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Editorial on the Research Topic 


Women in cancer molecular targets and therapeutics, volume II: 2022


The second volume of Women in Cancer Molecular Targets and Therapeutics presents 22 articles authored by woman scientists, including original researches, reviews, hypothesis and theory, and a clinical trial across different fields of Oncology. Welcoming the success of this Edition, we would like to quote and share the words of the general director of UNESCO, Audrey Azoulay, “By advancing the cause of women, we can drive progress in science”.

Drug resistance has been the main theme addressed in the Research Topic. The development of resistance to therapy remains a major obstacle to the achievement of cures in patients with cancer. As new mechanisms are emerging, studies to identify markers predicting response to therapy and drivers of treatment resistance prompt novel approaches to overcome resistance (1). Pelullo et al. describe a new mechanism of intrinsic resistance to the standard adjuvant treatment, 5FU/OXP, in colorectal cancer (CRC) cells overexpressing Jagged1, the Notch-ligand involved in KRAS-mutated CRC progression. By inducing Jagged1 processing/activation through ERK1/2 activation, 5FU and OXP treatments promoted the accumulation of the Jag-ICD intracellular domain, a proteolytic oncogenic target of the KRAS signaling pathway, resulting in the selection of a drug-resistant subpopulation. Jagged1 overexpression is thus proposed as a potential predictive biomarker of chemotherapy outcome.

Acquired resistance is a major hurdle limiting the benefit also in patients treated with targeted therapies. With the goal to investigate MAP kinase pathway-independent mechanisms of resistance to BRAF/MEK inhibitors in BRAF-mutant melanoma cells, Reddi et al. applied a new approach to identify changes in the chromatin state affecting gene expression and signaling pathways. Through integrative analysis combining RNA-seq and assay for transposase-accessible chromatin with high-throughput sequencing (ATAC-seq), they discovered global changes in chromatin accessibility regions resulting in changes of mRNA expression of both known and new genes which might be further investigated as candidate resistance biomarkers.

The contribution of the tumor microenvironment (TME) to tumor growth, progression and resistance evolution against different therapeutic strategies, is increasingly recognized. In a review addressing cancer resistance to photodynamic therapy, Cerro et al. focus on the role of cancer associated fibroblasts and macrophages as well as of cytokines generated by these tumor stromal cells in modulating the outcome of photodynamic therapy in non-melanoma skin malignant lesions. In addition, they also summarize strategies investigated to prevent resistance to this therapeutic modality which has much grown in recent years. Zuo et al., in their analysis conducted in tumor samples of advanced epithelial ovarian cancer (EOC), confirmed the association of high expression of poly (ADP-ribose) polymerase 1 (PARP1) with platinum-resistance and poor prognosis. However, the study showed that PARP1 protein overexpression in the tumor surrounding stromal cells led to opposite effects. These findings suggest that the stromal PARP1 may modulate EOC progression and platinum sensitivity, eventually affecting even the response to PARP1 inhibitors (PARPi) currently used after the first-line platinum-based therapy. PARPi treatments have shown great promise in homologous recombination (HR)-deficient tumors. However, initial enthusiasm has been dampened by the high rate of drug resistance involving impairment of the DNA repair system and cell cycle progression. Jiang et al. show that PARPi resistance mediated by recovery of DNA repair via activation of the AKT/FOXO3a/GADD45a pathway could be blocked in different cancer cell lines by a combined targeting of PARP1 and the redox enzyme NAD(P)H:quinine oxidoreductase 1 (NQ01).

Intrinsic chemotherapy resistance, and a peculiar TME counteracting the effects of therapies, contribute to poor survival rate in pancreatic cancer patients. Immunotherapy using checkpoint blockade currently represents a treatment option for only a small subset of patients, while several immunotherapeutic approaches are pursued in clinical trials. Oncolytic virus therapy exploits the capability of viruses to infect cancer cells inducing the release of tumor antigens in the blood and activating anticancer immune response. Preclinical and clinical studies addressing this new type of immunotherapy for pancreatic cancer are reviewed by Nisar et al. They also describe new approaches to promote antitumor response and improve safety profile using oncolytic viruses and their combination with chemotherapeutics. In this regard, the same authors (Nisar et al.), in a study aimed at optimizing the virus tumor selectivity, analyzed the binding affinity and interaction profile of the L5 virus coat protein of three adenovirus serotypes with pancreatic cancer cell surface receptors. Scanlan et al. focus on the use of Herpes Simplex Virus 1 (HSV-1), discussing advantages and limitations of talimogene laherparevec (T-VEC), the only clinically approved oncolytic cancer viral therapy, as well as approaches currently being developed for improvement of safety and efficacy.

Cancer stem cells, unresponsive to conventional therapies are supposed to support tumor recurrence. Therefore, treatments able to affect these cells would provide a chance to circumvent tumor resistance. Pavlova et al. propose, as an alternative approach to cytotoxic treatment of glioblastoma, a differentiation therapy which, by stimulating the maturation of tumor cells would deprive them of their proliferative potential. Searching for effectors able to induce neural differentiation of human glioblastoma cells, they found that a stepwise treatment with a G-quadruplex pseudo-aptamer followed by neuro-inducer effectively inhibited glioblastoma cell proliferation also blocking division of CD133+ stem-like cells.

In research aimed at developing new efficient anticancer drugs and overcoming limitations in drug resistance and side effects, Molinaro et al. identified a copper (II) indenoisoquinoline complex, WN197, which induced cell cycle arrest and autophagic cell death in breast, cervix and colon cancer cell lines by a mechanism of action based on inhibition of topoisomerases.

Immunotherapy has shown great promise in certain cancer indications improving patient’s standard of care, quality of life and survival. Nonetheless, barriers such as an immunosuppressive TME, inefficient trafficking, and tumor antigen heterogeneity limit the success of immunotherapy in solid tumors (2). A better understanding of the interactions between tumor and immune response will be critical to extend the impact of immunotherapy to more solid tumor types. A few studies in this Research Topic investigate approaches to improve immunotherapy outcomes in patients with specific solid tumor types. Hintzen et al. review therapeutic strategies directed against epidermal growth factor receptor (EGFR)-positive malignancies describing alternative immunotherapeutic approaches potentially overcoming limitations of current therapies. Focusing on AFM24, an EGFR/CD16A bispecific innate cell engager that binds to natural killer (NK) cells and macrophages, they discuss potential advantages over T cell-based therapies, or those targeting EGFR activity, in terms of toxicity profile and possibility of combinations with other treatment modalities.

Li et al. investigated the relationship between serum levels of androgens and immune checkpoint receptor expression on T cells in patients with breast cancer. Androgens levels were found lower than those in healthy controls and positively correlated with PD-1 expression on Vδ1+ T cells in patients with the luminal B and HER2 tumor subtypes, suggesting a potential benefit of combining androgens with PD-1 inhibitor targeted therapy.

By analyzing the expression levels of the ADAM (a disintegrin and metalloprotease) family members in glioma tissues and cell lines, Qi et al. observed an upregulation of ADAMDEC1. High expression of this ADAM was associated with immune cell infiltration and single-cell sequencing analysis indicated co-expression with matrix metalloproteinases, suggesting a potential role as a clinical biomarker and immunotherapy target.

The metastatic process, which remains the primary cause of death in cancer patients (3), has been addressed in this Research Topic under various aspects in mechanistic and therapeutic studies. In a bioinformatic analysis of publicly available datasets, Wang et al. found that levels of X-linked inhibitor of apoptosis protein (XIAP) mRNA were significantly higher in lung adenocarcinoma with brain metastasis (LUAD-BM) compared to LUAD without metastasis. A regulatory network of competing endogenous RNAs is suggested to upregulate XIAP, which could have a role as therapeutic target in LUAD-BM.

MicroRNA-31 (miR-31) acts as a tumor suppressor and its loss has been associated with high risk of metastases in breast cancer. Tian et al. identified miR-31 as a main target of potassium piperonate (GBK), a traditional antihyperlipidemic medicine in China and preclinical anti-cancer agent. Investigating the anti-invasive mechanism of GBK, they observed that miR-31, and its host gene LOC554202, were upregulated following treatment of breast cancer cells. Meanwhile, the expression of miR-31 target genes associated with cell migration and metastasis was downregulated.

There is an increasing effort towards the generation of preclinical models that recapitulate the metastatic process allowing drug screening and efficacy prediction. The recognized role of an additional microRNA, miR-10b, as a metastasis driver prompted investigation of a strategy to treat metastatic breast cancer based on its inhibition. Savan et al. showed similar histological features and miR-10b expression in human and feline mammary carcinoma (FMC). In an investigation aimed at bridging previous studies performed in mice to humans, they propose the applicability of spontaneous metastatic FMC as a translational model for preclinical testing of MN-anti-miR10b, a miR-10b antagomiR conjugated to iron oxide nanoparticles. De Angelis et al. describe a new orthotopic metastatic patient-derived xenograft (ortho-PDX) model of CRC. Preliminary evidence indicated that a combination of stemness and epithelial-to-mesenchymal transition traits of primary tumors, indicative of increased tumor aggressiveness, might be crucial for ortho-PDX engraftment and metastatization in mice, while metastasis-derived organoids lost mesenchymal features and acquired increased chemoresistance. These observations supported ortho-PDX as a faithful model of human metastatic CRC.

Two studies in the Research Topic addressed the complex regulation of proteins displaying a double role as tumor suppressor or oncogene. Fontana et al. examined the literature describing the role in different tumor types of ARID1A, a component of the mammalian SWI/SNF chromatin remodeling complex mutated in about 10% of human cancers, and discuss current strategies exploiting synthetic lethality for treating ARID1A deficient tumors. The TP63 gene encodes two protein variants, TAp63 which has tumor suppressor activities, and ΔNp63 which promotes tumorigenesis and drug resistance. Pokorna et al. investigated DNA methylation as a potential epigenetic regulation of TP63 gene transcription explaining tissue-specific expression pattern of the two p63 isoforms and their dysregulation in squamous cell carcinomas (SSC). Available evidence indicated that the DNA demethylation agent decitabine induced an increase in TAp63 and a concomitant reduction of ΔNp63 potentially switching the protein function from oncogenic to tumor suppressive in SSC cells. The authors propose two alternative hypotheses for the reciprocal isoform regulation.

Emerging evidence implicates host-intrinsic microorganisms and their genes (the microbiome) in the regulation of the tumor microenvironment affecting tumor development and progression as well as response to treatment (4). Richardson et al. review the current literature on the skin microbiome in cancer with a focus on the potential role in treatment-related skin toxicities. They comment on approaches to prevent and treat such toxicities by modulating the skin microbiome eventually improving patient’s quality of life.

Bone marrow transplant (BMT) is a treatment option in oncologic patients who need high-dose chemotherapy and/or radiation therapy. Examining the literature data about the role of the β3-adrenergic receptor (β3-AR) in the bone marrow, Nastasi et al. speculate that targeting β3-AR may support the homing and differentiation of hematopoietic stem cells in the bone marrow providing a useful support to overcome complications related to BMT.

Tang et al. report the results of a single-arm trial of the antiangiogenic multikinase inhibitor anlotinib in 42 patients with recurrent or metastatic malignant bone tumor. The drug demonstrated promising antitumor activities as second or later line of therapy and a manageable safety profile which warrant further investigation in randomized studies.

The two Editions of Women in Cancer Molecular Targets and Therapeutics reflect the variety of research performed by female scientists and highlight the huge contribution they are making in advancing the fight against cancer. These Research Topics renew the hope that gender equality will be even more pursued in Science.

We wish to thank all the authors, women and co-authors, for the contributions here collected and for sharing their findings and views on various aspects of cancer research.
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Topoisomerases, targets of inhibitors used in chemotherapy, induce DNA breaks accumulation leading to cancer cell death. A newly synthesized copper(II) indenoisoquinoline complex WN197 exhibits a cytotoxic effect below 0.5 µM, on MDA-MB-231, HeLa, and HT-29 cells. At low doses, WN197 inhibits topoisomerase I. At higher doses, it inhibits topoisomerase IIα and IIβ, and displays DNA intercalation properties. DNA damage is detected by the presence of γH2AX. The activation of the DNA Damage Response (DDR) occurs through the phosphorylation of ATM/ATR, Chk1/2 kinases, and the increase of p21, a p53 target. WN197 induces a G2 phase arrest characterized by the unphosphorylated form of histone H3, the accumulation of phosphorylated Cdk1, and an association of Cdc25C with 14.3.3. Cancer cells die by autophagy with Beclin-1 accumulation, LC3-II formation, p62 degradation, and RAPTOR phosphorylation in the mTOR complex. Finally, WN197 by inhibiting topoisomerase I at low concentration with high efficiency is a promising agent for the development of future DNA damaging chemotherapies.
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Introduction

Adenocarcinomas are the most diagnosed cancers. Among them, breast and cervix, respectively the first and fourth most represented cancers in women, and colorectal cancers the second and third most represented cancers respectively in women and men (1). Current treatments include chemotherapy with agents that generate DNA damage to trigger cancer cell division arrest and associated programmed cell death of tumours (2, 3).

Topoisomerases (Top) regulate DNA topology during replication, transcription, and chromosomal segregation (4–6). To relieve torsional strain, these DNA-interacting enzymes cleave one or two DNA strands before the religation step (7, 8). Human Top are subdivided into three subgroups including IA (Top3α and Top3β), IB (Top1 nuclear and Top1 mitochondrial), and IIA (Top2α and Top2β), type I Top cause single-strand breaks (SSB) while type II Top generate double-strand breaks (DSB) (9). In anticancer therapy, inhibition of Top allows DNA cleavage, prevents the religation reaction, and leaves cancer cells with DNA breaks. Top1 and Top2 are mainly targeted due to their overexpression in many cancers including breast, cervix, and colorectal cancers (10–13). The increased quantity and activity of Top in highly dividing cells directly correlate with positive responses to Top inhibitory treatments (12, 14, 15). The primary cytotoxic lesions in cancer cells result from collisions between the trapped Top and the replication forks (16–18). DNA breaks further trigger the activation of DNA Damage Response (DDR) pathways, leading to cell cycle arrest and to death if DNA damage is too severe (19, 20). The DDR pathways start with the recruitment and the phosphorylation of histone H2AX on serine 139 (γH2AX) by phosphoinositide 3-kinase related kinase family members ATM, ATR, and DNA-PK (21, 22). Consecutively, Chk1 and Chk2 kinases are activated, inhibit phosphatase Cdc25 (23), and induce a cell cycle arrest followed in most cases by apoptosis (20).

Top inhibitors display different action mechanisms. Poisons target the DNA/topoisomerase cleavage complex, form a ternary complex (interfacial inhibition) inhibiting DNA religation, and result in persistent DNA breaks (24). Catalytic inhibitors either intercalate into DNA in the Top fixation site or are ATP competitors or hydrolysis inhibitors to provoke an antineoplastic effect (25). A small number of Top inhibitors are approved for clinical use. The Top2 poison doxorubicin and its isomer epirubicin from the anthracycline family are first-line antineoplastic agents used against many different types of solid tumors, leukemias, and lymphomas (26, 27), with main side effects including cardiotoxicity and t-AML (treatment-related acute myelogenous leukemia) (28–30). At high doses (up to 10 µM), doxorubicin becomes a DNA intercalator and contributes to increase DNA breaks (31, 32). Top2 poison etoposide (VP-16) also induces t-AML (9). The Top1 poison camptothecin derivatives, topotecan and irinotecan, are used to treat solid tumors including ovary, cervix, pancreatic, lung, and colorectal cancers (33). However, their use in chemotherapy is limited by their instability, the need for long-term chemotherapies, and by severe side effects including hematotoxicity, vomiting and diarrhea (34). Unlike camptothecins, the Top1 inhibitors indenoisoquinolines are chemically stable, are not substrates for drug efflux transporters and as such are promising Top inhibitors (35, 36). Indenoisoquinoline derivatives (LMP400, LMP776, and LMP744) are in phase I/II clinical trials (35, 36).

Since the discovery of platinum anticancer properties and the use of cisplatin, a platinum-based alkylating agent, and its derivatives in chemotherapy (37–39), other metal-based drugs have been designed and developed for their cytotoxic effects on tumour cells (40–42). Transition metals from the d-block of the periodic table (groups 3 to 12) (43–46) are particularly suitable for this purpose as they adopt a wide variety of coordination geometries (47). Among them, copper modifies the backbone of the complexed ligand and grants better DNA affinity (48–50). Copper derivatives interact with DNA using noncovalent interactions with the major or the minor DNA grooves, intercalation, or electrostatic binding to enhance DNA damage, and display antitumor activity (51). Some copper complexes inhibit either or both Top1 and Top2 and results in severe DNA damage, cell cycle arrest, and death in cancer cells (52, 53).

As a part of an ongoing effort to develop new efficient anticancer organometallic drugs and to palliate limitations in drug resistances and/or side effects, the synthesis of a novel copper(II) complex of indenoisoquinoline ligand, named WN197, is established based on previous studies (54, 55). This organo-copper complex effects were investigated on breast triple-negative MDA-MB-231, cervix HeLa, and colon HT29 cell lines representative of three most prevalent adenocarcinomas, and associated with poor prognostics. WN197 exerts a specific cytotoxic effect at low concentration (IC50 below 0.5 µM) on the three cell lines and significantly below the value of human non-tumorigenic epithelial cell line MCF-10A (IC50 1.08 µM). WN197 acts as a Top1 poison and displays DNA intercalation properties. The action mechanism of WN197 is further deciphered to bring insights into its efficiency. DNA damage is detected by the presence of a rapid increase in nuclear phosphorylated H2AX (after 30 min of treatment with 0.5 µM) and the main DDR kinases are activated by phosphorylations. Cell cycle arrest in the G2 phase is confirmed by the inhibitory phosphorylation of Cdk1 on tyrosine 15, an accumulation of cyclin B, and the unphosphorylated form of histone H3. Furthermore, the cell cycle is halted in G2 by inhibitory phosphorylation of Cdc25C on serine 216 associated with a binding to the 14.3.3 chaperon. Cancer cells halt in G2, die by autophagy detected through an increase in Beclin-1, and a decrease in the LC3-I/LC3-II ratio and the p62 marker. Moreover, the RAPTOR component in the mTORC1 complex is phosphorylated on serine 792, a feature of autophagic-induced cell death.



Materials and Methods


Chemical Reagents and Materials

All commercial reagents and solvents were used without further purification. Cisplatin is purchased from Alfa Aesar (Heysham, UK); rapamycin from Abcam (Cambridge, UK); doxorubicin, nocodazole and DMSO from Sigma-Aldrich (Saint-Quentin-Fallavier, France). Stock solutions were prepared in DMSO. Melting points were determined with a Barnstead Electrothermal (BI 9300) capillary melting point apparatus and are uncorrected. Elemental analyses were performed with a varioMICRO analyser. Thin layer chromatography (TLC) was carried out on aluminium-baked (Macherey-Nagel GmbH, Düren, Germany) silica gel 60. Column chromatography was performed on silica gel (230-400 mesh). The electronic absorption spectra were acquired on a UV-Vis double beam spectrophotometer SPECORD® PLUS (Analytik Jena GmbH, Germany). The molar conductance measurement was carried out using a CDRV 62 Tacussel electronic bridge, employing a calibrated 10-2 M KCl solution and 10-3 M solutions of compounds in DMSO. Purities of all tested compounds were ≥95%, as estimated by HPLC analysis. High Resolution Mass Spectrum (HR-MS) was measured at REALCAT (Université de Lille) on a Synapt G2Si (Waters) equipped with an ion mobility cell.



WN197 Copper(II) Indenoisoquinoline Complex Synthesis

WN170 was synthesized according to the literature procedure (56). To a solution of WN170 (160 mg, 0.443 mmol) in dry methanol (8 mL) was added dropwise a solution of CuCl2 (59 mg, 0.443 mmol) in MeOH (7 mL). After stirring at room temperature for 10 h, the reaction mixture was filtered off to yield an orange precipitate which was washed with MeOH and dried under vacuum (8 h at 100°C). Yield: 132 mg (70%). Decomposition at 194°C. Anal. Calcd. for C44H54Cl2CuN6O8 (%): C, 56.86; H, 5.86; N, 9.04: Found C, 56.76; H, 5.89; N, 9.22. FT-IR (neat) (νmax, cm-1): 1650 (C=O), 1549 (C=C), 490 (Cu-N). UV-vis in DMSO-H2O (19/01), λ/nm (ϵ/M−1cm−1): 625 (156), 463 (4500) (9800), 353 (17620), 350 (18100), 328 (16440). ΛM (1 mM, DMSO) (S cm2 mol-1): 24. HRMS (ESI) m/z: calcd for [M]+ C44H46ClCuN6O4 820.2565; Found 820.2332.The equations should be inserted in editable format from the equation editor.



Cell Culture

HeLa, MDA-MB-231, HT-29 and MCF-10A cell lines originate from ATCC (Manassas, VA, USA), and were maintained at 37°C in a humidified atmosphere with 5% CO2 in DMEM medium (Lonza, Basel, Switzerland) supplemented with 10% fetal bovine serum (Dutscher, Dernolsheim, France), 1% Zell Shield (Dutscher, Bernolsheim, France) and 1% non-essentials amino-acids (Lonza, Basel, Switzerland). MCF-10A were maintained in MEBM medium (Lonza, Basel, Switzerland) supplemented with MEGM (Lonza, Basel, Switzerland). All cell lines culture media were added with 1% Zell Shield (Dutscher, Bernolsheim, France).



Cell Viability Assay

Cell viability was determined using CellTiter 96® AQueous One Solution Cell Proliferation Assay (MTS, Promega, Charbonnières-les-Bains, France). 2.103 cells well were seeded in 96-well plate for 24 h before treatment with 0 to 100 µM of WN197, WN170 or cisplatin for 72 h. After a 2 h incubation with 20 µL of CellTiter solution at 37°C in 5% CO2, the production of reduced MTS (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium) in formazan was measured at 490 nm (SPECTROstar Nano, BMG LABTECH, Ortenberg, Germany). IC50 were calculated using GraphPad Prism V6.0 software. Statistical differences between WN197 and WN170 were ascertained by a Student t-test (**p<0.01 and ****p<0.0001).



Immunofluorescence for Nuclei Foci

2.105 cells seeded on glass coverslips were treated with 0.5 µM of WN197 or WN170, 5 µM of doxorubicin, 20 µM of cisplatin as positive controls, or 0.1% DMSO as a solvent control for 30 min or 24 h. Fixation was performed with 4% paraformaldehyde (Sigma-Aldrich, Saint-Quentin-Fallavier, France) for 5 min and followed by permeabilization with 0.1% Triton in PBS (Sigma-Aldrich, Saint-Quentin-Fallavier, France) for 10 min and saturation of unspecific sites with 1% BSA in PBS (Sigma) for 1 h at room temperature. Anti-γH2AX mouse antibody (S139, 1:1000, Cell Signalling, by Ozyme, Saint-Cyr-L’École, France) was incubated overnight at 4°C, washed 3 times with 1% BSA/PBS. Cells were incubated with secondary anti-mouse IgG (Alexa Fluor® 488, 1:2000, Thermo-Fisher Scientific Biosciences GMBH, Villebon-sur-Yvette, France) for 1 h at room temperature in the dark, washed 3 times before nuclei were stained with DAPI (6-diamidino-2-phenylindole, 1 µg/mL, Molecular Probes, by Thermo Fisher Scientific Biosciences GMBH, Villebon-sur-Yvette, France). Images were captured under a Leica fluorescent microscope, and γH2AX foci were counted with ImageJ (Fiji Software, v1.52i) on 30 cells from 3 independent experiments and quantified with GraphPad Prism V6.0 software. Statistical significances (mean ± SD) were performed by a two-way ANOVA followed by Dunnett’s multiple comparison test (**p<0,01; ***p<0,001; ****p<0,0001).



Electrophoresis and Western Blot

7.5.105 cells were seeded for 24 h and treated with 0.5 µM of WN197 or WN170, 20 µM of cisplatin, 5 µM of doxorubicin, or 0.1% DMSO (solvent control). After 24 h, they were lysed in RIPA buffer (1% Triton X-100; 50 mM TRIS-HCl pH 4; NP40 2%; 0.4% Na-deoxycholate; 0.6% SDS; 150 mM NaCl; 150 mM EDTA; 50 mM NaF) supplemented with 1% of protease inhibitor cocktail (Sigma-Aldrich, Saint-Quentin-Fallavier, France) and phosphatase inhibitors (Roche SAS by Merck, Kenilworth, NJ, USA).

For cytochrome C analysis, 7.5.105 cells were seeded for 24 h and treated for 3 h, 16 h, 24 h or 48 h with 0.5 µM of WN197, and for 24 h or 48 h with 5 µM of doxorubicin as positive control. Cells were lysed in a glass grinder at 4°C in homogenization buffer (25 mM MOPS at pH 7.2, 60 mM β−glycerophosphate, 15 mM para-nitrophenylphosphate, 15 mM EDTA, 15 mM MgCl2, 2 mM DTT, 1 mM sodium orthovanadate, 1 mM NaF, 1 mM phenylphosphate, 10 μg/mL leupeptin, 10 μg/mL aprotinin, 10 μg/mL soybean trypsin inhibitor, 10 μM benzamidine).

Samples were centrifuged for 10 min at 12,000 G and protein concentration of supernatants were determined using the Bradford assay (BioRad, Marnes-la-Coquette, France) at 595 nm (SPECTROstar Nano, BMG LABTECH, Ortenberg, Germany). Proteins were denatured in 2X Laemmli buffer (65.8 mM TRIS-HCl pH 6.8; 26.3% glycerol; 2.1% SDS; 0.01% bromophenol blue; 4% β-mercaptoethanol, BioRad, Marnes-la-Coquette, France) at 75°C for 10 min. 15 µg of proteins were separated on 4-20% SDS PAGE gels (mini protean TGX, BioRad, Marnes-la-Coquette, France), for 1 h at 200 V in denaturing buffer (0.1% SDS; 0.3% TRIS base; 1.44% glycine). Proteins were transferred onto nitrocellulose membrane (Amersham Hybond, Dutscher, Bernolsheim, France) by wet transfer (0.32% TRIS; 1.8% glycine; 20% methanol, Sigma-Aldrich, Saint-Quentin-Fallavier, France), for 1 h at 100 V. Membranes were saturated with 5% low fat dry milk in TBS added with 0.05% Tween (Sigma-Aldrich, Saint-Quentin-Fallavier, France), and incubated overnight at 4°C with specific primary antibodies: rabbit polyclonal antibodies were against ATM (Cell Signaling technology (CST, by Ozyme, Saint-Cyr-L’École, France), 1/1000), ATR (CST, 1/750), phosphorylated ATR (S428, CST, 1/1000), Beclin-1 (CST, 1/800), Cdc25C (CST, 1/1500), phosphorylated Cdc25C (S216, CST, 1/1000), phosphorylated Cdk1 (Y15, CST, 1/1500), phosphorylated Chk1 (S317, CST, 1/1000), phosphorylated Chk2 (T68, CST, 1/1000), cleaved caspase 3 (CST, 1/1000), phosphorylated H2AX (S139, CST, 1/750), histone H3 (CST, 1/1000), phosphorylated H3 (S10, CST, 1/1000), phosphorylated p53 (S15, CST, 1/1000), p53 (CST, 1/1000), p21 (CST, 1/1000), LC3 (CST, 1/50), mTOR (CST, 1/1200), RAPTOR (CST, 1:1500), phosphorylated RAPTOR (S792, CST, 1/1000); mouse monoclonal antibodies against phosphorylated ATM (S1981, Santa Cruz Biotechnology (SCB), Santa Cruz, CA, USA, 1/200), Chk1 (SCB, 1/1000), Chk2 (SCB, 1/200), Cdk1 (CST, 1/1000), 14-3-3 (SCB, 1/1000), cyclin B2 (CST, 1/1500), p62 (SCB, 1/100); goat polyclonal antibodies against β-actin (SCB, 1/1200); and cocktail antibodies against cleaved PARP (Abcam, Cambridge, UK, cell cycle and apoptosis cocktail, 1/1500). After three washes of 10 min in TBS-Tween, nitrocellulose membranes were incubated 1 h with the appropriate horseradish peroxidase-labeled secondary antibodies: anti-rabbit or anti-mouse antibodies (Invitrogen, by Thermo Fisher Scientific Biosciences GMBH, Villebon-sur-Yvette, France, 1/30,000) or anti-goat antibodies (SCB, 1/30,000). Secondary antibodies were washed in TBS-Tween three times for 10 min and the signals were revealed with a chemiluminescent assay (ECL Select, GE Healthcare, Dutscher, Bernolsheim, France) on hyperfilms (Amersham hyperfilm MP, Dutscher, Bernolsheim, France). β-actin or histone H3 were used as loading controls. Signals were quantified with Image J (Fiji Software, v1.52i), and normalized to respective loading control. The means of 3 independent experiments were calculated.



In Vitro Activities of Human Topoisomerases I and II

Topoisomerase activities were examined in assays based on the relaxation of a supercoiled DNA into its relaxed form. Topoisomerase I (Top1) activity was performed using the drug screening kits protocol (TopoGEN, Inc., Buena Vista, CO, USA). The reaction mixture was composed of supercoiled pHOT1 DNA (250 ng), 10X TGS buffer (10 mM Tris-HCl pH 7.9, 1 mM EDTA), 5 units of Top1, a variable amount of compound to be tested, and a final volume adjusted to 20 µL with H2O. WN197 was tested at concentrations ranging from 0.2 to 2 µM. Camptothecin (10 µM) was used as a positive control (poison inhibitor of Top1 activity), etoposide (100 µM) as negative control (inhibitor of Top2 activity), and 1% DMSO alone as vehicle control. Relaxed pHOT1 DNA (100 ng) was used as migration control. The addition of proteinase K (50 µg/mL) for 15 min at 37°C allowed Top1 degradation to visualize the cleavage products (nicked DNA). Reaction products were separated by electrophoresis in a 1% agarose gel containing ethidium bromide (0.5 µg/mL) for 1 h at 100 V in TAE (Tris-Acetate-EDTA; pH 8.3) buffer.

Topoisomerase II Relaxation Assay Kit (Inspiralis, Inc., Norwich, UK) was used to measure topoisomerase II (Top2) activity. The reaction mixture was composed of supercoiled pBR322 DNA (1 µg), 10X assay buffer (50 mM Tris-HCl (pH 7.5), 125 mM NaCl, 10 mM MgCl2, 5 mM DTT, 100 µg/mL albumin), 30 mM ATP, 5 units of Top2α or Top2β, variable amount of compound to be tested, and a final volume adjusted with H2O to 30 µL. Etoposide (VP-16, 100 µM) was used as positive control, and camptothecin (10 µM) as negative control. The mixtures were incubated at 37 °C for 30 min and the reactions stopped by the addition of 5 µL 10% SDS. Reaction products were separated by electrophoresis in a 1% agarose gel for 1 h at 100 V in TAE buffer, and stained with ethidium bromide (0.5 µg/mL) for 15 min. After destaining in water, the DNA migratory profiles were visualized under UV light (ChemiDocTM XRS+, BioRad, Marnes-la-Coquette, France).



Melting Temperature Measurement

Melting temperatures were obtained as described (54, 55). 20 µM solutions of WN170 or WN197 were prepared in 1 mL of BPE buffer (2 mM NaH2PO4, 6 mM Na2PO4, 1 mM EDTA, pH 7.1) in the presence or not of 20 µM DNA from calf thymus (42% GC bp, Merck, Kenilworth, NJ, USA). Absorbances were measured at 260 nm (Uvikon 943 coupled to Neslab RTE111) every minute over the range of 20 to 100°C with an increment of 1°C per minute. All spectra were recorded from 230 to 500 nm. Tested compound results are referenced against the same DNA concentration in the same buffer. The Tm values were obtained from the first derived plots.



Ethidium Bromide Competition Test

Fluorescence titrations were determined as described (54, 55). Ethidium bromide/WN170 or WN197 molar ratio of 12.6/10 at concentrations ranging from 0.05 to 10 µM were used in a BPE buffer (pH 7.1). The excitation wavelength was set at 546 nm and the emission was monitored over the range of 560 to 700 nm (SPEX Fluorolog). IC50 values for ethidium bromide (EB) displacement were calculated using a fitting function incorporated into GraphPad Prism 6.0 software. The apparent binding constants were calculated using the equation Kapp = (1.26 (Kapp(EB)/IC50) with Kapp(EB) =107 M−1 and IC50 in μM.



Flow Cytometry

7.5.105 cells plated for 24 h were treated with 0.5 µM WN197 or WN170, 20 µM of cisplatin (S phase arrest control), 83 nM of nocodazole (M phase arrest control), or 0.1% DMSO (solvent control). For the dose titration experiments, cells were treated for 24 h with increasing concentrations of WN197. For kinetic experiments, cells were treated with 0.5 µM of WN197 or WN170 from 4 to 48 h. Cells were detached using trypsin (Biowest, Nuaillé, France), centrifuged at 1,000 G for 10 min, resuspended in PBS, and fixed with 70% ethanol at -20°C for 24 h, before they were centrifugated (1,000 G, 10 min), resuspended in PBS, and treated for 15 min at room temperature with RNase (200 µg/mL, Sigma). Finally, incubation with propidium iodide (10 µL/mL, Molecular Probes, by Thermo Fisher Scientific Biosciences GMBH, Villebon-sur-Yvette, France) at 4°C for 30 min was performed before flow cytometry (BD FACSCalibur, Becton Dickinson, Le Pont-de-Claix, France) analysis. For each sample, 10,000 events (without cell doublets and cellular debris) were considered. The cell cycle repartition was analyzed with Graphpad Prism V6.0 software. Statistical significances (mean ± SD) were determined by two-way ANOVA followed by Dunnett’s multiple comparison test (****p<0,0001).



Immunoprecipitation

Cell lysates were obtained as described in the Western blot section. Samples were pre-cleared with protein A sepharose (20 μL of 50% beads/200 μL of cell lysate, Sigma-Aldrich, Saint-Quentin-Fallavier, France) for 1 h at 4°C under gentle rocking. After brief centrifugation, supernatants were incubated with antibodies against 14.3.3 (Santa Cruz Biotechnology, Santa Cruz, CA, USA, 1/200), Cdc25C (Thermo Fisher Scientific Biosciences GMBH, Villebon-sur-Yvette, France, 1/200) or mTOR (CST, 1/200) at 4°C for 1 h under rotation and followed by incubation with protein A sepharose (20 μL of 50% bead slurry, Sigma-Aldrich, Saint-Quentin-Fallavier, France) for 1 h at 4°C under rotation. Samples were rinsed 3 times with RIPA buffer. Pellets were collected by brief centrifugation, resuspended in 2X Laemmli buffer, and heated at 100°C for 10 min before SDS-PAGE and Western blots were performed.




Results


Organocopper Synthesis

The synthesis of WN197 is described in Figure 1. Indenoisoquinoline WN170 was first obtained in a four-step reaction. Condensation of the benzo[d]indeno[1,2-b]pyran-5,11-dione with a primary aminoalcohol was followed by tosylation of the alcohol function. The substitution of the tosyl group by the protected ethylenediamine and the consecutive deprotection of the Boc group led to WN170 in 68% global yield. Complex WN197 was then synthesized by reacting methanolic solutions of indenoisoquinoline derivative WN170 and CuCl2. After purification, WN197 was obtained in 70% yield.




Figure 1 | WN197 synthesis.





WN197 Displays a Cytotoxic Activity on Three Adenocarcinoma Cell Lines at Low Doses

Cells viability was assayed on the triple-negative breast cancer cells (MDA-MB-231), the cervix cancer cells (HeLa), and the colorectal cancer cells (HT-29) (Table 1). IC50 obtained are respectively 0.144 µM, 0.22 µM, and 0.358 µM for WN197 below the cisplatin IC50 values ranging from 10 to 40 µM. The copper-free indenoisoquinoline ligand, WN170, affected cell viability at higher doses (0.875 µM for MDA-MB-231, 0.630 µM for HeLa, and 0.479 µM for HT-29 cells), showing that the presence of the copper metal significantly enhances the anticancer effect of the indenoisoquinoline core for MDA-MB-231 and HeLa cell lines. A significantly higher IC50 (1.080 µM) is obtained on MCF-10A compared to the adenocarcinoma cell lines (Table 2).


Table 1 | Half maximal inhibitory concentrations (IC50 in μM) for cell survival.




Table 2 | Half maximal inhibitory concentrations (IC50 in μM) for cell survival of MCF-10A.





WN197 Induces DNA Damage

To determine whether WN197 affects DNA integrity, detection of γH2AX DNA break marker was performed by immunofluorescence. γH2AX foci were visualized in the nucleus at 0.5 µM of WN197, a concentration close to the IC50 determined previously, in MDA-MB-231, HeLa, and HT-29. After 24 h of treatment, the average number of γH2AX foci per cell were respectively 99, 98, and 70 for MDA-MB-231, HeLa, and HT-29 cells (Figure 2A). The number of γH2AX foci was close to the result obtained for the Top2 inhibitor, doxorubicin, (average of 95 foci per cell), and higher than the number of γH2AX foci triggered by an alkylating agent, cisplatin (average of 55 foci per cell). WN197 induced more DNA damage than the indenoisoquinoline WN170 (average of 23 foci per cell). Controls with DMSO solvent showed a low number of foci (average of 9 foci per cell for the 3 adenocarcinomas) compared to treated conditions (Figure 2B).




Figure 2 | The copper complex WN197 induced DNA damage in cancer cells. MDA-MB-231, HeLa and HT-29 cells were treated with DMSO (0.5%, solvent control), doxorubicin (5 µM, Top2 inhibitor inducing DNA breaks), cisplatin (20 µM, alkylating agent inducing DNA breaks), WN170 (0.5 µM, indenoisoquinoline without metal) or WN197 (0.5 µM). (A) Immunofluorescence of the DNA breaks marker γH2AX was visualized as green foci in nuclei stained with DAPI (blue) on a Leica fluorescent microscope 24 h after treatments. Images were representative of three independent experiments. Scale bar: 20 µm (B) Quantification of γH2AX foci number per cells. (C) Western blot analysis of γH2AX 24 h after treatments. β-actin was used as a loading control and relative γH2AX level was quantified by densitometry using Image J (Fiji Software, v1.52i). (D) Quantification of γH2AX foci number per cells 30 min after treatments, based on immunofluorescence experiments. In B and D, data were expressed as the mean ± SD for 30 nuclei of three independent experiments. Statistical analyses were based on a two-way ANOVA followed by a Dunnett’s test (*p<0.05, **p<0,01, ***p<0,005 and ****p<0,001).



These results were further confirmed by Western blot analysis (Figure 2C). Untreated cells showed a low γH2AX signal while a strong signal was observed after doxorubicin, cisplatin, and WN197 treatments. As observed by immunofluorescence, the γH2AX signal is weaker in the WN170 condition compared to the WN197 condition, indicating that the WN197 compound induces more DNA damage than WN170 at the same concentration (0.5 µM).

Foci were detected as soon as 30 min after treatment (Figure 2D). The number of γH2AX foci was close to the result obtained at 24 h with an average of foci per cell of 84, and 87 for MDA-MB-231, HeLa, and lower to 13 for HT-29 cells after WN197 treatment.



WN197 Is a Concentration-Dependent Topoisomerase Inhibitor

To determine whether the Cu(II)-complex WN197 is a topoisomerase inhibitor, in vitro human topoisomerase activity tests were realized. The topoisomerase I (Top1) test relies on the ability of Top1 to relax supercoiled DNA, and the absence of relaxed DNA implies inhibition of Top1 activity. In the presence of Top1, supercoiled DNA showed a relaxed profile (Figure 3A). Camptothecin, a well-known Top1 inhibitor, disturbed DNA relaxation in the reaction, and part of the DNA remained supercoiled. Increasing doses of WN197 from 0.2 to 2 µM showed a decrease quantity of relaxed DNA, indicating disruption of Top1 activity. The solvent control, DMSO, and VP-16 (etoposide, a Top2 inhibitor) displayed no effect on Top1-induced DNA relaxation showing no inhibitory effect on Top1 activity.




Figure 3 | WN197 inhibited human topoisomerase activity in a dose-dependent manner. (A) Top1 activity was determined by in vitro assays after addition of either DMSO (5%, solvent control, lane 4), WN197 at different concentrations (0.2, 0.5, 1 and 2 µM, lanes 5-8), etoposide (VP-16, 50 µM; Top2 poison, lane 9) the negative control of Top1 activity inhibition, or camptothecin (CPT, 10 µM; Top1 poison, lane 10) the positive control of Top1 activity inhibition. Relaxed DNA (RDNA, lane 1) or supercoiled DNA (SCDNA, lane 2) were used as migration controls. SCDNA was used in all other reactions in presence of Top1. The Top1 activity control allowing the relaxation of SCDNA is in lane 3. The addition of proteinase K allowed detection of nicked DNA (NDNA), a witness of the single-strand broken DNA stabilization by a topoisomerase poison. (B) Top2α activity inhibition assay. Migration control of supercoiled DNA (SCDNA) was performed in lane 1. Top2α was present in all other reactions. The Top2α activity control for the relaxation of SCDNA is in lane 2, the first band corresponds to the transitional open circular DNA (OCDNA) and topoisomers correspond to the relaxed DNA. DMSO (5%, solvent control) in lane 3, WN197 (concentrations of 0.2, 0.5, 1 and 2 µM) in lanes 4-7, etoposide (VP-16, 50 µM; Top2 poison) in lane 8, and camptothecin (CPT, 10 µM; Top1 poison) in lane 9. (C) Top2β activity inhibition assay. Migration control of SCDNA was performed in lane 1. Top2β was present in all other reactions. The Top2β activity control for the relaxation of SCDNA is in lane 2, DMSO (5%, solvent control) in lane 3, WN197 (concentrations of 0.2, 0.5, 1 and 2 µM) in lanes 4-7, etoposide (VP-16, 50 µM; Top2 poison) in lane 8, and camptothecin (CPT, 10 µM; Top1 poison) in lane 9. In (A–C) after topoisomerase reactions, DNA was run in a 1% agarose gel, stained with ethidium bromide (0.5 µg/mL), and visualized under UV light.



Top1 inhibitors can act either as catalytic inhibitors by DNA intercalation at the Top1 fixation site or as poisons, forming a ternary complex (DNA + Top1 + compound) (24, 25), preventing DNA religation and inducing accumulation of nicked DNA. The addition of proteinase K to the Top1-DNA relaxation test allows the release of nicked DNA that can be resolved and detected on agarose gel. The short half-life of the nicked DNA is stabilized and detectable after addition of a Top1 poison, camptothecin (Figure 3A). Nicked DNA was also observed in presence of 0.2 µM of WN197, indicating a Top1 poison activity (Figure 3A). At higher concentrations (0.5 µM, 1 µM, 2 µM), the inhibition of Top1 activity without nicked DNA accumulation indicates that WN197 does not act as a Top1 poison.

The effect of WN197 on Top2α and Top2β activities were also assayed. The same principle based on the inhibition of topoisomerase-induced DNA relaxation was used (Figure 3B). In the presence of Top2α or Top2β, the supercoiled DNA is relaxed (topoisomers). VP-16 (etoposide, Top2 inhibitor) disturbed DNA relaxation in the reaction, as seen by the presence of supercoiled DNA in the gel, while camptothecin had no inhibitory effect, as expected. WN197 disrupted the Top2α-induced DNA relaxation only at 2 µM, and the Top2β at 1 and 2 µM, higher doses than the concentration necessary to inhibit Top1 activity, indicating a concentration-dependent mechanism of action.



WN197 Intercalates in DNA

Melting curves and fluorescence measurements were performed to comfort results obtained in Figure 3, and ascertain WN197 intercalation in DNA.

Drugs ability to protect calf thymus DNA (CT DNA, 42% GC bp) against thermal denaturation was used as an indicator of the capacity of indenoisoquinoline derivatives to bind and stabilize the DNA double helix. The Cu(II) indenoisoquinoline complex WN197 displayed a slightly higher ΔTm value compared to the metal-free indenoisoquinoline WN170 (respectively 16.6°C and 16.1°C, drug/DNA ratio 0.5), showing a better binding affinity with DNA (Table 3).


Table 3 | Melting curves and fluorescence measurements were determined for WN197 and WN170.



The binding affinities, determined using a fluorescence quenching assay based on DNA binding competition between the intercalating drug ethidium bromide and the tested molecules, were used to gain insight into the DNA binding affinity. The apparent DNA binding constant Kapp value of the Cu(II) complex (15.005 ± 0.290 107 M−1) is higher compared to the original ligand value (2.436 ± 0.883 107 M−1). These results are in agreement with the ΔTm values showing that the complexation of indenoisoquinoline ligand by copper allows a stronger interaction with DNA (Table 3).



WN197 Activates the DNA Damage Response Pathway

The activation of molecular effectors of the DDR pathways involved in SSB and DSB was analysed by Western blot (Figure 4). Activating phosphorylation of ATR (S428) and ATM (S1981) occurred in the three cell lines MDA-MB-231, HeLa, and HT-29 treated with WN197 compared to the untreated cells. The subsequent activating phosphorylation of Chk1 (S317) and Chk2 (T68) were observed, confirming the DDR pathway activation. In the doxorubicin, cisplatin, and WN170 these phosphorylations also occurred while in untreated controls they were always lower or absent.




Figure 4 | Activation of the DNA Damage Response (DDR) pathway. Cells were treated for 24 h with doxorubicin (5 µM), cisplatin (20 µM), WN170 (0.5 µM), or WN197 (0.5 µM). Western blots were performed to detect ATM, ATR, Chk1, Chk2, p53 and their phosphorylated forms, and p21. β-actin was used as a loading control and relative protein levels were quantified by densitometry using Image J software (Fiji Software, v1.52i). Results were representative of three independent experiments.



p53 facilitates cell cycle arrest by targeting p21WAF1/CIP1. After WN197 treatment, p53 and phosphorylated p53 were increased in MDA-MB-231, HeLa and HT-29 cells (respectively by factors 34.8, 3.2, and 1.6 for p53 and by 58.3, 1.6 and 5.5 for phosphorylated p53), while p21 was highly increased in HT-29 cells (by a factor 8.3) compared to MDA-MB-231 and HeLa (respectively 1.3 and 2.2). The WN170 values are slightly identical except for p53 and p21 in MDA-MB-231 (respectively factors 0.4 and 1.0). In doxorubicin and cisplatin treated cell lines, p53 and p21 were not increased except for p53 in MDA-MB-231 and p21 in HT-29 cells.



WN197 Induces a Cell Cycle Arrest in G2 Phase

The cell cycle repartition following the DDR pathway activation was monitored by flow cytometry in cells exposed for 24 h to different treatments (Figures 5A, B). Untreated cells showed a classical cell cycle repartition in the 3 cell lines with averages of 50.52% cells in G0/G1 phases, 29.80% in the S phase and 19.68% in the G2/M phases. Cisplatin, known to promote the accumulation of cells in the S phase (57, 58), induced 79.79%, 59.61%, and 85.53% cells in S phase for MDA-MB-231, HeLa, and HT-29 cells, respectively. The mitotic spindle poison, nocodazole, led to an arrest in mitosis with 70.17%, 88.61%, and 39.68% cells in G2/M phase for MDA-MB-231, HeLa, and HT-29, respectively. WN170 did not modified the cell cycle repartition of MDA-MB-231 cells and induced a G2/M accumulation of HeLa and HT-29 cell lines. Treatments with WN197 triggered a G2/M phase accumulation. WN197 had the capacity to induce a higher percentage of cells accumulation in the G2/M phase compared to WN170 respectively with 51.29% and 21.08% for MDA-MB-231 cells, 70.51% and 54.19% for HeLa cells, and 74.4% and 48.06% for HT-29 cells. Sub-G1 peaks were not observed in WN197 treated cells, while they were present after doxorubicin treatment (positive apoptotic control) in Supplementary Figure S1.




Figure 5 | WN197 induced cell cycle accumulation in the G2/M phase. (A) Cytograms (G0/G1 and G2/M first and second peaks respectively), and (B) flow cytometry analysis of MDA-MB-231, HeLa, and HT-29 cells repartition in the cell cycle 24 h after treatments with cisplatin (20 µM, S phase arrest control), nocodazole (84 nM, M phase arrest control), WN170 or WN197 (0.5 µM). (C) Dose-response analysis by flow cytometry of G2/M phase accumulation 24 h after treatments with WN197. (D) Time course analysis by flow cytometry of the cell cycle repartition in cell lines untreated (control) or treated with WN197 (0.5 µM). Statistic were based on two-way ANOVA followed by Dunnett’s test (*p<0,05, **p<0,01, ***p<0,005 and ****p<0,001) on three independent experiments.



To determine the lower dose necessary to induce a G2/M phase accumulation, flow cytometry experiments were performed with increasing concentrations of WN197 and results are shown in Figure 5C. A G2/M phase accumulation was significantly induced by WN197 from 0.5 to 1 µM for MDA-MB-231, 0.25 to 0.5 µM for HeLa and 0.25 to 1 µM for HT-29.

A kinetic of treatment with WN197 (0.5 µM) was realized on the three adenocarcinoma cell lines by flow cytometry to determine the earliest-induced G2/M accumulation (Figure 5D). After 8 h of treatments, the cell cycle was modified for MDA-MB-231 with a significant accumulation in G2/M. A later effect after 12 h and 16 h of treatment was observed respectively for HT-29 and HeLa.

Cell cycle arrest phase was further determined by Western blot analysis of major cell cycle regulators: Cdk1, cyclin B, Cdc25C phosphatase, and histone H3 (Figure 6A). The Cdk1/cyclin B complex that forms the also called MPF (M-phase Promoting Factor) is required for the transition from G2 to M phase of the cell cycle. During the G2/M transition, Cdk1 is activated by dephosphorylation of its threonine 14 and tyrosine 15 residues (inhibitory phosphorylations) by the active Cdc25C phosphatase that requires prerequisite dephosphorylation on threonine 161 (59, 60). In comparison to the untreated control, the phosphorylation of Cdk1 on tyrosine 15 was increased after cisplatin, WN170 or WN197 treatments in the three adenocarcinoma cell lines, while it decreased after treatments with doxorubicin or nocodazole in HeLa and HT-29 and was slightly identical in MDA-MB-231 treated with doxorubicin. The cyclin B amount was increased after WN197 treatment in the three cell lines. Cdc25C was decreased in MDA-MB-231 and HT-29, and increased in HeLa after treatments with WN197 compared to untreated conditions. The inhibitory phosphorylation of Cdc25C on serine 216 was enhanced by WN197 treatments compared to untreated conditions in the three cell lines. On the contrary, a decrease of this phosphorylation was obtained after nocodazole treatments, consistent with the former detection of an activated form of MPF except for HT-29. Finally, histone H3 phosphorylation on serine 10 is involved in mitotic chromatin condensation and is a marker for entry in the M phase after activation of the Cdk1/Cyclin B complex (61). In WN197 treated cells, histone H3 was not phosphorylated on serine 10, showing that cancer cells were stopped in the G2 phase before they could reach the M phase. On the contrary in nocodazole treated adenocarcinoma lines in which an arrest in the M phase occurs, histone H3 was phosphorylated on serine 10.




Figure 6 | WN197 arrested the cell cycle in G2. (A) Western Blot analysis of cells treated for 24 h with doxorubicin (5 µM), cisplatin (20 µM), WN170, WN197 (0.5 µM), or nocodazole (84 nM). β-actin was used as a loading control. For H3 phosphorylation, respective H3 total levels were used as loading controls. (B) 14-3-3 and Cdc25C immunoprecipitations were realized in cell lines treated for 24 h with cisplatin (20 µM) or WN197 (0.5 µM). Relative protein levels were expressed by densitometry using Image J software (Fiji Software, v1.52i). Results were representative of three independent experiments.



Furthermore, as seen in Figure 6B, Cdc25C phosphorylated on serine 216 was trapped by 14-3-3 as shown by Cdc25C or 14-3-3 immunoprecipitations realized in HeLa, and Cdc25C immunoprecipitations in MDA-MB-231 and HT-29 cells after 24 h of treatment with 0.5 µM of WN197. The binding was observed after cisplatin treatment but not in untreated controls.



WN197 Induces Autophagy

Apoptosis is often activated after DNA damage (25, 62). However, the early apoptosis marker cleaved caspase 3 and the late apoptosis marker cleaved PARP were not detected after treatments with WN197 and WN170 in contrast to doxorubicin and cisplatin treatments (Figure 7A). A time-course detection of cleaved PARP and cytochrome C release in the cytoplasm at 3, 16, 24, 48, and 72 h compared to doxorubicin apoptosis positive control at 24 and 48 h (Figures 7B, C) and annexin V tests (Figure S2) confirm apoptosis is not triggered by WN197. These data indicate that apoptosis is not the programmed cell death activated.




Figure 7 | WN197-induced autophagy. Cells were treated for 24 h with doxorubicin (5 µM), cisplatin (20 µM), WN170, WN197 (0.5 µM), nocodazole (84 nM) or rapamycin (0.5 µM). (A) Cleaved caspase 3 and PARP analysis by Western blots. Western blot analysis, after 3, 16, (24 or not), 48 and 72 h of treatment with WN197 or doxorubicin for 24 and 48 h, of (B) cleaved PARP or (C) cytosolic cytochrome (C, D) p62, Beclin-1, and LC3 markers analysis by Western blot. LC3 levels were expressed upon the LC3-II/LC3-I ratio. β-actin levels were used as a loading control. Relative protein levels were expressed by densitometry using Image J software (Fiji Software, v1.52i). (E) mTOR immunoprecipitations were realized in cell lines untreated or treated with doxorubicin (5 µM), rapamycin (0.5 µM) or WN197 (0.5 µM) for 24 h and followed by Western blots.



We then determined whether WN197 and WN170 could induce autophagy. In the three adenocarcinoma cell lines, several autophagy markers (63) were detected. p62/sequestosome-1 was degraded, Beclin-1 was synthesized and LC3-I association with phosphatidyl-ethanolamine that forms LC3-II was increased as shown by accumulation of LC3-II after 24h of treatment with 0.5 µM of WN197 and WN170 (Figure 7D). The same changes were observed with the inhibitor of mTOR pathway, rapamycin which is known to activate the autophagy process. Moreover, immunoprecipitation carried on the mTOR complex showed that the RAPTOR component was phosphorylated on serine 792 after treatment with 0.5 µM of WN197, as seen in positive controls treated with 500 nM of rapamycin, and compared to negative controls treated with doxorubicin (Figure 7E).




Discussion

This study aims to develop and understand the molecular properties of a new organometallic compound WN197, derived from the topoisomerase 1 inhibitor indenoisoquinoline. Previous studies highlighted action specifically correlated to the presence of a metallic atom like copper (53), iron [e.g. ferrocen/ferroquine (43, 64)], ruthenium [e.g. indenoisoquinoline (55) and various complexes (65, 66)], or platin [e.g. cisplatin (67)], and demonstrate the interest of these organometallic compounds in cancerology. More recently, a class of topoisomerase inhibitor, the indenoisoquinoline derivatives, were developed and selected for their high stability and non-drug substrate for efflux transporters involved in cell resistance (35, 68). These promising compounds are in phase I/II clinical trials (36, 68). However, constant efforts are made to increase their efficiency. The addition of a carbohydrate moiety to indenoisoquinoline derivatives significantly improves the binding affinity to DNA due to a stronger interaction through hydrogen bonds (69). Hereby, we synthesised a new copper indenoisoquinoline derivative. The copper(II) addition to the indenoisoquinoline backbone significantly enhance the toxicity on triple-negative breast MDA-MB-231 and cervix HeLa cancer cell lines. Those two cell lines are related to breast and cervix cancers with high mortality rates in women. In addition, the toxicity is obtained at lower doses compared to human non-tumorigenic epithelial cell line MCF-10A. The use of low doses in chemotherapy could be of particular interest and represent an advantage with less risk of adverse side effects. Further experiments will help to determine if WN197 has specificity at the cellular level.

The viability assays showed that low doses are necessary to induce cell death in breast, cervix, and colon cancer cell lines, from three of the most prevalent adenocarcinomas. The IC50 are under the values obtained for most other Top1 inhibitors that usually range from concentration of 1 to 10 μM except for thiosemicarbazone or pyrimidine-derived compounds (53). The medium value of 0.5 μM, close to the IC50 for the three adenocarcinoma cell lines, was further chosen to decipher the molecular pathways involved in the anti-proliferative effect of WN197. Topoisomerases are overexpressed in M phase in cancer cells and generate a high number of DNA breaks under the action of Top inhibitors (12, 14, 15). Cells overexpressing topoisomerases have shown better responses to Top inhibitors (70, 71). Using low doses of the compound could be useful to avoid unwanted normal cell death. Such strategies of low minimal but necessary anti-tumorigenic doses are often employed for anthracycline to limit cardiotoxicity (72, 73).

We determined the extent of DNA damage induced by the new compound, with immunofluorescence and Western blot analysis of a front-line activated marker of DNA breaks, the γH2AX histone. The recruitment of γH2AX normally occurs at the site of DNA breaks after exposition to Top1 or Top2 poisons (74, 75). Higher level of DNA breaks is observed with WN197 compared to the control copper-free compound WN170, proving that the presence of a metal atom increases the efficiency to induce DNA damage. DNA breaks appear early around 30 min after addition of the product. In parallel, in vitro tests reveal that WN197 inhibits Top1 at low doses, corresponding to the IC50, and Top2 at higher doses up to 1 μM showing a dose-dependent action. The copper complex WN197 is a Top1 poison that forms a ternary complex with the DNA (interfacial inhibition) as indenoisoquinoline derivatives (24).

After DNA damage is induced, DDR effectors are activated, as shown in Western blot experiments. The upstream kinases ATM, ATR, Chk1, and Chk2 are phosphorylated after 24 h of treatment with 0.5 µM of WN197, a prerequisite for their activation (76, 77). Both SSB (ATR, Chk1) and DSB (ATM, Chk2) markers are detected at a concentration capable to inhibit Top1. Top1 are known to generate SSB and Top2 DSB. However, Top1 poisons produce SSB that can be converted into DSB, the most dangerous type of DNA break, at the replication fork stalling (78, 79) explaining the activation of both SSB and DSB markers in our experiments. The cell cycle arrest induced by 0.5 µM of WN197 occurs in the G2/M phase for all cancer cell lines analysed, as early as 8 h or 16 h with a maximal number of arrested cells after 24 h of treatment and is maintained at 48 h. Concentration values ranging from 0.25 µM to 1 µM of WN197 are necessary to trigger the G2/M arrest. This result is consistent with the dose-dependent inhibitory effect obtained in the in vitro topoisomerase inhibition tests where Top1 inhibition is obtained with values between 0.2 µM and 0.5 µM. Above 1 µM a different DNA migration profile is detected showing WN197 poison activity is lost for a different type of inhibition. A catalytic mode of inhibition could occur through intercalation of WN197 into DNA. At doses above 1 µM, the compound exerts a dual Top1/Top2 inhibitory activity and intercalation properties as demonstrated by the melting curves and the fluorescence measurements. The planar indenoisoquinoline skeleton of WN197 displays an increased intercalation into DNA compared to WN170. The high affinity of the Cu(II) complex with DNA can be attributed to the π-cation interaction between the base pairs and the atom of Cu(II) coordinated with ligands, but also to the capability to increase the π-π interaction between the base pairs of DNA and a second ligand molecule (80, 81). At high doses, DNA intercalation could avoid topoisomerase access to its fixation site similarly to a catalytic inhibitor. Such mechanism is found with anthracyclines such as doxorubicin whose poison activity at low doses is lost for an intercalating catalytic inhibitory activity at high doses. Due to a strong affinity for DNA duplexes, those anthracycline compounds prevent Top2 binding to DNA (75, 82).

To determine the exact arrest phase in the cell cycle, analyses were further conducted. To allow the G2 to M phase transition, Cdc25C dephosphorylates on residues tyrosine 15 and threonine 14, leading to its activation (83, 84). Cdk1 activation in the MPF complex phosphorylates histone H3 on serine 10 to allow DNA condensation during mitosis (61). After 24 h of treatments, an increase in the inhibitory serine 216 phosphorylation of Cdc25C is detected. This phosphorylation is recognized by 14-3-3 (85) to form a complex with Cdc25C, as shown in the three adenocarcinomas, by immunoprecipitation. Sequestration of Cdc25C by 14.3.3 impedes Cdk1 dephosphorylation on tyrosine 15 and histone H3 phosphorylation does not occur on serine 10 in the three cell lines after treatment with WN197 for 24 h. The cancer cell lines lack the required MPF activation and H3 phosphorylation to allow an M phase entry and remain arrested in G2. In addition, cyclin B accumulates in our experiments concomitantly and is not destroyed by the proteasome as expected at the end of the M phase (86, 87). p53 and its target the cell cycle inhibitor p21 are increased after WN197 treatments. p53 is involved in cell-cycle arrest by a transcriptional activation of p21 capable to inhibit Cdk1/cyclin B and cell-cycle progression through mitosis (88–90). p53 also targets 14-3-3 and blocks G2/M transition (91). Altogether, the results demonstrate that WN197 at low doses with a Top1 poison activity arrest adenocarcinoma cells in G2. After DNA damage have been induced, activation of the DDR pathways normally ensures repairs but when damage is too extended, cells undergo a programmed death (92, 93). While most of the actual topoisomerase inhibitors induce apoptosis (25, 62), WN197 triggers autophagy. Among topoisomerase I inhibitors, a camptothecin derivative irinotecan and an indenoisoquinoline compound NSC706744 were reported to activate autophagy with the absence of apoptosis (94, 95). After 24 h of treatment with low doses of WN197 (0.5 μM), autophagy markers are detected by Western blots: synthesis of Beclin-1 (96), increase in LC3-II/LC3-I ratio (97), and degradation of p62 (98). It was previously shown, after DNA damage, that the mTORC1 complex was inhibited by RAPTOR phosphorylation (on multiple sites including serine 792) in a negative feedback loop to induce autophagy (99, 100). We further show autophagy is triggered through the phosphorylation of RAPTOR in the mTOR complex. This mechanism of activation is similar to the mTORC1 inhibitor rapamycin (101). Our results show that under WN197 treatment from 3 to 72 h, cells die by a caspase-independent mechanism as classical markers annexin V staining, caspase 3 and PARP cleavage, cytoplasmic cytochrome C released were not detected. It also has to be noted, no sub-G1 cells were detected after WN197 treatment while they were after doxorubicin known to induce apoptosis. Previous data on breast cancer cells have showed autophagy could mask and delay apoptosis but was associated with an early release of cytochrome C from mitochondria which is not the case in our experiments (102). Cytochrome C is not released when autophagy is triggered and mitochondria degraded in autophagosomes (103). Several studies have described autophagy as dependent on wild-type p53 depletion or inhibition (104). WN197 action is associated with an increase in p53 and p53 phosphorylation. However, the induced-autophagy does not dependent on the cell lines p53 status. HeLa cells express wild-type p53 that end up as functionally null when targeted to degradation by E6 endogenous papillomavirus protein, while MDA-MB-231 and HT-29 display p53 mutations resulting in positive gain of function (105). Nevertheless, WN197 induced-autophagy is in agreement with an increase of p21 level and the G2 arrest detected our experiments in cancer cells. Several anti-apoptotic effects of p21 can explain the choice of an autophagic cell death instead of apoptosis. High levels of p21 are known to block Cdk1/cyclin B and to inhibit apoptosis through down-regulation of caspase-2 (106), stabilization of anti-apoptotic cellular inhibitor of apoptosis protein-1, c-IAP1 (107), and inhibition of procaspase 3 activity (108). Another additional mechanism through Beclin-1 could play an important role in apoptosis inhibition and autophagy. Beclin-1 protein expression was shown necessary to block the apoptotic cascade after induced-DNA damage (102, 109) and to activate autophagy under low doses of chemotherapeutics (rapamycin, tamoxifen) in breast and ovarian cancers (110, 111).



Conclusion

Copper(II) indenoisoquinoline complex WN197 displays an anti-cancerous activity at low doses inhibiting Top1. MDA-MB-231 (triple negative breast cancer cells), HeLa (cervix cancer cells), and HT-29 (colon cancer cells), cancer cells accumulate DNA breaks and arrest in the G2 phase of the cell cycle. This arrest is characterized by the inactivation of the Cdc25C phosphatase through phosphorylation on serine 216 and binding to 14.3.3 that consequently leaves in its inactive form the MPF (a phosphorylated form of Cdk1 associated to accumulated cyclin B). Autophagy is further processed by the RAPTOR effector phosphorylation in the mTOR complex, and associated to p21 overexpression. WN197 appears as a new efficient drug to counteract cancer cells when used at low doses. The action mechanism of the copper complex is summarized in Figure 8. Its use in chemotherapy could particularly benefit patients with cancer cells overexpressing topoisomerases or sensitize cancer cells to other DNA modifying agents including DNA adducts inducer, methylating agents, or PARP inhibitors (112, 113).




Figure 8 | Deciphering of the molecular mechanisms of the novel copper(II) indenoisoquinoline complex WN197. WN197 inhibits topoisomerases I at low doses in a poison mode and forms a ternary complex with the topoisomerase and DNA, leading to strand breaks accumulation. Phosphorylated H2AX (γH2AX) localizes at the sites of DNA damage. The DNA damage response pathway is activated: ATM and ATR kinases are phosphorylated, and subsequently activate Chk1 and Chk2, leading to Cdc25C phosphorylation on serine 216 (S216), and to its binding to 14-3-3. Consequently, Cdk1 remains phosphorylated on tyrosine 15 (Y15), impeding the activation of the MPF (Cdk1/Cyclin B) and the phosphorylation of H3 on serine 10 (S10). Cancer cells arrest in the G2 phase of the cell cycle. The DDR also leads to an increase in p53 and p21 followed by an autophagic cell death characterized by the phosphorylation of RAPTOR on serine 792 (S792) in the mTORC1 complex, the synthesis of Beclin-1, the formation of LC3-II (complex LC3-I/PE (phosphatidylethanolamine)), and the degradation of p62.
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Supplementary Figure 1 | Cytograms obtained after flow cytometry analysis of MDA-MB-231 cells 24 h after treatments or not with WN197 (0.5 µM) or apoptosis positive control doxorubicin (5 µM, showing sub-G1 accumulation).

Supplementary Figure 2 | Detection of apoptosis feature by annexin V-propidium iodide (PI). MDA-MB-231, HeLa, and HT-29 cells were cultivated to 80% of confluence, incubated or not for 24 h with WN170 (0.5 µM), WN197 (0.5 µM), camptothecin (20 µM; CPT) or doxorubicin (5 µM; Doxo), trypsinized, and washed in ice-cold PBS. Cell suspensions were treated with PI and annexin V-FITC reagent (Apoptosis Detection Kit, BD) using the manufacturer’s protocol before they were analysed by flow cytometry (CytoFLEX LX, Beckman Coulter) with Kaluza analysis software (v2.1.1). (A) Y-axis: number of PI-stained cells. X-axis: number of annexin V-FITC-stained cells. The lower left quadrant represents non-apoptotic cells (annexin V-FITC-negative and PI-negative cells; B–), the lower right quadrant represents early apoptotic cells (annexin V-FITC-positive and PI-negative cells; B+-), the upper right quadrant represents late apoptotic/necrotic cells (annexin V-FITC-positive and PI-positive cells; B++), and the upper left quadrant represents prenecrotic cells (annexin V-FITC-negative and PI-positive cells; B-+). (B) Representative histograms. Camptothecin and doxorubicin induced apoptosis in the three cancer cell lines, while WN170 and WN197 had no effect compared to the control.
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This study seeks to investigate the interaction profile of the L5 protein of oncolytic adenovirus with the overexpressed surface receptors of pancreatic cancer. This is an important area of research because pancreatic cancer is one of the most fatal malignancies with a very low patient survival rate. Multiple therapies to date to improve the survival rate are reported; however, they show a comparatively low success rate. Among them, oncolytic virus therapy is a type of immunotherapy that is currently under deliberation by researchers for multiple cancer types in various clinical trials. Talimogene laherparepvec (T-VEC) is the first oncolytic virus approved by the US Food and Drug Administration (FDA) for melanoma. The oncolytic virus not only kills cancer cells but also activates the anticancer immune response. Therefore, it is preferred over others to deal with aggressive pancreatic cancer. The efficacy of therapy primarily depends on how effectively the oncolytic virus enters and infects the cancer cell. Cell surface receptors and their interactions with virus coat proteins are a crucial step for oncolytic virus entry and a pivotal determinant. The L5 proteins of the virus coat are the first to interact with host cell surface receptors. Therefore, the objective of this study is to analyze the interaction profile of the L5 protein of oncolytic adenovirus with overexpressed surface receptors of pancreatic cancer. The L5 proteins of three adenovirus serotypes HAdV2, HAdV5, and HAdV3 were utilized in this study. Overexpressed pancreatic cancer receptors include SLC2A1, MET, IL1RAP, NPR3, GABRP, SLC6A6, and TMPRSS4. The protein structures of viral and cancer cell protein were docked using the High Ambiguity Driven protein–protein DOCKing (HADDOCK) server. The binding affinity and interaction profile of viral proteins against all the receptors were analyzed. Results suggest that the HAdV3 L5 protein shows better interaction as compared to HAdV2 and HAdV5 by elucidating high binding affinity with 4 receptors (NPR3, GABRP, SLC6A6, and TMPRSS4). The current study proposed that HAdV5 or HAdV2 virus pseudotyped with the L5 protein of HAdV3 can be able to effectively infect pancreatic cancer cells. Moreover, the current study surmises that the affinity maturation of HAdV3 L5 can enhance virus attachment with all the receptors of cancer cells.
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1 Introduction

Pancreatic cancer is the most fatal and extremely aggressive malignancy with a high recurrence and mortality rate (1). Chemotherapies and other targeted therapies show insignificant clinical outcomes with very little effect on the overall patient survival rate. Pancreatic cancer cells have been reported with significant drug resistance even against the Food and Drug Administration (FDA)-approved chemotherapies such as gemcitabine and FOLFIRINOX (2, 3). The 5-year survival rate of pancreatic cancer patients increases from 6% to 9% only, after extensive attempts from the year 2011 to 2020 for developing efficient therapy (4). Owing to the high tendency of developing resistance against chemotherapies, it has obtained noticeable attention to develop advanced therapies for pancreatic cancer (3). Patients usually develop adverse health conditions after chemotherapy like gastrointestinal (GI) toxicities, GI ulceration, and perforation (5). The aggressive and chemoresistant nature of pancreatic cancer encourages researchers to explore conventional therapies, targeted therapies, and immunotherapies. The targeted therapy involves the prediction of disease-related biomarkers and the development of therapy targeting the predicted biomarker (5). Various genes, e.g., BRCA1, BRCA2, PALB2, and CDKN2A, are tumor suppressor genes, but mutations in these genes escalate the risk of pancreatic cancer development (6). However, due to advancements in the management and treatment of cancer, the target therapies are under consideration for these mutated genes like NTRK gene fusions against BRCA mutations (7). Immunotherapies imply the inoculation of an immune component to the patient’s body for activation of the immune response against cancer. Some immunotherapies under consideration in multiple clinical trials include immunomodulators (i.e., immune checkpoint inhibitors, immune-stimulatory agonists, cytokines, and adjuvants), cancer vaccines, oncolytic virus therapy, and adoptive cell therapies (i.e., T-cell therapy and natural killer cells) (8).

Among a range of cancer therapies, oncolytic virus therapy is a novel targeted immunotherapy and has obtained noticeable attention. Viruses selectively exterminate cancer cells through lysis resulting in antitumor immune simulation. The specificity and effectiveness of oncolytic viruses make them an attractive therapeutic approach. However, success lies under the goal to modify (genetically engineer) viruses for enhanced tumor selectively and immune stimulation. Furthermore, the co-administration of oncolytic viruses with other therapeutic agents has also been found to be very effective (9). The very first oncolytic virus sanctioned by the FDA is talimogene laherparepvec (T-VEC), which is a genetically altered herpes simplex virus type 1 (HSV1) used to treat melanoma (10, 11). It is imperative to study the infection mechanism of viruses in cancer cells for enhancing the tumor selectivity of oncolytic viruses. The entrance of oncolytic viruses into the cancer cell is the first step of oncolytic virus therapy. It is completely dependent on the binding of oncolytic viruses with the surface exposed cellular receptors, resulting in the receptor’s mediated viral endocytosis and activation of pathways that mediate viral entry. Therefore, it is paramount to characterize the cancer cell receptor’s interaction dynamics with the virus receptor.

Human adenovirus is a commonly used oncolytic virus against various cancer types. Gendicine and Oncorine are the two adenoviruses that are currently approved for the treatment of cancer in China (3). ONXY-15 is the first oncolytic virus used in a clinical trial for pancreatic cancer (12). The mode of entry of adenovirus is based on first the interaction of viral coat proteins [fiber knob (L5) and penton (L2)] with human cell receptors, and then the endocytosis of viral particle occurs. First, the L5 protein interacts with human cell receptors, followed by penton protein binding with integrin subunits. The human adenovirus C serotype 2 (HAdV2) and C serotype 5 (HAdV5) are mostly used as oncolytic viruses. The L5 protein of both serotypes interacts with the CAR receptor for virus entry in the cell. A previous study determined that the HAdV3 fiber knob, which interacts with Desmoglein 2 (DSG2), can enhance the oncolytic properties of HAdV2 and HAdV5 (13, 14). The membrane cofactor protein CD46 is also reported as a receptor that interacts with the HAdV3 L5 protein. Some studies suggest that HAdV3 does not show a high binding affinity with CD46 (15). The complement receptor (CR1) and CAR expressed on the erythrocyte membrane interact with the HAdV5 L5 protein and hinder the adenovirus infection (16). In this study, the L5 proteins of 3 serotypes HAdV2, HAdV3, and HAdV5 are analyzed for their interaction pattern with pancreatic cancer receptors. The L5 protein of HAdV2, HAdV3, and HAdV5 are homo-trimeric proteins that consist of multiple regions with the length of 582, 319, and 581 amino acids, respectively. These regions for HAdV2 and HAdV3 include an amino-terminal penton base attachment domain of 44 amino acid length and a long thin central shaft region of 348 amino acids, and the knob domain of HAdV2 is 184 amino acids and 183 for HAdV5 (17). The HAdV3 has a small shaft region of 85 amino acids, and the knob domain is 191 amino acid large (18).

Adenovirus cell attachment is instigated by the interaction of the knob domain region of the fiber protein with the human cell receptors (19). The CAR and DSG2 are cell–cell adhesion molecules, which are underexpressed in multiple cancer types due to the disrupted Raf-MEK-ERK pathway. The Raf-MEK-ERK pathway is overexpressed in pancreatic cancer, suppressing the expression of CAR and DSG2 (20, 21). The proteome analysis of pancreatic cancer cell lines detected CD46, while no clear correlation was observed between the cell line mRNA data for CD46 with the mass spectrometry (MS) data or fluorescence-activated cell sorting (FACS) data. For CD46, no significant increase was observed at the mRNA level for all cell lines tested (22). Lee et al. (22) also tested CD46 overexpression in 10 pancreatic cancer tissue samples. Immunohistochemistry results for CD46 show that staining in 2 of 10 tissues was observed. This study aimed to investigate the interaction pattern of the L5 proteins with multiple pancreatic cancer cell receptors studied. The seven overexpressed genes in the pancreatic cancer cells, which were identified in one of our previous studies, are further analyzed in the prospect of oncolytic virotherapy. In that previous study, integrated transcriptomic analysis of 5 microarray and 2 RNA-seq pancreatic cancer datasets was performed. The datasets analyzed were comprised of pancreatic cancer patient tissue samples. In our previous study, we selected the genes that were highly overexpressed (log2FC > 1) in all the datasets and also identified in The Cancer Genome Atlas (TCGA) cohort. These genes include MET, NPR3, IL1RAP, SLC2A1, SLC6A6, GABRP, and TMPRSS4, which encode for cellular membrane receptors (23). The overexpression of these receptors in pancreatic cancer is also verified from the literature (24–27).

SLC2A1 gene encodes for glucose transporter type 1 (Glut1), which is a member of the GLUT protein family. It is responsible for glucose transport across the cell membrane. The structure of SLC2A1 comprises 12 transmembrane helices, with 6 extracellular and 7 cytoplasmic domains (28, 29). Carcinogenesis requires an excessive amount of energy, which is harnessed by increased glucose metabolism. The elevated level of Glut1 expression is reported in various cancer types such as pancreatic, breast, endometrial, ovarian, and cervical cancers (30). In pancreatic cancer, the upregulation of Glut1 induces tumor progression by accumulating glycogen and activating various neoplastic pathways in cells (24, 31). The findings from the recently published literature were explored to identify the interaction of Glut1 with any virus. The interaction of Glut1 with the envelope glycoproteins of the human T-cell leukemia virus (HTLV) facilitates the viral entry in the cell (32). Taking this evidence as a precursor (antecedent) for our study, we explored the interaction of adenovirus fiber knot protein with Glut1.

MET gene encodes for a c-Met receptor tyrosine kinase, a large protein with an approximate molecular weight of 190 kDa (33). MET gene decodes in a single chain of 1,390 amino acids and then transforms into 50-kDa extracellular α chain and transmembrane 140-kDa β chains (34). Met regulates multiple signaling pathways such as Ras, PI3K, JAK/STAT, actin deposition, and β -catenin (Wnt) pathways. These signaling pathways cause cell proliferation, evading apoptosis and leading to the development of angiogenesis and invasiveness (35, 36). Met receptor tyrosine kinase is the most attractive oncogenic therapeutic target for multiple malignancies (36). Met overexpression in pancreatic cancer is studied in various previous studies (26, 35), so this signifies its importance as a therapeutic target.

Atrial natriuretic peptide receptor 3 (NPR3) also known as NPR-C is a member of the glycosylated receptor family. This is present in the form of a dimer, and it is responsible for the regulation of natriuretic peptide (NP) hormones in the blood (37). Three NP hormones include atrial natriuretic peptide (ANP), B-type natriuretic peptide (BNP), and C-type natriuretic peptide (CNP). The ANP regulates blood pressure by managing the excretion of sodium and water (38). The NPR-C structure comprises the large extracellular domain (455 amino acids) attached with a helical transmembrane region of 23 amino acids (37). IL-1 receptor accessory protein (IL-1RAcP) is the co-receptor of type I IL-1 receptor (IL-1RI). IL-1R1 is a plasma membrane receptor, which initiates multiple signaling pathways by activating cytoplasmic kinases. IL-1RAcP is crucial for the binding of IL-1 with IL-1RI (39). The IL-1RAcP has a molecular mass of 66 kDa and consists of 570 residues with 347 residues of the long extracellular domain, 21 residues of transmembrane helices, and 182 residues of the long cytoplasmic domain (40).

SLC6A6 encodes for multipass membrane transport protein. It is a member of the solute carrier 6 (SLC6) family of sodium and chloride ion-dependent transporter proteins (41, 42). These proteins are involved in neurotransmission, amino acids, monoamines, osmolytes, GABA, and energy metabolite transport. SLC6A6, also known as TauT, is categorized as GABA transporter and transport taurine (41). Taurine is an essential amino acid and helps in the normal structure development of cells by inducing an anti-apoptotic response. The absence of this amino acid in the cell leads to anatomical structure deformation, while abundance leads to persistent activation of anti-apoptotic pathways. The elevated level of SLC6A6 is reported in multiple malignancies like colorectal, cervical, and gastric cancers (42). The overexpression of SLC6A6 in pancreatic cancer is determined in multiple gene expression-based studies (25, 27, 43). Transmembrane protease serine 4 (TMPRSS4) is a member of the transmembrane serine protease family. TMPRSS4 protein comprises 437 amino acids with a large extracellular proteolytic domain and 48-kDa molecular weight (44). The main function of this protein includes embryo development and cancer progression. In addition, it is responsible for inducing cell invasion, cell proliferation, motility, and cell-matrix adhesion (44, 45). TMPRSS4 shows high clinical potential in various malignancies including pancreatic cancer and is under consideration as a novel oncogenic therapeutic target (44–46).

All the above-enlisted receptors have a direct or indirect link with the progression of pancreatic cancer. In this study first, the structures of all receptors are retrieved. For SLC2A1, MET, IL1RAP, and NPR3 receptors, Protein Data Bank (PDB) structures are available, while for other receptors, machine learning-based structure prediction is utilized to generate the protein structure. The structures of the L5 proteins for all three serotypes are downloaded from PDB. All the receptors are docked with the HAdV2, HAdV3, and HAdV5 L5 proteins. The binding affinity and interaction pattern of each complex are analyzed to identify which target receptor effectively binds with the L5 proteins. For the positive control, the interaction pattern of CAR and DSG2 with the HAdV2, HAdV3, and HAdV5 L5 proteins is analyzed and compared with pancreatic cancer receptors. The interaction analysis of CR1 with the HAdV5 L5 protein and CD46 with the HAdV3 L5 protein is also performed to compare the binding affinity of these receptors with pancreatic cancer receptors. NPR3, GABRP, SLC6A6, and TMPRSS4 showed the highest binding affinity with the HAdV3 L5 protein, while SLC2A1 and IL1RAP show better interaction with HAdV2.



2 Materials and Methods

The overall workflow of this study includes structure retrieval and preparation of human receptors and virus L5 protein. Then the docking of receptors with L5 and interaction analysis of both molecules was performed. The overall workflow of the study is given in Figure 1.




Figure 1 | Methodology workflow: the sequence and structure information of 7 pancreatic cancer receptors (Table 1) and L5 proteins of HAdV2, HAdV3, and HAdV5 (Table 2) were retrieved from UniProt. Then PSI-Blast was performed. Protein Data Bank (PDB) structures of proteins with available structures were downloaded from the PDB database. Machine learning-based structure prediction was performed for proteins with a sequence identity of less than 60%. The 50-ns molecular dynamic (MD) simulation was performed to refine the predicted models. Then pancreatic cancer receptors and HAdV L5 proteins were docked and refined. Then interaction analysis of both interacting molecules was performed.




2.1 Structure Modeling of Human Receptors

The sequences of receptors were retrieved from UniProt (https://www.uniprot.org/) against each UniProt ID provided in Table 1. The PSI-Blast (https://blast.ncbi.nlm.nih.gov/Blast.cgi) was performed to determine percentage sequence identity based on which structural homologs were identified. The MET, SLC2Al, NPR3, IL1RAP, CAR, DSG2, CD46, and CR1% identity was greater than 97%, which means that the protein structure for these receptors was already available. For the SLC2A1 receptor, multiple PDB structures with a similarity >99% were identified with a sequence length of 492 amino acids. Out of all hits, a structure with high resolution (2.4 Å) with PDB ID 6THA was selected and downloaded from PDB (https://www.rcsb.org/). The PDB ID 1KY0 was selected for the NPR3 receptor based on the PSI-Blast result. The 1KY0 structure of the NPR3 extracellular domain is present with 88% sequence coverage and a high-resolution (2.40 Å) X-ray diffraction structure. The MET receptor comprises a large extracellular domain, a transmembrane region, and an intracellular domain with a sequence length of 1,390 amino acids. The extracellular domain comprises 25 to 932 amino acid residues. Two PDB structures with similarity >99% and 57% sequence coverage were identified through PSI-Blast. The PDB structures 2UZX (2.80 Å) and 6GCU (6.00 Å) are further analyzed. Both cover the extracellular domain region but have a missing loop region. To model the missing loop regions for MET, a homology protein model was generated using Swiss-Model (https://swissmodel.expasy.org/), using 2UZX as the PDB template.


Table 1 | Pancreatic cancer receptors.



For CAR PDB structure, 1EAJ (1.35 Å) was selected, with 100% percentage identity and 34% sequence coverage identified through PSI-Blast. The selected PDB structure comprises amino-terminal immunoglobulin domain (D1). This D1 domain is necessary and sufficient for HAdV binding with CAR (47). For the DSG2 PDB structure, 5ERD (2.90 Å) was selected. The structure comprises the extracellular domain of DSG2, with sequence coverage of 49% and 99.82% percentage identity. For the CD46 PDB structure, 3O8E (2.84 Å) was selected, having sequence coverage of 64% and 100% identity. The CR1 extracellular domain comprises 30 sushi domains. For CR1, two PDB structures 2MCZ and 5FO9 (3.30 Å) were selected for further analysis. The 2MCZ PDB structure consists of 1 and 2 sushi domains and 5FO9 15, 16, and 17 sushi domains. No significant structural homologs were identified for GABRP, SLC6A6, and TMPRSS4. The sequence similarity for these three receptors was less than 60% and greater than 30%, so threading-based structure prediction was performed. The protein sequences from UniProt were submitted to three threading servers I-TASSER (https://zhanglab.ccmb.med.umich.edu/I-TASSER/) (48), RaptorX (http://raptorx.uchicago.edu/) (49), and machine learning-based structure prediction server TrRosetta (https://robetta.bakerlab.org/) (50). TrRosetta was developed on CASP advances in predicting distance distribution for scoring structure models. TrRosetta modeled the structures by presenting inter-residue orientations and efficient energy minimization-based structure realization of Rosetta. The TrRosetta deep neural network is on millions of known sequences and structures (51). Then the structure models of these servers were validated using ERRAT, QMean, Verify 3D, ProCheck, and QMeanBrane. The results of TrRosetta were better than those of other servers and thus used for the rest of the analysis.

Molecular dynamic (MD) simulation of selected models of TrRosetta server for proteins was performed. GROMACS (GROningen MAchine for Chemical Simulations) was used for energy minimization and MD simulation of all proteins (52). The OPLS-AA (Optimized potential for Liquid simulation) force field was used for writing the topology of protein molecules (53). For the solvation step, a cubic box of water molecules was used. Protein was placed in the center of the box with 1.0-nm distance from the box edge and 2.0-nm distance periodic image of the protein. The 3-point solvent model spc216.gro for equilibrating protein was used. For removing the charges on protein, GROMACS used the genion tool. Then energy minimization was performed, and minimized structures with the least steric clashes were obtained. Then simulations for 50,000 steps were performed for NVT equilibration. The temperature of the system was equilibrated to 300K. Then the pressure and the density of the system were equilibrated; a 50,000-step simulation was performed for NPT equilibration. Then equilibrated proteins were simulated for 50 ns (50,000 ps) (25,000,000 steps). Root mean square deviation (RMSD) for protein backbone energy minimization from the initial step to the final step of MD is explored. To determine protein compactness throughout MD simulation, the radius of gyration was analyzed. Xmgrace tool was used for analyzing and generating the plots of energy minimization, RMSD, and the radius of gyration (54).



2.2 Adenovirus Proteins

The sequences of the L5 protein for all serotypes were retrieved from UniProt (https://www.uniprot.org/) against each UniProt ID provided in Table 2. The PSI-Blast (https://blast.ncbi.nlm.nih.gov/Blast.cgi) was performed to determine the percentage sequence identity basis on which PDB structures were determined. The percentage identity and sequence coverage of selected PDB structures are provided in Table 2. The selected PDB structures were downloaded from PDB (https://www.rcsb.org/). For HAdV2 and HAdV3, high-resolution PDB structures IQIU (2.40 Å) and 1H7Z (1.60 Å) were selected. PDB structure for both serotypes comprises the head region and a small portion of the shaft region. For HAdV5, L5 4ATZ PDB was selected with a resolution of 1.95 Å and comprises the knob region. Although the sequence coverage for all the L5 proteins was less, it was considered for this study because the structure of the knob region is required to analyze its interaction pattern with pancreatic cancer receptors.


Table 2 | Adenovirus serotypes L5 protein.





2.3 Structure Preparation for Docking

Then receptor molecules were prepared in ProteinPrepare module of Play Molecule by removing water molecules, and residues were optimized regarding protonation state with respect to selected titration state on pH 8.0 (55). The pancreatic juice has a pH of 8.0–8.3, so for this analysis, pH 8.0 was used (56). Then prepared molecules were submitted in CPORT haddock server (https://alcazar.science.uu.nl/services/CPORT/) to determine active site residues or protein interface residues (57). Consensus Prediction Of interface Residues in Transient complexes (CPORT) was the combination of six interface prediction servers (WHISCY, PIER, ProMate, cons-PPISP, SPPIDER, and PINUP). It generates a consensus score from all these servers to accurately predict the residues (57). The active site surface residues of the HAdV L5 proteins, pancreatic cancer receptors, and positive control receptors are given in Tables S1–S3, respectively.



2.4 Docking Run

Protonated structures of receptors and L5 proteins were submitted to HADDOCK 2.4 (https://wenmr.science.uu.nl/haddock2.4/) server for protein–protein docking of both molecules (58). The GURU interface of High Ambiguity Driven protein–protein DOCKing (HADDOCK) was used for docking, and the list of active and passive side residues predicted by CPORT was given as input. HADDOCK was a flexible docking approach comprising three steps/stages: (it0) rigid body energy minimization, (it1) semi-flexible refinement in torsion angle space, and (itw) refinement in explicit solvent refinement. The HADDOCK scoring function is the linear combination of energies and buried surface area in all three stages of docking. Docking run through HADDOCK software is computationally extensive, so the server provides users with an easy-to-use interface and removes the burden of computational resources required for installation and docking run (58, 59). The HADDOCK server generates clusters of similar conformations for interacting molecules.



2.5 Binding Affinity and Interaction Analysis

The interaction model from the top HADDOCK cluster was refined to remove structural restraints using HADDOCK 2.4 Refinement (https://wenmr.science.uu.nl/haddock2.4/refinement/1). After that, binding affinity (ΔG) and dissociation constant (Kd) of the protein–protein complex were calculated using PRODIGY (PROtein binDIng enerGY prediction) (https://wenmr.science.uu.nl/prodigy/) (60). Prodigy also calculates the number and type of intermolecular interactions within 5.5-Å distance cutoff (61). Other tools and software used include Pymol and Chimera.




3 Results

For the docking run, structures of receptors and L5 protein were prepared. For SLC2A1, MET, NPR3, and IL1RAP, receptors and L5 proteins with known PDB structures were employed, while structures of GABRP, TMPRSS4, and SLC6A6 were modeled.


3.1 Modelling of GABRP, TMPRSS4, and SLC6A6

The PDB structures of GABRP, TMPRSS4, and SLC6A6 proteins were not available. The PSI-Blast result for GABRP shows 48.34% identity, SLC6A6 47.34%, and TMPRSS4 37.99% (Table 1). All three proteins show identity levels between 60% and 30%, so threading-based and machine learning-based structure predictions were used for model generation. The protein model produced from TrRosetta webserver was selected for further analysis. Then MD simulation of 50 ns was performed in GROMACS to simulate protein for the best possible conformation in water. The resultant plots of MD simulations are provided in Figures S1–3. The MD plots include equilibration phase graphs: pressure (a), density (c), and temperature (d). In the equilibration phase, protein system pressure, density, and temperature are stabilized before the MD run.

Figures S1B, S2B represent the potential energy minimization plots for GABRP and SLC6A6, which are proteins that reached their minimized state on 2,000 ps. Figure S3B represents the potential energy minimization plots for TMPRSS4. Energy minimization of protein is performed to remove any steric clashes in structure and structure relaxed in a solvent medium. Figure S1E shows the RMSD plot of GABRP RMSD value of approximately 0.6 nm on 50 ns. Figures S2E, S3E represent the RMSD plots for SLC6A6 and TMPRSS4, with RMSD values of approximately 0.5 and 1.5, respectively. The radius of gyration is used to scale the amount of protein compactness (folding state). If the protein is stably folded, then it shows relatively steady values of radius of gyration. Figures S1F, S2F, S3F represent the relatively invariable radius of gyration values with respect to the time change, on a temperature of 300K. The compactness of GABRP stabilizes approximately 3.7 to 3.9 Rg(nm) from time steps 18,000 to 50,000 ps (Figure S1F). The compactness of SLC6A6 stabilizes approximately 2.7 to 2.75Rg(nm) from time steps 20,000 to 50,000 ps. The compactness of TMPRSS4 stabilizes approximately 2.4 to 2.6 Rg(nm) from time steps 15,000 to 50,000 ps. This represents that all proteins remain very stable and remain in their folded form.



3.2 Protein–Protein Interaction of HAdV2 L5 Protein With Receptors


3.2.1 Pancreatic Cancer Receptors

The protonated structures of pancreatic cancer receptors were docked with the protonated HAdV2 L5 protein using the GURU interface of the HADDOCK server. The HADDOCK generates water-refined interaction conformations of both interacting molecules and groups similar conformations in clusters. The superimposed structures of all structures in one cluster were generated (Figures S7–S13), along with the plots of HADDOCK scores, Cluster size, RMSD, Van der Waals energy, electrostatic energy, desolvation energy, restraint violation energy, buried surface area, and Z-score. The best possible interaction complex for all receptors with the best HADDOCK score and lowest Z-score are then selected for refinement. The interacting complexes were refined for the orientation of interacting molecules using the Refinement module of HADDOCK. The statistical parameter values for refined complexes are provided in Table 3. The complexes were further analyzed in Prodigy for the number and types of interactions between the HAdV2 L5 protein and receptors. Prodigy generates a binding affinity value (ΔG) and a total number of interactions between both molecules. Also, the information of the total number of charged-charged interactions, charged–polar, charged–apolar, polar–polar, polar–apolar, and apolar–apolar interactions was generated in the analysis provided in Table 4. The cartoon representation of the refined structure and interaction complexes generated by Prodigy is provided in Figure 2.


Table 3 | HADDOCK parameters after refinement.




Table 4 | Prodigy results.






Figure 2 | Protein–protein interaction complex of HAdV2 L5 protein with pancreatic cancer receptors. The pink ribbon represents L5 protein, while purple ribbons represent cancer receptors. The interacting residues are shown by a stick, L5 protein is shown in dark pink, and receptor is shown in dark blue. (A) SLC2A1 made a total of 141 interactions. (B) MET generated 76 interactions. (C) IL1RAP made 75 interactions. (D) NPR3 made 78 interactions. (E) GABRP made a total of 169 contacts. (F) SLC6A6 made 84 interactions. (G) TMPRSS4 made 119 interactions.



Cluster 2 was selected for the SLC2A1 interaction complex with the L5 protein HAdV2 (HADDOCK score −64.6 ± 16.0 and Z-score −1.8) (Figure S7). The interacting residues were predicted from Prodigy for SLC2A1. The SLC2A1 receptor forms a total of 141 interactions with the L5 protein (Figure 2A and Table 4). The information of interacting residues is provided in Table S1. The list of interacting residues includes 34 to 42 (β turn and H2 domain), 175 to 188 (3 β 1 γ 2 β turns and H10 domain), 295 to 308 (H18 domain and β turn), 355 to 366 (3 β turns corresponding to H22 domain), and 426 to 431 (H24 domain). The residues of two chains of the HAdV2 L5 protein complex interact with SLC2A1. In chain B, residue numbers include 439 to 443 (β turn), 523 to 528 (H5 domain and β turn), and 566 to 570 (β turn). In chain C, residue numbers include 412 to 415 (β hairpin), 449 to 460 (β turn and F stand), 469 to 472 (β and γ turn), 505 to 513 (γ turn and H4 domain), and 538 to 547 (β hairpin turn).

For MET, cluster 18 (HADDOCK score −79.5 ± 1.1 and Z-score −2.0) was selected out of all generated clusters (Figure S8). The domains of both A and B chains of MET dimer interact with HAdV2 L5, with 76 total interactions (Figure 2B and Table 4). Chain A residues include 557 to 562 (β and γ turn) and 639 to 646 (β hairpin turn). Chain B residues include 267 to 273 (β and γ hairpin turn), 308 to 311 (H3 domain), 381 to 384 (β turn), 392 to 398 (β turn hairpin), and 421 to 425 (F sheet). The residues of two chains of the HAdV2 L5 protein interact with the MET receptor. Chain B residue numbers include 409 to 417 (β β hairpin turn), 441 to 447 (H2 domain), 467 to 476 (β γ β turn), and 544 to 547 (β β hairpin turn). The C chain residues include 412 to 416 (β hairpin) and 449 to 451 (β turn).

Only one cluster with 4 conformations was generated for the interaction of IL1RAP and HAdV2 L5 in HADDOCK (Figure S9). The IL1RAP made a total of 75 interactions with HAdV2 L5, showing the highest number of interactions and better binding affinity out of all 3 L5 proteins (Figure 2C and Table 4). The IL1RAP receptor-interacting residues include 65 to 69 (J sheet) 77 to 86 (J sheet and H2 domain) and 117 to 122 (β hairpin turn). In the B chain of the L5 protein interacts with the IL1RAP receptor, its residues include 407 to 410 (β hairpin turn), 414 to 419 (β hairpin turn), 441 to 451 (β β turn and H2 domain), and 474 to 477 (β turn). For NPR3, cluster 3 (HADDOCK score −55.0 ± 14.4 and Z-score −1.4) was selected (Figure S10). Both chains of NPR3 receptor interact with HAdV2 L5, making a total of 75 interactions (Figure 2D and Table 4). Chain A residues include 124 and 125. Chain B residues include 47 to 52 (half A sheet), 81 to 91 (half H1 domain and β β turn), 95 to 100 (β turn and half A sheet), 121 to 124 (H2 domain), and 380 to 383 (β β turn). The B and C chains of the L5 protein interact with the NPR3 receptor. B chain residues include 439 to 447 (β turn and H2 domain), 523 to 528 (H5 domain, β β hairpin turn), and 566 to 570 (β turn). Chain C residues include 446 to 456 (H2 domain and β turn) and 507 to 512 (γ turn and H4 domain).

For GABRP, cluster 2 (HADDOCK score 85.9 ± 8.6 and Z-score −1.9) was selected (Figure S11). The GABRP receptor makes the highest number of contacts (169) with HAdV2 L5 out of all receptors, while GABRP makes a total of 168 contacts with HAdV3 (Figure 2E and Table 4). The residues of GABRP receptor interacting with HAdV2 L5 include 1 to 12 (H1 domain, β β turn, and start of H2 domain), 31 to 39 (two β turns), 70 to 73, 108 to 110 (β turn), 131 to 141 (β turn and A sheet), 204 to 211 (α γ β turn), and 241 to 244 (H7 domain). The two chains of the L5 protein interact with the GABRP receptor. Chain B residues include 402 to 410 (half E sheet end β β hairpin turn), 415 to 420 (β hairpin turn), 439 to 448 (eta turn and H2 domain), 474 to 477 (β turn), and 484 to 486 (β hairpin turn and E sheet). Chain C residues include 463 to 470 (β γ turn), 501 to 514 (β β γ turn and H4 domain), and 538 to 552 (H6 domain and β β β hairpin turn).

For SLC6A6, cluster 1 (HADDOCK score −115.8 ± 6.9 and Z-score −1.6) was selected (Figure S12). The SLC6A6 makes 84 contacts with the L5 protein (Figure 2F and Table 4), the list of interacting residues is as follows: 150 to 155 (β β turn), 163 to 167 (β β turn), 180 to 183 (β turn), 201 to 205 (loop), and 216 to 222 (H13 domain). The two chains of L5 proteins B and C interact with the SLC6A6 receptor. The residues of chain B include 403 to 420 (β β β hairpin turn), 468 to 477 (β γ β turn), and 483 to 486 (β hairpin and E sheet). Chain C residues include 501 to 507 (β β β turn) and 581 and 582. For TMPRSS4, cluster 8 (HADDOCK score 139.9 ± 9.5 and Z-score −1.9) was selected (Figure S13). The TMPRSS4 and L5 protein have a total of 119 interactions (Figure 2G and Table 4), and the list of interacting residues of TMPRSS4 is as follows: 227 to 230 (E sheet), 245 to 251 (β turn), 282 to 290 (β γ β hairpin turn), 331 to 339 (β hairpin turn), 363 to 365 (γ β β hairpin turn), 383 to 387 (β β turn), and 405 to 410 (β hairpin turn). Chain B of the L5 protein interacts with TMPRSS4, and its residues are 406 to 420 (β β β hairpin turn), 439 to 450 (β turn and H2 domain), and 469 to 477 (β γ β turn); other interacting residues include 488, 490, 544, 547, and 566. The secondary structure of SLC2A1, MET, IL1RAP, NPR3, GABRP, SLC6A6, and TMPRSS4 showing the interacting domains of receptors is given in Figure S38. The secondary structure of the HAdV2, HAdV3, and HAdV5 L5 proteins showing the interacting domains of receptors is given in Figure S37. The secondary structure of SLC2A1, MET, IL1RAP, NPR3, GABRP, SLC6A6, and TMPRSS4 showing the interacting domains of receptors is given in Figure S38. The list of interacting residues is provided in Table S1.



3.2.2 CAR and DSG2

The best possible interaction complex for CAR and DSG2 was obtained after docking, with the best HADDOCK score and lowest Z-score then selected for refinement. For CAR, cluster 3 (HADDOCK score −57.2 ± 11.9 and Z-score −1.0) was selected (Figure S14). The CAR made a total of 63 interactions with the HAdV2 L5 protein, shown in Figure 3A, and the details of the interactions are provided in Table 4. The interacting residues of CAR receptor include 16 to 18 (β turn), 27 to 44(B sheet, β turn and C sheet), 94 to 100 (β hairpin turn and H1 domain), and 102, 104, and 106. Chains B and C of the L5 protein trimer interact with the CAR receptor. The residues of chain B include 406 to 410 (β hairpin loop), 416 to 420 (ta hairpin loop), 474 to 477 (β turn), 484, and 485. The residues of chain C include 501 to 509 (β γ turn), 548 to 550 (β hairpin loop), and 581.




Figure 3 | Protein–protein interaction complex of HAdV2, HAdV3, and HAdV5 L5 protein with human CAR, DSG2, and CR1 receptors. (A) CAR made a total of 63 interactions with HAdV2 L5 protein. (B) DSG2 made 86 interactions with HAdV2 L5 protein. (C) CAR made 107 interactions with HAdV3 L5 protein. (D) DSG2 made 110 interactions with HAdV3 L5 protein. (E) CAR made 59 interactions with HAdV5 L5 protein. (F) DSG2 made 89 interactions with HAdV5 L5 protein.



For DSG2, cluster 5 (HADDOCK score −66.5 ± 11.8 and Z-score −1.1) was selected (Figure S15). The DSG2 made a total of 86 interactions with the HAdV2 L5 protein, shown in Figure 3B, and the details of the interactions are provided in Table 4. The interacting residues of DSG2 receptor include 200 to 208 (half D sheet, β γ β turn), 230 to 232, 237 to 242 (half D sheet), 251 to 257 (β hairpin loop), 294 to 298 (β turn), and 271, 273, 275, and 301. Chains A and B of the L5 protein trimer interact with the DSG2 receptor. The residues of chain A include 408, 409 (β hairpin loop), 468 to 477 (β γ β turn), and 482 to 485 (E sheet, β hairpin loop). The residues of chain B include 461 to 464 (ta turn), 501, 502, 506 (β turn), 541 to 551 (β β hairpin loop), and 581. The list of interacting residues is provided in Table S2.




3.3 Protein–Protein Interaction of HAdV3 L5 Protein With Receptors


3.3.1 Pancreatic Cancer Receptors

The best possible interaction complex for all receptors was obtained after docking, with the best HADDOCK score and lowest Z-score then selected for refinement. For SLC2A1, cluster 3 (HADDOCK score 126.4 ± 2.4 and Z-score −1.7) was selected (Figure S16). The SLC2A1 made a total of 118 interactions with the HAdV3 L5 protein, shown in Figure 4A, and the details of the interactions are provided in Table 4. The interacting residues of the SLC2A1 receptor include 55 to 57, 114 to 117 (H6 domain), 175 to 177 (β turn), 181 to 183 (γ turn), 299 to 300 (H18 domain), 304 to 308 (start of H19 domain), 355 to 361 (β, β turn), and 426 to 432 (partial H24 domain). Chains A and C of the L5 protein trimer interact with the SLC2A1 receptor. The residues of chain A include 174 to 181 (half A sheet and half H1 domain), 261 to 263 (β hairpin turn), and 300 to 304 (β turn). The residues of chain C include 188 to 196 (B sheet after H1 domain), 242 to 246 (γ and β turn), 289 to 293 (B sheet), 276, 279, 147, and 149.




Figure 4 | Protein–protein interaction complex of HAdV3 L5 protein with pancreatic cancer receptors. The pink ribbon represents L5 protein, while purple ribbons represent cancer receptors. The interacting residues are shown by a stick, L5 protein is shown in dark pink, and receptor is shown in dark blue. (A) SLC2A1 made a total of 118 interactions. (B) MET made 73 interactions. (C) IL1RAP made 62 interactions. (D) NPR3 made 92 interactions. (E) GABRP made 168 interactions. (F) SLC6A6 made 147 interactions. (G) TMPRSS4 made 128 interactions.



For MET, cluster 5 (HADDOCK score −70.6 ± 7.2 and Z-score −2.4) was selected (Figure S17). Chain B of MET receptor dimer made a total of 73 interactions with the L5 protein (Figure 4B and Table 4). Its residues include 240 and 241 (H2 domain), 268 to 271 (β γ hairpin turn), 379 to 384 (β turn and F sheet), 392 to 404 (β β hairpin turn), and 419 and 421. The two chains of the L5 protein interact with the MET receptor. Chain A residues include 260 to 263 (ta hairpin turn). Chain C residues include 197 to 205 (β turn), 249 to 253 (B sheet), and 281 to 288 (β hairpin turn and half E sheet); other interacting residues include 296, 298, 154, 156, and 217. For IL1RAP, cluster 4 (HADDOCK score −44.2 ± 4.5 and Z-score −1.6) was selected (Figure S18). Chain C residues of the IL1RP receptor complex interact with the L5 protein, making a total of 62 contacts (Figure 4C and Table 4). The residues include 77 to 96 (J sheet, H2, H3 domains β turn and k sheet) and 115 to 119 (half of J sheet and β hairpin turn). The two chains are the L5 protein interacting with the IL1RAP receptor. Chain A residues include 258 to 264 (β hairpin turn). Chain C residues include 190 to 194 (B sheet), 241 to 43 (γ and β turn), 250, 252, 261, 277 to 281 (β hairpin turn), and 289 to 293 (B sheet).

For NPR3, cluster 4 (HADDOCK score −81.0 ± 7.4 and Z-score −1.3) was selected (Figure S19). Two chains of NPR3 receptor complex interact with the L5 protein, making the highest number of interactions 92 out of all serotypes (Figure 4D and Table 4). Chain A residues include 119 to 126 (half H2 domain and β sheet). Chain B residues are 47 to 54 (half A sheet), 95 to 99 (β turn), 102 to 104 (A sheet before H2 domain), and 118 to 126 (half H2 domain and B sheet). The two chains of the L5 protein interact with the NPR3 receptor. The residues of chain A include 178, 257 to 261 (β hairpin turn), and 299 to 304 (β turn). The residues of chains B include 145 to 150 (β hairpin turn), 182 to 196 (H1 domain), 241 to 247 (γ β turn), 278, 289, and 179.

For GABRP, cluster 2 (HADDOCK score 71.4 ± 8.2 and Z-score −2.5) was selected (Figure S20). The GABRP receptor also shows the best binding affinity with HAdV3 L5, making 168 interactions (Figure 4E and Table 4). The interacting residues of GABRP receptor include 1 to 20 (H1 domain, β, β, β, β turn, H2 domain, β turn), 28 to 34 (β turn), 71 to 74 (half A sheet), 132 to 141 (β turn, A sheet), 203 to 211 (β, γ, β turn), and 241 to 244 (H7 domain). The two chains of the L5 protein interact with the GABRP receptor. Chain A residues include 174 to 178 (A sheet before H1 domain), 257 to 261 (β hairpin turn), and 299 to 304 (β turn). The C chain residues include 144 to 149 (β hairpin turn), 178 to 194 (H1 domain and B sheet), 240 to 247 (γ β turn), 275 to 280 (β hairpin turn), 300 to 302, and 250.

For SLC6A6, cluster 2 (HADDOCK score 4.8 ± 10.8 and Z-score −1.8) was selected (Figure S21). SLC6A6 shows better binding affinity (−11.7 kcal mol−1) and the highest interactions (147) with HAdV3 than other serotypes (Figure 4F and Table 4). The interacting residues of SLC6A6 receptors include 154 to 158 (β turn), 163 to 170 (β, β turn), 178 to 190 (β, β, β turn), 197 to 203 (H12 domain), and 215 to 222 (H13 domain); other residues in fluids include 449, 147, and 151. The L5 protein residues that interact with SLC6A6 are chain A 258 to 265 (β hairpin turn). Chain C residues include 145 to 151 (β hairpin turn), 182 to 196 (H1 domain and B sheet), 268 to 279 (half B sheet, γ β hairpin turn), and 287 to 293 (B sheet). For TMPRSS4, cluster 3 (HADDOCK score 153.1 ± 2.7 and Z-score −1.2) was selected (Figure S22). TMPRSS4 also makes the highest number of interactions with HAdV3 128 (Figure 4G and Table 4). The residues of TMPRSS4 include 224 to 28 (β, β, γ hairpin turn and F sheet), 245 to 257 (β, β, β turn and F sheet), 276 to 285 (half E sheet and β, γ hairpin turn), 331 to 339 (β hairpin turn), 384 to 387 (β, β turn), and 405 to 408 (β turn). The two chains of the L5 protein interact with TMPRSS4. Chain A residues include 258 to 263 (β hairpin turn). Chain C residues include 146 to 150 (β hairpin turn), 178 to 183 (half H1 domain), 185 to 196 (B sheet after H1 domain), 241 to 247 (γ, β turn), 275 to 281 (γ, β hairpin turn), and 285 to 293 (B sheet). The list of interacting residues for all interaction complexes is provided in Table S1.



3.3.2 CAR, DSG2, and CD46

The best possible interaction complex for CAR and DSG2 receptors was obtained after docking, with the best HADDOCK score and lowest Z-score then selected for refinement. For CAR, cluster 1 (HADDOCK score −78.2 ± 4.0 and Z-score −1.3) was selected (Figure S23). The CAR made a total of 107 interactions with the HAdV3 L5 protein, shown in Figure 3C, and the details of the interactions are provided in Table 4. The interacting residues of CAR receptor include 16 to 18 (β turn), 23 to 50 (β turn, B sheet, β turn, C sheet, β and γ turn), 92 to 109 (β hairpin turn, H1 domain, and C sheet), and 131. Chains A and C of the L5 protein trimer interact with the CAR receptor. The residues of chain A include 258 to 265 (β hairpin loop) and 296 to 301 (β turn). The residues of chain C include 146 to 149 (β hairpin loop), 178 to 196 (H1 domain, β turn and B sheet), 242, 244, 245, 250 (γ and β turn), and 291 to 294 (half B sheet).

For DSG2, cluster 1 (HADDOCK score −82.4 ± 9.2 and Z-score −1.1) was selected (Figure S24). The DSG2 made a total of 110 interactions with the HAdV3 L5 protein, shown in Figure 3D, and the details of the interactions are provided in Table 4. The interacting residues of DSG2 receptor include 199 to 210 (half D sheet, β γ β turn), 223 to 232 (β β β turn), 247 to 250 (β hairpin loop), 272 to 275 (β turn), 294 to 297 (half F sheet), 301, and 306. Chains A and C of the L5 protein trimer interact with the DSG2 receptor. The residues of chain A include 146, 149, 178, 179, and 299 to 302 (β turn). The residues of chain C include 145 to 153 (β hairpin loop), 177 to 179, 190 to 196 (half B sheet), 241 to 245 (γ β turn), 272 to 278 (γ hairpin loop), and 285 to 289 (B sheet).

For CD46, cluster 1 (HADDOCK score −83.8 ± 13.2 and Z-score −1.7) was selected (Figure S25). The CD46 made a total of 105 interactions with the HAdV3 L5 protein, shown in Figure 5A, and the details of the interactions are provided in Table 4. The interacting residues of CD46 receptor include 69 to 73 (β turn), 92 to 109 (H1 domain, B sheet, β turn, and half C sheet), 112, 115 to 118 (γ hairpin loop), 126 to 131 (β turn), 148, 149, 156 to 159 (D sheet), and 182 to 184 (β hairpin loop). Chains A and C of the L5 protein trimer interact with the CD46 receptor. The residues of chain A include 178, 182, 185, 258 to 262 (β hairpin loop), and 298 to 303. The residues of chain C include 145 to 149 (β hairpin loop), 178, 179, 182, 185 to 196 (β turn, B sheet), 242 to 247 (β turn, H4 domain), and 287 to 293 (B sheet). The list of interacting residues for all interaction complexes is provided in Table S2.




Figure 5 | Protein–protein HAdV3 and HAdV5 L5 protein with human CD46 and CR1 receptors. (A) CD46 made a total of 105 interactions with HAdV3 L5 protein. (B) CR1 domains 1 and 2 made 87 interactions with HAdV5 L5 protein. (C) CR1 domains 15, 16, and 17 made 94 interactions with HAdV5 L5 protein.






3.4 Protein–Protein Interaction of HAdV5 L5 Protein With Receptors


3.4.1 Pancreatic Cancer Receptors

The best possible interaction complex generated by docking (HADDOCK) was then selected for refinement and interaction analysis. For SLC2A1, cluster 4 (HADDOCK score −66.3 ± 3.8 and Z-score −1.4) was selected (Figure S26). The interaction analysis determines that SLC2A1 makes a total of 138 contacts with HAdV5 L5, shown in Figure 6A and Table 4. The interacting residues of SLC2A1 include 37 to 45 (half H3 domain), 54 to 61 (loop between H2 and H3), 296 to 305 (half H18, β turn), 356 to 362 (β, β, β turn), and 426 to 432 (part of H24 domain). The two chains of the L5 protein interact with SLC2A1. Chain A residues include 396 to 399 (β, β turn), 404 to 410 (β hairpin turn), 476-477 (H2 domain), and 481 to 492 (β hairpin turn, A sheet). Chain C residues include 501 to 513 (β, β turn and H4 domain).




Figure 6 | Protein–protein interaction complex of HAdV5 L5 protein with pancreatic cancer receptors. The pink ribbon represents L5 protein, while purple ribbons represent cancer receptors. The interacting residues are shown by a stick, L5 protein is shown in dark pink, and receptor is shown in dark blue. (A) SLC2A1 made a total of 138 interactions. (B) MET made 93 interactions. (C) IL1RAP made 44 interactions. (D) NPR3 made 55 interactions. (E) GABRP made 114 interactions. (F) SLC6A6 made 129 interactions. (G) TMPRSS4 made 96 interactions.



For MET, cluster 36 (HADDOCK score −78.8 ± 3.7 and Z-score −1.7) was selected (Figure S27). The MET receptor makes the highest number of contacts (93) with HAdV5 with a better binding affinity (−10.8 kcal mol−1) (Figure 6B and Table 4). The residues of MET receptor include 566 to 569 (J sheet and β turn), 582 to 586 (J sheet), 615 to 623 (H10 domain and β hairpin turn), and 700 to 706 (M sheet and β hairpin turn). Other residents include 40, 459 to 461, 521, 528, and 553. Chains A and B of the L5 protein interact with MET. Chain A residues include 396 to 399 (β, v turn), 476 to 477 (H2 domain), and 481 to 496 (β hairpin turn, A sheet, and H3 domain). Other important residues include 580 and 581. For IL1RAP, cluster 5 (HADDOCK score −44.2 ± 4.5 and Z-score −1.6) was selected (Figure S28). The IL1RAP makes a total of 44 interactions with HAdV5 (Figure 6C and Table 4). The residues of the IL1RAP receptor include 77 to 86 (J sheet and H2 domain) and 115 to 118 (J sheet); other residues are 70 and 71. Chain A of the L5 protein interacts with the IL1RAP; residues include 469 to 479 (β, β turn, H2 domain, and half A sheet) and 485 to 492 (A sheet and loop).

For NPR3, cluster 9 (HADDOCK score −52.7 ± 11.0 and Z-score −2.1) was selected (Figure S29). The NPR3 makes a total of 55 interactions (Figure 6D and Table 4). Chain B of NPR3 receptor dimer interacts with the L5 protein, its residues include 47 to 50 (loop and half A sheet) and 88 to 97 (v turn), and other residues are 373 and 377. NPR3 chain A of the L5 protein interacts with residue numbers 466 to 469 (β turn), 474 to 477 (H2 domain), 482 to 492 (β hairpin turn and A sheet), and 404. For GABRP, cluster 12 (HADDOCK score 63.8 ± 5.4 and Z-score −2.3) was selected (Figure S30). The GABRP makes a total of 114 interactions with HAdV5 L5 (Figure 6E and Table 4). The interacting residues of the GABRP receptor with the L5 protein are 4 to 12 (H1 domain, β v β β turn and half H2 domain), 29 to 38 (β β turn), 71 to 74 (half A sheet), 131 to 141 (half A sheet), 204 to 209 (β γ β turn), and 243 to 248 (H7 domain). For GABRP, the two chains of the L5 protein interact with the receptor. Chain A residues include 404 to 409 (β hairpin turn), 474 to 479 (H2 domain), 481 to 490 (β hairpin turn and A sheet), and 466. Chain B residues include 501 to 508 (α β β turn), 543 to 550 (γ β γ turn and β hairpin turn), and 581.

For SLC6A6, cluster 1 (HADDOCK score −76.9 ± 2.7 and Z-score of −1.5) was selected (Figure S31). The SLC6A6 makes a total of 129 interactions with the HAdV5 L5 protein (Figure 6F and Table 4). The list of interacting residues of SLC6A6 is 152 to 170 (β, β turn), 179 to 185 (β turn), and 201 to 220 (β, β turn and start of H13 domain); other important residues include 147, 151, 154, and 158. Chain A residues of the L5 protein interact with SLC6A6 including 396 to 399 (β, β turn), 404 to 409 (β, β hairpin turn), and 474 to 490 (H2 domain, A sheet, β hairpin turn, and A sheet). Chain B residues include 492 to 497 (A sheet), 580, and 581. For TMPRSS4, cluster 1 (HADDOCK score 88.5 ± 0.9 and Z-score of −1.0) was selected (Figure S32). The TMPRSS4 makes a total of 96 interactions with the HAdV5 L5 protein (Figure 6G and Table 4). The interacting residues of TMPRSS4 include 227 to 230 (E sheet), 248 to 250 (β turn), 282 to 287 (β, γ hairpin turn), 331 to 339 (β hairpin turn), 382 to 387 (β, β turn), and 405 to 408 (β turn). The residues of chain A of the L5 protein interact with TMPRSS4 including 396 to 398 (β, β turn), 463 to 469 (β turn) 474 to 497 (H2 domain, A sheet, β hairpin turn, A sheet), and 581. The list of interacting residues for all interaction complexes is provided in Table S1.



3.4.2 CAR, DSG2, and CR1

The best possible interaction complex for all receptors was obtained after docking, with the best HADDOCK score and lowest Z-score then selected for refinement. For CAR, cluster 2 (HADDOCK score −66.9 ± 2.3 and Z-score −1.6) was selected (Figure S33). The CAR made a total of 59 interactions with the HAdV5 L5 protein, shown in Figure 3E, and the details of the interactions are provided in Table 4. The interacting residues of CAR receptor include 33, 34, 79 to 93 (β β eta turn and C sheet), 106 to 111 (C sheet and β turn), and 113. Chain A of the L5 protein trimer interacts with the CAR receptor. The residues of chain A include 412, 416, 417 (β hairpin loop), 466 to 479 (β turn and H2 domain), and 487 to 492 (A sheet).

For DSG2, cluster 3 (HADDOCK score 126.4 ± 2.4 and Z-score −1.7) was selected (Figure S34). The DSG2 made a total of 89 interactions with the HAdV5 L5 protein, shown in Figure 3F, and the details of the interactions are provided in Table 4. The interacting residues of CAR receptor include 174 to 177 (E sheet), 189 to 196, 198 to 200 (β β turn, and half D sheet), 207 to 209 (γ β turn), 212 to 219 (E sheet, β hairpin loop), 221 to 225 (E sheet), 245, and 247. Chain A of the HAdV5 L5 protein interacts with the DSG2 receptor. The residues of chain A include 417, 461 to 479 (β β turn and H2 domain), 482 to 492 (β hairpin loop and A sheet), and 544 to 549 (γ β hairpin loop).

For CR1 domain 1 and 2 interaction with HAdV5, cluster 3 (HADDOCK score −86.1 ± 8.3 and Z-score −1.8) was selected (Figure S35). The CR1 domains 1 and 2 made a total of 87 interactions with the HAdV5 L5 protein, shown in Figure 5B, and the details of the interactions are provided in Table 4. The interacting residues of the CR1 receptor include 7 to 12 (β turn), 33, 34, 75 to 78 (β hairpin loop), 82 to 87 (β hairpin loop), and 95 to 106 (β γ turn). Chains A and B of the HAdV5 L5 protein interact with the receptor. The residues of chain A include 404 to 408 (β hairpin loop), 462 to 477 (β β β turn and H2 domain), 482 to 492 (β hairpin loop and A sheet), 544, and 546. Chain B residues include 501 to 508 (β β β turn), 548, and 549. The interaction profile of CR1 domains 15, 16, and 17 with the HAdV5 L5 protein was also determined. Cluster 1 (HADDOCK score −75.9 ± 4.4 and Z-score −2.5) was selected (Figure S36). The CR1 domains 15, 16, and 17 made a total of 94 interactions with the HAdV5 L5 protein, shown in Figure 5C, and the details of the interactions are provided in Table 4. The interacting residues of the CR1 receptor include 1,012 to 1,016 (W sheet), 1,032 to 1,035 (v turn), 1,078 to 1,081 (Y sheet and β hairpin loop), 1,087 to 1,094 (β hairpin loop and Y sheet), and 1,110 to 1,119 (Y sheet and β hairpin loop). Chain A of the HAdV5 L5 protein interacts with the receptor. The residues of chain A include 404, 417, 462 to 471 (β β β turn), 474 to 479 (H2 domain), 485 to 493 (A sheet), and 544 to 547 (γ hairpin loop). The secondary structures of CAR, DSG2, and CR1 showing the interacting domains of receptors are given in Figure S39. The list of interacting residues for all interaction complexes is provided in Table S2.





4 Discussion

Pancreatic cancer is the most fatal malignancy because of its dynamic molecular nature. There are many therapies against pancreatic cancer, but all therapies have very low efficacy, so there is a dire need to explore new therapeutic ways. Oncolytic virus therapy is an innovative therapy with fewer side effects than chemotherapy. In this therapy, viruses are injected into the cancerous region; viruses kill the cancer cells and activate patient anticancer immune responses. The mode of entry of oncolytic viruses in cancer cells completely depends on the viral attachment on the cell surface, which mainly depends on the strength of interactions of the viral L5 protein with the cancer cell surface receptors. In our previous study, we analyzed the expression profile of differentiated genes in the pancreatic cancer cell (23). In that particular study, 5 microarray and 2 RNA-seq datasets were analyzed. We identified 7 highly expressed pancreatic cancer cell surface receptors (MET, NPR3, IL1RAP, SLC2A1, SLC6A6, GABRP, and TMPRSS4) in all the analyzed datasets. In the current study, interaction analysis of these seven receptors with the L5 protein of adenovirus type C2 (HAdV2), B3 (HAdV3), and C5 (HAdV5) is performed. Adenovirus type HAdV2 and HAdV5 are mostly used as oncolytic viruses. The L5 proteins of HAdV2, HAdV3, and HAdV5 are reported to interact with the cell surface receptors CAR, DSG3, CD46, and CR1 (13–16). The CAR and DSG2 gene underexpression is reported in pancreatic cancer cells, due to the high expression of MEK and ERK (20, 21). In this study, we have explored the interaction profile of pancreatic cancer receptors with the L5 proteins to analyze the efficacy of adenovirus as an oncolytic virus. Also, we performed an interaction analysis of the L5 protein with CAR, DSG2, CD46, and CR1 for the comparison of binding affinities with pancreatic cancer receptors.

