10 in Cav-1–/– GMSCs. (F) Knocking out of Cav-1 elevated CXCL10 secretion into the culture supernatant of GMSCs as analyzed by ELISA. ***P < 0.001 compared with WT GMSCs control. (G) Western blotting analysis confirmed the efficiency of Cav-1 siRNA, and showed that knocking down of Cav-1 decreased cytoplasmic CXCL10 in GMSCs. (H) Knocking down of Cav-1 elevated CXCL10 secretion in the culture supernatant of GMSCs as analyzed by ELISA. **P < 0.01 compared with GMSCs treated with control siRNA. All results are representative of data generated in at least three independent experiments. Error bars are means ± SD. Data were analyzed using independent unpaired two-tailed Student’s t-tests or one-way ANOVA.


To further confirm this phenomenon, GMSCs from Cav-1–/– mice were used. Accompany with the absence of p-Cav-1, Cav-1–/– GMSCs showed decreased intercellular accumulation of CXCL10, but secreted a higher amount of CXCL10 in the culture supernatant compared to WT control GMSCs (Figures 3E,F). Next, we used siRNA to knock down Cav-1 and repress the phosphorylation of Cav-1 in GMSCs. We found that cytoplasmic CXCL10 expression was decreased, but CXCL10 secretion into the culture supernatant was elevated (Figures 3G,H). These data suggest that dephosphorylation of Cav-1 may control CXCL10 secretion in GMSCs.



Fas Controlled Dephosphorylation of Caveolin-1 and C-X-C Motif Chemokine Ligand 10 Secretion

Previously study showed that Fas and Fap-1 complex bind to Cav-1 to control sEV/cytokine release (Kou et al., 2018). We thus speculated whether Fas and Fap-1 control dephosphorylation of Cav-1 and CXCL10 secretion. Western blotting showed that GMSCs from Fas-deficient MRL/lpr mice showed an elevated level of p-Cav-1 and decreased expression of CXCL10, along with the diminished secretion of CXCL10 to the culture supernatant (Figures 4A,B). When Fas expression was knocked down in GMSCs by siRNA, p-Cav-1 level in GMSCs was elevated along with repressive capacity of CXCL10 secretion into the culture supernatant (Figures 4C,D). These data suggested Fas controlled dephosphorylation of Cav-1 and secretion of CXCL10. Interestingly, we found that CXCL10 expression was declined in both Fas-deficient MRL/lpr GMSCs and Fas siRNA-treated GMSCs (Figures 4A,C), which suggested Fas may also control the expression of CXCL10.
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FIGURE 4. Fas controlled dephosphorylation of Cav-1 and CXCL10 release in murine GMSCs. (A) Western blotting analysis of p-Cav-1, Cav-1, and CXCL10 in GMSCs from Fas-deficient MRL/lpr mice. (B) Knocking out of Fas down-regulated CXCL10 secretion in GMSCs culture supernatant as analyzed by ELISA. ***P < 0.001 compared with WT GMSCs control. (C) Western blotting analysis confirmed the efficiency of Fas siRNA, and showed that knocking down of Fas up-regulated p-Cav-1 expression and reduced cytoplasmic CXCL10 in GMSCs. (D) Knocking down of Fas decreased CXCL10 secretion in the culture supernatant of GMSCs as analyzed by ELISA. *P < 0.05 compared with GMSCs treated with control siRNA. (E) Higher resolution images of Cav-1 (red) and p-Cav-1 (green) in MSCs captured by SIM microscopy. Scale bar, 20 μm. Right panel, 3D reconstruction of 2D Z-stack data showed the different steric structures of p-Cav-1 in GMSCs and MRL/Lpr GMSCs. Scale bar, 2 μm. (F) Immunocytofluorescence staining images of p-Cav-1, Cav-1, (green) and Fas (red) in GMSCs. Scale bar, 20 μm. All results are representative of data generated in at least three independent experiments. Error bars are means ± SD. Data were analyzed using independent unpaired two-tailed Student’s t-tests.


To further confirm the Fas-controlled dephosphorylation of Cav-1, we performed immunofluorescent staining and used SIM microscopy to show that cytoplasmic p-Cav-1 signal was weaker in WT GMSCs than in Fas-deficient MRL/lpr GMSCs (Figure 4E). Although Cav-1 signal intensity did not show a significant difference between WT GMSCs and Fas-deficient MRL/lpr GMSCs, the Cav-1 signal showed marked clustering in the cytoplasm of Fas-deficient MRL/lpr GMSCs (Figure 4E). On the other hand, the Cav-1 signal was nearly completely absent from p-Cav-1 in WT GMSC, and most of Cav-1 signal was co-localized with p-Cav-1 (indicated by merged yellow signal) in Fas-deficient MRL/lpr GMSCs (Figure 4E). The 3D-SIM images further showed that p-Cav-1 structure on Fas-deficient MRL/lpr GMSCs membrane was smaller and slender than in the WT GMSCS (Figure 4E). The phenomenon was also observed in SMSCs (Figure 2B).

Next, we performed immunocytofluorescence staining to show the interaction of Fas with p-Cav-1 or Cav-1 in WT GMSCs. We found that the distribution patterns of Fas and p-Cav-1 were different in the cytoplasm and membrane of GMSCs (Figure 4F). Whereas Fas and Cav-1 signals showed similar distribution, and co-localization of Fas and Cav-1 was detected in the cytoplasm and membrane of GMSCs (Figure 4F). These data indicated Fas contribute to the dephosphorylation of Cav-1 and may bind to dephosphorylated Cav-1 to control CXCL10 secretion in MSCs (Figure 4F).



Fas-Associated Phosphatase-1 Controlled Dephosphorylation of Caveolin-1 and C-X-C Motif Chemokine Ligand 10 Secretion

Fas-associated phosphatase-1 is a protein tyrosine phosphatase and can binding to the cytosolic domain of Fas. It is also a critical component of the Fas/Fap-1/Cav-1 complex (Sato et al., 1995; Kou et al., 2018). To assess the functional role of Fap-1 in dephosphorylation of Cav-1 and CXCL10 release, we used siRNA to knock down Fap-1 expression (Figure 5A). We found that Fap-1 knockdown leads to increase of Cav-1 phosphorylation and reduced intercellular CXCL10 accumulation, along with a decrease of CXCL10 secretion into the culture supernatant (Figure 5B). In addition, Fap-1 knockdown did not affect the expression of Fas and Cav-1 (Figure 5A). Immunofluorescence staining further confirmed that Fap-1 knockdown lead to the increase of cytoplasmic p-Cav-1 (Figure 5C). In addition, Cav-1 signal showed marked clustering in the cytoplasm in Fap-1 knockdown GMSCs (Figure 5D).
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FIGURE 5. Fas-associated phosphatase-1 controlled dephosphorylation of Cav-1 and CXCL10 release in murine GMSCs. (A) Western blotting analysis was used to confirm the efficiency of Fap-1 siRNA, and knocking down of Fap-1 up-regulated p-Cav-1 expression but reduced cytoplasmic CXCL10. (B) ELISA analysis showed that knocking down of Fap-1 decreased CXCL10 secretion in the culture supernatant of GMSCs. *P < 0.05. (C) Immunocytofluorescence staining images of p-Cav-1 (green) and Fap-1 (red) in WT control and Fap-1 deficient GMSCs. Scale bar, 20 μm. (D) Immunocytofluorescence staining images of Cav-1 (green) and Fap-1 (red) in WT control and Fap-1 deficient GMSCs. Scale bar, 20 μm. All results are representative of data generated in at least three independent experiments. Error bars are means ± SD. Data were analyzed using independent unpaired two-tailed Student’s t-tests.




Tumor Necrosis Factor-α Up-Regulates Fas and Fas-Associated Phosphatase-1 to Dephosphorylate Caveolin-1 to Activate C-X-C Motif Chemokine Ligand 10 Secretion

Mesenchymal stem cells function can be elicited by inflammatory cytokines such as TNF-α and IFN-γ. We, therefore, speculated whether TNF-α and IFN-γ could promote the secretion of CXCL10 by MSCs. We found that both TNF-α and IFN-γ significantly enhanced the secretion of CXCL10 in the culture supernatant in a dose-dependent manner (Figure 6A). Furthermore, TNF-α was more efficient to induce the secretion of CXCL10 than IFN-γ, so we used TNF-α in the following experiments. To test whether TNF-α affects Fas/Fap-1 controlled Cav-1 dephosphorylation and Cav-1 dephosphorylation-related CXCL10 secretion, we showed that TNF-α treatment up-regulated the expression of Fas or Fap-1 but not Cav-1 in WT GMSC, MRL/lpr GMSCs, and Fap-1 siRNA-treated GMSCs (Figures 6B,C), which was consistent with our previous study (Kou et al., 2018). In addition, TNF-α treatment induced a marked decrease of Cav-1 phosphorylation in WT GMSC but only slightly reduced p-Cav-1 level in MRL/lpr GMSCs and Fap-1 siRNA-treated GMSCs (Figure 6B). Moreover, TNF-α treatment induced elevated intracellular accumulation of CXCL10 in MRL/lpr GMSCs and Fap-1 siRNA-treated GMSCs, along with the attenuated secretion of CXCL10 into the culture supernatant when compared to WT control GMSCs (Figures 6D,E). These data suggested that TNF-α may serve as an activator to enhance CXCL10 release through dephosphorylation of Cav-1 and up-regulation of Fas and Fap-1.


[image: image]

FIGURE 6. Tumor necrosis factor-αTNF-α up-regulates Fas and Fap-1 to dephosphorylate Cav-1 to activate CXCL10 secretion in murine GMSCs. (A) ELISA analysis of CXCL10 secretion in the culture supernatant from WT GMSCs treated with indicated dose of TNF-α or IFN-γ. ***P < 0.001, TNF-α or IFN-γ treated GMSCs versus control; #P < 0.05, ##P < 0.01, TNF-α treated GMSCs versus IFN-γ treated GMSCs. (B) Western blotting analysis of Fap-1, Fas, p-Cav-1, Cav-1, CXCL10 protein expression of WT GMSCs and MRL/Lpr GMSCs with or without TNF-α (20 ng/ml) treatment. (C) Western blotting analysis of Fap-1, Fas, p-Cav-1, Cav-1, CXCL10 expression of control and Fap-1 siRNA-treated GMSCs with or without TNF-α (20 ng/ml) treatment. (D) ELISA analysis of CXCL10 secretion in the culture supernatant from WT GMSCs, MRL/lpr GMSCs with or without TNF-α (20 ng/ml) treatment for 48 h. **P < 0.01, ***P < 0.001. (E) ELISA analysis of CXCL10 secretion in the culture supernatant from control and Fap-1 siRNA-treated GMSCs with or without TNF-α (20 ng/ml) treatment for 48 h. *P < 0.05*, **P < 0.01, ***P < 0.001. (F) Immunocytofluorescence staining of GMSCs at various time points after TNF-α (20 ng/ml) treatment. p-Cav-1 (green) translocation from the cell membrane to the cytoplasm was indicated. Scale bar, 20 μm. (G) Western blotting analysis of protein expression of p-Cav-1, Cav-1 in cell membrane and cytoplasm. The results confirmed the translocation of p-Cav-1 from the cell membrane to cytoplasm upon TNF-α treatment. All results are representative of data generated in at least three independent experiments. Error bars are means ± SD. Data were analyzed using independent unpaired two-tailed Student’s t-tests.


Next, we used immunofluorescent staining to show that Cav-1 translocated to the cell membrane region at 15–45 min after TNF-α treatment. Simultaneously, p-Cav-1 signal was disappeared from the membrane and was dispersed throughout the cytoplasm after TNF-α treatment (Figure 6F). Western blotting further confirmed that TNF-α treatment decreased p-Cav-1 and increased Cav-1 expression in the cell membrane, but increased Cav-1 phosphorylation in the cytoplasm (Figure 6G). These data indicated that TNF-α treatment induces dephosphorylation of membrane p-Cav-1 to control Fas/Fap-1-mediated CXCL10 release.



Dephosphorylation of Caveolin-1 Control Wound Healing Process

Oral gingival/mucosal wounds heal faster than cutaneous wounds and exhibit minimal scar formation (Hakkinen et al., 2000). We found that GMSCs showed lower expression of p-Cav-1 (Figure 2A) and higher production of CXCL10 than SMSCs (Figure 1C). CXCL10 is capable of inhibiting the migration of dermal fibroblasts by blocking their release from the substratum. We thus hypothesized whether dephosphorylation of Cav-1 and CXCL10 production could promote cutaneous wound healing. Src kinase inhibitor PP2 was locally injected around the wound sites every 2 days, 7 days after wounding. We found that PP2 injection decreased Cav-1 phosphorylation and promoted CXCL10 production around the cutaneous wound area (Figures 7A,B). More importantly, mice treated with PP2 showed accelerated wound closure at 9 and 11 days post-wounding compared to control mice (Figures 7C,D). H&E and Masson’s trichrome staining showed that almost whole epithelialization and excessive collagen formation were detected 14 days post-wounding, while PP2 injection reduced massive collagen deposition to a normal level (Figures 7E,F and Supplementary Figure 4). Immunofluorescent staining of Collagen I and Collagen III confirmed that PP2 treatment diminished collagen deposition at the wound areas (Figure 7G).
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FIGURE 7. Dephosphorylation of caveolin-1 controls wound healing process in mice. (A) Scheme diagram illustrating the cutaneous wound procedure in C57BL/6 mice and treatment with PP2 or PBS. (B) Immunocytofluorescence staining of p-Cav-1 (green) and CXCL10 (red) in the wound area in control and PP2 treated group. Scale bar, 100 μm. Magnified images of the boxed region are showed in the upper right boxes. (C) Representative macroscopic images of cutaneous wound area in mice after treatment with and without PP2. (D) Quantification of wound area in mice over time. PP2 treatment could accelerate wound healing process on 9 and 11 days post-wounding compared to WT control mice. *P < 0.05, **P < 0.01. (E) Representative H&E image from cutaneous wounds in control and PP2 treated mice 14 days post-wounding. Scale bar, 500 μm. The black dash lines indicate the margin the unhealed wound area. The right box is a higher magnification of the boxed region in the image. Scale bar, 20 μm. (F) Evaluation of collagen maturity by Masson’s trichrome staining of wounds following treatment with PBS or PP2 at 14 days post-wounding. Scale bar, 500 μm. The right box is a higher magnification of the boxed region in the image. Scale bar, 50 μm. Note the bulky collagen fibers in control group. (G) Immunofluorescence analysis showed the expression of Collagen I and Collagen III (green) in the wound area in control and PP2 treated group. Scale bar, 100 μm. (H) Immunofluorescence analysis showed the staining of α-SMA (red) and PCNA (green) in the wound area in control and PP2 treated group. Scale bar, 100 μm. (I) TUNEL-positive apoptotic cells (red) in the wound area of PP2 treated group was significantly higher than in the control group. Scale bar, 20 μm. (J) Western blotting analysis of protein expression of α-SMA, PCNA, caspase 3, and cleaved-caspase 3 in wound area.


Since α-SMA is considered as a marker of scaring (Shinde et al., 2017). We used immunofluorescent staining to show that PP2 treatment leads to reduced expression of α-SMA and PCNA at the wound areas (Figure 7H), contributing to the down-regulation of hyperproliferative fibrosis during wound healing. Fibroblasts exhibit apoptotic phenotypes during wound heals but remained active in hypertrophic scars. Promoting the apoptosis of hyperproliferative scar fibroblasts contributes to the therapeutic effect of anti-scar drugs (Shao et al., 2020). Using TUNEL staining, we show that PP2 also increased cell apoptosis during wound healing (Figure 7I). Western blotting analysis confirmed that PP2 injection reduced the expression of α-SMA and PCNA, and increased the expression of apoptotic marker cleaved-caspase 3 in wound tissue (Figure 7J).



DISCUSSION

Adult cutaneous wound healing often ends up with cutaneous scarring, compromising the functional mobility and cosmetic outcomes (Zhang et al., 2016). However, like fetal wounds, oral gingival/mucosal wounds healing are characterized by markedly reduced inflammation, rapid re-epithelialization, and minimal scar formation (Hakkinen et al., 2000). Previous studies contribute this phenomenon to oral microbiota stimulating wound healing, the moist environment, and growth factors present in saliva etc. (Larjava et al., 2011). The present study unrevealed the function of Y14 phosphorylated Cav-1, which acts as a switch to regulate CXCL10 secretion in MSCs and mediate the fibrosis process of wound healing.

Mesenchymal stem cells isolated from different tissues exhibit different properties. They exert immunomodulatory effects by both cell-to-cell contacts and secreting biologically active substances, growth factors, cytokines, chemokines, and exosomes (Rani et al., 2015). The cytokine secretion profile of MSCs was found to be depend on the cell origin but not on the individuality of the donors (Park et al., 2009). The multitude of cytokines and growth factors secreted from MSCs are known to confer multifunctional functionality (Ivanova-Todorova et al., 2009). Gingiva is a unique oral tissue attached to the alveolar bone of tooth sockets, recognized as a biological mucosal barrier and a distinct component of oral mucosal immunity (Mao et al., 2017). Besides several unique stem cell-like properties, 90% GMSCs were derived from cranial neural crest cells and showed a superior capacity to differentiate into neural cells and chondrocytes and induce activated T-cell apoptosis (Zhang et al., 2009; Xu et al., 2013). Our previous study reported that GMSCs secrete higher amounts of sEVs and IL-1RA (Kou et al., 2018). The present study focus on Cav-1 dephosphorylation controlled MSCs secretion and found that besides IL-1RA, GMSCs also secreted a higher amount of CXCL10.

C-X-C motif chemokine ligand 10, also named IP-10, is a potent chemokine for activated T lymphocytes and regulates cell proliferation, apoptosis, and angiogenesis in infectious and inflammatory diseases and cancer (Liu et al., 2011). It is produced in the late stage of wound healing, becoming evident 4 days after wounding (Engelhardt et al., 1998). This pleiotropic molecule exerting potent biological functions during the whole process of wound healing: prolongs the granulation phase (Shiraha et al., 1999), and inhibits angiogenesis (Bodnar et al., 2009). These studies suggest that CXCL10 production represses cell proliferation and vessel formation. On the other hand, during the proliferation and remodeling phase of wound healing, excessive angiogenesis and over-proliferation, and migration of fibroblasts lead to scar formation (Rees et al., 2015). Here, we found that GMSCs secreted more CXCL10 into the cell culture supernatant, which may contribute to the scarless wound healing in gingiva. Furthermore, we showed that injection of Cav-1 phosphorylation inhibitor at the late stage of wounding promotes CXCL10 production at the wound area and accelerated cutaneous wound healing, repressed massive collagen formation and angiogenesis. Our finding was consistent with previous studies that CXCL10 inhibits the formation of fibrosis in healing infarct tissues (Saxena et al., 2014). To sum up, control the production of CXCL10 at the late stage of wound healing could be an attractive approach for limiting scar formation.

Along with the difference in CXCL10 secretion, we also found that more Cav-1 was dephosphorylated in GMSCs compared with SMSCs. Cav-1 drives the formation of flask-shaped membrane invaginations known as caveolae that participate in signaling, clathrin-independent endocytosis, and mechanotransduction (Tiwari et al., 2016). Cav-1 phosphorylation has been associated with cellular processes such as focal adhesion dynamics, cell migration and invasion, cancer cell metabolism, and response to mechanical, oxidative stress (Wong et al., 2020). Adhesion-dependent caveolar endocytosis is genuinely dependent on Cav-1 phosphorylation. However, controversial results could be found whether adhesion could regulate p-Cav-1 levels (del Pozo et al., 2005; Buwa et al., 2021). Here we found that p-Cav-1 showed time-dependent translocation from the intracellular compartment to the plasma membrane during cell attachment, which suggested that the adhesion process could regulate p-Cav-1 translocation. Several studies have confirmed the primary function of Cav-1 phosphorylation on Y14-mediated endocytosis, such as albumin, insulin (Sverdlov et al., 2007; Zimnicka et al., 2016). However, the relationship of Cav-1 phosphorylation on cell secretion is still unknown. Previous studies demonstrated that p-Cav-1 is involved in the process of insulin secretion by interacting with cell division cycle in pancreatic β-cells, which comprise an integral part of the insulin secretion vesicles (Haddad et al., 2020). Our previous study showed that MSCs secrete cytokines and EVs via the Fas/Fap-1/Cav-1 complex (Kou et al., 2018). The present study went further to reveal that dephosphorylation of Cav-1 acts as a switch in controlling cytokine CXCL10 secretion in MSCs.

Dynamic changes in wound healing are paralleled by changes in abundance cytokines and growth factors. MSCs can function as immunomodulatory and anti-inflammatory component resources, and the inflammatory microenvironment, vice versa, may stimulate paracrine factor production to promote MSC-mediated tissue homeostasis (Zhang et al., 2009). Several soluble factors have been attributed to the cross-talk with MSCs and immune cells, such as interleukin-10, prostaglandin E2, NO, and indoleamine 2,3-dioxygenase (Spaggiari et al., 2008). TNF-α and IFN-γ, two important pro-inflammatory cytokines secreted by activated T cells, serve as critical feedback signal molecules in the cross-talk between immune cells and MSCs (Bernardo and Fibbe, 2013). In this study, we found that both IFN-γ and TNF-α dose-dependently activate CXCL10 secretion in GMSCs. In addition, we found that TNF-α serves as an activator to enhance CXCL10 release through dephosphorylation of Cav-1 and up-regulation of Fas and Fap-1. TNF-α may take effect by translocating Cav-1 and p-Cav-1 from the cell membrane region to the nuclear region. These results extended our knowledge about the interaction between MSCs and the immune microenvironment.

Oral gingival/mucosal wounds heal faster than cutaneous ones, with minimal scar formation (Hakkinen et al., 2000). Here we show that dephosphorylation of Cav-1 mediated CXCL10 release could regulate fibrosis of wound healing and may contribute to the minimal scar formation in gingival wound healing. Normal wound healing starts with hemostasis and inflammation, granulation and proliferation, and finally ends with wound remodeling (Perry et al., 2010). The fibrosis wound also undergoes physical contraction throughout the entire wound-healing process, which is believed to be mediated by contractile fibroblasts (myofibroblasts) that appear in the wound (Guo and Dipietro, 2010). Myofibroblasts are activated fibroblasts marked by α-SMA expression and stress fiber formation. In this study, α-SMA expression was reduced by PP2 treatment. In addition, we also found that PCNA was down-regulated, and the expression of cleaved caspase-3 was up-regulated. The primary manifestation of hypertrophic scar is fibroblasts remain hyperactive and proliferate continuously, resulting in excessive collagen synthesis and deposition (Shao et al., 2020). Here, PP2 injection repressed Cav-1 phosphorylation and promoted apoptosis in wound tissue, suggesting that the compound reduces the population of hypertrophic scar fibroblasts not only by inhibiting cell proliferation but also by inducing cell apoptosis. PP2 induced apoptosis was also consistent with previous studies that p-Cav-1 and Cav-1 regulate the process of apoptosis (Han et al., 2015). CXCL10 was used to alleviate fibrosis disease, such as bleomycin-induced pulmonary bleomycin-induced pulmonary fibrosis (Tager et al., 2004), and p-Cav-1 was also reported to be key player in the process of fibrosis (Shihata et al., 2017). Our results were consistent with previous studies and raise the possibility of new approaches to alleviate scar formation during wound healing.

