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Over 90% of colorectal cancer (CRC) patients have mutations in the Wnt/β-catenin pathway, making the development of biomarkers difficult based on this critical oncogenic pathway. Recent studies demonstrate that CRC tumor niche-stromal cells can activate β-catenin in cancer-initiating cells (CICs), leading to disease progression. We therefore sought to elucidate the molecular interactions between stromal and CRC cells for the development of prognostically relevant biomarkers. Assessment of CIC induction and β-catenin activation in CRC cells with two human fibroblast cell-conditioned medium (CM) was performed with subsequent mass spectrometry (MS) analysis to identify the potential paracrine factors. In vitro assessment with the identified factor and in vivo validation using two mouse models of disease dissemination and metastasis was performed. Prediction of additional molecular players with Ingenuity pathway analysis was performed, with subsequent in vitro and translational validation using human CRC tissue microarray and multiple transcriptome databases for analysis. We found that fibroblast-CM significantly enhanced multiple CIC properties including sphere formation, β-catenin activation, and drug resistance in CRC cells. MS identified galectin-1 (Gal-1) to be the secreted factor and Gal-1 alone was sufficient to induce multiple CIC properties in vitro and disease progression in both mouse models. IPA predicted SOX9 to be involved in the Gal-1/β-catenin interactions, which was validated in vitro, with Gal-1 and/or SOX9—particularly Gal-1high/SOX9high samples—significantly correlating with multiple aspects of clinical disease progression. Stromal-secreted Gal-1 promotes CIC-features and disease dissemination in CRC through SOX9 and β-catenin, with Gal-1 and SOX9 having a strong clinical prognostic value.
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Introduction

Colorectal cancer (CRC) is one of most common cancers worldwide, with its incidence and mortality rising in individuals age 50 and younger (1). While overall decreases in the CRC risk factors of alcohol intake and smoking along with an increased screening has helped reduce its incidence for several decades, alarmingly, in recent years, incidence rates have been on the increase in younger adults 50 years and under (2, 3). Survival rates of CRC strongly correlate with stage, with the 5-year survival for stage I or localized disease (excluding carcinoma-in-situ) close to 90%, but decreasing to less than 20% for stage IV or metastatic disease (4, 5). Thus, understanding of the specific molecular factors involved in CRC metastases is important for the control of this globally prevalent cancer.

The Wnt/β-catenin pathway is central to CRC, with the initial step in carcinogenesis determined to be mutations in the adenomatous polyposis coli gene, which then results in the activation of β-catenin, a transcription factor critical in the maintenance of the normal intestinal stem cell compartment as well as the cells-of-origin or carcinoma-initiating cells (CICs) for CRC (6–8). Over 90% of patients have mutations in the Wnt/β-catenin pathway, making components of this pathway ironically not useful as prognostic markers (9); rather, the functional triggering of the pathway appears to be a more robust evidence for disease progression (10). Paracrine factors secreted by non-cancerous cells within the tumor microenvironment including stromal cells play important roles in the tumorigenesis of CRC. Fibroblasts, which are key components of the stroma, can promote tumorigenic and metastatic capacity in CRC CICs through the upregulation of β-catenin activity (11–13). Despite such recent key findings, there has not been much effort in using the tumor niche to search for prognostic biomarkers. We therefore became interested in elucidating the molecular interactions between tumor niche stromal cells and CRC metastasis, and to develop prognostically relevant biomarkers based on these interactions.

In this study, we determined the interactions of fibroblast-secreted factors on CRC progression, and found galectin-1 (Gal-1) to be highly secreted by two lines of human fibroblasts as determined by mass spectrometry (MS) analyses of the fibroblast-conditioned medium (CM). Gal-1 is a glycoprotein encoded by the LGALS1 gene and known to exert immunomodulatory effects including mediating tumor-immune escape (14). We found that the secreted Gal-1 has prominent direct tumor-promoting effects in CRC including enhancing CIC features and β-catenin activity in vitro, as well as in vivo tumor dissemination and disease progression. Moreover, as predicted by the Ingenuity Pathway Analysis (IPA), we validated the involvement of SOX9 (15)—a newly identified marker for aggressive CRC based on a recent large-scale integrative analysis—in Gal-1/β-catenin interactions. Analyses using human CRC transcriptomic databases and immunohistological staining of tissue array corroborated the strong clinical relevance of Gal-1 and SOX9—particularly Gal-1high/SOX9high samples—as significantly and prognostically correlated with disease presence and progression.



Materials and Methods


Cell Culture

The human CRC cell lines KM12C was obtained from the Korean Cell Line Bank (catalog no.: 80015) (16, 17). The cells were cultured as recommended in a complete medium consisting of Dulbecco’s Modified Eagle Medium: Nutrient Mixture F-12 (DMEM/F-12) supplemented with 10% fetal bovine serum (FBS), 2 mM L-glutamine, and 100 U/ml penicillin-streptomycin (all from Invitrogen-Thermo Fisher Scientific, Waltham, MA, USA). The human fibroblast cell lines MRC-5, derived from fetal lung tissue, and WS1, derived from fetal midscapular skin, were obtained from the Bioresource Collection and Research Center (BCRC, Hsinchu, Taiwan) and were cultured as recommended in the Minimum Essential Medium (MEM) with 10% FBS, 2 mM L-glutamine, and 100 U/ml penicillin-streptomycin (all from Invitrogen). Conditioned medium (CM) was collected from the cell culture after 48 hours of culturing. All cell lines were authenticated using a short-tandem repeat profiling.



Invasion Assay

Cells were treated with mitomycin C (10 ug/ml) for 2 hours to inhibit proliferation, and then 1x105 cells were seeded on Matrigel-coated chambers containing 75% Matrigel (Sigma-Aldrich, MO, USA; plates with 8.0-μm pores, BD Bioscience, Franklin Lakes, NJ, USA). After CM or treatment with recombinant protein for 48 hours, detection by light microscopy (Leica Microsystems, Wetzlar, Germany) for quantification of invading cells in polycarbonate membranes was performed. Each chamber was sampled at nine different sites. Images were quantified for the number of invading cells using the Image J software (National Institutes of Health (NIH), USA).



Quantitative Real-Time Polymerase Chain Reaction

qPCR was performed as previously reported (18). Briefly, RNA was extracted from cells with TRIzol (Invitrogen), and converted to cDNA with the ImProm-ll Reverse Transcriptase system (Promega, Madison, WI, USA) according to the protocol of the manufacturer. qPCR was carried out with Fast SYBR® Green Master Mix containing Thermo-Start DNA polymerase on the ABI 7500 Real-Time PCR System (both from Applied Biosystems-Thermo Fisher Scientific). Relative gene expression levels were analyzed as indicated by the manufacturer. The specific primers used are shown in Supplementary Table S1.



Western Blot

Western blot was performed as previously reported (18). Cells were collected from a 10-cm2 dish (8 x 105 cells/dish) and detected for whole cell or nuclear proteins, which was isolated with the nuclear extraction kit (Millipore-Merck, Darmstadt, Germany) according to the recommendations of the manufacturer. Extracted proteins were separated by electrophoresis on a 12.5% SDS-polyacrylamide gel and transferred to a nitrocellulose membrane. The membranes were blotted with antibodies against β-catenin (1:1,000; Cat. No.610153; BD Bioscience), Gal-1 (1:1,000; Cat. No.437400; Invitrogen), Slug (1:1,000; Cat. No. ABE993; Millipore), E-cadherin (1:1,000; Cat. No. MAB3199; Millipore), SOX9 (1:1,000; Cat. No. ab3697; Abcam), GAPDH (1:8,000; Cat. No.14-9523-80; eBioscience, CA, USA), α-Tubulin (1:8,000; Cat. No.14-4502-82; eBioscience), or Histone H1 (1:1,000; Cat. No. ab125027; Abcam). Detection was performed using horseradish peroxidase (HRP)-conjugated secondary antibodies and chemiluminescent HRP substrate (Millipore).



Small-Interfering RNA Knockdown Experiments

Gene knockdown experiments were performed as previously reported (18). Lipofectamine RNAiMAX Reagent (Invitrogen) was used to transfect siRNA specific for galectin-1 (LGALS1) or a non-target control (Invitrogen) into cells according to the recommendations of the manufacturer. After 48 hours, RT-PCR and Western blot were used to confirm the expression levels of LGALS1 in transfected cells. For short hairpin RNA (shRNA) knockdown experiments, MISSION TRC shRNA Lentiviral Particles (Sigma-Aldrich) containing LGALS1 or SOX9 shRNA or shLuc were used to infect the cells, which were seeded on 24-wells plates (1 x 105 cells/well) for 48 hours. The infected cells were treated with puromycin (2 ug/ml; Invitrogen) for two weeks to select the stably infected cells.



Sphere Formation

For sphere formation, cells were seeded in 6-cm2 dishes coated with 0.4% agarose gel (6 x 105 cells/well), and grown in serum-free DMEM/F-12 containing 20 ng/ml human recombinant epidermal growth factor (EGF) and 10 ng/ml basic fibroblast growth factor (bFGF; both from Peprotech, Rocky Hill, NJ, USA) for 72 hours (10). For each condition, 15 sites were randomly sampled with light microscopy (Leica Microsystems) and then quantified for the number of spheres (>30 μm) using the Image J software.



Mass Spectrometric Analysis

MS analysis on the secretome of fibroblasts was performed by Proteomics Core Lab of Chang Gung University (Taoyuan, Taiwan) as previously reported (19). Briefly, CM (24 ml) was harvested from the fibroblasts cultured in a T175 flask for 48 hours. CM was concentrated by centrifugation in Amicon Ultra-15 tubes (molecular weight cutoff 10 KDa, Millipore) five times at 4,000 g for 30 minutes each time. Proteins were separated by 2D gel electrophoresis and subjected to silver staining. Protein bands were extracted and analyzed for peptide mass by MS with MS/MS used to analyze CM protein profiles.



Enzyme Linked Immunosorbent Assay

ELISA was performed as previously reported (20). Briefly, mouse monoclonal anti-Gal-1 antibody (1:500; Cat. No.437400; Invitrogen) was coated in 96-well plates at 4°C overnight. CM was added into the wells for 2 hours at room temperature. After PBST (PBS with 0.1% Tween 20) wash, wells were incubated in biotinylated rabbit anti-Gal-1 antibody (1:2,000; Cat No.500-P210; Peprotech) for 1 hour. Subsequently, HRP-conjugated streptavidin (1:200; R&D systems, MN, USA) and TMB substrate (Invitrogen) were used to detect biotinylated signaling. Finally, the reaction was stopped by 2N H2SO4 and absorbance was measured by optical density at 450 nm. Recombinant human Gal-1 (Peprotech) was used as a positive control. The detection range of the standard curve was from 0 to 20,000 pg/ml.



Luciferase Reporter Assay

The β-catenin-mediated transcriptional activation reporter plasmids of TOPFlash and TOPFlash mutant (contains mutated TCF/LEF binding sites) were obtained from Addgene (Cambridge, MA, USA). Reporter plasmids were transfected with renilla reporter plasmids (for internal control) into cells by using Lipofectamine 2000 reagent (Invitrogen). After 48 hours of transfection, Dual-Luciferase Reporter System (Promega) was used to measure the luciferase activity.



Immunofluorescence Staining

IF was performed as previously reported (21). Briefly, cells were fixed with 4% paraformaldehyde and permeabilized with 0.1% Triton-X 100 (Sigma-Aldrich) for 20 minutes. After blocking, cells were incubated with primary antibodies against E-cadherin (1:100; Cat. No. MAB3199; Millipore) and β-catenin (1:100; Cat. No.610153; BD Biosciences) at room temperature for 2 hours, and then incubated for 1 hour with FITC-conjugated secondary antibodies (1:200; Santa Cruz Biotechnology, Santa Cruz, CA, USA). Nuclei were stained with Hoechst 33342 (Sigma-Aldrich) and cells were visualized by fluorescence microscopy (Olympus, Tokyo, Japan).



Drug Resistance Assay

Cells were seeded in a 24-well plate (4 x 104 cells/plate) and pretreated with CM (1:1 mixed with culture medium) or human Gal-1 recombinant protein (rhGal1) for 24 hours. Cisplatin (25 µM; Sigma-Aldrich) was then added to the plates with assessment for cell viability after 48 hours using the 3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) assay (Sigma-Aldrich).