Asp406, Ser408, Pro409, Arg412, Lys420, and Tyr477 are important interacting residues of HAdV2 with the CAR human receptor. Mutation in these residues can result in a decreased binding affinity with the receptor (62, 63). In our study, docking analysis of CAR and DSG2 with the HAdV2 L5 protein was performed, and these important residues are identified in the interaction complexes. These residues are also reported to interact with pancreatic cancer surface receptors. All six residues interact with the surface binding site of SLC6A6 and TMPRSS4 receptors. The GABRP binding site residues interact with all the abovementioned residues except for Arg412. Residues Asp406, Arg412, and Lys420 interact with SLC2A1, while MET receptor interacts with Asp406, Pro409, Arg412, and Lys420. The residue numbers of Ser408, Pro409, and Tyr477 of the HAdV2 L5 protein interact with IL1RAP; out of 6 important residues, NPR3 show interaction only with Lys420. Other than those residues that are reported in previous literature, Val441 and Ser442 also interact with all the receptors.

DSG2 is a cadherin junctional adhesion protein that mediates the HAdV3 entry in the cell. The important residues of the HAdV3 L5 protein required for interaction with human DSG2 receptor include Asn186, Val189, Ser190, Asp261, Phe265, Leu292, and Glu299 (14, 64). The literature reported that residues of the HAdV3 L5 protein are identified to be important in docking analysis for interacting with DSG2, CAR, and CD46. These important residues are also reported to interact in our pancreatic cancer receptor analysis. The GABRP receptor interacts with all the above-listed residues except for Phe265. The NPR3 interacts with Asn186, Val189, Ser190, Asp261, and Glu299. The TMPRSS4 interacts with Asn186, Val189, Ser190, Asp261, and Leu292. The SLC6A6 interacts with Asn186, Val189, Ser190, Asp265, and Leu292. Other than these residues, Asn192 shows interaction with all pancreatic cancer receptors.

The important interacting residues of the HAdV5 L5 protein include Ser408, Pro409A, Lys417G (AB loop) (65), Tyr477 (DE loop), and Leu485Lys in β -strand F and include TAYT (Thr489, Ala490, Try491, and Thr492 of FG loop). The replacement mutation or deletion of any residue out of the above-given list results in ablating the HAdV5 L5 protein interaction with the CAR receptor (62). Another literature reported that in addition to the above residues, Ala406 and Arg481 are also important for the interaction of the HAdV5 L5 protein (64). We also performed the docking of the HAdV5 L5 protein with CAR, DSG2, and CR1 to determine the importance of these residues. Residues Lys417, Tyr477, Leu485, and TAYT (Thr489, Ala490, Try491, and Thr492) are identified to interact with all three receptors. The interaction of these important residues with pancreatic cancer receptors is also analyzed. Out of the above residues listed, only Arg412 does not show interactions with any of the receptors. The SLC2A1 receptor interacts with all the residues except for Glu416, while SLC6A6 also interacts with all residues except for Try491. The most important residues of the L5 protein that interact with all the pancreatic cancer receptors are Glu476, Try477, Leu485, Glu487, Gly488, Thr489, ALa490, and Thr492.

The SLC2A1 receptor shows a high binding affinity with all three L5 proteins. The list of SLC2A1 residues that show interaction with all three L5 proteins is Asp177, Asn182, Lys183, Glu299, Lys300, Gln304, Leu358 to Leu361 (LEQL, β turn), and Glu426 to Pro431 (ELCGP, H24 domain). The MET has the lowest binding affinity with the L5 protein, out of all the receptors. Only HAdV5 makes the most number of interactions with a total of 93 with a binding affinity of −10.8. MET has no common residues that interact with all L5 proteins. The IL1RAP shows a high binding affinity of −11.5 kcal mol−1 with a total of 75 interactions with HAdV2. The list of IL1RAP residues, which show interaction with all three L5 proteins, is Arg77 to Ile83 (RDLEEPI, J sheet, and H2 domain), Phe85, Arg86, Arg117, Asn118, and Thr119 (RNT). NPR3 shows the highest binding affinity with HAdV3 L5 with a total of 92 interactions. The NPR3 residues, which show interaction with all three L5 proteins, are Ala47, Leu48, Pro49, Pro50 (ALPP, A sheet), Pro95, Gly96, and Thr97 (PGT, β turn).

The GABRP shows the highest number of interactions with all the L5 proteins with a binding affinity of more than −15 kcal mol−1. The GABRP residues that show interaction with all three L5 proteins are Met1, Ser4, Leu5, Leu7, Ala8, Phe9, Cys11, Leu12 (H1 domain, β turn and H2 domain), Gly31 to Asp34 (GRSD, β turn), Ser37, Ser71 to Ser73 (SIS, A sheet), Glu132 to Asn137 (EVTVGN, β turn and A sheet), Leu139, Arg141, His204 to Gln209 (HLRLAQ, β γ β turn), Leu243, and Tyr244. The list of SLC6A6 residues that show interaction with all three L5 proteins is Tyr147, Gln151, Gln154, Asn163, His164, Ser165, Trp166, Asn167 (NHSWN, β turn), Lys180, Ser181, Val182, Ser183 (KSVS, β turn), Arg201, Asn202, Val203 (RNV, H12 domain), and Leu216, Lys217, Trp218, and Asp219 (LKWD, H13 domain). The list of TMPRSS4 residues that show interaction with all three L5 proteins is Gln227, His228, His245, Arg248, Lys249, His250 (RKH, β turn), Asn282 to Lys287 (NPMYPK, β γ hairpin turn), Phe331 to Met339 (FQNGGKM, β hairpin turn), Gln384, Gly385, Ser387, and Ser405 to Tyr408 (SWGY, β turn).

In this study, we attempt to identify better interacting adenovirus L5 protein with pancreatic cancer receptors, so that serotype can be used more effectively as an oncolytic virus. The HAdV3 L5 shows better interaction with 4 receptors NPR3, GABRP, SLC6A6, and TMPRSS4 with the highest number of interactions and better binding affinity. HAdV2 shows a better interaction profile with SLC2A1 and IL1RAP with high binding affinity, while HAdV5 interacts well with MET. The affinity maturation can be performed by mutating the fiber knob of the HAdV3 to enhance its interaction with the SLC2A1, MET, and IL1RAP specifically and also escalate the binding affinities with other receptors. David Curiel’s lab research was able to increase the efficacy of HAdV5 against prostate cancer by recombination of HAdV5 with the HAdV3 L5 protein (64, 66). In an experimental study (67), analyzed the efficacy of chimeric HAdV5/HAdV3 modified fiber virus against pancreatic cancer as a chemoprevention gene therapy. They have used fiber knob HAdV3 instead of HAdV5 to retain high infectivity. As the CAR is reduced in most cancer and affects the infectivity via HAdV5. They have found that (Ad.5/3-CTV-M7) has an antitumor effect on primary and distant site tumor growth (in metastasis). This study showed that Ad.5/3-CTV-M7 could be utilized as a therapy against pancreatic cancer. Our study also exhibited the same outcome, as the HAdV3 L5 protein interacts better than the HAdV2 and HAdV5 L5 proteins with pancreatic cancer cell receptors.



5 Conclusion

Oncolytic virus therapy is a promising immunotherapy approach that can be used for the treatment of pancreatic cancer. The virus’s entry entirely depends on the attachment of the virus with the cancer cell surface receptors. In the current study, the attachment or interaction profile of 3 adenovirus serotypes with the 7 pancreatic cancer cell receptors is analyzed. The L5 proteins of 3 serotypes of adenovirus HAdV2, HAdV3, and HAdV5 are docked with the seven highly expressed pancreatic cancer receptors SLC2A1, MET, IL1RAP, NPR3, GABRP, SLC6A6, and TMPRSS4. The binding affinity of the L5 proteins with human receptors is analyzed. The HAdV3 L5 protein displays a better interaction profile and high binding affinities with 4 receptors NPR3, GABRP, SLC6A6, and TMPRSS4, while HAdV2 shows better results with SLC2A1 and IL1RAP. It is proposed that affinity maturation of HAdV3 can be performed by incorporating the important interacting residues of HAdV2 and HAdV5, to enhance its binding affinity with the remaining 3 receptors SLC2A1, MET, and IL1RAP. In the future, we will perform a wet lab analysis for these interactions to further validate our results.
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Cancer cell reprogramming based on treatment with G-quadruplex, having antiproliferative power, along with small molecules able to develop iPSCs into neurons, could create a novel approach to diminish the chance of glioblastoma recurrence and circumvent tumor resistance to conventional therapy. In this research, we have tested several combinations of factors to affect both total cell cultures, derived from tumor tissue of patients after surgical resection and two subfractions of this cell culture after dividing them into CD133-enriched and CD133-depleted populations (assuming CD133 to be a marker of glioblastoma stem-like cells). CD133+ and CD133− cells exhibit different responses to the same combinations of factors; CD133+ cells have stem-like properties and are more resistant. Therefore, the ability to affect CD133+ cells provides a possibility to circumvent resistance to conventional therapy and to build a promising strategy for translation to improve the treatment of patients with glioblastoma.
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Introduction

Glioblastoma (GBM) is one of the most severe forms of tumors. We have yet to discover an effective mode of treatment for this malignant brain tumor. All conventional modern treatments, such as surgery, radiotherapy, and chemotherapy, provide only a minor prolongation of the lifespan of a patient. Therefore, GBM therapy requires searching for more effective and novel approaches. Glioma is a very heterogeneous tumor with abnormal cell proliferation regulation; hence, differentiation should be the focus of this search (1). The heterogeneity of the GBM cell population makes the tumor per se unresponsive to various conventional therapies and supports tumor recurrence. Some cells of the tumor are sensitive to treatment, yet others appear resistant, and their sustained proliferation promotes further tumor growth (2).

It is critical to note that the main goal of all approaches for glioma treatment is either to cause tumor cell death or to induce a toxic effect, and yet these approaches have failed to solve the problem effectively. We consider an alternative paradigm of tumor treatment: in contrary to inhibit, the stimulation of “maturation”of tumor cells could deprive them of their proliferative potential. Despite the fiascos of so called ‘differential therapy’, such an idea is beginning to attract the attention of researchers, for example, in the cases of rhabdomyosarcoma, rhabdoid tumors (3), and leukemia (4). Dawson et al. (3) demonstrated that a combination of chemotherapeutic agent Vincristin and the myogenic differentiation inducers TPA and GSK126 resulted in the differentiation of cell lines RD and A-204. Han et al. (4) applied the AhR agonist, 6-formylindolo[3,2-b]carbazole, along with the FMS-like tyrosine kinase 3 inhibitor, gilteritinib, to stimulate the differentiation of leukemic stem cells (SCs).

According to a hypothesis of GBM origin, the tumor derives and develops from cancer stem cells (CSCs). Extracted and isolated CSCs are capable of forming a new tumor and modulating the microenvironment (5, 6). Understanding the properties of CSCs is a prerequisite to developing any effector for these cells, and for targeted cancer therapy development (7, 8). But despite intensive searching for various biomarkers of CSCs (9), correct identification of these cells remains obscure.

A primitive glance at the GBM tumor reveals two types of cells. Because of asymmetric division, CSCs produce the entire tumor cells. CSC begets CSC and cancer progenitor cells (CPCs) as daughter cells, which have an immature, undifferentiated phenotype. The tumor has about 5% of CSCs (10) because of its low proliferative activity. CSCs have elevated resistance to effectors like conventional therapeutic ones. In contrast, CPCs form the bulk of the tumor, they actively proliferate, and they are sensitive to both chemotherapy and radiation therapies.

CD133 is considered a marker of CSCs, though a controversial one. In this research, we do not strictly ascribe CD133 as a marker of CSCs we just accept that CD133+ cells are more resistant to the effectors. CD133 could be a marker of GBM CSCs (11, 12); it is also a surface biomarker of normal brain SCs (6).

CD133 is a pentaspan transmembrane glycoprotein of 865 amino acids (about 97 kDa, and larger if glycosylated), and it is on the cell surface. The expression of CD133 has been documented in adult SCs and CSCs/initiating cells from several diverse tissue and cancer types (4, 7). The glycosylated epitope CD133/1 is located at the extracellular loop/domain of the protein; this epitope is used to isolate pluripotent primitive SCs, containing neuronal and other SCs. Epitope mapping indicates that the AC133 antibody recognizes the CD133/1 epitope in the extracellular loop 2 (13). SCs with tumorigenic potential are found in CD133+ isolated cells from cancer specimen. CD133 antigen is important for identifying stemness in numerous human malignant tumors of both mesenchymal and epithelial origins (14–16).

The exact role of CD133 in SCs is unclear, although the protein has been studied for quite a long time. The CD133 function is associated with the maintenance of stemness (17). The surface CD133 of neural SCs is different from the CD133 of brain CSCs. Kemper et al. (13) demonstrated that the presence of epitope CD133/1 is a characteristic of CSCs only. Therefore, CD133+ SCs are the main risk factor for tumor development in the brain and other organs (18). A lowering of the CD133+ portion in the total cell culture decreases the ability of self-renewal and tumor potential (19). Therefore, the properties of CD133+ cells in GBM must be studied in more detail.

However, the overall data on the significance of CD133 are contradictory. For instance, some results question the correlation between CD133 expression and patient survival (20). Also, CD133 on theglioma cell surface was poorly immunoreactive for anti-AC133 antibodies (21). The amount of CD133 in the membranes of glioma cells varies during the cell cycle. An assumption that the detection signal for CD133/1 epitope linearly reflects the amount of CD133 protein could be a source of disagreement on CD133 vs CD133/1. Consequently, the readouts from CD133/1 assessments are often interpreted in terms of the CD133 protein (21).

The goal of this study is to answer two questions: (i) is it possible to reverse conventional ‘dead-therapy’ of glioma into ‘differential-therapy’ by applying a combination of proliferation-breakers and neuro-inducers? and (ii) if YES, how significant is the role of CD133+ cells in providing cell population resistance under the similar treatment, as well as their ability to preserve the “immature” state (22), while producing proliferation activity.

In this research, we have generated a combination of effectors for two-step treatment: firstly, to gently halt tumor cell proliferation, and secondly, to stimulate the maturation of tumor cells to finally stop growing. G-quadruplex crypto-aptamers were chosen as the first effector, and iPS neuro-inducers were chosen as the second one. As proliferation-breakers, two G-quadruplex pseudo-aptamers (GQ) have been chosen. Bi-HD1 and bi-(AID-1-T) have been shown to reduce glioma cell proliferation (23). As the neuro-inducers, a combination of factors that are applied to stimulate neural differentiation of iPSCs has been chosen. The factors are: SB431542 (SB hereinafter), purmorphamine (PRM), LDN-193189 (LDN), and Brain-Derived Neurotrophic Factor (BDNF). SB destabilizes signaling pathways that maintain cell pluripotency (24). PRM is commonly used as an analog of Sonic Hedgehog protein, which is essential for nervous system development (25). Therefore, SB and PRM, when applied to neural differentiation of iPSCs, affect different stages of neural “maturation” of progenitor cells. LDN is an inhibitor of Bone Morphogenetic Protein (BMP) signaling, used for neural induction together with SB. Oncogenesis influences BMP4 expression, influencing the proliferation of GSCs (26). BDNF is a neural inducer of the final stage of neural cell “maturation” (27). Altogether, the abovementioned factors drive the concordant process of neural differentiation, providing a novel approach for ‘differential therapy’.



Materials and Methods


Primary Cultures of Glioblastoma Cells

Cells were obtained from human glioblastoma tissues after tumor resection. Cell culture G01 was chosen for this research as it exhibits high expression of the CD133 cell surface marker. This culture was obtained by washing cells in Versen solution (Paneco, Russia), incubation with 0.25% trypsin-EDTA (Ethylenediaminetetraacetic acid) solution (Gibco, UK) at 37°C for 40 min, and disaggregation from tissue followed by centrifugation at 1,000 rpm for 5 min. Cells were cultivated in DMEM/F12 (Dulbecco’s Modified Eagle Medium/Nutrient Mixture F-12) medium (Gibco, UK) containing 1% L-glutamine (Paneco, Russia), 10% FBS (Fetal Bovine Serum) (Thermo Scientific, USA), and 1% HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) (Sigma-Aldrich, USA) at 37°C with a humidified atmosphere of 5% CO2. Passaging was performed at 80% confluency, for which cells were washed in PBS (Phosphate Buffered Saline) (Gibco, UK) and incubated with a 0.25% trypsin-EDTA solution. After trypsin inactivation by fresh medium, cells were centrifuged at 1,000 rpm for 5 min, the supernatant was removed, fresh medium was added, and the cells were resuspended and plated into cultural flasks. The cell count was defined using Trypan Blue 1:1.



Cell Separation

A separation was performed following the CD133 MicroBead Kit-Tumor Tissue protocol. Before the separation, cells were passed through 40 μm filters and centrifuged at 1,000 rpm for 5 min. During the first step, the cells were labeled with CD133 Microbeads (Miltenyi Biotec, Germany). Cells were centrifuged at 1,000 rpm for 10 min, after which the supernatant was removed. The cell pellet was resuspended in 60 μl of buffer (PBS with 2 мМ EDTA and 0.5% BSA (Bovine Serum Albumin) (Amresco, USA)). We then added 20 μl of FcR Blocking Reagent to the suspension. After this, 20 μl of CD133 MicroBeads were added and resuspended. The mixture was placed at 4°C for 30 min and then 2 ml of the same buffer was added to the cell suspension, resuspended, and centrifuged at 1,000 rpm for 10 min. The supernatant was removed and 500 μl of fresh buffer was added and resuspended.

For magnetic separation, MS Columns (Miltenyi Biotec, Germany) were used. After placing a column in the magnetic field of a MACS Separator (Miltenyi Biotec, Germany) and washing the column with 1 ml of buffer, the cell suspension was applied to the column. The unlabeled cells that passed through the column were obtained in the first collecting tube. The column was washed 3 more times in the second collecting tube to remove unlabeled cells. The fractions of unlabeled cells were combined in one collection tube. In another collection tube, the magnetically-labeled cells were eluted 3 times by pipetting 1 ml of buffer and firmly pushing the plunger into the column.

Noted that because the CD133 marker is believed to represent stem cells that divide asymmetrically, there will always be a few CD133− cells in CD133+ cultures.



Cell Cultivation With Aptamers and Factors of Neurodifferentiation

In the first stage of the experiment, we used small molecules SB41542 (10 μM) (Miltenyi Biotec, Germany) and PRM (2 μM) (Miltenyi Biotec, Germany). The third factor used for this investigation was the neurotrophic factor BDNF (Miltenyi Biotec, Germany) at a concentration of 20 ng/ml. In the second stage of the experiment, LDN-193189 (1 μM) (Miltenyi Biotec, Germany) was added to the medium.

Two aptamers, bi-HD1 and bi-(AID-1-T), were used in the experiments. They were added to the medium to a final concentration of 37.5 μM. Before adding them to the cell cultures, aptamers were pre-formed at 95°С and cooled overnight at 4°С. During the first step, G01-derived CD133− and CD133+ cells were treated with DNA aptamers, and after two days, one of the three neuro-inducers was added to the medium. When combinations of aptamers and small molecules were tested on G01 CD133− and G01 CD133+ cells, the neuronal inducers were consistently added to the growth medium in several combinations (Table 1) by the following scheme: Two days after the addition of SB431542, PRM, or BDNF, or a combination of SB431542+LDN-193189 were added to the medium; on day 5, after partially changing the growth medium in all flasks, Purmorphamine was added to the flasks with SB431542+LDN-193189; on day 7, BDNF was added to the flasks with SB431542+LDN-193189+Purmorphamine.


Table 1 | The combinations of the factors added to the G01 CD133+ and G01 CD133− cell cultures.



No additional factors were added to the control flasks. The proliferation activity of cells was tested using the MTT assay 10 days after all exposures. Proliferation activity and gene expression (using the RT-PCR method) were also analyzed 20 days after all exposures. After testing, the most effective combinations of G01 CD133+ and G01 CD 133− cultures were tested on G01 culture according to the same scheme.



Cultivation of Neuro-Spheres

Cells were seeded in 12-well plates in a serum-free culture medium containing DMEM/F12 medium, 1% glutamine, Antibiotic–Antimycotic (Gibco, UK) and supplements B27 and N2 (2 ml per 100 ml of medium) (Gibco, UK), and FGF and EGF (20 ng/ml) (PeproTech, USA).



Immunocytochemistry

Cells at a concentration of 1 × 104 cells/well were cultivated in duplicate in 4-well plates for 24 h in 500 μl of DMEM/F12 medium with 1% glutamine and 10% FBS. After washing twice in PBS (pH 7.3), cells were fixed in 500 μl of 4% paraformaldehyde solution for 30 min at 4°C. Cells were then washed twice more in PBS (pH 7.3).

Staining was performed using the following primary antibodies: rabbit polyclonal Anti-CD133 antibody (dilution 1:20, #Ab16518, Abcam, UK), goat polyclonal Anti-CXCR4 antibody (dilution 1:100, #Ab1670, Abcam, UK), rabbit polyclonal Oct4 antibody (dilution 1:100, #Ab19857, Abcam, UK), rabbit polyclonal Nestin antibody (dilution 1:200, #AB5922, Chemicon, USA), goat polyclonal Sox2 antibody (dilution 1:100, #sc-17320, Santa Cruz, USA), mouse monoclonal Notch1 antibody (dilution 1:200, #MA1-91405, Invitrogen, USA), and chicken polyclonal Map2 antibody (dilution 1:500, #Ab5392, Abcam, UK). The primary antibodies were dissolved in PBS with 0.3% Triton X100 (Sigma-Aldrich, USA) as a detergent and 2% donkey serum (Jackson Immunoresearch, UK) and incubated for 2 h at room temperature. A solution with 1% FBS and 2% donkey serum was used as a negative control.

After being washed three times for 5 min in PBS (pH 7.3), cells were incubated for 1 h with the following secondary antibodies: donkey anti-rabbit antibodies conjugated with DyLight-488 (dilution 1:100, #711-545-152, Jackson Immunoresearch, UK), donkey anti-goat antibodies conjugated with Alexa Fluor 594 (dilution 1:100, #705-585-147, Jackson Immunoresearch, UK), and goat anti-chicken IgY H&L (Alexa Fluor 488) (dilution 1:100, #Ab150173, Abcam, UK). Then, cells were washed in PBS (pH 7.3) and stained with bisbenzimide (Sigma-Aldrich, USA) for 5 min at room temperature. After that, the cells were washed in PBS (pH 7.3), covered with glycerin, and analyzed by fluorescence microscopy. An Olympus IX81 (Olympus Corp., Japan) microscope was used for visualization with a computer-controlled motorized stage (Märzhäuser, Wetzlar) and an Olympus DP72 digital camera (Olympus, Münster, Germany).

After staining the G01 CD133+ and G01 CD133− cell cultures with anti-Nestin, anti-Sox2, anti-Oct4, anti-Notch1, and anti-Map2 antibodies, we evaluated the intensity of cell fluorescence in the microscope field of view. After evaluating the brightness of the pixels on the micrographs, graphs were plotted expressing the ratio of the fluorescence intensity during cell cultivation to control.



RT-qPCR

Expression of the following markers was measured in G01 CD133+ and G01 CD133− cultures by RT-qPCR: CD133, DR4 and DR5, GFAP, Nanog, Oct4, Sox2, Notch2, L1CAM, Nestin, EGFR, Olig2, PDGFRa, and MELK.

For RNA isolation, the TRIzolTM Reagent (Sigma-Aldrich, USA) was used. DNA strand synthesis was performed using the MMLV RT kit (Evrogen, Russia). The initial G01 culture was used as a control. The expression was estimated at 7, 21, 35, and 42 days after the beginning of cell cultivation. The assay was performed under the following conditions: preliminary warming for 5 min at 90°C, denaturation for 10 s at 95°C, primer annealing and elongation for 30 s at 60°C. The number of cycles was set at 40. The primers used in the assay are presented in Table 2. The house-keeping genes used in the research were GAPDH, HPRT, and GUSB.


Table 2 | Panel of primers for RT-qPCR.





Confocal Microscopy

Confocal microscopy was performed by transfection of cell culture HEK293 using TurboFect Transfection Reagent (Thermo Scientific, USA). After transfection, the cells were cultivated in 4-well chamber-slides for 48 h in a humidified atmosphere of 5% CO2. Cells were then washed three times in PBS with 1% BSA for 5 min. In the first three wells, 50 μl of CD133/2-PE antibodies (dilutions 1:12.5, 1:25, and 1:50, #130-113-748, Miltenyi Biotec, Germany) and anti-GFP antibodies (FITC) (dilution 1:200, # Ab6662, Abcam, UK) were added per well, while in the fourth well, 50 μl of CD133 MicroBeads (Miltenyi Biotec, Germany) with FcR Blocking Reagent and PBS c 1% BSA solution were added at a ratio of 3:3:44 accordingly. The chamber-slide was incubated for 15 min at 4°C in the dark, and then 300 μl of Hanks’ solution (Paneco, Russia) was added.



MTT Assay

The proliferation of G01 CD133+ and G01 CD133− cell cultures was determined by the MTT assay, and this was also used to detect changes in proliferation of cells treated with specific aptamers. Glioblastoma cells were seeded in 96-well plates at a cell density of 2,000 cells per well in 200 μl of culture medium DMEM/F12. Cells were cultivated for 48 h at 37°C in a humidified atmosphere of 5% CO2. They were then preformed at 95°C for 5 min in a water bath, and the oligonucleotides were then added. The cell medium was removed from the wells and aptamers were added in prepared concentrations. There were five replicates for each concentration. Cells were incubated for 72 h at 37°C in a humidified atmosphere of 5% CO2. After being removed, the medium cells were washed with PBS and cultivated for 24 h in 100 μl of culture medium. We then added 20 μl of MTS reagent (Promega, USA) to each well, and the plate was incubated for 2 h at 37°C in a humidified atmosphere of 5% CO2. Cells without aptamers were used as a positive control, and the cell medium was used as a blank. At λ = 490 nm, optical density was measured on a plate analyzer Tecan Infinite M200/Pro (Tecan, Switzerland).



CD133 Insert Cloning

RNAzol ® RT (Sigma-Aldrich, USA) was used to isolate total RNA from G01 cells. First, RNA strand synthesis was performed using an MMLV RT kit. To obtain the CD133 DNA fragment of interest—CD133fr—three consistent PCRs were run, followed by 1% agarose gel electrophoresis and DNA extraction using a QIAquick® Gel Extraction Kit (Qiagen, Germany). A fragment of the CD133 protein from 485 to 865 amino acids was used as an insert. Primers were designed using NCBI (National Center for Biotechnological Information). Blast, melting temperature (Tm), and annealing temperature were estimated using the NEB Tm Calculator (New England Biolabs melting temperature calculator). The primers used in the assay are presented in Table 3. Annealing sites of the used primers on the target gene Prom1 are shown in Supplementary Figure 1.


Table 3 | Panel of primers for RT-qPCR.



Q5TM High-Fidelity DNA Polymerase (Thermo Scientific, USA) was used for PCRs 1–3. We used 1% agarose gel electrophoresis in TAE (Trisacetate-EDTA) buffer with GeneRuler 100 bp Plus DNA Ladder (Thermo Scientific, USA) as a marker. The DNA concentration and purity were measured using NanoDrop 2000.

The first PCR (PCR1) was run using cd133 f2-cd133 r1 and cd133 f3-Prom1 r0 primer pairs. Amplification of the nucleotide sequence, corresponding to the second extracellular loop of CD133 (PCR2), was run using the cd133 f2-Prom1 r0 primer pair. For ligation with the peGFP-c1 vector, PCR3 was run using the XhoI f-BamH1 r primer pair. PCR amplification in all the reactions was carried out under the following conditions: Preliminary warming at 98°C for 30 s; denaturation for 10 s at 98°C; primer annealing for 15 s at 58°C for PCR1–2, and 51–58°C for PCR3; elongation at 72°C for 25 s in PCR1 and for 40 s in PCR2-3; and final elongation at 72°C for 2 min in PCR1 and for 5 min in PCR2-3. There were 30 cycles for PCR1 and PCR3, while for PCR2 there were 27.

The restriction of the insert (CD133fr) and peGFP-c1 vector was carried out by the XhoI and BamH1 sites of restriction. Ligation of CD133fr and peGFP-c1 vectors (Supplementary Figure 2) was performed using 50 μg of each with T4 DNA High Concentration ligase (New England BioLabs, UK), and the mixture was incubated overnight at 16°С.

The transformation of Escherichia coli TOP10 cells (Invitrogen, USA) with CD133fr/peGFP-c1 was carried out using heat shock. Screening of the grown colonies overnight after transformation with CD133fr/peGFP-c1 was performed using cd133 f3-cd133 r0 primer pairs with Taq-polymerase (5 units/μl) (Thermo Scientific, USA). PCR was carried out under the following conditions: preliminary warming for 30 s at 98°C, denaturation for 10 s at 98°C, primer annealing at 58°C for 15 s, elongation at 72°C for 15 s, and final elongation at 72°C for 2 min. There were 27 cycles. A probe with CD133fr/pGEM-T easy recombinant DNA was used as the positive control (intermediate results). Afterwards, a PCR was run using 1% agarose gel electrophoresis in TAE buffer with GeneRuler 100 bp Plus DNA Ladder. A probe corresponding to 552 bp was used for the experiments. This probe was shaken overnight in lysogeny broth (LB) medium at 37°С.

Bacterial DNA was isolated using the GeneJET Plasmid Miniprep (Thermo Scientific, USA). Sanger sequencing was conducted to verify the nucleotide sequence of DNA that corresponded to the second extracellular loop of CD133.

Glioblastoma cell transfection was performed using TurboFect Transfection Reagent (Thermo Scientific, USA). For confocal microscopy, human glioblastoma cells were seeded in a 4-well chamber slide and, following transfection, were incubated at 37°С in a humidified atmosphere of 5% CO2 for 48 h.



Statistical Analyses

The imaging of fixed samples was performed on an inverted confocal microscope (Olympus IX81) with a computer-controlled motorized stage and an Olympus DP72 digital camera. A laser scanning microscope (Zeiss LSM 900) was used for confocal microscopy of live and fixed cells. Image analysis was performed using ZEN software and Microsoft Excel.

The MTT assay analysis was completed using i-control 1.10 software. A CFX96 Real-Time PCR System was used to measure the expression levels of target genes. Each sample was carried out in triplicate.

The concentration of samples obtained from DNA recombinant vectors was measured using a Nanodrop 2000 microvolume spectrophotometer for DNA samples.

Statistical analysis was conducted using GraphPad Prism 9. Data were presented as means ± SEM or means ± SD. Statistical significance was assessed using ANOVA, followed by Tukey’s post hoc test or Mann–Whitney U-test. In the figures, *p <0.05, **p <0.01, ***p <0.001, and ****p <0.0001.




Results


High Expression of CD133 in G01 Cell Culture From Patient Surgical Sample of GBM

Because CD133 is the focus of this study, twenty cell cultures have been screened for this biomarker by real-time quantitative PCR (RT-qPCR). For further study, G01 cell culture has been selected because of the highest expression of CD133, which is about 10 times more than average (Figure 1B). A G01 cell culture has been developed from GBM tissue taken from a 37-year-old female patient with a tumor in the left frontal lobe. The initial tumor tissue transections have been tested by immunocytochemical staining with anti-CD133 antibody (Figure 1A), proving that initial patient sample is indeed enriched with CD133+ cells.




Figure 1 | Characterization of glioblastoma cell culture with CD133 high expression rate. (A) Bisbenzimide staining of cell nuclei of the biopsy samples of the patient (left); immunocytochemical staining with anti-CD133 antibodies (middle); a and b merged (right); scale bar is 50 μm. (B) Real-time quantitative PCR. The expression of the genes of the neural stem cells in tested cell cultures. Data are represented as mean ± SEM; n = 3 for each group. (C) Immunocytochemical staining of the neuro-spheres with anti-CD133 antibodies. CD133+ cells (arrow) are located in the outer layer of the neuro-spheres; scale bar is 20 μm.



The reciprocal proves that it has also been performed. If G01 cell culture was cultivated in a serum-free medium, it actively developed neuro-spheres (Figure 1C), which have CD133+ cells.

Because further studies would be considered properties of SCs also, the transcription of some stemness genes has been measured by RT-qPCR for G01 cell culture, compared with other samples (Figure 1B). G01 cells have a low level of Nestin transcription, and a high level of transcription of L1CAM, CD133, and GFAP.



Distribution of recCD133 in the Cell Membranes of G01 Cells Transfected With Recombinant DNA СD133CT/pEGFP-c1

A DNA fragment of the CD133 gene: nucleotides 1694–2848, coding the C-terminal half of the protein CD133 amino acids 473–856, coined as CD133CT (Figure 2), has been cloned into a C-terminal protein fusion vector pEGFP-c1 after green fluorescent protein, GFP (Supplementary Figure 2). The construct GFP-CD133CT has been transfected into G01 cells. The following anti-CD133 antibody has been used: Miltenyi Biotech antibody clone AC133 recognizes epitope CD133/1, and antibody clone 293C3 recognizes epitope CD133/2. Both epitopes are in the extracellular loop/domain II of CD133. Abcam antibody Ab16518 binds to the C-terminal part of CD133 (28).




Figure 2 | A scheme of CD133 protein structure. Insertion shows numbers of amino acids for CD133CT. The number of glycosylation sites is indicated schematically.



CD133CT has both epitopes, CD133/1 and CD133/2, and it is built into the cell membrane (Figure 3A). A significant amount of protein was seen in the cell cytoplasm.




Figure 3 | Confocal visualization of CD133 distribution on the cell membrane of G01 glioblastoma cells using СD133fr/peGFP-c1 recombinant DNA. (A) Micrographs of fixed glioblastoma cell culture cells stained with anti-CD133 antibodies (dilution 1:25) and anti-GFP antibodies (FITC) (dilution 1:200). GFP (green), CD133 (red), DAPI (blue). (B) Micrographs of the distribution of microbeads in glioblastoma cell culture transfected with реCD133fr/peGFP-c1. The arrows indicate magnetic beads. Scale bar is 20 mm.



We also demonstrated that CD133 MicroBeads, having CD133/1 antibodies, bind to the transfected cells, proving that these microbeads could be effective in binding cells with the CD133 marker; the beads are located on the cell outer membrane (Figure 3B) (29).

We have demonstrated the membrane localization of CD133 with epitopes of interest using fusion proteins (Supplementary Figure 3). Anti-CD133/2-PE antibodies (#130-113-748, Miltenyi Biotec, Germany) effectively bind to CD133 chimeras on the outer membrane of the cell. A significant amount of protein was seen in the cell cytoplasm.

We have also examined the possibility of applying CD133-specific magnetic microbeads that will be used for isolating CD133+ cells and found that the beads are located on the cell outer membrane (Figure 3B) (29).



Analysis of Cell Cultures G01 CD133− and G01 CD133+

Using magnetic beads with immobilized anti-CD133/1 antibodies Miltenyi Biotec 130-100-857, from the initial G01 cell culture, we have isolated two cell fractions, coined as CD133+ and CD133−. It is worth keeping the following matter clear. Firstly, we understand that there is no solid evidence yet that CD133 is a genuine biomarker of either SCs or CSCs/GSCs. But if so, during G01 CD133+ culturing, a portion of CD133+ cells will be diluted because of an asymmetric cell division, and, actually, “CD133+” is “enrichment in CD133+.” Secondly, as we have also shown, for CD133− it is unrealistic to completely deplete the cell culture of CD133+.

To begin with, the MTT test was used to estimate the proliferative activities of СD133− and СD133+. Right after separation (zero time), then 10 days and 20 days after, the proliferation rate of СD133− was higher than the rate of СD133+ (Figure 4C). After 30 days, both cell cultures had equal proliferation rates, and by day 70, CD133− stopped proliferating and died, whereas CD133+ continued to grow with the same proliferation activity. Therefore, CD133− has limited proliferation potential compared to CD133+.




Figure 4 | Characterization of G01 CD133+ and G01 CD133− cell cultures after cell separation. (A) Micrographs of immunocytochemical staining of G01 CD133+ and G01 CD133− cell cultures with anti-Nestin, anti-Sox2, anti-Oct4 antibodies. Scale bar is 200 μm. (B) The diagrams represent the normalized intensity of cell fluorescence of G01 CD133+ and CD133− cell cultures. Data are represented as mean ± SD, n = 20 for each group. Statistically significant differences between the control and the treatment groups are indicated by asterisks (Mann–Whitney U-test, **p <0.01, *p <0.05). (C) MTT assay of G01 CD133+ and G01 CD133− glioblastoma cell cultures in 10 and 20 days after cell separation; data are presented as mean ± SD; n = 5 for each group. Data are presented as mean ± SD. (D) Real-time quantitative PCR of stem cell genes in G01 CD133− (left) and G01 CD133+ (right) cells before and at 7, 21, 35, and 42 days after cell separation. Data are presented as mean ± SEM; n = 3 for each group.



To study how steady the expression of stemness genes is during prolonged culturing of both CD133− and CD133+, the expression of some typical stemness protein markers has been measured by immunocytochemical analysis. By day 7, expression of Sox2 in CD133+ is about 7 times higher than in CD133−; this tendency slowly eases by day 28 (Figures 4A, B). By the same day, nestin expression in CD133+ is 2 times higher than in CD133−; the difference vanishes by day 20. There is no difference in the expression of Oct4. Expression of Map2 is the same in CD133+ and CD133− (Supplementary Figure 4).

To extend the testing scale, the duration of culturing is increased to 42 days, with time intervals of 0, 7, 21, 35, and 42 days after the separation of the initial G01 cell culture. The stemness gene repertoire is also expanded.

Nestin, L1CAM, and Notch2 are the major biomarkers; other genes are GFAP, Sox2, Oct4, Nanog, and DR4, DR5. Nestin is a marker of neural stem cells (NSCs). L1CAM and CD133 are markers of glioma stem cells, GSCs (30). Fibrillary acidic protein (GFAP) is a marker for NSCs, GSCs, and mature glial cells (31).

For CD133+, transcription of genes exhibits intriguing features: by day 42, transcription of two major stemness genes, Nestin and L1CAM, had been lifted (Figure 4D). The same was true for Notch2, but to a lesser extent.

For CD133−, transcription of two major stemness genes, L1CAM and Notch2, was essentially decreased. The transcription of Sox2 was decreased 3–4 times by day 42 (Figure 4D).



Treatment of G01 CD133− and CD133+ With a Combination of Two Effectors: An Antiproliferative GQ and a Neuro-Inducer

Partial specification of G01 CD133− and CD133+ has provided a prerequisite to initiate testing of a paradigm “first halt, then reprogram.” The following pairs of cell effectors have been chosen. To bein, two original GQs, bi-HD1 and bi-(AID-1-T) (23), were used to stop cell proliferation. Both GQs dose-dependently decrease cell proliferation rates (Supplementary Figure 5A). Additionally, GQs have some beneficial features: they reduce the proliferation of cancer cells cytostatically and they act transiently. Secondly, three well-known powerful neuro-inducers are used to reprogram cells: an inhibitor of activin receptor-like kinase receptors (SB431542, SB here), an activator of hedgehog signaling pathway (purmorphamine, PRM), and brain-derived neurotrophic factor (BDNF). All substances are widely used to stimulate neural differentiation of iPSCs (32).

For CD133+ any combination failed to change the proliferation rate for ten days. As expected, CD133− are more sensitive to the treatment (Figure 5A). A very essential result is that bi-(AID-1-T) alone, and bi-(AID-1-T) with BDNF, [bi-(AID-1-T) + BDNF], significantly suppress cell proliferation. The cells stopped dividing and ceased culture growth. An apoptosis assay was performed to determine the percentage of apoptotic cells after culturing with the agents (Supplementary Figure 6). Two other GQ-low molecular effector combinations, [bi-(AID-1-T) + SB] and [bi-(AID-1-T) + PRM], had only minor effects.




Figure 5 | G01 CD133+ and CD133− cells behavior after treatment of binary combination of GQ and a neuro-inducer. (A) MTT assay of G01 CD133+ cells (left) and G01 CD133− cells (right) after 10 days treatment with combination of either biHD1 or bi-(AID-1-T) and neural differentiation inducers SB431542, purmorphamine, BDNF. Data are represented as mean ± SD, n = 5 for each group. Statistically significant differences between the control and the treatment groups are indicated by asterisks (One-Way ANOVA, post-hoc Tukey HSD Test, *p <0.05, **p <0.01, ***p <0.001, ****p <0.0001). (B) MTT assay of G01 CD133+ cells (left) and CD133- cells (right) after 20 days treatment with the same binary combinations as in (A). Data are represented as in (A). (C) Real-time quantitative PCR of stem cell genes in G01 CD133+ (top) and G01 CD133- (bottom) cell cultures in 20 days after the exposure to the aptamers biHD1 and bi-(AID-1-T) and neural differentiation inducers SB431542, purmorphamine, BDNF. Data are represented as mean ± SD. n = 3 for each group. SB, SB431542, PRM, purmorphamine.



After extending the treatment until day 20, the behavior of the cell cultures had changed dramatically (Figure 5B). For CD133+ cells, all treatments significantly reduced cell division. But for CD133− some peculiar features have been found (Figure 5B). Cells were killed by the previously discovered effective combination [bi-(AID-1-T) + BDNF]. Interestingly, in the case of bi-(AID-1-T) alone, which was effective by day 10 and by day 20, the restoration of the ability of the cell to divide was observed, apparently because a GQ effect had ceased. In a similar vein, [bi-(AID-1-T) + PRM] had had a similar but minor effect. This finding supports the idea of using GQs as a transient effector to halt proliferation before the application of a neuro-inducer with [bi-(AID-1-T) + BDNF] being the most promising combination.

Both fractions, CD133+ and CD133−, treated for 20 days, had been analyzed for the transcription of stemness genes. When compared to CD133−, CD133+ showed significantly higher transcription of the major stemness genes L1CAM, Nestin, Notch2 (Figure 5C, top).

The results clearly indicate the possibility of combining two different effectors capable of finally reducing GSCs proliferation activity; the most promising combination is [bi-(AID-1-T) + BDNF].



Treatment of G01 CD133− and CD133+ With a Sophisticated Combination GQIcombi: Antiproliferative bi-(AID-1-T) Plus Cascade of Neuro-Inducers for iPSCs

For CD133−, treatment with [bi-(AID-1-T) + BDNF] for 10 days was sufficient to block completely cell division, while for CD133+ cells any combination did not work (Figure 5). To enhance the effect of the neuro-inducer part of the combination treatment, instead of a single neuro-inducer, an original set of compounds, used for neural differentiation of iPSCs, has been applied. They are in use for SB, PRM, and BDNF, plus an additional new one, BMP signaling inhibitor LDN. They were added stepwise with a one-day interval. A panel of control experiments included initial cells and cells treated with either bi-(AID-1-T) alone or in combination with single effector from the GQIcombi. Proliferative activities of CD133− and CD133+ were measured with the MTT assay after 10 days. Using GQIcombi, a complete stop of proliferation of CD133−, and more importantly, CD133+, has been observed (Figure 6A); a portion of Figure 5A in the red box is reproduced to demonstrate the effectiveness of [(AID-1-T) plus LDN, SB, PRM, BDNF]. In Figure 6A, we used the portion of Figure 5A highlighted in red to show the effect of [bi-(AID-1-T) + LDN, SB, PRM, BDNF] on the proliferative activity of CD133+ GBM cells. When all these influences are compared (either bi-(AID-1-T) plus one inductor or bi-(AID-1-T) plus all four inductors) (Figure 6A), the effect of bi-(AID-1-T) plus LDN, SB, PRM, and BDNF is clear. The neural marker bIII-tubulin was used to demonstrate an advanced differential state of G01 cells after exposure to GQIcombi (Supplementary Figure 7).




Figure 6 | Exposure of cell cultures to the bi-(AID-1-T) aptamer and a cascade of neural inducers. (A) MTT assay for G01 CD133+ and G01 CD133− in 10 days after the exposure to the bi-(AID-1-T) aptamer and the neural differentiation inducers. Data are represented as mean ± SD. n = 5 for each group. (B) MTT assay for G01 cells in 10 days after the exposure to the bi-(AID-1-T) aptamer and the successive addition of the neural differentiation inducers. Data are represented as mean ± SD. n = 5 for each group. (C) MTT assay for Sus, U251, Rozh and 40 cell cultures in 10 days after the exposure to the bi-(AID-1-T) aptamer and the neural differentiation inducers. Data are represented as mean ± SD. n = 5 for each group. Statistically significant differences between the control and the treatment groups are indicated by asterisks (One-Way ANOVA, post-hoc Tukey HSD Test, **p <0.01, ***p <0.001, ****p <0.0001). SB, SB431542; PRM, Purmorphamine; LDN, LDN-193189.





GQIcombi Treatment of Several Glioma Total Primary Cell Cultures From Patients

Overcoming resistance of CD133+ with GQIcombi was a prerequisite to initiating testing of a paradigm “first halt, then reprogram” for the glioma total primary cell cultures from patients.

The initial G01 cell culture proliferation was inhibited more than 10 times with [bi-(AID-1-T) + BDNF] (Figure 6B); the inhibition was not complete, probably due to a presence of CD133+ fraction. However, the proliferation of the initial G01 cell culture was completely inhibited with GQIcombi (Figure 6B).

Taking into account the intertumoral heterogeneity of GBM, one more very essential matter is the variation in the response of different patient samples to the treatment. Indeed, the results of the treatment samples derived from different patients and the reference cell line U251 differ (Figure 6C), vary, but not in accordance with the previous observations. Some samples, such as Rozh, are rather resistant to treatment with just the binary combination [bi-(AID-1-T) + BDNF], but the GQIcombi is so effective that it successfully reduces the proliferation activity even in resistance cells.




Discussion

To develop therapeutic approaches for treating a heterogeneous tumor population, one must first characterize tumor subpopulations and understand how these subpopulations could change during treatment. Molecularly defined, rare CD133+ cancer progenitor cells (CPCs) have been identified in a subset of gliomas and exhibit striking differences in response to treatment when compared to more differentiated tumor cells (33). Many tumors contain hierarchically organized cell subpopulations that retain the capacity to remake tumors and yet give differentiated tumor cell progeny. One might expect that selection would favor the evolution of tumors with high numbers of CPCs at the cost of differentiated cell types. Yet, paradoxically, in most malignancies, CPCs are far less abundant than differentiated cancer cells that cannot remake tumors. The changing of distribution of specific clones during tumor progression in the brain has also been observed (34).

To track the behavior of cell cultures and sub-populations, the following molecular biomarkers have been chosen. Nestin is one of the main biomarkers of neural stem cells, or NSCs (35). L1CAM is typical for NSCs and glioma CSCs (36). GFAP is a conventional biomarker of both NSCs and mature glial cells. GFAP is actively transcribed in NSCs, but in daughter progenitor cells its transcription is vanishes. Further transcription of GFAP re-appears in mature glial cells (31). Besides, GFAP is actively transcribed in glioma CSCs (31).

Notch2 was also included in the panel, as it could be a marker of NSCs (37). Notch2 is important in both carcinogenesis and the development of the most malignant gliomas (38). Enhanced Notch signaling correlates with a poor prognosis.

Other genes are the well-known Nanog, Oct4, and Sox2 (31, 39).

Current approaches to treating malignant tumors have different success rates. Gliomas are tumors that are still practically unamenable to therapy. The most aggressive and severe form of glioma is glioblastoma multiforme (GBM, Grade IV). Current therapy is limited to the surgical removal of the bulk of a tumor followed by radiotherapy (RT) and/or chemotherapy (CT), which is mainly based on toxic effects on cells. Drugs like Temodal kill proliferating tumor cells and healthy proliferating cells in the body.

Taking into account intratumor heterogeneity, simply consider two types of cancer cells: cancer stem cells (CSCs) and immature «daughter» cells of a tumor, which we coin cancer progenitor cells (CPCs) (40). Only CPCs actively divide and are targets for the RT/CT. On the contrary, CSCs, having relatively low proliferative potential, are rather insensitive to RT/CT; they cause a relapse later. Therefore, the very productive suggestion is not to kill actively dividing cells using death inducing drugs, but the other way around—to reprogram the cancer cells, CPCs, with differentiation inducers, change their differentiation status, and cease their proliferation.

The concept of ‘differentiation therapy’ was proposed in 1970s, and it was based on an idea that malignant cells could differentiate into less aggressive cells, therefore ‘differentiation therapy’ could be an alternative/complementary strategy to CT/RT-mediated cytotoxicity (41). However, with solid tumors this strategy has shown very limited success. Also, the strategy was not evaluated using a combination with conventional CT/RT, or with other effector of proliferation (42).

GBM can be considered a conglomerate of “daughter” tumor cells, CPCs, having a high, yet limited, ability to proliferate, and glioblastoma stem cells, GSCs, which maintain the whole population of GBM and supply its growth. Several studies have shown that GSCs are resistant to therapeutic agents (43, 44). Therefore, RT/CT will affect primarily CPCs, while GSCs survive and produce a new population (45).

Therefore, the idea of toxic affecting glioma cells should be reconsidered, and novel approaches for stimulation of tumor cell differentiation and ceasing their proliferation should be developed. Such approaches have been examined for some cancers. Xiong et al. considered tumor models as aggregates of CSCs and CPCs and explored the possibility of changing their differentiation potential (46). Han et al. reported a similar approach to leukemia treatment, where the aggression of cancer cells was reduced with a combined therapy for stimulating the differentiation of tumor cells (4). Dawson et al. (3) found that rhabdomyosarcoma and rhabdoid tumors harbor cells that are unaffected by chemotherapy and have properties similar to SCs. A three-drug combination of Vincristine with TPA/GSK126 differentiation therapy partially overcomes the chemoresistance of these cells.

This study searched for a combination of effectors able to stimulate neural differentiation of human GBM cells. There are GSCs in the heterogeneous population of glioma cells, and these cells are less mature than other cells in the tumor. CD133 biomarkers could be attributed to these cells. Mendiburu-Eliçabe et al. demonstrated that rapamycin significantly decreased the rate of cell growth, which correlated with a decrease in the expression of the CD133 gene of glioma CSCs in two cell cultures derived from GBM patients (47).

In this research, G01 cell culture derived from a human GBM patient has been studied. Initial G01 cell culture was split into two fractions: enriched with CD133 (CD133+) and depleted with CD133 (CD133−) (Figure 4). Following responses of these two separate fractions toward combinations of effectors that could stop proliferating, especially stem-like CD133+, enables the discovery of a very effective ‘GQIcombi’ combination.

The original idea for a treatment design was to select effectors able to decrease or halt cell proliferation for a while, and immediately after to stimulating tumor cell differentiation.

It is rather crucial that the first effector should not be quite toxic for cells, and it would only restrain the ability to divide of the cell. The unique GQ crypto-aptamer bi-(AID-1-T) has been chosen (23). CD133− had stopped proliferating after 10 days of exposure to bi-(AID-1-T), and cell growth had recovered by day 20 (Figure 5). CD133+ had not been affected by this GQ (Figure 5).

As for the second effector, preliminary experiments with different substances that are strong neuro-inducers, like GDNF, IL6, and retinoic acid (RA) (Supplementary Figures 5B, C), did not provide the expected effect of proliferation arrest (48). Therefore, the molecules used for iPSC neural differentiation (49) have been applied. Firstly, we treated with SB, PRM, BDNF, one by one, after halting cell proliferation with bi-(AID-1-T). The application of BDNF alone, after GQ, was enough to block CD133−, but not CD133+ (Figure 5). This is in keeping with the data that CD133+ are immature cells, compared to CD133−, being SC-like; and BDNF is used for neural differentiation as a neurogenesis-encouraging factor applicable to CD133−.

Therefore, we used a stepwise treatment of CD133+ and CD133− with the GQ and then with neuro-inducers according to the protocol of Wichterle and co-authors (50), modified by Lagarkova and co-authors (49).

For an effective treatment of CD133+, a short-term block of cell proliferation is required, with subsequent exposure to neuro-inducers, to manage the earliest stages of cell “maturation.” The molecule SB inhibits Lefty/Activin/TGFβ signaling pathways (41), which hinders differentiation and pluripotency. PRM is one more molecule affecting midbrain cell ‘ventralization’ (51). LDN is an inhibitor of theBMP signaling pathway (24). The last one, BDNF protein, is a neurotrophic factor that stimulates neuron maturation. It turned out that the exact combination of these substances was effective in blocking the proliferation of CD133+ cells (Figure 6). After a 10-day exposure, the cells stopped dividing and died. Therefore, for CD133+ cells, a step-by-step treatment is required, beginning from the earliest differentiation stages. It seems that the differentiation stage of CSCs is similar to embryonic SCs or induced SCs, and that could be a reason to apply a step-by-step treatment.

In summary, here we have demonstrated ‘proved-of-the-principle’ for a novel approach to inhibit glioma cell proliferation, which can change the state of tumor cells by stimulating their maturation, in contrast to conventional treatments that induce death. A combination of effectors has been discovered that could significantly inhibit the proliferation of primary GBM cells in patients. A very essential essence is that ‘GQIcombi’ blocks the division of CD133+ GSCs, which is crucial to overcome resistance, and to diminish or prevent tumor recurrence.
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Chemotherapy resistance and peculiar tumor microenvironment, which diminish or mitigate the effects of therapies, make pancreatic cancer one of the deadliest malignancies to manage and treat. Advanced immunotherapies are under consideration intending to ameliorate the overall patient survival rate in pancreatic cancer. Oncolytic viruses therapy is a new type of immunotherapy in which a virus after infecting and lysis the cancer cell induces/activates patients’ immune response by releasing tumor antigen in the blood. The current review covers the pathways and molecular ablation that take place in pancreatic cancer cells. It also unfolds the extensive preclinical and clinical trial studies of oncolytic viruses performed and/or undergoing to design an efficacious therapy against pancreatic cancer.
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1 Introduction

Pancreatic cancer is one of the wearisome malignancies to manage and treat, with the world’s seventh-highest mortality rate (1, 2). A total of 495,773 new cases along with 466,003 deaths due to pancreatic cancer were recorded in the year 2020 (1). In the U.S, it is the 3rd prime reason for deaths caused by cancer (1). It is expected to surpass breast cancer and become the 2nd most deadly type of cancer by 2030 (3). It develops in the pancreas and is divided into two types based on the tissues in which cancer develops: pancreatic ductal adenocarcinoma (PDAC) and pancreatic neuroendocrine tumor. The PDAC which develops in the pancreatic duct or exocrine part of the pancreas accounts for 95% of pancreatic cancer cases, hence the most prevalent and fatal type. While the pancreatic neuroendocrine tumor grows in the endocrine region of the pancreas and accounts for 5% of pancreatic cancer cases (2, 4).

The fatal nature of pancreatic cancer strongly depends on its high tendency to metastasize and late diagnosis (4). Surgery is the only potential therapeutic option for pancreatic cancer. Only a small number of patients (less than 20%) are authorized for surgery at diagnosis and only 20% to 30% of those survive for 5 years (3, 5). Approximately 80% of patients diagnosed at a later stage of pancreatic cancer do not have effective treatment options available (5). The unresectable locally advanced pancreatic cancer (LAPC) patients have a survival rate of <5%. By the time of diagnosis, approximately one-third of patients exhibit metastasis, thus bringing about a low survival rate of 2.9% (6, 7). Abdominal pain, nausea, mid-back pain, weight loss, obstructive jaundice (8), postprandial, and/or gastrointestinal (GI) bleeding are the disease related symptoms that pancreatic cancer patients develop in later stages. Venous thromboembolism (VTE) is also very prevalent in pancreatic cancer patients (6).

Despite many efforts to develop an effective treatment to increase the overall survival rate and reduce patient de-conditioning, only 9% of patients survive within the first 5 years of diagnosis. To date combination regimen is recommended for LAPC patients, combining chemotherapy, radiation therapy, and nano-particle. The types of combinational regimens given to LAPC patients are chemoradiotherapy (CRT) or stereotactic body radiation therapy (SBRT), but there is no strong suggestion regarding which of these regimens should be used over the other (6). Radiation therapy (CRT) is recommended to the patient if he shows stable or progression-free disease after the first 6 months of chemotherapy (6, 9). For LAPC patients Fluoropyrimidines or Gemcitabine are simultaneously administered along with the radiotherapy (9). Only 40% to 60% of patients given CRT showed 1-year progression control survival because of the radioresistant nature of pancreatic cancer (10). The toxicity profile of all combinational regimens was analyzed initially, a high incidence rate of patient de-conditioning is reported with acute GI toxicity, and commonly GI ulceration. LAPC patients with very low to no benefit from first-line treatment are given the medication regarding Metastatic Pancreatic Cancer Treatment Guideline (6). Above 30% to 50% of LAPC patients develop a metastatic state within 3 months of diagnosis even with the treatment (6). Patients diagnosed with metastatic PDAC have a median life expectancy of <1 year. FOLFIRINOX (folinic acid, 5-fluorouracil, irinotecan, and oxaliplatin) is the only most effective chemotherapy so far for such patients, which only enhances the survival span to 11.1 months (11, 12).

In the current review, firstly, we provided a brief introduction to pancreatic cancer, genetic changes & impaired pathways leading to cancer development, and a general overview of immune therapies. Further, an extensive review and discussion on oncolytic viruses therapy are provided. We have also explored the possibility of using natural compounds for the treatment of cancer. For the current review, Pubmed is explored on February 10, 2022, using the keywords Oncolytic viruses plus pancreatic cancer, and searched for all papers published from the year 2000 to date. The current review covers all clinical trial studies that have been published between this time frame (from the year 2000 to date), while the studies covering preclinical trials are selected that have been published over the last five years (from the year 2016 to 2022).



2 Molecular Nature of Pancreatic Cancer That Results in Therapies Failure

Various genetic alterations resulting in pancreatic cancer make treatment challenging even with targeted therapies (13). Numerous studies have reported that pancreatic cancer is vastly enriched with the cancer stem cells (CSCs) population. CSCs known as a subpopulation of tumor cells might contribute to tumor metastasis and relapses (14). This high CSC enrichment leads to chemotherapies resistance; hence, this resistant nature resulted in disease recur (13). Epithelial to mesenchymal transition (EMT) is also a significant factor to be considered in pancreatic cancer (13). In EMT, the epithelial cells undergo both the genotypic and phenotypic transitions to attain the mesenchymal phenotype. In contrast to the epithelial phenotype, the mesenchymal phenotype is known for its properties like apoptosis resistance, the ability to migrate and invade (15, 16). EMT is associated with metastasis, tumor progression, and production of CSC which eventually results in treatment resistance in various cancer types (13, 17, 18), including pancreatic cancer (13). EMT is also linked with a poor prognosis of pancreatic cancer (16). Therefore, cancer cell EMT is a crucial factor to consider in pancreatic cancer therapy design (13).


2.1 Mutational Landscape and Disrupted Pathways in Pancreatic Cancer

Whole genome sequencing analysis was performed in various studies to comprehend the mutational landscape of pancreatic cancer. A genetic analysis reported an average of 63 mutations per pancreatic cancer patient (19). Another extensive genetic analysis discovered an average of 119 somatic variations per pancreatic cancer patient (20). Interestingly these mutations are associated with 12 signaling pathways that are disrupted in 67-100% of the tumors (20). The triggering of certain signaling pathways [e.g., P13K/Akt (21), MAPK and TGF-β  (22), hypoxia, WNT, Notch (16)], the expressions of miRNAs [e.g., miR-10b, miR-210, miR-577, miR-1207-5p, miR-5188 (23), miR‐103/107, miR‐9, miR‐181a (24)], and EMT transcription factors [e.g., Prrx1, Snail1/2, Twist1, ZEB1/2 (16, 24)] initiate the cancer cell modification from epithelial to mesenchymal phenotype. The major genetic mutations reported in pancreatic cancer patients include K-Ras, CDKN2A, TP53, SMAD4, and BRCA (BRCA1/BRCA2) genes (25, 26). 


2.1.1 Dysregulation of miRNAs

MicroRNAs (miRNAs) are small non-coding RNAs (approx 20-25 nt in length), that regulate the translation of target mRNA. The regulatory role of miRNAs is crucial for the regular/normal signaling in a healthy cell (27). The disruption in miRNAs causes various diseases including pancreatic cancer. To date numerous differentially expressed miRNAs are reported to play a pivotal role in pancreatic cancer progression related pathways or processes like metastasis, drug resistance, cancer stemness (23, 28). Over expressed miR-301 regulates the EMT and causes gemcitabine resistance by suppressing the expression of E-cadherin in pancreatic cancer cells (29). Likewise, aberrantly expressed miR-296-5p targets and downregulates BOK (apoptosis regulating gene), facilitates EMT, cancer invasion, and drug resistance (23). Numerous other overexpressed miRNAs which facilitate the EMT associated signaling include miR-103/107, miR-9, miR-181a (28). The Notch signaling has a crucial role in pancreatic cancer progression by promoting EMT associated signaling. The overexpressed miR-21 enhances while Let-7 and miR-200 family miRNAs inhibit Notch signaling. The downregulation of Let-7 and miR-200 is identified in pancreatic cancer cells (30).

Multiple miRNAs with tumor suppressive function are reported to be downregulated in pancreatic cancer. List of miRNAs includes miR-148a, miR-200 family, miR-509-5p or miR-1243, Let-7, 203, miR-125a-3p, miR-31, miR-210 e.t.c. The miR-200b, miR-509-5p or miR-1243 expression enhance chemosensitivity by targeting and suppressing EMT related genes (23, 29, 31). The miR-200 and miR-203 reduce the chemoresistance in the pancreatic cancer cell, but overexpressed ZEB1 suppresses these miRNAs. (32) elucidate that the drug resistance effect of ZEB1 can be hindered by class I HDAC inhibitor mocetinostat, and can induce sensitivity against chemotherapy. Similarly overexpressed miR-125a-3p suppresses EMT by inhibiting Fyn gene expression, but in pancreatic cancer cell downregulation of miR-125a-3p is reported. (33) elucidate that cancer cells with overexpressed miR-125a-3p exhibit increased chemosensitivity. The miR-148a targets CCKBR and Bcl-2, decrease cell proliferation and perform a pro-apoptosis function. The underexpression of miR-148a is identified in pancreatic cancer cells (34). The miR-148a along with other miRNAs like miR-141, miR-200 family, miR-216a, miR-217, and miR-375 are enriched in the pancreas but their expression level decreases in pancreatic cancer (35).




2.2 Signaling Pathways That Regulate Pancreatic Cancer EMT & CSCs

Disturbances in signaling pathways cause numerous disease states including malignancies (36, 37). Signaling pathways, a complex network of cytokines, transcription factors, and the tumor microenvironment are responsible to regulate EMT that exhibits CSC-like properties, depicted in (Figure 1) (15). The EMT of solid cancer (breast or prostate) cells results in increased metastasis by elevating the migratory and invading properties of these cancer cells. Even though in pancreatic cancer the outcome of EMT on cancer cells and clinical therapy is still debatable (15, 16), the therapeutic approach of combining chemotherapy with EMT inhibition still seems promising (15). Additionally, targeting the interactivities of inflammation and EMT by anti-inflammatory therapy is proved to be an effective approach for dealing with premalignant tumor development (15).




Figure 1 | Disrupted pathways in pancreatic cancer: Disruptions in K-Ras, hypoxia, Notch signaling, MAPK, PI3K/Akt and TGF-β signaling pathways lead to EMT and CSCs development, which ultimately expedite metastasis and chemoresistance in pancreatic cancer patients.



The cancer cells acquire motility and invading properties after the initiation of EMT, which leads cancerous cells to metastasize. Further, the EMT transcription factors also aid cancerous cells in gaining stem cell like properties. Hence, when these cancerous mesenchymal cells reach their destination (metastatic sites), they go through mesenchymal-epithelial transition (MET), to attain back the epithelial phenotype. The MET results in cancerous cells colonization in distant locations (16, 24). The apoptosis resistance and motility properties make EMT an important factor to consider in carcinoma development (38, 39). The pathological analyses have revealed the EMT associated molecules in surgically resected pancreatic cancer samples (40) and in mouse models exhibiting invasive pancreatic cancer (41). Based on these analyses, EMT could be proposed as a significant biochemical mechanism in the progression of pancreatic cancer.


2.2.1 K-Ras

K-Ras stands for ‘Kirsten RAS oncogene homolog from the mammalian RAS gene family. It is an oncogene that encodes the respective K-Ras protein. K-Ras protein is a small GTPase transductor protein that functions in the regulation of cell division by transmitting the external signals to the nucleus of the cell (42). The K-Ras protein becomes activated after the activation of tyrosine kinases, and with the epidermal growth factor (EGF) binding to its receptor, known as epidermal growth factor receptor (EGFR) (42). In the activated form K-Ras binds to GTP and transfers (transduce) the activation signal to the nucleus of the cell through MAPK and P13K/Akt led cascades, hereby regulating cell transformation (42). Alterations in the oncogenic K-Ras gene result in loss of K-Ras protein’s capability to transform between active and inactive states (42), as RAS molecules become permanently activated due to inhibition of GTP hydrolysis (43). These mutations in K-Ras eventually cause resistance to chemotherapy, also including those therapies that particularly target epidermal growth factor receptors (42). Point mutations in the K-Ras gene are observed in various human tumors (44), including pancreatic carcinomas (42). Fascinatingly, at the time of diagnosis, the occurrence of mutations in the K-Ras gene is highly observed (> 80% of cases) in patients suffering from pancreatic cancer (45). Alterations in KRAS are responsible for setting up genetic events that lead normal pancreatic tissue to PDAC, and this transition includes sophisticated steps of genetic changes that last around 12 years (46). KRAS is one of the most frequently mutated genes in cancers (46–48) and its mutations are observed in more than 90% of PDAC patients involved in tumor formation and development (47). In pancreatic cancer, oncogenic K-Ras is known to stimulate multiple signaling pathways that are related to cancer cell survival. For this reason, K-Ras signaling could be taken as a perfect target in pancreatic cancer to offset the cancer continuation (49). KRAS is proposed as a significant therapeutic target, however, designing inhibitors against this potent therapeutic is challenging (47, 50). The absence of binding pockets for drugs on KRAS protein, makes inhibitor designing a challenge (48, 51). Though KRAS protein has a nucleotide binding site, still targeting this would also be difficult because of the high affinity of KRAS for GDP and GTP (48). Hence, most of the research in the past on targeting KRAS is focused on indirect approaches (46). Various drug designing strategies aiming at indirect targeting have been failed in the past (47, 50). Because of that, direct targeting of RAS genes is reckoned feasible (50). Lately, a new approach of direct covalent targeting of G12C mutant KRAS has revealed a potential dynamic binding pocket (48, 51). Based on this discovery, numerous structure based drug designing projects to directly inhibit KRAS are initiated (48).



2.2.2 P13K Signaling Pathway

The altered KRAS modulates many signaling pathways including phosphatidylinositol 3-kinase (PI3K) signaling. Disruptions in P13K signaling and its subsequent downstream signaling components significantly regulate various oncogenes that are involved in various cancers, including PDAC (52). Apart from KRAS dependent regulation, P13K signaling cascade activation is associated with growth factor stimuli and cytokines. Cytokines enter the cancer cells through high affinity cell surface receptors, known as receptor tyrosine kinases (RTKs). After initiation, P13K downstream signaling mediates various oncogenic functions like cancer cell metabolism, growth, and movement by further activating other signaling pathways (52).

The P13K signaling pathway substantially contributes to the progression of pancreatic cancer (49) as the P13K/Akt is activated in both PDAC and K-Ras drove pancreatic cancer mouse models (53, 54). Moreover, P13k signaling might also control MUC1 mediated chemotherapy and radiotherapy resistance (55). MUC1 significantly contributes to pancreatic cancer development as it modulates the multidrug resistance genes’ expressions through both Akt-dependent and independent pathways (56). Consequently, the regulatory axis of MUC1-P13k signaling might be suggested as a potent therapeutic target in pancreatic cancer (49).

In some cancers (breast and ovarian non-small cell lung cancer (NSLC), inhibition of P13K signaling nodes has revealed promising outcomes. However, in PDAC, inhibition of the P13K cascade by using monotherapies of these same drugs (small molecule inhibitors), has not resulted in a favorable therapeutic effect (52). In recent times, the focus has been shifted to a combinatorial regimen rather than relying on monotherapy. To efficiently thwart the tumor development in PDAC, P13K inhibition along with its downstream pathway is suggested by using P13K specific inhibitors and molecule attenuators of downstream signaling (52).



2.2.3 MAPK Signaling Pathway

It is evident from the literature that the mitogen-activated protein kinase (MAPK) signaling pathway is disrupted in various diseases including cancers (57). MAPKs are serine-threonine kinases that are involved in intracellular signaling related to various cellular activities like proliferation, differentiation, transformation, and apoptosis (58, 59). The mammalian MAPKs include ERK (extracellular signal-regulated kinase), JNK (c-Jun NH2-terminal kinase), and p38 (57). The disruption of MAPK signaling also markedly contribute to the progression of pancreatic cancer. (60) explored the specific function of PAF (PCNA associated factor) in regulating MAPK signaling and reported the upregulation of PAF and its significant function in controlling the proliferation of pancreatic cancer cells. Alterations in certain oncogenes (KRAS or BRAF) and remarkable underexpression of DUSP6 play a role in MAPK activation (61). The MAPK activation contributes to the pathogenesis of pancreatic cancer by further initiating the expressions of disease related genes. The targeting of these downstream genes of MAPK signaling might result in therapeutic effects in pancreatic cancer (61).



2.2.4 TGF-β Signaling Pathway

Transforming growth factor-B (TGF-β) includes a family of structurally comparable proteins. These proteins are, TGF-β, bone morphogenic proteins (BMPs), and activins/inhibins (62). The various important cellular functions like migration, differentiation, proliferation, apoptosis, and EMT are regulated by TGF-β signaling (62, 63). The dysregulation in TGF-β signaling is associated with cancers (62). Fascinatingly, TGF-β  displays a dual function by showing both the tumor suppressive properties during the initial stages of cancer, and the tumor promoting properties during later cancer stages (62, 63). The tumor suppressive properties are indicated by preventing cell cycle progression and apoptosis promotion, while the tumor promoting properties are expressed by increased metastasis (62). Moreover, TGF-  regulates other cell functions by either acting synergistically or antagonistically with other signaling pathways (62). Therapies targeting TGF-β  have shown promising results in inhibition of metastasis in preclinical trials by restricting cancer cell mobility and invasion. Nevertheless, the expected favorable outcomes are not attained when these therapies were used in clinical trials. But the anticancer activity of these TGF-β  targeting drugs improved when administrated in combination with immune checkpoint inhibitors (64).

The deregulation of TGF-β signaling is also implicated with pancreatic cancer (63, 65). The TGF-β  is observed to be upregulated in pancreatic cancer, and this upregulation is implicated with venous invasion, disease progression, advanced tumor stages, liver metastasis, and eventually poor survival rate (66–70). TGF-β  exhibits a dual function in pancreatic cancer as well by revealing both the tumor suppressor and tumor promoter properties in the initial and later stages of pancreatic cancer, respectively (71). Hence, in pancreatic cancer TGF-β  exhibits a dual role based on cancer stages and microenvironment. The changes in TGF-β components are widely prevalent in pancreatic cancer and are considered to be related to metastasis (63). Further, TGF-β  fundamentally contributes to the tumor microenvironment and CSCs in pancreatic cancer. Consequently, numerous studies demonstrating the targeting of TGF-β signaling have revealed promising outcomes in pancreatic cancer by showing reduced metastasis and cancer cell growth (72–76). TGF-β  targeting should be further explored for improved treatment of pancreatic cancer (63).



2.2.5 Hypoxia Signaling Pathway

Hypoxia refers to conditions of poor oxygenation. It is observed in various solid tumors. Treatment resistance and biological changes mediated by hypoxia result in an increased rate of metastasis. Under hypoxia, tumor cells react by stimulating certain signaling pathways that are oxygen sensitive. These pathways are hypoxia inducible factor 1/2 (HIF1/2) signaling pathways and the unfolded protein response (UPR). The alterations of these signaling pathways result in disrupted gene expression that enables tumor cells to survive under hypoxia (77). Changes in the hypoxia signaling cascade result in neovascularization that eventually leads to tumor invasion (78). The significant contribution of HIF in tumor development is well understood as studies have revealed the overexpression of HIF-1a and HIF-2a in metastatic cancers of humans, and this overexpression corresponds to tumor angiogenesis and mortality rate of patients (79, 80).

Hypoxic regions are the characteristic feature of pancreatic cancer (81). It is highly considered to relate to both the poor prognosis and pancreatic cancer development (81). In pancreatic cancer hypoxia causes EMT, thus promoting metastasis and also reducing the effect of chemo and radiotherapies (82). Hypoxia is proposed as a potential therapeutic target for a highly fatal malignancy of pancreatic cancer (82).



2.2.6 Wnt Signaling Pathway

Wnt signaling substantially contributes to embryonic development and normal adult homeostasis (83). Int-1 belongs to the Wnt gene family and was discovered as a proto-oncogene in mice. Though, five years later, Int-1 was reported as the homolog of one of the regulators of Drosophila melanogaster segment polarity, called the ‘wingless’ gene. The Wnt gene got its name by the fusion of these two genes (wingless and Int) (83). There are 19 cysteine-rich glycoproteins in the human Wnt family that act as ligands for different receptors or co-receptors (84). The Wnt signaling pathway is an evolutionary conserved regulatory pathway, further subdivided into three pathways. These sub-pathways are named as non-canonical planar cell polarity (PCP) pathway, non-canonical Wnt/calcium pathway, and canonical pathway (83). This pathway mainly functions in cell proliferation, differentiation, and survival (85). Dysregulation of this pathway is associated with various diseases, including cancers (83).

The Wnt/B-catenin pathway significantly contributes to different cells/tissues of the body. This pathway mainly functions by regulating the development of somatic stem cells in different body organs. In pancreatic cancer, this pathway facilitates carcinogenesis by regulating EMT, angiogenesis, apoptosis, stemness, and tumor microenvironment (86). This pathway has been observed to stimulate apoptosis resistance and conservation of cancer stem cells, eventually causing pathogenesis of pancreatic cancer (87). The continuous activation of the Wnt pathway and the overexpressions of canonical Wnt ligands (Wnt2, Wnt5a, and Wnt7a’s) are also observed in pancreatic cancer. Further, dysregulation of this pathway is also linked with resistance to drugs in pancreatic cancer (86).



2.2.7 Notch Signaling Pathway

Notch signaling is initiated with the binding of ligands to the Notch receptor. There exist five ligands and four Notch receptors (Notch1-4) in mammals (88). Notch genes are named after the notched phenotype of Drosophila. These genes encode conserved cell surface receptors. Hence, most of the elements of the notch signaling pathway are evolutionarily conserved (89). Notch signaling significantly contributes to cell proliferation, survival, and differentiation. This pathway is reported to be frequently activated in cancers (89, 90). Notch signaling also contributes to cell motility and invading properties by initiating the expression of EMT markers, and this EMT induction is also associated with chemoresistance in cancers (91).

Notch signaling also critically functions in the progression of pancreatic cancer (92, 93). Interestingly, the dual exhibition of both the tumor suppressive and oncogenic functions by this pathway is reliant on the cellular context (92, 93). For instance, a study has reported that in skin cancer Notch-1 plays an oncosuppressive role (94). Another experimental study reported the suppression of PanIN (Pancreatic Intraepithelial Neoplasias) caused by Notch-1 in a mouse model of pancreatic cancer (95). However, various experimental studies reported that Notch plays an oncogenic role in pancreatic cancer. For instance, Notch signaling is reported to be critically involved in tumorigenesis of pancreatic cancer by promoting PanIN, which is a precursor for invasive pancreatic cancer (96). Further, numerous studies have reported the overexpression of Notch in pancreatic cells (97–101). The Notch signaling pathway’s reactivation is also related to pancreatic cancer initiation and progression, thus suggesting this pathway as a potent biomarker and therapeutic target of pancreatic cancer (92, 93).





3 Oncolytic Virus Therapy

Cancerous cells exhibit motile and invading abilities by escaping the immune system, thus causing harm to the body by metastasizing. To overcome this, cancer immunotherapies aid in detecting and destroying cancerous cells by boosting the immune system of the body. Fundamentally, the cancer immunotherapies disable the classical mechanism of the cancer cells by which they escape and repress the immune responses (102). Oncolytic viruses (OVs) therapy is a novel targeted immunotherapy, viruses selectively exterminate cancer cells by lysis resulting in antitumoral immune simulation. The specificity and efficiency of oncolytic viruses make it an appealing therapeutic approach. Various oncolytic DNA and RNA viruses are currently being investigated and employed for the treatment of different types of cancers. These viruses are native or genetically altered to selectively infect cancer cells (103, 104).

The first oncolytic virus that the US Food and Drug Administration has approved for treating advanced melanoma is a Herpes simplex virus, called T-VEC (105). Granulocyte-macrophage-colony-stimulating factor (GM CSF) gene is genetically incorporated into the T-VEC virus (106). H101 is an adenovirus that is genetically modified, and in China, it has been permitted to use for treating head and neck cancer (105, 107). These two approved oncolytic viruses give insight for exploring and developing new viruses and require an in-depth study of path dynamics involved in the innate and adaptive immune response against tumor cells and viruses.


3.1 Disrupted Signaling Pathways and Oncolytic Viruses Therapy

The dysregulation in signaling pathways is associated with resistance to conventional therapies (chemo and radiotherapies) and metastases (108). However, this disrupted signaling of tumor cells is responsible for safety guarantees in oncolytic virus therapy. As the disruptions in signaling pathways play a critical role in the alteration of genetics and physiology of tumor cells. Thus, make viruses selective towards aberrant behaving tumor cells (109). Additionally, the function inability due to the mutations in main protein coding genes of antiviral signaling remarkably contributes to virus replication in tumor cells (110). The disrupted signaling is also inhibited to ameliorate the effect of oncolytic virus therapy. Numerous experimental studies are conducted that combined the inhibitors to selective signaling pathways with oncolytic viruses to increase the cytotoxicity of viruses for promising results in cancer treatment. Some of these studies are stated below and Figure 2 demonstrate the targeting of disrupted pathways with oncolytic viruses for selectivity and efficacy.




Figure 2 | Disrupted pathways targeting with oncolytic viruses: Disruptions in K-Ras, hypoxia, Notch signaling, MAPK, PI3K/Akt and TGF-β signaling pathways facilitates increased anticancer specificity of oncolytic viruses. CVB3 and reovirus effectively infect cancer cells with mutant K-Ras (111). The administration of oncolytic viruses along with PD-1 in PI3k/Akt upregulated cancer cells can exhibit increased antitumor immune memory (112). Likewise, oncolytic viruses administration along with the inhibitors of overexpressed genes (MAPK, Wnt, TGF-β, Notch1, HIF-1α) facilitates oncolytic virus infection and enhances its antitumor property (113–116). The multiple overexpressed miRNAs (miR-301, miR-296-5p, miR-103/107, miR-181a, miR-9, miR-21) promote EMT related signaling increasing invasiveness and chemoresistance of pancreatic cancer. Targeting these miRNAs with oncolytic viruses armed with miRNAs sponges helps in the reduction of cancer progression and increases antiviral activity (117). On the other hand miRNAs (Let-7, miR-31, miR-200 family, miR-509-5p, miR-1243, miR-210, miR-148a, miR-122) regulate normal functioning in the pancreas and inhibit EMT associated signaling. These miRNAs are underexpressed in pancreatic cancer and the oncolytic viruses encoding these miRNAs have better cancer cell specificity and anticancer response (118).



Increased levels of K-Ras, which is the characteristic of tumor cells, play a role in the enhanced oncolytic capacity of Bovine Herpesvirus 1 (BHV-1) against lung cancer (119). K-Ras is targeted in K-Ras mutant lung adenocarcinoma by proposing coxsackievirus type B3 (CVB3) as a potent oncolytic agent. (120) showed the selective infection and lyses of K-Ras mutant lung adenocarcinoma cells, along with displaying negligible harm to normal cells, by CVB3 in cultured cells. The upsurge of K-Ras also facilitates the tumor selective infection of reovirus (111).

The target inhibition of PI3Kδ  before the intravenous administration of vaccinia virus significantly promoted the antitumor response in immunocompetent mice (121). Further (112), experimentally demonstrated that the use of oncolytic virus along with P13K inhibition and anti-programmed cell death protein 1 (PD-1) treatment resulted in increased antitumor immune memory in glioblastoma mice model. Similarly, the decreased MAPK signaling is associated with effective treatment of triple negative breast cancers (TBNCs) by oncolytic virus therapy. (114) demonstrated that inhibition of MAPK by PD98059 resulted in synergistic outcomes of oncolytic virus NV1066, a replication-competent herpes virus, in TBNCs cell lines. The blockade of TGF-β  by A8301 (inhibitor) resulted in improved efficacy of oncolytic herpes virus HSV1716 in murine models. (113) showed that survival time significantly increased with the combination therapy of oncolytic virus and TGF-β  inhibitor as compared to the treatment with oncolytic virus alone. Further (122), also experimentally demonstrated that the inhibition of TGF-β  increases the oncolytic capacity (antitumor effect) of the herpes simplex virus in glioblastoma models.

Oncolytic viruses have varied adaptabilities under hypoxia in cancerous cells, as herpes simplex viruses showed elevated replication compared to adenoviruses, while others exhibited unaltered behavior (123). In multiple cancers (77) including pancreatic cancer (82), hypoxia is associated with metastases and therapy resistance. However, this lethal hypoxic characteristic in cancer might be beneficial in oncolytic virus therapy. (124) evaluated the effect of ribonucleotide reductase (RR) enzyme produced under hypoxia, in the functioning of a PR deficient herpes simplex oncolytic virus G207. And reported the remarkably increased cytotoxicity of G207 under hypoxia induced PR, thus suggesting this oncolytic virus as a promising treatment in colorectal cancer. In another study (116), reported that H-1 oncolytic parvovirus along with HIF-1α inhibitor resulted in improved antitumor response with increased apoptosis in pancreatic cancer.

Wnt signaling is mostly overexpressed in colorectal cancers elevated Wnt/b-catenin signaling. (126) genetically engineered oncolytic adenovirus by inserting tumor suppressing gene (TSLC1) that specifically targets Wnt signaling. In hepatocellular carcinoma (HCC) models this oncolytic virus showed metastasis inhibition by limiting cancer cell proliferation. (115) evaluated the combined effect of recombinant oncolytic adenovirus (H101) with Notch1-siRNA. This combined therapy resulted in apoptosis of cancer cells due to Notch inhibition, along with increased cytotoxicity of H101. In a study (127), evaluated the impact of the oncolytic virus on notch signaling in tumors found in the nervous system. They reported therapeutic improvement in glioblastoma when wildtype oncolytic herpes simplex virus (HSV-1) is combined with a notch inhibitor (gamma secretase inhibitor).

Oncolytic viruses armed with miR-125a-3p, miR-216a, or miR-148a improve tumor-selectivity to replication-competent viruses, improve their safety profile, and can display strong anticancer efficacy (128, 129). (118) designed miR-122, miR-7, and miR-148a coding measles virus MV-EGFPmtd, which exhibit high pancreatic cancer cell specific targeting. Apart from the various miRNAs facilitating cancer growth, a few miRNAs also hinder the infection rate of oncolytic viruses e.g overexpressed miR-222 exhibit antiviral activity (130). The possible solution is to design oncolytic viruses armed with miRNA sponges having binding sites for these miRNAs, reducing the titer of overexpressed miRNAs and enhancing the anticancer function of viruses. A similar oncolytic virus is designed by (117) adenovirus AdNuPAR-E-miR222-S having a miR-222 binding site.



3.2 Preclinical and Clinical Trials of Oncolytic Viruses Therapy


3.2.1 Adenovirus

Adenovirus is a member of the adenoviridae family, containing a double-stranded DNA genome of about 35 KB length (104, 106). Adenovirus is non-enveloped and has an icosahedral capsid, there are 55 serotypes of human adenovirus identified right now (131). Virus size ranges from 70 to 100 nm in diameter (131). Adenovirus enters the cell through coxsackie and adenovirus receptor (CAR) (131). Multiple genetically engineered adenoviruses are designed to improve antitumor efficacy and cancer cell selectivity. Different engineered adenoviruses include H101, Onyx-015, DNX-2401, VCN-01, AdV-tk, ad5-DS, LOAd703, CAdVEC, Colo-Ad1, ProstAtak, AdNuPARmE1A and CG0070 (106, 132–134). Pancreatic cancer is a cold tumor with an immunosuppressive tumor microenvironment (TME), so researchers are putting efforts to overcome this. Numerous preclinical studies strived to improve the effectiveness of oncolytic adenoviruses and displayed promising results. The 62% mouse model injected with Ad5/3-E2F-d24-vIL2 demonstrated a long-term survival rate along with activation of the immune response. The genetically engineered adenovirus Ad5/3-E2F-d24-vIL2 code for vIL-2, a variant of IL-2 immunomodulatory protein,and Ad5 with the Fiber knob of Ad3 (135).

(136) designed (OAds) a novel hybrid adenovirus acquired from the multiple strains (1,2,5, and 6) of serotype C. They armed OAds with RNA interference inhibitor P19, which showed a better anticancer response than Ad5 and H101. The main setback in using adenovirus as an oncolytic virus is that most of the patients have circulating anti-adenovirus neutralizing antibodies (nAbs). This hinders the evasion and antitumor activity of adenovirus. (137) designed PEGylated oligopeptide-modified poly(β-amino ester)s (OM-pBAEs) coated adenovirus AdNuPARmE1A. The toxicity profile and pharmacodynamics of the virus were assessed in cell lines and mouse models. AdNuPARmE1A virus not only avoids nAbs production but also effectively targets tumor cells (137). The overexpressed miR-222 in pancreatic cancer cells exhibits antiviral activity and hinders the viral cytotoxic effect. (117) designed oncolytic adenovirus AdNuPAR-E-miR222-S using AdNuPARmE1A having a miR-222 binding site to decrease the level of overexpressed miR-222 in cancer cells. They have performed in-vitro and in-vivo testing to evaluate the efficacy of the designed adenovirus. The cell lines (PANC-1 and MIA PaCa-2) testing signifies the 1.5 fold increased release of virions particles and elevated viral cytotoxicity. The single dose of intravenously administered AdNuPAR-E-miR222-S to a mouse model implanted with PANC-1 tumor cells not only reduced the tumor size but also controlled progression for a long time (117).

To enhance the systemic delivery of oncolytic adenovirus (138) devised a novel approach of administrating human bone-marrow mesenchymal stromal cell (hMSCs) carrying replicating oncolytic adenovirus (oAd/RLX-PCDP). They had genetically engineered oAd to express relaxin (RLX) and complexed with (poly (ethyleneimine)-conjugated poly(CBA-DAH); PCDP) viral coat. In-vivo testing indicates RLX expression helps in degrading dense extracellular matrix (ECM) in the pancreatic cancer microenvironment TME and viral coat enhance the efficacy of systemic delivery (138). As the pancreatic cancer TME has the dense desmoplastic deposition of ECM which thwarts the chemotherapy penetration in the tumor and also makes it highly immunosuppressive. Researchers are trying to overcome this by designing recombinant adenovirus. (139) generated TNF-α  and IL-2 expressing adenovirus (oAd-TNFa-IL2) and tested it in combination with meso-CAR T cells. The combined therapies showed an improved immune response even in immunocompetent mouse models and inhibition towards metastasis development (139). In another study relaxin (YDC002) expressing adenovirus was analyzed to overcome the ECM related chemoresistance of pancreatic TME. In a mouse model study, they have determined that the very low dose of Gemcitabine (0.01-0.05µ M) in combination with YDC002 showed a significant antitumor effect. The large quantity of (1-50µ M) Gemcitabine alone has a very low antitumor effect than the combination therapy (140). Moreover (141), used disrupted Wnt signaling and target ECM deposition by designing oncolytic adenovirus (oAd/DCN/LRP). For effective systemic administration, they cover the viral coat with neurotensin peptide (NT)-conjugated polyethylene glycol (PEG) oAd/DCN/LRP-PEG-NT.

(142) developed a genetically engineered adenovirus (ICOVIR15) coding for miR99b and miR485, for facilitating the viral propagation and escalating the antitumoral activity in the pancreatic cancer cells. The Interferon-α (IFNα ) in combination with chemoradiation therapy shows an improved survival rate along with the systemic toxicity in pancreatic cancer patients. (143) devised IFNα expressing adenovirus OAd-hamIFN to reduce systemic toxicity and increase the intratumor level of cytokine. They also assert the improved efficacy of OAd-hamIFN in combination with chemoradiation on the immunocompetent hamster model (143). A preclinical study (144) designed Ad5-3Δ -A20T mutated adenovirus which can effectively infect and replicate in α vβ 6 integrin expressing cells. They checked the efficacy of Ad5-3Δ -A20T alone and along with Gemcitabine on pancreatic cancer in-vivo model. In both scenarios, Ad5-3Δ -A20T showed high selectivity to pancreatic cancer cells (144). In a preclinical study (145), devise that overexpression of PKM2 results in tumor progression and aggressiveness of pancreatic cancer. They constructed a PKM2 inhibiting adenovirus (OAd.R.shPKM2). In pancreatic cancer xenograft model testing of OAd.R.shPKM2, the virus induces apoptosis and a strong antitumor effect.

In a preclinical study (146), designed recombinant adenovirus (ZD55−TRAIL-IETD-Smac) expressing TRAIL and Smac gene. They investigated the synergistic effect of SNS-032 (CDK inhibitor) in combination with ZD55−TRAIL-IETD-Smac in a pancreatic cancer xenograft model. They determined that SNS-032 enhances the antitumoral effect of ZD55-TRAIL-IETD−Smac (146). A preclinical study (147) checked the efficacy of Delta-24-RGD (DNX-2401) adenovirus against pancreatic cancer. Delta-24-RGD easily replicates in cells with defective P16/RB/E2F pathway and has already shown promising results against brain cancer in phase I clinical trial (148). Delta-24-RGD also inhibits the progression of tumor cells in pancreatic cancer cell lines. In a preclinical study (149), proposed a mechanism to treat Gemcitabine resistant pancreatic cancer. Survivin hinders the activity of Gemcitabine, they constructed an shRNA-encoding adenovirus which inhibits survivin. The combination of shRNA-encoding adenovirus, Gemcitabine, and TRAIL increase the cytotoxic effect of Gemcitabine. Overall this combination causes tumor size regression. In a study (150), compared the efficacy of two recombinant adenoviruses (OAV, HDAd) encoding IL-12 in a hamster pancreatic cancer model. The OAV caused an elevated level of IL-12 in cancer cells and causes severe toxicity. While the HDAd allows the controlled release of IL-12 from the liver and results in tumor growth inhibition (151). checked the safety profile and antitumor efficacy of VCN-01 adenovirus in pancreatic cancer mice and hamster models. Due to VCN-01 integrin binding selectivity and effective replication in the cell with disrupted pRB pathway, it shows promising results. VCN-01 is also under consideration in two clinical trials in combination with chemotherapies (Table 1).


Table 1 | Clinical trials for assessing the oncolytic adenovirus and Herpes Simplex Virus therapy effect in patients suffering from pancreatic cancer.



Several clinical trials are going on to check the efficacy of oncolytic adenoviruses against pancreatic cancer. These clinical trials include recombinant and native adenoviruses injected separated or along with other therapies to the patients. A phase I, II clinical trial uses the intratumoral injection of ONYX-015 (adenovirus with 827 bp deletion in E1B region) which helps in the accumulation of p53 and evokes apoptosis. They checked the effectiveness of ONYX-015 in combination with Gemcitabine in 21 LAPC patients. The study was completed in the year 2003, results are published (156). In another phase I clinical trial intratumoral injection of ONYX-015 was administrated to 23 LAPC patients. The study was completed in the year 2001, published as (132). A phase I clinical trial checked the efficacy of AdV-tk along with Valacyclovir (antiherpetic prodrug). AdV-tk is a recombinant adenovirus encoding herpes simplex virus thymidine kinase (157). The intratumoral injection of AdV-tk is given to 27 patients divided into two groups including resectable tumor and unresectable LAPC. The study (NCT00638612) was completed in the year 2015, results are published as (133). A phase I clinical trial study administrated Ad5-DS (Ad5-yCD/mutTKSR39rep-ADP) along with chemotherapies (5-Fluorocytosine + Valacyclovir + Gemcitabine) to 9 LAPC patients. The study was completed in the year 2019, results are published (134). Out of all adenovirus trials (134) reported the longest overall progression free survival of patients, the phase II trial should be run to further evaluate the performance of this combination therapy.

A phase I and II clinical trial study administrated LOAd703 along with therapies (Gemcitabine + Nab-paclitaxel +/- anti-PD-L1 antibody Atezolizumab) to 43 LAPC patients. The LOAd703 is a recombinant adenovirus encoding two genes TMZ-CD40L and 4-1BBL. These help in the stimulation of antitumor immune cells (macrophages, natural killer cells, CD4+ and CD8+ T cells). The estimated date of study (NCT02705196) completion is Dec 2021. Two phase I clinical trial studies utilizes VCN-01 adenovirus. They give the intravenous and intratumoral injection in combination with Abraxane/Gemcitabine to LAPC. The trial (NCT02045589) was completed in the year 2018, while the study (NCT02045602) completion date was the year 2020, results for both studies were not published. Another phase I clinical study checked the impact of Ad5-DS along with 5-fluorocytosine (5-FC) and valganciclovir (vGCV) in 8 non-metastatic LAPC patients. The study (NCT00415454) was terminated due to the poor enrollment of patients. A phase I, II clinical trial study is running to check the effectiveness of intratumoral injection of LOAd703 in 4 different malignancies. They (NCT03225989) also enrolled LAPC patients study will complete in the year 2022. In a phase I clinical trial immunomodulatory molecule expressing adenovirus (CAdVEC) is considered for 10 different malignancies, including LAPC patients. They (NCT03740256) are administrating CAdVEC through intratumoral injection alone or in combination with (HER2 specific CART cells) to the patients. The expected date of study completion is the year 2038. A total of 10 clinical studies were identified, the information of 5 clinical trials is provided in Table 1, other 5 studies were previously cited in (158).



3.2.2 Herpes Simplex Virus

Herpes virus is a double-stranded DNA virus with a genome length of 154 KB, it belongs to the herpesviridae family (103). It is enveloped virus with an icosahedral capsid and has a size of 200nm approximately. Herpes virus enters the cell using herpesvirus entry mediator (HVEM), nectin1, and nectin2 (103, 159). Genetically engineered herpes viruses used in different clinical trials are T-VEC, G207, HF10, HSV1716, and OrienX010 (103). Virulence gene is deleted in all attenuated viruses, while granulocyte-macrophage colony-stimulating factor (GM-CSF) gene is introduced in Talimogene laherparepvec (T-VEC) and OrienX010 (160). The Canerpaturev (C-REV) is a mutated herpes simplex virus with lacking expression of UL43, UL49.5, UL55, UL56, and (LAT).15. The absence of UL56 and (LAT).15 results in depletion of viral pathogenicity and neuroinvasion making C-REV safe to use as an oncolytic virus (161, 162).. CD8+ T cell activity plays a fundamental role in the efficacy of oncolytic virus therapy. (PD-1/PD-L1) overexpression hinders the activation of CD8+ T cells, a high level of PD-L1 is also reported in pancreatic cancer cells. In-vitro and in-vivo testing of C-REV displayed effective tumor regression even with the high PD-L1 expression (163).

In a preclinical trial (164), checked the effect of (oHSV) herpes simplex virus-1 on the immunocompetent pancreatic cancer model. It not only increases the activity of antitumor immune cells (CD8+ T and CD4+ T cells) but also reduces the immune suppressor macrophages. The oHSV displayed the effective reduction of tumor size along with progression-free survival in immunocompetent mice (164). (165) investigated the effect of intratumoral dissemination of oHSV-CD40L in mouse model. The oHSV-CD40L is herpes simplex virus-1 (oHSV) armed with CD40L (CD40 ligand). CD40L helps in the activation of antigen presenting cells APCs. They have identified the increase of APCs like dendritic cells (DCs) in TME and DCs mediates the activation of CD4+ T and CD8+ T cells. The activated immune response in the mouse model resulted in prolonged survival. In two studies (166, 167) checked the effectiveness of HF10 separated and along with erlotinib on xenograft model incorporating pancreatic cancer cell lines BxPC-3 and PANC-1. They determined that HF10 displayed significant results in both cases. In a preclinical trial (168) analyze the Myb34.5 herpes simplex virus type 1 (HSV-1) with mutated ICP6 gene. It displayed effective replication in pancreatic tumor cells with overexpressed B-myb gene. They also analyzed the efficacy of Myb34.5 in a mouse model along with Gemcitabine. Even the low dose of both in combination results in effective tumor size reduction (168). A preclinical study (169) found that (HSVGM-CSF) demonstrated effective antitumor activity and activated immune cells for long-term tumor control. The (HSVGM-CSF) is a recombinant herpes simplex virus with 3 defective/deleted genes (γ134.5, ICP47, and ICP6) and armed with the GM-CSF gene. In a pancreatic cancer cell line based testing (170) checked the effect of 5-fluorouracil (5-FU), Irinotecan (CPT-11), Methotrexate (MTX), or a cytokine (tumor necrosis factor-α  (TNF-α)) in combination with HSV-1. They determined that MTX hinders the replication of HSV-1 in tumor cells. While 5-FU, CPT-11, and TNF-α  improve the viral replication and increase the activity of HSV-1.

Herpes Simplex Virus shows favorable outcomes in preclinical trials for pancreatic cancer and other cancer types. Various clinical studies are accomplished and some are yet going on to analyze the upsurge in patient survival rate on the administration of oncolytic herpes virus. A Phase I, II clinical trial administrated OH2 to 21 LAPC patients through intratumoral injection. The OH2 is a recombinant herpes simplex virus with deleted ICP34.5 and ICP47 genes and armed with the human GM-CSF gene. The study (NCT04637698) expected completion date is 2022. A total of 6 different clinical trials administrated HF10 herpes virus alone or in combination with different chemotherapies (Table 1). A phase I clinical trial (NCT03252808), recruiting 36 LAPC patients, is expected to be completed by the year 2035. They are administrating HF10 (intratumoral injection) along with Gemcitabine+Nab-paclitaxel or TS-1 (153). Other 5 clinical trials of HF10 were completed. One study (NCT02428036) administrated (intratumoral injection) HF10 was completed in 2017, but the results were not published. In one clinical trial (phase I) intratumoral injection of HF10 was administrated to 6 LAPC or metastatic patients. The patients showed a median overall survival rate of 6.3 months (171). Another phase I study also administrated intratumoral injection of HF10 to 17 LAPC patients (154). A phase I clinical trial study administrated intratumoral injection of HF10 in combination with Erlotinib and Gemcitabine to 10 LAPC patients. The patients showed 6.3 months median progression-free survival, and 15.5 months median overall survival (152). Out of all herpes virus trials (152) reported the longest overall survival of patients, the phase II trial should be run to further evaluate the performance of this combination therapy. Table 1 summarizes the important information from 7 clinical trial studies of the oncolytic herpes virus. Overall 11 clinical studies were identified out of which 4 studies were cited in a previous review article (158).



3.2.3 Reovirus

Reovirus is a non-enveloped RNA virus, with an icosahedral capsid. It is a constituent of the Reoviridae family. It is a double-stranded RNA virus, with a genome size of 23.5 KB and its size is about 75nm (106). Reovirus is non-pathogenic to humans, normal cells of the body are resistant to reovirus attack (111). It selectively infects cancer cells and replicates due to active RAS signaling pathway, K-Ras, BRAF, and EGFR mutations in cancer cells (111, 172). The wild-type reovirus is frequently opted in numerous clinical trials for a large variety of cancers due to its efficient oncolytic nature. Its effectiveness is evaluated in the management of ovarian cancer, melanoma, colorectal cancer, multiple myeloma, head and neck cancer, glioma, non-small cell lung cancer, and myeloid leukemias (106, 173). In clinical trials, patients are checked for the molecular indicators necessary for reovirus effectiveness. Even REOLYSIN (Reovirus Type 3 Dearing) is under evaluation against metastatic or repeated Squamous Cell Carcinoma of the Head and Neck in phase III clinical trial (NCT01166542).

In a preclinical study (174), analyzed the efficacy of reovirus (Reolysin) in combination with bortezomib (BZ). The in-vitro and in-vivo testing of combination for pancreatic cancer treatment increases the apoptosis in cancer cells and shows an elevated level of anticancer response (174). (175) designed a recombinant reovirus (rS1-mmGMCSF and rS1-hsGMCSF) expressing GM-CSF gene. A herpes simplex virus, T-VEC, that expresses GM-CSF is the first oncolytic virus approved by FDA (176). The preclinical pancreatic cancer murine model testing of rS1-mmGMCSF expressing murine GM-CSF showed the systemic improvement in immune cells (DC and T cell) antitumoral activity (175). CD3-bispecific antibodies (CD3-bsAbs) is cancer immunotherapy FDA approved it for the treatment of B-cell acute lymphoblastic leukemia (ALL) in the year 2014 (177). CD3-bsAbs also exhibited favorable outcomes in pancreatic cancer preclinical studies (178). (179) uses reovirus to boost the antitumor effect of CD3-bsAbs. The mouse models were checked for the early, simultaneous, and after administration of reovirus with CD3-bsAbs. The results indicate that early administrated reovirus increases the antitumor efficacy of CD3-bsAbs and this therapy also induces the regression of non-injected distant lesions (179).

Reovirus efficacy as an oncolytic virus in combination with chemotherapies is also evaluated in 3 pancreatic cancer clinical trials. A phase II clinical trial evaluates the effectiveness of Reolysin intravenous injection along with carboplatin and paclitaxel in LAPC and metastatic patients. The study is completed in 2016 and its results are published (NCT01280058) (180). A phase II clinical trial analyzed the Reolysin intravenous injection in combination with Gemcitabine on LAPC or metastatic patients. Patients showed a median survival rate of 10.3 months, the study was completed in 2015 (NCT00998322) and results are published (181) A phase I clinical trial study of the chemotherapy along with REOLYSIN intravenous injection in advanced stage or metastatic patients. A combination of three chemotherapies comprising Gemcitabine, Pembrolizumab, and Irinotecan or Leucovorin or 5-fluorouracil (5-FU) was administrated to patients according to their condition. The study was completed in 2018 (NCT02620423) and results are published (182). Table 2 summarizes all the important information of all 3 clinical trial studies along with their publications references.


Table 2 | Clinical trials for assessing the effect of oncolytic reovirus, parvovirus, and vaccinia virus therapy in patients suffering from pancreatic cancer.





3.2.4 Vaccinia Virus

Vaccinia Virus is a member of the poxviridae family. It is a double-stranded DNA virus, with a genome length of about 190 KB (187). Vaccinia virus is covered with a complex coat and capsid. The size of the virus ranges from 70 to 100 nm in diameter (187). To increase pancreatic cancer cell-specific lytic action recombinant vaccinia virus was designed for preclinical and clinical studies (185, 186, 188). (189) use MDRVV vaccinia virus with deleted VGF and O1 genes and recombinant MAPK gene. They fused deaminase and uracil phosphoribosyltransferase (CD/UPRT) coding genes in the MDRVV genome. The (CD/UPRT)-armed MDRVV alone and along with 5-fluorocytosine (5-FC) showed similarly improved antitumor activity in the mouse model (189).

(190) investigated the efficiency of vaccinia virus mpJX-594 (mpJX) in combination with anti-programmed death receptor-1 antibody (aPD1) in pancreatic neuroendocrine tumors (PanNETs). The aPD1 and mpJX activate the elevated antitumor immune response in mice models, with an increased level of apoptosis and reduced proliferation (191). constructed recombinant vaccinia virus VVL-21 expressing B5R and interleukin-21 (IL-21) genes to combat pancreatic cancer. They analyzed the antitumoral effect of systemically administrated VVl-21 in combination with α -programmed cell death protein 1 (α -PD1) in metastatic murine and hamster models. The combination shows promising results with the increased level of activity of immune response (CD8+ T cells, natural killer cells, and macrophages) against cancer cells (191). In a preclinical study (192), analyzed the cytotoxicity profile of recombinant SJ-815 (IFNB1 and CES2 expressing vaccinia virus) with and without irinotecan in pancreatic cancer and melanoma bearing mouse models. The combination treated pancreatic cancer mouse model displayed significant regression in tumor size (192). In a preclinical study (193), designed oVV-Smac (Smac gene expressing vaccinia virus). They checked oVV-Smac effectiveness in-vitro and in-vivo along with Gemcitabine. The co-treatment increases apoptosis and cytotoxic effect of Gemcitabine in cancer cells (193). (194) constructed recombinant vaccinia virus (VV-ING4) armed with an inhibitor of growth family member 4 (ING4) gene. They tested the efficacy of VV-ING4 alone and along with Gemcitabine in a pancreatic cancer mouse model. VV-ING4 alone shows very good results by inducing increased cytotoxicity and apoptosis in cancer cells. In co-treatment, VV-ING4 helps Gemcitabine to work more effectively as anticancer therapy (194).

In a preclinical study (195), performed pancreatic cancer cell lines based testing of GLV-168 vaccinia virus in combination with Nab-paclitaxel + Gemcitabine. The GLV-168 is armed with 3 cassettes (β-galactosidase, β-glucuronidase, and Ruc-GFP), and exhibits an effective pro-inflammatory and antitumoral active (196, 197). (198) constructed GLV-1h151 modified vaccinia virus by removing thymidine kinase. They tested the efficacy and compared the systemic and intratumor delivery of GLV-1h151 to cancer mouse model bearing (PANC-1 cell line) (198). conducted preclinical testing of GLV-1h151 in combination with radiotherapy on pancreatic cancer cell line and mouse model. They have analyzed that combination therapy increases cytotoxicity and enhances apoptosis in cancer cells (198). One of the studies suggests that differential gene analysis might fundamentally contribute to understanding the crucial genes causing resistance to any therapy in pancreatic cancer. They checked the expression profile of pancreatic cancer cell line 6 and 24 hours after being treated with GLV-1h153. They also suggest that expression analysis before preclinical trials can help in determining the efficacy of therapy based on activated genes and pathways (199).

In another preclinical study (200), constructed VVLDTK-IL-10 recombinant vaccinia virus with deleted thymidine kinase gene and IL-10 gene equipped. They checked VVLDTK-IL-10 efficacy in two pancreatic cancer mouse models, immunocompetent and pathologically aggressive models. The 87.5% immunocompetent mice exhibit total removal of the tumor with an active immune response. The pathological model treated with VVLDTK-IL-10 showed an increase in survival time of 138 days in comparison to 69 days for the mouse model treated with the non-recombinant virus (200). The (201) designed vvdd-tdTomato-hGMCSF recombinant vaccinia virus expressing granulocyte-macrophage colony-stimulating factor (GMCSF) gene to cope with immune suppression in pancreatic cancer and tdTomato fluorophore gene. They tested vvdd-tdTomato-hGMCSF on immunocompetent hamsters. GMCSF expressing vaccinia virus helps in the total clearance of subcutaneous pancreatic lesions by the activation and invasion of neutrophils and macrophages (201).

The recombinant Vaccinia virus efficacy as an oncolytic virus is also evaluated in 2 clinical trials of advanced stage solid tumor patients including pancreatic cancer. A phase I clinical trial evaluated the effectiveness of subcutaneous inoculation of vaccinia virus expressing the p53 gene in the advanced stage, in chemotherapy-resistant patients. The study is completed in 2013 (NCT01191684) and its results are published (185). A phase I clinical trial analyzed the efficacy of vaccinia virus (vvDD) intratumoral injection to advance stage solid tumor patients comprising 2 pancreatic cancer patients. The vvDD was generated by recombination of two genes cytosine deaminase and somatostatin receptor in the VGF gene deleted vaccinia virus, the study was completed in 2014, and results are published (186). The information related to both clinical trial studies is provided in Table 2.



3.2.5 Parvovirus

Parvovirus is a member of the Parvoviridae family. It is a non-enveloped, single-stranded DNA virus, having a genome size of 5100 bases. Parvovirus is the tiniest identified virus with a diameter of 22 nm (202, 203). Toolan and co-workers were the first ones to discover this virus during the late 1950s. Rat is its natural host, but it also shows a promising rate of infection and replication in human tumor cells (202, 204). In a study (116), checked the effectiveness of oncolytic H-1 parvovirus in pancreatic cancer cells with HIF-1α overexpression. H-1 reduced the level of HIF-1α  in cancer cells. They also determined that H-1 in combination with YC-1 (HIF-1α  inhibitor) not only reduces the HIF-1 α  level but also shows an elevated level of apoptosis and an effective antitumor effect. The H-1PV (parvovirus) decreases the level of ISGs and HERV in pancreatic cancer cells. It shutdowns cellular innate immunity and demonstrated elevated replication in cancer cells (205).

In two preclinical studies (206), and (207) tested the efficacy of H-1PV along with Gemcitabine on a pancreatic cancer mouse model. The Gemcitabine pretreated mice showed a significant reduction in tumorsize on the administration of H-1PV. (208) demonstrated that HDAC inhibitor and (VPA) in combination with H-1PV increase the viral replication and cytotoxicity in cervical and pancreatic cancer cell lines. In a preclinical study (209), checked the effect of intratumoral and intraperitoneal injection of H-1PV in mouse models bearing peritoneal metastasis. The intratumor injection results in the reduction of the tumor even on the peritoneal site. They also administrated IFNγ  with H-1PV intratumoral and intraperitoneal injection. IFNγ  improved the immune response in both cases. The antitumor efficacy of parvovirus vectoring cyto/chemokines (IL-2, MCP-3/CCL7 and IP-10/CXCL10) was assessed in pancreatic cancer xenograft. parvovirus armed with IL-12 shows a strong antitumor response than the other two variants (210).

A phase II clinical trial evaluates the effectiveness of intravenous and intratumoral injection of ParvOryx native parvovirus H-1 (H-1PV). The patients were also administrated with Gemcitabine dose after 28 days of the first dose of H-1PV. The inclusion criteria for this clinical trial was that all patients must have at least one hepatic metastatic lesion. The study was completed in 2018 (NCT02653313) and results are published (183, 184) (Table 2).



3.2.6 Measles Virus

Measles virus, an enveloped RNA virus, relates to the genus Morbillivirus, which is a member of Paramyxoviridae family (211). It is a single-stranded, negative-sense RNA virus, with an approximate genome size of 16 KB (211). The diameter of the virus range from 100-200nm (106). The measles virus enters the cell through the signaling lymphocytic activation molecule (SLAM) receptor or CD46 receptor. These receptors are overexpressed in cancer cells (211, 212). Once the measles virus enters the cancer cell it starts forming virus formation machinery and causes cancer cell lysis (211). Edmonston strain of measles virus is mostly used in clinical trials, it enters the cell through CD46 receptor (106). Until now measles virus is evaluated for treating various human cancers like ovarian cancer, multiple myeloma, lymphoma, and glioma (211). Moreover, genetically modified virus expressing antibodies to a specific tumor antigen expressed in adenocarcinoma is also studied (213).

In multiple pancreatic cancer, preclinical studies recombinant measles virus in combination with Immuno/chemotherapies were analyzed. (214) constructed recombinant measles virus (MeV-CD-FmiRTS148a) armed with 5-fluorocytosine, a prodrug of 5-fluorouracil. They checked the efficacy of MeV-CD-FmiRTS148a on pancreatic cancer cell lines and intratumoral injection in a xenograft model. The treated mice showed tumor size reduction and prolonged progression-free survival. (215) analyze the combinatorial effect of a small quantity of MeV along with Gemcitabine on the pancreatic tumor mouse model and determined >50% reduction of tumor size. The combination of HDAC inhibitor with MeV was analyzed on 4 pancreatic cancer cell lines with the intention of identifying an effective epi-virotherapy (216). Approximately 30% of pancreatic cancer cells showed overexpression of the nectin-4 surface receptor. (217) tested the infection rate and antitumor effect of recombinant measles virus (rMV-SLAMblind), which showed selective targeting of nectin-4-expressing cancer cells in xenografted mice.

The miRTS for miR-122, miR-7, and miR-148a coding measles virus MV-EGFPmtd is constructed to increase vector specificity and safety (118). So, that virus will specifically replicate in malignant cells rather than normal cells without compromising oncolytic efficacy. The in-vitro and in-vivo testing confirms the highly selective pancreatic cancer cell targeting of MV-EGFPmtd. To study the dispersion of virus in the body after intratumoral injection (218) designed a sodium iodide symporter (NIS) expressing measles virus, which helps in easy CT imaging.



3.2.7 Vesicular Stomatitis Virus

Vesicular Stomatitis Virus (VSV) belongs to the Rhabdoviridae family. It is enveloped, non-segmented negative-sense RNA virus, with a genome size of 11-kb. The shape of the virion is bullet like and has a size of 185 nm x 75 nm (219, 220). The VSV preferentially infects and replicates in tumor cells, because of lacking innate immunity in tumor cells. The effectiveness of VSV against numerous malignancies was illustrated by multiple preclinical studies, which is making it a promising candidate for oncolytic viruses therapy (221). Numerous pancreatic cancer based preclinical studies also checked the efficacy of VSV as an oncolytic virus. The hybrid vesicular stomatitis virus (VSV-FH) armed with F and H envelope proteins of the measles virus shows better anticancer results in preclinical trials. (222) also tested the efficacy of VSV-FH in in-vitro and in-vivo models of hepatobiliary and pancreatic cancer. VSV-FH exhibited a strong reduction of BxPC-3 pancreatic cancer cell lines in-vitro but the xenograft model of BxPC-3 cells was resistant. They proposed that resistant behavior in-vivo testing could be due to reduced tumor infiltration of the virus, as pancreatic cancer has dense desmoplastic stroma and ECM deposition. Multiple pancreatic cancer cell line and xenograft models studies were performed for VSV, few cell lines demonstrated resistance. It was proposed that VSV attachment to cancer cell surface molecule plays a key role in resistant behavior (223–227). (223) identified two natural mutations K174E and E238K in VSV glycoprotein, which is helping in the reduction of tumor resistance towards VSV. These mutations in glycoprotein are increasing the viral attachment with cancer cell surface molecules. (224) reduce the VSV resistance in HPAF-II cell lines by co-treatment with polycations and ruxolitinib. The co-treatment increases the VSV attachment to cancer cells and ruxolitinib inhibits Jak1/2 antiviral effect.

In a study (228), interrogated the VSV resistance in highly chemoresistant pancreatic cancer cell lines. They identified that upregulated interferon-stimulated genes cause VSV resistance in pancreatic cancer. The difference of IFN signaling in different pancreatic cancer cell lines also results in VSV resistance. (225) checked three recombinant VSV regulating IFN signaling in resistant cell lines. All variants displayed improved apoptotic and antitumor immune responses, while the VSV-Δ M51 variant shows a better response than other variants. (226) analyzed the effect of 16 small molecule inhibitors in combination with VSV-Δ M51 to increase VSV oncolytic therapy potential. They identify the combination of ruxolitinib or TPCA-1 (IKK-β  inhibitor) with VSV-Δ M51 to remove the VSV resistance in pancreatic cancer cells, by downregulating IFN-I signaling. Multiple cell line-based studies checked the combination of VSV-Δ M51 along with the regulation of IFN signaling. They determined that IFN regulation/inhibition significantly contributes to the improved oncolytic potential of VSV-Δ M51 (226, 227, 229). The overexpression of mucin 1 (MUC1) in pancreatic cancer cells also resulted in VSV resistance. (230) tested 3 VSV variants (VSV, VSV-GFP, VSV-Δ M51-GFP) on 5 pancreatic cancer mouse cell lines. The cells with overexpressed MUC1 showed reduced effectiveness of all VSV variants. While VSV-Δ M51-GFP in in-vivo testing on xenograft model showed improved antitumor effects. They also checked the combination of VSV-Δ M51-GFP with Gemcitabine to study improved tumor-specific immunity.



3.2.8 Newcastle Disease Virus

Newcastle Disease Virus (NDV), also known as avian paramyxovirus, relates to the genus Avulavirus, which is a member of the Paramyxoviridae family. NDV is enveloped RNA virus, with a helical capsid (231). It is a single-stranded, negative-sense RNA virus, having a small genome of approximately 15 KB. NDV virus size lies between 100 to 500 nm in diameter (106). NDV enters the attacked cell through direct virus endocytosis or by fusion with the plasma membrane. NDV causes infectious diseases in birds and has no pathogenic effect in humans (231). NDV selectively infects and replicates in cancer cells because type I interferon, Bcl-xL, and small GTPase RAS overexpresses in cancer cells. Bcl-xL is an antiapoptotic protein highly expressed in cancer cells and induces an immune-suppressive microenvironment (232). NDV also easily replicates in Rac1, 38Livin39, and antiapoptotic genes expressing cells (233, 234). NDV after infecting cancer cell not only actively help in the apoptosis of cancer cell, but also activate an antitumor immune response. It is used in different clinical trials for the management of kidney cancer and other malignant cancers (231). Despite its small genome, foreign genes could be introduced into it to improve the antitumor effectiveness of NDV (106, 231).

In a study (235), assessed the cytotoxic and immune response of NDV in 11 pancreatic cancer cell lines. They determined that cells expressing a high level of IFN have a reduced replication rate and cytotoxic effects of NDV. So they deduce that INF antagonist in combination with NDV could assist the oncolytic effect of NDV (235). In a preclinical study, two mouse models were infected with NDV through intravenous inoculation. The mouse model with a low level of TGF-β  shows effective reduction of tumor and 3 months progression-free survival. Resulted inactivation of NK cell, cytotoxic, and helper T cells which leads to long-term immune activation and tumor growth suppression. While the mouse model with a very high level of TGF-β  displayed a reduction of tumor size for a week due to NK cells but no stimulation of cytotoxic cells and helper T cells. This results in failure of tumor reduction due to antigen-specific response and also virus inhibition (236).

In another preclinical study (237), constructed 5 different recombinants NDV to find out the better option for pancreatic cancer. They designed rNDV-GFP-F0, rNDV-hIFNβ -F0, rNDV-NS1-F0, and rNDV-F3aa, checking their efficacy in cell lines and xenograft. The intratumor injection of rNDV-F3aa to the xenograft model only displayed tumor regression and better antitumor cytotoxicity. While in the case of rNDV-hIFNβ -F0 the higher expression of IFN hider the viral replication (237).





4 Discussion and Conclusion

Pancreatic cancer’s highly malignant nature requires a deep understanding of underlying mechanisms and exploring better therapeutic options. Certain significant factors like lack of early diagnosis, severe disease symptoms depicting high metastasis rate, and unsatisfactory treatment outcome contribute to poor survival rate in pancreatic cancer. Genetic alterations and overexpression of various genes in pancreatic cancer cells make it difficult to diagnose, hyper-invasive, and therapies resistant. Pancreatic tumors exhibit a high level of ECM deposition and hypoxia leading to EMT resulting in its metastatic characterizations (13, 16). Various disrupted pathways like MUC1, TGF-β , MAPK, PI3K/Akt, Hypoxia, Notch, and Wnt signaling in pancreatic cancer cause therapies resistance, and disease recurrence (16, 21, 22, 238). To overcome this, cancer immunotherapies helps in detecting and destroying cancerous cells by boosting the immune system of the body, and are under consideration. Survival rate and patient’s quality of life have been tremendously improved with cancer immunotherapy treatment as compared to the treatment with standard chemo and radio therapies (239). Oncolytic viruses therapy is the a novel immunotherapy, Viruses selectively target cancer cells and generate antitumoral immune response. These oncolytic viruses specifically exploit disrupted pathways. Native and recombinant oncolytic viruses alone or in combination with other therapies show promising results against different cancer types. In recombinant oncolytic viruses exogenous genes and miRNAs which are downregulated in cancer cell are usually incorporated.

Exogenous genes induction in oncolytic viruses improves the efficacy, specificity, and safety of the therapy. It is evident that oncolytic viruses are tumor-selective, as they rapidly and efficiently replicate in tumors (eventually causing cell death) compared to healthy tissue. Oncolytic viruses are genetically engineered to insert various favorable transgenes intending to improve therapeutic potential. The transgenes are effectively expressed in tumor sites only due to the tumor-selective nature of oncolytic viruses, which results in managing concerns related to systemic delivery (240). Interferons (IFN) are responsible to evoke antiviral and immunomodulatory properties. IFNα  exhibited antiviral and antitumor effectiveness, both of these properties are independent of each other. It has been approved by the US FDA for treating certain malignancies either as a single agent or in combination with other drugs for improved efficacy (241). (242) genetically modified oncolytic vesicular stomatitis virus to express interferon-β  (VSV-IFN-β ) for dealing malignant mesothelioma (pleura and peritoneum tumors). The expression of IFN-β  transgene caused therapeutic improvements in murine mesotheliomas by promoting immune based effector mechanisms. Further, the safety profile also improved as INF-β  expression also enhanced tumor specific viral replication, thus protecting from detrimental neurotoxicity. Consequently, the study suggested further investigation to improve VSV-IFN-β  for clinical trials. Similarly, the expression of IFNα  in genetically modified adenovirus OAd-hamIFN resulted in conducive clinical outcomes by showing considerably lessened toxicity along with improved antitumor activity (143). SJ-815 is a recombinant oncolytic vaccinia virus, specifically designed to express IFNβ 1 and CES2 transgenes with deleted thymidine kinase-encoding (TK) gene. The combination of SJ-815 with irinotecan significantly restricts tumor growth in pancreatic cancer and resulted in increased survival in melanoma bearing mouse models (192). GM-CSF and interleukins are also important genes incorporated in oncolytic viruses as exogenous genes. Multiple oncolytic viruses armed with these genes are shown in Figures 3, 4.




Figure 3 | Recombinant Oncolytic Viruses armed with GM-CSF gene: GM-CSF is significant in oncolytic immunotherapy as its overexpression is associated with suppressing tumor growth (243). Talimogene laherparepvec (T-VEC) and OrienX010 are herpes simplex viruses that are genetically modified to omit and incorporate virulence and GM-CSF genes, respectively (160). HSVGM-CSF is also an oncolytic herpes simplex virus that is genetically altered to delete γ134.5, ICP47, and ICP6, and express GM-CSF genes for improving antitumor response (169). OH2 (oncolytic herpes simplex virus 2) is generated to express GM-CSF transgene with deleted ICP34.5 and ICP47 genes expressions for improved tumor selective replication (244). A recombinant reovirus rS1-hsGMCSF was also generated for expressing the GM-CSF gene for stimulating antitumor activity (175). Vaccinia virus is also genetically altered to generate vvdd-tdTomato-hGMCSF by inserting GM-CSF and tdTomato fluorophore transgenes for dealing with immune suppression in pancreatic cancer (201). Deleted genes are written in red color with the (–) sign and added genes are written in green color with the (+) sign.






Figure 4 | Recombinant Oncolytic Viruses armed with Interleukin (IL) genes: Interleukins function as a mode of communication between immune and non-immune cells. They play a crucial role in both innate and adaptive immune responses. These proteins also regulate cancer development by concurrently promoting cancer cell progression and evoking tumor targeted immune activity. Based on these properties, interleukins could be utilized in immunotherapy for impeding adverse effects and improved efficacy (245). Ad5/3- E2F-d24-vIL2 is a genetically altered adenovirus that expresses a variant of IL-2 for prolonged survival and eliciting immune response (135). Another recombinant adenovirus, oAd-TNFa-IL2, is specifically designed to express TNF-α and IL-2. The treatment of oAd-TNFa-IL2 combined with meso-CAR T cells resulted in curbed metastasis and improved immune activity in mouse models (139). Oncolytic viruses are genetically modified to express an antitumor cytokine, Interleukin 12. IL-12 expression aids in restricting tumor angiogenesis, in the differentiation of T-helper cells, which eventually promotes T cells directed cancer cell destruction (246). Oncolytic herpes simplex viruses are genetically modified by inserting IL-12 exogenous gene to generate OAV and HDAd. The administration of OAV caused high toxicity associated with overexpression of IL-12 in cancer cells, and treatment with HDAd resulted in comparatively slow release of IL-12 from the liver, which eventually caused restricted tumor growth (150). VVL-21 is a recombinant vaccinia virus, particularly designed to treat pancreatic cancer by incorporating B5R and IL-21 genes. The administration of VVL-21 combined with (α-PD1) triggered immune activity opposed to cancer cells (191). VVLDTK-IL-10, another recombinant vaccinia virus, is designed by omitting TK gene and inserting IL-10 exogenous gene for promoting antitumor response and prolonged survival (200). Interleukin (IL) gene along with other added genes written in green with + sign and deleted genes written in red with - sign.