The results of the present study for the first time showed that dephosphorylation of Cav-1 controls secretion of CXCL10 in MSCs. TNF-α serves as an activator to up-regulate Fas, Fap-1, and down-regulate p-Cav-1 to promote CXCL10 secretion. In addition, we found that dephosphorylation of Cav-1 may regulate the skin wound healing process by relieving collagen deposition. Although detail study is still needed to explore the molecular mechanisms of p-Cav-1 mediated MSCs secretion, our evidence suggests that the blockade of Cav-1 phosphorylation at Y14 in MSCs accelerates CXCL10 secretion and would be beneficial in scarless wound healing.
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The generation of blood cells in a significant amount for clinical uses is still challenging. Human pluripotent stem cells-derived hemopoietic cells (hPSC-HCs) are a promising cell source to generate blood cells. Previously, it has been shown that the attached substrates are crucial in the maintenance or differentiation of hPSCs. In this study, a new family of artificial extracellular matrix (ECM) called colloidal self-assembled patterns (cSAPs: #1–#5) was used for the expansion of mouse and human PSCs. The optimized cSAP (i.e., #4 and #5) was selected for subsequent hemopoietic differentiation of human embryonic stem cells (hESCs). Results showed that the hematopoietic potential of hESCs was enhanced approx 3–4 folds on cSAP #5 compared to the flat control. The cell population of hematopoietic progenitors (i.e., CD34+CD43+ cells) and erythroid progenitors (i.e., CD71+GPA+ cells) were enhanced 4 folds at day 8 and 3 folds at day 14. RNA sequencing analysis of cSAP-derived hESCs showed that there were 300 genes up-regulated and 627 genes down-regulated compared to the flat control. The enriched signaling pathways, including up-regulation (i.e., Toll-like receptor, HIF-1a, and Notch) or down-regulation (i.e., FAs, MAPK, JAK/STAT, and TGF-β) were classic in the maintenance of hESC phenotype Real time PCR confirmed that the expression of focal adhesion (PTK2, VCL, and CXCL14) and MAPK signaling (CAV1) related genes was down-regulated 2-3 folds compared to the flat control. Altogether, cSAP enhances the pluripotency and the hematopoietic potential of hESCs that subsequently generates more blood-like cells. This study reveals the potential of cSAPs on the expansion and early-stage blood cell lineage differentiation of hPSCs.
Keywords: colloidal self-assembly, artificial ECM, pluripotent stem cells, hematopoiesis, blood cells, focal adhesion
1 INTRODUCTION
Substrate for anchor-dependent cells is crucial for self-renew and lineage commitment, including human embryonic stem cells (hESCs) (Murphy et al., 2014). In the last decades, substrates with different nanostructures such as nanogrooves and nanopillars have been applied to manipulate cell fate. Nanostructured surfaces can be further modified chemically using coatings or grafting technology to enhance bio-functionality. However, these surfaces are still far from an extracellular matrix (ECM) like substrate. ECM mimetic surface presenting hierarchical structures and multiple chemistries are rare to be found (Wang et al., 2016a).
Recently, a new family of substrates composed of various colloidal particles with different sizes and materials named self-assembled patterns (cSAPs) was developed in our group (Wang et al., 2015a). The particles can be pre- or post-modified, ultimately providing a complex surface of the cSAPs (Diba et al., 2019). Surface topography, roughness, hydrophilicity, chemistry, and even stiffness can be fine-tuned. The behaviors of human stem cells and adult cells have been investigated on the cSAPs (Wang et al., 2016b; Cui et al., 2019). Cell reprogramming of human fibroblasts into human induced pluripotent stem cells (hiPSCs) has also been studied on these new substrates (Wang et al., 2016c). cSAPs have shown the potential to control cell adhesion and subsequently the fate decision of cells.
Generation of blood cells in vitro with a significant amount for clinical uses is still challenging. Human pluripotent stem cells (hPSCs), including hESCs and hiPSCs, are promising sources to generate blood-like cells. The hematopoietic potential of hPSCs has a significant application in the cure of blood-related diseases such as Thalassemia (Papapetrou, 2017) or hemophilia (Wang et al., 2013). Several co-culture differentiation systems, such as the OP9 stromal cells and the aorta–gonad–mesonephros-derived stromal cells (AGM-S3) (Ledran et al., 2008), have been established for blood-like cell generation. These systems use a nature-inspired microenvironment to stimulate definitive hematopoiesis in vitro. These systems are useful to identify the function of critical genes in normal or abnormal hematopoiesis. For example, the AGM-S3 co-culture system could be used to check the detailed cellular and molecular mechanism of hematopoiesis influenced by the critical gene (Chen et al., 2017; Zeng et al., 2020). It also has potential utility in screening for compounds that promote human hematopoiesis, which is possible to set up a high throughput screening system for compound function screening using the AGM-S3 co-culture system (Chang et al., 2019). However, the current approach in vitro blood cell generation is far from satisfying clinical needs in terms of quality and number (Moreno-Gimeno et al., 2010). Therefore, the improvement of the efficiency of hematopoietic differentiation of hPSC-HCs is essential.
In this proof-of-concept study, human and mouse PSCs’ morphology and growth were screened on five cSAPs. The selected cSAPs were used to expand and stimulate hESCs used for the downstream hematopoietic differentiation into HCs and blood-like cells. The outcomes imply that the expansion of hESCs is a crucial step prior to the hematopoietic differentiation using the stromal cell co-culture system, and the cSAP is a valuable tool for in vitro blood cell production.
2 MATERIALS AND METHODS
2.1 Colloidal Self-Assembled Patterns
Five substrates were selected from our library and fabricated according to our previous protocol (Wang et al., 2016b) (Figure 1A). Briefly, cSAPs #1 and #2 was composed of SiO2 with 5 μm diameter and polystyrene (PS) with 200 or 400 nm diameter, #3, #4, and #5 was composed of SiO2 with 2 μm diameter and PS with 65 nm diameter, carboxy-PS (PSC) with 50 or 100 nm diameter, and the cSAPs were fabricated within the 24-well tissue culture plates (TCPS, Falcon). TCPS was the flat control group in this study.
[image: Figure 1]FIGURE 1 | Fabrication and characterization of cSAPSs. (A) Scheme of cSAPs preparation. (B) SEM of TCPS and five selected cSAPs. Scale bar represents 5 μm. (C) Surface wettability of the substrates was analyzed using water contact angle test (degrees). Five spots on each surface were analyzed (n = 5). Error bar = STDEV.
Scanning electron microscopy (SEM, ZEISS SUPRA ® 55, Carl Zeiss, Germany) and water contact angle (WCA) was used to characterize the surface structures and wettability of these cSAPs using an automated contact angle measurement device (PT-705B, Precise Test, China) at room temperature. Other detailed characterizations have been done previously (Wang et al., 2016b).
2.2 Cell Culture
H1 hESCs and human induced pluripotent stem cells (hiPSCs) were routinely cultured in Matrigel (BD, United State) coated 60 mm Petri dishes with mTeSR1 medium (Stem Cells, United State), and passaged using ReleSR (Stem Cells, United State) with a ratio of 1:3 every other day. E14 mESCs and mouse induced pluripotent stem cells (miPSCs) were routinely maintained on gelatin (Yeasen, China) coated 6-well tissue culture plates in mouse ESC medium (DMEM-knockout, GIBCO, United State) containing 20% FBS, 1% NEAA, 1% l-Glutamine, 1% penicillin, and streptomycin (P/S, GIBCO, United State), 0.15 mM 1-thioglycerol (Sigma, United State), 1000 U/mL leukemia inhibitory factor (Millipore), and two chemical inhibitors (2i), 3 μM CHIR99021 and 1 μM PD0325901 (Stemgent, United State). mESCs and miPSCs were passaged using trypsin-EDTA (Invitrogen, United State) with a ratio of 1:6 every other day. All the medium was changed daily.
All cells used in this study were passaged three times on cSAPs prepared in 24-well tissue culture plate or control surfaces coated by Matrigel or Gelatin for further research. The experimental group was named cSAP #X (X = 1, 2, 3, 4, 5) and TCPS (as a flat control). Cell inoculatiion density of mESCs and miPSCs in experimental group was 2  ×  104 cells/cm2. Cell density of hESCs and hiPSCs was adjusted according to the colony quantity. Cell culture in experimental group was same to the routinely cultured cells, mESCs and miPSCs was passaged at a ratio of 1:6, hESCs and hiPSCs was passaged at a ratio of 1:3. Medium was changed every day. Cell morphology was captured every day by an inverted microscope (Olympus-IX71).
2.3 Real-Time qPCR
Total RNA was extracted from cells with the MiniBEST universal RAN extraction Kit (Takara, Japan). cDNA was made with 1 mg of total RNA based on the manufacturer’s protocol using the PrimeScriptTM RT Master Mix (Takara, Japan), and subsequent real-time qPCR was carried out in triplicates, using the 2 × RealStar Green Mixture (GENE STAR, China) on Light Cycler 96 System cording to manufacturer’s instructions (Roche, United State). Amplifications were performed using the following conditions: 95°Cfor 2 min, followed by 40 cycles of 95°C for 15 s, 60°C for 15 s, and 72°C for 30 s. Gene expression was normalized to Gapdh, and then the TCPS control. The sequences of all primers used were listed in Supplementary Table S1.
2.4 Hemopoietic Differentiation of Human Embryonic Stem Cells
hESCs were co-cultured with mouse stromal cell line AGM-S3 to induce their differentiation into hematopoietic cells, as reported before (Chen et al., 2017). hESCs were cut into small squares of 1.5 × 103 cells, and then plated onto the irradiated AGM-S3 cells and cultured in the hPSC maintenance medium [high glucose Dulbecco’s modified Eagle’s medium, DMEM, F-12 nutrient mixture, 20% knockout serum replacement (KSR), 1% l-glutamine, 1% non-essential amino acid solution (NEAA; Gibco), and 5 ng/ml basic FGF (b-FGF; Wako)] for 3 days (Chen et al., 2017). The medium was changed to the hematopoiesis-inducing medium (Iscove’s Modified Dulbecco’s Medium (IMDM) containing 10% fetal bovine serum (FBS; Hyclone), 1% NEAA (Gibco), 60 ng/ml ascorbic acid (Sigma), and 20 ng/ml vascular endothelial growth factor (VEGF; Wako)), referred as day 0 (D0) (Chen et al., 2017; Zhou et al., 2019). The culture medium was replaced every day. The co-cultures were dissociated by 0.05–0.25% trypsin-EDTA (Invitrogen) at D8 or D14 for further analysis. This experiment was run at least three times in parallel.
2.5 Flow Cytometry
Flow cytometry experiments were performed according to a previous report (Chen et al., 2017). Briefly, the co-cultured cells at D8 or D14 were dissociated with 0.25% trypsin-EDTA solution. The cell suspension was obtained by filtration through a 70-μm nylon mesh. Before immunostaining, cells were blocked by rabbit serum at 4°C for 30 min. Cells were stained with the anti-CD34/CD43 antibodies (at D8 and D14), and anti-CD34/CD45 or anti-GPA/CD71 antibodies (at D14) at 4°C for 30 min (Supplementary Table S2). Flow cytometric analysis was performed using the FACS Canto II system (BD Biosciences). All FACS data were analyzed using FlowJo 10 software.
2.6 Hematopoietic Colony-forming Assay
According to the previous studies, the hematopoietic colony-forming assay of co-cultured cells was performed (Chen et al., 2017; Sun et al., 2020). Briefly, co-cultured cells were dissociated by 0.25% trypsin/EDTA into single cells at day 14.5 × 104 cells were suspended in 80% MethoCult H4230 (Stem cells) containing 100 ng/ml stem cell factor (SCF), 100 ng/ml interleukin-6 (IL-6), 10 ng/ml interleukin-3 (IL-3), 10 ng/ml Fms-related tyrosine kinase three ligand (FL), 10 ng/ml thrombopoietin (TPO), 10 ng/ml granulocyte-macrophage colony-stimulating factor (GM-CSF), and 4 units/ml erythropoietin (EPO), and then incubated in 5% CO2 at 37°C for another 14 days. The number of colony-forming unit erythroid (CFU-E) colonies was counted at 7–10 days, while the number of burst-forming unit-erythroid (BFU-E), colony-forming unit-mixed (CFU-Mix), and colony-forming unit-granulocyte/macrophage (CFU-GM) colonies were counted at 12–14 days. This experiment was run at least three times in parallel.
2.7 RNA Sequencing
H1 hESCs cultured on cSAPs and flat control (TCPS) for two passages (4 days/passage) were dissociated with 0.5 mM EDTA for RNAseq. Total RNA of each 1 × 106 cells was extracted by 1 ml TRIzol (Life Technologies) and purified according to the standard instruction. RNA Sequence analysis was performed by BGI Tech (Shenzhen, China). The analysis of gene function was performed with the multi-group data mining system of Dr. Tom (http://report.bgi.com). Gene changes on cSAP #5 compare to TCPS over 2-fold were defined as significant.
2.8 Immunofluorescence Staining
Cells were cultured in multi-well plates were fixed with 4% paraformaldehyde (PFA) for 30 min at 4°C, and washed three times with wash buffer (5% FBS in PBS). They were then incubated with membrane permeation reagent (PBS containing 0.3% Triton-100 and 5% FBS) at 4°C for 30 min, stained overnight at 4°C with anti-OCT4/SOX2/SSEA4 antibodies (mouse anti-human), washed three times with PBS containing 5% skim milk, and then incubated for 30 min at room temperature with secondary antibodies (FITC-conjugated secondary Ab, goat anti-mouse) (Supplementary Table S2). Nuclei were labeled with DAPI. After washing three times with PBS, the sample was imaged under a fluorescence microscope.
2.9 Statistical Analysis
All data are presented as means ± SD; statistical analyses were performed by GraphPad Prism 8 using the Student’s t-test, one-way ANOVA with Dunnett post hoc test, and two-way ANOVA with Tukey’s post hoc test. p < 0.05 was considered significant.
3 RESULTS
3.1 Colloidal Self-Assembled Patterns Characterization
cSAPs were fabricated by mixing different particles together and depositing them on the tissue culture plates (TCPS); after evaporation, particles were distributed on the surface according to the principle of self-assembly (Figure 1A). The surface topography of cSAPs was measured by SEM and showed that the large particles and small particles were orderly distributed on the surfaces (Figure 1B). Due to the differences of the surface on chemestry and topography, surface wettability showed that water contact angle (WCA) of cSAP #1 and #2 (SiO2 = 5 μm; PS = 200 and 400 nm) was more hydrophobic (85.8 ± 3.5 and 96.8 ± 4.6 degree), than the cSAP #3, #4, and #5 (SiO2 = 2 μm; PS = 65 nm, PSC = 50 and 100 nm), and the WCA of cSAP #3, #4, and #5 was 31.8 ± 1.1, 32.3 ± 3.2, and 25.8 ± 2.4 degree, respectively (Figure 1C).
3.2 Colloidal Self-Assembled Patterns Maintain Pluripotency of miPSCs, hiPSCs, and hESCs
The colony morphology of miPSCs on cSAPs was significantly different from that on the TCPS control (Figure 2A). miPSCs colonies on cSAPs were more 3D-like, especially on the cSAP #1 and #2. The PSC colonies were dome-like morphology on the cSAP #4 and #5, neither 3D spheroids nor 2D-like colonies. miPSCs cultured on cSAPs without LIF (Leukemia Inhibitory Factor) had a higher percentage of Oct4-GFP positive cells after 7 days than TCPS without and even with LIF, indicating that cSAPs could maintain the pluripotency of PSCs (Figure 2B and Supplementary Figure S1A). Percentage of Oct4-GFP positive cells was more than 90% on cSAPs, except the cSAP #3, which was similar to the cells cultured within LIF (i.e., ∼80%).
[image: Figure 2]FIGURE 2 | Pluripotency of miPSCs on different substrates coated with gelatin. (A) Colony morphology of miPSCs cultured on different surfaces after day 3. Scale bar = 100 μm. (B) FACS analysis of the Oct4+ cells without LIF. qPCR analysis of pluripotent markers, Oct4, Nanog, and Sox2 (C) without and (D) with LIF. Samples were triplicates (n = 3). Error bar = STDEV.
Gene expression analysis showed that pluripotent markers (i.e., Oct4, Nanog, and Sox2) of miPSCs were similar (i.e., Oct4 and Nanog, fold changes < 1.5) or higher (i.e., Sox2, fold changes > 1.5) on the cSAPs compared to the TCPS control without LIF (Figure 2C). Gene expression of miPSCs was also analyzed under LIF conditions. The results showed that Sox2 expression was significantly higher on cSAPs than TCPS, while Oct4 and Nanog were similar between surfaces (Figure 2D). The high expression of Sox2 may indicate neural stem and progenitor cells in some cSAPs groups (Ellis et al., 2004). The effects of cSAPs on miPSCs and mESCs were different because three genes of mESCs expressed similarity between surfaces (fold changes < 1.5, Figure 2C and Supplementary Figure S1B).
Gene expression of mesoderm markers of miPSCs was higher on cSAPs than the TCPS control without LIF (Supplementary Figure S1C). On average, the expression of mT, mSnail2, and mFoxa2 on cSAPs, except cSAP #5, was significantly higher than the TCPS control (fold changes > 2, Supplementary Figure S1C).
hiPSCs and hESCs also showed different colony morphology compared with TCPS and slight differences between cSAPs, similar to miPSCs on cSAPs showing a more 3D-like colony morphology (Figures 3A,B). For hESCs can not grow well without Matrigel, all surfaces used in culturing hESCs were precoated with Matrigel. FACS analysis (Figure 4 and Supplementary Figure S2) and the hematopoietic colony form assay (Figure 5) showed that only H1 hESCs cultured on cSAP#4 and #5 had better hematopoietic differentiation efficiency than the TCPS control when co-cultured with AGM-S3, so only #4 and #5 were chosen for further analysis of hESCs pluripothency. Besides, immunostaining of pluripotent markers, i.e., OCT4, SOX2, and SSEA4, showed that passaged hESCs were in high pluripotency on cSAPs, i.e., cSAP #4 and cSAP #5, and TCPS (Figure 3C).
[image: Figure 3]FIGURE 3 | Pluripotency of hiPSCs and hESCs on different substrates coated with Matrigel. Colony morphology of (A) hiPSCs after 3 days and (B) hESCs after three passages cultured on different surfaces. Scale bar = 100 μm. (C) Immunostaining of pluripotent markers (OCT4, SOX2, and SSEA4) of hESCs after three passages’ culture on cSAPs and TCPS, Scale bars = 50 μm.
[image: Figure 4]FIGURE 4 | Hemopoietic differentiation of cSAP-cultured hESCs. (A) Scheme of the H1 hESC expansion and hemopoietic differentiation. FACS analysis of the hemopoietic efficiency of cSAP-cultured hESCs after (B) 8 days and (C) 14 days. Error bar = SEM.
[image: Figure 5]FIGURE 5 | Characterization of blood-like cells derived from cSAP-cultured hESCs. (A) Cell morphology of hESC-HCs during co-culture with stromal AMG3 cells; (B) Colony culture assay after hESCs were cultured on cSAPs or TCPS in standard feeder-free culture method; (C) May-Grunwald-Giemsa (MGG) staining of erythroid cells differentiated from cSAP-derived hESCs; (D) The statistical analysis of (i) colony numbers of CFU-GM, CFU-E, BFU-E, or CFU-MIX colonies, and (ii) the percentage of colony subtype.
3.3 Colloidal Self-Assembled Patterns Promote the Hematopoietic Potential of Human Embryonic Stem Cells
Cell number of hESC-HCs from cSAP-derived hESCs was higher than the TCPS control after 8 and 14 days (Figure 4 and Supplementary Figure S2). cSAPs, especially cSAP #5, strongly increased the cell populations of CD34+CD43− (∼2-folds), CD34−CD43+ (∼4-folds), and CD34+CD43+ cells (∼5-folds; hematopoietic progenitors) at D8 (Figure 4B and Supplementary Figure S2A). Also, cell populations of CD34+CD43− (∼1.5-folds), CD34−CD43+ (∼1.5-folds), and CD34+CD43+ (∼3-folds), CD34+CD45− (∼2-folds), CD34−CD45+ (∼5-folds on cSAP #5), CD34+CD45+ (∼3-folds), and CD71 + GPA + cells (∼3-folds; erythroid progenitors) at D14 (Figure 4C and Supplementary Figure S2B).
The morphology of hESC-HCs on cSAPs was better compared to the TCPS control (Figure 5A). The colony assay proved that the hematopoiesis potentials of hESCs were significantly enhanced on cSAPs, especially #5. The numbers of CFU-GM, CFU-E, BFU-E, and CFU-MIX generated from cSAP-derived hESC-HCs were approx. 3-fold, 2-fold, 2-fold, and 7.5-fold higher than the TCPS control. Colony number represents the hematopoiesis potentials of H1 hESCs derived from different culture conditions to produce granulocyte/macrophage progenitors (CFU-GM), erythroid progenitors (CFU-E and BFU-E), and hematopoietic progenitors (CFU-MIX) after D14 of co-cultures (Figure 5B). The erythroid cells were confirmed by May-Grunwald-Giemsa (MGG) staining (Figure 5C). After co-culture differentiation and hematopoietic colony form culture, the absolute numbers of four kinds of colonies generated by H1 hESCs cultured on cSAPs#4 and #5 increased significantly compared with TCPS, especially cSAPs#5. Percentage of cell subtypes showed that H1 hESCs cultured on cSAPs# 5 were prone to generate the erythro-myeloid progenitor (EMP) in hematopoietic differentiation. Therefore, the cSAP #5-derived hESCs had significantly higher hematopoietic potentials to produce hematopoietic progenitors (i.e., CD34+CD45+ cells) and erythroid progenitors (i.e., GPA + CD71+ cells) compared to the TCPS control (Figure 5D).
3.4 Colloidal Self-Assembled Patterns Alter the Transcriptome Profile of Cultured Human Embryonic Stem Cells
RNA-seq was used to analyze the change of cellular transcriptional profiling of hESCs after culturing on cSAP #5 (Figure 4A). Results showed that 300 genes (e.g., EGR3, MT1M, EGR1, DDX60, FOS, and MX1) were up-regulated significantly (32% of total differential expression genes), while the 627 genes (e.g., NPPB, GALR1, SIX2, FOXG1, NBL1, RASGRF2, TNNT2, FGF8, NOTUM, TEK, TF, CXCL14, TNC, and CAV1) were down-regulated significantly (68% of total differential expression genes) on cSAP #5 compared to the TCPS control (Figures 6A,B).
[image: Figure 6]FIGURE 6 | The transcriptional profile and qPCR analysis of cSAP-derived hESCs. (A) RNA-seq analysis of transcriptional profiling of cSAP #5-derived and TCPS-derived hESCs; (B) The differential expression genes (DEG) analysis. The selected genes were presented by heatmap, and the selected enriched pathways were shown by dot-plot. (C) qPCR results of CAV1, CXCL14, PTK2, and VCL expression after three passages’ culture (n = 4). (D) Schematic illustration of the role of cSAP in the maintenance of pluripotency and the improvement of the hemopoietic potential of hPSCs.
According to RNAseq analysis, the genes regulated on cSAPs were enriched in mineral absorption, longevity regulating, Toll-like receptor signaling, HIF-1a signaling, Notch signaling that were up-regulated, and the focal adhesion, TGF-β signaling, PI3K-Akt signaling, and MAPK signaling that were down-regulated (Figure 6B). According to the RNA-seq results we found that expression of CAV1 and CXCL14 was down-regulated (Figure 6B), and was consistent with qPCR verification (Figure 6C). CXCL14 is found concentrated in the focal adhesions, the down-regulated expression of CXCL14 (∼2.79 fold) on cSAP #5 resulted in lower expression of PTK2 (∼1.61 fold) and VCL (∼2.83 fold) (Figure 6C). The dot-plot also showed focal adhesion was enriched in down-regulated DEGs (Figure 6B). CAV1 can function as a scaffolding protein contribute to the activation of the MAP kinase pathway (Mineo et al., 1996; Engelman et al., 1998). In this study, the down-regulated MAPK pathway in Figure 6B may be the result of lower CAV1 (∼3.90 fold) expression on cSAP #5 (Figure 6C). Lower expression of CAV1 can promote hematopoietic differentiation of hESCs when co-cultured with stromal cells under hematopoietic induction condition (Choi et al., 2012). Therefore, cSAP-cultured hESCs having higher blood cell differentiation ability could be a consequence of down-regulation of focal adhesion and MAPK signaling (Figure 6D).
4 DISCUSSION
Pluripotent stem cells (PSCs) can self-renew unlimitedly and differentiate into three germ layers in vitro. For example, under specific induction conditions, hPSCs can be differentiated sequentially to mesodermal cells, hematopoietic progenitor cells, and mature hematopoietic cells (Lim et al., 2013). In vitro hematopoietic differentiation facilitates a better understanding of hematopoiesis and embryonic development. Besides, the production of blood-like cells is significant in regenerative medicine.
Nowadays, three major in vitro differentiation systems have been established for the generation of hESC-derived HCs, including embryoid body (EB) culture, co-culture with feeder cells, and culture with extracellular matrix (ECM) protein-coated surfaces (Chen et al., 2014). Among these methods, the microenvironments for hESC expansion are critical to determining the subsequent HSC generation (Ma et al., 2008; Slukvin, 2013). ECM protein-coated surfaces, such as fibronectin, collagen IV, laminin, collagen I, entactin, and heparin-sulfate proteoglycan, have been developed to induce differentiation of mesodermal and hematopoietic lineages under more chemical defined conditions (Chen et al., 2011; Nakamura-Ishizu et al., 2012). However, few studies manipulated the adhesion status of hESCs prior to hematopoietic differentiation. Furthermore, previous studies heavily relied on biological modulators such as paracrine molecules and medium molecules, while the effects of biophysical stimulations during the process were rarely explored.
It has been demonstrated that the surface coating of cell culture substrate was able to modulate the fate of cells, including directional differentiation of mesenchymal and pluripotent stem cells (Wang et al., 2016a). Surface decoration with nanostructures and bioactive signals can reconstruct the stem cell niche’s microenvironments, which provide biophysical cues to the attached cells (Dalby et al., 2007). A previous study demonstrated that reduction of focal adhesions of mESCs was able to be maintained the cells in an undifferentiated and pluripotent state, while stronger cell adhesion resulted in stem cell differentiation (Taleahmad et al., 2017). The current study employed that colony morphology and adhesive force of PSCs varied on different cSAPs and the TCPS control. Further analysis demonstrated that PSCs’ pluripotent state was adhesion- and morphology-dependent, where more 3D-like colonies on cSAPs have higher pluripotency than the 2D culture. cSAPs can affect adhesion molecules and regulate the pluripotency of PSCs. This phenomenon is consistent with previous studies using different materials (Zujur et al., 2017).
Previous studies did show that physical cues on the substrate facilitate the generation of hESC-HCs. For example, graphene oxide (GO) had been reported to promote Endothelial-to-Hematopoietic Transition (EHT) and then the hESC-HC generation (Garcia-Alegria et al., 2016). In the current study, cSAPs don’t have superior conductivity or biofunctionality but hierarchical micro- and nanostructure and dual chemistries. It has been demonstrated that these properties will alter protein adsorption from the medium, cell adhesion, cell migration, and ECM synthesis of adhered cells (Wang et al., 2011; Wang et al., 2012; Wang et al., 2015b). cSAPs can maintain the pluripotent status of PSCs and stimulate mesodermal commitment. The chemical and physical properties of different cSAPs can maintain the pluripotency of PSCs to a different extent. According to a previous report, PSCs in a naïve state have more robust self-renew capability and limited potential toward lineage differentiation (Lee et al., 2017). Besides, the naïve PSCs need capacitation for triggering multi-lineage differentiation (Rostovskaya et al., 2019). According to the colony morphology, cSAPs may reverse the cells back into a naïve-like state (e.g., cSAP #2) or a state of capacitation (e.g., cSAP #5). The result implies that cSAP-derived hESCs have a better hematopoietic potential due to optimal cell adhesion and colony formation.
Controlling the cellular status of hESCs during expansion can enhance the hemopoietic potential in the AGM-S3 co-culture system. cSAPs coating with Matrigel or proteins can be seen as an artificial ECM that modulates the adhesion of hESCs during expansion. cSAP derived hESCs can generate 2–4 folds of HCs compared to the TCPS control. According to RNAseq data, a flock of genes related to mineral absorption, such metallothionein 1 (MT1) family, MX1, and NR3C1, and the signaling pathways of Toll-like receptor, HIF-1a, Notch were up-regulated. The genes related to cell adhesion and signaling pathways of MAPK, Jak-STAT, and TGF-β were down-regulated.
The changes of these genes and pathways play vital roles in hematopoiesis. For example, Notch signaling controls the hematopoiesis and inflammation process (Šućur et al., 2020). Toll-like receptors and HIF-1a signaling can influence the generation of hematopoietic stem and progenitor cells (Capitano, 2019; Wielockx et al., 2019). The JAK/STAT signaling pathway controls about 50 cytokine signals to orchestrate hematopoiesis (Staerk and Constantinescu, 2012; Morris et al., 2018). MAPK signaling is involved in the generation of hematopoietic stem and progenitor cells (HSPC), erythropoiesis, mylogenesis (Geest and Coffer, 2009). TGF-β signaling can influence the generation of HSCs (Blank and Karlsson, 2015). Some of these genes were not directly relevant to hematopoiesis, which mechanisms need further research to discover. For example, many transcript factors, such as FOS, EGR1, FOXG1, TF, and other types of genes, such as MT1 family (Metallothionein), DDX60 (Probable ATP-Dependent RNA Helicase), MX1(Interferon related GTPase), indicated a close couple to the promotion effects caused by culturing hESCs with cSAP. However, the mechanism of cSAP induced biological changes is unclear. The relationship between changing transcriptional profiles and promoting hematopoiesis needs to be elucidated using further analysis such as gene sequence and proteomics at a single cell level.
5 CONCLUSION
The hemopoietic potential of hESCs is critical in blood generation and related regenerative medicine. This study demonstrates that the adhesion and pluripotency of hESCs are crucial in subsequent hemopoietic differentiation. cSAP can be a new family of artificial ECMs (protein- or peptide-modified cSAPs) where the surface presents complex physical and chemical cues. cSAP modulate hESC adhesion and the ability to conduct hemopoietic differentiation. By merely manipulating hESCs using cSAPs, the number of hematopoietic progenitors and erythroid progenitors can be enhanced 3–4 folds. Altogether, cSAP could be the next-generation tool for hESC expansion and blood cell generation.
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The mammary gland is a heterogeneous organ comprising of immune cells, surrounding adipose stromal cells, vascular cells, mammary epithelial, and cancer stem cells. In response to nutritional stimuli, dynamic interactions amongst these cell populations can be modulated, consequently leading to an alteration of the glandular function, physiology, and ultimately disease pathogenesis. For example, obesity, a chronic over-nutritional condition, is known to disrupt homeostasis within the mammary gland and increase risk of breast cancer development. In contrast, emerging evidence has demonstrated that fasting or caloric restriction can negatively impact mammary tumorigenesis. However, how fasting induces phenotypic and functional population differences in the mammary microenvironment is not well understood. In this review, we will provide a detailed overview on the effect of nutritional conditions (i.e., overnutrition or fasting) on the mammary gland microenvironment and its impact on mammary tumor progression.
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INTRODUCTION
The relationship between nutrition and cancer has been well established with obesity increasing the risk and progression of breast cancer by 20–40% in post-menopausal women (Munsell et al., 2014). As the mammary gland is a heterogeneous organ constituted of white adipose tissue (WAT), nutritional excess conditions can drive interactions between several populations within the WAT, altering mammary gland integrity and function. In particular, obesity-driven WAT remodeling is known to alter secretory immune and fibrotic profiles (Revelo et al., 2014; Ruiz-Ojeda et al., 2019). Due to obesity, adipocyte size increases beyond the physiological range. This induces cellular stress and apoptosis of adipocytes. As a result, pro-inflammatory macrophages infiltrate to surround these apoptotic adipocytes while extracellular matrix (ECM) is deposited, resulting in a constitutive state of fibro-inflammation within the tissue (Castoldi et al., 2015; Verma et al., 2020). Intriguingly, fibro-inflammation is a hallmark of dysfunctional WAT and is associated with increased cancer incidence (Divella et al., 2016). Obesity-induced mammary WAT fibro-inflammation and interactions of various cell populations provide a microenvironment that contributes to the survival of cancerous cells (Quail and Dannenberg, 2019). Consequently, chronic overnutrition conditions can promote tumor initiation, progression, and metastasis (Park et al., 2000; Ramamonjisoa and Ackerstaff, 2017; Quail and Dannenberg, 2019). Thus, modulation of the mammary WAT microenvironment through nutritional alterations could be an innovative intervention for the prevention and treatment of breast cancer.
Over the past few years, fasting regimens have emerged as effective nutritional interventions to aid with weight loss and improve whole-body metabolism (Varady et al., 2008). While caloric restriction (CR) refers to a restriction in caloric intake, intermittent fasting (IF) is characterized by periodic cycles of fasting followed by free eating which can encompass various nutritional regimes and eating strategies (Klempel et al., 2013; Catterson et al., 2018; Kim et al., 2019). For example, time-restricted feeding (TRF) refers to the restriction of energy intake during specific time frames throughout the day (e.g., 16:8 TRF—16-h of fasting with an 8-h of eating window) (Moro et al., 2016). Other forms of IF include fasting days throughout the week (e.g., 2:1 IF—2 days of normal eating followed by 1 day of fasting) (Kim et al., 2017; Kim et al., 2019; Lee et al., 2020). Fasting regimens protect hematopoietic stem cells from chemotherapy-induced immunosuppression (Cheng et al., 2014), restore healthier cardiometabolic profiles (Almeneessier et al., 2018), improve glucose homeostasis and insulin intolerance (Cho et al., 2019), and initiate an anti-inflammatory response (Kim et al., 2017). Interestingly, emerging evidence has demonstrated that fasting can also negatively impact tumorigenesis (Nencioni et al., 2018).
A longer nighttime fast is associated with improved glycemic control (Lee et al., 2020), decreased breast cancer biomarkers such as leptin and insulin-like growth factor 1 (IGF-1) (Marinac et al., 2015a; Marinac et al., 2015b), and overall reduced breast cancer recurrence (Marinac et al., 2016). In one study, mice were subjected to TRF using high-fat diet (HFD) to induce obesity. These obese mice treated with TRF displayed delayed mammary tumor onset, reduced tumor growth, and total tumor weight (Sundaram and Yan, 2018). In addition to the impact fasting has on breast cancer biomarkers and tumor progression, recent literature has highlighted the therapeutic potential of fasting (Buono and Longo, 2018; Nencioni et al., 2018; Zhao et al., 2021). Fasting prior to administration of chemotherapy (Lee et al., 2012), immune checkpoint blockade therapy (Ajona et al., 2020), and radiotherapy (De La Cruz Bonilla et al., 2019) has shown to decrease tumor growth and improve overall survival, indicating that fasting can improve therapeutic effectiveness in various cancer treatments. As such, fasting regimes are emerging as a promising therapy for cancer patients. However, how fasting modulates the tumor microenvironment to improve cancer outcome is not well understood.
As the mammary gland is composed of WAT, WAT contributes many populations that form the tumor microenvironment. WAT is a heterogeneous tissue composed of adipose stromal cells (ASC), various immune cells, vascular cells, and mammary epithelial cells (Verma et al., 2020). Nutritional excess conditions can alter these microenvironmental populations to favor mammary tumor growth. Alterations in ASC regulate adipocyte expansion, inflammation, and ECM formation (Zhang et al., 2019; Verma et al., 2020). Thereby, ASC play a critical role in maintaining tissue integrity (Hillers et al., 2018). Modulation of immune cells can alter their ability to target abnormal cell growth and control immunosuppression (Cheng et al., 2014). On the other hand, vascular cells regulate nutrient and oxygen supply, which are needed for cancer growth (Yang et al., 2018). Together, these populations have the potential to create a pro-tumor microenvironment which enhances cancer stem cell activity and transforms mammary epithelial cells to promote cancer cell growth (Chamberlin et al., 2017). Hence, as WAT dynamically remodels in response to excess nutrition, these microenvironment populations also remodel to form the tumor microenvironment in breast tissue. As such, investigating the impact of fasting on the mammary tumor microenvironment has been of key interest. In this review, we will summarize the impact of obesity and fasting in the mammary WAT microenvironment cell populations including ASCs, immune cells, vascular cells, mammary epithelial and cancer stem cells, with an emphasis on their contributions to tumorigenesis. For the purposes of this review, studies discussed regarding mammary gland in preclinical models are from inguinal WAT.
ADIPOSE STROMAL CELLS AND CANCER ASSOCIATED FIBROBLASTS
Nutritional excess conditions (e.g., obesity) can disrupt the homeostasis of the mammary gland. Pathological obesity is characterized by the expansion of adipocytes through hyperplastic (increase in number) and hypertrophic (increase in size) growth. ASC largely regulate adipocyte expansion. Also known as mesenchymal stem cells or adipocyte precursor cells, ASC are immunomodulatory bipotential stem cells that have the ability to differentiate into adipocytes or fibroblasts (Casteilla et al., 2011). Their adipogenic differentiation and determination is heavily dependent on PPARγ and C/EBPα, two major early key regulators of adipogenesis (Lechner et al., 2013). However, nutritional conditions can impact their differentiation potential. Obese conditions create a chronic-low grade inflammatory state due to the upregulation of pro-inflammatory mediators such as TNFα (Tzanavari et al., 2010). Upregulation of pro-inflammatory TNFα mediates the inhibition and reversal of adipocyte differentiation by suppressing the expression of adipogenic marker PPARγ, resulting in reduced de novo adipogenesis (Karagiannides et al., 2006; Tchkonia et al., 2007). As such, the body stores excess energy through adipocyte hypertrophy. These larger adipocytes exhibit necrotic-like abnormalities and inflammation, contributing to unfavorable fat expansion and insulin resistance (Shao et al., 2018). Furthermore, activation of receptors responsible for immune cytokine signaling such as toll-like receptor 4 exhibit increased ECM deposition and fibrosis (Vila et al., 2014), in part by downregulation of adipogenic marker PPARγ (Wei et al., 2010). Hence, coupled with adipocyte expansion, the microenvironment of obese WAT experiences hypoxia, adipocyte death, dysregulated angiogenesis, ECM deposition, and immune cell infiltration (Verma et al., 2020), overall creating an unhealthy microenvironment. Consequently, this unhealthy microenvironment can inhibit ductal growth, impair mammary gland function, and foster tumor growth (Lin and Li, 2007; Ullah et al., 2017). Thus, healthy WAT expansion is of vast interest to prevent the formation of a pro-tumor microenvironment.
Over recent years, fasting has been shown to be effective against obesity largely due to its effect on the adipocyte population. Obese mice subjected to 16 weeks of an IF regimen consisting of 2 feeding days followed by 1 fasting day exhibited decreased WAT weight as well as adipocyte size, without major alterations in whole-body lean mass (Kim et al., 2017). Tang et al. illustrated that adipogenesis is enhanced in mice subjected to 24-h refeeding after a 72-h fast through an upregulation of differentiation transcription factors promoting adipogenesis such as PPARγ and C/EBPα (Tang et al., 2017). In addition, a hallmark of fasting-induced WAT changes includes beiging or browning, a phenomenon describing adipocytes that acquire brown adipocyte-like characteristics. Subjecting mice to 40% CR, 40% of normal caloric intake, diet for 5 weeks resulted in greater hyperplastic growth, reduced hypertrophy, and multilocular lipids, indicative of WAT browning (Fabbiano et al., 2016). Furthermore, inguinal mammary WAT exhibited increased expression of browning markers such as UCP1, Cidea, PPARγ, and adipose-fatty acid binding protein 4 (Fabp4) (Fabbiano et al., 2016). Similarly, alternate-day fasting for 15 cycles resulted in increased expression of thermogenic browning markers and multilocular lipid accumulation of inguinal WAT. This WAT browning was demonstrated in part due to elevated levels of acetate and lactate (Li et al., 2017). Since WAT browning promotes healthy storage of fat through hyperplastic growth (Fabbiano et al., 2016), IF-induced browning serves as a potential therapy to promote healthy adipogenesis, maintain tissue integrity, and combat the growing obesity epidemic.
While WAT browning has been established as an essential component mediating fasting-induced metabolic benefits, recent evidence has highlighted novel interactions for resident beige adipocytes in mammary tumors. To investigate the influence of UCP1+ beige adipocytes on tumor growth, Singh et al. sorted UCP1+ and UCP1- fractions from xenografted breast cancer tumors. Subcutaneously injecting mammary tumor fraction depleted for UCP1+ adipocytes into nude mice significantly reduced tumor growth, suggesting that beige adipocytes may contribute to breast cancer development (Singh et al., 2016). Additionally, membrane-bound extracellular vesicle exosome interactions between adipocytes and tumor cells have emerged as a potential mechanism to induce WAT browning and lipolysis in the mammary tumor (Zhao et al., 2018; Wu et al., 2019). Co-culturing breast cancer cells and mature adipocytes decreases lipid droplet size, number, triglyceride content, and adipogenic marker PPARγ, while increasing UCP-1 levels and lipolytic activity. Subjecting cancer cells to cultured medium from mature adipocytes increases invasion and downregulation of epithelial marker E-cadherin (Wu et al., 2019), indicating increased aggressiveness. These studies suggest that tumor cells can take advantage of surrounding adipocytes (cancer-associated adipocytes) to induce thermogenesis and lipolysis to amplify their nutrient supply. Often upregulated by lipolysis and obesity is Fabp4. Genetic deletion of Fabp4 eradicated obesity-associated mammary tumor growth and development (Hao et al., 2018), highlighting a potential biomarker to predict obesity-induced aggressiveness. As fasting has been shown to induce WAT browning (Kim et al., 2017), the impact fasting has on preventing or exacerbating cancer-associated adipocytes in the mammary tumor is inconclusive. Since adipocytes within the mammary gland supply lipids to neighboring cells for nutritional functions (Zwick et al., 2018), it is essential to understand whether fasting-induced lipolytic activity could increase energy supply for cancer cells and potentially aggravate progression of mammary tumors.
As adipocytes surrounding the tumor lose lipids, these cells can acquire fibroblast-like features. Thereby, cancer-associated adipocytes can represent an intermediate population with fibroblast features including increased fibronectin, collagen 1, fibroblast-stromal protein (FSP) (Bochet et al., 2013), alpha-smooth actin (αSMA) (Inoue et al., 2016), fibroblast activation protein (FAP) (Kahounova et al., 2018), and vimentin expression (Hsia et al., 2016). Although the origin is unknown, one attractive theory is that mature adipocytes can transform into cancer-associated adipocytes and acquire fibroblast features to become fibroblast-like cells (Bochet et al., 2013). These fibroblast-like ASCs are known as cancer associated fibroblasts (CAF). Activated CAFs can impact tumor microenvironment and modulate cancer metastasis through ECM remodeling, angiogenesis, and growth factor secretion (Sahai et al., 2020). Isolating circulating ASCs from obese donors and subjecting them to breast cancer MCF-7 cells in vitro demonstrated decreased adipogenic differentiation potential and increased expression of fibrotic markers such as αSMA, FAP, and FSP (Strong et al., 2017). Furthermore, examination of ASC isolated from diet-induced obese mice mammary gland WAT revealed decreased differentiation and upregulation of activated fibroblasts marker, αSMA. Co-inoculating obese mice ASCs and mammary tumor cells into lean mice resulted in larger tumor growth, enhanced proliferation, and increased invasion (Hillers et al., 2018). In addition, an independent study demonstrated that in lung cancer, CAFs promote epithelial-to-mesenchymal transition and enhance the metastatic potential of cancer cells through an IL-6 mediated pathway. Administering IL-6 neutralizing antibody abolished the effects of CAF-induced cell migration, possibly leading to reduced metastasis (Wang et al., 2017). These findings suggest that HFD-induced obesity can reduce adipogenic differentiation of ASCs while augmenting ASC conversion to CAF (Hillers et al., 2018).