Ingenuity Pathway Analysis (IPA)

IPA (QIAGEN, Redwood, CA, USA) was used to infer the potential pathways in CRC disease progression involving LGALS1, CTNNB1, and Twist1. The pathway explorer of IPA was used to analyze the direct and indirect interactions of these three genes by utilizing Ingenuity Pathways Knowledge Base.



In Vivo Tumor Dissemination and Metastases Experiments

Animal experimentation was performed in accordance with protocols approved by the Institutional Animal Care and Use Committee (approval number: 1080102). All animals were obtained from the National Laboratory Animal Center of Taiwan (Taipei, Taiwan). A rapid metastatic tumor dissemination study was performed (22). WS1 fibroblasts and KM12C CRC cells were labeled respectively with 5 μM of the fluorescent cellular dyes 1,1’-Dioctadecyl-3,3,3’,3’-Tetramethylindocarbocyanine Perchlorate (DiI) and 3,3’-Dioctadecyloxacarbocyanine Perchlorate (DiO) (both from Invitrogen) for 5 minutes. WS1 (3 x 105 cells) were co-cultured with KM12C (3 x 105 cells) in a 1:1 ratio for 24 hours and injected into the tail vein of C57BL/6 mice (6–8 weeks old). Mice were then sacrificed 24 hours after injection. The lungs were extracted for sectioning (0.5 mm thickness) with the detection of labeled cells with fluorescence microscopy (Olympus). The fluorescence intensity of images was measured by the Image J software. For in vivo metastatic experiments, KM12C (3 x 105 cells) co-cultured with WS1 silenced for short-hairpin RNA (shRNA) of non-target sequences (shC-WS1; 3 x 105 cells) or with WS1silenced with shRNA specific for Gal-1 (shGal-WS1; 3 x 105 cells) for one day, then injected into the tail veins of NOD-SCID mice (6–8 weeks old) and followed for up to 6 weeks with weekly measurement of the body weight. Mice were then sacrificed with lung and spleen tissues collected for histological examination.



Immunohistochemistry of Mouse and Human Tissue

Tissue samples from mice were fixed with 10% formaldehyde and embedded with the optimal cutting temperature (OCT) compound prior to frozen sectioning (Sakura Finetek, Tokyo, Japan). Tissue sections were stained with anti-human histone H1 antibody (1:100; Cat. No. ab125027; Abcam) followed by peroxidase detection (Pierce-Thermo Fisher Scientific) to detect human cells in murine lung and spleen sections. Human CRC tissue arrays were obtained from SUPER BIO CHIPS (Seoul, Korea). The tissue slides were dewaxed with xylene, rehydrated in ethanol, and subsequently stained with antibodies against human Gal-1 (1:100; Cat. No. 437400; Invitrogen) and SOX9 (1:100; Cat. No. AB5535; Millipore).



Public Microarray Gene Expression Dataset Analyses

CRC transcriptome datasets including GSE33113, GSE17536, and GSE9348 were downloaded from Gene Expression Omnibus (GEO) databases of the National Center for Biotechnology Information (https://www.ncbi.nlm.nih.gov/gds/). The Cancer Genome Atlas (TCGA) database was obtained from the NIH (https://cancergenome.nih.gov). Information on the public gene expression datasets used in this study are listed in Supplementary Table S2. GSE33113 and GSE17536 were used to analyze the expression of CTNNB1 and LGALS1 (23, 24). For comparing the gene expression levels between normal colon tissues and CRC tissue, Oncomine (http://www.oncomine.org) was utilized to analyze for the expression levels of LGALS1 and SOX9 in the Kaiser Colon database (25). To analyze the expression levels of LGALS1 and SOX9 with respect to early stages of CRC compared to normal colon tissue, GSE9348 and TCGA were used (26, 27), while GSE17536 and TCGA were used to analyze for the stage-specific expression of LGALS1, SOX9, and CTNNB1 (24, 27).



Statistical Analyses

All experiments were performed at least in triplicate, with data were represented as mean ± SEM. Statistical analyses were performed using the Student’s t test for comparisons of two variables and ANOVA for comparisons of more than two variables. For CRC patient transcriptome databases GSE33113, GSE7536, GSE9348, and TCGA, Student’s t test was used for the analysis of differences in the specific gene expression levels at each stage of CRC. A value of p < 0.05 was defined as statistically significant.




Results


Fibroblast-Secreted Factors Significantly Promote Multiple Cancer-Initiating Cell Features in Colorectal Cells

To assess whether fibroblast-derived paracrine factors are involved in CRC progression, the CRC cell line KM12C was cultured in the CM of two human fibroblast cell lines, MRC-5, and WS1, and assessed for a number of CIC properties including invasive capacity, epithelial-mesenchymal transition (EMT), β-catenin translocation, sphere formation, and drug resistance; these functional assays have been shown to be more relevant to disease progression than CIC markers such as CD133 (28). When cultured in MRC-5- and WS1-CM, the invasive capacity of KM12C was significantly increased (Figure 1A) and expression of Twist1, a critical transcription factor involved in EMT, was increased significantly up to 2-fold (Figure 1B). Moreover, we found that after culturing in either MRC-5- or WS1-CM in particular, β-catenin protein levels in KM12C were increased (Figure 1C) with the occurrence of nuclear translocation (Figure 1D), which has been reported to enhance CRC tumorigenesis and CIC formation (12). In addition, the sphere formation capacity as well as drug resistance were significantly increased in KM12C after culturing in either MRC-5- or WS1-CM (Figures 1E, F). We found that KM12C, which was pretreated with MRC-5- or WS1-CM demonstrated a significantly increased resistance to cisplatin-induced cell death, particularly after WS1-CM pretreatment. MRC-5- and WS1-CM also increased CD29 and CD44 expressions, two well-studied CIC markers, as assessed by flow cytometric analysis (29, 30), in KM12C (Supplementary Figure S1). These findings therefore demonstrate that fibroblast-derived paracrine factors significantly promote multiple CIC features in CRC cells.




Figure 1 | Fibroblast-derived paracrine factors significantly promote multiple cancer-initiating cell (CIC) features in colorectal cancer (CRC) cells. (A) Invasion capacity of the CRC cell line KM12C (KM12C) after culturing in conditioned media (CM) of two human fibroblast cell lines MRC-5 and WS1 for 48 hours; control, KM12C-CM. (B) Quantitative real-time PCR (qPCR) analysis for the gene expression levels of Twist1 in KM12C after culturing in MRC-5- or WS1-CM; control, KM12C-CM. (C) Western blot for the β-catenin levels in KM12C after culturing in MRC-5- or WS1-CM; control, KM12C-CM. (D) Immunofluorescent (IF) staining for β-catenin subcellular localization (green fluorescence) in KM12C after culturing in MRC-5- or WS1-CM; control, KM12C-CM; arrows indicate nuclear β-catenin. Hoechst 33342 was used to detect cell nuclei (blue fluorescence); scale bar, 10 μm. (E) Sphere formation capacity of KM12C after culturing in MRC-5- or WS1-CM for 72 hours; control, KM12C-CM. Quantitative results (top panel) and representative images (bottom panel) are shown; scale bar, 30 μm. (F) Drug resistance capacity of KM12C to cisplatin (25 µM) after pretreatment with either MRC-5- or WS1-CM (control, KM12C-CM) for 24 hours. Cell viability was assessed 48 hours after drug treatment. All results are shown as mean ± SEM of three independent experiments. *p < 0.05 and ** compared to control.





Fibroblast-Secreted Gal-1 Significantly Promotes Multiple Cancer-Initiating Cell Features in Colorectal Cancer Cells

To identify the specific fibroblast-derived paracrine factor(s) responsible for enhancing multiple CIC features, MS/MS was used to analyze the secretome of MRC-5- and WS1-CM, and Gal-1 was identified as the most highly secreted protein by both fibroblast populations (Supplementary Figure S2), which we confirmed with Western blot as well as ELISA (Figure 2A). While Gal-1 (LGALS-1) is well known to be involved in cancer immune evasion through modulating specific subpopulations of immune cells, there have been no reports of this protein directly targeting the cancer cell itself to promote CIC features. We therefore assessed whether Gal-1 could be the paracrine factor in fibroblast-CM directly responsible for promoting multiple CIC features in CRC cells. We found that the addition of recombinant human Gal-1 protein (rhGal-1) significantly enhanced the invasive capacity of KM12C (Figure 2B). Moreover, the addition of rhGal-1 promoted the EMT of KM12C in a dose-dependent fashion as evidenced by significant increases in the gene expression of Twist1 with a decreased expression of E-cadherin (Figure 2C). This was also seen at the protein level with an increased expression of Slug, another transcription factor involved in EMT, along with a concomitant decreased expression of E-cadherin (Figure 2D); IF staining also demonstrated a loss of E-cadherin expression at the cell junctions with the addition of rhGal-1 (Figure 2E). In addition, the sphere formation capacity (Figure 2F) as well as drug resistance (Figure 2G) were both significantly enhanced by rhGal-1 in a dose-dependent fashion. Addition of rhGal-1 also increased the expression of CD29 and CD44 in KM12C as well as HCT-116, another well-studied CRC line (Supplementary Figure S3). To further verify the role of fibroblast-secreted Gal-1 in promoting CIC features, we generated Gal-1-knockdown WS-1 fibroblasts (siGal-WS1) using gene-specific siRNA (siRNA-I; Figure 2H, left panel). We found that KM12C cultured in siGal-WS1-CM demonstrated a significant decreased capacity for invasion, compared to KM12C cultured in control non-target siRNA knockdown WS1-CM (siC; Figure 2H, right panel). Correspondingly, KM12C cultured in siGal-WS1-CM compared to siC-WS1-CM also showed a significantly decreased capacity in terms of sphere formation (Figure 2I) as well as drug resistance (Figure 2J). These results collectively demonstrate that fibroblast-secreted Gal-1 is involved in promoting multiple CIC features of CRC cells.




Figure 2 | Fibroblast-secreted galectin-1 (Gal-1) significantly promotes multiple CIC features in CRC cells. (A) Expression of endogenous Gal-1 in MRC-5 and WS1 fibroblasts as detected through Western blot (top panel; recombinant human Gal-1 protein (rhGal-1) used as positive control) and ELISA (bottom panel). (B) Invasion capacity of KM12C with the addition of increasing doses of rhGal-1. (C) qPCR analysis for the gene expression of Twist1 and E-cadherin and (D) Western blot for protein expression of Slug and E-cadherin in KM12C with the addition of increasing doses of rhGal-1. (E) IF staining of E-cadherin (green fluorescence) in KM12C with the addition of increasing doses of rhGal-1 for 48 hours. Nuclei were stained with Hoechst 33342 (blue fluorescence); scale bar, 10 μm. (F) Sphere formation capacity of KM12C with the addition of increasing doses of rhGal-1; quantitative results (top panel) and representative images (bottom panel) are shown; scale bar, 30 μm. (G) Drug resistance capacity of KM12C to cisplatin (25 µM) after pretreatment with increasing dosages of rhGal-1 for 24 hours. Cell viability was assessed 48 hours after drug treatment. (H) Left panel: Validation of Gal-1 knockdown using small interfering RNA (siRNA) specific for Gal-1 (siRNA-I & siRNA-II) in WS1 fibroblasts. Non-target siRNA was used as a negative control. After 48 hours, CM from siRNA-I, siRNA-II, and siC were removed and analyzed by ELISA. Right panel: Invasion capacity of KM12C after culturing in siGal-WS1-CM compared to siC-WS1-CM for 48 hours. (I) Sphere formation capacity of KM12C cultured in KM12C-CM, siC-WS1-CM, or siGal-WS1-CM for 72 hours; quantitative results (top panel) and representative images (bottom panel) are shown; scale bar, 30 μm. (J) Drug resistance capacity of KM12C to cisplatin (25 µM) after pretreatment with KM12C-CM, siGal-WS1-CM, or siC-WS1-CM for 24 hours. Cell viability was assessed 48 hours after drug treatment; control, KM12C without cisplatin treatment. All results are shown as the mean ± SEM of three independent experiments. *p < 0.05; **p < 0.01, and ***p < 0.005 compared to the control.