As stated earlier that oncolytic virus strains are tumor-colonizing, because of their capability of conditional replication in tumors. Nevertheless, the tumor stroma remains a challenge in oncolytic virus therapy. To overcome this and to promote antitumor response, the transgene expression approach is implemented. Intending to increase the efficacy and selectivity of adenoviruses (247), inserted palindromic E2F-binding sites into the endogenous E1A promoter in mice, by making sure to sustain virus functionality with slight growth in genome size. This study reported that insertion regulating E1A-Δ 24 resulted in an improved safety profile and cytotoxicity. Unsatisfactory spread and low potency of oncolytic adenovirus in tumor mass is the major limitation of cancer therapy. (248) tackled these issues and genetically engineered adenovirus (ICOVIR16) that expresses the envelope glycoprotein of gibbon-ape leukemia virus (GALV). The GALV expression resulted in improved cell fusion and the spread of the virus throughout tumor mass. The examination of ICOVIR16 for oncolytic properties in both in-vivo and in-vitro revealed boosted therapeutic efficacy. Mice having melanoma or pancreatic tumors were injected ICOVIR16 intravenously/intratumorally. It resulted in remarkably reduced tumor burden or complete elimination in some cases depicting enhanced oncolytic properties.

Numerous preclinical and clinical analyses of oncolytic viruses therapy along with Gemcitabine showed favorable outcomes (effective reduction of tumor size) in pancreatic cancer (149, 168, 215). Few preclinical studies are listed in Table 3, oncolytic viruses increase the effectiveness of Gemcitabine administration. Dose of Gemcitabine reduces in combination with oncolytic viruses, which can help in reducing the high dose toxicity of Gemcitabine. Evaluating the results of all the clinical trials of oncolytic viruses against pancreatic cancer. The combination therapy of adenovirus Ad5-DS (Ad5-yCD/mutTKSR39rep-ADP) along with chemotherapies (5-Fluorocytosine + Valacyclovir + Gemcitabine) display the highest median progression free survival (11.4 months) of LAPC patients. Detail of overall survival is not provided/reported by (134). The highest median overall survival rate so far reported in LAPC patients is 15.5 months in the clinical trial of HF10 in combination with Erlotinib and Gemcitabine (152). Both the studies show significant results and can be taken to the phase II trial for further evaluation of their effectiveness in LAPC. Overall the tumor cell specificity, and effectiveness of oncolytic viruses determined by previous studies compel to explore multiple options stated in this review. Likewise, utilizing viruses targeting disrupted pathways in pancreatic cancer cells can help in designing an efficacious therapy option against this fatal malignancy.


Table 3 | Preclinical studies related to combination therapy of Gemcitabine with recombinant or native oncolytic viruses.
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Objective

Anlotinib, a novel multitarget kinase inhibitor of VEGFR, FGFR, PDGFR and c-Kit, has proven to be effective and safe for refractory soft tissue sarcoma patients, but has not been examined in recurrent or metastatic primary malignant bone tumors in a clinical trial setting.



Methods

This is a multicenter single-arm trial. Patients with pathologically proven recurrent or metastatic primary malignant bone tumors were eligible. Anlotinib was administered orally at 12 mg per day. Each cycle consisted of 2 weeks of treatment followed by 1-week off-treatment. The primary endpoint was progression-free survival (PFS), as assessed in the intention-to-treat (ITT) population. Secondary endpoints included objective response rate (ORR), disease control rate (DCR) and overall survival (OS). Adverse events (AEs) were assessed per NCI CTCAE version 4.03.



Results

A total of 42 patients were enrolled. Median PFS was 5.3 months (95% CI 3.5-8.4 months) in the overall analysis, 4.8 months (95%CI 3.5-7.1 months) in osteosarcoma patients and 2.8 months [95%CI 1.3 months to not reached (NR)] in chondrosarcoma patients. The median OS was 11.4 months (95% CI 10.1 months to NR) in the overall analysis, not reached (95% CI, NR, NR) in osteosarcoma patients and 11.4 months (95% CI 1.8 to 21.1 months) in chondrosarcoma patients. The ORR was 9.52% and DCR was 78.57%. Grade 3 or above AEs occurred in 54.76% of the patients, and included hypertension (19.05%), hypertriglyceridemia (9.52%) and pustulosis palmaris et plantaris (7.14%). No treatment-related death was reported.



Conclusion

Anlotinib demonstrated promising antitumor activities in recurrent or metastatic primary malignant bone tumors with manageable AEs.
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Introduction

Osteosarcoma, chondrosarcoma, Ewing’s sarcoma are common subtypes of malignant bone tumors. Osteosarcoma most commonly affects children, adolescents, and young adults, accounting for 1–2% of all adult cancers (1). Primary therapy for osteosarcoma typically consists of surgical resection and neoadjuvant and adjuvant chemotherapy with doxorubicin, cisplatin, ifosfamide and methotrexate. These treatments have dramatically improved the prognosis of patients with localized osteosarcoma, with a long-term survival rate of 65% to 70% (2). In the absence of targeted therapy, salvage treatment options such as with ifosfamide or gemcitabine plus docetaxel have yielded a rather dismal clinical outcome in osteosarcoma patients who are refractory to chemotherapy or who experience relapse with metastatic disease, with a 4-month progression-free survival (PFS) rate of as low as 12% (3, 4). Genetically, osteosarcoma is characterized by few recurrent genetic alterations and carries mainly somatic copy number alterations (5). The lack of targetable recurrent gene mutations renders molecularly targeted therapy challenging and so far largely disappointing (6). In addition, immune checkpoint inhibitors (ICIs) including those targeting programmed cell death protein-1 (PD-1)/PD-ligand 1 (PD-L1) have demonstrated scant activity in osteosarcoma (7).

Ewing sarcoma, an aggressive sarcoma of bone and soft tissue, may occur at any age with a peak incidence in adolescents and young adults. Primary therapy for Ewing sarcoma mainly consists of surgery, intensive neoadjuvant and adjuvant chemotherapies and/or radiotherapy, with a 5-year overall survival (OS) of 65% to 75% for patients with localized Ewing sarcoma. Despite extensive surgical resection, aggressive chemotherapy, and radiotherapy, the 5-year OS of recurrent or metastatic Ewing sarcoma is less than 30% (8). Chondrosarcoma is inherently resistant to both chemotherapy and radiotherapy and the 5-year survival stands at merely 5% after recurrence (9). Therefore, novel effective therapeutic agents or regimens are urgently needed.

Accumulating evidence suggests that multitarget tyrosine kinase inhibitors (TKIs) have antitumor activities in osteosarcoma. TKIs have been recommended by the National Comprehensive Cancer Network (NCCN) guidelines as second-line therapy for advanced osteosarcoma that progresses after chemotherapy (10). In phase II trials, sorafenib achieved a 4-month PFS rate of 46% in advanced osteosarcoma patients who had failed standard therapy while apatinib achieved a 4-month PFS rate of 56.76% in advanced osteosarcoma patients who had failed chemotherapy (11, 12). In SARC024, a randomized, placebo-controlled phase II trial in patients with progressive metastatic osteosarcoma, regorafenib prolonged median PFS from 1.7 months [95% confidence interval (95% CI): 12-1.8] to 3.6 months (95%CI: 2.0-7.6). The hazard ratio (HR) was 0.42 (95%CI: 0.21-0.85) (13). Though these studies suggest that multitarget TKIs could offer a promising treatment for recurrent metastatic primary malignant bone tumors, improvement in objective response rate (ORR), disease control rate (DCR) or PFS is modest and there is an urgent need for more effective, novel multikinase inhibitors (MKIs) for advanced osteosarcoma.

Anlotinib is a novel MKI that exerts its antitumor activities by inhibiting angiogenesis and suppressing tumor cell proliferation via blocking vascular endothelial growth factor receptors (VEGFR), fibroblast growth factor receptor (FGFR), platelet-derived growth factor receptor (PDGFR), and c-Kit (14). Anlotinib has demonstrated stronger in vitro and in vivo anti-angiogenesis activities than other antiangiogenic agents such as lenvatinib and sorafenib, with an IC50 of 0.2, 0.7 and 14.8 nmol/L for VEGFR-2, VEGFR-3 and KIT, respectively, vs. 4, 5.2 and 100 nmol/L for lenvatinib and 90, 20 and 68 nmol/L KIT for sorafenib (15–19). The efficacy and safety of anlotinib have been established in several tumor types including NSCLC and advanced soft tissue sarcoma (20, 21). A phase II trial of 166 refractory soft tissue sarcoma patients demonstrated that anlotinib achieved an ORR of 13% (95%CI 7.6%-18%), a median PFS of 5.6 months and OS of 12 months with acceptable toxicities (22).

The efficacy and safety of anlotinib have not been examined in recurrent metastatic primary malignant bone tumors in a clinical trial setting. Given the promising antitumor activities of anlotinib in soft tissue sarcoma and other tumor types, we hypothesized that anlotinib could be effective for recurrent or metastatic primary malignant bone tumors.



Patients and Methods


The Study Design and Population

This multicenter, single-arm trial enrolled patients (14 ~70 years of age) with pathologically confirmed primary malignant bone tumors including osteosarcoma, chondrosarcoma, undifferentiated pleomorphic sarcoma of bone/malignant fibrous histiocytoma (MFH) of the bone, giant cell tumor of the bone and Ewing sarcoma/primitive neuroectodermal tumor (PNET). Patients were diagnosed as having recurrent or metastatic disease after surgery and adjuvant therapy. Other inclusion criteria were: at least one measurable lesion according to RECIST 1.1; Eastern Cooperative Oncology Group (ECOG) performance status score of 0 or 1 (except for amputees); treatment failure after anthracyclines-based chemotherapy, or patients could not tolerate chemotherapy (patients with chondrosarcoma or giant cell tumor of the bone were not required to have received first line chemotherapy). We excluded patients who had participated in clinical trials of anlotinib therapy or who had received VEGF inhibitors. Patients with symptomatic brain metastasis or brain metastasis controlled for less than 2 months were also ineligible. Additional eligibility criteria are provided in Supplementary Methods.

The trial was conducted in accordance with the provisions of the Declaration of Helsinki and the International Conference on Harmonisation guidelines for Good Clinical Practice and approved by the institutional review board of Shanghai Sixth People’s Hospital (China). Written informed consent was obtained before enrollment from patients and parents of pediatric patients or their legal surrogates or guardians. The trial is registered with http://www.clinicaltrials.gov (NCT03527888). The study protocol adhered to the SPIRIT statement and the reporting of the study adhered to the CONSORT statement (23, 24).



Treatment

Anlotinib (12 mg/d) was administered orally. Each cycle consisted of 2 weeks of treatment followed by 1 week off treatment (25). Treatment was continued until disease progression per RECIST 1.1, intolerable toxicity or at the discretion of the investigator. Dose adjustment of anlotinib was allowed at the discretion of the investigator upon drug-related adverse events (AEs) per National Cancer Institute Common Terminology Criteria for Adverse Events version 4.03 (NCI CTC AE 4.03). Two dose reductions were allowed: from 12 mg/d to 10 mg/d and from 10 mg/d to 8 mg/d.

Best supportive care was provided. Patients were allowed to receive bisphosphonates for bone metastasis and, psychological therapy, or other symptomatic treatment. In addition, palliative radiotherapy for the non-target metastatic lesions at bone was allowed to control bone metastasis-associated pain with irradiation field confined to less than 5% of the bone marrow (26). Drugs that could interfere with the study medications were not allowed.



Tumor Response Assessment

Responses were evaluated by an independent review committee according to RECIST v1.1 using computed tomography (CT) or magnetic resonance imaging (MRI) within 2 weeks of study entry, at 6 weeks post treatment and once every two cycles thereafter. CR, PR, and SD had to be confirmed with a repeat scan after at least 6 weeks.



Outcomes

The primary endpoint was PFS, defined as the time from the date of administration of the first dose of anlotinib to the date of disease progression or death of all causes. Secondary endpoints included ORR, which was the proportion of all evaluable patients who achieved CR or PR per RECIST v1.1, DCR, which was the proportion of patients who achieved CR, PR, or SD lasting for at least 4 weeks, and OS, which was calculated from the date of administration of the first dose of anlotinib to the date of death from any cause.



Safety Evaluation

Data for AEs were recorded from the first date of drug administration until one month after treatment termination, and graded according to NCI CTCAE version 4.03. Safety assessments were based mainly on the occurrence, frequency, severity of AEs and the correlation with study drug.



Statistical Analysis

The median PFS of patients with relapsed osteosarcoma who had received chemotherapy was between 2 to 3 months (3, 27, 28). We hypothesized that anlotinib treatment can prolong the median PFS from 2.5 months to 4.2 months. A total of 37 patients were required to detect a 41% decrease in HR for progression based on 80.2% power and one-sided test at a significance level of 0.025. Assuming a dropout rate of 10%, we planned to enroll 42 patients.

All statistical analysis was undertaken using SAS version 9.2 (SAS Institute Inc., Carry, North Carolina, United States). Statistical analyses were prespecified and followed the intention-to-treat (ITT) principle.

Quantitative variables were expressed in mean and standard deviation or median (range or interquartile range, IQR). Changes from baseline within a group were analyzed by Student’s t test for paired data. Categorical variables were described in frequency and percentage and changes from baseline within a group were analyzed by chi-square (χ2) test or Fisher’s exact test. PFS and OS were estimated by the Kaplan-Meier method and expressed in median (95%CI). The safety set included all patients who received at least one dose of the study drug and had safety assessment.

All tests were two-tailed with a level of significance set at α = 0.05.




Results


Patients

Forty-nine patients were screened for eligibility between September 1, 2018 and April 30, 2019; 42 patients were enrolled (Figure 1). Their median age was 28.0 years (IQR: 18.0, 36.0) and 59.5% of them were male. Most patients were diagnosed with osteosarcoma (n=29; 69.05%) or chondrosarcoma (n=9; 21.43%). Furthermore, 25 (59.52%) and 15 (35.71%) patients had stage IVA and IVB disease, respectively, and 39 (92.86%) patients had lung metastasis. All patients received chemotherapy in the adjuvant setting and 7 (16.67%) patients received at least 2 prior lines of chemotherapy. Patient demographic and baseline characteristics are shown in Table 1.




Figure 1 | The study flowchart. AE, adverse event; FAS, full analysis set; ITT, intention-to-treat; PPS, per-protocol set; SS, safety set.




Table 1 | Patient demographic and baseline characteristics.





Efficacy Measures

The median duration of follow up was 9.6 months (95%CI 8.4-10.8). The data cutoff date was January 1, 2020. PFS events occurred in 28 (66.7%) patients. The median PFS was 5.3 months (95%CI 3.5-8.4 months) and the 3-month PFS rate was 71.27% (Figure 2A). In patients with osteosarcoma, the median PFS was 4.8 months (95%CI 3.5-7.1 months) and the 3-month PFS rate was 75.86% (Figure 2B). In patients with chondrosarcoma, the median PFS was 2.8 months [95%CI 1.3 months to not reached (NR)] and the 3-month PFS rate was 44.44% (Figure 2C). Only 3 patients with Ewing sarcoma/PNET were enrolled. The PFS was 8.3, 8.4 and 11.1 months, respectively. OS events occurred in 14 (28.6%) patients. The median OS was 11.4 months (95% CI 10.1 months to NR) (Figure 2D). The median OS was not reached for osteosarcoma (95% CI, NR, NR) and was 11.4 months (95% CI 1.8 to 21.1 months) for chondrosarcoma.




Figure 2 | The Kaplan-Meier curve of progression-free survival (PFS) in the intention-to treat (ITT) population (A), and the subsets of osteosarcoma patients (B) and chondrosarcoma patients (C). (D) The Kaplan-Meier curve of overall survival (OS) in the ITT population.



No patient achieved CR. Notably, 4 patients, including 2 osteosarcoma patients achieved PR (Figure 3). Tumor response was observed in 4 patients and the ORR was 9.52% for the overall population. Two patients with osteosarcoma achieved PR and the ORR was 6.90%. In addition, 29 patients had SD and the DCR was 78.57% for the whole population. The DCR for patients with osteosarcoma was 75.86%. Among the 3 patients with Ewing sarcoma/PNET, 2 achieved PR and 1 had SD. The ORR was 66.67% and the DCR was 100% (Table 2).




Figure 3 | Waterfall plot of the best percentage changes for the sum of target lesion diameters after anlotinib treatment are shown for individual patients with best objective response per RECIST version 1.1 as indicated by the color codes. CR, complete response; PD, progressive disease; PR, partial response; SD, stable disease.




Table 2 | Best overall responses by tumor types.





Safety

The median treatment cycles was 7 (range 2 to 22). Seven (16.67%) patients underwent dose reductions from 12 mg/d to 10 mg/d. One of them was still intolerable to anlotinib at the reduced dose and permanently discontinued treatment eventually due to AE. Dose modifications are detailed in Supplementary Table 1. Twenty patients discontinued treatment due to PD. As of the data cutoff date, 10 patients were still receiving anlotinib. All (100%) patients experienced at least one AE (Table 3). The most frequent AEs were hypertension (66.67%), hypothyroidism (54.76%), palmar-plantar erythrodysesthesia syndrome (40.48%), proteinuria (40.48%), and diarrhea (40.48%). Grade 3 and above AEs occurred in 23 (54.76%) patients, and included hypertension (19.05%), hypertriglyceridemia (9.52%) and pustulosis palmaris et plantaris (7.14%). In addition, SAEs occurred in 15 (35.71%) patients, of which 7 (16.67%) were treatment-related. Four (9.52%) deaths occurred, including 1 case each of brain metastasis, respiratory difficulty, pleural effusion and sudden death, all of which were not treatment-related.


Table 3 | Adverse events (AEs) with an incidence ≥10% and grade 3 and above AEs.






Discussion

The current study demonstrated encouraging antitumor activities of anlotinib as second or later line of therapy for recurrent or metastatic primary malignant bone tumors. The 4-month PFS in patients with refractory or relapsed osteosarcoma patients with metastatic disease in the absence of targeted therapy has been reported to be 12% (3, 27, 28). In the current study, anlotinib achieved a 3-month PFS rate of 75.86% and a median PFS of 4.8 months in previously heavily treated advanced osteosarcoma patients, meeting the study primary endpoint. The PFS was comparable to that in the phase II trial for regorafenib (3.6 months, 95% CI, 2.0-7.6 months) and sorafenib (4 months, 95% CI 2-5 months) for advanced osteosarcoma (11, 13). The 3-month PFS rate of 75.86% achieved with anlotinib was also remarkable in comparison with the 4-month PFS rate of 46% achieved with sorafenib therapy (11). Despite notable improvement in PFS with anlotinib and, to a lesser extent, with regorafenib and sorafenib versus chemotherapy, the ORR remains disappointingly low with all three agents (6.89%, 14% and 13.6% for anlotinib, sorafenib and regorafenib, respectively), indicating limited tumor response with MKI monotherapy and highlighting the need for combination therapy such as with chemotherapy.

The DCR with anlotinib was 75.86% for advanced osteosarcoma in this trial, in contrast to 49% with sorafenib as reported earlier. All patients in the current study received adjuvant chemotherapy after surgery compared to 50% in the phase II trial on regorafenib. In a phase II study of refractory or metastatic soft tissue sarcoma, anlotinib achieved a median PFS of 5.6 months and an ORR of 13% (95% CI, 7.6–17) and a DCR of 74% (95% CI, 66–80) (22). Specifically, the median PFS was 5.6 and 11 months, respectively, for liposarcoma and leiomyosarcoma and the ORR was 7.7% in patients with both liposarcoma and leiomyosarcoma. In contrast, regorafenib achieved a median PFS of 1.1 and 3.7 months, respectively, for liposarcoma and leiomyosarcoma and no patients attained CR or PR in the REGOSARC trial, whereas sorafenib achieved a median PFS of 4.2 months for advanced soft tissue sarcoma (4.9 months for liposarcoma), with an ORR of 14.5% and a DCR of 47.4% (29, 30). Although different studies could not be compared directly, these findings suggested that anlotinib attained a numerically higher DCR with osteosarcoma and soft tissue sarcoma than regorafenib and sorafenib; however, randomized studies would be necessary to validate the superiority of anlotinib over other MKIs.

Though immune monotherapy has not demonstrated efficacy in osteosarcoma, the prospect of combining immune therapy and anti-angiogenesis MKI therapy appears promising. In a phase II trial in patients with advanced osteosarcoma progressing after chemotherapy, a combination of apatinib with camrelizumab, a humanized IgG4 κ monoclonal antibody against PD-1, achieved a median PFS of 6.2 months (95% CI 4.0-6.9 months), which is notably longer than 4 months with apatinib (31). Identifying patients with osteosarcoma who could benefit from immunotherapy with biomarkers such as PD-L1 or anti-angiogenesis MKI therapy could lead to further gains in patient survival.

Refractory or relapsed osteosarcoma patients fare very poorly due to lack of effective therapies (2). The unique bone microenvironment also renders immunotherapies largely ineffectual (32). Furthermore, osteosarcoma lacks targetable recurrent gene mutations and small molecules or therapeutic antibodies aiming at a single target may fail to deliver clinical benefits (6). The unique intrinsic properties of recurrent metastatic primary malignant bone tumors indicate that a multitarget inhibitor such as anlotinib or regorafenib, or a combinational approach with diverse mechanisms of actions is required for this patient population. In the current trial, anlotinib achieved a median PFS of 4.83 months (95%CI 3.48 to 7.13) for osteosarcoma. This compares favorably with other analogous agents (median PFS: apatinib, 4.5 months; lenvatinib, 3.4 months; regorafenib, 3.6 months) (11, 13, 33).

Recurrent or metastatic Ewing sarcoma has a very dismal outcome despite the best available therapeutic regimen including surgical resection and chemoradiotherapy (8). No (0/13) Ewing sarcoma in the SARC024 trial responded to regorafenib (13). In the current study, 2 out of the 3 patients with Ewing sarcoma/PNET achieved PR and 1 had SD, suggesting that anlotinib should be further explored as monotherapy or in combination with other agents for the treatment of Ewing sarcoma. The efficacy of anlotinib in Ewing sarcoma/PNET patients is comparable to that of anlotinib plus irinotecan for recurrent or refractory unresectable Ewing sarcoma (34). A small proportion of Ewing sarcoma patients are refractory to chemotherapy and anlotinib could offer an effective treatment for this subset of patients.

The incidence of grade 3 and above elevated triglycerides and hypertriglyceridemia was high (11.9%) in this trial. This is in line with previous studies of anlotinib for refractory solid tumors and refractory metastatic soft tissue sarcomas (22, 25). The rate of grade 3 and above hypertension (19.05%) in this trial is higher than that (4.2%) in a phase II study of 116 patients with refractory metastatic soft tissue sarcomas and that (10%) of phase I of 35 refractory solid tumors (22, 25). The rate of grade 3 and above pustulosis palmaris et plantaris (7.14%) is consistent with that of previous studies (22, 25). Notably, no treatment-related hematologic toxicities or bleeding events occurred. Grade 3 anemia (6%), leucopenia (3%) and bleeding (3%) were reported in osteosarcoma patients treated with sorafenib (11). Frequent hematologic toxicities were also reported for regorafenib, including grade 1 anemia (24%), lymphopenia (14%) and thrombocytopenia (10%). In addition, grade 3 hypophosphatemia and hypokalemia each occurred in 7% osteosarcoma patients treated with regorafenib. No new safety concerns emerged in this trial. Overall, the toxicity profile of anlotinib in this trial is consistent with the prior reports of anlotinib in other clinical studies and seems to be better than that of other oral anti-VEGFR TKIs (35).

This study has several limitations. First, this is a single arm study without a control group. In addition, the small sample size does not permit meaningful subgroup analyses to define the subset of patients who will truly benefit from anlotinib therapy. Furthermore, the study only included Han Chinese and the efficacy and safety of anlotinib in primary malignant bone tumor patients of other ethnicities remain yet to be defined.

In conclusion, anlotinib demonstrated promising antitumor activities and manageable safety profile in patients with recurrent or metastatic primary malignant bone tumors. The findings from this study support the use of anlotinib in patients with advanced primary malignant bone tumors who have progressed after chemotherapy, but further studies are needed.
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β3-adrenergic receptor (β3-AR) is the last β-adrenoceptor subtype identified. β3-AR is widely expressed and regulates numerous physiological processes, and it is also a potential target for the treatment of many diseases, including cancers. For some types of cancers, bone marrow transplant (BMT) represents a valid therapeutic support, especially in the case of the necessity of high-dose chemotherapy and radiotherapy. For a successful BMT, it is necessary that a donor’s hematopoietic stem cells (HSCs) correctly reach the staminal niche in the recipient’s bone marrow (BM) and contribute to restore normal hematopoiesis in order to rapidly repopulate BM and provide all the healthy blood cells of which the patient needs. Generally, it takes a long time. Control and accelerate homing and engraftment of HSCs could represent a helpful approach to avoid the complications and undesirable effects of BMT. The evidence that the β-adrenergic system has a role in the BM can be found in different studies, and this leads us to hypothesize that studying this field could be interesting to meliorate the most critical aspects of a BMT. Here, we collected the data present in literature about the role of β3-AR in the BM with the purpose of discovering a possible utility of β3-AR modulation in regulating HSC trafficking and hematopoiesis.
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β3-Adrenergic Receptor

Adrenergic receptors (ARs) are a class of membrane proteins that mediates the multiple metabolic and neuroendocrine effects of epinephrine and norepinephrine, the two neurotransmitters responsible for sympathetic nervous system (SNS)–induced “fight-or-flight” stress responses. Through the application of different functional and molecular techniques for studying ARs, it was possible to identify three major categories that differ for function and localization: α1-adrenoceptors, α2-adrenoceptors, and β-adrenoceptors (1). β-ARs (three subtypes identified, β1-, β2-, and β3-AR, with a fourth β4-AR remaining controversial) belong to the G-protein-coupled receptor (GPCR) family whose primary function is the transmission of information from the extracellular environment to the interior of the cell. The classical signal transduction via GPCRs depends on the receptor-mediated activation of heterodimeric G proteins. G proteins are classified into four families according to the α subunit, inhibitory G-protein (Gi), stimulatory G protein (Gs), G12/13, and Gq with different activities (2, 3). While β1-ARs are coupled to Gs, β2-ARs are coupled to both Gs and Gi, with predominant activation of the stimulatory one. β3-ARs are Gi protein coupled and additional intracellular signaling includes the activation of nitric oxide synthases (NOSs), activation of guanylate cyclase (GC), and formation of cGMP. Therefore, the type of the downstream effectors is determined by the subtype of β-AR that is activated (4, 5). In response to a continuous exposure to agonists, many GPCRs display desensitization, the fast loss of the ability to respond. Desensitization involves three distinct stages: receptor phosphorylation; interaction with scaffolding proteins; and internalization. Two protein families, the G protein-coupled receptor kinases (GRKs) and arrestins, were mainly found to mediate desensitization. The internalized receptors do not activate G proteins and may be recycled to the cell membrane or undergo degradation. Indeed, despite their high degree of sequence homology, each receptor displays characteristic properties: β2-ARs are the most susceptible to this process; β1-ARs undergo less rapid and efficient agonist-promoted internalization, whereas numerous studies suggest that β3-AR is resistant to these regulatory processes since β3-AR has no phosphorylation sites necessary for internalization (6–8). However, it has been recently reported in literature that β3-AR is susceptible to desensitization at multiple levels, including the downregulation of its mRNA, but this process occurs only in specific models and treatments conditions and, in any case, always in a less pronounced way compared to the other receptors (9). β3-AR is the last β-AR recognized. Initially, the β1- and β2-AR subtypes were identified, and only in the 1980s, a third β-AR was discovered primarily in rat adipose tissue (10, 11), and later, in 1989, Emorine et al. isolated the human gene encoding β3-AR (12). Ever since then, β3-AR expression has been reported in several human tissues, mainly in white and brown adipose tissue but also in the human gall bladder, colon, prostate, human heart, brain, and skeletal muscle (13, 14). It is now evident that β3-ARs are involved in the modulation of different physiological processes, such as lipolysis and thermogenesis, the regulation of bladder function, regulation of gastrointestinal motility, cardiac functions, and other numerous responses in health tissues. However, an aberrant expression of the β3-AR subtype has been recently shown in several cancers (15). These findings have led to the development of a large number of compounds modulating the activity of β-ARs for the clinical treatment of these numerous diseases. While the pharmacological characteristics of β1- and β2-ARs have been studied exhaustively, and a large number of clinically relevant agonists and antagonists have been characterized in competition binding and functional studies, less information is available about the pharmacological profile of the β3-AR. Regarding the endogenous agonists norepinephrine and epinephrine, according to the binding data, the β3-AR would be a noradrenergic receptor since it was observed to have a 30-fold higher affinity for norepinephrine over epinephrine (16). Instead, synthetic agonists can be distinguished in first-generation and second-generation compounds depending on the time of their discovery. BRL37344 is the first β3‐AR agonist developed and shows a very high potency in rodent β3‐AR relative to human β3‐AR, despite their shared structural homology of 80%–90%. CL316243 is a first-generation potent and highly selective β3-AR agonist. The second generation includes the aryloxypropanolamine CGP12177A, a 4-acylaminobenzene-sulfonamide derivative, the L-755507, Mirabegron (YM178), Amibegron (SR58611A), and other molecules that are currently being validated in phase II and III clinical trials, such as Solabegron (GW427353). Regarding antagonists, the drugs used most frequently are sotalol, alprenolol, carvedilol, metoprolol, atenolol, bisoprolol, SR59230A, and L-748,337, but their usefulness as selective antagonists of the β3-AR has not been fully clarified (17).



β3-AR and Cancer

It was demonstrated that the SNS, through β-AR signaling, can influence the tumor biology, contributing to the regulation of several cellular processes that occur typically during the initiation and progression of cancer, for example, angiogenesis, cell trafficking, and inflammation (18–20). Among the β-AR subtypes, the specific role played by β3-AR in the oncological context has been analyzed in various laboratories through the evaluation of the β3-AR gene, mRNA, and protein expression and its blockade using selective β3-AR antagonists and through the siRNA silencing approach. Overall, accumulating lines of evidence point to a relevant function of β3-AR in the onset and progression of several types of cancer, such as vascular tumors (21), colon and breast cancers (22, 23), and especially melanoma (24). Recent studies have shown that β3-AR has a clear implication in the melanoma microenvironment because its expression was found upregulated not only in cancer cells but also in various accessory cells such as stromal, inflammatory, and vascular cells that sustain the tumorigenesis, and through them, the β3-AR causes pro-invasive, pro-angiogenic, and inflammatory effects. Moreover, β3-AR is able to increase the stemness potential and aggressiveness of melanoma cells favoring the malignancy progression, the effects reverted by the pharmacological use of selective β3-AR antagonists (25, 26). In a recent paper, the specific β3-AR antagonism has been useful in demonstrating the crucial role of β3-AR also in neuroblastoma: the treatment manages to decrease the proliferation rate of neuroblastoma cells and simultaneously increases neuronal differentiation. Moreover, it was seen that this switch from stemness to cell differentiation is regulated by β3-AR through a molecular interplay with sphingosine kinase 2 (SK2)/S1P receptor 2 (S1P2) axis, typically implicated in neuroblastoma biology (27). Interestingly, β3-AR expression has been reported also in human leukemia (28) where it appears to be involved in the survival of myeloid leukemia cells, especially under hypoxic conditions, to such an extent that β3-AR could be considered as a potential target also in this type of cancer, mostly to reduce chemoresistance, a phenomenon that occurs frequently in leukemic patients (29).



Bone Marrow Transplant

The first human bone marrow transplant (BMT) was successfully experimented from 1950 to 1970 by a team under the leadership of Edward Donnall Thomas, whose work was later recognized with the Nobel Prize in Physiology and Medicine (30).

Starting from Thomas’s studies up to the present day, BMT has become the optimal therapy for a wide variety of hematological and nonhematological diseases, including leukemias (31), lymphomas, anemias, and immunological and genetic disorders (32).

Today, BMT is often helpful in oncological patients who need high-dose chemotherapy and/or radiation therapy. Chemotherapy and radiotherapy can target the tumors because cancer cells divide rapidly, more often than healthy cells. However, BM cells also divide frequently, so high-dose treatments can severely damage or destroy the patient’s BM. BMT represents a valid support to restore BM function that would otherwise be irreversibly altered; in this way, the patient can retrieve the blood cells they need to carry oxygen, fight infections, and prevent bleeding. The main objective of BMT is to substitute a defective system for a healthy one. Particularly, for the treatment of malignancies, it is important to eliminate malignant cells through the administration of cytotoxic drugs and/or radiation and the ability of donor cells to mediate the immunologic effect termed “graft-versus-tumor” against the malignant host cells; instead, for the treatment of immune deficiency or genetic diseases, it is necessary to replace defective host hematopoietic cells with normal hematopoietic stem cells (HSCs) capable of re-establishing hematopoiesis.

The main stages of a BMT are essentially two: the first is a recipient preparative treatment called “conditioning” regimens that usually lasts 1 week; the second consists of the transfusion of healthy BM.

The conditioning regimens are usually based on the administration of supralethal doses of total body irradiation and chemotherapeutic agents to the recipient with the goal of providing sufficient immunoablation to prevent graft rejection and reduce the tumor burden, increasing the chance of engraftment and decreasing the chance of relapse. However, as it was recognized that the graft-versus-tumor effects substantially contributed to the effectiveness of the transplant, reduced-intensity and nonmyeloablative conditioning regimens have been developed, making the transplant applicable to older and medically infirm patients (33).

In the second phase, the BM for transplantation is harvested by multiple aspirations from the donor’s iliac crests, processed and given to the recipient via intravenous infusion (34).

The period after a transplant is very crucial because it is characterized by 1 or 2 weeks of marked marrow aplasia in which the patient is at high risk of transmission of various pathogens or of the reactivation of latent infections (35); therefore, it is very important that a rapid BM repopulation occurs. BM repopulation is an active process that involves a complex interaction between many factors, molecules, and receptors in order to allow the so-called “homing” or rather the migration of the HSCs from the peripheral blood (PB) to the BM and their successful anchoring before proliferation (36). The HSCs are a rare population of multipotent stem cells with the dual capacity of self-renewal and differentiation to all hematopoietic lineages. The HSCs typically lodge in a specific compartment of the BM called a “staminal niche,” first mentioned by Schofield in 1978 to describe an inductive microenvironment that sustains and preserves the properties of HSCs (37). The niche provides all those factors that attract the HSCs within the BM, and it is unquestionable that the chemokine stromal-derived factor-1 (SDF-1) or Cxcl12 and its receptor CXCR4 axis plays a crucial role in the regulation of this mechanism. The administration of the granulocyte–colony stimulation factor (G-CSF) confirms the Cxcl12 role in HSCs maintaining within the BM because G-CSF is a glycoprotein able to stimulate the release of HSCs in the bloodstream through a complex mechanism that involves the induction of the proteolytic activity that cleaves Cxcl12 (38, 39).

It has been seen that the first population that regenerates the BM after a transplant is represented by fat cells, followed by immature, monotypic hematopoietic cells presumably originated from committed stem cells that gradually mature and enlarge. The normal marrow cellularity recovers gradually and, usually at least 3 weeks post-transplantation, must pass for the marrow to be approximately 50% normocellular and 8–12 weeks for a complete repopulation (40). In some people, it may take longer. It is now widely known that this trafficking of HSCs and other cells in and out of the BM occurs under the control of the SNS.



β3-AR in Bone Marrow

The notion that BM is innervated by sympathetic fibers dates back many decades. Sympathetic nerve fibers enter in the BM with blood vessels that provide nutrient and oxygen, accompany the major arteries, and are distributed deeply into the substance of the marrow (41). It was hypothesized that these innervations provide a morphological basis for the neural modulation of the proliferation, differentiation, and migration of hematopoietic cells between the BM and the extramedullary sites. The confirmation of this hypothesis has come from the observation that any alteration of the SNS, for example, any stressful event that causes a progressive denervation or a premature aging of the innervations, simultaneously alters hematopoiesis and induces a dramatic remodeling of the hematopoietic niche (42). Some of the first evidence of sympathetic regulation of hematopoiesis came from studies on circadian rhythms, the daily oscillations that govern most biological processes synchronizing them with the natural light–darkness shift of day and night. Circadian activities are orchestrated by the suprachiasmatic nucleus, a tiny region of the brain in the hypothalamus that receives input signals from the retina through the retino-hypothalamic tract, processes the information, and generates adequate responses in different tissues, including BM, through the SNS innervations (43). The observation that continuous exposure to light or a “jet lag” (defined as a shift of 12 h) altered the number of HSCs in mouse BM, which indicates that photic cues could influence the trafficking of HSCs (44). In vivo experiments indicate that, in mice, a peak of HSCs has been detected in circulation during the daytime, whereas their BM homing occurs during the night, and the same trend has been also observed for ARs and their ligands (45). By examining the kinetics of daily light and dark cues at different zeitgeber time points of the day, Golan et al. identified two major functionally distinct peaks of HSC activity in the BM at 11:00 a.m. and 11:00 p.m., corresponding to norepinephrine and the tumor necrosis factor bursts that induce a metabolical reprogramming of HSCs. During the 11:00 a.m. peak, light induces an increase of the vascular permeability and resulting to accentuated HSC egress from the BM; in contrast, during the 11:00 p.m. peak, HSCs are primed to a state of retention in the BM. Consequently, the authors deduced that BM requires daily replenishment to ensure a homeostatic balance between mature blood cell production and stem cell maintenance (46). These HSC oscillations occur also in humans but in an antiphase with mice, being respectively diurnal and nocturnal species (47).

On our side, we experimentally tested the β3-AR inhibition effect on HSC homing/egress by using the selective antagonist SR59230A in an in vivo model (Figure 1A). Considering the daily oscillation of HSCs depending on light/darkness exposure, we administered the treatment and collected the samples always during the morning (Zeitgeber time 1–9). Through a cytofluorimetric analysis of HSCs in the BM and PB of the mice, we found that SR59230A administration increased the number of HSCs in the BM, instead of decreasing their number in the PB, confirming the aforementioned role of β3-AR in the HSCs trafficking in and out of the BM (Figure 1B).




Figure 1 | Study of β3-AR antagonism effect on HSC homing/egress. (A) In vivo model: C57BL/6 mice were treated with SR59230A 5 mg/kg twice a day for 4 days always during light hours (Zeitgeber time 1–9). Untreated mice were used as control. BM cells were obtained by flushing femur and tibia; PB cells were obtained by a retro-orbital sinus blood collection and the lysis of red blood cells. Samples were always collected during light hours (Zeitgeber time 1–9). (B) Flow cytometry analysis was performed by using a MACSQuant Analyzer 10 (Miltenyi Bio-tec). HSCs were identified as Lin-c-kit+Sca1+ cells. Results were reported as the mean ± SD of four replicates. *p <0,05 SR59230A vs. CTRL.



Furthermore, in several studies, it was noted that the number of HSCs detectable in the bloodstream fluctuates in an antiphase with the expression of Cxcl12, the principal chemokine that, after the interaction with its receptor CXCR4 expressed by hematopoietic progenitor cells, dynamically regulates HSC attraction in the BM, and these rhythmic fluctuations are under the control of adrenergic signals delivered locally in the BM by nerves from the SNS.

To evaluate the exact contribution of ARs, it has been useful to use selective and non-selective adrenergic agonists and antagonists. Thanks to this strategy, it has been possible to ascertain that adrenergic signaling in the BM is mainly conveyed by β-ARs localized in many cellular components of the hematopoietic niche: β3-AR is restricted to marrow-adherent stromal cells producing Cxcl12, and β2-AR has been identified on osteoblast and hematopoietic progenitor cells. While the latter is involved in cell proliferation and bone remodeling, β3-AR is probably the principal contributor to the regulation of the SDF-1 expression level (48, 49). To gain more insight into the mechanisms that regulate the circadian fluctuations of Cxcl12, selective β3-AR agonists and antagonists were used and a decrease and increase in the Cxcl12 level was respectively found in a dose-dependent manner. It has been finally noticed that β3-AR acts also indirectly on the Cxcl12 through the regulation of the transcriptional factor Sp1. Sp1 typically binds to the Cxcl12 promoter at specific sites to induce its expression; indeed, the alterations of the Cxcl12 expression mirror the nuclear content of the transcription factor Sp1.

Since the Sp1 DNA-binding activity is enhanced by phosphorylation by the cAMP-dependent protein kinase (PKA), β3-AR can contribute to the degradation of Sp1-decreasing cAMP levels in the pathway that triggers after coupling to Gi proteins. All these data demonstrate how the Sp1 function is relevant for an efficient Cxcl12 expression and consequently how the β3-AR can affect the circulation of HSCs just acting on these elements (44, 51).

Based on ample evidence, the inhibition of β3-AR could be used to support a crucial step for a successful BMT or the BM repopulation, through increasing the Cxcl12 release to stimulate the homing of HSCs (Figure 2).




Figure 2 | Schematic representation of β3-AR action on Cxcl12 in BM. β3-AR signaling decreases Cxcl12 secretion by stromal cells (left). β3-AR blocking increases Cxcl12 release, inducing the homing of HSCs to the BM (right).





Hypothesis: Could β3-AR Modulation Regulate HSC Differentiation?

After HSC homing, the engraftment step predicts stem cells to multiply and begin to make new, healthy blood cells. It usually takes several weeks before the number of blood cells returns to normal. During this period, patients must remain under close medical care and have a periodic follow-up appointment because of the risk of infections or other complications. Engraftment failure remains an important complication of BMT because of the high morbidity and mortality associated with this event. Two different clinical forms of defective engraftment have been distinguished: poor graft function (PGF) and graft failure (GF). PGF is characterized by the presence of an initial full donor engraftment. In the primary form, bone marrow cellularity remains low, and patients present persistent cytopenia. In the secondary form, a prompt recovery is followed by a progressive decrease in blood counts. Instead, GF occurs as the result of a classical alloreactive immune response mediated by residual host immunity persisting after the conditioning regimen (36, 50). Accelerating the engraftment and BM repopulation of committed cells may, therefore, represent a valid strategy for positive clinical outcomes in BMT. Considering this, we wondered if β3-AR could represent a useful target to be exploited in order to modulate these crucial phases of the BMT. With this purpose, we set up a colony-forming unit (CFU) assay and a cytofluorimetric analysis of BM cells obtained from mice treated and untreated with the β3-AR-selective antagonist SR59230A. Considering that primitive hematopoietic cells, including HSCs, do not express a variety of surface markers that are associated with the terminal maturation of specific blood cell types, for the cytofluorimetric analysis, we used a Lineage cell detection cocktail (a panel of monoclonal antibodies that recognize antigens on T cells, B cells, monocytes/macrophages, granulocytes, and erythrocytes) to distinguish immature cells (Lineage negative) from differentiated cells (Lineage positive). Comparing the percentages of Lineage-negative or -positive BM cells between control and SR59230A, we observed that the β3-AR blockade tends to decrease the percentages of lineage-negative cells, while it increases the number of lineage-positive cells (Figure 3A).




Figure 3 | Study of the β3-AR antagonism effect on mouse BM cells (in vivo model as in Figure 1A). (A) Flow cytometry analysis of BM cells was performed by using MACSQuant Analyzer 10 (Miltenyi Bio-tec, Gladbach, Germany). Cells were stained with the Lineage cell detection cocktail and anti-biotin antibody. Results were reported as percentage (mean ± SD of three replicates) of Lineage-positive or -negative cells. (B) Images showing colonies obtained by performing a CFU assay with a MethoCult medium (Stemcell Technologies, Vancouver, Canada) and relative quantification in SR59230A and control conditions after 10 days of culture. Results were reported as the mean ± SD of three replicates. *p <0,05 **p <0,01 SR59230A vs. CTRL. ns, non significant.



Moreover, we decided to perform a CFU assay on total mouse BM cells because it is the most widely used assay to get information about the frequency and types of progenitor cells present in the original cell population and their ability to proliferate and differentiate. As shown in Figure 3B, we counted a higher number of colonies produced by BM cells harvested from SR59230A-treated mice than in control. We can affirm that the administration of SR59230A augmented colony-forming capacity, indicative of increased progenitor cell proliferation and potential differentiation. This result is in line with that obtained from cytofluorimetric analysis because enhanced proliferation and differentiation of stem cells induced by β3-AR antagonism result in higher percentages of committed lineage-positive cells.

To verify if our data truly proved an increased hematopoietic differentiation process in BM, rather than a redistribution of hematopoietic cells between BM, PB, and secondary lymphoid organs, we also analyzed the number of common myeloid progenitors (CMPs) and common lymphoid progenitors (CLPs) in the mouse BM, PB, and spleen. Cytofluorimetric analysis showed a higher number of CMPs in the BM of SR59230A-treated mice compared to control mice and no significative variation on the CLP number (Figure 4). However, we measured very few cytofluorimetric events and no significative differences in these progenitor numbers between the β3-AR antagonist treatment and control condition in PB and spleen (data not shown). These results confirm our hypothesis that the increased percentage of lineage-positive cells found in the BM of mice that received SR59230A administration was not due to a simple redistribution of cells between different districts but rather to an enhanced intramedullary differentiation.




Figure 4 | Study of the β3-AR antagonism effect on BM progenitor cells (in vivo model as in Figure 1A). Flow cytometry analysis was performed by using a MACSQuant Analyzer 10 (Miltenyi Bio-tec). CMP were identified as Lin-Sca1-CD117+CD16/32-CD34+, CLP as Lin-Sca1low/intCD117low/intCD127+. Results were reported as the mean ± SD of four replicates. *p <0,05 SR59230A vs. CTRL. ns, non significant.





Conclusion

Here, we have described a brief overview of the basic information regarding β3-AR and BMT, and we have speculated that targeting β3-AR could represent a new strategy to overcome complications related to BMT. Collectively, the studies reported here proved that the HSC release is not random or steady but rather follows a circadian rhythm regulated by “the molecular clock” of the SNS that exerts this function through the rhythmic secretion of catecholamines from the nerves in the BM, activation of the β3-AR, degradation of Sp1, and downregulation of Cxcl12. We focused on the possibility of a β3-AR inhibition to support the homing of HSCs in the BM, the step of a BMT in which the donor’s HSCs infused in the recipient patient must reach the staminal niche. In addition, with pilot experiments, we have put forward the hypothesis that β3-AR may also be involved in the HSC differentiation, an essential goal for a sustained long-term and effective engraftment phase of BMT (Figure 5). Our hypothesis leads the way to future explorations about the use of the β3-AR pharmacological modulation to ensure a successful BMT.




Figure 5 | Schematic representation of our hypothesis: is β3-AR involved in HSC homing and differentiation?
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Metastatic and drug-resistant melanoma are leading causes of skin cancer–associated death. Mitogen-associated protein kinase (MAPK) pathway inhibitors and immunotherapies have provided substantial benefits to patients with melanoma. However, long-term therapeutic efficacy has been limited due to emergence of treatment resistance. Despite the identification of several molecular mechanisms underlying the development of resistant phenotypes, significant progress has still not been made toward the effective treatment of drug-resistant melanoma. Therefore, the identification of new targets and mechanisms driving drug resistance in melanoma represents an unmet medical need. In this study, we performed unbiased RNA-sequencing (RNA-seq) and assay for transposase-accessible chromatin with sequencing (ATAC-seq) to identify new targets and mechanisms that drive resistance to MAPK pathway inhibitors targeting BRAF and MAPK kinase (MEK) in BRAF-mutant melanoma cells. An integrative analysis of ATAC-seq combined with RNA-seq showed that global changes in chromatin accessibility affected the mRNA expression levels of several known and novel genes, which consequently modulated multiple oncogenic signaling pathways to promote resistance to MAPK pathway inhibitors in melanoma cells. Many of these genes were also associated with prognosis predictions in melanoma patients. This study resulted in the identification of new genes and signaling pathways that might be targeted to treat MEK or BRAF inhibitors resistant melanoma patients. The present study applied new and advanced approaches to identify unique changes in chromatin accessibility regions that modulate gene expression associated with pathways to promote the development of resistance to MAPK pathway inhibitors.
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Introduction

Melanoma is the deadliest form of skin cancer, and aggressive or drug-resistant forms of melanoma can metastasize to various distal organs (1, 2). Genomic sequencing has identified oncogenic BRAF mutations in greater than 50% of melanoma tumors (3, 4). Acquired oncogenic BRAF mutations result in the constitutive activation of BRAF→MEK→ERK (MAPK) pathway, which is necessary for melanoma growth and progression (5–7). These findings have led to the development of several BRAF and MEK inhibitors (BRAFi and MEKi, respectively) that have received approval by the US Food and Drug Administration (FDA) for use in the treatment of unresectable metastatic melanoma (8–10). However, despite an initial robust response to BRAF- and MEK-targeted therapies, patients with melanoma typically acquire treatment resistance within a few months, resulting in disease progression (11, 12). Due to the high prevalence of acquired resistance to BRAFi and MEKi, intensive efforts have focused on identifying the underlying mechanisms (4, 12, 13), contributing to substantial progress in the treatment of advanced and drug-resistant melanoma (14, 15). However, in a subset of cases, the mechanisms underlying acquired BRAFi and MEKi resistance remain unknown, and continued efforts toward identifying the drivers of treatment resistance in these cases remain necessary to identify more efficient, durable, and potentially personalized treatment options.

Mechanism of resistance to BRAF/MEK inhibitors can be MAP kinase pathway dependent and independent. The goal of our study was to investigate the role of MAP kinase pathway independent- reprogramming of chromatin landscape in MAPK pathway inhibitor resistant melanoma cells. Here, we focused on identifying alterations in genomic distribution of accessible chromatin site and its impact on transcriptional network to identify the functional genes and pathways that can be targeted for the treatment of MAPK pathway inhibitor resistant melanoma. To do so, in this study we performed deep-sequencing analyses in BRAFi resistant and sensitive melanoma cells, after confirming their growth phenotype. Our results revealed that the combined use of MAPK pathway inhibitors significantly inhibited the growth of BRAFi-sensitive cells but had only modest effects on BRAFi-resistant cells. RNA-sequencing (RNA-seq) analysis identified altered expression patterns for several genes involved in various functional pathways in BRAFi-resistant cells compared with BRAFi-sensitive cells. Assay for transposase-accessible chromatin with high-throughput sequencing (ATAC-seq) was performed to measure alterations in chromatin accessibility, which revealed that chromatin accessibility was altered in both the promotor, in between and downstream regions of several genes. These changes resulted in alterations in the expression of several functional pathways, promoting resistance. An integrated analysis combining the RNA-seq and ATAC-seq datasets identified a group of genes for which changes in chromatin accessibility aligned with the changes in mRNA expression levels. Pathway analysis of these differentially expressed genes revealed the involvement of several oncogenic signaling pathways in the development of resistance to MAPK pathway inhibitors in melanoma cells. The present study describes the application of new and advanced approaches for identifying changes in chromatin accessibility that modulate gene expression and signaling pathway activities to promote MAPK pathway inhibitor resistance in BRAF-mutant melanoma cells.



Materials and Methods


Cell Culture

M229 parent and M229 BRAFi-resistant lines were gifts from Roger Lo, University of California, Los Angeles, and Neil Rosen, Memorial Sloan Kettering Cancer Center, New York. They were maintained in a humidified atmosphere of 5% CO2 at 37°C in Dulbecco’s modified Eagle medium (Life Technologies, Carlsbad, CA, USA) supplemented with 10% fetal bovine serum (Life Technologies) and 1% penicillin/streptomycin (Life Technologies).



Cell Viability Assay (MTT Assay)

For MTT assays, 3 × 103 melanoma cells (M229-Par and M229-Res) were plated in triplicate in a volume of 100 µL in 96-well plates. After 24 h, the cells were treated with different concentrations of inhibitors. Cell viability was evaluated 5 days after treatment. To measure cell viability, 20 µl 5 mg/mL MTT solution dissolved in 1× phosphate-buffered saline was added to each well of the 96-well plate and incubated for 2 h at 37°C. The MTT solution was then removed, and 100 µL dimethyl sulfoxide (DMSO) was added to each well. After the contents were mixed by pipetting, absorbance was measured at 590 nm and 630 nm using the Biotek Synergy MX Multi Format Microplate Reader (Biotek, Winooski, VT, USA). The average absorbance at 630 nm was subtracted from the average absorbance at 590 nm, and the growth rate was plotted relative to the growth rate of vehicle-treated cells.



Soft-Agar Assay

Soft-agar assays were performed by seeding 1 × 104 melanoma cells (M229-Par and M229-Res) onto 0.4% low melting–point agarose (Sigma-Aldrich, Burlington, MA, USA) layered on top of 0.8% agarose. After 24 h, the cells were treated with different concentrations of inhibitors, as shown in the Figure 1, or DMSO (control). After 3–4 weeks of incubation, colonies were stained with 0.005% crystal violet and imaged under a microscope. Colony sizes were measured using ImageJ software (https://imagej.nih.gov/ij/) and plotted as percent relative colony size compared with control colonies. Statistical analysis was performed by Student’s t-test in GraphPad Prism 8.0 (GraphPad, San Diego, CA, USA).




Figure 1 | Effects of MAPK pathway inhibitors on M229-Par and M229-Res melanoma cell growth. (A–C) The indicated melanoma cell lines were treated with the indicated concentrations of dabrafenib, vemurafenib, or trametinib for 5 days and subjected to MTT assays. Cell viability is plotted relative to DMSO-treated cells. (D) The indicated melanoma cell lines were treated with either 10 nM dabrafenib or 1 nM trametinib, alone or in combination, for 5 days and subjected to MTT assays. Cell viability is plotted relative to DMSO-treated cells. (E) The indicated melanoma cell lines were treated with either 0.5 µM vemurafenib or 1 nM trametinib, alone or in combination, for 5 days and subjected to MTT assays. Cell viability is plotted relative to DMSO-treated cells. (F) The indicated melanoma cell lines were treated with either 10 nM dabrafenib or 1 nM trametinib, alone or in combination, and subjected to clonogenic assays. Representative images are shown. (G) The indicated melanoma cell lines were treated with either 0.5 µM vemurafenib or 1 nM trametinib, alone or in combination, and subjected to clonogenic assays. Representative images are shown. (H) The indicated melanoma cell lines were treated with either 10 nM dabrafenib or 1 nM trametinib, alone or in combination, and subjected to soft-agar assays. Representative images are shown. (I) The indicated melanoma cell lines were treated with either 0.5 µM vemurafenib or 1 nM trametinib, alone or in combination, and subjected to soft-agar assays. Representative images are shown. (J–K) Relative colony sizes in the images shown in panels (H, I), respectively. Data represent the mean ± standard error of three biological replicates. ns = not significant, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.





Clonogenic Assay

The clonogenic abilities of vehicle-treated (control) and inhibitor-treated melanoma cells (M229-Par and M229-Res) were measured in triplicate using clonogenic assays in which 0.5 × 103 cells were seeded in a 6-well plate. After 24 h, the cells were treated with different concentrations of inhibitors, as shown in the Figure 1, or DMSO (control). After 1–2 weeks of treatment, colonies were fixed with a fixing solution containing 50% methanol and 10% acetic acid, followed by staining with 0.05% Coomassie blue (Sigma-Aldrich). The relative number of colonies was calculated by counting the number of colonies in each sample and plotting the average number of colonies.



RNA-Sequencing

Total RNA was extracted from frozen cell pellet samples using the Qiagen RNeasy Plus Universal mini kit, according to the manufacturer’s instructions (Qiagen, Hilden, Germany). RNA samples were quantified using a Qubit 2.0 Fluorometer (Life Technologies), and RNA integrity was verified using an Agilent TapeStation 4200 (Agilent Technologies, Palo Alto, CA, USA). RNA-seq libraries were prepared using the NEBNext Ultra RNA Library Prep Kit for Illumina, according to the manufacturer’s instructions (NEB, Ipswich, MA, USA). Briefly, mRNAs were initially enriched with Oligo d(T) beads. Enriched mRNAs were fragmented for 15 minutes at 94°C. First-strand and second-strand cDNA were subsequently synthesized. cDNA fragments were end-repaired and adenylated at the 3’ends, and universal adapters were ligated to cDNA fragments, followed by index addition and library enrichment by PCR with limited cycles. The sequencing library was validated on the Agilent TapeStation and quantified using a Qubit 2.0 Fluorometer and by quantitative PCR (KAPA Biosystems, Wilmington, MA, USA).

The sequencing libraries were clustered on two lanes of a flowcell. After clustering, the flowcell was loaded on the Illumina HiSeq instrument (4000 or equivalent), according to the manufacturer’s instructions. The samples were sequenced using a 2 × 150-bp paired-end configuration. Image analysis and base calling were conducted using HiSeq Control Software. Raw sequence data (.bcl files) generated from Illumina HiSeq were converted into fastq files and de-multiplexed using Illumina bcl2fastq 2.17 software. One mismatch was allowed for index sequence identification.



RNA-Sequencing Analysis

After investigating the quality of the raw data, sequence reads were trimmed to remove possible adapter sequences and nucleotides with poor quality using Trimmomatic v.0.36. The trimmed reads were mapped to the reference genome available on ENSEMBL using the STAR aligner v.2.5.2b. The STAR aligner uses a splice aligner that detects splice junctions and incorporates them to help align entire read sequences. BAM files were generated during this step. Unique gene hit counts were calculated using feature counts from the Subread package v.1.5.2. Only unique reads that fell within exon regions were counted.

Differentially expressed genes were identified using the DESeq2 program (17). Genes showing altered expression with p < 0.05 and fold change > 1.5 were considered to be differentially expressed. Goseq (18) was used to perform the gene ontology (GO) enrichment analysis, and Kobas was used to perform the KEGG pathway analysis (19).



ATAC-Sequencing and Data Analysis

M229-Par and M229-Res cells were washed and treated with DNAse I (Life Tech, Cat. #EN0521) to remove genomic DNA contamination. Live cell samples were quantified and assessed for viability using a Countess Automated Cell Counter (ThermoFisher Scientific, Waltham, MA, USA). After cell lysis and cytosol removal, nuclei were treated with Tn5 enzyme (Illumina, Cat. #20034197) for 30 min at 37°C and purified with a MinElute PCR Purification Kit (Qiagen, Cat. #28004) to produce tagmented DNA samples. Tagmented DNA was barcoded with a Nextera Index Kit v2 (Illumina, Cat. #FC-131-2001) and amplified via PCR prior to an SPRI Bead cleanup to yield purified DNA libraries.

The reads were first mapped to the latest UCSC genome set using Bowtie2 version 2.1.0 (16). Mitochondrial reads, duplicate reads, and non-unique reads were removed before peak calling. MACS2 was used for peak calling using BAMPE mode (20). Differentially expressed peaks were identified using the DEseq2 program (17). Peaks showing altered expression with p < 0.05 and fold change > 1.5 were considered differentially expressed. Downstream genes of the differential peaks were used for GO and pathway enrichment analysis. Goseq (18) was used to perform the GO enrichment analysis, and Kobas was used to perform the KEGG pathway analysis (19).



Integrated Analysis of RNA-Seq and ATAC-Seq Data

RNA-seq and ATAC-seq data were analyzed to identify same-direction changes in mRNA expression and chromatin accessibility. This integration was used to assess pathway enrichment using KEGG pathway analysis (KEGG; www.genome.jp/kegg/pathway.html).



Statistical Analysis

All experiments were conducted in three biological replicates. The results for individual experiments were expressed as the mean ± SEM. P-values were calculated by t-test using GraphPad Prism version 8.0h for Macintosh, GraphPad Software, San Diego, California, USA (www.graphpad.com).




Results


Effects of MAPK Pathway Inhibitors on the Growth of BRAFi-Resistant and BRAFi-Sensitive Melanoma Cells

BRAFi-resistant M229 cells (M229-Res) were generated through the continuous exposure of BRAFi-sensitive M229 cells (M229-Par) to increasing concentrations of vemurafenib (PLX4032) in vitro, which allowed these cells to acquire a resistant phenotype (21). To determine whether the M229-Res cells generated by continuous vemurafenib exposure were also resistant to more potent and stronger BRAFi, such as dabrafenib, or to MEKi, such as trametinib, we performed short-term 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) survival assays. Vemurafenib is a potent inhibitor of B-RafV600E, with a half-maximal inhibitory concentration (IC50) of 31 nM in a cell-free assay (22). Vemurafenib shows a 10-fold increase in selectivity for B-RafV600E compared with wild-type B-Raf in enzymatic assays, and cellular selectivity can exceed 100-fold for B-RafV600E compared with wild-type B-Raf (23). Dabrafenib is also a specific inhibitor of BRAFV600 mutants, with an IC50 of 0.7 nM in cell-free assays, and presents with 7- and 9-fold less potency against wild-type B-Raf and c-Raf, respectively (24). Dabrafenib is approximately 50 times more effective than vemurafenib for inhibiting B-RafV600E (25). Trametinib is a highly specific and potent MEK1/2 inhibitor, with an IC50 ranging from 0.92 to 1.8 nM in cell-free assays and displaying no inhibitory effects against the kinase activities of c-Raf, B-Raf, or ERK1/2 (26–28). Using the MTT assay, we found that the inhibition of the BRAF→MEK→ERK pathway by vemurafenib, dabrafenib, or trametinib resulted in stronger effects in M229-Par cells than in M229-Res cells (Figures 1A–C). We also observed that BRAFi and MEKi when used in combination, strongly inhibited the growth of M229-Par cells with modest effects on M229-Res cells (Figures 1D, E). Combined BRAFi and MEKi treatment also strongly inhibited the growth of M229-Par cells compared with M229-Res cells in clonogenic (Figures 1F, G) and soft-agar assays (Figures 1H–K). These results indicate that M229-Res cells generated by continuous exposure to vemurafenib also developed resistance against the more potent BRAFV600 inhibitor dabrafenib and the MEK1/2 inhibitor trametinib, both alone and in combination.



RNA-Sequencing Analysis Identifies Alterations in the Transcriptome of BRAFi-Resistant Relative to BRAFi-Sensitive Melanoma Cells

To identify transcriptional changes in BRAF-mutant M229 BRAFi-resistant cells as compared to BRAFi-sensitive cells, we performed RNA-seq comparing M229-Res cells with M229-Par cells. RNA-seq identified 12,314 differentially expressed genes (adjusted p-values ≤ 0.05), including 6,139 downregulated and 6,175 upregulated genes (Figure 2A; Supplementary Table S1) in M229-Res cells compared with M229-Par cells. A heat map showing the top 100 affected genes (50 upregulated and 50 downregulated) and a volcano plot showing the top 30 genes (15 upregulated and 15 downregulated), based on the log2 fold change values, were plotted (Figures 2B, C).




Figure 2 | RNA-sequencing identified differentially expressed mRNAs between M229-Par and M229-Res cells. (A) Total number of upregulated or downregulated genes with adjusted p-values ≤ 0.05 in M229-Res compared with M229-Par samples. (B) Heat map showing differentially expressed genes (up- or downregulated) in the indicated comparisons. The top 50 upregulated and the top 50 downregulated genes based on p-values are shown. (C) Volcano plot showing differentially expressed genes (up- or downregulated) in the indicated comparisons. The top 15 upregulated and the top 15 downregulated genes based on p-values are also labeled. (D, E) KEGG pathway analysis showing key upregulated (D) and downregulated (E) biological pathways associated with differentially expressed mRNAs in M229-Res cells compared with M229-Par cells.



To explore the functional pathways likely to be activated or repressed by changes in gene expression, we performed functional pathway analysis using the Kyoto Encyclopedia of Genes and Genomes (KEGG). Our results showed that genes upregulated in M229-Res cells compared with M229-Par cells were associated with the activation of many oncogenic pathways, including phosphoinositide 3-kinase (PI3K)–protein kinase B (AKT), MAPK, focal adhesion, and proteoglycan-based signaling cascades (Figure 2D). Additionally, the identified downregulated genes were associated with the inhibition of anti-proliferative pathways, such as cellular senescence, autophagy, and glycosaminoglycan degradation (Figure 2E). Our results demonstrate that transcriptional changes in M229-Res cells promote the activation of pro-oncogenic signaling pathways and the inhibition of anti-cancer pathways.



ATAC-Sequencing Analysis Identifies Alterations in Chromatin Accessibility Regions in BRAFi-Resistant Compared With BRAFi-Sensitive Melanoma Cells

Open chromatin accessible regions contain cis-regulatory elements that might modulate gene expression and activity (29, 30). We, therefore, performed chromatin accessibility profiling analyses in both M229-Par and M229-Res cells using ATAC-seq. We identified a total of 71,542 (adjusted p-values ≤ 0.05) accessible regions in M229-Res cells compared with M229-Par cells, including 37,814 regions with negative chromatin accessibility and 33,728 regions with positive chromatin accessibility (Figures 3A, B; Supplementary Table S2). Altered chromatin accessibility regions were distributed across upstream, intergenic, and downstream regions (Figure 3C). A heat map showing the top 100 genes (50 upregulated and 50 downregulated) due to changes in chromatin accessibility was plotted (Figure 3D). To understand how changes in chromatin accessibility impact the regulation of functional pathways involved in the development of resistance to MAPK pathway inhibitors in M229 cells, we performed functional pathways analysis using KEGG. Our results showed that changes in chromatin accessibility upregulated the expression of genes involved in several oncogenic pathways, such as the Rap1, Hippo, and extracellular matrix receptor interaction–dependent signaling cascades (Figure 3E). Apoptosis, among other pathways, was downregulated in M229-Res cells compared with M229-Par cells (Figure 3F). These results demonstrate that M229-Res cells display a unique chromatin accessibility profile that supports the development of MAPK pathway inhibitor resistance.




Figure 3 | ATAC-sequencing identified differentially expressed mRNAs between M229-Par and M229-Res cells. (A) Heatmaps showing differential genomic regions with increased or decreased chromatin accessibility based on ATAC-seq in M229-Res compared with M229-Par samples. (B) Chromatin-immunoprecipitation (ChiP) peaks over chromosomes analyzed by ATAC-seq in M229-Res and M229-Par samples. (C) Pie-chart for the indicated samples mapping the locations of annotated peaks identified by ATAC-seq. (D) Heat map showing the top 50 upregulated and the top 50 downregulated genes with increased and decreased chromatin accessibility based on p-values. (E, F) KEGG pathway analysis showing key upregulated (E) and downregulated (F) biological pathways associated with genes located in regions with increased or decreased chromatin accessibility in M229-Res cells compared with M229-Par cells.





Integrated ATAC-Sequencing and RNA-Sequencing Data Analysis Identifies Alterations in Chromatin Accessibility Regions That Align With Changes in mRNA Expression Level in BRAFi-Resistant Compared With BRAFi-Sensitive Melanoma Cells

To identify correlations between accessible chromatin regions and mRNA expression levels, we integrated the data obtained from ATAC-seq and RNA-seq analyses, which revealed 5,646 significant changes in chromatin accessibility (adjusted p-values ≤ 0.05) aligned with significant changes in mRNA expression levels (adjusted p-values ≤ 0.05). Chromatin accessibility increased for 2,038 regions, associated with the upregulation of mRNA expression, whereas 3,608 chromatin regions became less accessible, inhibiting mRNA expression (Supplementary Table S3). A heat map was plotted to display the top 100 genes (50 upregulated and 50 downregulated) based on the log2 fold changes in mRNA expression among those aligned with changes in chromatin accessibility (Figure 4A). These included transcriptional regulators, ion channels, enzymes, kinases, phosphatases, growth factors, G-protein coupled receptors and transmembrane receptors (Figure 4B). A subset of top upregulated and downregulated genes owing to their association with the pathways involved in promoting MAPK pathway inhibitor resistance and treatment failure, predicted 3-year survival outcomes among melanoma patients (Figure 4C).




Figure 4 | Integrated analysis of ATAC-sequencing and RNA-sequencing to identify differentially expressed genes between M229-Par and M229-Res cells for which changes in mRNA expression aligned with changes in chromatin accessibility. (A) Heatmap for the top 100 (50 upregulated or with increased chromatin accessibility and 50 downregulated or with reduced chromatin accessibility) genes showing similar patterns in both the ATAC-seq and RNA-seq analyses in M229-Res cells compared with M229-Par cells. (B) Genes obtained integrated from analysis categorized based on function. (C) Survival analysis (3-year) for patients with melanoma according to high and low expression levels of genes showing similar patterns in both the ATAC-seq and RNA-seq analyses in M229-Res cells compared with M229-Par cells using the Human Protein Atlas dataset. (D, E) KEGG pathway analysis showing key upregulated (D) and downregulated (E) biological pathways associated with genes that display coherence between changes in chromatin accessibility and changes in mRNA expression levels in M229-Res cells compared with M229-Par cells. (F) Model: ATAC-seq integrated with RNA-seq is a new and advanced approach for identifying unique changes in chromatin accessibility regions that modulate gene expression and signaling pathway activities to promote the MAPK pathway inhibitor resistance.



To identify which functional pathways were affected by these gene expression changes, we performed KEGG pathway analysis (Supplementary Table S3) and identified several key biological processes enriched in M229-Res cells compared with M229-Par cells (Figures 4D, E), which may be involved in promoting a treatment-resistant phenotype. In particular, we observed the significant upregulation of PI3K–AKT, MAPK, Rap1, Ras, and proteoglycan, actin cytoskeleton and ECM receptor interaction dependent signaling pathways in M229-Res cells compared with M229-Par cells (Figure 4D). We also observed the inhibition of tumor growth inhibitory pathways, such as autophagy and the programmed death-ligand 1 (PD-L1) and programmed cell death protein 1 (PD-1) checkpoint pathway (Figure 4E). These results suggest that changes in the global chromatin state in M229-Res cells lead to altered gene expression associated with biological pathways that promote MAPK pathway inhibitor resistance in BRAF-mutant melanoma cells. Additionally, the expression of many genes predicted survival among melanoma patients.




Discussion

BRAF is a member of the Raf kinase family, and the oncogenic V600E mutation in BRAF has been identified in 90% of melanoma cases, leading to the activation of the MAPK pathway (31–33). Several oncogenic BRAF-targeting inhibitors have been approved by the US FDA, including vemurafenib and dabrafenib, for the clinical treatment of metastatic melanoma (8, 34, 35). Although BRAFi therapy results in an impressive initial clinical response against BRAF-mutant metastatic melanoma, the durability of this response is limited by the rapid emergence of acquired BRAFi resistance, which often occurs within a few months of treatment initiation (36–39). In the clinic, BRAFi therapy is often combined with other MAPK pathway inhibitors, such as MEKi, to obtain durable effects for the suppression of melanoma growth and the avoidance of drug resistance (6, 10, 12). However, acquired resistance to these agents remains a major hurdle preventing the success of targeted therapies and limiting their benefits. One approach to overcoming this limitation is to understand the mechanisms underlying acquired resistance (40–42), which can contribute to modifying therapeutic regimens or developing combination therapies to prevent the emergence of drug resistance.

In this study, we performed a large-scale, deep-sequencing analysis to investigate reprogramming of chromatin landscape, a MAP kinase pathway independent mechanism in acquired MAPK pathway inhibitor resistance in melanoma. Our results are summarized in Figure 4F. We found that melanoma cells that are resistant to the BRAFi vemurafenib are also resistant to the more potent BRAFi dabrafenib and to combination treatment including both BRAFi (vemurafenib and dabrafenib) and MEKi (trametinib). Previous studies have shown that cancer cells have distinct genetic, epigenetic and transcriptional states, which allows them to exist in heterogeneous functional populations and that poses a major obstacle to cancer diagnosis and treatment (43). To identify the differential chromatin state, MAPK pathway inhibitor–resistant and sensitive melanoma cells were analyzed using high-throughput sequencing methods. Analysis of the results let us to discover global changes in chromatin accessibility regions located upstream, in between, and downstream of numerous genes, resulting in changes in mRNA expression. These genes that were enriched in MAPK pathway inhibitor–resistant melanoma cells belonged to distinct functional classes which includes kinases, phosphatases, transcription regulator, transporters, growth factor, enzyme, g-protein coupled receptors. Previous studies have provided the evidence that kinases (44, 45), phosphatases (46), transcription regulator (47), transporters (48), growth factor (49, 50), enzymes (51), g-protein coupled receptors (52) drive drug resistance in cancer and provides the opportunity for targeting them to combat drug resistance. Additionally, the expression levels of many of these altered genes were able to predict survival in melanoma patients. Thus, in the future, these candidate genes may serve as biomarkers that can predict the subgroup of patients able to benefit from MAPK pathway inhibitor therapy, identify patients who will develop resistance to MAPK pathway inhibitors early on and select the optimal therapeutic approaches for treating these patients.

Pathway analysis performed with the genes identified as potentially upregulated due to changes in chromatin accessibility were associated with several known oncogenic signaling pathways involved in tumor growth, metastasis, and cancer drug resistance, such as Ras signaling (21, 53), the MAPK pathway (12, 54), and PI3–AKT signaling (55, 56). In addition to known tumor-promoting signaling cascades, our study identified pathways that never been investigated for their role in promoting resistance to MAPK pathway inhibitors in melanoma, such as relaxin, calcium, and Rap1 signaling. Additionally, our study identified many genes that were downregulated due to closed chromatin, associated with the suppression of anti-growth signaling pathways, such as senescence and apoptosis.

Apart from genes that changed at both chromatin accessibility level and transcription level, there were candidates that only changed at the mRNA level. This was because of the limitation of these two methods. Fundamentally, the transcriptome measured via RNA seq is the result of transcription, posttranscriptional regulation and RNA degradation, while the chromatin accessibility changes measured via ATAC seq provides information on chromatin accessibility across the genome that effect transcriptional initiation site availability at that particular time point. Additionally, the probability of ATAC-seq to not accurately predict all the changes in chromatin accessibility also exist. These are few limitations of using ATAC seq and RNA seq together to identify the genes that are altered in drug resistant state as compared to the sensitive state and has to be considered while concluding the results. Although important, to resolve this issue is beyond the current scope of our manuscript.

In sum, our results suggest that the development of drug resistance in cancer cells is a complex process. Hence, a deeper understanding of these newly identified mechanisms will provide better insights into the development of MAPK pathway inhibitor resistance in melanoma and potentially lead to more efficient treatment options. These studies also lay the foundation for further examinations of newly identified genes and pathways involved in the development of resistance to MAPK pathway inhibitors in our study in preclinical mouse models of melanoma. Collectively, our study results provide insight into the comprehensive changes in chromatin accessibility changes that regulate the transcriptional outputs and signaling cascades to promote resistance to MAPK pathway inhibitors in melanoma. Our study also identified new biomarkers, targets, and signaling pathways that can be investigated to formulate new melanoma treatments, particularly for patients who have developed resistance to MAPK pathway inhibitors (BRAFi + MEKi).
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Metastasis is the primary cause of death in patients with colorectal cancer (CRC), urging the need for preclinical models that recapitulate the metastatic process at the individual patient level. We used an orthotopic patient-derived xenograft (PDX) obtained through the direct implantation of freshly dissociated CRC cells in the colon of immunocompromised mice to model the metastatic process. Ortho-PDX engraftment was associated to a specific set of molecular features of the parental tumor, such as epithelial-to-mesenchymal transition (EMT), TGF-β pathway activation, increased expression of stemness-associated factors and higher numbers of circulating tumor cells (CTCs) clusters expressing the metastatic marker CD44v6. A parallel analysis of orthotopic/metastatic xenografts and organoids showed that tumor cells underwent mesenchymal-to-epithelial transition at the metastatic site and that metastasis-derived organoids had increased chemotherapy resistance. These observations support the usefulness of ortho-PDX as a preclinical model to study metastasis-related features and provide preliminary evidence that EMT/stemness properties of primary colorectal tumors may be crucial for orthotopic tumor engraftment.
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Introduction

Colorectal cancer (CRC) is the second most frequent cancer worldwide (1). Despite the improvements in early diagnosis and therapy, its overall five-year lethality is 66% mostly due to synchronous or metachronous metastatic disease (1). For this reason, preclinical models for assessing the efficacy of antimetastatic agents are urgently needed. Unfortunately, murine CRC models display critical limitations in metastasis development. In fact, two frequently used murine models, i.e. chemically induced carcinogenesis and tumor-prone genetically engineered mouse models both poorly reproduce human cancer biology and pathogenesis. Regarding in vivo human CRC models, the approaches currently available are represented by xenografting human tumor fragments or cells into immunecompromised mice, either subcutaneously or orthotopically (2). Subcutaneous xenografts can be generated either from cell lines, patient tumors or primary CRC cells (cultivated either as spheroids or organoids). We and others have previously used spheroid-derived xenografts to investigate cancer-associated molecular pathways and mechanisms of therapy sensitivity (3–8). The subcutaneous implantation of freshly isolated tumor specimens (subcutaneous patient-derived xenografts, PDX) has an improved capability to preserve primary cancer genetic and cellular heterogeneity as compared to grafting of cultured cancer cells (9). Large panels of subcutaneous PDX have demonstrated a high prognostic and therapy predictive power in several studies (10–13). However, subcutaneous PDX do not generate metastases and therefore are unsuitable for anti-metastatic drug screening or efficacy prediction. In order to generate metastatic models, orthotopic grafting of CRC cells or tumor fragments is required (14). Orthotopic grafting has been executed mostly with poorly differentiated cell lines, thus limiting its clinical relevance (14). However, pioneer studies have performed orthotopic xenografts with mouse tumor organoids (15, 16), with human spheroids (17, 18) or organoids (19, 20) and with cells directly derived from human colorectal tumors (21–26). In this study, we generated an orthotopic PDX with CRC cells isolated from a surgical CRC specimen and directly transplanted into the colon of immunocompromised mice. Prompt grafting at primary site followed by metastatization was observed for cells from one out of three patients. Ortho-PDX gave rise to spontaneous lung and liver metastases and were employed to generate orthotopic-derived and metastasis-derived organoids, which were analyzed for EMT markers and chemoresistance. Interestingly, tumor cells that produced orthotopic/metastatic PDX were characterized by enhanced expression of stemness-related genes and of proteins involved in epithelial-to-mesenchymal transition (EMT), indicating an increased tumor aggressiveness. Finally, a characterization of patients’ circulating tumor cells (CTCs) showed increased numbers of CTCs and CTC clusters associated to ortho-PDX engraftment. Altogether, these results support ortho-PDX as a faithful model of metastatic CRC and provide preliminary evidence that the combination of stemness- and EMT-related features may promote orthotopic engraftment.



Materials and Methods


Patient-Derived Xenograft Generation 

Surgical specimens of colorectal cancer (CRC) were obtained upon informed consent from CRC patients undergoing surgery for primary tumor resection. Sample collection was performed under the approval of the Sapienza-Policlinico Umberto I Ethical Committee (RIF.CE: 4107 17/10/2016). Samples were washed 3 times in cold phosphate buffered saline (PBS) and transferred to Dulbecco’s modified Eagle’s medium (DMEM; Thermo Fisher, Foster City, CA, USA) containing 3% penicillin-streptomycin-amphotericin B solution (Thermo Fisher) until processing. Then, CRC samples were washed in PBS and manually cut in fragments > 0.5 mm that were subsequently incubated in Tryple Express (Thermo Fisher) for 30 min at 37 °C with shaking. The resulting suspension was filtered with a 100 μm nylon mesh, washed twice with DMEM and resuspended in Matrigel® (Growth Factor Reduced Basement Membrane Matrix Corning, New York, USA) for orthotopic injection. Animal procedures were executed in accordance to the National animal experimentation guidelines (D.L.116/92) upon approval by the Animal Experimentation Committee of the Italian Ministry of Health (DM n. 292/2015 PR 23/4/2015). NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ (NSG) mice (The Jackson Laboratory) (6-week-old females) were used for all in vivo experiments. Before injection, mice were anesthetized with ketamine (100 mg/kg) and xylazine (10 mg/kg), then 105 cells resuspended in 40 μl 1:1 PBS/Matrigel were injected in the colon wall during open laparotomy. Animals were euthanized according to the national Animal Welfare Guidelines when they lost more than 20% of their body weight or alternatively (in case they did not display any sign of suffering) after 120 days from xenografting. Histological evaluations were performed by an expert pathologist.



Generation and Validation of Xenograft-Derived Organoids

Organoid cultures were generated from orthotopic xenografts (OXDOs) or from metastatic xenografts (MXDOs) with the method described in (27). Shortly, cells were resuspended in Matrigel® and seeded in 24 well plates. Cancer cells were overlaid with 500 µL of colon cancer organoids culture medium (27) supplemented with 20 ng/mL recombinant human EGF, 10 ng/ml human basic fibroblast growth factor (both from Peprotech, Rochy Hill, NJ, USA), 10 nM Gastrin, 10 µM Y-27632, 10 µM SB202190 (Sigma-Aldrich, St. Louis, MO) and 500 nM A83-01 (Tocris Bioscience, Bristol, UK).



CTCs Isolation From the Peripheral Blood of CRC Patients

Peripheral blood samples were obtained from three patients with occlusive CRC according to the protocol approved by Ethical Committee of Policlinico Umberto I of Rome (protocol n. 668/09, July 09, 2009; amended protocol 179/16, March 01, 2016). Each sample was collected into K2EDTA tube, stored at +4°C and processed within 3hrs. In order to isolate CTCs for cytological studies, the ScreenCell® Cyto kit (ScreenCell, Sarcelles, France) was employed following the manufacturer’s instructions.



Mutational Profiling

Genomic DNA was extracted from tumor tissues with the DNeasy Mini Kit (Qiagen, Limburg, The Netherlands) and used for mutation analysis. Data analysis on tumor samples was carried out using the Ion Reporter Software v5.12 (Thermo Fisher Scientific) following AmpliSeq CHPv2 single sample workflow which detects and annotates low frequency variants (SNPs, InDels). All the selected variants were visually inspected using the Integrative Genomics Viewer (IGV; www.broadinstitute.org/igv).



Immunohistochemistry

Tissues were fixed in paraformaldehyde 4%. Fixation was followed by dehydration, embedding in paraffin, section cutting, and standard H&E staining. For immunohistochemistry staining, samples were incubated with primary antibodies anti-CK20, anti-ZEB2 (#M7019, Dako, Agilent Technologies; #NBP1-82991, Novus), anti-alphaSMA (Cell Signaling mAb #19245), anti pSMAD 2/3 (Invitrogen #PA5-110155) and anti-FAP (Cell Signaling mAb #66562). The sections were subsequently incubated with secondary antibodies and visualised using the UltraTek HRP Anti-Polyvalent DAB (Scytek). Nuclei were counterstained with Mayer’s haematoxylin. IHC on liver sections was performed with previous block of endogenous biotins. Images were acquired on a Zeiss Axio Scope.A1 Microscope equipped with 20X objectives and quantified with the software ZEN 2.6 (blue edition).



Real-Time PCR

Total RNA was extracted with TRIzol (Thermo Fisher) and reverse-transcribed with M-MLV reverse transcriptase (Thermo Fisher). The resulting cDNA was used as template in PCR reactions with the following probes: Vimentin (Hs.PT.58.38906895), E-Cadherin (Hs.PT.58.3324071), ZEB1 (Hs.PT.58.39178574), ZEB2 (Hs.PT.58.1089006), SNAIL (Hs.PT.58.2984401), SLUG (Hs.PT.58.1772559), TWIST (Hs.PT.58.18940950), Bmi-1 (Hs00180411_m1), NANOG (Hs.PT.58.21480849), Lgr5 (Hs00969422_m1), all from Integrated DNA Technologies, Coralville, USA). Normalization was performed using β-ACTIN (Hs.PT.39a.22214847) as reference. Values were expressed as 2-ΔΔCt, where ΔΔCT = ΔCTsample−ΔCTcalibrator or ΔCt. ΔCt represents the difference in threshold cycles between specific RNA and reference amplicons provided by StepOne Plus Real-Time PCR software upon negative correlation with the internal reference dye (ROX).



Enzyme-Linked Immunosorbent Assay

TGF-β protein levels were evaluated in lysates of tumors and normal mucosae of CRC patients by using DuoSet® ELISA kit and DuoSet® ELISA Ancillary Reagent Kit 1 (both from R&D Systems, Minneapolis, MN) according to the manufacturer’s recommendations. To activate latent TGF-β1 to its immunoreactive form, samples were first incubated with Sample Activation Kit 1 (R&D Systems, Catalog # DY010). The relative absorbance was read at 490 nm on a Benchmark microplate reader (Bio-Rad Laboratories).



Western Blotting

Pieces of frozen tissues (~ 50 μg) were lysed in lysis buffer (10 mM Tris pH8, 150 mM NaCl, 60 mM Octyl-β-Glucoside, supplemented with protease inhibitor cocktail/phosphatase inhibitor cocktails I and II from Sigma-Aldrich). Tissue homogenization was performed with Pro 200 Kema Keur (Pro Scientific Inc. Oxford) at max speed at 4°C for 30”. Equivalent amounts of proteins were loaded on 4–12% precast gels (Thermo Fisher) and transferred onto nitrocellulose membranes (GE Healthcare Life sciences). Blots were incubated first with TBST 5% nonfat dry milk and then overnight at 4°C with primary antibodies. Vimentin (#5741), N-Cadherin (#13116), SLUG (#9585), ZEB1 (#3396), pSMAD 2/3 (#8828), TGFβ (#3711) were from Cell Signaling Technology, E-Cadherin (#610181) from Becton Dickinson, LTBP1 from Santa Cruz (#sc-271140). Blots were then washed 4 times in TBST and incubated for 45 minutes with secondary HRP-conjugated antibodies diluted in TBST 5% nonfat dry milk. Immunoblotting images were recorded and analyzed with Bio-Rad ChemiDoc Imagers (Bio-Rad Laboratories). Immunoblot densitometry quantification was performed with ChemiDocMP (BioRad) and signal intensity was quantified with the Image Lab software. Normalization was performed using antibodies against β-ACTIN or GAPDH as reference standards (#A5316, #SAB1405848 respectively, from Sigma-Aldrich).



Immunofluorescence Staining of CTCs

For immunofluorescence analyses, CTC isolation filters were hydrated with Tris-Buffered Saline (TBS) and first stained with mouse monoclonal anti-human CD45 (#130–098-551, Miltenyi Biotec) in order to detect hematopoietic cells. Then, filters were washed twice in TBS 0.002% Tween20 and endogenous peroxidase activity was neutralized by incubating with 0.03% hydrogen peroxide for 15 min in the dark, followed by incubation for 90 minutes with CD45 biotinylated antibody. Filters were then processed using streptavidin conjugated to horseradish peroxidase and substrate-chromogen solution contained in UltraTek HRP Anti-Polyvalent DAB kit (#AMF080, Scytek). Samples were then incubated in a humid chamber overnight at 4°C with the following primary antibodies: anti-Vimentin (#5741, Cell Signaling), anti-CK20 (#SC-17113, Santa Cruz Bio-technology) and anti-CD44v6 (#BBA13, R&D Systems). Filters were washed and incubated with appropriate secondary antibodies (Donkey anti-rabbit IgG Alexa Flu-or®488-conjugated #A21206, donkey anti-goat IgG Alexa Fluor®647-conjugated #A21447, donkey anti-mouse IgG Alexa Fluor®555-conjugated #A-31570) for 45 minutes at RT in the dark. Nuclei were stained with 4′, 6-Diamidino-2-Phenylindole (DAPI #D1306, Thermo Fisher) for 15 minutes at RT. All antibodies were dissolved in PBS 3% bovine serum albumin (BSA), 3% fetal bovine serum (FBS), 0.001% NaN3 and 0.1% Triton X-100. Finally, filters were mounted with Prolong-Gold Antifade (#P7481, Thermo Fisher) on glass slides and analyzed using an Olympus FV1000 confocal microscope equipped with 60x oil immersion objectives.



Viability Assay

Organoids were dissociated into single cells and plated in 30μl 1:1 Medium/Matrigel in 96 well plates (3,500 cells/well) in triplicate for 72 hours prior to drug treatment. Organoids were treated for 6 days with 5-Fluorouracil (Selleck Chemicals) in a humidified atmosphere at 37°C, 5% CO2 and drug-containing medium was replaced every 72 hours. Cell viability was determined by CellTiter Glo 3D viability assay (Promega) with a DTX880 multimode microplate reader (Beckman Coulter).



Migration/Invasion Assay

4 x 103 cells obtained from dissociated OXDOs or MXDOs were allowed to re-aggregate into organoids for 4 days and then plated in Matrigel® into the upper wells of Boyden Chambers containing porous 8 mm diameter polycarbonate membranes (Costar Scientific Corporation) suspended in 200 μl of non-supplemented organoid medium. Lower wells contained 500 μl of organoid medium supplemented with 20 ng/ml EGF and 10 ng/ml basic FGF. After 72 hours, cells in the upper wells were removed, whereas cells that migrated to the lower wells were fixed in 4% PFA, stained with DAPI in PBS 1% NP40 for 5 min and counted under a fluorescence Zeiss Axio Scope.A1 Microscope equipped with a 10x objective. The number of migrated cells was quantified with the ZEN 2.6 software (blue edition).



Statistical Analysis

Statistical analyses were performed using GraphPad Prism version 4.0 for Windows (GraphPad Software) with unpaired Student’s t test. Results are presented as the mean ± SD or mean ± SEM where appropriate. Statistical significance is expressed as *, P < 0.05, **, P < 0.01 and ***, P < 0.001.




Results


Establishment of Orthotopic/Metastatic Patient-Derived Xenografts: Workflow of the Study

We have previously described a metastatic CRC model based on the orthotopic injection of stem cell-enriched multicellular spheroid cultures into the colon wall of immunocompromised mice, giving rise to liver and lung metastasis. In our hands, this method demonstrated an efficacy of about 70-80% of colon grafting/liver metastasis (17, 18). In order to extend the orthotopic/metastatic CRC model to patient-derived xenografting, we inoculated freshly dissociated cells obtained from tumor tissues of three patients, (referred to as L5, L6, L7) into the colon of NSG mice (105 cells/graft, 5 replicate mice/patient) according to the workflow shown in Figure 1A. Inoculation of dissociated tumor cells was preferred over the implantation of tumor fragments for quantitative reasons, as it allowed to inoculate the same number of cells for each patient. Furthermore, as orthotopic transplantation requires engraftment of tumor cells into in the mouse colon, this technique is more practicable (and less distressful for animals) by performing cell injection in the cecum wall rather than through sawing a tumor fragment in the colon lumen. Furthermore, this technique was previously validated in CRC orthotopic xenografting (24). Clinical data and microsatellite stability data are provided in Supplementary Figure 1A, patients’ mutational profile is reported in Figure 1B. Tumor histology is shown in Figure 1C and Supplementary Figure 1B. Mice were sacrificed when presenting ~20% loss of body weight or alternatively (in case they did not display any sign of suffering) after 120 days from xenografting, and examined for the presence of tumors into the colon and at distant organs. Xenografts performed with CRC patients L5 and L7 did not give rise to orthotopic or metastatic tumors. By contrast, xenografts performed with CRC patient L6 gave rise to orthotopic tumors and metastases in both lungs and liver in 4/5 mice. Ortho-PDX and metastases were harvested and stained with Hematoxylin/Eosin and cytokeratin 20 (CK20). Histological evaluation and CK20 staining of orthotopic tumors and of the deriving hepatic and pulmonary metastases confirmed their CRC origin (Figure 1C). One orthotopic tumor xenograft derived from patient L6 was dissociated into single cells and cultured to generate organoids (orthotopic xenograft-derived organoids, OXDOs). The same procedure was applied to liver metastases in order to generate metastatic xenograft-derived organoids (MXDOs). Lung metastases were not sufficiently large to allow generation of organoid cultures.




Figure 1 | Workflow of the orthotopic PDX model. (A) Orthotopic patient-derived xenografts (Ortho-PDX) were directly generated from a colon adenocarcinoma surgically removed from a CRC patient. Dissociated tumor cells were injected in the colon wall of immunocompromised (NSG) mice. Upon tumor formation, intestinal and metastatic tumor tissues were collected and characterized. Organoid were generated from orthotopic xenografts (orthotopic xenograft-derived organoids, OXDOs) and from liver metastases (metastatic xenograft-derived organoids, MXDOs). Circulating tumor cells (CTCs) were collected from patients’ peripheral blood, counted and analyzed for marker expression. (B) Distribution of functionally relevant variants found among the 50 genes included in the Ion AmpliSeq Cancer Hotspot Panel v2 panel, in the 3 samples under study. Missense, nonsense and splice site variants are depicted in orange, blue and yellow, respectively. (C) Paraffin-embedded sections of normal mucosa, patient tumor, orthotopic tumor, liver and lung metastases were stained with Hematoxylin/Eosin (H&E, upper panels) and cytokeratin-20 (CK20, lower panels). Magnification 20x. Bar 50 μm.





Ortho-PDX Generation Is Associated With a Hybrid Epithelial-Mesenchymal Phenotype of the Parental Tumor

Having established that only the CRC derived from the L6 patient was able to generate ortho-PDX and metastases, we investigated whether orthotopic engraftment was associated to specific cellular and molecular features of the parental tumor. In particular, we analyzed a panel of factors associated to an epithelial or mesenchymal state, as EMT is considered a paradigm of tumor aggressiveness and stemness (28). To this end, we compared protein levels of E-Cadherin, Vimentin, N-Cadherin, ZEB1 and SLUG in paired normal mucosa/tumor samples derived from L5, L6 and L7 patients. E-Cadherin levels were lower in L6 tumor as compared to both normal tissues and tumor tissues from L5 and L7 patients, indicating weaker epithelial features in L6. By contrast, L6 showed a higher expression of EMT-associated markers Vimentin and N-Cadherin as compared to other tumors and elevated (although not highest) expression of ZEB1 and SLUG (Figure 2A). Then, we analyzed RNA expression of epithelial and mesenchymal-associated factors in normal and neoplastic tissues of L5, L6 and L7 patients. Also at the RNA level, we detected a lower expression of E-Cadherin and a higher expression of EMT-associated factors Vimentin, TWIST, ZEB1, SNAIL, SLUG and ZEB2 in L6 as compared to the other patients’ tumors (Figure 2B). Notably, the difference in ZEB2 RNA expression between L6 and the other tumors was highly significant, according to our recent finding that ZEB2 is associated with tumor stemness and EMT in CRC (7). Then, we asked whether a difference in the amount of tumor stroma was present in parental L5, L6 and L7 tumors, which could influence the expression levels of mesenchymal markers and possibly the success of orthotopic engraftment. To this end, we compared the expression of stromal markers Fibroblast Activation Protein (FAP) and alpha-Smooth Muscle Actin (αSMA) in the three patients. Immunoblot analysis and quantification of the results however showed that the three patients had comparable levels of stromal markers (Figure 2C), indicating that the differences in EMT factors expression can be attributed to tumor cells. Finally, we performed immunohistochemistry on L5, L6 and L7 tumor sections to analyze the expression of ZEB2 (for which we could not find an efficient antibody batch for immunoblotting), E-Cadherin and Vimentin respectively in tumor and stromal cells. In line with RT-PCR results, we found that ZEB2 was highly expressed in L6 tumor cells, while L5 was completely negative and L7 showed only few positive tumor cells (Figure 2D, upper panels). L6 had the lowest E-Cadherin expression and the highest Vimentin expression among the three tumors (Figure 2D, central and lower panels). ZEB2 and Vimentin staining in L6 were clearly located in tumor pseudocrypts, further supporting a more pronounced EMT state of tumor cells. Although ortho-PDX generation was performed with a small number of patients, these results suggest that a hybrid epithelial/mesenchymal state of patient’s CRC may be associated to a successful engraftment of orthotopic tumors. Finally, as EMT weakens the adhesion forces between tumor cells and promote independent or collective migration, we analyzed the numbers and features of circulating tumor cells (CTCs) in L5, L6 and L7 patients. L6 had an increased presence of CTCs and particularly of CTC clusters, which have been shown to be associated with increased metastatic capacity (Supplementary Figure 2A) (29, 30). Representative images of CTCs isolated from the peripheral blood of L5, L6 and L7 patients with the ScreenCell® method show the presence in L6 of small CTCs clusters expressing high levels of Vimentin and CD44v6 (Supplementary Figure 2B). The latter was previously reported to characterize metastatic CSCs in CRC (31) and its expression on CTCs has been recently associated with treatment failure in metastatic CRC (32).




Figure 2 | Ortho-PDX generation is associated with a mesenchymal phenotype of the parental tumor. (A) Left: immunoblot analysis of E-Cadherin, Vimentin, N-Cadherin, ZEB1 and SLUG on whole lysates of normal mucosa (N) and patient tumors (T). β-Actin was used as a loading control. Right: quantification of the immunoblot experiment shown on the left. (B) qRT-PCR analysis of Vimentin, Twist, E-Cadherin, ZEB1, SNAIL, SLUG and ZEB2 expression in normal mucosa and tumor tissue of patient tumors L5, L6, L7. Mean ± SD of 3 experiments. *P < 0.05, **P < 0.01 and ***P < 0.001 from two-tailed t test. (C) Left: Immunoblot analysis of Fibroblast Activation Protein (FAP) and alpha Smooth Muscle Actin (αSMA) on normal mucosa (N) and patient tumors (T), with tubulin as loading control. Right: quantification of the immunoblot experiment shown on the left. (D) Left: Paraffin-embedded sections of patient tumors L5, L6, L7 were stained with anti-ZEB2 (upper panels), anti-E-Cadherin (E-CAD, central panels) and anti-Vimentin (VIM, lower panels). Arrows show areas positive for protein expression. Right: quantification of ZEB2, E-CAD and VIM performed on patients L5, L6, L7, 5 fields/section. Magnification 20x. Bar 50 μm.





TGF-β Pathway Activation and Increased Expression of Stemness-Associated Factors May Be Related to Orthotopic Engraftment

As TGF-β is a major inducer of EMT (33, 34), we analyzed the expression of mature TGF-β and its precursor proteins and the levels of phosphorylated SMAD 2/3 (pSMAD 2/3) in normal intestinal mucosae and tumors derived from L5, L6 and L7 patients. The large latent TGF-β complex protein LTBP1 (Latent Transforming Growth Factor beta 1 binding protein), which participates in the local regulation of TGF-β signaling and in TGF-β tissue storage, had a slightly increased expression in L6 as compared to L5 and L7 tumors. The 45/65 kDa latent TGF-β and the 12,5 kDa mature monomer were highly expressed in L6, suggesting an activated state of this pathway (Figure 3A). Immunoblot analysis of pSMAD 2/3 showed a high expression both in L6 CRC and in L5 normal mucosa (Figure 3A). However, only L6 had both high active TGF-β and pSMAD 2/3 expression, indicating effective activation of TGF-β signaling. The increased levels of active TGF-β in L6 CRC as compared to other patients was confirmed by enzyme-linked immunosorbent assay (ELISA) performed on tumor lysates. TGF-β concentration in the L6 sample was significantly higher as compared to L5 and L7, in line with levels of TGF-β monomer detected by immunoblotting (Figure 3B). To gain further insight into the activation and location of TGF-β signaling, we performed IHC analysis of pSMAD 2/3 in L5, L6 and L7 tumor sections. The results showed that in L5 and L7 pSMAD 2/3 was localized respectively in stromal and tumor cells (Figure 3C). By contrast, L6 expressed significantly higher amounts of pSMAD 2/3 localized in tumor cells, further supporting the presence of active TGF-β signaling (Figure 3C). Since TGF-β signaling has been recently shown to induce de-differentiation and enhance stem cell properties in CRC (35), we analyzed transcript levels of factors implicated in stemness and self-renewal Bmi-1, Nanog and LGR5 in normal mucosae and tumors of L5, L6 and L7 patients. L6 CRC showed a significantly higher expression of the three factors, in line with its increased aggressiveness and mesenchymal features (Figure 3D). Altogether, these results suggest that an enhanced activation of EMT and stemness programs may promote tumors’ ability to generate orthotopic/metastatic PDX.




Figure 3 | Ortho-PDX generation is associated with TGF-β pathway activation and increased expression of stemness-associated factors in the parental tumor. (A) Left: immunoblot analysis of TGF-β, LTBP-1 (Latent-transforming growth factor beta-binding protein 1), Latent TGF-β, active TGF-β and phosphorylated SMAD 2/3 (pSMAD 2/3) on whole lysates of normal mucosae (N) and patient tumors (T). Tubulin and Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) were used as loading controls. Right: quantification of the immunoblot experiment shown on the left. (B) ELISA assay performed on lysates of normal mucosae (N) and patient tumors (T) showing active TGF-β concentration. ***P < 0.001 from two-tailed t test. (C) pSMAD 2/3 staining of L5, L6 and L7 tumor sections and quantification of 5 fields/section. Magnification 20x. Bar 50 μm. (D) qRT-PCR analysis of Bmi-1, Nanog and LGR5 expression in normal mucosae and tumor tissues of CRC patients. Mean ± SD of 3 experiments. *P < 0.05, **P < 0.01 and ***P < 0.001 from two-tailed t test.





Analysis of EMT- and Metastasis-Associated Features in Xenografts and Organoids Derived From Ortho-PDX and Liver Metastases

In order to investigate whether the different anatomic location of orthotopic and metastatic PDX affected the expression of EMT-associated factors, we first compared the expression of E-Cadherin and Vimentin in primary, orthotopic and metastatic tumor tissues. While E-Cadherin levels were variable with the highest expression in the normal mucosa, Vimentin was virtually undetectable in lung and liver metastatic tumors (Figure 4A). This result is in line with the mesenchymal-to-epithelial (MET) transition theory, indicating that tumor cells lose mesenchymal features once they have colonized metastatic sites. According to this hypothesis, orthotopic and metastatic tumor tissues expressed TGF-β but only the orthotopic tumor expressed a relevant amount of pSMAD 2/3, indicating activation of the TGF-β pathway (Figure 4B). RT-PCR analysis of EMT-associated factors showed that the orthotopic tumor had an increased expression of EMT-associated factors Vimentin, Twist, ZEB1, SNAIL and ZEB2 as compared to metastatic tissues (Figure 4C). E-cadherin levels were also highest in the orthotopic xenograft, possibly reflecting a hybrid epithelial/mesenchymal phenotype present also in the original patient tumor and peritumoral tissue (Figure 4C). An important issue is whether the parental tumor stroma is able to engraft and grow within mouse PDXs. Previous studies indicated that first generation PDXs contain both human and murine stroma, while after three PDXs generations the stroma is composed only by mouse cells (36). However, the large majority of PDXs studies were performed on subcutaneous xenografts, while information on orthotopic PDXs is limited. To characterize the relative amount of stroma in the orthotopic xenograft and in liver metastases we first performed an evaluation of αSMA (recognizing both human and mouse protein) on sections of orthotopic and metastatic PDXs (Figure 4D). IHC evaluation showed a non-significant difference between αSMA expression in the two tumor sites (Figure 4D). Then, we determined the presence of parental fibroblasts in the orthotopic PDX and in metastatic tumors by immunoblotting with anti-human FAP. The results shown in Figure 4E show that fibroblasts are abundant in the parental tumor but scarce in the ortho-PDX and completely absent from lung and liver metastases. Altogether, these observations suggest that parental tumor-associated stroma is not responsible for the EMT-associated features detected in L6. Patient-derived organoids (PDOs) obtained by subcutaneous transplantation of tumor fragments have been shown to reproduce the architectural and histological features of the original tumor tissue, and can be effectively used for the characterization/validation of molecular vulnerabilities for therapeutic purposes (37, 38). We generated organoids from orthotopic tumor xenografts (OXDOs) and hepatic metastases (MXDOs) from patient L6. OXDOs and MXDOs displayed similar growth rates (data not shown) and were regularly expanded until passage 7 (Figure 4F), then stored in liquid nitrogen and thawed as necessary. RT-PCR analysis of E-cadherin, Vimentin, SNAIL and ZEB2 expression in MXDOs reflected that of metastatic xenografts, with MXDOs showing a more epithelial state as compared to OXDOs (Figure 4G). Then, we performed a migration/invasion assay to compare this ability in OXDOs and MXDOs. OXDOs showed a slightly higher migratory capacity than MXDOs, but differences were not significant (Figure 4H, pictures in Supplementary Figure 3). Finally, we compared the chemosensitivity of OXDOs and MXDOs by treating organoids for 6 days with 5-fluorouracil (5-FU). MXDOs showed an increased resistance to 5-FU as compared to OXDOs, in line with the enhanced chemoresistance of metastatic tumors (Figure 4I).




Figure 4 | Metastatic tissues lose mesenchymal traits and acquire increased chemoresistance. (A) Left: comparative immunoblot analysis of E-Cadherin (E-CAD) and Vimentin (VIM) on whole lysates of normal/peritumoral mucosa (N) and tumor tissue (T) of patient L6, orthotopic xenograft (Orthotopic), liver and lung xenograft metastases (Liver Met and Lung Met). GAPDH was used as a loading control. Right: quantification of the immunoblot experiment shown on the left. (B) Left: comparative immunoblot analysis of phosphorylated SMAD 2/3 (pSMAD 2/3) and TGF-β on whole lysates as described above. Right: quantification of the immunoblot experiment shown on the left. (C) qRT-PCR analysis of E-Cadherin (E-CAD), Vimentin (VIM), Twist, ZEB1, SNAIL, SLUG, and ZEB2 in normal/peritumoral mucosa (N) and tumor tissue (T) of patient L6, orthotopic xenograft (Orthotopic), liver and lung xenograft metastases (Liver Met and Lung Met). Mean ± SD of 3 experiments. *P < 0.05, **P < 0.01 and ***P < 0.001 from two-tailed Student’s t test. (D) Staining of alpha Smooth Muscle Actin (αSMA) on sections of L6 orthotopic PDX and hepatic metastasis (left) and quantification of 5 sections (right). Magnification 20x, ns non-significant. (E) Left: Immunoblot analysis of human Fibroblast Activation Protein (FAP) in normal (N) and tumor (T) parental tissues of L6 patient, in orthotopic PDX (Orthotopic) and metastatic PDX (Liver Met and Lung Met). Tubulin was used as loading control. Right: quantification of the immunoblot experiment shown on the left. (F) Time course of organoid generation (orthotopic xenograft-derived organoids, OXDOs and metastatic xenograft-derived organoids, MXDOs), from the first day of culture (passage 0, P0) to subsequent passages (P3, P5 and P7, respectively after 3 weeks, 5 weeks and 7 weeks of culture). Magnification 10x. Bar 100 μM. (G) qRT-PCR analysis of E-Cadherin (E-CAD), Vimentin (VIM), SNAIL and ZEB2 on OXDOs (orange bars) and MXDOs (blue bars). *P < 0.05, **P < 0.01 and ***P < 0.001 from two-tailed Student’s t test. (H) Invasion/migration assay performed with OXDOs and MXDOs. (I) Cell viability of OXDOs (orange bars) and MXDOs (blue bars) treated with 5 μM 5-Fluorouracil (5-FU) for 6 days. Values represent mean ± SD of three independent experiments. *P < 0.05 by unpaired Student’s t test.






Discussion

Effective modelling of tumors through in vitro and in vivo methods is the cornerstone of preclinical cancer research, allowing dissection of cancer-associated molecular traits and testing of novel therapeutic strategies. In recent years, organoids and PDX have opened additional avenues towards personalized medicine, as they provide respectively an in vitro and in vivo reproduction of individual patient tumors. In this study, we provide an example of orthotopic-metastatic PDX directly generated from a CRC patient, which was used to study molecular features associated to primary, orthotopic and metastatic tumor tissues. Previous studies showed the feasibility of the ortho-PDX model in CRC. However, several studies did not examine in depth the molecular features of orthotopic and metastatic PDX (20–22, 24). In other cases, ortho-PDX transplantation was preceded by pre-conditioning through subcutaneous transplantation, thus selecting for cells more adaptable to a non-physiological microenvironment (23, 25, 26, 30, 39). In this manuscript, we provide further support to the feasibility of direct ortho-PDX generation and preliminary insights into mechanisms that may influence ortho-PDX engraftment. Interestingly, despite the small number of samples used in this study, we observed an association between ortho-PDX generation and EMT traits, increased activation of TGF-β signaling, expression of stemness-associated factors and presence of CTCs clusters in the peripheral blood. Our results are in line with recent studies showing that the EMT state may support metastatic seeding by CTCs clusters and that ZEB1 is required for liver metastatization in an orthotopic CRC model (30). Interestingly, our studies showed that ortho-PDX generation was associated to a particularly high expression of ZEB2 in primary tumor cells. ZEB2 is a transcriptional regulator linked to EMT and stem cell plasticity (40, 41). We have recently demonstrated that, in CRC, ZEB2 was associated to slow cycling, enhanced stemness, chemoresistance, mesenchymal features and worse relapse-free survival (7). Therefore, it can be hypothesized that tumors characterized by elevated ZEB2 expression, stem cell traits and EMT may be particularly suitable for the generation of ortho-PDX models. According to previous studies, colorectal tumors characterized by high ZEB2, EMT, stem cell traits and low proliferative index are more likely to belong to the CMS4 consensus molecular subtype of CRC (7, 42). Moreover, activation of the TGF-β pathway has been also reported to be associated with the CMS4 CRC subtype (42). The L6 CRC used in this study displayed several features of CMS4 tumors (ZEB2 overexpression, TGF-β activation, EMT, microsatellite stability) but lacks other features of CMS4 such as increased stromal content as compared to L5 and L7. On the other hand, the L6 tumor had KRAS mutation, which is typical of CMS3. Therefore, the molecular features presented by L6 (EMT/stemness/TGF-β/KRAS mutated) may indicate hybrid CMS3/CMS4 features that are particularly aggressive and prone to orthotopic engraftment. It may be speculated that tumors with the EMT/stemness/TGF-β/KRAS mutated signature may represent a class of “born to be bad” colorectal cancers with aggressive features and ability to metastatize at an early stage (43, 44). In line with this hypothesis, the L6 patient developed liver metastases within 18 months from surgery while L5 and L7 did not undergo metastatic progression (data not shown). The observations reported in this study have been performed on a very small number of cases and need to be supported by additional evidences. Despite the preliminary nature of our studies, we show that the ortho-PDX system is an effective and versatile tool to reproduce the features of metastatic CRC, encouraging a broader use of this model in translational CRC research.
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Endocrine therapy is considered as an effective strategy for estrogen and progestogen receptor (ER and PR)-positive breast cancer (BRCA) patients, whereas resistance to these agents is the major cause of BRCA mortality in women. Immune checkpoint receptor (ICR) blockade is another approach to treat BRCA, but the response rate of this approach for non-triple-negative breast cancer (non-TNBC) is relatively low. Recently, the androgen receptor (AR) has been identified as a tumor suppressor in ER-positive BRCA; however, the relationship between the levels of androgens and ICRs on T cells in BRCA is unclear. We observed that testosterone and dihydrotestosterone (DHT) in patients with HER2 and Luminal B were significantly lower than those in healthy controls, and the expression of AR has significant correlation with overall survival (OS) advantage for Luminal B patients. Moreover, testosterone and DHT were positively correlated with the PD-1 expression on Vδ1+ T cells in HER2 and Luminal B patients. These results suggest a potential approach of combining androgens with PD-1 blockade for treating HER2 and Luminal B breast cancer.
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Introduction

Breast cancer is a global threat to women’s health. There is an estimated 2.26 million new cancer cases and 0.68 million cancer deaths among women worldwide in 2020 (1). According to the expression of human epidermal growth factor receptor 2 (HER2) and hormone receptors (ER and PR), breast cancer is classified into four major molecular subtypes, namely, luminal A (HR+/HER2-), luminal B (HR+/HER2+), HER2+, and triple-negative breast cancer (ER-, PR-, and HER2-negative) (2). Endocrine treatment is used as a conventional strategy for ER- and PR-positive patients with BRCA, whereas resistance to these drugs is the major cause of BRCA mortality (3). The need for alternative strategies has renewed interest in androgen therapy, especially as nearly all ER-positive BRCAs express androgen receptor (AR) (4, 5). The role of AR in ER-positive BRCA is controversial, which restricts implementation of AR-directed treatment. However, a recent study identified AR as a tumor suppressor in ER-positive BRCA and supported AR agonism as the optimal AR-directed treatment strategy, revealing a rational therapeutic opportunity (6).

Androgens exert biological functions through binding and activating the AR (7, 8). The biological actions of androgens, including testosterone and DHT as well as androstenedione, dehydroepiandrosterone (DHEA), and its sulfated form (DHEA-S), are normally mediated through the AR, a ligand-dependent nuclear transcription factor (9). Additionally, AR expression was detected in T-lymphocyte, with the highest expression in cytotoxic T cells (10–13), and androgens are described as suppressors of inflammation and immune function (14). Androgen deprivation therapy (ADT), a standard of care in prostate cancer (15), induces expansion of naïve T cells and enhances T-cell responses (9, 16). Inhibition of AR activity in T cells also promotes checkpoint blockade efficacy (17–19). Together, combination of ADT and targeted ICR treatment may be one of the most powerful therapies for malignant tumors in male patients.

Infiltration of immune cells such as CD4, CD8, and γδ T cells in tumor tissue provides one of the major protections in antitumor immunity (20–22). However, tumor microenvironment drives elevated expression of programmed cell death-1 (PD-1), T-cell immunoglobulin and mucin-domain containing-3 (Tim-3), and T-cell immunoreceptor with Ig and ITIM domains (TIGIT) on T cells (23–25). Blocking ICRs or directly reducing their expression has promising effects in reinvigorating antitumor immunity in a wide variety of tumor types (26, 27). Targeting PD-L1 is another therapeutic approach for BRCA, but the response rate for non-TNBC is relatively low (28, 29). Intra-tumoral γδ T-cell signatures emerged as the most significant favorable prognostic in patient with cancer (30). These cells display an innate-like activity and recognize antigens in a major histocompatibility complex-independent manner via surface receptor NKG2D (31, 32). Another study showed that an innate-like Vδ1+ γδ T-cell compartment in the human breast is associated with remission in TNBC (33). However, whether the level of androgens in patients with BRCA subtypes correlates with T-cell exhaustion is unknown.

Here, we reported that the levels of testosterone and DHT in patients with HER2 and Luminal B were significantly lower than those of healthy donors. Clinical samples showed that AR has a significant correlation with overall survival (OS) advantage for patients with Luminal B subtypes. Indeed, we observed that patient’s T cells exhibited exhausted phenotypes, characterized by increased expression of PD-1, Tim-3, and TIGIT on CD4+, CD8+, Vδ2+, and Vδ1+ T cells. Finally, the serum levels of testosterone and DHT in patients with HER2 and Luminal B were positively correlated with the PD-1 expression on Vδ1+ T cells. These results suggest that supplementation of androgens may improve the efficacy of anti-PD-1 therapy in patients with HER2 and Luminal B subtypes.



Materials and Methods


Ethics Statement

Isolation of peripheral blood mononuclear cells (PBMCs) and tissues from BRCA and healthy donors was approved by the Institutional Review Board of Jinan University, Guangzhou, China.



Human Samples

A total of 84 patients with BRCA, including HER2, Luminal A, Luminal B, and TNBC who were diagnosed with BRCA by pathologic examination, were recruited from outpatient clinics of the First Affiliated Hospital of Jinan University. Information regarding the characteristics of the patient cohorts is described in Table 1. A total of 35 sex- and age-matched healthy donors were enrolled from the medical examination department at the First Affiliated Hospital of Jinan University. PBMCs were collected from the patients with BRCA and healthy donors through the Ficoll-Paque (GE Healthcare) density gradient centrifugation protocol (34). The fresh serum and PBMCs were stored at −80°C, and tissue samples were fixed in formalin and embedded in paraffin.


Table 1 | Baseline patient and treatment characteristics.





Flow Cytometry

For surface staining, approximately 1×106 PBMCs were incubated with indicated antibodies at 4°C in the dark. PBMCs were stained with PerCP-conjugated anti-human TCR Vδ2 (BioLegend, 331410), FITC-conjugated anti-human TCR Vδ1 (Miltenyi, 130-100-532), V500-conjugated anti-human CD3 (BD Biosciences, 561416), PerCP-conjugated anti-human CD4 (BioLegend, 317431), PerCP-conjugated anti-human CD8 (BioLegend, 300921), Pacific Blue-conjugated anti-human CD279 (BioLegend, 329915), PE/Cy7-conjugated anti-human TIGIT (BioLegend, 372714), and APC-conjugated anti-human Tim-3 (BioLegend, 345011). After incubation for 20 min, cells were washed with phosphate buffer solution (PBS) and analyzed using the BD FACS Verse Flow Cytometer (BD Biosciences). Flow cytometry data were analyzed with FlowJo software (v.10). The gating strategies are shown in Figure 2.



Immunohistochemistry

Paraffin-embedded HER2, Luminal B, Luminal A, and TNBC specimens were obtained from the First Affiliated Hospital, Jinan University (Guangzhou, China). AR (CST, 5153, 1:500 dilution) staining was performed according to the following standard protocol. Patient tissues were incubated with AR antibody at 4°C overnight. Sections were rinsed with PBS and incubated with goat anti-rabbit antibody for another 1 h. Slides were further developed with diaminobenzidine (DAB) substrate and then counterstained with Mayer’s hematoxylin (34).



ELISAs

Human serum (healthy donors and patients with BRCA) was obtained as described above. Assays using the ELISA kits for human testosterone (Alpha Diagnostic International, 1880) and dihydrotestosterone (Alpha Diagnostic International, 1940) were performed according to the manuals.



GEPIA and Kaplan–Meier Plotter

The RNA-Seq dataset that supports the conclusions of this article is available from Gene Expression Profiling Interactive Analysis (GEPIA) (35). GEPIA is a newly developed interactive platform for elaborating the RNA-Seq data of 8,587 normal and 9,736 tumor samples from the TCGA and the Genotype-tissue Expression dataset, utilizing a standard processing pipeline (36). In this study, box plots showed the expression of signature gene sets in para-cancerous tissues (n = 291) and cancer tissues with HER2 (n = 66), Luminal A (n = 415), Luminal B (n = 194), and basal-like/triple negative (n = 135). The Log2FC Cutoff =1, and the p-value cutoff = 0.01. For OS of patients with BRCA, we used the Kaplan–Meier Plotter online tool to evaluate the prognostic value of AR mRNA expression in patients with HER2, Luminal A, Luminal B, and basal-like (37). The OS of patients was analyzed with a 50% (median) cutoff for both low- and high-expression groups. Restrict analysis to PAM subtypes: HER2 (n = 295), Luminal A (n = 1504), Luminal B (n = 668), and basal-like (n = 309). Significance was set to p-value < 0.05. Information on the number of patients, median values of mRNA expression, hazard ratio (HR), and p-value can be found on the Kaplan–Meier Plotter web page and Figure 1.




Figure 1 | Androgens are reduced in HER2 and Luminal B subjects. (A, B) Sera from patients (Luminal A, n = 19; Luminal B, n = 19; HER2, n = 18; TNBC, n = 17) and healthy controls (n = 17) were used for detection of testosterone and DHT by ELISA. (C) Level of AR in breast cancers from the GEPIA dataset (para-cancerous tissues, n = 291; cancer tissues with HER2, n = 66; Luminal A, n = 415; Luminal B, n = 194; basal-like/triple negative, n = 135). Para-cancerous tissues (blue) are labeled as “normal” and tumor tissues (yellow) are labeled as “tumor”. (D) Immunohistochemistry for AR expression in cancer tissues and normal tissues with Luminal A, Luminal B, HER2, and TNBC patients. Scale bar = 50 µm. (E) Overall survival of BRCA with high and low AR expression as defined by the median. Analysis of survival data using the Kaplan–Meier plotter online tool. Significance was set to p < 0.05 and represented as *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001, n.s., not significant (see Materials and Methods for statistical tests used).





Statistical Analysis

Statistical analyses were performed using GraphPad Software (v.6.0). For human sample analysis, the data distribution was first checked using a Kolmogorov–Smirnov test. If the data fitted a normal distribution, a two-tailed unpaired Student’s t-test was used when variances were similar, whereas a two-tailed unpaired Student’s t-test with Welch’s correction was used when variances were different. If the data did not fit a normal distribution, a Mann–Whitney U test was used (27). Unpaired Student’s t-test was used in Figures 1A, C, 2B–G (HD vs. Luminal A, CD4+CD3+, CD8+CD3+, PD-1+CD8+, and Tim-3+Vδ1+; HD vs. Luminal B, PD-1+CD4+, TIGIT+CD4+, CD8+CD3+, and Tim-3+Vδ1+; HD vs. HER2, CD4+CD3+, CD8+CD3+, and Tim-3+Vδ1+; HD vs. TNBC, CD4+CD3+, PD-1+CD4+, TIGIT+CD4+, CD8+CD3+, PD-1+CD8+, and Tim-3+Vδ1+). Mann–Whitney test was used in Figures 1B, 2B–G (HD vs. Luminal A, PD-1+CD4+, Tim-3+CD4+, TIGIT+CD4+, Tim-3+CD8+, TIGIT+CD8+, Vδ2+CD3+, PD-1+Vδ2+, Tim-3+Vδ2+, TIGIT+Vδ2+, Vδ1+CD3+, PD-1+Vδ1+, and TIGIT+Vδ1+; HD vs. Luminal B, CD4+CD3+, Tim-3+CD4+, PD-1+CD8+, Tim-3+CD8+, TIGIT+CD8+, Vδ2+CD3+, PD-1+Vδ2+, Tim-3+Vδ2+, TIGIT+Vδ2+, Vδ1+CD3+, PD-1+Vδ1+, and TIGIT+Vδ1+; HD vs. HER2, PD-1+CD4+, Tim-3+CD4+, TIGIT+CD4+, PD-1+CD8+, Tim-3+CD8+, TIGIT+CD8+, Vδ2+CD3+, PD-1+Vδ2+, Tim-3+Vδ2+, TIGIT+Vδ2+, Vδ1+CD3+, PD-1+Vδ1+, and TIGIT+Vδ1+; HD vs. TNBC, Tim-3+CD4+, Tim-3+CD8+, TIGIT+CD8+, Vδ2+CD3+, PD-1+Vδ2+, Tim-3+Vδ2+, TIGIT+Vδ2+, Vδ1+CD3+, PD-1+Vδ1+, and TIGIT+Vδ1+). Significance was set to p < 0.05 and represented as *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001, n.s., not significant. Data were presented as mean or mean ± SD.




Results


Androgens Are Reduced in HER2 and Luminal B Subjects

Endocrine therapy is applied as a classical method for ER- and PR-positive BRCA patients; however, the potential role of androgens and AR in patients with BRCA subtypes has not been well defined. Thus, we recruited 84 patients with BRCA (Luminal A, Luminal B, HER2, and TNBC), and a summary of the characteristics of patients is described in Table 1. To investigate the role of androgens and AR in patients with BRCA, we determined the serum levels of androgens and found that the testosterone and DHT were significantly decreased in human participants with HER2 and Luminal B, while it was barely changed in Luminal A and TNBC patients (Figures 1A, B). The mRNA levels of AR were analyzed using the GEPIA online tool. We found that the levels of AR were higher in cancer tissues than that in para-cancerous tissues at Luminal A, Luminal B, and HER2-positive breast cancer, while it was the exact opposite in TNBC (Figure 1C). The results of immunohistochemical staining further validated the higher level of AR protein in tumor tissues than in para-cancerous tissues of patients (Luminal A, Luminal B, and HER2) (Figure 1D). Moreover, the expression of AR has a significant correlation with OS advantage for patients with Luminal B subtypes, whereas OS in HER2 marginally increased (Figure 1E). Collectively, these results strongly indicate that androgens and AR are prognostic factors associated with better patient survival in Luminal B or HER2 subtypes.