A study by Wu et al. demonstrated that mature adipocytes expressing programmed death-ligand 1 (PD-L1) inhibit activation of anti-tumor CD8+ T cells when administered anti-PD-L1 antibody in vitro. While depletion of PD-L1 expression on mature adipocytes promotes CD8+ T cell activation, ASC specific PD-L1 expression inactivates cytotoxicity of CD8+ T cell, suggesting context dependent immune modulatory function of PD-L1. Pharmacologic inhibition of adipogenesis in mammary tumors reduces PD-L1 expression and enhances anti-tumor efficacy, highlighting a potential role of the ASC population to modulate therapeutic effectiveness by controlling adipogenesis (Wu et al., 2018). Currently, there are no published studies showing the direct impact fasting has on the ASC or CAF population in breast cancer. As fasting is known to decrease IL-6 (Speaker et al., 2016) and is thought to modulate the ASC population to promote healthy adipocyte expansion, understanding how the ASC and CAF populations are modulated in response to fasting is critical to expand our knowledge into fasting-induced microenvironmental changes.
IMMUNE CELLS—MYELOID CELLS
Obesity induces mammary WAT expansion and is coupled with an accumulation of immune cells, specifically macrophages (Kolb and Zhang, 2020; Colleluori et al., 2021). WAT-resident macrophages proliferate while newly recruited monocyte-derived macrophages accumulate. These macrophages can assist with regulating physiological processes and maintaining metabolic function of WAT. In particular, these infiltrated pro-inflammatory adipose-tissue macrophage (ATM) surround necrotic cells to reabsorb lipids forming crown-like structures (CLS). As a highly abundant population, CLS macrophages secrete several pro-inflammatory mediators including TNFα, IL-6, CRP, and MCP-1 (Lumeng et al., 2007; Coats et al., 2017) into the microenvironment, resulting in chronic low-grade inflammation. Since WAT constitutes a major component of the breast tissue microenvironment, this chronic low-grade inflammation is associated with increased breast cancer risk, reduced overall survival, and recurrence-free survival (Pajares et al., 2013; Ecker et al., 2019).
Historically in WAT tissue biology, there are two distinct macrophage population. M1-like CD11c + pro-inflammatory macrophages are induced by pro-inflammatory factors such as interferon gamma (IFN [image: image]), IL-6, IL-1β, and predominantly contribute to the formation of CLS. In comparison, classical CD206+ M2-like macrophages are anti-inflammatory, contributing to tissue repair and production of anti-inflammatory cytokines such as IL-4 and IL-13 (Novak and Koh, 2013). In general, to maintain tissue integrity and homeostasis of WAT, a balance between pro-inflammatory and anti-inflammatory macrophages is required (Lumeng et al., 2007). Intriguingly, as obesity disturbs this balance by favoring M1-like macrophages, IF has been shown to restore balance with M2-like polarization (Zhao et al., 2018). Kim et al. demonstrated that induction of VEGF through a 2:1 feeding-to fasting-regimen of IF induces alternative activation of M2-like macrophages, promoting visceral WAT browning and thermogenesis (Kim et al., 2017). Similarly, 40% CR stimulates browning of mammary inguinal WAT through increased eosinophil infiltration, type 2 cytokine signaling and M2-like macrophage polarization. Suppression of type 2 signaling prevented browning and mammary inguinal WAT loss with CR, highlighting the importance of immune signaling and macrophage polarization for CR benefits (Fabbiano et al., 2016). Since chronic low-grade inflammation and presence of M1-like CLS are associated with increased risk of tumor onset (Carter et al., 2018; Faria et al., 2020), the polarization of M2-like macrophages through IF or CR could contribute to restoring a balance between M1-like and M2-like macrophages in the mammary microenvironment. This subsequently could decrease mammary WAT inflammation and potentially suppress the initiation of mammary tumor formation.
The stage at which IF induces M2-like macrophage polarization and accumulation could alter the benefits of IF on mammary tumorigenesis. Whereas M2-like macrophage accumulation prior to tumor onset can decrease inflammation and thereby suppress tumor onset, accumulation of M2-like macrophages during tumor progression may worsen prognosis. Jeong et al. established an association between M1-like macrophages and higher overall and disease-free survival in tissue microarrays of human invasive breast cancer, suggesting M2-like macrophages accelerate tumor progression (Jeong et al., 2019). Thus, further research is necessary to understand the impact IF-induced M2-like polarization could have during different stages of tumor development. As extremely plastic cells, increasing literature indeed highlights many other macrophage subcategories (Chavez-Galan et al., 2015). In the tumor context, using classical M1-like and M2-like macrophages is insufficient to characterize the tumor-associated macrophage population. Understanding the various roles different tumor-associated macrophage populations play in mammary tumor development and how these populations are altered by IF, could provide novel insight into the shaping of the tumor microenvironment (Narita et al., 2018; Mao et al., 2021).
Though macrophages are the most abundant leukocytes, eosinophils and myeloid derived suppressor cells (MDSC) also exist in the mammary gland. As shown by Fabbino et al., CR stimulates browning of mammary WAT through increased eosinophil infiltration (Fabbiano et al., 2016). Increased serum eosinophils counts are associated with better breast cancer prognosis, response to therapy, and long-term survival (Martens et al., 2016). Notably, a positive association between eosinophilia and disease outcome has been detected widely in metastatic melanoma (Simon et al., 2020) and recently in breast cancer (Onesti et al., 2020). In fact, Zheng et al. demonstrated that immune checkpoint blockade administration of anti-CTLA-4 treatment in MMTV-Polyomavirus Middle T-antigen (MMTV-PyMT) model increased eosinophil infiltration. Pharmacological depletion of eosinophils decreased the anti-tumor effect of CTLA-4, thereby promoting tumor growth (Zheng et al., 2020). As eosinophils counts are predictive for cancer prognosis (Martens et al., 2016) and play at least a partial role in mediating immune checkpoint blockade antibody response in mammary tumors (Zheng et al., 2020), IF-mediated upregulation in eosinophils may contribute to enhancing therapeutic efficacy and consequently improving breast cancer prognosis.
On the other hand, little is known about the direct impact of fasting on the MDSC population in the mammary gland and tumor microenvironment. Under HFD conditions, mammary tumors isolated from obese mice displayed increased tumor progression and enhancement of the MDSC population. Depleting MDSC in obese mice protected against diet-induced metabolic dysfunction and inflammation, which was sufficient to decrease tumor volume, liver metastasis, and improve overall survival. They discovered that HFD induces MDSC′ PD-L1 expression, thereby inactivating CD8+ T cell cytotoxic activity (Clements et al., 2018) and enhancing immunosuppression. However, the direct interaction of fasting on the immunophenotype of MDSC has not been clearly documented.
Intriguingly, metformin, an AMP-activated protein kinase (AMPK) activator, has become an emerging therapy in breast cancer (Goodman et al., 2014). Preclinical AMPK activator, OSU-53, suppresses breast cancer (MDA-MB-231 xenograft) growth by 47–49% (Lee et al., 2011). Importantly, AMPK and its downstream pathways have been shown to be activated by IF or fasting (Kajita et al., 2008; Viscarra et al., 2011). Since obesity-induced chronic low-grade inflammation is known to increase tumor-associated MDSCs, anti-obesity interventions such as IF could modulate the MDSC population (Salminen et al., 2019). In a study by Turbitt et al., mice were subjected to one of three possible treatments including 10%kcal HFD feeding, 60%kcal HFD feeding, or 30%kcal CR feeding for 16 weeks. These dietary regimens produced overweight, obese, and lean mice respectively which were subsequently injected with pancreatic tumor cells. A linear association between greater adiposity and tumor growth was observed, with obese animals bearing the largest tumors. Additionally, overweight/obese tumors contained a lower CD8: MDSC ratio, with an overall greater proportion of MDSC’s and a lower proportion of CD8+ T cell (Turbitt et al., 2019). Though this study was conducted in pancreatic cancer, systemic activation of AMPK through CR could have important implications in modulating the MDSC population in breast cancer.
IMMUNE CELLS—LYMPHOID CELLS
While myeloid populations like tumor-associated macrophages, eosinophils, and MDSCs are predominantly involved in immunosuppression, lymphoid populations inherently aid with alleviating this immunosuppression and participating in tumor-killing cytotoxic activity. In particular, CD8+ T cells play a critical role in modulating the mammary WAT microenvironment in response to obesity and tumorigenesis. MMTV-PyMT mice fed 60% HFD for 14–20 weeks promoted tumor initiation and progression via modulation of CD8+ T cell population (Kado et al., 2019). Obesity induced a phenotypic switch in tumor CD8+ T cells to promote early exhaustion as cells acquire exhaustive immune checkpoint receptor PD-1 (Kado et al., 2019). Consequently, the increase in PD-1+ CD8+ cells by diet-induced obesity resulted in reduced expression of cytotoxic genes such as IFN [image: image] and granzyme B (GzB) (Kado et al., 2019), suggesting that obesity decreases anti-tumor cytotoxic activity by induction of T cell exhaustion. Along with decreased proliferative capacity and activity of CD8+ T cells, an independent study discovered HFD initiates metabolic reprogramming of cancer cell to increase lipid uptake, while starving CD8+ T cells (Ringel et al., 2020). Prolyl-hydroxylase 3 (PHD3) is a protein in normal cells that has been shown to inhibit excessive lipid metabolism. Overexpression of PHD3 in tumor cells enhanced anti-tumor activity by blocking cancer cell metabolic reprogramming, resulting in slower tumor growth (Ringel et al., 2020). As similar metabolic reprogramming was observed in human cancers, this study provided a novel insight into changes in cellular components of the tumor microenvironment in response to diet-induced obesity. Taken together, these studies highlight the immunosuppressive nature of diet-induced obesity on tumor-associated CD8+ T cells.
Intriguingly, Biase et al. revealed a fasting-mimicking diet (FMD), a high-fat and low-carb CR diet, to enhance CD8+ tumor-infiltrating lymphocytes (TIL) in breast cancer (Di Biase et al., 2016). Triple negative breast cancer 4T1 tumor-bearing female mice subjected to 4 days of FMD sensitized tumors to chemotherapeutic doxorubicin and cyclophosphamide treatment as tumor volume was significantly decreased by 3-fold. The combination of FMD and chemotherapy (doxorubicin) significantly increased CD8+ TILs and their cytotoxic enzyme (e.g., GzB) and enhanced tumor cell apoptosis (Di Biase et al., 2016). Conversely, depleting CD8+ TIL’s by neutralizing antibody increases regulatory T cells (Tregs). Subjecting Balb/C nude mice lacking T-lymphocytes to FMD was not effective at reducing tumor size, increasing GzB, or cleaved-caspase-3 levels, highlighting the critical role that TIL play in mediating FMD effects (Di Biase et al., 2016). This study uncovered Heme-Oxygenase 1 downregulation to be essential for FMD-induced increase in CD8+ TIL cytotoxicity. Overall, this study suggests that FMD increases CD8+ TIL cytotoxicity by reducing Heme-Oxygenase 1 expression with associated Treg downregulation (Di Biase et al., 2016). Since HFD was shown to change metabolic programming of cancer cells in the tumor microenvironment and IF is known to decrease several metabolic parameters such as insulin and glucose, future studies should investigate how IF can impact tumor microenvironment metabolic programming. In particular, it would be interesting to see the impact of IF on PHD3. This could provide promising novel targets and IF mimetics that could improve anti-tumor activity and enhance current therapeutics.
Another key lymphoid population that plays an important role in anti-tumor properties is Natural Killer cells (NK). Though an important population in the tumor context, NK cells have not been thoroughly examined for their role in obesity in the mammary gland (Ohmura et al., 2010). Under obese conditions, alterations in resident NK cells have been observed in epididymal fat but not subcutaneous fat (Lee et al., 2016). A subpopulation of NK cells resembling T cells exists and are referred to as NKT cells. With just 4 days of HFD, NKT cells are activated and promote M2-like macrophage polarization in the depot. NKT-deficient CD1d −/− mice subjected to HFD challenge showed impaired metabolic parameters, without polarization of M2-like macrophages (Ji et al., 2012). This suggests that NKT cells play a WAT depot specific role in contributing to obesity-induced WAT remodeling. Additionally, compared to lean counterparts, obese mammary tumor-bearing mice demonstrated decreased ligand NKp46 expression on circulating NK cells and increased activating NK receptor NKG2D ligand MULT1 expression in visceral WAT (Spielmann et al., 2020). As such, this paper alluded that NK cells may be occupied in managing inflamed visceral WAT microenvironments during obese conditions and therefore are unable to kill mammary tumor cells, leading to accelerated tumor growth. Future research into the effect of prolonged HFD feeding on NK/NKT receptor and ligand activity in the mammary gland could provide insight into whether there is a differential role for NK cells in mammary WAT.
In an independent liver study, mice subjected to a 3 days fast increased tumor-necrosis factor-related apoptosis inducing ligand and CD69+ NK cells, without major alterations in resident NK cell number. These NK cells displayed enhanced antitumor function in comparison to the fed group (Dang et al., 2014). Though this study was conducted in the liver, such an effect in a mammary tumor could be instrumental in targeting tumors. As one of the key populations responsible for cytotoxic activity in tumors, understanding how NK cells change under obese conditions in the mammary gland could shed light into on their potential contribution to anti-tumor activity by fasting regimens.
Collectively, fasting regimens can alleviate immunosuppression by potentially increasing eosinophil, CD8+ T cells, and NK cells while decreasing MDSC cells (Figure 1). However, as fasting is a systemic response, it may alter immune populations not only in the mammary gland or tumor, but in circulation as well. Several studies have alluded to variations in cell number, immune cell production, and T cell priming in lymphoid organs upon fasting (Strissel et al., 2010; Shushimita et al., 2014; Buono and Longo, 2019; Nagai et al., 2019; Rangan et al., 2019). Upon 50% CR, CD8+, CD4+ T cells, Tregs, NK, and mature B cells decreased in WAT and spleen, yet CD8+ and CD4+ T cells were increased in bone marrow (Collins et al., 2019). This allows cells to preserve a state of energy conservation and allow for T cell priming by CXCR4-CXCL12 activity on CD4+ memory T cells. As the major function of CD4+ memory T cells is immunosurveillance, memory T cell homing was associated with enhanced protection against infections and tumors (Collins et al., 2019). Similarly, another study revealed prolonged fasting (48-h) significantly deceased white blood cell and hemopoietic stem cell numbers. Refeeding after fasting increased the number and activity of hematopoietic progenitor populations, suggesting that refeeding can rejuvenate immune cells to weaken immunosuppression caused by chemotoxicity in a cancer context (Cheng et al., 2014). In a randomized study of 129 patients, subjecting HER2-negative early breast cancer patients to FMD and chemotherapy reduced disease progression and DNA damage in plasma T-lymphocytes (De Groot et al., 2020), thereby reducing hematological toxicity (De Groot et al., 2015). Altogether, these studies imply that fasting accelerates recovery after chemotoxicity in breast cancer through T cell priming and functioning of the bone marrow. Future research investigating changes in lymphoid populations within lymphoid organs, tumor, and in circulation upon fasting and refeeding could provide insight into how fasting changes the lymphoid immune response.
[image: Figure 1]FIGURE 1 | Schematic depicting immune population changes in mammary tumor microenvironment in response to obesity and fasting conditions.
VASCULAR CELLS
With obesity, several pro-angiogenic factors are secreted from the microenvironment to induce a transient switch to activate angiogenesis. Activation of angiogenesis is critical to ensure a sufficient supply of nutrients and oxygen to cells for healthy expansion. However, a balance between pro-angiogenic and anti-angiogenic factors is necessary to prevent endothelial cell dysfunction (Herold and Kalucka, 2020). Obesity-related expansion of WAT is accompanied by endothelial dysfunction as there is an increase in the pro-angiogenic and pro-inflammatory stimulus. Maintaining an adequate supply while sustaining proper endothelial function is essential to prevent WAT inflammation, fibrosis, and pockets of hypoxia, all of which contribute to unhealthy WAT and are hallmarks for mammary tumorigenesis.
A key pro-angiogenic molecule implicated in mammary gland expansion and tumorigenesis is Vascular Endothelial Growth Factor (VEGF). VEGF is known to regulate vascular permeability, angiogenesis, and the expansion of lymphatic vessels through lymphangiogenesis (Kim et al., 2017). Under basal conditions, overexpression of adipose-specific VEGF triggers angiogenesis and browning of inguinal mammary WAT (Elias et al., 2012; Sun et al., 2012; Sung et al., 2013). Intriguingly, transplanting this overexpressing adipose-VEGF tissue into diet-induced obese mice improved systemic metabolic benefits and reduced inflammation (Park et al., 2017). Notably, 24-h fasting significantly increases inguinal WAT-VEGF expression in overall tissue and adipocytes (Hua et al., 2021). In fact, metabolic benefits of IF such as WAT browning, and M2-like macrophage polarization have been shown to be mediated by adipose-VEGF expression. Whereas adipose-VEGF knockout mice are unable to gain metabolic benefits of IF, periodic expression of adipose-VEGF (i.e., IF-mimicking effect) is sufficient to induce IF metabolic improvements in non-fasted animals (Kim et al., 2017), highlighting the important role VEGF plays in promoting the healthy remodeling of obese WAT.
As upregulation of VEGF promotes healthy expansion of WAT, this same mechanism can promote growth and dissemination of solid tumors such as breast cancer. Unlike the formation of mature vessels under normal and obese conditions, intratumor vessels are irregular, disorganized, and leaky, leading to hypoxia and inefficient delivery of antitumor agents into tumor microenvironment (Yang et al., 2018). In contrast to obese conditions where it is beneficial to upregulate VEGF, in the tumor context VEGF is thought to aid in the proliferation and expansion of tumor. Silencing VEGF expression via small interfering RNA significantly reduced tumor growth and angiogenesis in breast cancer MCF-7 xenografted mice (Chen et al., 2017). As such, combining traditional chemotherapies with anti-VEGF therapies has been extensively investigated in many cancers. However, anti-VEGF therapy such as bevacizumab has largely failed to improve survival in breast cancer patients. In particular, obese breast cancer patients respond poorly to anti-VEGF therapy due to decreased sensitivity in the tumor (Incio et al., 2018). HFD feeding in breast cancer cell E0771 inoculated mice decreased anti-VEGF therapy efficacy from 50 to 28%. These obese tumors experienced hypovascularity, hypoxia, and increased abundance of cancer-associated adipocytes (Incio et al., 2018). Treatment of anti-VEGF therapy-induced cancer cell necrosis in adipocyte-poor regions while adipocyte-rich regions remained viable, attributed to increased pro-inflammatory molecule IL-6. Inhibiting IL-6 and VEGF increased functional vascular density, reduced hypoxia, attenuated infiltration of Tregs, decreased mammary tumor growth, and metastasis (Incio et al., 2018). Furthermore, combining anti-VEGF blockade with inhibition of IL-6 plus chemotherapeutic agent doxorubicin in obese mice delayed tumor progression similar to lean mice on VEGF blockade and doxorubicin. Inhibition of IL-6 did not further delay progression in lean animals, thereby suggesting that obesity promotes resistance to anti-VEGF therapy in breast cancer specifically by IL-6 (Incio et al., 2018). As subcutaneous IL-6 is known to decrease with fasting (Speaker et al., 2016), combining IF with anti-VEGF therapy could have a beneficial impact on tumor growth. Research examining the impact of IF could prove to be a powerful tool for anti-VEGF therapy effectiveness. As anti-VEGF therapy has shown poor clinical results in mitigating breast cancer, this insight is essential to understand the translatability of IF into a clinical setting.
In addition to VEGF, angiopoietin-like 4 (ANGPTL4) has been investigated in implanted E0071 mammary tumors. Knocking out or neutralizing ANGPTL4 in mice decreased obesity-induced angiogenesis and tumor growth (Kolb et al., 2019). As 24-h fasting in humans has been shown to increase mRNA and protein ANGPTL4 in mammary WAT (Ruppert et al., 2020), fasting may accelerate obesity-induced tumor angiogenesis. As a result, this could contribute to cancer cell survival through an ample supply of oxygen and nutrients. However, De Lorenzo et al. investigated the impact of 4T1 cell implantation into the mammary gland of BALB/c mice after 5 weeks of 40% CR. Along with CR decreasing tumor weight, metastasis, cell proliferation, and increasing apoptosis, CR mice also displayed significantly lower intratumor microvessel density than control counterparts. This significant decrease was attributed to decreased total vessel length and circulating serum VEGF levels, suggesting CR decreases tumor angiogenesis (De Lorenzo et al., 2011). Collectively, there is a lack of studies investigating the impact of IF in the tumor microenvironment on pro-angiogenic, anti-angiogenic factors, and overall vascular cells. As lymphangiogenesis is an integral process through which cancer cells metastasize, understanding the impact IF has on the vascular microenvironment will provide insight into cancer cell dissemination into local and distant organs. In-depth analysis of vascular markers and collective population will provide a better understanding of IF’s potential to modulate the breast cancer vascular microenvironment.
MAMMARY EPITHELIAL CELLS AND CANCER STEM CELLS
A predominant population of the mammary gland are mammary epithelial cells. Remodeling of these cells initiates processes that are characteristic to the mammary gland during lactation and puberty (Olson et al., 2010). During these processes, mammary epithelial cells interact closely with neighboring adipocytes (Colleluori et al., 2021). As such, the mammary epithelial population is sensitive to nutritional conditions. Subjecting C57BL/6–60% HFD decreased basal/myoepithelial specific markers while increasing mammary epithelial progenitor activity and estrogen receptor expression, specifically in luminal cells. Interestingly, switching mice fed HFD for 15 weeks to control diet for a further 5 weeks, mimicking a weight loss regimen, reversed the observed epithelial cell changes. These results were recapitulated in human mammary tissue, indicating that obesity can directly alter stem/progenitor epithelial populations (Chamberlin et al., 2017).
To investigate mammary epithelial gland structure alterations in response to obesity, Mustafi et al. subjected 4-week-old spontaneous tumor developing simian virus 40 large T antigen (SV40taG) mice to 60% HFD for 8 weeks. In addition to enhanced tumor progression, ex vivo MRI and histology demonstrated denser parenchyma, irregularly enlarged ducts, dilated blood vessels, increased WAT, and increased tumor invasion (Mustafi et al., 2017), showcasing HFD-induced mammary epithelial dysregulation. Indeed, dissociation of obese mammary tumor into single cells grown in vitro revealed increased proliferation rates and self-renewal capacity in an independent study. Growing these cancer stem cell-enriched populations on collagen-coated migration chambers showed increased invasiveness, increased expression of the mesenchymal marker N-cadherin, and higher cancer stem cell-associated genes Sox2 and Notch Receptor 2 (Hillers-Ziemer et al., 2020). Collectively, these studies suggest amplification of cancer stem cell activity, proliferation, and aggressiveness in response to obesity.
While obese conditions enhance mesenchymal marker expression, CR has importantly been shown to affect epithelial-to-mesenchymal transition in the mammary tumor. As a critical pathway involved in tumor invasion, growth, and metastasis, Dunlap et al. investigated the impact of CR focusing on two characterized cell types in the mammary tumor of transgenic MMTV-WNT-1 mice. Compared to epithelial cells (CD44 high/CD24 high), mesenchymal cells from MMTV-WNT-1(CD44 high/CD24 low) mice were tumor-initiating cells with greater tumorsphere-forming and migration abilities. Obese tumors from mice fed with 60% HFD prior to and after tumor implantation experienced upregulated mesenchymal cells and overall enhanced epithelial-to-mesenchymal transition characterized by markers such as N-cadherin, Fibronectin, transforming growth factor-β (TGFβ), Snail, and Oct4. On the other hand, 30% CR suppressed tumor progression, inhibited epithelial-to-mesenchymal transition and intratumoral adipocyte accumulation, implying that dietary interventions such as CR can modulate epithelial-mesenchymal-transition thereby affecting the progression of mammary tumors (Dunlap et al., 2012).
In addition to the influence nutritional conditions can have on epithelial cells, adipokines regulated by nutritional conditions such as leptin can impact the mammary gland and tumor microenvironment. Increased under obese conditions, leptin is associated with increased breast cancer risk and thereby serves as a potential biomarker for post-menopausal overweight/obese patients (Pan et al., 2018). Upregulation of leptin disrupts epithelial polarity and sensitizes non-cancer cells to proliferative stimuli to expand the stem cell/progenitor population, subsequently initiating early stages of malignancy (Tenvooren et al., 2019). Additionally, leptin promotes expression of epithelial-to-mesenchymal transcription factors, cancer stem cell activity, expression of metastatic TGFβ1 pathway (Mishra et al., 2017; Olea-Flores et al., 2019), in part by activation of inflammasomes (Raut et al., 2019). As leptin is secreted by adipocytes within the breast tissue, leptin can alter the tumor microenvironment. Increased leptin due to obesity explains the increased risk of invasive/metastatic tumors and overall poor survival in obese breast cancer patients. Intriguingly, numerous studies have shown fasting significantly decreases leptin (Trepanowski et al., 2018; Al-Rawi et al., 2020) and increases adiponectin (Varady et al., 2010; Kim et al., 2017). Adipose-secreted cytokine adiponectin decreases breast cancer growth by the accumulation and activation of autophagosomes resulting in autophagic cell death in the mammary tumor (Chung et al., 2017). Currently, there lacks research examining the effect of fasting-related decreases in leptin and increases in adiponectin on mammary epithelial polarization, cancer stem cell activity, autophagy, invasion, and metastasis. This could enhance our knowledge and provide a potential explanation for the delayed onset observed in mammary tumor fasting studies.
DISCUSSION
In this review, we provided a detailed overview on of the effect of nutritional conditions such as obesity and fasting on ASCs, CAFs, immune cells, vascular cells, mammary epithelial, and cancer stem cells, all of which play an important role in the tumor microenvironment (Figure 2).
[image: Figure 2]FIGURE 2 | Schematic summarizing the population changes in mammary tumor microenvironment in response to obesity and fasting conditions.
Studies have highlighted potential mechanisms responsible for modulating the tumor microenvironment in response to fasting. As immune surveillance is a critical component to killing cancer cells, most studies have examined the mechanism through which immune cell activity is modulated to enhance cytotoxicity. Ajona et al. demonstrated that the enhanced anti-tumor activity in response to fasting in combination with immune checkpoint blockade is attributed to decreased IGF-1 and IGF-1R in tumor cells. Subjecting mammary tumor-bearing mice to IGF-1R inhibitor and immune checkpoint blockade was sufficient to mimic the anti-tumor effect of fasting in lung cancer (Ajona et al., 2020). Furthermore, abolishing IGF-1 adequately mimicked prolonged fasting (48-h) and accelerated hematopoietic stem-cell protection and renewal following chemotherapy, thereby relieving immunosuppression (Cheng et al., 2014).
Although a reduction in IGF-1 is thought to be a leading candidate explaining fasting-induced tumor immunogenicity and improved therapeutic response, there are other possible mechanisms. Reduction in stress oxygenase enzyme Heme Oxygenase-1 by FMD increased immunogenicity via cytotoxic CD8+ T cells infiltration in mammary tumors and overall improved response to chemotherapy (Di Biase et al., 2016). On the other hand, FMD or fasting in HER2-negative breast cancer patients resulted in better mitigation of DNA damage in T-lymphocytes (De Groot et al., 2020). As immune cells are a key population responsible for anti-tumor activity, further research examining the mechanism behind fasting-induced immune cell changes are warranted.
Cancer cells and normal cells undergo differential stress resistance responses, and cancer cells are generally more sensitive to nutrient deprivation than normal cells (Raffaghello et al., 2008). Typically tumor cell survival is dependent on initiation of the “Warburg effect,” a phenomenon where the tumor cells experience high glucose uptake with lactate production under hypoxic conditions (Vander Heiden et al., 2009). This promotes ATP production through oxygen-independent pathways with reduced ROS-related DNA damage, contributing to chemoresistance (Zhou et al., 2010; Zhao et al., 2013). Bianchi et al. demonstrated that 48-h fasting promotes an anti-Warburg effect in colon cancer which drives glycolysis and oxidative phosphorylation to generate ROS and subsequent cancer cell apoptosis (Bianchi et al., 2015). This could explain the reported fasting-induced enhanced cancer cell sensitivity to chemotherapy and immunotherapy, which results in improved treatment response.
While the fasting effect has been investigated in the tumor immune cells, the impact fasting has on other cell populations in tumor is unknown. As discussed in this review, there are several potential mechanisms such as fasting-associated VEGF induction (Chen et al., 2017; Kim et al., 2017; Yang et al., 2018), AMPK activation (Kajita et al., 2008; Viscarra et al., 2011; Salminen et al., 2019), and downregulation of adipose-secreted leptin (Weigle et al., 1997; Pan et al., 2018) that can impact these individual populations. Since the tumor microenvironment is quite heterogeneous with various cell types, each population in the breast tissue plays an important role to contribute to disease pathogenesis. It is likely that a single mechanism is not responsible for modulating various cell populations in tumor microenvironment in response to fasting. Therefore, deepening our knowledge about how obesity and fasting can alter ASCs, CAFs, vascular cells, mammary epithelial, and cancer stem cells is essential to not only understand the microenvironmental transformation that undergoes with breast cancer, but also how to prevent it. Furthermore, expanding our understanding of possible mechanisms altering these populations could highlight novel targets that could be explored for cancer treatments.
Though not discussed in this review, a common effect that accompanies cancer progression is cancer cachexia. This occurs when cancer cells secrete factors that induce a hypermetabolic phenotype in adipose tissue and muscle tissue (Vazeille et al., 2017). As cancer patients commonly lose appetite, the hypermetabolic phenotype is often accompanied by inadequate caloric intake. This leads to drastic reductions in both lean and fat mass (Porporato, 2016). In fact, metastatic cancer patients with hypermetabolism associated with cancer cachexia exhibit reduced therapeutic response and survival (Vazeille et al., 2017; Baracos et al., 2018). As IF is known to increase resting energy expenditure and metabolic rate under non-tumorigenic conditions (Liu et al., 2019), it is possible that IF could have further adverse effects in metastatic cancer patients exhibiting cancer cachexia. Hence, studies in the future must closely examine the effect of IF on cancer cachexia.
Over recent years, new technologies have emerged to help provide a comprehensive detailed overview of tumor microenvironment interactions. Single-cell analyses such as high dimensional mass cytometry, known as CyTOF, utilize 40+ cell surface and intracellular markers to phenotypically and functionally characterize populations (Gadalla et al., 2019). Similarly, single-cell RNA or nuclei sequencing provides insight into the transcriptomic changes within each population in the microenvironment (Seow et al., 2020), also highlighting metabolic alterations (Xiao et al., 2019). Most recently, Jackson et al. revealed novel subgroups of breast cancer and associated cellular populations using single-cell analyses, highlighting the potential to use such techniques for targeted patient diagnosis and treatment (Jackson et al., 2020). These techniques have been used to investigate immune checkpoint blockade receptor expression on TIL (Beyrend et al., 2019), as well as to characterize and compare stromal cell heterogeneity between cancers (Qian et al., 2020). Future research utilizing these techniques will provide a unique opportunity to explore the tumor microenvironment in response to nutritional conditions such as obesity and fasting in an efficient and comprehensive manner (Jackson et al., 2020), with potential insight into each population.
Although many clinical studies have investigated the effect of fasting regimens in healthy, obese, and diabetic humans (Heilbronn et al., 2005; Harvie et al., 2011; Varady et al., 2013; Dorff et al., 2016; Gabel et al., 2018; Sutton et al., 2018; Hutchison et al., 2019; Lee et al., 2020; Wilkinson et al., 2020), there are few studies that have investigated the impact of fasting in cancer conditions. A 10-case series report examined the feasibility of fasting prior (48–140 h) and/or following chemotherapy (5–56 h) in cancer patients. Aside from hunger and light-headedness, no major side effects were reported. In fact, 6 patients reported a reduction in fatigue, weakness, and gastrointestinal side effects (Safdie et al., 2009). To further evaluate the quality of life in a randomized control study, Bauersfeld et al. conducted a trial where 34 ovarian and breast cancer patients were randomized to either a 60-h fasting duration (maximum 350 kcal), 36-h prior to chemotherapy and 24-h after chemotherapy, or control diet for the first 3 cycles of chemotherapy or second 3 cycles of chemotherapy. In addition to self-reported improved quality of life, decreased fatigue, and no major changes in weight, a greater benefit was observed with individuals subjected to fasting prior to chemotherapy in the first 3 cycles rather than later 3 cycles (Bauersfeld et al., 2018). Taken together, these studies suggest positive adherence and feasibility to fasting regimens in cancer patients.
In addition to the quality of life, a study of HER2-negative breast cancer patients with stage 2/3 breast cancer were randomized to 48-h fasting (24-h prior to and 24-h after chemotherapy) to evaluate chemotherapy-induced toxicity. Interestingly, erythrocyte and thrombocyte counts 1 week after chemotherapy were significantly greater in the fasted group, indicating reduced hematological toxicity and faster recovery of DNA damage (De Groot et al., 2015). Similarly, in an independent study, 48-h fasting prior to platinum-based chemotherapy or 72-h fasting (48-h prior to and 24-h after chemotherapy) resulted in decreased leukocyte DNA damage and a non-significant trend towards reduced neutropenia (Dorff et al., 2016). These studies are summarized in Table 1. Collectively, these studies suggest that fasting regimens in combination with current therapies are feasible and demonstrate positive benefits with mitigating toxicity.
TABLE 1 | Summary of the outcomes and limitations of all clinical trials discussed in this review examining the effect of fasting on cancer.
[image: Table 1]Currently, there are many clinical trials undergoing to further examine the adherence, feasibility, and effectiveness of fasting in various cancers (Nencioni et al., 2018; U.S. National Library of Medicine, 2021). This research will shed light on whether fasting-associated benefits observed in preclinical models are translated into clinical settings, as well as the potential of fasting as a therapy. As the obesity epidemic increases worldwide, the global cancer burden is also expected to increase (Sung et al., 2021). Since fasting is a tangible, zero-cost, non-toxic, and easily applicable regimen, investigating the potential of fasting in the cancer setting is of significant value as current therapies are insufficient. Overall, this review provided a comprehensive overview of the current literature exploring obesity as well as fasting, with an emphasis on the mammary gland tissue and the development of breast cancer. As breast cancer is the most commonly diagnosed cancer (Sung et al., 2021), understanding how fasting regimens influence the mammary tumor microenvironment will provide insight into the mechanisms behind fasting-induced tumor benefits and can provide novel fasting-mimetics that can be easily translated in clinical settings.
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Cancer stem cells (CSCs) represent a small fraction of the total cancer cell population, yet they are thought to drive disease propagation, therapy resistance and relapse. Like healthy stem cells, CSCs possess the ability to self-renew and differentiate. These stemness phenotypes of CSCs rely on multiple molecular cues, including signaling pathways (for example, WNT, Notch and Hedgehog), cell surface molecules that interact with cellular niche components, and microenvironmental interactions with immune cells. Despite the importance of understanding CSC biology, our knowledge of how neighboring immune and tumor cell populations collectively shape CSC stemness is incomplete. Here, we provide a systems biology perspective on the crucial roles of cellular population identification and dissection of cell regulatory states. By reviewing state-of-the-art single-cell technologies, we show how innovative systems-based analysis enables a deeper understanding of the stemness of the tumor niche and the influence of intratumoral cancer cell and immune cell compositions. We also summarize strategies for refining CSC systems biology, and the potential role of this approach in the development of improved anticancer treatments. Because CSCs are amenable to cellular transitions, we envision how systems pharmacology can become a major engine for discovery of novel targets and drug candidates that can modulate state transitions for tumor cell reprogramming. Our aim is to provide deeper insights into cancer stemness from a systems perspective. We believe this approach has great potential to guide the development of more effective personalized cancer therapies that can prevent CSC-mediated relapse.
Keywords: cancer stem cells, cellular niche, tumor microenvironment, systems biology, immunotherapy, drug resistance
INTRODUCTION
In cancer, a gain of stemness can have profound implications on tumor aggressiveness, drug response and clinical outcome (Figure 1A). Here, we provide a systems biology overview of how the immune cell niche, cellular contexts, and molecular or genetic perturbations contribute to stem cell-like properties of malignant cells. We start by describing the sources of tumor heterogeneity and defining the cellular niche as a dynamic spatial domain harboring cancer stem cells (CSCs). We then elaborate on how this cellular niche is critical for communication between cell populations and move through the biological pathways endowing these stemness properties. We outline how systems biology approaches present an important strategy for identifying the crosstalk between immune cells, the bulk cancer, and CSCs. Finally, we discuss how these systems biology approaches open new avenues to dissect and manipulate cellular states and niches to impact cancer progression.
[image: Figure 1]FIGURE 1 | The cellular niche sustains the phenotypically diversity of cancer stem cells. (A) CSCs play fundamental roles in cancer, including contributing to tumor heterogeneity, and immune evasion, promoting migration and recurrence, and driving chemoresistance. (B) The CSC niche is supported by the tumor components, stroma, immune infiltrate, and tumor microenvironment. (C) Cell-cell interactions define spatial cancer niches and contribute to the phenotypically diversity of CSCs and cellular heterogeneity. (D) CSC phenotypic states are modulated by an array of factors, including intrinsic factors like WNT and TGFB pathway activation, cell-cell interactions, cellular plasticity, and the cellular niche. Figure created with BioRender.com.
SOURCES OF TUMOR HETEROGENEITY
Tumor complexity not only arises from the intrinsic diversity of the tumor cells themselves, but also from their interactions with other non-tumor cell types. The intratumoral heterogeneity of the cancer cells arises through mechanisms such as genomic instability, clonal evolution, cellular differentiation, and reversible plasticity. These contributions have been well studied, but most analyses fail to systematically characterize the contributions of other cells to cancer cell heterogeneity. Immune cells, which are also part of the tumor niche, present over 350 CD (cluster of differentiation) antigens, secrete close to 100 cytokines and chemokines, and belong to subtypes that express thousands of unique gene signatures (Davis et al., 2017). These immune cells, as well as other non-malignant stromal cells, co-exist with cancer cells, thus creating complex biological entities. Moreover, these stromal cells interact with and shape the evolution of the cancer cell populations (Figure 1B).
From a systems biology perspective, the contribution of each source of heterogeneity can be understood by dissecting cell populations, cellular niches, niche dynamics and the crosstalk between them. This will ultimately help devise disease spatial resolution maps that shed light on mechanisms of cancer progression and drug resistance. Such complex systems exhibit emergent properties that are not just the aggregation of unconnected individual behaviors, but are instead unique phenomena that reflect synergy in interactions between cells. The scientific discipline of systems biology aims to provide a quantitative and dynamic framework that leverages mathematical and computational techniques to unravel the complexity of cellular processes. This approach is applied with the view that a holistic view of systems will not only inform how a gene connects to a protein and an activity, but also help elucidate how a cellular phenotype is contingent on the biological context (where and when) (Kirschner, 2005). As such, systems biology approaches have the power to dissect the interplay between tumor and immune cells to characterize higher order properties and systems interconnectivity. For example, interrelationships between ligands and receptors have been an active area of research where a variety of system methodologies have been applied to define ligand/receptor co-expression, formation of multimeric complexes and cellular activity (see section entitled Probing the cellular niche: Technological advances). The large breadth of ‘omics data now available is enabling systems approaches to give new insights. Here, we will highlight the potential of systems biology to dissect the determinants of cancer stemness present in the cellular niche.
STEMNESS OF CANCER CELLS
Stemness, defined as the potential for self-renewal and differentiation from the cell of origin, was originally attributed to normal embryonic stem cells that give rise to all cells in adult organisms. However, it has long been known that cancer cells show markers and properties of embryonic stem cells (Friedmann-Morvinski and Verma, 2014). Cancer progression often involves the gradual loss of a differentiated phenotype and acquisition of progenitor or stem cell-like features. Undifferentiated primary tumors are more likely to result in metastasis to distant organs, causing disease progression and poor prognosis, as well as resistance to available therapies. Within a tumor, phenotypic diversity and spatial cellular variation may also impact expression of key embryonic stem cell regulators, resulting in distinct paths to cancer stemness (Figure 1C).
SYSTEMS BIOLOGY AND CANCER STEM CELL STATES
Dedifferentiation of Cancer Cells