Fibroblast-Secreted Gal-1 Significantly Increases Metastases and Tumor Dissemination of Colorectal Cancer Cells In Vivo

To assess whether the CIC features induced by fibroblast-secreted Gal-1 are involved in CRC disease progression and metastasis, we used two mouse models of metastases to validate our in vitro findings: a longer-term metastatic disease model using immunocompromised mice and a rapid lung tumor dissemination model using wild type mice. To assess whether fibroblast-secreted Gal-1 promoted metastatic disease, we generated stable clones of WS1 silenced for Gal-1 expression using short hairpin RNA (shRNA) specific for LGALS1 (shGal-WS1). We then injected KM12C co-cultured with either shGal-WS1 (KM+shGal-WS1) or with non-target shRNA-silenced WS1 (KM+shC-WS1) into the tail vein of immunocompromised mice for the evaluation of metastatic growths in the lung. As negative and positive controls, we injected mice with WS1 only (shC-WS1; without KM12C) or KM12C only (KM), respectively. After 40 days of follow-up, mice injected with KM+shC-WS1 demonstrated significant decreases in body weight and were nearly moribund when compared to either mice injected with KM+shGal-WS1 or even KM12C only; WS1 only-injected mice, on the other hand, were healthy and demonstrated an increased weight gain over time (Figure 3A). Lung and spleen tissue sections from these mice demonstrated a significantly higher number of human cells in the mice injected with KM+shC-WS1 compared to those injected with KM+shGal-WS1 (Figures 3B, C; top panel: representative sections, and bottom panel: quantitative results). To ascertain that tumor dissemination was affected by fibroblast-secreted Gal-1, we co-cultured KM12C with either siGal-WS1 (KM+siGal-WS1) or with siC-WS-1 (KM+siC-WS1), and injected cells into the tail vein of C57BL/6 mice which were sacrificed after 24 hours to assess for tumor dissemination within the lungs. Tumor seeding was more significant in the mice injected with KM+siC-WS1 compared with KM+siGal-WS1 (Figure 3D). To assess for clinical relevance, we analyzed the human CRC transcriptome databases which contain recurrence information (GSE33113 and GSE17536; Supplementary Table S2) and found that high expression levels of LGALS1, but not β-catenin (CTNNB1), correlate significantly with a high risk of metastasis and/or recurrence within 3 years (Figure 3E). Thus, these results demonstrate that fibroblast-secreted Gal-1 significantly promotes metastatic disease progression and tumor dissemination in mouse models, as well as correlate to human CRC disease recurrence.




Figure 3 | Fibroblast-secreted Gal-1 significantly increases metastasis and tumor dissemination of CRC cells in vivo. (A) Body weight of NOD-SCID mice 40 days after tail vein injection of KM12C only (3 x 105 cells); KM12C (3 x 105 cells) admixed with WS1 silenced for with short-hairpin RNA (shRNA) of non-target sequences (shC-WS1; 3 x 105 cells); KM12C (3 x 105 cells) admixed with WS1 silenced with shRNA specific for Gal-1 (shGal-WS1; 3 x 105 cells); or shC-WS1 only (3 x 105 cells). Each condition consisted of three mice, with their body weight measured every 7 days. Immunohistochemistry (IHC) staining for human histone H1 (brown nuclei) in (B) mouse lung and (C) spleen tissue sections; representative sections (top panel) and quantitative results (bottom panel) are shown, with arrows indicating human Histone H1(+) cells; scale bar, 20 μm. (D) Visualization of fluorescently labeled co-cultured cells KM12C (3 x 105 cells; green fluorescence, labeled with DiO), and siC- or siGal-WS1 (3 x 105 cells; red fluorescence, labeled with with DiI) in lung sections 24 hours after injection into the tail vein of C57BL/6 mice. Top panel, representative images; bottom panel; quantitative results. Arrows indicate KM12C; scale bar, 100 μm. All results are shown as the mean ± SEM of three independent experiments. *p < 0.05, and ***p < 0.005 compared to the control. (E) Analyses of Gal-1 (LGALS1) and β-catenin (CTNNB1) expression with regard to disease recurrence in the public dataset GSE33113 and GSE17536 of gene expression omnibus (GEO); *p < 0.05; N.S., not significant.





Gal-1 Promotes β-catenin Expression, Nuclear Accumulation, and Activity in Colorectal Cancer Cells

Wnt/β-catenin signaling is the central pathway involved in CRC pathogenesis, with the activation of the pathway being a feature of CICs and correlating with a more aggressive disease outcome. We therefore assess whether secreted Gal-1 can activate this pathway in CRC cells. We found that treatment of KM12C with exogenous rhGal-1 induced a cytoplasmic to nuclear translocation of β-catenin, as evidenced by IF staining (Figure 4A). This was corroborated by the Western blot data, in which both total as well as nuclear β-catenin levels were increased with increasing doses of rhGal-1 (Figure 4B). To further ascertain for the activation of β-catenin activity, we performed luciferase reporter assay by transducing either the wild type or mutant TOPFlash reporter into KM12C and then treating with rhGal-1. We found that all doses of rhGal-1 significantly induce reporter activity over baseline in the wild type but not the mutant promoter (Figure 4C). β-catenin has also been found to promote EMT (31), and we found that the addition of rhGal-1 strongly induced the expression of the EMT transcription factor Twist1 in KM12C, which could be suppressed with XAV-939 (XAV), an inhibitor of the β-catenin pathway (Figure 4D). XAV also decreased Gal-1-induced CD29 expression in HCT-116 (Supplementary Figure S4). These results therefore demonstrate that secreted Gal-1 could activate β-catenin activity in CRC cells.




Figure 4 | Gal-1 promotes β-catenin expression, nuclear translocation, and activity in CRC cells. (A) IF staining for β-catenin (green fluorescence) in KM12C with the addition of increasing doses of rhGal-1 for 48 hours. Nuclei were stained with Hoechst 33342 (blue fluorescence). Arrows show nuclear β-catenin; scale bar, 10 μm. (B) Western blot for β-catenin levels in whole cell lysate (top panel) and nuclear fraction (bottom panel) of KM12C with the addition of increasing doses of rhGal-1 for 48 hours; for nuclear fraction, histone H1 is used as the positive control and α-Tubulin as the negative control. (C) Luciferase reporter assay for β-catenin activity in KM12C with the addition of increasing doses of rhGal-1. TOPFlash plasmids (β-catenin promoter reporter construct containing TCF/LEF binding sites; please see Materials and Methods) and TOPFlash mutant plasmids (β-catenin promoter reporter construct containing mutated TCF/LEF binding sites; please see Materials and Methods) were transduced into KM12C, with the luciferase activity measured 48 hours later; addition of the Wnt/β-catenin agonist CHIR-99021 (CHIR; 0.3 µM) was used as a positive control. (D) qPCR analysis for the gene expression of Twist1 in KM12C after treatment with rhGal-1 (100 ng/ml) and without or with the Wnt/β-catenin antagonist XAV-939 (XAV; 10 µM) for 24 hours. All results are shown as the mean ± SEM of three independent experiments. *p < 0.05; **p < 0.01, and ***p < 0.005 compared to the control.





SOX9 Is a Critical Mediator Involved in Gal-1-Induced Upregulation of β-catenin Activity and Cancer-Initiating Cell Features

Given the inherent complexity of the Wnt/β-Catenin signaling pathway, we were interested in further elucidating the details in the role of Gal-1 within this critical CRC pathway. To identify/search for other mediators involved in LGALS1/CTNNB1 interactions, we performed IPA with the addition of TWIST1—a downstream target of β-catenin and one of the most important EMT transcription factors—to the analyses. Using this model, SOX9 was predicted as a key candidate gene within this interaction (Figure 5A). The role of this transcription factor in CRC remains unclear despite the very recent large-scale genomic data identifying this gene to be a significant and novel somatic recurrently mutated gene in this cancer (32). We found that the co-culture of both types of fibroblast-CM increased the protein expression of SOX9 in KM12C (Figure 5B). Moreover, the addition of rhGal-1 to KM12C not only enhanced the overall SOX9 protein expression levels, but also increased the nuclear levels of the transcription factor (Figure 5C). To investigate the role of SOX9 in CIC formation, we generated SOX9-silenced KM12C (shSOX9-KM) and confirmed the efficiency of knockdown by Western blot, which identified the shSOX9-II clone as having a more efficient knockdown. Compared to non-target knockdown KM12C (shC-KM), shSOX9-KM had a significantly decreased capacity for sphere formation; moreover, while the addition of rhGal-1 significantly improved the shSOX9-KM sphere formation capacity, this was still significantly less than the capacity of rhGal-1-treated shC-KM (Figure 5D). SOX9 also contributes to Gal-1-mediated drug resistance, since we found that shSOX9-KM was significantly more sensitive to cisplatin compared to shC-KM even with rhGal-1 pretreatment (Figure 5E; a decrease of 1.00- to 0.12-fold for cell viability in shSOX9-KM compared with 1.00- to 0.60-fold in shC-KM). To assess whether β-catenin was involved in Gal-1/SOX9 interaction, we analyzed for changes in the expression of Twist1 as a downstream gene of β-catenin in shSOX9- and shC-KM cells with the addition of rhGal-1 and with or without β-Catenin antagonism (Figure 5F). We found that the levels of Twist1 are significantly increased in shC-KM after the addition of rhGal-1, which could then be significantly suppressed to below baseline levels when the β-catenin antagonist XAV was applied; simultaneous addition of rhGal-1 and XAV in shC-KM restored Twist1 expression to baseline levels. In shSOX9-KM, however, the baseline expression of Twist1 was lower than the baseline levels in shC-KM; moreover, neither the addition of rhGal-1 nor XAV to shSOX9-KM increased Twist1 levels. In terms of invasive capacity, migration capacity was decreased in shSOX9-KM compared to shC-KM (Figure 5G), but treatment with rhGal-1 increased the migration capacity significantly in shC-KM and non-significantly in shSOX9-KM. Importantly, rhGal-1-induced migration was abrogated after the treatment with XAV in shSOX9-KM but not shC-KM. Together, these results demonstrate that SOX9 is an important mediator involved in Gal-1-induced upregulation of β-catenin signaling activity as well as the augmentation of CIC features in CRC.




Figure 5 | SOX9 is a critical mediator involved in Gal-1-induced upregulation of β-catenin activity and CIC features. (A) Ingenuity Pathway Analysis (IPA) for the prediction of candidate mediators within the LGALS1/CTNNB1/Twist1 axis. IPA database revealed the several major pathways which might be involved in tumor development and metastasis. According to the IPA results and literature review, SOX9 was selected and confirmed whether it is the downstream gene of Gal-1 by Western blot. (B) Western blot for the analysis of SOX9 protein levels in KM12C after culturing in MRC-5- or WS1-CM; KM12C-CM was used as the control. Internal control: GAPDH. (C) Western blot for SOX9 levels in whole cell lysate (top panel) and nuclear fraction (bottom panel) of KM12C with addition of increasing doses of rhGal-1 for 48 hours; for nuclear protein blot, histone H1 is used as the positive control and α-Tubulin as the negative control. (D) Sphere formation capacity of shC-KM and shSOX9-II-KMC12 (shSOX9-KM) after treating with rhGal-1 (100 ng/ml) for 72 hours. (E) Drug resistance capacity of shC- and shSOX9-KM to cisplatin (25 µM) after pretreatment with rhGal-1 (100 ng/ml) for 24 hours. Cell viability was assessed 48 hours after drug treatment. (F) qPCR analysis for the gene expression of Twist1 in shC- and shSOX9-KM after treatment with Gal-1 (100 ng/ml) and XAV (10 µM). (G) Invasion capacity of shC- and shSOX9-KM with addition of rhGal-1 (100 ng/ml) and XAV (10 µM). All results are shown as the mean ± SEM of three independent experiments. *p < 0.05; **p < 0.01, and ***p < 0.005 compared to the control. N.S., not significant.