PD-1 Is Highly Expressed on CD4, CD8, and γδ T Cells in HER2 Cancer Patients

Previous studies demonstrate that an innate-like Vδ1+ γδ T cell compartment in the human breast is associated with remission in TNBC (33). However, whether the levels of ICRs, including PD-1, Tim-3, and TIGIT, on T cells (αβ and γδ) vary with different BRCA subtypes is unclear. Therefore, the expression of ICRs on CD4, CD8, Vγ9Vδ2 (Vδ2), and Vδ1 T cells from the PBMCs of breast cancer patients was analyzed. The gating strategies are shown in Figure 2A. Consistent with our previous reports (34), the percentage of Vδ2+CD3+ and CD8+CD3+ T cells in PBMCs of patients with TNBC was significantly lower than that of healthy donors, whereas the proportion of CD4+CD3+ T cells was significantly increased in TNBC (Figures 2B, C). Meanwhile, an immune exhaustion phenotype was verified in BRCA as indicated by increased expression of PD-1, TIGIT, and Tim-3 on CD4, CD8, Vδ2, and Vδ1 T cells, especially the percentage of PD-1+CD4+, PD-1+CD8+, PD-1+Vδ1+, and PD-1+Vδ2+ T cells in patients with HER2 (Figures 2D–G). These data suggest that the use of the anti-PD-1 inhibitor to target PD-1+ on T cells should be considered as a cancer immunotherapy for patients with HER2 subtypes.




Figure 2 | PD-1 is highly expressed on CD4, CD8, and γδ T cells in HER2 cancer patients. (A) Representative flow cytometry plots showed the gating strategy. (B, C) Summarized percent of CD4+, CD8+, Vδ2+, and Vδ1+ CD3 T cells in BRCA subtypes (Luminal A, n = 21; Luminal B, n = 28; HER2, n = 18; TNBC, n = 17) and healthy donors (n = 35). (D–G) Expression of PD-1+, Tim-3+, and TIGIT+ on CD4+, CD8+, Vδ2+, and Vδ1+ T cells in healthy donors and BRCA patients. Significance was set to p < 0.05 and represented as *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001, n.s., not significant (see Materials and Methods for statistical tests used).





The Levels of Testosterone and DHT in HER2 and Luminal B Patients Were Positively Correlated With the PD-1 Expression on Vδ1+ T Cells

Blockade of PD-1 expression on T cells via anti-PD-1 monoclonal antibody has shown great promise for successful cancer treatment by overcoming T-cell exhaustion. However, the response rates of anti-PD-1 treatment were determined by the abundance of ICRs on T cells. Our results demonstrated that the serum levels of testosterone and DHT in HER2 and Luminal B patients had a significant positive correlation with PD-1+ on Vδ1+ T cells but not PD-1+ on CD4+ and CD8+ T cells (Figures 3A–F). Furthermore, the levels of testosterone and DHT were positively correlated with PD-1+ on Vδ2+ T cells in patients with Luminal A (Figure 3G), but inversely correlated with PD-1+ on Vδ2+ T cells in TNBC (Figure 3H). In summary, these results indicate that the combination of the anti-PD-1 inhibitor and androgens may have a unique therapeutic potential in treating HER2 and Luminal B cancer through Vδ1+ T cells.




Figure 3 | The levels of testosterone and DHT in HER2 and Luminal B patients were positively correlated with the PD-1 expression on Vδ1+ T cells. (A–D) Linear regression analysis between androgen (testosterone and DHT) levels and PD-1+ on T cells (CD4, CD8, Vδ2, and Vδ1) in patients with HER2 (n = 18), Luminal B (n = 19), Luminal A (n = 19), and TNBC (n = 17). (E–H) Correlation between serum androgen levels and PD-1+ on γδ T cells (Vδ2+ and Vδ1+) in patients with BRCA (HER2, n = 18; Luminal B, n = 19; Luminal A, n = 19; TNBC, n = 17). Two-tailed Pearson correlation (A–H).






Discussion

Herein, we provide extensive evidence that patients with HER2 and Luminal B might benefit from androgens combined with ICR-targeted therapies. Indeed, a recent study clarified that the AR agonist/AR signaling pathway has a tumor suppressor role in ER-positive BRCA (6). Therefore, this insightful therapy strategy has the potential to become an alternative endocrine treatment for BRCA, especially for those resistant to current forms of endocrine therapy. In this study, we reported the levels of androgens (testosterone and DHT) and ICRs of T cells originated from BRCA subtypes, and found that androgens were significantly decreased in HER2 and Luminal B patients compared with healthy controls. Interestingly, in an attempt to find a correlation of immune exhaustion with women’s diseases, we performed an analysis that provided clinical data for a correlation between androgens and ICRs, and showed that testosterone and DHT were significantly positively correlated with PD-1+Vδ1+ T cells in HER2 and Luminal B.

Recently, in a clinical trial on patients with metastatic, hormone-sensitive prostate cancer, the OS was significantly longer with a therapy combining darolutamide, ADT, and docetaxel than with placebo plus ADT and docetaxel, and the addition of darolutamide led to improvement in key secondary end points (38). Xiangnan et al. demonstrated that AR blockade sensitizes tumor-bearing hosts to effective checkpoint blockade by directly enhancing CD8 T-cell function (17). Studies by Terrisse et al. also show that both immune system and intestinal microbiota determine efficacy of ADT against prostate cancer (39). These data indicate that male patients can benefit from ADT. However, female sex has been suggested as a negative predictive factor for response of melanoma patients to ani-PD-1 therapy (40). One explanation for this phenomenon might be the paucity of partially exhausted PD-1-positive CD8 T cells associated with response to combined ICR inhibition in women (41).

A previous work revealed that a large population of Vδ1+ T cells in human breast tumors, and the progression-free survival and OS were correlated with the proportion of Vδ1+ T cells, but not with either total γδ T cells or Vδ2+ T cells (33). It is well known that PD-L1 expressed on tumor cells directly binds PD-1-positive T cells to reduce their effector function and induce exhaustion, which leads to tumor immune evasion (20, 23). Interestingly, the levels of androgens and ICRs on T cells in BRCA subtypes including HER2, Luminal A, Luminal B, and TNBC have not been characterized. Our results showed that PD-1 was highly expressed on CD4, CD8, Vδ2, and Vδ1 T cells in HER2 subtype patients. In addition, the precise effects of androgens/AR pathway on the expression of ICRs on T cells and the underlying mechanisms remain to be further investigated.

In summary, our preliminary evidence indicated that the combination of androgens and anti-PD-1 inhibitor targeted therapy might be a new and effective approach to improve antitumor response of HER2 and Luminal B patients through Vδ1+ T cells.
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Colorectal cancer (CRC) is characterized by early metastasis, resistance to anti-cancer therapy, and high mortality rate. Despite considerable progress in the development of new treatment options that improved survival benefits in patients with early-stage or advanced CRC, many patients relapse due to the activation of intrinsic or acquired chemoresistance mechanisms. Recently, we reported novel findings about the role of Jagged1 in CRC tumors with Kras signatures. We showed that Jagged1 is a novel proteolytic target of Kras signaling, which induces Jagged1 processing/activation resulting in Jag1-ICD release, which favors tumor development in vivo, through a non-canonical mechanism. Herein, we demonstrate that OXP and 5FU cause a strong accumulation of Jag1-ICD oncogene, through ERK1/2 activation, unveiling a surviving subpopulation with an enforced Jag1-ICD expression, presenting the ability to counteract OXP/5FU-induced apoptosis. Remarkably, we also clarify the clinical ineffectiveness of γ-secretase inhibitors (GSIs) in metastatic CRC (mCRC) patients. Indeed, we show that GSI compounds trigger Jag1-ICD release, which promotes cellular growth and EMT processes, functioning as tumor-promoting agents in CRC cells overexpressing Jagged1. We finally demonstrate that Jagged1 silencing in OXP- or 5FU-resistant subpopulations is enough to restore the sensitivity to chemotherapy, confirming that drug sensitivity/resistance is Jag1-ICD-dependent, suggesting Jagged1 as a molecular predictive marker for the outcome of chemotherapy.
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Introduction

Colorectal cancer (CRC) is one of the most common causes of cancer-related death worldwide (1). Many patients become refractory to systemic therapy and develop relapses, and the median overall survival of metastatic CRC (mCRC) patients is over 30 months (2). To date, in patients with stage III CRC, the adjuvant chemotherapy is the standard treatment after surgery and includes fluoropyrimidine (5FU) combined with leucovorin/irinotecan (FOLFIRI regimen) (3) or with leucovorin/oxaliplatin (OXP) (FOLFOX regimen) (4). Alternatively, capecitabine, an oral form of 5FU, may be combined with irinotecan (XELIRI/CAPIRI) (5) or OXP (XELOX/CAPEOX) (6), which are often used in first-line treatment. In a metastatic setting, the standard combination generally includes 5FU/OXP or 5FU/irinotecan with the addition of at least one biologic drug, such as anti-vascular endothelial growth factor (VEGF) and/or anti-epidermal growth factor receptor (EGFR) monoclonal antibodies (7). Despite the important improvement in overall survival of mCRC patients, most of them become refractory to systemic therapy during or after the treatment and develop relapses.

CRC is a biologically heterogeneous disease with different molecular profiles that reflect specific histopathological and clinical information (8). The Kras gene is mutated at codons 12 and 13 in ∼50% of patients with mCRC (9) and is considered a predictive biomarker of resistance to anti-EGFR-based therapy. The prognostic effect of Kras in non-metastatic CRC is controversial. However, the PETACC8 trial shows that Kras mutations have a prognostic value (10, 11), and are associated with poor outcome (90%) in patients with microsatellite-stable tumors (12, 13).

Several studies demonstrate that alterations of the Notch pathway contribute to the CRC onset and malignancy, closely associated with the rapid and uncontrolled proliferation of tumors (14). The activation of the Notch receptors (Notch1-4) occurs upon binding to specific ligands (Jagged1-2 and Delta-like1-3-4), expressed on neighboring cells. This occurrence determines sequential proteolytic cleavages, sustained by ADAM and the (PS)/γ-secretase complex, which allow the intracellular domain of Notch to move into the nucleus and to interact with the DNA-binding factor RBP-Jκ, a process that can be inhibited by γ-secretase inhibitors (GSIs). Inappropriate activation of Notch signaling may cause several cancers and GSIs are recognized as potential anticancer drugs, widely used to inhibit Notch activation (15). In CRC, the effects of GSIs have long been debated, being considered as anticancer drugs able to enhance the chemosensitivity to oxaliplatin (16), or agents that present the ability to counteract oxaliplatin-induced apoptosis (17). Among GSIs, RO4929097, a potent oral inhibitor of γ-secretase, was tested in a phase II study conducted in patients with metastatic, refractory CRC. Consistent with previous reports, the study did not demonstrate any evidence of RO4929097 clinical activity in CRC patients (18, 19).

We have previously demonstrated that the Notch-ligand Jagged1 is directly involved in CRC progression. We have identified the Kras/Erk/ADAM17/Jagged1 signaling axis, able to induce sequential cleavages in the overexpressed Jagged1 protein, mediated by ADAM17 and the PS/γ-secretase complex, resulting in the release of the Jagged1 intracellular domain (Jag1-ICD), which triggers a signaling inside the Jagged1-expressing cells. The Jag1-ICD fragment moves into the nucleus, where it leads to deregulated events, sustaining proliferation, epithelial-to-mesenchymal transition (EMT), invasion/migration, and drug resistance in vivo (20). This process occurs when Kras/Erk/ADAM17 signaling is switched on, demonstrating that Jagged1 is a novel proteolytic target of the Kras signaling pathway. We demonstrated that Kras-induced Jagged1 processing is a critical event able to convert the proto-oncogene Jagged1 full length (Jag1-FL) in a novel Jag1-ICD oncogene, whose function plays an important role in sustaining CRC tumor progression.

Herein, we evaluate the effects of GSIs, OXP and 5FU, alone or in combination, on Jagged1 processing in CRC cell lines overexpressing Jagged1. Firstly, we show that GSIs behave as promoting agents, triggering an enforced Jagged1 processing, associated with an increased cellular growth and EMT that confers metastatic properties to cancer cells, in a Notch-independent manner. Moreover, we demonstrate that the most potent anticancer drugs, OXP and 5FU, lead directly to a massive Jag1-ICD activation that results in the selection of a drug-resistant subpopulation. The mechanism of resistance to chemotherapeutic agents is induced by a forced Jag1-ICD accumulation that protects overexpressing Jagged1 CRC cells from apoptosis, under the activation of Jag1-ICD-dependent pro-survival targets. Finally, we provide evidence about synergistic effects induced by GSIs with OXP or 5FU chemotherapeutic agents, in sustaining Jag1-ICD-dependent multidrug resistance, unveiling a novel mechanism of intrinsic chemoresistance in Jagged1 CRC cells, where Jag1-ICD may function as a nuclear effector.

Overall, our data show that Jagged1 processing is directly activated by OXA/5FU chemotherapeutic agents or by GSI compounds, resulting in the release of the oncogene Jag1-ICD, suggesting Jagged1 overexpression as a new potential predictive biomarker, which is useful to predict drug resistance to current therapies and disease recurrence.



Materials and Methods


Cell Lines and Treatments

The following human colon cell lines HT29, HCT15, DLD1, LoVo, and SW948 were purchased from the American Type Culture Collection (ATCC) and cultured in opportune medium supplemented with 1% Glutamine (ECB3000D, Euroclone), 1% Antibiotics (ECB3001D, Euroclone), and 10% FBS (Heat-Inactivated; Life Technologies). The media were renewed 3 times per week. All cell lines were cultured at 37°C and with 5% CO2. Cells recovered from frozen aliquots were allowed one passage to reach exponential growth phase following recovery before being used. Cells at passages greater than 10 were not used. All cell lines were subjected to routine cell line quality controls (e.g., morphology, Mycoplasma #G238, Abm Inc.) and authenticated by DNA profiling [short tandem repeat (STR)] by the cell bank prior to shipping.

An opportune amount of cells was treated with different compounds: DAPT (#65770, Calbiochem), RO4929097 (#S1575, Sigma-Aldrich), LY411575 (#SML0506, Sigma-Aldrich), Semagacestat (#SML1938, Sigma-Aldrich), PF03083014 (#PZ0298, Sigma-Aldrich), U0126 (#662005, Calbiochem), 5-fluorouracil (5FU; #F6627, Sigma-Aldrich), Oxaliplatin (OXP, #O9512, Sigma-Aldrich), and Tapi-2 (#INH-3852-PI).

In order to select resistant cells to OXP and 5FU (HCT15 OXP-R, HCT15 5FU-R, DLD1 OXP-R, and DLD1 5FU-R), HCT15 and DLD1 cells were treated daily for more than 4 weeks with fresh medium containing a low dose of each chemotherapeutic agent (0.5 pmol/μl) (21).



Cell Viability Assay

CRC cell lines were seeded in 12-well plates at 1 × 106 cells/ml and treated with different GSIs as indicated in figures. DMSO was used as a control vehicle. To perform cell counting, we diluted the cellular suspension 1:2 with Trypan blue stain (T8154, Sigma-Aldrich) and, by using an upright microscope and a Neubauer chamber, we easily counted the living cells and excluded the dead ones. The growth of drug-treated cells was graphed relative to control untreated cells. Measurements were performed in technical triplicates and figures show the averages ± SD of at least 3 biological replicates (22, 23).



Colony Formation Assay

HCT-15, DLD-1, HCT15 OXP-R, HCT15 5FU-R, DLD1 OXP-R, and DLD1 5FU-R cells were seeded in the appropriate density in 6-well plates. After 24 h, CRC cells were treated with (0.5 pmol/μl) OXA and 5FU, and fresh medium containing drugs was replaced every 2 or 3 days. Twenty-one days after seeding, colonies were visualized by fixing the cells with a mixture of 90% methanol and 10% chloroform, at room temperature for 10 min. Then, they were stained using a solution of 0.1% crystal violet (#HT90132, Sigma-Aldrich) diluted in methanol for 3 min. After staining, plates were washed with water and left to dry overnight. Finally, plates were scanned and stored.



Cytofluorimetric Analysis

A total of 1 × 106 cells were treated with GSI compounds, OXA and 5FU chemotherapeutic agents, as indicated in figures. Cells were fixed for 30 min in EtOH 70%, washed with PBS, and treated with 100 μg/ml RNase A (cat. #R6513, Sigma-Aldrich) for 15 min. Then, cells were incubated with 10 μg/ml propidium iodide (cat.#P4170, Life Technologies). In order to evaluate apoptosis, cells were fixed and stained with propidium iodide and APC-Annexin V (# 550475, BD Biosciences), following the manufacturer’s instructions. The stained cells were analyzed on a FACS-Calibur with the CellQuest software (24).



Protein Extracts, Subcellular Fractioning, and Immunoblotting

Whole-cell extract (WCE), subcellular fractioning, and immunoblot assay (25) with the described antibodies (Supplementary Table S2) were performed as described elsewhere. Bound antibodies were detected with enhanced chemiluminescence (WesternBright ECL HRP substrate, Advansta Inc.)



RT-PCR/qRT-PCR

Total RNA extraction and reverse transcription-PCR (RT-PCR) were previously described (26). One microgram of RNA was processed for RT-PCR using the SensiFAST cDNA Synthesis Kit (Bioline). Analysis of gene expression was realized by qPCR using Taq-Man designed assays (Supplementary Table S1; Dharmacon Inc.) on the StepOnePlus Real-Time PCR System (Applied Biosystems, Life Technologies), following the manufacturer’s protocol for the comparative Ct method. Data were analyzed by the ΔΔCt method and GAPDH was used for normalization (27).



RNA Interference Analysis

RNA silencing was performed using 100 nmol/L of Jagged1 (cat. #L-011060-00-0005) ON-TARGET plus SMART pool small interference RNA (siRNA) or scrambled (cat. #D-001810-10-20, Dharmacon Inc.), using Lipofectamine RNAiMAX (Life Technologies), according to the manufacturer’s instructions (28).



Wound-Healing Assays

Cell migration was analyzed by wound-healing assay. Briefly, an opportune amount of cells were grown in 6-well plates. Wound injury was made with the tip of a sterile micropipette and cells were allowed to migrate for up to 72 h and photographed (20).



Statistical Analysis

All results were confirmed in at least three independent experiments and all quantitative data were reported as the mean ± SD. Student’s t-tests for unpaired samples were used to assess differences among two groups, while analysis of variance (ANOVA) was used to compare the means among three or more groups. A p-value of <0.05 was considered statistically significant (n.s., nonsignificant, p > 0.05; *p < 0.5; **p < 0.05; ***p < 0.005, ****p < 0.0005).




Results


GSIs Behave as Pro-Tumoral Drugs in CRC Cell Lines Overexpressing Jagged1 by Inducing Jagged1 Processing

To discriminate the biological outcome of Jag1-ICD on CRC chemoresistance, we firstly investigated the effects of GSIs on Jagged1 processing. Several Kras CRC cell lines (Supplementary Figure 1A) expressing Notch and Jagged1 at different levels (Supplementary Figure 1B) were treated with various GSI compounds. As expected, GSIs inhibit Notch1 cleavage but, unexpectedly, they induce an enforced Jag1-ICD release, according to dose (Figure 1A; Supplementary Figure 1C), favoring its nuclear localization (Figure 1B; Supplementary Figure 1D), which is associated with important biological effects, such as increased cellular proliferation (Figure 1C) and higher cell migration (Figure 1D). Significantly, the GSI-dependent Jag1-ICD accumulation empowers the activation of genes involved in proliferation, EMT, and invasion, such as PCNA, Snail, and MMP9, sustaining higher cell migration (Figures 1E, F) (20), in a Notch-independent manner, as confirmed by Hes1 decreased expression (Figure 1E).




Figure 1 | GSIs induce Jagged1 cleavage in Jagged1/KRAS CRC cell lines and induce proliferation and EMT. (A) HCT15 and DLD1 cell lines were treated with several GSI compounds (DAPT, LY411575, Semagacestat, PF03084014, and RO4929097) or vehicle alone (DMSO) with the indicated doses (pmol/μl) for 24 h. Whole-cell extracts (WCEs) were subjected to Western blot assay, using indicated antibodies against the Jagged1-intracellular domain (Jag1-ICD) and active Notch1 Valin 1744 (N1Val). Tubulin was used as loading control. (B) The subcellular nuclear lysates from HCT15 and DLD1 cells were collected after 48 h of treatment with different GSIs at 10 pmol/μl and immunoblotted as indicated. Protein levels were normalized using Lamin B and Tubulin, as nuclear and cytoplasmatic control, respectively. (C) HCT15 and DLD1 cells were treated with increasing doses (pmol/μl) of different GSIs. After 24 h, trypan blue viable cell count was performed to determine the growth rate. All data are representative of at least three independent experiments, each in triplicate. *p < 0.05; **p < 0.05; ***p < 0.005; ****p < 0.0005 (ANOVA test). (D) Representative area for wound-healing assay of DLD1 cells after 48 h of scratch, treated with several GSIs. Scale bar, 200 μm. (E) Hes1 and PCNA mRNA expression levels were determined by qRT-PCR from GSI-treated cells and normalized relative to human GAPDH. Graph was depicted as fold change compared with DMSO-treated cells. Data were presented as mean ± SD. (F) qRT-PCR analysis of mmp9 and snail mRNA from CRC cells, treated with different GSIs, was represented as fold changes ± SD after intrasample normalization to the level of GAPDH. All data are representative of at least three independent experiments, each in triplicate. *p < 0.05; **p < 0.05; ***p < 0.005 (Student’s t-test).



Previously, we established that Kras driver mutation triggers the MEK/Eryk/ADAM17 signaling axis that results in Jagged1 processing, through Erk activation (20). Since GSIs have the ability to induce Erk activation (16), we hypothesized that they induce Jagged1 processing through the Erk pathway. Supplementary Figure 2A shows that GSI compounds induce a rapid release of the Jag1-ICD fragment, strictly linked to Erk activation in CRC cells. Accordingly, the MEK inhibitor U0126 abrogates Jagged1 processing and the addition of GSIs restores the Jag1-ICD accumulation, after washing out of Erk inhibition (Supplementary Figure 2B).

Altogether, these data strongly suggest the pro-tumoral effects of GSI compounds, through reinforcing Jagged1 processing via the MAPK pathway, in CRC cell lines overexpressing Jagged1 full-length.



Jagged1 Activation Addresses CRC Cells Towards Intrinsic Drug Resistance to OXP and 5FU

To unequivocally demonstrate the functional role of the Jag1-ICD signaling in CRC drug resistance, we firstly analyzed Jagged1 processing in HCT15 and DLD1 cells upon OXP and 5FU treatments. Figure 2A shows that chemotherapeutic agents induce a strong Jag1-ICD accumulation in a dose-dependent manner, associated with Erk activation. Oxaliplatin-resistant (OXP-R) and 5FU-resistant (5FU-R) cell lines were derived from exposure to chronic low dose of OXP and 5FU for 4 weeks. Remarkably, OXP-R and 5FU-R cells express a massive accumulation of Jag1-ICD compared to parental cells (P) (Figure 2B). Interestingly, OXP-R and 5FU-R subpopulations treated with both drugs show an increased ability to support long-term survival measured in a colony-forming assay, compared to parental cells (Figure 2C). To investigate resistance mechanism induced by Jag1-ICD, we analyzed genes directly involved in apoptotic signaling cascade. OXP-R and 5FU-R cells present a strong upregulation of c-IAP1, c-IAP2, and XIAP transcripts; inhibitors of the Caspase activity; and BCL-2, BCL-xL, and MCL1 genes, belonging to anti-apoptotic BCL-2 family members, compared with P cells (Figure 2D).




Figure 2 | OXP and 5-FU induce Jag1-ICD accumulation that drives CRC cells towards intrinsic drug resistance against the common chemotherapeutic agents. (A) Whole-cell extract from HCT15 and DLD1 cells, treated with OXP and 5FU with increasing doses (5–10–25–50 pmol/μl) for 24 h, was subjected to immunoblotting analysis. (B) Parental (P), OXP-R, and 5FU-R CRC cells, were collected and subjected to immunoblotting assays as indicated. Tubulin was used as loading control. (C) Colony-forming ability of HCT-15 and DLD-1 cells or OXP-R and 5FU-R HCT-15 and DLD-1 cells in the presence of OXA and 5FU, compared with vehicle alone. A total of 2 × 103 cells were seeded in 6-well plates and treated with 0.5 pmol/μl of OXP or 5FU for 15 days. (D) qRT-PCR analysis of iap1, iap2, xiap, bcl2, bclXl, and mcl1 mRNAs in parental (P), OXP-R, and 5FU-R CRC cells was performed. Data are reported as fold changes ± SD after intrasample normalization to the level of GAPDH. All data are representative of at least three independent experiments, each in triplicate. *p < 0.05; **p < 0.01; ***p < 0.001 (Student’s t-test).



Our data demonstrate that CRC cells overexpressing Jagged1 activate intrinsic chemoresistance mechanisms against OXP and 5FU anti-cancer drugs, based on Jagged1 processing OXP- and 5FU-induced. OXP and 5FU show the ability to directly induce Jag1-ICD release, which sustains increased expression of anti-apoptosis-related genes and counteracts OXP- or 5FU-induced cytotoxic effects. Therefore, Jag1-ICD exerts a cytoprotective effect on Jagged1 CRC cells, promoting tumoral cells to escape from cancer drugs and sustaining the chemoresistance.



GSI-Mediated Jag1-ICD Accumulation Promotes Cell Cycle Progression in Surviving OXP- and 5FU-Treated Cells

To determine that GSIs are able to empower CRC proliferation and drug resistance by inducing Jagged1 processing, we firstly treated HCT15 and DLD1 cells with GSIs and OXP alone or in combination. Interestingly, GSIs have no effect on viability, but they promote cellular growth, when compared to vehicle alone (DMSO); conversely, platinum compound alone strongly leads to a massive cellular death and to selection of a surviving resistant subpopulation expressing Jag1-ICD (Figures 3A, B). Interestingly, Jag1-ICD counteracts oxaliplatin-induced death, and the addition of GSIs to oxaliplatin helps cells escape from G2/M cell cycle arrest, when compared to OXP treatment, resulting in the rapid increase of cells expressing Jag1-ICD (Figures 3B–D). To provide additional evidence that GSI effects on cell cycle progression are mediated by Jag1-ICD accumulation, we performed FACS analysis in both HT29 (Figure 3E), a CRC cell line not expressing Jagged1 (Supplementary Figure 1B), and the Jag1-silenced HCT15 cell line (Figures 3F–H) upon GSIs and OXP treatment, alone or in combination. Upon OXP treatment, cell cycle analysis revealed that the absence of Jagged1 allows a severe cell cycle block, resulting in OXP-induced cellular apoptosis. Moreover, the addition of GSIs to OXP is not able to abrogate the oxaliplatin-dependent cytotoxic effects, neither in HT29 nor in Jagged1 knockdown HCT15 cells, which display a persistent cell cycle blockage. Similarly, GSI-induced cell cycle progression is also observed in Jagged1-overexpressing CRC cells upon 5FU-treatment (Supplementary Figure 3). To unequivocally demonstrate the function of Jag1-ICD in drug resistance, OXP-R and 5FU-R CRC cell lines were treated with GSIs with no effect on viability (Figures 4A, B); conversely, the U0126 compound, which is able to inhibit Erk activation, rapidly counteracts Jagged1 processing (Supplementary Figures 4A, B), increasing chemosensitivity to OXP and 5FU (Figures 4A, B). Accordingly, the siRNA-mediated depletion of Jagged1 in OXP-R and 5FU-R subpopulations (Supplementary Figures 4C, D) determines a drastic downregulation of anti-apoptotic genes, with respect to control cells (Figure 4C).




Figure 3 | GSIs operate as promoting agents in Jagged1/KRAS CRC cells and help cells escape from the OXP-induced cell cycle block in a Jag1-ICD-dependent manner. (A) Representative plate area of HCT15 cells treated with 10 pmol/μl of DAPT, RO4929097, and OXP alone or in combination. Scale bar, 200 μm. (B) An amount of HCT-15 cells from panel A were collected and whole-cell extracts were immunoblotted or (C) stained against Annexin V (APC) with/without propidium iodide (PI) to evaluate the percentage of apoptotic cells and (D) cell cycle. (E) HT29 cells treated for 24 h with 10 pmol/μl of DAPT, RO4929097, and OXP alone or in combination were stained with propidium iodide (PI) to analyze cell cycle progression. (F) Jagged1-silenced HCT15 cells (siRNA-Jagged1) or control siRNA (scramble) were treated for 24 h with 10 pmol/μl DAPT, RO4929097, and OXP, alone or in combination, and stained with propidium iodide (PI) to analyze cell cycle progression and (G) subG1 cellular death. (H) Jag1 mRNA expression levels revealed by qRT-PCR assay in Jagged1-silenced HCT15 cells or scramble cells, from panel (F) Results are expressed as fold of reduction relative to control. Data were normalized with respect to GAPDH expression. All data are representative of at least three independent experiments, each in triplicate. ns, p > 0.5; *p < 0.05; **p < 0.01; ***p < 0.001 (Student’s t-test).






Figure 4 | The inhibition of Jagged1 signaling sensitizes the CRC cells to chemotherapy. (A) Representative plate area of OXP-R and (B) 5FU-R CRC cells, treated for 24 h with 10 pmol/μl of DAPT and RO4929097 and 30 pmol/μl of U0126. Scale bar, 200 μm. (C) The expression analysis of iap1, iap2, xiap, bcl2, bclXl, and mcl1 mRNAs was performed by qRT-PCR in OXP-R and 5FU-R HCT15 cells, silenced for Jagged1. Data are reported as fold changes ± SD after intrasample normalization to the level of GAPDH. All data are representative of at least three independent experiments, each in triplicate. *p < 0.05; **p < 0.01; ***p < 0.001 (Student’s t-test). (D) The cartoon summarizes the role of Jagged1 in chemoresistance. In detail, GSIs (green arrow) inhibit Notch signaling, but strongly trigger the Jagged1 reverse signaling by activating the ERKs cascade that induces a huge accumulation of Jag1-ICD. GSIs, via Jag1-ICD, sustain the proliferation and migration/invasion of CRC cell lines. Similarly, the chemotherapeutics agents OXP/5FU (red arrow) lead to Jagged1 processing, through the activation of ERKs. Jag1-ICD, induced by OXP/5FU, enhances the expression of several anti-apoptotic genes, supporting the growth of a chemoresistant Jagged1-positive subpopulation (OXP-R and 5FU-R). Finally, the combination of GSIs and OXP/5FU (brown arrow) sustains the Jag1-ICD-dependent signaling and reinforces the activation of pro-survival and anti-apoptotic events, unveiling the role of Jag1-ICD in mechanisms of chemoresistance.



Overall, our data indicate that GSIs may behave as promoting agents in CRC cells with Jagged1 overexpression. In addition, we demonstrate that the Jagged1 silencing or the abrogation of Jagged1 cleavage by TAPI2 is necessary to overcome the drug resistance.




Discussion

Chemotherapy resistance in CRC patients remains a critical clinical challenge since it allows development of metastasis and disease recurrence. CRC presents a complex molecular heterogeneity that is not yet fully known. Likewise, the molecular mechanisms that characterize CRC drug resistance are not well understood and novel biomarkers predicting therapy response must be identified (8). To date, only Kras mutation has a predictive value of poor response to anti-EGFR monoclonal antibodies. Therefore, understanding molecular mechanisms that lead to cancer drug resistance is a key point for finding novel therapeutic approaches. The standard care for CRC patients is commonly based on the combination of chemotherapy drugs that includes fluorouracil and leucovorin (LV), which work together to inhibit DNA/RNA synthesis and to modulate tumor growth. Observational studies report conflicting findings about oxaliplatin survival benefits as part of the standard care for the adjuvant treatment of patients with early-stage CRC (29, 30). Also in advanced colon cancer, the addition of OXP to 5FU with LV (FOLFOX), administered to patients as first-line treatment, significantly improves antitumor efficacy only for a few months after treatment (31). Then, a large part of patients stop responding to chemotherapeutic agents, due to intrinsic and acquired drug resistance, whose mechanisms include the activation of the Erk pathway that cross-talks with oncogenic signaling pathways, converging on the regulation of apoptosis pathways (32). An attempt to conduct molecularly targeted therapy was made using GSIs, which induce the pharmacologic inactivation of Notch signaling. The data on GSIs in CRC, used alone or in combination with chemotherapeutic agents, are quite diverging. Firstly, they were recognized as potential anti-cancer drugs (16), then as compounds with the ability to abrogate OXP-induced apoptosis (17); ultimately, GSIs were tested in clinical trial in patients with refractory mCRC and RO4929097 monotherapy, and demonstrated no evidence of clinical activity. Therefore, the potent GSI RO4929097 was not recommended in this malignancy (18). These observations strongly suggest that the chemoresistance in CRC could be induced by unknown molecular mechanisms, possibly associated with a unique set of molecular changes that make cancer cells resistant to the effects of chemotherapeutic drugs.

Interestingly, recent observations suggest that the Notch-ligand Jagged1 is expressed in an aberrant manner in about 50% of colon tumors, and the higher levels of expression correlate with differentiation parameters and stages of CRC (33–36). Although originally found to play a role as a ligand of canonical Notch signaling, we recently showed that a Notch-independent Jagged1 reverse signaling is implicated in the pathogenesis of CRC (20). It is known that the aberrant APC/β-catenin signaling is directly responsible for Jagged1 overexpression, required for tumorigenesis in the intestine (20, 37, 38). In addition, we identified the constitutive activation of the Kras/Erk/ADAM17 signaling axis, which triggers PS/γ-secretase complex activation, able to induce sequential cleavages in the Jagged1 protein, lastly resulting in the release of the Jagged1 intracellular fragment (Jag1-ICD), which sustains reverse intracellular signaling. This process occurs when the Kras/Erk/ADAM17 axis is switched on, demonstrating that Jagged1 is a novel proteolytic target of Kras signaling. We demonstrated that the constitutive processing of the Jagged1 protein is a critical event able to convert the proto-oncogene Jag1-FL in a novel Jag1-ICD oncogene, whose function plays an important role in sustaining tumor progression in vivo (20).

In the present study, we have evaluated the effects of OXP and 5FU chemotherapeutic agents, alone or in combination with GSIs, on Jagged1 processing/activation in CRC cells. First, we show that GSIs are able to inhibit Notch signaling, as expected, but surprisingly they lead to a strong activation of Jagged1 reverse signaling through Erk1/2 activation, resulting in an enforced Jag1-ICD release with oncogenic function, in a Notch-independent manner. GSIs do not disturb CRC viability but induce cellular growth functioning as tumor-promoting agents through Jagged1 processing. Here, we also demonstrate that OXP and 5FU, the most potent anticancer drugs, lead to a strong Jagged1 processing via Erk1/2 activation, which induces mechanisms of intrinsic chemoresistance. The resistance to OXP/5FU drugs protects Jagged1-overexpressing CRC cells from apoptosis through the activation of Jag1-ICD-dependent pro-survival targets, also under genotoxic stress induced by chemotherapeutic agents. Finally, we provide evidence about the synergistic effects induced by GSIs with OXP or 5FU chemotherapeutic agents, in sustaining Jag-ICD-dependent multidrug resistance, unveiling a novel mechanism of drug resistance in Jagged1 CRC cells, where Jag1-ICD may function as a nuclear effector with the ability to sustain the pro-proliferative and anti-apoptotic events (Figure 4D).

Overall, our data point out Jagged1 overexpression as a new potential predictive biomarker that is useful in predicting cancer progression and drug resistance to current therapies for early and advanced CRC favoring tumor relapse.
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Objective

This study aimed to explore the roles of PARP1 mRNA and protein expression in platinum resistance and prognosis of EOC patients, and reveal the different roles of PARP1 protein in epithelial tumor and stroma cells.



Methods

The PARP1 mRNA expression of the EOC tissues was examined by RT-qPCR. The impacts of PARP1 expression on prognosis were measured by Kaplan-Meier and Cox regression. Receiver operating characteristic (ROC) curve analysis was employed for calculating the diagnostic value of PARP1 on platinum resistance. The microarray of formalin-fixed, paraffin-embedded (FFPE) tissues was processed for multiplex immunofluorescence to detect the protein levels of PARP1 and cytokeratin (CK).



Results

The PARP1mRNA expression of EOC patients was higher in the platinum-resistant group compared with the sensitive group (P<0.01). Kaplan-Meier analysis demonstrated that high PARP1 mRNA expression was associated with poor survival of EOC patients. In Cox regression analyses, high PARP1 mRNA expression independently predicted poor prognosis (P=0.001, HR=2.076, 95%CI=1.373-3.140). The area under the ROC curve of PARP1 mRNA for predicting the platinum resistance in EOC patients was 0.649, with a sensitivity of 0.607 and specificity of 0.668. Furthermore, the protein expression of PARP1 was higher in the platinum-resistant group than in the sensitive group (P<0.01) and associated with a worse prognosis. Additionally, according to CK labeling, we observed that enhanced expression of PARP1 in the CK+ region was associated with platinum resistance and lower survival, but in CK- region, it predicted a good prognosis and platinum sensitivity.



Conclusion

PARP1 may be a potential biomarker to predict platinum resistance and prognosis for EOC patients, exerting different roles on epithelial tumor and stromal cells.





Keywords: advanced epithelial ovarian cancer, PARP1, cytokeratin, platinum resistance, prognosis



Introduction

Epithelial ovarian cancer (EOC) is the most common type of ovarian cancer and the most lethal gynecological malignancy (1). Due to the lack of initial symptoms and sensitive screening methods, approximately 70% of EOC patients are diagnosed at an advanced stage (2). The standard treatment strategy for patients with advanced EOC is primary debulking surgery followed by platinum-based chemotherapy. Because of chemotherapy resistance (3) and late diagnosis, the 5-year survival rate in patients with advanced EOC is below 40% (4, 5). Currently, PARP1 inhibitors have emerged as one of the successful novel approaches to targeted ovarian cancer treatment (6, 7).

PARP1 is a multifunctional nuclear enzyme found in most eukaryotic cells, which is activated by recognizing the structurally damaged DNA fragments and is considered a receptor of DNA damage (8, 9). The enhancement of PARP1 expression and activity can effectively repair the DNA damage caused by platinum drugs (10), leading to a decrease in the efficacy of chemotherapy on tumor cells (11). Inhibition of PARP1 expression and activity has been shown to reverse the resistance to chemotherapy and radiotherapy in multiple tumors, such as breast cancer and pancreatic cancer (12, 13). In ovarian cancer, several studies suggested that high expression of PARP1 may be a potential marker for predicting poor prognosis and platinum resistance of the patients (14, 15). At present, some studies have shown that PARP1 inhibitors can significantly prolong the PFS and OS of patients with epithelial ovarian cancer and breast cancer (16, 17). Nonetheless, different responses to this treatment were observed among individuals (18, 19). The underlying reason is still unclear.

In the present study, the role of PARP1 mRNA and protein expression in platinum resistance and clinical prognosis of EOC was investigated by conducting a hospital-based case-control study. Moreover, the different roles of PARP1 expression in tumor cells and stroma cells were revealed via multiplex immunofluorescence assay, and PARP1 expression in stroma cells may affect the response to PARP1 inhibitors.



Materials and Methods


Tissue Samples Collection

A total of 143 advanced EOC tumor samples were collected in this study from the Fourth Hospital, Hebei Medical University, between October 2012 and November 2015. During the same period, normal ovarian tissues (n=20) were collected from patients who underwent hysterectomy for benign uterine disease. According to the International Federation of Gynecology and Obstetrics (FIGO) (2014), all EOC samples were stage III or IV. This study was approved by the Ethics Committee of the Fourth Hospital of Hebei Medical University (NO. 2017ME96) and signed informed consents were obtained from each patient.

Based on the platinum-free interval (PFI), patients were divided into the platinum-resistant group (Resistant group) and platinum-sensitive group (Sensitive group). Briefly, patients with PFI < 6 months were considered platinum-resistant, whereas patients with PFI >6 months were deemed platinum-sensitive (20). All participants were regularly followed up for 5 years. Progression-free survival (PFS) and overall survival (OS) were assessed to analyze the survival status of EOC patients.

The inclusion criteria were patients who 1) were diagnosed as primary EOC by histopathological examination; 2) women of any age; 3) had not received chemotherapy or radiotherapy prior to radical resection. The exclusion criteria were patients who 1) had other types of cancers; 2) had a past record of therapy, including chemotherapy or radiation before surgery.



Quantitative Real-Time PCR

Total RNA from tissue samples was extracted by the TRIzol-chloroform extraction method (Invitrogen, Carlsbad, CA, USA). Subsequently, cDNA synthesis was conducted using Revert Aid First Strand cDNA Synthesis Kit (Thermo Fisher Scientific, Waltham, MA, USA). The RT-qPCR reaction was performed using SYBR-Green II Premix (Takara, Dalian, China) with the ABI 7500 detection system (Applied Biosystems, Carlsbad, CA, USA). The reaction conditions were 95°C for 30 s, and 40 cycles of 95°C for 5 s, 60°C for 30 s, and 72°C for 5s. The primer sequences were synthesized by Sangon Biotech Co., Ltd. (Shanghai, China) as follows: PARP1 (forward)5′-AGTATGCCAAGTCCAACAGAAGTACG-3′,(reverse)5′-CCAGCGGTCAATCATGCCTAGC -3′; GAPDH (forward) 5′-ACCACAGTCCATGCCATC AC-3′, (reverse) 5′-CATGTGACA GAAGTACG-3′. GAPDH was termed internal control.



Gene Expression Analysis of PARP1

GEPIA (http://gepia.cancer-pku.cn/index.html) is an analytical tool using a standard processing pipeline and consist of thousands of tumors and normal tissue samples data. In this study, student’s t-test was used to generate a p-value for the PARP1 expression profiles through GEPIA combined with the Cancer Genome Atlas (TCGA) dataset and the Genotype-Tissue Expression (GTEx) projects. The cut-off value of log2FC was set as 1, and P value was set to 0.01.



Establishment of Tissue Microarray

Formalin-fixed, paraffin-embedded (FFPE) tissues from 133 tumor samples (10 FFPE tissues missing) were processed for establishing the tissue microarray. Briefly, highly representative areas were designated by pathologists via reviewing the HE staining sections and then a tissue microarray was produced using a tissue arrayer (Beecher Instruments, Silver Spring, MD, USA). Subsequently, the tissue microarray was sectioned continuously (4 μm) and then heated in the oven at 63°C for 1h for immunohistochemistry and multiplex immunofluorescence assays.



Immunohistochemistry Assay

An immunohistochemistry assay was utilized to detect the PARP1 levels in the tissue microarray sections. Briefly, 4 μm slides were treated with 3% hydrogen peroxide-containing methanol, followed by incubation with 10% goat serum for blocking. After washing, the slides were incubated with anti-PARP1 antibody (1:2000, ab227244, Abcam, Cambridge, UK) and then EnVision™ FLEX/HRP (Dako, Glostrup, Denmark). Subsequently, EnVision™ FLEX DAB kit (Dako, Glostrup, Denmark) and hematoxylin were applied for staining. The PARP1 expression was analyzed based on the number of positive cells per mm2 by the imaging system (Vectra Polaris, PerkinElmer, Waltham, MA). The median of the positive cells per mm2 was considered as an watershed of positive or negative individuals.



Multiplex Immunofluorescence Assay

Slides of tissue microarray were heated in the oven at 63°C for 1 h, dewaxed, boiled in a citrate buffer, and repaired for 15-20min with low heat. After cooling and washing, the slides were incubated with the following primary antibodies in order: anti- PARP1 antibody (1:2000, ab227244, Abcam, Cambridge, UK), anti-pan-CK (PA125, Baidao Medical Technology, Suzhou, China). Subsequent secondary antibody (Dako, Glostrup, Denmark) was added and incubated at room temperature for visualization. Staining with Opal dye solution (1:100) was repeated 5 times. One cycle of antibody staining consisted of blocking, incubation with first primary antibody (PARP1) and secondary antibody, Opal dye, and removal of bound antibody. The abovementioned cycle was repeated for the second primary antibody (CK). The slides were counter-stained with DAPI, and then images were captured by an automatic quantitative pathology imaging system (Vectra Polaris, PerkinElmer, Waltham, MA). The PARP1 -positive cells were counted in positive and negative regions based on CK expression (CK+ region and CK- region). The median of the CK positive cells per mm2 was considered as the standard of division on CK+ and CK-.



Statistical Analysis

Data were analyzed using the SPSS 21.0 software package (SPSS Inc., Chicago, IL, USA). Kaplan-Meier method with the log-rank test was utilized to analyze the PARP1 expression on survival rates. Enumeration data were analyzed by χ2 test, and the differences in measurement data were compared with Student’s t-test between the two groups. Receiver operating characteristic (ROC) curve analysis was employed for calculating the diagnostic value of PARP1. The Cox proportional hazards regression model was used to perform univariate and multivariate survival analyses. P<0.05 was considered as a significant difference.




Results


Baseline Characteristics

As shown in Table 1, 143 clinical samples were analyzed, with the median age of patients being 55 years old (ranged 34-75 years). In terms of pathological type, there were 82 cases (57.3%) of serous carcinoma, 26 (18.2%) of endometrioid carcinoma, 22 (15.4%) of mucinous carcinoma, and 13 (9.1%) of other types. According to FIGO staging, 134 cases (93.7%) were in stage III and 9 cases (6.3%) in stages IV. Of the 143 patients with a known grade, 22 (15.4%) were G1 grade, 32 (22.4%) were G2 grade, and 89 (62.2%) were G3 grade.


Table 1 | Baseline characteristics of patients with advanced epithelial ovarian cancer.





PARP1 Expression Was Up-Regulated and Relevant to Platinum Resistance

We identified the expression levels of PARP1 in OC (426 cases) and normal ovarian (88 cases) tissues by GEPIA website which based on TCGA and GTEx database. As illustrated in Figure 1A, PARP1 expression in ovarian tumor tissues was approximately 1.4 times of the normal ovarian tissues. Consistently, we found that PARP1 expression in EOC samples was up-regulated (Figure 1B). The relationship between PARP1 expression and platinum resistance was further explored, and results revealed that the Resistant group had a significantly higher PARP1 expression than the Sensitive group (P<0.01) (Figure 1C). Similarly, the immunofluorescence assay of the tissue microarray revealed a strong correlation between PARP1 expression and platinum resistance (Figure 1D, Table 2). Spearman’s correlation analysis revealed that there was a significant positive connection between PARP1 mRNA expression and protein level (P = 0.00, r = 0.41). To investigate the diagnostic value of PARP1 in platinum resistance in EOC, ROC analysis demonstrated that the area under the curve (AUC) was 0.649 (95% CI, 0.558-0.741) and the cut-off value was 1.78 (sensitivity=0.607, specificity=0.678, Youden’s index=0.285) (Figure 1E). The aforementioned findings suggest that PARP1 expression was up-regulated and was associated with platinum resistance.




Figure 1 | PARP1 expression in ovarian tumor and normal tissue and in specimens from sensitive and resistant patients. (A)The differential expression of PARP1 in ovarian tumor and normal ovarian tissues was analyzed by GEPIA. Red colour means ovarian cancer tissues and grey colour means normal tissues; (B) The mRNA expression of PARP1 in EOC samples (Tumor) and normal ovarian tissues (Normal) was tested by qRT-PCR; (C) qRT-PCR was utilized to examine the mRNA expression of PARP1 between Resistant and Sensitive groups; (D) The protein level of PARP1 was detected by immunofluorescence assay of microarray in paraffin-embedded tissue; (E) ROC analysis was used to investigate diagnostic value of PARP1 on platinum resistance of EOC. *P < 0.05, **P < 0.01; EOC, Epithelial ovarian cancer.




Table 2 | Associations of platinum-based chemotherapy resistance with PARP1 protein expression.





High Expression of PARP1 Was Associated With Poor Prognosis in EOC Patients

Platinum resistance is one major reason for mortality in EOC patients. First, Kaplan-Meier analysis was used to compare the PFS and OS of the Resistant group and the Sensitive group. Furthermore, the PFS and OS in the Resistant group were significantly poorer than the Sensitive group (P<0.001) (Figures 2A,B). Additionally, the median PFS was 24 months in the low PARP1 group and 15 months in the high PARP1 group (P=0.005), while the median OS was 36 months in the low PARP1 group and 34 months in the high PARP1 group. There were notable differences in PFS and OS between the two groups (P=0.005, P=0.017) (Figures 2C,D).




Figure 2 | The mRNA expression of PARP1 was up-regulated in EOC patients and associated with poor prognosis. (A, B) The PFS and OS in resistant group and sensitive group were compared using Kaplan-Meier analysis; (C, D) The mRNA expression of PARP1 influencing the PFS and OS. PFS, Progression-free survival; OS, Overall survival; EOC, Epithelial ovarian cancer.



Similarly, a microarray of FFPE tissues from 133 tumor samples revealed that patients with high PARP1 levels had lower PFS and OS (Figure 3). Furthermore, the Cox regression model was utilized to evaluate the prognosis factors. PARP1 expression was one of the independent risk factors affecting the prognosis of EOC patients (P=0.001, HR=2.076, 95%CI =1.373-3.140), as displayed in Table 3. Collectively, PARP1 may be closely associated with poor prognosis in EOC patients.




Figure 3 | The protein level of PARP1 was up-regulated in microarray of formalin-fixed, paraffin-embedded tissues from tumor samples and correlated to poor prognosis. (A) Representive images of PARP1 with high expression (brown and red; Scar bar=100 and 50μm); (B) The protein level of PARP1 influencing the PFS and OS was measured by Kaplan-Meier method. PFS, Progression-free survival; OS, Overall survival; EOC, Epithelial ovarian cancer.




Table 3 | Association of variables with the 5-year PFS and OS of epithelial ovarian cancer patients by Univariate and Multivariate Cox proportional hazards models.





PARP1 Predicted Prognosis and Platinum Resistance in Epithelial Tumor Cells and Nonepithelial Cells

The tumor microenvironment and tumor-stromal interactions exert pivotal roles on tumor development. In this study, CK labeling is utilized to distinguish epithelial tumor cells from stroma cells in EOC tissues. The impact of PARP1 expression in epithelial tumor cells and stroma cells on platinum resistance and prognosis was investigated using microarray analysis. As presented in Figure 4A, increased PARP1 expression in the CK+ region was associated with a decreased survival rate (P<0.05). Additionally, the PARP1 levels of the CK+ region in the Resistant group were significantly higher than the Sensitive group (P<0.01); the PARP1 level in the CK+ region was positively correlated with platinum resistance (Table 4). These findings suggested that high PARP1 expression in epithelial tumor cells is associated with poor prognosis and platinum resistance in EOC patients.




Figure 4 | PARP1 predicted prognosis and platinum resistance in epithelial tumor cells and stromal cells. (A) High protein level of PARP1 (red) in CK+ region (white) indicated EOC patients with poor prognosis and platinum resistance (Scar bar=50μm); (B) High protein level of PARP1 in CK- region indicated EOC patients with good prognosis and platinum sensitivity (Scar bar=50μm). CK, Cytokeratins; PFS, Progression-free survival; OS, Overall survival; EOC, Epithelial ovarian cancer. **P < 0.01




Table 4 | Associations of platinum-based chemotherapy resistance with PARP1 protein level of CK+ and CK- region.



In CK- region, Kaplan-Meier analysis showed that patients with high PARP1 expression had longer PFS and OS (P=0.001, P=0.038) (Figure 4B). Besides, we observed that the PARP1 level of the CK- region was significantly higher in the Sensitive group than the Resistant group (P<0.01). Correlation analysis revealed a negative association between PARP1 expression in CK- region and platinum resistance (Table 4). The aforementioned findings demonstrate that high PARP1 expression in stroma cells predicted a good prognosis and platinum sensitivity for EOC patients.

Taken together, PARP1 exerted different effects on epithelial tumors and the surrounding stroma cells in modulating EOC progression.




Discussion

In this study, qPCR and multiplex immunofluorescence assay were applied to analyze the relationship between PARP1 expression and platinum resistance and clinical prognosis in patients with EOC. Our findings indicate that high expression of PARP1 may result in platinum resistance in patients with EOC, resulting in significantly shortened PFS and OS.

Numerous studies have indicated that the chemotherapeutic mechanism of platinum compounds is known to produce DNA crosslinks (inter- and intra-strand) and induce DNA double-strand breaks and cell apoptosis (21). However, tumor cells respond to these threats by activating multiple pathways of DNA repair (22). As a DNA damage sensor and signal transducer (23), PARP1 is activated by DNA breaks and participates in their repair, playing a critical role in the survival of cancer cells and influencing platinum sensitivity (24). Consistent with these findings, several studies have reported that PARP1 has a crucial impact on chemotherapeutic resistance in various cancers (25, 26). In ovarian cancer, some clinically relevant trials have reported that high expression of PARP1 is associated with drug resistance and poor prognosis. For example, Zhang et al. (27) have revealed that high expression of PARP1 protein is associated with drug resistance and shorter overall survival. Furthermore, a study published by Barnett JC revealed that high expression of PARP1 in serous ovarian cancers is associated with worse OS (28). In addition, another study showed that high expression of PARP1 evaluated by immunohistochemically in 174 sporadic high-grade serous carcinoma patients is associated with a poor outcome when combined with either high or low BRCA expression (29). Similarly, clinical data from 86 cases of high-grade EOC were analyzed, and it was discovered that the absence of PARP1 expression as determined by immunohistochemistry predicted superior PFS and chemotherapy sensitivity in patients with ovarian cancer treated with adjuvant platinum-based chemotherapy (30). These results provide strong evidence that high expression of PARP1 may have a critical role in chemotherapy resistance and a worse prognosis in EOC. Our study also concluded that increased PARP1 mRNA and protein expression levels were associated with platinum resistance and a poor clinical outcome in patients with EOC. The possible molecular mechanism of the influence of PARP1 on platinum resistance and prognosis has also been studied. In addition to clinical studies, a number of in vitro studies have shown that knockdown of PARP1 can inhibit the proliferation of tumor cells and reverse the platinum resistance. For instance, when adjusted by miRNA let-7e, high PARP1 expression was reported to modulate the cisplatin sensitivity in EOC cells (31). Another in vitro study showed that the mRNA level of PARP1 was significantly regulated by miR-216b, and the overexpression of PARP1 mRNA can significantly restrain cisplatin sensitivity in EOC cells (32). Taken together, increased PARP1 expression, whether at the mRNA or protein level, in vitro or in vivo, correlates with a poor platinum response and survival. Hence, PARP1 is a potential biological target in the treatment of EOC, especially in the presence of platinum resistance.

Remarkably, multiple studies have confirmed that PARP1 inhibitors can improve poor prognosis in ovarian cancer. In recent years, it has been approved for the maintenance therapy of patients with EOC after the first-line therapy and the treatment of platinum-sensitive recurrent ovarian cancer patients. However, there were still a significant number of patients with an unexplained lack of improvement in the clinical application of PARP1 inhibitors. According to current research, the tumor microenvironment may play an important role in tumor genesis and development (33, 34). Some past research has shown that the tumor microenvironment is made up of more than just tumor cells and also involves stromal cells and infiltrating cells of the immune system, which are likely affected by PARP1 inhibition (35). In this study, we analyzed the expression levels of PARP1 protein in tumor cells (CK+) and stroma cells (CK-) from EOC tissues using multiplex immunofluorescence assay. Surprisingly, our results from multiplex immunofluorescence assay showed that high expression of PARP1 in stroma cells significantly prolonged PFS and OS in patients with EOC, which was inversed in tumor cells. Interestingly, PARP1 overexpression led to opposite effects in tumor cells and stroma cells. The enhanced expression of PARP1 in stroma cells may change the tumor microenvironment, which may explain the variation in the efficacy of PARP1 inhibitors in clinical application. In the present study, PARP1 expression in stroma cells of EOC may activate non-tumor cell repair to alter the tumor microenvironment, thereby enhancing the immune killing effect on tumor cells. A previous study has demonstrated that among various normal tissues, PARP1 expression was highest in lymphatic tissues, indicating that it may participate in body immunity (36). Consistent with the important role of PARP1 in stroma cells, Natasha Kyprianou et al. (37) have indicated the loss of PARP1 expression in the (stromal) mesenchymal cells in prostate tumors after radiotherapy is associated with biochemical recurrence and poor response to radiotherapy. Therefore, we speculated that the disparity of PARP1 inhibitor effectiveness in different EOC patients could be attributed to the difference in PARP1 expression in stroma sections.

However, this study also has limitations. The samples were collected from a single center. In the EOC tumor-associated stromal microenvironment, PARP1 expression was not observed in different specific cell types. In the future, it is necessary to confirm this conclusion through a large sample, multi-center clinical study focusing on the effect of PARP1 expression in the CK- region on platinum resistance and prognosis.

Overall, those findings revealed that PARP1 might be a potential biomarker to predict platinum resistance and prognosis in patients with advanced EOC; however, its specific mechanism needs to be further studied.
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The TP63 gene encodes two major protein variants; TAp63 contains a p53-like transcription domain and consequently has tumor suppressor activities whereas ΔNp63 lacks this domain and acts as an oncogene. The two variants show distinct expression patterns in normal tissues and tumors, with lymphocytes and lymphomas/leukemias expressing TAp63, and basal epithelial cells and some carcinomas expressing high levels of ΔNp63, most notably squamous cell carcinomas (SCC). Whilst the transcriptional functions of TAp63 and ΔNp63 isoforms are known, the mechanisms involved in their regulation are poorly understood. Using squamous epithelial cells that contain high levels of ΔNp63 and low/undetectable TAp63, the DNA demethylating agent decitabine (5-aza-2’-deoxycytidine, 5-dAza) caused a dose-dependent increase in TAp63, with a simultaneous reduction in ΔNp63, indicating DNA methylation-dependent regulation at the isoform-specific promoters. The basal cytokeratin KRT5, a direct ΔNp63 transcriptional target, was also reduced, confirming functional alteration of p63 activity after DNA demethylation. We also showed high level methylation of three CpG sites in the TAP63 promoter in these cells, which was reduced by decitabine. DNMT1 depletion using inducible shRNAs partially replicated these effects, including an increase in the ratio of TAP63:ΔNP63 mRNAs, a reduction in ΔNp63 protein and reduced KRT5 mRNA levels. Finally, high DNA methylation levels were found at the TAP63 promoter in clinical SCC samples and matched normal tissues. We conclude that DNA methylation at the TAP63 promoter normally silences transcription in squamous epithelial cells, indicating DNA methylation as a therapeutic approach to induce this tumor suppressor in cancer. That decitabine simultaneously reduced the oncogenic activity of ΔNp63 provides a “double whammy” for SCC and other p63-positive carcinomas. Whilst a variety of mechanisms may be involved in producing the opposite effects of DNA demethylation on TAp63 and ΔNp63, we propose an “either or” mechanism in which TAP63 transcription physically interferes with the ability to initiate transcription from the downstream ΔNP63 promoter on the same DNA strand. This mechanism can explain the observed inverse expression of p63 isoforms in normal cells and cancer.
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Introduction

The TP63 gene codes for two major protein variants using transcripts produced from two separate promoters. Unlike TAp63, which is transcribed from the upstream promoter (P1) and contains an N-terminal p53-like transactivation sequence, ΔNp63 is initiated at a downstream promoter (P2) and the protein lacks the N-terminal transactivation domain. Thus, ΔNp63 was originally thought to act as a transcriptional repressor, but was subsequently shown to contain an alternative transactivation domain, inducing expression of target genes involved in proliferation, survival, adhesion and differentiation of stratified epithelial cells and tissues such as breast, prostate and urothelium (1, 2).

TAp63 has tumor suppressor roles that reflect its p53-like activities of inducing apoptosis (3) or senescence (4), and inhibiting metastasis (5, 6). In contrast, ΔNp63 promotes tumorigenesis (7, 8) and resistance to cytotoxic therapies (9). The tumor suppressor properties of TAp63 stimulated attempts to induce TAp63 as a therapeutic strategy, producing reduced cell viability and enhanced response to therapy (10). In particular, because TAp63 has p53-like properties, this approach is a viable option for replacing p53 tumor-suppressive activities in tumors with p53 mutation (10, 11). Similarly, reducing the oncogenic activity of ΔNp63 causes tumor-suppressive activities for tumors that overexpress this protein (12, 13).

In human cancers, ΔNp63 is commonly overexpressed in squamous cell carcinoma (SCC), whereas some B-cell lymphomas/leukemias express TAp63 (14, 15). These patterns of p63 isoforms in malignancy reflect their normal tissue expression patterns - TAp63 but not ΔNp63 is present in oocytes and lymphocytes, whereas ΔNp63 is the only form present in most adult squamous epithelia (1, 2, 16). In tumors that overexpress ΔNp63, the level of TAp63 associates with improved patient survival in SCC of the cervix and triple-negative breast cancers, in keeping with a tumor suppressor role of TAp63 in these and other cancers (14, 17–20). However, how the ΔNp63 and TAp63 isoforms are regulated to produce their tissue-specific expression patterns and their dysregulation in cancer is not known. Understanding the pathways involved in TAp63 and ΔNp63 regulation is therefore important to enable manipulation of their levels for cancer treatment. The aim of a p63-based therapeutic approach for tumors with high levels of ΔNp63 is to either decrease ΔNp63 or to increase TAp63, either of which can reduce tumor cell growth on their own (10–13). Here, we investigated DNA methylation at the TP63 gene locus as a potential regulator of p63 isoform transcription. This notion was based in part on evidence from studies of leukemic cells (TAp63-positive, ΔNp63-negative), where an inverse correlation exists between TP63 mRNA levels and methylation at the P1 TAP63 promoter (21, 22). In addition, hypomethylation at the P2 ΔNP63 promoter in SCC (23–25), provides evidence for P2 promoter methylation as a repressive mechanism for ΔNp63. Thus, we investigated whether the DNA methyltransferase inhibitor (DNMTi) decitabine (5-Aza-2’-deoxycytidine; 5dAza), can activate TAp63 in SCC by reducing P1 methylation without influencing ΔNp63 levels from the already demethylated P2 promoter. Unexpectedly, we found that decitabine not only increased TAp63, but also caused a concomitant reduction in ΔNp63 protein and mRNA. Genetic depletion of DNMT1 partially recapitulated these results. The data show for the first time that TP63 transcription can be switched from oncogenic ΔNp63 to tumor suppressor TAp63 and that this can be achieved using a clinically approved DNA demethylating agent.



Material and Methods

All reagents and chemicals were obtained from Sigma-Aldrich (St. Louis, MO, USA) unless stated otherwise. Control treatments were performed using the same volume of the corresponding solute (DMSO or water for decitabine or doxycycline, respectively).


Cell Culture and Treatments

FaDu (human pharynx squamous cell carcinoma) and SCC-25 (human squamous cell carcinoma of the tongue) were obtained from the American Type Culture Collection (ATCC, Manassas, VA, USA). Non-transformed squamous HaCaT cells (spontaneously immortalized human keratinocytes) were obtained from DKFZ (Heidelberg, Germany). FaDu and HaCaT cells were cultured in high glucose Dulbecco’s modified Eagle’s medium (DMEM) with 10% fetal bovine serum (FBS), 1% sodium pyruvate, and penicillin/streptomycin (all from Gibco, Thermo Fisher Scientific, MA, USA) at 37°C in 5% CO2. SCC-25 cells were cultured in DMEM/Nutrient Mixture F-12 (DMEM/F-12, Gibco) with 10% FBS, 0.4 μg/ml hydrocortisone (Lonza, Basel, Switzerland), 1% sodium pyruvate, and penicillin/streptomycin. Cells were grown to 40-70% confluency before treatment according to the type and length of the experiment. Cell viability was determined using Resazurin (see the supplementary material for details). Samples used for Western blotting and RT-qPCR were analyzed in at least three biological triplicates.



Inducible DNMT1 Knockdown Cell Lines

Five individual TET-inducible TRIPZ plasmids containing shRNAs targeting DNMT1 were obtained from Horizon Discovery (RHS4740-EG1786, Cambridge, UK). Plasmid DNAs were isolated using a Plasmid Maxi Kit (12162, Qiagen, Hilden, Germany) and used to produce viral particles in HEK293FT cells (ATCC). Lentiviruses were collected 48 and 96 h after transfection and transduced into HaCaT, FaDu and SCC-25 cells as described previously (12). Medium was replaced after 24 h, and selection in puromycin (1 µg/ml for HaCaT and FaDu and 0.05 µg/ml for SCC-25) started after a further 24 h. Medium containing puromycin was replaced every three days. Puromycin-resistant cells were expanded, shRNAs were induced with 2 µg/ml doxycycline and DNMT1 was assessed by Western blotting. Cell populations showing DNMT1 downregulation were single-cell sorted (BD FACS Aria III, Wokingham, Berks., UK) into 96-well plates and two individual clones were prepared for each cell line after further puromycin selection. Individual clones were re-tested for doxycycline-inducible DNMT1 knockdown by Western blotting. SCC-25 cell clones died during puromycin selection and no stable clones were obtained. Stable cell lines were obtained for HaCaT and FaDu and were routinely cultured in DMEM with 10% FBS containing 1 µg/ml puromycin. Doxycycline was added at 2 µg/ml final concentration to induce shRNA-mediated depletion of DNMT1 and the medium was replaced with freshly prepared medium every 24 h. Cells were analyzed after four or six days of continuous doxycycline and compared to the same cells grown in the absence of doxycycline.



DNA Methylation at the TAP63 Promoter

To investigate whether methylation at the P1 promoter could be a mechanism for regulating TAP63 transcription, we searched CpG methylation profiles in the ENCODE project (https://www.encodeproject.org/) (26) in lymphocyte/leukemia cell lines that may express TAp63 and in epithelial cells that may express ΔNp63. To measure CpG methylation at the identified sites, cells were harvested with trypsin and genomic DNA isolated (QIAamp, Qiagen, Manchester, UK). Bisulfite conversion of 500 ng DNA was performed using EZ DNA methylation (Zymo, Irvine, CA, USA) according to the manufacturer’s instructions. Bisulfite converted PCR primers (Generi Biotech, Hradec Kralove, Czech Republic) were designed according to MethPrimer 2.0 (urogene.org/cgi-bin/methprimer2/MethPrimer.cgi) (27) (Supplementary Table S1) to amplify a 134 bp region beginning 111 bp upstream of the TAP63 transcription start site and containing three CpG sites. PCR was performed using Taq polymerase (Invitrogen, ThermoFisher Scientific, Waltham MA, USA): 95°C for 30 s and 40 cycles of 95°C for 15 s, 50°C for 20 s and 68°C for 90 s, followed by a final extension at 72°C for 3 min. PCR products were analyzed on 1.5% agarose gels and purified (QIAquick gel extraction kit, Qiagen) for Sanger sequencing (Eurofins Genomics, Benesov, Czech Republic) using the forward or reverse PCR primer. CpG methylation was calculated as described (28, 29) using the peak heights of the bisulfite modified nucleotide at the CpG sites and measuring the average peak heights on either side.

To investigate methylation levels in clinical SCC samples, we retrieved publicly available data from the Gene Expression Omnibus repository (https://www.ncbi.nih.gov/geo/) for three independent patient cohorts; TCGA analysis of DNA methylation for lung SCC (GSE 68825, updated 2019); a separate cohort of lung SCC samples [GSE66045 (30)] and patients with oropharyngeal SCC [GSE124464 (31)]. All cohorts included matched normal tissue samples. Further details are provided in the supplementary materials.



Western Blotting

See the supplementary material for details. Total proteins were separated using SDS-PAGE, blotted onto nitrocellulose and the membranes cut into horizontal strips using the molecular weight markers. Individual strips of the same blot were used to detect different proteins. Target proteins were identified using the mouse monoclonal antibodies ΔNp63 1.1 and TAp63 4.1 for p63 isoforms, as described previously (17, 32) and rabbit antibodies to DNMT1 (clone D63A #5032) and γ-H2AX (#9718, both from Cell Signaling Technology, Danvers, MA, USA). β-actin (clone C4, sc-47778, Santa Cruz Biotechnology, Dallas, TX, USA) was used as loading control. Proteins were detected with peroxidase-conjugated goat anti-mouse or anti-rabbit IgG (Jackson Immunoresearch, West Grove, PA, USA) and enhanced chemiluminescence (ECL, Amersham Pharmacia Biotech, Bucks, UK). Blots were quantified by densitometry using ImageJ (https://imagej.nih.gov/ij/) and normalized to β-actin.



RNA Isolation and Reverse Transcription-Quantitative PCR

Total RNA was isolated using TRIzol and 500 ng were reverse transcribed using High Capacity cDNA Reverse Transcription (Applied Biosystems, ThermoFisher Scientific). PCR primers were obtained from Generi Biotech (Supplementary Table S1) and PCR was performed on a Fast Real-Time PCR System with Sybrgreen (Applied Biosystems): 95°C for 3 min, 50 cycles of 95°C for 5 s and 60°C for 25 s. At least three biological replicates were performed, and each cDNA sample was analyzed in technical triplicates. Mean cycle threshold (Ct) values were normalized to β-actin (ACTB) and transformed into relative mRNA levels (33).



Statistical Analysis

Data were tested for normal distribution using Shapiro-Wilk tests with significance level (α) = 0.05 and examining skewness and excess kurtosis (https://www.statskingdom.com/shapiro-wilk-test-calculator.html). No experimental dataset showed a significant departure from normality. Therefore, these data are presented as mean ± SEM and statistical significance was determined using unpaired 2-tailed t-tests against control values. In Figure 9, where data showed a significant deviation from normality, Mann-Whitney test was used. p < 0.05 was considered significant.




Results


Decitabine Increased TAp63 mRNA and Protein Levels in SCC

Decitabine acts to prevent re-methylation of newly synthesized DNA and therefore progressively reduces DNA methylation over increased numbers of replicative cycles. By Western blotting, TAp63 was present at low or undetectable levels in untreated HaCaT, FaDu and SCC-25 cells, in keeping with previous observations in transformed and non-transformed squamous cells (16, 34). Treatment with decitabine at concentrations from 0.001 µM to 10 µM for four days increased TAp63 protein in all three cell lines in a dose-dependent manner at concentrations of 0.5 µM and above. Accurate quantitation of TAp63 in Western blots is difficult due to the very low signals in untreated cells but was calculated as representing 45-fold to 86-fold induction at 10 µM decitabine (p < 0.01 for each cell line) (Figure 1A). These protein data correspond to the low levels of TAP63 mRNA under normal growth conditions and the dose-dependent increases after treatment with decitabine at 0.5 µM and higher concentrations in all three cell lines, rising to between 10-fold and more than 100-fold higher levels in the different cell lines after 10 µM decitabine (p < 0.01 for HaCaT and p < 0.001 for FaDu and SCC-25) (Figure 1B).




Figure 1 | Decitabine increases TAp63 protein and mRNA levels in squamous cells. (A) Representative Western blots of TAp63 in HaCaT, FaDu and SCC-25 cells cultured in the presence of the indicated concentration of decitabine for four days. β-actin is shown as loading control. Densitometry data normalized to β-actin are shown below, indicating fold change ± SEM compared to control cells (0, DMSO only; n = 3 for each dose in each cell line). (B) TAP63 mRNA levels normalized to ACTB mRNA (n = 3 to 5 biological replicates, each with technical triplicates). Data are shown as fold change ± SEM compared to control cells (0, DMSO only). Note the different y axis range for FaDu cells. **p < 0.01; ***p < 0.001 compared to control.





Decitabine Decreased ΔNp63 mRNA and Protein Levels in SCC

Conversely to TAp63, Western blotting showed that decitabine caused a dose-dependent reduction of ΔNp63 protein, with a 2-fold to 20-fold reduction after 10 µM decitabine for four days (Figure 2A). RT-qPCR also showed a 2-fold to 3-fold decrease in ΔNP63 mRNA levels at higher decitabine concentrations, although low concentrations showed a slight increase in all cell lines, which was significant in HaCaT cells (p = 0.045 at 10 nM decitabine) (Figure 2B).




Figure 2 | Decitabine reduces ΔNp63 and mRNA levels in squamous cells. (A) Representative Western blots and densitometric quantitation of ΔNp63 in HaCaT, FaDu and SCC-25 cells treated with the indicated concentrations of decitabine for four days. β-actin is shown as loading control. Densitometry data represent fold change ± SEM compared to untreated cells (0, DMSO only; n = 3 for each dose in each cell line) and normalized to β-actin. (B) ΔNP63 mRNA levels normalized to ACTB mRNA (n = 3 to 5 biological replicates, each with technical triplicates). Data are shown as fold change ± SEM compared to untreated cells (0, DMSO only). *p < 0.05; **p < 0.01; ***p < 0.001 compared to control.





Decitabine Decreased KRT5 mRNA Levels

To evaluate whether decitabine repression of ΔNp63 and induction of TAp63 influenced p63 transcriptional activity, we monitored the basal cytokeratins KRT5 and KRT14, which are markers of undifferentiated basal squamous cells and are direct ΔNp63 target genes (35), and of KRT1 and KRT10 that are markers of squamous cell differentiation. Decitabine caused a reproducible and dose-dependent decrease in KRT5 mRNA levels (5-fold to 10-fold reduction at the highest concentration of decitabine, p < 0.05 for each cell line) (Figure 3). Changes in other cytokeratins were inconsistent, with FaDu cells showing induction of KRT1 and KRT10 but no change in KRT14 mRNA, whilst KRT14 was decreased in SCC-25 without induction of KRT1 or KRT10 mRNAs (Supplementary Figure S1).




Figure 3 | Decitabine decreases KRT5 mRNA. Cells were treated with the indicated concentrations of decitabine for four days and analyzed for KRT5 mRNA by RT-qPCR. Data are shown as fold change ± SEM compared to control cells (0; DMSO only) and are normalized to ACTB mRNA (n = 3 biological replicates with technical triplicates for each concentration in each cell line). *p < 0.05; **p < 0.01; ***p < 0.001 compared to untreated cells.





Decitabine Reduced DNMT1 Levels and Caused Variable Levels of DNA Damage

Decitabine acts by covalent trapping of DNMTs on methylated DNA, leading to DNMT degradation and potentially causing DNA damage (36, 37). We confirmed that decitabine caused a dose-dependent reduction of soluble DNMT1 (Figure 4). In addition, high concentrations of decitabine increased the level of γ-H2AX as a marker of DNA double strand breaks (38) in FaDu cells which contain high levels of γ-H2AX under normal conditions, whereas HaCaT showed minimal γ-H2AX induction after decitabine and there was no apparent increase in SCC-25 cells (Supplementary Figure S2).




Figure 4 | Decitabine decreases DNMT1. Representative Western blots and densitometry of DNMT1 in cells treated with the indicated concentration of decitabine for four days. Data are shown as fold change ± SEM compared to untreated cells (0; DMSO only) and are normalized to β-actin (n = 3 biological replicates for each concentration in each cell line). *p < 0.05; **p < 0.01; ***p < 0.001 compared to control cells.





DNMT1 Depletion Influences TAp63 and ΔNp63

To determine whether DNMT1 levels directly regulate the balance of TAp63 and ΔNp63 isoforms, we created cell lines with inducible DNMT1-shRNAs. Of five vectors tested, two (201896523 and 201895794) showed DNMT1 depletion after shRNA induction by doxycycline for four days (Figure 5A). Stable clones of HaCaT and FaDu cells were subsequently prepared (SCC-25 cells died during subsequent puromycin selection/maintenance and stable clones could not be produced). HaCaT and FaDu DNMT1-shRNA cells were induced with 2 µg/ml doxycycline for six days and analyzed for TP63 isoform mRNAs, compared with the corresponding cells not exposed to doxycycline. These data showed an increase in TAP63 and a decrease in ΔNP63 mRNAs, depicted as the change in their ratio after DNMT1 depletion (Figure 5B) albeit with reduced effects compared to decitabine (compare with Figure 1 and Figure 2). We also found a reduction in ΔNp63 levels by Western blotting, most noticeable in HaCaT cells but without a discernable increase in TAp63 protein, which remained undetectable by Western blotting (Supplementary Figure S3). However, KRT5 mRNA was also reduced by DNMT1-shRNA, compatible with reduced ΔNP63 activity (Figure 5C). The lack of measurable increase in TAp63 protein presumably reflects the relatively small effect of shRNA, such that TAp63 levels are not sufficiently increased to overcome the Western blot sensitivity threshold, whereas a decrease in ΔNp63 is visible due to its high endogenous levels.




Figure 5 | DNMT1 depletion alters TP63 isoform mRNA levels and decreases KRT5 mRNA levels. (A) Representative Western blots of DNMT1 in two independent clones of HaCaT and FaDu DNMT1-shRNA cells cultured for four days in the absence (–) or presence (+) of 2 µg/ml doxycycline (DOX). β-actin is shown as loading control. Densitometric quantitation of DNMT1 normalized to β-actin is shown below for each clone. (B) Relative changes in the ratio of TAP63 to ΔNP63 mRNA levels without induction (CTR) or after six days of 2 µg/ml doxycycline (DOX). Data were normalized to ACTB mRNA for each clone in each cell line and are shown as the average change for the two independent clones for each cell line. (C) KRT5 mRNA levels in response to DNMT1-shRNA induction. Plots show fold change ± SEM compared to non-induced cells. n = 3 to 5 biological replicates; *p < 0.05; **p < 0.01.





Altered TAp63 Levels Correlate With CpG Methylation at the TAp63 Promoter

The above data suggest that TAp63 and ΔNp63 are regulated in squamous cells by DNA methylation. In particular, that DNMT inhibition increases TAp63 protein and mRNA implies that the P1 promoter is silenced by hypermethylation under normal conditions. To test this notion, we searched for evidence of differentially methylated CpG sites between cells that express TAp63 but not ΔNp63 and those that express ΔNp63 but not TAp63. We identified a series of CpG sites immediately upstream of P1 that show differential methylation profiles (Figure 6). These data show low/intermediate methylation of CpGs upstream of P1 in lymphocyte-derived cells that sometimes express TAp63 but not ΔNp63 (K562 lymphoblasts and EBV-transformed GM series lymphocytes), whilst epithelial cells that may express ΔNp63 but not TAp63 (HEEpiC, HMEC, MCF10A and PrEC) all show high methylation of the same CpGs. This association is not seen in CpGs downstream of the transcription start site (Figure 6), suggesting that CpG methylation immediately upstream of P1 may be involved in TAp63 regulation.




Figure 6 | Methylation array data surrounding the P1 promoter of the human TP63 gene for nine cell lines. The blue line indicates the transcription start site of TAp63 mRNA and the thicker blue line indicates the coding sequence of TAP63 exon 1. The thin line indicates intron 1. Methylation levels of the six CpG sites present on the 450K bead array are shown; orange indicates high methylation (methylation score >= 600) blue indicates low methylation (<=200) and purple indicates intermediate methylation at each site on the array. Data are derived from UCSC (http://genome-euro.ucsc.edu/cgi-bin/hgGateway?redirect=manual) using DNA methylation data from ENCODE (26) overlaid onto the hg19 genome sequence. (K562, CML blast crisis; GM06990, GM12891, GM12892, and GM19239 are EBV-transformed B-lymphoblasts; HEEpiC, esophageal epithelial cells; HMEC, mammary epithelial cells; MCF10A, mammary epithelial cells (containing ER-Src); PrEC, prostate epithelial cells.



Based on this information, we used PCR to amplify a 134 bp region immediately upstream of P1 using bisulfite modified DNA from control cells and cells treated for four days with decitabine at concentrations that do not change (10 nM) or that do change p63 isoform levels (10 µM). PCR products were sequenced with each primer to assess methylation changes at the three CpGs within the amplicon, designated as A, B, and C, from the most distal to the most proximal to the TAP63 transcription start site. Under normal growth conditions, HaCaT, FaDu and SCC-25 cells showed high level cytosine methylation at all three CpG sites, with approximately 80% methylation at the distal CpG and > 90% methylation at the two sites closest to the transcription start site. High but not low dose decitabine for four days decreased methylation at all three CpG sites (Figure 7).




Figure 7 | Decitabine reduces DNA methylation at the TAp63 promoter. The indicated cell lines were untreated (CTR, DMSO only) or treated with 0.01 µM or 10 µM decitabine for four days. DNA was extracted and bisulfite converted, and PCR products were sequenced to analyze CpG methylation at each of the three individual CpG sites (A–C). Plots show percentage methylation (n = 2 to 3 biological replicates). Statistical comparisons compare each CpG site in control cells with the same site in decitabine treated cells. **p < 0.01; ***p < 0.001.



We also analyzed specific DNMT1 depletion by doxycycline treatment of HaCaT and FaDu DNMT1-shRNA cells and sequencing of the distal CpG site. Two independent DNMT1-shRNA clones were used for each cell line and the data are summarized in Figure 8 by the average change of non-methylated CpG after doxycycline-mediated DNMT1 depletion for six days compared to the matched controls (DNMT1-shRNA HaCaT and FaDu cells without doxycycline). The magnitude of the effect of DNMT1 depletion is compared to the same average change in non-methylated CpG in parental HaCaT and FaDu cells after 10 µM decitabine for four days compared to DMSO only (derived from data in Figures 7A, B). DNMT1-shRNA caused an average 6.2% increase in demethylation in contrast to the average 23.5% increase in demethylation after decitabine (Figure 8).




Figure 8 | DNMT1 reduces methylation at the TAp63 promoter but with a lesser effect than decitabine. Parental HaCaT and FaDu cells were treated with 10 µM decitabine for four days, or DNMT1-shRNA cells were induced with 2 µg/ml doxycycline for six days. DNA was bisulfite converted and PCR products were sequenced to analyze the extent of CpG methylation at site A. The plot shows the percentage increase in non-methylated cytosine (average changes in HaCaT and FaDu combined) after treatment, compared to matched control cells without decitabine or doxycycline.





The TAP63 Promoter Is Highly Methylated in Primary SCC Tumor Samples

To investigate whether methylation at the TAP63 promoter is seen only in the cell lines studied here or is a common finding in clinical SCC samples, we also analyzed publicly available methylation data in three independent patient cohorts that included normal tissue samples and tumor samples (two datasets of lung SCC and one of oropharnygeal SCC (OPSCC). Analysis of the two CpG sites present on the array that lie immediately upstream of the TAP63 transcription start site (cg04483101 and cg04489243) shows high level methylation in normal oropharyngeal mucosa and normal lung in all cohorts, and these values are not significantly altered in OPSCC or the lung SCC samples (Figures 9A–C). GSE60645 also contained 81 samples of adenocarcinoma (AC), showing maintained high level P1 methylation at cg04483101 but a decreased methylation for cg04489243 in AC compared to normal lung samples (Figure 9A). The levels of methylation at the two sites closest to the ΔNP63 promoter (P2) previously reported to inversely correlate with ΔNp63 levels (25) are also provided (cg13518031 and cg06520450). Unlike P1 methylation, P2 methylation at both sites is decreased in lung SCC but is maintained at a high level in AC compared to normal lung (Figures 9A, B). These data are in keeping with observations that some lung AC show p63 positivity using pan-p63 antibodies, but are not positive with antibodies to ΔNp63 (1, 39), suggesting that lung AC may express TAp63 but not ΔNp63 due to altered DNA methylation at P1 but not P2. In the oropharynx, P2 promoter methylation levels are relatively low in normal tissue samples [reflecting the high level of ΔNp63 protein and mRNA levels in normal oral mucosa (1, 2, 16, 34)] and methylation at cg06520450 is further decreased in OPSCC (Figure 9C). These data strengthen and extend our findings of high TAP63 P1 methylation in vitro in squamous cell lines used in our experimental studies, implying that clinical demethylation of these sites would similarly increase TAp63 activity in SCC patients.




Figure 9 | TAP63 promoter methylation levels in primary SCC tumor samples. Graphs show data for two probes (cg04483101 and cg04489243) that lie immediately upstream of the TAP63 promoter (P1) (see Figure 6) and for two probes closest to the ΔNP63 promoter (P2) identified in (25). (A) Data from GSE60645 containing normal lung (Norm; n=12), lung SCC (n=22) and lung adenocarcinoma (AC, n= 81). (B) Data from the cancer genome atlas analysis of lung SCC (GSE68825; normal lung (n=43) and lung SCC (n=96). (C) Data from GSE124464 of oropharyngeal SCC (OPSCC) (n=64) and normal oral mucosa (n=5). Graphs represent mean β-values ± SD. β-values range from 0 (no methylation) to 1 (complete methylation). *p < 0.05, ***p < 0.001, Mann-Whitney test.






Discussion

Methylation of cytosine in CpG motifs is a major epigenetic modification that acts to repress gene transcription and is associated with chromatin compaction and inaccessibility. DNA methylation is carefully controlled during development and cell differentiation and is dysregulated in many cancers, where hypermethylation of tumor suppressor genes is a common finding to inhibit their expression (40–42). In SCC, genes that are commonly hypermethylated to repress their expression and tumor-suppressive activities include CDKN2A and RASSF1 (growth arrest), MGMT (DNA repair), and DAPK (apoptosis) (43, 44). In general, CpG methylation is initiated by DNMT3 enzymes, whereas DNMT1 maintains DNA methylation as cells divide. However, this is an over-simplification and it is known that DNMT3 may also maintain and/or remodel methylation patterns (45, 46). In addition, although promoter DNA methylation is associated with transcriptional silencing, DNA methylation in the gene body is associated with gene expression (47).

Here, we examined whether p63 variants, TAp63 and ΔNp63, are subject to regulation by DNA methylation. ΔNp63 is present at high levels in normal squamous cells and is often increased further in SCC, sometimes but not always due to chromosome 3 amplification, with an average more than 200-fold higher level of ΔNp63 than TAp63 mRNA in SCC (1, 25). This increase in ΔNp63 mRNA is associated with hypomethylation at the P2 promoter and intronic sites closest to the ΔNp63 transcription start site (23–25). In contrast, lymphomas and leukemias [that express TAp63 but not ΔNp63 (21, 48)] exhibit hypomethylation at P1 in association with increased TP63 levels (21, 22). Therefore, we hypothesized that TAP63 may be repressed and ΔNP63 activated in squamous cells by differential promoter methylation. Reducing DNA methylation is then expected to de-repress TAP63 transcription, allowing transcriptional activation of this tumor suppressor protein, but not to influence ΔNp63 mRNA levels from the endogenously hypomethylated P2 regions.

In keeping with this concept, the universal demethylating agent decitabine (5-dAza) increased TAp63 protein and mRNA levels, with between 45- and 80-fold higher protein and up to 150-fold higher TAP63 mRNA after decitabine. These changes were associated with decreased cytosine methylation at each of three CpGs lying immediately upstream of the TAP63 transcription start site. At the same time, ΔNp63 protein and mRNA levels were reduced by decitabine, shifting the isoform ratio even further towards tumor suppression. The effects on ΔNP63 mRNA are surprising and difficult to explain by demethylation at the ΔNP63 gene promoter. One relatively simple explanation is that activating the upstream promoter hinders transcription from the downstream promoter, and transcription from the downstream promoter is more efficient in the absence of upstream promoter usage and transcriptional read-through at the downstream promoter. This mechanism takes into account the physical difficulty in transcribing through an active downstream promoter on the same gene if the downstream promoter is occupied by transcription factors, RNA polymerase and associated proteins and can explain how TAP63 and ΔNP63 mRNAs show inverse responses to methylation changes in SCC cells and the regulation of isoform-specific transcription in epithelial cells versus lymphocytes (Figure 10A).




Figure 10 | Schematic of the potential mechanisms involved in reciprocal regulation of TAp63 and ΔNp63. (A) In squamous cells, where ΔNp63 is highly expressed from the P2 promoter, methylation of CpG sites (dark gray or black circles) at P1 inhibits TAP63 transcription and reduced methylation at these sites after decitabine (lighter gray circles) allows TAp63 production. As the TAP63 mRNA is elongated, it unavoidably transcribes through the P2 region thereby reducing transcription initiation at this site, perhaps by displacing transcription factors and RNA Polymerase II (colored ovals). (B) In addition, methylation/hydroxy-methylation within the gene body (orange circles) may activate ΔNp63 transcription, which is reduced after decitabine.



An alternative explanation is that ΔNp63 acts as a transcriptional repressor of TAp63 (49), and that DNA damage caused by high concentrations of decitabine (36, 37) reduces ΔNp63 by ubiquitin-mediated degradation (50–52) to allow TAP63 transcription. In addition to DNA damage as a cause of reduced ΔNp63 protein after decitabine, this agent is known to cause growth arrest and apoptosis along with caspase activation in malignant cells including SCC cells (53–55) (and see Supplementary Figure S4 of cell growth data in our study), suggesting that these proteolytic pathways may contribute to the reduced ΔNp63 protein levels observed after decitabine. However, reduced protein levels of ΔNp63 by post-translational degradation through capases, the proteasomal pathway or any other mechanism does not directly account for transcriptional lowering of ΔNP63 mRNA. In contrast, decitabine reciprocally changed ΔNP63 and TAP63 mRNA levels, indicating transcriptional regulation rather than protein degradation as at least part of the mechanism for reduced ΔNp63 protein levels. Moreover, although an increase in TAp63 was reported in one study of ΔNp63-specific knockout mice (49), this was not observed in another study using the same transgenic mice (56) or in a similar ΔNp63-specific knockout mouse (57). Thus, whilst downregulation of ΔNp63 protein by DNA damage or apoptosis may contribute to TAp63 induction, the evidence is weak. We also showed variable induction of DNA damage after decitabine, measured by γ-H2AX, and the level of damage did not correlate with the effects of decitabine on TAp63 or ΔNp63. In addition, the DNMT1-shRNA experiments indicate a direct effect of reduced methylation in causing reduced ΔNp63 protein levels.

Another potential explanation for decreased ΔNP63 mRNA after decitabine is altered maintenance of DNA hydroxymethylation in enhancer regions (Figure 10B). DNMT3A promotes hydroxymethylation in the center of active enhancers, while DNMT3B promotes methylation across the gene body, and both are essential for ΔNP63 transcription (58). Against this theory, hypomethylation at the P2 promoter is seen in SCC in association with ΔNp63 (23, 24), and hypomethylation of two intron sites nearest the ΔNp63 transcription start site is also associated with the levels of ΔNP63 transcription in SCC (25). Thus, the available evidence indicates that demethylation at these sites increases ΔNp63, whereas we find that global demethylation, which would include demethylation at these sites, decreases ΔNp63. However, it is also important to note that DNA methylation is interrelated with histone methylation/acetylation, providing a further layer of complexity to epigenetic regulation (58–60). Additional investigations of DNA methylation/hydroxymethylation and histone methylation/acetylation profiles at the ΔNP63 promoter, enhancers and gene body will be required to distinguish between these potential mechanisms of action.

Our experiments using DNMT1 depletion with two DNMT1-shRNAs that effectively reduced DNMT1 levels showed that both constructs increased TAP63 and decreased ΔNP63 and KRT5 mRNA levels, albeit with lesser changes than decitabine. These data provide independent validation for the role of DNA hypomethylation in activating TAp63 and repressing ΔNp63 in SCC. That the effect of DNMT1 depletion is lower than that of decitabine indicates that molecules other than DNMT1 are involved. This lower level of demethylation is an expected result, reflecting the continued presence of DNMT1 protein after mRNA inhibition together with the maintained activity of other DNMT enzymes that would not be operative in the presence of decitabine but are not inhibited by DNMT1-specific shRNA and are therefore able to maintain and/or renew methylation at previously modified CpGs to at least some extent (45).

The alternative hypotheses for reciprocal isoform regulation after demethylation with decitabine are not mutually exclusive and it may be that a combination of mechanisms is involved. Whilst the precise mechanism(s) involved in the inverse relationships of TAp63 and ΔNp63 in SCC is uncertain, it will be important to determine whether de-methylation induces TAp63 in all cancers, including tumor types lacking p63 expression but containing mutant p53, where TAp63 may replace p53 activity for therapeutic gain (10, 11, 13), or if TAp63 activation occurs only in cells with an already active TP63 gene. These latter tumor types include not only SCC but also other common epithelial tumors such as breast, bladder and prostate that contain ΔNp63 either in the majority of cells or in the specific subset of cancer stem cells (1, 2, 8, 32, 61–63). In this respect, it has been reported that decitabine alters TAP63 and ΔNP63 mRNA levels in an inconsistent and non-reciprocal fashion in bladder cancer cell lines (64), different from our results in SCC. However, it must be noted that the findings of high level TAP63 and absent ΔNP63 in normal bladder cells are the opposite of a subsequent study showing abundant ΔNp63 mRNA and protein and absent or minimal TAP63 mRNA and undetectable TAp63 protein in normal urothelial cells (65). Similarly, analyses of primary bladder cancer samples and a larger panel of bladder cancer cell lines also showed absent or extremely low levels of TAp63 protein and mRNA compared to ΔNp63 protein and mRNA, including some of the cell lines previously reported to contain abundant TAP63 mRNA (65, 66), casting doubt on the validity of the findings after decitabine. Clearly, further experiments using the improved isoform-specific reagents now available will be required to determine the expression patterns of TP63 isoforms in this cancer type.

In conclusion, we have shown that inhibiting DNA methylation causes a switch in the relative levels of p63 isoforms, potentially converting ΔNp63-mediated tumor promotion and therapy resistance (7–9, 12, 13) towards TAp63-mediated tumor suppression (3, 4, 6, 10, 11). By identifying DNA hypermethylation at the TAP63 promoter in SCC, these data add this gene to the list of tumor suppressors that are epigenetically silenced in malignancy (40–42). Moreover, our data indicate that demethylation at this locus simultaneously reduces transcription of the related ΔNp63 isoform, indicating the potential for additive effects in SCC. In addition to the direct effects of p63 isoform switching for cell growth/survival, reciprocal TAp63 and ΔNp63 regulation would be expected to further increase the response to cancer therapeutics compared to the effects of ΔNp63 reduction or TAp63 induction alone (9–11, 13, 67).
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The human skin hosts millions of bacteria, fungi, archaea, and viruses. These skin microbes play a crucial role in human immunological and physiological functions, as well as the development of skin diseases, including cancer when the balance between skin commensals and pathogens is interrupted. Due to the linkages between inflammation processes and skin microbes, and viral links to skin cancer, new theories have supported the role a dysbiotic skin microbiome plays in the development of cancer and cancer treatment-related skin toxicities. This review focuses on the skin microbiome and its role in cancer treatment-related skin toxicities, particularly from chemotherapy, radiation therapy, and immunotherapy. The current literature found changes in the diversity and abundance of the skin microbiome during cancer treatments such as radiation therapy, including lower diversity of the skin microbiome, an increased Proteobacteria/Firmicutes ratio, and a higher abundance of pathogenic Staphylococcus aureus. These changes may be associated with the development and severity of treatment-related skin toxicities, such as acute radiation dermatitis, hand-foot syndrome in chemotherapy, and immunotherapy-induced rash. Several clinical guidelines have issued potential interventions (e.g., use of topical corticosteroids, phototherapy, and non-pharmaceutical skin care products) to prevent and treat skin toxicities. The effectiveness of these promising interventions in alleviating treatment-related skin toxicities should be further tested among cancer patients.
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Introduction

The human skin microbiome is composed of millions of bacteria, fungi, archaea, and viruses, which function cooperatively to protect against invasive pathogens, acquire immunity, and metabolize natural products (1–3). The skin microbiome plays a crucial role in balancing human immunological and physiological functions; disruption to the balance between skin commensals and pathogens can lead to the development of skin diseases with varying severity (4, 5). Changes in human health conditions (e.g., chronic illness, use of antibiotics, and compromised immune status) can alter the skin microbiome (1, 6). The composition of the skin microbiome is highly dependent on the physiology of the skin site, which is characterized by the microenvironment, distinguished as sebaceous, oily, moist, or dry (1, 2). Dermatological research has provided emerging insights on the composition of skin microbiome based on these sites: sebaceous sites (e.g., glabella, alar crease, back, and face) are dominated by lipophilic Cutibacterium species; moist areas (e.g., umbilicus, gluteal crease, and plantar heel) are dominated by Staphylococcus (S.) and Corynebacterium, and Cutibacterium (C.); Corynebacterium, and various Streptococcus strains have been discovered in dry areas (e.g., buttock, volar forearm, and hypothenar palm) (1, 5).

Recent research has been conducted to understand the relationship of the human gut microbiome (7–9) and vaginal microbiome (10–12) with human health and disease, including its importance as a biomarker of cancer diagnosis, treatment toxicities, and prognosis (1). However, less is known about the relationship of the skin microbiome with disease, such as cancer and cancer treatment-related toxicities. Due to the linkages between processes of inflammation and skin microbes, as well as discoveries on non-oncogenic viral interference linked to reduced cancer risks, new theories have emerged about the role of a dysbiotic skin microbiome in cancer development (13, 14), cancer treatments, and oncologic outcomes (15). Sherwani and colleagues demonstrated the effect of skin cancer on the human skin microbiome, indicating that the skin microbiome of skin cancer patients was less diverse than that of healthy controls (15). Additionally, the microbial taxa thriving within the tumor environment have been found to be tumor-specific, and they direct regulators of cancer initiation, progression, and response to chemotherapy and immunotherapies (15, 16).

Cancer treatment including chemotherapy, radiation therapy [RT], and immunotherapy have significantly improved cancer survival, but treatment-related skin toxicities are common (6). Skin toxicities differ in severity as reported in various treatments (17). Cancer treatment-related skin toxicities can be distressing as skin toxicities can alter one’s appearance and serve as a constant reminder of their ailment. Toxicities affecting quality of life (QOL) can limit patients’ daily functionality, force changes in their therapy schedules, and even lead to treatment termination (17). With RT, radiation dermatitis is a common problem affecting up to 90% of patients with RT (18–20); the severity of radiation dermatitis ranges from mild erythema to moist desquamation and can manifest as dramatic acute skin reactions (18, 21) and/or chronic skin alterations that might have a significant negative impact on patients’ QOL (18, 22, 23). Commonly reported skin toxicities include epidermal growth factor receptor inhibitor (EGFRI) rash, hand-foot skin reaction, hand-foot syndrome or palmar-plantar erythroderma, and chemotherapy-induced alopecia (17, 24).

Few studies have characterized the skin microbiome in cancer patients receiving oncologic therapy. In this mini-review, we reviewed current literature on the skin microbiome and its impact on cancer treatment-related skin toxicities. Specifically, this study reviewed: 1) cancer treatment-related skin toxicities; 2) the skin microbiome and its potential role in treatment-related skin toxicities; and 3) potential interventions for preventing and treating skin toxicities among patients with cancer. We hypothesize a decreasing diversity of the skin microbiome and an increasing pathogenic skin microbes (e.g., S. aureus) with the emergence of cancer and employment of some form of cancer therapy. Additionally, we hypothesize that chronic inflammation plays a promising mechanistic role in the skin microbiome-related treatment toxicities.



Skin Microbiome in Cancer

Advances in microbial research have illuminated understanding of immune and inflammatory pathways in the tumor microenvironment, as well as pathogenesis and cancer progression (25). Given that chronic inflammation is known to create a pro-cancer environment and microbial dysbiosis is associated with mechanisms of inflammation, the abundance of certain microbes is linked to the development of specific cancer types, including skin cancer. Current literature has primarily focused on preclinical models (e.g., piglets and mice). A study comparing the composition and diversity of microbiota in healthy skin vs. melanoma in a pig-model found that Fusobacterium nucleatum promoted proliferation, binding to tumors to prevent immune cell attack and inhibit natural killer cell cytotoxicity (26, 27). More evidence showed that Lactobacillus, Clostridium sensu stricto 1 and Corynebacterium 1 were primarily dominated genera in the healthy skin, while Fusobacterium, Trueperella, Staphylococcus, Streptococcus, and Bacteroides were discriminately abundant in melanoma tissue (28). Healthy skin is primarily characterized with Firmicutes, in which Staphylococcus, Streptococcus, and Lactobacillus are dominant (26). Although the mechanism of bacteria-inducing tumor proliferation is not well understood, there are several contributing processes, such as the production of toxins and inflammation, which leads to DNA damage and induce a pro-inflammatory environment in the skin (25, 29–32).

Limited but promising clinical work similarly investigated the role of skin microbiome in cancer development. Voigt et al. characterized the skin microbiome in squamous cell carcinoma (SCC), its precursor, actinic keratoses as compared to healthy controls (33). Voigt et al. discovered Cutibacterium to be associated with healthy skin, while Staphylococcus was associated with actinic keratoses and SCC. Considering the antagonistic properties of C. acnes and S. aureus, researchers hypothesized that malignant tissue’s loss of its sebaceous properties may prevent growth of C. acnes, promoting a pro-inflammatory environment susceptible to S. aureus colonization (33, 34). Moreover, Corynebacterium genus was found associated with patients with advanced (stage III/IV) melanoma, in which IL-17 promotes the proliferation of melanoma cells through upregulation of IL-6 and signal transducer and activator of transcription 3 (35, 36). Besides skin cancer, recent preliminary work showed a high abundance of some skin Staphylococcus species linked with breast cancer and metastases, in which microbial transfer to underlying tissue is proposed, including retrograde transfer via ductal systems, skin barrier breakdown, and migration through nipple-aspirate fluid (37). As a summary, skin morphology is significantly changed during carcinogenesis and consequently the microbial communities are altered, inhabiting potentially pro-tumorigenic microbes (29). To fully evaluate the skin microbiome, we encourage future researchers to further confirm alterations in microbial profiles across the continuum of cancer care trajectory.



Cancer Treatment-Related Skin Toxicities


Chemotherapy

Chemotherapy-related toxicities frequently occur from systemic damage of bone marrow, hair follicles, mouth, digestive tract, and reproductive system (38, 39). Pyrimidine antagonists and anthracycline chemotherapy agents interfere with synthesis of biological molecules and ultimately block cell division, resulting in a variety of skin toxicities, including hand-foot syndrome (HFS) and chemotherapy-induced alopecia (17, 40, 41). HFS is a well-studied cutaneous adverse reaction of chemotherapy agents, such as capecitabine, 5-fluorouracil, docetaxel, and pegylated liposomal doxorubicin. HFS is not typically life-threatening; however, debilitating discomfort of the palms and soles can significantly affect patient’s QOL as well as impact treatment compliance (40). In extremely severe cases, HFS has shown to lead to tissue necrosis, requiring amputation; immunocompromised patients are also at risk for infection, making patients prone to bacterial sepsis, which could be fatal (17, 41). Chemotherapy-induced alopecia affects about 65% of patients receiving cytotoxic drugs and has a broad range of incidence depending on the therapeutic agent, dosage, administration, and other patient-related factors, such as age, comorbidities, nutritional and hormonal status (42, 43). Alopecia often raises negative attitudes towards body image and self-esteem, as it is seen as a stigmatizing reminder of patients’ disease (17, 44). Some patients even choose to forgo physician’s recommendations because of alopecia, and its impact on patients’ QOL is greatly underestimated by the medical community. Interviews of women being treated for early-stage breast cancer found most of them were greatly troubled by their appearance (17), despite alopecia being mostly reversible after treatment completion with possible complications in color, texture, and complete regrowth (44).



Radiation Therapy

RT is part of definitive treatment for many cancers, but it can cause acute and late toxicities to healthy tissue (45, 46). An inflammatory response occurs in the initial period of RT, caused by pro-inflammatory cytokines (e.g., interleukin [IL]-1, IL-3, IL-5, IL-6, IL-8, tumor necrosis factor [TNF]-α) (47). These factors create a local inflammatory response leading to skin tissue damage and loss of protective barriers (48). Using mice models, Janko et al. found that mice lacking IL-1 or the IL-1 receptor developed less inflammation and suffered lower levels of radiation dermatitis (48). These findings signify the important role of IL-1 in the development of RT-induced skin toxicities, indicating that cytokine pathways (e.g., IL-1) have potential for precisely targeted therapy, especially considering their previous approvals for use in humans to block this cytokine (49, 50).

Acute radiation dermatitis includes symptoms, such as mild erythema and desquamation, ranging from dry desquamation to severe, confluent moist desquamation. When the skin basal cells are destroyed, the balance of normal cell production is disrupted. As the total RT dose accumulates with treatment, the protective skin barrier becomes impaired and dysfunctional (51). The human skin consists of trillions of rapidly proliferating and maturing cells, thus the skin experiences high levels of radiosensitivity and can have dramatic toxicities. While the exact mechanism is unknown, some proposed theories include basal cell proliferation, endothelial cell damage, alterations in membrane permeability, and release of inflammatory cytokines (51–56). A supportive skin care regimen is important in maintaining the integrity of the epidermal barrier, and thus treating irritating symptoms, such as desquamation, xerosis, erythema, pruritus, and hyperpigmentation (51).



Immunotherapy

Immunotherapy targets immune checkpoint pathways through a class of negative key regulators of T cell activation: cytotoxic T-lymphocyte-associated protein-4 (CTLA-4) and programmed cell death protein-1 (PD-1). The primary biological function for these immune checkpoint inhibitors (ICIs) is to induce a pro-inflammatory state in the tumor microenvironment, modulating the cellular immune response to specific tumor antigens and killing tumor cells. However, lack of specificity of immune activation and mediation of ICIs has led to several different skin immune-related adverse events (irAEs). Specifically, patients with advanced melanoma, who were treated with anti-CTLA-4 (ipilimumab) or anti-PD-1 (nivolumab and pembrolizumab), reported immune side effects, such as skin rash, pruritus, and vitiligo early on during ICIs treatment, approximately 2-8 weeks after initiation. IrAEs can be even more common during combined therapies (anti-CTLA-4 and anti-PD-1) (57).

Researchers have defined irAEs as different than damage to single dermatologic units. The most prevalent irCAE is maculopapular rash, which manifests as multiple pruritic erythematous macules and papules on the trunk and extensor surfaces of the extremities. PD-1 inhibitors are known to cause a lichenoid eruption, which is characterized by papules, pruritic hypertrophic plaques, or patches (57).




Skin Microbiome in Skin Toxicities

Most skin diseases or infections are associated with skin microbiome dysbiosis, a term that describes a disruption or imbalance in microbiota homeostasis (1, 4, 5). When the stability of the skin microbiome is threatened, the individual’s skin sites can become populated with pathogenic bacteria, such as S. aureus, presenting significant risks of infection (1, 2, 58). The skin microbiome serves as a modulator between symbiotic commensals that provide a wide variety of skin niches to protect against invasion of pathogenic microorganisms. Chemotherapy-induced damage to skin and hair follicle cells alters the skin’s microbial environment. In particularly, a significant increase in microbial diversity (i.e., Shannon) and decrease of S. aureus proportion were observed with eczema treatment by topical corticosteroid (58). A knowledge gap still exists regarding the biological mechanism of skin microbiome dysbiosis leading to chemotherapy-induced skin toxicities, such as alopecia and hand-foot syndrome. Understanding the skin microbiome and its associations with chemotherapy-related skin toxicities can aid in the development of strategic planning and therapeutic interventions that increase patients’ QOL.

Characterization of the skin microbiome profiles associated with RT-induced dermatitis could help elucidate the mechanisms of pro-inflammatory cytokines and possibly identify targets to decrease RT-induced skin toxicities. However, the relationship between the skin microbiome and immune system is not well-understood. In contrast, atopic dermatitis, or eczema, is a chronic allergic skin disease that has been extensively studied regarding its relationship to the skin microbiome (56, 59). With flareups of atopic dermatitis, healthy skin microbial flora approach a diseased state as defective genes lead to Th2-mediated immunological disruptions in the skin barrier, thereby accelerating susceptibility to infection (56, 60). Physical irritation, such as excoriation of dry and inflamed skin, can further exacerbate microbiome dysbiosis (59). Microbial homeostasis is mediated by Th2 cytokines, which suppress keratinocyte induction of antimicrobial peptides, including human beta-defensin-3 and cathelicidins that prevent colonization of pathogenic organisms (61–63). Increased rates of pathogenic S. aureus and decreased diversity of other microorganisms are consistently reported in atopic dermatitis lesions in comparison to the healthy skin (64–67). As reported by Ramadan and colleagues (68), cancer patients with RT-induced dermatitis had significant reduction in bacterial diversity (Shannon, Chao1, and observed species) comparison to healthy controls. The delayed recovery or tendency toward the permanence of RT-induced dermatitis were associated with a raised Proteobacteria/Firmicutes ratio as well as the dermotype with overrepresentation of Pseudomonas, Staphylococcus, and Stenotrophomonas. With limited evidence, these findings need to be further confirmed in patients with cancer receiving RT.

The diversity and stability of the skin microbiome differs across locations and is of particular interest to understanding regulation of the immune response, as well as the progression of chronic skin disease, such as atopic dermatitis and psoriasis. Research has proposed that a lack of cutaneous microbial diversity and greater density of S. aureus communities are associated with increase inflammation and disease pathogenesis (65–67, 69, 70). Psoriasis is a chronic inflammatory skin disease that appears as raised, scaly, erythematous lesions, known to be triggered by disruptions in the immune system (71, 72). While previous research has shown a decrease in commensal diversity in psoriasis, there have been conflicting reports of the level of abundance in Firmicutes and Actinobacteria, as well as in the major species, including Corynebacterium, Cutibacterium, Staphylococcus, and Streptococcus (73–76). These studies demonstrated how the nature of the skin microbiome stimulates the innate and adaptive immune response. However, the pathways and microbial communities significant to immunotherapy-related skin toxicities are still unknown.

A healthy skin microbiome protects against pathogenic organisms, whereas disruptions in the microenvironment can introduce skin irritations, including acute dermatitis and psoriasis, as well as skin toxicities caused by cancer treatment. Future studies will likely utilize whole genome sequencing to approach the direct mechanism between microbes and the host to evaluate therapeutic targeting potentials of the skin microbiome in irritated skin. By assessing the key patterns in microbial dysbiosis, we can address specific QOL concerns with earlier diagnosis and improved treatment strategies.



Clinical Guidelines and Interventions for Skin Toxicities

Management of cancer treatment-related skin toxicities composes several different facets, including patient education, early prevention, dosage regulation, and symptom assessment and management. Patient’s QOL guidelines have been developed to determine the necessity and scale of treatment suspension, dose modification, and treatment options for skin toxicities. Incorporating the management guidelines related to skin toxicities into clinical practice and testing promising interventions can potentially address the skin toxicities early, reduce patients’ skin symptom burden, and improve patients’ QOL (Figure 1) (17).




Figure 1 | Impact of Skin Microbiome on Cancer Treatment-related Skin Toxicities and Potential Interventions. Based on current knowledge of the bacterial microbiome in cancer treatment-related toxicities, implementing clinical guidelines, topical corticosteroids, phototherapy, and non-pharmaceutical skin care products are suggested approaches for the early prevention and management of cancer treatment-related skin toxicities via adjusting the skin microbiome, and eventually improve patients' quality of life.




Clinical Guidelines

Clinical practice guidelines have been developed to support patients and clinicians in decisions regarding management of treatment-related skin toxicities. The Multinational Association of Supportive Care in Cancer (MASCC) in 2011 published practice guidelines for the prevention and treatment of EGFRI-associated dermatologic toxicities (77). Recently, the Oncology Nursing Society (ONS) Guidelines™ detailed specific recommendations on early prevention and treatment of EGFRI rash, hand-foot skin reaction, HFS, and chemotherapy-induced alopecia (17). For the prevention of EGFRI rash, both ONS and MASCC guidelines recommended topical hydrocortisone 1% cream with moisturizer, twice-daily sunscreen application, and oral antibiotics; to treat the EGFRI rash, both guidelines recommend topical steroids and oral antibiotics (17, 77). Both guidelines further recommended topical minoxidil, a class of drugs called vasodilators, for chemotherapy-induced alopecia (17, 77).



Topical Corticosteroids

For chemotherapy-induced skin reactions, topical steroids in combination with vasoconstrictors are effective in preventing permanent alopecia by inhibiting damage to hair follicle stem cells (58, 61). Acute RT-induced skin reactions are inflammatory reactions that are often treated with topical corticosteroids to vasoconstrict blood vessels, reduce capillary permeability, and inhibit leukocyte proliferation (61). Mometasone furoate is a highly potent corticosteroid that has been shown to significant decrease the pro-inflammatory mediators during breast RT and decrease acute radiation dermatitis (61).



Treatment for irAEs From Immunotherapy

With immunotherapy, treatment options for irAEs are based on dose and grade of skin toxicities. For example, a low-grade maculopapular rash can be managed with mid- to high-potency topical corticosteroids; more severe skin reactions require systemic corticosteroids and can even lead to early ICI termination (44). One study showed that a full recovery from Sweet’s syndrome (i.e., a class of neutrophilic dermatoses) was achieved via oral and intravenous corticosteroids. Continuation of management of high doses of steroids and other immune mediators for irAEs may be hampered as it often counters the therapeutic potency of ICIs. To avoid discontinuation of immunotherapy, other agents to symptomatically treat irAEs are often introduced, including oral retinoids with phototherapy. Other third line therapy options include cyclosporine, methotrexate, and anti-TNF-α. Acitretin, apremilast, and methotrexate are recommended prior to systemic corticosteroids, and biological drugs, including anti-TNF-α, anti-IL-17, and anti-IL-23, can be effective in treating psoriatic lesions and have been used to treat psoriasiform rash from ICIs (51).



Phototherapy

Atopic dermatitis and psoriasis are chronic inflammatory skin diseases that closely intertwine with changes in the skin microbiome (58–62). S. aureus plays an important role in the disease’s development, and its colonization of the skin microbiome is closely related to disease severity (58, 59). Narrowband ultraviolet B radiation has become a common treatment option for patients with differing levels of these adverse skin reactions because it signals the release of antimicrobial peptides, thereby reducing the S. aureus count and ultimately affecting the innate immune system (74, 76). Narrowband ultraviolet B phototherapy paired with corticosteroids could positively affect the skin microbiome by increasing microbial diversity and decreasing the proportion of S. aureus. Utilizing skin swabs and high-throughput sequencing of 16S ribosomal RNA genes could help further our understanding of the skin microbiome and skin toxicities from cancer treatment.



Non-pharmaceutical Skin Care Products

Commercially available, non-pharmaceutical skin care products have been used to reduce radiation dermatitis. Berger et al. reported that patients with breast cancer undergoing RT who were provided with a kit of skin products, including thermal water spray, emollient, cleanser, wound healing cream, and sunscreen, had significantly fewer skin reactions compared to patients who did not receive the kit (51). Proactive skincare is recommended by physicians for patients undergoing RT as these products aid in minimizing skin reactions by maintaining the epidermal barrier and possibly stabilizing microbial homeostasis. With the use of prophylactic skin care, the microenvironment is kept intact and better suited for a healthy skin microbiome, resulting in less severe skin toxicities among patients with cancer (51).




Conclusions

The human skin microbiome has proven to have a profound relationship with the innate and adaptive host immune system in particular skin disorders, such as atopic dermatitis and psoriasis. The skin microbial communities help maintain the skin microenvironment through stimulation and inhibition of the gene expression of host-produced immune factors and pro-inflammatory cytokines. Cancer treatments including chemotherapy, RT, and immunotherapy can cause prominent adverse skin toxicities, such as dermatitis, rash, alopecia, among other irritating skin reactions. Although few studies have characterized the skin microbial profiles associated with skin toxicities, some extrapolation from pro-inflammatory skin disorders like atopic dermatitis and psoriasis can be pursued. Well-developed clinical studies investigating the role of the skin microbiome in cancer treatment-related skin toxicities are needed.
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The need for efficacious and non-toxic cancer therapies is paramount. Oncolytic viruses (OVs) are showing great promise and are introducing new possibilities in cancer treatment with their ability to selectively infect tumor cells and trigger antitumor immune responses. Herpes Simplex Virus 1 (HSV-1) is a commonly selected OV candidate due to its large genome, relative safety profile, and ability to infect a variety of cell types. Talimogene laherparevec (T-VEC) is an HSV-1-derived OV variant and the first and only OV therapy currently approved for clinical use by the United States Food and Drug Administration (FDA). This review provides a concise description of HSV-1 as an OV candidate and the genomic organization of T-VEC. Furthermore, this review focuses on the advantages and limitations in the use of T-VEC compared to other HSV-1 OV variants currently in clinical trials. In addition, approaches for future directions of HSV-1 OVs as cancer therapy is discussed.
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Introduction

Nearly 40% of people in the United States will be diagnosed with cancer during their lifetime (1). In 2018, the CDC attributed 21.1% of total deaths to malignant neoplasms which can become unresponsive to treatment (refractory) (2). Current anticancer drugs are toxic and often not entirely effective. Therefore, there is an urgent need for novel therapies that are efficacious and non-toxic. New treatments involving the use of oncolytic virus (OV) therapies, many of which are currently undergoing clinical trials, are showing great promise.


Herpesviridae properties

Herpesviridae is a large family of enveloped, double-stranded DNA viruses that can undergo both lytic and latent lifecycles, depending on cell type infected by the virus. Cell-type specificity of the Herpesviridae is defined by surface glycoproteins on individual virions that interact with cell-surface receptors. Upon binding, fusion of the viral envelope with the cell membrane leads to the release of the viral capsid into the cytoplasm. The viral DNA is then transported to the cell nucleus within the now-naked nucleocapsid. The nucleocapsid then attaches to the host cell’s nuclear membrane enabling insertion of the viral genome into the nucleus through a nuclear pore. After circularization, the virus genome can be transcribed, leading to productive virus replication in permissive cells or latency in non-permissive cell types. The virus’ life cycle is complete upon budding of new virions which go on to infect neighboring cells (Figure 1). 




Figure 1 | Herpes Simplex Virus-1 (HSV-1) Life Cycle: Adsorption and fusion of HSV-1 to its target cell is initiated by viral glycoprotein D (gD) to cell specific gD receptors (1). Fusion of the viral envelope with cell membrane allows for capsid entry into the cytoplasm and release of tegument proteins (2). The naked viral capsid is transported (3) to nuclear pore complexes in the nuclear envelope (4), through which the viral genome is extruded into the nucleus (5). The linear viral genome is circularized (6). Herpes viruses have three rounds of transcription: immediate early (α-genes) (7), early (β-genes) (8), and late (γ-genes) (9). Translation of the structural proteins from γ- transcripts occurs only after the initiation of viral genome replication, which is dependent on β-proteins. Viral transcripts leave the nucleus to be translated (10) in either the cytoplasm or in the context of the endoplasmic reticulum (ER). Capsids are assembled in the nucleus, encasing the viral genome in an icosahedral protein coat (11). The newly generated viral capsid acquires an envelope by budding into the inner nuclear membrane (12). The completed virus translocates through the ER and matures in the Golgi apparatus prior to exiting the cell by exocytosis (13). Created with BioRender.com.



Production of herpesvirus messenger RNA by an infected cell leads to expression of a variety of proteins that perform a wide array of functions, ranging from virion assembly to suppression of host cell antiviral responses. Gene expression occurs in three phases of transcription, and these genes have been designated by the kinetic classes, α, β, and γ, which correspond to immediate early, early, and late phases of gene expression, respectively. Proteins expressed during the α phase impact cellular and viral gene expression, including β gene expression. During the β phase of transcription, proteins involved in DNA replication are expressed, including viral DNA polymerase. Most of the γ genes encode structural proteins. Of significance to this review, gene names correspond to the region of the genome in which it resides, with the HSV-1 genome being organized into a unique long region (UL) and a unique short region (US) (Table 1 and Figure 2). The designation “infected cell protein” (ICP) is given for viral proteins that are not structural.


Table 1 | HSV-1 genes modified in OV candidates.






Figure 2 | HSV-1 Genomic map and oncolytic virus modifications (A) The HSV-1 genome has two covalently joined segments long (L) and short (S) each of which has a unique sequence (UL and US) flanked by a pair of repeat sequences, the terminal and internal long repeats (TLL, IRL, TRS and IRS). There is also a 400 base pair terminal repeat at each end of the genome and internally at the joint between the L and S segments which is called (a) Genes are coded according to functional group: blue- structural; red- replication; green- virulence. (B) Oncolytic viruses mentioned in the paper. Deleted viral genes are indicated as (-) while transgenes or viral genes that have been inserted are in bold and indicated by (+). Diagram prepared with DRAWIO.





OV therapy

Researchers have taken advantage of the cell-killing attributes of viruses to target tumor cells specifically. One of the main advantages of OV therapy over conventional chemotherapy is that viruses are capable of self-propagation allowing them to replicate and infect more tumor cells, ideally until all cells of a malignant mass have been killed. Many virus types such as Adenovirus, Poxvirus, Coxsackievirus and Herpesvirus are being used in OV therapy development (3–12). Tumor destruction by OV therapy is accomplished by direct viral lysis of malignant cells or by indirect mechanisms involving elicitation of enhanced anti-tumor responses as the host immune system attacks the virus-infected cells, or by a combination of these two mechanisms. Advances in recombinant DNA technology and better understanding of viral pathogenesis have allowed manipulation of viral genomes, leading to improved OV specificity for tumor cell targets and greater ability to direct host responses.

The potential impact of OV therapy on patients stands in stark contrast to conventional tumor treatments. Treatment by radiation and chemotherapy typically exhibit minimal cell specificity, resulting in destruction of normal tissues in addition to the tumor targets, thus causing multiple adverse effects in patients. OV therapies offer significant advantages due to decreased toxicity stemming from their ability to specifically target malignant cells. Furthermore, OV treatments are able to circumvent resistance to conventional therapies frequently acquired by tumor cells (13).

Currently, in all stages of testing, from pre-clinical testing to phase III clinical trials, there are several Herpes Simplex Virus (HSV) variants that are being investigated for use as OV therapies (14). HSV is the most commonly investigated virus for OV development because 1) its genome is relatively easy to manipulate, 2) its surface glycoproteins can be altered to target specific cellular receptors, and 3) its replication can be controlled with herpesvirus-specific drugs such as acyclovir. One oncolytic herpesvirus therapy, Talimogene laherparevec (T-VEC; also known as OncoVEX^GM-CSF and IMLYGIC™), has received approval from the United States Food and Drug Administration (FDA) for treatment of inoperable melanoma, and investigations for its use in a wide variety of malignant conditions are underway (15).

Development of HSV-1 OVs has led to progressively more sophisticated constructs that are more refined in their oncolytic abilities. The primary focus in early studies with OVs was safety. As one of the earliest OVs brought to the clinic, G207 had few modifications to wild-type HSV-1. Importantly, its safety has been demonstrated in multiple clinical trials for treatment of many different cancer types. Later, the OV therapeutic agent, NV1020, which was first studied as a potential vaccine against HSV-2, was repurposed as an OV that could more efficiently replicate in tumor cells due to further modifications to the HSV-1 genome while maintaining minimal toxicity. In subsequent years, HSV1716, perhaps the least sophisticated of the HSV-1 OVs with respect to genomic alterations, has been used in several clinical trials with the primary outcome being demonstration of a high safety profile that ensuing OVs have striven to duplicate. With insertion of a transgene in addition to genomic modifications already in use by earlier OVs, T-VEC represents the next level of sophistication for OV-based cancer treatments. Both its efficacy and safety were such that T-VEC became the first OV treatment approved for clinical use against advanced melanoma. Currently, a plethora of trials examining the use of T-VEC in combination with other drugs and against other cancers are underway. HF10, with the greatest number of genomic alterations of the HSV-1 OVs discussed herein, was developed simultaneously with HSV1716 and T-VEC. Although genomic alterations in HF10 occurred naturally, they serendipitously imbued the OV with considerable safety and efficacy against many cancer types. The HSV-1 OV, M032, is a more recent OV variant that mirrors the development of T-VEC with the incorporation of a transgene to boost efficacy. It also shares other genomic alterations with T-VEC to minimize toxicity. Its first clinical trials are just underway. Most recently, the HSV-OV G47Δ, a derivative of G207, has been determined to be safe and effective in clinical trials in Japan. Finally, a new pinnacle of genomic engineering has been demonstrated with the OVs, rQNestin and NG34, possibly representing the future evolution of OV therapies that are specifically targeted to tumor cell type. All of these OVs will be discussed in detail in the following sections.