Although CSCs exhibit the stem cell-like properties of self-renewal and differentiation, they do not necessarily originate from the transformation of normal tissue adult stem cells (Friedmann-Morvinski and Verma, 2014). Oncogenic hits initiating malignant transformation may over time lead to a more dedifferentiated state and contribute to tumor cell heterogeneity. For instance, reverse engineered gene regulatory networks (GRNs) reconstructed by methods such as mode-of-action by network identification (MNI) approach, were used in our earlier studies and allowed the identification of HOXA1 as a key modulator capable of reversal phenotypes in breast cancer (Brock et al., 2014). Such inducibility of tumor plasticity suggests that CSCs do not necessarily originate from normal stem cells. Instead, under certain circumstances, cancer cells can dedifferentiate and acquire cancer stem cell (CSC)-like properties (Lyssiotis and Kimmelman, 2017). Here, the microenvironment of a tumor provides ample molecular cues and opportunities for cell-to-cell signaling to modulate the epigenome and phenotypic stem cell-like programs in cancer cells, frequently independent of their genetic backgrounds (Figures 1C,D) (Gingold et al., 2016). A variety of systems biology approaches, which are able to dissect transcriptional programs in various cellular states (Huggins et al., 2017; Luke et al., 2019), can also be used to understand CSCs (Figure 2). For instance, CellNet (Cahan et al., 2014) can reverse engineer GRNs to find transcription factors that are crucial in cell state maintenance. Others, like ARACNe (Basso et al., 2005) and VIPER (Alvarez et al., 2016), utilize GRN reverse engineering approaches to enrich for cellular regulons and identify regulatory genes that determine specific biological conditions. As an example, a set of systems biology tools developed in our lab have the potential to provide deeper look into CSC biology. For example, NetDecoder (da Rocha et al., 2016) builds a context specific network based on prior biological knowledge and enables genome-wide modeling of signal flows to extract genes that are critical under a specific biological context. Alternatively, Machine Learning Assisted Network Inference (MALANI) (Ghanat Bari et al., 2017), a machine learning-based method, creates de novo biological networks and has the ability to extract “dark genes” that are neither differentially expressed nor mutated but can play important roles in CSCs’ stemness. Moreover, Regulostat Inferelator (RSI) (Ung et al., 2019) searches for gene pairs that act like biological rheostats and can modulate phenotypic transitions in cancer cells, for example, the acquisition of stemness properties.
[image: Figure 2]FIGURE 2 | Cancer stem cell systems biology—Novel insights gained by integrated analyses. Overview of breadth of high-throughput technologies and tools to characterize the cross talk between CSCs, immune and tumor cells in a cellular niche. The niche cell subsets can be probed, for example, using bulk and single cell RNA-seq or cytometry by time-of-flight (CyTOF). CITE-Seq, STARmap and IMC (imaging cytometry) can spatially probe the cellular niche. A variety of systems tools provide a framework to interrogate signaling pathways, derive regulatory TF networks and understand the diversity of CSC phenotypes and their niches. Figure created with BioRender.com.
WNT-β-Catenin Signaling and Stem Cell-like Phenotype in CSCs
Canonical WNT is a major pathway that regulates CSCs and induces stemness in several cancers (Vermeulen et al., 2010; Nguyen et al., 2019). The hallmark of this pathway is the activation of β-catenin-mediated transcriptional activity. WNT canonical pathway signaling is initiated by the binding of a WNT family protein to cell surface receptors to activate signal transduction (Kalbasi and Ribas, 2020; Yang et al., 2016). In the presence of WNT ligand, β-catenin evades proteasomal degradation, translocates to nuclei and activates transcription. This has several consequences for the CSC niche: 1) Increased phenotypic heterogeneity, 2) spatial diversity, and 3) impact on de novo immune response (Holtzhausen et al., 2015; Spranger et al., 2015; Luke et al., 2019) [for review see (Galluzzi et al., 2019)]. In particular, heterogenous activity of WNT has been observed in colon cancer, with high activity seen in regions close to stromal components (Vermeulen et al., 2010) (Figure 1D). Moreover, WNT-β-catenin pathway activation has been associated with immune exclusion of dendritic cells (DC) and T-cells from melanomas (Spranger et al., 2015; Spranger and Gajewski, 2015) and other cancers (Luke et al., 2019). With a reduction of CXCL9/10, CCL4 and other chemokines, recruitment of DCs and cross-priming of effector T cells in tumors is limited (Spranger et al., 2017). Further, DCs are re-wired to a regulatory state that is immune tolerant (Hall et al., 2011).
While WNT signaling in tumor cells is associated with a worse outcome, WNT signaling in the lymphoid compartment appears to modulate anti-tumor responses. In particular the WNT-β-catenin pathway regulates TCF1, a transcriptional factor that plays a critical role in T cell differentiation. TCF1 acts by biasing the differentiation of naïve T cell to CD4+ T helper subsets (Th1, Th2, and Th17). Moreover, WNT-β-catenin signaling promotes the generation of memory T cells, whereas the expansion of naïve CD8+ T cells and differentiation of effector T cells are inhibited (van de Wetering et al., 1991; Bienz and Clevers, 2003; Luke et al., 2019) [See review (Wang B et al., 2018) for in depth description]. This and additional observations support the pursuit of WNT inhibitors and combinatorial targeting of the WNT-β-catenin pathway to improve clinical outcomes of patients to overcome primary, adaptive, and acquired resistance to immunotherapy (Wang B et al., 2018; Zhang et al., 2020). However, as suggested by Wang B et al. (2018), it remains to be determined whether this strategy can be translated into the clinical practice to ultimately help devise better individualized immunotherapy treatments for cancer patients.
Systems biology approaches are also used to interrogate signaling and phenotypical programs that sustain cancer stemness (Figure 2). For instance, Pinto et al. (2015) collected 132 stemness signatures using publicly available gene expression datasets, RNAi screen results, and Transcription Factor (TF) binding site data to generate an interactive web-based server (StemChecker) that reports the overlap of input genes with stem cell signatures and the targets of transcription factors. Conversely, Malta el al. used a variety of normal stem cells with one-class regression machine learning to extract stem signatures, which they then used to infer a stemness score in many cancers (Malta et al., 2018). These studies showed that WNT and TGFB signaling pathways act in a different range in CSCs compared to non-neoplastic stem cells.
In poorly differentiated tumors, overexpression of key embryonic stem cell regulators (e.g., NANOG, OCT4, SOX2, c-MYC) (Malta et al., 2018) was observed to correlate with poorer outcomes. Further analysis also indicated that dedifferentiation features are associated with 1) mutations in genes that encode oncogenes and epigenetic modifiers, 2) perturbations in specific mRNA/miRNA transcriptional networks, and 3) deregulation of signaling pathways (Malta et al., 2018). Overall, these observations highlight the need to consider the CSC niche as distinct from normal stem cell niches. For this reason, future analysis must take into account the co-existence of diverse cell states and embrace dedifferentiation as a path to cancer stemness.
PROMISE OF PROBING THE CELLULAR NICHE
Tumor Microenvironment
The tumor microenvironment is the ecosystem that surrounds tumor cells inside the body. It includes a variety of cell types, including immune cells, stromal cells, adipocytes, fibroblasts, and vascular cells, as well as extracellular vesicles (EVs), extracellular matrix and molecules produced and released by all of these cell types. These TME components are not just bystanders in the tumorigenic process, but instead play a decisive role in tumor differentiation, epigenetics, dissemination, immune evasion, and drug resistance (Labani-Motlagh et al., 2020). In particular, the cross-talk between tumor cells and cells in the TME fuels and shapes tumor progression, giving rise to dynamic and complex ecosystems in both primary and metastatic sites.
Because most cancer deaths result from the development of distant metastasis, it is important to decode the dynamic interactions between cancer cells and the TME in individual sites during tumor development, progression, and response to therapy. For example, metastatic cells can differ from neoplastic cells at the primary site in key ways as they adapt to the unique metabolic conditions in the metastatic site (e.g., Ferraro et al., 2021), acquire mutations, evolve independently, and persist despite exposure to therapy. However, our ability to infer the cell-cell communications and investigate cellular plasticity in metastases is limited by the often simplistic models or is built on knowledge gained from the primary tumor. Therefore, developing models that focus on investigating the immune and transcriptional landscapes as well as cellular cross-talk by screening distant metastasis will help to better characterize dormant micro-metastases and identify new therapies to target metastatic tumors.
In current studies designed to understand the role of TME in the transition of ductal carcinoma in situ (DCIS) to invasive breast cancer (IBC) and progressive disease, Risom et al. used a multicompartmental analysis to compare functional biological states during tumor progression. Tumor invasiveness was correlated with a higher number of cancer associated fibroblasts (CAFs) and density of fibrillar collagen, a shift from monocytes to antigen presenting cells (APCs) and intraductal macrophages, and increased density of T and B cells in stromal compartments. These findings highlight a model in breast cancer (BC) where invasiveness occurs through the dynamic interactions with surrounding stroma and immune cells with the epithelial compartment of the tumor (Risom et al., 2022). Further, in a recent clinical trial (Hurvitz et al., 2020), BC patients were randomized to receive three distinct anti-HER2 treatments (trastuzumab, lapatinib, trastuzumab + lapatinib) followed by six cycles of standard combination chemotherapy along with the same anti-HER2 therapy. Serial analysis of the pre- and post- treatment demonstrated an increase of immune and stromal signatures after HER2 targeted-therapy alone but decreasing strengths of these signatures after addition of chemotherapy to the HER2 targeted-therapy. In particular, there was a reduction of M1 macrophages and increase in CD8+ T cells (Hurvitz et al., 2020). Collectively, these findings support the view that the TME changes over time, highlighting the possibility that factors converge to select the most adaptable tumorigenic cells and ecological environments for the tumor to thrive and reach its metastatic potential.
As a result of metabolic differences from site to site (Ferraro et al., 2021), as well as likely differences in cell types and cellular products, the TME is increasingly viewed as a highly heterogenous milieu that varies across tumor sites or so-called niches (spatial heterogeneity). This complexity needs to be considered at a systems level to design better therapeutic options for cancer patients. For example, the identification of the tumor dominant immune evasion mechanism within the TME can inform on the best patient therapeutic approach (Sanmamed and Chen, 2018). On the other hand, tumor stiffness can dictate a drug’s ability to reach the tumor (Olive et al., 2009). Clinically, a major challenge to understanding the TME is the limited ability to capture sequential tissue samples from cancer patients. However, recent advances in three-dimensional (3D) platforms like organ on a chip and microfluidic devices, as well as the development of humanized mouse models or explant 3D cultures model (patient- or mouse-derived tumor spheroids) (Sanmamed and Chen, 2014; Zitvogel et al., 2016; Jenkins et al., 2018; Vunjak-Novakovic et al., 2021), can provide an excellent opportunity to bridge this gap. Collectively, these tools have been developed with the view that a better understanding of the interplay of bi-directional communication between the tumor and TME, and CSCs will help identify improved cancer therapies.
The Cellular Niche and Tumor Microenvironment
The term “niche” is commonly used to describe an anatomically distinct regions within a tissue (or tumor). This description, however, fails to capture the interactions with surrounding cell populations and microenvironmental cues. Instead, a niche might be more properly viewed as a spatiotemporal dynamic state that is modulated by external perturbations to induce a permissive tumorigenic environment. Because tumor cells, stroma and immune cells are crucial determinants of malignant growth (Visvader, 2011; Plaks et al., 2015), understanding how a cellular niche responds to each cell type in the TME is crucial for successful therapeutic targeting. In particular, cell-cell communication mediated by surface receptor-ligand interactions is an attractive process for pharmacological intervention. Accordingly, more needs to be known about this cell-cell communication. Moreover, immune cells are known to rewire in response to external stimuli arising from physical interactions with neighboring cells and secreted ligands. The resulting communication between tumor and immune cells impacts tissue homeostasis and disease progression. For example, in high-grade serous ovarian cancer (HGSOC), cancer cell progenitors have been found to migrate from the fallopian tube to more distal locations where the cellular niche allows for phenotypic shifting and propagation (Ng and Barker, 2015). In this way the cellular niche is intimately tied to cancer stemness and vice versa (Figure 1B–D).
Highly Dynamic Cellular States and CSCs
During tumor evolution, it appears that tumor cell-extrinsic factors (the TME) as well as tumor cell-intrinsic factors (e.g., epigenomic changes) influence cellular states. Recently, Marjanovic et al. (2020) and LaFave et al. (2020) showed that a diverse and continuous range of states exist in a model of lung cancer progression. These co-existing states, which captured lineage infidelity and cellular plasticity, exhibited features of drastically different cell types, suggesting the ability of cancers to explore a broad phenotypic space. Although some of the cells in these lung cancers resemble stem cells and CSCs in their ability for robust growth and differentiation potential, their phenotypic programs are distinct (LaFave et al., 2020). Thus, a key step to better understanding CSCs is to thoroughly characterize their transcriptional states and ability to switch between CSC and non-CSC states.
PROBING THE CELLULAR NICHE: TECHNOLOGICAL ADVANCES
A challenge with CSCs is that only a small number of stem cell markers have been identified. This limited set of markers reflects the small proportion of CSCs generally present in tumors and the poor conservation of CSC surface markers across cancers. Therefore, from a systems perspective, an ab initio approach is best for the identification of CSCs.
A diverse array of high-throughput technologies has been used to zoom in on CSCs and their niches within cancer patients. The oldest and most common modality is RNAseq. A limitation of traditional bulk RNAseq, however, is that it averages expression across thousands of cells within a sample. Because of this limitation, understanding and constructing regulatory networks for distinct types such as CSCs has been difficult with bulk RNAseq alone.
There is, however, precedent for studying distinct tumor components using bulk RNAseq. CIBERSORT (Newman et al., 2015) has been used extensively to computationally dissect immune cell populations from these bulk samples; and several methods exist for constructing tissue level networks. CIBERSORT uses a knowledge-based signature matrix that encapsulates major 22 functionally defined human hematopoietic subsets to deconvolute and infer cell composition from gene expression profile data, utilizing support vector machine (SVM) regression methods. This approach has played a key role in decoding immune cell population, particularly in bulk solid tumors where tissue dissociation protocols and cellular enrichment techniques limit the efficacy of single-cell methods and provide only a partial view of the wider cell heterogeneity. Extending this approach in a new direction, a groundbreaking study by Thorsson et al. used TCGA RNAseq data across 33 cancer types and more then 10,000 patients to identify signatures for six TME subtypes and demonstrate that these TME subtypes can be associated with prognosis as well as genetic and immune modulatory alterations (Thorsson et al., 2018). Reflecting the importance of the TME to tumor behavior, the TME subtypes identified by Thorsson et al. were reportedly able to predict disease outcomes and help guide novel treatments. More recently, Bagaev et al. derived 29 expression signatures to establish four TME subtypes (immune enriched fibrotic, immune enriched non-fibrotic, fibrotic and depleted) that correlate with immunotherapy efficacy in melanoma (Bagaev et al., 2021). As demonstrated by these studies, it is possible to use RNAseq to study a subpopulation of cells (e.g., immune cells or stromal cells) if the transcriptional profile is detectable and distinctive. However, given the rarity of CSCs, it has been difficult to study CSCs themselves using bulk RNAseq. Moreover, while publicly available multi-omics signatures from non-neoplastic stem cells were previously used to derive a stemness score in tumors (Malta et al., 2018) that can then be applied using deconvolutional methodologies to identify CSCs in bulk RNAseq, a key caveat is that CSCs do not necessarily share the same transcriptional programs as normal stem cells counterparts. Taking a different approach, Aran et al. probed the normal tissue adjacent to the tumor (NAT), which is morphologically similar but phenotypically different from the tumor and focused on stromal pathways to query the interaction between adjacent tissues (Aran et al., 2017). These authors uncovered NAT-specific characteristics, namely activation of pro-inflammatory immediate-early response genes concordant with endothelial cell stimulation. Furthermore, previous studies on breast NAT suggested that the microenvironment surrounding the tumor, not the epithelial cells, is essential for understanding disease recurrence and developing surgical strategies (Graham et al., 2011). These studies have shown that by zooming into the tumor niche and its adjacent boundaries we can acquire deeper understanding of cell-cell interplay and dissect the phenotypic states that sustain stemness.
With the advent of single-cell RNAseq (scRNA-seq), new avenues to investigate and quantify molecular features at single-cell resolution have emerged. Single-cell technologies have the ability to directly evaluate cell states, heterogeneity, and lineages (Saelens et al., 2019). However, more effort is required to provide understanding of cell-cell interactions as well as their co-evolution and adaptation to perturbations in the cellular milieu, which is needed for the construction of a comprehensive cellular interaction map (Elmentaite et al., 2019). Current efforts to build a human body atlas (Regev et al., 2017) will provide important information on the baseline stromal, tumor and immune tissue heterogeneity. Tissue specificity is particularly important in immune cells because they both circulate and remain tissue resident; profiling of both populations can enhance understanding of which cells are recruited to become part of the TME. Despite the promise of scRNA-seq, it also has a key limitation: Enrichment and dissociation strategies that are used to separate single cells for profiling and capture cells of interest disrupt tissue organization and result in loss of spatial information (Elmentaite et al., 2019).
Single-cell computational frameworks have thus far focused in dissecting the ligand-receptor interactome based on expression of ligands and receptors across cell populations. The various computational frameworks take different approaches (Zhou et al., 2017; Cohen et al., 2018; Kumar et al., 2018). CellPhoneDB (Efremova et al., 2020) uses scRNA-seq to decode intercellular communication networks by inferring multimeric ligand-receptor interactions between cell states based on expression of a receptor by one cell state and a ligand by another cell state. By assessing which structural complexes are ubiquitously expressed in a tissue and not varied between cellular states, ligand-receptor cell specificity is assured. Because multi-subunit heteromeric complexes often swap subunits to ensure ligand specificity, expression of all subunits of a functional complex is required for downstream signaling. Vento-Tormo first applied CellPhoneDB to the study of early human pregnancy and interaction between fetal and maternal cells with a focus on trophoblast-decidua interactions that underlie common diseases of pregnancy such as pre-eclampsia and still births (Vento-Tormo et al., 2018). The authors uncovered receptor-ligand complexes that can modulate trophoblast differentiation. Moreover, they identified an association between three major decidual natural killer (NK) cell populations, their cell markers, and their expression of cytokines, chemokines and receptors, with different reproductive outcomes, providing a cell atlas to understand normal and pathological pregnancies (Vento-Tormo et al., 2018). In the context of CSCs, such a strategy could potentially be applied to dissect receptor-ligand interactions that help sustain stemness if achievable scRNA-seq resolution allows for the reliable identification of CSCs.
Using RNA velocity measurements that predict the fate of cell populations (splicing and non-splicing ratio) and provide a measure of stemness, we can potentially identify CSCs in a non-biased manner. Such strategy is particularly attractive when we consider the potential heterogeneity of the CSC compartment. This strategy was employed by Gautam et al. (2021) to generate a multispecies cell roadmap for human and porcupine ocular compartments. The ability to use organoids and enrich for stem cell like progenitors offers new possibilities to further decode CSCs.
Boisset et al. have manually microdissected 727 mouse interacting cellular structures and used scRNA-seq to create an interacting cellular network (Boisset et al., 2018). Using permutations, they have created a null distribution of random interactions between cell populations that permits identification of enriched or depleted interactions as compared to the background model. More recently, the authors of NicheNet have assembled prior knowledge on ligand-receptors and their signaling pathways using public resources and used expression datasets to generate weighted networks with regulatory scores that infer activity (Browaeys et al., 2020). Overall, these studies provide immense insight into the cell-cell interactome, but these studies all make several key assumptions: 1) That transcripts encoding receptors are translated into proteins that are translocated to the membrane, 2) that ligands are successfully transported out of the cells, and 3) that cells are in proximity with interacting partners in tissue space (Elmentaite et al., 2019). These approaches are now starting to be applied to extremely rare populations such as CSCs and yield great promise to depict their secretome.
Mass cytometry (cytometry by time-of-flight, CyTOF) has revolutionized human immune cell profiling by allowing the simultaneous measurement of >40 surface markers on a single-cell basis (Bracci et al., 2020). CyTOF is particularly valuable when analyzing samples with a limited number of cells such as tumor biopsies, longitudinal studies or response to therapy, e.g., in clinical trials (Gadalla et al., 2019). The high degree of multiplexing in the CyTOF is possible because antibodies are coupled to rare metal isotopes that provide a unique mass tag to each marker to overcome spectral overlap commonly observed in multiparameter flow cytometry. Recently, Gallad et al. validated CyTOF panel data against flow cytometry and demonstrated equivalent ability to identify cell subsets or perform phenotyping, but with smaller cell numbers (Gadalla et al., 2019). CyTOF barcoding strategies enable the marking cells from separate samples, which allows for the simultaneous measurement of multiple samples, thus eliminating multiple sources of sample-to-sample variability (Behbehani et al., 2014). CyTOF has been applied to characterize CSCs specifically in leukemias and lymphomas; however, this requires a priori knowledge of the proteins at the cell surface and available antibodies amenable to conjugation. More recent studies have used CyTOF in combination with CITE-Seq (cellular indexing of transcriptomes and epitopes by sequencing), thus creating a multimodal approach with simultaneous quantification of single-cell transcriptomes and surface proteins. For example, Yao et al. have demonstrated that B cell, monocyte/macrophage, and plasmacytoid dendritic cell abundance across three methods (scRNA-seq, CyTOF and CITE-Seq) is consistent, but T cell measurements have greater variability. Additionally, this trimodal analysis indicates that there is a good correlation across scRNA-seq and protein expression for highly expressed cell type markers (Yao et al., 2020). Because these three single-cell approaches enable the simultaneous identification of cell types, cell states and characterization of cellular heterogeneity at transcriptomic and/or protein levels, understanding the concordance of the measurements among these three modalities is of great interest. Collectively, these observations suggest that the of use multimodal omic datasets can open new avenues to dissect CSC-immune cell interactions.
A major limitation of these single-cell techniques is the lack of spatial transcriptomic information that is key for understanding the CSC niche. 3D intact-tissue RNA sequencing methods exemplified by STARmap allow for mapping of more than 1,000 genes in sections of mouse brain to define cell types and establish a roadmap for cell organization principles (Wang X et al., 2018). Alternatively, imaging cytometry (IMC) is emerging as a transformative technique that allows for multiparametric analysis of >40 protein markers in frozen and FFPE (formalin-fixed, paraffin-embedded) tissue samples (Chang et al., 2017; Bouzekri et al., 2019). IMC provides a unique window into structural features of the tissue under investigation, validates spatial ligand-receptor interactions and identifies the distribution of cell types within the tissue to build a spatial map (Bodenmiller, 2016). In breast cancer, for example, clear differences have been noted in markers like cytokeratin, HER2, E-cadherin and c-MYC within single tumors, highlighting the intra- and interpatient heterogeneity that can be captured with IMC (Giesen et al., 2014; Wagner et al., 2019). As a result, IMC has the ability identify each cell type in its environmental cellular context, thereby providing a unique spatially resolved view of the tissue and allowing more accurate inference of cellular functional states. The downside is that this approach is not yet suitable for high-throughput screening of ligand-receptor interactions due the limited scanned tissue area (1 μm), high sample cost, and paucity of computational platforms available for data analyses. Bodenmiller et al. have developed multivariate computational tools to visualize and analyze multiplexed images of human tissue sections generated by IMC (Schapiro et al., 2017). Another platform recently proposed by Greenald et al. utilizes a library containing a large collection of manually curated cells, TissueNet (one million cells from six organs and different imaging platforms) and a deep learning model to achieve human-like cell and nuclear segmentation (Greenwald et al., 2021).
Future IMC studies focusing on a well-defined tissue sections that can be layered with ‘omic information will be of great interest for dissecting the interplay of between cell populations (Bodenmiller, 2016). Whether IMC layered with ‘omic data can also inform studies of rare cells such as CSCs remains to be seen.
FUTURE DIRECTIONS IN MANIPULATING THE CANCER STEM CELL NICHE
Biological Perturbations to Modulate the Cellular Niche
A systems biology strategy to decode mechanisms underlying CSC cell fate decisions involves challenging stemness regulatory networks with external experimental perturbations. Upon acquisition of unimodal and bimodal single cell omics or matched multi-omics, cell fate control decisions can be inspected to define robust cell states and novel regulators that control stemness transitions. Experimentally, this can be achieved using RNAi knockdown and CRISPR-based knockout experiments. High throughput methods that generate large perturbation datasets like the Connectivity Map (CMAP) are limited in their biological contexts (Lamb et al., 2006; Bush et al., 2017; Ye et al., 2018). Conversely, Perturb-Seq combines pooled perturbation screens with scRNA-seq and cellular readouts to assay many cells within a mixed culture (Dixit et al., 2016). MIX-Seq, a more recent approach, provides the ability to pool hundreds of cancer cell lines and co-treat them with one or more perturbations, simultaneously profile the cells’ readout using scRNAseq, and resolve the identity of each cell based on single-nucleotide polymorphism (SNP) profiles (McFarland et al., 2020). Application of these exciting new approaches will undoubtedly expand current understanding of how genetic and phenotypic perturbations impact cells in different contexts, providing new tools that can potentially be applied to CSCs and their cellular niche.
SYSTEMS ‘OMICS INTEGRATION
With the sea of available ‘omic data, there is an urgent need for multi-omic data integration to provide systems-level information. Clustering of multi-omics has been implemented at various steps in the data analysis pipeline (e.g., early vs. late integration) [see reviews (Ramazzotti et al., 2018; Rappoport and Shamir, 2018)]. A drawback to all these strategies is that all data are treated equally, which may not reflect the biology of a disease (Ramazzotti et al., 2018). Recently, Stuart el al. suggested harmonizing single cell data across distinct modalities by selecting anchors (a common set of features) between datasets to recover matching cell states (Stuart et al., 2019; Stuart and Satija, 2019). A second key challenge is that some methods implicitly assume that data heterogeneity arises mostly from technical variation and is of no biological importance. To overcome this limitation, LIGER (linked inference of genomic experimental relationships) uses integrative non-negative matrix factorization (iNMF) for data reduction combined with joint clustering to define a cell label and assemble a neighborhood graph (Welch et al., 2019). Gao et al. have subsequently expanded LIGER capabilities to iteratively incorporate multiple data modalities and massive datasets (Gao et al., 2021). Overall, these strategies recover cell states but do not zoom in deep enough to capture the interplay between cells or levels of ‘omic data.
To dissect the cellular niches, future strategies will need to integrate ‘omic data in a way that achieves a better understanding of cellular states and their contributions to the diversity of CSC phenotypes. Such innovations will be key if we are to design novel therapeutic strategies that can disrupt key cell-cell communications and lead to the demise of CSC populations.
POPULATION DYNAMICS
Single cell experiments allow the study of tumors and their heterogenous cell populations that often coexist in an evolutionary continuum. Pseudotime trajectory methods (also known as trajectory inference methods) (Trapnell et al., 2014; Haghverdi et al., 2016; Setty et al., 2016; Saelens et al., 2019; Wolf et al., 2019) allow for the placement of cell populations within a trajectory based on their expression profiles. Because most single cell datasets are static and represent a unique snapshot in time, these cellular trajectories represent more a cellular states axis rather than real time, while encapsulating information from past and present. A challenge with the current pseudotime methodologies is that multiple dynamics can lead to the same cellular “state.” For example, cellular fate decisions such as cell death, proliferation, or differentiation can result from multiple causes. In order to understand the origin of these fates, we need to know the directionality of the biological process. Our ability to merge several biological snapshots in time, for example, from time series data, can help to decode the range of “real” existing states. Otherwise, the exploration of cellular states is currently being addressed in the field using dynamic inference methods. For example, Weinreb et al. used a dynamic inference framework named population balance analysis (Weinreb et al., 2018) that aims to limit the state search space by introducing biophysical constrains (cell density) to define cellular states. Conversely, Fischer et al. (2019) used RNA velocity information (spliced to unspliced ratio) as a mean to provide directionality to cellular trajectories. RNA velocity provides a measure of a cell’s internal compass (La Manno et al., 2018; Bergen et al., 2021) by quantifying nascent and mature messenger RNA. Here, we can also use matched multi-omic data integration (scRNA-seq and scATAC-seq) to identify key biological entities in each cell population and constrain the range of truly available cellular states to infer cell population dynamics. Future integration of multi-modal omics with spatial information derived from IMC will help to increase our spaciotemporal resolution, infer more accurate cell relatedness measures, and tackle key questions such as the extent of diversity of the CSC niche and which candidate targets are promising to reduce or re-wire CSC populations.
CANCER STEM CELL SYSTEMS BIOLOGY—EMERGING INSIGHTS INTO CSC STEMNESS
Figure 2 summarizes representative systems biology approaches that can decipher stemness of CSCs. Current and new technological advances are essential to probe different layers of CSC regulation. Moreover, there is an urgent need for deep cell phenotyping using insights gained from integration of available systems approaches. Cell subsets can be investigated for in silico isolation of CSCs and used to explore the degrees of stemness defined by the combined actions of signaling pathway activities, cell-cell interactions, and TF regulatory networks to formulate phenotypic recipes that drive cellular states. To mirror the fact that CSCs are exposed to a myriad of cellular environmental stimuli, perturbation experiments open the possibly to study the impact of genetic changes, zoom into cellular rewiring, and identify cellular vulnerabilities. A combination of these approaches may overcome current limitations in targeting CSCs and allow the identification of novel targetable genes.
FUTURE IMPACT ON INDIVIDUALIZED MEDICINE
In summary, CSCs reside in tumor ecosystems composed of a plethora of cell types communicating in ways that drive cellular phenotypes. Therapeutics that target cell-cell interactions have become a useful tool in clinical practice and can be considered for CSC targeting (He and Xu, 2020). Key examples include ipilimumab, which targets the CD28/cytotoxic T lymphocyte antigen 4 (CTLA4) interaction, as well as pembrolizumab and nivolumab, which both target the programmed cell death 1 (PD1)/PD1 ligand 1 (PD-L1) interaction (Topalian et al., 2012). In addition to these FDA-approved immune checkpoint inhibitors, other inhibitory immunoreceptors that are being evaluated as potential targets for clinical intervention include LAG3, TIM3, TIGIT, B7H3, CD93, CD73, adenosine A2A receptor and BTLA (He and Xu, 2020). Despite the clear success of immune checkpoint inhibitors in several tumor types, response rates are limited (10–30%), especially in solid tumors (Hamanishi et al., 2015; Sarkar et al., 2016; Dempke et al., 2017; Disis et al., 2019; Palaia et al., 2020). The limited response rates seen with these agents are likely due to the complex network of interactions involving multiple cell types present in the TME, including CSCs, which leads to phenotypic heterogeneity we do not yet adequately understand (Sarkar et al., 2016). CSCs themselves exhibit immunosuppressive properties such as expression of inhibitory checkpoint ligands, low expression of MHC-I molecules and natural killer cell (NK cell) receptors, and low or absent expression of innate immune receptors, which renders the CSCs resistant to killing by a variety of immune cells (Bayik and Lathia, 2021). Inhibitory activity of immune checkpoints are determined by the cell surface levels of inhibitory receptors, ligand interactions with those receptors, turnover processes, and posttranslational modifications that regulate signal transduction (He and Xu, 2020). Therefore, most recently, CSC targeting has been carried out with combinations of dendritic cell-based vaccines, oncolytic viruses, and immune checkpoint blockades (for review see (Badrinath and Yoo, 2019)). Better understanding of potentially targetable ligand-receptor interactions involving CSCs has the potential to tailor these strategies. Furthermore, such understanding has the potential to expand the targetable interactions beyond tumor-immune cell interactions to include tumor-nonimmune stroma interactions as well.
Successful application of singe cell technologies and the integration of different modalities are paramount for better understanding of the factors that determine whether CSCs will respond to various therapies or not. Improved ability to quantify ligand-receptor interactions, dissect their spatial relationship (co-localization) and assess their association with outcome appear to be needed if we are to devise individualized CSC targeting. Indeed, current analyses suggest that for tumor-immune targeting there may not be a single predictor of clinical response. Instead, it is possible that the strengths of multiple ligand-receptor interactions will need to be assessed in addition to immune checkpoint components in order to predict response to immune checkpoint blockade (Ribas and Wolchok, 2018). Systems biology techniques are capable of extracting this biological information from ‘omic data and helping derive a systems view.
In contrast to CSC cell surface markers that are expressed on stem cells, intracellular stem cell markers such as aldehyde dehydrogenase (ALDH) enzymes are an intracellular target amenable of intervention that can also enable some level of treatment individualization. ALDH activity identifies CSCs in numerous cancers (Deng et al., 2010; Landen et al., 2010; Silva et al., 2011). Recently, Raghavan et al. demonstrated that ovarian cancer spheroids derived from cells that survived chemotherapy (cisplatin) displayed lower ALDH expression, complete loss of CD133 expression, and resistance to cisplatin/ALDH inhibitor combination treatment while spheroids that were resistant to cisplatin/JAK2 inhibitor combinations contained an increased number of ALDH+ cells (Raghavan et al., 2017; Chefetz et al., 2019). Thus, stratification of patients according to their CSC type (i.e., CSC markers and expression levels) pre- and post-therapy can potentially lead to more personalized treatment approaches (Patsalias and Kozovska, 2021). Ultimately this approach will not only allow us to better stratify patients for targeted and combinatorial therapies, but also potentially identify novel targets in CSCs.
CONCLUSION
Targeting CSCs, as well as the phenotypic and functional heterogeneity of the bulk tumor cells derived from them, remains an unsolved clinical challenge. Phenotypic plasticity of CSCs fuels adaptive phenotypes that contribute to tumor chemoresistance and poor clinical outcomes. A second layer of complexity arises from spatially distinct CSC niches. In this review we focused on interrogating the tumor niche to zoom in on the resident CSCs and provide insights on potential pharmacological approaches. To date no scholarly review covers this specific topic under a unified systems biology framework and new insights on targeting CSCs and strategies to engineer TME are still limited. The use of ‘omics technologies as well as systems biology and computational methodologies has the potential to revolutionize the process of identifying and studying the CSC niche. While a wide array of methods have been developed to interrogate tumor heterogeneity, available methods still do not fully characterize the phenotypic states of CSCs or asses their plasticity and its impact on drug sensitivity. Therefore, there is an urgent need to develop tools that better integrate multimodal datasets to capture these cellular complexities. A crucial next step in the study of CSCs is to characterize their contributions to intratumoral heterogeneity, at various regulatory levels, from genotype to phenotype. If we are successful, the development of models to spatially localize CSC populations within tumors and dissect their contributions to tumor initiation, progression, and drug resistance will ultimately allow us to devise innovative strategies that target CSCs and improve cancer therapy.
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Organ development, homeostasis, and repair often rely on bidirectional, self-organized cell-niche interactions, through which cells select cell fate, such as stem cell self-renewal and differentiation. The niche contains multiplexed chemical and mechanical factors. How cells interpret niche structural information such as the 3D topology of organs and integrate with multiplexed mechano-chemical signals is an open and active research field. Among all the niche factors, reactive oxygen species (ROS) have recently gained growing interest. Once considered harmful, ROS are now recognized as an important niche factor in the regulation of tissue mechanics and topology through, for example, the HIF-YAP-Notch signaling pathways. These pathways are not only involved in the regulation of stem cell physiology but also associated with inflammation, neurological disorder, aging, tumorigenesis, and the regulation of the immune checkpoint molecule PD-L1. Positive feedback circuits have been identified in the interplay of ROS and HIF-YAP-Notch signaling, leading to the possibility that under aberrant conditions, self-organized, ROS-dependent physiological regulations can be switched to self-perpetuating dysregulation, making ROS a double-edged sword at the interface of stem cell physiology and tumorigenesis. In this review, we discuss the recent findings on how ROS and tissue mechanics affect YAP-HIF-Notch-PD-L1 signaling, hoping that the knowledge can be used to design strategies for stem cell-based and ROS-targeting therapy and tissue engineering.
Keywords: ROS, HIF, YAP, notch, tissue mechanics
INTRODUCTION
The ability to self-renew and the potential to differentiate, at least, into one type of mature cell have made stem cells an essential element at various stages of development and a promising tool for regenerative medicine. In general, the selection of stem cell fate depends on the interplay of intracellular signaling and extracellular niche factors. These niche factors can be specified into two groups: chemical molecular factors and physical-mechanical factors. The chemical factors include molecular oxygen (O2), reactive oxygen species (ROS), cell metabolites, morphogens, cytokines, growth factors, and extracellular matrix (ECM) molecules. The physical factors contain passive elements (e.g., stiffness, plasticity, viscoelasticity, and 3D topology) and active mechanical forces (created by the cells and the surrounding environment, e.g., compression, stretching, hydrodynamic flow, hydrostatic pressure, and gravity). The responses to these mechano-chemical factors, such as hypoxic responses, cell mechanotransduction, and ROS signaling, have gained growing interest, as accumulating lines of evidence indicated that their interplay is involved in the regulation of stem cell homeostasis and development. Furthermore, the interplay of these responses can lead to tumorigenesis in the presence of genomic instability and aberrant cell signaling. In particular, ROS, the byproduct of energy production that has once been considered harmful due to their ability to damage DNA and proteins, are now recognized as an important signaling factor for the regulation of pathways involved in stem cell physiology and tumor progression.