High Expression of Gal-1 and SOX9 Correlate With Clinical Colorectal Cancer (CRC) Outcome

Our results indicate that both Gal-1 and SOX9 promote CIC features, which involve the β-catenin pathway in CRC cells. To assess whether Gal-1 and/or SOX9 expression is clinically relevant for CRC, we analyzed for the expression of either one or both of these genes to various measured clinical parameters in publicly available CRC databases. We first searched the ONCOMINE database of published microarray data with matched normal and cancer specimens, and found, in the Kaiser Colon database, that a higher expression of both LGALS1 and SOX9 are seen in CRC samples than in normal colon samples (Figure 6A). To further study whether the expression patterns of either or both genes are correlated with more detailed clinical outcomes, we analyzed the gene expression profiles of two datasets from GSE9348 and The Cancer Genome Atlas (TCGA) (Supplementary Table S2) which includes early-stage CRC samples and adjacent normal tissue. In both databases, both LGALS1 and SOX9 were significantly expressed at higher levels in early-stage CRC tissue compared to adjacent normal tissue, especially SOX9 (Figure 6B). Moreover, in databases with stage-specific gene expression information, such as GSE17536 and TCGA (Supplementary Table S2), analyses revealed that the percentage of CRC samples with a high expression of LGALS1/SOX9 (LGALS1high/SOX9high) correlated with an increasing CRC stage (Figure 6C): with increasing stage, LGALS1high/SOX9high CRC samples increased from 8.3% to 35.9% and from 8.9% to 20.0% in the GSE17536 and TCGA databases, respectively. On the other hand, neither CTNNB1/LGALS1 highly expressed (CTNNB1high/LGALS1high) nor CTNNB1high/SOX9high highly expressed CRC samples correlate with the CRC stage (Supplementary Figure S5). To verify the protein expression, we performed IHC of Gal-1 and SOX9 in a human CRC tissue microarray, which included 40 primary lesions, 10 metastatic lesions, and 9 normal colon samples (Figure 6D). The tissue array staining revealed that both Gal-1 and SOX9 protein expression were more prominent in CRC samples compared to normal tissue. Furthermore, distinct patterns of Gal-1 vs. SOX9 expression within CRC samples could be seen: Gal-1 expression appeared to increase with an increasing disease progression, while SOX9 expression appear to more strongly correlate with the presence of any cancerous lesion. Most critically, survival analyses based on expression levels of SOX9 and Gal-1 demonstrate that CRC patients with SOX9high/Gal-1high expression have a significantly shorter survival compared with patients with SOX9low/Gal-1low expression (Figure 6E and Supplementary Figure S5). Collectively, these analyses of clinical data/samples not only demonstrate that Gal-1 and/or SOX9 overexpression strongly correlate with disease presence, but also with the stage of CRC. Moreover, the presence of both Gal-1 and SOX9 together are strong predictors of a worse outcome in terms of disease survival. Along with our in vitro and mouse in vivo data, these results therefore demonstrate that stromal cell-derived Gal-1 directly target CRC cells to promote CIC features and disease progression through SOX9 and β-catenin (Figure 7).




Figure 6 | High expression of Gal-1 and SOX9 correlate with clinical CRC outcome. (A) ONCOMINE assessment of the expression levels of LGALS1 and SOX9 in the Kaiser Colon database. (B) Analysis of LGALS1 or SOX9 expression levels in tumor tissue compared to adjacent normal tissue using GSE9348 (top panel) and The Cancer Genome Atlas (TCGA) databases (bottom panel). *p < 0.05 and ***p < 0.005 for early-stage lesions compared to adjacent normal tissue. (C) Analysis of LGALS1 and SOX9 expression levels to the CRC stage using the GSE17536 and TCGA datasets. (D) Immunohistological staining of Gal-1 and SOX9 on CRC tumor samples, which included 40 primary lesions (primary), 10 metastatic lesions (metastatic), and 9 normal colon samples; scale bar, 100 μm. (E) Kaplan-Meier survival curves of four groups of CRC patients as stratified by median expression levels of SOX9 and Gal-1 in tumor tissue: SOX9low/Gal-1low, n = 38; SOX9low/Gal-1high & SOX9high/Gal-1low, n = 100; and SOX9high/Gal-1high, n = 39. Survival analyses was performed for two groups: SOX9high/Gal-1high versus SOX9low/Gal-1low (left-side graph); or for three groups: SOX9high/Gal-1high versus SOX9high/Gal-1low + SOX9low/Gal-1high versus SOX9low/Gal-1low (right-side graph).






Figure 7 | Direct targeting of stromal-secreted Gal-1 on CRC cells promote CIC features and disease progression through SOX9 and β-catenin.






Discussion

CRC is one of the most common diseases worldwide, and alarmingly in developed nations such as the USA, the incidence and mortality of CRC has begun to increase in younger individuals after decades of decrease for the population at large. While early-stage lesions are amenable to screening and treatment, late and metastatic stage disease still have a dismal 5-year survival of less than 15% (2–5). Thus, there is a critical need for the discovery of biomarkers for early diagnosis as well as relapse. The microenvironment or niche of the solid tumor is increasingly seen to be a crucial partner in mediating disease progression (12, 13, 33–35); we therefore embarked on studying the molecular interactions between tumor niche-stromal fibroblast cells and CRC cells for the discovery of prognostically relevant biomarkers. Our data demonstrate that fibroblast-secreted Gal-1 promotes multiple CIC features in CRC cells including activating β-catenin in vitro, promoting metastasis and tumor dissemination in vivo, as well as significantly correlating with clinical recurrence and disease progression. These findings strongly suggest that fibroblast-secreted Gal-1 could be involved in promoting the presence of disseminated tumor cells (DTCs), which represent cancer cells that have undergone EMT and can disseminate to distant organ to seed metastatic growths (36, 37). Indeed, we found that fibroblast-secreted Gal-1 enhanced EMT-related gene expression in vitro in CRC cells, and increased the number of injected human CRC cells in the lungs in both short-term and long-term in vivo mouse models (Figures 2C, D and 3C, D); moreover, high expression of Gal-1 in CRC patients correlated significantly with metastasis and recurrence (Figure 3E). Importantly, using transcriptome data and pathway prediction, we found that SOX9, a novel CRC driver (32), not only was mechanistically involved in Gal-1/β-catenin interactions but also is a highly relevant biomarker, especially when evaluated in conjunction with Gal-1. These findings collectively demonstrate that tumor niche-derived paracrine factors are not only important in the maintenance of CRC CICs, but can also be prognostically relevant in evaluating clinical disease progression. Our study also outlines the translational utility of niche/non-cancer cell type-based in vitro molecular findings to serve as biomarkers, especially given that most patient genomic and transcriptomic databases are derived from bulk tumor specimens that include non-cancer elements of the stroma and immune system.

Gal-1 is a member of the β-galactoside-binding protein family and known to modulate cancer-associated immunosuppression and angiogenesis (14, 20, 38). While the immunomodulatory mechanisms of Gal-1 have been clearly elucidated, its direct role on carcinogenesis has not been studied in much detail even for CRC in which a positive correlation with a worsening disease status has been reported (39, 40). Given the central role of the Wnt/β-catenin pathway in CRC, we postulated that tumor niche-derived paracrine factors might promote disease progression through interactions with this pathway. Our findings on the capacity of Gal-1 to activate β-catenin and induce CRC CIC features not only provide a mechanistic evidence for Gal-1 having direct interactions with CRC cells, but also support previously published clinical correlative findings of Gal-1 to be mainly expressed within the CRC stroma and not the cancer cell itself (38, 39), which we found as well (Figure 2A) (16). Critically, our in vivo findings strongly support Gal-1 as having an important role in CRC dissemination, which was bore out in analyses of human CRC databases revealing a high Gal-1 expression to be predictive of recurrence. Since Gal-1 is a secreted molecule and released in the circulation, our findings implicate that this marker could be potentially useful as a biomarker in CRC; however, further studies with patient samples are necessary to validate this possibility. Our report therefore provides further molecular understanding on previously reported disease-promoting correlations of Gal-1 in CRC.

We found SOX9, a transcription factor belonging to the Sry-related HMG-box family, to be involved in Gal-1/β-catenin interactions in CRC. An important regulator for numerous developmental processes including in the gastrointestinal epithelium (41, 42), SOX9 has been categorized as belonging in the broader Wnt/β-catenin pathway (32). While SOX9 is known to be transcriptionally repressed by β-catenin in cartilage development (43, 44) and found to contribute to a number of cancer types including CRC (15, 45, 46),, only recently through a comprehensive molecular characterization of CRC has mutations in this transcription factor been implicated in any type of human cancers (32). Previous reports on the role of SOX9 in CRC have yielded mixed results, such as a tumor suppressor (47, 48) and having oncogenic functions (15, 49). These conflicting results have been speculated to be due to a complex relationship of SOX9 dosage on function (50). Intriguingly, these studies rarely take into consideration the fact that SOX9 is a key transcription factor in developmental/non-neoplastic EMT processes, as well as in neoplastic disease (51, 52). We found SOX9 to be involved in a Gal-1/β-catenin-mediated enhancement of a number of in vitro CIC features including EMT-related gene expression (Figure 5); moreover, analyses of multiple human CRC transcriptome databases as well as tissue microarray immunohistological staining demonstrated a significant correlation of high SOX9 expression to tumor presence, which is highly suggestive of its utility as a CRC biomarker. Critically, the simultaneous use of both Gal-1 and SOX9 is strongly correlated with a worse survival in CRC patients (Figure 6E). Our findings therefore not only contribute to a molecular understanding on the roles of Gal-1 and SOX9 in the central CRC pathway of Wnt/β-catenin, but also reveal these molecules as useful prognostic markers in transcriptomic databases.

In summary, we found that fibroblast-secreted Gal-1 significantly enhanced multiple in vitro CRC CIC properties including enhancing EMT and activating β-catenin, as well as promoting in vivo metastatic disease and tumor dissemination, and clinical recurrence. Bioinformatics pathway analyses predicted SOX9, a recently discovered aggressive CRC marker, as being involved in Gal-1/β-catenin interactions, which was validated in vitro. Moreover, Gal-1 or SOX9 but not β-catenin are prognostically correlated with disease presence and progression. Critically, a high expression of both Gal-1 and SOX9 is correlated with a significantly worse disease survival. Our findings highlight the critical role of the tumor niche-stromal component of CRC in disease progression and for discovery of prognostic markers and drug targets.
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Supplementary Figure 1 | Flow cytometric analysis for surface marker expression of CD29 (top panel) and CD44 (bottom panel) in KM12C treated with fibroblast-CM (Conditioned Medium).

Supplementary Figure 2 | SDS-PAGE analysis of conditioned media from MRC-5 and WS1.

Supplementary Figure 3 | Flow cytometry analysis for surface marker expression of CD29 and CD44 in KM12C (left panel) and HCT-116 (right panel) after Gal-1(100ng/ml) treatment.

Supplementary Figure 4 | Flow cytometric analysis for surface marker expression of CD29 in HCT-116 after Gal-1(100ng/ml) and XAV(10uM) treatment.

Supplementary Figure 5 | Analyses of the data sets GSE17536 and TCGA for stage-specific expression of CTNNB1/LGALS1 or SOX9/CTNNB1.
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Supplementary Table 2 | Information on the public microarray gene expression profiles used within this study.
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Pancreatic ductal adenocarcinoma (PDAC) is one of the most malignant cancers. It is characterized by a poor prognosis with a 5-year survival rate of only around 10% and an ongoing increase in death rate. Due to the lack of early and specific symptoms, most patients are diagnosed at an advanced or even metastasized stage, essentially limiting curative treatment options. However, even curative resection of the primary tumor and adjuvant therapy often fails to provide a long-term survival benefit. One reason for this dismal situation can be seen in the evolution of therapy resistances. Furthermore, PDAC is characterized by high intratumor heterogeneity, pointing towards an abundance of cancer stem cells (CSCs), which are regarded as essential for tumor initiation and drug resistance. Additionally, it was shown that the gut microbiome is altered in PDAC patients, promotes Epithelial-Mesenchymal-Transition (EMT), determines responses towards chemotherapy, and affects survival in PDAC patients. Given the established links between CSCs and EMT as well as drug resistance, and the emerging role of the microbiome in PDAC, we postulate that the composition of the microbiome of PDAC patients is a critical determinant for the abundance and plasticity of CSC populations and thus tumor heterogeneity in PDAC. Unravelling this complex interplay might pave the way for novel treatment strategies.
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Introduction

Pancreatic ductal adenocarcinoma (PDAC) is one of the most common lethal cancer entities with hardly 10% of the patients surviving up to 5 years after diagnosis (1). Owing to the lack of early and specific symptoms, the majority of patients are diagnosed at an advanced- or even metastasized stage (2). This also implies that only 20% of the patients are eligible for resection of the primary tumor combined with adjuvant chemotherapy. However, in most cases even this curative treatment regimen only provides a temporary survival benefit, due to relapse or the development of metastases during or shortly after therapy. One reason for this poor prognosis can be seen in the evolution of resistances towards therapeutic drugs, e.g. through the activation of multidrug resistance and pro-survival pathways (3–5). Furthermore, PDAC is characterized by a pronounced inflammatory tumor stroma, which besides genetic and epigenetic alterations also contributes to the acquisition of a drug resistant phenotype in PDAC cells (6, 7).