HSV-1 and its potential for use in oncolytic viral therapy

The first step of cell infection by HSV-1 is adsorption and fusion between the virion and the plasma membrane of target cells, which are mucoepithelial cells and sensory neurons. Viral fusion with these cells is specifically mediated by viral glycoprotein D (gD), initially by low-affinity adherence to cell specific heparin sulfate proteoglycans (HSPGs). This is followed by high affinity binding to either nectin-1 or herpesvirus entry mediator (HVEM), the former of which is found on both epithelial and neural cells, and the latter of which is found only on epithelial cells (16).

During productive infections with HSV-1, copies of the viral genome are encased by protein nucleocapsids that leave the cell by budding. In lytic infections, cytolysis is caused by the combination of inhibition of host cell macromolecules, disruption of the host cell cytoskeleton, and induction of nuclear DNA fragmentation. The virus also induces increased membrane permeability, ultimately leading to cell death.

During acute, active infections, intracellular virus replication is followed by budding from the host cell surface, allowing the virus to infect neighboring cells. Infection of cells in oral or genital mucosae by HSV-1 often results in characteristic painful vesicular lesions, a relatively benign condition. In addition, acute infection with HSV-1 typically leads to seeding of ganglia innervating the area of the primary infection and, eventually, latency within the regional ganglia. During latency, the genome remains quiescent in the host cell, so production of new virions does not take place. Latency is established and maintained by the latency-associated transcript (LAT) (17). MicroRNAs, expressed from LAT, also block the expression of host cell genes whose expression would otherwise induce antiviral responses (18, 19). Reactivation from latency may be induced in response to a variety of triggering events, such as hormonal fluctuation, trauma, UV light, and immunosuppression, thus leading to damage of healthy tissues upon reactivation. Although mucoepithelial infections are normally benign, HSV-1 can cause herpes simplex encephalitis, an acute illness characterized by general and focal signs of cerebral dysfunction. This can lead to permanent brain damage and even death, thus presenting a significant concern for use of HSV-1 as a therapeutic agent.

In addition to the risk of neuroinvasion, there are other shortcomings associated with use of HSV-1 for OV therapy. Although intravenous delivery of cancer therapeutics is the desired delivery mode so that all metastases can be reached, treatment with HSV-1 OV is currently restricted to application by intratumoral injection. Intravenous delivery of an HSV-1 OV, however, may result in reduced amounts of virus reaching tumor sites due to virus sequestration by the large numbers of nontumor epithelial cells and/or sensory neurons displaying the herpes virus receptors, nectin-1 and herpesvirus entry mediator (HVEM). Hence, intravenous delivery of an HSV-1 OV would lead to too much of the virus non-specifically targeting healthy tissues instead of tumor tissues. Moreover, the World Health Organization (WHO) estimates that two-thirds of the world’s population under the age of 50 have been infected with HSV-1 (20). Therefore, systemic delivery of HSV-1 might also be limited by the prevalence of HSV-1-specific antibodies in the general population, which would rapidly neutralize HSV-1 OV administered intravenously.

Despite its pathogenicity and other limitations, HSV-1 has many properties that make it an attractive candidate for use in OV therapy. First, it is a DNA virus containing a large genome that does not integrate into the host genome. The virus’ genome contains several redundant elements and genes not required for infection, which along with its size, conveys the ability to engineer the viral genome for incorporation of large or multiple therapeutic gene cassettes using standard molecular cloning techniques to increase tumor specificity and improve safety. Another aspect contributing to its viability as an OV therapy is that the pathology of wild-type HSV-1 is typically mild compared to other viruses under development. Moreover, HSV-1 replication can be inhibited by members of the antiviral acyclovir drug class based on the virus’ dependence on thymidine kinase (TK), thus providing an extra layer of protection.

Other advantages of HSV-1 include its use of an envelope, which facilitates retargeting of the virus via genetic engineering. This is in contrast to non-enveloped icosahedral viruses such as the Adenoviridae, which have stringent structural constraints with respect to particle assembly. Furthermore, early and late gene expression by HSV-1 allows for sequential gene expression, providing the possibility to enhance OV efficacy. Additionally, HSV-1 utilizes multiple genes to manipulate signaling pathways to circumvent common host defense mechanisms. For example, HSV-1 inhibits innate anti-viral responses such as the interferon (IFN) response, which would otherwise result in a dramatic reduction of progeny virions produced during infection, thus limiting the effectiveness of using it as an OV. The IFN response, mediated by type I IFN and produced in response to virus infection of human cells, induces a network of host cell IFN-stimulated genes (ISGs), such as RNA-dependent protein kinase R (PKR), 2’-5’ oligoadenylate synthetase (OAS) and others that mediate cessation of replication of the virus in neighboring cells (21). Alternatively, if mounting a robust immune response against infected cells is desired in lieu of allowing HSV-1’s lytic lifecycle to run its course, manipulation of genes controlling these pathways can be readily performed in order to develop OV agents less able to evade host defenses. A summary of genes related to immune evasion abilities exhibited by wild-type HSV-1 and how they have been modulated in various strains of HSV-1 OVs is found in Table 2. Additionally, transgenes inserted to enhance immune responses against HSV-1 OV-infected cells are included.


Table 2 | Genes responsible for immunomodulatory functions found in OV variants.



In the following sections, we review the clinically available T-VEC and compare and contrast it to other HSV OV therapies currently in clinical testing.




Oncolytic viruses


T-VEC

In 2015, the FDA approved T-VEC for treatment of patients with unresectable metastatic melanoma via intratumoral injection (12). T-VEC is a JS1 strain of HSV-1, which was selected for its ability to specifically replicate in and kill human tumor cells (22, 23). In addition to functional deletion of the wild-type HSV-1 genes, UL34.5 and US12 (Figure 2), T-VEC contains a human transgene coding for the cytokine, granulocyte macrophage-colony stimulating factor (GM-CSF) (12, 22). Preclinical studies conducted with T-VEC have demonstrated improved tumor shrinkage and clearance, and clinical studies have shown an enhanced durable response rate for advanced melanoma treatment when compared to use of GM-CSF alone (12, 22).

HSV-1 ICP34.5 is a multifactorial virulence factor encoded by UL34.5, which enhances virulence of the wild-type virus. In an infection by wild-type HSV-1, ICP34.5 is able to complex with protein phosphatase 1 alpha (PP1α) to dephosphorylate the alpha subunit of eukaryotic initiation factor 2 (eIF2), thus blocking the action of double-stranded RNA-activated protein kinase R (PKR) (24), which inhibits protein production. Deletion of UL34.5, therefore, suppresses T-VEC replication in non-tumor cells while simultaneously maintaining replication capacity in tumor cells due to the absence of PKR activity in most tumor cells (25). Thus, the deletion of UL34.5 conveys tumor-specificity. In addition, ICP34.5 is required for the neurovirulence associated with HSV-1 (26, 27). Neurons and other cells deploy autophagy in defense against invading microorganisms (28). In this process, the host cell protein, beclin 1, stimulates autophagy in response to the PKR signaling pathway triggered by HSV-1 infection (29, 30). However, ICP34.5 binds to beclin 1, inhibiting this protective autophagy response in neurons (31). Therefore, reduced neurovirulence of T-VEC is brought about by the loss of ICP34.5 (31). ICP34.5 has also been reported to interfere with activation of adaptive immune responses in numerous ways, including inhibition of dendritic cell (DC) maturation and antigen presentation (32, 33). Specifically, ICP34.5 has been observed to block cell surface expression of MHC II antigen presentation proteins (34). In sum, ICP34.5 contributes to both neurovirulence and inhibition of immune-mediated killing of infected cells.

The efficacy of OVs can be enhanced by arming the virus so that neighboring uninfected tumor cells are killed (bystander effect) (35). This has been successfully accomplished in several virotherapies, including T-VEC, by expression of an immunostimulatory transgene. As with all OVs, productive T-VEC replication in tumor cells results in lysis of the infected cells, leading to necrotic cell death. Subsequent engulfment of the tumor antigen-containing cellular debris by host antigen presenting cells (APC), such as DCs and macrophages, leads to enhanced anti-tumor responses because the APCs can subsequently induce an adaptive immune response. This is further amplified by T-VEC because it carries the transgene, GM-CSF, which, when expressed, recruits an array of immune cells to the infection site and promotes maturation of DCs, macrophages, and granulocytes.

Another mechanism used by HSV-1 to block responses to viral infection involves ICP47, which inhibits adaptive immune responses by interfering with viral antigen processing by the host cell. Specifically, ICP47 is a high affinity competitor for the peptide-binding site on a host cell’s transporter-associated protein (TAP) (36, 37). TAP normally directs pathogen peptides into the host cell endoplasmic reticulum for loading onto MHC I molecules that will be transported to the cell surface for presentation to and activation of cytolytic T lymphocytes (CTL). Fully functional ICP47, therefore, restricts the immune response against the virus because viral antigen presentation by infected cells is reduced (38). Hence, deletion of the ICP47 gene (US12) in T-VEC enables robust CTL responses to be mounted against virus-infected cells.

A secondary consequence of deleting US12 is the shifting of the US11 coding region closer to the promoter that normally regulates the expression of US12. This shift alters its regulation so that the US11 protein product is expressed as an early rather than a late gene and results in increased transcription/expression of US11 (22, 23, 39). The product of US11 is a component of the viral tegument and has multiple functions, all of which promote HSV-1 infection. US11 expression leads to the inhibition of antiviral response mediators that include retinoic acid-inducible gene 1 (RIG-1), heat shock protein 90, nucleophosmin, OAS, and PKR, thus enhancing viral expansion (40–45). In summary, the enhanced expression of US11, together with the deletion of UL34.5 and US12, allows T-VEC to replicate successfully in tumor cells by suppressing cellular antiviral response, while simultaneously promoting a robust immune response to infection, resulting in tumor-specific killing properties of this OV.

Although T-VEC is the first and only viral therapy currently approved by the FDA for treatment of unresectable melanoma lesions recurrent after initial surgery, there are limitations to its use and efficacy as a cancer treatment (46). These limitations derive from how it is administered and dosed, median time to response, effect on distant and visceral metastases, and the current requirement that it only be used as an adjuvant treatment.

When used as intended by the manufacturer, T-VEC must be injected directly into cutaneous, subcutaneous, and lymph node lesions multiple times for optimal activity (46). Moreover, administration of T-VEC is intended to be used on the largest lesions first, followed by the smaller lesions, until all lesions have been injected or the maximum injection volume of four milliliters is reached. As a result, patients may see evidence of regression of injected lesions, but disease progression may take place in untreated lesions (23). Additionally, realization of treatment benefits seems to be delayed with therapeutic responses occurring months after the prescribed dosing regimen is used. Because of this extended time-to-response period, many patients may see disease progression rather than regression (12). Thus, the combination of a maximum dosing volume and prolonged median time-to-response represent shortcomings of T-VEC therapy for melanoma.

In this light, the application of T-VEC for more generalized cancer therapy is under investigation by several groups (Table 3). As reviewed by Grigg et al, profound systemic regressions did not occur in T-VEC clinical trials involving visceral metastases, therefore, subjects with more advanced disease derived considerably less benefit from T-VEC therapy (23). Even so, 15% of measurable visceral metastases reduced in size by at least 50% in T-VEC-treated patients in a separate phase III clinical trial (12, 47).


Table 3 | Current T-VEC Clinical Trials.




Lastly, findings by Kaufman et al. demonstrated that T-VEC therapy yielded significantly higher durable response rates across all disease stages compared to patients in the control group (47). This was particularly true for treatment-naïve patients who had not received any sort of prior treatment (12). This is significant because given that T-VEC is currently considered a novel immunotherapy, it is unlikely that patients will receive it as a first-line treatment. Therefore, in many patients under current treatment guidelines, diminished therapeutic outcomes using T-VEC are likely.

While there is evidence that T-VEC effectively promotes regression and necrosis of superficial melanoma lesions, it does not represent a complete therapy and has limited efficacy in patients who have visceral metastases. Hence, there is a need for continued research and development of other virus-based immunotherapies that are more broadly applicable. Many HSV-1 OV therapies are currently in clinical trials and may provide solutions to the limitations associated with T-VEC.



HF10

HF10 is a naturally occurring mutant of HSV-1 undergoing clinical trials for use as an OV cancer treatment (48). Despite HF10’s ability to replicate efficiently in cells, its pathogenicity is highly attenuated in humans (49, 50). The genome of HF10 has insertions, deletions, and frameshift mutations affecting several genes. HF10 lacks functional expression of UL43, UL49.5 and has only a single copy of both UL56, and LAT for which there are two in the wild-type virus. UL52, UL53, UL54, UL55, and UL56, are removed from their original positions, inverted, and reinserted later in the genome (Figure 2) (48). Because these mutations were not deliberate and methodical, it is difficult to ascertain their cumulative effect.

Individual consideration of each of the four genes that are functionally deleted provides clarification as to why HF10 may be superior to T-VEC for use as an OV therapeutic agent. For example, studies have shown that the bovine herpesvirus-1 (BHV-1) version of UL49.5 encodes a protein that normally binds and degrades TAP in virus-infected cells leading to downregulation of MHC class I antigen presentation (51). Therefore, the loss of functional UL49.5 in HF10 may similarly allow for maintenance of MHC I antigen presentation in infected human cells, resulting in a more robust adaptive immune response, similar to the effects derived from deletion of US12 in T-VEC.

LAT, which encodes a long, noncoding RNA transcript, is functionally absent from the HF10 genome. Although LAT limits both establishment and reactivation from latency specifically in neurons, it appears to be less important for peripheral infections (17, 52). Mutational analysis of HSV-1 shows that viruses lacking LAT expression either fail to efficiently establish latency, or they cannot readily reactivate from latency, further increasing the safety of HF10 (53–55).

The absence of UL56 results in reduction of the neuroinvasiveness and pathogenicity of HF10 compared to wild-type HSV-1 (56, 57). While UL56 is not necessary for viral replication, viral strains lacking UL56 are substantially less neuroinvasive and are unable to penetrate the central nervous system (CNS) (57, 58). UL56 functionally increases the pathogenicity of HSV-1 by promoting the axonal transport of vesicles containing viral envelope glycoproteins through its interaction with KIF1A, a neuron specific kinesin. KIF1A plays an important role in the transport of synaptic vesicle precursors and in the axonal transport of pre-synaptic vesicles (59). The binding of UL56 to KIF1A leads to neuronal cell dysfunction and, therefore, is partially responsible for the neuropathology of HSV-1 infection (56). Together, mutations in LAT and UL56 in HF10 work to reduce viral neurovirulence and the likelihood of reactivation from latency, further enhancing the long-term safety of HF10 (60).

Unlike all other HSV-1 OVs that have entered clinical trials, UL34.5 remains functionally intact in the HF10 genome (48). A potential drawback of the IL34.5 loss-of-function mutants is that they replicate less efficiently, giving rise to lower viral yields as compared to wild-type virus, which could account for the limited efficacy demonstrated by T-VEC in clinical trials (12, 61, 62). It seems likely that functional ICP34.5 leads to high viral replication and the stronger antitumor effects of HF10 seen in clinical trials (63). Additionally, the duplications of UL53, UL54, and UL55, all of which are essential virus life cycle genes, could contribute to the high replication rate of HF10 (Table 1). Therefore, HF10 maintains tumor specificity and high-level replication.

High mitotic rates and the weakened interferon responses of tumor cells potentiate HF10’s candidacy as a cancer therapeutic. This is due to HF10’s superior ability to replicate and spread, as compared to wild-type HSV-1 strains (64, 65). Indeed, it has been shown to provoke a complete cytopathic effect and elicit a potent antitumor effect against a broad range of malignancies (66–68). Specifically, HF10 is able to produce a more vigorous bystander effect as compared to other HSV-1 variants (69). This is in alignment with studies that have shown the importance of intercellular trafficking and gap junctions for the production of this effect (69). Cancer cells typically have a dramatically reduced number of functional gap junctions allowing for more efficient tumor progression but increasing the difficulty for many OVs to produce the bystander phenomenon (70). Cancer cells decrease their gap junctions by altering their connexin expression, including Connexin 43 (Cx43). Cx43 is a protein that links adjacent cells’ cytoplasm. If the expression of Cx43 is suppressed, then gap junction activity is reduced or abrogated (71). However, HF10 appears to upregulate expression of Cx43 (72). This may allow HF10 to produce a more potent bystander effect through the formation of gap junctions.

HF10 has been shown to be safe in many dose-escalation phase I trials involving a variety of cancer types including recurrent and metastatic breast cancer, recurrent head and neck squamous cell carcinoma, unresectable pancreatic cancer, and melanoma (49, 50, 65, 72–74). A phase II trial has also been conducted to assess efficacy and safety of intratumoral injection of HF10 in combination with intravenous infusions of ipilimumab, a drug designed to boost T-cell responses. This trial revealed that HF10 in combination with ipilimumab is safe and well tolerated, with high antitumor efficacy (73). Additional phase II trials have been completed (NCT03153085, NCT02428036, NCT01017185, NCT02272855) or are currently underway (NCT03259425) for use of HF10 against melanoma. In total, the combined data from these clinical trials and preclinical studies illustrate multiple characteristics that make HF10 a superior OV therapy candidate when compared to other OVs that can be summarized in five key points: 1) high tumor selectivity, 2) high viral replication, 3) strong cytopathic effect, 4) potent bystander effect, and 5) vigorous antitumor effect against a variety of malignancies (66–69, 75–77). Therefore, HF10 shows great promise as a virus-based therapy and is likely to be broadly applicable, providing solutions to many limitations associated with T-VEC.



HSV1716 (Seprehvir ® or Seprehvec ®)

Having a relatively simple platform, HSV1716 was derived from a naturally occurring strain of HSV-1 containing only a spontaneous mutation resulting in the loss of functional neurovirulence-related UL34.5, making it similar to T-VEC (27, 78). In like fashion, the mutation renders HSV1716 incapable of replicating in the CNS and yet capable of replicating in and lysing dividing tumor cells (78).

The safety of this OV strain has been assessed in phase I and IIa trials for high-grade glioma (HGG), stage IV melanoma and mesothelioma (26, 79–81). HGG patients who experience recurrence of disease typically exhibit new lesions within approximately two centimeters of the original site of cancer growth. Harrow et al. injected HSV1716 into sites of healthy brain tissue directly adjacent to the region where HGG had been resected (26). In this way, lytic replication of HSV1716 could contain tumor spread. Although disease progression varied, no toxicity from the HSV1716 was observed in any of the study’s 12 subjects. Importantly, there was a significant increase in long-term survival post-resection in the OV treatment group. The potential of HSV1716 for increasing HGG survival is encouraging, but more trials need to be completed.

In a different application of HSV1716, Mackie et al. injected melanoma nodules with the OV, and performed immunohistochemical staining demonstrating that viral replication was restrained to tumor cells (80). Furthermore, in the three patients that received two or more doses of HSV1716, microscopic tumor necrosis was detectable. None of the patients exhibited any toxic effects due to the treatment, demonstrating an acceptable safety profile for HSV1716 and making it a potentially viable treatment for advanced melanoma.

In yet another phase I trial of HSV1716, Streby et al. investigated the safety of intratumoral injection of the OV in pediatric patients with non-CNS solid tumors (20). It was determined that single-dose intratumoral administration of HSV1716 is safe and well-tolerated in pediatric subjects with refractory non-CNS solid tumors. However, none of the subjects had a clinically measurable outcome. Therefore, the group suggested that this OV treatment should be used in a combination therapy or administered earlier in disease progression to allow it to develop an antitumor immune response (20). In fact, many pre-clinical trials have used HSV1716 in combination therapy showing synergistic effect (82–86). Uniquely, most of the subjects in this trial were HSV-1 seronegative, possibly because all of the subjects were children and had not been previously exposed to the virus. Since adults tend to be HSV-1 seropositive at a greater rate than this trial’s study population, the data could not be extrapolated to the general population.

A more recent study by Streby et al. explored the safety of HSV1716 applied intravenously. In this study they were unable to detect the OV in tumor biopsies, likely because the doses used were too low. Nevertheless, because it has the potential to reach all metastatic sites, the investigators remain optimistic about intravenous HSV1716 application at higher doses because no dose-limiting toxicities were observed (87). The absence of any observable anti-tumoral effect from the intravenous OV inoculation prompted the investigators to speculate that patients might receive greater benefit from combined intravenous and intratumoral administration, as such a dosing regimen could boost local immune responses within tumors.

In addition to these phase I trials, HSV1716 has also been used in a phase I/IIa trial investigating use of the OV for treatment of mesothelioma (MPM) patients (81). In this study, HSV1716 was well tolerated, with 50% of participants exhibiting disease stabilization and four out of twelve patients developing anti-tumor IgG. Intrapleural HSV1716 was well-tolerated and demonstrated an anti-tumor immune response in MPM patients. These results provide a rationale for further studies with this agent in MPM and in combination with other therapies

As one of the first OVs to be developed, HSV1716 has been used in multiple clinical trials, animal studies and in vitro studies that continue to generate invaluable data, which influence the design of other more sophisticated OVs such as T-VEC. Indeed, the safety profile of HSV1716 is excellent even if robust efficacy has not yet been demonstrated, thus providing a benchmark for future OV development either as standalone or part of combination cancer therapy. The repeated demonstration of HSV1716’s safety paves the way for further studies utilizing this OV to be performed, likely enabling the development of next-generation OVs.



G207 & G47Δ

G207 is the first HSV-1 strain genetically engineered for treatment of intracerebral cancer to be used in clinical trials in North America (88). In contrast to T-VEC which was derived from wild-type HSV-1 strain JS1, this OV was derived from wild-type HSV-1 strain F (89). While G207 is modified differently than T-VEC, it does share the similarity that both copies of UL34.5 are deleted, resulting in reduced neurotoxicity (89). Deletion of UL34.5 in this HSV-1 variant also results in the alteration of LAT expression, leading to in the inability of the virus to establish latency (90).

G207 also has a lacZ insertion in UL39, leading to the inactivation of ICP6, a large subunit of the viral ribonucleotide reductase (Figure 2). ICP6 catalyzes conversion of ribonucleotides to deoxyribonucleotides, which is important for viral DNA replication. Therefore, it is required for efficient growth of the virus in nondividing cells, which do not produce a functionally equivalent enzyme like that produced in proliferating host cells (91–93). Consequently, functional deletion of ICP6 likely curtails G207 replication in quiescent cells, thereby preventing destruction of tissues adjacent to the tumor (91, 94). This makes the utility of this OV in cancer therapy clear (90). Other functions attributed to ICP6 include inhibition of apoptosis, establishment of latent infections, and reactivation from latency. Thus, loss of ICP6 as in this OV variant, contributes to both its safety and its efficacy in multiple ways (95, 96).

Markert et al. conducted multiple phase I trials to test the safety of G207 in the context of progressive, recurrent malignant glioma. Their original study was a dose escalation study in which the maximal tolerated dose was not achieved (88). In a follow-up study, they determined that intratumoral delivery of the OV before tumor resection followed by delivery into brain tissue surrounding the resection cavity, within one week of the first dose, was also safe (97). In a third trial, G207 OV therapy showed an excellent safety profile with none of the patients developing HSV encephalitis following intratumoral injections combined with radiation treatment (98). Additionally, these studies exhibited potential for clinical response in patients with progressive, recurrent, malignant glioma. Other phase I trials investigating the use of G207 in children are ongoing (NCT03911388, NCT02457845, NCT04482933). All three studies will investigate the use of G207 in children with recurrent or progressive brain tumors with or without radiation to enhance viral replication and an associated anti-tumor immune response.

In short, there is potential for G207 to play a vital role in combination therapy by intratumoral injection in glioblastoma, having demonstrated an acceptable safety profile in multiple trials. Compared to T-VEC and other OV therapies, its genetic composition differs due to the insertion of lacZ within UL39. The advantage of lacZ expression is that it potentially allows detection of viral replication in treated tumor tissues and any spread of the virus.

A third generation OV, G47Δ, was derived from G207 by deleting the gene encoding ICP47 (Figure 2), which prevents downregulation of MHC I, thus enhancing antitumor immune responses similar to T-VEC (Table 2) (99). This deletion also places US11 under the control of the US12 promoter, which may allow for higher replication capacity than OVs lacking UL34.5. Many studies utilizing animal or in vitro models have suggested great potential for G47Δ efficacy in killing tumor cells (100–106). To date, all clinical trials involving G47Δ have been conducted in Japan. In addition to demonstration of safety, this OV exhibited strong antitumor efficacy in patients with glioblastoma when used in a phase I-IIa trial (UMIN000002661) and a phase II trial (UMIN000015995) (107). Furthermore, clinical trials to investigate the safety of G47Δ in patients with recurrent or progressive olfactory neuroblastoma (UMIN000011636) and progressive malignant pleural mesothelioma (UMIN000034063) are underway. Significantly, a clinical trial using G47Δ to treat prostate cancer has also been completed (108).

The modifications to the G47Δ genome have given it a higher replication capacity than T-VEC and higher antitumor activity than its G207 parent virus. With improved therapeutic efficacy arising from increased replication and spread, this OV may represent the next stage in cancer therapy. Indeed, the architects of G47Δ, now called Teserpaturev, are seeking approval for Malignant Glioma therapy from Japan’s Ministry of Health (109).



NV1020

NV1020, previously R7020, is a first-generation HSV-1 OV variant that is highly attenuated, having originally been developed as a herpes vaccine, albeit unsuccessfully (110). The construction of NV1020, described by Meignier, has a 15-kb deletion at the junction of the UL and US regions of the HSV-1 genome (Figure 2) where one of two copies of each of the genes encoding ICP0, ICP4, and ICP34.5 are located (111). In addition, this deletion removed one copy of UL56. ICP0 is a dispensable gene product, but at least one copy of the gene encoding ICP4, which blocks apoptosis and positively regulates several other HSV-1 genes, must be retained for viral replication. NV1020 also contains a 700-bp deletion that encompasses TK and the UL24 promoter. HSV-1 UL24 has been shown to inhibit the activation of NF-ĸB, which together with interferon-response factor 3 (IRF3), triggers the host antivirus response via the cyclic GMP-AMP synthase viral DNA recognition pathway. Therefore, deletion of UL24 likely results in a greater innate immune response to this OV (Table 2) (112, 113). In place of the deletion at the junction of the UL and US regions, a 5.2-kb fragment of HSV-2 DNA and an exogenous TK have been inserted. Addition of the TK sequence guarantees that any potential NV1020 infection can be contained by TK-converted prodrugs such as acyclovir, adding a level of safety to this OV treatment.

In contrast to G207, NV1020 retains ICP6 and one copy of UL34.5, and for this reason was predicted to replicate more efficiently in tumor cells that have variable capacity to compensate for the loss of the ribonucleotide reductase (114). Further, investigators predicted that the maintenance of one copy of UL34.5 in NV1020 likely allows for greater viral replication than G207. Indeed, it was determined in cell lines and in vivo animal experiments that NV1020, with improved therapeutic efficacy due to increased replication and spread, exerts greater cytotoxicity at lower multiplicities of infection (MOIs). The paradox of NV1020’s increased neurotoxicity potential set against an increased survival advantage at low MOIs of this OV led investigators to project that NV1020 might be advantageous for patients with more advanced cancer and larger tumors (114).

To date, NV1020 has been tested in at least two clinical trials, a phase I trial in colorectal cancer (NCT00012155) and a combined phase I/II trial (NCT00149396), both of which utilized hepatic artery infusion for liver-metastasized colorectal cancer patients who had failed their first line of chemotherapy (115, 116). Although adverse events were observed after administration in the phase I trial, most were mild to moderate and self-limiting, leading the investigators to conclude that NV1020 can be safely administered into the hepatic artery without significant effects on normal liver function (115). The second trial also integrated a dose escalation study, but it was followed by two cycles of chemotherapy for the cohort of subjects determined to have received the optimal dose. Once again, it was demonstrated that the treatment was minimally toxic, and a significant number of the study participants showed at least a partial response and/or stable disease. It was, therefore, concluded that the treatment may sensitize metastases to salvage chemotherapy, thus justifying performance of a phase II/III trial (116).

NV1020 retains one copy of UL34.5, suggesting a greater replication capacity than T-VEC. The fact that NV1020 was found to have greater replication and killing capacity than G207 in in vitro and animal studies justified pursuit of phase I and II trials (114). Although retention of one copy of UL34.5 likely allows for increased cytolytic activity over T-VEC, given the role of ICP34.5 in neurovirulence, the retention of this gene also suggests a potential risk of neurotoxicity when administered systemically or intracerebrally. However, the lack of NV1020-related adverse events in phase I and II clinical trials, including those measured by neurological examination suggests low risk of neurotoxicity and supports phase II/III trials (116).



rQNestin34.5 & NG34

One of the downsides of the OV therapies utilizing HSV-1 variants that has been pointed out several times in this review is that they often have severely attenuated replication due to the loss of ICP34.5 expression through deletion of both gene copies. Recognizing this issue, Kambara et al. engineered an OV that safely retains UL34.5. In rQNestin34.5, UL34.5 has been reintroduced into the HSV-1 genome under the control of the glioblastoma multiforme (GBM) specific promoter, nestin (Figure 2) (117). Nestin, normally active during embryogenesis, is shut down in the adult brain but is active in glioblastoma cells. Consequently, robust OV expression should occur only in GBM cells.

Researchers are currently recruiting for a phase I clinical trial using rQNestin34.5 in GBM patients (NCT03152318). Despite carrying a single copy of UL34.5, researchers hope that its re-engineered genome will confine expression of the gene to cancer cells and that neurotoxicity will be highly attenuated, thus mirroring the safety profile of UL34.5-lacking T-VEC.

In a resourceful workaround that could be applied more generally for the ICP34.5 neurotoxicity issue, the nestin promoter-controlled UL34.5 was switched out with the human ortholog, GADD34. The new protein product, GADD34, expressed by this OV variant, known as NG34, mimics ICP34.5’s ability to dephosphorylate eIF2α by association with PP1, but it lacks a beclin 1 binding domain, effectively eliminating beclin 1-mediated neurotoxicity. To date, only animal studies have been performed with NG34, but greater tolerability compared to rQNestin34.5 has been demonstrated and could represent a viable evolutionary path of the parental OV if it performs well in clinical trials (118).



M032

M032 is a second-generation oncolytic HSV variant that has been modified not only to take advantage of direct oncolytic activity but, also, to recruit inflammatory cells. This latter ability was imbued by incorporating interleukin-12 (IL-12) into both sites where the gene encoding ICP34.5 was deleted to induce significant expression of this cytokine (Figure 2 and Table 2). Transgene expression of IL-12 by an OV complements work performed with other vectors that yielded promising results in numerous other cancer therapy preclinical and clinical trials (119–124). Preclinical studies using an identical virus, except that it expresses murine IL-12, have shown this OV to be both safe and superior in efficacy to non-cytokine-expressing parental strains in various brain cancer models (125). This sets the stage for a phase I clinical trial (NCT02062827) that is currently recruiting for the treatment of recurrent/progressive glioblastoma.

With the insertion of a cytokine gene to enhance immune responses against OV-infected cells, M032’s design parallels that of T-VEC. The design similarities extend to deletion of the gene encoding ICP34.5 in both OVs, but the similarities end with the deletion of the gene encoding ICP47 in T-VEC. Therefore, it is difficult to project whether M032 will exhibit superior performance to T-VEC with respect to the treatment of malignancies. Nevertheless, expression of IL-12 could make this a more effective OV-based cancer treatment because of its ability to create an antitumor environment through enhancement of natural killer cell cytolytic activity. Additionally, IL-12 mediates production of IFN-γ, polarizing T helper cells towards a cell-mediated response. Moreover, it has been demonstrated that IL-12 is antiangiogenic, thereby inhibiting tumor growth (119, 122, 126).




Discussion

There is an ongoing need for development of efficacious cancer therapies that will increase survival of patients with resistant malignancies, and OV treatment shows considerable promise. As a component of combination therapy regimens utilizing standard-of-care (SOC) treatments, there is mounting preclinical and clinical evidence that OV treatments can boost overall therapeutic efficacy against a variety of malignancies (73, 82–84, 127, 128). Incorporation of OVs into treatment regimens introduces the potential for significant dose reductions without compromising tumor cell-killing capacity. In turn, toxicity associated with chemo- and radiotherapy can be minimized. In this review of the many OV therapies currently in development, only HSV-1 variants in clinical trials or approved for clinical use were discussed.

OV treatments display potential for extending life expectancy in patients with various refractory cancers, however, completion of subsequent phases of these trials must be performed in order to determine efficacy and establish patient safety. Furthermore, many aspects of OV therapy require further research to optimize mode of adminstration to establish efficacy against different types of malignancies and to hone the specificity and safety properties of each engineered OV variant.

Use of OVs for cancer treatment ideally results in two separate but related therapeutic effects. The first is that infection of tumor cells by an OV leads to direct death of the cancer cells as a part of their lytic lifecycle. The viral progeny released upon lytic destruction can subsequently infect other cancer cells to perpetuate killing of more cells. However, solid tumors are known to extensively manufacture extracellular matrix (ECM) (129). Therefore, ECM-mediated inhibition of virus spread throughout tumors is an area of active exploration within the OV therapy field (130, 131). Several groups have incorporated genes for ECM-remodeling proteins into various OVs that have shown promise in preclinical models (132–136). Improved antitumor efficacy has been observed when OVs expressing chondroitinase, hyaluronidase, relaxin, and decorin were used (132–137). Since studies using OVs containing a single transgene that regulates connective tissue remodeling have shown some success, it is possible that delivery of a combination of these genes by OVs will be required for maximum tissue penetration and tumor regression.

Release of cancer antigens from lysed cells leads to the second therapeutic effect- the induction of an adaptive immune response that kills residual local and distant tumor cells. To this end, establishment of highly robust immune responses against cancer cells has been the focus of many OV engineering efforts. Earliest efforts using HSV-1 as an OV were directed at modifying the virus so that its capacity to evade host immune responses would be attenuated. The deletion of UL34.5 from many HSV-1 OV strains is an example. This deletion reduces neurovirulence and allows enhanced immune responses due to the fact that wild-type virus expression of ICP34.5 inhibits DC maturation and antigen presentation (26, 27, 32–34). Other gene deletions in HSV-1 OVs that result in more complete immune responses against virus-infected cells include removal of US12 and UL49.5, both of which negatively affect the function of TAP (51).

Excellent safety profiles of early HSV-1 OVs have been clinically established, so recent efforts are aimed at increasing efficacy by addition of transgenes that enhance physiological responses directed towards OV-infected cells. For example, HSV-1 has been engineered to include transgenes that allow the virus to synergize with SOC treatments such as chemotherapy and radiation. To address inadequate chemotherapeutic responses Braidwood et al, developed an HSV-1 OV that contains the enzyme, nitroreductase, which converts the prodrug, CB1954, into an active alkylating chemotherapeutic agent. Use of this OV together with CB1954 enhanced tumor cell killing in vitro and improved survival in preclinical cancer models (138).

Another SOC treatment commonly used for treating cancer is radiation therapy. Observations have been made wherein radiation positively affects viral replication and, therefore, has the potential to contribute to OV therapeutics. Conversely, radiation therapy can be enhanced with OV treatment. This approach was taken by Quigg, et. Al. wherein they inserted a transgene coding for the noradrenaline transporter into an HSV-1 OV (139). This modification enabled targeted radiotherapy of HSV-infected cells expressing the membrane symporter because they accumulated the iodine-131-labeled noradrenaline analog, metaiodobenzylguanidine (MIBG). The combination of the OV and radiolabeled MIBG led to decreased tumor growth and increased survival in an animal model relative to either agent given alone (140).

Both approaches result in concentration of conventional therapeutic agents in and around infected cells with the goal of killing tumor cells with high precision while minimizing toxicity to healthy cells. However, replacement of toxic therapeutic agents by Ovs that have been engineered to promote physiological responses robust enough to destroy the tumor is the ultimate goal. One way this might be accomplished is to boost immune responses against tumor cells by modifying Ovs to deliver therapeutic payloads. Currently, insertion of cytokine genes that promote inflammation and subsequent bystander killing of tumor cells into Ovs is a common approach. The incorporation of GM-CSF into T-VEC, and IL-12 into M032 are notable examples. Numerous other cytokine transgenes have been incorporated into Ovs as well as inhibitory receptors and bispecific T cell engagers with varying degrees of success (141–145). Given the large HSV-1 genome containing multiple accessory genes and the seemingly endless array of possible transgenes that could be incorporated, this approach represents a significant source of as yet untapped potential.

T-VEC’s reduced replication and restricted mode of delivery by intra-tumoral application has led investigators to take a step back and consider the possible use of unattenuated viruses. Replication-competent viruses might be safely used if they can be engineered to infect only specific cancer cells, sparing non-cancerous surrounding cells. Therefore, reliance on specificity rather than attenuation for OV therapy may be a superior strategy.

By and large, retargeting is accomplished by modification of the viral receptor, gD. Cancer cells employ a variety of strategies to enhance their own survival. For example, many cancer cells express the IL-13 receptor to promote an anti-inflammatory environment. Zhou et al. created an HSV-1 OV that expresses a chimeric gD receptor that contains IL-13 sequences to target cells expressing the IL-13 receptor (146). In an alternative approach, multiple groups have replaced portions of the gD gene sequence with that of single-chain immunoglobulin receptors. These were directed against tumor associated antigens such as human epidermal growth factor receptor (EGFR), epithelial cell adhesion molecule (EpCAM) and human epithelial growth factor receptor 2 (HER2), thereby retargeting Ovs to recognize a variety of tumor cell types (147–150). In each of these retargeted HSV-1 Ovs, gD was modified but UL34.5 was retained, preserving full replication capacity while providing greater specificity. This strategy parallels the previously mentioned rQNestin34.5, which has UL34.5 under a nestin promoter to specifically kill glioblastoma cells.

Avoiding immune responses is another area of OV development being actively researched. Although OVs can be modified to specifically target tissues, administration of unaccompanied virus has one significant downside in which neutralizing antibodies that either already exist in circulation or arise as a result of treatment can drastically reduce viral titers. Viral clearance by neutralizing antibodies has hampered the use of T-VEC and other OVs in clinical trials for treatment of visceral metastases by systemic or intravenous application (12, 23, 73). Consequently, a number of ‘ghosting’ techniques have been developed that allow delivery of the virus in a manner that prevents it from being exposed to the body’s immune defenses.

Ghosting OVs can involve ‘Trojan horse’ or ‘hitchhiking’ cell-based delivery methods. Systemic administration of OVs by Trojan horse is one of the most commonly explored techniques, likely because it mimics naturally occurring microbial strategies to avoid the immune system, such as that used by Flaviviruses. It is well established that tumor cells tend to traffic in vivo to sites of origin or tumor cell distribution, making them attractive potential delivery vehicles (151). To avoid seeding de novo tumor growth by these carriers, strategies have employed: lethal irradiation of tumor cells prior to delivery, use of allogeneic or xenogeneic cells, and/or use of inducible suicide programs (152, 153). Similarly, mesenchymal stem cells (MSCs) can serve as cell-based OV delivery vehicles since they readily migrate to sites of inflammation, injury, ischemia, and home to tumor microenvironments (154–158). Additional advantages gained from use of MSCs include ease of isolation from patients and growth in culture, reduced immunogenicity, and high metabolic activity that allows for increased viral replication and subsequent viral yields at tumor sites (155, 158). These cell-based delivery mechanisms avoid immune depletion of virus as demonstrated by higher viral titers and improved tumor killing in animal models.

Hitchhiking commonly involves the use of immune cells, which naturally home to tumors as a part of host defense. HSV-1 OVs adsorbed onto the surface of tumor-specific lymphocytes followed by systemic injection resulted in greater cytotoxicity of tumor cells and increased survival in a disseminated tumor mouse model, supporting the use of hitchhiking as a second viable mechanism for OV delivery (159).

As an alternative to cell-based carriers, the viral envelope can be modified to mask it from host immune defenses. This has been done in multiple ways, including addition of inhibitory regulators of phagocytosis or biodegradable polymers to OV envelopes (160, 161). Both of these techniques enable OVs to evade host defenses, thus allowing the virus to persist longer so as to reach more tumor cells.

Since only a small portion of OV carriers typically reach their intended destination, researchers have gone a step further by combining directed targeting with Trojan horse strategies. Using a mouse model, Muthana et al. employed magnetic resonance imaging (MRI) to steer systemically injected macrophages, loaded with magnetic beads and a payload of OV (HSV1716), from the blood to specific tumor sites. This combination strategy resulted in increased tumor macrophage infiltration and a reduction in tumor burden and metastases (162). This work supports the possibility for real-time image-guided trafficking of carrier cells containing targeted OVs to ensure viral delivery at tumor sites and improve clinical outcomes.

OV therapies show great promise towards the goal of defeating cancer with minimal collateral pathology. In particular, patients who are refractory to current SOC treatments may derive enormous benefit from OV therapy. Of the many viruses being studied for OV development, HSV-1 is particularly suitable for the task. The HSV-1 OV, T-VEC, is the only FDA-approved OV therapy in the United States and has already been shown to be safe and effective in the treatment of melanoma. However, there is room for improvement of this or any of the other HSV-1 OV therapies currently being developed. New research has made significant progress in creating OV technologies that can be applied to the HSV-1 platform to provide greater cancer specificity and augment tumor killing with minimal toxicity.
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Dysregulation of XIAP has been shown to affect the progression of a variety of cancers, including lung adenocarcinoma (LUAD). However, the function and mechanisms of XIAP in lung adenocarcinoma with brain metastasis (LUAD-BM) remains poorly understood. In this study, we analyzed the differential mRNA of 58 lung adenocarcinomas samples and 28 lung adenocarcinomas with brain metastases in GEO database. 191 differentially expressed mRNAs were significantly associated with immune response, the proliferation of the immune cell, cell-cell adhesion. Subsequent analyzed by lasso and SVM found that XIAP was significantly elevated in LUAD-BM and significantly associated with LUAD grade and metastasis. Then we constructed a molecular regulatory network of ncRNA-miRNA-mRNA ceRNA by Cystoscope based on the correlation obtained from Starbase. It was found that SBF2-AS1 or RUNDC3A-AS1, has-miR-338-3p and XIAP may have a regulatory relationship. Furthermore, we also initially found that XIAP was closely correlation with T cells, B cells, Mast cells, macrophages, and dendritic cells. In conclusion, we found that XIAP was significantly higher expressed in LUAD-BM compared with LUAD without brain metastasis, suggesting that XIAP may play an important role in the future prediction and clinical treatment of LUAD-BM.
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Introduction

Globally, lung cancer is the malignant tumor with the highest incidence rate and poor clinical treatment effect. About 2.2 million new cases were reported worldwide in 2020, which accounts for about 11.4%, and the number of lung cancer-related deaths was 1.8 million, accounting for 18% (1). Approximately, 40-50% of lung cancer patients have brain metastases (BM), particularly with lung adenocarcinoma (LUAD) accounting for about 11% (2). However, the efficiency of drug transport through the blood-brain barrier is low, and an effective BM treatment remains a daunting challenge (3). Studies have shown that there may be additional potential carcinogenic changes in BM (4). Therefore, a better understanding of the mechanism of BM and the discovery of new genomic signatures will be a significant milestone in the treatment of BM.

The X-linked inhibitor of apoptosis protein (XIAP) belongs to the inhibitor of apoptosis proteins (IAP) family. Its inhibition of cell apoptosis is principally by interfering with the function of caspase-3/-7/-9, also, it participates in cell autophagy, necrosis, and the regulation of homeostasis (5). XIAP is highly expressed in 60 human tumor cell lines of the National Cancer Institute (6). Besides the research on the anti-apoptotic function of XIAP, some scholars have found that XIAP affects the invasion and lung metastasis of bladder cancer by regulating ERKS (7). Additionally, XIAP can attenuate RhoGDIα SUMOylation at lys-138 to regulate the invasion of colon cancer cells (8). However, the influence and molecular mechanism of lung cancer metastasis have not been explored.

The ceRNA hypothesis describes the competing activities of some RNAs at the common binding sites of targeted miRNAs, thereby achieving the function of regulating miRNAs. The ceRNA network links the functions of protein-coding mRNAs and thus the functions of non-coding RNAs, of which lncRNAs are crucial in the regulation of gene expression (9, 10). Studies have found that lncRNA CRNDE reduces XIAP protein levels by negatively regulating miR-186 (11). In the current study, we compared the difference in the expression of mRNA between lung cancer and lung cancer patients with brain metastases. Fortunately, the combined Lasso regression analysis and SVM regression algorithm revealed that XIAP was significantly high in patients with lung cancer brain metastases. Furthermore, small sample tests and ceRNA network predictions were performed to explore the clinical value of XIAP as a signature gene for brain metastases and to study the correlation with the infiltration of immune tumors.



Materials and methods


Eligible dataset filtering

Two mRNA expression profiles (GSE14108, GSE10072) were acquired from the GEO platform (http://www.ncbi.nlm.nih.gov/geo), a public repository containing a high-throughput genomics database (12). 58 LUAD samples and 28 lung adenocarcinomas with brain metastases (LUAD-BM) were used as target datasets. The external validation profiles were obtained from GSE126548 and it contains matched 3 LUAD tumors and 3 LUAD-BM samples. The datasets were standardized by fragment per kilobase million (FPKM).



Identification of differentially expressed BM-related genes

The significant differential genes (DEGs) were identified using the “limma” package based on the R 4.1.2 environment (13). Log Fold Change (log2FC) >2 and the adjusted P <0.05 were considered to be statistically significant. Subsequently, BM-related differential genes were screened using LASSO and SVM-RFE regression analysis, respectively, and the Venn diagrams were drawn. Finally, the expression of BM-related differential genes was verified in the GSE126548 dataset to ensure the accuracy of screening.



Functional enrichment analysis

Based on the DEGs screening, we used the “clusterProfiler” package to complete the Kyoto Encyclopedia of Genes and Genomes (KEGG) and the Gene Ontology (GO) enrichment analysis. The p-value and q-value less than 0.05 were considered to be significantly enriched. In addition, we used the STRING version11.5 (https://www.string-db.org/) to construct a PPI network diagram and performed the KEGG analysis (14).



Prediction of the lncRNA-miRNA-mRNA ceRNA network

The mRNA and lncRNA data and related clinical information were obtained from UCSC Xena (https://xenabrowser.net) (15). The miRNA expression profiles were downloaded from TCGA (https://portal.gdc.cancer.gov/) and the differential miRNAs and lncRNAs were screened using the “limma” package. Subsequently, the upstream miRNAs and lncRNAs which interact with XIAP were obtained from the starbase database (https://starbase.sysu.edu.cn) (16). Starbase is an open-source platform for studying the miRNA-lncRNA, miRNA-mRNA, and lncRNA-RNA interactions from CLIP-seq, degradome-seq, and RNA-RNA interactome data. In order to improve the prediction accuracy, we included 7 datasets including PITA, RNA22, miRmap, miRanda, PicTar, TargetScan and Pan-cancer. The “program Number≥2” were regarded as being significantly significant predictions. Furthermore, the “limma” package was used to analyze the interactions among the lncRNA, miRNA, and mRNA. The Correlation coefficient≥2, and P-value<0.001 were considered to be significant. Cytoscape 3.7.1 was used for the visualization of the miRNA-mRNA and lncRNA-miRNA-mRNA network (17).



The infiltration of the immune microenvironment

CIBERSORT is a widely used immune infiltration analysis tool and provide an estimation of the abundances of member cell types in a mixed cell population, using gene expression data (18). So we used CIBERRSORT to quantify the proportion of 22 immune cells in patients with LUAD or LUAD-BM (19). The correlations between immune cells were plotted using the “corrplot” package. The correlation between DEGs and the immune cells was then analyzed using “limma”, “reshape2”, “ggpubr”, and “ggExtra” packages.



Statistical analysis

The Spearman and distance correlation analyses were performed to generate the correlation coefficients. The comparative analysis of the two groups was performed using the Wilcox test. All statistical analyses were performed in R 4.1.2, GraphPad Prism 8, and SPSS20. All statistical P values are two-sided and a priori P < 0.05 represents statistical significance.




Result


Analysis of the genetic differences between LUAD and LUAD-BM

To perform a preliminary exploration of the genetically significant differences between LUAD and LUAD-BM, we increased the screening criteria to |log2FC|≥2 to screen for differential genes. Then, we initially screened out 191 significant DEGs, including 35 up-regulated genes and 156 down-regulated genes (Figure 1A). The Go enrichment analysis showed that the DEGs were significantly associated with biological functions like immune response, the proliferation of the immune cell, cell-cell adhesion, etc. (Figure 1B). The KEGG pathway enrichment suggests that DEGs were correlated with Coronavirus disease-COVID-19, phagosome, hematopoietic cell lineage, and graft−versus−host disease (Figure 1C).




Figure 1 | Analysis the differential genes between LUAD and LUAD-BM. (A) Heatmap of LUAD and LUAD-BM (|log2FC|≥2, p < 0.05). The GO biological function analysis (B) and KEGG pathway analysis (C) of DEGs.





Identified the most relevant genes for LUAD-BM

To further explore the markers associated with BM, we first found 13 genes that were significantly associated with LUAD-BM using Lasso linear regression models, including DCHS2, AGRP, CFL1, TMC7, TBC1D22B, RPS27, PTPN9, RPS29, RPS15A, RBM17, XIAP, HERC1, and TXLNG (Figure 2A). Subsequently, the SVM-RFE algorithm identified two genes to be significantly associated with LUAD-BM, namely MDM4 and XIAP (Figure 2B). Interestingly, both methods detected XIAP as a signature gene (Figure 2C).




Figure 2 | Screened the most relevant genes for LUAD-BM. (A) Ten-time cross-validation for DEGs in the LASSO. (B) The Root Mean Square Error (RSME) curve of DEGs in SVM-REF. (C) The intersection genes selection between LASSO and SVM-RFE algorithms.





External dataset validation

Furthermore, we used the GSE126548 as the external validation data and found that the XIAP mRNA is also improved significantly in the LUAD-BM sample (Figure 3A), suggesting that XIAP can predict BM accurately. The high expression of XIAP mRNA in LUAD and metastasis was also found in the expression of differential gene analysis in the tumor, normal, and Metastatic Tissue (TNMplot, https://tnmplot.com) (Figure 3B).




Figure 3 | External data validation of XIAP expression in LUAD and LUAD-BM. (A) The expression of XIAP for LUAD and LUAD-BM in GSE126548. (B) The relationship of XIAP and LUAD metastasis in TNM plot. (C, D) upregulated expression of XIAP protein in LUAD tissue was associated with tumor grade. (E) The Immunohistochemistry showed that XIAP protein was increased in LUAD tumor than normal tissue in HPA database. P < 0.05 indicated significant difference.



Meanwhile, we also used the UALCAN database to explore the up-regulated XIAP protein in LUAD tissue and grade 3 patients (Figures 3C, D). Furthermore, the HPA database was also compared with normal lung tissue, and the XIAP was found to be more expressive in LUAD (Figure 3E).



Function analysis of XIAP

The STRING database was used to screen 10 genes that were highly related to XIAP (Score>0.9). The PPI network suggested that XIAP has a direct association with TAB1, RIPK2, HTRA2, CASP3, CASP9, CASP7, DIABLO, SEPT4, XAF,1, and APAF1 (Figure 4A). Furthermore, the enrichment of the KEGG signaling pathway showed that the expression of XIAP protein was correlated with Apoptosis - multiple species, Legionellosis, Platinum drug resistance, Apoptosis, p53 signaling pathway, Toxoplasmosis, and TNF signaling pathway (p-value<0.001 Figure 4B).




Figure 4 | Function analysis of XIAP. The protein-protein interaction (A) and KEGG pathway analysis (B) of XIAP.





Constructed and identification of the lncRNA-miRNA-mRNA axis

To construct the lncRNA-miRNA-mRNA network, we initially identified the significant differential lncRNAs and miRNAs by R software and produced the target relationship between lncRNAs and miRNAs. The result showed that 146 miRNAs were closely correlated with XIAP mRNA. Secondly, 15 target miRNAs of XIAP were acquired from the starbase database, in which hsa-miR-338-3p was negatively correlated with XIAP (Figure 5A). Subsequently, we downloaded the 132 lncRNAs associated with hsa-miR-338-3p and overlapped with the result obtained from R. Finally, we got the ceRNA network of SBF2-AS1, RUNDC3A-AS1, hsa-miR-338-3p, and XIAP was drawn with Cytoscape 3.7.1 (Figure 5B).




Figure 5 | The construction of lncRNAs-miRNAs-XIAP network. (A) The miRNAs and XIAP network in LUAD. Green nodes indicated significant differential miRNAs associated with XIAP in TCGA database. Blue nodes suggested the miRNAs positively correlated with XIAP in Starbase (The Correlation coefficient ≥ 2, and P-value < 0.001), while orange node indicate negatively. (B) the ceRNA network of SBF2-AS1, RUNDC3A-AS1, hsa-miR-338-3p, and XIAP.



The results showed that hsa-miR-338-3p expression was negatively correlated with XIAP, and RUNDC3A-AS1 and SBF2-AS1 were positively correlated with XIAP (Figure 6A). And SBF2-AS1 and RUNDC3A-AS1 expression decreased as has-miR-338-3p expression decreased (Figure 6B). Simultaneously, we linked the gene expression data with the clinical information, which demonstrated that RUNDC3A-AS1 and SBF2-AS1 have a highly significant expression in LUAD (Figure 6C) and can be a good biomarker for prognosis (Figure 6D). However, there was no significant difference in the hsa-miR-338-3p between the normal group and the LUAD.




Figure 6 | The correlation of XIAP, has-miR338-3p, SBF2-AS1 and RUNDC3A-AS1. (A) SBF2-AS1 and RUNDC3A-AS1 were positively associated with XIAP, and hsa-miR338-3p was negatively. (B) The relationship of SBF2-AS1or RUNDC3A-AS1 with hsa-miR338-3p. (C) The expression of has-miR338-3p, SBF2-AS1 and RUNDC3A-AS1 in LUAD and normal tissues. (D) The relationship of has-miR338-3p, SBF2-AS1 and RUNDC3A-AS1 and OS, P < 0.05 indicated significant difference.





Comparison of the immune function

Previous GO analysis showed that LUAD-BM was closely associated with immune response. In this paper, we further explored the role of the immune microenvironment in LUAD-BM by CIBERSORT. The result demonstrated that monocytes, activated mast cells, T cell regulatory, and the resting NK cells were positively correlated with LUAD-BM and XIAP. Mast cell resting, B cell naive, macrophages M1, and the resting dendritic cells were negatively related to LUAD-BM and XIAP (Figures 7A, C). Additionally, the correlation heatmap revealed that the proportions of resting NK cells and T cell regulatory (Tregs) were moderately correlated (Figure 7B). These results suggested that XIAP may play an important role in T cells, B cells, Mast cells, macrophages, and the regulation of dendritic cells.




Figure 7 | XIAP-related immune infiltration. (A) The relationship of 22 tumor infiltrating immune cells with LUAD-BM in CIBERSORT. (B) The proportions of different tumor infiltrating immune cell subpopulations were weakly to moderately correlated. (C) Monocytes, activated mast cells, T cell regulatory, and the resting NK cells were positively correlated with XIAP. In contrast, Mast cell resting, B cell naive, macrophages M1, and the resting dendritic cells were negatively related XIAP.






Discussion

XIAP is an important member of the IAP family with three baculoviral IAP repeat (BIR) motifs, one ubiquitin-associated (UBA) domain accompanied by a ring finger domain (20). Previous studies on XIAP were mostly related to apoptosis, and a few research results have demonstrated the role of XIAP in cell metastasis. Metastasis often heralds a lethal stage of epithelial malignancy with few available treatment options (21), especially in LUAD. Here, we found that the up-regulated expression of XIAP was related to LUAD-BM. Meanwhile, the expression of XIAP protein had a significant association with LUAD grade and metastasis. In addition, this study revealed that different tumor-infiltrating immune cells were correlated with XIAP in LUAD-BM, and constructed the SBF2-AS1 or RUNDC3A-AS1-has-miR-338-3p-XIAP network. Thus, findings from our studies give evidence to infer that XIAP could serve as an important biomarker for LUAD-BM.

Over half of lung cancer patients developed brain metastases, and the incidence is increasing yearly, also, the median survival time is less than 6 months (22). To understand the mechanisms of LUAD-BM, we analyzed two mRNA profiles containing 58 lung adenocarcinoma samples and 28 lung adenocarcinomas with brain metastases. The result showed that 191 genes had more than a 2-fold difference. Moreover, the likely important signaling pathways in LUAD-BM include immune response, the proliferation of the immune cell, cell-cell adhesion, etc. This may be related to the expression of a variety of adhesion molecules involved in immune response and inflammation (23). Subsequently, we screened out highly expressed XIAP mRNA in LUAD-BM by lasso regression and SVM-RFE analysis. We also observed that the expression of XIAP mRNA and protein were up-regulated in LUAD than in normal tissues, and significantly associated with LUAD grade and metastasis. The research on XIAP as a metastasis-promoting factor has been deepening in recent years. Notable examples include: the improvement of cell adhesion by CAV1-mediated XIAP recruiting to the α-integrin complex (24). Another research demonstrated that XIAP, and surviving cooperate to regulate the invasion of tumor cells and metastasis (25). Hong Zhang et al. found that XIAP-shRNA significantly inhibited cell migration and invasion through a non-small cell lung cancer (NSCLC) xenograft model (26). Ceramide analog LCL85 targeting XIAP and CIAP1 overcomes apoptosis-induced resistance in metastatic colon and breast cancer, thereby inhibiting metastasis in vivo (27). Then, researchers confirmed that XIAP enhanced the nucleolin-mediated Rho-GDIβ mRNA stability to promote bladder cancer cell invasion of the lung (7). And curcumin inhibits the expression of XIAP and significantly reduces the incidence of breast cancer metastasis to the lung in a human breast cancer xenograft model (28). However, the role of XIAP in brain metastasis has not been established. Inhibition of XIAP or Survivin enhances postradiotherapy cell survival in lung cancer cells H460 compared to controls (29). XIAP-targeted shRNA and celecoxib synergistically reduce the growth of NSCLC (26). And XIAP-mediated protection of H460 lung cancer cells against cisplatin (30). Given the growing number of studies linking XIAP to cancer, focus has shifted to the development of anti-XIAP drugs. Thus, the discovery of increased XIAP in LUAD-BM and the evaluation of the mechanisms are of tremendous importance to LUAD metastasis and clinical treatment.

An increasing number of studies have shown that lncRNAs may regulate the expression of the targeted mRNA by competing for the shared miRNAs (31). For instance, miR-185 specifically binds to XIAP to reduce glioma stability, a process that can be inhibited by CRNDE (11). The 3’UTR of XIAP can also function as a ceRNA, and decreased miR-29a-5p adsorbed FSCN1 increased motility of breast cancer cells. In this study, we analyzed the ana LUAD expression profiles to screed the differential expression of lncRNAs and miRNAs. By integrating the interaction between them, we found that miR expression was negatively correlated with XIAP, and RUNDC3A-AS1 and SBF2-AS1 were positively correlated with XIAP. In addition, SBF2-AS1 and RUNDC3A-AS1 expression decreased as has-miR-338-3p expression decreased. These studies suggested that SBF2-AS1 or RUNDC3A-AS1 might regulate the expression of XIAP target via has-miR-338-3p. Generally, miRNA is known to negatively regulate the expression of genes at the mRNA (32). A large number of studies have found that has-miR-338-3p inhibits the proliferation and invasion of lung cancer cells by targeting SOX4, IRS2 and AKT (33–35). Thereby, we have reason to believe that has-miR-338-3p plays an important role in lung cancer invasion. The association of SBF2-AS1with has-miR-338-3p was reported, which is consistent with our predicted results. For example, SNF2-AS1 was showed to inhibit the proliferation and migration of clear cell renal cell carcinoma by inhibiting miR-338-3p targeted ETS1 (36). SBF2-AS1 can also affect the malignant phenotype of non-small cell lung cancer (NSCLC) by participating in miR-338-3p/ADAM17 axis (37). However, RUNDC3A-AS1 has not been extensively studied, and it was currently discovered that RUNDC3A-AS1 regulated the malignant progression of thyroid cancer and can promote lung metastasis by targeting miR-182-5p/ADAM9 (38, 39). New research has shown that miR-338-3p suppresses the metastasis of lung cancer by influencing the MAPK signaling pathway or targeting KIF2A (40, 41). In this study, we found that miR-338-3p was decreased with higher expression of XIAP, however, there was an increment in SBF2-AS1 and RUNDC3A-AS1. Thereby, SBF2-AS1 or RUNDC3CA-AS1 may become competitively bonded to miR-338-3p, which leads to the release of the inhibition of XIAP by miR-338-3p.

Another noteworthy finding in this research is the correlation between immune infiltration and LUAD-BM. The CIBERSORE analysis demonstrated that monocytes, activated mast cells, T cell regulatory, and NK cell resting were significantly upregulated in the LUAD-BM group, with an increase in the expression of XIAP. However, Mast cell resting, B cell naive, macrophages M1 and dendritic cells resting were downregulated. This correlation could indicate that XIAP plays an important role in naïve immune response, which is consistent with the findings of Anne C et al (42). However, further studies are still demanded to confirm our findings.

In summary, the up-regulated expression of XIAP was significantly associated with LUAD metastasis, especially in brain metastasis. This function may be closely related to the negative regulation of has-miR-338-3p by SBF2-AS1 or RUNDC3A-AS1. However, this study is limited by its dependence on bioinformatics analysis only, and needs further in vivo and in vitro studies to verify. In summary, XIAP could be considered a new candidate for therapeutic target in LUAD-BM.
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The ADAM (a disintegrin and metalloprotease) gene-related family including ADAM, ADAMTS, and ADAM-like decysin-1 has been reported to play an important role in the pathogenesis of multiple diseases, including cancers (lung cancer, gliomas, colorectal cancer, and gastrointestinal cancer). However, its biological role in gliomas remains largely unknown. Here, we aimed to investigate the biological functions and potential mechanism of ADAMDEC1 in gliomas. The mRNA and protein expression levels of ADAMDEC1 were upregulated in glioma tissues and cell lines. ADAMDEC1 showed a phenomenon of “abundance and disappear” expression in gliomas and normal tissues in that the higher the expression of ADAMDEC1 presented, the higher the malignancy of gliomas and the worse the prognosis. High expression of ADAMDEC1 was associated with immune response. Knockdown of ADAMDEC1 could decrease the proliferation and colony-forming ability of LN229 cells, whereas ADAMDEC1 overexpression has opposite effects in LN229 cells in vitro. Furthermore, we identified that ADAMDEC1 accelerates GBM progression via the activation of the MMP2 pathway. In the present study, we found that the expression levels of ADAMDEC1 were significantly elevated compared with other ADAMs by analyzing the expression levels of ADAM family proteins in gliomas. This suggests that ADAMDEC1 has potential as a glioma clinical marker and immunotherapy target.




Keywords: gliomas, glioblastoma multiforme, lower-grade glioma, a disintegrin and metalloproteinase domain-like protein decysin-1, matrix metalloproteinase 2



Introduction

Gliomas are one of the most lethal malignant tumors all over the world. There are different types of gliomas, including astrocytomas, brain stem gliomas, ependymomas, mixed gliomas (also called oligo-astrocytomas), oligodendrogliomas, and optic pathway gliomas. High-grade astrocytomas, called glioblastoma multiforme, are the most malignant of all brain tumors. The prognosis may vary depending on the type and location of the gliomas. Patients with a glioblastoma may have a survival rate of less than 1 year. The prognosis of patients with high-grade gliomas remains very poor because of cellular heterogeneity, therapeutic resistance, and a highly infiltrative nature. Two major types of glioblastomas based on mutations in the isocitrate dehydrogenase (IDH) 1 or 2 genes, and IDH-wild-type glioblastomas account for more than 90% of the cases according to WHO classification (1). Due to the invasive growth of malignant gliomas and the fragility of the central nervous system, surgery cannot completely remove the entire tumor from the brain, which brings great difficulties to the treatment of gliomas (2). Therefore, it is urgent to find a novel strategy for the treatment of glioma.

The disintegrin and metalloproteinase (ADAM) family is a class of glycoproteins anchored to the cell membrane that contain metalloprotease and disintegrin functional domains. There are more than 30 ADAM members involved in fertilization, neurogenesis, muscle development, immune response, and so on (3). In mechanism research, it also plays an important role in the hydrolysis of extracellular matrix, cell–cell and matrix adhesion, cell fusion, membrane protein shedding, proteolysis, and intracellular/extracellular signal transduction (4). Inflammation is a basic immune response including the basis of various physiological and pathological processes that prevent bacterial infection and repair damaged tissues (5). Cell–cell and cell–matrix interactions are critical in inflammation-related diseases. The dysregulation of ADAMs is associated with autoimmune diseases, inflammation, and cancers (6). Studies have found that inflammation is usually accompanied by the shedding of many transmembrane proteins. ADAMs can rapidly regulate key cell signaling pathways to induce the shedding of surface-associated factors to adapt to changes in the external environment. Furthermore, ADAMs disrupt cell adhesion and accelerate cell necrosis, and the shed protein fragments trigger inflammation (7–10). Cai et al. found that ADAMs are activated in the early stage of cell necrosis. Cell death is inhibited by knocking down ADAM9/10, which means that the activation of ADAMs may damage the cell epithelial barrier and exacerbate inflammation in vivo (8). Jones also found that ADAMs regulate intestinal development by controlling intestinal inflammation by shedding tumor necrosis factor receptor (TNFR) (11). Many studies have shown that ADAM17 is a key factor regulating the body’s injury and inflammatory response, and it is also a key factor leading to the reduction of cell adhesion (12–15). It may become a new target for cell necroptosis.

ADAMDEC1 (a disintegrin and metalloproteinase domain-like protein decysin-1) is also a member of the ADAM family, which is located on chromosome 8p12. ADAMDEC1 is the only metalloprotease in human and other mammalian genes that has aspartate residues instead of non-histidine zinc fingers (3). The ADAM family is involved in the maintenance of the malignant phenotype of glioblastoma and is expected to provide new ideas for the treatment of gliomas (16). Several studies reported that ADAM9, ADAM10, and ADAM17 showed high expression in glioma; meanwhile, ADAM9, as a potential regulator of glioma invasion, showed higher expression in GBM compared with LGG (17–19). ADAMDEC1, like other ADAM family members, also played an important role in the pathology of many diseases, most likely through regulating inflammation. Skin samples from patients with rosacea have a high expression level of ADAMDEC1. Furthermore, in the mouse model induced by antimicrobial peptide LL-37, silencing ADAMDEC1 reduced the expressions of IL-6, iNOS, and TNF-α, therefore reducing inflammation level (20). In the dextran sodium sulfate (DSS)-induced colitis mouse model, both the mRNA and protein levels of ADAMDEC1 were significantly higher in colonic mucosal platelet-derived growth factor receptor-alpha (PDGFRα)-positive cells compared with other cell types in the colonic mucosa, which suggested that this gene might be a potential drug target for colitis (21). Moreover, ADAMDEC1 has also been reported to contribute to the development of cancer. In vitro, ADAMDEC1 was shown to be a potential protein regulating gastric cancer cell proliferation and migration (22). Hwang et al. also found that the expression of ADAMDEC1 protein decreased when the migration of SK-Hep1 cells was inhibited (23). Macartney-Coxson et al. found that the destruction of colorectal cancer progressed rapidly with high ADAMDEC1 expression, and ADAMDEC1 can increase the metastatic potential of colorectal cancer (24). Supiot et al. confirmed that ADAMDEC1 protein is closely related to protein metabolism and cell adhesion in rectal cancer (25). For central nervous system tumors, it was found that ADAMDEC1 expression level was significantly higher than the control group in either enamel epithelial craniopharyngioma or squamous papillary craniopharyngioma. ADAMDEC1 is rarely expressed in grade I and grade II gliomas, but highly expressed in grade III and grade IV gliomas (26). Based on the important roles that ADAMDEC1 played in other cancers, this study investigated the contribution and prognostic signature of ADAMDEC1 in glioma. Our data suggested that ADAMDEC1 could serve as a glioma clinical marker and immunotherapy target.



Materials and methods


Software

UALCAN (http://ualcan.path.uab.edu/index.html), Kaplan–Meier Plotter database (https://kmplot.com/analysis/), EMBL-EBI (https://elixir-europe.org/about-us/who-we-are/nodes/embl-ebi), and TIMER (https://cistrome.shinyapps.io/timer/) were used to comprehensively analyze genomic features, overall survival, tumor immunity, and clinical aspects, and so on (27–30).



Cell culture

The human glioma LN229, U87, U251, and T98G cell lines were obtained from the American Type Culture Collection. We had identified the LN229 cells by STR; they meet the requirements of the experiment. Cells were cultured in Dulbecco’s modified Eagle medium with high glucose (Life Technologies, Carlsbad, CA, USA) containing 10% fetal bovine serum (FBS, Gibco BRL). The medium was supplemented with penicillin (100 U/ml) and streptomycin (100 mg/ml). All cells were cultured at 37°C in 5% CO2 (31).



Construction of short hairpin RNA targeting ADAMDEC1

The construction of the interference sequence targeting ADAMDEC1 gene was completed by Shanghai Genechem Co. Ltd. Three interfering sequences were designed according to the cDNA sequence of GenBank ADAMDEC1 (NM_014479), and then the most significant interfering sequence was screened by pre-experiment, shRNA-ADAMDEC1 5’-TACCACGAAACCTGAGAACAT-3’. Negative control sequence: 5’-TTTCCGAACGTGTCACGT-3’. Two complementary DNA single strands were synthesized and annealed to form double strands, ligated to the linearized vector GV493 (32), and the virus was packaged in HEK293T cells. When the confluency of glioma LN229 cells reached 30%–40%, they were infected with negative control lentivirus (shRNA-Con group) and shRNA-ADAMDEC1 lentivirus (shRNA-ADAMDEC1 group), and screened for stable transfection by the puromycin (4 μg/ml)-stained cell line.



Construction of targeted ADAMDEC1 overexpression

The full-length ADAMDEC1 cDNA was obtained by PCR using the following primers: 5’ATGCTGCGTGGGATCTCCCAGC3’ and 5’TCACTCTGTGGTATGGTTTGGAGC3’, KpnI/XhoI restriction sites were added at both ends, and KpnI/XhoI was digested and then ligated into the pcDNA3.1 vector (Invitrogen, San Diego, CA). After sequencing confirmation, the empty vector pcDNA3.1 (Vector group) and the overexpression ADAMDEC1 plasmid (overexpression group) were transfected into LN229 cells by Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA). Stably transfected cell lines were screened by G418.



RNA extraction and qRT-PCR

The total RNA of each group of glioma cells was extracted by TRIzol reagent (Qiagen, USA), and then the RNA purity and concentration of the cells were determined. RNA was reverse transcribed into cDNA using PrimeScript™ RT Master Mix (Takara Biotechnology Co., Ltd.). Real-time quantitative PCR was performed using the SYBR® Premix Ex Taq™ II kit (Takara Biotechnology Co., Ltd.) following the manufacturer’s instructions. The primer sequences were as follows: ADAMDEC1: 5’-CAGTGTGTGGGAACCACCTT-3’ (forward) and 5’-GAGCATCTCCTCCGCAATCA-3’ (reverse); GAPDH: 5’-GCACCGTCAAGGCTGAGAAC-3’ (forward) and 5’-TGGTGAAGCGCCAGTGGA-3’ (reverse). The experiment was repeated three times, GAPDH was used as the internal reference, and the relative expression level of AMDEC1 gene was calculated by the 2−ΔΔCt method.



CCK-8 proliferation assay

LN229 cells were seeded at 3×103/well in a 96-well plate and cultured in a 37°C, 5% CO2-saturated humidity incubator. Cell proliferation was then detected at 1, 2, 3, 4, and 5 days, respectively. Finally, 10 μl of the CCK-8 reagent (biosharp, BS350A) was added into each well according to the instructions of the kit, and to incubate at 37°C for 2 h. An automatic microplate reader was used to detect the absorbance of each well at 450 nm (D) value.



Colony formation assay

Cells in each group were evenly seeded in six-well plates (500 cells/well) and routinely cultured at 37°C and 5% CO2 for 10 days. The cells were fixed with 4% paraformaldehyde for 30 min at room temperature and stained with 0.1% crystal violet for 20 min. The fixed cells were washed with 1× PBS and dried at room temperature. Next, we photographed and recorded the fixed cells. The number of clone colonies was counted using ImageJ software.



Cell wound healing assay

The treated LN229 cells were seeded into a six-well plate (2.5×105/ml). After 24 h, a sterile 10-μl pipette tip was used to make a smooth scratch on the monolayer of cells perpendicular to the well plate. The detached cell debris was washed with 1× PBS and photographed under an inverted microscope at 0 h and 24 h. The scratch healing rate was shown according to the ratio of the area of cell scratch healing to the initial scratch area within 24 h.



Cell invasion assay

Matrigel working dilutions were prepared in a 1:5 ratio and coated with Transwell chambers. The treated cells were resuspended in serum-free medium, 2.5×105 cells/200 μl were seeded into the upper chamber of Transwell™, and 600 μl of complete medium containing 10% serum was added to the lower chamber. The remaining cells on the upper surface of the membrane were removed with a cotton swab, and the cells on the lower surface of the membrane were migrating cells after 24 h of incubation at 37°C.The cells were stained with 0.1% crystal violet solution for 20 min after fixation with 4% paraformaldehyde for 30 min. The migrating cells were observed under a microscope and images were collected; five fields of migrating cells were randomly selected from each group for counting.



Immunohistochemistry

GBM tissues were routinely embedded in paraffin and sectioned at a thickness of 6 μm. A xylene deparaffinization method was used for this process (33). The sections were treated with 10 mmol/L citrate buffer (pH 6.0) at 95°C for 20 min in a laboratory microwave for antigen retrieval and subsequently washed with 1× PBS. Endogenous peroxidase was blocked with 3% hydrogen peroxide solution, and the sections were blocked with goat serum (ZSGB-BIO, PV-9000). The sections were incubated with rabbit anti-human ADAMDEC1 polyclonal antibody (1:200, Abcam, USA) at 4°C on a shaker for 12 h, and washed three times with 1× PBS. The secondary antibody (1:100, Beyotime, USA) was added onto the sections at 37°C for 1 h. DAB staining, hematoxylin staining, microscope observation, and section analysis were used to evaluate the expression of ADAMDEC1. The study adhered to ethical standards and obtained the approval of an ethics committee.



Statistical analysis

The mRNA expression data of gliomas and normal tissue samples were from The Cancer Genome Atlas (TCGA) database. All values are presented as the mean ± SEM. Significant differences were determined using GraphPad 5.0 software (USA). The Student’s t-test was used to determine significant differences between two groups. One-way ANOVA was used to determine statistical differences between multiple groups. The chi-square test was used to analyze the relationship between ADAMDEC1 expression and clinicopathological characteristics. Survival curves were plotted using the Kaplan–Meier method and compared by log-rank test. p < 0.05 was considered significant. All the experiments were repeated at least three times.




Results


Expression levels of the ADAM family in gliomas

To investigate the role of the ADAM family of metalloproteinases in gliomas’ growth and progression, we analyzed the expression of the entire family for members in gliomas. We interrogated the bioinformatics database TCGA for mRNA expression levels of ADAM family members from 663 gliomas and 2,642 normal brains (Figure 1A). ADAM members (9, 10, 12, 17, 23, 28), ADAMTS (a disintegrin and metalloprotease with thrombospondin motifs) members (6, 7, 8, 9, 10, 12, 13, 15, 20), ADAMTSL1 (ADAMTS-like protein 1), and ADAMDEC1 were increased in GBM, while ADAM members (11, 15, 20, 32, 33) and ADAMTS members (1, 18) were decreased in GBM (Figure 1A). Meanwhile, ADAM members (2, 7, 18, 30) were merely expressed in normal brain and gliomas. Among them, ADAMTS20 and ADAMDEC1 showed no expression in normal brain tissue, but their expression was significantly increased in glioma (Figure 1A). The differences between the presence and absence of ADAMTS20 and ADAMDEC1 had obvious advantages in the prevention and identification of glioma in clinical treatment. Furthermore, the mutations of ADAM family members were assessed in gliomas, and ADAMTS20, ADAMTSL1 (ADAMTS-like protein 1), and ADAMTSL9 mutation probability was as high as 3%; other ADAM family members also had a series of mutations that were mainly concentrated in amplification (Figure 1B). GO analysis including biological process, cellular component, and molecular function was also shown in Figure 1C. The top 10 GO biological process terms suggested that ADAM family members were mainly involved in the inflammatory response like monocyte activation and positive regulation of T-cell chemotaxis, cell proliferation, and differentiation. Further investigation of these candidates using TCGA datasets revealed that ADAM members (8, 9, 12, 15, 19, 32, 33), ADAMTS members (1, 2, 3, 4, 7, 9, 14, 18), ADAMTSL4, and ADAMDEC1 showed increased expression associated with poorer prognosis of GBM patients, while ADAM members (11, 20, 22, 23, 29), ADAMTS members (5, 6, 8, 10, 12, 13, 17, 19, 20), and ADAMTSL (2, 3, 5) showed decreased expression associated with poorer prognosis of glioma patients (Figure 2). Among them, ADAM9, ADAM12, ADAMTS7, ADAMTS9, and ADAMDEC1 were the proteases where increased expression associated with poorer prognosis of glioma patients. TCGA data also demonstrated that the hazard ratio of overall survival was higher than 3.5 including ADAM12, ADAM33, ADAMTSL4, and ADAMDEC1 (Figure S1). ADAM12 and ADAMDEC1 have an obvious impact on the prognosis of glioma patients through comprehensive analysis including overall survival and ADAMs expression levels (Figure 1A and Figure S1). Combined with the presence and absence of ADAM family members’ expression in gliomas and the prognostic analysis, ADAMDEC1 had a great advantage in the prevention and treatment of gliomas, especially with the development of gene-targeted drugs.




Figure 1 | Expression analysis and functional analysis of ADAM family in gliomas. (A) The mRNA expression levels of ADAM family in gliomas. ADAMTS20 and ADAMDEC1 showed no expression in normal brain tissue, but their expression was significantly increased in gliomas. (B) Mutation probability of ADAM family in gliomas including inframe mutation, missense mutation, splice mutation, truncating mutation, and structural variant. (C) Biological processes, cellular component, and molecular function of ADAM family (GO analysis) showed that ADAM family affected the immune response and proliferation by regulating metalloendopeptidase activity, metallopeptidase activity, zinc ion binding, and so on. *p<0.05, ***p<0.001.






Figure 2 | Overall survival analysis of ADAM family for gliomas. ADAM members (8, 9, 12, 15, 19, 32, 33), ADAMTS members (1, 2, 3, 4, 7, 9, 14, 18), ADAMTSL4, and ADAMDEC1 showed increased expression associated with poorer prognosis of GBM patients, while ADAM members (11, 20, 22, 23, 29), ADAMTS members (5, 6, 8, 10, 12, 13, 17, 19, 20), and ADAMTSL (2, 3, 5) showed decreased expression associated with poorer prognosis of glioma patients.





Identification and establishment of ADAMDEC1 prognostic signature in GBM

The detailed prognostic analysis of ADAMDEC1, which was related to poorer prognosis, is shown in Figure 3A. The dotted line represented the median risk score and divided the GBM patients into a low-risk and a high-risk group with the curve of risk score. Heatmap of the expression profiles of the prognostic genes in the low-risk and high-risk group. More dead glioma patients corresponding to the higher risk score had more obvious correlation to the expression of ADAMDEC1. Furthermore, progression-free survival (PFS) was also analyzed and the high ADAMDEC1 group represented poor PFS (Figure 3B). Time-dependent ROC analysis of the ADAMDEC1 signature is also shown in Figure 3C. The higher the AUC value, the stronger the predictive ability of the ADAMDEC1A. ADAMDEC1 showed stronger predictive ability in three stages of GBM. TCGA data also demonstrated ADAMDEC1 mRNA levels in different types of gliomas. Gliomas were divided into glioblastoma multiforme and brain lower-grade glioma according to the degree of malignancy (Figure 4A). The expression of ADAMDEC1 in the two subtypes was detected, and it was found that the expression of ADAMDEC1 was significantly different in GBM and LGG. Overall, the expression levels of most members of the ADAM family were higher in the GBM group than in the LGG group (Figure 4B). ADAMDEC1 showed a higher expression in the GBM group compared to the LGG group and the normal group. Meanwhile, ADAMDEC1 level was also higher in the LGG group than in the normal group. ADAMDEC1 expression level was higher in patients with GBM than in patients with LGG. We analyzed the expression of ADAMDEC1 in different subtypes and its effect on prognosis. We found the expression level of ADAMDEC1 to be as follows: GBM > LGG > normal; ADAMDEC1 showed that the higher the expression, the higher the malignancy of the tumor and the shorter the survival period (Figures 4C, D). Furthermore, the biological function of the ADAM family was analyzed in glioma, and we found that the ADAM family is differentially expressed in glioma (Figures 5A, B). The volcano plots to determine the expression profile between glioma and normal groups showed that there were 2,118 upregulated genes and 1,327 downregulated genes (Figure 5A). We then performed a hierarchical clustering of the top differentially expressed genes (FC > 2, p < 0.05) (Figure 5B). GO terms and KEGG analysis are shown in Figures 5C, D. KEGG analysis (the upregulated genes) showed that the ADAM family is rich in immune-related response, cell cycle, cell differentiation, and so on. The maximum saliency of the set ratio was the strongest (Figure 5C). The KEGG pathway controlled downregulated genes associated with the synthesis and delivery of various neurotransmitters, calcium signaling pathway, cAMP signaling pathway, and so on (Figure 5C). GO analysis of the differentially upregulated and downregulated expressed genes revealed that the ADAM family was enriched in the GO terms positive regulation of the ribonucleoprotein complex biogenesis, neutrophil degranulation, activation involved in immune response, regulation of trans-synaptic signaling, and modulation of chemical synaptic transmission, and there were strong significant differences (Figure 5D). In summary, the ADAM family mainly affected glioma via the immune response, cell cycle, neurotransmitters, and synaptic transmission.




Figure 3 | Advanced prognostic analysis of ADAMDEC1. (A) ADAMDEC1 prognostic analysis: the higher the expression of ADAMDEC1, the higher the risk score. (B) Progression-free survival probability analysis of ADAMDEC1 for gliomas. (C) Time-dependent ROC analysis of ADAMDEC1 signatures.






Figure 4 | Analysis of glioma subtypes. (A) Glioma subtypes were divided into glioblastoma multiforme and low-grade gliomas of the brain. (B) Differential expression of ADAM family in GBM and LGG. (C) Differential analysis of ADAMDEC1 expression in GBM, LGG, and normal groups. (D) The higher the expression level of ADAMDEC1, the higher the tumor malignancy and the shorter the survival time. ****p<0.0001.






Figure 5 | Functional analysis of ADAM family in glioma. (A) The regulated genes by the ADAM family in glioma. Each point represents a gene, red represents upregulated genes, blue represents downregulated genes, and gray represents genes that are not differentially expressed (FC > 2, p < 0.05). (B) Differentially expressed genes by the ADAM family in glioma. (C) KEGG pathway that was affected by the ADAM family in glioma. (D) GO terms of ADAM family function in glioma.





Immune cell infiltration of ADAMDEC1 in patients with GBM

These recent discoveries point to the ADAM family as a mediator of mechanisms underlying inflammation and as a possible therapeutic target for the prevention of inflammatory diseases. For example, ADAM-15 was found to be a mediator of rheumatoid arthritis and intestinal inflammation as well as inherent angiogenesis (6, 34). A disintegrin metalloprotease ADAM-like decysin-1 (ADAMDEC1) is an orphan ADAM-like metalloprotease that is believed to be closely related to inflammation. Firstly, we confirmed the correlation and interaction between ADAMDEC1 and other ADAM family members (Figure 6A). Tumor mutational burden (TMB) has received attention in immunotherapy, and ADAMDEC1 is an important biomarker for predicting response to antibody therapy (Figure 6B). Three immunoassays (TIMER, MCPCOUNTER, and XCELL) were used to determine whether ADAMDEC1 affects tumor progression through inflammatory responses in gliomas. we analyzed the role of ADAMDEC1 in inflammation (Figures 6C–E). ADAMDEC1 was positively correlated with B cells, CD8+ T cells, macrophages, and myeloid dendritic cells, and negatively correlated with CD4+ T cells. ADAMDDEC1 should present a different correlation in LGG that was positively correlated to B cells, CD4+ T cells, macrophages, and myeloid dendritic cells. The tumor microenvironment of GBM is infiltrated with various types of immune cells and cytokines. Macrophages are the most infiltrated immune cells in GBM, and most tumor-associated macrophages (TAMs) are considered to be immunosuppressive agents that are associated with tumor immune escape. Consistent with this, the ADAMDEC1 was highly positively related to the macrophage infiltration in the TME. Among the T cells, Tregs in the TME also play an immune-suppressive role to inhibit the T effector cells’ function. As shown in Figure 6E, the infiltration of Tregs was somewhat higher in the GBM, while it was negatively correlated with the expression of ADAMDEC1 in LGG. Moreover, the higher ADAMDEC1 expression also indicates more Th2 cells, another immune-suppressive CD4 subtype. However, higher ADAMDEC1 suggests more pro-inflammation Th1 cells in the TME in LGG, while less in the GBM. Taken together, the high expression of ADAMDEC1 helps to create an immune-suppressive TME and has an obvious correlation with disease stage.




Figure 6 | Effects of ADAMDEC1 on inflammation with GBM. (A) The correlation analysis of ADAM genes. (B) Correlation analysis between 622 patients with glioma expression and TM was performed using Spearman’s method. The abscissa represents gene expression distribution, and the ordinate represents TMB score distribution. The density curve on the right represents the distribution trend of TMB score; the upper density curve represents the distribution trend of ADAMDEC1 expression. The values on the top represent the correlation p-value (7.1e-17), correlation coefficient, and correlation calculation method. (C–E) Immune correlations: The heatmap of TIMER, MCPCOUNTER, and XCELL immune score and ADAMDEC1 expression in multiple tumor tissues (GBM and LGG). The abscissa represents different tumor tissues, and the ordinate represents different immune score. Different colors represent the correlation coefficients. Negative values indicate negative correlations and positive values indicate positive correlations; the deeper the color, the stronger the correlation. *p < 0.05, **p < 0.01, ***p < 0.001; asterisks (*) stand for significance levels. The statistical difference of two groups was compared through the Wilcox test. (F) Correlation between the expression of MMPs and ADAM family in gliomas.



Matrix metalloproteinases (MMPs) also play a major role in leukocyte infiltration and tissue inflammation. MMPs have been detected in cancer, and elevated MMP levels have been associated with tumor progression and invasiveness. MMPs are involved in initiation, proliferation, and metastasis of cancer through the breakdown of the extracellular matrix physical barriers. Overexpression of MMPs is associated with poor prognosis of cancer. Beyond that, studies have found that ADAM and MMPs jointly participate in numerous signaling pathways in our body, and play an important role in regulating neuroinflammation and tumors. For example, ADAM9 promotes the invasion and metastasis of cancer cells in melanoma by activating MMP1 and MMP2, while ADAM17 can activate MMP2 to treat the disease (prostate cancer and lung injury) by promoting angiogenesis (35, 36). ADAM17 targets MMP2 and MMP-9 via EGFR-MEK-ERK pathway activation to promote prostate cancer cell invasion. ADAM17/MMP inhibition prevents neutrophilia and lung injury in SARS-CoV-2-infected individuals to prevent the progression toward severe COVID-19 (37, 38). However, the role of ADAMDEC1 and MMP2 in cancer is still unclear. The correlation of MMPS and the ADAM family is shown in Figure 6F. We found that ADAMDEC1 was significantly positively correlated with MMP (2, 7, 8, 9, 10, 11, 12, 13, 14, and 19). To confirm the interaction between ADAMDEC1 and the MMPs, the single-cell sequencing analysis of gliomas showed that ADAMDEC1 had co-expression with MMP2 and MMP19 in immune cells (Figure 7). We speculate that ADAMDEC1 may co-regulate cell proliferation with MMP2 and MMP19.




Figure 7 | Single-cell sequencing analysis of ADAMDEC1 and other genes in human GBM. (A) Identification of the major cell populations in GBM. (B–L) Co-expression of ADAMDEC1 and MMPs in GBM.





Silencing ADAMDEC1 abrogates the proliferation ability of glioma cells

The ADAM family and MMPS were widely expressed in various tumor cells and play a role in tumor genesis and invasion. To explore the biological roles of ADAMDEC1 in gliomas, immunohistochemical analysis of ADAMDEC1 expression in glioma tissues was further examined (Figure 8A). As shown in Figure 8A, ADAMDEC1 expression was primarily detected in the cytoplasm of glioma cells, and the staining intensity of ADAMDEC1 was increased in glioma tissues compared with normal tissues. Therefore, our findings indicated that the high expression of ADAMDEC1 was positively associated with advanced clinicopathological features in glioma patients. Then, we first examined ADAMDEC1 expression levels in glioma cell lines by Western blot, and LN229 of the glioma cell line was used in further experiments (Figure 8B). As shown in Figures 8C, D, the mRNA and protein levels of ADAMDEC1 were differentially decreased via knockdown ADAMDEC1 compared with shRNA-Con and increased via overexpression compared with vector.




Figure 8 | ADAMDEC1 promoted proliferation, migration, and invasion of GBM cells. (A) Immunohistochemical analysis of GBM samples showed that the signal of ADAMDEC1 in GBM was stronger than normal tissue (×400). (B) The levels of ADAMDEC1 expression in different cell lines of gliomas. (C) The mRNA levels of ADAMDEC1 in LN229 cells with different treatments (Con, shRNA-Con, shRNA-ADAMDEC1, vector, overexpression) in each group. (D) ADAMDEC1 protein levels in LN229 cells with different treatments (Con, shRNA-Con, shRNA-ADAMDEC1, vector, overexpression) in each group. (E) The proliferation of LN229 cells was detected by CCK-8, and overexpression of ADAMDEC1 promoted the proliferation of LN229 cells. (F, G) Colony formation experiments: Overexpression of ADAMDEC1 increased the average number of colonies. (H, I) Scratch test to detect the migration of LN229 cells (Con, shRNA-Con, shRNA-ADAMDEC1, vector, overexpression). (J, K) Invasion experiments to test the invasion of LN229 cells (Con, shRNA-Con, shRNA-ADAMDEC1, vector, overexpression) (×100). (L) Real-time PCR detection of MMP2 expression in LN229 cells (Con, shRNA-Con, shRNA-ADAMDEC1, vector, overexpression) in each group. (M) Western blot detection of MMP2 expression in LN229 cells (Con, shRNA-Con, shRNA-ADAMDEC1, vector, overexpression) in each group. Each bar represents the mean values ± SEM of three independent experiments. Compared to vector, #p < 0.05, ##p < 0.01; compared to shRNA-Con *p < 0.05.



To investigate the effects of overexpression or silencing of ADAMDEC1 on proliferation, migration, and invasion of glioma LN229 cells, we first used CCK-8 cell proliferation assay to confirm that overexpression of ADAMDEC1 enhanced cell proliferation and increased with time (p < 0.05). Knocking down ADAMDEC1 inhibited cell proliferation (Figure 8E). Colony formation assays revealed that silencing ADAMDEC1 dramatically inhibited the colony-forming ability of LN229 cells, while ADAMDEC1 overexpression promoted the growth of LN229 cells (Figures 8F, G). The effect of ADAMDEC1 on the migration of LN229 showed that overexpression of ADAMDEC1 significantly increased the mobility of LN229 cells, while silencing of ADAMDEC1 significantly decreased the mobility of LN229 cells (Figures 8H, I). Our results also showed that overexpression of ADAMDEC1 promoted the invasiveness of glioma LN229 cells, while the number of cells in the shRNA-ADAMDEC1 group was reduced (Figures 8J, K). These results showed that inhibiting ADAMDEC1 expression could effectively reverse the proliferation, migration, and invasion of glioma LN229 cells. As we found, ADAMDEC1 had co-expression with MMP2 in gliomas. Furthermore, we examined the effect of ADAMDEC1 on MMP2 expression levels. The mRNA and protein levels of MMP2 were differentially decreased via knockdown ADAMDEC1 compared with shRNA-Con; meanwhile, the mRNA and protein levels of MMP2 were significantly increased via overexpression of ADAMDEC1 compared with vector (Figures 8L, M). Taken together, the high expression of ADAMDEC1 correlated with advanced proliferation by regulating the MMP2 level.




Discussion

The ADAM family has been shown to be involved in the occurrence of various diseases. ADAMDEC1, as a family member, has a unique active site and inhibits proteolytic activity because it is the only mammalian ADAM protease with a non-histidine zinc ligand (39). Glioblastoma is a very deadly disease with short survival times for patients, and due to the extremely aggressive and cellular resistance of tumor cells, complete surgical resection is impossible. Therefore, new targets are urgently needed to provide help for the prevention and treatment of glioma. ADAMDEC1 has been reported to participate in the maintenance of GBM cancer stem cells (GSCs), while targeted silencing of ADAMDEC1 reduced tumor cell proliferation (40). Liu et al. reported that knocking down ADAMDEC1 in vitro significantly inhibited the proliferation and invasion of glioma cells, and this inhibition effect might be through regulating apoptosis and cell-cycle-related proteins (41). Similarly, our study found that knockdown of ADAMDEC1 decreased the proliferation and colony-forming ability of LN229 cells, whereas ADAMDEC1 overexpression had opposite effects in LN229 cells in vitro (Figures 8A–K).

In our study, we first analyzed the expression of the ADAM family in glioma. Using the bioinformatics database TCGA, we found that ADAMDEC1 was not present in normal brain tissues compared with the tissues from glioma patients. The expression level was significantly increased in GBM, and the expression level in GBM was higher than LGG (Figures 1A and 4). We further performed immunohistochemical analysis to investigate the effect of ADAMDEC1 on GBM and we found that ADAMDEC1 was highly expressed in GBM patients (Figure 8A). In addition, we also investigated the prognostic value of ADAMDECC1 in GBM. The results showed that the high expression of ADAMDEC1 was significantly associated with poorer OS (Figure 2C3, Figure 3A). Furthermore, we analyzed that the overall survival risk score of ADAMDEC1 was higher than the median risk score (Figure S1). In conclusion, ADAMDEC1 is a potential target for a diagnostic marker for GBM.

The ADAM family was considered as a mediator of mechanisms underlying inflammation. We assessed the correlation between ADAMDEC1 and cancer immune cell infiltration. ADAMDEC1 was positively correlated with B cells, CD8+ T cells, macrophages, and myeloid dendritic cells, and negatively correlated with CD4+ T cells. These results suggest that ADMDEC1 is involved in GBM progression by affecting immune cells (Figure 6). MMPs are proteins that play multiple roles in inflammation and are associated with tumor progression and invasion. The matrix metalloproteinase 2 (MMP2) gene is one of the members of the matrix metalloproteinase gene family (MMPs). TNF-α is released early in inflammation and IL-6 and other inflammatory mediators can promote the expression of MMP2, while overexpressed MMP2 can degrade the extracellular matrix, destroy the basal membrane, and further infiltrate inflammatory cells into deeper tissues. Tumor cells can also metastasize due to the destruction of the basal membrane and the dissolution of the extracellular matrix. These results suggest that MMP2 is closely related to inflammatory response (42, 43). Degradation of the extracellular matrix and basal membrane may further increase the infiltration of inflammatory cells, thereby exacerbating the inflammatory response.

Studies have found that MMP2 gene transcription and expression are closely related to the malignancy of various tumors, including GBM. Muniz-Bongers et al. found that MMP2 has a negative effect on the immune response in the tumor microenvironment. Knockdown of MMP2 can enhance the proliferation of T cells and the recruitment of NK cells, to inhibit the tumor growth (44). Sincevičiūtė et al. analyzed the formation and clinical results of MMP2 on gliomas at the RNA and protein levels, and concluded that MMP2 overexpression promoted the formation and invasion of gliomas and that the survival time of patients is shorter (45). In addition, MMP2 is associated with the malignancy and prognosis of breast cancer and lung cancer (46, 47). In addition, we also explored the molecular mechanism of ADAMDEC1 in tumor progression. Through single-cell sequencing, we found that ADAMDEC1 was co-expressed with MMP2 in immune cells (Figure 7). ADAMDEC1 was positively correlated with MMP2 (Figures 8L, M), and we predicted that ADAMDEC1 could regulate the proliferation and invasion of glioma cells by affecting the expression of MMP2.

Gliomas are aggressive, spread rapidly, and have a short survival time. In our study, it was shown that ADAMDEC1 is highly expressed in GBM, but hardly expressed in normal brain tissues. The high expression of ADAMDEC1 was significantly associated with advanced clinicopathological features and poor progression survival in glioma patients. In conclusion, this study provides evidence for ADAMDEC1 as a clinical biomarker and therapeutic target in GBM, and provides new insights into the development of immunotherapy drugs.
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The epidermal growth factor receptor (EGFR) is a key player in the normal tissue physiology and the pathology of cancer. Therapeutic approaches have now been developed to target oncogenic genetic aberrations of EGFR, found in a subset of tumors, and to take advantage of overexpression of EGFR in tumors. The development of small-molecule inhibitors and anti-EGFR antibodies targeting EGFR activation have resulted in effective but limited treatment options for patients with mutated or wild-type EGFR-expressing cancers, while therapeutic approaches that deploy effectors of the adaptive or innate immune system are still undergoing development. This review discusses EGFR-targeting therapies acting through distinct molecular mechanisms to destroy EGFR-expressing cancer cells. The focus is on the successes and limitations of therapies targeting the activation of EGFR versus those that exploit the cytotoxic T cells and innate immune cells to target EGFR-expressing cancer cells. Moreover, we discuss alternative approaches that may have the potential to overcome limitations of current therapies; in particular the innate cell engagers are discussed. Furthermore, this review highlights the potential to combine innate cell engagers with immunotherapies, to maximize their effectiveness, or with unspecific cell therapies, to convert them into tumor-specific agents.
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Expression and function of the epidermal growth factor receptor in normal and tumor tissue

Epidermal growth factor receptor (EGFR, also known as ErbB1/HER1) is a cell-surface receptor tyrosine kinase that belongs to the ErbB family of receptors composed of four closely related members: EGFR (ErbB1/HER1), ErbB2 (HER2), ErbB3 (HER3) and ErbB4 (HER4) (1). Under normal physiological conditions, EGFR is expressed in nearly all cell types and tissues, with the exception of hematopoietic lineage cells, and those in bone marrow, spleen, soft tissues, adrenal gland and specific brain tissues, where the EGFR protein is undetectable (2).

EGFR exerts multifaceted functions in the maintenance of normal epithelial tissue homeostasis by driving cell proliferation, growth, differentiation, migration, and survival through a ligand-dependent activation of its kinase activity, required for the initiation of multiple signaling pathways within the cell (3, 4). The binding of ligands such as epidermal growth factor (EGF), amphiregulin, epiregulin, transforming growth factor-α and others to the extracellular domain of EGFR leads to the formation of EGFR homodimers or heterodimers with the ErbB2, ErbB3 or ErbB4 receptors, the activation of the kinase activity and the transphosphorylation of the key tyrosine residues in the intracellular kinase domain and the C-terminal tail (1). These phosphorylated residues act as a scaffold for the binding of numerous signaling proteins, which initiate the RAS-RAF-MEK-ERK, AKT-PI3K, PLCγ1-PKC, JNK, and JAK-STAT3 signaling pathways (3). Moreover, it has been shown that EGFR dimers with a perturbed catalytic activity can also sustain cell survival signals using the kinase activity-independent scaffolding function (5, 6).

Considering the fundamental role of EGFR in maintaining the homeostasis of healthy tissue, it is not surprising that EGFR gain-of-function mutations are often detected in some tumor types. EGFR activating mutations in the tyrosine kinase domain leading to the ligand-independent activation of EGFR are frequently detected in non-small cell lung cancer (NSCLC) and glioblastoma but are rarely found in other tumor types (7–11), providing a possible foundation for the tumor type-specific responses to EGFR-targeted therapies and immunotherapies. The frequency of EGFR-activating mutations in tumor tissue also varies among different global demographics, with 30–40% of patients with NSCLC from East Asia exhibiting these mutations, but only 5–15% of patients of non-Asian origin (7, 12). In glioblastoma, EGFR aberrations frequently found also include mutations and various deletions in the extracellular domain of EGFR, with the truncated variant EGFRvIII, which lacks exons 2–7, being the most common deletion (13). Interestingly, although the EGFRvIII variant does not require ligand for its activation, it has a relatively weak constitutive kinase activity (8, 13) and the resulting growth advantage is believed to be conferred by an impaired endocytic pathway preventing physiological downregulation of the receptor (14).

In cancers that may not necessarily show high rates of EGFR-activating mutations, deregulation can also occur through overexpression. Numerous studies have reported overexpression of EGFR in 27–100% of solid tumors, including NSCLC, colorectal cancer (CRC), squamous cell carcinoma of the head and neck (SCCHN), gastric-gastroesophageal junction cancer, urothelial cancer, clear cell renal cell carcinoma, hepatocellular carcinoma, glioblastoma, pancreatic cancer, and breast cancer, among others (4, 6, 10, 15). Overexpression of EGFR may result from an EGFR copy number gain due to amplification of the genomic region comprising the EGFR gene locus (16–19) and can lead to increased capability to form ligand-independent EGFR homodimers and heterodimers (20). In particular EGFR/ErbB2 heterocomplexes show a strong ligand-independent constitutive activity, resistance to the ubiquitin-dependent degradation of heterodimers and high levels of persistent signaling (21). In several cancer types, EGFR expression levels correlate with the disease prognosis (15). In patients with head and neck, ovarian, cervical, bladder and esophageal cancers, elevated EGFR levels were found to be a strong prognostic factor and were associated with reduced recurrence-free or overall survival (15), while in patients with gastric, breast, endometrial and colorectal cancers, increased EGFR levels correlated with poor survival rates, but were considered a modest prognostic factor (15).



EGFR-targeting therapeutic approaches

The gain-of-function alterations in EGFR, such as substitution mutations, deletions and insertions, and high levels of cell-surface EGFR expression have been proven to have a crucial role in sustaining cancer cell proliferation, growth and survival, and cancer progression (12, 15). This, without doubt, has highlighted EGFR as an attractive therapeutic target for the treatment of patients with EGFR-expressing cancer.

Broadly, there are two main types of therapies approved to target EGFR: small molecule tyrosine kinase inhibitors (TKIs) and anti-EGFR antibodies. TKIs act to inhibit EGFR kinase activity, thus attenuating downstream signal transduction (22); whereas anti-EGFR antibodies serve to block ligand binding to the extracellular portion of EGFR leading to inhibition of downstream signaling, but also have the capacity to leverage cytotoxic immune cells to induce anti-tumor antibody-dependent cellular cytotoxicity (ADCC) (23, 24). Both types of therapy have demonstrated efficacy in subsets of patients with certain tumor types, with TKIs exhibiting efficacy in, for example, NSCLC with EGFR-activating mutations (25), and anti-EGFR antibodies in tumor types such as metastatic CRC (mCRC) (9), and SCCHN (26). Despite the effectiveness of these agents, however, several drawbacks have emerged, such as the development of drug resistance (26, 27). As such, there remains a significant unmet need in EGFR-expressing tumors for therapies which induce long-term remissions.

Promising novel therapeutic approaches exploit the frequent overexpression of EGFR in a broad range of different cancers and the tumor immune microenvironment. A number of therapeutic agents including CAR-T cells, CAR-NK cells, bispecific T-cell engagers, and bispecific innate cell engagers – all of which are currently being investigated in preclinical and clinical studies - exploit approaches to harness effectors of the adaptive or innate immune system in order to bridge them with the tumor cell-surface EGFR and prime them for destruction of the EGFR-expressing cancer cells (28, 29).



Therapeutic agents inhibiting EGFR activation and signaling


Small-molecule tyrosine kinase inhibitors

EGFR TKIs are orally available ATP-competitive compounds that reversibly or irreversibly bind the ATP-binding site in the EGFR tyrosine kinase domain, thus preventing EGFR activation, transphosphorylation of tyrosine residues and transduction of downstream signaling pathways (Figure 1). With the exception of erlotinib, TKIs targeting EGFR have only been approved by the U.S. Food and Drug Administration (FDA) for the treatment of patients with NSCLC, whose tumors frequently have activating EGFR mutations; several generations of these are available for clinical use (30) (Table 1). In contrast, TKIs have shown limited efficacy in tumors where mutations in EGFR are not present, such as NSCLC with wild-type EGFR (102), and where EGFR-activating mutations are less common, such as in mCRC and SCCHN (9–11, 103, 104). As such, EGFR TKIs will mostly be discussed below in the context of NSCLC with EGFR-activating mutations. Clinical efficacy data from key randomized trials mentioned below are given in Table 1.




Figure 1 | EGFR-targeting therapies inhibiting EGFR activation and signal transduction. (A) EGFR signaling induced by specific ligands, including EGF and TGFα among others, starts with the conformational switch upon binding of a ligand to the EGFR extracellular domain, the dimerization of EGFR monomers and transphosphorylation of intracellular tyrosine kinase domains, which creates docking sites for the adaptor molecules, leading to the activation of key downstream signaling pathways that govern cell proliferation and growth. Certain mutations in the EGFR kinase or extracellular domain induce a constitutively active state and ligand-independent oncogenic signaling downstream of activated EGFR, thus causing uncontrolled tumor cell proliferation and growth. (B) Currently approved therapeutic agents for the treatment of patients with lung or colorectal cancer, or SCCHN include TKIs targeting the EGFR kinase activity (e.g., first-generation small-molecule EGFR kinase inhibitors gefitinib, erlotinib and icotinib), which show particularly high efficacy in the presence of activating EGFR kinase domain mutations, and anti-EGFR antibodies (e.g., cetuximab) that prevent binding of a ligand to the wild-type EGFR and the activation of EGFR and the downstream signaling cascades. Other therapeutic approaches take advantage of individual signaling components downstream of EGFR to disrupt the EGFR signaling cascades and impair tumor cell proliferation and growth. EGF, epidermal growth factor; EGFR, EGF receptor; SCCHN, squamous cell carcinoma of the head and neck; TGFα, transforming growth factor α; TKIs, tyrosine kinase inhibitors.




Table 1 | Clinically approved inhibitors of EGFR signaling, acquired resistance mechanisms, clinical efficacy, and safety profile identified in patients with cancer.



Erlotinib and gefitinib are two first-generation TKIs that bind reversibly to the active conformation of EGFR, blocking downstream signaling. Both are indicated for first-line use in patients with metastatic NSCLC carrying common EGFR sensitizing mutations in exons 18–21, such as the L858R missense mutation in exon 21 or exon 19 deletions, together accounting for more than 90% of exon 18–21 mutations in these patients (31, 105, 106). Erlotinib can also be indicated as a maintenance therapy or second- or subsequent-line therapy following disease progression and failure of at least one prior chemotherapy regimen (31). Several key phase III trials have demonstrated superior efficacy and progression-free survival (PFS) in patients treated with erlotinib or gefitinib versus standard chemotherapy regimens in patients with NSCLC exhibiting EGFR-sensitizing mutations, but no significant difference in overall survival (OS) was observed (33–37, 39, 42–45). These findings were confirmed by a meta-analysis of randomized trials comparing erlotinib/gefitinib monotherapy or the combination of erlotinib/gefitinib and chemotherapy with chemotherapy alone or placebo in patients with sensitizing EGFR mutation-positive-NSCLC, which showed a delayed disease progression when the treatment included gefitinib/erlotinib, but no effect on OS (107). Erlotinib is also indicated for the treatment of advanced or metastatic pancreatic cancer in combination with gemcitabine following a landmark phase III study, which demonstrated longer PFS and OS of the erlotinib combination versus gemcitabine alone (38). A third first-generation TKI, icotinib, is approved in China only for patients with advanced NSCLC carrying sensitizing EGFR mutations who have failed at least one prior chemotherapy regimen (108). The approval by the China National Medical Products Administration was based on the ICOGEN phase III study results that reported non-inferiority of icotinib versus gefitinib in terms of PFS and safety (46).

Despite proven efficacy of first-generation EGFR TKIs in subgroups of patients with EGFR-activating mutations in their tumors, resistance develops in most patients, with the median time to disease progression being around 12 months (34, 42, 109, 110). The underlying mechanism for acquired resistance is typically associated with the emergence of secondary EGFR mutations, that impair the binding of TKIs to EGFR, or alternatively, via mutations in other molecules that convey the EGFR-initiated signal transduction (34, 79, 109–111). The most common resistance mechanism, identified in approximately 50–70% of patients treated with first-generation TKIs, is the EGFR T790M mutation (32, 34, 41). The substitution of threonine with a much bulkier methionine leads to steric hindrance and the conformational change that prevents the binding of these TKIs to EGFR (112).

To improve TKI activity against common sensitizing EGFR mutations and the EGFR T790M resistance mutation, the second-generation irreversible EGFR inhibitors with a broader specificity to ErbB receptor family members have been developed (48, 55, 113). Preclinical studies demonstrated that this mode of action is more effective against EGFR sensitizing mutations and the EGFR T790M resistance mutation than inhibition by reversible first-generation EGFR inhibitors (114). Afatinib is a second-generation TKI that binds covalently and irreversibly to conserved cysteine residues in EGFR, ErbB2 and ErbB4 (48, 113). Afatinib is indicated for patients with NSCLC and exon 19 deletions (Ex19del), the L858R substitution mutation or other uncommon sensitizing EGFR mutations; it is also indicated for patients with squamous cell carcinoma of the lung after failure of first-line chemotherapy (48, 113). Key phase III trials have demonstrated superior efficacy and PFS with afatinib versus standard chemotherapy regimens in patients with NSCLC exhibiting Ex19del and L858R mutations in EGFR, with superior OS also observed in the Ex19del cohorts (52–54). A randomized phase IIb trial of afatinib versus gefitinib also demonstrated superior efficacy of afatinib with regards to overall response rate (ORR) and PFS, however, no significant OS benefit was observed (115, 116). In support of this, a meta-analysis of studies that investigated afatinib, gefitinib or erlotinib in patients with NSCLC showed an increase in PFS in patients treated with afatinib compared with those who were treated with erlotinib or gefitinib (117). However, analyses of tumor tissue from patients with NSCLC or lung adenocarcinoma who had received afatinib identified a T790M mutation in up to 70% of samples (49–51). Furthermore, a higher proportion of cells carrying the T790M allele was found in afatinib-resistant than erlotinib-resistant tumor cells (118). This suggested the T790M mutation was still a key mediator of resistance to afatinib in these tumors. Another second-generation irreversible inhibitor, dacomitinib, is also approved for first-line treatment of patients with metastatic NSCLC with the EGFR exon 19 deletion or the L858R substitution mutation (55) based on a study that has shown that first-line dacomitinib is superior over gefitinib in improving PFS in patients with NSCLC with sensitizing EGFR mutations (58). Previous studies also demonstrated superiority with regards to ORR and PFS over erlotinib (57, 119). Similar to afatinib, however, a mutation leading to the T790M change in the EGFR protein was present in about 50% of patient serum samples at the time of disease progression (56).

The discovery of a common acquired resistance mechanism to first- and second-generation EGFR TKIs through the T790M resistance mutation prompted the development of a third-generation TKI, osimertinib. This irreversible small-molecule EGFR TKI has been shown to be more active against EGFR carrying an activating/sensitizing mutation and T790M resistance mutation than against the wild-type EGFR (120, 121). Osimertinib is indicated for the first-line treatment of patients with metastatic NSCLC whose tumors have an EGFR exon 19 deletion or L858R mutation, or for those patients with T790M mutation-positive metastatic NSCLC who had progressed during or after first- or second-generation EGFR TKI therapy (60). Osimertinib extended PFS of treatment-naïve patients with NSCLC compared with gefitinib-treated patients (69). In addition, osimertinib in combination with chemotherapy showed a significant advantage in prolonging PFS when compared with chemotherapy alone in patients with T790M mutation-positive NSCLC who had progressed on prior systemic therapy, including EGFR TKIs (66, 68). Interestingly, osimertinib has also shown promising efficacy in in vitro and in vivo studies of glioblastomas exhibiting EGFRvIII mutations (122–124), and a tolerable safety profile in initial clinical studies (125). Previous attempts to inhibit EGFRvIII and glioblastoma in general with both first- and second-generation TKIs and monoclonal antibodies have been relatively unsuccessful, potentially due to the lack of TKI-sensitizing mutations present in NSCLC, the additional obstacle presented by the blood-brain-barrier, and only partial effectiveness of EGFR-targeting antibodies in blocking EGFRvIII (126–129). However, promising preclinical efficacy coupled with increased permeation of the blood-brain-barrier by osimertinib may improve outcomes in this context (124, 125).

Unfortunately, resistance to osimertinib also develops through further acquired mutations in EGFR (61). Analysis of patient plasma samples collected in clinical trials that investigated osimertinib as a first-line (61, 67) and a second-line therapy after failure of other first-line TKIs (67) identified an EGFR C797S mutation, which affects the critical site for osimertinib binding, in 7% and 14% of samples, respectively. The C797S mutation frequently occurs in the same allele as the T790M mutation, thus rendering osimertinib completely inactive (64). However, loss of the T790M mutation led to disease progression during treatment with osimertinib (63). A recent study reported that brigatinib, an ALK and EGFR inhibitor, when used in combination with cetuximab, was effective in patients with EGFR-sensitizing mutation/T790M/cis-C797S-positive NSCLC (72, 130). Also, fourth-generation TKIs that can overcome the C797S mutation-conferred resistance to osimertinib are currently undergoing preclinical and early (phase I) clinical development (30, 131–135).

Mechanisms of resistance to TKIs can also occur through compensatory signaling, which bypasses the requirement for signaling through EGFR by activating the same downstream effectors via alternative pathways (114). MET gene amplification and overexpression of MET protein occurs in approximately 3% of gefitinib-/erlotinib-resistant tumors (33) and results in compensatory signaling involving the ErbB3-dependent activation of the PI3K/AKT pathway (32, 136, 137). MET amplification has also been identified in 15% and 19% of plasma samples of patients treated in the first- and second-line setting with osimertinib, respectively (67). ERBB2 amplification is detected in around 6% of resistant tumors and can also contribute to the oncogenic signaling when EGFR is inhibited by first-generation TKIs (33). Moreover, amplification of ERBB2 is detected in 2% and 5% of patients with NSCLC that received first- and second-line osimertinib, respectively, and reduces sensitivity of tumors exhibiting T790M mutations to osimertinib (61, 67, 138). Preclinical studies using NSCLC cell lines have also demonstrated that activation of the JAK2/STAT3 pathway can also substitute for EGFR signaling, while increased levels of insulin growth factor-1 receptor (IGFR-1) and constitutive activation of the IGFR-1 pathway was reported in gefitinib- or erlotinib-resistant lung cancer cell lines and gefitinib-resistant tumors in patients with NSCLC (139).

Intercellular communication via exosomes is also emerging as a key mediator of resistance to TKIs in NSCLC by influencing cellular signaling (140). A recent study showed secretion of exosomes containing T790M-mutated EGFR by gefitinib-resistant NSCLC tumor cells could horizontally confer gefitinib resistance to sensitive recipient cells (141). Furthermore, transfer of non-coding RNAs via exosomes can also modulate response to TKIs, with miR-7 showing the ability to reverse gefitinib resistance through influencing YAP signaling (142), and miR-214 inducing gefitinib resistance through upregulation of signaling by PTEN and AKT (143). Moreover, circular RNA_102481 has been found to be significantly upregulated in NSCLC tumors resistant to EGFR-TKIs, and that silencing of this circular RNA could inhibit EGFR-mediated proliferation and sensitize cells to apoptosis (144). Knowledge of drug-resistance mediated by exosomes and non-coding RNA cargo may have clinical benefit beyond that of being a potential therapeutic target, in that sequencing of miRNAs within exosomes in patient biopsies could establish predictions of response to targeted therapies (144). There is an emerging role for integrative systems biology in identifying novel drug combinations, which may be able to help address the challenge of TKI resistance due to altered cell signaling. One study utilizing bioinformatic approaches to identify driver mutations in TKI-resistant NSCLC lines following RNA sequencing analysis yielded a novel combination of bosutinib and gefitinib that was able to inhibit proliferation and induce apoptosis in these cells (145). Emerging bioinformatic methods which can be used to identify novel drug combinations in cancer are extensively reviewed elsewhere (146).

Outside of the context of signaling, transformation of NSCLC to a different histologic type can also mediate resistance to TKIs. For example, conversion to a squamous cell histologic type was detected in 19% of tumor biopsies from patients, whose disease progressed on first-line treatment with osimertinib (62). Transformation of NSCLC into small-cell lung cancers and the process of epithelial-to-mesenchymal transition have also been cited as mechanisms of resistance to TKIs (30). Key mechanisms of resistance discussed in this section are summarized in (Table 1).



Monoclonal antibodies targeting EGFR signaling

To date, four anti-EGFR monoclonal antibodies, namely cetuximab (chimeric immunoglobulin [Ig] G1), panitumumab (humanized IgG2), necitumumab and nimotuzumab (both humanized IgG1), have been granted approval for clinical use by regulatory bodies (147). These monoclonal antibodies inhibit EGFR signaling by interacting with the EGFR extracellular domain III, and preventing ligand binding to EGFR, receptor dimerization, and signal transduction, thus leading to the internalization of the receptor-antibody complexes and their destruction (147). The binding of cetuximab to EGFR creates steric hindrance prohibiting EGFR heterodimerization with other ErbB receptor family members (148). However, nimotuzumab, despite blocking the EGF-EGFR interaction, does not prevent the formation of an EGFR active conformation, and EGFR remains capable of conveying the basal ligand-independent signaling (149). In addition to this, key anti-EGFR+ tumor effects mediated by monoclonal antibodies such as cetuximab are independent of the inhibition of EGFR signaling and occur through the recruitment of cytotoxic natural killer (NK) cells, key effectors of the innate immune system which eradicate tumor cells through ADCC (23, 150). Efficacy data from key clinical trials for cetuximab, panitumumab, and necitumumab are provided in Table 1.

Cetuximab is approved for the treatment of patients with SCCHN and EGFR-expressing, KRAS wild-type mCRC (73). First-line treatment with cetuximab in combination with radiation therapy improved OS and locoregional disease control compared to radiotherapy alone in patients with locally or regionally advanced SCCHN (49.0 months versus 29.3 months) (95). The combination of cetuximab and platinum-based chemotherapy with fluorouracil, prolonged OS and PFS in patients with recurrent locoregional or metastatic SCCHN (94). Based on studies that have reported an improvement in OS with regimens containing cetuximab in patients with EGFR-expressing, KRAS wild-type mCRC (88, 90, 91), cetuximab is recommended in combination with different chemotherapy regimens as first- or second-line therapy, or as a single agent in patients who have failed or are resistant to certain chemotherapy regimens (73). In a recent study, the combination of cetuximab and the BRAF V600E inhibitor encorafenib prolonged OS in patients with BRAF V600E positive-mCRC compared with the combination of cetuximab and chemotherapy (OS= 9.0 months with combination therapy versus 5.4 months in the control group) (92); the combination of cetuximab and encorafenib was recently approved (September 2021) by the FDA for the treatment of patients, whose disease had progressed on one or (73) two prior regimens (151).

Panitumumab monotherapy increases PFS in patients with mCRC who progress during or following fluoropyrimidine-, oxaliplatin-, and irinotecan-containing chemotherapy regimens (97, 99). Interestingly, recent data from the phase III PARADIGM trial evaluating panitumumab in combination with chemotherapy in patients with mCRC have confirmed the results of previous studies (152, 153), that anti-EGFR antibody therapy in this context demonstrates superior efficacy in patients with left-sided tumors than right-sided tumors (96), perhaps reflecting differences in the genetic and molecular underpinnings of the disease highlighted in several previous studies (154, 155). Treatment with panitumumab, as with cetuximab, however, is ineffective in patients with mCRC carrying mutated KRAS or NRAS (98, 156). Necitumumab in combination with gemcitabine and cisplatin improves OS and PFS in patients with refractory metastatic squamous NSCLC and it has been approved for the first-line treatment in these patients (100, 101). Nimotuzumab has been approved for treatment of patients with SCCHN, glioma and nasopharyngeal cancer in some countries but it has not been recommended by the EMA and FDA for treatment of patients with glioma due to insufficient efficacy and high rates of adverse events (157). However, in some studies of patients with SCCHN, the combination of nimotuzumab and radiotherapy or chemoradiotherapy prolonged OS (60 month OS= 57% nimotuzumab + chemotherapy; 39% nimotuzumab + radiotherapy; 26% chemotherapy only; 26% radiotherapy only) (158).

Despite anti-EGFR inhibitory antibodies being efficacious in distinct subpopulations of patients with mCRC and SCCHN, inherent and acquired resistance to this class of therapy is also common. In patients with mCRC, activating KRAS and NRAS mutations are a biomarker of primary resistance to cetuximab and panitumumab and the use of these antibodies is not recommended in this setting (88, 90, 91, 156). Inherent resistance is also seen in patients with CRC whose tumors carry BRAF V600E (159), MAP2K1 (74) or PIK3CA (160) mutations, KRAS (161), ERBB2, MET or FGFR1 amplification (74), biallelic NF1 loss or aberrations in the non-canonical RAS/RAF pathway (111). The mechanisms for inherent and acquired resistance to anti-EGFR monoclonal antibodies seem to overlap in CRC, as KRAS, NRAS and EGFR ectodomain mutations [the latter have also been detected in patients with SCCHN (76, 77)], and MET and KRAS amplification have also been detected in circulating tumor DNA in patients with acquired resistance to anti-EGFR antibodies (78–83). A recent study evaluated transcriptomic profiles in tumor biopsy material collected from patients with CRC who had progressed on cetuximab monotherapy and showed that acquired resistance to cetuximab was largely mediated by the remodeling of the stromal compartment resulting in the cetuximab-resistant switch to the fibroblast- and growth factor-rich transcriptomic subtype (111). In addition, cetuximab resistance was associated with infiltration of cytotoxic immune cells and elevated expression of programmed death-ligand 1 (PD-L1) and lymphocyte-activation gene 3 (111).

In addition to the anti-EGFR monoclonal antibodies approved for the clinical use, several other anti-EGFR antibodies inhibiting EGFR signaling are currently undergoing clinical development and have been reviewed elsewhere (147).

Considering that amplification of MET and overexpression of the MET protein can compensate for the lack of EGFR signaling (74), it was hypothesized that inhibition of both EGFR and MET may be advantageous in combating acquired resistance to anti-EGFR antibodies. A bispecific antibody LY3164530 specific to both EGFR and MET was investigated in a phase I study in patients with different advanced or metastatic cancers, but was subsequently discontinued due to a high rate of adverse events, which is consistent with EGFR inhibition-related toxicities, and poor efficacy (162). Amivantamab (JNJ-61186372), another bispecific antibody targeting both EGFR and MET, was designed with an intention to treat patients with EGFR exon20ins-mutated NSCLC who currently have limited treatment options (163, 164). In an ongoing phase I/II trial in patients with NSCLC, amivantamab achieved a partial response in 36% of patients (164). These promising results in a population of patients with a poor prognosis has led to FDA breakthrough therapy designation for amivantamab (165). However, patients still experienced a high rate of adverse events, with grade ≥3 toxicities being reported in 36% of patients (164). Another bispecific antibody which is undergoing a phase I clinical evaluation is MCLA-158, an antibody-dependent cell-mediated cytotoxicity (ADCC)-enhanced human IgG1 targeting both EGFR and leucine-rich repeat-containing G-protein coupled receptor 5 (LGR5) (166). MCLA-158 showed antitumor activity against RAS mutated and wt CRC patient-derived organoids in vitro and induced either tumor regression or stasis in esophageal squamous and gastric adenocarcinoma patient-derived xenograft models expressing LGR5 and EGFR (166). In patients with mCRC, who progressed after receiving oxaliplatin, irinotecan and fluoropyrimidines, and EGFR monoclonal antibodies, MCLA-158 was well tolerated and no dose limiting toxicity was achieved (166). However, despite these promising data, there is a risk that therapies co-targeting EGFR and another cell-surface kinase receptor may experience similar issues with toxicity, due to the critical role of EGFR activity in healthy tissues (167).