ROS can spontaneously be created in the natural environment. For living systems, ROS are mainly produced by the mitochondria (Murphy, 2009; Juan et al., 2021) and the membrane-bound NADPH oxidases (NOX) (Bedard and Krause, 2007; Ushio-Fukai, 2009). The production of ROS is primarily controlled by cell metabolism, O2, ROS themselves, and several signaling events of niche factors. Examples of these signaling events include the signaling for transforming growth factor-β (TGF-β) (Hiraga et al., 2013; Yan et al., 2014; Watson et al., 2016; Yazaki et al., 2021), epidermal growth factor (EGF) (Azimi et al., 2017; Dustin et al., 2020), insulin (Besse-Patin and Estall, 2014), insulin-like growth factor-1 (IGF-1) (Kang et al., 2016), inflammatory and immune-regulatory cytokines such as angiotensin II and tumor necrosis factor-alpha (TNF-α) (Anilkumar et al., 2008), calcium (Gorlach et al., 2015; Feno et al., 2019), mechanotransduction (Sauer et al., 2008; Brandes et al., 2014a), integrin-ECM interactions (de Rezende et al., 2012; Eble and de Rezende, 2014), and cell–cell adhesions (Lim et al., 2008). Conversely, ROS modulate the activities of several cell fate-decision factors. These factors include the oxygen sensor hypoxia-inducible factor (HIF) (Gerald et al., 2004; Saito et al., 2015; Kobayashi et al., 2021), the mechano-transducer Yes-associated protein (YAP) (Cho et al., 2020), the transducer for the cell differentiation transcription factor Notch, Notch intracellular domain (NICD) (Cai W.-X. et al., 2014; Caliceti et al., 2014; Yan et al., 2014; Sprouse et al., 2019; Yazaki et al., 2021), and the immune suppressor programmed death ligand-1 (PD-L1) (Bailly, 2020). Herein, HIF, YAP, and NICD act as a triad in stem cell physiology and tumorigenesis, as they can physically associate to influence each other (Qiang et al., 2012; Hu et al., 2014; Manderfield et al., 2015; Totaro et al., 2018a; Zhang X. et al., 2018; Engel-Pizcueta and Pujades, 2021). These associations include the coupling between the α subunits of HIF (i.e., HIF-1α/HIF-2α) and YAP (Xiang et al., 2015; Ma et al., 2017; Zhao et al., 2020) and the coupling between YAP and Notch (Totaro et al., 2018a). As for PD-L1, it is the ligand for the immune checkpoint receptors, programmed death-1 (PD-1) (Noman et al., 2014; Janse van Rensburg et al., 2018; Mansour et al., 2020). Recent studies indicate that the expression of PD-L1 is coupled with YAP, Notch, and HIF-1alpha signaling to potentiate the immune suppression and evasion in the progression of tumors (Barsoum et al., 2014; Noman et al., 2014; Lee et al., 2017; Miao et al., 2017; Kim M. H. et al., 2018; Zhou et al., 2019; Wen et al., 2020). Through these couplings, negative and positive feedback regulations can likely be established in the ROS-dependent YAP-HIF-Notch-(PD-L1) signaling axis, leading to a differential or switch-like behavior in the decision of cell fate. Thus, the interplay of hypoxic responses, ROS signaling, and cell mechanotransduction acts as a double-edged sword at the interface of organ development, tissue homeostasis, and cancer progression.
This review discusses how ROS are involved in the HIF, YAP, and Notch signaling pathways and how their coupling leads to positive or negative feedback for stem cell physiology and tumorigenesis. Given the complexity and the abundant molecular information in the coupling of ROS, HIF, YAP, Notch, PD-L1, and cell–ECM signaling, we organize this review in the following way. We define the signaling in ROS, HIF, YAP, Notch, PD-L1, cell–ECM, and cell mechanics as separated “modules” and introduce/add their coupling one after another. Along with the introduction of the couplings, we provide “module boxes” for each component as the supporting boxes, where detailed molecular–cellular information and references can be found. Figure 1 shows that we start with a brief discussion on HIF signaling in stem cell biology and tumors (Section I), followed by a section on the roles of ROS in HIF signaling (Section II). We then add the coupling of NOX-derived ROS (X-ROS) with the hypoxia (HIF)/cytokine/ECM signaling (Section III), followed by a section on the coupling of X-ROS with cell mechanics (Section IV), where we introduce the functional significance of cell mechanics and mechanotransduction. We then add the coupling of X-ROS/hypoxia (HIF)/cytokine/ECM signaling with YAP signaling (Section V), followed by the final section where we discuss the integrated roles of X-ROS in the HIF/YAP/Notch/PD-L1 signaling (Section VI). In the module boxes, we discuss how molecular oxygen O2 regulates HIF stability (Module Box I), how ROS regulate HIF stability (Module Box II), and the X-ROS signaling (Module Box III). A modeling section is provided to discuss the phase diagram of ROS production quantitatively (Math Box I). How cell mechanics regulate organ size and shape (Module Box IV), the molecular transducers for cell mechanics and tissue topology (Module Box V), and the coupling of HIF/YAP/Notch triad with PD-L1 (Module Box VI) are also addressed.
[image: Figure 1]FIGURE 1 | The flow (in black) of introducing the couplings in the X-ROS, HIF, YAP, Notch, and PD-L1 signaling axis. Each coupling is associated with a module box (in pink) in the supporting boxes where detailed information and references can be found.
MAIN TEXT
The Roles of HIF in Stem Cell Physiology and Tumorigenesis
For stem cell applications, one important issue is to maintain the full pluripotency of stem cells, which often requires hypoxia conditions. The major cellular responses to hypoxia are primarily mediated by hypoxia-inducible factors (HIFs) which act as transcription factors (Ezashi et al., 2005). HIFs consist of one α subunit and one β subunit. While the β subunit is expressed constitutively, the α subunit is regulated in an O2- and ROS-dependent manner (Module Boxes I and II). Under normoxia, the α subunits are continuously ubiquitinated and targeted to degradation. Under hypoxia, the α subunit is stabilized to form a dimer with the β subunit. By translocating to the nucleus, the dimer regulates downstream gene expression through binding to the hypoxia-responsive element (HRE) (Harris, 2002). Three forms of α subunits, HIF-1α, HIF-2α, and HIF-3α, have been identified (Wang et al., 1995; Tian et al., 1997; Xu and Li, 2021). While HIF-1α and HIF-2α are structurally similar and share functions to a certain extent, HIF-3α contains several splice variants, some of which act as dominant-negative inhibitors of HIF-1α or HIF-2α (Majmundar et al., 2010; Xu and Li, 2021). Under hypoxia, HIF-1α induces transcription of more than 60 genes to regulate responses such as erythropoiesis, angiogenesis, cell proliferation, cell survival, and glucose and iron metabolism. By doing so, HIF-1α promotes oxygen delivery to the hypoxic region (Semenza, 2003) and switches cells to glycolytic metabolism in response to hypoxia (Lee J.-W. et al., 2004). HIF-1α also induces the expression of genes responsible for collagen deposition and stiffening (Gilkes et al., 2013), one of which is the gene for lysyl oxidase (LOX), the enzyme crosslinking ECM (Ji et al., 2013). In addition, through the altered metabolic flux that promotes the hydroxylation of collagen, HIF-1α renders the collagen matrix more resistant to degradation (Stegen et al., 2019). ECM stiffening, in turn, further promotes metabolic reprogramming (Ge et al., 2021). It has been shown that the altered cell metabolism can potentially activate HIF-1 (Halligan et al., 2016), leading to a positive feedback cycle. Consequently, niche stiffening and niche hypoxia can act synergistically through HIF-alpha to promote a bifurcated selection of cancer cell fate between the apoptotic and the aggressive phenotypes (Lv et al., 2017). In comparison, HIF-2α primarily regulates the expression of a panel of embryonic transcription factors and stemness-related genes such as OCT4, NANOG, and SOX2 (Covello et al., 2006; Gordan et al., 2007; Hu et al., 2014; Petruzzelli et al., 2014). Nevertheless, there are lines of evidence showing that HIF-2α also participates in ECM remodeling. For example, HIF-2α induces the expression of LOX to accelerate ECM deposition and crosslinking in thyroid-associated orbitopathy (Hikage et al., 2019) and the expression of laminin receptor CD49f to facilitate stem cell development in germline stem cells (GSCs), where the expression of CD49f further enhances the expression of HIF-2α, thereby forming a positive feedback loop (Au et al., 2021) (Figure 2A).
[image: Figure 2]FIGURE 2 | (A) The differential responses of HIF-1α and HIF-2α to hypoxia conditions. See the main text for details. For all the figures hereafter, red lines indicate inhibition or downregulation, green lines indicate activation or upregulation, blue lines indicate physical association or recruitment, and black lines indicate the flow of the pathways, cascades, or reaction. (B) The factor inhibiting HIF (FIH) and prolyl hydroxylase domain-containing proteins (PHD) regulate HIF-1α and HIF-2α stability and transcriptional activity in an O2 concentration-dependent manner. See Module Box II for details. (C) ROS produced by the NOX and/or the mitochondria (Mito) exhibit both positive and negative effects on the regulation of HIF-α subunits. See Module Box III for details. (D) Stem cells exhibit differential phenotypical behavior and cytoskeletal dynamics in response to the changes in ROS concentrations. (E) The phase diagrams for the separation of ROS-mediated hypoxia responses (cyan) from normal hypoxia (pink) and/or normoxia (yellow) responses at (i) high and (ii) low cytochrome C densities corresponding to the high and low critical oxygen concentrations ([O2]c*) for the onset of ROS-mediated hypoxia responses, respectively. See Math Box I for details. Km is the Km value of PHD for [O2] association (∼230–250 μM (Fong and Takeda, 2008)). The x-axis indicates the cytoplasmic oxygen concentrations (in arbitrary units). The y-axis indicates the free-electron generation rate in the electron transfer chain (in arbitrary units). Red * and blue * indicate that ROS-mediated hypoxia responses can occur at low and high (even above Km) oxygen concentrations, respectively, as long as the free electron generation rate y is sufficiently high.
The segregation of biological functions in HIF-1α and HIF-2α signaling makes it plausible that these two factors are stabilized under different hypoxia conditions (Hu et al., 2014). HIF-1α is stabilized under severe hypoxia (niche oxygen concentrations <2%, i.e., [O2] < 20 μM) (Hu et al., 2014). In comparison, HIF-2α is stabilized in a wider range of oxygen concentrations: from physiological oxygen concentrations (∼7%, i.e., [O2] ∼70 μM) to severely low oxygen concentrations (<2%) (Hu et al., 2014). The restricted requirement for HIF-1α stabilization indicates that the upregulation of glycolysis only occurs if the niche oxygen concentration is extremely low. As a result, the cells primarily use oxidative phosphorylation as the major energy production process. In contrast, the fact that HIF-2α is stabilized in a wide range of oxygen concentrations indicates that the cells can robustly maintain certain behavior such as stemness over the fluctuation of niche oxygen, a requisite to sustain cell fate in a fluctuating microenvironment. Note that the restricted conditions for the stabilization of HIF-1α might no longer exist in tumors, allowing tumor cells to use anaerobic metabolism and elicit angiogenesis even with abundant O2 in the niche (Semenza, 2003; Masoud and Li, 2015). In fact, both HIF-1α and HIF-2α play important roles in tumor angiogenesis (Krock et al., 2011), survival (Chen and Sang, 2016), proliferation (Hubbi and Semenza, 2015), immune evasion (Barsoum et al., 2014), plasticity (Terry et al., 2017), invasion and metastasis (Zhong et al., 1999), chemo- and radio-therapy resistance (Moeller et al., 2004; Rohwer and Cramer, 2011), pH regulation, and metabolism (Hulikova et al., 2013). These two factors also help the emergence and the maintenance of cancer stem cells (CSCs). The detailed review can be found elsewhere (Heddleston et al., 2010; Schoning et al., 2017; Tong et al., 2018).
The Roles of ROS in HIF Signaling
In vivo, the stability of HIF-α subunits is primarily regulated by molecular oxygen (Module Box I and Figure 2B) and ROS (Module Box II and Figure 2C). Once stabilized, HIF-1α induces the transcription of multiple genes to boost glucose and energy metabolism (Figure 2A). Examples include genes for glucose transporters (e.g., GLUT1 and GLUT3), hexokinase (e.g., HK1 and HK2), pyruvate conversion [e.g., lactate dehydrogenase A (LDHA), pyruvate dehydrogenase kinase (PDK), pyruvate kinase M2 (PKM2), enolase 1 (ENO1)], and mitochondrial autophagy [e.g., BCL2/adenovirus E1B 19 kDa protein-interacting protein 3 (BNIP3)], the detailed review of which can be found elsewhere (Semenza, 2010). The boost of glucose metabolism leads to the accumulation of intermediate-state metabolites, among which α-ketoglutarate (Duran et al., 2013), fumarate (Yang et al., 2012), and succinate (Tannahill et al., 2013), the by-products in the Krebs cycle, can regulate the stability of HIF through the positive or negative modulation on the activity of prolyl hydroxylase domain-containing proteins (PHD), the primary enzyme to destabilize HIF-α subunits (Module Box I and Figure 2B). Consequently, positive and/or negative feedback might exist in the interdependent regulation of HIF-1 activity and metabolic reprogramming. Metabolic reprogramming also occurs in response to ECM stiffening (Ge et al., 2021) through a YAP/TAZ-mediate upregulation of GLUT1/GLUT3 (Cosset et al., 2017; Liu et al., 2020b). The resultant stabilization of HIF-1α can further stiffen ECM (Gilkes et al., 2013), leading to positive feedback in the coupling of hypoxia responses and ECM remodeling (Figure 2A). Moreover, the activity of HIF-1α is sensitive to stressful conditions such as hypercapnia (Selfridge et al., 2016), in which the HIF-1α activity is suppressed, and the host is at the risk of opportunistic infections (Cummins et al., 2014). In fact, tissue hypoxia has a significant impact on inflammatory signaling pathways (Cummins et al., 2016), a part of which depends on ROS (Kohchi et al., 2009; Chen et al., 2016). The term “immunometabolism” for the interdependence of HIF activity and immunity has thus been proposed (Halligan et al., 2016). Besides, ROS is an essential factor for cell functioning and a deleterious factor for mutations, tumorigenesis, and cell apoptosis (Skonieczna et al., 2017). Such a dual role of ROS has been found in the selection of stem cell fate. For example, while ROS at moderately low levels are required to maintain stem cell quiescence and self-renewal, ROS at moderately high levels lead to stem cell proliferation and differentiation (Valle-Prieto and Conget, 2010; Burtenshaw et al., 2017). Consequently, over-suppressing ROS levels impairs stem-cell functioning, and over-elevating ROS levels leads to stem-cell exhaustion, premature aging (senescence), and apoptosis (Schieber and Chandel, 2014) (Figure 2D).
ROS are primarily produced in mitochondria (Murphy, 2009; Juan et al., 2021), where free electrons in the electron transport chain (ETC) are leaked to bind to O2 and form superoxide O2• (or O2−) instead of the water molecule. In general, the yield of ROS depends on the generation rate of free electrons (set as Y) and the intracellular oxygen concentration (set as [O2]c). To see how a free electron selects to become O2− rather than a water molecule, we set up a simple mathematical analysis (Math Box I) and obtained a critical cytoplasmic oxygen concentration [O2]c*. For [O2]c above [O2]c*, the free electrons predominantly select to become ROS. We also obtained the critical electron generation rate Y*. For Y above Y*, over 50% of the free electrons select to become ROS (Figure 2E). In the absence of any feedback or transcriptional regulation, the phase diagram in Figure 2C suggests three scenarios. The first occurs when the critical oxygen concentration [O2]c* (depends on the density of cytochrome c) is above the Km of value of PHD for [O2]c association (Figure 2E(i)), where PHD is the primary enzyme to destabilize HIF alpha subunits (Module Box I and Figure 2B). For this case, there is a region, Km ≤ [O2]c ≤ [O2]c*, in which PHD promotes the degradation of HIF-α subunits through the association with O2 and below which (i.e., [O2]c < Km) HIF-α subunits are stabilized. When [O2]c > [O2]c*, PHD is deactivated by ROS through, for example, cysteine oxidation (Module Box II and Figure 2C), and hence, HIF-α subunits are stabilized. Such a scenario leads to a “pathological” hypoxia response under hyperoxia conditions; in other words, the oxygen concentration is above normoxia, but HIF signaling is activated. The second scenario occurs when [O2]c* is less than Km (Figure 2E(ii)). In this case, PHD is always deactivated by ROS even for [O2]c > Km, the region where PHD is supposed to promote the degradation of HIF-α subunits. This scenario allows cells to maintain HIF signaling over a wide range of niche oxygen concentrations, which might be used for robust control of stem cell fate or for aberrant cellular behavior (such as tumorigenesis and cancer stemness). The third is that ROS-mediated hypoxia response can always occur at extremely low and high oxygen concentrations (Figure 2E, red * and blue *, respectively), as long as the yield of free electrons by cell metabolism is sufficiently high (as in the case of tumor or inflammation). This scenario might contribute to the pathological hypoxia responses under normoxia or hyperoxia conditions.
The fact that not only O2, but also ROS serve as a HIF regulator might be rationalized by the observation that hypoxia responses, such as those mediated by HIF-2α, are often required for the maintenance of stemness in stem cells (Ezashi et al., 2005; Covello et al., 2006; Keith and Simon, 2007; Mazumdar et al., 2009; Pervaiz et al., 2009; Heddleston et al., 2010; Abdollahi et al., 2011; Hu et al., 2014; Petruzzelli et al., 2014). Having ROS as an additional regulator might help cells to maintain a robust control on stemness against the niche oxygen fluctuation. The ability to use ROS as an additional regulator allows cells to maintain a robust control on stemness against the niche oxygen fluctuation. Regarding the interplay of ROS and hypoxia responses, we should point out that there are both positive and negative feedback regulations. To maximize the usage of O2 as the major energy resources, the yield of free electrons from cell metabolism must fit the availability of O2 in the niche. A high yield of free electrons demands more O2 from the niche. Using the leakage of electrons into ROS as a signal, this demand evokes hypoxia responses, as one consequence of HIF-1α signaling is to induce angiogenesis (Krock et al., 2011) which can enhance O2 delivery to the niche. Enhanced delivery of O2, however, might not cope with the demand of removing abundant free electrons but instead produce more ROS. In addition, hypoxia responses include upregulating the expression of oxygen carriers and glycolytic enzymes (Hu et al., 2014). Such effects lead to higher intracellular oxygen concentrations (by the abundance of carriers) and larger free-electron generation rates (by excessive glycolysis), hence creating a positive feedback loop to couple sustained ROS production and hypoxia responses into a vicious cycle. Fortunately, prolonged HIF-1α signaling increases the expression of ROS scavengers, prolyl hydroxylase domain-containing protein 2 (PHD2), and the factor inhibiting HIF 1 (FIH-1), which promote HIF-1α degradation (Kobayashi et al., 2021) and cease HIF signaling as negative feedback control.
The existence of positive and negative feedback provides a possibility of bifurcation and suggests that ROS signaling can be a double-edged sword (Saito et al., 2015; Di Meo et al., 2016). Under normal conditions, cells use the multiplex versatility of ROS-mediated hypoxia responses to adapt to or cope with niche fluctuations (Pervaiz et al., 2009; Valle-Prieto and Conget, 2010), thereby maintaining stem cell physiology and cell fate in a robust manner. In the abnormal situations such as tumorigenesis, tumor cells take advantage of ROS-mediated hypoxia responses to promote cancer stemness, invasiveness, drug resistance, and immune evasion (Keith and Simon, 2007; Mazumdar et al., 2009; Heddleston et al., 2010; Barsoum et al., 2014; Peng and Liu, 2015; Aponte and Caicedo, 2017; Schoning et al., 2017; Yeo et al., 2017; Tong et al., 2018). ROS can also cause stem cell exhaustion and premature aging (Turrens, 2003; Schieber and Chandel, 2014; De Gaetano et al., 2021) (Figure 2D). The onset of these physiological and pathological processes is certainly cell- and tissue-context dependent and could be differential or switch-like. In fact, switch-like behavior with a multi-stability has been reported in the ROS regulation of human cells (Huang JH. et al., 2021). Elucidating how these processes occur requires a molecular–cellular understanding of the interplay between ROS and other signaling pathways.
The Coupling of NOX-Derived ROS (X-ROS) With Hypoxia/Cytokine/ECM Signaling
Apparently, molecular oxygen is not the only niche factor regulating stem cell physiology. Other factors include ECM molecules and cytokines such as TGFβ1, bone morphogenic protein (BMP), angiotensin II (Ang II), platelet-derived growth factor (PDGF), EGF, and IGF-1. Similarly, mitochondria are the only source of producing ROS. Other sources include membrane-bound NADPH oxidases (NOX) (Bedard and Krause, 2007), cytochrome p450 (Veith and Moorthy, 2018), xanthine oxidase (XO) (Battelli et al., 2016b; a), and nitric oxide synthase (NOS) (Wilkinson-Berka et al., 2013; Di Meo et al., 2016). Among them, NOX are known to regulate the differentiation and self-renewal of stem cells and potentiate the self-renewal, metastasis, and drug resistance of CSCs through, for example, Notch, mitogen-activated protein kinases (MAPKs, including Erk1/2, Jun N-terminal kinase (JNK), and p38 kinase), and phosphatidyl-inositol-3-kinase- (PI3K-) AKT signaling (Skonieczna et al., 2017). Crosstalk between NOX and the signaling of TGFβ1 (Ning et al., 2002), BMP (Sanchez-De-Diego et al., 2019), Ang II (Nguyen Dinh Cat et al., 2013), PDGF (Al-Eisa and Dhaunsi, 2017), EGF (Weng et al., 2018), and IGF-1 (Xi et al., 2013; Kang et al., 2016) has also been reported and/or reviewed. Moreover, NOX potentiate the interaction between ECM and cell surface receptors such as integrin β1 (Heo and Lee, 2011), thereby facilitating cell adhesion and migration, particularly in the presence of niche cytokine factors such as IGF-1 (Chiarugi et al., 2003; Meng et al., 2008; Heo and Lee, 2011; Xi et al., 2013).
NOX can produce ROS in the extracellular space (e.g., the niche) and inside the cells. Seven members of NOX have been identified, including NOX1-5 and dual oxidase 1-2 (Duox1-2), each of which has its own NOX gp91phox homolog (Brown and Griendling, 2009; Brandes et al., 2014a; b; Fukai and Ushio-Fukai, 2020) (Module Box III and Figure 3A). The ROS produced by NOX in the extracellular space can enter or regulate nearby cells as a paracrine signal through ion exchangers and ion channels, such as anion exchange protein 2 (AEC2) (Ghio et al., 2003) and epithelial sodium channels (ENaC) (Helms et al., 2008; Liu et al., 2016b) (Figures 3B,C). Alternatively, they can liberate latent cytokines stored in the ECM reservoirs, such as TGF-β1 (Watson et al., 2016), leading to a systemic niche remodeling. On the contrary, the ROS produced in the cell can serve as an autonomous signal to induce oxidative stress (Schieber and Chandel, 2014) or hypoxia responses (e.g., through inactivating PHD to elicit HIF-1α/HIF-2α signaling (Figure 2C)). In turn, hypoxia responses mediated by HIF-1α signaling can upregulate the expression of NOX (e.g., NOX4 (Diebold et al., 2010)) and PHD (Kobayashi et al., 2021) (Figure 3B). These lines of evidence suggest that both positive and negative feedback regulations exist in the axis of NOX-ROS-HIF signaling and that NOX act both upstream and downstream of the HIF signaling.
[image: Figure 3]FIGURE 3 | (A) The assembly (blue lines) and activation (green lines) of NOX family members. (B) NOX-derived ROS (X-ROS) signaling can elicit both autocrine and paracrine effects. Red lines indicate inhibition or downregulation. Green lines indicate activation or upregulation. Blue lines indicate physical association or recruitment. Black lines indicate the flow of the pathways or a reaction. (C) NOX2 signaling is coupled with cytoskeleton dynamics and kinase/phosphatase activities through an X-ROS-Ca2+ feedback loop. (D) NOX4 signaling is associated with the clustering of signaling molecules involved in the cytokine/integrin-ECM signaling.
Beyond the HIF-mediated regulation on the expression level, the activities of NOX are modulated by the assembly and the post-translational modifications (PTMs) of their cytoplasmic and membrane subunits. In fact, almost all NOX subunits are subject to functional-relevant PTMs. Such regulation is under the crosstalk with cytokine signaling (e.g., IGF-1, TGF-β1, EGF, and PDGF signaling) and integrin/ECM signaling (including those involved in cell mechanotransduction (Brandes et al., 2014a), cell adhesion (Schroder, 2014), and cell migration (Brown and Griendling, 2009)). Further, these signaling activities are reciprocally modulated by ROS (Ning et al., 2002; Chiarugi et al., 2003; Ali et al., 2006; Block et al., 2008; Meng et al., 2008; Heo and Lee, 2011; Touyz and Briones, 2011; Xi et al., 2013; Brandes et al., 2014a; Jiang et al., 2014; Yan et al., 2014; Gau and Roy, 2018; Pietruczuk et al., 2019; Fukai and Ushio-Fukai, 2020). In the presence of cooperative or synergistic coupling in the NOX/cytokine/ECM signaling, a bistable or multi-stable switch might be established to potentiate the selection of cell fate, as observed in the regulation of ROS (Huang JH. et al., 2021). This scenario is likely to occur in the processes involving NOX1-2 and NOX4, in that NOX2 and NOX4 are reported to involve in stem cell differentiation and self-renewal, and NOX1-2 and NOX4 are found to potentiate CSC growth, survival, and drug resistance (Brandes et al., 2014b; Skonieczna et al., 2017). The regulations of these NOX mainly occur through serine/threonine phosphorylation (NOX1-3) and tyrosine phosphorylation (NOX4) (Rastogi et al., 2016; Skonieczna et al., 2017). In comparison, the regulation of NOX5 and Duox1-2 primarily depends on calcium. This difference is correlated with the fact that most cancers have dysregulated kinase/phosphatase activities. Other than cancers, NOX-derived ROS correlate with diseases such as cardiomyopathies (Prosser et al., 2011; Kerr et al., 2015). The term “X-ROS” has thus been invented to describe the rapid and localized mechano-chemical signaling elicited by “NOX-derived ROS” (Prosser et al., 2011). A brief review of the regulation of NOX 1-4 and a short discussion on how they are coupled with cytokine and ECM signaling can be found in Module Box III.
One example of positive coupling in X-ROS/cytokine/ECM signaling is the potential feedback amplification along the NOX2-ROS-Ca2+-protein kinase C (PKC) signaling axis (Module Box III and Figure 3C). Another is the NOX4-ROS-HIF-IGF-1 signaling, which occurs through the clustering of NOX4, steroid receptor coactivator (Src) kinase, Src homology 2- (SH2-) domain-containing protein tyrosine phosphatase (SHP) substrate-1 (SHPS-1), growth factor receptor-bound protein 2 (Grb2), integrin-associated protein (IAP), and growth factor receptors such as IGF-1 receptor (IGF-1R) (Module Box III and Figure 3D). Among them, IAP is a transmembrane protein associated with several integrins. The association of IGF-1R with IAP thus enables the crosstalk between IGF-1R and ECM/integrin signaling, thereby coupling ROS signaling and growth factor stimulation with cell–ECM adhesion and cell migration (Maile et al., 2003). To add more systemic niche effects, NOX4-derived ROS can induce HIF-1α signaling (e.g., through downregulating the PHD activity (Xu and Li, 2021), which in turn upregulates the expressions of NOX4 (Diebold et al., 2010) and IGF-1 (Poon et al., 2009; Prabhakar and Semenza, 2012; Huang et al., 2017), leading to autonomous (through NOX and IGF-1) and non-autonomous effects (through IGF-1 acting on neighboring cells) in X-ROS-HIF-IGF-1 signaling (Figure 3D).
The association of NOX4 and Src kinase within the SHPS-1 scaffold allows Src kinase to phosphorylate NOX4 and enhance ROS production (Xi et al., 2013). Reciprocally, ROS target and oxidize the cysteine residues at the catalytic domain of Src kinase, thereby activating the kinase (Giannoni et al., 2010; Ray et al., 2012; Xu et al., 2017; Heppner et al., 2018; Dustin et al., 2020; Heppner, 2021). Such mutual interplay leads to localized feedback amplification in IGF-1 and integrin/ECM signaling. A detailed review of redox regulation on, for example, IGF-1 signaling can be found elsewhere (Lennicke and Cocheme, 2021a; Lennicke and Cocheme, 2021b). Clearly, with the abundance of cysteine residues in most signaling molecules, Src kinase is not the only substrate sensitive to ROS. The MAPKs (including JNK (Santabarbara-Ruiz et al., 2015), Erk (Aikawa et al., 1997), p38 kinase (Kulisz et al., 2002; Emerling et al., 2005; Lee et al., 2012; Santabarbara-Ruiz et al., 2015), and big MAP kinase (BMK1/Erk5) (Abe et al., 1996), the Ca2+/calmodulin-dependent kinase 2 (CaMK2) (Basu et al., 2019), the cGMP-dependent protein kinase or protein kinase G (PKG), the PI3K/AKT (Ray et al., 2012; Koundouros and Poulogiannis, 2018), the PKC (Gong et al., 2015; Steinberg, 2015), the cAMP-dependent protein kinase (PKA (Andre et al., 2013)), and the focal adhesion kinase (FAK) (Ben Mahdi et al., 2000) are redox sensitive and subject to activation by ROS. In parallel, protein serine/threonine phosphatases (PPP, including PP1 (Kim et al., 2015), PP2A (Low et al., 2014; Raman and Pervaiz, 2019), and PP2C-like partner of PIX 2 (POPX2 (Kim P. R. et al., 2020))), and protein tyrosine phosphatases (PTP), including PTP1B, the low molecular weight PTP (LMW-PTP, the major PTP for FAK) (Chiarugi et al., 2003), PTEN (Ray et al., 2012), SHP-2 (Chattopadhyay et al., 2017), and cdc25C (Rudolph, 2005; Seth and Rudolph, 2006; Han et al., 2018)) are also redox-sensitive and can be inhibited by oxidation. Through the ROS-mediated modulation of the kinase and phosphatase activity and the reciprocal phosphorylation-dependent ROS production, it is possible to have positive or negative feedback loops in the ROS-dependent cytokine/ECM signaling. Moreover, the feedback regulation on the expression levels has been reported. For example, ROS-activated p38 kinase and Erk1/2, two key kinases involved in cytokine signaling, can enhance the expressions of NOX (e.g., NOX4 (Diebold et al., 2010)) and the nuclear translocation of HIF-1α (Richard et al., 1999; Sodhi et al., 2000; Flugel et al., 2007). Nuclear HIF-1α, in turn, promotes the expression of seven in absentia homolog 2 (SIAH2), one of the enzymes targeting PHDs for ubiquitin-mediated proteasome degradation (Xu and Li, 2021), in a PI3K/AKT-dependent manner (Koundouros and Poulogiannis, 2018; Perillo et al., 2020). Src and p38 kinases can further phosphorylate and activate SIAH2 (Khurana et al., 2006; Sarkar et al., 2012), thereby forming the positive feedback amplification in HIF-1 signaling (Figures 2B, 3C). In addition, HIF-1α can induce the deposition and stiffening of collagen (Gilkes et al., 2013), and ROS can upregulate the expression of integrins and ECM molecules such as laminin (Liu J. et al., 2016) and fibronectin (Lee H. B. et al., 2004). These effects reinforce the ligand-receptor interactions in the ROS-modulated cytokine and ECM signaling (Lamari et al., 2007; Liu J. et al., 2016).
The preferential coupling of NOX4 with protein tyrosine kinases (PTKs) raises an important issue in stem cell biology. From an evolutionary point of view, PTKs have a specific relation with ROS. PTKS were primarily present in multicellular organisms during the episodes of increasing atmospheric O2 concentrations, which drove the use of O2 as the major energy resource in multicellular organisms (Dustin et al., 2020). The emergence of NOX in multicellular organisms had evolved at the same time (Kawahara et al., 2007; Holmstrom and Finkel, 2014). Thus, it is reasonable that PTKs are related to cell differentiation and functionalization in multicellular organisms (thus linked to stem cell homeostasis) (Dustin et al., 2020) and that NOX are coupled with RTKs in oxidative phosphorylation, metabolism, and tissue remodeling, as in the case of NOX4 (e.g., through Poldip2, TGFβ, and IGF-1/insulin signaling). In fact, PTKs have been recognized as a major target for clinical treatments (i.e., through tyrosine kinase inhibitors (TKI)) of cancers (Zhang et al., 2009; Dustin et al., 2020). Likewise, NOX have been used as a target for the treatments of, for example, thrombosis, osteoarthritis, diabetes-related complications, stroke, cancers, and pulmonary fibrosis (Bonner and Arbiser, 2012; Hecker et al., 2012; Violi and Pignatelli, 2014; Morel et al., 2015; Zhang et al., 2016; Peng et al., 2019). A HIF-1α/NOX4 signal pathway has been identified to induce drug and radiation resistance in ovarian cancer (Liu W. J. et al., 2021). It would be interesting to investigate whether a combinatory target therapy on NOX and PTKs provides additive or synergistic benefits on diseases such as cancer and systemic diseases.
The Coupling of X-ROS Signaling With Cell Mechanics
Besides cytokine/ECM signaling, other feedback amplifications in ROS responses include the mitochondria-dependent, ROS-induced ROS release, and the mitochondria-mediated crosstalk between ROS and the calcium flux, a detailed review of which can be found elsewhere (Zorov et al., 2014; Gorlach et al., 2015; Javadov, 2015; Feno et al., 2019). Herein, we focus on the coupling of NOX with cell mechanics and mechanotransduction, an emerging issue in the fields of stem cell research, cell therapy, wound healing, and cancer (Paszek et al., 2005; Kono et al., 2012; Liu et al., 2020a; Wilkinson and Hardman, 2020; Bergert et al., 2021; Hayward et al., 2021). In fact, a great deal of interest has recently been raised in the roles of cell mechanics in the key cellular processes, such as proliferation, cell death, cell differentiation, and cell migration (Chen et al., 1997; Horowitz et al., 1999; Lecuit and Lenne, 2007; Settleman and Baum, 2008; Grosberg et al., 2011), and the maintenance of stem cell pluripotency (Discher et al., 2009; Jaalouk and Lammerding, 2009; Mammoto and Ingber, 2009; Wozniak and Chen, 2009). These key processes often involve molecular–cellular interactions at the boundaries, ranging from the membrane of a single cell to the interfaces between cells and between cells and ECM. Examples include epithelial–mesenchymal interaction (EMI) in the hair follicle (Sick et al., 2006) and tooth (Mammoto et al., 2011) formation, EMI in wound healing (Chong et al., 2009; Seltana et al., 2010), endothelial cell–pericyte interaction in angiogenesis (Gerhardt and Betsholtz, 2003), and endothelial cell–hepatocyte interaction in liver development and regeneration (Inamori et al., 2009). In these examples, the importance of cell mechanics is manifested in the ability of cells to control their size and shape (i.e., 3D topology and geometry) at the interacting boundaries, which in turn profoundly influence the binary decision of cells, for example, to proliferate or differentiate (Folkman and Moscona, 1978; Spiegelman and Ginty, 1983; Piccolo et al., 2014). In line, recent experiments have shown that the fate of stem cells (e.g., self-renewal and differentiation) and the development of organs (such as branching morphogenesis in tubular organs) can be controlled by engineered geometries on the cell–cell and cell–ECM interacting boundaries (Chen et al., 1997; Nelson et al., 2006; Gomez et al., 2010; Silver et al., 2020). Conversely, abnormality or failure in the control of cell size and shape at the interacting boundaries is often found in diseases such as organ malformation, atherosclerosis, cancer, and tumor invasion (Chen et al., 1997; Paszek et al., 2005; Nelson et al., 2006), and cancer-associated fibroblast- (CAF-) aided initiation and maintenance of cancer stemness (Chen et al., 2014). A conceptual discussion on how mechanics contribute to the regulation of cell/organ size and shape can be found in Module Box IV. Reviews on the details of mechano-sensing can also be found elsewhere (Cai et al., 2021).
From the molecular signaling perspective, X-ROS and cell mechanics act both upstream and downstream of each other. This reciprocal coupling occurs through the cytoskeletal dynamics. On the one hand, X-ROS can activate Ras-related C3 botulinum toxin substrate 1 (Rac1) through, for example, the X-ROS-Ca2+-PKC coupling (Module Box IV and Figure 3C), and Ras homolog family member A (RhoA), through, for example, cysteine oxidization on the Rho GEF ARHGEF1 (MacKay et al., 2017) (Module Box IV and Figure 3D), by which they promote actin filament polymerization and actomyosin contractility. X-ROS-mediated cysteine oxidization also enables the association of Ras GTPase-activating-like protein or IQ motif-containing GTPase activating protein 1 (IQGAP1) with NOX2 and cytokine receptors such as VEGF receptor (VEGFR) at the lamellipodial leading front of migrating cells (Ikeda et al., 2005; Kaplan et al., 2011) (Figure 4A). IQGAP1 is a scaffold protein that binds to microtubule plus-end binding proteins such as cytoplasmic linker associated protein 2 (CLASP2), YAP, and the regulators of YAP in the Hippo pathway, MST2, and LATS1 (Watanabe et al., 2009; Sayedyahossein et al., 2016; Quinn et al., 2021) (Module Box IV and Figure 4A). As a result, X-ROS signaling influences cell mechanics by modulating cytoskeletal dynamics and the distribution of mechano-transducers such as YAP. On the other hand, actin enhances NOX-mediated ROS production, and an actin-binding site has been identified on the subunit of NOX2, p47phox (Tamura et al., 2006) (Module Box III). p47phox is redox-sensitive, and sequential phosphorylation and S-glutathionylation of p47phox leads to sustained O2− production (Nagarkoti et al., 2018). These lines of evidence suggest a self-perpetuating amplification of the ROS-dependent cytokine/ECM signaling and cytoskeletal dynamics.
[image: Figure 4]FIGURE 4 | (A) Examples of the binding partners of IQ motif-containing GTPase activating protein 1 (IQGAP1). Red lines indicate inhibition or downregulation. Green lines indicate activation or upregulation. Blue lines indicate physical association or recruitment. See Module Boxes IV and V for details. (B) The Hippo complex is regulated by itself and several kinases, phosphatases, and molecular scaffolds in a ROS-dependent manner. See Module Box V for details. Black lines indicate the flow of the pathways, cascades, or a reaction. (C) ROS exhibit both positive and negative effects on the regulation of YAP signaling manifested in the phosphorylation, dephosphorylation, sequestration, degradation, and compartmentalization of YAP. Red texts indicate inhibition. Blue texts indicate sequestration, association, or compartmentalization. Green texts indicate activation. (D) Merlin, angiomotin (AMOT), kidney and brain expressed protein (KIBRA), and protein tyrosine phosphatase non-receptor type 14 (PTPN14) act with the Hippo complex and cytoskeletons to regulate the phosphorylation, sequestration, compartmentalization, and degradation of YAP in a ROS-dependent manner. See Module Box V for details. (E) The ECM components and mechanical properties can regulate YAP signaling in a self-perpetuating manner. See Main Text and Module Box V for details.
The effect of ROS on cytoskeletal dynamics appears to depend on the ROS levels. It has been shown that ROS at low (physiologically relevant) levels promote actin filament polymerization, stress fiber assembly, and microtubule self-organization, yet ROS at high levels compromise these processes (Khairallah et al., 2012; Xu et al., 2017; Loehr et al., 2018) (Figure 2D). The explicit mechanisms remain elusive (Wilson and Gonzalez-Billault, 2015). To date, the most well-studied example of the coupling of NOX-ROS and cell mechanics is the microtubule-dependent X-ROS signaling in cardiomyocytes and skeletal muscle cells (Prosser et al., 2011; Prosser et al., 2013; Kerr et al., 2015; Limbu et al., 2015; Robison et al., 2016; Caporizzo et al., 2018; Chen et al., 2018; Caporizzo et al., 2019; Scarborough et al., 2021; Uchida et al., 2021) (Module Box IV). With the interdependence between cytoskeletal dynamics and X-ROS signaling, it is plausible that X-ROS signaling is sensitive to the mechanical modulation in cell morphogenesis and acts in part as a mechano-transducer. The integration of these effects can lead to a self-perpetuated amplification of the cellular mechanical responses, which might serve as a switch for the selection of stem cell fate (see examples in Module Box IV).
The Coupling of X-ROS-Hypoxia/Cytokine/ECM Signaling With YAP Signaling
One goal of cell/tissue mechanics is to shape organs and tissues into the proper form. In this process, what is needed is the control over the proliferation and differentiation of stem cells and tissue-specific progenitor cells. The fundamental question is how these cells know when and where to stop growing after the organ reaches a certain size and topology. In principle, the growth control should arise from a proper balance of three cellular processes, namely, cell division, cell differentiation, and programmed cell death (apoptosis), in a time- and space-dependent manner. The classical “chemical-driven” view on the control of organ size and topology was started by Alan Turing’s famous work on the dynamic instability of interacting morphogens (Turing, 1952) and is amplified by the focus of molecular biology and genetics on regulatory mechanisms implemented by diffusive molecules. However, attempts to create organ-scale tissues by diffusive morphogens have limited success. Indeed, if organ pattern formation relies on chemical gradients only, it would be impossible to explain several remarkable examples of ordered proliferation, differentiation, and self-organization of the entire organ spontaneously emerging in vitro from naive cells cultured in media saturated with mitogens and growth factors (Sasai, 2013). Using soluble factors alone also makes it difficult to realize how fluctuating microenvironments can robustly template cell behavior in time and space with micrometer accuracy (Huang and Ingber, 1999; Discher et al., 2009). It appears that a “mechanics-driven,” non-autonomous effect must exist; in other words, the tissue is endowed with a capacity to inform individual cells with certain “structure-code messengers” about its size and entire topology (Nelson et al., 2006; Piccolo et al., 2014), by which a long-range regulation can be imposed on individual cells (Guo et al., 2012), guiding them to shape the tissue in synchrony with other cells.
The transcriptional coactivators, YAP/TAZ, which boost organ growth and are suppressed by the Hippo complex (Module Box V and Figure 4B), are likely to be the “structure-code messengers” in organ development, homeostasis, repair, and tumorigenesis (Wang et al., 2009; Li et al., 2010; Lian et al., 2010; Zhao et al., 2010a; Dupont et al., 2011; Yu et al., 2015; Panciera et al., 2017). The activity of YAP/TAZ is mainly regulated through PTMs (e.g., serine/threonine and tyrosine phosphorylation and dephosphorylation, and ubiquitination), sequestration, and compartmentalization (Figure 4C). The effectors modulating the PTMs of YAP include the Hippo pathway components such as MST1/2, SAV1, LATS1/2, MOB1, MAP4Ks, and STK25, tyrosine kinases such as Src kinase, the E3 ubiquitin ligase SCFβ-TrCP, protein phosphatase (PP), and protein tyrosine phosphatase (PTP) (Module Box V). We should point out that the consequences of serine/threonine phosphorylation and tyrosine phosphorylation of YAP are different. While the serine/threonine phosphorylation of YAP promotes YAP sequestration, compartmentalization, or ubiquitination, the tyrosine phosphorylation of YAP promotes YAP nuclear translocation and signaling (Rosenbluh et al., 2012; Smoot et al., 2018; Sugihara et al., 2018) (Figure 4C). For the sequestration of YAP, the major adaptors and scaffold molecules include 14-3-3, α-catenin, Dishevelled (DVL), angiomotin (AMOT), IQGAP1, kidney and brain expressed protein (KIBRA), Merlin, Expanded (Ex), protein tyrosine phosphatase non-receptor type 14 (PTPN14), and Switch/Sucrose non-fermentable (SWI/SNF) (Module Box V and Figures 4C,D). Among them, the association of YAP with AMOT in the cytoplasm is under competition with actin filaments, hence linking cytoskeletal dynamics to YAP regulation (Mana-Capelli et al., 2014) (Module Box V and Figures 4C,D). Likewise, in the nucleus, polymerized nuclear actin filaments (induced by, e.g., the exposure of cells to stiff ECM) bind to SWI/SNF and relieve its sequestration of YAP (Chang et al., 2018). Cell mechanics are also linked to the Merlin-dependent YAP regulation. Merlin phosphorylation at S518, for example, is counteracted by myosin phosphatase target subunit 1- (MYPT1-) regulated PP1c, the phosphatase for myosin light chain (MLC) (Jin et al., 2006; Kiss et al., 2019; Alvarez-Santos et al., 2020). When RhoA, Rho-associated kinase (ROCK), or both are activated (e.g., by integrin–ECM interactions), MYPT1 can be inhibited by ROCK (Kawano et al., 1999) and/or sequestered to stress fibers (Joo and Yamada, 2014), thereby maintaining Merlin at the inactive, S518-phosphorylated state (Module Box V and Figure 4D). The compartmentalization of YAP mainly occurs at adherens junctions (AJs, by, e.g., PTPN14, 14-3-3, and Merlin), tight junctions (TJs, by, e.g., AMOT and Merlin), and multi-vesicular body (MVB, by, e.g., axin) (Module Box V and Figures 4C,D).
Several mechanisms have been identified to activate YAP signaling in an X-ROS- and/or cell mechanics-dependent manner. These mechanisms are to change the PTMs, the sequestration, and/or the compartmentalization states of YAP. Examples of the processes include 1) enhancing the degradation or dephosphorylation of LATS (Kim P. R. et al., 2020; Zhao et al., 2020) (Figure 4B), 2) reducing YAP S127/S397 phosphorylation (e.g., by PP1A, PP2A, PPM1A (Schlegelmilch et al., 2011; Li et al., 2016; Hu et al., 2017; Zhou et al., 2021), or Nemo-like kinase (NLK) (Moon et al., 2017)) (Figure 4C), 3) reducing YAP-Merlin association (by, e.g., enhancing Merlin S518 phosphorylation (Morrison et al., 2001; Sherman and Gutmann, 2001)) (Figure 4D), and 4) attenuating YAP-AMOT association (by, e.g., promoting actin filament polymerization to compete for binding to AMOT (Mana-Capelli et al., 2014)) (Figures 4C,D). A mechanism similar to example 4 is to reduce YAP-SWI/SNF association by nuclear actin filament polymerization (Chang et al., 2018) (Figure 4C). The effects of X-ROS in these processes are complex, as they can be additive, synergistic, or contradicting. To demonstrate such complexity, we use ROS-mediated LATS degradation and dephosphorylation as an example.