The emergence of chemoresistance has been linked to Epithelial-Mesenchymal-Transition (EMT) in diverse cancer entities, including PDAC (8–11). Primarily, EMT is regarded as a key process in metastasis by which epithelial tumor cells acquire the capability to disconnect from the primary context and disseminate to secondary sites. Since EMT can also be seen as a dedifferentiation process, it is not surprising that EMT has been associated with the acquisition of cancer stem cell (CSC) properties. Due to their self-renewal potential and ability to undergo asymmetric cell division, CSCs are undifferentiated cells that are essential for tumor initiation and the emergence of more differentiated cell clones within the tumor. Thus, intratumor heterogeneity of PDAC might be another determinant for the response to therapeutic drugs, as particularly CSCs are highly resistant to cancer therapies (12–16).

As outlined in the review by Zhang et al. recently published in Frontiers in Oncology, the gut and tumor microbiome have emerged as a promising therapeutic target for PDAC (8, 17, 18), due to its impact on tumorigenesis and drug resistance in PDAC (19, 20). Several studies in PDAC patients demonstrated important links between the patient`s tumor microbiome and disease progression, such as correlations between patient survival and tumor microbiome diversity (21) or facilitating immune suppression (19). These findings support a link between the microbiome, disease progression and outcome of PDAC patients. Moreover, chronic inflammation associated with long-term microbial infection promotes EMT, which in turn contributes to drug resistance, cancer progression and metastasis (summarized in 8). Since EMT is linked to the acquisition of CSC properties, we postulate that the abundance and plasticity of CSCs, and thereby intratumor heterogeneity in PDAC, are critically modulated by the patient`s microbiome (of different body compartments). Considering this possible association might provide the basis for innovative therapeutic strategies targeting the microbiome.



Epithelial-Mesenchymal-Transition

EMT is regarded as a prerequisite for epithelial/carcinoma cells to disseminate from the primary tumor to secondary sites. Undergoing this process implies a loss of typical epithelial characteristics and a gain of mesenchymal properties, causing a fundamental functional switch from stationary to a more motile and invasive phenotype. In detail, expression of epithelial proteins like E-cadherin or occludin, both being important for epithelial cell-cell contacts, are diminished, while expression of mesenchymal markers such as N-cadherin, Vimentin, L1CAM or the transcription factor Zeb1 are enhanced (22). Accordingly, EMT is a process by which cells lose their original differentiation and function, which can be regained at secondary sites by reversion of EMT, a process called Mesenchymal-Epithelial-Transition (MET). Thus, it is not surprising that EMT coincides with the acquisition of CSC-characteristics in tumor cells (23–25). Mani et al. demonstrated that breast cancer cells that have undergone EMT acquire a stem cell-like phenotype, and subsequently these stem cell-like cells resemble cells that have undergone EMT (25).



Cancer Stem Cells

Similar to physiological stem cells, CSCs are characterized by the ability to proliferate indefinitely and to divide asymmetrically, giving rise to both stem cells and differentiated short-lived daughter cells with limited proliferative capability (26–29). Based on these properties, CSCs - although accounting only for a small part of the entire tumor cell population - are regarded as essential for tumor initiation and progression as well as for tumor heterogeneity (27, 30–32). According to the current model, CSCs are not a fixed cell population, but that the aforementioned characteristics can be acquired and lost dependent on environmental stimuli, as CSC are highly dependent on their niche, i.e. oxygen level, surrounding stromal cells and their released factors (24, 29, 33–36). Hence, factors like oxidative, inflammatory and nutritional stress, to which tumor cells are commonly subjected to, determine the differentiation of non-CSCs into CSCs and vice versa. From an evolutionary point of view, this model implies that changes in the tissue microenvironment (e.g., inflammation and/or microbiome changes) lead to the selection of subpopulations of CSCs in a Darwinian manner. As a consequence, these CSCs develop strategies that enable them to survive the adverse conditions of the host (37). This might also provide an explanation for the marked resistance of CSCs to different therapies (8). For instance, chemotherapies aim to decrease the total number of rapidly proliferating tumor cells. However, since CSCs rarely divide and exhibit high levels of drug export molecules, this is only partially successful, as the main tumor cell population might be removed while CSCs survive and can give rise to recurrences or metastases (30, 38–42).

In summary, CSCs contribute to tumorigenicity, tumor progression, metastasis, recurrence as well as therapy resistance in PDAC (26, 42, 43). Given the fact that EMT as well as the interconversion from non-CSC to CSC are both processes defining tumor cell plasticity and heterogeneity, and either process is highly dependent on the inflammatory/stress level of the surrounding microenvironment, it is reasonable to postulate that the microbiome is another important determinant for defining evolution of CSC. Confirming the contribution of the microbiome to tumor cell plasticity might provide additional mechanistic insight into tumorigenesis and the survival of PDAC patients.



The Microbiome - PDAC Axis


Alterations of the Microbiome in PDAC Patients

The human gut microbiota is comprised of a collection of different bacteria, archaea, fungi, viruses and protozoa. Its composition is unique to each individual and is influenced by a variety of environmental factors such as the mode of birth, age, diet, and, disease (44, 45). The microbiome plays vital roles in immune development, nutrition, energy metabolism and host defense (45). Generally, a higher bacterial diversity is characteristic of a healthy gut microbiome, whereas low diversity accompanies diseases such as inflammatory bowel disease, diabetes mellitus type 2, asthma and various cancers (46–50). An inflammatory environment favors pro-inflammatory bacteria in the diseased gut, thereby establishing a cycle of inflammation (51). In some cases of Enterococcus faecalis infection, the bacterium infiltrates the patient´s pancreas and initiates inflammation, resulting in the progression of chronic pancreatitis (52). A state of chronic inflammation as manifested e.g. in chronic pancreatitis or Helicobacter pylori infection in the gut is a known risk factor of PDAC development (53–55). Several routes by which bacteria can migrate into the PDAC microenvironment have been proposed, such as through the bile duct, portal circulation system or mesenteric lymph nodes (8). A number of studies support these routes, for example microbiome analysis of the cyst fluid of intraductal papillary mucinous neoplasms (IPMNs) with high-grade dysplasia revealed the presence of Fusobacterium nucleatum and Granulicatella adiacens, which are commonly found in the oral cavity (56, 57). In line with these findings, Mitsuhashi et al. identified Fusobacterium species being enhanced in tumor tissues of PDAC patients and associated with a worse prognosis (58).

The study by Geller et al. revealed that most bacterial species that were identified by 16S rRNA gene sequencing in PDAC tissues belong to Gammaproteobacteria and are predominantly members of the Enterobacteriaceae and Pseudomonadacea families (17). Furthermore, pancreas, bile, and jejunum samples from patients undergoing pancreaticoduodenectomy showed a distinctly different microbiome than healthy controls (59). Although the process of bacterial translocation from the oral cavity and gut into the pancreatic (tumor) tissue is not fully understood, we can speculate on the factors and mechanisms that favor this migration. For example, the formation of a new niche that offers lower colonization resistance and provides nutrition in the form of increased glycan levels might favor the migration of bacteria into the tumor microenvironment (60). In line with this hypothesis, the tumor microenvironment is enriched with structural proteins, proteoglycans, adapter proteins and enzymes, as well as tumor associated inflammatory cells such as myofibroblasts or macrophages, which are known producers of the aforementioned factors (61). Together, these changes in the microenvironment provide advantageous conditions that may facilitate bacterial migration from the gut into the pancreas on the one hand, and promote tumor development and progression on the other hand.



Impact of an Altered Microbiome on EMT and Therapy Resistance

It was demonstrated that an inflammatory tumor microenvironment and tumor associated microbiome can promote EMT by inducing various signaling pathways that lead to the activation of different EMT transcription factors. Thus, it could be shown that infections by certain pathogens such as F. nucleatum are able to induce phosphorylation, and thus internalization of the epithelial marker protein E-cadherin. This in turn mediates the release of bound β-catenin, which translocates into the nucleus and influences the expression of EMT related genes. As a consequence, tumor cells undergo EMT and become capable of leaving the primary tumor and disseminate to secondary sites (8, 54, 55, 62). Given the fact that Fusobacteria species are already enriched in premalignant lesions such as IPMN, and their abundance in PDAC tissues is associated with a worse outcome (56, 58), it seems plausible that their abundance contributes to PDAC progression by EMT induction. Importantly, a distinct tumor microbiome was shown to clearly discriminate long-term survivor (LTS) from short-term survivor (STS) PDAC patients. Performing taxonomic profiling of bacterial DNA from 36 LTS and 32 STS PDAC patients revealed a higher species diversity in tumor samples of LTS patients associated with a significantly longer overall survival (median survival: 9.66 years) compared to STS patients with a low diversity (median survival: 1.66 years) (21). Overall, these findings strongly support a tumor promoting role of the microbiome and its suitability as a potential therapeutic target. This view is further supported by recent studies indicating that microbes residing in the tumor microenvironment can contribute to drug resistance, which is a major problem in PDAC treatment. In detail, Geller et al. (17) identified that the tumor microbiome of PDAC patients shows a high abundance of bacterial species belonging to the class Gammaproteobacteria. These bacteria express the enzyme cytidine deaminase (CDD) predominantly in its long form, which enables the metabolization of the chemotherapeutic drug gemcitabine (2′,2′-difluorodeoxycytidine), which is commonly used for treatment of PDAC patients in the adjuvant and palliative setting, into its inactive form (2′,2′-difluorodeoxyuridine) (17).

Besides demonstrating a novel tumor promoting role of microbiota, these findings suggest a potential mutualistic relationship between tumor cells and bacteria, with both of them exhibiting a form of parasitism towards the host. Furthermore, it can be postulated that the presence of a distinct microbiome provides favorable conditions for selection and survival of those tumor cell clones that have evolved the best survival strategies and exhibit a high degree of plasticity, such as CSCs. Enrichment and survival of CSCs within the tumor essentially add to PDAC development and progression on the one hand, and therapy resistance on the other hand.



First Approaches Towards Microbiome Targeted Therapy

Therapy resistance, e.g. against cytostatic drugs, but also immunotherapies such as cytotoxic T-lymphocyte-associated protein 4 (CTLA-4) inhibitors, is still a major clinical challenge in the treatment of PDAC patients, and has been related to tumor heterogeneity implying the presence of CSCs (12–16). As outlined above, evidence supporting a tumor-promoting role of an altered host microbiome at different sites is accumulating. Pathological microbiome alterations apparently contribute to tumor development and progression in different ways, e.g. by shaping host immunity, impacting differentiation processes such as EMT and determining the efficacy of PDAC therapy (17–19).

Preclinical studies already strongly support the concept of modulating the host`s microbiome to improve treatment responses in PDAC, whereby antibiotic-treated mice displayed a marked anti-tumor response to gemcitabine compared to the control mice, which exhibited rapid tumor progression. Additionally, histological analysis of tumor tissues revealed more apoptosis induction in tumor cells when gemcitabine was applied in combination with antibiotics compared to gemcitabine monotherapy (17).