On-target off-tumor toxicity of EGFR signaling-inhibiting therapeutic agents

One major concern relating to both EGFR TKIs and inhibitory anti-EGFR monoclonal antibodies is the high rate of adverse events and the frequently occurring cutaneous toxicities (167). EGFR plays a critical role in maintaining homeostasis of healthy mesenchymal, epithelial, and neurologic tissues, and the inhibition of the basal EGFR signaling can cause cell death, impaired cell proliferation and abnormal cell differentiation in these healthy tissues (167–169). Dermatologic toxicities occur in around 45–100% of patients treated with EGFR TKIs and monoclonal antibodies against EGFR (167), and the underlying cause for these toxicities is linked to a non-redundant role of EGFR in regulating normal keratinocyte growth, survival, differentiation, and migration, and maintenance of an adequate immune response in the skin (167, 169). Epithelia in normal tissues respond to injury by promoting proliferation of epithelial cells, and the inhibition of EGFR signaling interferes with the regeneration of epithelial surfaces, such as skin (168) and the gastrointestinal lining (169, 170). Persistent tissue damage destroys epithelial barriers, leading to pathogen invasion and acute inflammation, which perpetuates an even larger influx of immune cells leading to further tissue injury (171). As the barrier cannot be closed, the physiological balance between inflammation and tissue regeneration is disturbed.

A meta-analysis of toxicity data pooled from 28 randomized controlled trials, which investigated EGFR TKIs in patients with various cancers, reported diarrhea, rash, mucositis, alanine aminotransferase increased, and skin reaction as most common any grade adverse events, while the most frequently reported grade ≥3 toxicities included mucositis, pain, metabolism and nutrition disorders, diarrhea, dyspnea, and hypertension (172). Statistically significant differences in the risk ratios emerged for the different generation lines of TKIs (172). Second-generation TKIs (afatinib, dacomitinib, lapatinib, neratinib, and vandetanib) were associated with the highest risk of high-grade diarrhea compared with first- (gefitinib and erlotinib) or third-generation (osimertinib) TKIs and were more likely to cause any grade fatigue and nausea, and high-grade vascular disorders and fatigue than first-generation TKIs (172). Furthermore, in comparison to treatment with first-generation EGFR-TKIs (gefitinib or erlotinib), osimertinib had a higher rate of cardiac toxicity, manifesting in QT prolongation in 10% of patients who had received osimertinib compared with 4% of patients treated with EGFR-TKIs, and cardiac failure in 4% of patients treated with osimertinib and 2% with EGFR-TKIs (69). Effects of TKIs on hair growth include hypertrichosis, trichomegaly and a range of scalp hair changes (173).

Approximately 10–20% of patients treated with anti-EGFR antibodies experience grade 3/4 toxicities (73, 99, 174), including acneiform rash, radiation dermatitis enhancement, pruritus, mucositis, xerosis/fissures, paronychia, and gastrointestinal toxicity, all of which may lead to greatly reduced patient quality of life and antibody dose reduction, interruption or complete cessation of the treatment (73, 99, 174). There is also a risk of secondary infections occurring in these patients, which can be fatal (73, 99), and up to 96% of patients can also experience significant gastrointestinal disorders (73, 99). In clinical trials investigating cetuximab, cardiopulmonary arrest was reported in 2–3% of patients (73).

Taken together, these data demonstrate the critical role of EGFR kinase activity in normal tissue homeostasis and the response to injury, and the limitations of the use of TKIs and EGFR-targeting antibodies in patients with cancer due to their detrimental effect on normal tissue physiology. The necessity of management of dermatologic and gastrointestinal toxicities may require the EGFR-targeted treatment to be temporarily interrupted to allow patients to recover, and this may reduce the effectiveness of the therapy and potentially lead to acceleration of disease progression (167, 174).




Engaging adaptive immunity in targeting EGFR-expressing tumors

The need for novel therapeutic approaches has emerged to circumvent shortcomings related to acquired resistance and on-target off-tumor toxicities induced by EGFR TKIs and anti-EGFR antibodies. One of these approaches is the development of therapeutic agents that exploit cell-surface EGFR as a decoy to direct the activity of key components of the adaptive immune system such as CD4+ T cells, B lymphocytes, and the cytotoxic CD8+ and γδ/αβ T-cell receptor positive (TCR+) T cells to EGFR-expressing cancer cells and to destroy them in a target-specific manner.


Immune checkpoint inhibitors

One such therapeutic strategy involves blocking inhibitory immune checkpoints using immune checkpoint inhibitors (CPIs). Several different molecules expressed on immune cells and cancer cells convey inhibitory and stimulatory signals, called immune checkpoints, to regulate cancer immunity. Cytotoxic T lymphocyte-associated protein-4 prevents activation of T lymphocytes, while programmed cell death protein-1 (PD-1) upon binding to its ligand PD-L1 inactivates the ability of cytotoxic T lymphocytes to destroy tumor cells (175). CPIs target these molecules and have revolutionized the treatment of many patients with different cancers (175). Two CPIs, nivolumab and pembrolizumab have been approved for the treatment of SCCHN following pivotal phase III trials. In the Checkmate-141 phase III trial, nivolumab demonstrated superior OS over standard-of-care therapy in patients with relapsed SCCHN (7.5 months vs. 5.1 months) (176). Similarly, in the Keynote-040 trial, patients treated with pembrolizumab monotherapy demonstrated superior OS over those treated with chemotherapy and cetuximab (8.4 months vs. 6.9 months) (177). This was observed to an even greater extent in the Keynote-048 trial in patients treated with pembrolizumab in combination with chemotherapy, versus chemotherapy plus cetuximab (13.0 months vs. 10.7 months) (178). Pembrolizumab with chemotherapy has also shown efficacy in mCRC, improving PFS over chemotherapy, however, no significant improvement in OS was observed (179).

In the context of NSCLC, PD-1 and PD-L1 inhibitors such as pembrolizumab, nivolumab, and atezolizumab in combination with chemotherapy have become the standard-of-care in frontline therapy after demonstrating significant improvements over chemotherapy with regards to ORR, PFS, and OS in patients without EGFR-activating mutations (180). However, much lower efficacy has been noted if EGFR-driver mutations are present (181). As EGFR signaling can induce a tumor-suppressive microenvironment through upregulation of factors such as IL-6, TGF-β and progranulin, and induces PD-L1 expression, and PD-L1 can mediate resistance to TKIs through upregulation of YAP1, there is a clear preclinical rationale for the use of combination therapies simultaneously targeting PD-L1 and EGFR signaling (181). Trials investigating combinations of TKIs with CPIs, however, have raised safety concerns, with one study of osimertinib in combination with durvalumab leading to a 38% incidence of pneumonitis, compared with 2.9% and 2% incidence of pneumonitis with osimertinib or durvalumab monotherapy, respectively (182). A high (39%) incidence of Grade 3 and 4 adverse events was also observed in patients receiving erlotinib and atezolizumab (183).

There is also a rationale for the use of CPIs in combination with EGFR-targeting antibodies such as cetuximab to treat other tumor types such as SCCHN and mCRC, with a predicted synergistic effect due to the ability of PD-L1 inhibitors to alleviate immunosuppression in the tumor microenvironment, and the ability of cetuximab to stimulate cells of the innate and adaptive immune system to induce anti-tumor ADCC (150). A pilot study of cetuximab plus radiotherapy and avelumab in patients with advanced SCCHN unfit for cisplatin treatment demonstrated manageable toxicity and transient immune-related toxicity, setting the scene for larger trials in this setting (184). Additionally, correlative science data from a phase I/II trial of cetuximab in combination with pembrolizumab demonstrated an increase in intratumoral CD3+ CD8+ cytotoxic T cells, a decrease in cytotoxic T cells in the peripheral blood, and decreased levels of PD1+ cytotoxic T cells in both the tumor and peripheral blood, consistent with therapy-related changes in the tumor microenvironment (185). Further combination regimens involving anti-EGFR antibody cetuximab and CPIs are currently being investigated in a number of phase I−III clinical trials in patients with EGFR-expressing tumors (150).



EGFR-targeted CAR-T cell therapies

CAR-T cell therapies are T cells that have been modified ex vivo to target a specific tumor cell-surface antigen and thereby to use the adaptive immune system to destroy cancer cells. The first-generation CAR-T cells are engineered to express receptors comprising an extracellular single-chain variable fragment (scFv), which recognizes a specific tumor cell-surface antigen, a transmembrane domain, and an intracellular part containing immunoreceptor tyrosine-based activation motifs and a co-stimulatory domain, that is crucial for the T-cell activation, proliferation, persistence, and cytotoxicity (186). Two or more co-stimulatory domains are typically incorporated in the second- and third-generation CAR-T cell therapies (186).

In general, CAR-T therapies have been reported to be efficacious in small populations of patients with specific cancers, mainly those with hematologic malignancies, but in patients with solid tumors, their effectiveness has been limited (187, 188). The advantage of using therapeutic agents that engage the adaptive immune response is that the response is targeted to cells expressing specific antigens. However, the tumor microenvironment is usually not conducive to therapy, with poorly vascularized and hypoxic tumor regions preventing CAR-T cell homing to tumors and the anti-inflammatory tumor microenvironment being detrimental to the CAR-T cell survival (29). In addition, tumors often show heterogeneous expression of target antigens, and the lack of universally expressed cancer antigens significantly reduces the antitumor activity (186).

CAR-T therapy targeting EGFR is in early clinical development for numerous types of cancer (186, 189, 190). Several studies ongoing in patients with glioblastoma are investigating CAR-T cell therapies targeting the EGFRvIII mutant, which is identified in around 31% of glioblastomas (191), but not in healthy tissues, therefore, reducing the risk of off-target effects and toxicity (186) (Table 2). A phase I trial in patients with glioblastoma found that CAR-T cells targeting EGFRvIII specifically accumulated in tumors and showed a good safety profile (29). No EGFR-associated toxicities, such as rash and diarrhea, were reported, but clinically significant neurologic events occurred in three of 10 patients (29). Most patients showed a complete loss or reduced expression of EGFRvIII in their tumors, but the tumors also expressed anti-inflammatory markers and secreted cytokines, which reduced the effectiveness of the CAR-T-EGFRvIII cell therapy (29). Moreover, tumors showed intratumoral heterogeneity of EGFRvIII expression levels, suggesting that the lack of uniformity in target expression in tumor tissue may contribute to the suboptimal efficacy (13). In support of this, a pilot dose-escalation phase I trial investigated patients with EGFRvIII-expressing recurrent glioblastoma who were treated with a third-generation CAR-T-EGFRvIII cells and reported no clinically meaningful effect in these patients (194). Another phase I study investigated CAR-T therapy targeting EGFR in patients with EGFR-expressing biliary tract tumors (195). Ten of 17 treated patients had stable disease and 1 of 17 patients showed a complete response (195). CAR-T-EGFR cell therapy was well tolerated in this setting (195) (Table 2). Moreover, the enrichment of central memory T cells in the infused CAR-T-EGFR cells showed a good correlation with the persistence of CAR-T-EGFR cells in patients (195). In another phase I study, EGFR-targeted CAR-T cell infusions were well tolerated without severe toxicity in patients with NSCLC, and of 11 patients, two had partial response and five had stable disease for up to 8 months (196) (Table 2). CAR-T-EGFR cell therapy has also been shown to be well tolerated in patients with metastatic pancreatic cancer in a phase I trial, where out of 14 evaluable patients, four achieved partial response and eight had stable disease for 2–4 months (193) (Table 2).


Table 2 | Safety and clinical response to CAR-T therapies in phase I clinical trials.



However, other studies have shown CAR-T therapy to increase the risk of severe adverse events. Neurologic toxicities have been reported with CAR-T therapy (197, 198), with symptoms including encephalopathy, headache, tremor, aphasia and focal weakness (198). In one study, 20% of neurotoxicity events were of grade ≥3 severity (198). However, the most common toxicity experienced by patients is cytokine release syndrome (CRS) (197), which is a systemic inflammatory response to cytokines, that can lead to organ damage, and death and occurs when effector immune cells cross-react, triggering target-independent cytokine release. Therefore, patients receiving CAR-T therapy must be monitored for CRS, as treatment needs to be prompt and aggressive (197).

One novel EGFR-targeting CAR-T therapy for overcoming CAR-T-associated toxicity is currently in early preclinical development. The UniCAR system uses two separate modules; the first is the UniCAR-T cells that are inert, and the second is composed of a target module, containing an antigen binding domain linked to the E5B9 peptide epitope (199). The UniCAR T cells become activated only when the crosslinking to the target module via its E5B9 peptide epitope takes place (199). This system shows promise in cell models and can target the UniCAR-T cells effectively to tumor cells and only becomes active in the presence of a tumor antigen (199). Encouragingly, the UniCAR-T-EGFR cells also show activity against cancer cells expressing low levels of EGFR (199). However, the efficacy of this system in a clinical setting is currently unknown.



Bispecific antibodies

Another therapeutic modality that allows the coupling of specific tumor antigens with the immune response cells, namely T or NK cells, is bispecific antibodies. These antibodies bind concomitantly to two different antigens, one expressed on cancer cells and another on immune cells (191, 200). One bispecific antibody in preclinical development targets EGFR-expressing tumors by using an anti-EGFR IgG portion of the molecule, and engages the PD-1 on T cells via the scFv of an anti-PD-1 antibody (200). This antibody simultaneously inhibits EGFR signaling, activates T cells and initiates a tumor immune response by blocking the interaction between PD-1 on T cells and PD-L1 on tumor cells, and also induces strong ADCC (200). When tested in cellular cytotoxicity assays in vitro, the antibody induced EGFR-dependent cell death, and in tumor-bearing animals, recruited T cells to tumor xenografts (200).

Another bispecific antibody (hEGFRvIII-CD3) comprising two scFv fragments (one specific to the EGFRvIII antigen and another to the CD3 epitope) was designed to create a bridge between EGFR-expressing cancer cells and CD3+ T cells, and to prevent a non-specific targeting to EGFR-negative cells. The hEGFRvIII-CD3 antibody activated CD3+ T cells in a target-specific manner, induced the release of proinflammatory cytokines, prompted T-cell proliferation, and caused significant lysis of malignant glioma cell lines and patient-derived EGFRvIII-expressing malignant glioma samples in vitro (201). The hEGFRvIII-CD3 antibody also showed antitumor activity in several preclinical malignant glioma models, and significantly extended survival of experimental animals (201).

A novel bispecific T-cell engager AMG 596, which comprises two single-chain variable fragments with one being specific for EGFRvIII and another for CD3, was recently investigated in glioblastoma preclinical models (202). The simultaneous engagement of EGFRvIII expressed on glioblastoma cells and CD3 on T cells led to a potent antitumor activity against the EGFRvIII-expressing glioblastoma cells in vitro, while the treatment of mice bearing EGFRvIII-expressing orthotopic tumors significantly extended OS of experimental animals (202). Moreover, the treatment of cynomolgus monkeys with AMG 596 showed a good safety profile (202). A new type of a bispecific antibody that engages simultaneously EGFR on tumor cells and CD3 on T cells was designed to prevent its binding to EGFR expressed in healthy tissues (a masked form) but to become activated by proteases (an unmasked form) in the tumor microenvironment. Proteolytically activated, but not inactive, EGFR-CD3 T cell-engaging antibody showed specific EGFR-dependent tumor cell killing in vitro and caused tumor regression in preclinical tumor models, while a nonhuman primate study established that the maximum tolerated dose increased by 60-fold when the EGFR-CD3 antibody was administered in the masked form. Therefore, a localized activation of a bispecific antibody is likely to reduce on-target toxicity and increase its therapeutic index (203).

Although the preclinical investigation of these bispecific antibodies is showing promising results, they have not yet entered clinical development.




Therapeutic agents exploiting the innate immune system to target EGFR-expressing cancer

To overcome T-cell-associated toxicity issues, a novel approach is being developed that deploys immune cells mediating the innate immune responses to target specific cell-surface epitopes on cancer cells (204).

The innate immune system provides the immediate response to infection and foreign antigens and plays a key role in tumor immunosurveillance through recognition and destruction of transformed cells both prior to and following the establishment of a tumor (205–207). Innate immunity is also essential for the onset and maintenance of the adaptive immunity; by stimulating innate immunity it is possible to harness both sides of the immune system (204). The innate immune system comprises innate lymphoid cells, including a specialized population of NK cells, macrophages, neutrophils, dendritic cells, mast cells, basophils, eosinophils and γδ T cells (205). The key cells involved in tumor immunity are the NK cells, which induce ADCC, and scavenging macrophages, which phagocytose tumor cells via the antibody-dependent cellular phagocytosis (ADCP) mechanism (Figure 2); both can also stimulate the downstream activation of the adaptive immune response (205, 206, 208, 209). High levels of tumor-infiltrating NK cells have been shown to be associated with a favorable prognosis in numerous solid tumors, and several studies have also shown that intact cytolytic function of NK cells is important in protecting from the development of some types of malignancies (210–213). However, the more advanced tumors can upregulate the expression of inhibitory molecules inactivating NK cells, and escape from immunosurveillance (213–216).




Figure 2 | The mechanisms of ADCC and ADCP response. Monoclonal therapeutic antibodies designed to target specific tumor cell antigens can also use their Fc portion of the immunoglobulin to anchor NK cells and macrophages through specific Fc receptors expressed on the surface of these cells. Such interactions trigger activating signals downstream of Fc receptors in NK cells and macrophages and lead to NK cell-mediated ADCC and macrophage-mediated ADCP responses. NK cells brought in the vicinity of target tumor cells by monoclonal antibodies kill those cells predominantly through the perforin/granzyme cell death pathway, while activated macrophages engulf antibody-opsonized target tumor cells and degrade them through acidification of the phagosome. ADCC, antibody-dependent cellular cytotoxicity; ADCP, antibody-dependent cellular phagocytosis; Fc, fragment crystallizable; NK, natural killer.




EGFR-targeting antibodies and ADCC

ADCC is a process by which cells expressing specific antigens are recognized by antibodies, which also interact via a constant region (Fc) with the Fc-gamma receptors (FcγR) on the surface of immune effector cells, leading to the direct lysis of target cells (217). NK cells are considered to be the key effectors of the innate immune system mediating ADCC due to their unique expression of activating FcγRs, such as FcγR IIIa (CD16a) and FcγR Iic (CD32a) (217).

As previously alluded to, some EGFR-targeting antibodies, approved for the use in patients with mCRC and SCCHN, not only inhibit ligand-induced EGFR activity and signaling, but also elicit ADCC through the interaction between their IgG1 Fc region and the FcγR-expressing effector cells, typically NK cells, leading to the destruction of EGFR-expressing cancer cells (148, 217). Cetuximab has been shown to be capable of inducing NK cell mediated ADCC in preclinical, clinical, and ex vivo assays, which are extensively reviewed elsewhere (150). This is not the case for panitumumab, which contains an IgG2 Fc region and stimulates ADCC to a much lesser extent (23). This has been suggested to account for differences in the clinical efficacy of cetuximab and panitumumab in patients receiving either cetuximab or panitumumab in combination with chemotherapy regimens in SCCHN, where cetuximab has been shown to increase OS, but panitumumab does not (94, 95, 150, 218, 219). This again suggests that levels of ADCC and intratumoral immune activity play a key role in patient responses in these tumors. Interestingly, a study has shown that the FcγR genotype in patients with KRAS wild-type mCRC may correlate with the ADCC-mediated responsiveness to cetuximab, thus potentially providing a rationale for patient stratification (220). FcγRIIa H/H and H/R alleles of the FcγRIIa-H131R polymorphism elicited significantly higher ADCC compared with the R/R alleles, and the FcγRIIIa V/V and V/F alleles of the FcγRIIIa-V158F polymorphism induced stronger ADCC than the F/F alleles (220). Moreover, patients with the FcγRIIIa 158V allele had significantly longer PFS than those with the 158F/F allele (220). Another study showed that the combination of cetuximab and interleukin 12 in patients with unresectable primary or recurrent SCCHN resulted in higher ADCC and prolonged PFS (221). Similar to cetuximab, nimotuzumab, an IgG1 isotype antibody, has been shown to be capable of exerting a detrimental effect on EGFR-expressing cancer cells by NK cell-mediated ADCC in patients with SCCHN. Activation of NK cells led to dendritic cell maturation and priming of EGFR-specific CD8+ T cells (222).

Other EGFR-targeting antibodies, being tested in early stages of clinical development, have demonstrated superior ADCC responses when compared with cetuximab (163, 223). Imgatuzumab, a monoclonal antibody inhibiting EGFR signaling, induced a more robust ADCC response than cetuximab (223). However, in patients with KRASexon2-WT and KRASexon2-mutant-CRC, despite the ability to initiate a stronger ADCC response, the combination of imgatuzumab and FOLFIRI did not lead to improved PFS when compared with chemotherapy alone or cetuximab treatment (median PFS KRASe2-WT = 7.3 months with imgatuzumab + FOLFIRI, 6.1 months with cetuximab + FOLFIRI; median PFS KRASe2-mutant = 5.2 months imgatuzumab + FOLFIRI, 4.3 months with FOLFIRI only) (224, 225). The EGFR-MET targeting bispecific antibody amivantamab has also been shown to induce more robust ADCC than cetuximab, and a direct correlation was established between the ADCC activity and secreted interferon γ levels in preclinical NSCLC models with EGFR exon 20 insertions (163). Amivantamab has since been granted accelerated approval by the FDA for patients with NSCLC exhibiting EGFR exon 20 insertions who have progressed on platinum-based therapies, where its high-capacity for ADCC induction may be contributing to its favorable efficacy (226).

The capability for ADCC induction by anti-EGFR targeting antibodies may also be enhanced through combination with recently developed covalent inhibitors of KRAS G12C, AMG510 and MRTX849, in patients with tumors that harbor this mutation. Recent in vivo data has suggested that the inhibition of KRAS G12C using AMG510 creates a pro-inflammatory tumor microenvironment, promoting the anti-tumor activity of immune cells alone and in combination with immune CPIs (227). As the onset of the pro-inflammatory tumor microenvironment has been shown to be synonymous with the increased infiltration of immune cells such as T lymphocytes into the tissue, CD16+ subsets of which can mediate ADCC (228), with both AMG510 (227) and MRTX849 (229), combining KRAS G12C inhibitors with anti-EGFR antibodies, which stimulate ADCC, may have synergistic effects in these tumors. An ongoing phase III trial is currently investigating the impact on survival of MRTX849 in combination with cetuximab versus chemotherapy in patients with advanced CRC harboring KRAS G12C mutations (NCT04793958) (230).



CAR-NK-EGFR cells

NK cells, can be primed and modified ex vivo, in a similar manner to CAR-T cells (231), to express a CD38-CD3ξ domain required for NK cell signaling and scFv antibody fragments to introduce specificity to a range of diverse tumor antigens, including those targeting the cell-surface EGFR or/and EGFRvIII. The therapeutic use of CAR-NK cells may have significant advantages over the CAR-T cell therapy, as CAR-NK cells have a better safety profile due to a low potential to induce CRS, neurotoxicity and graft-versus-host disease, and the ability to exert the CAR-independent cytotoxicity (232).

Different CAR-NK-EGFR cells showed target-specific cytotoxicity in in vitro cell-based assays, reduced xenograft tumor growth in renal cell carcinoma and triple-negative breast cancer animal models, and significantly extended survival of intracranial tumor-bearing animals in metastatic breast cancer and glioblastoma models (231, 233–236). However, despite promising results in the preclinical setting, one study found that CAR-NK cell treatment of animals with glioblastoma failed to inhibit tumor progression and led to a pseudo-progression phenotype (237). In general, CAR-NK cell-based therapies face several challenges due to the short life-span of CAR-NK cells in the absence of cytokines, the need for expansion and activation ex vivo, inactivation by tumor cells and the tumor microenvironment (28), and cross-reactivity leading to NK cell fratricide (209). A number of clinical trials have been initiated to test CAR-NK cells, with specificity to antigens other than EGFR, in patients with hematologic malignancies and solid tumors (238). In heavily pretreated patients with relapsed or refractory B-cell hematologic malignancies, CAR-NK-CD19 therapy was found to be safe, and no CRS, immune effector cell-associated neurotoxicity syndrome or graft-versus-host disease were reported (239), suggesting that NK-CAR cells may have a superior toxicity profile compared with that shown by CAR-T cell therapies. However, although a promising method for targeting EGFR, these therapies are in an early stage of development and further work is needed to establish CAR-NK cells as effective therapies in solid tumors (28).



An innate cell engager as a novel EGFR-targeting modality

A novel therapeutic modality, the innate cell engager, has been developed to bind simultaneously to NK cells or macrophages via a distinct epitope on CD16A recognized by the CD16A-specific antibody variable domains, and to cancer cells via variable antibody domains specific to cancer epitopes in order to potentiate the NK cell- or macrophage-dependent destruction of cancer cells in solid tumors (209). This was hypothesized to prevent tumor escape from immunosurveillance, which depends on the balance between activating and inhibitory NK cell populations, due to increased cancer cell killing (209). Innate cell engagers can be engineered as bispecific or multispecific molecules and are derived from the fit-for-purpose redirected optimized cell killing antibody platform, comprising an array of bispecific and multispecific antibodies (209). These antibodies bind CD16A independently of the CD16A allotype, do not cross-react with the Fc binding site, thereby avoiding competition with the body’s own circulating serum IgG, do not exhibit NK cell fratricide, and bind to specific tumor cell antigens even when expressed at low levels. Consequently, innate cell engagers link tumor antigens, such as EGFR, to FcγRIIIa (CD16A) on NK cells or macrophages and activate ADCC and ADCP, resulting in tumor cell killing and phagocytosis of tumor cells, respectively (209), and potentially the reduction of a tumor mass.

AFM24 is a tetravalent bispecific innate cell engager that binds simultaneously to CD16A on NK cells and macrophages and EGFR that is expressed on the tumor cell surface (Figure 3). It has been designed to prevent cross-linking of effector cells, which is expected to reduce the risk of target-independent activation, cytokine release and subsequent CRS (209, 240, 241). AFM24 shows high specificity for CD16A and robust binding to NK cells and macrophages in in vitro assays (209, 240, 241). Preclinical studies have found that AFM24 binds EGFR-expressing tumors with high affinity and induces targeted, dose-dependent and potent lysis by NK cells and phagocytosis by macrophages (241). This was independent of the KRAS/BRAF mutation status and EGFR expression levels of tumor cells, thus suggesting that resistance mechanisms observed with the therapeutic agents targeting EGFR activity and signaling may not be relevant in this setting (Figure 4) (241).




Figure 3 | Mechanism of action of an innate cell engager targeting EGFR and CD16A. AFM24, a fully human tetravalent bispecific innate cell engager, binds simultaneously the CD16A receptor on NK cells or macrophages, with a much higher affinity than monoclonal antibodies, and the EGFR antigen on the surface of tumor cells. This creates a bridge between innate immune cells and EGFR-expressing tumor cells enabling ADCC mediated by NK cells and ADCP mediated by macrophages. ADCC, antibody-dependent cellular cytotoxicity; ADCP, antibody-dependent cellular phagocytosis; EGFR, epidermal growth factor receptor; ICE, innate cell engager; NK, natural killer.






Figure 4 | AFM24 activity is independent of EGFR signaling function. AFM24-mediated killing of EGFR-expressing tumor cells, by inducing ADCC and ADCP responses, does not rely on the EGFR activity, its mutational status or the disruption of downstream signaling pathways. ADCC, antibody-dependent cellular cytotoxicity; ADCP, antibody-dependent cellular phagocytosis; EGFR, epidermal growth factor receptor.



Preclinical data generated in cynomolgus monkeys have shown no off-target side effects, no evidence of CRS, and no dermatologic toxicities characteristic to EGFR signaling inhibitors (TKIs and anti-EGFR antibodies) (241). The observed improved toxicity profile in animal models may be determined by the inherent feature of the AFM24 design associated with a minimal effect on the EGFR signaling pathway. The tumor-associated microenvironment often shows persistent inflammation induced and maintained by a continuous production of different pro-inflammatory molecules, tumor vascularization, and infiltration of immune cells mediating the innate and adaptive immune responses (240). Considering that NK cells and macrophages are extremely abundant in tumor tissues, AFM24 can effectively utilize these cells to cause extensive tumor damage and to further promote inflammation and the antitumor immune response. Experiments using AFM24 at up to 75 mg/kg dose once weekly for 28 days in cynomolgus monkeys suggest that healthy tissues, including skin, can be spared as any tissue damage will be easily repaired by EGFR signaling due to its intact catalytic activity (240).

AFM24 has shown activity in several tumor cell lines of different origin, which suggests that it may be beneficial in patients with a range of solid cancers (240). This is reflected in the study design for the ongoing phase I/IIa trial (NCT04259450), which is investigating AFM24 in patients with advanced or metastatic EGFR-expressing solid cancers, including but not limited to colorectal, lung, gastric, esophageal, pancreatic, head and neck, breast, ovarian, cervical, urothelial, and renal cancer (242).



The potential and advantages of EGFR-specific innate cell engager combinations with other treatment modalities

Conventional EGFR-targeting therapies that inhibit EGFR kinase activity and signaling have a detrimental effect on healthy tissues, particularly the skin and the gastrointestinal epithelial lining, where EGFR plays a crucial role in maintaining tissue homeostasis. On-target off-tumor effects limit the effectiveness of therapeutic interventions targeting EGFR signaling and combinations with therapeutic agents, which inflict deleterious effects on EGFR-expressing healthy tissues, would exacerbate the side effects and limit the therapeutic window of EGFR inhibitors even further. On the contrary, innate cell engagers, such as AFM24, show no effect on the regenerative capacity of healthy tissue and are only active in tissue areas with high immune cell content and pro-inflammatory milieu. Therefore, the combinations involving innate cell engagers can be more efficacious due to benefit from a further immune cell activation, without an increase in on-target off-tumor toxicity.

One promising approach for the enhancement of innate cell engager efficacy targeting EGFR is to combine these agents with allogeneic or autologous NK cell products in order to increase the proportion of effector cell/tumor cell pairings following the trafficking and homing of both therapeutic modalities to tumor tissue. To achieve this, NK cells can either be pre-complexed with innate cell engagers prior to administration or both therapies can be co-administered separately. This approach has recently been shown to be successful in improving the antitumor activity of AFM13, an innate cell engager targeting the cell-surface CD30, in preclinical CD30+ Hodgkin lymphoma models (243). This approach is being investigated in a clinical proof-of-concept study with CD30+ Hodgkin and Non-Hodgkin patients (NCT04074746) (244). To investigate the combination of AFM24 with NK cells and to provide further evidence of such a combination strategy, a clinical study has recently been initiated that combines AFM24 with an autologous NK cell product (NCT05099549) (245). Such combinations may overcome the limitation of sparse distribution of effector cells in tumor tissue and may lead to improved effectiveness of both treatments, without potentially introducing additive adverse events (246, 247).

Another approach that may potentially enhance the effectiveness of innate cell engagers targeting EGFR is their combination with CPIs, such as anti-PD-1 or anti-PD-L1 antibodies. CPIs act to enhance immune responses and to inhibit the tumor escape from immunosurveillance by preventing the tumor cell-induced T cell and NK cell suppression (248). The combination of AFM13 with anti-PD1 has demonstrated high response rates in HL (249). Recent studies provided evidence for PD-1/PD-L1 expression not only on T cells but also on NK cells, which suggests a new level of mechanistic complexity behind diminished anti-tumor NK cell responses (175, 249, 250). In support of these findings, PD-L1 engagement by atezolizumab was shown to directly activate NK cell functions (250). A phase I/IIa study of AFM24 in combination with atezolizumab has recently been initiated (NCT05109442) (251).

The excellent safety profile of innate cell engagers may allow to exploit the combinations involving multiple therapeutic agents with different mechanisms of action to fully leverage a targeted anti-tumor immune system.




Conclusions

EGFR has emerged as an oncogenic driver in a subset of patients with NSCLC, while widespread overexpression of EGFR protein has been found in a broad range of different types of cancer. Several different EGFR-targeting therapies have been developed and have entered the clinic but despite this, long-term survival rates of patients treated with these therapies have not significantly improved. Thus, there is a significant unmet need for therapies that are effective and safe in patients with EGFR-expressing solid tumors and can overcome currently documented inherent or acquired tumor resistance mechanisms to therapies targeting EGFR.

The response to TKIs in a subset of patients with NSCLC, whose tumors express EGFR carrying activating mutations, has been excellent but short-lived due to the inevitable evolution of cancer cells to acquire secondary resistance mutations, preventing the binding of TKIs to EGFR. Genetic alterations that activate signaling molecules downstream of EGFR or those in parallel signaling pathways can also create conditions where EGFR signaling, initially critical to the propagation of a tumor, is no longer required. Other EGFR-signaling inhibitors, such as anti-EGFR antibodies, have been approved in a subset of patients with KRAS wild-type mCRC, SCCHN and squamous NSCLC, but response rates are usually low and secondary resistance also develops through the redundancy of the EGFR signaling pathway or tumor transformation into another histologic type. On-target off-tumor and off-target toxicities to EGFR signaling inhibitors are of concern and may have a significant impact on patient quality of life and treatment effectiveness.

Overexpression of EGFR in many tumor types provides a basis for the design of therapies that use EGFR as a decoy to guide effectors of the adaptive or innate immune systems to EGFR-expressing cancers and to destroy EGFR-expressing cancer cells. Despite the promise of CAR-T cell therapies using cytotoxic T cells engineered to express constructs recognizing EGFR, these are still in early stages of development and present several serious complications that are currently difficult to overcome. Despite being effective in patients with hematologic malignancies, CAR-T cell therapies have not performed well in patients with solid tumors, potentially due to the hostile immunosuppressive tumor microenvironment and heterogeneity of cancer epitope expression. Serious neurotoxicity and CRS currently compromise the clinical use of these therapeutic agents.

To overcome the limitations of the T cell-based therapeutic approaches, target-specific innate cell engagers are undergoing preclinical and clinical evaluation and show high promise, in controlling on-target off-tumor toxicities. Based on preclinical investigations, the EGFR-specific innate immune system engager AFM24 activates potent mutation-independent antitumor immune responses by engaging NK cells and macrophages to mediate ADCC and ADCP and has shown a comparable activity to those therapies that utilize T cells. Importantly, the key advantage over therapies targeting EGFR signaling and those that use T cells is a much more favorable toxicity profile, with the lack of dermatologic toxicities and CRS, potentially determined by the lower proliferative potential of NK cells and macrophages and the EGFR signaling-independent mode of action of AFM24. These properties are key for delivering safer and more effective therapies to target tumors expressing EGFR. They also highlight the advantages of harnessing the innate immune system to address unmet needs in the treatment of patients with EGFR-expressing cancer.



Author contributions

GH, ER, and HD designed, wrote, reviewed, revised, and edited the manuscript. All authors contributed to the article and approved the submitted version.



Funding

This study received funding from Affimed GmbH.



Acknowledgments

Medical writing assistance was provided by Meridian HealthComms, Plumley, UK and was funded by Affimed GmbH, in accordance with Good Publication Practice (GPP3).



Conflict of interest

All authors are employees of Affimed GmbH.

The authors declare that this study received funding from Affimed GmbH. The funder had the following involvement with the study: funded the writing assistance.



References

1. Wee, P, and Wang, Z. Epidermal growth factor receptor cell proliferation signaling pathways. Cancers (Basel) (2017) 9(5):52. doi: 10.3390/cancers9050052

2.The human protein atlas. Available at: https://www.proteinatlas.org/ENSG00000146648-EGFR/tissue (Accessed 8 February, 2022).

3. Yano, S, Kondo, K, Yamaguchi, M, Richmond, G, Hutchison, M, Wakeling, A, et al. Distribution and function of EGFR in human tissue and the effect of EGFR tyrosine kinase inhibition. Anticancer Res (2003) 23(5a):3639–50.

4. Real, FX, Rettig, WJ, Chesa, PG, Melamed, MR, Old, LJ, and Mendelsohn, J. Expression of epidermal growth factor receptor in human cultured cells and tissues: relationship to cell lineage and stage of differentiation. Cancer Res (1986) 46(9):4726–31.

5. Thomas, R, Srivastava, S, Katreddy, RR, Sobieski, J, and Weihua, Z. Kinaseinactivated EGFR is required for the survival of wild-type EGFR-expressing cancer cells treated with tyrosine kinase inhibitors. Int J Mol Sci (2019) 20(10):2515. doi: 10.3390/ijms20102515

6. Thomas, R, and Weihua, Z. Rethink of EGFR in cancer with its kinase independent function on board. Front Oncol (2019) 9:800. doi: 10.3389/fonc.2019.00800

7. Herbst, RS, Heymach, JV, and Lippman, SM. Lung cancer. N Engl J Med (2008) 359(13):1367–80. doi: 10.1056/NEJMra0802714

8. Pelloski, CE, Ballman, KV, Furth, AF, Zhang, L, Lin, E, Sulman, EP, et al. Epidermal growth factor receptor variant III status defines clinically distinct subtypes of glioblastoma. J Clin Oncol (2007) 25(16):2288–94. doi: 10.1200/JCO.2006.08.0705

9. Chan, DLH, Segelov, E, Wong, RS, Smith, A, Herbertson, RA, Li, BT, et al. Epidermal growth factor receptor (EGFR) inhibitors for metastatic colorectal cancer. Cochrane Database System Rev (2017) 6(6):CD007047–CD. doi: 10.1002/14651858.CD007047.pub2

10. Xu, MJ, Johnson, DE, and Grandis, JR. EGFR-targeted therapies in the postgenomic era. Cancer Metastasis Rev (2017) 36(3):463–73. doi: 10.1007/s10555-017-9687-8

11. Lawrence, MS, Stojanov, P, Mermel, CH, Robinson, JT, Garraway, LA, Golub, TR, et al. Discovery and saturation analysis of cancer genes across 21 tumour types. Nature (2014) 505(7484):495–501. doi: 10.1038/nature12912

12. Zhang, YL, Yuan, JQ, Wang, KF, Fu, XH, Han, XR, Threapleton, D, et al. The prevalence of EGFR mutation in patients with non-small cell lung cancer: A systematic review and meta-analysis. Oncotarget (2016) 7(48):78985–93. doi: 10.18632/oncotarget.12587

13. An, Z, Aksoy, O, Zheng, T, Fan, QW, and Weiss, WA. Epidermal growth factor receptor and EGFRvIII in glioblastoma: signaling pathways and targeted therapies. Oncogene (2018) 37(12):1561–75. doi: 10.1038/s41388-017-0045-7

14. Gan, HK, Cvrljevic, AN, and Johns, TG. The epidermal growth factor receptor variant III (EGFRvIII): where wild things are altered. FEBS J (2013) 280(21):5350–70. doi: 10.1111/febs.12393

15. Nicholson, RI, Gee, JM, and Harper, ME. EGFR and cancer prognosis. Eur J Cancer (2001) 37(Suppl. 4):S9–15. doi: 10.1016/s0959-8049(01)00231-3

16. Birkman, EM, Algars, A, Lintunen, M, Ristamaki, R, Sundstrom, J, and Carpen, O. EGFR gene amplification is relatively common and associates with outcome in intestinal adenocarcinoma of the stomach, gastro-oesophageal junction and distal oesophagus. BMC Cancer (2016) 16:406. doi: 10.1186/s12885-016-2456-1

17. Rossi, E, Villanacci, V, Danesino, C, Donato, F, Nascimbeni, R, and Bassotti, G. Epidermal growth factor receptor overexpression/amplification in adenocarcinomas arising in the gastrointestinal tract. Rev Esp Enferm Dig (2011) 103(12):632–9. doi: 10.4321/s1130-01082011001200005

18. Huang, SF, Cheng, SD, Chien, HT, Liao, CT, Chen, IH, Wang, HM, et al. Relationship between epidermal growth factor receptor gene copy number and protein expression in oral cavity squamous cell carcinoma. Oral Oncol (2012) 48(1):67–72. doi: 10.1016/j.oraloncology.2011.06.511

19. Itakura, Y, Sasano, H, Shiga, C, Furukawa, Y, Shiga, K, Mori, S, et al. Epidermal growth factor receptor overexpression in esophageal carcinoma. An immunohistochemical study correlated with clinicopathologic findings and DNA amplification. Cancer (1994) 74(3):795–804. doi: 10.1002/1097-0142(19940801

20. Sawano, A, Takayama, S, Matsuda, M, and Miyawaki, A. Lateral propagation of EGF signaling after local stimulation is dependent on receptor density. Dev Cell (2002) 3(2):245–57. doi: 10.1016/s1534-5807(02)00224-1

21. Schneider, MR, and Yarden, Y. The EGFR-HER2 module: A stem cell approach to understanding a prime target and driver of solid tumors. Oncogene (2016) 35(23):2949–60. doi: 10.1038/onc.2015.372

22. Shah, R, and Lester, JF. Tyrosine kinase inhibitors for the treatment of EGFR mutation-positive non–small-cell lung cancer: A clash of the generations. Clin Lung Cancer (2020) 21(3):e216–e28. doi: 10.1016/j.cllc.2019.12.003

23. Trivedi, S, Srivastava, RM, Concha-Benavente, F, Ferrone, S, Garcia-Bates, TM, Li, J, et al. Anti-EGFR targeted monoclonal antibody isotype influences antitumor cellular immunity in head and neck cancer patients. Clin Cancer Res (2016) 22(21):5229–37. doi: 10.1158/1078-0432.ccr-15-2971

24. Janani, B, Vijayakumar, M, Priya, K, Kim, JH, Prabakaran, DS, Shahid, M, et al. EGFR-based targeted therapy for colorectal cancer–promises and challenges. Vaccines (2022) 10(4):499. doi: 10.3390/vaccines10040499

25. Huang, L, Jiang, S, and Shi, Y. Tyrosine kinase inhibitors for solid tumors in the past 20 years (2001–2020). J Hematol Oncol (2020) 13(1):143. doi: 10.1186/s13045-020-00977-0

26. Patel, B, and Saba, NF. Current aspects and future considerations of EGFR inhibition in locally advanced and recurrent metastatic squamous cell carcinoma of the head and neck. Cancers (2021) 13(14):3545. doi: 10.3390/cancers13143545

27. Zhou, J, Ji, Q, and Li, Q. Resistance to anti-EGFR therapies in metastatic colorectal cancer: underlying mechanisms and reversal strategies. J Exp Clin Cancer Res (2021) 40(1). doi: 10.1186/s13046-021-02130-2

28. Pockley, AG, Vaupel, P, and Multhoff, G. NK cell-based therapeutics for lung cancer. Expert Opin Biol Ther (2020) 20(1):23–33. doi: 10.1080/14712598.2020.1688298

29. O'Rourke, DM, Nasrallah, MP, Desai, A, Melenhorst, JJ, Mansfield, K, Morrissette, JJD, et al. A single dose of peripherally infused EGFRvIII-directed CAR T cells mediates antigen loss and induces adaptive resistance in patients with recurrent glioblastoma. Sci Transl Med (2017) 9(399). doi: 10.1126/scitranslmed.aaa0984

30. Du, X, Yang, B, An, Q, Assaraf, YG, Cao, X, and Xia, J. Acquired resistance to thirdgeneration EGFR-TKIs and emerging next-generation EGFR inhibitors. Innovation (Camb) (2021) 2(2):100103. doi: 10.1158/1078-0432.CCR-10-2277

31. U.S. Food and Drug Administration. TARCEVA® (erlotinib). Prescribing information. (2016). Available at: https://www.gene.com/download/pdf/tarceva_prescribing.pdf (Accessed 8 February, 2022).

32. Arcila, ME, Oxnard, GR, Nafa, K, Riely, GJ, Solomon, SB, Zakowski, MF, et al. Rebiopsy of lung cancer patients with acquired resistance to EGFR inhibitors and enhanced detection of the T790M mutation using a locked nucleic acid-based assay. Clin Cancer Res (2011) 17(5):1169–80. doi: 10.1158/1078-0432.CCR-10-2277

33. Nagano, T, Tachihara, M, and Nishimura, Y. Mechanism of resistance to epidermal growth factor receptor-tyrosine kinase inhibitors and a potential treatment strategy. Cells (2018) 7(11):212. doi: 10.3390/cells7110212

34. Pao, W, Miller, VA, Politi, KA, Riely, GJ, Somwar, R, Zakowski, MF, et al. Acquired resistance of lung adenocarcinomas to gefitinib or erlotinib is associated with a second mutation in the EGFR kinase domain. PloS Med (2005) 2(3):e73–e. doi: 10.1371/journal.pmed.0020073

35. Zhou, C, Wu, YL, Chen, G, Feng, J, Liu, XQ, Wang, C, et al. Erlotinib versus chemotherapy as first-line treatment for patients with advanced EGFR mutationpositive non-small-cell lung cancer (OPTIMAL, CTONG-0802): A multicentre, open-label, randomised, phase 3 study. Lancet Oncol (2011) 12(8):735–42. doi: 10.1016/s1470-2045(11)70184-x

36. Rosell, R, Carcereny, E, Gervais, R, Vergnenegre, A, Massuti, B, Felip, E, et al. Erlotinib versus standard chemotherapy as first-line treatment for European patients with advanced EGFR mutation-positive non-small-cell lung cancer (EURTAC): A multicentre, open-label, randomised phase 3 trial. Lancet Oncol (2012) 13(3):239–46. doi: 10.1016/s1470-2045(11)70393-x

37. Wu, YL, Zhou, C, Liam, CK, Wu, G, Liu, X, Zhong, Z, et al. First-line erlotinib versus gemcitabine/cisplatin in patients with advanced EGFR mutation-positive non-small-cell lung cancer: Analyses from the phase III, randomized, open-label, ENSURE study. Ann Oncol (2015) 26(9):1883–9. doi: 10.1093/annonc/mdv270

38. Moore, MJ, Goldstein, D, Hamm, J, Figer, A, Hecht, JR, Gallinger, S, et al. Erlotinib plus gemcitabine compared with gemcitabine alone in patients with advanced pancreatic cancer: A phase III trial of the national cancer institute of Canada clinical trials group. J Clin Oncol (2007) 25(15):1960–6. doi: 10.1200/JCO.2006.07.9525

39. Zhou, C, Wu, YL, Chen, G, Feng, J, Liu, XQ, Wang, C, et al. Final overall survival results from a randomised, phase III study of erlotinib versus chemotherapy as first-line treatment of EGFR mutation-positive advanced nonsmall-cell lung cancer (OPTIMAL, CTONG0802). Ann Oncol (2015) 26(9):1877–83. doi: 10.1093/annonc/mdv276

40. U.S. Food and Drug Administration. IRESSA® (gefitinib). Prescribing Information. (2018).  Available at: https://www.accessdata.fda.gov/drugsatfda_docs/label/2018/206995s003lbl.pdf (Accessed 8 February, 2022)

41. Kobayashi, S, Boggon, TJ, Dayaram, T, Jänne, PA, Kocher, O, Meyerson, M, et al. EGFR mutation and resistance of non-small-cell lung cancer to gefitinib. N Engl J Med (2005) 352(8):786–92. doi: 10.1056/NEJMoa044238

42. Mok, TS, Wu, YL, Thongprasert, S, Yang, CH, Chu, DT, Saijo, N, et al. Gefitinib or carboplatin-paclitaxel in pulmonary adenocarcinoma. N Engl J Med (2009) 361(10):947–57. doi: 10.1056/NEJMoa0810699

43. Mitsudomi, T, Morita, S, Yatabe, Y, Negoro, S, Okamoto, I, Tsurutani, J, et al. Gefitinib versus cisplatin plus docetaxel in patients with non-small-cell lung cancer harbouring mutations of the epidermal growth factor receptor (WJTOG3405): An open label, randomised phase 3 trial. Lancet Oncol (2010) 11(2):121–8. doi: 10.1016/s1470-2045(09)70364-x

44. Maemondo, M, Inoue, A, Kobayashi, K, Sugawara, S, Oizumi, S, Isobe, H, et al. Gefitinib or chemotherapy for non-small-cell lung cancer with mutated EGFR. N Engl J Med (2010) 362(25):2380–8. doi: 10.1056/NEJMoa0909530

45. Yoshioka, H, Shimokawa, M, Seto, T, Morita, S, Yatabe, Y, Okamoto, I, et al. Final overall survival results of WJTOG3405, a randomized phase III trial comparing gefitinib versus cisplatin with docetaxel as the first-line treatment for patients with stage IIIB/IV or postoperative recurrent EGFR mutation-positive non-small-cell lung cancer. Ann Oncol (2019) 30(12):1978–84. doi: 10.1093/annonc/mdz399

46. Shi, Y, Zhang, L, Liu, X, Zhou, C, Zhang, L, Zhang, S, et al. Icotinib versus gefitinib in previously treated advanced non-small-cell lung cancer (ICOGEN): A randomised, double blind phase 3 non-inferiority trial. Lancet Oncol (2013) 14(10):953–61. doi: 10.1016/S14702045(13)70355-3

47. Shi, YK, Wang, L, Han, BH, Li, W, Yu, P, Liu, YP, et al. First-line icotinib versus cisplatin/pemetrexed plus pemetrexed maintenance therapy for patients with advanced EGFR mutation-positive lung adenocarcinoma (CONVINCE): A phase 3, open-label, randomized study. Ann Oncol (2017) 28(10):2443–50. doi: 10.1093/annonc/mdx359

48. U.S. Food and Drug Administration. GILOTRIF® (afatinib). Prescribing information. (2018). Available at: https://www.accessdata.fda.gov/drugsatfda_docs/label/2018/201292s014lbl.pdf (Accessed 8 February, 2022)

49. Hochmair, MJ, Morabito, A, Hao, D, Yang, CT, Soo, RA, Yang, JC, et al. Sequential treatment with afatinib and osimertinib in patients with EGFR mutation-positive non-small-cell lung cancer: An observational study. Future Oncol (2018) 14(27):2861–74. doi: 10.2217/fon-2018-0711

50. Tanaka, K, Nosaki, K, Otsubo, K, Azuma, K, Sakata, S, Ouchi, H, et al. Acquisition of the T790M resistance mutation during afatinib treatment in EGFR tyrosine kinase inhibitor-naive patients with non-small cell lung cancer harboring EGFR mutations. Oncotarget (2017) 8(40):68123–30. doi: 10.18632/oncotarget.19243

51. Wu, SG, Liu, YN, Tsai, MF, Chang, YL, Yu, CJ, Yang, PC, et al. The mechanism of acquired resistance to irreversible EGFR tyrosine kinase inhibitor-afatinib in lung adenocarcinoma patients. Oncotarget (2016) 7(11):12404–13. doi: 10.18632/oncotarget.7189

52. Sequist, LV, Yang, JC, Yamamoto, N, O'Byrne, K, Hirsh, V, Mok, T, et al. Phase III study of afatinib or cisplatin plus pemetrexed in patients with metastatic lung adenocarcinoma with EGFR mutations. J Clin Oncol (2013) 31(27):3327–34. doi: 10.1200/jco.2012.44.2806

53. Wu, YL, Zhou, C, Hu, CP, Feng, J, Lu, S, Huang, Y, et al. Afatinib versus cisplatin plus gemcitabine for first-line treatment of Asian patients with advanced non-small-cell lung cancer harbouring EGFR mutations (LUX-lung 6): An openlabel, randomised phase 3 trial. Lancet Oncol (2014) 15(2):213–22. doi: 10.1016/s1470-2045(13)70604-1

54. Yang, JC, Wu, YL, Schuler, M, Sebastian, M, Popat, S, Yamamoto, N, et al. Afatinib versus cisplatin-based chemotherapy for EGFR mutation-positive lung adenocarcinoma (LUX-lung 3 and LUX-lung 6): Analysis of overall survival data from two randomised, phase 3 trials. Lancet Oncol (2015) 16(2):141–51. doi: 10.1016/s1470-2045(14)71173-8

55. U.S. Food and Drug Administration. VIZIMPRO® (dacomitinib). Prescribing Information. (2018). Available at: https://www.accessdata.fda.gov/drugsatfda_docs/label/2018/208065s008lbl.pdf (Accessed 8 February, 2022).

56. Janne, PA, Ou, SI, Kim, DW, Oxnard, GR, Martins, R, Kris, MG, et al. Dacomitinib as first-line treatment in patients with clinically or molecularly selected advanced non-small cell lung cancer: A multicentre, open-label, phase 2 trial. Lancet Oncol (2014) 15(13):1433–41. doi: 10.1016/S1470-2045(14)70461-9

57. Ramalingam, SS, Jänne, PA, Mok, T, O'Byrne, K, Boyer, MJ, Von Pawel, J, et al. Dacomitinib versus erlotinib in patients with advanced-stage, previously treated non-small cell lung cancer (ARCHER 1009): A randomised, double-blind, phase 3 trial. Lancet Oncol (2014) 15(12):1369–78. doi: 10.1016/s1470-2045(14)70452-8

58. Wu, YL, Cheng, Y, Zhou, X, Lee, KH, Nakagawa, K, Niho, S, et al. Dacomitinib versus gefitinib as first-line treatment for patients with EGFR-mutation-positive non-small-cell lung cancer (ARCHER 1050): A randomised, open-label, phase 3 trial. Lancet Oncol (2017) 18(11):1454–66. doi: 10.1016/S1470-2045(17)30608-3

59. Mok, TS, Cheng, Y, Zhou, X, Lee, KH, Nakagawa, K, Niho, S, et al. Updated overall survival in a randomized study comparing dacomitinib with gefitinib as first-line treatment in patients with advanced non-small-cell lung cancer and EGFR-activating mutations. Drugs (2021) 81(2):257–66. doi: 10.1007/s40265-020-01441-6

60. U.S. Food and Drug Administration. TAGRISSO® (osimertinib). Prescribing Information.(2015). Available at: https://www.accessdata.fda.gov/drugsatfda_docs/label/2015/208065s000lbl.pdf (Accessed 8 February, 2022).

61. Cho, BC, Cheng, Y, Zhou, C, Ohe, Y, Imamura, F, Lin, M-C, et al. Mechanisms of acquired resistance to first-line osimertinib: preliminary data from the phase III FLAURA study. Ann Oncol (2018) 29(Suppl. 9):ix177.

62. Schoenfeld, AJ, Chan, JM, Kubota, D, Sato, H, Rizvi, H, Daneshbod, Y, et al. Tumor analyses reveal squamous transformation and off-target alterations as early resistance mechanisms to first-line osimertinib in EGFR-mutant lung cancer. Clin Cancer Res (2020) 26(11):2654–63. doi: 10.1158/1078-0432.CCR-19-3563

63. Zhao, S, Li, X, Zhao, C, Jiang, T, Jia, Y, Shi, J, et al. Loss of T790M mutation is associated with early progression to osimertinib in Chinese patients with advanced NSCLC who are harboring EGFR T790M. Lung Cancer (2019) 128:33–9. doi: 10.1016/j.lungcan.2018.12.010

64. Hidaka, N, Iwama, E, Kubo, N, Harada, T, Miyawaki, K, Tanaka, K, et al. Most T790M mutations are present on the same EGFR allele as activating mutations in patients with non-small cell lung cancer. Lung Cancer (2017) 108:75–82. doi: 10.1016/j.lungcan.2017.02.019

65. Ricordel, C, Friboulet, L, Facchinetti, F, and Soria, JC. Molecular mechanisms of acquired resistance to third-generation EGFR-TKIs in EGFR T790M-mutant lung cancer. Ann Oncol (2018) 29(suppl_1):i28–37. doi: 10.1093/annonc/mdx705

66. Papadimitrakopoulou, VA, Mok, TS, Han, JY, Ahn, MJ, Delmonte, A, Ramalingam, SS, et al. Osimertinib versus platinum-pemetrexed for patients with EGFR T790M advanced NSCLC and progression on a prior EGFR-tyrosine kinase inhibitor: AURA3 overall survival analysis. Ann Oncol (2020) 31(11):1536–44. doi: 10.1016/j.annonc.2020.08.2100

67. Papadimitrakopoulou, VA, Wu, Y-L, Han, J-Y, Ahn, M-J, Ramalingam, SS, John, T, et al. Analysis of resistance mechanisms to osimertinib in patients with EGFR T790M advanced NSCLC from the AURA3 study. Ann Oncol (2018) 29(Suppl 8):VIII741. doi: 10.1093/annonc/mdy424.064

68. Mok, TS, Wu, YL, and Papadimitrakopoulou, VA. Osimertinib in EGFR T790M positive lung cancer. N Engl J Med (2017) 376(20):1993–4. doi: 10.1056/NEJMc1703339

69. Soria, JC, Ohe, Y, Vansteenkiste, J, Reungwetwattana, T, Chewaskulyong, B, Lee, KH, et al. Osimertinib in untreated EGFR-mutated advanced non-small-cell lung cancer. N Engl J Med (2018) 378(2):113–25. doi: 10.1056/NEJMoa1713137

70. Ramalingam, SS, Vansteenkiste, J, Planchard, D, Cho, BC, Gray, JE, Ohe, Y, et al. Overall survival with osimertinib in untreated, EGFR-mutated advanced NSCLC. New Engl J Med (2019) 382(1):41–50. doi: 10.1056/NEJMoa1913662

71. U.S. Food and Drug Administration. ALUNBRIG® (brigatinib). Prescribing Information. (2017). Available at: https://www.accessdata.fda.gov/drugsatfda_docs/label/2017/208772lbl.pdf (Accessed 8 February, 2022).

72. Wang, Y, Yang, N, Zhang, Y, Li, L, Han, R, Zhu, M, et al. Effective treatment of lung adenocarcinoma harboring EGFR-activating mutation, T790M, and cis-C797S triple mutations by brigatinib and cetuximab combination therapy. J Thorac Oncol (2020) 15(8):1369–75. doi: 10.1016/j.jtho.2020.04.014

73. U.S. Food and Drug Administration. ERBITUX® (cetuximab). Prescribing Information. (2019). Available at: https://www.accessdata.fda.gov/drugsatfda_docs/label/2019/125084s273lbl.pdf (Accessed 8 February, 2022).

74. Bertotti, A, Papp, E, Jones, S, Adleff, V, Anagnostou, V, Lupo, B, et al. The genomic landscape of response to EGFR blockade in colorectal cancer. Nature (2015) 526(7572):263–7. doi: 10.1038/nature14969

75. Bray, SM, Lee, J, Kim, ST, Hur, JY, Ebert, PJ, Calley, JN, et al. Genomic characterization of intrinsic and acquired resistance to cetuximab in colorectal cancer patients. Sci Rep (2019) 9(1):15365. doi: 10.1038/s41598-019-51981-5

76. Nair, S, Trummell, HQ, Rajbhandari, R, Thudi, NK, Nozell, SE, Warram, JM, et al. Novel EGFR ectodomain mutations associated with ligand-independent activation and cetuximab resistance in head and neck cancer. PloS One (2020) 15(2):e0229077. doi: 10.1371/journal.pone.0229077

77. Khattri, A, Sheikh, N, Acharya, R, Tan, Y-HC, Kochanny, S, Lingen, MW, et al. Mechanism of acquired resistance to cetuximab in head and neck cancer. J Clin Oncol (2018) 36(Suppl 15):e18061.

78. Bettegowda, C, Sausen, M, Leary, RJ, Kinde, I, Wang, Y, Agrawal, N, et al. Detection of circulating tumor DNA in early- and late-stage human malignancies. Sci Transl Med (2014) 6(224):224ra24. doi: 10.1126/scitranslmed.3007094

79. Diaz, LA Jr., Williams, RT, Wu, J, Kinde, I, Hecht, JR, Berlin, J, et al. The molecular evolution of acquired resistance to targeted EGFR blockade in colorectal cancers. Nature (2012) 486(7404):537–40. doi: 10.1038/nature11219

80. Misale, S, Yaeger, R, Hobor, S, Scala, E, Janakiraman, M, Liska, D, et al. Emergence of KRAS mutations and acquired resistance to anti-EGFR therapy in colorectal cancer. Nature (2012) 486(7404):532–6. doi: 10.1038/nature11156

81. Bardelli, A, Corso, S, Bertotti, A, Hobor, S, Valtorta, E, Siravegna, G, et al. Amplification of the MET receptor drives resistance to anti-EGFR therapies in colorectal cancer. Cancer Discovery (2013) 3(6):658–73. doi: 10.1158/2159-8290.CD-12-0558

82. Mohan, S, Heitzer, E, Ulz, P, Lafer, I, Lax, S, Auer, M, et al. Changes in colorectal carcinoma genomes under anti-EGFR therapy identified by wholegenome wholegenome plasma DNA sequencing. PloS Genet (2014) 10(3):e1004271. doi: 10.1371/journal.pgen.1004271

83. Siravegna, G, Mussolin, B, Buscarino, M, Corti, G, Cassingena, A, Crisafulli, G, et al. Clonal evolution and resistance to EGFR blockade in the blood of colorectal cancer patients. Nat Med (2015) 21(7):827. doi: 10.1038/nm0715-827b

84. Price, TJ, Newhall, K, Peeters, M, Kim, TW, Li, J, Cascinu, S, et al. Prevalence and outcomes of patients (pts) with EGFR S492R ectodomain mutations in ASPECCT: Panitumumab (pmab) vs cetuximab (cmab) in pts with chemorefractory wild-type KRAS exon 2 metastatic colorectal cancer (mCRC). J Clin Oncol (2015) 33:e14623.

85. Arena, S, Bellosillo, B, Siravegna, G, Martinez, A, Canadas, I, Lazzari, L, et al. Emergence of multiple EGFR extracellular mutations during cetuximab treatment in colorectal cancer. Clin Cancer Res (2015) 21(9):2157–66. doi: 10.1158/1078-0432.CCR-14-2821

86. Wang, D, Qian, G, Zhang, H, Magliocca, KR, Nannapaneni, S, Amin, AR, et al. HER3 targeting sensitizes HNSCC to cetuximab by reducing HER3 activity and HER2/HER3 dimerization: Evidence from cell line and patient-derived xenograft models. Clin Cancer Res (2017) 23(3):677–86. doi: 10.1158/1078-0432.CCR-16-0558

87. Braig, F, Marz, M, Schieferdecker, A, Schulte, A, Voigt, M, Stein, A, et al. Epidermal growth factor receptor mutation mediates cross-resistance to panitumumab and cetuximab in gastrointestinal cancer. Oncotarget (2015) 6(14):12035–47. doi: 10.18632/oncotarget.3574

88. Van Cutsem, E, Kohne, CH, Hitre, E, Zaluski, J, Chang Chien, CR, Makhson, A, et al. Cetuximab and chemotherapy as initial treatment for metastatic colorectal cancer. N Engl J Med (2009) 360(14):1408–17. doi: 10.1056/NEJMoa0805019

89. Qin, S, Li, J, Wang, L, Xu, J, Cheng, Y, Bai, Y, et al. Efficacy and tolerability of first-line cetuximab plus leucovorin, fluorouracil, and oxaliplatin (FOLFOX-4) versus FOLFOX-4 in patients with RAS wild-type metastatic colorectal cancer: The open-label, randomized, phase III TAILOR trial. J Clin Oncol (2018) 36(30):3031–9. doi: 10.1200/jco.2018.78.3183

90. Cunningham, D, Humblet, Y, Siena, S, Khayat, D, Bleiberg, H, Santoro, A, et al. Cetuximab monotherapy and cetuximab plus irinotecan in irinotecan-refractory metastatic colorectal cancer. N Engl J Med (2004) 351(4):337–45. doi: 10.1056/NEJMoa033025

91. Jonker, DJ, O'Callaghan, CJ, Karapetis, CS, Zalcberg, JR, Tu, D, Au, HJ, et al. Cetuximab for the treatment of colorectal cancer. N Engl J Med (2007) 357(20):2040–8. doi: 10.1056/NEJMoa071834

92. Kopetz, S, Grothey, A, Yaeger, R, Van Cutsem, E, Desai, J, Yoshino, T, et al. Encorafenib, binimetinib, and cetuximab in BRAF V600E-mutated colorectal cancer. N Engl J Med (2019) 381(17):1632–43. doi: 10.1056/NEJMoa1908075

93. Sobrero, AF, Maurel, J, Fehrenbacher, L, Scheithauer, W, Abubakr, YA, Lutz, MP, et al. EPIC: phase III trial of cetuximab plus irinotecan after fluoropyrimidine and oxaliplatin failure in patients with metastatic colorectal cancer. J Clin Oncol (2008) 26(14):2311–9. doi: 10.1200/jco.2007.13.1193

94. Vermorken, JB, Mesia, R, Rivera, F, Remenar, E, Kawecki, A, Rottey, S, et al. Platinum-based chemotherapy plus cetuximab in head and neck cancer. N Engl J Med (2008) 359(11):1116–27. doi: 10.1056/NEJMoa0802656

95. Bonner, JA, Harari, PM, Giralt, J, Cohen, RB, Jones, CU, Sur, RK, et al. Radiotherapy plus cetuximab for locoregionally advanced head and neck cancer: 5- year survival data from a phase 3 randomised trial, and relation between cetuximab-induced rash and survival. Lancet Oncol (2010) 11(1):21–8. doi: 10.1016/s1470-2045(09)70311-0

96. Yoshino, T, Watanabe, J, Shitara, K, Yasui, H, Ohori, H, Shiozawa, M, et al. Panitumumab (PAN) plus mFOLFOX6 versus bevacizumab (BEV) plus mFOLFOX6 as first-line treatment in patients with RAS wild-type (WT) metastatic colorectal cancer (mCRC): Results from the phase 3 PARADIGM trial. J Clin Oncol (2022) 40(17_suppl):LBA1–LBA. doi: 10.1200/JCO.2022.40.17_suppl.LBA1

97. Van Cutsem, E, Peeters, M, Siena, S, Humblet, Y, Hendlisz, A, Neyns, B, et al. Open-label phase III trial of panitumumab plus best supportive care compared with best supportive care alone in patients with chemotherapy-refractory metastatic colorectal cancer. J Clin Oncol (2007) 25(13):1658–64. doi: 10.1200/JCO.2006.08.1620

98. Douillard, JY, Siena, S, Cassidy, J, Tabernero, J, Burkes, R, Barugel, M, et al. Randomized, phase III trial of panitumumab with infusional fluorouracil, leucovorin, and oxaliplatin (FOLFOX4) versus FOLFOX4 alone as first-line treatment in patients with previously untreated metastatic colorectal cancer: the PRIME study. J Clin Oncol (2010) 28(31):4697–705. doi: 10.1200/JCO.2009.27.4860

99. U.S. Food and Drug Administration. VECTIBIX® (panitumumab). Prescribing Information. (2021). Available at: https://www.accessdata.fda.gov/drugsatfda_docs/label/2021/125147s210lbl.pdf (Accessed 8 February, 2022).

100. U.S. Food and Drug Administration. PORTRAZZA® (necitumumab) injection. Prescribing Information. (2015). Available at: https://www.accessdata.fda.gov/drugsatfda_docs/label/2015/125547s000lbl.pdf (Accessed 8 February, 2022)

101. Thatcher, N, Hirsch, FR, Luft, AV, Szczesna, A, Ciuleanu, TE, Dediu, M, et al. Necitumumab plus gemcitabine and cisplatin versus gemcitabine and cisplatin alone as first-line therapy in patients with stage IV squamous non-small-cell lung cancer (SQUIRE): An open-label, randomised, controlled phase 3 trial. Lancet Oncol (2015) 16(7):763–74. doi: 10.1016/S1470-2045(15)00021-2

102. Itchins, M, Clarke, S, and Pavlakis, N. Do EGFR tyrosine kinase inhibitors (TKIs) still have a role in EGFR wild-type pre-treated advanced non-small cell lung cancer (NSCLC)?-the shifting paradigm of therapeutics. Trans Lung Cancer Res (2018) 7(Suppl 1):S39–45. doi: 10.21037/tlcr.2018.01.06

103. Argiris, A, Ghebremichael, M, Gilbert, J, Lee, J-W, Sachidanandam, K, Kolesar, JM, et al. Phase III randomized, placebo-controlled trial of docetaxel with or without gefitinib in recurrent or metastatic head and neck cancer: An Eastern cooperative oncology group trial. J Clin Oncol (2013) 31(11):1405–14. doi: 10.1200/jco.2012.45.4272

104. Martins, RG, Parvathaneni, U, Bauman, JE, Sharma, AK, Raez, LE, Papagikos, MA, et al. Cisplatin and radiotherapy with or without erlotinib in locally advanced squamous cell carcinoma of the head and neck: A randomized phase II trial. J Clin Oncol (2013) 31(11):1415–21. doi: 10.1200/jco.2012.46.3299

105.Summary of product characteristics (SmPC) by AstraZeneca. In: Iressa 250mg film-coated tablets. Available at: https://www.medicines.org.uk/emc/medicine/22104#gref.

106. Sharma, SV, Bell, DW, Settleman, J, and Haber, DA. Epidermal growth factor receptor mutations in lung cancer. Nat Rev Cancer (2007) 7(3):169–81. doi: 10.1038/nrc2088

107. Lee, CK, Brown, C, Gralla, RJ, Hirsh, V, Thongprasert, S, Tsai, CM, et al. Impact of EGFR inhibitor in non-small cell lung cancer on progression-free and overall survival: A meta-analysis. J Natl Cancer Inst (2013) 105(9):595–605. doi: 10.1093/jnci/djt072

108. Shi, Y, Sun, Y, Ding, C, Wang, Z, Wang, C, Wang, Z, et al. China Experts consensus on icotinib for non-small cell lung cancer treatment (2015 version). Ann Transl Med (2015) 3(18):260. doi: 10.3978/j.issn.2305-5839.2015.10.30

109. Sequist, LV, Waltman, BA, Dias-Santagata, D, Digumarthy, S, Turke, AB, Fidias, P, et al. Genotypic and histological evolution of lung cancers acquiring resistance to EGFR inhibitors. Sci Transl Med (2011) 3(75):75ra26. doi: 10.1126/scitranslmed.3002003

110. Yu, HA, Arcila, ME, Rekhtman, N, Sima, CS, Zakowski, MF, Pao, W, et al. Analysis of tumor specimens at the time of acquired resistance to EGFR-TKI therapy in 155 patients with EGFR-mutant lung cancers. Clin Cancer Res (2013) 19(8):2240–7. doi: 10.1158/1078-0432.Ccr-12-2246

111. Woolston, A, Khan, K, Spain, G, Barber, LJ, Griffiths, B, Gonzalez-Exposito, R, et al. Genomic and transcriptomic determinants of therapy resistance and immune landscape evolution during anti-egfr treatment in colorectal cancer. Cancer Cell (2019) 36(1):35–50.e9. doi: 10.1016/j.ccell.2019.05.013

112. Lim, SM, Syn, NL, Cho, BC, and Soo, RA. Acquired resistance to EGFR targeted therapy in non-small cell lung cancer: Mechanisms and therapeutic strategies. Cancer Treat Rev (2018) 65:1–10. doi: 10.1016/j.ctrv.2018.02.006

113. Yang, Z, Hackshaw, A, Feng, Q, Fu, X, Zhang, Y, Mao, C, et al. Comparison of gefitinib, erlotinib and afatinib in non-small cell lung cancer: A meta-analysis. Int J Cancer (2017) 140(12):2805–19. doi: 10.1002/ijc.30691

114. Westover, D, Zugazagoitia, J, Cho, BC, Lovly, CM, and Paz-Ares, L. Mechanisms of acquired resistance to first- and second-generation EGFR tyrosine kinase inhibitors. Ann Oncol (2018). doi: 10.1093/annonc/mdx703

115. Paz-Ares, L, Tan, EH, O'Byrne, K, Zhang, L, Hirsh, V, Boyer, M, et al. Afatinib versus gefitinib in patients with EGFR mutation-positive advanced non-small-cell lung cancer: overall survival data from the phase IIb LUX-lung 7 trial. Ann Oncol (2017) 28(2):270–7. doi: 10.1093/annonc/mdw611

116. Park, K, Tan, EH, O'Byrne, K, Zhang, L, Boyer, M, Mok, T, et al. Afatinib versus gefitinib as first-line treatment of patients with EGFR mutation-positive non-small-cell lung cancer (LUX-lung 7): A phase 2B, open-label, randomised controlled trial. Lancet Oncol (2016) 17(5):577–89. doi: 10.1016/s1470-2045(16)30033-x

117. Popat, S, Mok, T, Yang, JC, Wu, YL, Lungershausen, J, Stammberger, U, et al. Afatinib in the treatment of EGFR mutation-positive NSCLC–a network metaanalysis. Lung Cancer (2014) 85(2):230–8. doi: 10.1016/j.lungcan.2014.05.007

118. Kohsaka, S, Petronczki, M, Solca, F, and Maemondo, M. Tumor clonality and resistance mechanisms in EGFR mutation-positive non-small-cell lung cancer: implications for therapeutic sequencing. Future Oncol (2019) 15(6):637–52. doi: 10.2217/fon-2018-0736

119. Ramalingam, SS, Blackhall, F, Krzakowski, M, Barrios, CH, Park, K, Bover, I, et al. Randomized phase II study of dacomitinib (PF-00299804), an irreversible pan-human epidermal growth factor receptor inhibitor, versus erlotinib in patients with advanced non-small-cell lung cancer. J Clin Oncol (2012) 30(27):3337–44. doi: 10.1200/jco.2011.40.9433

120. Roskoski, R Jr. Small molecule inhibitors targeting the EGFR/ErbB family of protein-tyrosine kinases in human cancers. Pharmacol Res (2019) 139:395–411. doi: 10.1016/j.phrs.2018.11.014

121. Dassonville, O, Bozec, A, Fischel, JL, and Milano, G. EGFR targeting therapies: monoclonal antibodies versus tyrosine kinase inhibitors. Similarities differences. Crit Rev Oncol Hematol (2007) 62(1):53–61. doi: 10.1016/j.critrevonc.2006.12.008

122. Chagoya, G, Kwatra, SG, Nanni, CW, Roberts, CM, Phillips, SM, Nullmeyergh, S, et al. Efficacy of osimertinib against EGFRvIII+ glioblastoma. Oncotarget (2020) 11(22):2074–82. doi: 10.18632/oncotarget.27599

123. Liu, X, Chen, X, Shi, L, Shan, Q, Cao, Q, Yue, C, et al. The third-generation EGFR inhibitor AZD9291 overcomes primary resistance by continuously blocking ERK signaling in glioblastoma. J Exp Clin Cancer Res (2019) 38(1):219. doi: 10.1186/s13046-019-1235-7

124. Chen, C, Cheng, CD, Wu, H, Wang, ZW, Wang, L, Jiang, ZR, et al. Osimertinib successfully combats EGFR-negative glioblastoma cells by inhibiting the MAPK pathway. Acta Pharmacol Sin (2021) 42(1):108–14. doi: 10.1038/s41401-020-0418-2

125. Abousaud, M, Faroqui, NM, Lesser, G, Strowd, RE, Ramkissoon, SH, Kwatra, M, et al. Clinical experience using osimertinib in patients with recurrent malignant gliomas containing EGFR alterations. J Cancer Sci Clin Ther (2021) 5(2):210–20. doi: 10.26502/jcsct.5079114

126. Chakravarti, A, Wang, M, Robins, HI, Lautenschlaeger, T, Curran, WJ, Brachman, DG, et al. RTOG 0211: A phase 1/2 study of radiation therapy with concurrent gefitinib for newly diagnosed glioblastoma patients. Int J Radiat Oncol Biol Phys (2013) 85(5):1206–11. doi: 10.1016/j.ijrobp.2012.10.008

127. Prados, MD, Chang, SM, Butowski, N, DeBoer, R, Parvataneni, R, Carliner, H, et al. Phase II study of erlotinib plus temozolomide during and after radiation therapy in patients with newly diagnosed glioblastoma multiforme or gliosarcoma. J Clin Oncol (2009) 27(4):579–84. doi: 10.1200/jco.2008.18.9639

128. Reardon, DA, Nabors, LB, Mason, WP, Perry, JR, Shapiro, W, Kavan, P, et al. Phase i/randomized phase II study of afatinib, an irreversible ErbB family blocker, with or without protracted temozolomide in adults with recurrent glioblastoma. Neuro Oncol (2015) 17(3):430–9. doi: 10.1093/neuonc/nou160

129. Sepúlveda-Sánchez, JM, Vaz, M, Balañá, C, Gil-Gil, M, Reynés, G, Gallego, Ó, et al. Phase II trial of dacomitinib, a pan-human EGFR tyrosine kinase inhibitor, in recurrent glioblastoma patients with EGFR amplification. . Neuro Oncol (2017) 19(11):1522–31. doi: 10.1093/neuonc/nox105

130. Uchibori, K, Inase, N, Araki, M, Kamada, M, Sato, S, Okuno, Y, et al. Brigatinib combined with anti-EGFR antibody overcomes osimertinib resistance in EGFR-mutated non-small-cell lung cancer. Nat Commun (2017) 8:14768. doi: 10.1038/ncomms14768

131. Wang, S, Song, Y, and Liu, D. EAI045: The fourth-generation EGFR inhibitor overcoming T790M and C797S resistance. Cancer Lett (2017) 385:51–4. doi: 10.1016/j.canlet.2016.11.008

132. Liu, X, Zhang, X, Yang, L, et al. Abstract 1320: preclinical evaluation of TQB3804, a potent EGFR C797S inhibitor. Cancer Res (2019) 791320(13Supplement). doi: 10.1158/1538-7445.AM2019-1320

133. To, C, Jang, J, Chen, T, Park, E, Mushajiang, M, De Clercq, DJH, et al. Single and dual targeting of mutant EGFR with an allosteric inhibitor. Cancer Discovery (2019) 9(7):926–43. doi: 10.1158/2159-8290.CD-18-0903

134. Kashima, K, Kawauchi, H, Tanimura, H, Tachibana, Y, Chiba, T, Torizawa, T, et al. CH7233163 overcomes osimertinib-resistant EGFR-Del19/T790M/C797S mutation. Mol Cancer Ther (2020) 19(11):2288–97. doi: 10.1158/1535-7163.MCT-20-0229

135. Schalm, SS, Dineen, T, Lim, SM, Park, CW, Hsieh, J, Woessner, R, et al. 1296P BLU-945, a highly potent and selective 4th generation EGFR TKI for the treatment of EGFR T790M/C797S resistant NSCLC. Ann Oncol (2020) 31:S839. doi: 10.1016/j.annonc.2020.08.1610

136. Engelman, JA, Zejnullahu, K, Mitsudomi, T, Song, Y, Hyland, C, Park, JO, et al. MET amplification leads to gefitinib resistance in lung cancer by activating ERBB3 signaling. Science (2007) 316(5827):1039–43. doi: 10.1126/science.1141478

137. Bean, J, Brennan, C, Shih, JY, Riely, G, Viale, A, Wang, L, et al. MET amplification occurs with or without T790M mutations in EGFR mutant lung tumors with acquired resistance to gefitinib or erlotinib. Proc Natl Acad Sci USA (2007) 104(52):20932–7. doi: 10.1073/pnas.0710370104

138. Leonetti, A, Sharma, S, Minari, R, Perego, P, Giovannetti, E, and Tiseo, M. Resistance mechanisms to osimertinib in EGFR-mutated non-small cell lung cancer. Br J Cancer (2019) 121(9):725–37. doi: 10.1038/s41416-019-0573-8

139. Lin, Y, Wang, X, and Jin, H. EGFR-TKI resistance in NSCLC patients: mechanisms and strategies. Am J Cancer Res (2014) 4(5):411–35.

140. Jouida, A, McCarthy, C, Fabre, A, and Keane, MP. Exosomes: A new perspective in EGFR-mutated lung cancer. Cancer Metastasis Rev (2021) 40(2):589–601. doi: 10.1007/s10555-021-09962-6

141. Liu, X, Jiang, T, Li, X, Zhao, C, Li, J, Zhou, F, et al. Exosomes transmit T790M mutation-induced resistance in EGFR-mutant NSCLC by activating PI3K/AKT signalling pathway. J Cell Mol Med (2020) 24(2):1529–40. doi: 10.1111/jcmm.14838

142. Chen, R, Qian, Z, Xu, X, Zhang, C, Niu, Y, Wang, Z, et al. Exosomestransmitted miR-7 reverses gefitinib resistance by targeting YAP in non-small-cell lung cancer. Pharmacol Res (2021) 165:105442. doi: 10.1016/j.phrs.2021.105442

143. Wang, YS, Wang, YH, Xia, HP, Zhou, SW, Schmid-Bindert, G, and Zhou, CC. MicroRNA-214 regulates the acquired resistance to gefitinib via the PTEN/AKT pathway in EGFR-mutant cell lines. Asian Pac J Cancer Prev (2012) 13(1):255–60. doi: 10.7314/apjcp.2012.13.1.255

144. Yang, B, Teng, F, Chang, L, Wang, J, Liu, DL, Cui, YS, et al. Tumor-derived exosomal circRNA_102481 contributes to EGFR-TKIs resistance via the miR-30a-5p/ROR1 axis in non-small cell lung cancer. Aging (Albany NY) (2021) 13(9):13264–86. doi: 10.18632/aging.203011

145. Kim, J, Vasu, VT, Mishra, R, Singleton, KR, Yoo, M, Leach, SM, et al. Bioinformatics-driven discovery of rational combination for overcoming EGFRmutant lung cancer resistance to EGFR therapy. Bioinformatics (2014) 30(17):2393–8. doi: 10.1093/bioinformatics/btu323

146. Ryall, KA, and Tan, AC. Systems biology approaches for advancing the discovery of effective drug combinations. J Cheminform (2015) 7(1):7. doi: 10.1186/s13321-015-0055-9

147. Cai, WQ, Zeng, LS, Wang, LF, Wang, YY, Cheng, JT, Zhang, Y, et al. The latest battles between EGFR monoclonal antibodies and resistant tumor cells. Front Oncol (2020) 10:1249. doi: 10.3389/fonc.2020.01249

148. Li, S, Schmitz, KR, Jeffrey, PD, Wiltzius, JJ, Kussie, P, and Ferguson, KM. Structural basis for inhibition of the epidermal growth factor receptor by cetuximab. Cancer Cell (2005) 7(4):301–11. doi: 10.1016/j.ccr.2005.03.003

149. Talavera, A, Friemann, R, Gomez-Puerta, S, Martinez-Fleites, C, Garrido, G, Rabasa, A, et al. Nimotuzumab, an antitumor antibody that targets the epidermal growth factor receptor, blocks ligand binding while permitting the active receptor conformation. Cancer Res (2009) 69(14):5851–9. doi: 10.1158/0008-5472.CAN-08-4518

150. Ferris, RL, Lenz, H-J, Trotta, AM, Garcı́a-Foncillas, J, Schulten, J, Audhuy, F, et al. 
Rationale for combination of therapeutic antibodies targeting tumor cells and immune checkpoint receptors: Harnessing innate and adaptive immunity through IgG1 isotype immune effector stimulation. Cancer Treat Rev (2018) 63:48–60. doi: 10.1016/j.ctrv.2017.11.008

151.FDA Approves encorafenib in combination with cetuximab for metastatic colorectal cancer with a BRAF V600E mutation (2020). Available at: https://www.fda.gov/drugs/resources-information-approved-drugs/fda-approves-encorafenibcombination-cetuximab-metastatic-colorectal-cancer-braf-v600e-mutation (Accessed 16 February 2021).

152. Tejpar, S, Stintzing, S, Ciardiello, F, Tabernero, J, Van Cutsem, E, Beier, F, et al. Prognostic and predictive relevance of primary tumor location in patients with RAS wild-type metastatic colorectal cancer: Retrospective analyses of the CRYSTAL and FIRE-3 trials. JAMA Oncol (2017) 3(2):194–201. doi: 10.1001/jamaoncol.2016.3797

153. Venook, AP, Niedzwiecki, D, Innocenti, F, Fruth, B, Greene, C, O'Neil, BH, et al. Impact of primary (1°) tumor location on overall survival (OS) and progression-free survival (PFS) in patients (pts) with metastatic colorectal cancer (mCRC): Analysis of CALGB/SWOG 80405 (Alliance). Am Soc Clin Oncol (2016). doi: 10.1200/JCO.2016.34.15_suppl.3504

154. Missiaglia, E, Jacobs, B, D'Ario, G, Di Narzo, AF, Soneson, C, Budinska, E, et al. Distal and proximal colon cancers differ in terms of molecular, pathological, and clinical features. Ann Oncol (2014) 25(10):1995–2001. doi: 10.1093/annonc/mdu275

155. Maus, MK, Hanna, DL, Stephens, C, Grimminger, PP, Epstein, M, Astrow, SH, et al. Gene expression profiles and tumor locations in colorectal cancer (left vs.right vs. rectum). Am Soc Clin Oncol (2013). doi: 10.1200/jco.2013.31.15_suppl.3527

156. Douillard, JY, Oliner, KS, Siena, S, Tabernero, J, Burkes, R, Barugel, M, et al. Panitumumab-FOLFOX4 treatment and RAS mutations in colorectal cancer. N Engl J Med (2013) 369(11):1023–34. doi: 10.1056/NEJMoa1305275

157. Ramakrishnan, MS, Eswaraiah, A, Crombet, T, Piedra, P, Saurez, G, Iyer, H, et al. Nimotuzumab, a promising therapeutic monoclonal for treatment of tumors of epithelial origin. MAbs (2009) 1(1):41–8. doi: 10.4161/mabs.1.1.7509

158. Reddy, BK, Lokesh, V, Vidyasagar, MS, Shenoy, K, Babu, KG, Shenoy, A, et al. Nimotuzumab provides survival benefit to patients with inoperable advanced squamous cell carcinoma of the head and neck: A randomized, open-label, phase IIb, 5-year study in Indian patients. Oral Oncol (2014) 50(5):498–505. doi: 10.1016/j.oraloncology.2013.11.008

159. Loupakis, F, Ruzzo, A, Cremolini, C, Vincenzi, B, Salvatore, L, Santini, D, et al. KRAS codon 61, 146 and BRAF mutations predict resistance to cetuximab plus irinotecan in KRAS codon 12 and 13 wild-type metastatic colorectal cancer. Br J Cancer (2009) 101(4):715–21. doi: 10.1038/sj.bjc.6605177

160. Sartore-Bianchi, A, Martini, M, Molinari, F, Veronese, S, Nichelatti, M, Artale, S, et al. PIK3CA mutations in colorectal cancer are associated with clinical resistance to EGFR-targeted monoclonal antibodies. Cancer Res (2009) 69(5):1851–7. doi: 10.1158/0008-5472.CAN-08-2466

161. Valtorta, E, Misale, S, Sartore-Bianchi, A, Nagtegaal, ID, Paraf, F, Lauricella, C, et al. KRAS gene amplification in colorectal cancer and impact on response to EGFR-targeted therapy. Int J Cancer (2013) 133(5):1259–65. doi: 10.1002/ijc.28106

162. Patnaik, A, Gordon, M, Tsai, F, Papadopoulos, KP, Rasco, D, Beeram, M, et al. in patients with advanced or metastatic cancer. Cancer Chemother Pharmacol (2018) 82(3):407–18. doi: 10.1007/s00280-018-3623-7

163. Yun, J, Lee, S-H, Kim, S-Y, Jeong, S-Y, Kim, J-H, Pyo, K-H, et al. Antitumor activity of amivantamab (JNJ-61186372), an EGFR–MET bispecific antibody, in diverse models of EGFR exon 20 insertion–driven NSCLC. Cancer Discovery (2020) 10(8):1194–209. doi: 10.1158/2159-8290.Cd-20-0116

164. Park, K, John, T, Kim, S-W, Lee, JS, Shu, CA, Kim, D-W, et al. Amivantamab (JNJ-61186372), an anti-EGFR-MET bispecific antibody, in patients with EGFR exon 20 insertion (exon20ins)-mutated non-small cell lung cancer (NSCLC). J Clin Oncol (2020) 38(Suppl. 15):9512. doi: 10.1200/JCO.2020.38.15_suppl.9512

165.Janssen announces U.S. FDA breakthrough therapy designation granted for JNJ-6372 for the treatment of non-small cell lung cancer, in: (2020). Available at: https://www.jnj.com/janssen-announces-u-s-fda-breakthrough-therapy-designationgranted-for-jnj-6372-for-the-treatment-of-non-small-cell-lung-cancer (Accessed 17 February 2021).

166. Argiles, G, Jungels, C, Garcia-Carbonero, R, Diez Garcia, M, Bendell, JC, Tabernero, J, et al. Phase I dose-escalation study of MCLA-158, a first-in-class bispecific antibody targeting EGFR and LGR5, in metastatic colorectal cancer (CRC). J Clin Oncol 39(Suppl. 3). doi: 10.1200/JCO.2021.39.3_suppl.62

167. Lacouture, ME. Mechanisms of cutaneous toxicities to EGFR inhibitors. Nat Rev Cancer (2006) 6(10):803–12. doi: 10.1038/nrc1970

168. Pastore, S, Mascia, F, Mariani, V, and Girolomoni, G. The epidermal growth factor receptor system in skin repair and inflammation. J Invest Dermatol (2008) 128(6):1365–74. doi: 10.1038/sj.jid.5701184

169. Chen, J, Zeng, F, Forrester, SJ, Eguchi, S, Zhang, MZ, and Harris, RC. Expression and function of the epidermal growth factor receptor in physiology and disease. Physiol Rev (2016) 96(3):1025–69. doi: 10.1152/physrev.00030.2015

170. Tang, X, Liu, H, Yang, S, Li, Z, Zhong, J, and Fang, R. Epidermal growth factor and intestinal barrier function. Mediators Inflam (2016) 2016:1927348. doi: 10.1155/2016/1927348

171. Brazil, JC, Quiros, M, Nusrat, A, and Parkos, CA. Innate immune cell-epithelial crosstalk during wound repair. J Clin Invest (2019) 129(8):2983–93. doi: 10.1172/JCI124618

172. Yin, X, Zhao, Z, Yin, Y, Shen, C, Chen, X, Cai, Z, et al. Adverse event profiles of epidermal growth factor receptor-tyrosine kinase inhibitors in cancer patients: A systematic review and meta-analysis. Clin Transl Sci (2020) 14(3):919–33. doi: 10.1111/cts.12957

173. Lacouture, ME, Anadkat, MJ, Bensadoun, R-J, Bryce, J, Chan, A, Epstein, JB, et al. Clinical practice guidelines for the prevention and treatment of EGFR inhibitor-associated dermatologic toxicities. Support Care Cancer (2011) 19(8):1079–95. doi: 10.1007/s00520-011-1197-6

174. Lacouture, ME, Anadkat, M, Jatoi, A, Garawin, T, Bohac, C, and Mitchell, E. Dermatologic toxicity occurring during anti-EGFR monoclonal inhibitor therapy in patients with metastatic colorectal cancer: A systematic review. Clin Colorectal Cancer (2018) 17(2):85–96. doi: 10.1016/j.clcc.2017.12.004

175. Chen, DS, and Mellman, I. Oncology meets immunology: the cancer-immunity cycle. Immunity (2013) 39(1):1–10. doi: 10.1016/j.immuni.2013.07.012

176. Ferris, RL, Blumenschein, G, Fayette, J, Guigay, J, Colevas, AD, Licitra, L, et al. Nivolumab for recurrent squamous-cell carcinoma of the head and neck. New Engl J Med (2016) 375(19):1856–67. doi: 10.1056/NEJMoa1602252

177. Cohen, EEW, Soulières, D, Le Tourneau, C, Dinis, J, Licitra, L, Ahn, M-J, et al. Pembrolizumab versus methotrexate, docetaxel, or cetuximab for recurrent or metastatic head-and-neck squamous cell carcinoma (KEYNOTE-040): A randomised, open-label, phase 3 study. Lancet (2019) 393(10167):156–67. doi: 10.1016/S0140-6736(18)31999-8

178. Burtness, B, Harrington, KJ, Greil, R, Soulières, D, Tahara, M, de Castro, G Jr, et al. Pembrolizumab alone or with chemotherapy versus cetuximab with chemotherapy for recurrent or metastatic squamous cell carcinoma of the head and neck (KEYNOTE-048): A randomised, open-label, phase 3 study. Lancet (2019) 394(10212):1915–28. doi: 10.1016/S0140-6736(19)32591-7

179. Diaz, LA Jr., Shiu, K-K, Kim, T-W, Jensen, BV, Jensen, LH, Punt, C, et al. Pembrolizumab versus chemotherapy for microsatellite instability-high or mismatch repair-deficient metastatic colorectal cancer (KEYNOTE-177): final analysis of a randomised, open-label, phase 3 study. Lancet Oncol (2022) 23(5):659–70. doi: 10.1016/S1470-2045(22)00197-8

180. Denault, MH, and Melosky, B. Immunotherapy in the first-line setting in wildtype NSCLC. Curr Oncol (2021) 28(6):4457–70. doi: 10.3390/curroncol28060378

181. Latif, H, and Liu, SV. Combining immunotherapy and epidermal growth factor receptor kinase inhibitors: worth the risk? Ann Trans Med (2019). doi: 10.21037/atm.2019.03.6

182. Yang, JC, Shepherd, FA, Kim, DW, Lee, GW, Lee, JS, Chang, GC, et al. Osimertinib plus durvalumab versus osimertinib monotherapy in EGFR T790Mpositive NSCLC following previous EGFR TKI therapy: CAURAL brief report. J Thorac Oncol (2019) 14(5):933–9. doi: 10.1016/j.jtho.2019.02.001

183. Ma, BBY, Rudin, CM, Cervantes, A, Dowlati, A, Costa, D, Schmid, P, et al. 441O preliminary safety and clinical activity of erlotinib plus atezolizumab from a phase ib study in advanced NSCLC. Ann Oncol (2016) 27:ix141. doi: 10.1016/S0923-7534(21)00599-8

184. Elbers, JBW, Al-Mamgani, A, Tesseslaar, MET, van den Brekel, MWM, Lange, CAH, van der Wal, JE, et al. Immuno-radiotherapy with cetuximab and avelumab for advanced stage head and neck squamous cell carcinoma: Results from a phase-I trial. Radiother Oncol (2020) 142:79–84. doi: 10.1016/j.radonc.2019.08.007

185. Boland, PM, Muhitch, J, Abrams, SI, Maguire, O, Minderman, H, Bajor, DL, et al. Initial correlative studies from a trial of cetuximab and pembrolizumab in metastatic colorectal cancer (mCRC). J Clin Oncol (2020) 38(Suppl. 15):4062. doi: 10.1200/JCO.2020.38.15_suppl.4062

186. Yu, S, Li, A, Liu, Q, Li, T, Yuan, X, Han, X, et al. Chimeric antigen receptor T cells: A novel therapy for solid tumors. J Hematol Oncol (2017) 10(1):78. doi: 10.1186/s13045-017-0444-9

187. Helsen, CW, Hammill, JA, Lau, VWC, Mwawasi, KA, Afsahi, A, Bezverbnaya, K, et al. The chimeric TAC receptor co-opts the T cell receptor yielding robust antitumor activity without toxicity. Nat Commun (2018) 9(1):3049. doi: 10.1038/s41467-018-05395-y

188. Xia, L, Zheng, Z-Z, Liu, J-Y, Chen, Y-J, Ding, J-C, Xia, N-S, et al. EGFRtargeted CAR-T cells are potent and specific in suppressing triple-negative breast cancer both in vitro and in vivo. Clin Transl Immunol (2020) 9(5):e1135. doi: 10.1002/cti2.1135

189. Dong, Y-H, Ding, Y-M, Guo, W, Huang, J-W, Yang, Z, Zhang, Y, et al. The functional verification of EGFR-CAR T-cells targeted to hypopharyngeal squamous cell carcinoma. Onco Targets Ther (2018) 11:7053–9. doi: 10.2147/OTT.S175516

190. Ravanpay, AC, Gust, J, Johnson, AJ, Rolczynski, LS, Cecchini, M, Chang, CA, et al. EGFR806-CAR T cells selectively target a tumor-restricted EGFR epitope in glioblastoma. Oncotarget (2019) 10(66):7080–95. doi: 10.18632/oncotarget.27389

191. Gedeon, PC, Choi, BD, Hodges, TR, Mitchell, DA, Bigner, DD, and Sampson, JH. An EGFRvIII-targeted bispecific T-cell engager overcomes limitations of the standard of care for glioblastoma. Expert Rev Clin Pharmacol (2013) 6(4):375–86. doi: 10.1586/17512433.2013.811806

192. Zhang, Y, Zhang, Z, Ding, Y, Fang, Y, Wang, P, Chu, W, et al. Phase I clinical trial of EGFR-specific CAR-T cells generated by the piggyBac transposon system in advanced relapsed/refractory non-small cell lung cancer patients. J Cancer Res Clin Oncol (2021) 147(12):3725–34. doi: 10.1007/s00432-021-03613-7

193. Liu, Y, Guo, Y, Wu, Z, Feng, K, Tong, C, Wang, Y, et al. Anti-EGFR chimeric antigen receptor-modified T cells in metastatic pancreatic carcinoma: A phase I clinical trial. Cytotherapy (2020) 22(10):573–80. doi: 10.1016/j.jcyt.2020.04.088

194. Goff, SL, Morgan, RA, Yang, JC, Sherry, RM, Robbins, PF, Restifo, NP, et al. Pilot trial of adoptive transfer of chimeric antigen receptor-transduced T cells targeting EGFRvIII in patients with glioblastoma. J Immunother (2019) 42(4):126–35. doi: 10.1097/CJI.0000000000000260

195. Guo, Y, Feng, K, Liu, Y, Wu, Z, Dai, H, Yang, Q, et al. Phase I study of chimeric antigen receptor-modified T cells in patients with EGFR-positive advanced biliary tract cancers. Clin Cancer Res (2018) 24(6):1277–86. doi: 10.1158/1078-0432.Ccr-17-0432

196. Feng, K, Guo, Y, Dai, H, Wang, Y, Li, X, Jia, H, et al. Chimeric antigen receptor-modified T cells for the immunotherapy of patients with EGFRexpressing advanced relapsed/refractory non-small cell lung cancer. Sci China Life Sci (2016) 59(5):468–79. doi: 10.1007/s11427-016-5023-8

197. Brudno, JN, and Kochenderfer, JN. Toxicities of chimeric antigen receptor T cells: recognition and management. Blood (2016) 127(26):3321–30. doi: 10.1182/blood-2016-04-703751

198. Rubin, DB, Danish, HH, Ali, AB, Li, K, LaRose, S, Monk, AD, et al. Neurological toxicities associated with chimeric antigen receptor T-cell therapy. Brain (2019) 142(5):1334–48. doi: 10.1093/brain/awz053

199. Jureczek, J, Feldmann, A, Bergmann, R, Arndt, C, Berndt, N, Koristka, S, et al. Highly efficient targeting of EGFR-expressing tumor cells with UniCAR T cells via target modules based on cetuximab(®). Onco Targets Ther (2020) 13:5515–27. doi: 10.2147/ott.S245169

200. Li, L, Deng, L, Meng, X, Gu, C, Meng, L, Li, K, et al. Tumor-targeting anti-EGFR x anti-PD1 bispecific antibody inhibits EGFR-overexpressing tumor growth by combining EGFR blockade and immune activation with direct tumor cell killing. Transl Oncol (2020) 14(1):100916. doi: 10.1016/j.tranon.2020.100916

201. Gedeon, PC, Schaller, TH, Chitneni, SK, Choi, BD, Kuan, CT, Suryadevara, CM, et al. A rationally designed fully human EGFRvIII:CD3-targeted bispecific antibody redirects human T cells to treat patient-derived intracerebral malignant glioma. Clin Cancer Res (2018) 24(15):3611–31. doi: 10.1158/1078-0432.CCR-17-0126

202. Sternjak, A, Lee, F, Thomas, O, Balazs, M, Wahl, J, Lorenczewski, G, et al. Preclinical assessment of AMG 596, a bispecific T-cell engager (BiTE) immunotherapy targeting the tumor-specific antigen EGFRvIII. Mol Cancer Ther (2021) 20(5):925–33. doi: 10.1158/1535-7163.MCT-20-0508

203. Boustany, LM, Wong, L, White, CW, Diep, L, Huang, Y, Liu, S, et al. EGFRCD3 bispecific probody™ therapeutic induces tumor regressions and increases maximum tolerated dose >60-fold in preclinical studies. Mol Cancer Ther (2018) 17(Suppl. 1):A164. doi: 10.1158/1535-7163.TARG-17-A164

204. Demaria, O, Cornen, S, Daeron, M, Morel, Y, Medzhitov, R, and Vivier, E. Harnessing innate immunity in cancer therapy. Nature (2019) 574(7776):45–56. doi: 10.1038/s41586-019-1593-5

205. Gasteiger, G, D'Osualdo, A, Schubert, DA, Weber, A, Bruscia, EM, and Hartl, D. Cellular innate immunity: An old game with new players. J Innate Immun (2017) 9(2):111–25. doi: 10.1186/s13223-018-0278-1

206. Marshall, JS, Warrington, R, Watson, W, and Kim, HL. An introduction to immunology and immunopathology. Allergy Asthma Clin Immunol (2018) 14(Suppl 2):49. doi: 10.1186/s13223-018-0278-1

207. Vesely, MD, Kershaw, MH, Schreiber, RD, and Smyth, MJ. Natural innate and adaptive immunity to cancer. Annu Rev Immunol (2011) 29:235–71. doi: 10.18632/oncotarget.9149

208. Yong, CS, John, LB, Devaud, C, Prince, MH, Johnstone, RW, Trapani, JA, et al. A role for multiple chimeric antigen receptor-expressing leukocytes in antigenspecific responses to cancer. Oncotarget (2016) 7(23):34582–98. doi: 10.18632/oncotarget.9149

209. Ellwanger, K, Reusch, U, Fucek, I, Wingert, S, Ross, T, Müller, T, et al. Redirected optimized cell killing (ROCK®): A highly versatile multispecific fit-forpurpose antibody platform for engaging innate immunity. MAbs (2019) 11(5):899–918. doi: 10.1080/19420862.2019.161650

210. Imai, K, Matsuyama, S, Miyake, S, Suga, K, and Nakachi, K. Natural cytotoxic activity of peripheral-blood lymphocytes and cancer incidence: An 11-year follow-up study of a general population. Lancet (2000) 356(9244):1795–9. doi: 10.1016/s0140-6736(00)03231-1

211. Cichocki, F, Cooley, S, Davis, Z, DeFor, TE, Schlums, H, Zhang, B, et al. CD56dimCD57+NKG2C+ NK cell expansion is associated with reduced leukemia relapse after reduced intensity HCT. Leukemia (2016) 30(2):456–63. doi: 10.1038/leu.2015.260

212. Semeraro, M, Rusakiewicz, S, Minard-Colin, V, Delahaye, NF, Enot, D, Vely, F, et al. Clinical impact of the NKp30/B7-H6 axis in high-risk neuroblastoma patients. Sci Transl Med (2015) 7(283):283ra55. doi: 10.1126/scitranslmed.aaa2327

213. Melaiu, O, Lucarini, V, Cifaldi, L, and Fruci, D. Influence of the tumor microenvironment on NK cell function in solid tumors. Front Immunol (2019) 10:3038. doi: 10.3389/fimmu.2019.03038

214. Reiners, KS, Kessler, J, Sauer, M, Rothe, A, Hansen, HP, Reusch, U, et al. Rescue of impaired NK cell activity in hodgkin lymphoma with bispecific antibodies in vitro and in patients. Mol Ther (2013) 21(4):895–903. doi: 10.1038/mt.2013.14

215. Vivier, E, Ugolini, S, Blaise, D, Chabannon, C, and Brossay, L. Targeting natural killer cells and natural killer T cells in cancer. Nat Rev Immunol (2012) 12(4):239–52. doi: 10.1038/nri3174

216. Mamessier, E, Sylvain, A, Bertucci, F, Castellano, R, Finetti, P, Houvenaeghel, G, et al. Human breast tumor cells induce self-tolerance mechanisms to avoid NKG2D-mediated and DNAM-mediated NK cell recognition. Cancer Res (2011) 71(21):6621–32. doi: 10.1158/0008-5472.Can-11-0792

217. Lo Nigro, C, Macagno, M, Sangiolo, D, Bertolaccini, L, Aglietta, M, and Merlano, MC. NK-mediated antibody-dependent cell-mediated cytotoxicity in solid tumors: biological evidence and clinical perspectives. Ann Transl Med (2019) 7(5):105. doi: 10.21037/atm.2019.01.42

218. Vermorken, JB, Stöhlmacher-Williams, J, Davidenko, I, Licitra, L, Winquist, E, Villanueva, C, et al. Cisplatin and fluorouracil with or without panitumumab in patients with recurrent or metastatic squamous-cell carcinoma of the head and neck (SPECTRUM): An open-label phase 3 randomised trial. Lancet Oncol (2013) 14(8):697–710. doi: 10.1016/s1470-2045(13)70181-5

219. Giralt, J, Trigo, J, Nuyts, S, Ozsahin, M, Skladowski, K, Hatoum, G, et al. Panitumumab plus radiotherapy versus chemoradiotherapy in patients with unresected, locally advanced squamous-cell carcinoma of the head and neck (CONCERT-2): A randomised, controlled, open-label phase 2 trial. Lancet Oncol (2015) 16(2):221–32. doi: 10.1016/s1470-2045(14)71200-8

220. Trotta, AM, Ottaiano, A, Romano, C, Nasti, G, Nappi, A, De Divitiis, C, et al. Prospective evaluation of cetuximab-mediated antibody-dependent cell cytotoxicity in metastatic colorectal cancer patients predicts treatment efficacy. Cancer Immunol Res (2016) 4(4):366–74. doi: 10.1158/2326-6066.CIR-15-0184

221. McMichael, EL, Benner, B, Atwal, LS, Courtney, NB, Mo, X, Davis, ME, et al. A phase I/II trial of cetuximab in combination with interleukin-12 administered to patients with unresectable primary or recurrent head and neck squamous cell carcinoma. Clin Cancer Res (2019) 25(16):4955–65. doi: 10.1158/1078-0432.Ccr-18-21080432.CCR-16-0004

222. Mazorra, Z, Lavastida, A, Concha-Benavente, F, Valdes, A, Srivastava, RM, Garcia-Bates, TM, et al. Nimotuzumab induces NK cell activation, cytotoxicity, dendritic cell maturation and expansion of EGFR-specific T cells in head and neck cancer patients. Front Pharmacol (2017) 8:382. doi: 10.3389/fphar.2017.00382

223. Gerdes, CA, Nicolini, VG, Herter, S, van Puijenbroek, E, Lang, S, Roemmele, M, et al. GA201 (RG7160): A novel, humanized, glycoengineered anti-EGFR antibody with enhanced ADCC and superior in vivo efficacy compared with cetuximab. Clin Cancer Res (2013) 19(5):1126–38. doi: 10.1158/1078-0432.Ccr-12-0989
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Poly (ADP-ribose) polymerase (PARP) inhibitors (PARPi) have exhibited great promise in the treatment of tumors with homologous recombination (HR) deficiency, however, PARPi resistance, which ultimately recovers DNA repair and cell progress, has become an enormous clinical challenge. Recently, KP372-1 was identified as a novel potential anticancer agent that targeted the redox enzyme, NAD(P)H:quinone oxidoreductase 1 (NQO1), to induce extensive reactive oxygen species (ROS) generation that amplified DNA damage, leading to cancer cell death. To overcome PARPi resistance and expand its therapeutic utility, we investigated whether a combination therapy of a sublethal dose of KP372-1 with a nontoxic dose of PARPi rucaparib would synergize and enhance lethality in NQO1 over-expressing cancers. We reported that the combination treatment of KP372-1 and rucaparib induced a transient and dramatic AKT hyperactivation that inhibited DNA repair by regulating FOXO3a/GADD45α pathway, which enhanced PARPi lethality and overcame PARPi resistance. We further found that PARP inhibition blocked KP372-1-induced PARP1 hyperactivation to reverse NAD+/ATP loss that promoted Ca2+-dependent autophagy and apoptosis. Moreover, pretreatment of cells with BAPTA-AM, a cytosolic Ca2+ chelator, dramatically rescued KP372-1- or combination treatment-induced lethality and significantly suppressed PAR formation and γH2AX activation. Finally, we demonstrated that this combination therapy enhanced accumulation of both agents in mouse tumor tissues and synergistically suppressed tumor growth in orthotopic pancreatic and non-small-cell lung cancer xenograft models. Together, our study provides novel preclinical evidence for new combination therapy in NQO1+ solid tumors that may broaden the clinical utility of PARPi.
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Introduction

After the first promising clinical trials using a Poly (ADP-ribose) polymerase (PARP) inhibitor (PARPi) as treatments for platinum-sensitive BRCA1/2 mutated breast and ovarian cancers, several PARP inhibitors have been approved by the FDA/EMA as monotherapies or combination therapies for BRCA mutated and/or platinum-sensitive breast and ovarian tumors (1, 2). Although the great promise of PARPi treatments in patients with homologous recombination (HR)-deficient tumors has been demonstrated, PARPi resistance has become a major clinical challenge (3, 4). Studies to date have revealed several mechanisms of PARPi resistance, all of which result in the restoration of DNA repair and in the resumption of cancer cell proliferation (3, 4). PARP is a family of nuclear enzymes mediating post-translational Poly(ADP-ribosyl)ation (PARylation) of substrate proteins involved in a number of cellular processes such as DNA damage repair, genomic stability, and programmed cell death (5). There are seventeen family members in the PARP family, however the PARP1 protein has been shown to play an important role in sensing DNA single strand breaks (SSBs) and double strand breaks (DSBs) (6, 7). When DNA strand breaks occur, PARP1 is activated and PARylates itself, creating a scaffold to recruit and activate central components of DNA damage checkpoint network including ataxia telangiectasia mutated kinase (ATM) by PARylation or stimulating DNA-dependent protein kinase (DNA-PK) that help facilitate DNA repair and cell survival (6, 8). In HR repair deficient (BRCA1/2 deficient) tumors, which have deficient ability to restore the PARPi-induced DNA repair, PARP inhibitors block PARP activation and lead to cell death (3). However, PARP inactivation also results in the suppression of PARylation of ATM, and ATM, in turn, forms an ATM-NEMO complex that translocates to cytoplasm, where it activates AKT and subsequent cell survival pathways, leading to PARPi resistance (8, 9).

AKT, a serine/threonine-specific protein kinase with three isoforms: AKT1, 2, and 3, plays an essential role in phosphatidylinositol-3 kinase (PI3K) pathway that controls cell proliferation and pro-survival anti-apoptotic mechanisms (10). Dysregulation of the PI3K/AKT pathway is observed in many human cancers (11, 12), and in particular AKT has been found to be frequently activated in human cancers and is associated with poor prognosis and anticancer therapy resistance (13, 14). In PARPi treatments, activated AKT has been shown to contribute to drug resistance in cancer cells (9, 15). For example, exposure to alkylating agent MNNG and AG14361, a potential PARP1 inhibitor, was reported to significantly and durably increase phosphorylated AKT, leading to cancer cell growth recovery (16). Activated AKT regulates downstream substrates and participates in DNA repair, cell cycle arrest, drug efflux, and anti- apoptosis (17). In addition, inhibition of PI3K/AKT by PI3K or AKT inhibitors in in vitro or clinical trial has been shown to improve PARPi anticancer effects (18, 19). One proposed mechanism for the synergy between PARPi and AKT inhibitor is downregulated expression of HR components such as BRCA1 (19). Taken together, these studies indicate that PI3K/AKT pathway plays a pivotal role in the limitation of PARPi utilization in cancer treatment, and the potential utility of using AKT inhibition might overcome PARPi resistance and broaden PARPi clinical application.

NAD(P)H:quinone oxidoreductase (NQO1) is an obligate two-electron reductase that is involved in chemoprotection and can also bioactivate certain antitumor quinones (20). NQO1 is overexpressed in most solid cancers (e.g., non-small cell lung, pancreatic, breast, and head and neck), with very low expression in normal cells/tissue (21, 22), and has the potential to be a promising therapeutic target for cancer treatment (23). KP372-1 (molecular structure shown in Figure S1A), was previously reported as a potent AKT inhibitor, shows evidence of single-agent activity to suppress AKT activity that inhibits cancer cells proliferation and induces apoptosis (24, 25). Recently, KP372-1 was also reported as a novel potential anticancer agent that targeted NQO1 to induce extensive reactive oxygen species (ROS) generation that amplified DNA damage, leading to cancer cell death (26, 27). In addition, there are reports indicating that AKT hyperactivation promotes cell death and enhances the antitumor effects of chemotherapy in prostate and ovarian cancers via inhibiting forkhead box class O (FOXO) tumor suppressors and inducing reactive oxygen species (ROS), leading to cell senescence or ROS-induced apoptosis (28–30). Therefore, strategies to enhance KP372-1 efficacy without augmenting toxicity are needed. In 2020, Dr. Patidar research group revealed that the combination of KP372-1 with PARP inhibitor BMN 673 enhanced KP372-1-induced cytotoxicity in MiaPaCa-2 pancreatic cancer cells (27), however, the mechanism of this combination therapy remains unknown. We hypothesize that treatment with a PARPi rucaparib (FDA approved) prior to exposure to KP372-1 will enhance both drugs antitumor effects through KP372-1-induction of superoxidase and hyperactivation of AKT and PARPi’s inhibition of PARP-driven DNA repair in a tumor-selective manner and thereby overcome a major PARPi resistance mechanism.



Materials and methods


Drugs and reagents

KP372-1 was synthesized by Dr. Xiaolei Wang’s lab (Lanzhou University, China). Rucaparib was kindly provided by Clovis Oncology, Inc. Dicoumarol and Hoechst 33258 were purchased from Sigma-Aldrich. HPβCD (>98% purity) was obtained from Cyclodextrin Technologies Development, Inc. Antibodies used in this study for immunofluorescence and Western blotting were shown in Supplemental Material and Methods.



Cell lines and cell culture

A549, MCF-7, MDA-MB-231, and MiaPaCa-2 were obtained from the American Tissue Culture Collection (ATCC, Manasas, VA). MDA-MB-231 NQO1+ and MCF-7 shPARP1 were generated by us (21, 31). A549 and MiaPaCa-2 NQO1- cell lines were generated in our lab. Cells were grown as in Supplemental Material and Methods.



NQO1 and PARP1 knocking out by CRISPR-Cas9 and siRNA transfection

Vectors of guide RNA sensing NQO1 or non-target control (LV04) and Cas9 expression (CAS9NEO) were provided by Sigma-Aldrich, guide RNA targeting sequences are: AGGATACTGAAAGTTCGCAGGG, CACAATATCTGGGCTCAGATGG. Plasmid of PARP1 CRISPR/Cas9 knockout (sc-400046) was obtained from Santa Cruz. More information about generating NQO1 and PARP1 knock-out cells or siRNA transfection was shown in Supplemental Material and Methods.



Cell survival assays

Relative survival assays based on 7-day DNA content assessments were described as previous report (31). Colony formation assay were performed using 750 cells/6 cm plate. Colonies of > 50 healthy appearing cells were counted normalized to control cells.



Western blotting

Westerns were performed using ECL chemiluminescent detection. Details were shown in Supplemental Material and Methods.



ATP, H2O2 and NAD+ quantification

ATP (CellTiter-Glo® 2.0), hydrogen peroxide (H2O2) (ROS-Glo™ H2O2), and NAD+ (NAD/NADH-Glo™) levels were assayed at 2 h after treatments according to the protocol (Promega, Madison, WI).



Comet and immunofluorescence assays and immunohistochemistry staining

For comet assay, slides were stained with SYBR® Gold TE solution and captured using a Leica DM5500 microscope. Comet tail lengths were quantified by NIH Image J. For γH2AX and RAD51 foci, drug-treated cells were immunofluorescence stained and imaged on a Leica DM5500 fluorescent microscope and quantified for foci/nucleus. For Immunohistochemistry staining, see the information in Supplemental Materia and Methods.



Annexin-V FITC/7-AAD assay

Cells treated with drugs were harvested and washed with 1x PBS. 1 x 106 cells were resuspended in 100 μL staining buffer and stained with both Annexin-V FITC and 7-AAD dye for 10 min according to manufacturer’s protocol. After that, 400 μL staining buffer was added to run flow cytometry. The apoptosis events were analyzed by FlowJo 10 software.



O2 consumption rate assay

O2 consumption rate was measured using Seahorse 96-well plates in conjunction with an XF96 sensor cartridge and XF96 Extracellular Flux Analyzer (Agilent Technologies, DE) according to the manufacturer’s instructions.



Antitumor efficacy and pharmacokinetic studies

Antitumor and survival were performed using orthotopic NSCLC A549 or pancreatic-specific MiaPaCa-2 xenograft-bearing NOD/SCID mice. Pharmacokinetic study was done using orthotopic NSCLC A549 xenograft-bearing NOD/SCID mice. All animal procedures were approved by the Indiana University IACUC committee. Bioluminescence (BLI)-based tumor volumes, long-term survival and target validation assays were performed with log-rank tests for survival. Pharmacokinetics (PK) of rucaparib or KP372-1 levels in blood, tumor, liver, and brain were assessed by LC-MS/MS analyses, following extraction of plasma or tissue homogenates with acetonitrile. More details on establishing orthotopic models and collecting samples for PK of rucaparib or KP372-1 assay were shown in Supplemental Material and Methods.



Synergy calculations

Synergy interactions between the two drugs were evaluated using two methods (1): direct comparisons made between the effect of combined treatments and the effect of individual drugs in each experiment (Figures 1E, F, 3A, S1G–J, R); and (2) formal synergy effects evaluations used a strict method proposed by Chou and coworkers (32, 33), where pooled, multiple dose responses for each treatments were required. Values (η) were reported based on multiple dose-response data from studies in Figures 1E, F, 3A, S1G, S1H, S1I, S1J and S1R. We tested drug-drug interactions for three pairs: KP372-1 + rucaparib, KP372-1 + olaparib, and KP372-1 + talazoparib, all of which showed highly significant effect of synergy (η = 0.472, P = 0.004; η = 0.453, P = 0.002; η = 0.613, P = 0.009, respectively). For in vivo studies rucaparib + KP372-1 synergy showed an η value of 0.82, with p values indicated on graphs.




Figure 1 | KP372-1 enhances the lethality of PARP inhibitors in various cancer cells and depends on NQO1 activity. (A) PARP1 mRNA expression in matched pan-cancer tumor tissue. Data were from TCGA and analyzed with GEPIA web server. Red color indicates tumor sample; green indicates associated normal patient sample; blue color suggests up-regulation of PARP1; light blue indicates down-regulation of PARP1; black indicates normal expression of PARP1. "*" (in red color) shows the representative cancer types we are focused of this article, which have normal PARP1 expression. (B, C) Representative IHC staining of PARP1 in breast (B) and lung (C) cancer patient samples or associated normal tissues. (D) Correlation between AKT1 and PARP1 in patient data obtained from TCGA. (E) Cell viability of combination treatment of KP372-1 with various PARP inhibitors in NSCLC A549 cells. (F, G) Cell viability of combination treatment of KP372-1 with rucaparib ± DIC in NSCLC A549 (F) and pancreatic cancer MiaPaCa-2 cells (G). (H, I) Cell viability of combination treatment of KP372-1 ± rucaparib in NQO1-knockout A549 (H) and MiaPaCa-2 (I) cell lines. (J, K) Cell viability of combination treatment of KP372-1 ± rucaparib in MDA-MB-231 (J) and stable NQO1 expressing MDA-MB-231 (K) cell lines. (E–K) Cells were pre-treated ± rucaparib or other PARP inhibitors for 2 h, then exposed to KP372-1 ± rucaparib or other PARP inhibitors for 2 h, followed by washing and replacing fresh media, Cell viability was determined by DNA assay 7 days later. Data are shown as mean ± SD, each experiment was done three independent times. Scale bar indicates 110 μm. (E–G) ***P < 0.001, comparing each data point with KP372-1 treatments (t tests).





Statistical analysis

The data were represented as mean ± SD from three independent experiments. Two-tailed Student’s t-tests for independent measures with Holm-Sidak correction for multiple comparisons, if > 1 comparisons, were performed. Statistical analyses were performed in GraphPad Prism 8 (GraphPad Software, Inc. CA, USA). Images were representative of results of experiments or staining repeated 3 times. p value of < 0.05 was considered as statistically significant between compared groups. *P < 0.05, **P < 0.01, and ***P < 0.001.




Results


KP372-1 enhances the lethality of PARP inhibitors in an NQO1-dependent manner

We examined PARP1 mRNA expression in matched pan-cancer tumor tissues in the TCGA database and found that PARP1 mRNA expression was elevated in 14 types of cancers (e. g., breast cancer (BRCA), ovarian (OV); blue color), and exhibited no significant change in 16 types of cancer (e.g., lung adenocarcinoma (LUAD), pancreatic cancer (PAAD); black color) compared to associated normal tissues (Figure 1A). We then examined clinical patient samples from our institution (Indiana University Melvin and Bren Simon Comprehensive Cancer Center Tissue Bank) and also demonstrated high PARP1 expression in breast cancer and low PARP1 expression in lung cancer (Figures 1B, C and Figures S1B–E). Additionally, the correlation analysis from the same TCGA pan-cancer data showed that PARP1 expression strongly correlated with AKT1 expression (Figure 1D). These findings together with previous reports (9, 34) suggest the possible efficacy of combining PARPi treatment with an AKT inhibitor in low PARP1 expressing solid cancers.

Our previous studies have revealed that the non-toxic dose (> 90% survival) of PARP inhibitors was 15 µM for rucaparib, olaparib and veliparib, and 1.25 µM for talazoparib in A549 NSCLC cells (21). To test the potential efficacy of combining PARPi with KP372-1, we examined the synergistic effect of various PARPi with KP372-1 in A549 NSCLC cells that have low PARP1 expression (Figure S1F). We found that treatment with the PARP inhibitors rucaparib and olaparib, each at 15 µM or talazoparib at 1.25 µM dramatically increased the sensitivities of A549 cells to sublethal doses of KP372-1 compared to 15 µM veliparib (Figure 1E). Dose-response studies for each PARP inhibitor confirmed that optimal synergistic lethality with KP372-1 was noted at 15 µM for rucaparib and olaparib, and at 1.25 µM for talazoparib. Veliparib was the least potent and effective PARP inhibitor for synergy with KP372-1 (Figures S1G–J). Synergy effects were calculated for KP372-1 + rucaparib, KP372-1 + olaparib and KP372-1 + talazoparib at eta (η) values of 0.472, 0.453 and 0.613, respectively (32, 33). Dicoumarol (DIC, an NQO1 specific inhibitor) prevented all synergy responses (Figures S1G–J). We chose rucaparib for further studies since clinical-grade formulation was available. Since the cancer toxicity of KP372-1 has been reported to have a potential dependence on NQO1 expression (26), we next examined the efficacy of combining the PARPi rucaparib with KP372-1 in NSCLC, pancreatic cancer, and breast cancer cells, which were reconstituted or knocked out for NQO1 expression, treated with or without dicoumarol (Figures 1F–K). A549 NSCLC and MiaPaCa-2 pancreatic cancer cells expressing significant KRAS-driven NQO1 levels were hyper-sensitive to treatment with the PARPi rucaparib + KP372-1, but this sensitivity disappeared when the cancer cells were treated with the NQO1 inhibitor DIC (Figures 1F, G). Conversely, CRISPR/Cas9-based generation of stable NQO1 knockout of A549 and MiaPaCa-2 cells were significantly resistant to the drug alone or combination treatment (Figures 1H, I). NQO1 deficient triple-negative breast cancer (TNBC) MDA-MB-231 cells were also inherently resistant to KP372-1, with or without the PARPi rucaparib (Figure 1J). By contrast, MDA-MB-231 cells were rendered hypersensitive to rucaparib ± KP372-1 after NQO1 expression was restored but once again became resistant when treated with DIC (Figure 1K). Furthermore, a similar NQO1-dependent toxicity was noted in MCF-7 cells treated with non-toxic dose of rucaparib (0.4 µM) and various doses of KP372-1 (0.025 – 0.2 µM) (Figures S1K, L). The significant synergistic effect of PARPi + KP372-1 was also confirmed via colony formation assay in A549 cells (Figure S1M). In all of the above studies NQO1 knockout or re-expression in A549, MiaPaCa-2, and MDA-MB-231 cells was confirmed by western blotting (insert, Figures 1H, I, K). Our previous work demonstrated that A549, MCF-7, and MiaPaCa-2 cells harbor different oncogenic driver or passenger mutations (21). This suggests that rucaparib + KP372-1 enhanced toxicity in NQO1 positive cancers may be relatively independent of oncogenic drivers involved.