The degradation of LATS is primarily mediated by the E3 ubiquitin ligase, SIAH2 (Ma et al., 2015; Zhao et al., 2020) (Figure 4B), the enzyme targeting PHDs for degradation (Nakayama and Ronai, 2004; Qi et al., 2013) (Figure 2C), thus connecting the regulation of hypoxia responses with YAP signaling. SIAH2 can be upregulated by p38 kinase and Src kinase (Khurana et al., 2006; Sarkar et al., 2012), which are redox-sensitive and can be activated by X-ROS (Abe et al., 1996; Aikawa et al., 1997; Kulisz et al., 2002; Emerling et al., 2005; Ray et al., 2012; Xu et al., 2017; Koundouros and Poulogiannis, 2018; Basu et al., 2019; Perillo et al., 2020). This effect places X-ROS upstream of YAP activation (Figure 4B). On the contrary, the dephosphorylation of LATS is primarily mediated by POPX2, which is also redox-sensitive and can be inhibited by ROS through cysteine oxidation (Kim P. R. et al., 2020). This effect places ROS upstream of YAP suppression (Figure 4B). Thus, X-ROS exhibit contradicting effects on YAP regulation (Figure 4C).
Contradicting effects, in fact, appear in many aspects of the ROS-dependent YAP regulation. For example, ROS can activate not only Src and p38 kinases (which activates SIAH), but also Src family kinase (SrcFK) (Tominaga et al., 2000; MacKay et al., 2017) and PKC (Xu et al., 2017) through cysteine oxidation or ROS-Ca2+ coupling (Shirai and Saito, 2002) (Figures 3B,C). PKC and SrcFK, in turn, activate Rac1 (Cathcart, 2004; Brown and Griendling, 2009; Gorlach et al., 2015) and Rho guanine nucleotide exchange factor 1 (ARHGEF1) (MacKay et al., 2017) to promote p21-activated protein kinase (PAK) activation and RhoA activation, respectively. The resulting effects include actin filament polymerization (by Rac1 and RhoA), MLC phosphorylation and stress fiber formations (by RhoA) (Tominaga et al., 2000), and MYPT1 inhibition (Kawano et al., 1999) or sequestration to the phosphorylated MLC (by RhoA) (Joo and Yamada, 2014). Among them, actin filaments compete with YAP for the binding of AMOT, thus releasing YAP from the AMOT-mediated sequestration (Figure 4C). PAK catalyzes Merlin S518 phosphorylation (Shaw et al., 2001) to prevent Merlin from binding to YAP (Figure 4D). RhoA-mediated inhibition and sequestration of MYPT1 prevent MYPT1 from dephosphorylating MerlinpS518 (Figure 4D). These effects act additively or synergistically to promote YAP signaling. At the same time, RhoA-mediated ROCK activation at the epithelial circumferential actin belt increases intercellular tension and promotes the release of Merlin from AJs to enable Merlin-mediated YAP nuclear export (Furukawa et al., 2017), thereby suppressing YAP signaling (Figure 4C). If not exported, the nuclear YAP requires the binding of TEAD for signaling, which can be disrupted by 5ʹ AMP-activated protein kinase- (AMPK-) mediated YAP phosphorylation at S94 (Mo et al., 2015), and elevated ROS levels were found to increase the AMPK activity (Irrcher et al., 2009) (Figure 4C). In addition, ROS can suppress not only POPX2 (which dephosphorylates LATS), but also PP1 (Santos et al., 2016) and PP2A (Rao and Clayton, 2002; Raman and Pervaiz, 2019), both of which can dephosphorylate YAP to promote YAP signaling (Schlegelmilch et al., 2011; Li et al., 2016) (Figure 4C). These inhibitory effects place ROS upstream of YAP suppression and certainly contradict the aforementioned ROS-mediated YAP activation. Moreover, ROS can activate not only Src, p38, PKC, and SrcFK, but also PKA and AKT, yet the effects of the two kinases on Merlin-YAP association are different or even conflicting (Module Box V and Figure 4D). It is thus likely that the effect of X-ROS on YAP signaling is multiplexed and dependent on the context of the niche and the cellular status.
One consistent influence of X-ROS on YAP signaling is to promote the association of YAP with IQGAP1 (Figure 4C), which brings YAP to the cell leading front (Figure 4A). Another consistency is the effect of intercellular tension on the regulation of YAP signaling. In epithelial organs, the intercellular tension is primarily determined by the contractility at the circumferential actin belt around the AJs. RhoA/ROCK-mediated enhancement of tension at the circumferential actin belt has been shown to promote the release of Merlin from AJs, thereby facilitating Merlin-mediated YAP nuclear export (Furukawa et al., 2017). Consistently applying forces at E-cadherin to mimic the high intercellular tension state has been shown to activate AMPK (Bays et al., 2017), which disrupts the YAP-TEAD association and suppresses the nuclear signaling of YAP (Mo et al., 2015). Moreover, the activated AMPK reinforces the RhoA/ROCK/MLC-mediated contractility to keep the cells at a high-tension state, thereby forming a positive feedback loop for the maintenance of the epithelial barrier (Bays et al., 2017) and the suppression of YAP signaling (Figure 4C). The third consistency is the ROS-mediated activation of tyrosine kinases and suppression of tyrosine phosphates. Unlike the negative regulation of serine phosphorylation of YAP by LATS and other kinases such as AKT and JNK (Basu et al., 2003; Danovi et al., 2008), tyrosine phosphorylation of YAP (at, e.g., Y357) by the redox-sensitive Src kinase or SrcFK promotes the nuclear translocation and signaling of YAP (Rosenbluh et al., 2012; Smoot et al., 2018; Sugihara et al., 2018) (Figure 4C). ROS-activated Src kinase can also suppress LATS by upregulating SIAH2 (Figure 4B), and ROS can inhibit tyrosine phosphates (Hecht and Zick, 1992; Lewis and Aitken, 2001; Chao et al., 2011) such as PTPN14, the inhibition of which abolishes the PTPN14-mediated sequestration of YAP (Liu et al., 2013) (Figure 4C). As a result, the regulations of ROS on tyrosine kinases and phosphatases lead to a synergistic or additive effect on YAP signaling.
X-ROS can be generated in integrin-ECM signaling and cell migration (Module Box III and Figures 3B–D). In these processes, integrin-ECM signaling can promote the dephosphorylation of YAPpS397, likely through an integrin α3-FAK-Cdc42-PP1A cascade, leading to the YAP nuclear translocation and potentiating mTOR signaling in stem cell-based tissue renewal (Hu et al., 2017) (Figure 4E). Stiffening and stretching of ECM also leads to Src kinase activation (Koudelkova et al., 2021), which in turn promotes tyrosine phosphorylation and nuclear translocation of YAP (Figures 4D,E). In fact, the mechano-chemical properties of ECM, such as ECM stiffness and ECM components, exhibit a profound impact on YAP signaling. The type I collagen, for example, can stimulate YAP nuclear translocation to suppress adipogenic differentiation in preadipocytes, likely through downregulating the expressions of Hippo pathway kinases (Liu X. et al., 2020). The crosslinking of collagen by, for example, LOX and LOX-like (LOXL) enzymes (Levental et al., 2009) increases ECM stiffness to promote YAP nuclear translocation (Dupont et al., 2011; Noguchi et al., 2018) and metabolic reprogramming (Ge et al., 2021) which can potentially activate HIF-1 signaling (Halligan et al., 2016). HIF-1α signaling and YAP signaling, in turn, can induce the expression of genes responsible for collagen deposition and stiffening directly (Gilkes et al., 2013; Ji et al., 2013) and indirectly (Liu et al., 2015; Noguchi et al., 2017), leading to a self-perpetuating vicious cycle in tissue fibrosis (Noguchi et al., 2018). Another example of the influence of ECM on YAP signaling is Agrin, an ECM proteoglycan that transduces ECM stiffness and cell rigidity to YAP signaling. Agrin activates p21-activated protein kinase- (PAK-) 1 through the integrinβ1-FAK-integrin-linked kinase (ILK) signaling axis, which subsequently phosphorylates Merlin at S518 (Chakraborty et al., 2017) and reduces YAP-Merlin association (Module Box V and Figures 4D,E). Reciprocally, the effect of YAP on ECM remodeling often requires the presence of other niche factors such as TGFβ (Fujii et al., 2012; Noguchi et al., 2018). TGFβ also enhances the association of SIAH2 with LATS2 (Ma et al., 2016) for degradation. These lines of evidence place X-ROS-coupled cytokine/ECM signaling and cell mechanics upstream of YAP signaling. Nevertheless, we should point out that ROS are generally considered an inducer of premature senescence and aging (Kodama et al., 2013; Davalli et al., 2016; Marazita et al., 2016), and YAP signaling can prevent premature senescence yet often lead to tumorigenesis (Xie et al., 2013; Xu X. et al., 2021). How to optimize their interplay to boost longevity while minimizing the risk of tumorigenesis will be an interesting subject to investigate.
YAP signaling dictates the selection of cell fate, and it is likely that YAP signaling follows switch-like behavior. For the therapeutic purpose, it will be convenient if ROS-mediated effects also act as a switch at different stages of stem cell development and tumor progression, whereby pharmaceutical interventions can be explicitly applied to turn “on” or “off” specific or unwanted effects (Kim P. R. et al., 2020). In fact, switch-like enhancement of YAP-mediated epithelial-mesenchymal transition (EMT) has been proposed in cell migration on substrates engineered with nano-scale topographic cues (Park et al., 2019). The potential coexistence of the compatible and conflicting ROS-mediated effects on YAP signaling suggests that X-ROS and cell mechanics regulate YAP activity in a multiplex, niche factor context-dependent manner and can lead to a differential rather than switch-like response. Whether there is segregation between differential and switch-like YAP responses in the variation of niche factors and how such segregation depends on the physiological or pathological niche conditions remain to be resolved.
The Coupling of X-ROS With HIF/YAP/Notch Triad and PD-L1 Signaling
The involvement of SIAH2 in X-ROS-HIF-1α and X-ROS-YAP signaling suggests that HIF and YAP might be interdependent or connected in the regulation of cell fate and tissue responses. In fact, YAP forms complexes with HIF-1α and acts as the transcription activator of HIF-1α (Xiang et al., 2015; Zhao et al., 2020), and HIF-1α was found to promote YAP activation (Li H. et al., 2018). Positive feedback thus appears in the HIF/SIAH/YAP axis, which might play an important role not only in stem cell physiology but also in tumorigenesis (Module Box VI and Figure 5A). The tumor microenvironment (TME) is often characterized by an abundance of ROS and the stiffening of ECM. From the discussion in the previous sections, we note that both HIF-1α and YAP are sensitive to the ECM stiffness and ROS and that the yield of ROS depends on the O2 concentration and the metabolic activities in the TME. An intriguing question is then how the YAP target genes are differentially regulated by ROS-independent and ROS-dependent HIF signaling in response to the change of ECM stiffness and niche O2 concentrations. Unfortunately, no quantitative data on this perspective are available to date, and studies are thus warranted.
[image: Figure 5]FIGURE 5 | (A) HIF, YAP, and Notch act as a triad in that their effectors can associate to influence each other. See Module Box VI for details. NICD stands for the notch intracellular domain. Red lines indicate inhibition or downregulation. Green lines indicate activation or upregulation. Blue lines indicate physical association or recruitment. Black lines indicate the flow of the pathways or a reaction. (B) ROS exhibit both positive and negative effects on the coupling of the HIF/YAP/Notch triad and PD-L1 signaling. See the main text and Module Box VI for details.
The complexity in HIF-YAP coupling increases when Notch signaling is considered. In contrast to the regulation of organ size by the Hippo pathway (Yu et al., 2015), Notch signaling regulates the exquisite timing and spatial programming in the organ plan, including the spatiotemporal specification of cell fate and cell differentiation, tissue patterning, and the maintenance of stem cells (Artavanis-Tsakonas et al., 1999; Lasky and Wu, 2005; Sirin and Susztak, 2012; Kessler et al., 2015; Teo et al., 2019). Notch signaling is also associated with a neurological disorder, inflammation, senescence, aging, tumorigenicity, cancer drug resistance, cancer metastasis, cancer stemness, and cancer immune evasion (Sharma et al., 2011; Liu et al., 2012; Wang et al., 2014c; Balistreri et al., 2016; Hoare and Narita, 2018; Wu et al., 2018; Liu et al., 2021a; Xiu et al., 2021). YAP/TAZ forms a complex with the Notch effector, Notch intracellular domain (NICD), to promote the transcription of Notch target genes (Manderfield et al., 2012). Recent studies suggest a coupling of YAP/TAZ and Notch signaling pathways. This coupling can be positive or negative, with YAP/TAZ acting upstream of, downstream of, or in parallel with Notch signaling (Module Box VI). Moreover, YAP/TAZ, HIF-1α, and HIF-2α can bind to NICD to promote the transcriptional activity in a mutually exclusive manner (Hu et al., 2014) (Module Box VI and Figure 5A). Such HIF-Notch coupling can be found in, for example, neurological disorder and degeneration, brain function and angiogenesis, and the maintenance of glioblastoma stem cells (Gustafsson et al., 2005; Chen et al., 2010; Qiang et al., 2012; Hu et al., 2014; Li Y. et al., 2018; Kim S. et al., 2020). Conversely, Notch signaling is required for HIF to preserve the full pluripotency of stem cells under hypoxia (Gustafsson et al., 2005), the condition wherein stem cells maintain their stemness (Ezashi et al., 2005). These lines of evidence suggest that HIF, YAP, and Notch act as a triad in the regulation of stem cell physiology and the dysregulation of cell behavior in tumorigenesis.
In addition to YAP and HIF, recent studies have shown that Notch is associated with various subtypes of X-ROS signaling and involved in oxidative stress (Zhang H.-M. et al., 2018). For example, reciprocal ROS-Notch signaling has been identified in the clusters of circulating tumor cells (CTCs) and myeloid-derived suppressor cells (MDSCs), where CTCs have been considered as the bona fide precursors for metastatic tumors and MDSCs, a group of undifferentiated, bone marrow-derived heterogeneous cells with enhanced ability of immune suppression (Gabrilovich and Nagaraj, 2009; Wen et al., 2020), are known to promote neoplastic growth by inhibiting the tumoricidal activity of T cells (Aceto et al., 2014; Boral et al., 2017; Sprouse et al., 2019). Several mechanisms have been identified in X-ROS/cytokine/ECM signaling-coupled Notch signaling. The first is to act through the coupling of TGFβ1 and NOX4-derived ROS in epithelial cells, where niche factor TGFβ1 induces NOX4 expression (through p38 kinase (Ning et al., 2002)), ROS-dependent Nrf2 activation and expression, NOX4-derived ROS production, and Nrf2-dependent Notch signaling (Yazaki et al., 2021), which in turn induces EMT (Matsuno et al., 2012). Herein, Nrf2 stands for nuclear factor erythroid-derived 2-related factor 2, a leucine-zipper transcription factor (Moi et al., 1994). Nrf2 and its repressor Kelch-like ECH-associated protein 1 (Keap1) act as the major regulators for cell redox levels (Sporn and Liby, 2012). It has been shown that elevated ROS levels alone are sufficient to trigger Notch signaling for the homeostasis of airway basal stem cells in an Nrf2-dependent manner (Paul et al., 2014) (Figure 5B). The second is to act through the combination of the GSK3β-mediated crosstalk between Notch and Wnt/β-catenin signaling pathways (Force and Woodgett, 2009; Caliceti et al., 2014), the X-ROS-mediated activation of GSK3β (Wang C.-Y. et al., 2014), and the downregulation of β-catenin by a redox-sensitive negative regulator of Wnt signaling pathway, nucleoredoxin (NRX) (Shin et al., 2004; Funato and Miki, 2010; Funato et al., 2010). Note that GSK3β is also involved in the HIF-α subunit regulation (Flugel et al., 2007) (Module Box I and Figures 2B,C) and the axin-dependent YAP degradation and compartmentalization (Azzolin et al., 2014) (Module Box V and Figure 4C). The third is to act through niche mechanics- and ROS-interdependent integrin signaling (Werner and Werb, 2002; Gregg et al., 2004; Buricchi et al., 2007; Taddei et al., 2007; Zeller et al., 2013; Xu Z. et al., 2021), where the activation of ILK potentiates Notch signaling (Maydan et al., 2010) and regulates GSK3β activity (Maydan et al., 2010).
YAP signaling can upregulate PD-L1, the ligand for the cell surface glycoprotein PD-1 that suppresses immune responses in chronic inflammation and in the tumor microenvironment (TME) (Greenwald et al., 2005; Janse van Rensburg et al., 2018), particularly in cancer cells (Lee et al., 2017; Miao et al., 2017). However, YAP is not alone. Recent studies have identified a Notch signaling pathway through the Notch3-PI3K-AKT-mTOR axis to be responsible for the overexpression of PD-L1 in breast cancer stem cell-like (CSC-like) cells (Mansour et al., 2020) (Figure 5B). Under hypoxia, the common niche condition in the TME, HIF-1α but not HIF-2α, has been found to bind to an HRE in the PD-L1 promoter region to overexpress PD-L1 in myeloid-derived suppressor cells (MDSCs) (Noman et al., 2014), by which HCCs evade immune systems (Wen et al., 2020). A concomitant elevation of cell surface PD-L1 and intracellular HIF-2α expression has also been observed in solid tumors (Chang et al., 2016; Tawadros and Khalafalla, 2018; Guo et al., 2019; Zhou et al., 2019), where enhanced activities in ERK, AKT, IκBα (nuclear factor of kappa light polypeptide gene enhancer in B-cells inhibitor, alpha), and NF-κB were found to be involved in PD-L1 overexpression (Guo et al., 2019). Conversely, PD-L1 overexpression can promote the expression of HIF-1α and YAP-1 in a ROS-dependent manner (Tung et al., 2018), perhaps through the interaction of PD-L1 with vimentin, a major cytoskeletal element contributing to cell stiffness and EMT (Ancel et al., 2019), or through the nuclear translocation of PD-L1 and subsequent operation on a panel of immune regulation-related genes (Gao et al., 2020; Jaccard and Ho, 2020) (Figure 5B).
The coupling of PD-L1 and HIF/YAP/Notch signaling has led to a proposed idea that the targeting therapy on HIF/YAP/Notch signaling pathways, along with the conventional chemotherapy and immune therapy, might serve as a potential surrogate for cancer treatment (Janghorban et al., 2018) (Module Box VI). Given the coupling of X-ROS in HIF/YAP/Notch signaling, it is legitimate to ask whether niche ROS affect PD-L1 expression and/or signaling. Figure 2E shows that when the yield of free electrons from the respiratory chain (i.e., ETC) exceeds a certain level with respect to the niche oxygen concentration, ROS can be created and leak to the cytoplasm. This situation is likely to occur at the TME, where tumor cells often carry enhanced glycolysis. In addition, the TME contains inflammatory cells that produce a significant amount of ROS through, for example, NOX, and modify the oxidative stress of the TME, which in turn can influence the antitumor effect of immune responses. It is, therefore, important to evaluate the impact of ROS on PD-L1 expression and functions (Bailly, 2020). This impact is complex and bi-directional. For example, X-ROS and cell mechanics can upregulate HIF and YAP signaling activities and expression levels (Abe et al., 1996; Aikawa et al., 1997; Kulisz et al., 2002; Emerling et al., 2005; Ray et al., 2012; Hu et al., 2017; Xu et al., 2017; Koundouros and Poulogiannis, 2018; Basu et al., 2019; Perillo et al., 2020), which in turn promote PD-L1 expression (Noman et al., 2014; Janse van Rensburg et al., 2018). Conversely, PD-L1 can induce HIF-1α expression in a ROS-dependent manner and, in turn, upregulate YAP1 expression (Tung et al., 2018) (Figure 5B). These lines of evidence suggest a potential self-perpetuating amplification in the ROS-HIF/YAP-PD-L1 axis. As a result, enhancing ROS production might promote the PD-L1 expression, and scavenging ROS can repress the PD-L1 expression. Nevertheless, there are contradicting examples in cancer cell lines, where applying ROS-generation drugs leads to PD-L1 downregulation and applying ROS scavengers promotes PD-L1 expression (Bailly, 2020). More studies on the interplay of ROS and PD-L1 are thus warranted.
CONCLUSION REMARKS
Except for the anti-pathogen capacity, ROS have long been considered harmful due to the ability to damage DNA and proteins but is now recognized as an important element in regulating stem cell physiology. Exploding evidence over the past decade further indicates that ROS are intensively coupled with tissue mechanics and HIF-YAP-Notch signaling. Such coupling is manifested in organ development, homeostasis, and repair, and when things go wrong, the coupling can lead to tumorigenesis. This review discusses the interplay of ROS (particularly NOX-derived ROS (i.e., X-ROS)) and the HIF-YAP-Notch signaling. The potentiation of PD-L1 expression in response to ROS-HIF-YAP-Notch signaling is also addressed. Most importantly, we point out the existence of multiplexed positive and negative feedback couplings that occur at different times (i.e., transient or prolonged) and spatial (i.e., autonomous (within the cell) or non-autonomous (within the niche)) scales. Understanding under what niche conditions these couplings can lead to differential or switch-like tissue responses and/or change self-sustained regulation in stem cell physiology to self-perpetuating dysregulation in cancer progression will help us move into the clinical realm to design strategies for stem cell-based and X-ROS-targeting therapy.
SUPPORTING BOXES
Math Box I: The Estimated Phase Diagram of ROS Production
ROS are mainly produced by mitochondria (Murphy, 2009; Juan et al., 2021). In the regular energy production process, the decomposition of carbon hydrates yields CO2 and H2, the latter of which forms the high-energy electron donors: nicotinamide adenine dinucleotide phosphate- (NADP-) H, and flavin adenine dinucleotide- (FAD-) H2. These donors bring electrons to the mitochondria’s inner membrane electron transport chain (ETC), through which the electrons are delivered to the molecular oxygen O2 in exchange for a buildup of pH gradient and an electrochemical potential across the membrane. When the proton flows back through the membrane, it drives the rotation of the membrane-bound ATP synthase and phosphorylates ADP into ATP. This process is called “chemiosmosis,” a process by which oxidative phosphorylation generates ATP (Anraku, 1988; Kracke et al., 2015). Eukaryote ETC consists of NADH-coenzyme Q oxidoreductase (Complex I), succinate-Q oxidoreductase (Complex II), electron transfer flavoprotein-Q oxidoreductase, Q-cytochrome c oxidoreductase (Complex III), and cytochrome c oxidase (Complex IV) (Kracke et al., 2015). Among them, Complexes I, III, and IV are transmembrane proteins coupling the transfer of electrons with the transport of protons. Q stands for ubiquinone, a lipid-soluble electron carrier, and cytochrome c is a water-soluble electron carrier. For an effective electron transfer, the electron donated from NADPH and FADH2 should be transported between the lipid-soluble and water-soluble carriers along the membrane to reach the final target Complex IV, where it binds to O2 to form H2O. In reality, however, the anionic nature of the free electron allows it to escape through the transmembrane complexes to both sides of the inner mitochondrial membrane (Murphy, 2009), where it binds to O2 delivered by cytoplasmic oxygen carriers such as cytoglobin (Novianti et al., 2020). This “leakage” primarily occurs at Complexes I/III and, in turn, forms superoxide, O2• (or O2−), a major form of ROS (Murphy, 2009; Bleier and Drose, 2013).
The theoretical value for the reduction of O2 to O2− in mitochondria was estimated as −68 to −230 mV/mole (Murphy, 2009) and thus is thermodynamically favorable (Andreyev et al., 2005). To see how the free electron selects the “leakage” over the regular path to reach O2, we considered the internal electron transfer in the catalytic cycle of Complex IV, which has been documented as the rate-limiting step (Sarti et al., 1988). Complex IV contains four electron carriers, including two heme groups, heme “a” and heme “a3,” each of which contains an iron ion, and two Cu groups, the first of which contains two copper ions and is referred to as CuA/CuA and the second is formed by a single copper ion and referred to as CuB (Voet and Voet, 2011). Complex IV receives free electrons from the water-soluble carrier, cytochrome c, and passes the electrons internally through CuA/CuA to “a,” “a3,” and finally CuB. While the function of CuA/CuA and “a” is primarily for electron transfer, “a3” and CuB form a binuclear center not only for electron transfer but also for O2 association and reduction. Adjacent to the binuclear center is a tyrosine group (Tyr244-OH) which also participates in the process of O2 reduction. To proceed, we hereafter used the label “X” to represent the binuclear center, a3(Fe)-(CuB)-(Tyr244-OH). Likewise, we used “c” to denote cytochrome c. In terms of the redox state, we used “c0” and “c−” to indicate the reference state and the reduced state (i.e., carrying one free electron) of cytochrome c, respectively. As for X, its catalytic cycle starts from the reference state, a3(Fe3+OH−)-(CuB2+)-(Tyr244-O−) (referred to as X0). In each cycle, four electrons from four reduced cytochrome c molecules are used, along with the consumption of four protons from the mitochondrial matrix (equivalent to pumping four protons to the intermembrane space). The first electron and proton reduce the copper ion and restore the tyrosine group of X into a3(Fe3+OH−)-(CuB+)-(Tyr244-OH) (referred to as X−). The second electron and proton reduce the Fe3+ of X into a3(Fe2+)-(CuB+)-(Tyr244-OH) (referred to as X2−), during which the hydroxide ligand, OH−, at “a3” is protonated and lost as water, creating a void for O2 association. Upon association, the oxygen is rapidly reduced by two electrons from a3(Fe2+), one electron from (CuB+), and one electron and a proton from (Tyr244-OH). The reduction of O2, in turn, transforms X into the fully oxidized state, a3(Fe4+O2−)-(CuB2+OH−)-(Tyr244-O*) (referred to as X2+), where Tyr244-O* indicates a neutral tyrosine radical. Following O2 reduction is the addition of the third electron and proton that reduces tyrosine radical and converts X to a partially oxidized state, a3(Fe4+O2−)-(CuB2+)-(Tyr244-O−) (referred to as X+), with the yield of one water molecule. The fourth electron reduces the iron ion, and with the oxygen atom picking up a proton from the matrix, converts X back to a3(Fe3+OH−)-(CuB2+)-(Tyr244-O−), that is, the X0 state (Voet and Voet, 2011; Wikstrom and Springett, 2020) (Figure 1B).
In the absence of protein degradation and synthesis, we set (c0 + c−) = ρc and (X0 + X− + X2− + X+ + X2+) = ρIV, with ρc and ρIV as the densities of cytochrome c and Complex IV on the mitochondrial inner membrane, respectively. Ignoring the spatial inhomogeneity and fluctuation of free electrons and O2, we used the following equations to address the dynamics of X and c:
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kIET was referred to as the internal electron transfer rate from cytochrome c to the binuclear center of Complex IV (for simplicity, we used a single entity to represent all the transfer events). [H+] was the proton concentration in the mitochondrial matrix. [O2]m indicated the mitochondrial molecular oxygen concentration, and kO2 was the association rate with Complex IV. [e−] stood for the density of free electron that was generated at a rate Y and transferred through ETC to the cytochrome c at a rate kETC, or leaked at a rate kleak to cytoplasmic O2, the concentration of which was set as [O2]c. These parameters and variables were tissue context- and physiology-dependent, and estimates had been made in = previous studies (Murphy, 2009; Wikstrom and Springett, 2020). In principle, [O2]m could be related to [O2]c. Using an estimate of [O2]c as 120 μM (Wikstrom and Springett, 2020) and [O2]m as 25 μM (Murphy, 2009), we could set them at a ratio of ∼0.2.
At the steady state, all of the “X” states in Eqs 1–5 could be solved in terms of X0 and used to express the steady-state solutions of c− and e− in Eqs 6, 7:
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Combining Eqs 8–10, we had Eq. 11, which defined the fraction of reduced cytochrome c with respect to all the cytochrome c on the membrane as z (0 ≤ z ≤ 1). Examining the left-hand and the right-hand sides of Eq. 11, we found that there was always a solution of z between zero and one. In Eq. 12, we defined the ratio of electrons selecting the regular path over the leakage to reach O2. When w was less than one, most electrons selected the leakage. The critical z* at w = 1 was found in Eq. 12:
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From Eq. 13, the maximal [O2]c∗ for w ≥ 1 read as follows:
[image: image]
Eq. 14 suggests a critical cytoplasmic oxygen concentration [O2]c*, which increases with the density of available cytochrome c on the mitochondrial membrane, ρC. For cytoplasmic oxygen concentration above [O2]c*, electrons generated in ETC predominantly leaked and formed ROS. Using Eqs. 11–14, for a given [O2]c, we obtained the critical electron generation rate Y* in the ETC, and for Y > Y*, the generated electrons predominantly selected the leakage over the regular path to reach O2:
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Using the estimate that [O2]m/[O2]c ∼ 0.2, we obtained the maximal electron generation rate on the variation of cytoplasmic oxygen concentrations (Figure 2E). Below this rate, over 50% of electrons would be used for oxidative phosphorylation.
Module Box I: O2-Dependent Regulation of HIF-α Stability
The cells use the oxygen-sensing regulations to regulate the stability of HIF-α subunits in response to niche oxygen. For HIF-1α, these regulations occur at its functional motifs: proline 402 and 564 at its N-terminal activation domain (NAD) and asparagine 803 at its C-terminal transactivation domain (CTAD). Both NAD and CTAD can recruit E1A binding protein p300 (p300)/cyclic adenosine monophosphate response element-binding protein-binding protein (CREB-binding protein, CREBBP, or CBP) co-activators to enhance the transcriptional activity of HIF. The HIF prolyl hydroxylase domain-containing proteins (PHD or HIF prolyl hydroxylases (HPH)) 1-3 (Fong and Takeda, 2008) and the factor inhibiting HIF (FIH) (Lando et al., 2002; Sim et al., 2018) are the main enzymes responsible for the oxygen-sensing post-translational modifications (PTMs) of HIF-α subunits (Figure 2B). PHD is a Fe2+-dependent dioxygenase. It binds to one O2 and one HIF-α subunit at the same time, followed by transferring O2 to the proline 402 and 564 of the HIF-1α subunit (or 405 and 531 of the HIF-2α subunit) (Hashimoto and Shibasaki, 2015), HIF-L-proline + 2-oxoglutarate (α-ketoglutarate) + O2 ⟶ HIF-trans-4-hydroxy-L-proline + succinate + CO2, to hydroxylate the proline residues. The reaction indicates that the accumulation of 2-oxoglutarate (or α-ketoglutarate) promotes the hydroxylation of HIF, and the accumulation of succinate prohibits hydroxylation. Once hydroxylated, the proline residue not only fails to recruit p300/CBP to NAD but also becomes recognizable by von Hippel–Lindau tumor suppressor protein (VHL) E3 ubiquitin ligase, which targets the HIF-α subunit for ubiquitination and a rapid 26S proteasome-dependent degradation (Maxwell et al., 1999; Bruick and McKnight, 2001; Epstein et al., 2001; Ivan et al., 2001; Jaakkola et al., 2001). Consequently, PHDs serve as an oxygen sensor to regulate HIF-α subunit stability in response to the fluctuation of niche oxygen concentration [O2] (Ivan et al., 2001). In comparison, FIH is an asparaginyl hydroxylase that uses α-ketoglutarate and O2 to hydroxylate asparagine 803 of the HIF-1α (or 851 of the HIF-2α) (Schofield and Ratcliffe, 2004) and inhibits its transcriptional activity at CTAD (Lando et al., 2002; Sim et al., 2018), rather than degradation, a detailed discussion of which A detailed can be found elsewhere (Masson and Ratcliffe, 2014; Strowitzki et al., 2019). Apart from hydroxylation, the stability and the ability of HIF-1α to translocate into the nucleus depends on phosphorylation, which is primarily mediated by kinases such as glycogen synthase kinase 3β (GSK3β) and MAPKs (the common effectors involved in TGFβ and IGF-1 signaling, for example, extracellular regulated kinases (Erk1/2) and p38 kinase (Richard et al., 1999; Sodhi et al., 2000; Flugel et al., 2007)) (Figure 2C). As HIF-1α promotes angiogenesis and glycolysis and HIF-2α helps the maintenance of stemness (Figure 2A), it is not surprising that HIFs are dysregulated in tumors. In fact, not only HIF but also PHDs are dysregulated in tumors. PHDs are often overexpressed in tumors by contradicting the expectations, and inhibition of PHDs can impair tumor growth, metastasis, and immune tolerance (Gaete et al., 2021). Thus, HIFs and PHDs have been proposed as therapeutic targets against cancer.
The regulation of HIF stability by FIH and PHD depends on their Km values for [O2] association. The Km value of FIH is ∼90–200 μM (Koivunen et al., 2004; Tarhonskaya et al., 2015). In comparison, the Km value of PHD for [O2] association is documented as 230–250 μM (Fong and Takeda, 2008) or even higher (250 μM–1.7 mM) (Ehrismann et al., 2007; Dao et al., 2009; Tarhonskaya et al., 2015). In any case, it is above the [O2] in air-saturated aqueous buffer at 37°C ([O2] ∼21% (∼210 μM)) (Reynafarje et al., 1985; Murphy, 2009), abundantly above the physiological oxygen concentration ([O2] ∼7% (∼70 μM)) (Hu et al., 2014), larger than the Km value of other oxygenases such as collagen PHD (∼40 μM) (Hirsila et al., 2003), and far above the oxygen concentration in mitochondria ([O2] ∼3–30 μM) (Turrens, 2003). Such discrepancy reflects that FIH and PHD are designed for different purposes in response to the niche oxygen concentrations (i.e., FIH for differential activation of HIF target genes and PHD for degradation) and suggests that additional mechanisms might exist for the regulation of HIF-α subunits. Indeed, negative feedback mechanisms have been identified. HIF-1α, for example, promotes its degradation by inducing the expression of PHD2-3 and FIH-1 (Marxsen et al., 2004; Kobayashi et al., 2021).
Module Box II: ROS-Dependent Regulation of HIF-α Stability
Recent evidence suggests that ROS contribute to the regulation of HIF-α stability by modulating the activity of PHD (Gerald et al., 2004; Fong and Takeda, 2008; Lee et al., 2016) (Figure 2C). The precise mechanism by which ROS regulate PHD is complex and not fully understood. At least three inhibitory and one enhancing mechanisms have been identified. The first inhibitory mechanism is to act by oxidizing the cysteine residues of PHD into disulfide bonds, which cause homo-dimerization and inactivation of PHD (Lee et al., 2016). The second is to act through chelating and oxidizing PHD-bound Fe2+ to Fe3+, by which the ability of PHD to bind to O2 is abolished (Gerald et al., 2004; Fong and Takeda, 2008). The third is to act through seven in absentia homolog 2 (SIAH2), a RING finger-containing E3 ubiquitin ligase targeting PHDs for ubiquitin-mediated proteasome degradation (Nakayama and Ronai, 2004; Qi et al., 2013). SIAH2 can be phosphorylated and activated by several ROS-activated kinases, a detailed review of which can be found elsewhere (Xu and Li, 2021). In contrast, the enhancing mechanism is a long-term effect and acts through redox factor-1 (Ref-1). Prolonged ROS exposure induces Ref-1 expression in an NF-κB- (nuclear factor kappa-light-chain-enhancer of activated B cells-) dependent manner and, in turn, upregulates the transcriptional activity of HIF-1α to promote PHD2 and FIH-1 expressions (Kobayashi et al., 2021), the outcome of which is to downregulate HIF-1α (Figure 2C).
Module Box III: The NOX-Derived ROS (X-ROS) Signaling
NOX can be found on the plasma membrane (NOX1-5 and Duox1-2), endoplasmic reticulum (NOX2, NOX4, and NOX5), mitochondrial membrane (NOX4), nuclear membrane (NOX4-5), membrane microdomains such as caveolae and lipid rafts (NOX1), focal adhesions (NOX4), and invadopodia (NOX1 and NOX4) (Brown and Griendling, 2009; Brandes et al., 2014a; b; Fukai and Ushio-Fukai, 2020). The catalytic domains of NOX, homologs of gp91phox β subunit with six transmembrane helices, are anchored to the membrane with the cytoplasmic tails binding to NADPH for electron transfer (Brandes et al., 2014b). Upon activation, the NOX-associated NADPH is oxidized, and electrons are transferred across the gp91phox transmembrane domain to bind to O2 in the extracellular or intracellular spaces, thereby increasing ROS levels in the niche or inside the cell (Brandes et al., 2014b).
In general, the functionality of NOX requires their catalytic units, the transmembrane gp91phox homolog subunit (each NOX subtype has its own gp91phox homolog), to be in a homodimer (e.g., NOX5) or in a complex with specific membrane scaffolds, namely, NOX1-4 with the membrane scaffold p22phox and Duox1-2 with membrane scaffolds DuoxA1-2, respectively (Brandes et al., 2014b; Skonieczna et al., 2017) (Figure 3A). The mechanisms by which NOX are activated vary among the subtypes. NOX5 and Duox1-2, for example, are activated by calcium binding to their cytoplasmic EF-hand calcium-binding motifs, whereas the activation of NOX1-3 requires the assembly and the PTMs of their cytoplasmic regulators (Brown and Griendling, 2009; Brandes et al., 2014b; Skonieczna et al., 2017). By contrast, NOX4 is constitutively active and does not need the association of any cytoplasmic regulators to produce ROS (Ellmark et al., 2005). Still, the activity of NOX4 is modulated by the phosphorylation on its tyrosine reside 491 (in, e.g., IGF-1 stimulation (Xi et al., 2013)) and on the threonine residues of its membrane scaffold p22phox (Regier et al., 1999). Below, we briefly review the regulation of NOX 1-4 and discuss how they are coupled with cytokine and ECM signaling.
As the first example, we use NOX2 to illustrate how the NOX multi-unit assembly is organized and how the PTMs of NOX subunits affect their assembly and functions. The details can be found elsewhere (Brandes et al., 2014b; Rastogi et al., 2016; Skonieczna et al., 2017). As aforementioned, NOX1-3 are inactive when present as a monomer (i.e., with the gp91phox homolog subunit alone) and need to form a complex with the membrane scaffold p22phox for maturation and stabilization (Nakano et al., 2007). The activation of NOX2 further requires recruiting p21Rac1/2 (Rho GTPase Rac1/2), p67phox, p40phox, and p47phox into the gp91phox-p22phox complex (Brandes et al., 2014b), where gp91phox is the core subunit and each NOX subtype has its own homolog (Figure 3C). Recruiting these molecules consumes high-energy phosphate compounds. For example, the recruitment of Rac needs the Rac guanine nucleotide exchange factor (GEF) to switch Rac from the GDP- to GTP-bound form and expose its prenylated tail for membrane binding (Abo et al., 1994; Diekmann et al., 1994), whereas the recruitment of p47phox requires phosphorylation of p47phox by serine/threonine kinases such as protein kinase B (PKB)/AKT, protein kinase C (PKC), and p21-activated protein kinase (PAK) (Fontayne et al., 2002; Chen et al., 2003; Hoyal et al., 2003; Bey et al., 2004; Martyn et al., 2005). Reciprocally, the association between p22phox and p47phox is enhanced if p22phox is phosphorylated by phosphatidic acid- (PA-) activated protein kinase or PKC (Regier et al., 1999). The phosphorylation of p47phox not only enables its binding to p67phox and p22phox but also exposes its pbox consensus sequence (PX) domain to phosphatidylinositol (4,5)-bisphosphate or phosphatidylinositol (3,4,5)-trisphosphate (PIP2 or PIP3) for membrane binding (Ago et al., 2003; Groemping et al., 2003). Such PX domain is also found in p40phox, a regulator that binds to p67phox and stabilizes p67phox-p47phox complex formation (Kanai et al., 2001).
The involvement of PIP2/PIP3 in NOX2 multi-unit assembly suggests that NOX2 activity is modulated by PI3K and phosphatase and tensin homolog (PTEN), the common effectors in the cytokine/ECM signaling. Likewise, the involvement of phosphorylation-mediated PTMs on the subunit assembly suggests that cytokine/ECM signaling regulates NOX2 activity. These phosphorylation-mediated PTMs are not just for potentiating NOX multi-unit assembly. PKC-mediated phosphorylation in NOX2 and p67phox, for example, has been found to maximize the yield of NOX2-derived ROS (Regier et al., 1999; Raad et al., 2009; Brandes et al., 2014b), which in turn can evoke calcium influx (Gorlach et al., 2015). The binding of Ca2+ to the C2 domain of PKC then promotes the membrane targeting of PKC (Shirai and Saito, 2002) and the phosphorylation of p47phox, p67phox, p40phox, and Rac through calcium-activated PKC (Cathcart, 2004; Brown and Griendling, 2009; Gorlach et al., 2015; Islam et al., 2018; Tu et al., 2020), leading to a potential feedback amplification along the ROS-Ca2+-PKC signaling axis (Figure 3C).
The second example is NOX1 and NOX3, the activation of which requires the assembly of p47phox homolog Noxo1 and the p67phox homolog Noxa1 to NOX1-p22phox and NOX3-p22phox complexes, respectively (Brandes et al., 2014b). Similar to p67phox, the activity of Noxa1 is regulated by phosphorylation. Unlike p67phox, however, the phosphorylation of Noxa1 can lead to active or inhibitory effects, which involve not only serine/threonine kinases but also protein tyrosine kinases. For example, PKC, steroid receptor coactivator (Src) kinase, and CaMK2 phosphorylate Noxa1 and enhance its association with Noxo1 and NOX1, whereas the phosphorylation of Noxa1 by cAMP-dependent protein kinase or PKA inhibits the association (Kim et al., 2007; Gianni et al., 2010; Kroviarski et al., 2010; Brandes et al., 2014b). Inhibitory phosphorylation also occurs at NOX2 (mediated by casein kinase 2 (CK2)) (Kim et al., 2009) and at p40phox, the phosphorylation of which leads to the suppression of NOX activity (Lopes et al., 2004).
The third example is NOX4 (Figure 3D). The activation of NOX4 does not explicitly require the multi-unit assembly of cytosolic regulators. Still, NOX4 interacts with several cytosolic molecules to modulate its activity. For example, NOX4 interacts with a chaperon protein, calnexin, to facilitate its maturation (Prior et al., 2016). NOX4 also interacts with a mitochondrial protein, polymerase δ-interacting protein 2 (Poldip2), to increase its activity (Lyle et al., 2009). Poldip2 is a molecule interacting with DNA polymerase δ p50 subunit and with the proteins constituting the mitochondrial DNA nucleoid, through which NOX4 activity is associated with the TCA cycle and metabolic reprogramming (Andjongo et al., 2021; Kulik et al., 2021). In fact, metabolism-related cytokines, such as insulin and IGF-1, are known to increase NOX4 expression (Meng et al., 2008; Schroder et al., 2009; Kim et al., 2012). Cytokine-enhanced upregulation of NOX has also been reported in the TGFβ-mediated pulmonary remodeling (Watson et al., 2016) (Figure 3B). In addition to the mitochondria, Poldip2 interacts and activates the Rho GEF, epithelial cell transforming sequence 2 (Ect2), to enhance actin filament polymerization, thereby linking the NOX4 activity to cytoskeletal dynamics (Huff et al., 2019). As for the phosphorylation-mediated PTMs, in contrast to NOX1-3, mostly regulated by serine/threonine kinases, NOX4 is primarily regulated by protein tyrosine kinases (PTKs) such as Src kinase. The phosphorylation of Tyr-491 on NOX4, for example, promotes NOX4 association with Src homology 2- (SH2-) domain-containing protein tyrosine phosphatase (SHP) substrate-1 (SHPS-1), through an adaptor protein, growth factor receptor-bound protein 2 (Grb2) (Xi et al., 2013). SHPS-1 is a transmembrane protein that serves as a scaffold to cluster membrane receptors such as IGF-1 receptor (IGF-1R) with other signaling and adapter molecules, including protein tyrosine kinases, Src family kinase (SrcFK), focal adhesion kinase- (FAK-) related cytosolic kinase, NOX4, SHP-2, Grb2, Janus kinase 2 (Jak2), proline-rich tyrosine kinase 2 (Pyk2), and integrin-associated protein (IAP) (Oshima et al., 2002; Maile et al., 2008; Shen et al., 2009; Xi et al., 2013). Among them, IAP is a transmembrane protein associated with several integrins, including the broadly expressed RGD receptor αvβ3, the platelet-fibrinogen receptor αIIbβ3, and the collagen receptor α2β1. In IGF-1 signaling, the SHPS-1-mediated association of IGF-1R with SHP-2 and Src kinase regulates the lifetime of phosphorylated IGF-1R and the duration of IGF-1 signaling. The association of IGF-1R with IAP enables the crosstalk between IGF-1R and integrin/FAK signaling, by which growth factor stimulation can be coupled with cell–ECM interactions (Maile et al., 2003).
NOX4 is not the only NOX family member that can bind to scaffold proteins involved in cytokine and integrin/ECM signaling. NOX2, for example, can be translocated to the cell front via the association of phosphorylated p47phox with scaffold proteins such as tumor necrosis factor (TNF) receptor-associated factor 4 (TRAF4) and Wiskott–Aldrich Syndrome protein (WASP) family verprolin homologous protein 1 (WAVE1) (Wu et al., 2003; Li et al., 2005; Anilkumar et al., 2008; Kim et al., 2017; Fukai and Ushio-Fukai, 2020). Reciprocally, TNFα-induced Erk1/2 activation requires the association of phosphorylated p47phox with TRAF4 (Li et al., 2005). Likewise, vascular EGF- (VEGF-) induced JNK activation needs the interaction of p47phox with WAVE1 (Wu et al., 2003). The TRAF4-p47phox association also plays an important role in the TRAF4-mediated thrombosis, suppressed by NOX2 inhibition (Arthur et al., 2011). These lines of evidence suggest not only spatial confinement of X-ROS to the vicinity of signaling targets (as the lifetime of ROS is short (Marklund, 1976)) but also crosstalk between X-ROS and cytokine/ECM signaling that leads to feedback amplification or suppression. The feedback signal could occur at multiple levels, including genetic regulations (e.g., TGFβ, insulin, and IGF-1 are known to increase NOX4 expression (Ning et al., 2002; Meng et al., 2008; Schroder et al., 2009; Kim et al., 2012; Watson et al., 2016; Liu W. J. et al., 2021; Yazaki et al., 2021)), PTMs (e.g., phosphorylation- and oxidation-mediated regulations), and ligand-receptor interactions. One example of ligand-receptor interactions is TGFβ signaling, where ROS produced by NOX4 promotes the activation of latent TGFβ, an inactive form of TGFβ secreted and bound to ECM (Watson et al., 2016). The activated ligands, in turn, can stimulate not only the ROS-producing cells but also nearby non-ROS-producing cells, leading to a multi-scale (i.e., autonomous and non-autonomous) niche response in the TGFβ-ROS signaling. Another example is integrin, the most abundant receptor for cell–ECM interactions. Growing evidence suggests that integrins are redox-sensitive, and NOX4-derived ROS can activate integrins through the cleavage of integrin α subunits (Wang et al., 1997; Ushio-Fukai, 2009; de Rezende et al., 2012; Eble and de Rezende, 2014).