Furthermore, fecal microbiota transplant (FMT) has gained attention as a promising anti-tumor therapy (21). Thus, an increase in tumor growth was observed in mice after FMT from STS PDAC patients compared to that from LTS PDAC patients (21). These findings correlated with the microbiome composition and overall survival times of these patients, and indicate that the transplanted microbiome from STS patients promotes tumor growth, while that from LTS PDAC patients displays the opposite effect, leading to a slower tumor growth compared to the control group without FMT (21). Furthermore, this study revealed a strong correlation between microbiome diversity and elevated numbers of CD3+, CD8+ and Granzyme B+ T cells in tumor tissues of LTS PDAC patients compared to STS patients. These results support the view that the tumor microbiome modulates immunity in the tumor microenvironment, and thus influences the dynamic interplay between tumor and immune cells during tumorigenesis. In this context, a preclinical study showed that the efficacy of the CTLA-4 inhibitor Ipilimumab is increased in the presence of the gut commensal Bacteroides spp., which could in turn be reverted upon administration of antibiotics (18). The presence of these commensals affects interleukin-12 dependent T helper-1 immune responses, which in turn modulates tumor control in mice and humans while preserving intestinal integrity. These findings thus point toward a role of gut commensals in shaping the host immune response and thereby controlling tumor growth. Overall, these findings indicate that the composition of the tumor- as well as the gut microbiome are essential determinants of PDAC evolution and therapeutic responses (17, 18, 20). Table 1 lists recent studies that have found tangible associations between disease progression and immune regulation with the host microbiome composition. As already mentioned above some of these studies have even singled out distinct groups of bacteria that influenced these changes. Naturally, clinical trials focusing on compiling 16S rRNA profiles of PDAC patient samples are on the rise (based on http://clinicaltrials.gov/). There is mounting evidence that patient microbiome composition can be used as a biomarker for disease progression as well as to increase therapeutic efficacy of PDAC treatment (Table 1). Likewise, Leinwand & Miller propose selectively tailoring PDAC therapy with respect to the patients’ intratumoral and gut microbiome to enhance therapeutic efficacy (66).


Table 1 | Compilation of studies on the impact of the microbiome in cancer progression and drug resistance as well as its potential as a biomarker or therapeutic target.



Based on these results it can be envisioned that the above-mentioned microbiome modulating strategies increase therapeutic responses and survival of PDAC patients by lowering the abundance of CSC (properties). Fortunately, there are already ongoing randomized clinical trials that combine 16S rRNA gene analysis, FMT or probiotics along with chemotherapeutics and are listed in the review by Ciernikova et al. (57). The upcoming results may thus further substantiate the interrelationship of the host`s microbiome and tumor cells and provide the basis of novel therapeutic concepts of PDAC therapy.




Discussion and Future Perspectives

As summarized above and in the recently published review by Zhang et al. in this journal (8), the microbiome composition (in different body compartments) is considerably altered in PDAC patients compared to healthy individuals. This altered diversity may be a consequence of tumorigenesis, as the evolution of an inflammatory tumor microenvironment might promote bacterial translocation from the gut into the pancreas (8, 17, 21, 57). Besides, there is growing evidence that the microbiome is an important determinant of PDAC development and therapy response (8, 17, 21, 67–69). One mechanism by which the microbiome composition seems to drive PDAC progression and therapy resistance is promoting EMT. Importantly, EMT induction has been linked to the acquisition of CSC properties, and both EMT cells and CSC are characterized by profound drug resistance (30, 38–40). Considering these well-established interrelationships, it is reasonable to speculate that the abundance and plasticity of CSCs, and thereby intratumor heterogeneity in PDAC and patient´s outcome, are essentially influenced by the patient`s microbiome (Figure 1). This hypothesis is in line with studies supporting the fact that CSC properties can be gained or lost depending on the tumor microenvironment (24, 33–36). Since it is well known that an inflammatory microenvironment impacts the phenotype and genotype of tumor cells, it can be assumed that the altered composition of the gut as well as the tumor microbiome contribute to the inflammatory processes and thereby to the switch from a physiological (tumor suppressive) into an inflammatory (tumor promoting) tumor microenvironment. This in turn may induce EMT and CSC-properties in PDAC cells, e.g. by elevated levels of EMT/CSC inducing factors such as Transforming Growth Factor-beta1 or Tumor Necrosis Factor-alpha. Further, it cannot be ruled out that bacteria and their released factors directly induce EMT, as it could be demonstrated for F. nucleatum, and also promote the gain of CSC properties (56, 57, 61). A high abundance of CSCs in PDAC tissues could be related to PDAC dissemination, and with this progression and resistance to therapy (26, 31, 39, 41, 70–72). Hermann et al. (73) demonstrated that different CSC populations exist in PDAC and exhibit distinct functional capabilities. Thus, CD133+CXCR4+ CSCs were found to be particularly responsible for metastasis (73). Adding to the view of CSC heterogeneity in PDAC, own unpublished data indicate that PDAC cells can exhibit different CSC phenotypes that are characterized by distinct CSC marker expression (high Sox2 or high Nestin expressing CSCs) along with different migratory and invasive abilities. As a consequence, different metastasis patterns can be observed in a preclinical PDAC metastasis model (unpublished data). In line with this, Nestin was found to be upregulated in various human malignancies (74, 75) including PDAC, where it associated with an elevated liver metastatic potential of CSCs (31, 75). Considering this profound knowledge, we postulate that a more diverse microbiome composition, which was detected in LTS PDAC patients (21), might act in favor of a host defense by controlling the number and phenotype of CSCs in PDAC, resulting in a lower metastatic potential and less resistance towards chemotherapy (Figure 1A).




Figure 1 | The microbiome impacts clonal heterogeneity of PDAC cells and thereby a patient´s outcome. Changes in the microbiome composition (in the tumor but also other body compartments) may influence Epithelial-Mesenchymal-Transition (EMT) and the abundance and phenotype of cancer stem cells (CSCs) in the tumor by generating optimal niche conditions and impacting their survival and expansion. This in turn impacts PDAC growth and progression as well as therapy responses and outcome of PDAC patients. (A) Microbiome diversity A (MD A) may prevent/control EMT induction and the enrichment of CSCs (CSC ↓), thereby inhibiting PDAC progression, drug resistance and (C) improving patient´s prognosis. (B) In contrast, microbiome diversity B (MD B) may induce EMT and increase the CSC potential within a tumor (CSC↑). As a consequence, a high CSC abundance promotes PDAC progression and drug resistance leading to (C) poor patient´s outcome. The figure was created with BioRender.com.



Accordingly, future studies are urgently needed to explore whether- and how a certain microbiome composition (e.g., those of LTS patients or Fusobacteria) influences intratumor heterogeneity through the gain and loss of CSC phenotypes, and in turn determines disease progression, therapy responses and survival of PDAC patients. Furthermore, since it is known that certain bacteria can increase the efficacy of therapy (18), the potential of microbiome modulation as an integral part of anti-cancer therapy needs to be further investigated. Given the fact that CSCs are mandatory for tumor initiation, novel therapeutic concepts aimed at their complete eradication. However, since the CSC pool can be constantly regenerated by conversion of non-CSC into CSCs, these strategies will likely ultimately fail. Instead, therapeutic strategies aiming to prevent or control CSCs may be more effective. Thus, the therapeutic enrichment of certain bacteria and/or restoring (physiological) microbiome diversity might be a promising strategy to effectively suppress the appearance, heterogeneity and survival of CSCs, thereby controlling disease progression and increasing the efficacy of therapeutics.
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Background

Esophageal squamous cell carcinoma (ESCC) is the most common type of esophageal cancer and the seventh most prevalent cause of cancer-related death worldwide. Tumor microenvironment (TME) has been confirmed to play an crucial role in ESCC progression, prognosis, and the response to immunotherapy. There is a need for predictive biomarkers of TME-related processes to better prognosticate ESCC outcomes.



Aim

To identify a novel gene signature linked with the TME to predict the prognosis of ESCC.



Methods

We calculated the immune/stromal scores of 95 ESCC samples from The Cancer Genome Atlas (TCGA) using the ESTIMATE algorithm, and identified differentially expressed genes (DEGs) between high and low immune/stromal score patients. The key prognostic genes were further analyzed by the intersection of protein–protein interaction (PPI) networks and univariate Cox regression analysis. Finally, a risk score model was constructed using multivariate Cox regression analysis. We evaluated the associations between the risk score model and immune infiltration via the CIBERSORT algorithm. Moreover, we validated the signature using the Gene Expression Omnibus (GEO) database. Within the ten gene signature, five rarely reported genes were further validated with quantitative real time polymerase chain reaction (qRT-PCR) using an ESCC tissue cDNA microarray.



Results

A total of 133 up-regulated genes were identified as DEGs. Ten prognostic genes were selected based on intersection analysis of univariate COX regression analysis and PPI, and consisted of C1QA, C1QB, C1QC, CD86, C3AR1, CSF1R, ITGB2, LCP2, SPI1, and TYROBP (HR>1, p<0.05). The expression of 9 of these genes in the tumor samples were significantly higher compared to matched adjacent normal tissue based on the GEO database (p<0.05). Next, we assessed the ability of the ten-gene signature to predict the overall survival of ESCC patients, and found that the high-risk group had significantly poorer outcomes compared to the low-risk group using univariate and multivariate analyses in the TCGA and GEO cohorts (HR=2.104, 95% confidence interval:1.343-3.295, p=0.001; HR=1.6915, 95% confidence interval:1.053-2.717, p=0.0297). Additionally, receiver operating characteristic (ROC) curve analysis demonstrated a relatively sensitive and specific profile for the signature (1-, 2-, 3-year AUC=0.672, 0.854, 0.81). To identify the basis for these differences in the TME, we performed correlation analyses and found a significant positive correlation with M1 and M2 macrophages and CD8+ T cells, as well as a strong correlation to M2 macrophage surface markers. A nomogram based on the risk score and select clinicopathologic characteristics was constructed to predict overall survival of ESCC patients. For validation, qRT-PCR of an ESCC patient cDNA microarray was performed, and demonstrated that C1QA, C3AR1, LCP2, SPI1, and TYROBP were up-regulated in tumor samples and predict poor prognosis.



Conclusion

This study established and validated a novel 10-gene signature linked with M2 macrophages and poor prognosis in ESCC patients. Importantly, we identified C1QA, C3AR1, LCP2, SPI1, and TYROBP as novel M2 macrophage-correlated survival biomarkers. These findings may identify potential targets for therapy in ESCC patients.
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Introduction

Esophageal cancer (EC) is the seventh leading cause of cancer-related death worldwide due to its high malignancy and poor prognosis, with an estimated 5-year survival rate of approximately 10-15% (1–3). It is estimated that approximately 572034 new cases of esophageal cancer and 508585 deaths due to EC in 2018 worldwide (4). Esophageal Squamous cell carcinoma (ESCC) is the predominant histology of EC, constituting 90% of cases worldwide, and approximately half of the world’s 500,000 new cases occur in China each year (5). More than half of ESCC patients are at an advanced stage when diagnosed (6). Despite recent advances in multidisciplinary therapeutic approaches, its prognosis remains unfavorable due to the high rates of recurrence, metastasis and the resistance to systematic therapy (7). Immunotherapy is a revolutionary treatment approach which has led to marked therapeutic responses among advanced melanoma, non–small cell lung cancer and renal cell carcinoma. There is an increasing interest in the potential of immunotherapy against ESCC to improve the prognosis of patients. Currently, a variety of clinical trials are ongoing to evaluate immunotherapy as a first line treatment for ESCC. However, the evidence to date suggests that only a minority of patients can benefit from it. Therefore, an urgent need remains to identify innovative biomarkers to accurately predict the prognosis of ESCC patients receiving immunotherapy.

The tumor microenvironment (TME) is the environment in which tumor cells live, and is comprised of innate immune cells, including macrophages, dendritic cells, neutrophils, natural killer (NK) cells, myeloid derived suppressor cells (MDSCs), T and B cells, and stromal cells including fibroblasts, endothelial cells and extracellular matrix (ECM) (8). Studies have revealed that the TME is heterogeneous, and that various tumor-infiltrating immune cells play a pro- or anti-tumorigenic role within it (9, 10). It is thought to contribute to inhibiting apoptosis, enabling immune evasion, and promoting proliferation, angiogenesis, invasion and metastasis (11). Notably, the TME is a key target for immunotherapy in cancer patients (12, 13). Tumors with high CD8+ T cell infiltration (“hot” tumors) show the best response to immune checkpoint inhibitors (ICIs). In contrast, patients with “cold” tumors—also called immune deserts, do not benefit from ICIs due to lack of infiltration with CD8+ T cells (14). A previous study reported that several immune-suppressive cell populations were enriched in TME of ESCC, including regulatory T cell (Tregs), exhausted CD8+ T, CD4+ T and NK cells, M2 macrophages (15). Moreover, the population densities of NK cells and macrophages has been found to significantly related with postoperative prognosis for stage II-III esophageal cancer patients (16). Further research suggested that Tregs infiltration had an association with the pathological response and showed a potential value in predicting cancer-specific survival (17). Macrophages have been confirmed to impact angiogenesis, tumor cell migration, and invasion and are expected to be attractive targets for cancer immunotherapy. Within the TME, macrophages may polarize into anti-tumorigenic M1 or pro-tumorigenic M2 phenotypes (7, 11). Tumor-associated macrophages (TAM) can promote genetic stability, nurture cancer stem cells, and contribute to tumor progression and metastasis. TAM infiltration is associated with poor responses to chemotherapy and overall poor prognosis (2). Yamamoto et al. confirmed that pre–therapeutic M2 macrophage infiltration would be a useful biomarker for predicting the response to neoadjuvant chemotherapy (NAC) compared with other immune cells in EC patients (18). Moreover, it has been reported that FOXO1 upregulation in tumor tissues drive the polarization of M0 macrophages and infiltration of M2 macrophages into the TME, resulting in worse prognosis in ESCC patients (19). More recently, CSF-1/CSF-1R blockade has gained widespread attention as a TAM-targeted treatment in cancer research (20, 21). Overall, a better understanding of the status of TME in ESCC patient tumors can help to characterize their immunogenomic profile and improve outcomes.