Inhibition of PARP1 prevents KP372-1-induced PAR formation to reverse NAD+/ATP depletion

PARP proteins mediate post-translational PARylation of substrate proteins involved in processes such as transcription and DNA damage repair, among which PARP1 plays a particular important role in sensing DNA SSBs and DSBs (6). In A549 and MCF-7 cells, a rapid increase and continuous level of high-molecular-weight PARylated PARP1 protein (PAR-PARP1) was noted in 5 min after exposure to a lethal dose of KP372-1 (0.4 - 0.8 µM) alone, when hyperactivated PARP1 self‐parylates (Figure S2A). PAR-PARP1 (PAR) formation was a dynamic, time-dependent process that lasted approximately 15 minutes in which peak levels occurred at approximately 5 minutes, and was accompanied by the appearance of γH2AX protein, a marker of DNA DSBs (Figure 2A and Figure S2B). Co-addition of the PARPi rucaparib (15 µM or 0.4 µM) dramatically suppressed PAR formation (Figure S2A) and induced significantly greater amounts of γH2AX protein (Figure 2A and Figure S2B). Moreover, the synthetic treatment had no effect on the NQO1 protein expression levels (Figure 2A). To further confirm whether PARP1 plays an essential role in the combination therapy of PARPi + KP372-1, CRISPR/Cas9-based generation of stable PARP1 knockout of A549 (Figure S2C) and shRNA PARP1 knockdown of MCF-7 (Figure S2D) cells were examined for cell viabilities after exposure to various doses of KP372-1 with or without rucaparib (15 µM or 0.4 µM). Consistently, enhanced lethality was noted in A549 PARP1-KO (Figure S2C) and MCF-7 shPARP1 (Figure S2D) cells. The suppression of PAR formation was confirmed by western blot analysis and earlier and greater amounts of γH2AX protein was observed in A549 PARP1-KO cells (Figure 2B). Here we observed that insertion of vector caused a little bit insensitivity of A549 cells to KP372-1 resulting in sustained PARylation in control cells, which was different from wild type (Figure 2B and Figure S2C). All together, these data suggest that treatment with KP372-1 induces DNA DSBs, and PARP1 inhibition results in the increase of this DNA damage.




Figure 2 | PARP Inhibition blocks KP372-1-induced PARP1 hyperactivation and amplifies DNA damage. (A) A549 cells were pre-treated ± rucaparib (15 µM, 2 h), then exposed to supra-lethal dose of KP372-1 (0.4 µM) ± rucaparib for indicated times, then PAR, γH2AX and NQO1 expression alterations were assessed and quantified. (B) A549 PARP1 knockout cells were exposed to ± KP372-1 (0.4 µM) for 5 -120 min, western blot analysis of PAR and γH2AX formation at indicated time points. (C) A549 cells were pre-treated ± rucaparib (15 µM, 2 h), then exposed to KP372-1 (0.2 or 0.4 µM) ± rucaparib (added at t = 20 min, arrow), and real-time oxygen consumption rates (OCRs) were assessed by Seahorse XF analyses. Oligo, oligomycin. (D) MCF-7 cells were pre-treated ± rucaparib (0.4 μM, 2 h), then exposed to KP372-1 (0.08 or 0.4 µM) ± rucaparib for 2 h, relative H2O2 levels were assessed. (E, F) cells were pre-treated ± rucaparib (2 h), then exposed to rucaparib ± KP372-1 for 2 h, relative H2O2 levels were assessed in A549 PARP1-KO (E) and NQO1-KO (F) cells, (G, H) A549 cells were pre-treated ± rucaparib (2 h), then exposed to rucaparib ± KP372-1, cells were collected at indicated time points and assessed for: (G) Comet tail-lengths determined by alkaline comet assays; (H) DNA double strand breaks (DSBs) indicated by γH2AX with immunofluorescence staining. All error bars are means ± SD from three independent experiments. Scale bar indicates 10 µm. (D–F) ***P < 0.001 and ns: no significant, comparing each group or each data point with control (DMSO) treatments (t tests).



PARP1 catalyzes polymerization of ADP-ribose units from donor NAD+ molecules on target proteins, resulting in PAR formation (35, 36). To investigate whether PARPi alters KP372-1-induced ATP levels, we examined NAD+ and ATP levels in MCF-7 cells (Figure S2E) or A549 PARP1-KO cells (Figures S2F, G) after exposure to sublethal or lethal dose of KP372-1 with or without rucaparib. Interestingly, exposure of MCF-7 or A549 cells to a lethal dose of KP372-1 resulted in significant NAD+ and ATP losses, while PARP inhibition by rucaparib or PARP1-knockout rescued these losses (Figures S2E–G), consistent with suppression of PARP1 activity/hyperactivation monitored by PAR formation. Together, these results indicate that inhibition of PARP1 hyperactivation is required to KP372-1-mediated enhanced synergistic lethality.



PARP inhibition amplifies NQO1-dependent DNA damage induced by KP372-1

Previous study has shown that NQO1-dependent futile redox cycling oxidizes NAD(P)H to create reactive oxygen species (ROS) very quickly (37). To determine whether KP372-1 ± PARPi affect ROS generation, we examined oxygen consumption rates (OCRs) and ROS generation by measurement of H2O2 level. As expected, exposure of A549 cells to a sublethal dose of KP372-1 alone (0.15 µM) or in combination with synergistic doses of rucaparib (15 µM), resulted in equivalent OCRs, suggesting that these doses of KP372-1 caused significant cell stress, but cells were able to keep up with the demand for NAD(P)H/NAD(P)+, without PARP1 hyperactivation. At the higher KP372-1 dose (0.4 µM) or combined with rucaparib, NQO1 futile redox becomes exhausted resulting in a decay of OCRs (Figure 2C). Consistently, the similar results were found in MiaPaCa-2 and MCF-7 cells (Figures S3A, B). Moreover, exposure of MCF-7 cells to KP372-1 (0.08 or 0.4 µM) ± rucaparib resulted in a significant increase in H2O2 levels compared to untreated group, and DIC suppressed these treatments induced H2O2 production (Figure 2D). Consistently, a similar result was obtained in A549 cells (Figure S3C). In addition, PARP1 knockout had no significant effect on KP372-1 ± rucaparib induced H2O2 levels compared to A549 parental cells (Figure 2E), while NQO1 knockout totally blocked the H2O2 production (Figure 2F), indicating that KP372-1 ± rucaparib induced ROS generation is NQO1-dependent. ROS-induced cell stress has been suggested to induce DNA damage (38, 39). We next assessed the total DNA damage using alkaline comet assay which can detect base damage, SSBs, and DSBs. The combination treatment of KP372-1 (0.15 µM) with rucaparib (15 µM) resulted in a large and statistically significant enhancement of comet tail length to 40 ± 10 a.u. compared to controls or individual single treatments (Figure 2G). To determine the specific DNA damage induced by KP372-1 and the PARPi, we next analyzed Ser139-phosphorylated γH2AX foci, which are considered to be an early response to DNA DSBs (40). As expected, exposure of A549 cells to non-toxic dose of rucaparib or sublethal dose of KP372-1 alone had no significant effect on γH2AX foci compared with DMSO treatment, whereas combined treatment with these two agents resulted in a dramatic increase in γH2AX foci formation, which was equivalent to the over-lethal dose of KP372-1-induced foci formation (Figure 2H and Figure S3D). Together, these results suggest that KP372-1 induces cell stress via ROS generation resulting in an increase of DNA DSBs and promotes PARP inhibitor-induced cytotoxicity.



Disturbance of intracellular calcium homeostasis by KP372-1 induces AKT hyperactivation

Several studies have shown that ROS regulates calcium releasing from ER to cytoplasm (41, 42). To determine whether KP372-1 or combination treatment interrupts intracellular ion homeostasis, we investigated their impacts on intracellular calcium using BAPTA-AM, a chelator of intracellular calcium pool. As hypothesized, a non-lethal dose of BAPTA-AM pretreatment significantly spared KP372-1- or combination treatment-induced lethality in NQO1+ A549 cells (Figure 3A and Figures S4A, B). Next, to further validate the effect of calcium induced by KP372-1 or combination treatment on cell growth, we examined PARP1 activity estimated by detection of PAR formation, and DNA DSB indicated via γH2AX, respectively. Consistently, PAR formation and γH2AX levels were significantly suppressed by BAPTA-AM in A549 and MCF-7 cells (Figures 3B, C). Together, these data indicate that a lethal dose of KP372-1 or non-lethal dose of KP372-1 + PARPi treatment interrupts intracellular calcium homeostasis resulting in loss of cell growth control and cancer cell death.




Figure 3 | KP372-1 causes Ca2+ releasing and AKT hyperactivation to enhance the lethality of PARP inhibitor. (A) Relative survival assay in A549 NSCLC cells treated with BAPTA (5 μM) under conditions of KP372-1 ± rucaparib. Cells were pre-treated ± rucaparib (15 µM) for 1 h, then added ± BAPTA (5 µM, 1 h), and then exposed to KP372-1 ± rucaparib ± BAPTA for 2 h, followed by washing and replacing media, cell viability was assessed 7 days later. (B, C), PAR and γH2AX alterations were assessed and quantified in A549 NSCLC (B) and MCF-7 cells (C). (D, E) A549 cells were pre-treated ± rucaparib (15 µM, 2 h), then exposed to KP372-1 ± rucaparib for 2 h, followed by washing and replacing media, cells were collected at indicated time points and assessed for: (D) Levels of pAKTs473 and total AKT (t-AKT), and bottom panel showed quantification of pAKTs473; (E) Fluorescence image of pAKTs473. (F) Cells were treated as (B, C) then pAKTs473 levels alterations were assessed and quantified in A549 NSCLC and MCF-7 cells. (G) MCF-7 scramble and siAKT1/2 cells were treated as (D) then cells were collected at 2 h and relative H2O2 in MCF-7 cells were determined. Results were separately repeated at least three times, AKT knockdown efficiency for (E) was confirmed by Western blot in (G). All error bars are means ± SD. (A) *** P < 0.001, comparing each data point with KP372-1 alone treatments (grey color) (t tests). (F), *** P < 0.001 and ns: no significant, comparing each group with control (DMSO) treatments (t tests).



AKT activation commonly occurs in human cancers and promotes PARPi resistance to cancer therapies (8), however, several reports have demonstrated that transient activation of AKT or AKT hyperactivation promotes cancer cell death (28–30). KP372-1 was reported to be a potent AKT inhibitor in several studies (24, 25). We therefore examined the effect of KP372-1 or rucaparib alone or combination treatment on AKT expression. Surprisingly, a 2 h treatment of NQO1+ A549 cells with KP372-1 ± PARPi resulted in a dramatic increase in active AKT phosphorylated on serine 473 within 24 h, and then gradually returned to normal level by 72 h compared to untreated cells, and the combination treatment of KP372-1 and PARPi induced AKT hyperactivation more effectively compared to KP372-1 treatment alone (Figure 3D). This AKT hyperactivation observed on western blots was confirmed by the analysis of confocal fluorescence microscopy (Figure 3E), although it returned to normal level more quickly in the confocal images compared to western blot analysis (Figures 3D, E and Figure S4C). Furthermore, PARP1 knockout had no effect on KP372-1 ± rucaparib induced AKT hyperactivation compared to A549 parental cells (Figure S4D), while NQO1 knockout significantly suppressed the AKT hyperactivation (Figure S4E). The non-lethal dose of PARPi rucaparib only induced a slight AKT activation (Figure S4F). In addition, treatment with BAPT-AM partially blocked the AKT hyperactivation in A549 or MCF-7 cells (Figure 3F), suggesting AKT is a downstream of calcium signaling. We also knocked down AKT by siRNA to investigate whether AKT expression affects KP372-1-induced ROS formation. As shown, silencing AKT did not affect ROS generation compared to scramble group under treatment with KP372-1 ± PARPi (Figure 3G). To verify whether KP372-1 inhibits AKT activation, A549 or MCF-7 cells were exposed to KP372-1 ± PARPi for 24 h. Consistent with other reports (24, 25), western blot analysis showed that AKT levels were efficiently repressed either in A549 or MCF-7 cells (Figure S4G). Together, our findings suggest that the transient hyperactivity of AKT is required for the synergistic lethality of KP372-1 with PARP inhibitors in cancer cells.



KP372-1 treatment overcomes PARP inhibitor resistance via inhibiting FOXO3a/GADD45α pathway

It has been suggested that PARPi activate AKT to induce resistance in cancer therapies (8), however, constitutive activation of AKT or AKT hyperactivation inhibits FOXO, leading to myeloid maturation and subsequent cell death in acute myeloid leukemia (AML) cells (29). FOXO3a, a member of the FOXO subfamily of forkhead transcription factors, plays a pivotal role in cellular stress responses and is implicated in DNA repair inhibition via downregulation of the growth arrest and DNA-damage-inducible protein 45 alpha (GADD45α) expression (43, 44). Therefore, we hypothesized that hyperactivation of AKT induced by KP372-1 could inhibit FOXO3a/GADD45α pathway and thereby potentially overcome PARPi resistance. To test that hypothesis, we first examined the effect of sublethal (15 µM) and lethal (50 µM) doses of rucaparib on the expression of AKT, FOXO3a and GADD45α over time. Western blot analysis showed that both doses of rucaparib increased the expression of these proteins after 24-72 h treatments, suggesting a potential recovery of DNA repair (Figure 4A and Figures S5A–C). Next, we examined the impact of KP372-1 or KP372-1 ± PARPi on the expression of FOXO3a and GADD45α over time. As hypothesized, the combination treatment of KP372-1 (0.15 µM) with rucaparib (15 µM) or lethal dose of KP372-1 (0.4 µM) alone significantly inhibited the expression of FOXO3a and GADD45α over time, while a sublethal does of KP372-1 (0.15 µM) alone caused minimal changes in the expression of these two proteins (Figure 4B and Figures S5D–F). We then knocked down AKT by siRNA to investigate whether AKT expression affects KP372-1 ± PARPi treatment-induced FOXO3a/GADD45α inhibition. The analysis of western blot and confocal fluorescence microscopy data showed that siRNA-mediated knockdown of AKT efficiently recovered FOXO3a/GADD45α expression to basal levels of untreated cells (Figures 4C, D and Figures S5G, H), and completely abolished KP372-1 ± rucaparib induced γH2AX levels and reduced RAD51 expression, indicating a reduction in DNA DSBs (Figures 4C, E, F). Finally, knockdown of FOXO3a expression by siRNA had no effect on KP372-1 ± rucaparib-induced AKT hyperactivation (Figures 4G, H). To further confirm the role of FOXO3a/GADD45α in KP372-1 ± rucaparib induced cell death, we knocked down FOXO3a and GADD45α to assess cell viability. As expected, silencing FOXO3a or GADD45α significantly increased KP372-1+ PARPi-induced cell death (Figure 4I and Figure S5I). Together, all the above data suggest that KP372-1-induced transient AKT hyperactivation inhibits the downstream pathway of FOXO3a/GADD45α that blocks DNA repair and thereby overcomes PARP inhibitor resistance.




Figure 4 | KP372-1 inhibits DNA repair to overcome resistance of PARP inhibitor. (A) A549 NSCLC cells were treated with rucaparib (15 µM or 50 µM) for 4 h, followed by washing and replacing fresh media, then cells were collected at indicated times and assessed for: pAKTs473, FOXO3a, and GADD45α alterations. (B–G) Cells were pre-treated ± rucaparib (15 μM, 2h), then exposed to KP372-1 ± rucaparib (15 μM) for 2 h followed by washing and replacing media, cells were collected at indicated timepoints and assessed for: (B) FOXO3a and GADD45α levels in A549 cells; (C) pAKTs473, t-AKT, FOXO3a, GADD45α, and γH2AX alterations in A549 scramble and siAKT1/2 cells; (D) Fluorescence images of FOXO3a alterations in A549 scramble and siAKT1/2 cells; (E) Quantification of RAD51 foci per nuclei in A549 scramble and siAKT1/2 cells; (F), Immunofluorescence staining of RAD51 expression in A549 scramble and siAKT1/2 cells; (G, H) The expression and quantification of pAKTs473 in A549 scramble and siFOXO3a cells. (I) A549 scramble and siFOXO3a cells were pre-treated ± rucaparib (15 μM, 2h), then exposed to KP372-1 ± rucaparib (15 μM) for 2 h followed by washing and replacing media, cell viability was assessed after 7 days. The efficiency of FOXO3a knockdown was confirmed by Western blot analysis. All results were separately repeated at least three times. AKT knockdown efficiency for (D–F) was confirmed by Western blot shown in (C). Scale bar indicates 25 µm (D) and 15 µm (E) respectively. Error bars are means ± SD. (F) * P < 0.05, **P < 0.01 and *** P < 0.001, comparing each group with control (DMSO) treatments (t tests). (H) **P < 0.01, comparing each data point with KP372-1+ rucaparib treatments in A549 scramble cells (red color) (t tests).





Combination treatment of KP372-1 with PARP inhibitor induces cancer cell autophagy and apoptosis

Since non-lethal dose of combination treatment of KP372-1 with PARPi resulted in enhanced lethality (Figures 1E–K and Figure S1L), we investigated the cell death pathways being activated by this lethal combination treatment. Several studies suggest that KP372-1 induces apoptosis in acute myelogenous leukemia and head and neck cancer cells (24, 25). In our study, flow cytometry analysis revealed that a non-lethal dose of KP372-1 (0.15 µM) or rucaparib (15 µM) alone had no apparent effect on A549 cancer cell growth, while this combination treatment or a lethal dose of KP372-1 (0.4 µM) caused significant apoptosis induction (Annexin-V+/7ADD-) by 48 h (Figure 5A). In addition, typical caspase-mediated cleavage of caspase-7 proteolysis was observed under the conditions of a non-lethal dose of KP372-1 with rucaparib or a lethal dose of KP372-1 treatment by 24 h in A549 and MCF-7 cells (Figures 5B, C). However, data from several investigators indicate that there are multiple cell death pathways activated in cancers and even multiple pathways occurring simultaneously in the same cell (45, 46). We have clear evidence of apoptosis being induced in our system but another pathway that can be induced by oxidative stress is autophagic cell death (47). To investigate whether our treatments induce autophagy, we examined the protein levels of microtubule-associated protein 1A/1B-light chain 3 (LC3), especially LC3-phosphatidylethanolamine conjugate (LC3 II), a widely used marker to monitor autophagy and autophagy-related processes (48). We found that low dose of KP372-1 (0.15 µM) induced the elevated LC3 II after 72 h treatment in A549 cells, while rucaparib was added with 0.15 µM KP372-1, LC3 II up-regulation was noted after 2 h treatment and sustained for 72 h (Figure 5D). Combined exposure of these two agents was not statistically different from exposure to a lethal dose of KP372-1 (0.4 µM) (Figure 5D). Since LC3 II accumulation could be due to either autophagy induction or inhibition of autophagic flux, we further examined the change of p62 protein. The p62 protein, a classical receptor of autophagy, is itself degraded by autophagy in lysosome and accumulates when autophagy is inhibited (49). We found that exposure of A549 cells to either KP372-1 (0.15 or 0.4 µM) or combination treatment induced a reduction of p62 levels (Figures 5D, E), while co-addition of KP372-1 ± rucaparib with Bafilomycin A1 (Baf A1), which used as an inhibitor of autophagosome-lysosome fusion to determine the activity of autophagic flux (50), caused both p62 and LC3 II accumulation (Figure 5E), indicating an autophagy induction by KP372-1 ± rucaparib treatment. Together, these data suggest that KP372-1 ± PARPi treatment appears to induce autophagy and then either switches to or is accompanied by induction of apoptosis and cell death.




Figure 5 | Combination of KP372-1 with PARP inhibitor induces cell autophagy and cell apoptosis. Cells were pre-treated ± rucaparib (0.4 µM or 15 µM, 2 h), then exposed to KP372-1 ± rucaparib or KP372-1 ± rucaparib ± Bafilomycin A1 (Baf A1) for 2 h followed by washing and replacing media; cells treated with Baf A1 (0.05 µM) were kept with Baf A1 for 24 h; positive control cells were exposed to Staurosporine (STS, 1 μM) for 18 h; then cells including debris in media were finally collected at indicated timepoints and examined for: (A) Annexin-V/7-AAD staining to determine cell death way via flow cytometry, early apoptosis part indicated by Annexin-V+/7-AAD- was quantified on the left pannel; (B) PARP1 and cleaved caspase 7 alterations in A549 cells; (C) Levels of cleaved caspase 7 in MCF-7 cells; (D, E) LC3 I/II and p62 levels in A549 cells. Results were separately repeated at least three times and protein levels were quantified. (A) Error bars are means ± SD. ** P < 0.01 *** P < 0.001, comparing each group with control (DMSO) treatment (t tests).





Synergistic treatment enhances accumulation of both agents in tumors resulting in super-additive antitumor activity in orthotopic pancreatic and NSCLC models

To test the in vivo efficacy of the KP372-1 ± PARPi treatment, we established orthotopic NSCLC tumor xenografts by injecting ~1x106 A549-Luciferase cells per mouse by tail vein into NSG mice. After 7 days, mice were randomly divided into different groups (n = 5/group) and treated with vehicle (HPβCD, intravenously [i.v.], tail vein), HPβCD-KP372-1 (16 mg/kg, i.v.) or rucaparib (10 mg/kg, Intraperitoneal [i.p.]) alone, or rucaparib (10 mg/kg, i.p.) 2 h prior to KP372-1 (16 mg/kg, i.v.). Treatments were given every other day, for a total of 5 treatments. Mice were then monitored for changes in tumor volumes (Figure 6A), weight loss (Figure S6A), overall survival (Figures 6B, C), and NAD+ loss (Figure 6D). Bioluminescence imaging (BLI) and overall survival showed that non-toxic dose of rucaparib had no significant effects on tumor-growth suppression, while KP372-1 alone resulted in decreased tumor growth and enhanced the survival rate of human A549 tumor-bearing mice, although all mice succumbed to tumor burden by day 72 (Figures 6A, B). In contrast, mice treated with KP372-1 + rucaparib showed enhanced antitumor activity and significant survival benefit compared to these two single agents alone (Figures 6A, B). To test for NQO1 dependence on this enhanced in vivo toxicity, we established xenografts with A549 NOQ1-KO cells in NSG mice and treated them with either KP372-1 treatment alone or with KP372-1 + PARPi combination treatment and observed no enhancement of KP372-1 + rucaparib in tumor killing and no increase in survival (Figure 6C), suggesting that KP372-1 alone or KP372-1 + rucaparib mediated antitumor efficacy is dependent on NQO1 in vivo. In addition, we found that treatment with KP372-1 alone caused a dramatic decrease in NAD+ levels, but treatment with KP372-1 + rucaparib did not decrease NAD+, which is consistent with our observations in vitro (Figure 6D).




Figure 6 | KP372-1 synergizes with PARP inhibitor against orthotopic A549 and NQO1-KO NSCLC xenografts. (A–C) Orthotopic A549 and NQO1 knockout (A549 NQO1-KO) tumors were established in 20-22 g female NSG mice by injecting 1 x 106 (A549) or 1.1 x 106 (A549 NQO1-KO) cells/mouse into lung via intravenous tail vein. After two weeks, mice were treated with/without rucaparib (10 mg/kg, i.p.) for 2 h followed by HPβCD (Vehicle) or HPβCD-KP372-1 (KP372-1) (16 mg/kg, i.v.) every other day for 5 injections. Experiments were repeated at least two times, n = 5/group. Images of representative mouse tumors at indicated times and quantified tumor volumes (right panel). (B) Kaplan-Meier survival curves of A549 orthotopic mice. (C) Kaplan-Meier survival curves of A549 NQO1-KO orthotopic mice. (D) Orthotopic A549 tumor-bearing female NSG mice (n = 3/group) were treated as in (A) and sacrificed at 2 h, relative NAD+ levels of tumor tissues were determined. (E) Pharmacokinetics (PK) of KP372-1 in orthotopic A549 tumor-bearing female NSG mice (n = 3/group) treated as in (A) and sacrificed at indicated times. (F) summary description of this study. Data are shown as mean ± SD. *P < 0.05, **P < 0.01, and ***P < 0.001, ns: no significant, comparing each data point with those of vehicle treatments determined by unpaired Student’s t-test (A, D, E) or log-rank test in (B, C). (B) Synergy values (η = 0.82) were reported based on multiple dose responses, or on comparative p values indicated.



To investigate whether similar in vivo survival benefits could be achieved in another human cancer model, we established pancreatic orthotopic tumors in NSG mice by directly injecting ~1x106 MiaPaCa-2-Luciferase cells into pancreas. Similar improved antitumor efficacies were noted in KP372-1 alone or rucaparib + KP372-1-treated mice, and the combination treatment dramatically extended mouse life span compared to KP372-1 treatment alone (Figures S6B, C). No significant mice weight losses were observed in these two models (Figures S6A, D), indicating the doses of these agents had no overt toxic effects on mice.

To investigate whether KP372-1 combined with rucaparib affects the individual pharmacokinetic (PK) profiles of the two drugs, we tested the drug PKs in the tumor, plasma, liver, and brain of A549 NSCLC orthotopic tumor bearing mice. The treatment doses and schedules were defined according to the maximum tolerated doses (MTD) determined in the model used for this study. PK analyses revealed no alterations of KP372-1 concentrations in blood (plasma), brain, or liver of mice treated with KP372-1 combined with rucaparib compared to KP372-1 treatment alone (Figure 6E and Figure S6E). However, the combination treatment significantly increased the KP372-1 concentrations in tumor tissues compared to single-agent treatment (Figure 6E), and rucaparib levels were significantly elevated in tumor compared to plasma or brain tissue over time (Figure S6F), which has also been reported by Murray et al. (51). These data suggest that KP372-1 or PARP inhibitor rucaparib alone moves to target tissues with limited efficiency, while combination treatment efficiently enhances accumulation of both drugs to tumor tissues.




Discussion

Recent studies suggested KP372-1 as a promising and potent NQO1-dependent anti-tumor agent that induced dramatic ROS generation and DNA damage, leading to PARP1 hyperactivation and a decrease in NAD+/NADH redox state, which suppressed tumor cell growth in vitro and in vivo (26, 27). In this study, we show that combining PARPi with KP372-1 leads to synergistic antitumor effect with non-toxic doses of both drugs in NQO1 overexpressing cancer cells. KP372-1 + PARPi treatment results in robust, NQO1-dependent, tumor-selective induction of DNA DSBs, autophagy and apoptosis both in vitro and in vivo. Mechanistically, as shown in Figure 6F, KP372-1 is reduced by NQO1 in the presence of NAD(P)H, resulting in superoxide (ROS formation), which then induces calcium releasing into cytoplasm and DNA damage. The increased calcium concentration in cytoplasm and ROS production promotes AKT hyperactivation that blocks DNA repair via inhibition of the FOXO3a/GADD45a pathway. This results in the accumulation of DNA damage and PARP1 hyperactivation which leads to NAD+/ATP loss and the cells undergo a caspase-mediated apoptosis and autophagy. However, when KP372-1 combines with PARPi (rucaparib), the PARPi blocks the KP372-1-induced PARP1 hyperactivation and rescues NAD+/ATP depletion, resulting in more DNA damage and higher AKT hyperactivation. This AKT hyperactivation further inhibits FOXO3a/GADD45α pathway resulting in even greater DNA DSBs induction, and cells undergo tumor-selective and NQO1-dependent autophagy and apoptosis.

Here, we show that KP372-1 combined with PARPi resulted in enhanced toxicity and synergistic killing of NQO1+ cancers through a robust ROS induction and enhanced DNA damage response. Interestingly, cells exposed to KP372-1 exhibited dramatic and transient activation of AKT (AKT hyperactivation) instead of AKT inhibition. AKT hyperactivation is suggested to sensitize cells to ROS-induced apoptosis (28, 30). Growing evidence implies that multiple cell death pathways can occur in parallel in cancer cells (45, 46). In our study, we found that exposure of NQO1+ cancer cells to KP372-1 alone caused PARP1 hyperactivation and NAD+/ATP depletion, and cells underwent autophagy and capase-7 dependent apoptosis, while exposure of these cells to KP372-1 + PARP inhibitor rucaparib induced elevated ROS formation and inhibition of DNA repair resulting in rapidly autophagic and apoptotic cell death (Figures 2G, H, 4E, 5B–E, and Figures S2E–G). Furthermore, we show that KP372-1 was ten-fold more potent to kill NQO1-positive cancer cells (IC50: 0.017 µM vs. 2 µM) compared to other NQO1 bioactivatable drugs, such as β-lapachone (Figures 1E, F and Figures S1G, M) (21). Similar to β-lapachone, KP372-1 exhibited little dependence on specific oncogenic driver or passenger mutations (21). MCF-7, MDA-MB-231- NQO1+, and MiaPaCa-2 cells, which have wild type vs mutant p53 and KRAS, respectively, were equally sensitized to KP372-1. This relative lack of dependence on specific oncogenic drivers has the potential to expand the efficacious use of KP372-1 in NQO1+ solid cancers.

Our data clearly demonstrate that KP372-1 + PARPi-enhanced tumor-selective toxicity occurs in NQO1+ cancer cells. Wild type MDA-MB-231 and A549 NQO1-KO cells, which have no or undetectable NQO1 expression, were resistant to KP372-1 + PARPi treatment. The synergy of KP372-1 + PARPi that increased efficacy in killing NQO1+ cancer cells and enhanced KP372-1 effects on cancer cell death occurred through AKT hyperactivation and induction of increased DNA damage, and the combination therapy caused more autophagic cell death than KP372-1 treatment alone (Figure 5D). Interestingly, the enhanced toxicity and synergy observed with the non-lethal dose of KP372-1 and PARPi took time to develop were not immediately evident compared to lethal doses of KP372-1.

Our data indicate that the combination treatment of KP372-1 with PARPi has strong translational potential. While ongoing clinical trials of PARPi treatment have demonstrated promise in HR-deficient breast and ovarian tumors and recently been expanded to other solid tumors (52–54), the high rate of PARPi resistance has dampened the initial enthusiasm. Therefore, identifying potential drugs to overcome PARPi resistance is imperative. Several studies have shown that PARPi resistance involves enhanced DNA repair and cell cycle progression (3, 4). In this study, we reveal that PARPi resistance may involve recovery of DNA repair via AKT/FOXO3a/GADD45a pathway, and that treatment with KP372-1 blocked this pathway and efficiently overcame PARPi resistance. Based on our preclinical studies in vivo, the synergistic antitumor activity we observed in vitro was confirmed in NSCLC and pancreatic cancer mouse tumor models which significantly improved overall survival of the mice treated with the KP372-1 + PARPi combination with no increase in toxicity to normal tissues. High dose of KP372-1 (25 mg/kg) treatment caused extremely low side effect of methemoglobinemia (i.e., labored breathing, lethargy in 45 min) compared to β-lapachone, and KP372-1 + PARPi showed no signs of methemoglobinemia. Moreover, pharmacokinetics analysis reveals that the KP372-1 + PARPi combination therapy enhanced the accumulation of both agents in tumors (Figure 6E and Figures S6E, F), while β-lapachone + PARPi only increased the PARPi but not β-lapachone concentration in tumors (21), suggesting that KP372-1 may be ideally suited to exploit synergy with DNA repair inhibitors. Our study indicates that treatment with KP372-1 is an effective, potential therapeutic strategy to expand PARP inhibitor clinical utility and to overcome any developing PARPi resistance.
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Background

Breast cancer is the second cause of cancer death in women, and tumor metastasis is the primary cause of mortality. Due to the involvement of many regulatory molecules and signaling pathways, the occurrence and development of metastases needs to be further studied. MicroRNAs (miRNAs) are ubiquitously expressed small non-coding RNAs that have been shown to play an important role in the diagnosis and treatment of many diseases, as well as representing an attractive candidate for metastasis control. In this study, we investigated the mechanism of potassium piperonate (GBK) in impairing breast cancer cell invasion and metastasis by targeting miR-31.



Methods

Breast cancer cells, either treated with GBK or left untreated, were assessed for migration and invasion capacities using wound healing and transwell assays. GBK-targeted miRNAs were identified and verified using RT-qPCR. Western blotting was used to validate the changes in expression levels of miR-31-targeted genes. Methylation specific PCR was performed to detect the effect of GBK on the methylation levels of the lncRNA LOC554202 host gene. The synergistic effect of GBK and the chemotherapy drug cisplatin (DDP) on breast cancer cells was verified using cell proliferation, colony formation, and RT-qPCR assays in vitro, and the tumor xenograft model in vivo.



Results

We found that miR-31 was the main target of GBK. GBK treatment affected the epigenetic modification at CpG sites by downregulating DNA methyltransferases. Thus, the CpG-associated methylation levels of lncRNA LOC554202 decreased significantly, and in turn upregulated both miR-31 and its host gene LOC554202 in breast cancer cells. We also observed the significant inhibition of miR-31-targeted genes following GBK treatment, including RHOA, WAVE3, and SATB2, with functions closely related to cancer cell invasion, migration, and proliferation. Furthermore, we revealed that the combination of GBK and DDP had a synergistic effect on inhibiting the proliferation of breast cancer cells in vitro and in vivo, especially in triple negative breast cancer (TNBC).



Conclusions

This study investigated the target of GBK in the inhibition of breast cancer migration and invasion, and the underlying mechanisms involved, providing theoretical support for the development of GBK as an auxiliary drug for clinical treatment.
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Background

Breast cancer is now the most frequently diagnosed cancer and the second leading cause of cancer-related deaths in women worldwide (1). Strategies targeting the primary tumor have markedly improved, including surgery, chemotherapy, radiation therapy, hormone therapy, and targeted therapy. However, metastasis remains the greatest clinical challenge in breast cancer. The mechanisms implicated in tumor metastasis need to be further investigated in order to improve the long-term control of breast cancer progression. Previous research has shown that the deregulated expression of miRNAs is intimately associated with breast tumor invasion and metastasis (2).

In recent years, miRNAs have emerged as key players in the processes of gene expression regulation. Ubiquitously expressed miRNAs are approximately 19-24 nucleotides in length, and function by binding to the complementary sequences of their target mRNAs, leading to mRNA degradation as well as the subsequent downregulation or suppression of protein synthesis. miRNAs play a pivotal role in various cellular processes in vivo, such as proliferation, migration, cell death, and cell cycle regulation (3). The miRNA expression patterns differ among different subtypes of breast cancer: the let-7c, miR-10a, and let-7f miRNAs are associated with luminal type A breast cancer; miR-18a, miR-135b, miR-93, and miR-155 have been shown to be related to the basal cell subtype; while miR-142-3p and miR-150 have been shown to be associated with the HER2-positive subtype (4); and miR-10b, miR-26a, and miR-153 have been used as potential biomarkers for triple negative breast cancer (TNBC) 5). About 70% of breast cancers are estrogen receptor (ER) or progesterone receptor (PgR) positive. ER controls the expression of multiple genes and proteins through genomic and non-genomic pathways, whereas PgR is induced by ER, and PgR-related signal transduction pathways are closely related to the occurrence and development of breast cancer (4). The tumor suppressor miRNAs that have been identified in breast cancer include miR-206, miR-17-5p, miR-125a, miR-125b, miR-200, let-7, miR-34, and miR-31. On the contrary, the expression of miR-21, miR-155, miR-10b, miR-373, and miR-520c are positively correlated with the occurrence of breast cancer (6).

Piper longum L. (also called long pepper) is a plant used in traditional Chinese medicine, as a source of the antihyperlipidemic agents piperine, piperlonguminine, and pipernonaline (7). Potassium piperonate (GBK) is a derivative of piperine. GBK has the functions of reducing blood lipid levels and cholesterol, with efficacy comparable to that of the commercial antihyperlipidemic drug statins (8). In addition, previous studies have shown that GBK exerts an anti-tumor effect, especially in breast cancer. GBK can specifically inhibit the viability of a variety of breast cancer cells by arresting the cell cycle in G1 phase and inhibiting cell proliferation. Furthermore, GBK can induce breast cancer cell apoptosis through the mitochondria-dependent pathway. However, the potential of GBK to inhibit breast cancer cell invasion and metastasis has not been previously investigated.

In this study, we set out to uncover the mechanisms employed by GBK to impair breast cancer cell invasion and metastasis, and aimed to identify the main target of GBK by analyzing miRNA expression pattern changes after GBK treatment. Furthermore, we explored whether the growth and migration of breast cancer cells could be more efficiently inhibited when chemotherapy drugs were used in combination with GBK in vitro and in vivo. In summary, this study further assessed the underlying mechanisms involved in the GBK-mediated inhibition of breast cancer progression. Our finding provides theoretical support for the development of GBK as an auxiliary drug for the clinical treatment of breast cancer.



Methods


Cell strains and cell culture

MCF-10A, MCF-7 and SUM-159 were purchased from National Infrastructure of Cell Line Resource of China.

MCF-10A cells were maintained in F12 medium (Gibco) supplemented with 5% horse serum (Gibco), 1%(vol/vol) penicillin/streptomycin/L-Glutamin (Gibco), 10 mg/mL insulin, 20 mg/mL EGF, 100 mg/mL cholera toxin and 0.5 mg/mL hydrocortisone. SUM-159 cells were maintained in F12 medium (Gibco) supplemented with 5% fetal bovine serum (GEMINI), 1% (vol/vol) penicillin/streptomycin/L-Glutamin (Gibco), 5 mg/mL insulin and 10 mg/mL dexamethasone. MCF-7 cells were maintained in Dulbecco’s Modified Eagle Medium (Gibco) supplemented with 10% (vol/vol) fetal bovine serum (GEMINI) and 1% (vol/vol) penicillin/streptomycin/L-Glutamin (Gibco). All cells were cultured at 37°C, 5% CO2 in a humidified atmosphere.



Reagents and drugs

GBK is a generous gift from Professor Gereltu Borjihan of Inner Mongolia University. The purity of Piperine is 99% detected by high pressure liquid chromatography (Supplementary Figure 1). miRNeasy® Serum/Plasma Kit (Qiagen, USA); TransZol Up Kit (TransGene Biotechnology Co., Ltd.); Mir-XTM miRNA First-Strand Synthesis Kit (TaKara); TransScript One-Step gDNA Removal and cDNA Synthesis SuperMix Kit (TransGene Biotechnology Co., Ltd.); SYBR® Premix Ex TaqTM II Kit (TaKara); CCK-8 Kit (Beyotime Biotechnology Co., Ltd.); Crystal Violet (SIGMA); FITC Annexin V Apoptosis Detection Kit I (BD Pharmingen); Protein Antibody (Absin); Tubulin Antibody (TransGene Biotechnology Co., Ltd.); PierceTM ECL Western Blotting Substrate Kit (Thermo, USA); ELISA Kit (Wuhan Xinqidi Biotechnology Co., Ltd.); TransStart FastPfu DNA Polymerase (TransGene Biotechnology Co., Ltd., Lot: M10524); Cisplatin (DDP, Meilun Bio, Lot: D0921A); Etoposide (VP-16), United Laboratories).



Primers

The primers used in the real-time quantitative PCR (RT-qPCR) or PCR were designed by Primer 5 software and NCBI Primer-BLAST, synthesized by Shanghai Biotech (Sangon) Beijing Primer Synthesis Company, and Tm value fluctuated at 60°C. Specific primers are shown in Supplementary Tables 1–3.



miR-31 mimics and inhibitor

miR-31 mimics and inhibitor were synthesized by Biomics biotechnologies (China, Jiangsu) and the sequences are shown in Supplementary Table 4.



Western blot

Cells were seeded in 6-well plates. The cells were harvested 2 days after GBK added, washed once in PBS, and lysed in sample buffer (2% SDS, 0.25 M pH 6.8 Tris-HCl, 20 mM dithiothreitol, 10% glycerol, 0.1% Bromophenol blue). 20 μg of protein was separated on 12% Polyacrylamide gel and transferred to a nitrocellulose membrane. Membrane was blocked for 1 hour at room temperature in blocking buffer (5% skim milk in PBS containing 0.05%Tween-20) and then incubated with primary antibodies and peroxidase (HRP)-conjugated secondary antibody. Tubulin or GAPDH was served as a reference protein.



Cell proliferation ability assay with CCK-8

5×103/100 μL cells were seeded in a 96-well plate and incubated at 37°C, 4% CO2. After 24 hours, the cells were treated with GBK. After 48 hours, 10 μL CCK-8 solution was added into each well and returned to the incubator for further 1.5 hours. The viability of the cells was measured using a microplate reader at the wavelength of OD450nm.



Extraction of miRNA from mouse serum samples

The NOD/SCID mice used in this experiment were purchased from Boai Biotechnology Co., Ltd. 12 female NOD/SCID mice aged 3-4 weeks were used to establish heterogeneous tumor models with MCF-7 breast cancer cells. Five mice were selected as the control group, and the other seven as the experimental group.

After the tumor volume reached 8 mm3, the experimental group was injected with GBK 10 mg/(kg.1D), while the control group was injected with 0.9% normal saline. Serum samples were taken 21 days after treatment.

Extraction of miRNA from mouse serum samples was performed exactly according to miRNeasy® Serum/Plasma Kit (Qiagen, USA) instructions.

200 μL of serum sample were taken from each mouse, diluted in 5x volume of lysate, and after incubated for 5 mins at room temperature, 3.5 μL of the “control” solution was added. Next, 200 μL of chloroform was added and incubated at room temperature for 3 min. The clear supernatant was then transferred to a new EP tube, mixed with 1.5x volume of absolute ethanol and vortexed to mix. All the solution was added to the adsorption column, centrifuged at room temperature, 12000 rpm for 1 min. 700 μL of RWT buffer was added to the adsorption column, centrifuged. 500 μL of RPE buffer was added to the adsorption column, centrifuged. 500 μL of 80% ethanol was added to the adsorption column, centrifuged. The adsorption column was placed on a new collection tube and centrifuged. 14 μL of RNase-free water was added to the adsorption column and incubated for 1 min, then centrifuged. The extracted RNA was stored at -80°C until use.



Relative quantitative real-time PCR

Extraction of total RNA from cell lines was carried out according to the TransZol Up Kit instruction. Reverse transcription PCR was performed using TransScript One-Step gDNA Removal and cDNA Synthesis SuperMix Kit (TransGene Biotechnology Co., Ltd.), and quantitative real-time PCR was performed using SYBR® Premix Ex TaqTM II Kit (TaKara). GAPDH gene was served as a reference. Gene expression was measured in triplicates.



Wound healing assay

Cells were seeded into 6-well tissue culture plate. When the cell density reached 100%, scratching and photographing were performed. Replaced old medium with the 1% low-serum medium and continue to culture cells in incubator after drugs were added. Photos were taken every 12 hours on an inverted microscope. The gap distance can be evaluated using Image J software to calculate the cell migration rate.



Cell invasion experiment

The subpackaged matrix glue (Corning, US) was removed from -20°C and quickly diluted ten times with serum-free medium on ice. 100 μL diluted matrix glue was applied to the upper and lower surfaces of the transwell chamber in a 24-well plate, and then incubated at 37°C for 1 hour. 5 × 105 cells/mL suspension was prepared and 200 μL was added to each chamber. Simultaneously, 600 μL medium with 5% FBS was added into the lower layer of the transwell chamber. The bottom of the upper chamber was checked for absence of bubbles and the whole plate was incubated at 37°C for 24 hours. A cotton swab was used to gently wipe the upper chamber and carefully remove the sidewall cells. 600 μL 4% PFA was added into each lower chamber and the cells fixed at room temperature for 20 mins. After the PFA was washed off using PBS, 600 μL 0.1% crystal violet was added into the bottom chamber, and the cells stained in the dark for 30 mins at room temperature. The chamber was then taken out and washed with PBS, and the number of cells transferred to the lower surface of the chamber was counted under the microscope.



Cell colony formation assay

1×103 cells were seeded into 6-well plate. After being cultured for 24 hours in an incubator, potassium piperonate (GBK), cisplatin (DDP) and etoposide (VP-16) were added with a concentration gradient for further 7-14 days. Then, 1 mL 4% PFA was added to each well for 15 minutes, cells were rinsed with 1 ml PBS, and 500 μL 0.01% crystal violet was added to each well for 15 minutes. The plates were dried and the colonies were counted.



Methylation specific PCR (MSP)

Preparation of bisulfite-modified DNA for methylation analysis was performed according to the EZ DNA Methylation-Gold™ kit (Zymo Research) instructions. In brief, the CT Conversion Reagent and M-Wash Buffer were prepared prior to use. Genomic DNA (200 ng in 20 μL) was converted using 130 μL of CT Conversion Reagent in a PCR cycler, with the following cycle program: 98°C for 10 mins, 64°C for 2.5 hours, 4°C storage up to 20 hours. 600 μL of M-Binding Buffer was added, followed by a single washing step with M-Wash Buffer. 200 μL M-Desulphonation Buffer was added, and then incubated at RT for 20 mins and washed twice with M-Wash Buffer. 10 μL of double-distilled water was added, the samples was centrifuged, and then the DNA was resuspended.

MSP was performed on bisufite-converted DNA using the special primer pairs described in Supplementary Table 3. Every genomic DNA sample was amplified using either the unmethylated or the methylated primer pairs. The PCR products were next separated by agarose electrophoresis according to their densities, which corresponded to the intensities of the PCR products between the methylated and unmethylated primer-pairs.



NOD/SCID mouse tumor xenograft model

The mouse model was derived from Jennio Biotechnology company. Twenty immunodeficient female mice between 3 and 4 weeks were used to establish a NOD/SCID mouse xenograft model. 100 μl of prepared 2×106/100 μL MCF-7 cells suspension was injected into the hind leg of NOD/SCID mice, 4 nude mice were selected randomly as the control group, and the other 12 nude mice were divided into 3 experimental groups randomly. The body weight of mice was measured every 3 days after injection. When the tumor mass grew to 8 mm3, the drugs or 0.9% saline was injected into nude mice. Weight and the tumor volume measured with a vernier caliper were recorded every 3 days. The tumor volume was calculated according to the following formula: V=(ab2)/2 (“a” represents the longest diameter of the tumor and “b” represents the shortest). After 20 days, the tumor-bearing mice were killed, the tumor lumps were removed and weighed.




Results


GBK impairs the migration and invasion of breast cancer cells

In order to investigate the effect of GBK on the migration and invasion of breast cancer cells, would healing and transwell cell invasion assays were performed. The TNBC cell line SUM-159, the ER-positive breast cancer cell line MCF-7, and the normal human epithelial mammary cell line MCF-10A were scratched and photographed, prior to treatment with different concentrations of GBK. After 24 hours of culture, cell images were captured, and the cell motility changes were analyzed. In order to rule out the influence of cell proliferation, we switched to 1% low serum medium after the scratch treatment and took pictures within one cell cycle.

The results showed that the wound closure ability of both SUM-159 and MCF-7 cells was significantly inhibited by GBK (Figures 1A, B). We observed a 59% reduction in cell migration in the 150 μg/mL (IC50 of SUM-159 cells) GBK treatment group, which further increased to 71% in the 300 μg/mL GBK treatment group (Figure 1B). Moreover, for the SUM-159 cells, GBK treatment inhibited invasion (in the transwell invasion assay) by 64% and 92% after treatment with 150 μg/mL or 300 μg/mL GBK, respectively (Figures 1C, D). The administration of GBK to the MCF-7 human non-invasive breast cancer cells also impaired cell invasion, but to a lesser extent (Figures 1C, D). GBK treatment had no significant influence on the migration and invasion of normal human epithelial mammary cell line MCF-10A (Figures 1A–D). Taken together, these data indicate the anti-migration and anti-invasion roles of GBK in breast cancer, especially in invasive breast cancer cells.




Figure 1 | GBK impairs the migration and invasion ability of breast cancer cells (A) MCF-10A, MCF-7, and SUM-159 cells were scratched and treated with different concentrations of GBK. Cell images were captured after 24 hours (original magnification, ×10, scale bar (black) as shown). (B) The cell mobility was analyzed using Image J software. Cell motility = (t0 h scratch width - t24 h scratch width)/t0 h scratch width. (C) Cell invasion after GBK treatment was investigated using the Matrigel invasion assay. Cell numbers were calculated by imaging five different fields, and the quantification of results is showed. (D) Photos of representative fields of cell invasion are shown. Data are presented as mean ± s.e.m. of at least three independent experiments. Student’s t test, *p < 0.05, **p < 0.01, ***p < 0.001,  ****p < 0.0001. ns, no significance. Scale bar represents 20 μm.





Tumor suppressor miR-31 is upregulated after GBK treatment in breast cancer cells

miRNAs have been shown to function as tumor suppressors, implicated directly in the inhibition of cancer progression. Consequently, certain miRNAs may act as specific drug targets in cancer treatment. For instance, miR-21 is involved in the regulation of apoptosis in breast cancer cells (9), miR-151 is found to affect the development of breast cancer by modulation of DNA repair processes, and miR-421 can inhibit the migration and invasion of breast cancer by targeting MTA1 (10, 11). On the basis of such research, we selected nine miRNAs closely associated with the occurrence and development of breast cancer. Of the nine miRNAs selected, miR-22, miR-31, miR-41, and miR-421 function as tumor suppressors, while miR-21, miR-145, miR-150, miR-182, and miR-217 have been shown to promote cancer development (10, 12–21). The downregulation of the tumor suppressor miR-22 in metastatic cancer cells has been shown to be associated with a disproportionately poor prognosis (16, 17). miR-31 inhibits the cell cycle by suppressing the expression of multiple factors involved in the regulation of DNA replication and cell cycle progression. In addition, increasing miR-31 or miR-421 levels have been shown to significantly inhibit the migration and invasion of MDA-MB-231 and MCF-7 cells (10, 15, 22). miR−411 downregulation in breast cancer is associated with lymph node metastasis and histological grade (22). miR-21 overexpression facilitates breast cancer cell proliferation and metastasis in vivo, and plasma miR-21 level is an important biomarker for breast cancer diagnosis 13). miR-145 reduces breast cancer cell migration and inhibits epithelial-mesenchymal transition (14). The upregulation of miR-150 in breast cancer is inversely associated with P2X7 receptor expression levels, which regulates cell growth through apoptosis (12, 23). In TNBC, miR-182 promotes cell proliferation and metastasis by targeting FOXF2, while miR-217 inhibits cell growth, migration, and invasion by targeting KLF5 (18, 20). These miRNAs mainly affect the proliferation, migration, and invasion of breast cancer cells during the development of breast cancer.

GBK can specifically inhibit the proliferation and migration of breast cancer cells. Therefore, we wanted to test the effect of GBK on the nine miRNAs described above. Initially, in order to determine the potential miRNA target of GBK, RT-qPCR was used to detect miRNA expression in serum samples derived from the breast cancer xenograft model mice after GBK treatment (Supplementary Figure 2). We found that the differential expression of miRNAs in serum were not significant in GBK-treated mice compared to that in the control group. We then investigated the effect of GBK treatment on the expression of candidate miRNAs in the breast cancer cell lines MCF-7 and SUM-159. Different concentrations of GBK were added to the cells for 48 hours and miRNA expression was detection by RT-qPCR. The expression of miR-31 was consistently upregulated after GBK treatment in the two breast cancer cell lines tested (Figure 2A). The differential expression pattern of other miRNAs were not consistent after GBK treatment and thus were excluded from further investigation (Supplementary Figure 3).




Figure 2 | Detection of miR-31 and its target gene expression under the treatment of GBK in different breast cell lines. (A) MCF-10A, MCF-7, and SUM-159 cells were treated with different concentration of GBK. Total RNA was extracted after 48 hours for miRNA expression detection by RT-qPCR. Quantification of miR-31 expression in three different breast cell lines after application of different concentrations of GBK was shown. (B-D) Expression of SATB2, RHOA and WAVE3 in MCF-7 and SUM-159 cells after treatment with different concentrations of GBK was analyzed by RT-qPCR. Data are presented as mean ± s.e.m. of three independent experiments. Student’s t test, *p < 0.05, **p < 0.01.



By analyzing the expression of nine breast cancer related miRNAs, our preliminary results indicated that the tumor suppression effect of GBK may be closely related to miR-31.



The expression of miR-31 target genes related to cell migration is downregulated after GBK treatment

In previous studies, the function of miR-31 has been shown to be highly associated with the progression and metastasis of breast cancer. miR-31 plays a fundamental role in the regulation of the invasion-metastasis cascade by targeting critical genes, such as those involved in cytoskeletal rearrangement of cancer-associated fibroblasts (CAFs). RHOA, which participates in the regulation of the actin cytoskeleton, was shown to be a direct target of miR-31 (24, 25). Moreover, another member of the Rho family, RHOBTB1, was shown to be a target of miR-31 in colon cancer (26). WAVE3, an actin remodeling protein, was shown to be overexpressed in invasive breast cancer cells due to miR-31 downregulation, and its expression promoted cancer cell migration and invasion (27). The homeobox gene SATB2 was shown to be a direct target of miR-31 in CAFs and is involved in promoting tumor cell migration and invasion (4).

We screened nine target genes closely related to the anti-metastatic function of miR-31, monitoring their expression in MCF-7 and SUM-159 cells after GBK treatment. The expression levels of RHOA, SATB2, and WAVE3 were all downregulated after 48 hours of GBK treatment, indicating that the tumor suppression effect exerted by GBK may be related to invasion/metastasis-associated signaling pathways (Figures 2B–D, Supplementary Figure 4). UBC13, which has a regulatory role in cell death (28), was also downregulated, although its function in tumor invasion is poorly understood.

Western blot analysis was also performed to further validate the effect of GBK on the expression of invasion-metastatic related genes. It was demonstrated that the expression levels of RHOA, WAVE3, and SATB2 were all reduced after GBK treatment in MCF-7 and SUM-159 cells (Figures 3F, G NC group). In order to demonstrate the direct involvement of miR-31 in the regulation of these genes in cancer cells, we tested the effect of miR-31 mimics and inhibitor on the expression of STAB2, RHOA, WAVE3 and other relative genes after transfection into MCF-7 and SUM-159 cells (Figures 3A, C; Supplementary Figure 5). We found that miR-31 mimcs downregulated STAB2, RHOA, WAVE3 expression, by contrast, miR-31 inhibitor upregulated STAB2, RHOA, WAVE3 expression in both MCF-7 and SUM-159 cells (Figures 3A–E). Moreover, inhibition of miR-31 prevented the degradation of these proteins, orchestrated by GBK gradient (Figures 3F, G inhibitor group).




Figure 3 | The effect of GBK treatment on miR-31 target gene expression after transfected with miR-31 mimics and inhibitor in MCF-7 and SUM-159 cells. (A–C) The MCF-7 and SUM-159 cells were transfected with miR-31 mimics or inhibitor, and different concentrations of GBK were added. After 24 hours, expression of SATB2, RHOA and WAVE3 was analyzed by RT-qPCR. Data are presented as mean ± s.e.m. of three independent experiments. Student’s t test, * p<0.05. (D, E) Protein expression levels of miR-31 target genes after transfection with miR-31 mimics or inhibitor in MCF-7 and SUM-159 cells. Cell lysates were analyzed by western blot. (F, G) Protein expression levels of miR-31 target genes related to cell migration and invasion. Cells were transfected with miR-31 inhibitor for 24 h and then treated with GBK gradient for another 24 h in MCF-7 and SUM-159 cells. Cell lysates were analyzed by western blot. GAPDH was used as an internal control.



Thus, we can speculate that GBK inhibits the migration and invasion of breast cancer cells by promoting the expression of miR-31, which in turn impaires the expression of miR-31 target genes, such as RHOA, WAVE3, and SATB2.



Expression of miR-31 and its host gene lncRNA LOC554202 is upregulated by inhibiting promoter hypermethylation after GBK treatment

It has been documented that miR-31 is located in the intronic sequence of long non-coding RNA (lncRNA) LOC554202, and its transcriptional activity is regulated by LOC554202 (Figure 4A) (27). It was also demonstrated that the major mechanisms for silencing miR-31 in TNBC is hypermethylation of the CpG island of the LOC554202 promoter region, which may become a new entry point for TNBC treatment (27).




Figure 4 | Gene expression and promoter hypermethylation of LOC554202 are modified after GBK treatment in MCF-7 and SUM-159 cells. (A) Schematic representation of genomic organization of LOC554202 gene [adapted from (27)]. (B) Semi-quantitative RT-PCR of LOC554202 transcript in MCF-7 and SUM-159 cells. GAPDH was used as an internal control. Quantitative analysis of the data was shown in (C). (D) Hypermethylation of two CpG sites in LOC554202 promoter was detected by Methylation specific PCR (MSP) in MCF-7 and SUM-159 cells. Bisulfite-modified DNA extracted from the indicated samples was detected using 2 sets of primers. (E) Methylation ratios for all CpGs (including methylated and unmethylated) obtained by sequencing the bisulfite-modified DNA using Set2 primers. Data are presented as mean ± s.e.m. of three independent experiments. Student’s t test, *p < 0.05, **p < 0.01.



We tested the expression of LOC554202 in the MCF-7 and SUM-159 cell lines and found that the expression of LOC554202 was upregulated after GBK treatment (Figures 4B, C). Next, we selected two CpG sites within LOC554202, and methylation-specific PCR (MSP) technology was used to detect changes in the methylation level of these sites after GBK treatment (Supplementary Figure 6). We found that the methylation levels of CpG MSP Set2 decreased significantly under GBK treatment in a dose-dependent manner in the two cell lines (Figures 4D, E). These data indicate that GBK treatment affects the epigenetic modification at the CpG sites and plays an important role in the upregulation of both LOC554202 and miR-31.



Combination treatment with GBK and DDP/VP-16 has synergistic and dose reduction potential in the proliferation of breast cancer cells

The chemotherapy drugs cisplatin (DDP) and Vepeside (VP-16) are widely used as first-line therapy for metastatic breast cancer and small cell lung cancer 29, 30). In our previous study, we demonstrated that GBK exerted specific inhibitory effects on breast cancer cells but not on normal breast cells or cancer cell types (31). In this preclinical study, we want to evaluate the effect of GBK when used in combination with DDP/VP-16 to treat breast cancer cells. The sensitivity of SUM-159 and MCF-7 cell lines to growth inhibition was determined after a 48 hour incubation with GBK and DDP/VP-16, which was used as a single agent, or in combination at six different concentrations between 0.1× and 4× their respective IC50 for DDP, as well as 0.2× and 4× their respective IC50 for VP-16. The effect of the combined treatment on cell growth inhibition was cell type dependent. The combination of DDP/VP-16 with GBK at all concentrations led to greater growth inhibition compared to either agent alone in both SUM-159 (Figures 5A–E) and MCF-7 (Figures 5F–J) cell lines, although the increase was smaller for MCF-7 cells.




Figure 5 | Combination treatment with GBK and DDP/VP-16 has synergistic and dose reduction potential in the proliferation of breast cancer cells. The growth inhibition assay was carried out using CCK-8 Kit, and the cell survival rate was measured 48 hours after drug administration. The sensitivity of SUM-159 and MCF-7 cell lines to growth inhibition 48 hours after exposure to GBK and DDP/VP-16 (IC50 concentrations for DDP/VP-16 was 5μg/ml) was determined. The survival rate of SUM-159 cells under different concentrations of (A) GBK, (B) DDP, (C) VP-16, (D) DDP and GBK, (E) VP-16 and GBK is showed in the top panel. The survival rate of MCF-7 cells under different concentrations of (F) GBK, (G) DDP, (H) VP-16, (I) DDP and GBK, (J) VP-16 and GBK is showed in the bottom panel. Data are presented as mean ± s.e.m. of three independent experiments.



These results demonstrated that chemotherapy drugs DDP/VP-16 combination with GBK has synergistic and dose reduction potential in the proliferation of breast cancer cells SUM-159 and MCF-7, indicating a potential guiding significance for clinical combination treatment.



Combination treatment with GBK and DDP impaired the independent viability of breast cancer cells

In colony formation experiments, the colony forming rate represents independent cell survival. The representative images after crystal violet staining showed that GBK can inhibit the formation of cell colonies in TNBC SUM-159. Moreover, this effect is further enhanced when GBK is used in combination with DDP, and this inhibitory ability is positively correlated with drug concentration (Figure 6A). The quantitative data also indicated that a combination of GBK and DDP treatment had a synergistic inhibitory effect on breast cancer cell colony formation (Figure 6B).




Figure 6 | Combination treatment with GBK and DDP impairs the independent viability of breast cancer cells. The effect of combination treatment on the colony formation of breast cancer cells was analyzed. (A) Cell viability was determined by crystal violet staining of SUM-159 cells. (B) Quantification of the results in (A). Data are presented as mean ± s.e.m. of three independent experiments. Student’s t test, *** p<0.0001. Scale bar represents 2.5 mm.



The combination treatment with DDP and GBK has a more obvious and stable inhibitory effect on the colony formation than that in VP-16 and GBK treatment group(data not shown), therefore DDP and GBK strategy was chosen to conduct tumor xenograft model experiments in nude mice.



The effect of GBK and DDP combination treatment on miR-31 target gene expression

It has been shown that GBK treatment causes the upregulation of miR-31 and its host gene lncRNA LOC554202 in breast cancer cells when acting alone. In order to study whether the combination of GBK and DDP could also have the same synergistic function, RT-qPCR was performed to detect the expression of miR-31-targeted genes in SUM-159 and MCF-7 cells after drug treatment. It was revealed that when SUM-19 cells were treated with DDP and high dose of GBK combination, the expression of RHOBTB1 (Figure 7A), ITGA5 (Figure 7C), SATB2 (Figure 7D), WAVE3 (Figure 7G) and RDX (Figure 7I) decreased more significantly than those using DDP alone. Meanwhile, changes in the expression of other genes were not significant (Figures 7B, E, F, H). The synergistic effect of GBK and DDP combination therapy was more pronounced in SUM-159 cells then that in MCF-7 cells, indicating that the combination treatment has better effect on inhibition of gene expression in the more aggressive breast cancer cell line.




Figure 7 | (A–I) Effect of combination treatment with GBK and DDP on miR-31 target gene expression. The effect of combination treatment with GBK and DDP on the expression of miR-31 target genes was detected by RT-qPCR. Three experimental groups were established, 1 μg/ml DDP (group A), 1 μg/ml DDP and 1 μg/ml GBK (group B), and 1 μg/ml DDP and 5 μg/ml GBK (group C). Double distilled H2O was added to the control group (Blank). Black bars indicate MCF-7 cells and gray bars indicate SUM-159 cells. Data are presented as mean ± s.e.m. of three independent experiments. Student’s t test, *p < 0.01, **p < 0.001, ***p < 0.0001.





Combination treatment with GBK and DDP has a synergistic and dose dependent effect on the inhibition of tumor growth in vivo

To further evaluate whether the combination treatment with GBK and DDP had a clear inhibitory effect on breast cancer progression in vivo, NOD/SCID immunodeficient mice were used to construct a human breast cancer cell xenograft model by subcutaneously inoculating mice with SUM-159 cells. All of the mice developed subcutaneous xenografts, prior to being divided into four groups and treated intraperitoneally with GBK 10 mg/(kg.1 Day) and DDP 1 mg/(kg.2 Days) in group A, GBK 5 mg/(kg.1 Day) and DDP 1 mg/(kg.2 Days) in group B, 0.9% saline in group C, and DDP 1 mg/(kg.2 Days) in group D, when the tumor volume reached 8 mm3. Mice were monitored for the next 24 days of continuous injection, and the notable anti-tumor effects were observed.

We found that DDP alone (group D) could inhibit tumor proliferation in the xenograft model. The combined treatment of GBK and DDP resulted in a further reduction in the tumor volume and the average tumor weight of mice in groups A and B, in comparison to group D. In day 24, we observed a significant decrease in the tumor weight and tumor volume in group A compared with group D (Figures 8B, C), indicating that DDP and GBK worked synergistically in a dose dependent manner in inhibiting breast cancer cell proliferation in vivo (Figures 8A–C).




Figure 8 | The anti-tumor effect of combination treatment with GBK and DDP on breast cancer. (A) SUM-159 cells were injected into the flanks of NOD/SCID mice, and when the tumors had grown to ~5–6 mm in diameter, the following treatment regiments were administered intraperitoneally as described for 24 days: GBK 10 mg/(kg.1D) and DDP 1 mg/(kg.2Ds) in group A, GBK 5 mg/(kg.1D) and DDP 1 mg/(kg.2Ds) in group B, 0.9% saline in group C, and DDP 1 mg/(kg.2Ds) in group D. (B) On day 24, tumors were excised and subjected to weight analysis. (C) On day 0, the tumor size was normalized to 1 for all the groups. Tumor volume was monitored and measured every 3 days. (D) Body weights of the NOD/SCID mice in groups A, B, C, and D were monitored for 24 days. Data are presented as mean ± s.e.m. of four independent mice. Student’s t test, *p < 0.01.



In addition, the body weights of mice in group C (which were given saline) increased slightly, while the body weights of mice in group D (receiving DDP alone) decreased slightly. Interestingly, the body weights of mice in groups A and B (receiving GBK and DPP in combination) decreased markedly, with group A mice experiencing more pronounced weight loss compared to group B (Figure 8D). It was indicated that GBK could also perform as an antihyperlipidemic drug alone with its anti-tumor properties.




Discussion

In this study, we investigated the mechanisms underlying the GBK-mediated impairment of breast cancer cell invasion and metastasis at the cellular and molecular levels. GBK exerts a significant inhibitory effect on the proliferation and migration of breast cancer cells, in a dose dependent manner. We also identified the main target of GBK by analyzing breast cancer-associated miRNA expression pattern changes during GBK treatment. We found that the expression of both miR-31 and its host gene LOC554202 was upregulated following GBK treatment. Meanwhile, the miR-31 target genes, associated with cell migration and metastasis, were downregulated, indicating that GBK may inhibit cell migration by promoting the expression of tumor suppressor miR-31. Moreover, we demonstrated that the actions of GBK in inhibiting the growth and migration of TNBC cells were further enhanced when used in combination with the chemotherapy drug DDP, both in vitro and in vivo.

Given the large number of studies reporting the link between abnormal miRNA expression and a number of human diseases, it is evident that these molecules are key regulators of many biological processes. In addition, miRNAs play role in the regulation of cancer growth. While some miRNAs can be used as prognostic markers of malignant tumors, others are potential targets for cancer treatment 32). Considering that the expression of miRNAs affects almost every stage of malignant tumor formation (occurrence, development, metastasis, and drug resistance) (33) and that it is relatively stable and can be detected in a variety of biological fluids (such as blood, urine, cerebrospinal fluid and saliva) (34), miRNAs may become valuable biomarkers in cancer therapy.

One especially interesting cancer-related miRNA is miR-31, which is frequently altered in a large variety of cancers (35, 36). For example, in breast cancer, the loss of miR-31 expression is associated with a high risk of metastases (35). Existing studies have demonstrated that miR-31 is a tumor suppressor with an important role in the occurrence and development of cancer. miR-31 directly acts on the 3’UTR region of multiple target genes such as RHOA, SATB2, or WAVE3, which are implicated in cell invasion, migration, and proliferation. RhoA is required for the motility and migration of breast cancer cells, through its involvement in actin and microfilament skeleton polymerization (37). The RhoA/Rho-associated coiled coil-forming protein kinase (ROCK) signaling pathway plays an important role in this process. In addition to directly affecting cell microfilament skeleton polymerization, it also affects the degradation of the extracellular matrix (ECM) (38), while activated ROCK can promote tumor cell invasion and metastasis 39). Special AT-rich sequence-binding protein-2 (SATB2) is an important nuclear matrix protein that participates in actin cytoskeleton regulation (40). The main targets of SATB2 are matrix metalloproteinase-3 (MMP3) and TIMP3 (41). The extracellular domain of cell adhesion factor E-cadherin can be cleaved by MMP3 directly, which facilitates the metastasis of cancer cells (42). SATB2 also acts on the MEK5/ERK5 signaling pathway (43). Extracellular signal-regulated kinase 5 (ERK5) is a mitogen-activated protein kinase that can induce actin cytoskeleton remodeling and promote cell migration. WAVE3 has multiple downstream effectors. It was found that WAVE3 has an intricate regulatory relationship with the Akt-associated and NF-κB signaling pathways. The NF-κB signaling pathway is mainly involved in the degradation of the ECM (44). Based on existing experimental data, we postulated that the targets of miR-31 mentioned above act as potential downstream effectors of GBK. Thus, we propose a possible signaling network whereby GBK acts by inhibiting the migration and invasion of breast cancer cells (Figure 9). In this study, we have shown that GBK affects the expression of RHOA, SATB2, and WAVE3. Whether the target proteins and signaling pathways regulated by these three genes are also affected by GBK needs to be further studied.




Figure 9 | A proposed signaling network for GBK in inhibiting the migration and invasion of breast cancer cells. GBK treatment affects the epigenetic modification at CpG sites by downregulating DNA methyltransferases. Thus, the methylation levels at CpG of lncRNA LOC554202 decreased significantly following GBK treatment in a dose-dependent manner in breast cancer cell lines, upregulating both LOC554202 and miR-31. miR-31 directly acts on the 3’UTR region of multiple target genes, such as RHOA, SATB2, and WAVE3, which playing roles in cancer cell invasion, migration, and proliferation. GBK treatment impairs the expression of RhoA, SATB2, and WAVE3.



miR-31 is located in the intronic sequence of lncRNA LOC554202, and its transcriptional activity is regulated by LOC554202. It has been documented that the major mechanism responsible for silencing miR-31 in TNBC is the hypermethylation of the CpG island in the LOC554202 promoter region (27). We demonstrated previously that the transcription of DNA methyltransferase DNMT1, DNMT3A, DNMT3B, and COQ3 genes were downregulated in GBK-treated MCF-7 cells (31). In this study, we found that the methylation levels at the CpG of lncRNA LOC554202 decreased significantly under GBK treatment in a dose-dependent manner in breast cancer cell lines  (45). Therefore, GBK treatment affects the epigenetic modification at the CpG sites by downregulating DNA methyltransferases and plays an important role in the upregulation of both the LOC554202 and miR-31 (Figure 9).

In addition, miRNAs are known to affect many cellular processes via their ability to post-transcriptionally control gene expression. It is therefore important to identify other miRNA target genes, examine how miRNAs are regulated, and study their involvement in cellular functions. High-throughput bioinformatics analysis could offer a better method for studying the mechanism of action of GBK, and also benefit clinical applications.

DDP is an alkylating agent classified as an anti-neoplastic drug that has been extensively used in the treatment of advanced breast cancer, especially in metastatic breast cancer and TNBC. However, several adverse side effects limit its long-term usage. Combination treatment with other anti-tumor agents is an effective way to solve this problem. The combination of GBK and DDP treatments appear to work synergistically to inhibit the proliferation of breast cancer cells (especially in TNBC) in vitro and in vivo, and could be used to potentially reduce the individual doses of these drugs required to achieve the same effect in the clinic. Moreover, the expression of the miR-31 target genes SATB2 and RHOA was significantly reduced in SUM-159 cells after combination treatment with GBK and DDP, indicating that GBK could impair breast cancer cell migration and invasion.



Conclusions

In conclusion, in this study we identified the target of GBK and explored the underlying mechanisms involved in its inhibition of breast cancer migration and invasion, especially in TNBC, thus providing theoretical support for the development of GBK as an auxiliary drug in the clinical treatment.
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Non-melanoma skin cancer has recently seen an increase in prevalence, and it is estimated that this grow will continue in the coming years. In this sense, the importance of therapy effectiveness has increased, especially photodynamic therapy. Photodynamic therapy has attracted much attention as a minimally invasive, selective and repeatable approach for skin cancer treatment and prevention. Although its high efficiency, this strategy has also faced problems related to tumor resistance, where the tumor microenvironment has gained a well-deserved role in recent years. Tumor microenvironment denotes a wide variety of elements, such as cancer-associated fibroblasts, immune cells, endothelial cells or the extracellular matrix, where their interaction and the secretion of a wide diversity of cytokines. Therefore, the need of designing new strategies targeting elements of the tumor microenvironment to overcome the observed resistance has become evident. To this end, in this review we focus on the role of cancer-associated fibroblasts and tumor-associated macrophages in the resistance to photodynamic therapy. We are also exploring new approaches consisting in the combination of new and old drugs targeting these cells with photodynamic therapy to enhance treatment outcomes of non-melanoma skin cancer.
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Introduction

According to the Global Cancer Observatory, non-melanoma skin cancer (NMSC) has an annual incidence of 5.8% of the world population. In addition, in the last few years it has been observed an increase in its prevalence (between 3% and 7%) and it is estimated that it will continue in the coming years. The most common types include basal cell carcinoma (BCC) and squamous cell carcinoma (SCC) (1–3). The standard treatment options for NMSC include surgery, radiotherapy, chemotherapy as well as their combination (4, 5). However, within non-invasive treatments, photodynamic therapy (PDT) stands out, since it has become one of the therapeutic modalities that has grown the most in recent years, presenting numerous advantages over other treatments. PDT is a light-based therapeutic modality that involves administration of a tumor-localizing photosensitizing agent, which may require metabolic synthesis, followed by its activation with light of a specific wavelength. The mechanisms of action depend on the generation of singlet oxygen (1O2), through the excitation of the photosensitizer (PS), which transfers its excitation energy to the molecular oxygen in tumor tissues via triplet state. The necrotic, autophagy or apoptotic destruction of the tumor cells is induced by cytotoxic singlet oxygen and other secondary molecules such as reactive oxygen species (ROS) (4, 6) (Figure 1).




Figure 1 | Mechanism of action on tumors in photodynamic therapy. The photosensitizer (PS) absorbs light and an electron moves to the first short-lived excited singlet state. This is followed by intersystem crossing, in which the excited electron changes its spin and produces a longer-lived triplet state. The PS triplet transfers energy to oxygen producing reactive singlet oxygen (1O2) and reactive oxygen species (ROS), which kill tumor cells. However, the tumor microenvironment protects the cancer cells against PDT through the interaction of its different constituents.



Moving on to other issues, despite the fact that the concept of tumor microenvironment (TME) has existed for more than a hundred years now, it has not been until recently that it has gained prominence (7). In this sense, tumors are not only constituted by cancer cells, but for a more complex intricate of diverse components (8). These TME constituents have been proved to be implicated in cancer cell survival, tumor development and therapeutic efficacy. Thereby, this tumoral stroma is composed by different cell types that fulfills their own role in these processes (9). Among them, fibroblasts, immune cells and endothelial cells are immersed in extracellular components, interacting with tumor cells. Moreover, a vascular network keeps nourished this amalgam of cells, where their crosstalk results in environment mediated drug resistance (10). These interactions proved to be involved in the effect of resistance of many tumors against different therapeutic strategies, specifically in PDT, are the object of the present review (Figure 1).



Tumor microenvironment components


Cancer-associated fibroblasts and cytokines

Fibroblasts are the main cell type present in the dermis. Because the dermis provides strength and flexibility to the skin, some of the principal functions of dermal fibroblasts are directly related to these abilities. Among others, wound healing and deposition of collagen and elastic fibers of the extracellular matrix (ECM) in connective tissue can be pointed out (11–13).

In the TME, normal fibroblasts suffer an activation process, acquiring specific characteristics and expressing differential markers such as vimentin, smooth muscle actin alpha (α-sma) and fibroblast activation protein (FAP) (14) (Figure 2). At this point, they receive the name of cancer-associated fibroblasts (CAFs) (15). Nevertheless, CAF populations have turned out to be heterogeneous, coexisting within the same tumor (such as inflammatory or myofibroblastic phenotypes) (16, 17). Because of this diversity, recent investigations have focused their efforts to study the broad amount of cytokines implicated in these changes (such as transforming growth factor beta (TGFβ), Interleukin-1 (IL-1) or integrins), as they are not only morphological, but also functional (18–21).




Figure 2 | Role of CAFs, TAMs and TILs in the resistance to therapies. CAFs (cancer-associated fibroblast), TAMs (tumor-associated macrophages) and TILs (tumor infiltrated lymphocytes) produce cytokines that are taken up by tumor cells, producing changes in them. Epithelial mesenchymal transition (EMT), angiogenesis, quiescence and immune evasion, all factors that favor resistance to different treatments. CD8, cluster of differentiation 8; FAP, fibroblast activation protein; Foxp3, forkhead box P3; IL, interleukin; MCH-2, major histocompatibility complex 2; MMP, matrix metalloproteinases; PD-L1, programmed death-ligand 1; TGFβ, tumor growth factor; TNFα, tumor necrosis factor; VEGF, endothelial growth factor; α-SMA, smooth muscle actin alpha.



Related to these functional changes, the crosstalk between different CAF populations and tumoral cells has been long associated with resistance to therapies in different cancer types. In this sense, chemotherapy resistance (with compounds such as cisplatin, tamoxifen or gemcitabine) is the most studied one (22–25). One of the main mediators related to these resistance effects is TGFβ. This cytokine, in combination with many other molecules, plays a key role in CAF heterogeneity (26–30). In this sense, TGFβ modulates tumor progression and therapy response through CAF activation status, shape and invasiveness (31–33).

Within tumor progression, CAFs promote migration and invasion of tumor cells through a well-known process: the epithelial-mesenchymal transition (EMT) (34). In this regard, CAFs secrete a variety of activators that initiate the TGFβ cascade in epithelial tumor cells leading to a change in morphology and response, acquiring quasi-mesenchymal characteristics (35–40). On the other hand, not only CAFs modulate EMT but also tumor cells themselves through the expression of EMT factors that interact with the TGFβ signaling, such as FOXF2 or SOX9 (41–43) (Figure 2). Thus, the presence of these ones and similar markers constitutes an indubitable signal of malignant progression in several types of carcinomas (44, 45). Moreover, TGFβ secreted by CAFs also participates in the formation of vascular-like channels not only by endothelial cells, but also by tumor cells (46) (Figure 2).

On the other hand and as stated before, CAFs are able to modulate the response of tumoral cells to different therapies, generating resistance effects (47–53). Specifically, the main mechanism that prompts this phenomenon is the TGFβ-SMAD pathway, which can be modulated by different MAPKs (19, 54–58) More extensively, translocation of the SMAD complex to the nucleus targets specific genes such as p21 and p15, which are two potent inhibitors of the cyclin dependent kinases (CDKs), main regulators of the cell cycle (59–63). Thus, this provokes cell cycle arrest in the G1 phase as a consequence of the dysregulation of the G1/S checkpoint (57, 61, 64, 65). Consequently, this cell cycle arrest induces a dormant or quiescent state of tumoral cells which prevents their effective response to therapy, constituting an underlying mechanism of therapy resistance and tumor recurrence (66) (Figure 2). Moreover, p21 also stimulates the glutathione metabolism, which triggers an antioxidant response related to a drop in ROS levels (main effector in most conventional therapies) (53, 67). In this sense, the combination of therapies with compounds able to interrupt the TGFβ pathway could abrogate this cell cycle arrest, and hence, the resistance effect (66, 68).



Tumor associated macrophages

Macrophages are one of the principal types of immune cells in innate immunity. They display different roles in pathogen phagocytosis antigen presentation and tissue regeneration. Despite its multiple beneficial functions, in a carcinogenic environment its recruitment could be detrimental. Tumoral context could induce a polarization in these cells, towards M1 antitumoral macrophages or towards M2 protumoral macrophages (69). These specific macrophages are defined as tumor associated macrophages (TAMs), which interact, modulate and influence tumor progression, invasion and metastasis. The main difference between them two is that antitumor agents act by releasing cytokines that promote adaptive immunity (IL-1, IL-6, TNF-α, NO, etc.) and have a high expression of MCH-2 (major histocompatibility complex 2) molecules, allowing the presentation of tumor antigens to cells of the immune system. In contrast, pro-oncogenic macrophages act by releasing anti-inflammatory cytokines (IL-4, IL-13, IL-10, TGFβ etc.), overexpressing PD-L1 (Programmed death-ligand 1), and expressing few MCH-2 molecules (70) (Figure 2).

Tumor associated macrophages influence tumor progression through secretion of cytokines such as IL-10, INF-γ and CCL5. These cytokines trigger the activation of JAK1/STAT1/NF-κB/Notch1, JAK/STAT3 β-catenin/STAT3 and PI3K/AKT signaling pathways, modulating tumor progression, stemness and metastasis (58, 71, 72) (Figure 2). However, TAMs do not always contribute to tumor progression. The balance between M1 and M2 polarization of them is critical to predict the prognosis of the patient (73–75).

Apart from being predictor of poor prognostic, TAMs are related to poor response to chemotherapy generating a resistance effect in colorectal cancer and glioblastoma models (76, 77) and to immune checkpoint inhibitors in prostate cancer (78). The modulation of this kind of cells may lead to a better response and tumor remission. However, it is hard to understand how they produce this effect. The blockade of molecules as PD-L1 and Stat6 with different antibodies leads to TAMs reprogramming, enhancing antitumor activity (79–81). mTOR inhibitors like Rapamycin and Metformin show the ability to modulate TAMs, boosting other therapies and controlling tumor progression (82, 83). Other compounds such as Chloroquine and its derivatives are, as well, modulators of TAMs polarization through an antitumoral phenotype, sensitizing tumor cells to chemotherapy (84, 85).



Other immune cells present in the tumor microenvironment

Lymphocytes are the principal type of cell in adaptive immunity, they recognize specific antigens and produce a specific immune response. These cells are subdivided according to the expression of different markers such as CD3 (cluster of differentiation 3), CD25, CD4, CD8 or Foxp3 (forkhead box P3) exerting different responses against the pathogens (86). In a tumoral context, those tumor-interacting lymphocytes are defined as tumor infiltrated lymphocytes (TILs). TILs can modulate the development of the tumor depending on its features, which could be affected by the tumor at the same time. Specifically, high levels of cytotoxic CD8+ TILs infiltration tend to present antitumor activity and better outcomes for the patient (71, 87, 88). On the contrary, high levels of Foxp3+ regulatory T cells are strictly correlated with immunosuppression and pro-tumor activity triggering poor outcomes (89–91) (Figure 2).

B lymphocytes could also be part of the TME. It has been demonstrated that its presence is related with a higher CD8+ cells infiltration and, therefore, with a better prognosis (92, 93). However, this B cell appearance is not always beneficial, since these cells can also adopt a regulatory phenotype under the influence of myeloid-derived suppressor cells (MDSCs). Once with the regulatory phenotype, those cells produce cytokines with immunosuppressive effect, depleting CD8+ cells antitumor activity (94).

Myeloid-derived suppressor cells comprises a heterogeneous group of cells which have in common its derivation from immature myeloid cells and play an important role in cancer development, progression, invasion and setting of the pre-metastatic niche in different types of cancer (95). The protumoral activity derived from MDSCs is driven by several molecules present in the tumor as the macrophage migration inhibitory factor, B7 homolog 3 protein, also known as CD276, or signal transducer and activator of transcription 3 (STAT3) (96, 97). MDSCs could be modulated by different molecules and drugs in order to suppress their effects. Metformin, STAT 1 or the blockade of IL-6 and NLRP3 (NLR family pyrin domain containing 3) inflammasome can improve the clinical outcome and the prognosis of the patient (98–100).

Mast cell (MC) infiltration has been reported in a wide range of human and animal tumors particularly malignant melanoma and breast and colorectal cancer. The consequences of their presence in the TME remain unclear. Within the tumor, MC interactions occur with infiltrated immune cells, tumor cells, and ECM through direct cell-to-cell interactions or release of a broad range of mediators capable of remodeling the TME. MCs actively contribute to angiogenesis and induce neovascularization by releasing the classical proangiogenic factors including VEGF (vascular endothelial growth factor), FGF-2 (fibroblast growth factor), and IL-6, and nonclassical proangiogenic factors mainly proteases including tryptase and chymase (Figure 2). MCs may support tumor invasiveness by releasing a broad range of matrix metalloproteinases (MMPs) (101). 5-ALA-mediated PDT was associated with degranulation of MC and angiogenesis in oral premalignat lesions induced in rats (102).

Finally, the neutrophils also are associated with tumor progression. They are capable of establishing a pro-tumor microenvironment, being correlated to poor prognosis in some tumors such as lung cancer (103–105).



Extracellular matrix

The extracellular matrix is a key factor in carcinogenesis, which offers structural and biochemical support for cellular components lowing it to influence cell communication, adhesion and proliferation (106). It consists of a network of macromolecules, including collagen, fibronectin, laminin and glycosaminoglycans (107, 108). Alteration in ECM components may be the basis for the tumor progression. For example, the laminin receptor expression plays an important role in SCC progression (109, 110); the loss of type IV collagen correlates with the poorly differentiated SCC (111) and fibronectin mediates cellular interactions with the ECM and it is important in cell migration (112). Matrix metalloproteinases (MMPs) are critical molecules for the EMT process because they degrade cell adhesion molecules and cell-ECM interactions, which are produced by both tumor and immune cells (106, 107). Finally, the ECM is also modulated by the action of CAFs through the secretion of soluble factors such as cytokines (113).

It should be noted that there is an interconnection between the different components of the EMT. TAMs are capable of producing differential responses in TILs depending on their polarization (114, 115). These TAMs could also be influenced by regulatory T cells, promoting a protumoral phenotype via repression of CD8+ secreted INF-γ (116). Also, CAFs have demonstrated marked effects on macrophages, attracting them and polarizing them to protumoral TAMs (117–119). In addition, CAFs, TAMs and TILs are providers of pro-angiogenic factors such as VEGF for the formation of a complex vascular network to meet the metabolic and nutritional needs of tumors (120–122).




The tumor microenviroment as mediator of photodynamic resistance in non-melanoma skin cancer – Therapeutic opportunities

Photodynamic therapy not only targets neoplastic cells and tumor blood vessels, but also activates the immune system to induce inflammation and immune response to tumor cells (123). Although the intrinsic cellular mechanisms of resistance to PDT have been characterized, the emerging importance of the TME and the inflammatory/immune antitumor response is currently under investigation (123, 124). The specific role of CAFs and TAMs as an extrinsic mechanism of PDT resistance is attracting the attention for of researchers and is summarized in Table 1. Furthermore, although PDT has been extensively evaluated, both preclinically and clinically for the treatment of cancer cells, it has not been fully examined the concept of leveraging PDT to attack the tumor stroma in order to counteract therapeutic resistance induced by stromal signalling (149).


Table 1 | Mechanisms of resistance to PDT caused by TME in NMSC and strategies to avoid it.




CAFs and PDT

Studies on the role of fibroblasts in the effectiveness of PDT in neoplastic cells are infrequent, and most of them have been evaluated in pancreatic cancer. Glidden et al. observed greater resistance to PDT when pancreatic ductal adenocarcinoma cells were co-cultured with normal fibroblasts for 7 days in 3D models (150), while Celli et al. did not observe effects from normal fibroblasts in the effectiveness of PDT in pancreatic cancer cells (149). Also, Chen et al. did not appreciate significant differences using conditioned culture medium of CAFs in 2D and 3D cultures (151). The role of CAF-derived TGFβ-1 as an extrinsic factor has been identified in different cancers, including cutaneous squamous cell carcinoma (cSCC) and basal cell carcinoma (BCC), the two main types of NMSC, in which it can induce resistance to different therapies (47, 132–134). Recently, our group investigated the role of TGFβ-1 in the resistance process to PDT in NMSC cells, showed that the TGFβ-1 secreted by CAFs of SCC is capable of conferring resistance to PDT with methyl aminolevulinate (MAL) through the induction of a quiescence state, postulating TGFβ-1 as a target for PDT optimization (47) (Figure 3A).




Figure 3 | Strategies for outcome PDT resistance generated by CAFs. (A) To inhibit TGFβ secretion; (B) To revert the CAFs phenotype by PDT; (C) To boost PDT at dermal level by UVA light; (D) To activate NLRP3 inflammasomes by PDT to induce an inflammation response by IL1β; (E) To direct PDT to CAFs using their components as targets, such as FAPs. FAP, fibroblast activation protein; IL1β, Interleukin 1β; NLRP3, NLR family pyrin domain containing 3; TGFβ, tumor growth factor beta.



Furthermore, although the selectivity of PDT for tumor cells has been widely reported, the effect of ALA-PDT on CAFs is not well understood. However, it has been shown that alterations in the TME, such as the emergence of CAFs, are necessary for tumor progression to invasive and metastatic SCC, stages resistant to PDT (135). Li et al. indicated the effect of PDT with 5-aminolevulinic (ALA) on SCC-CAFs, showing a revers of the activation of CAFs (a reduction in α-SMA, FAP expression and migratory capacity of these cell types) (138) (Figure 3B). An interesting field of study is the effect of CAFs on genodermatoses that predispose to skin cancer such as Gorlin-Golz syndrome (GS) and Xeroderma pigmentosum (XP). Zamarron et al. investigated the overexpression of α-SMA and vinculin in fibroblast from GS and XP patients, observing an increase in the expression of both markers as compared to healthy fibroblasts and thus considering that primary fibroblasts obtained from these patients could be potential CAFs (152). PDT is an interesting treatment option in these two genodermatoses that achieves high clearance rates and excellent cosmetic outcomes probably due to the susceptibility of GS and XP fibroblasts to PDT (153). The fact that these fibroblasts behave as CAFs is likely contributing to malignancy in this genodermatoses. On the other hand, since they are highly susceptible to MAL-PDT, it suggests that this approach could not only be relevant to treat the epithelial component of tumors or premalignant lesions but also the activated stromal cells. One mechanism that Zamarron et al. have proposed to improve the efficacy of PDT is a priming response elicited by UVA light (the one with the capacity to reach the dermis) that may enhance the effect of MAL-PDT (152) (Figure 3C).

On the other hand, there are several investigations showing that CAFs are mediators of inflammation in squamous cell carcinogenesis through the IL1β secretion. This cytokine has a dual role of tumor promotion and suppression. In this sense, Nie et al. preliminarily demonstrated that the NLRP3 inflammasome mediating IL1β production in CAFs contributes to the PDT effect with ALA on SCC (136) (Figure 3D). Thus, modulating the inflammatory response and knowing well the expression of cytokines produced by CAFs could be a mechanism to avoid tumor resistance to PDT.

Besides the different mechanisms previously described to combat extrinsic resistance to PDT induced by the tumor stroma, other possible strategies have been investigated. Among the different mechanisms proposed, highlights the use of nanomedicine. Li et al. found that a single chain viable fragment (scFv, sequence specific to FAP) and the PS ZnF16Pc-loaded ferritin nanoparticles (scFv-Z@FRT) can mediate efficient and selective PDT, leading to eradication of CAFs in tumors (140) (Figure 3E). This strategy has proven to be a new and safe CAF-targeted therapy and a novel way to modulate TME in order to enhance immunity against cancer. This is due to CAFs regulate C-X-C motif chemokine ligand 12 (CXCL12) secretion and ECM deposition, preventing physical contact between T cells and cancer cells (137, 141).. Finally, another strategy to combat resistance to PDT is the use of drugs that have a synergistic and adjuvant effect, such as the combination of PDT and the multi-kinase inhibitor cabozantinib for extensive desmoplasia in pancreatic ductal adenocarcinoma, which frequently associates with treatment resistance. Blocking EMT phosphorylation with adjuvant cabozantinib caused a significant improvement in PDT efficacy with benzoporphyrin derivative, most notably by elevating spheroid necrosis at low radiant exposures (154). Even drugs with other therapeutic purposes such as metformin with promising effects in SCC cells resistant to MAL PDT, could increase the response to this treatment (139). Since metformin inhibits TGFβ-1-mediated EMT in breast cancer (155) and in carcinoma cells of the cervix through the inhibition of mTOR/p70s6k signalling (156). In non-small cell lung cancer, a recent study has shown that metformin exerts antitumor effects such as inhibition of proliferation and invasion as well as control of EMT through inhibition of NF-κB (Nuclear factor kappa-light-chain-enhancer of activated B cells) (157). Finally, CAFs have been reported to play a role in inhibiting apoptosis, among other factors (158). However, to date, there are no data on the part of these proteins and PDT resistance.



TAMs and PDT

Tumor associated macrophages also play complex but principal roles in the outcomes of PDT in malignant lesions Haga clic aquí para escribir texto.. The infiltration of M2 type TAMs to the neoplasm is associated with an increased risk of metastasis and tumor progression, due to the induction of angiogenesis and cell proliferation (159). The plasticity of TAMs can be used from a therapeutic point of view to generate more antitumor macrophages and destroy the neoplasm (70). TAMs have been shown to have a great capacity for the uptake of systemically administered PSs. Chan et al. used flow cytometry analysis and cell sorting to determine the content of a photosensitizer in the cellular fraction of a mouse colorectal carcinoma. Upon separating tumor-derived populations of high and low PS content, they identified macrophages among the cells with a high content (144). Korbelik et al. even showed that the amount of PS was greater in macrophages than in cells from the tumoral parenchyma (145). Macrophages M2 are selectively destroyed with PDT, and during the ensuing inflammatory reaction they are replaced with newly invading macrophages of M1 phenotype. Macrophages M1 have a principal role in the effect of PDT since they mediate in the removal of killed cancer cells and in the processing/presenting tumor antigens to T lymphocytes (160). The behavior of macrophages treated with PDT has been the subject of various studies. Macrophages treated with low doses of PDT seem to be activated and have greater activity, while those treated with higher doses lose their functionality (142). In addition, the macrophages treated with PDT generate a high amount of TNF-α, which entails the cytotoxic effect associated to this cytokine (146). Other mediators that are generated during PDT in the presence of TAMs and neoplastic cells are complement proteins (C3, C5 and C9), pentraxin, sphingolipids or toll-like receptors (TLR2, TLR4 and C3aR). All these molecules opsonize damaged tumor cells and facilitate phagocytosis by M1 TAMs (143).

The use of nanoparticles has become a strategy for the treatment of neoplasms. The development nanoparticles-based PDT against TAMs opens up new and more selective therapeutic pathways that can avoid resistance (161). TAMs express several receptors, including scavenger receptor A (SR-A), which can bind a variety of polyanionic ligands. Therefore, the conjugation of a PS with a polyanionic compound can act more selectively on them (162) (Figure 4A). Furthermore, alginate is a natural anionic polymer that has been combined with a PS known as phthalocyanine (1-[4-(2-aminoethyl) phenoxy]zinc(II) phthalocyanine) in a 0.1% gel presentation. The result is a low-cost photosensitizing molecule that is effective in vivo and in vitro against tumors of murine lines. Side effects were minimal and local, and the effectiveness over TAMs was high (147).




Figure 4 | Strategies to eliminate TAM-2 by PDT. PS conjugation with TAMs receptors, such as (A) SR-A or (B) Manose receptors; (C) inhibition of HIF-1α, which promotes TAM-2. CD206, mannose receptor; HIF-1α, hypoxia factor 1; SR-A, scavenger receptor A; TAM-2, tumor associated macrophages 2.



Tumor associated macrophages overexpress CD206, a mannose receptor that is crucial for the role of macrophages in engulf, invasion and degradation of organism by endocytosis and phagocytosis (163). The use of mannose-conjugated chlorin (m-chlorin, photosensitizing substance) to target mannose receptors in TAMs has also been studied (Figure 4B). This PDT approach is a targeted therapy of TME TAMs to avoid their resistance, which induced a greater cell death in TAMs M2 (with mannose receptor) than TAMS M1 in cancer cells from the digestive tract (148). Finally, another strategy used to reduce TAMs-induced resistance is the use of curcumin as PS. Curcumin is a natural bioactive compound isolated from the rhizomes of Curcuma longa L., that exhibits great anti-tumor activity through the reduction of the levels of hypoxia factor 1 (HIF-1α) generated during PDT. HIF-1α promotes the M2 phenotype of macrophages and tumor survival, thus limiting the effectiveness of PDT (128) (Figure 4C). In the TME, uncontrolled cell proliferation avoid the ability to satisfy the oxygen demand from the preexisting blood vessels. Hypoxia has been found to directly regulate the expression of not only macrophages but also of other immune cells such as MDSCs (123, 127). In PDT, molecular oxygen is necessary, as a microenvironment of hypoxia could lead to treatment failure and drug resistance (126). Therefore, multiple nanomedicine-based strategies are being developed to circumvent hypoxia, such as hemoglobin oxygen carriers and cellular respiration inhibitions (129–131).




Conclusion

Cancer not only has a malignant epithelial component but also a stromal with various components, such as fibroblasts, endothelial and inflammatory cells, which form an appropriate TME to promote tumorigenesis, progression, and metastasis. TME components have been found to influence the processes of resistance to various treatments, and photodynamic therapy is not spared. Several studies have linked resistance to this treatment to the presence of cancer and/or macrophages-associated fibroblasts, the two major components of the tumor microenvironment. To date, the importance of TGFβ-1 in the resistance process to PDT in NMSC cells has been demonstrated, as CAFs induce tumor progression and tumor promotion by IL1β after PDT, avoiding physical contact between T cells and cancer cells by CXCL12 after PDT, or showing how high dose of PDT suppress macrophages activity.

Although different mechanisms to prevent resistance to PDT have already been studied (Table 1), more strategies are needed to target this component to inhibit the tumor growth and prevent resistance to PDT in NMSC. In this sense, strategies based on nanomedicine to enhance PDT, as well as new photosensitizers or nano-sized photosensitizer, and the use of combined treatments could contribute to the development of future perspectives. Furthermore, the mechanism by which photodynamic therapy may produce an inflammatory response that favors tumor remission and thus future recurrences should be extensively studied.



Author contributions

SG, YG, and AJ conceived the idea. PC, MM, MG-R, MA-B, JN-M, JS, and TG-C contributed to the preparation of manuscript and critically modified. MM and TG-C contributed in the preparation of figures. All authors contributed to the article and approved the submitted version.



Funding

The work was supported by Spanish grants from Instituto de Salud Carlos III MINECO and Feder Funds (PI18/00858; PI18/00708; PI21/00953 and PI21/00315).



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



References

1. Apalla, Z, Lallas, A, Sotiriou, E, Lazaridou, E, and Ioannides, D. Epidemiological trends in skin cancer. Dermatol Pract Concept (2017) 7:1–6. doi: 10.5826/dpc.0702a01

2. Ferlay, J, Colombet, M, Soerjomataram, I, Mathers, C, Parkin, DM, Piñeros, M, et al. Estimating the global cancer incidence and mortality in 2018: GLOBOCAN sources and methods. Int J Cancer (2019) 144:1941–53. doi: 10.1002/ijc.31937

3. Ríos, L, Nagore, E, López, JL, Redondo, P, Martí, RM, Fernández-de-Misa, R, et al. Melanoma characteristics at diagnosis from the Spanish national cutaneous melanoma registry: 15 years of experience. Actas Dermosifiliogr (2013) 104:789–99. doi: 10.1016/j.ad.2013.02.003

4. Juarranz, Á, Jaén, P, Sanz-Rodríguez, F, Cuevas, J, and González, S. Photodynamic therapy of cancer. basic principles and applications. Clin Transl Oncol (2008) 10:148–54. doi: 10.1007/s12094-008-0172-2

5. Shelton, ME, and Adamson, AS. Review and update on evidence-based surgical treatment recommendations for nonmelanoma skin cancer. Dermatol Clin (2019) 37:425–33. doi: 10.1016/j.det.2019.05.002

6. Solban, N, Ortel, B, Pogue, B, and Hasan, T. Optical imaging and photodynamic therapy. Ernst Schering Res Found Workshop (2005) 49:229–58.  doi: 10.1007/3-540-26809-x_12

7. Wei, R, Liu, S, Zhang, S, Min, L, and Zhu, S. Cellular and extracellular components in tumor microenvironment and their application in early diagnosis of cancers. Anal Cell Pathol (2020) 2020:1–13. doi: 10.1155/2020/6283796

8. Farc, O, and Cristea, V. An overview of the tumor microenvironment, from cells to complex networks (Review). Exp Ther Med (2020) 21:96. doi: 10.3892/etm.2020.9528

9. Baghban, R, Roshangar, L, Jahanban-Esfahlan, R, Seidi, K, Ebrahimi-Kalan, A, Jaymand, M, et al. Tumor microenvironment complexity and therapeutic implications at a glance. Cell Commun Signal (2020) 18:59. doi: 10.1186/s12964-020-0530-4

10. Wu, T, and Dai, Y. Tumor microenvironment and therapeutic response. Cancer Lett (2017) 387:61–8. doi: 10.1016/j.canlet.2016.01.043

11. Thulabandu, V, Chen, D, and Atit, RP. Dermal fibroblast in cutaneous development and healing. WIREs Developm Biol (2018) 7:1–6. doi: 10.1002/wdev.307

12. Driskell, RR, and Watt, FM. Understanding fibroblast heterogeneity in the skin. Trends Cell Biol (2015) 25:92–9. doi: 10.1016/j.tcb.2014.10.001

13. Addis, R, Cruciani, S, Santaniello, S, Bellu, E, Sarais, G, Ventura, C, et al. Fibroblast proliferation and migration in wound healing by phytochemicals: Evidence for a novel synergic outcome. Int J Med Sci (2020) 17:1030–42. doi: 10.7150/ijms.43986

14. Phan, SH. Biology of fibroblasts and myofibroblasts. Proc Am Thorac Soc (2008) 5:334–7. doi: 10.1513/pats.200708-146DR

15. Ringuette Goulet, C, Bernard, G, Tremblay, S, Chabaud, S, Bolduc, S, and Pouliot, F. Exosomes induce fibroblast differentiation into cancer-associated fibroblasts through TGFβ signaling. Mol Cancer Res (2018) 16:1196–204. doi: 10.1158/1541-7786.MCR-17-0784

16. Su, S, Chen, J, Yao, H, Liu, J, Yu, S, Lao, L, et al. CD10+GPR77+ cancer-associated fibroblasts promote cancer formation and chemoresistance by sustaining cancer stemness. Cell (2018) 172:841–56. doi: 10.1016/j.cell.2018.01.009

17. Yang, X, Lin, Y, Shi, Y, Li, B, Liu, W, Yin, W, et al. FAP promotes immunosuppression by cancer-associated fibroblasts in the tumor microenvironment via STAT3–CCL2 signaling. Cancer Res (2016) 76:4124–35. doi: 10.1158/0008-5472.CAN-15-2973

18. Smithmyer, ME, Spohn, JB, and Kloxin, AM. Probing fibroblast activation in response to extracellular cues with whole protein- or peptide-functionalized step-growth hydrogels. ACS Biomat Sci Eng (2018) 4:3304–16. doi: 10.1021/acsbiomaterials.8b00491

19. Itoh, S. The transcriptional co-activator P/CAF potentiates TGF-beta/Smad signaling. Nucleic Acids Res (2000) 28:4291–8. doi: 10.1093/nar/28.21.4291

20. Grauel, AL, Nguyen, B, Ruddy, D, Laszewski, T, Schwartz, S, Chang, J, et al. TGFβ-blockade uncovers stromal plasticity in tumors by revealing the existence of a subset of interferon-licensed fibroblasts. Nat Commun (2020) 11:6315. doi: 10.1038/s41467-020-19920-5

21. Biffi, G, Oni, TE, Spielman, B, Hao, Y, Elyada, E, Park, Y, et al. IL1-induced JAK/STAT signaling is antagonized by TGFβ to shape CAF heterogeneity in pancreatic ductal adenocarcinoma. Cancer Discov (2019) 9:282–301. doi: 10.1158/2159-8290.CD-18-0710

22. Wei, L, Ye, H, Li, G, Lu, Y, Zhou, Q, Zheng, S, et al. Cancer-associated fibroblasts promote progression and gemcitabine resistance via the SDF-1/SATB-1 pathway in pancreatic cancer. Cell Death Dis (2018) 9:1065. doi: 10.1038/s41419-018-1104-x

23. Gao, Y, Li, X, Zeng, C, Liu, C, Hao, Q, Li, W, et al. CD63 + cancer-associated fibroblasts confer tamoxifen resistance to breast cancer cells through exosomal miR-22. Adv Sci (2020) 7:2002518. doi: 10.1002/advs.202002518

24. Ren, J, Ding, L, Zhang, D, Shi, G, Xu, Q, Shen, S, et al. Carcinoma-associated fibroblasts promote the stemness and chemoresistance of colorectal cancer by transferring exosomal lncRNA H19. Theranostics (2018) 8:3932–48. doi: 10.7150/thno.25541

25. Wang, L, Li, X, Ren, Y, Geng, H, Zhang, Q, Cao, L, et al. Cancer-associated fibroblasts contribute to cisplatin resistance by modulating ANXA 3 in lung cancer cells. Cancer Sci (2019) 110:1609–20. doi: 10.1111/cas.13998

26. Shangguan, L, Ti, X, Krause, U, Hai, B, Zhao, Y, Yang, Z, et al. Inhibition of TGF-β/Smad signaling by BAMBI blocks differentiation of human mesenchymal stem cells to carcinoma-associated fibroblasts and abolishes their protumor effects. Stem Cells (2012) 30:2810–9. doi: 10.1002/stem.1251

27. Melling, GE, Flannery, SE, Abidin, SA, Clemmens, H, Prajapati, P, Hinsley, EE, et al. A miRNA-145/TGF-β1 negative feedback loop regulates the cancer-associated fibroblast phenotype. Carcinogenesis (2018) 39:798–807. doi: 10.1093/carcin/bgy032

28. Kojima, Y, Acar, A, Eaton, EN, Mellody, KT, Scheel, C, Ben-Porath, I, et al. Autocrine TGF- and stromal cell-derived factor-1 (SDF-1) signaling drives the evolution of tumor-promoting mammary stromal myofibroblasts. Proc Nat Acad Sci (2010) 107:20009–14. doi: 10.1073/pnas.1013805107

29. Ishimoto, T, Miyake, K, Nandi, T, Yashiro, M, Onishi, N, Huang, KK, et al. Activation of transforming growth factor beta 1 signaling in gastric cancer-associated fibroblasts increases their motility, via expression of rhomboid 5 homolog 2, and ability to induce invasiveness of gastric cancer cells. Gastroenterology (2017) 153:191–204.e16. doi: 10.1053/j.gastro.2017.03.046

30. Bordignon, P, Bottoni, G, Xu, X, Popescu, AS, Truan, Z, Guenova, E, et al. Dualism of FGF and TGF-β signaling in heterogeneous cancer-associated fibroblast activation with ETV1 as a critical determinant. Cell Rep (2019) 28:2358–2372.e6. doi: 10.1016/j.celrep.2019.07.092

31. Stylianou, A, Gkretsi, V, and Stylianopoulos, T. Transforming growth factor-β modulates pancreatic cancer associated fibroblasts cell shape, stiffness and invasion. Biochim Biophys Acta Gen Subj (2018) 1862:1537–46. doi: 10.1016/j.bbagen.2018.02.009

32. Franco, OE, Jiang, M, Strand, DW, Peacock, J, Fernandez, S, Jackson, RS, et al. Altered TGF-β signaling in a subpopulation of human stromal cells promotes prostatic carcinogenesis. Cancer Res (2011) 71:1272–81. doi: 10.1158/0008-5472.CAN-10-3142

33. Tang, X, Tu, G, Yang, G, Wang, X, Kang, L, Yang, L, et al. Autocrine TGF-β1/miR-200s/miR-221/DNMT3B regulatory loop maintains CAF status to fuel breast cancer cell proliferation. Cancer Lett (2019) 452:79–89. doi: 10.1016/j.canlet.2019.02.044

34. Ghahremanifard, P, Chanda, A, Bonni, S, and Bose, P. TGF-β mediated immune evasion in cancer–spotlight on cancer-associated fibroblasts. Cancers (Basel) (2020) 12:3650. doi: 10.3390/cancers12123650

35. Du, X, Xu, Q, Pan, D, Xu, D, Niu, B, Hong, W, et al. HIC-5 in cancer-associated fibroblasts contributes to esophageal squamous cell carcinoma progression. Cell Death Dis (2019) 10:873. doi: 10.1038/s41419-019-2114-z

36. Xiao, L, Zhu, H, Shu, J, Gong, D, Zheng, D, and Gao, J. Overexpression of TGF-β1 and SDF-1 in cervical cancer-associated fibroblasts promotes cell growth, invasion and migration. Arch Gynecol Bstet (2022) 305:179–92. doi: 10.1007/s00404-021-06137-0

37. Miyazaki, K, Togo, S, Okamoto, R, Idiris, A, Kumagai, H, and Miyagi, Y. Collective cancer cell invasion in contact with fibroblasts through integrin-α5β1/fibronectin interaction in collagen matrix. Cancer Sci (2020) 111:4381–92. doi: 10.1111/cas.14664

38. Yeung, T-L, Leung, CS, Wong, K-K, Samimi, G, Thompson, MS, Liu, J, et al. TGF-β modulates ovarian cancer invasion by upregulating CAF-derived versican in the tumor microenvironment. Cancer Res (2013) 73:5016–28. doi: 10.1158/0008-5472.CAN-13-0023

39. Tan, H-X, Gong, W-Z, Zhou, K, Xiao, Z-G, Hou, F-T, Huang, T, et al. CXCR4/TGF-β1 mediated hepatic stellate cells differentiation into carcinoma-associated fibroblasts and promoted liver metastasis of colon cancer. Cancer Biol Ther (2020) 21:258–68. doi: 10.1080/15384047.2019.1685157

40. Liu, J, Chen, S, Wang, W, Ning, B-F, Chen, F, Shen, W, et al. Cancer-associated fibroblasts promote hepatocellular carcinoma metastasis through chemokine-activated hedgehog and TGF-β pathways. Cancer Lett (2016) 379:49–59. doi: 10.1016/j.canlet.2016.05.022

41. Haga, K, Yamazaki, M, Maruyama, S, Kawaharada, M, Suzuki, A, Hoshikawa, E, et al. Crosstalk between oral squamous cell carcinoma cells and cancer-associated fibroblasts via the TGF-β/SOX9 axis in cancer progression. Transl Oncol (2021) 14:101236. doi: 10.1016/j.tranon.2021.101236

42. Mezawa, Y, Daigo, Y, Takano, A, Miyagi, Y, Yokose, T, Yamashita, T, et al. CD26 expression is attenuated by TGF-β and SDF-1 autocrine signaling on stromal myofibroblasts in human breast cancers. Cancer Med (2019) 8:3936–48. doi: 10.1002/cam4.2249

43. Lu, J-T, Tan, C-C, Wu, X-R, He, R, Zhang, X, Wang, Q-S, et al. FOXF2 deficiency accelerates the visceral metastasis of basal-like breast cancer by unrestrictedly increasing TGF-β and miR-182-5p. Cell Death Different (2020) 27:2973–87. doi: 10.1038/s41418-020-0555-7

44. Casey, TM, Eneman, J, Crocker, A, White, J, Tessitore, J, Stanley, M, et al. Cancer associated fibroblasts stimulated by transforming growth factor beta1 (TGF-β1) increase invasion rate of tumor cells: a population study. Breast Cancer Res Treat (2008) 110:39–49. doi: 10.1007/s10549-007-9684-7

45. Yu, Y, Xiao, C-H, Tan, L-D, Wang, Q-S, Li, X-Q, and Feng, Y-M. Cancer-associated fibroblasts induce epithelial–mesenchymal transition of breast cancer cells through paracrine TGF-β signalling. Br J Cancer (2014) 110:724–32. doi: 10.1038/bjc.2013.768

46. Yang, J, Lu, Y, Lin, Y-Y, Zheng, Z-Y, Fang, J-H, He, S, et al. Vascular mimicry formation is promoted by paracrine TGF-β and SDF1 of cancer-associated fibroblasts and inhibited by miR-101 in hepatocellular carcinoma. Cancer Lett (2016) 383:18–27. doi: 10.1016/j.canlet.2016.09.012

47. Gallego-Rentero, M, Gutiérrez-Pérez, M, Fernández-Guarino, M, Mascaraque, M, Portillo-Esnaola, M, Gilaberte, Y, et al. TGFβ1 secreted by cancer-associated fibroblasts as an inductor of resistance to photodynamic therapy in squamous cell carcinoma cells. Cancers (Basel) (2021) 13:5613. doi: 10.3390/cancers13225613

48. Steins, A, Ebbing, EA, Creemers, A, Zalm, AP, Jibodh, RA, Waasdorp, C, et al. Chemoradiation induces epithelial-to-mesenchymal transition in esophageal adenocarcinoma. Int J Cancer (2019) 145:2792–803. doi: 10.1002/ijc.32364

49. Shan, G, Gu, J, Zhou, D, Li, L, Cheng, W, Wang, Y, et al. Cancer-associated fibroblast-secreted exosomal miR-423-5p promotes chemotherapy resistance in prostate cancer by targeting GREM2 through the TGF-β signaling pathway. Exp Mol Med (2020) 52:1809–22. doi: 10.1038/s12276-020-0431-z

50. Yegodayev, KM, Novoplansky, O, Golden, A, Prasad, M, Levin, L, Jagadeeshan, S, et al. TGF-Beta-Activated cancer-associated fibroblasts limit cetuximab efficacy in preclinical models of head and neck cancer. Cancers (Basel) (2020) 12:339. doi: 10.3390/cancers12020339

51. Katsuno, Y, Meyer, DS, Zhang, Z, Shokat, KM, Akhurst, RJ, Miyazono, K, et al. Chronic TGF-β exposure drives stabilized EMT, tumor stemness, and cancer drug resistance with vulnerability to bitopic mTOR inhibition. Sci Signal (2019) 12:aau8544. doi: 10.1126/scisignal.aau8544

52. Xu, X, Zhang, L, He, X, Zhang, P, Sun, C, Xu, X, et al. TGF-β plays a vital role in triple-negative breast cancer (TNBC) drug-resistance through regulating stemness, EMT and apoptosis. Biochem Biophys Res Commun (2018) 502:160–5. doi: 10.1016/j.bbrc.2018.05.139

53. Brown, JA, Yonekubo, Y, Hanson, N, Sastre-Perona, A, Basin, A, Rytlewski, JA, et al. TGF-β-Induced quiescence mediates chemoresistance of tumor-propagating cells in squamous cell carcinoma. Cell Stem Cell (2017) 21:650–64. doi: 10.1016/j.stem.2017.10.001

54. Li, Q, Zhang, D, Wang, Y, Sun, P, Hou, X, Larner, J, et al. MiR-21/Smad 7 signaling determines TGF-β1-induced CAF formation. Sci Rep (2013) 3:2038. doi: 10.1038/srep02038

55. Meng, W, Xia, Q, Wu, L, Chen, S, He, X, Zhang, L, et al. Downregulation of TGF-beta receptor types II and III in oral squamous cell carcinoma and oral carcinoma-associated fibroblasts. BMC Cancer (2011) 11:88. doi: 10.1186/1471-2407-11-88

56. Busch, S, Acar, A, Magnusson, Y, Gregersson, P, Rydén, L, and Landberg, G. TGF-beta receptor type-2 expression in cancer-associated fibroblasts regulates breast cancer cell growth and survival and is a prognostic marker in pre-menopausal breast cancer. Oncogene (2015) 34:27–38. doi: 10.1038/onc.2013.527

57. Zhao, J, Li, G, Wei, J, Dang, S, Yu, X, Ding, L, et al. Ellagic acid induces cell cycle arrest and apoptosis via the TGF β1/Smad3 signaling pathway in human colon cancer HCT 116 cells. Oncol Rep (2020) 44:768–76. doi: 10.3892/or.2020.7617

58. Yang, H-L, Thiyagarajan, V, Shen, P-C, Mathew, DC, Lin, K-Y, Liao, J-W, et al. Anti-EMT properties of CoQ0 attributed to PI3K/AKT/NFKB/MMP-9 signaling pathway through ROS-mediated apoptosis. J Exp Clin Cancer Res (2019) 38:186. doi: 10.1186/s13046-019-1196-x

59. Patel, S, Tang, J, Overstreet, JM, Anorga, S, Lian, F, Arnouk, A, et al. Rac-GTPase promotes fibrotic TGF-β1 signaling and chronic kidney disease via EGFR, p53, and Hippo/YAP/TAZ pathways. FASEB J (2019) 33:9797–810. doi: 10.1096/fj.201802489RR

60. Nataraj, SE, and Blain, SW. A cyclin d-CDK6 dimer helps to reshuffle cyclin-dependent kinase inhibitors (CKI) to overcome TGF-beta-mediated arrest and maintain CDK2 activity. Cell Cycle (2021) 20:808–18. doi: 10.1080/15384101.2021.1909261

61. Kim, S-C, Kang, J-I, Hyun, J-W, Kang, J-H, Koh, Y-S, Kim, Y-H, et al. Methylhonokiol protects HaCaT cells from TGF-β1-Induced cell cycle arrest by regulating canonical and non-canonical pathways of TGF-β signaling. Biomol Therap (2017) 25:417–26. doi: 10.4062/biomolther.2016.003

62. Melzer, C, von der Ohe, J, Hass, R, and Ungefroren, H. TGF-β-Dependent growth arrest and cell migration in benign and malignant breast epithelial cells are antagonistically controlled by Rac1 and Rac1b. Int J Mol Sci (2017) 18:1574. doi: 10.3390/ijms18071574

63. Chatterjee, A, Mukhopadhyay, S, Tung, K, Patel, D, and Foster, DA. Rapamycin-induced G1 cell cycle arrest employs both TGF-β and Rb pathways. Cancer Lett (2015) 360:134–40. doi: 10.1016/j.canlet.2015.01.043

64. Ren, Y, Geng, R, Lu, Q, Tan, X, Rao, R, Zhou, H, et al. Involvement of TGF-β and ROS in G1 cell cycle arrest induced by titanium dioxide nanoparticles under UVA irradiation in a 3D spheroid model. Int J Nanom (2020) 15:1997–2010. doi: 10.2147/IJN.S238145

65. Kim, S, Seo, Y, Chowdhury, T, Yu, HJ, Lee, CE, Kim, K-M, et al. Inhibition of MUC1 exerts cell-cycle arrest and telomerase suppression in glioblastoma cells. Sci Rep (2020) 10:18238. doi: 10.1038/s41598-020-75457-z

66. Huang, T, Song, X, Xu, D, Tiek, D, Goenka, A, Wu, B, et al. Stem cell programs in cancer initiation, progression, and therapy resistance. Theranostics (2020) 10:8721–43. doi: 10.7150/thno.41648

67. Bui, AT, Laurent, F, Havard, M, Dautry, F, and Tchénio, T. SMAD signaling and redox imbalance cooperate to induce prostate cancer cell dormancy. Cell Cycle (2015) 14:1218–31. doi: 10.1080/15384101.2015.1014145

68. de Streel, G, Bertrand, C, Chalon, N, Liénart, S, Bricard, O, Lecomte, S, et al. Selective inhibition of TGF-β1 produced by GARP-expressing tregs overcomes resistance to PD-1/PD-L1 blockade in cancer. Nat Commun (2020) 11:4545. doi: 10.1038/s41467-020-17811-3

69. Mehla, K, and Singh, PK. Metabolic regulation of macrophage polarization in cancer. Trends Cancer (2019) 5:822–34. doi: 10.1016/j.trecan.2019.10.007

70. Anfray,, Ummarino,, Andón,, and Allavena,. Current strategies to target tumor-Associated-Macrophages to improve anti-tumor immune responses. Cells (2019) 9:46. doi: 10.3390/cells9010046

71. Zhang, X, Zeng, Y, Qu, Q, Zhu, J, Liu, Z, Ning, W, et al. PD-L1 induced by IFN-γ from tumor-associated macrophages via the JAK/STAT3 and PI3K/AKT signaling pathways promoted progression of lung cancer. Int J Clin Oncol (2017) 22:1026–33. doi: 10.1007/s10147-017-1161-7

72. Huang, R, Wang, S, Wang, N, Zheng, Y, Zhou, J, Yang, B, et al. CCL5 derived from tumor-associated macrophages promotes prostate cancer stem cells and metastasis via activating β-catenin/STAT3 signaling. Cell Death Dis (2020) 11:234. doi: 10.1038/s41419-020-2435-y

73. Bao, X, Shi, R, Zhao, T, Wang, Y, Anastasov, N, Rosemann, M, et al. Integrated analysis of single-cell RNA-seq and bulk RNA-seq unravels tumour heterogeneity plus M2-like tumour-associated macrophage infiltration and aggressiveness in TNBC. Cancer Immunol Immunoth (2021) 70:189–202. doi: 10.1007/s00262-020-02669-7

74. Agarbati, S, Mascitti, M, Paolucci, E, Togni, L, Santarelli, A, Rubini, C, et al. Prognostic relevance of macrophage phenotypes in high-grade oral tongue squamous cell carcinomas. App Immunohistochem Mol Morphol (2021) 29:359–65. doi: 10.1097/PAI.0000000000000867

75. Dumars, C, Ngyuen, J-M, Gaultier, A, Lanel, R, Corradini, N, Gouin, F, et al. Dysregulation of macrophage polarization is associated with the metastatic process in osteosarcoma. Oncotarget (2016) 7:78343–54. doi: 10.18632/oncotarget.13055

76. Perrotta, C, Cervia, D, di Renzo, I, Moscheni, C, Bassi, MT, Campana, L, et al. Nitric oxide generated by tumor-associated macrophages is responsible for cancer resistance to cisplatin and correlated with syntaxin 4 and acid sphingomyelinase inhibition. Front Immunol (2018) 9:1186. doi: 10.3389/fimmu.2018.01186

77. Yin, Y, Yao, S, Hu, Y, Feng, Y, Li, M, Bian, Z, et al. The immune-microenvironment confers chemoresistance of colorectal cancer through macrophage-derived IL6. Clin Cancer Res (2017) 23:7375–87. doi: 10.1158/1078-0432.CCR-17-1283

78. JiaWei, Z, ChunXia, D, CunDong, L, Yang, L, JianKun, Y, HaiFeng, D, et al. M2 subtype tumor associated macrophages (M2-TAMs) infiltration predicts poor response rate of immune checkpoint inhibitors treatment for prostate cancer. Ann Med (2021) 53:730–40. doi: 10.1080/07853890.2021.1924396

79. Hartley, GP, Chow, L, Ammons, DT, Wheat, WH, and Dow, SW. Programmed cell death ligand 1 (PD-L1) signaling regulates macrophage proliferation and activation. Cancer Immunol Res (2018) 6:1260–73. doi: 10.1158/2326-6066.CIR-17-0537

80. Xiao, H, Guo, Y, Li, B, Li, X, Wang, Y, Han, S, et al. M2-like tumor-associated macrophage-targeted codelivery of STAT6 inhibitor and IKKβ siRNA induces M2-to-M1 repolarization for cancer immunotherapy with low immune side effects. ACS Cent Sci (2020) 6:1208–22. doi: 10.1021/acscentsci.9b01235

81. Binnemars-Postma, K, Bansal, R, Storm, G, and Prakash, J. Targeting the Stat6 pathway in tumor-associated macrophages reduces tumor growth and metastatic niche formation in breast cancer. FASEB J (2018) 32:969–78. doi: 10.1096/fj.201700629R

82. Chen, B, Gao, A, Tu, B, Wang, Y, Yu, X, Wang, Y, et al. Metabolic modulation via mTOR pathway and anti-angiogenesis remodels tumor microenvironment using PD-L1-targeting codelivery. Biomaterials (2020) 255:120187. doi: 10.1016/j.biomaterials.2020.120187

83. Wei, Z, Zhang, X, Yong, T, Bie, N, Zhan, G, Li, X, et al. Boosting anti-PD-1 therapy with metformin-loaded macrophage-derived microparticles. Nat Commun (2021) 12:440. doi: 10.1038/s41467-020-20723-x

84. Chen, D, Xie, J, Fiskesund, R, Dong, W, Liang, X, Lv, J, et al. Chloroquine modulates antitumor immune response by resetting tumor-associated macrophages toward M1 phenotype. Nat Commun (2018) 9:873. doi: 10.1038/s41467-018-03225-9

85. Li, Y, Cao, F, Li, M, Li, P, Yu, Y, Xiang, L, et al. Hydroxychloroquine induced lung cancer suppression by enhancing chemo-sensitization and promoting the transition of M2-TAMs to M1-like macrophages. J Exp Clin Cancer Res (2018) 37:259. doi: 10.1186/s13046-018-0938-5

86. Abbas, AK, Lichtman, AH, and Pillai, S. Cellular and molecular immunology e-book. Elsevier (2014) 1:1–50.

87. Woolaver, RA, Wang, X, Krinsky, AL, Waschke, BC, Chen, SMY, Popolizio, V, et al. Differences in TCR repertoire and T cell activation underlie the divergent outcomes of antitumor immune responses in tumor-eradicating versus tumor-progressing hosts. J Immunother Cancer (2021) 9:e001615. doi: 10.1136/jitc-2020-001615

88. Gurin, D, Slavik, M, Hermanova, M, Selingerova, I, Kazda, T, Hendrych, M, et al. The tumor immune microenvironment and its implications for clinical outcome in patients with oropharyngeal squamous cell carcinoma. J Oral Pathol Med (2020) 49:886–96. doi: 10.1111/jop.13055

89. Qiao, B, Huang, J, Mei, Z, Lam, AK, Zhao, J, and Ying, L. Analysis of immune microenvironment by multiplex immunohistochemistry staining in different oral diseases and oral squamous cell carcinoma. Front Oncol (2020) 10:555757. doi: 10.3389/fonc.2020.555757

90. Zhang, S, Bai, W, Tong, X, Bu, P, Xu, J, and Xi, Y. Correlation between tumor microenvironment associated factors and the efficacy and prognosis of neoadjuvant therapy for rectal cancer. Oncol Lett (2018) 17:10621070. doi: 10.3892/ol.2018.9682

91. Li, W, Xu, M, Li, Y, Huang, Z, Zhou, J, Zhao, Q, et al. Comprehensive analysis of the association between tumor glycolysis and immune/inflammation function in breast cancer. J Transl Med (2020) 18:92. doi: 10.1186/s12967-020-02267-2

92. Hladíková, K, Koucký, V, Bouček, J, Laco, J, Grega, M, Hodek, M, et al. Tumor-infiltrating b cells affect the progression of oropharyngeal squamous cell carcinoma via cell-to-cell interactions with CD8+ T cells. J Immunother Cancer (2019) 7:261. doi: 10.1186/s40425-019-0726-6

93. Sato, J, Kitano, S, Motoi, N, Ino, Y, Yamamoto, N, Watanabe, S, et al. CD20+ tumor-infiltrating immune cells and CD204+ M2 macrophages are associated with prognosis in thymic carcinoma. Cancer Sci (2020) 111:1921–32. doi: 10.1111/cas.14409

94. Lee-Chang, C, Rashidi, A, Miska, J, Zhang, P, Pituch, KC, Hou, D, et al. Myeloid-derived suppressive cells promote b cell–mediated immunosuppression via transfer of PD-L1 in glioblastoma. Cancer Immunol Res (2019) 7:1928–43. doi: 10.1158/2326-6066.CIR-19-0240

95. Pang, X, Fan, H, Tang, Y, Wang, S, Cao, M, Wang, H, et al. Myeloid derived suppressor cells contribute to the malignant progression of oral squamous cell carcinoma. PloS One (2020) 15:e0229089. doi: 10.1371/journal.pone.0229089

96. Zhou, Y, Zhang, G, Zhang, W, Wei, X, Hou, J, and Huang, Y. B7-H3 promotes prostate cancer progression in mice by antagonizing myeloid-derived suppressor cell apoptosis. Technol Cancer Res Treat (2020) 19:153303382097164. doi: 10.1177/1533033820971649

97. Trovato, R, Fiore, A, Sartori, S, Canè, S, Giugno, R, Cascione, L, et al. Immunosuppression by monocytic myeloid-derived suppressor cells in patients with pancreatic ductal carcinoma is orchestrated by STAT3. J Immunother Cancer (2019) 7:255. doi: 10.1186/s40425-019-0734-6

98. Lu, F, Zhao, Y, Pang, Y, Ji, M, Sun, Y, Wang, H, et al. NLRP3 inflammasome upregulates PD-L1 expression and contributes to immune suppression in lymphoma. Cancer Lett (2021) 497:178–89. doi: 10.1016/j.canlet.2020.10.024

99. Caetano, MS, Zhang, H, Cumpian, AM, Gong, L, Unver, N, Ostrin, EJ, et al. IL6 blockade reprograms the lung tumor microenvironment to limit the development and progression of k-ras–mutant lung cancer. Cancer Res (2016) 76:3189–99. doi: 10.1158/0008-5472.CAN-15-2840

100. Uehara, T, Eikawa, S, Nishida, M, Kunisada, Y, Yoshida, A, Fujiwara, T, et al. Metformin induces CD11b+-cell-mediated growth inhibition of an osteosarcoma: implications for metabolic reprogramming of myeloid cells and anti-tumor effects. Int Immunol (2019) 31:187–98. doi: 10.1093/intimm/dxy079

101. Komi, DEA, and Redegeld, FA. Role of mast cells in shaping the tumor microenvironment. Clin Rev Allergy Immunol (2020) 58:313–25. doi: 10.1007/s12016-019-08753-w

102. Rosin, FC, Barcessat, AR, Borges, GG, Corrêa, L, and J Photochem Photobiol, B. Effect of 5-ALA-mediated photodynamic therapy on mast cell and microvessels densities present in oral premalignant lesions induced in rats. J Photochem Photobiol B (2015) 153:429–34. doi: 10.1016/j.jphotobiol.2015.10.027

103. Zhang, C, Tang, B, Hu, J, Fang, X, Bian, H, Han, J, et al. Neutrophils correlate with hypoxia microenvironment and promote progression of non-small-cell lung cancer. Bioengineered (2021) 12:8872–84. doi: 10.1080/21655979.2021.1987820

104. Faget, J, Groeneveld, S, Boivin, G, Sankar, M, Zangger, N, Garcia, M, et al. Neutrophils and snail orchestrate the establishment of a pro-tumor microenvironment in lung cancer. Cell Rep (2017) 21:3190–204. doi: 10.1016/j.celrep.2017.11.052

105. Liu, K, Zhao, K, Wang, L, and Sun, E. The prognostic values of tumor-infiltrating neutrophils, lymphocytes and neutrophil/lymphocyte rates in bladder urothelial cancer. Pathol Res Pract (2018) 214:1074–80. doi: 10.1016/j.prp.2018.05.010

106. Walker, C, Mojares, E, and del Río Hernández, A. Role of extracellular matrix in development and cancer progression. Int J Mol Sci (2018) 19:3028. doi: 10.3390/ijms19103028

107. Xiong, G-F, and Xu, R. Function of cancer cell-derived extracellular matrix in tumor progression. J Cancer Met Treat (2016) 2:357. doi: 10.20517/2394-4722.2016.08

108. Lu, P, Weaver, VM, and Werb, Z. The extracellular matrix: A dynamic niche in cancer progression. J Cell Biol (2012) 196:395–406. doi: 10.1083/jcb.201102147

109. Zhang, K, and Kramer, RH. Laminin 5 deposition promotes keratinocyte motility. Exp Cell Res (1996) 227:309–22. doi: 10.1006/excr.1996.0280

110. Janes, SM, and Watt, FM. New roles for integrins in squamous-cell carcinoma. Nat Rev Cancer (2006) 6:175–83. doi: 10.1038/nrc1817

111. Agarwal, P, and Ballabh, R. Expression of type IV collagen in different histological grades of oral squamous cell carcinoma: An immunohistochemical study. J Cancer Res Ther (2013) 9:272. doi: 10.4103/0973-1482.113382

112. Scanlon, CS, van Tubergen, EA, Inglehart, RC, and D’Silva, NJ. Biomarkers of epithelial-mesenchymal transition in squamous cell carcinoma. J Dent Res (2013) 92:114–21. doi: 10.1177/0022034512467352

113. Linares, J, Marín-Jiménez, JA, Badia-Ramentol, J, and Calon, A. Determinants and functions of CAFs secretome during cancer progression and therapy. Front Cell Dev Biol (2021) 8:621070. doi: 10.3389/fcell.2020.621070

114. Kuroda, H, Jamiyan, T, Yamaguchi, R, Kakumoto, A, Abe, A, Harada, O, et al. Tumor microenvironment in triple-negative breast cancer: the correlation of tumor-associated macrophages and tumor-infiltrating lymphocytes. Clin Transl Oncol (2021) 23:2513–25. doi: 10.1007/s12094-021-02652-3

115. Petty, AJ, Dai, R, Lapalombella, R, Baiocchi, RA, Benson, DM, Li, Z, et al. Hedgehog-induced PD-L1 on tumor-associated macrophages is critical for suppression of tumor-infiltrating CD8+ T cell function. JCI Insight (2021) 6:e146707. doi: 10.1172/jci.insight.146707

116. Liu, C, Chikina, M, Deshpande, R, v., MA, Wang, T, Tabib, T, et al. Treg cells promote the SREBP1-dependent metabolic fitness of tumor-promoting macrophages via repression of CD8+ T cell-derived interferon-γ. Immunity (2019) 51:381–97. doi: 10.1016/j.immuni.2019.06.017

117. Gok Yavuz, B, Gunaydin, G, Gedik, ME, Kosemehmetoglu, K, Karakoc, D, Ozgur, F, et al. Cancer associated fibroblasts sculpt tumour microenvironment by recruiting monocytes and inducing immunosuppressive PD-1+ TAMs. Sci Rep (2019) 9:3172. doi: 10.1038/s41598-019-39553-z

118. Takahashi, H, Sakakura, K, Kudo, T, Toyoda, M, Kaira, K, Oyama, T, et al. Cancer-associated fibroblasts promote an immunosuppressive microenvironment through the induction and accumulation of protumoral macrophages. Oncotarget (2017) 8:8633–47. doi: 10.18632/oncotarget.14374

119. Stadler, M, Pudelko, K, Biermeier, A, Walterskirchen, N, Gaigneaux, A, Weindorfer, C, et al. Stromal fibroblasts shape the myeloid phenotype in normal colon and colorectal cancer and induce CD163 and CCL2 expression in macrophages. Cancer Lett (2021) 520:184–200. doi: 10.1016/j.canlet.2021.07.006

120. Pietras, K, and Östman, A. Hallmarks of cancer: Interactions with the tumor stroma. Exp Cell Res (2010) 316:1324–31. doi: 10.1016/j.yexcr.2010.02.045

121. Larionova, I, Kazakova, E, Gerashchenko, T, and Kzhyshkowska, J. New angiogenic regulators produced by TAMs: Perspective for targeting tumor angiogenesis. Cancers (Basel) (2021) 13:3253. doi: 10.3390/cancers13133253

122. König, L, Mairinger, FD, Hoffmann, O, Bittner, A-K, Schmid, KW, Kimmig, R, et al. Dissimilar patterns of tumor-infiltrating immune cells at the invasive tumor front and tumor center are associated with response to neoadjuvant chemotherapy in primary breast cancer. BMC Cancer (2019) 19:120. doi: 10.1186/s12885-019-5320-2

123. Zhang, M, Zhao, Y, Ma, H, Sun, Y, and Cao, J. How to improve photodynamic therapy-induced antitumor immunity for cancer treatment? Theranostics (2022) 12:4629. doi: 10.7150/thno.72465

124. Sorrin, AJ, Kemal Ruhi, M, Ferlic, NA, Karimnia, V, Polacheck, WJ, Celli, JP, et al. Photodynamic therapy and the biophysics of the tumor microenvironment. Photochem Photobiol (2020) 96:232–59. doi: 10.1111/php.13209

125. Wan, Y, Fu, LH, Li, C, Lin, J, and Huang, P. Conquering the hypoxia limitation for photodynamic therapy. Adv Mat (2021) 33:2103978. doi: 10.1002/adma.202103978

126. Jahanban-Esfahlan, R, de la Guardia, M, Ahmadi, D, and Yousefi, B. Modulating tumor hypoxia by nanomedicine for effective cancer therapy. J Cell Physiol (2018) 233:2019–31. doi: 10.1002/jcp.25859

127. Kumar, V, and Gabrilovich, DI. Hypoxia-inducible factors in regulation of immune responses in tumor microenvironment. Immunology (2014) 143:512–9. doi: 10.1111/imm.12380

128. Fu, X, He, Y, Li, M, Huang, Z, and Najafi, M. Targeting of the tumor microenvironment by curcumin. BioFactors (2021) 47:914–32. doi: 10.1002/biof.1776

129. Sun, Y, Zhao, D, Wang, G, Wang, Y, Cao, L, Sun, J, et al. Recent progress of hypoxia-modulated multifunctional nanomedicines to enhance photodynamic therapy: opportunities, challenges, and future development. Acta Pharm Sin B (2020) 10:1382–96. doi: 10.1016/j.apsb.2020.01.004

130. Zhao, M, Yang, X, Fu, H, Chen, C, Zhang, Y, Wu, Z, et al. Immune/hypoxic tumor microenvironment regulation-enhanced photodynamic treatment realized by pH-responsive phase transition-targeting nanobubbles. ACS Appl Mat Interfaces (2021) 13:32763–79. doi: 10.1021/acsami.1c07323

131. Guo, X, Qu, J, Zhu, C, Li, W, Luo, L, Yang, J, et al. Synchronous delivery of oxygen and photosensitizer for alleviation of hypoxia tumor microenvironment and dramatically enhanced photodynamic therapy. Drug Delivery (2018) 25:585–99. doi: 10.1080/10717544.2018.1435751

132. Guo, S, and Deng, C-X. Effect of stromal cells in tumor microenvironment on metastasis initiation. Int J Biol Sci (2018) 14:2083–93. doi: 10.7150/ijbs.25720

133. Omland, SH, Wettergren, EE, Mollerup, S, Asplund, M, Mourier, T, Hansen, AJ, et al. Cancer associated fibroblasts (CAFs) are activated in cutaneous basal cell carcinoma and in the peritumoral skin. BMC Cancer (2017) 17:1–9. doi: 10.1186/s12885-017-3663-0

134. Peltanova, B, Raudenska, M, and Masarik, M. Effect of tumor microenvironment on pathogenesis of the head and neck squamous cell carcinoma: a systematic review. Mol Cancer (2019) 18:63. doi: 10.1186/s12943-019-0983-5

135. Nissinen, L, Farshchian, M, Riihilä, P, and Kähäri, VM. New perspectives on role of tumor microenvironment in progression of cutaneous squamous cell carcinoma. Cell Tissue Res (2016) 365:691–702. doi: 10.1007/s00441-016-2457-z

136. Nie, S, Wang, X, and Wang, H. NLRP3 inflammasome mediated interleukin-1β production in cancer-associated fibroblast contributes to ALA-PDT for cutaneous squamous cell carcinoma. Cancer Manag Res (2019) 11:10257–67. doi: 10.2147/CMAR.S226356

137. Zhen, Z, Tang, W, Wang, M, Zhou, S, Wang, H, Wu, Z, et al. Protein nanocage mediated fibroblast-activation protein targeted photoimmunotherapy to enhance cytotoxic T cell infiltration and tumor control. Nano Lett (2017) 17:862–9. doi: 10.1021/acs.nanolett.6b04150

138. Li, S, Wang, P, Zhang, G, Ji, J, Lv, T, Wang, X, et al. The effect of ALA-PDT on reversing the activation of cancer-associated fibroblasts in cutaneous squamous cell carcinoma. Photodiagnosis Photod Ther (2019) 27:234–40. doi: 10.1016/j.pdpdt.2019.05.043

139. Mascaraque-Checa, M, Gallego-Rentero, M, Nicolás-Morala, J, Portillo-Esnaola, M, Cuezva, JM, González, S, et al. Metformin overcomes metabolic reprogramming-induced resistance of skin squamous cell carcinoma to photodynamic therapy. Mol Metab (2022) 60:101496. doi: 10.1016/j.molmet.2022.101496

140. Li, L, Zhou, S, Lv, N, Zhen, Z, Liu, T, Gao, S, et al. Photosensitizer-encapsulated ferritins mediate photodynamic therapy against cancer-associated fibroblasts and improve tumor accumulation of nanoparticles. Mol Pharm (2018) 15:3595–9. doi: 10.1021/acs.molpharmaceut.8b00419

141. Yao, H, Xu, K, Zhou, J, Zhou, L, and Wei, S. A tumor microenvironment destroyer for efficient cancer suppression. ACS Biom Sci Engin (2020) 6:450–62. doi: 10.1021/acsbiomaterials.9b01544

142. Marshall, JF, Chan, W-S, and Hart, IR. Effect of photodynamic therapy on anti-tumor immune defenses: comparison of the photosensitizers hematoporphyrin derivative and chloro-aluminum sulfonated phthalocyanine. Photochem Photobiol (1989) 49:627–32. doi: 10.1111/j.1751-1097.1989.tb08434.x

143. Korbelik, M. Complement upregulation in photodynamic therapy-treated tumors: Role of toll-like receptor pathway and NFκB. Cancer Lett (2009) 281:232–8. doi: 10.1016/j.canlet.2009.02.049

144. Chan, WS, Marshall, JF, Lam, GY, and Hart, IR. Tissue uptake, distribution, and potency of the photoactivatable dye chloroaluminum sulfonated phthalocyanine in mice bearing transplantable tumors. Cancer Res (1988) 48:3040–4.