Module Box IV: Mechanics for the Regulation of Organ Size and Shape
To control cell shape and tissue topology, for decades, the dogma has been the interactions of diffusive extracellular cytokines and intracellular signaling molecules. It is suggested that the dynamic instability of interacting molecules can create spatiotemporal patterns to direct the assembly and remodeling of cytoskeleton and ECM, the mechanical output of which shapes cell and tissue boundaries and, in turn, determines cell fate. Conversely, little is known about whether the shape of cell and tissue boundary can spontaneously emerge through the mechanical instability of cytoskeleton and ECM and, in turn, direct the spatiotemporal patterns of signaling molecules and cytokines. Regardless of whether the chemical or the mechanical factors serve as the initial cues, cells need to continuously produce and respond to mechanical forces for the creation and maintenance of cell shape and tissue topology and often do so in synchrony with other cells (Cai D. et al., 2014). Unlike chemical signals, mechanical forces lack specificity and can be integrated, independent of the origins. Further, forces can be transmitted between and across cells through cytoskeletons, membranes, intercellular adhesions (Ragsdale et al., 1997; Vaezi et al., 2002), and ECM (Reinhart-King et al., 2008). Unlike the isotropic diffusion of cytokines, the transmission of forces within the boundary depends on the topology and structure of materials and hence can be fast, long-range, and highly anisotropic. Cells can likely take advantage of these properties to create long-range regulators and/or communicators. In fact, it has been shown that cells use membrane tension as a long-range inhibitor to regulate their polarization and morphology (Toriyama et al., 2010; Houk et al., 2012). We have also shown that epithelial cells create forces at collagen-based ECM and use them as a long-range coordinator to guide the self-assembly of tubular patterns (Guo et al., 2012).
Following the laws of thermodynamics, cell shape and tissue topology are determined by minimizing the surface free energy, which creates local forces at the boundaries, such as shear and/or normal stresses, that in turn evoke signaling activities to change cell fate. Shear stress, for example, is known to facilitate the respiratory barrier function and renal tubulogenesis, and failure in these processes leads to an abnormality such as polycystic kidney diseases (Sidhaye et al., 2008; Cattaneo et al., 2011). Similarly, normal stress that stretches the boundary between cells and ECM can lead to cell proliferation, whereas compression can lead to stem cell differentiation, as in the formation of teeth and cartilages (Terraciano et al., 2007; Mammoto et al., 2011; Aragona et al., 2013). In both cases, the forces are transduced into chemical signaling, such as the expression or nuclear translocation of transcriptional factors, Pax9, Sox-9, and/or YAP (Terraciano et al., 2007; Dupont et al., 2011; Mammoto et al., 2011). In this regard, cell mechanics and cytokine signaling appear to be both upstream and downstream of each other, with cell mechanics as a double-edged sword to facilitate organ development and potentiate cancer progression.
From the physics perspective, cell mechanics contains the passive components and the active elements, corresponding to the mechanical structures/properties of cells and the forces created therein, respectively. In general, forces created or acting at the cell include isotropic ones, such as osmotic pressure regulated by ion channels/pumps and water channels, and anisotropic ones, such as shear stress, cytoskeletal polymerization-mediated expansion, actomyosin-mediated retraction, and adhesions at the cell–cell and cell–ECM interfaces. For osmotic pressure, one example is the NOX2-mediated activation of ENaC, in which NOX2 produces ROS to activate the nearby ENaC (via cysteine oxidization) and induce sodium influx (Takemura et al., 2010; Goodson et al., 2012). A similar effect has been found in peroxynitrite (OONO−, created by NO + O2−) mediated inhibitory cysteine glutathionylation on the sodium-potassium pump (Na+-K+ ATPase), which causes intracellular sodium retention (Brown and Griendling, 2009; Figtree et al., 2009). The increment of intracellular sodium concentration, in turn, brings water into the cell through the water channels and aquaporin and induces calcium influx through the reverse mode of the sodium-calcium exchanger (NCX) (Tykocki et al., 2012; Ma and Liu, 2013; Yan et al., 2015; Chifflet and Hernandez, 2016) (Figures 3B,C). Depending on the cell type, calcium influx can activate NOX5, Duox1-2 (Brandes et al., 2014b; a), and/or PKC (Shirai and Saito, 2002), which can phosphorylate p47phox, p67phox, p40phox, Rac, and NOX2 (Cathcart, 2004; Brown and Griendling, 2009; Gorlach et al., 2015), leading to a positive feedback amplification on ROS-Ca2+ signaling. Calcium and the activated Rac1 can further promote actomyosin association and actin filament polymerization, respectively, thereby connecting the feedback with cell mechanics.
Rac1 is not the only ROS-activated effector in cytoskeletal dynamics. SrcFK, for example, can be activated by ROS through cysteine oxidization to phosphorylate the Rho GEF ARHGEF1 and the Rho-associated protein kinase (ROCK), thereby promoting RhoA activation for actin filament polymerization and myosin light chain (MLC) phosphorylation for actomyosin contraction (MacKay et al., 2017). Via cysteine oxidization, ROS also enables the association of Ras GTPase-activating-like protein or IQ motif-containing GTPase activating protein 1, IQGAP1, with NOX2 and cytokine receptors such as VEGF receptor (VEGFR) at the lamellipodial leading edge (Ikeda et al., 2005; Kaplan et al., 2011) (Figure 4A). IQGAP1-3 are scaffold proteins interacting with more than 100 molecules. These molecules include CD44, Rac1, Cdc42, formin mDia1, inverted formin-2 (INF-2), WASP, microtubule plus-end binding protein CAP-GLY domain-containing linker protein 1 (CLIP1), and cytoplasmic linker associated protein 1 (CLASP1), adenomatous polyposis coli (APC), β-catenin, Mek1/2 kinase, Erk1/2, Src kinase, integrin-linked kinase (ILK), 5ʹ AMP-activated protein kinase (AMPK), PTP, and ezrin (Brandt et al., 2007; Le Clainche et al., 2007; Watanabe et al., 2009; Malarkannan et al., 2012; White et al., 2012; Widmaier et al., 2012; Liu et al., 2014; Smith et al., 2015; Bartolini et al., 2016; Sayedyahossein et al., 2016; Hedman et al., 2021). IQGAPs also bind to CLASP2, YAP, and the regulators of YAP in the Hippo pathway, MST2, and LATS1 (Watanabe et al., 2009; Sayedyahossein et al., 2016; Quinn et al., 2021). Through these binding capacities, the cytokine-NOX2 signaling can confine microtubule plus end, ROS signals, kinase activities, and actin filament polymerization at the cell leading edge, by which it not only directs the microtubule transport-delivered surface receptors and signaling molecules to the moving front but also interferes with YAP-dependent mechanotransduction.
IQGAP1 is involved in microtubule dynamics. To date, the most well-studied system for the coupling of X-ROS and microtubule dynamics is the cardiomyocytes. These cells are huge (with cell volume ≥40,000 μm3), in a rod shape packed with dense cytoskeletal networks that can be divided into two groups—the contractile actomyosin arrays organized into myofibrils and the viscoelastic microtubule bundles aligned in the longitudinal direction of the cells. Given the long persistence length of microtubules (∼0.5–1.5 mm2 (Gittes et al., 1993; van Mameren et al., 2009)), it is plausible that microtubules serve as the mechanical sensor to detect the conformational change of the cell as a whole. In fact, it was shown that physiologic stretch elicits a rapid activation of NOX2 in these cells, likely through the release of microtubule-bound Rac1-GTP (Best et al., 1996) by mechanical deformation to activate nearby NOX2. NOX2-derived ROS then sensitize nearby sarcoplasmic reticulum (SR) calcium channels, ryanodine receptors (RyRs), by cysteine oxidation to release calcium ions in response to the mechanical stretch as a rapid and localized mechano-chemo transduction process (Prosser et al., 2011). Conversely, in muscle contraction, microtubules buckle to bear the mechanical load created by the actomyosin contraction. The buckling not only elicits X-ROS signaling but also provides resistance against the contraction (Robison et al., 2016). The amount of elicited X-ROS signals depends on the PTMs of microtubules. It was shown that detyrosinated microtubules, a stable microtubule subpopulation, are responsible for muscle stiffness and X-ROS generation during contraction (Robison et al., 2016). As a result, suppressing microtubule detyrosination provides a therapeutic strategy to treat patients with hypertrophic or dilated cardiomyopathies, both of which carry a higher amount of detyrosinated microtubules than normal (Chen et al., 2018).
With the cytoskeletal dynamics and NOX activity mutually influencing each other, it is plausible that NOX is subject to the mechanical modulation in cell morphogenesis and involved in cell mechanotransduction. Indeed, recent studies have shown that cyclic stretch increases mitochondria-released ROS, FAK phosphorylation at Tyr397, and PKC activity (Ali et al., 2006). PKC and the released ROS, in turn, activate (through phosphorylation and/or cysteine oxidization) p47phox, p67phox, p40phox, Rac, NOX2, SrcFK, and NOX4 (Shirai and Saito, 2002; Cathcart, 2004; Brown and Griendling, 2009; Xi et al., 2013; Gorlach et al., 2015) to enhance ROS production, whereas FAK recruits Src kinase to the integrin cytoplasmic tails and forms a complex therein to induce multiple responses including PI3K-AKT activation, actin filament polymerization, and focal adhesion complex formation (Bolos et al., 2010; Zhao and Guan, 2011). The cysteine-oxidized SrcFK then activates ARHGEF1 and ROCK to enhance MLC phosphorylation, stress fiber assembly, and force generation at the cell–ECM interface (Tominaga et al., 2000; MacKay et al., 2017), by which the mechanical stretch between cells and the ECM could be reinforced (Figure 2C). In addition, mechanical stretch can induce persistent calcium influx via microtubule-dependent activation of NOX2 to generate ROS, which acts on redox-sensitive transient receptor potential (TRP) channels (Song et al., 2011; Taylor-Clark, 2016; Pires and Earley, 2017; Pratt et al., 2020; Singh et al., 2021) such as TRPA1, TRPM2, TRPV4, and TRPC6 to evoke or prolong calcium signaling, thereby enhancing PKC activity (Shirai and Saito, 2002) and actomyosin assembly and contractility (through, e.g., activating the CaM (calmodulin)/MLCK-signaling pathway (Zergane et al., 2021)). The integration of these effects can lead to a self-perpetuated amplification of the cellular mechanical responses, which might serve as a switch for the selection of stem cell fate. One example is the cyclic stretch-induced cardiomyogenesis of mouse embryonic stem cells in the presence of Wnt/β-catenin signaling (Heo and Lee, 2011). At the genetic level, mechanical stretch can modulate NOX and HIF-1α expressions (Grote et al., 2003; Schmelter et al., 2006; Sauer et al., 2008; Zhang et al., 2015). However, the effect is exposure time- and pattern-dependent (Goettsch et al., 2009) and can lead to positive or negative feedback regulations, a detailed review of which can be found elsewhere (Brandes et al., 2014a).
Module Box V: Merlin, YAP, and Angiomotin as Transducers for Cell Mechanics and Tissue Topology
YAP/TAZ boost organ growth and are suppressed by the Hippo pathway (Wang et al., 2009; Zhao et al., 2010a; Li et al., 2010; Lian et al., 2010; Dupont et al., 2011; Yu et al., 2015; Panciera et al., 2017; Totaro et al., 2018b). YAP is referred to as WW domain-containing transcription coactivator Yes-associated protein (Sudol, 1994), TAZ is referred to as transcriptional coactivator with PDZ-binding motif, also known as WW domain-containing transcription regulator 1 (WWTR1) (Sarmasti Emami et al., 2020), and the Hippo pathway, also known as the Salvador–Warts–Hippo (SWH) pathway, is a pathway that controls organ size by restraining cell proliferation and promoting apoptosis (Piccolo et al., 2014). Herein, PDZ stands for post-synaptic density 95, Discs large, and Zonula occludens-1, whereas the WW domain, named after the presence of two tryptophan (W) residues and also known as the rsp5-domain or WWP repeating motif, is a modular protein domain preferentially binding to proline-rich, for example, PPXY and LPXY, or phosphor-serine/threonine-containing (e.g., p-SP/p-TP) motifs (Chen and Sudol, 1995; Sudol et al., 1995; Macias et al., 1996; Lu et al., 1999). YAP/TAZ has a critical role in stem cell self-renewal and tissue-specific progenitor cell self-expansion (Dong et al., 2007; Zhao et al., 2011b; Anton and Wandosell, 2021), where YAP/TAZ is accumulated and active in the cell nucleus (Camargo et al., 2007; Cao et al., 2008; Schlegelmilch et al., 2011; Silvis et al., 2011; Lavado et al., 2013). Moreover, as hyperactive YAP/TAZ leads to uncontrolled cell growth, a growing interest has been raised in the roles of YAP/TAZ in cancer progression (Saucedo and Edgar, 2007; Xu et al., 2009; Pan, 2010; Johnson and Halder, 2014; Mo et al., 2014; Lee Y. A. et al., 2018). In fact, YAP/TAZ contributes not only to tumor growth but also to drug resistance (Lai et al., 2011; Zhao and Yang, 2015). Likewise, self-sustained YAP activity has been found in CAFs, through mutually enhanced cell contractility and “inside-out” ECM stiffening, to remodel the niche mechano-environment (i.e., the tumor microenvironment (TME)), thereby promoting tumor progression (Calvo et al., 2013; Piccolo et al., 2014). To date, the regulation of YAP/TAZ has been intensively studied. Herein, we focus on X-ROS-dependent cytokine/ECM signaling in the regulation of the Hippo pathway. In order to proceed, a short introduction of the Hippo pathway is given below. More details of this pathway can be found elsewhere (Pan, 2010; Yu and Guan, 2013; Piccolo et al., 2014; Zanconato et al., 2016a; Zanconato et al., 2016b; Meng et al., 2016; Panciera et al., 2017; Zheng and Pan, 2019; Sarmasti Emami et al., 2020; Zhao et al., 2020; Wang et al., 2021).
The Hippo pathway is processed by several serine/threonine kinases and cofactors in a multiplexed, sequential manner. These molecules include the mammalian Ste20-like protein kinase 1/2 (MST1/2), the Salvador family WW domain-containing protein 1 (SAV1), the large tumor suppressor kinase 1/2 (LATS1/2), and the Mps one binder (MOB) kinase activator-like 1 (MOB1) (Piccolo et al., 2014; Sarmasti Emami et al., 2020) (Figure 4B). The signaling starts from the association of MST1/2 with SAV1 into a hetero-tetramer complex (2 MST and 2 SAV1), by which MST1/2 perform auto-activation (at T180). Activated MST1/2-SAV1 then phosphorylate MOB1 and LATS1/2 (in a complex form) to induce LATS1/2 auto-phosphorylation and auto-activation (LATS1 at T1079 and LATS2 at T1041 (Ma et al., 2019; Sarmasti Emami et al., 2020)). Other kinases that act in parallel to MST1/2 and activate LATS1/2 include mitogen-activated protein kinase kinase kinase kinases (MAP4Ks) (Meng et al., 2015) and serine/threonine kinase 25 (STK25) (Lim et al., 2019). Once activated, LATS1/2 phosphorylate YAP at S61, S109, S127, S381, and S397 (Zhao et al., 2010b; Mo et al., 2014; Piccolo et al., 2014; Ni et al., 2015; Elisi et al., 2018; Mana-Capelli and Mccollum, 2018; Sarmasti Emami et al., 2020), which is counteracted by the protein phosphatase magnesium-dependent 1A (PPM1A or PP2Cα) (Zhou et al., 2021), PP1A (Li et al., 2016), and PP2A (Schlegelmilch et al., 2011), or the pre-phosphorylation of YAP at S128 by Nemo-like kinase (NLK) (Hong et al., 2017; Moon et al., 2017). YAP with phosphorylation at S127 is a target of 14-3-3 proteins, whereas phosphorylation at YAP S381 or S397 creates a phosphor-degron motif for the subsequent phosphorylation by casein kinase 1 (CK1) and binding of Skp1-Cullin-1-F-box protein (SCF) type of E3 ubiquitin ligase, SCFβ-TrCP, which catalyzes the ubiquitination and degradation of YAP (Hao et al., 2008; Zhao et al., 2010b; Liu et al., 2010; Iwasa et al., 2013; He et al., 2016). The association of YAP with 14-3-3 proteins sequesters YAP in the cytoplasm or at the adherens junctions (AJs) (via the association of AJ α-catenin with 14-3-3 proteins and YAP (through its WW-domain)) (Schlegelmilch et al., 2011; Yu and Guan, 2013). In epithelial organs, 14-3-3 protein-potentiated association of YAP with α-catenin depends on the cell density and the maturation of AJs. When the cells are at low-density states or with immature AJs, α-catenin fails to sequester YAP at AJs, and the cytoplasmic 14-3-3 protein-YAP complex is subject to the PPM1A/PP2A-mediated dephosphorylation at YAP S127 (Schlegelmilch et al., 2011; Zhou et al., 2021).
14-3-3 proteins are not the only molecules to sequester YAP. Switch/sucrose non-fermentable (SWI/SWF), an ATP-dependent chromatin remodeling complex, can bind to YAP in the nucleus through AT-rich interactive domain-containing protein 1A (ARID1A), thereby inactivating the transcriptional activity of YAP (Chang et al., 2018). Dishevelled (DVL), a scaffold molecule in the Wnt pathway (Barry et al., 2013), can sequester pS127-YAP in the cytoplasm (Lee Y. et al., 2018). Angiomotin (AMOT), a PDZ domain-binding protein, can bind to and sequester YAP in the cytoplasm and/or at the tight junctions (TJs), but the association acts through the YAP WW domain without YAP S127 phosphorylation (Zhao et al., 2011a; Yi et al., 2013; Moleirinho et al., 2017; Wang et al., 2021) and depends on actin dynamics because actin filaments and YAP compete for the same binding site at AMOT (Yi et al., 2011; Li et al., 2015). Likewise, protein tyrosine phosphatase non-receptor type 14 (PTPN14) can bind to YAP through the WW domains of YAP and sequester YAP at AJs or in the cytoplasm without YAP S127 phosphorylation (Poernbacher et al., 2012; Wilson et al., 2014). Other molecules that can sequester YAP without YAP S127 phosphorylation include axin (Azzolin et al., 2014) and IQGAP1 (Quinn et al., 2021), both of which are the scaffold molecules for β-catenin. Axin, a scaffold that assembles APC, β-catenin, and GSK3β into the destruction complex of β-catenin in the Wnt signaling pathway, can bind to and sequester YAP in the cytoplasm (Azzolin et al., 2014) or the multi-vesicular body (MVB) (Gargini et al., 2016; Rivas et al., 2018; Anton and Wandosell, 2021). In comparison, the association of IQGAP1 and YAP occurs through the DNA-binding domain for the transcriptional enhancer factor TEF-1, TEC1, and AbaA (TEA domain- (TEAD-)) binding domain of YAP and does not explicitly sequester YAP into the nucleus or the cytoplasm. Instead, its major effect is to block YAP-TEAD nuclear interaction (Sayedyahossein et al., 2016). A similar mechanism is AMPK-mediated phosphorylation on YAP S94, which disrupts the YAP-TEAD association (Mo et al., 2015) in metabolic and nutrient-sensing regulations (Santinon et al., 2016). Intriguingly, IQGAP1 can bind to and suppress the activity of MST2 and LATS1 (Quinn et al., 2021), and as a result, it suppresses both the Hippo pathway and YAP signaling (Figures 4B,C).
YAP sequestered by 14-3-3 proteins or β-catenin destruction complex in the cytoplasm is subject to degradation via the ubiquitin-proteasome pathway (Zhao et al., 2020). By contrast, YAP molecules sequestered in the MVB, with IQGAP1, or at the AJs/TJs are prevented from degradation or nuclear translocation. Only free YAP (with or without S127 phosphorylation) can translocate into the nucleus for the transcription of target genes (Zhao et al., 2020) such as PD-L1 (Janse van Rensburg et al., 2018), connective tissue growth factor (CTGF), fibroblast growth factor 1 (FGF1), receptor tyrosine kinase AXL, BMP4, and pro-apoptotic or pro-survival genes (Kim M.-K. et al., 2018; Sarmasti Emami et al., 2020; Quinn et al., 2021). These genes are involved in not only organ development but also tumorigenesis, including enhanced cell migration and immune evasion. The nuclear accumulation of YAP, however, is counteracted by the neurofibromatosis type 2 (NF2, a 4.1 protein, ezrin, radixin, and moesin (FERM) domain-containing molecule, also known as moesin/ezrin/radixin-like protein (Merlin) or schwannomin (Bretscher et al., 2002; Baser et al., 2003; McClatchey, 2003)) which exports YAP out of the nucleus via its nuclear localization signal (NLS) sequence and nuclear export signal (NES) sequences (Gladden et al., 2010; Furukawa et al., 2017). Such Merlin-assisted nuclear export of YAP acts independently of the Hippo pathway or other related molecules such as AMOT. Instead, it requires cells at high densities or with high intercellular tension (Furukawa et al., 2017). Another molecule for YAP nuclear export is DVL, which acts only when YAP S127 is phosphorylated (Barry et al., 2013; Lee Y. et al., 2018).
These lines of evidence indicate that the regulation of the Hippo pathway and YAP signaling occurs through PTMs (e.g., phosphorylation and ubiquitination) and compartmentalization. The question is how these processes are linked to the organ size and shape, or more explicitly, to the ROS-dependent cytokine/ECM signaling and the cell mechanics in organ development, repair, and malignancy. Mechanistically, MST1 and MST2 share functional redundancy. They contain an N-terminal kinase domain and a C-terminal coiled-coil SAV/Ras-association domain family (RASSF)/HPO (SARAH) domain with a flexible linker in between (Jin et al., 2012; Ni et al., 2013). SARAH domains are self-associable. Through SARAH-domain self-association, MST1/2 form homodimers and undergo trans-autophosphorylation at T180 (in the kinase domain) and at T325, T336, and T378 (in the linker region) (Bae et al., 2017). The trans-phosphorylation of T180 leads to MST1/2 auto-activation. The trans-phosphorylation of the linker, however, inhibits MST1/2 by recruiting a multi-subunit PP2A complex, striatin- (STRN-) interacting phosphatase and kinase (STRIPAK), through an adaptor, sarcolemmal membrane-associated protein (SLMAP), to dephosphorylate T180 and counteract MST1/2 auto-activation (Bae et al., 2017). Initially defined as a non-canonical PP2A regulatory subunit (B subunit) (Moreno et al., 2000), STRN has a caveolin-binding domain, a coiled-coil domain, a Ca2+-calmodulin- (CaM-) binding domain, and a tryptophan–aspartate- (WD-) repeat domain, by which it can recruit and bind to multiple partners (Hwang and Pallas, 2014). The resulting complex, STRIPAK, contains a PP2A catalytic subunit (PP2AC), scaffolding subunit (PP2AA), and the STRN regulatory subunit that recruits STRN-interacting protein (STRIP1/2), SLMAP, and members of the STE20 family of kinases (e.g., MST1/2) (Couzens et al., 2013).
The ability to auto-activate and recruit inhibitors to deactivate itself at the same time, as in the case of MST1/2 and STRIPAK, is not rare in biology. POPX2, for example, forms a trimeric complex with the Rac1/Cdc42 guanine nucleotide exchange factor ARHGEF7 (also known as the p21-activated protein kinase-exchange factor β (βPIX)) and PAK, wherein Rac1-activated PAK is subject to immediate dephosphorylation by POPX2 (Kim P. R. et al., 2020). Another example is the complex formation of the scaffold molecule, muscle-selective A-kinase anchoring proteins (mAKAP), with cAMP-specific phosphodiesterase (PDE)-4D3 (PDE4D3) and PKA, wherein the PKA activity is subject to the downregulation of cAMP level by PDE4D3 (Sette and Conti, 1996; Lim et al., 1999; Rababa'h et al., 2013). From the thermodynamics point of view, having the auto-activation and auto-inhibition occur at the same time places the complex in a highly unstable state. However, from the evolutionary point of view, this scenario provides an ability to create instant Hippo “on/off” signals in response to tissue injury or remodeling. The inhibitory effect of STRIPAK on MST1/2 is antagonized by the association of SAV1, which contains an N-terminal flexible region, a tandem repeat of two WW domains, and a C-terminal SARAH domain (Bae et al., 2017). The N-terminal region of SAV1 has a FERM domain-binding motif to bind to FERM-domain proteins such as Merlin and Expanded (Ex) (Bretscher et al., 2002; Baser et al., 2003; McClatchey, 2003) and a protein interaction domain (PID) to bind to and suppress STRIPAK (Bae et al., 2017). Similar to the SARAH domains, the WW domains of SAV1 are self-associable (Ohnishi et al., 2007) but act through a domain-swapping mechanism between two SAV1s (Lin et al., 2020). Via the intermolecular association of SARAH and WW domains, two SAV1 and two MST1/2s can form a hetero-tetramer, thereby bringing the N-terminal of SAV1 to the proximity of STRIPAK to antagonize the phosphatase. However, the binding affinity between the SAV1 N-terminal and STRIPAK is low (with Km ∼100 μM (Bae et al., 2017)). Additional modulators are thus needed to facilitate the suppression.
The AJ- and TJ-associated factors, including WW domain and C2 domain-containing proteins (WWC), such as kidney and brain expressed protein (KIBRA /WWC1 (Hoffken et al., 2021)); PDZ-domain proteins, such as AMOT; and FERM domain proteins, such as Merlin, Ex, and PTPN14 appear to be the key modulators. Predominantly expressed in the kidney and the brain, the first key molecule, KIBRA, contains two WW domains (Kremerskothen et al., 2003), a potential coiled-coil domain, a C2 domain responsible for Ca2+-sensitive interaction with phospholipids, a class III PDZ-binding motif ADDV, and an atypical protein kinase C (aPKC) binding region (Baumgartner et al., 2010; Genevet et al., 2010; Yu et al., 2010; Boggiano and Fehon, 2012; Zhang et al., 2014; Su et al., 2017). More than 20 binding partners of KIBRA have been identified. These molecules include Merlin, Ex, FRM6 (FERM domain-containing protein 6), AMOT, PALS1- (protein associated with Caenorhabditis elegans Lin-7 protein 1-) associated tight junction protein (PATJ), PTPN14, PP1, SAV1, LATS1/2, the mitotic serine/threonine kinase Aurora-A, PKCζ, and the apical polarity complexes PAR3/PAR6β (partition-defective 3/partition-defective 6β) (Xiao et al., 2011a; Xiao et al., 2011b; Zhang et al., 2014; Zhou et al., 2017). At mature TJs, KIBRA forms a complex with Merlin, Ex, and AMOT to interact with MST1/2-SAV1 and LATS1/2-MOB1, thereby promoting LATS auto-activation and YAP phosphorylation (Zhang et al., 2014) (Figure 4D). By having such a complex formation, Merlin can likely be placed at the SAV1-STRIPAK binding interface, thereby stabilizing SAV1-STRIPAK interaction and suppressing STRIPAK activity (Bae et al., 2017). However, the association of Merlin with KIBRA is inhibited by Aurora-mediated phosphorylation at KIBRA S539, which is counteracted by PP1 and PTPN14 (Xiao et al., 2011b; Poernbacher et al., 2012; Wang W. et al., 2014), suggesting a link between cell mitosis and the Hippo pathway. In the presence of apicobasal polarity, KIBRA-Merlin-FRMD6 complex formation competes with Par3-aPKC- KIBRA complex formation (Suzuki and Ohno, 2006; Yoshihama et al., 2009; Zhou et al., 2017), and KIBRA directly suppresses aPKC and aPKC-mediated apical exocytosis (Yoshihama et al., 2011), by which cells can limit the expansion of apical surface, an important feature in stem cell homeostasis and absent in tumorigenesis.
The second key molecule, AMOT, is an AJ/TJ-associable PDZ-domain protein that plays an important role in regulating the partitioning of Merlin and YAP, as shown in the differentiation of human pluripotent stem cells (Zaltsman et al., 2019). AMOT possesses an N-terminal domain, which contains a WW domain- and actin-binding motif (157–191) that YAP and actin filaments compete binding to, followed by a coiled-coil domain that can bind to Merlin (Yi et al., 2011; Li et al., 2015), and a C-terminal PDZ domain that can bind to TJs (Hirate and Sasaki, 2014; Mana-Capelli et al., 2014). The competition of YAP and actin filaments with AMOT appears to depend on the “structural code” of the cells. In blastocysts, for example, the embryonic cells are segregated into an outer layer with cells forming apicobasal polarity and an inner layer without polarity formation. AMOT localizes to the AJs of non-polarized cells at the inner layer, with S176 phosphorylated by LATS, which inhibits actin binding, stabilizes the AMOT-LATS interaction (Dai et al., 2013; Hirate et al., 2013; Hirate and Sasaki, 2014), promotes AMOT-YAP association, and enables YAP phosphorylation (Mana-Capelli et al., 2014). By contrast, AMOT is unphosphorylated and sequestered to the apical actin at the outer layer, thereby releasing YAP for nuclear signaling (Hirate et al., 2013) (Figure 4D).
The third key molecule, Merlin, contains an N-terminal FERM domain (sequence 19–313), followed by one α-helical domain (314–507) and one C-terminal domain (508–595) (Muranen et al., 2007; Li et al., 2015). The α helical domain possesses a coiled-coil motif that can bind to AMOT (Yi et al., 2011; Li et al., 2015), whereas the N-terminal and the C-terminal can self-associate (McClatchey, 2003) with Km ∼3 μM, a much weaker affinity than that of ERM proteins (Km ∼0.016 μM) (Li et al., 2015). Merlin has many binding partners (Hennigan et al., 2019) through which it can associate with or dissociate from AJs. The selection of binding partners is primarily modulated by Merlin PTMs such as phosphorylation and ubiquitination (Laulajainen et al., 2011). These PTMs displace the self-associated C-terminal and N-terminal of Merlin away from each other, thereby exposing the binding sites to, for example, MST1/2-SAV1, LATS1/2, YAP, AKT, paxillin, FAK, and integrin β1 (Obremski et al., 1998; Fernandez-Valle et al., 2002; James et al., 2004; Tang et al., 2007; Yamauchi et al., 2008; Flaiz et al., 2009; Yi et al., 2011; Yin et al., 2013; Li et al., 2015; Bae et al., 2017). Alternatively, Merlin can bind to PIP2 through its FERM domain, by which Merlin adopts an expanded conformation to expose the binding sites (Ali Khajeh et al., 2014). Thus, Merlin “with” and “without” PTMs (and/or PIP2 binding) are often referred to as the “open” and “close” states, respectively. Historically, in the “close” state, Merlin has been known as the tumor suppressor (Li et al., 2015). For the “open” state, major phosphorylation sites include S10 and S518 by PKA (Laulajainen et al., 2008); S10, T230, and S315 by AKT (Tang et al., 2007; Laulajainen et al., 2011); and S518 by PAK (Shaw et al., 2001). Phosphorylating Merlin at S518 prevents Merlin from participating in the Hippo pathway and sequesters Merlin on the cell membrane through the association with the C-terminal of cell surface receptors such as CD44 (Morrison et al., 2001; Sherman and Gutmann, 2001) and/or bind to tubulin to enhance microtubule polymerization (Muranen et al., 2007). Merlin S518 phosphorylation is counteracted by myosin phosphatase target subunit 1- (MYPT1-) regulated PP1c, the phosphatase for MLC (Jin et al., 2006). MYPT1 is inactivated by ILK or ROCK-mediated phosphorylation at T696 (by ILK/RCOK) and S854/T855 (by ROCK) (Serrano et al., 2013; Hartmann et al., 2015), which occurs during cell migration or spreading on stiff substrates. Alternatively, MYPT1 can be sequestered by phosphorylated MLC when cells are spreading on stiff substrates (Joo and Yamada, 2014). These lines of evidence provide an explanation for how stiff microenvironments might disable Merlin-mediated tumor suppression, enhance YAP nuclear translocation, and promote tumor invasion (Paszek et al., 2005; Guo et al., 2012).
In contrast to phosphorylation at S518, Merlin phosphorylated at S10, T230, and/or S315 is subject to ubiquitination and proteasome-mediated degradation (Laulajainen et al., 2011), which, however, requires S518 to be dephosphorylated (Li et al., 2015; Wei et al., 2020), suggesting that Merlin phosphorylated at S518 and Merlin phosphorylated at S10, T230, and/or S315 are two functionally exclusive states (Figure 4D). Merlin ubiquitination is mediated by the E3 ubiquitin ligase, neural precursor cell expressed developmentally downregulated protein 4 (NEDD4), which conjugates one or two ubiquitin molecules at Merlin K396 and K159 by the aid of AMOT (Wei et al., 2020). In this process, AMOT serves as a scaffold protein to bind to Merlin through their mutual coiled-coil domains (Yi et al., 2011; Li et al., 2015) and bind to NEDD4 through the association of its two PPXY motifs with the WW domains of NEDD4 (Skouloudaki and Walz, 2012). Although Merlin ubiquitination promotes the degradation of the Merlin-AMOT complex, it is required for MST-mediated LATS phosphorylation (Wei et al., 2020). The ubiquitinated Merlin-AMOT complex can bind to the N-terminal FERM-binding domain (FBD) of LATS through the Merlin FERM domain (Km ∼1.4 μM (Yin et al., 2013; Li et al., 2015)). Other associations include those between SAV1 and MOB-1 (Yin et al., 2013), between the Merlin FERM domain and the N-terminal FERM domain-binding motif of SAV1 (Bretscher et al., 2002; Baser et al., 2003; McClatchey, 2003; Bae et al., 2017), between the extreme N-terminal end of Merlin and α-catenin (Cole et al., 2008), and between AMOT and YAP (at the N-terminal actin-binding motif of AMOT (157–191)) (Mana-Capelli et al., 2014). Through these molecular associations, the ubiquitinated Merlin-AMOT complex likely promotes the clustering of YAP, LATS-MOB1, and MST-SAV1 at AJs (by Merlin-α-catenin-AJ association) or TJs (by AMOT PDZ domain-TJ association), wherein MST1/2 potentiate LATS1/2 auto-activation (Gladden et al., 2010; Hansen et al., 2015) (Figures 4B,D). In addition, independent of MST, AMOT can act along with MOB1 to promote LATS autophosphorylation and auto-activation (Mana-Capelli and Mccollum, 2018). Activated LATS phosphorylates not only YAP but also AMOT (at S175/S176), the phosphorylation of which suppresses actin binding to AMOT and stabilizes the binding between LATS-MOB1 and Merlin-AMOT (Dai et al., 2013; Hirate and Sasaki, 2014; Mana-Capelli et al., 2014; Moleirinho et al., 2017; Mana-Capelli and Mccollum, 2018) (Figure 4D). As a result, the Merlin-AMOT complex can likely promote LATS activation and YAP phosphorylation in a self-sustained manner.
The fourth key molecule, an AJ-associable FERM domain protein for YAP modulation, is PTPN14 (Wang et al., 2012; Huang et al., 2013; Liu et al., 2013; Wilson et al., 2014). PTPN14 contains an N-terminal FERM domain, followed by two PPXY motifs which are essential for the interactions with YAP and KIBRA through their WW domains (Poernbacher et al., 2012), and a C-terminal PTP catalytic domain which is essential to counteract Src kinase- or receptor tyrosine kinase- (RTK-) mediated phosphorylation at β-catenin Y654 and VE-cadherin, thereby stabilizing AJs (Van Veelen et al., 2011; Fu et al., 2020). Along with the PPXY motifs, the PTP domain of PTPN14 is required for the interactions with KIBRA (Wilson et al., 2014). Further, PTPN14 can bind to LATS1/2 and acts independently or cooperatively with KIBRA to enhance LATS1/2 auto-activation and YAP S127 phosphorylation, even in the absence of MST1/2 (Wilson et al., 2014). Thus, the KIBRA-AMOT-Merlin complex and KIBRA-PTPN14 complex can act in parallel to modulate YAP phosphorylation and sequestration at AJs (Figure 4D).
Module BOX VI: The HIF/YAP/Notch Triad and PD-L1
YAP/TAZ forms complexes with HIF-1α and functions as the transcription activator of HIF-1α to enhance expressions of molecules involved in organ development, tissue homeostasis, and tumorigenesis (Xiang et al., 2015; Zhao et al., 2020). Under hypoxia, YAP binds to nuclear HIF-1α and sustains its stability, thereby promoting the expression of pyruvate kinase isozymes M2 (PKM2), a key enzyme of glycolysis, in, for example, hepatocellular carcinoma cells (HCCs) (Zhang X. et al., 2018), whereas in the cytoplasm, YAP enhances HIF-1α stability by inhibiting VHL-dependent degradation of hydroxylated HIF-1α (Ma et al., 2015; Zhao et al., 2020) (Figure 1A). Likewise, HIF-2α, another hypoxia responding subunit, has been found to increase YAP1 expression and activity, yet it does so without the involvement of Src kinase, PI3K, ERK, or MAPK signaling pathways (Ma et al., 2017). No direct association between YAP and HIF-2α was observed either (Ma et al., 2017). In addition to glycolysis, the YAP-HIF-1α complex promotes the transcription of genes involved in angiogenesis and cell growth (Zhao et al., 2020). Genes containing HREs that H1F-1α can bind to also include WWTR1 (i.e., TAZ) and SIAH1 (Zhao et al., 2020), and the TAZ-HIF-1α complex has been shown to promote the transcription of SIAH1 (Xiang et al., 2014; Xiang et al., 2015; Zhao et al., 2020). Similar to SIAH2 (Ma et al., 2015), SIAH1 induces LATS2 degradation and, in turn, TAZ nuclear localization (Xiang et al., 2014; Xiang et al., 2015; Zhao et al., 2020). Thus, positive feedback exists along the YAP/TAZ-HIF/SIAH axis (Figure 5A). In the development of growth plate, for example, HIF-1α was found to promote YAP activation and, in turn, upregulate the expression of sex-determining region-box 9tbox9 protein (SOX-9), a marker of stemness, for the maintenance of chondrogenic phenotype (Li H. et al., 2018).
Notch signaling is a highly conserved cell–cell communication mechanism by which cells regulate organ development, homeostasis, and repair through lateral inhibition (or “trans-inhibition”) between neighboring cells (Kopan and Ilagan, 2009; Guruharsha et al., 2012; Kovall et al., 2017; Siebel and Lendahl, 2017). Notch is a cell surface receptor. Upon ligand binding, Notch is cleaved to release Notch intracellular domain (NICD), which translocates into the nucleus to bind to CSL (the transcriptional repressor CBF1/suppressor of hairless/Lag-1) or the human homolog RBPJ (recombination signal-binding protein for immunoglobulin κJ region, also known as CBF1) to facilitate the transcription of Notch target genes (Kopan and Ilagan, 2009). In tumorigenesis, Notch signaling promotes the CSC formation by reducing their proliferation yet increasing their resistance to therapies, thereby potentiating cancer cell dormancy and relapse (Janghorban et al., 2018). Moreover, Notch has been proposed as a mechanical sensor based on the observation that Notch can be activated by mechanical stretch and shear stress (Gordon et al., 2015; Chowdhury et al., 2016; Mack et al., 2017; Loerakker et al., 2018) and that Notch participates in mechanics-dependent periodic feather branch pattern formation (Cheng et al., 2018). For proper organ development, the specification of cell fate must be spatiotemporally coordinated with tissue morphogenesis. Therefore, it is plausible that the signaling of the “messengers” for tissue structure and mechanics (i.e., YAP/TAZ) is linked to Notch signaling pathways, by which cells can sense the mechanical changes in the niche through (e.g., cell–ECM adhesions and cell–cell contacts) and make a correspondent decision on the cell fate.
Several examples support the idea that YAP/TAZ and Notch signaling pathways are coupled (Totaro et al., 2018a). This coupling can be positive or negative, with YAP/TAZ acting upstream of, downstream of, or in parallel with Notch signaling. Such versatility is achieved by having YAP/TAZ and Notch synergistically co-regulate shared target genes, having YAP/TAZ act upstream to regulate the expression of Notch ligands or receptors (thereby downregulating or upregulating Notch activity, respectively), or having Notch act upstream to upregulate or downregulate YAP activity (Totaro et al., 2018a). An example of the synergistic coupling is the control of smooth muscle differentiation from neural crest cells (Manderfield et al., 2015), where YAP/TAZ forms a complex with NICD to promote the transcription of Notch target genes for smooth muscle fate (Manderfield et al., 2012). Another example is the binary cell fate decision in the embryonic transition from morula to blastocyst. In this case, the binary decision occurs between cells becoming inner cell mass or outer-layer trophectoderm (TE) (Nishioka et al., 2009; Hirate et al., 2013; Leung and Zernicka-Goetz, 2013; Engel-Pizcueta and Pujades, 2021). In this case, Notch and YAP/TAZ act in parallel and non-redundantly to drive the specification of the TE fate gene, Cdx2, by having Notch elicit the onset of Cdx2 expression and YAP maintain the expression of Cdx2, respectively (Watanabe et al., 2017). For YAP/TAZ acting upstream to upregulate Notch, one example is the binary cell fate decision made between cholangiocytes and hepatocytes in liver development (Kodama et al., 2004; Zong et al., 2009). In this case, YAP drives Notch2 expression and cholangiocyte specification and proliferation (Wu et al., 2017). Another is between the tip and stalk cells in angiogenesis, where YAP/TAZ suppresses the β-catenin-NICD-mediated expression of Notch ligand and endothelial Delta-like 4 (Dll4) protein in the tip cells (Yasuda et al., 2019). For YAP acting upstream to downregulate Notch, the example is the homeostasis of the epidermis, where Notch signaling is required for the transition of keratinocytes from the basal to the suprabasal layers (Siebel and Lendahl, 2017; Totaro et al., 2018a). In this case, the segregation of cell fate at different layers is achieved by spatially confining the Notch activity throughout the entire epidermis. Cells in the basal layer mainly express the Notch ligands Delta-like 1 (Dll1) and Jagged-2 (Jag2), whereas cells in the suprabasal layers mainly express the Notch receptors. Mechanical stretch and/or ECM stiffness in the basal layer activates YAP/TAZ signaling, which suppresses Notch activity by upregulating the expression of Notch ligands to counteract Notch activity through the “cis-inhibition,” that is, having the Notch ligand and receptor co-expressed on the same cell surface to suppress the Notch activity (Totaro et al., 2018a). Conversely, for Notch acting upstream of YAPTAZ, an example is the symmetric stem cell division in the embryonic brain development, where Notch upregulates YAP expression by the binding of NICD-RBPJ complex to the YAP promoter, thereby promoting neural stem cell symmetric proliferation (Li et al., 2012).
Recent studies on glioblastoma stem cells revealed the differential roles of HIF-1α and HIF-2α on Notch signaling. It was observed that these two HIF subunits bind to NICD in a competitive manner (Hu et al., 2014). When HIF-1α binds to NICD and Notch-responsive promoters, Notch signaling is activated and cell differentiation is suppressed (Hu et al., 2014), thereby maintaining the undifferentiated cell state in various stem cells and precursor cells (Gustafsson et al., 2005). In contrast, when HIF-2α binds to NICD, Notch signaling is repressed, leading to cell differentiation and stem cell exhaustion (Hu et al., 2014). The coupling of NICD and HIF with the intracellular transducers of niche factor signaling is indeed a common behavior. In TGF-β signaling, for example, both NICD and HIF-1α can bind to the intracellular transducer of TGF-β signals (Blokzijl et al., 2003; Huang Y. et al., 2021), smad3 (mothers against decapentaplegic homolog 3), and the association of HIF-1α and smad3 has been shown to switch the functionality of TGF-β signaling to glycolysis in non-small cell lung cancer (NSCLC) (Huang Y. et al., 2021).
Recently, applying blockade antibodies against PD-1 and its ligand PD-L1 has become a promising strategy for treating advanced cancers (Brahmer et al., 2012; Topalian et al., 2012). The capacity of immune suppression is also one essential feature in the mesenchymal stem cell- (MSC-) based cell therapy (Ankrum et al., 2014; Jiang and Xu, 2020). A growing interest has thus been focused on the interplay of PD-L1 and HIF/Notch/YAP signaling pathways due to the exclusive involvement of HIF/Notch/YAP signaling in the development and homeostasis of stem cells and in the progression of cancers. In particular, YAP can bind to the PD-L1 enhancer region to promote PD-L1 expression, independent of any existing signaling factors and pathways known to upregulate PD-L1, such as EGFR, AKT, MAPK, and interferon- (IFN-) γ (Kim M. H. et al., 2018). In addition to being hypoxic, the TME contains multiple inflammatory factors such as interleukin-6 (IL-6) and remodeling factors such as TGF-β, which can activate signal transducer and activator of transcription 3 (STAT3) to increase the synthesis of HIF-1α and bind to NICD for a synergistic operation on Notch target genes, including the upregulation of PD-L1 expression (Blokzijl et al., 2003; Lee et al., 2009; Yu et al., 2009; Fan et al., 2013; Kitamura et al., 2017; Gupta et al., 2018; Kunnumakkara et al., 2018; Wen et al., 2020). Thus, the pharmaceutical targeting on YAP/Notch/HIF signaling pathways has been proposed as a potential adjunct therapy for cancer treatment, along with the conventional chemotherapy and immune therapy (Janghorban et al., 2018).
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Factors
ACTIVIN A and IGF1
ANXA1