ESTIMATE (Estimation of STromal and Immune cells in MAlignant Tumor tissues using Expression data) is an algorithm designed to analyze cell purity by calculating the ratio of immune and stromal components based on gene expression (22). In our current study, we utilized ESTIMATE and the CIBERSORT algorithm to quantify the level of tumor immune infiltration of 95 ESCC samples from the TCGA database and identified a predictive 10-gene signature associated with poor prognosis of patients. We further verified its prognostic value in the GEO dataset and confirmed its independent prognostic effect. This work, for the first time, establishes a novel M2 macrophage-related gene signature in ESCC and may be used to predict patient outcomes. Moreover, we validated five of the ten genes (C1QA, C3AR1, LCP2, SPI1 and TYROBP) as independently associated with poor survival and tightly related with macrophage M2 surface biomarkers by qPCR, which may provide new therapeutic avenue for ESCC.



Materials and Methods


Data Download and Preparation

The level 3 gene expression profile and corresponding clinical information of ESCC patients were downloaded from UCSC Xena (dataset ID: TCGA-ESCA-sampleMap/HiSeqV2, https://xenabrowser.net/datapages/). The gene expression profile was measured experimentally using the Illumina HiSeq 2000 RNA Sequencing platform by the University of North Carolina TCGA genome characterization center. Gene expression was provided as gene-level transcription estimates with units as log2(x+1) transformed RSEM normalized count. Low-expression genes with mean expression values below 1 RSEM in all samples were filtered out using the “limma” package in R version 4.0.2 software. The original data included 185 tumor tissues and 11 adjacent tissues. Among these, 96 samples were histologically diagnosed as squamous cell carcinoma, including 1 paired metastasis tissue. The clinical information of the patients is shown in Supplemental Table 1. The risk score model was further validated using the GSE53624 dataset from the Gene Expression Omnibus (GEO, http://www.ncbi. nlm.nih.gov/geo/). The screening process of the validation dataset is provided in Supplemental Figure 1. The GSE53624 dataset included 119 paired tumor and normal ESCC tissues based on GPL18109 platform (Agilent-038314 CBC Homo sapiens lncRNA + mRNA microarray V2.0).



Estimation of Stromal and Immune Components of TME

Immune, stromal, and ESTIMATE scores of the samples were calculated using the estimate R package. We determined the optimal cutpoint based on the function “surv_cutpoint” from the survminer R package. Kaplan–Meier analyses were performed using the survival and survminer packages in R to illustrate the correlation of immune/stromal scores and patient overall survival (OS). The log-rank test was applied to verify the results.



Identification of Differentially Expressed Genes (DEGs)

According the optimal cutpoint, immune and stromal scores were divided into high/low groups, respectively. DEGs were identified using the R package, limma. The threshold set for up- and down-regulated genes was a |log 2 foldchange (FC)| > 1 and false discovery rate (FDR) < 0.05. Heatmaps were plotted with the package pheatmap.



Enrichment Analyses and Protein-Protein Interaction (PPI) Network

Functional enrichment analyses of the DEGs with the Kyoto Encyclopedia of Genes and Genomes (KEGG) and gene ontology (GO) were performed with the R package “clusterProfiler”, “org.Hs.eg.db”, “enrichplot” and “ggplot2”. GO enrichment includes biological processes (BP), cellular component (CC) and molecular function (MF). Categories with a p- and q-value of <0.05 were considered significantly enriched. All of the DEGs were uploaded into the STRING (https://string-db.org/) database (v 11.0) to obtain PPI networks, with a combined score > 0.4 considered statistically significant. Cytoscape (version 3.7.1) was used to reconstruct the network. Network nodes represent proteins and edges represent protein-protein associations.



Construction and Validation of 10-Gene Risk Score Model

Univariate cox regression analysis was performed to examine the prognostic value among ESCC patients. 36 genes with p < 0.05 were identified as prognostic DEGs and were visualized using the forest diagram. Multivariate analyses were performed to develop the 10-gene risk score model. The model was based on expression data multiplied by Cox regression coefficients. The final risk score model formula was as followed: Risk score = [Expression level of C1QA * (0.32596)] +[Expression level of C1QB * (1.40234)]+[Expression level of C1QC* (-1.36687)+ [Expression level of CD86 * (0.35249)]+[Expression level of C3AR1* (-0.07155)+ [Expression level of CSF1R * (0.28413)]+[Expression level of ITGB2 * (-0.52918)]+[Expression level of LCP2* (-0.22934)+ [Expression level of SPI1 * (1.05328)]+[Expression level of TYROBP* (-0.87910)]. Patients were divided into low-risk and high-risk groups according to the optimal cutpoint. The K-M survival curves for the groups with low or high risk were performed. The predictive ability of the model was assessed by the survival receiver operating characteristic (ROC) package in R software and was used to compare the area under the curve (AUC) of our gene signature and those derived in two other published studies. To confirm the risk model’s independent prognostic value, univariate and multivariate Cox survival analyses were performed with select clinical factors. Finally, external data from GSE53624 was applied to verify the reliability of the gene signature’s impact on the prognosis of the patients. The differential expression analysis was performed based on 119 paired tumor and normal samples.



Estimation of Immune Infiltration

CIBERSORT in combination with the LM22 method was carried out to quantify the abundances of immune cell types in the TME. The 22 types of infiltrating immune cells inferred by CIBERSORT include B cells, T cells, natural killer cells, macrophages, dendritic cells, eosinophils and neutrophils. The CIBERSORT p-value reflects the statistical significance of the results, only tumor samples with p<0.05 were used for further analysis.



Construction and Validation of the Nomogram

A nomogram was established based on the risk score and select clinicopathologic characteristics including age, gender and stage to predict the survival probability of 1-, 2-, and 3-year OS of ESCC patients. The nomogram and calibration plots were generated based on the rms R package. The calibration curve of the nomogram was plotted to evaluate the prediction possibilities against the observed rates.



Gene Set Enrichment Analysis (GSEA)

GSEA was carried out to evaluate associations between immune pathways and 10-gene signature using the software GSEA-4.1.0. Hallmark (h.all.v7.4.symbols.gmt) and C7 gene sets (c7.all.v7.4.symbols.gmt, Immunologic Signatures) were downloaded from Molecular Signatures Database (MSigDB) as the target sets. Only gene sets with NOM p < 0.05 and FDR q < 0.25 were considered significant.



cDNA Microarray Chip and Real-Time PCR

Tissue cDNA chips including cDNA from 67 cases of esophageal squamous cell carcinoma tissue and 28 peri-carcinoma tissues with complete clinical and survival information were purchased. A cDNA microarray chip (cDNA-HEsoS095Su01,Outdo Biotech Company, Beijing, China) was used for the tumor or peritumor tissue samples in this study. The mRNA expression levels of hub genes and immune cell surface biomarkers were detected by Hieff qPCR SYBR Green Master Mix (Low Rox Plus) (YEASEN Biotech Co., Ltd). The qPCR protocol was 95°C for 5min, 40 cycles at 95°C for 10 s, and 60°C for 60 s. Primers used in this study are presented in Supplemental Table 2. The relative expression levels of hub genes were determined by the 2−ΔΔCT method.



Statistical Analysis

The correlation analysis was performed using the Spearman method. Survival curves were compared using the Kaplan-Meier method and the log-rank test. R version 4.0.2 and GraphPad 5.0 were used to perform statistical analysis. The results are presented as mean ± standard deviation (mean ± SD). Differences between groups were evaluated by the Wilcoxon rank-sum test. All tests were two-sided and p < 0.05 indicates statistical significance.




Results


Immune and Stromal Scores Are Significantly Correlated With ESCC Survival

The analysis process for this study is presented in Figure 1. We estimated the immune/stromal/ESTIMATE scores of 95 ESCC tumors using the ESTIMATE algorithm. The immune scores varied from -1389.05 to 3395.19, the stromal scores ranged from -1859.96 to 1301.57, the ESTIMATE scores ranged from -2672.1 to 3970.4. All samples were categorized to high/low groups with the optimal cutpoint. Using Kaplan-Meier analysis, we found that patients with higher immune scores experienced poorer overall survival (OS) compared to those with low scores (p=0.015, Figure 2A). In agreement, stromal scores were inversely correlated with OS (p=0.012, Figure 2B). The high ESTIMATE score group also showed poorer OS in comparison to the low score group (p=0.057, Figure 2C). These findings demonstrate that the immune/stromal components in TME are significant in predicting the prognosis of ESCC patients. We further explored the potential relationship between the clinicopathological characteristics and the immune/stromal scores, but found no significant associations.




Figure 1 | Analysis workflow of this study.






Figure 2 | Immune and Stromal scores were correlated with overall survival of ESCC. (A) Kaplan–Meier survival analysis for ESCC patients grouped into high or low score in Immunescore determined by the optimal cutoff. p = 0.015 by log-rank test. (B) Kaplan–Meier survival curve for Stromalscore with p = 0.012 by log-rank test. (C) Survival analysis with Kaplan–Meier method for ESCC patients grouped by ESTIMATEScore (p = 0.057 by log-rank test).





Differential Expression and Functional Enrichment Analysis

To investigate the potential relationship between gene expression profiles and immune/stromal scores, we performed differential expression analysis of high- and low-score groups. According to the analysis (high immune score vs low immune score), a total of 747 DEGs were selected, which contained 674 up-regulated and 73 down-regulated DEGs. Similarly, 1027 DEGs were obtained based on differential analysis of stromal scores, consisting of 855 up-regulated and 172 down-regulated DEGs. Hierarchical clustering (Figures 3A, B) showed that DEGs were significantly dysregulated between the two groups. Furthermore, after intersection of the two lists of genes (Figures 3C, D), we obtained 133 up-regulated DEGs shared by immune and stromal groups. These DEGs can be regarded as candidate TME-related genes.




Figure 3 | Differential expressed genes identification and enrichment analysis of GO and KEGG. (A) Heatmap for DEGs between high and low Immuneacore groups. Row name of heatmap is the gene name, and column name is the ID of samples which not shown in plot. (B) Heatmap for DEGs in Stromalscore, similar with (A). (C, D) Venn plots for common up-regulated and down-regulated DEGs shared by Immunescore and Stromalscore. (E) The top ten biological processes (BP) cellular components (CC) and molecular functions (MF) for GO analysis, respectively. (F)The top 30 KEGG enrichment signaling pathways for 133 DEGs, terms with p and q < 0.05 were determined to be enriched significantly.



Furthermore, functional enrichment analysis was performed to find the potential mechanism of 133 DEGs in the TME. The top 10 significant results of the enrichment analysis for BP, CC and MF are displayed in Figure 3E. For BP, DEGs were mainly enriched in immune effector processes, negative regulation of immune system processes, and positive regulation of cell activation. In the CC group, DEGs were mainly enriched in the external side of plasma membrane, protein complex involved in cell adhesion, and secretory granule membrane. In the MF classification, the top terms included immunoglobulin binding, immune receptor activity, chemokine activity, cytokine receptor activity, and chemokine receptor binding. For the KEGG analysis (Figure 3F), DEGs were mainly enriched in the Natural killer cell mediated cytotoxicity, Toll−like receptor signaling pathway, viral protein interaction with cytokine and cytokine receptor, cell adhesion molecules, Th17 cell differentiation, and chemokine signaling pathways. Collectively, these findings suggest that the functions of these genes are immune-related.