145. Korbelik, M, and Krosl, G. Photofrin accumulation in malignant and host cell populations of various tumours. Br J Cancer (1996) 73:506–13. doi: 10.1038/bjc.1996.88

146. Evans, S, Matthews, W, Perry, R, Fraker, D, Norton, J, and Pass, HI. Effect of photodynamic therapy on tumor necrosis factor production by murine macrophages. J Nat Cancer Inst (1990) 82:34–9. doi: 10.1093/jnci/82.1.34

147. Tang, F, Xie, W, Li, S, Hu, Q, Zheng, B, Ke, M, et al. Alginate-zinc (II) phthalocyanine conjugates: Synthesis, characterization and tumor-associated macrophages-targeted photodynamic therapy. Carbohydr Polym (2020) 240:116239. doi: 10.1016/j.carbpol.2020.116239

148. Hayashi, N, Kataoka, H, Yano, S, Tanaka, M, Moriwaki, K, Akashi, H, et al. A novel photodynamic therapy targeting cancer cells and tumor-associated macrophages. Mol Cancer Therap (2015) 14:452–60. doi: 10.1158/1535-7163.MCT-14-0348

149. Celli, JP, Spring, BQ, Rizvi, I, Evans, CL, Samkoe, KS, Verma, S, et al. Imaging and photodynamic therapy: Mechanisms, monitoring, and optimization. Chem Rev (2010) 110:2795–838. doi: 10.1021/cr900300p

150. Glidden, MD, Massodi, I, Rizvi, I, Celli, JP, and Hasan, T. Probing tumor-stroma interactions and response to photodynamic therapy in a 3D pancreatic cancer-fibroblast co-culture model.  DH Kessel, and T Hasan, editors (2012), p. 821006. doi: 10.1117/12.910924.

151. Chen, Y-C, Lou, X, Zhang, Z, Ingram, P, and Yoon, E. High-throughput cancer cell sphere formation for characterizing the efficacy of photo dynamic therapy in 3D cell cultures. Sci Rep (2015) 5:12175. doi: 10.1038/srep12175

152. Zamarrón, A, García, M, del, RíM, Larcher, F, and Juarranz, Á. Effects of photodynamic therapy on dermal fibroblasts from xeroderma pigmentosum and gorlin-goltz syndrome patients. Oncotarget (2017) 8:77385–99. doi: 10.18632/oncotarget.20485

153. Basset-Seguin, N, Bissonnette, R, Girard, C, Haedersdal, M, Lear, JT, Paul, C, et al. Consensus recommendations for the treatment of basal cell carcinomas in gorlin syndrome with topical methylaminolaevulinate-photodynamic therapy. J Eur Acad Dermatol Venereol (2014) 28:626–32. doi: 10.1111/jdv.12150

154. Broekgaarden, M, Alkhateeb, A, Bano, S, Bulin, A-L, Obaid, G, Rizvi, I, et al. Cabozantinib inhibits photodynamic therapy-induced auto- and paracrine MET signaling in heterotypic pancreatic microtumors. Cancers (Basel) (2020) 12:1401. doi: 10.3390/cancers12061401

155. Leonel, C, Borin, TF, de Carvalho Ferreira, L, Moschetta, MG, Bajgelman, MC, Viloria-Petit, AM, et al. Inhibition of epithelial-mesenchymal transition and metastasis by combined TGFbeta knockdown and metformin treatment in a canine mammary cancer xenograft model. J Mammary Gland Biol Neoplasia (2017) 22:27–41. doi: 10.1007/s10911-016-9370-7

156. Cheng, K, and Hao, M. Metformin inhibits TGF-β1-Induced epithelial-to-Mesenchymal transition via PKM2 relative-mTOR/p70s6k signaling pathway in cervical carcinoma cells. Int J Mol Sc (2016) 17:2000. doi: 10.3390/ijms17122000

157. Sekino, N, Kano, M, Matsumoto, Y, Sakata, H, Akutsu, Y, Hanari, N, et al. Antitumor effects of metformin are a result of inhibiting nuclear factor kappa b nuclear translocation in esophageal squamous cell carcinoma. Cancer Sci (2018) 109:1066–74. doi: 10.1111/cas.13523

158. Wu, F, Yang, J, Liu, J, Wang, Y, Mu, J, Zeng, Q, et al. Signaling pathways in cancer-associated fibroblasts and targeted therapy for cancer. Sig Transduct Target Ther (2021) 6:1–35. doi: 10.1038/s41392-021-00641-0

159. Mittal, A, Wang, M, Vidyarthi, A, Yanez, D, Pizzurro, G, Thakral, D, et al. Topical arginase inhibition decreases growth of cutaneous squamous cell carcinoma. Sci Rep (2021) 11:10731. doi: 10.1038/s41598-021-90200-y

160. Korbelik, M, and Hamblin, MR. The impact of macrophage-cancer cell interaction on the efficacy of photodynamic therapy. Photochem Photobiol Sci (2015) 14:1403–9. doi: 10.1039/C4PP00451E

161. Wen, AM, Lee, KL, Cao, P, Pangilinan, K, Carpenter, BL, Lam, P, et al. Utilizing viral Nanoparticle/Dendron hybrid conjugates in photodynamic therapy for dual delivery to macrophages and cancer cells. Bioconjugate Chem (2016) 27:1227–35. doi: 10.1021/acs.bioconjchem.6b00075

162. Neyen, C, Plüddemann, A, Mukhopadhyay, S, Maniati, E, Bossard, M, Gordon, S, et al. Macrophage scavenger receptor a promotes tumor progression in murine models of ovarian and pancreatic cancer. J Immunol (2013) 190:3798–805. doi: 10.4049/jimmunol.1203194

163. East, L. The mannose receptor family. Biochim Biophys Acta Gen Subj (2002) 1572:364–86. doi: 10.1016/S0304-4165(02)00319-7



Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Cerro, Mascaraque, Gallego-Rentero, Almenara-Blasco, Nicolás-Morala, Santiago, González, Gracia-Cazaña, Juarranz and Gilaberte. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



Glossary


 






CASE REPORT

published: 26 October 2022

doi: 10.3389/fonc.2022.959630

[image: image2]
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Ninety percent of deaths from cancer are caused by metastasis. miRNAs are critical players in biological processes such as proliferation, metastasis, apoptosis, and self-renewal. We and others have previously demonstrated that miRNA-10b promotes metastatic cell migration and invasion. Importantly, we also showed that miR-10b is a critical driver of metastatic cell viability and proliferation. To treat established metastases by inhibiting miR-10b, we utilized a therapeutic, termed MN-anti-miR10b, composed of anti-miR-10b antagomirs, conjugated to iron oxide nanoparticles, that serve as delivery vehicles to tumor cells in vivo and a magnetic resonance imaging (MRI) reporter. In our previous studies using murine models of metastatic breast cancer, we demonstrated the effectiveness of MN-anti-miR10b in preventing and eliminating existing metastases. With an outlook toward clinical translation of our therapeutic, here we report studies in large animals (companion cats) with spontaneous feline mammary carcinoma (FMC). We first investigated the expression and tissue localization of miR-10b in feline tumors and metastases and showed remarkable similarity to these features in humans. Next, in the first case study involving this therapeutic we intravenously dosed an FMC patient with MN-anti-miR10b and demonstrated its delivery to the metastatic lesions using MRI. We also showed the initial safety profile of the therapeutic and demonstrated significant change in miR-10b expression and its target HOXD10 after dosing. Our results provide support for using companion animals for further MN-anti-miR10b development as a therapy and serve as a guide for future clinical trials in human patients.
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1 Introduction

Breast cancer is the most diagnosed type of cancer in women (1) with the most (death) due to metastasis, wherein cancer cells colonize distant organs (2). Since solutions for patients with metastatic disease are limited, prevention and elimination of breast cancer metastases present an unmet clinical need that must be addressed.

MicroRNAs (miRNAs) are small non-coding RNAs that regulate gene expression (3, 4) and play critical roles in proliferation, metastasis, apoptosis, and self-renewal in various cancers (5–7). In particular, microRNA-10b (miR-10b) has been implicated in invasion and migration in breast cancer and identified as one the drivers of the metastatic process (8–10).

In our earlier studies, we discovered that in addition to promoting invasion and migration of tumor cells, miR-10b serves as a critical driver of metastatic cell viability and supports the survival of these cells outside the primary tumor (11–13). These findings prompted us to develop a strategy for treating metastatic cancer based on miR-10b inhibition. This was achieved using the therapeutic composed of anti-miR-10b antagomirs, conjugated to iron oxide nanoparticles, which serve as delivery vehicles for antagomirs to primary tumors and metastases (MN-anti-miR10b; TTX-MC138 under clinical development) (11, 13, 14). Magnetic properties of these nanoparticles allow for monitoring of their delivery in vivo using magnetic resonance imaging (MRI), representing an added value for the clinical implementation of this therapeutic approach. In our previous studies in murine models of metastatic breast cancer, we demonstrated that MN-anti-miR10b combined with low-dose chemotherapy caused complete elimination of local (12) or distant (13) metastases in immunocompromised and immunocompetent models, respectively.

With an outlook toward the clinical translation, our next step was to test the scalability of our therapeutic strategy in large animals with spontaneous feline mammary carcinoma (FMC), which is the third most common cancer in cats (15, 16) and is highly metastatic (17). It has high resemblance to human breast cancer compared to mammary carcinomas of other companion animals in terms of relative age of onset, incidence, risk factors, prognostic aspects, histopathology, biological behavior, metastatic pattern and response to therapy (15–20). Importantly, felines experience the same environmental risk factors as humans and are immunocompetent, more accurately reflecting the complex interplay between genetics, the immune system, and the tumor microenvironment. Finally, there is a greater homology between cats and humans than is between rodents and humans for specific genes (18, 21, 22). For these reasons cats are considered the best large animal model for human breast cancer by most researchers.

Here, we report our initial studies in feline patients, demonstrating similarity of FMC to that in humans in terms of miR-10b expression and histological features in both HER2+ and TNBC types. We also report on the first case of a feline patient (Case 0) with FMC dosed with MN-anti-miR10b that evaluated the potential use of cats with spontaneous tumors for preclinical drug testing. Since the delivery of MN-anti-miR10b to the site of interest is a prerequisite for successful therapeutic intervention, we first investigated its accumulation in Case 0 patient using in vivo MRI and explored the initial safety profile of the therapeutic. We also evaluated target engagement of the therapeutic judged by the change in the expression of miR-10b and its target, Homeobox D10 (HOXD10), after dosing. Our results provide compelling evidence for the potential of MN-anti-miR10b as a therapy for metastatic mammary carcinoma in companion animals and serve as a guide for future clinical trials in human breast cancer patients.



2 Materials, methods and case description


2.1 Tissue collection and expression analysis

Archival blocks of formalin-fixed paraffin-embedded (FFPE) tissue (matched primary tumors and metastatic lymph nodes) from companion cats diagnosed with mammary carcinoma (n=9, 44%TNBC, 56%HER2+) were obtained from the tissue bank of the Michigan State University (MSU) Veterinary Diagnostic Laboratory (VDL).

RNA was isolated using the RecoverAll™ Total Nucleic Acid Isolation Kit for FFPE (Invitrogen, AM1975), and reverse transcription was performed using the miScript II RT Kit (Qiagen, 218161) according to the manufacturer’s instructions. The miScript SYBR Green PCR Kit (Qiagen, 218076) was used for qPCR reaction with the appropriate specific forward primer for miR-10b: 5’-TACCCTGTAGAACCGAATTTGTG-3’ and snRNAU6: 5’-GCAAGGATGACACGCAAATTC-3’ in combination with the universal reverse primer provided in the kit. Forward and reverse primer set for HOXD10 was F1 5’-ATTGTCCTTGGTGAGATGGAAT-3’ and R1  5'-GGACAGGTTGCTGTTGTACT - 3'. MicroRNA expression levels were detected on a CFX96 Touch Real-Time PCR Detection System and data were analyzed using CFX Maestro software (Bio-Rad Laboratories, Hercules, CA). miRNA-10b expression in biopsy and necropsy samples from Case 0 was analyzed using qRT-PCR as described above.



2.2 Tissue staining and image analysis

Staining was conducted using FFPE sections for HOXD10 staining, deparaffinization, antigen retrieval, immunohistochemical labeling, and counterstaining (BOND-MAX automated staining system, Leica BioSystems, Buffalo Grove, Illinois). Following CC1 retrieval (Leica BioSystems), slides were labeled with an anti-HOXD10 antibody (LS-B14548, Lsbio), and labeling was detected with the BOND Polymer Refine Detection kit (Leica Microsystems) and visualized with a diaminobenzidine (DAB) detection system and hematoxylin counterstaining. Multiplex fluorescence-based in situ hybridization (ISH) probing miR-10b and HOXD10 expression was performed using a Leica Bond Rx automated staining station (23).

Immunohistochemistry (IHC) for HER2+, ER, and PR was performed as previously described (16). For histopathology, tissues were stained with hematoxylin and eosin (H&E) and acquired and analyzed using an Aperio Versa 8 Brightfield & Fluorescence imaging system (Leica Biosystems, Buffalo Grove, IL) with customized narrow-width band excitation and emission filter cubes (Chroma Technology Corp., Bellows Falls, VT). The ImageScope tools were used for annotation and quantitative analysis.

To confirm accumulation of MN-anti-miR10b in biopsy and necropsy samples the obtained tissues were counterstained with Vectashield mounting medium containing 4’,6-diamidino-2-phenylindole (DAPI; Vector Laboratories). Images were acquired using a Nikon Eclipse 50i fluorescence microscope, analyzed using ImageJ software (NIH, Bethesda, MD), and converted to grayscale or RGB stacks. Threshold correction was applied, and histograms were generated for each image.



2.3 Case description in a patient with FMC (Case 0)


2.3.1 Synthesis of MN-anti-miR10b therapeutic

Aminated dextran-coated iron oxide superparamagnetic nanoparticles were synthesized and labeled with the near-infrared optical Cy5.5 dye according to a protocol published by us previously (12, 13). Nanoparticles with a size of 20.3 ± 0.6 nm were used for conjugation to the oligonucleotides. The LNA antagomirs (Biospring, Frankfurt, Germany) were synthesized with the 5’-thiol-modifier C6 disulfide (5’-ThioMC6) for conjugation to dextran-coated iron oxide nanoparticles (5’-ThioMC6-D/TCGGTTCTACAGGGT-3’). The nanoparticles were first conjugated to the heterobifunctional crosslinker N-succinimidyl 3-[2-pyridyldithio]-propionate (SPDP; Thermo Scientific Co., Rockford, IL) and then to the activated oligos. The 5’-ThioMC6 of the oligo was activated to release thiol via 3% TCEP treatment in nuclease-free PBS and purified using an ammonium acetate/ethanol precipitation method. The number of oligos per nanoparticle was 8.0 ± 0.7, as determined by electrophoresis as described previously (12, 13). Prior to injection, the nanoparticle solution was sterilized by passing through a 0.22µm filter (Thermo Fisher).



2.3.2 Studies with the feline mammary carcinoma patient

A fourteen-year old spayed feline patient (Domestic Shorthair cat, 2.9kg) diagnosed with metastatic mammary carcinoma in the left third mammary gland and treated at the Medical Oncology Service of the College of Veterinary Medicine at MSU was the subject of this study. Prior to enrollment, the patient underwent radical mastectomy of the entire left mammary chain and lymph nodes followed by chemotherapy with doxorubicin, carboplatin, lomustine and cyclophosphamide. Subsequently, the cat developed secondary tumors/metastatic lesions in the subcutaneous ventral abdomen along the linea alba and ventral iliac area confirmed by computed tomography (CT) (GE Revolution EVO 64 Slice CT scanner) and was scheduled for euthanasia in mid-May due to overall poor health and significant weight loss. After receiving IRB and IACUC approvals and the owner’s consent, on June 27th the patient was subjected to MR imaging before and 24 h after intravenous injection of Cy5.5-labeled MN-anti-miR10b (2.5mg iron/kg; 1.4mg oligo/kg). MRI was performed at a clinical 1.5T scanner (General Electric) using T2W sequences (TR/TE 3960.00/108:00ms, slice thickness: 3.5mm) and T2* maps (TR/TE405.00/5.10ms, 14.06ms, 23.02ms, 31.98ms, 41.41ms, slice thickness: 3.5mm). Biopsy of the metastatic lesions was performed immediately after the imaging session.

At the request of the owner, the second dose of MN-anti-miR10b (2.5 mg iron/kg; 1.4 mg oligo/kg) was approved by the medical oncology team and administered seven weeks after the first dose on August 17th. This animal survived for an additional 3 months (13 weeks), after which it was euthanized on November 16th due to disease progression and a decrease in quality of life. Tumor samples at necropsy were processed for histology as described above.

A complete blood count (CBC) and blood chemistry profile were performed before and after the injections of MN-anti-miR10b through the course of the study at the Veterinary Diagnostic Laboratory at Michigan State University.

The study was approved by the Institutional Animal Care and Use Committee of Michigan State University. Written informed consent was obtained from the animal’s owner.




2.4 Statistical analysis

Statistical analyses were performed using GraphPad Prism6 Software (version 6, GraphPad software Inc., San Diego, CA, USA). Data are presented as means ± s.d. Statistical comparisons were analyzed using a two-tailed t-test. In all cases, a value of p<0.05 was considered significant.




3 Results


3.1 miR-10b expression in feline patients with mammary carcinoma (companion cats)

To establish the feasibility of targeting miR-10b in FMC we first investigated its expression in primary tumors and metastatic lymph nodes in both HER2+ and TNBC FMCs, which histologically appeared similar to human tumors in terms of architecture and invasive growth patterns (Figure 1A). Extensive previous studies in human tumor samples show similar pattern in HER2+ and TNBC primary tumors (24, 25) as well as in HER2+ and TNBC metastatic lesions (26–28). We found that in 55.5% of the tumors, miR-10b expression in lymph node metastases was significantly higher than that in primary tumors with 60% of them being HER2+ (Figure 1B). In these tumors miR-10b expression was on average 37.7 ± 7.4% of that in lymph node metastases, which was in agreement with our results in murine metastatic breast cancer models (12).




Figure 1 | miR-10b expression in primary and metastatic tumors from patients with FMC. (A) Representative H&E sections of primary tumors and lymph node metastases from feline patients showing histopathology similar to human breast cancer. Scale bar = 200µm. (B) miR-10b expression in primary tumors and lymph node metastases in feline patients. Molecular subtypes are indicated by the color legend. In 55.5% of the tumors miR-10b expression in lymph node metastases was significantly higher than in primary tumors with 60% of them being HER2+ (n = 3, p < 0.05).



To further investigate miR-10b expression, we performed qRT-PCR for HOXD10 protein, an established miR-10b direct target, in those paired samples where miR-10b was overexpressed in metastases compared to primary tumors. As shown in Figure 2A, the expression of HOXD10 mRNA was significantly lower in lymph node metastases than in primary tumors. Immunohistochemistry for HOXD10 showed that in lymph node metastases the signal was significantly reduced (p<0.05) compared to that in the primary tumor (Figure 2B and Supplementary Figure 1).




Figure 2 | Expression of the direct miR-10b target, HOXD10, in patients with FMC. (A) qRT-PCR analysis of HOXD10 expression in primary tumors and lymph node metastases in spontaneous mammary carcinoma in cats. Data from cats 0, 1, 8, 9 and 7 are shown. HOXD10 expression was significantly higher in the primary tumors than in the metastases (n = 3, p < 0.01). Data are represented as mean ± s.d. (B) Representative staining for HOXD10, a direct miR-10b target, demonstrating strong signal in the primary tumor (left) and a lower signal in lymph node metastases (right). Scale bar = 100µm. (C) Representative ISH field of a primary breast tumor showing miR-10b expression at the invasive front (—) and detached invading cancer cells (arrow) migrating as a group (….) and individually. Scale bar = 100µm.



These results are in line with the known pattern of HOXD10 expression, which negatively correlates with miR-10b (9). Similar results have been previously obtained by us in murine models of breast cancer (11). Detailed examination of miR-10b expression in primary tumors by in situ hybridization (ISH) demonstrated expression of the miRNA at the highly vascularized invasive fronts of the tumors as well as in detached invading cells (Figure 2C and Supplementary Figure 2). These results confirmed a similar pattern of miR-10b expression in cats, as has been observed in murine models of human breast cancer as well as in breast cancer patients (9, 29, 30), suggesting that feline mammary carcinoma could be used to model the function of miR-10b in metastatic breast cancer.



3.2 Investigation of MN-anti-miR10b in a patient with FMC

To evaluate the potential use and scalability of MN-anti-miR10b for preclinical drug testing we embarked on the first feline patient case study (Cat 0 in Figure 1) with HER2+ primary and metastatic tumors (Supplementary Figure 3A). The presence of metastatic tumors was confirmed by computed tomography showing defined masses in the abdominal area (Supplementary Figure 3B).

In this study two main goals were pursued. First, we wanted to confirm the delivery and accumulation of MN-anti-miR10b in the metastatic lesions. Second, we tested the preliminary tolerability and safety of the preparation. In addition to these two core objectives, we also tested whether MN-anti-miR10b would demonstrate target engagement and inhibition of miR-10b in the metastatic lesions of this animal, as previously observed in murine metastatic breast cancer models (12).

In vivo MRI was used to demonstrate MN-anti-miR10b delivery to metastatic lesions. As shown in Figures 3A, B, there was a significant decrease in the T2 relaxation times of the lesions post-injection (28.4 ± 0.5ms pre-contrast vs 21.5 ± 2.1ms post-contrast, p<0.04). Coronal T2-weighted images obtained post injection showed voids of signal intensity characteristic of the accumulation of iron oxide nanoparticles (Figure 3C). This observation was confirmed by fluorescence microscopy of a surgical biopsy sample obtained immediately after the imaging session (Figure 3D and Supplementary Figure 4) showing widespread signal in the Cy5.5 channel after just one injection. Together, these studies provide strong evidence that MN-anti-miR10b, as designed, is delivered to metastatic tumor cells in companion cats after intravenous injection.




Figure 3 | MRI of MN-anti-miR10b delivery to metastatic breast cancer in a feline patient. (A) Pre-contrast and post-contrast T2* images (sagittal) of Cat 0 injected with one dose of MN-anti-miR10b. There was a notable loss in signal intensity over the secondary mammary lesion after injection of the therapeutic. (B) Quantitative analysis of relaxation times (T2 pre–T2 post, ms) of the tissues, confirming accumulation of MN-anti-miR10b (n=8, p<0.04). Data are represented as mean ± s.d. (C) Coronal post-contrast T2-weighted image showing signal voids identified by MN-anti-miR10b (arrows) corresponding to lesions in the abdominal area. (D) Left: Fluorescence microscopy showing accumulation of MN-anti-miR10b in the lesion (red – Cy5.5 on the nanoparticle; blue- DAPI); Right: H&E staining of the consecutive slice. Scale bar =100µm. (E) Animal weight during the course of the experiment. This symbol * means that the data are statistically significant (i.e., p<0.04).



Preliminary safety observations showed that the patient tolerated the injections well with no adverse effects such as vomiting, diarrhea, or lethargy. The cat’s vital signs also remained within the normal range and the animal resumed normal activity upon recovery. Complete blood count (CBC) performed before and after the dosing showed no significant difference in values up to 2-3 weeks before euthanasia (Supplementary Table 1) when the animal’s health deteriorated due to disease progression. The chemistry profiles were within the normal range except for transient elevation of potassium and Na/K ratio possibly due to dehydration. Liver aspartate transaminase (AST) and creatine kinase (CK) levels were slightly but transiently elevated after injection but returned to normal in two weeks (Supplementary Table 2). In some instances, we noticed that parameters that were out of range prior to injection (e.g., chloride and osmolarity calcium) stabilized after dosing. Importantly, though this animal was an older patient (14 years old) and very frail, there was an overall good tolerability and the absence of adverse effects from the injection. Seven weeks after the first dosing, the owner reported good appetite and normal activity levels. Importantly, >5% weight gain (3.03 kg) was recorded (Figure 3E). At that time, at the request of the owner and following the recommendation of the management team, a second injection of the therapeutic was administered at the same dose and was tolerated well. CBC, chemistry profiles and animal weight remained unchanged until two weeks prior to euthanasia (Figure 3E). While at this point, we cannot establish а direct correlation between this observation and the dosing, we conclude that the therapeutic did not cause weight loss due to toxicity.

This case of FMC was at an advanced clinical stage. Three months (13 weeks) after the second dose of MN-anti-miR10b, the animal was euthanized due to continuing metastatic growth, renal failure based on urinalysis (high RBC count, not shown), and decreased quality of life. We performed qRT-PCR of multiple metastatic lesions collected at necropsy and found that miR-10b expression was significantly decreased in lung metastases (by ~86.6%) and metastases in the abdominal area (by ~81.6%) compared to that in the lymph node metastases removed during the original surgery (Figure 4A). Importantly, expression of the miR-10b target HOXD10 was significantly increased in metastatic lesions compared to that in metastatic lymph nodes isolated during surgery prior to animal enrollment in the study (p<0.01; Figure 4B and Supplementary Figure 5). The continued presence of MN-anti-miR10b in the metastatic lesions was observed microscopically (Figure 4C, left and right and Supplementary Figure 6) even at three months post-dosing, reflecting the relatively low rate of cell division of spontaneous malignancies and is consistent with the fact that decreases in the intracellular concentration of MN-based agents are dominated by loss due to cell division but not exocytosis (12). No Cy5.5-derived fluorescence was observed in tissues obtained prior to dosing, confirming that the post-dosing signal indeed reflected the presence of MN-anti-miR10b (Supplementary Figure 7).




Figure 4 | Target engagement and accumulation of MN-anti-miR10b in a patient with FMC. (A) qRT-PCR of miR-10b expression in primary tumor and lymph node metastases before dosing, and lung metastases and abdominal metastases three months after second. The expression of miR-10b was significantly reduced post-dosing relative to pre-dosing, indicating successful target engagement (n = 3, p < 0.05). Data are represented as mean ± s.d. (B) In situ hybridization demonstrating significantly increased HOXD10 expression in metastatic lesions after dosing compared to that in tissues isolated during original tumor excision. Scale bar = 100µm. (C) Fluorescence microscopy demonstrating accumulation of MN-anti-miR10b in lung metastases (left) and abdominal area metastases (right) three months after second dose. Scale bar = 200µm. This symbol * means that the data are statistically significant (i.e. p<0.05).



Taken together, these results suggest that in spontaneous models of metastatic breast cancer, such as feline mammary carcinoma, MN-anti-miR10b has an acceptable safety and tolerability profile, demonstrates a tissue distribution that favors lasting delivery to metastatic lesions, and exhibits effective target engagement in metastatic tumor cells.




4 Discussion

Previously, we have shown that miR-10b plays a pivotal role in supporting metastatic cell viability and proliferation (11, 12). To inhibit miR-10b, we designed and tested an miR-10b-specific therapeutic, which caused lasting regression of established metastases in immunocompromised (11, 12) and immunocompetent murine models (13). This report serves as the logical next step towards the clinical development of MN-anti-miR10b and is the first in a series of studies aimed at investigating the applicability of feline mammary carcinoma, a spontaneous cancer, as a translational model, bridging human clinical trials centered on noncoding RNAs as therapeutic targets.

Investigation of miR-10b expression in feline tissues confirmed the diversity and heterogeneity of FMC presentation in terms of miR-10b expression and tumor receptor positivity, which was similar to that in humans. This points to the necessity to obtain evidence of miR-10b expression from biopsy samples to stratify patients who can benefit from this therapy. In human cancer, miR-10b expression is significantly increased in later stage patients (31–34) and in those with more aggressive types (35). In future clinical trials it is reasonable to expect that in order to guide treatment, patients will be selected based on their levels of miR-10b expression, similar to the current standard diagnostic tests with other cancer markers, such as HER2+ (36, 37).

To translate our earlier successful studies in mice to humans, investigating the effectiveness of the therapeutic in relevant spontaneous diseases in large animals is necessary. The case study with our first-in-class miRNA targeted therapeutic presented here demonstrated its delivery to metastatic lesions using MRI, which is an important step in preclinical development of our approach. Initial safety studies demonstrated good tolerability and the general lack of toxicity of the therapeutic, which serves as another important milestone in its translation. Furthermore, we obtained proof of target engagement by MN-anti-miR10b, manifested as a significant decrease in miR-10b expression after two injections 7 weeks apart. It is important to note that efficacy studies were not part of this investigation, and the dose of the therapeutic used here was lower than the animal equivalent dose (AED) calculated based on the effective dose determined in our previous rodent studies (11–13). However, even at this reduced dose and suboptimal schedule, we achieved a significant inhibition of the miR-10b target with no toxicity. Although euthanasia was performed due to disease progression and deteriorated health, the patient survived for five additional months compared to the animal’s life expectancy prior to dosing.

Our future studies will include a clinical trial in companion animals with both TNBC and HER2+ molecular subtypes to investigate the safety and efficacy of MN-anti-miR10b, potentially in combination with conventional chemotherapy. Importantly, imaging will play a significant role in the assessment of drug delivery, as shown here. Notwithstanding the need for additional therapeutic and toxicology studies, our findings establish the feasibility and suggest the robustness and safety of a novel first-in-class therapeutic approach against metastatic breast cancer that could ultimately improve clinical outcomes in both feline and human patients.
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ARID1A belongs to a class of chromatin regulatory proteins that function by maintaining accessibility at most promoters and enhancers, thereby regulating gene expression. The high frequency of ARID1A alterations in human cancers has highlighted its significance in tumorigenesis. The precise role of ARID1A in cancer is highly variable since ARID1A alterations can have a tumor suppressive or oncogenic role, depending on the tumor type and context. ARID1A is mutated in about 10% of all tumor types including endometrial, bladder, gastric, liver, biliopancreatic cancer, some ovarian cancer subtypes, and the extremely aggressive cancers of unknown primary. Its loss is generally associated with disease progression more often than onset. In some cancers, ARID1A loss is associated with worse prognostic features, thus supporting a major tumor suppressive role. However, some exceptions have been reported. Thus, the association of ARID1A genetic alterations with patient prognosis is controversial. However, ARID1A loss of function is considered conducive for the use of inhibitory drugs which are based on synthetic lethality mechanisms. In this review we summarize the current knowledge on the role of ARID1A as tumor suppressor or oncogene in different tumor types and discuss the strategies for treating ARID1A mutated cancers.
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Introduction


Physiological role of ARID1A

Nucleosomes are composed of 147 base-pairs of DNA wrapped around histone octamers (1) and constitute the core unit of chromatin, which is further organized and compacted in higher order structures called topologically associated domains (TADs) in the nucleus (2, 3). The chromatin needs to be dynamically remodeled to guarantee the activation or repression of gene expression during the entire life of the cell, but particularly during the embryonic development (4) and differentiation (5). Remodeling means that regulatory complexes can be “opened” to provide access to the underlying DNA to enable transcription, chromatin assembly, DNA repair, and other processes. Chromatin remodeling is altered in pathological conditions such as cancer and heart failure (6, 7). Different classes of histone modifying enzymes that are involved in the deposition of histone tail modifications, including acetylation, methylation, phosphorylation, SUMOylation and ubiquitination, were identified. Furthermore, there are other ATP-dependent chromatin remodeling complexes, like the SWI/SNF complex, which uses the energy produced from ATP hydrolysis to mobilize and modify the nucleosome chromatin block and recruit the transcriptional machinery to the DNA (8).

The SWI/SNF complex was identified in yeast in 1984 (9) and it was later demonstrated that its structure is highly conserved among species, including mammals (10), suggesting a functional conservation during evolution. The mammalian SWI/SNF complex is comprised of more than 15 subunits (encoded by 29 genes) which assemble into three different complexes: BRG1/BRM-associated factor complex (BAF), polybromo-associated BAF complex (PBAF), and non-canonical BAF (ncBAF) (11). The AT-rich interacting domain containing respectively protein 1A (ARID1A) and 1B (ARID1B) subunits belong to the canonical BAF complex. The main role of ARID1A and B is to link the BAF core module to the subunits with ATPase activity (11). Both proteins are expressed in mammalian cells, and show a specific localization map onto the genome, characterized by a mutually exclusive interaction with the SWI/SNF complex (12).

ARID1A (also known as BAF250a, p270 or SMARCF1) is a key component of the mammalian SWI/SNF protein complex. ARID1A directly binds DNA with low sequence specificity (13), even though recently Rahmanto et al. described some specific DNA binding motifs which were found enriched in ARID1A ChIP-seq peaks in endometrial tumor cells (14). This observation suggests the formation of specific co-regulatory modules in which SWI/SNF complex, and particularly ARID1A subunit, co-localize with different transcription factors (AP-1 (15), FOXA1(16)) to regulate gene transcription in a cell-type specific manner. Moreover, ATAC-seq experiments conducted in colon cancer HCT116 cells proved that the loss of ARID1A profoundly altered chromatin accessibility, revealing a pivotal role of ARID1A in chromatin organization, determining a “gain or loss” of accessibility (15). Kelso et al. also demonstrated that the loss of ARID1 primarily affects enhancer accessibility and active histone marks on these regulatory regions, resulting in a significant alteration of the overall gene expression. Furthermore, ARID1A regulates transcription by modulating the conservative mechanism of RNA polymerase II (RNAPII) pausing which allows rapid and efficient transcription of several loci. This is a mechanism required to maintain cell homeostasis and development (17, 18). The analysis of RNAPII dynamics in ovarian epithelial cells revealed that loss of ARID1A induce changes in pausing versus elongating RNAPII fraction, leading to a significant reduction of transcription on active genes (19). Gao et al. demonstrated in mice that ARID1A deletion on one allele leads to embryonic lethality (20).

In addition, ARID1A can modulate gene transcription in cells, either directly controlling the expression of cancer related genes or indirectly by regulating the recruitment or activity of histone modifier enzymes, which add or remove histone modifications at gene regulatory regions. For example, ARID1A can regulate the immune response by modulating the interferon-responsive gene methylation profile in multiple tumor types (21). ARID1A is also involved in the regulation of Topoisomerase IIa (TOP2A) recruitment on chromatin, which is necessary to resolve R-loop formation during transcription (22).

The immunoprecipitation assay for ATR (ataxia telangiectasia and RAD3-related protein) followed by mass spectrometry, revealed that ARID1A is also an interacting partner and enriched in double strand brake (DSB) sites, further demonstrating that ARID1A is required to create the proper chromatin profile that facilitates the histone variant H2AX phosphorylation, mediated by ATR (23).

Considering the literature findings discussed so far, we can conclude that the role of ARID1A is fundamental in different cellular processes by regulating the transcription of genes involved in cell differentiation and development, although many mechanisms are not completely clarified yet. Several recent studies reported that ARID1A genetic alterations are linked to tumor development. For this reason, we examined the literature describing ARID1A alterations in human cancer, highlighting its double role as a tumor suppressor or oncogene in different tumor types and stages and focusing on its current use in cancer therapy.



The role of ARID1A in cancer

One of the most interesting results from the -omics characterization of human cancers was the discovery that chromatin regulation and epigenetic processes are tightly linked to the development of cancer (29). Indeed, nearly all cancers display epigenetic changes that alter DNA expression and chromatin accessibility, and most cancer mutations directly or indirectly affect the epigenome (30, 31). Unexpectedly, many epigenetic-related genetic alterations were attributable to genes encoding subunits of the mammalian ATP-dependent SWI/SNF complex, especially BAF (Brg/Brahma-associated factors) complex (6, 32).

The mammalian SWI/SNF complex (33) is present in multiple forms in mammalian cells, and recent studies demonstrated that the subunit combination determines the functional specificity of the enzyme (34). Overall, the 29 genes of the SWI/SNF complex are mutated in 20% of all cancer types (35); this evidence suggests that the genetic perturbation of SWI/SNF complex is critical for cancer development and can have important oncogenic implications (36, 37). The most frequently mutated gene of the complex is ARID1A (38), which is altered in about 10% of human cancers. In Figure 1A we present the tumor types with frequent ARID1A alterations, according to AACR GENIE project data (39). Genetic alterations are evenly distributed across the gene and comprise missense or truncating mutations that are associated with the loss of function of the protein (Figure 1B).




Figure 1 | Extent of ARID1A involvement in human cancers. (A) Histogram showing ARID1A alteration frequency in 153.554 samples from the AACR GENIE project (39) and the alteration type across human cancers (minimum frequency cutoff at 5%). (B) Type, frequency and distribution of ARID1A mutations on the gene coding sequence across all AACR GENIE project tumor types.



Some studies report that ARID1A exerts cancer initiation and progression activities in specific cancer types, generally solid tumors, but its function as tumor suppressor or oncogene remains an open question. Mutations in ARID1A gene are usually responsible for its loss of function, thus suggesting a major tumor suppressive role. The survival analysis of ARID1Amut vs. ARID1Awt tumors across TCGA pan-cancer studies and MSK-IMPACT cohorts queried in cBioPortal website (40), generated partially discordant results, and specifically favorable prognosis is reported for ARID1A mutant TCGA cohort (q-value<0.001 for progression-free and disease-free survival, q-value 0.1 for overall survival) and a negative prognosis (p-value 0.007) for the MSK cohort.

In light of the above evidence, ARID1A seems to have a complex role in tumor development, and more studies are required to shed light on ARID1A tumor-specific activity. So far the assessment of its function as a tumor suppressor gene or an oncogene in cancer remains an open question (41, 42).



Ovarian and endometrial cancer

ARID1A mutations/deletions are documented in up to 80% of clear cell ovarian cancer (CCC), 56% of uterine endometrioid cancer (EC) (43), 40% of endometrial carcinoma and endometroid ovarian cancer and 30% of mucinous ovarian cancer (44), but in 0% of high-grade serous ovarian cancer (44, 45). Wiegand et al. specifically found that 73% of heterozygous ARID1A mutated tumors show a loss of protein expression without loss of heterozygosity, suggesting a haploinsufficiency mechanism (45). In addition, ARID1A mutations were commonly found during the early stages of endometriosis-associated ovarian carcinomas development, thus suggesting a trigger role for ARID1A loss (46). ARID1A mutation seems to be an early event also in endometrial glandular epithelium malignant transformation and ARID1A loss was found in areas with atypical endometriosis (47). These data suggest that ARID1A could be considered a tumor-suppressor gene in ovarian and endometrial cancers.

Gibson et al. analyzed the genomic landscape of endometrial cancer progression and reported the presence of ARID1A mutations since the early stages of tumor development (48). Among the driver genetic alterations, they found mutations in PIK3CA, PTEN, TP53, and PPP2R1A. ARID1A mutations were found to be heterogeneous and subclonal at the early stages, but related to a homogeneous ARID1A protein loss in advanced lesions (48). Reviewing all endometrial cancers in cBioPortal database (40), we observed that ARID1A mutations are mutually exclusive with TP53 mutations and co-occur with PTEN mutations (q-value<0.001).

Bitler et al. demonstrated that ARID1A inactivation upregulates HDAC6 expression, which in turn deacetylates Lys120 of P53 (49). P53K120 acetylation is a pro-apoptotic post-translational modification that selectively regulates apoptosis, without affecting cell cycle regulation (50). Therefore, ARID1A mutations contribute to the final inactivation of the apoptosis-promoting function of P53 by suppressing apoptosis-promoting P53K120Ac. This finding suggests that either the transcriptional repression of oncogenic genes or the transcriptional activation of tumor suppressor genes contribute to the tumor suppressive role of ARID1A.

Unexpectedly, ARID1A inactivation in association with APC and PTEN absence in mouse ovarian cancer models, prompted tumor cells towards epithelial differentiation (51). This observation suggests a context-dependent role for ARID1A in ovarian/endometrial cancer.



Hepatocellular carcinoma

Aberrant SWI/SNF mediated chromatin-remodeling can sustain the activity of both oncogenic and tumor suppressive networks, resulting in directionally opposite effects. A double functional role for ARID1A in tumorigenesis has been described in hepatocellular carcinoma (HCC). Indeed, a recent finding by Sun et al. demonstrated that the gain of ARID1A function triggers tumor initiation by enhancing CYP450-mediated oxidative stress, while the loss of ARID1A during the later phases of tumor growth decreases the DNA accessibility and inhibits the transcription of genes associated with migration, invasion, and metastasis (42). In this model, ARID1A haploinsufficiency is enough to drive tumor progression.

Zhao et al. reported that 10–15% of HCCs harbor loss-of-function mutations in this gene and that 83% of HCC show ARID1A mRNA overexpression if compared to adjacent normal tissues (52). According to these observations, the authors proposed two different explanations for ARID1A role in HCC (Figure 2):

	1. the change in ARID1A expression could be an early event during the development of HCC, since the silencing of ARID1A enhances cellular proliferation. However, this hypothesis cannot explain the up regulation of ARID1A in most HCC tumors compared with adjacent normal liver tissues.

	2. the expression of ARID1A is very low in normal tissues, and at the early stages of the tumorigenesis ARID1A increases to prevent cellular proliferation. Whereas, during the late stages of HCC progression, the ARID1A loss due to acquired mutations, elicits tumor escape and enhance cell proliferation.






Figure 2 | The double role of ARID1A in HCC. In the context of liver cell exposure to reactive oxygen species (ROS), ARID1A is overexpressed in cancer cells during tumor initiation, where it enhances tumor proliferation. When the tumor is established, ARID1A downregulation seems to elicit tumor metastases.



The second hypothesis seems to be more reasonable if we consider that ARID1A expression levels negatively correlated with survival in HCC patients (53).

To test the functional role of ARID1A, Zhang and colleagues used the hepatocellular carcinoma model induced by hydrodynamic transfection of tumor cells with activated AKT/NRAS combined with either ARID1A overexpression or knockdown (54). They observed that ARID1A depletion resulted in accelerated tumor growth and decreased survival in vivo, while ARID1A overexpression had the opposite effect, increasing survival and slowing tumor growth.



Gastric cancer

Gastric carcinoma (GC) is classified by The Cancer Genome Atlas (TCGA) project into four molecular subtypes: Epstein-Barr virus (EBV) positive with extreme DNA hypermethylation; microsatellite instability (MSI); genomically stable (GS), and chromosomal instability (CIN) (55).

ARID1A genetic alterations in gastric cancer (GC) were first reported by Abe et al. and Wang et al. (56, 57). The authors investigated the role of ARID1A loss in the context of EBV infection and genomic instability. In EBV+ GCs with microsatellite instability (or MHL1-lost), Abe et al. observed a frequent (34%) ARID1A loss of function by using immunohistochemistry (IHC) staining. In the MLH1-lost subgroup, ARID1A loss occurs in the early stages of tumor development, but only in EBV- and MLH1+ GCs the loss of ARID1A expression was associated with prognostic features. The loss of ARID1A expression is a consequence of ARID1A mutations (56, 58), but early stage ARID1A mutations are not always associated with loss of protein. The authors hypothesized that epithelial cells with ARID1A loss can be more easily infected by EBV and this could lately trigger cancer development (56). The transfection of ARID1A gene in gastric cancer cell lines reduced cell proliferation while ARID1A silencing promoted proliferation and migration, thus confirming ARID1A tumor suppressive role in gastric cancer (57).

A systematic meta-analysis of fourteen studies demonstrated that the loss of ARID1A expression predicts poor overall survival in gastric cancer, specifically in Asian populations suggesting a potential role as prognostic biomarker (59). Fitzmaurice et al. showed that PD-L1 is overexpressed in gastric cancer lacking ARID1A expression (60, 61). Hence, gastric cancer lacking ARID1A expression may be more sensitive to PD-1-PD-L1 immune checkpoint therapies.



Breast cancer

ARID1A mutations are found in 4% of breast cancers (BCs). ARID1A copy number loss is the most frequent genetic alteration and involves 13–35% of BC cases. In addition, Zhang et al. demonstrated that in a variety of primary invasive BCs, ARID1A expression was epigenetically regulated. (62). Indeed in 86.4% of invasive ductal breast cancers, ARID1A low expression was related to gene promoter hypermethylation (63). Mamo et al. reported a correlation between the absent or decreased expression of the gene and increased tumor aggressiveness (64). Moreover, ARID1A protein expression was demonstrated to be an independent prognostic factor in breast cancer, with higher expression associated with better prognosis (65). Similarly, Takao et al. found that in patients with invasive breast cancer, the partial loss of ARID1A immunoreactivity was associated to a worse prognosis (66).

Among the genes interacting with ARID1A, RAB11FIP1 is overexpressed in breast cancer (67) RAB11FIP is involved in the Rab-11 mediated vesicle recycling, endosomal trafficking and transport between the recycling endosome and the trans-Golgi network, including the trafficking of integrin α5β1, required for cancer cell invasion, metastasis, and resistance to anticancer drugs. In Takao’s study, they found that the downregulation of ARID1A increases RAB11FIP1 expression, resulting in accumulation of integrin α5β1 on breast cancer cell membrane, thus enhancing cancer cell invasion. Specifically, ARID1A decrease alters the three-dimensional structure of the RAB11FIP1 promoter region thus increasing its expression and facilitating invasive breast cancer.



Pancreatic cancer

Recent sequencing analyses of PDAC have revealed ARID1A mutations in 6% of the cases (68). PDAC is one of those tumors yet poorly understood. Significant recurrent mutations are found in KRAS, TP53, CDKN2A, SMAD4, RNF43, ARID1A, TGFβR2, GNAS, RREB1 and PBRM1. These mutations are associated with amplification of GATA6 (18q11.2), ERBB2 (17q12), KRAS (12p12.1), AKT2 (19q13) and MYC (8q24.2), and deletion of CDKN2A (9p21.3), SMAD4 (18q21.2), ARID1A (1p36.11) and PTEN (10q23.31) (69).

Birnbaum et al. demonstrated that nine out of ten ARID1A mutated pancreatic cancers carry KRAS hotspot mutation G12D, suggesting that the inactivation of ARID1A may cooperate with KRAS in the early stages of pancreatic cancer formation (70). Li et al. also found that ARID1A deficiency, together with KRAS-G12D mutation, drive the development of pancreatic cancer via miR-503/CDKN2A axis-mediated senescence, although how ARID1A affects miR-503 transcription is not clear (71). These studies prove that ARID1A genetic alteration alone cannot initiate pancreatic cancer but can synergize with other altered genes to promote its pathogenesis.

In the COSMIC database, well-differentiated pancreatic neuroendocrine tumors (with a Ki-67 proliferation rate less than 3%) carry about 20% ARID1A mutations, much higher than 5.35% aggressive PDAC (72).



Renal cell carcinoma

ARID1A acts as a tumor suppressor gene in renal cell carcinoma (RCC). To define the effects of ARID1A in renal carcinogenesis, Somsuan et al. used a non-malignant kidney epithelial (MDCK) cell line to demonstrate that ARID1A silencing using siRNAs significantly reduced cell death while increasing cell proliferation, with a cell cycle shift from G0/G1 to G2/M phase. In this study, they proved that ARID1A knockdown or deficiency was associated with decreased apoptosis and increased cell proliferation (73). Moreover, the siARID1A-transfected MDCK cells had higher migratory activity and invasive capability, also showing an enlargement of nuclei and multicellular spheroids.

Another study in patients affected by RCC, revealed lower ARID1A protein expression in 67% of samples and decreased ARID1A messenger RNA (mRNA) levels in 68% of samples if compared to normal kidney (74). The loss of ARID1A expression was associated with a larger tumor size, nuclear grade, and higher stage. Furthermore, ARID1A-positive cancers exhibited a longer disease-free and overall survival. Accordingly, Park et al. assessed the clinicopathological correlation and prognostic significance of ARID1A expression by an immunohistochemical study: they proved that low level of ARID1A was significantly correlated with higher nuclear grade, advanced pTNM stage, and shorter cancer-specific and progression-free survival. They proposed ARID1A expression as an independent prognostic factor for progression-free survival in RCC patients (75).



Cancers of unknown primary

Cancers of unknown primary origin (CUP) comprise newly diagnosed tumors presenting as metastatic cancers, whose primary site cannot be identified after detailed standardized physical examinations, blood analyses, imaging, and immunohistochemical (IHC) testing (76). This tumor type is characterized by an ARID1A mutation frequency of 12-16%.

In a study by Ross et al. ARID1A mutations accounted for 11% of 200 archive CUPs (77). Moreover, in a recent study published by Laprovitera et al. we reported that the intratumor frequency of ARID1A mutation could be associated with CUP progression. Specifically, we longitudinally evaluated the variant allele frequency in circulating cell-free DNA (ccfDNA) samples of a CUP case with ARID1A mutations. The study reports how the fractional abundance of ARID1A mutation (p.R1276_) in ccfDNA decreases during the initial treatment and then increases again during disease worsening, thus suggesting a role in the expansion of the more aggressive subclones (78).



Melanoma

Many genetic alterations occur during the development of melanoma. Thielmann et al. analyzed the clinical pathological features of 116 patients diagnosed with melanoma in association with the most common genetic alterations, including mutations in ARID1A gene (79). They demonstrated that ARID1A mutated melanomas exhibit higher tumor mutational burden (TMB). ARID1A mutations were evenly distributed across the gene without clustering or hotspots. Despite the increased TMB, no statistical significance was noticed in ARID1A mutated patients receiving targeted therapies or immune-checkpoint inhibitors for what concerns progression-free and overall survival. However, ARID1A mutated tumors revealed UV-induced mutation signatures, showing a higher frequency of C>T substitutions in comparison with ARID1A wild-type melanomas. This finding suggests that the impact of ARID1A mutations in immune-checkpoint inhibitors response needs to be better elucidated.



Colorectal cancer

ARID1A expression is progressively lost during colorectal cancer (CRC) development: Wei et al. showed that the loss of ARID1A expression was associated to distant metastasis and late TNM stage of CRC. However, the survival analyses indicated that the loss of ARID1A protein expression was a better prognostic factor for stage IV CRC (80). In line with this observation, Erfani et al. reported no significant association between overall survival and loss of ARID1A expression in CRC (81). Other studies did not find any significant association between loss of ARID1A expression and overall survival; still, they observed that the overall survival was better for patients with no/low ARID1A expression than those with ARID1A expression (82–84). Erfani et al. demonstrated that ARID1A expression is reduced by promoter hypermethylation in CRC and its low expression is associated with lymphatic invasion. These findings suggest that the role of ARID1A in CRC is not completely understood, and possibly different than in other cancer types.



Lung cancer

ARID1A mutations are detectable in about 6-7.5% of lung cancers. Hung et al. demonstrated that ARID1A loss-of-function mutations and biallelic inactivation induce the complete loss of ARID1A expression in non-small cell lung cancer (NSCLC) (85). Another study reported that patients with ARID1A loss had a shorter cancer specific survival and a significant association of ARID1A loss to male sex, larger tumor size, smoker status and squamous histology (86). Moreover, ARID1A-loss lung cancers had the worst survival in comparison to ARID1A-positive tumors. Thus, the loss of ARID1A expression might be a valuable prognostic marker in NSCLC (57, 63, 74).

In addition to survival rate, other clinicopathological factors such as lymph node metastasis and tumor infiltration have been positively correlated with loss of ARID1A expression (87). The authors also experimentally verified the impact of ARID1A silencing in lung cancer cell lines, concluding that ARID1A has a tumor suppressive role in this tumor type.




ARID1A pharmacological targeting

The high frequency of ARID1A mutations among different cancer types, made this gene a very appealing research object for target therapy investigations.

Specifically, as a “care-taker” and “gate-keeper” gene, the mutational status of ARID1A in target therapy was investigated within the context of synthetic lethality. Synthetic lethality is based on essential gene interactions where a genetic alteration, such as a defect in a tumor suppressor gene (genetic context), influence a second gene essential for cell survival (pharmacological target) (88). The use of synthetic lethality as a guidance to develop cancer therapeutics was introduced by Hartwell (89) and Kaelin (90), after the success of PARP inhibitors in BRCA-mutant ovarian cancers (91–93). As for BRCA mutation, ARID1A deficiency in tumors constitutes a promising synthetic lethal phenotype (94) for the use of small inhibitors targeting DNA damage response (DDR), immune-checkpoint blockade (ICB), kinases, and agents leading to a cell-specific cytotoxicity.

Currently there are 23 clinical trials registered in the clinical trials website (https://clinicaltrials.gov/) concerning ARID1A, ranging from phase I to phase II. Table 1 reports a list of concluded clinical trials where ARID1A mutation was considered in outcome evaluations. Since ARID1A deficiency was firstly discovered in gynecological cancers (95); (47, 45), many clinical trials involved uterine/ovarian cancer patients. However, other non-gynecologic clinical trials have been recruiting patients with a wide range of oncologic diseases: bladder cancer, cholangiocarcinoma, pancreatic, colorectal, biliary tract cancer, NSCLC and other solid tumors. In all these clinical trials, ARID1A was considered for synthetic lethal drug screening. The pharmacological targets include molecules directed toward DNA damage response (DDR), immune checkpoint blockade (ICB), kinases, epigenetics effectors.


Table 1 | Completed clinical trials involving cancers with ARID1A deficiency*.



Genome stability, which essential for cell survival, is compromised in ARID1A-deficient cancer cells. As a result, cancer cells with high levels of replicative stress, become more dependent on compensatory mechanisms such as the activation of ATR signaling (96). This dependency underlies the mechanism of synthetic lethality of ATR inhibitors (ATRi)(97). There are six registered clinical trials using ATRis in patients with ARID1A-deficient solid tumors. The highly potent ATR inhibitor, M4344 (VX-803) is the pharmacological compound used in phase I clinical trial number NCT02278250, which is now concluded, and whose results are under evaluation. M4344 compound demonstrated an anticancer activity both in-vitro and in-vivo by inducing mitotic catastrophe and DNA damage: this effect was significantly correlated with ARID1A deficiency (25). A very interesting result about the synthetic lethality with ATRi in ARID1A-deficient tumors comes from study NCT03718091. Among the results of this study, a patient with metastatic colon cancer harboring an ARID1A deficiency had a complete response to therapy (progression-free survival of 29 months at the last evaluation) (98).

Another synthetic lethality relationship currently exploited is between DNA damage response (DDR) deficiency and PARP inhibitors. In this context Shen et al. demonstrated both in-vitro and in-vivo that PARP inhibitors are selectively active towards ARID1A-deficient cells, thus providing a novel approach for stratifying patients for clinical trials of targeted therapy with PARP inhibitors (23). The POLEN study was a window-of-opportunity trial where PARP inhibitor Olaparib was administered as neoadjuvant therapy in patients with early-stage endometrial carcinoma before surgery (24). Authors showed that treatment with Olaparib reduced the expression of PARP-1 and cyclin-D, this effect was more prominent in patients with ARID1A deficiency.

Another PARP inhibitor, niraparib, was used in a phase II clinical trial in metastatic solid tumors (99). Patients were stratified for the presence of mutations in genes involved in DNA damage repair including ARID1A (court B). Preliminary results of the study were presented at ASCO 2022 and described that in the court B patients who had stable disease were ARID1A mutated (99). Moreover, there are preclinical studies associating the loss of ARID1A function with synthetic lethality based on inhibitors of the bromodomain and extra-terminal family, BET (BETi) (100); (16, 101). This led to the development of clinical trials involving BET inhibitors as single agents or in combination with existing treatment options in multiple human cancers bearing ARID1A deficiency. On this basis, PLX2853, a potent BET inhibitor, was used in two completed phase I/II clinical trials (NCT03297424, NCT04493619). Gordon et al, presented early results from the “PLX2853 in Advanced Malignancies” study reporting an encouraging pharmacological activity, but results comparing synthetic lethality with ARID1A deficiency are yet to be present (27). Targeting Aurora kinase A (AURKA) is a further synthetic lethality interaction in ARID1A defective tumors. Starting from the finding of Wu et al. unveiling the direct repression of AURKA by ARID1A (102), studies have been conducted with pan-aurora kinase inhibitors in colon and ovarian cancer cells with ARID1A deficiency, causing chromosomal abnormalities leading to synthetic lethality (103).

Finally, a phase 2 clinical trial to assess the activity of a strong selective inhibitor for AURKA, ENMD- 2076, in treating patients with ovarian clear cell carcinomas was recently concluded (NCT01914510). Despite ENMD- 2076 did not meet the efficacy bar set in this trial, this AURKA inhibitor has been reported as potentially advantageous for ovarian clear cell carcinomas patients with ARID1A deficiency (28).



Conclusions

ARID1A acts predominantly as a tumor suppressor gene in many solid tumors, although its functional role seems to be stage and tumor type dependent. For example, ARID1A expression is initially upregulated in HCC and then lost by acquisitions of truncating/missense mutations. The loss of ARID1A expression in human cancers is generally associated with negative prognostic features, tumor progression and increased tumor growth and invasion. The lack of ARID1A in tumors is associated with an increased tumor mutational burden and genomic instability, which is currently pharmacologically exploited according to synthetic lethality principles. Although the exact mechanisms are still elusive, clinical trials with small inhibitors directed toward DNA damage response (DDR), immune checkpoint blockade (ICB), kinase inhibitors and epigenetics effectors are showing promising results and are worth investigating in future studies.
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Resistant group 35 (60.34) 23 (39.66)

CK- Sensitive group 42 (56.00) 33 (44.00) 4.277 0.029
Resistant group 22 (37.93) 36 (62.07)

CK, Cytokeratins.





OPS/images/fonc.2022.924354/crossmark.jpg
©

2

i

|





OPS/images/fonc.2022.931445/fonc-12-931445-g004.jpg
1o, ~PARP1 low expression in CK+ 100 — PARP1 low expression in CK+

g ~ PARP1 high egpresswn inCk+ 3 < PARP1 high expression in CK+ & o0
g 3 8 15000
g 2 ?‘3
2% 3% 3 1000
z 2 :
£
4 & |P=0016 T

1 1) ) @ ) o 20 ) ) il
PFS (months) OS (months) Sensitive  Resistant

High PART expression Low PARP1 expression

K-
10}, ~PARP1 low expression in CK- 100, —PARP1 low expression in CK- _ ™ ; ‘
2 ZPARP1 high expression in CK- &£ ““PARP1 high expression in CK- & g
= H

= 3 8

3 g .

H g e

g so. 3 +

@ - q 20

H H [4

] g g 1o

5 & |p=0038

g, .

o 4w e w0 a0 0w Sensive  Resistant

High PARP1 expression Low PARP1 expression PFS (months) ©OS (months)





OPS/images/fonc.2022.931445/table1.jpg
Characteristics

No. of patients (n = 143)

Histology (n, %)
Serous carcinoma
Endometrioid carcinoma
Mucinous carcinoma
Mixed type

FIGO stage (n, %)
1]
\%

Histological grade (n, %)
G1
G2
G3

Tumor residual size (n, %)
Ocm
<1om
>1cm

Tumor size (n, %)
< 10cm
>10cm

Number of chemotherapy (n, %)

<4
>4

82 (57.3%)
26 (18.2%)
22 (15.4%)
13 (9.1%)

134 (93.7%)
9 (6.3%)

22 (15.4%)
32 (22.4%)
89 (62.2%)

60 (41.9%)
64 (44.8%)
19 (13.3%)

62 (43.4%)
81 (56.6%)

42 (29.4%)
101 (70.6)%

FIGO, International Federation of Gynecology and Obstetrics.
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Baseline patient and Treatment characteristics, No. (%)

Group

Luminal A

Luminal B HER2 TNBC

No. of patients 21 28 18 17
Age

Median 50.0 (46.5-63.5) 53.0 (46.0-59.8) 52.5 (48.3-58.5) 55.0 (48.0-63.0)

Mean 54.6 52.2 51.4 55.1
Pathologic stage

| 7(33.8) 6(21.4) 4(222) 4(23.5)

1 8(38.1) 14 (50.0) 6(33.3) 8 (47.1)

Il 3(14.3) 6(21.4) 5(27.8) 3(17.6)

v 3(14.9) 2(7.2) 3(167) 2(11.8)
Receipt of chemotherapy

Yes 14 (66.7) (60.7) 14 (77.8) 18 (76.5)

No 7(33.3) 11 (39.3) 4(22.2) 4 (23.5)
Menopausal status

Premenopausal 9 (42.9) 11 (39.3) 7(38.9) 6 (35.3)

Postmenopausal 12 (67.1) 17 (60.7) 11(61.1)

11 (64.7)
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Pathway Description Strength ~ p-value
hsa04215 Apoptosis - multiple species 2.62 <0.001
hsa05134 Legionellosis 2.11 <0.001
hsa01524 Platinum drug resistance 2.01 <0.001
hsa04210 Apoptosis 1.97 <0.001
hsa04115 p53 signaling pathway 1.87 <0.001
ABY hsa05416 Toxoplasmosis 1.83 <0.001

hsa04668 TNF signaling pathway 1.68 <0.001
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Trial Identifier Number Patients (N) CAR-T Cell Therapy Diagnosis Grade 23 AEs in 210% of Clinical Response Reference
patients, n (%)

NCT03182816 9 CAR-T-EGFR EGFR+ NSCLC Grade 1 to 3 fever 7(78)  Median PFS: 7.13 months (range 2.71-17.10  Zhang Y, et al,, 2021
‘months) (192)
Median OS: 5.63 months (range 8.82-22.03
‘months)

PR: 1/9 (11.1%)
SD: 6/9 (66.7%)

NCTO1869166 16 CAR-T-EGFR EGFR+ metastatic pancreatic Lymphocytopenia 6(38)  Median OS: 49 months (range 29-30 months)  Liu Y, etal., 2020 (193)
carcinoma Dermatitis 2(13)  Median PFS: 3 months (range 2-4 months)
herpetiformis 2(13)  ORR: /14 (29%)
Pleural effusion 2(13)  DCR: 12/14 (86%)
Pulmonary interstitial PR: 4/14 (29%)
exudation SD: 8/14 (57%)
NCT01454596 18 CAR-T-EGERVIIl Recurrent EGFRvITI+ glioblastoma  Lymphopenia® 18 Median OS: 6.9 months (IQR 2.8-10) Goff SL, et al., 2019
Neutropenia® (100)  Median PES: 1.3 months (IQR 1.1-1.9) (194)
Thrombocytopenia® 18
Anemia® (100)
Bacteremia® 18
Dyspnea/hypoxia® (100)
Hypotension® 9(50)
Febrile neutropenia® 8 (44)
Transam 2311
2(11)
2311
2(11)
NCT02209376 10 CAR-T-EGERVIII EGFRVIII+ glioblastoma Edema cerebral 2(20)  Median OS: 251 days (~8 months) O'Rourke DM, et al,,
Seizure 2(20)  PFS:NE 2017 (29)
NCT01869166 19 CAR-T-EGFR EGFR+ Lymphopenia 16 (84)  Median PFS: 4 months (range 2.5-22 Guo Y, etal., 2018 (195)
cholangiocarcinoma (N=14) Acute fever/chill 3(16)  months)
EGFR+ gallbladder carcinoma (N=5) CR: 1/17 (6%)
SD: 10/17 (59%)
NCT01869166 1 CAR-T-EGFR EGFR+ advanced R/R NSCLC NR PR: 2/11 (18%) Feng et al, 2016 (196)

SD: 5/11 (45%)

‘Expected to be due to lymphodepleting chemotherapy.

* Asymptomatic

“Includes 1 treatment-related mortality (Grade 5).

INot associated with sepsis.

“Without bacteremia.

CAR-T, chimeric antigen receptor T-cell therapy; CR, complete response; DCR, disease control rate; EGERVIIL, epidermal growth factor receptor variant IIJ; IQR, interquartile range; N, number; NE, not evaluable; NR, not reported; NSCLC, non
lung cancer; ORR. objective response rate: OS, overall survivak PR, partial response: R/R, relapsed/refractory: SD, stable disease.
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Drug

Erlotinib (frst-generation)
(31-39)

Gefitinib (first-generation)
(33, 34, 40-45)

Icotinib (46, 47)

Afatinib (second-
generation) (48-54)

Dacomitinib (second-
generation) (55-59)

Osimertinib (third-
generation) (60-70)

Brigatinib (71, 72)

Cetuximab (73-95)

Panitumumab (83, 96-99)

Necitumumab (100, 101)

*U.S. EDA approvals for pati

Approved Indications™

NSCLC: First-line, maintenance or second and greater-
line treatment after failure of 21 chemotherapy
regimen of pts with mNSCLC and EGER exon 19
deletions or L858R mutation

Metastatic pancreatic cancer: in combination with
gemcitabine

First-line treatment of pts with mNSCLC/EGFR exon
19 deletions or L858R mutation

First-line treatment of pts with mNSCLC and non-
resistant EGFR mutations; and those who progress
after platinum-based chemotherapy

First-line treatment of pts with mNSCLC and non-
resistant EGFR mutations; and those who progress
after platinum-based chemotherapy

First-line treatment of pts with metastatic NSCLC with
EGFR exon 19 deletion or the L§58R substitution
mutation

First-line treatment of pts with mNSCLC and EGFR
exon 19 deletions or exon 21 L858R mutation;
treatment of pts with EGFR T790M mutation-positive
mNSCLC who progressed on or after EGFR TKI
therapy

Treatment in combination with cetuximab of adult pts
with ALK-positive mNSCLC

EGFR-expressing KRAS wild-type mCRC: first-line
treatment in combination with FOLFIRL; in
combination with irinotecan when pts are refractory to
irinotecan-based chemotherapy; and as a single agent
in pts who have failed oxaliplatin- and irinotecan-
based chemotherapy and who are intolerant to
irinotecan

SCCHN: in combination with radiation therapy for pts
with locally or regionally advanced SCCHN; in
combination with platinum-based chemotherapy for
pts with recurrent locoregional or metastatic SCCHN;
and for pts with recurrent or metastatic SCCHN who
are intolerant to irinotecan

Monotherapy in pts with EGFR-expressing KRAS wild-
type mCRC with disease progression on or following
fluoropyrimidine-, oxaliplatin-, and irinotecan-
containing chemotherapy regimens

First-line treatment for pts with mNSCLC in
combination with gemcitabine or cisplatin

ts with EGFR-aberrant cancer

Key Acquired
Resistance Mechanisms
in Clinical Setting

EGER T790M mutation
ERBB2 amplification
MET amplification

EGFR T790M mutation
ERBB2 amplification
MET amplification

EGFR T790M mutation

EGFR T790M mutation

EGFR T790M mutation

C7978 mutation in the same
allele with the T790M mutation
EGER L792F/H/Y, G7965/R,
L718Q, L7981, L692V and
E709K mutations, and exon 20
insertion

Loss of T790M mutation
Oncogenic gene fusions

MET, FGFR1, EGFR, ERBB2,
MAPKI amplification

HGF, EGF overexpression
IGER upregulation

PIK3CA, BRAF, KRAS,
CDKN24, ALK, KIT, RBI
mutations

Histologic transformation
(EMT and SCLC)

NR

mCRC:
KRAS, NRAS, BRAF, AKT1 and
PIK3CA muta
EGFR ectodomain mutations
S468R, G465R, GA41R/E and
K443T

MET, KRAS, FGFRI and
ERBB2 amplification

SCCHN:

EGER ectodomain mutations
G338, N56K (patient-derived
HNSCC cells) and G465R
ERBB3 activation and ERBB2/
ERBB3 dimerization (PDX
models)

KRAS mutations
EGER ectodomain mutations
G465R/E and $464L.

MET amplification

NR

Efficacy Data from Key Phase III Clinical Trials

NSCLC:

OPTIMAL (erlotinib vs. CT) ~ ORR: 83% vs. 36% (p<0.0001);
PES: 13.1 months vs. 4.6 months (p<0.0001); OS: 22.8 months
vs. 27.2 months (35, 39)

EURTAC (erlotinib vs. CT) - ORR: 64% vs. 18% (p<0.0001);
PES: 9.7 months vs. 5.2 months (p<0.0001); OS: 193 months
vs. 19.5 months (36)

ENSURE (erlotinib vs. CT) - ORR: 62.7% vs. 33.6%; PFS:

11.0 months vs. 5.6 months (p<0.0001); OS: 26.3 months vs.
25,5 months (37)

Metastatic pancreatic cancer:

NCIC CTG PA.3 (erlotinib plus gemcitabine vs. gemcitabine)
~ ORR: 8.6% vs. 8.0%; PES: 3.75 months vs. 3.55 months
(p=0.004); O: 6.24 months vs. 5.91 months (p=0.038) (38)
TPASS (gefitinib vs. CT) ~ ORR: 43.0% vs. 32.2% (p<0.001);
PFS: 5.7 months vs. 5.8 months; OS: 18.6 months vs. 17.3
months (12)

WJTOG-3405 (gefitinib vs. CT) ~ ORR: 62.1% vs. 322%
(p<0.0001); PFS: 9.2 months vs. 6.3 months (p<0.0001); OS:
349 months vs. 37.3 months (43, 45)

NEJ002 (gefitinib vs. CT) ~ ORR: 73.7% vs. 30.7% (p<0.001);
PFS: 10.8 months vs. 5.4 months (p<0.001); OS: 30.5 months
vs. 23.6 months (44)

ICOGEN (icotinib vs. gefitinib) - ORR: 27.6% vs. 27.2%; PFS:
4.6 months vs. 3.4 months; OS: 13.3 months vs. 13.9 months
(46)

CONVINCE (icotinib vs. CT) - ORR: NR; PFS: 11.2 months
vs. 7.9 months (p=0.006); OS: 30.5 months vs. 32.1 months
“7)

LUX-Lung 3 (afatinib vs. CT) ~ ORR: 56% vs. 23% (p=0.001);
PES: 11.1 months vs. 6.9 months (p=0.001); OS: Ex19del
33.3 months vs. 21.1 months (p=0.0015), L858R = 27.6
months vs. 40.3 months, whole population = 31.6 months vs.
28.2 months (52, 54)

LUX-Lung 6 (afatinib vs. CT) - ORR: 66.9% vs. 23.0%
(p<0.0001); PFS: 11.0 months vs. 5.6 months (p<0.0001); OS:
Ex19del = 31.4 months vs. 18.4 months (p=0.023), L858]
19.6 months vs. 24.3 months, whole population = 23.6
months vs. 23.5 months (53, 54)

ARCHER 1009 (dacomitinib vs. erlotinib) ~ ORR: 11% vs.
8%; PFS: 2.6 months vs. 2.6 months; OS: 7.9 months vs. 8.3
months (57)

ARCHER 1050 (dacomitinib vs. gefitinib) - ORR: 75% vs.
72%; PES: 14.7 months vs. 9.2 months (p<0.0001); 34.1
months vs. 27.0 months (p=0.0155) (58, 59)

AURAS3 (osimertinib vs. CT) - ORR: 71% vs. 31% (p<0.001);
PES: 10.1 months vs. 4.4 months (p<0.001); OS: 26.8 months
vs. 22.5 months (66-68)

FLAURA (osimertinib vs. gefitinib) ~ ORR: 80% vs. 76%; PF¢
189 months vs. 10.2 months (p<0.001); OS: 38.6 months vs.
31.8 months (p=0.046) (69, 70)

Retrospective analysis (brigatinib in combination with
cetuximab vs. CT) -~ ORR: 60% vs. 10%; PES: 14 months vs. 3
months; OS: NR (72)

mCRC:

CRYSTAL (cetuximab + CT vs. CT) ~ ORR: 46.9% vs. 38.7%
(p=0.004); PFS: 8.9 months vs. § months (p=0.048); OS: 199
months vs. 18.6 months (88)

TAILOR (cetuximab + CT vs. CT) - ORR: 61.1% vs. 39.5%
(p<0.001); PFS: 9.2 months vs. 7.4 months (p=0.004); OS:
20.7 months vs. 17.8 months (p=0.02) (89)

Cetuximab + CT vs. cetuximab monotherapy in pts refractory
10 CT - ORR: 22.9% vs. 10.8% (p=0.007); PFS: 4.1 months vs.
1.5 months (p<0.001); OS: 8.6 months vs. 6.9 months (90)
NCT00079066 (cetuximab vs. BSC) - ORR: 8.0% vs. 0%
(p<0.001); PFS: 1.9 months vs. 1.8 months (p<0.001); OS: 6.1
months vs. 4.6 months (p=0.005) (91)

BEACON CRC (cetuximab + encorafenib + binimetinib
[triplet] vs. cetuximab + encorafenib [doublet] vs. cetuximab
+ irinotecan or cetuximab + CT [control]) - ORR: 26% vs.
20% vs. 2% (both p<0.001 vs. control); PES: 4.3 months vs.
4.2 vs. 1.5 months (both p<0.001 vs control); OS: 9.0 months
vs. 8.4 vs. 5.4 months (both p<0.001 vs. control) (92)

EPIC (cetuximab + irinotecan vs. irinotecan) - ORR: 16.4%
vs. 4.2% (p<0.0001); PFS: 4.0 months vs. 2.6 months
(p<0.0001); OS: 10.7 months vs. 10.0 months (93)

SCCHN:

EXTREME (cetuximab + CT vs. CT) - ORR: 36% vs. 20%
(p<0.001); PFS: 5.6 months vs. 3.3 months (p<0.001); OS: 10.1
months vs. 7.4 months (p=0.04) (94)

NCT00004227 (cetuximab + RT vs. RT) - ORR 74% vs. 64%
(p=0.02); PFS:17.1 months vs. 124 months (p=0.006); O
49.0 months vs. 29.3 months (p=0.018) (95)
PARADIGM (panitumumab + CT vs. bevacizumab + CT in
left-sided tumors) ~ ORR: 80.2% vs. 68.6%; PFS: 13.7 months
vs. 13.2 months; OS: 37.9 months vs. 34.3 months (p=0.031)
(96)

NCT00113763 (panitumumab vs. BSC) ~ ORR: 10% vs. 0%
(p<0.0001); PFS: 1.8 months vs. 1.7 months; OS at a median
follow-up of 72 weeks: 19% vs. 16% (97)

PRIME (panitumumab + CT vs. CT in pts with wtKRAS) -
ORR: 55% vs. 48%; PFS: 9.6 months vs. 8.0 months (p=0.02);
05:23.9 months vs. 19.7 months (95)

PRIME (panitumumab + CT vs. CT in pts with mutant
KRAS) - ORR: 40% vs. 40%; PFS: 7.3 months vs. 8.8 months
(p=0.02); OS: 15.5 months vs. 19.3 months (98)

SQUIRE (necitumumab + CT vs. CT) - ORR: 31% vs. 29%;
PES: 5.7 months vs. 5.5 months (p=0.02); OS: 11.5 months vs.
9.9 months (p=0.01) (101)

PIncludes acne, dermatitis acneiform, dry skin, exfoliative rash, rash, rash erythematous, rash macular, rash papular, and rash pustular
AEs, adverse events; ALK, anaplastic lymphoma kinase; ALT, alanine aminotransferase; AP, alkaline phosphatase; AST, aspartate aminotransferase; BRAF, BRAF proto-oncogene; CPK, creatine phosphokinase; EGF, epidermal growth factor; EGFR,

epidermal growth factor receptor; EMT, epithelial-mesenchymal transition;

Most Common AEs (All Grade)

Rash, edema, diarrhea, anorexia, fatigue,
dyspnea, cough, nausea, infection, vomiting,
pyrexia, and decreased weight

Skin reactions, diarrhea, ALT increased, AST
increased, and proteinuria

Rash, diarrhea, increased ALT, increased
AST, leukopenia

Rash/acneiform dermatits, pruritus, diarrhea,
stomatitis, infections, decreased appetite,
increased ALT, and increased AST

Diarrhea, stomatitis, rash, paronychia, dry
skin, alopecia, pruritus, decreased appetite,
decreased weight, cough, anemia,
Iymphopenia, hypoalbuminemia, increased
ALT, increased AST, hyperglycemia,
hypocalcemia, hypokalemia, hyponatremia,
increased creatinine, increased AP, and
hypomagnesemia

Rash, dry skin, nail toxicity, diarrhea,
, fatigue, and decreased app

Diarrhea, fatigue, nausea, vomiting,
abdominal pain, rash, pruritus, cough,
myalgia, hypertension, headache, vomiting,
dyspnea, back pain, increased CPK, increased
AST and ALT, increased lipase,
hyperglycemia, increased amylase, decreased
phosphorus, increased AP, increased creatine,
increased potassium, increased calcium,
decreased magnesium, decreased hemoglobin,
and lymphocyte count decreased

mCRC:

Acneiform rash, diarrhea, stomatitis,
constipation, vomiting, infection

SCCHN:

Acneiform rash,” fever, nausea, diarrhea,
infection

Erythema, pruritus, acneiform dermatitis,
rash, skin fissures, dry skin, nausea, diarrhea,
and hypomagnesemia

Rash and hypomagnesemia

ERBB2/3, v-erb-b2 erythroblastic leukemia viral oncogene homolog 2/3; FDA, Food and Drug Administration; FGER, fibroblast growth factor receptor; FOLFIRI, folinic acid

fluorouracil, irinotecan; HGE, hepatocyte growth factor; IGER, insulin growth factor receptor; KRAS, Kirsten rat sarcoma viral oncogene homolog: MAPK1, mitogen-activated protein kinase 1; mCRC, metastatic colorectal cancer; MET, mesenchymal-
epithelial transition factor; mNSCLC, metastatic NSCLG; NR, not reported; NSCLC, non-small cell lung cancer; ORR, objective response rate; O, overall survival; PDX, patient-derived xenografts; PFS, progression-fre survival; PI3K, phosphoinositide 3-

Kinase; pts, patients; SOCHN, squamous cell carcinoma of the head and neck; SCLC, small cell lung carcinoma;

L tyrosine kinase inhibitor: wt, wild-type.
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Compound ATm (°C) Kapp (1077 M-1) EtBr displacement

WN197 16.6 15.005 + 0.290 90%
WN170 16.1 2.436 + 0.883 87%

Variations in melting temperature (ATm=Tm drug—DNA complex—Tm DNA alone) were performed at a ratio of 0.5. Apparent binding constant were measured by fluorescence using [EBJ/
[DNA] = 1.26. Data were the mean of at least three independent experiments.
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MDA-MB-231 HelLa HT-29
WN197 0.144 £ 0.01 0.220 + 0.01 0.368 +0.07
WN170 0.875 + 0,01 0.630 + 0.09 0.479 £ 0.07
Cisplatin 33.802 + 1.27 19.287 + 5.323 21.313 £+ 7.475
Statistical difference (WIN197/WN170) - ns

Data are expressed as the mean + SD of three independent experiments. Statistics were based on Student's t-test of the difference between WN197 and WN170; ns, non-significative,

*p<0.01 and ***'p<0.0001.
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WN197 1.080 + 0.037
Cisplatin 14.218 + 7.157
Statistical difference (WN197 on adenocarcinomas vs. on e
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Data are expressed as the mean + SD of three independent experiments. Statistics were
based on Student’s t-test of the difference between WN197 ICs, on adenocarcinomas
and MCF-10A; **p<0.001.
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Clinical
trial ID

Study title

Drug
(target)

ARID1-RELATED RESULTS

DDR, ICB
and
combination

DDR, ICB
and
combination

DDR, ICB
and
combination

Epigenetics,
ICB and
combination

Kinases

Epigenetics,

ICB and
combination

NCT02506816

NCT02278250

NCT03718091

NCT03297424

NCT01914510

NCT04493619

Preoperative Olaparib
Endometrial Carcinoma
Study (POLEN)

First in human study of
M4344 in participants with
advanced solid tumors

M6620 (VX-970) in selected
solid tumors

A Study of PLX2853 in
Advanced Malignancies

A study of ENMD-2076 in
ovarian clear cell cancers

PLX2853 as a Single Agent
in Advanced Gynecological
Malignancies and in
Combination With
Carboplatin in Platinum-
Resistant Epithelial Ovarian
Cancer

Olaparib
(PARP
inhibitor)

M4344
(ATR
inhibitor)

M6620
(ATR
inhibitor)

PLX2853
(BET
inhibitor)

ENMD-2076
(Multikinase
inhibitor)

PLX2853
(BET
inhibitor)
Carboplatin

Disease Study
phase

Endometrial 0

Carcinoma

Advanced solid 1

tumors

Solid tumor 2

Leiomyosarcoma

Osteosarcoma

Advanced 12

malignancies

Ovarian clear 2

cell carcinoma

Gynecologic 12
Neoplasms

Patients with ARID1A deficiency had a (24)
marked effect of reducing the expression of

PARP-1 and cyclin-D following Olaparib

treatment.

Clinical Trial results are under evaluation. (25)
M4344 showed an in-vitro and in-vivo

anticancer activity through the induction of

mitotic catastrophe and DNA damage. This

activity is significantly correlated with

ARIDIA deficiency.

Among the enrolled cohort of patients, (26)
authors reported the case of a patient with
metastatic colon cancer harboring an

ARIDIA deficiency who had a complete

response to therapy (progression-free

survival of 29 months at the last evaluation)

This study reported an encouraging (27)
pharmacological activity of PLX2853, but

results comparing synthetic lethality with

ARIDIA deficiency are yet to be presented.

Although primary endpoint of the trial (28)
failed, ENMD-2076 showed an improved

outcome in ARIDIA deficient ovarian clear

cell carcinomas patients.

No result published yet

*Information on the clinical trials was obtained from https://clinicaltrials.gov on December 2022. DDR, DNA- damage repair; PARP, poly(ADP- ribose) polymerase; ICB, immune check-point
blockade; ATR, ATM and rad3-related; BET, bromodomain and extra- terminal motif.
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Variables

N =42

Age, years
Median (IQR)
<65
Male gender, n(%)
ECOG performance status score, n(%)
0
1
2 and above
Pathological subtypes, n(%)
Osteosarcoma
Chondrosarcoma’
Ewing sarcoma/PNET*
Malignant fibrous histiocytoma (MFH) of bone
Clinical stage, n(%)
B
n
IVA
VB
Previous surgery, n(%)
Yes
Previous radiotherapy, n(%)
Yes
Previous targeted therapy, n(%)
Yes
Metastatic at diagnose
Lung metastasis
Metastasis to other sites
Adjuvant therapy, n(%)
First line chemotherapy, n(%)
Second-line chemotherapy, n(%)
Third-line Chemotherapy, n(%)
Unclear

*PNET, primitive neuroectodermal tumor.

28,0 (18.0, 36.0)
41(97.62)
25 (59.5)

3(7.14)
34 (80.95)
5(11.9)

29 (69.05)
9 (21.49)
3(7.14)
1(2.38)

6 (14.29)

2(4.76)
39 (92.6)
39 (92.6)
13 (31.0)
42 (100)
39 (92.9)
7(16.7)
1(2.4)
3(7.14)

Aincluding 5 cases of mesenchymal chondrosarcoma, 2 cases of grade 2
chondrosarcoma, 1 case of grade 3 chondrosarcoma and 1 case of dedifferentiated

chondrosarcoma.





OPS/images/fonc.2022.811687/table2.jpg
Bone tumors N CR PR sD PD ORR DCR

n n n n n (%) n (%)
Osteosarcoma 29 0 2 20 7 2 (6.90) 22 (75.86)
Chondrosarcoma 9 0 0 7 2 00 7(77.78)
Ewing sarcoma/PNET tumor 3 0 2 1 0 2 (66.67) 3 (100)
Malignant fibrous histiocytoma of bone 1 0 0 1 0 0(0) 1(100)
Total 42 0 4 29 9 4(9.52) 33 (78.57)

The levels of response were evaluated by independent radiologic review per RECIST version 1.1.

CR, complete response; DCR, Diseace control rate; ORR, objective response rate; OS, overall survival; PD, progressive disease; PFS, progression-free survival; PNET tumor, Primitive
neuroectodermal tumor; PR, partial response; SD, stable disease.

The objective response rate was the percentage of patients who had a best-response rating of CR or PR per RECIST Version 1.1 based on independent radiologic review. The disease-
control rate was the proportion of patients who had a best-response rating of CR or PR or SD per RECIST Version 1.1 based on independent radiologic review.
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Preferred Terms

Total

Hypertension
Hypothyroidism

Pustulosis palmaris et plantaris
Diarrhea

Proteinuria
Hypertriglyceridemia
Hypercholesterolemia
Elevated TSH

Reduced lymphocyte count
Fatigue

Hyperglycemia
Oropharyngeal pain
Reduced leucocyte count
Rash

Abdominal pain

Oral mucositis

Gingival bleeding

Reduced appetite

Elevated ALT

Elevated alkaline phosphatase
Elevated LDH

Reduced platelet counts
Reduced neutrophil counts
Reduced body weight
Elevated lipase

Elevated amylase

Elevated triglycerides
Pneumothorax

Oral ulcer

Paraplegia

Cancer pain

All grades

42 (100.00)
28 (66.67)
23 (54.76)
17 (40.48)
17 (40.48)
17 (40.48)
16 (38.10)
12 (28.57)
11 (26.19)
10 (23.81)
9(21.43)
8(19.05)
8(19.05)
8(19.05)
7(16.67)
7(16.67)
7(16.67)
7 (16.67)
7(16.67)
7(16.67)
6(14.29)
6 (14.29)
6 (14.29)
5(11.90)
5 (11.90)
(<10)

Grade 3 and above

23 (54.76)
8 (19.05)
0(0.00)
3(7.14)
(0.00)
(4.76)
9.52)
(0.00)
(0.00)
(2.39)
(0.00)
(0.00)
(0.00)
(0.00)
(0.00)
(0.00)
(0.00)
(0.00)
(0.00)
(0.00)
(2.38)
(0.00)
(4.76)
(2.38)
(0.00)
(7.14)
(4.76)
(2.38)
(2.38)
(2.39)
(2.38)
(2.38)
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Sr. No

Viurses

'YDC002
Adenovirus
Ad5-3A -A20T
Adenovirus
shRNA-encoding
adenovirus
Myb34.5 herpes
simplex virus
oW-Smac
vaccinia virus
W-ING4
vaccinia virus
GLV-168
vaccinia virus

H-1PV Parvovirus

MeV Measles virus

VSV- A M51-GFP

Vesicular Stomatitis
Virus

Alterations in viruses

+ relaxin

+ Smac gene
+ inhibitor of ING4 gene

B -galactosidase,
B -glucuronidase,
and Ruc-GFP

Other therapies

TRAIL

Nab-paclitaxel

Study outcomes

Low (0.01-0.05p M) dose shows
effective results
high selectivity to cancer cells

tumor size regression

Low dose shows effective

tumor size reduction

Increases apoptosis and cytotoxic
effect of Gemcitabine

Helps Gemcitabine to work more
effectively as anticancer therapy

significant reduction of tumor size

> 50% reduction of tumor size

reference

jung2017oncolytic
(144)

(149)
gayral2015targeted
chen2019gemcitabine
wu2017ing4

(195)

SRS
@ =209
S0u3S
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Phase Oncolytic Site of Combined No of Patients Patients’ Info Year Study
virus Admin with
Adenovirus
AdV-tk Intratumoral Valacyclovir 27 Arm A: Resectable Start: 2008 (NCT00638612)
injection Arm B: End: 2015 AmB: 58 AmB: 12 (133)
unresectable
LAPC
(Ad5-DS)  Intratumoral 5- 9 LAPC Start: 2016 (NCT00638612)
injection Fluorocytosine End: 2019 (133)
/Nalganciclovir
/Standard
dose of
intravenous
Gemcitabine
(Ad5-DS) - 5- 8 Non-metastatic Start: 2006 (NCT00415454)
fluorocytosine/ LAPC Terminated (Poor
valganciclovir enrollment)
CAdVEC Intratumoral - 45 LAPC Start: 2020 (NCT03740256)
injection Patients with 10 different End: 2038
malignances
L1l LOAd703  Intratumoral - 50 LAPC Start: 2018 (NCT03225989)
injection Patients with 4 different End: 2022
malignances
Herpes Simplex Virus
HF10 Intratumoral Erlotinib/ 10 Unresectable Study (152)
(HSV) injection Gemcitabine LAPC End: 2018
L1l OH2 Intratumoral - 25 LAPC or Start: 2021 (NCT04637698)
injection metastatic End: 2022
T-VEC Intratumoral ~ — 16 LAPC Start: 2017 (NCT03086642)
injection or metastatic End: 2026 (NCT03252808)
HF10 Intratumoral Gemcitabine/ 36 LAPC and never  Start: 2017 (153)
(HsV) injection Nab- received End: 2035
paciitaxel/ anticancer therapy
TS-1
HF10 Intratumoral - Total: 17 Unresectable Start: 2006 (154)
(HSV) injection 8 pancreatic cancer LAPC End: 2014
patients
HF10 Intratumoral - Total: 9 LAPC and Start: 2005 (155)
(HSV) injection 3 pancreatic cancer metastatic End: 2007

patients
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Phase Oncolytic  Site of Admin Combined with No of Patients’ Info Year mPFS mOS Study
virus Patients (Months) (Months)
Reovirus
Il REOLYSIN intravenous Carboplatin/Paclitaxel 73 Arm A: 36 Start: Arm A: Arm A:  (NCT01280058)
injection Carboplatin + Paclitaxel + 2010 4.9 73 (180)
Reolysin End: Arm B: AmB: 8
Arm B: 37 2016 52
Carboplatin + Paclitaxel
I REOLYSIN  Intravenous Gemcitabine 34 LAPC or metastatic Start: 3.4 10.2 (NCT00998322)
injection 2009 (181)
End
2015
| REOLYSIN  Intravenous Gemcitabine/ 11 Advanced or metastatic Start: 2.0 3.1 (NCT02620423)
injection Irinotecan/ 2015 (182)
Leucovorin/ End:
5-fluorouracil/ 2018
Pembrolizumab
Parvovirus
I ParvOryx Intravenous and ~ Gemcitabine Started after i Unresectable Start: 3.4 5.8 (NCT02653313)
Intratumoral 28 days of H-1PV first LAPC 2015 (183, 184)
injection dose with at least one hepatic End:
metastasis 2018
Vaccinia virus
| w Subcutaneous - 12 Unresectable and Start: - - (NCT01191684)
expressing  injection 5 pancreatic  chemotherapy resistant or 2011 (185)
p53 cancer recurrent tumors End:
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0, singlet oxygen

ALA aminolevulinic acid

BCC Basal cell carcinoma

CAFs cancer-associated fibroblasts
CCL5 Chemokine (C-C motif) ligand 5
cp cluster of differentiation

CDK cyclin-dependent kinase

CF control fibroblastas

CTLA-4 cytotoxic T-lymphocyte-associated protein 4
CXCLI2 C-X-C motif chemokine ligand 12
ECM extracellular matrix

EMT epithelial-mesenchymal tran

FAP fibroblast act

FGF fibroblast growth factor

FOX Forkhead box protein

GS Gorlin Syndrome

HIF-lalpha hypoxia factor 1 alpha

IF Interferon gamma

I interleukin

MAL ‘methyl aminolevulinate

MAPK ‘mitogen-activated protein kinase
MC ‘mast cell

MCH-2 major histocompatibility complex 2
MDSCs myeloid-derived suppressor cells
MMP ‘matrix metalloproteinases

mTOR ‘mammalian Target of Rapamycin
NE-xB Nuclear factor kappa-light-chain-enhancer of activated B cells
NMSC non-melanoma skin cancer

NO nitric oxide

PDFG Platelet derived growth factor
PD-LI programmed death-ligand 1

PS photosensitizer

ROS reactive oxygen species

SCC squamous cell carcinoma

scFv sequence specific to FAP

SR-A scavenger receptor A

STAT signal transducer and activator of transcription
TAMs tumor associated macrophages
TGEp transforming growth factor beta
TiLs tumor infiltrated lymphocytes
TLR Toll like receptor

TME tumor microenvironment

TNFo Tumor necrosis factor

UVA Ultraviolet A

VEGF vascular endothelial growth factor
XE xeroderma fibroblasts

XP xeroderma pigmentosum

a-SMA smooth muscle actin alpha.
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Effects of TME in PDT resistance Strategies to improve PDT

Physical barrier for photosensitizers and intra-tumoral infiltration of immune cells ~ Disrupting the tumor extracellular matrix with hyaluronidase using dextran as a
carrier (125)

Tumor hypoxia (126): Reduction of HIF-1o. with curcumin (128)
+ Immunosuppressive effect by MDSC (123, 127) Delivering O2 to hypoxic tumors (129-131)
Responses of CAFs after PDT: Targeting CAFs:
+  Production of TGFB-1 induces a quiescent in tumor cells after PDT (47, 132- +  Reversion of CAFs phenotype by ALA (138)
134) *  MAL + TGF inhibitor (47)
» Induction of tumor progression (135) . Metformin + MAL inhibits TGFB (139)
+ Secretion of IL1B, which induces tumor promotion (136) . ZnF16Pc-loaded ferritin nanoparticles eliminate CAFs (140, 141)
» Production of CXCL12, which avoids the contact between T cells and cancer
cells (137)
Suppression of tumor cell phagocytosis by M1 TAM (142, 143) Combination of PDT with drugs to promote M1 TAM polarization:
M2 TAM exhibit pro-oncogenic properties (70): *  Rapamycin (82)
*  Releasing anti-inflammatory cytokines (IL4, IL13, IL10, TGFB) *  Metformin (83)
» Overexpressing PD-L1 *  Chloroquine (84, 85)
»  Downregulation of MCH-2 molecules Designing new PS for TAM, promoting M1 TAM over M2 TAM:

. Chloroaluminum sulfonated phthalocyanine (142, 144)
. Photofrin (143, 145, 146)

*  Alginate-zinc (IT) phthalocyanine conjugates (147)

*  Mannose conjugated-chlorin (148)

Increase of degranulation of MC and angiogenesis (102) Antihistamines (102)
ALA, aminolevulinic acid; CAFs, cancer-associated fibroblasts; CXCL12, C-X-C motif chemokine ligand 12; EMT, epithelial-mesenchymal transition; IL1B, Interleukin 1B; MAL, methyl

aminolevulinate; MC, mast cell; MMP, metalloproteinases; NF-kB, Nuclear factor kappa-light-chain-enhancer of activated B cells; PDT, photodynamic therapy; PS, photosensitizer; TAM,
tumor associated macrophages; TGFp, tumor growth factor beta; TME, tumor microenvironment.
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Sr. Interacting AG (kcal Kd (M) at No.oftotal ICs charged- ICscharged- ICs charged- ICspolar- ICs polar- ICsapolar-
no. proteins mol™) 37.0°C ICs charged polar apolar polar apolar apolar

HAAV2 LS protein

1 SLC2A1 -16.0 5.4e-12 141 16 26 23 16 45 15
2 MET =76 4.1e-06 76 1" 31 14 12 6 2
3 ILIRAP -115 7.3e-09 75 9 19 15 7 20 5
4 NPR3 -10.4 5.0e-08 78 10 19 9 7 18 15
5 GABRP -17.8 3.0e-13 169 " 28 40 19 46 25
6 SLC6A6 -116 6.7e-09 84 10 10 21 " 24 8
7 TMPRSS4 -156.5 1.1e-11 19 18 23 29 8 29 12
1 CAR -9.4 2.3e-07 63 7 14 12 10 13 s
2 DsG2 -127 1.1e-09 86 7 20 13 8 29 9
HAdV3 L5 protein
1 SLC2A1 -13.7 2.3e-10 118 8 20 28 " 35 16
2 MET -9.6 1.6e-07 73 6 14 15 10 16 12
3 IL1RAP -99 1.1e-07 62 4 14 13 4 16 "
4 NPR3 -13.1 59e-10 92 7 15 19 2 25 24
5 GABRP -219 3.4e-16 168 5 20 36 9 63 35
6 SLC6A6 =117 5.8e-09 147 12 25 20 22 37 31
7 TMPRSS4 -15.0 2.4e-11 128 10 29 34 8 31 16
1 CAR -122 2.7e-09 107 7 28 18 9 26 19
2 DSG2 -14.0 1.3e-10 110 18 21 27 4 23 17
3 CD46 -13.0 7.2e-10 1056 8 1" 25 12 30 19
HAAV5 LS protein
1 SLC2A1 -13.6 2.4e-10 138 1 30 39 9 26 23
2 MET -10.8 2.3e-08 93 9 25 21 13 19 6
3 IL1RAP -85 9.8e-07 44 4 5 15 4 8 8
4 NPR3 -9.8 1.3e-07 55 3 6 14 1 13 18
5 GABRP -167 8.7e-12 14 9 " 35 3 27 29
6 SLC6A6 -12.6 1.4e-09 129 " 28 30 13 28 19
7 TMPRSS4 -13.6 2.5e-10 96 " 18 19 6 28 14
1 CAR -10.0 8.9e-08 59 4 13 14 5 13 10
2 DSG2 -1 1.4e-08 89 7 16 24 10 21 11
3 CR1(2MC2) -13.9 1.7e-10 87 5 12 22 4 25 19
4 CR1(5F0O9) -10.9 2.2e-08 94 6 " 9 19 31 18

The table represents the binding affinity and number of interactions of pancreatic cancer receptors, CAR, and DSG2 with HAdV2, HAAV3, and HAdV5 L5 proteins generated by the Prodigy
server. Binding affinity (AG) represents the firmness with which two molecules bind with each other.
Kd. dissociation constant: ICs, interfacial contacts.
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Sr. no. Protein receptor name UniProt ID Sequence % identity PDBID Sequence cover- PDB model used

length age

| MET proto-oncogene, receptor tyrosine kinase PO8581 1,390 100% 2UzX 57% Homology model of 2UZX

(MET)
2 Solute carrier family 2 member 1 (SLC2A1) P11166 492 100% B6THA 100% 6THA
3 Natriuretic peptide receptor 3 (NPR3) P17342 541 100% 1YKO 88% Homology model of 1YKO
4 Interleukin 1 receptor accessory protein (IL1RAP) QINPH3 570 100% 4DEP 61% Homology model of 4DEP
5 Gamma-aminobutyric acid type 000591 440 48.34%  4COF 67% TrRosetta model

A receptor pi subunit (GABRP)
6 Solute carrier family 6 member 6 (SLC6AG) P31641 620 47.34%  4YPB 87% TrRosetta model
7 Transmembrane protease, serine 4 (TMPRSS4) QINRS4 437 37.99% 7MEQ 82% TrRosetta model

Positive control

1 Coxsackievirus and adenovirus receptor P78310 365 100% 1EAJ 34% 1EAJ

(CAR/CXADR)
2 Desmoglein 2 (DSG2) Q14126 1,118 99.82%  5ERD 49% 5ERD
3 Membrane cofactor protein (CD46) P15529 392 100.00% 308E 64% 308E
4 Complement receptor type 1 (CR1) P17927 2,039 97.60% 2MCZ 128 residues 2MCZ

100.00% 5FO9 196 residues 4FO9

Protein receptor name and UniProt ID, followed by sequence length and % sequence identity with known Protein Data Bank (PDB) structures/PSI-Blast hit and then followed by PDB ID
and sequence coverage. The last column indicates the information of the model used for the analysis.
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Sr. no. Serotype name UniProt ID Sequence length % identity PDB ID Sequence coverage

1 Human adenovirus C serotype 2 P03275 582 100% 1QU 45%
(HAAV2)
Fiber protein (L5)

2 Human adenovirus C serotype 5 P11818 581 97.45% 4ATZ 33%
(HAdV5)
Fiber protein (L5)

2 Human adenovirus B serotype 3 P04501 319 99.4% 1H7Z 61%
(HAQV3)
Fiber protein (L5)

Serotype name, UniProt ID, sequence length, % sequence identity with known Protein Data Bank (PDB) structures/PSI-Blast hit, and PDB Ids. The last column sequence coverage.
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Sr.no. Interacting proteins HADDOCK score  Cluster sizz  RMSD  Van der Waals energy ~ Electrostatic energy Desolvation energy ~ Restraints violation energy ~ Buried surface area

HAdV2 L5
1 SLC2A1 -1822+ 15 20 05+03 -1216+28 -309.7 +20.4 1418 00+00 3,278.8 + 40.1
2 MET -111.8£25 20 06+03 -56.6 + 6.6 -3082+252 93+41 09:03 2,151.4 £ 129.7
3 IL1RAP -111.7 £33 20 05+03 -546+43 -276.3+8.0 -19+20 09+08 1,623.7 + 456
= NPR3 -102.4 £ 1.1 20 05+03 704 + 4.7 -207.1£21.4 94+10 05+03 2,008.0 + 58.8
5 GABRP -227.8+13 20 05+03 -1338+£18 -3935+195 -153£25 0000 3,983.4 +40.4
6 SLC6A6 -146.0 £ 3.1 10 06+03 -839+24 -144.6 £ 8.1 -333+£30 0703 22562 +65.5
7 TMPRSS4 -1762+16 10 05+03 -938+35 -380.7 +26.3 -63+54 04+01 27705 + 61.1
1 CAR -1043 £33 20 05+03 -493+30 -277.1 £ 431 04+34 0702 17222 £314
2 DSG2 -1419+£33 20 05+03 -596+33 -404.4 £ 245 -14+11 02+0.1 20842775
HAdV3 L5
1 SLC2A1 -1642+19 10 05+03 -94.8+ 4.7 -450.8 + 23.3 207 £27 06+04 2,949.9 + 100.2
2 MET -1156£06 20 06+04 -658+ 1.4 -186.1+89 -126£26 02+0.1 1,985.7 £ 413
3 IL1RAP -847£09 20 05+03 -49.7+ 10 -132.1£93 -87+16 0803 1,796.0 £ 23.4
4 NPR3 -126.8+3.0 20 05+03 -703+ 1.1 -367.4 £19.7 149+ 0.8 12+04 2221.1+£278
5 GABRP -241.0£5.1 20 05+03 -159.0+ 1.4 -8282+227 -175+£55 0803 43184 +458
6 SLC6A6 -2421£15 20 06+03 -1385+39 -382.4+215 -27.1£10 0000 36284 +425
7 TMPRSS4 -200.6 + 4.6 10 05+03 -1056.0 4.2 -538.9+ 19.6 12133 07+04 32128 +476
1 CAR -168.4 + 55 20 05+03 -896+2.1 -394.1 +24.3 -01+23 07+02 2,879.1 +82.2
2 DSG2 -171.7£35 20 06+03 -828+34 -483.4 +1.8 7626 0905 27801 £ 92.3
3 CD46 -1707 £ 5.0 20 05+03 -97.0+26 -326.7 + 34.8 -85+32 12£06 29272 £59.2
HAdV5 L5 protein
1 SLC2A1 -191.0£43 10 05+03 -1129+28 -4322 £ 194 8325 0703 3,246.7 £ 11.3
2 MET -129.0£35 20 05+03 -750+26 -279.7 £ 14.0 18+16 11£05 2,509.0 + 85.0
3 IL1RAP -809 1.4 20 05+03 -343+1.7 ~204.3 +26.4 -59+50 08+06 1,279.8 + 40.1
4 NPR3 ~76.7+1.0 20 05+03 -49.2+1.3 -136.5+8.7 -03+19 04+03 1,360.9 £ 21.5
5 GABRP -1432£50 20 05+03 -105.6+338 -139.9 £ 206 9716 0605 2,980.7 + 429
6 SLCBAB -208.7+ 6.3 10 06+03 -1148+1.1 -395.2+23.3 -149+27 08+03 2911.2+67.0
7 TMPRSS4 -148.9 £ 0.1 10 05+03 -66.9 + 4.7 ~454.9 +20.8 88+28 14+07 24614 +41.7
1 CAR -89.0£1.9 20 05+03 -515+1.2 -2255+182 75£12 10£06 14832 £ 37.0
2 DSG2 -1222+23 20 05+03 -820+£27 -186.3+ 139 3026 0806 2,075.7 £ 68.2
3 CR1(2MC2) -166.2+ 09 20 05+03 -748+29 -348.3 + 19.4 -118+33 0807 2,380.6 + 39.0
4 CR1(5F09) -1282+12 20 05+03 -69.1+1.3 -2942+50 -03+09 07+02 2,171.6 £329

The table represents the information of refined clusters for all pancreatic cancer receptors, CAR, DSG2, CD46, and CR1 against HAG2, HAGVS, and HAAV5 L5 proteins. The HADDOCK score is protein-protein docking score, cluster size is
the number of similar interaction conformations generated and clustered together by HADDOCK. RMSD (oot mean square deviation) conveys how much deviation of protein structure occurs from its original conformation. Van der Waals
energy is a result of comparatively weak electric forces. Electrostatic energy refers to electromagnefic force that occurs when a molecule s bearing a static electrical charge. Desolvation energy is required for the interacting proteins to substitute
the water molecules on the binding surface. The whole calculations for each structural restraint constitute the restraints violation energy, and it is supposed to be close o zero.
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EGFR GTGACCGTTTGGGAGTTGATGA CD133 TGGATGCAGAACTTGACAACGT
GGCTGAGGGAGGCGTTCTC ATACCTGCTACGACAGTCGTGGT
Nanog AATACCTCAGCCTCCAGCAGATG PDGFRa: GGCATTCTTTGCAATACTGCTTAA
TGCGTCACACCATTGCTATTCTTC CATCTGCCGATAGCACAGTGA
Oct4 CGAAAGAGAAAGCGAACCAG DR4 AGGAGCCGGCAGATTTGACA
AACCACACTCGGACCACATC GCATCAGAGTCTCAGTGGGGT
Sox2 ACACCAATCCCATCCACACT DR5 GTT CCA GCC CTC CCT CAG AT
CCTCCCCAGGTTTTCTCTGT GGT GCA AAT GAG ACT GCC CA
MELK CAAACTTGCCTGCCATATCCT L1CAM CATGTGATGGAGCCACCTGT
GCAAATCACTCCCTAGTGTGTT CCCAGCTCTTCCTTGGGTTT
Nestin TTGCCTGCTACCCTTGAGAC MAP2 CCAATGGATTCCCATACAGG
GGGCTCTGATCTCTGCATCTAC TCCTTGCAGACACCTCCTCT
Notch2 GATCACCCGAATGGCTATGAAT HPRT TGAGGATTTGGAAAGGGTGT
CAATGCAGCGACCATCGTTC GAGCACACAGAGGGCTACAA
GFAP CTGCGGCTCGATCAACTCA GAPDH AGATCCCTCCAAAATCAAGTGG
TCCAGCGACTCAATCTTCCTC GGCAGAGATGATGACCCTTTT
Olig2 CCAGAGCCCGATGACCTTTTT GUSB CTTCTCTGACAACCGACGCC
CACTGCCTCCTAGCTTGTCC ACACCCAGCCGACAAAATGC
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Primers’ sequence, 5’ - 3’

CTGTTTATGTTAATAACACTGAA
TGTTGGGTGCAGCAGGAAGAAA
GCTTCTAGATCATATGCAAAT
AATTCAAGGGGTCGATAATGTA
CATCAGCTATCAATGTTGTGAT
TTTTCTCGAGCTTTCCTCATGGTTGGAGTT
TTTTGGATCCTCAATGTTGTGATGGGCT
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