CCL2, CCL5, CCL7, and
CXCL16

CLCF1

COMP

CXCL12

FGF5

HGF

HMGB1

IGFII

IL6 and IL8

Netrin-1

Netrin-1 and FGF2
MMP2 and MMP9

PGE,
POSTN

TGF-B

TGF-p1
TGF-p2
SRGN

WNT3A

Exosomal miR-21,
miR-143, and miR-378

Exosomal IncRNA H19
Exosomal miR-92a-3p

Exosomal miR-196a
Exosomal miR-423-5p

Disease

Breast cancer

Prostate cancer
Hepatocellular carcinoma

Hepatocellular carcinoma

Hepatocellular carcinoma

Oral squamous cell
carcinoma

Triple-negative breast
cancer

Hepatocellular carcinoma
Gastric cancer
Pancreatic Cancer

Intrahepatic
cholangiocarcinoma
Luminal breast cancer

Lung cancer
Hepatocellular carcinoma

Intrahepatic
cholangiocarcinoma

Head and Neck cancer
Hepatocellular carcinoma

Breast cancer

Non-small cell lung cancer
and colon cancer

Colorectal cancer
Prostate carcinoma

Intestinal cancer
Breast cancer
Head and neck cancer

Human head and neck
squamous cell carcinoma

Colorectal cancer

Pancreatic Cancer
Colorectal cancer
Non-small cell lung cancer
Human head and neck
squamous cell carcinoma
Breast cancer

Colorectal cancer
Colorectal cancer

Head and Neck cancer
Prostate cancer

Mechanism

CSC secretes SHH to cultivate pro-tumor CAF which then generates
ACTIVIN A and IGF1 to promote stemness*

Induces EMT and stemness markers

Promotes Hh and TGF-B signaling in HCC cells

Promotes AKT/ERK/STATS signaling. STAT3 target genes, CXCL6, and
TGF-B induce CAF's CLCF1 secretion, thus forming CAF-cancer cell
positive feedback*

Promotes ERK and AKT signaling in HCC cells

Induces M2-phenotype of TAMs that promote EMT and stemness in
cancer

Cancer cell-derived HH induces FGF5 production from CAF; FGF5
elevates stemness genes expression in cancer cells*

Promotes c-MET/ERK/FRA1/HEY1 axis in HCC cells*
Promotes c-Met/STAT3/twist1 signaling and EMT signaling
Promotes c-MET/YAP/HIF-1a signaling

Promotes AKT/ERK signaling

Promotes stemness markers and ALDH1+ population upon binding to
TLR4

Promotes IGII/IGF1R/AKT/NANOG signaling
Promotes STAT3/NOTCH1/NICD/HEST signaling

Promotes STAT3/EZH2 cascade. Neoplastic cell-secreted exosomal
miR-9-5p upregulates IL6 production*

Promote chemoresistance

HCC cell-derived mi-1247-3p stimulate CAF to produce IL6 and IL8,
which promotes stemness and EMT*

CD10*GRP77" CAF-derived IL6 and IL8 stemness
Promote stemness marker and ALDH1A expression

IL34-acitvated CAF increases Netrin-1 and FGF2 expression

Cancer cell-derived IL6 activate CAF to produce MMP2 and MMP9, in
turn, promote EMT and stemness*

Promotes pro-oncogenic PTGER4/YAP
Activates Wnt signaling

TGF-B3 activated CAF to secrete POSTN
Promotes PTK7/GSKB/B-catenin signaling

CSC modulates CAF-derived TGF-B to suppress the tumor-killing T cell
populations*

Promotes the upregulation of ATF via the SMAD2/3 pathway
Upregulates GLI2 expression

Promote stemness gene markers in CD44-dependent manner
Neoplastic cells activate WNT3A production in CAF*

Enhances stemness and EMT

Sponges miR-141 that target p-catenin

Targets FBXW7 to enhance B-catenin activity and MOAP1 to enhance
chemoresistance properties

Targets CDKN1B and INGS5, to promote cisplatin resistance
Promotes chemoresistance by targeting GREM2, leading to TGF-
pathway activity
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