Intersection of PPI Network and Univariate Cox Regression Analysis

To better illustrate the interrelationship among these DEGs, we used the STRING database and the Cytoscape software to construct a PPI network. As depicted in Figure 4A, the color from light to dark represents the ascending logFC value. The barplot (Figure 4B) shows the top 20 hub genes ranked by the number of nodes. Next, we carried out univariate cox regression analysis and identified 36 genes significantly associated with the poor OS of ESCC patients (HR>1, p<0.05). Finally, the 10 independent prognostic genes in the PPI and univariate cox regression analysis were overlapped to identify the common hub genes, including C1QA, C1QB, C1QC, CD86, C3AR1, CSF1R, ITGB2, LCP2, SPI1 and TYROBP (Figure 4C). The forest diagram (Figure 4D) illustrates the relationships between these 10 genes and prognosis. The Kaplan-Meier curve confirmed that high expression of 9 of the genes (C1QA, C1QB, CSF1R, C3AR1, ITGB2, LCP2, SPI1, TYROBP) were significantly related to poor OS (Supplemental Figures 2A–I, p<0.05). Moreover, for those variables in which survival curves intersected, we carried out landmark analysis discriminating between events occurring before and after 3 years of follow-up to eliminate immortal time bias, which confirmed that all genes are significantly related to overall survival before 3 years (Supplemental Figure 3B, p-value<0.05).




Figure 4 | Protein-protein interaction network and univariate COX analysis. (A) PPI network constructed with the nodes with interaction confidence value > 0.4. (B) The top 20 genes according to the number of nodes. (C) Venn plot for 10 hub prognostic DEGs. (D) The 10 hub prognostic genes with p < 0.005 in univariate COX regression analysis.





Correlations Between Immune Infiltration and Prognostic Genes

The CIBERSORT algorithm was then used to quantify the proportion of tumor-infiltrating immune subsets and further understand the correlation of hub genes with the immune TME. Figure 5A shows the relative proportions of immune cells in each ESCC sample. Positive and negative correlations between immune cells were obtained, as displayed in Figure 5B. There was a moderate correlation between macrophage M0 and macrophage M2 (r=-0.49) in ESCC. CD8 T cells were moderately and positively correlated with activated CD4 memory T cells (r=0.27), while negatively correlated with resting CD4 memory T cells (r=-0.62). M1 macrophages were positively associated with Tregs (r=0.23) and M2 macrophages (r=0.24), and negatively associated with activated dendritic cells (r=-0.44). These results reveal that different kinds of immune cells interfere with each other in TME. Pearson correlation analysis was further performed to compare the expression of ten genes and the results of ESTIMATE. All ten genes were strongly positively correlated with ImmuneScore but negatively correlated with TumorPurity (Figure 5C, p <0.05), demonstrating lower the purity of the tumor and increased immune cells in the TME. Moreover, we searched the CCLE (Cancer Cell Line Encyclopedia) database to help clarify whether these genes are overexpressed in immune cells or tumor cells. The expression values for the ten genes and classic epithelial markers in esophageal cancer cell lines was downloaded. All ten genes showed extremely low expression in esophageal cancer cell lines (Supplemental Figure 4), with average expression values (RPKM) of: C1QA 0.0005, C1QB 0.0002, C1QC 0, C3AR1 0.0385, CD86 0.2466, CSF1R 0.1609, ITGB2 1.0324, LCP2 0.0123, SPI1 0.0255, TYROBP 0.0086. Comparably, the epithelial markers selected as controlled genes showed relatively high expression CDH1 57.414, CLDN4 60.703, CLDN7 50.385, MUC1 13.366, TJP3 4.5215. Therefore, these combined evidences lead us to believe that these genes are likely to be specifically expressed in immune cells. To investigate this further, we performed a single-gene immune infiltration analysis for each gene to illustrate its relationships with various immune cells. Most of the genes were related to certain types of immune cells. As depicted in Figure 5D, three kinds of tumor infiltrating immune cells (TICs) were positively correlated with all genes, including M1 macrophages, M2 macrophages, and regulatory T cells (Tregs). M2 macrophages had a higher correlation with C1QA (r=0.54), C1QB (r=0.55), C1QC (r=0.53), C3AR1 (r=0.48), CSF1R (r=0.46) and TYROBP (r=0.44). M1 macrophages were moderately linked with LCP2 (r=0.46), ITGB2 (r=0.43), CSF1R (r=0.44), C1QA (r=0.43), C1QB (r=0.44), C1QC (r=0.42) and C3AR1 (r=0.41). All genes were positively associated with M2 macrophages (Supplemental Figures 5 A–J, p<0.05). These findings further confirm that these prognostic genes are related to the immune activity of the TME, especially M2 macrophages.




Figure 5 | Landscape of tumor infiltration cells in ESCC. (A) Barplot for the proportion of 22 types of immune cells in ESCC tissues. Column names are sample ID. (B) Heatmap for the correlations between the levels of immune cells among ESCC samples. (C) Heatmap for correlation between 10 genes and StromalScore, ImmuneScore, ESTIMATEScore and TumorPurity (p<0.05). (D) Heatmap for correlation between 10 genes and six immune cells. The blank means that the p-value is nonsignificant.





Construction of a Risk Score Model and Validation of Its Predictive Value

Utilizing the multivariate Cox regression analysis, we established a 10-gene risk score model. The risk model met the proportional hazard assumption based on the Schoenfeld Individual Test results which showed that each covariate is not statistically significant (Supplemental Figure 2A, p>0.05). We then calculated the risk score for each sample and divided patients into high- or low-risk group according to the optimal cutpoint by maximally selected rank statistics. Kaplan-Meier analysis suggested that patients in the high-risk group have significantly shorter OS than those in the low-risk group (Figure 6A, p<0.001). The distribution of risk scores, survival status, and ten-gene expression levels among patients in the high- and low-risk group are given in Figure 6C. To evaluate the independent predictive value of our risk model, univariate and multivariate analyses were performed. The results showed gender, stage, N-stage and risk score were significantly associated with OS in univariate analysis (p<0.05). In the multivariate analysis, only risk score was associated with OS (HR=2.104, 95% CI=1.343-3.295; p=0.001) (Table 1). To verify the prognostic value and reliability of our results, the risk score model was further validated using the GEO dataset, which includes 119 ESCC patients. All patients were divided into high- and low-risk group according to the previous formula. In agreement with the training cohort, patients in the high-risk group had significantly worse OS than the low-risk group (Figure 6B, p-value=0.008). The univariate and multivariate analyses of risk score and other clinical characteristics confirmed that the risk score model was an independent prognostic indicator (HR=1.6915, 95% CI:1.053-2.717; p=0.0297, Table 2). We also carried out differential expression analysis of the complete ten-gene signature in the validation dataset, The Wilcoxon rank sum test revealed that the expression of 9 genes (C1QA, C1QB, C1QC, C3AR1, ITGB2, LCP2, SPI1, TYROBP) in the tumor samples were significantly higher than that in matched normal adjacent tissue (Supplemental Figures 6A–J, p<0.05). Time-dependent ROC curve analysis demonstrated that during 1-, 2-, and 3-year follow-up, the area under the curve (AUC) values were 0.672, 0.854, and 0.81 respectively (Figures 6E–G) Recently, Sun et al. identified a prognostic gene signature among patients with ESCC (23). Zhang et al. constructed a prognostic model based on immune-related genes to predict prognosis of esophageal cancer (24). We calculated C-indexes to compare the prognostic values of our model and theirs. As shown in Figures 6E–G, the concordance index of the risk score model for the 1-, 2-, and 3-year OS was higher than the other two studies, indicating that our risk score model may have better performance in predicting prognosis. Taken together, the results confirm that the risk score model is an reliable and independent prognostic factor for ESCC patients.




Figure 6 | Prognostic analysis of the risk score model. (A, B) Kaplan-Meier survival curve of risk score model among ESCC patients in TCGA cohort (A) and GEO cohort (B).The high-risk group show the poorly prognosis (p<0.05). (C, D) Relationship between the risk score (upper) and the expression of ten prognostic genes (lower) in TCGA cohort (C) and GEO cohort (D). (E, F) Time-dependent ROC analysis was performed to compare the three models in predicting 1-year (E), 2-year (F) and 3-year (G) OS.




Table 1 | Univariate and Multivariate cox regression analysis-TCGA cohort.




Table 2 | Univariate and Multivariate cox regression analysis-GEO cohort.





The Different Immune Infiltration Between High- and Low-Risk Group

We estimated the difference of immune infiltration between high- and low-risk ESCC patients in 22 subpopulations of immune cells using the CIBERSORT algorithm. Levels of M1 macrophages (p <0.001) and M2 macrophages (p < 0.001) were markedly higher in the high-risk compared to the low-risk group. Additionally, the proportion of M2 macrophages were significantly higher than M1 macrophages (Figure 7A). In contrast, a high fraction of resting CD4 memory T cells, activated dendritic cells, and M0 macrophages mainly infiltrated low-risk ESCC patients. The correlation analysis further confirmed the risk score was moderately correlated with M1 macrophages (r = 0.43, p<0.0001) and M2 macrophages (r = 0.47, p <0.0001). Moreover, there were weak associations between risk score and CD8 T cells (r=0.21, p=0.046), and a negative correlation between risk score and M0 macrophages (r=-0.36, p<0.001, Figure 7B). These results indicate that differences in immune infiltration in high- and low-risk patients with ESCC might be used as a prognostic indicator and target for immunotherapy.




Figure 7 | Correlation of TICs with risk score model. (A) Violin diagram for the levels of immune cells between high-risk group(red) and low-risk group (green). (B) There were significant correlations between risk score model and macrophage M0,M1,M2 and T cells CD8. Pearson test was used for the correlation test (p<0.05).





Establishment and Validation of a Nomogram

To establish a more convenient and applicable clinical prognostic approach, we developed a nomogram based on our risk score and other clinical characteristics including age, gender and pathologic stage (Figure 8A). The concordance index of the nomogram was 0.734. The calibration plot for the possibility of 1-, 2- and 3-year survival showed good agreement between the prediction and actual observations (Figure 8B). These findings illustrate that the nomogram may be a more effective method to predict prognosis of ESCC patients for clinicians.




Figure 8 | Construction of the nomogram. (A) Nomogram predicting 1-, 2-, and 3- year survival based on risk score and other clinical parameters. (B) The calibration curves of nomogram between predicted and actual 1-, 2- and 3-year OS in the training cohort. The blue dotted line represents perfect prediction of the nomogram.





Differences in Immune-Related Pathways Between High- and Low-Risk Groups

To help illustrate the underlying mechanism of how these genes impact patient outcomes, GSEA was utilized to evaluate different expression profiles among the two groups. Results showed that genes in the high-risk group were mainly enriched in several immune-related pathways, such as allograft rejection, IL2_STAT5_SIGNALING, IL6_JAK_STAT6_ SIGNALING, KRAS_ SIGNALING_UP and PI3K_AKT_MTOR_SIGNALING (Figure 9A). However, no significant gene sets were enriched in the low-risk group. For the C7 immunologic gene sets defined by MSigDB, multiple immune functional gene sets were enriched in high-risk group (Figure 9B) while only three gene sets were enriched in the low-risk group (Figure 9C). These results suggest that these genes might affect tumor immune status through these pathways.




Figure 9 | GSEA analysis for patients with high-risk and low-risk. (A) The enriched gene sets in HALLMARK collection in high-risk group. Each line representing one particular gene set with unique color. Only gene sets with NOM p < 0.05 and FDR q < 0.25 were considered significant. Only several leading gene sets were displayed in the plot. (B) The enriched gene sets in C7 collection (the immunologic gene sets) in high-risk group. (C) Enriched gene sets in low-risk group of C7 collection.





qRT-PCR Validation

Finally, we validated five rarely reported genes among these ten genes using an ESCC cDNA microarray by qRT-PCR. As demonstrated in Figures 10A–E, the relative expression level of C1QA, C3AR1, LCP2 and TYROBP in ESCC samples were significantly higher relative to normal samples (p < 0.05). The expression of SPI1 was also up-regulated although not statistically significant. The survival curve showed that they were all significantly associated with the overall survival of ESCC (log-rank p < 0.05; Figures 10F–J). In addition, based on the CIBERSORT results, we further examined the correlation between 5 genes and macrophage M1 and M2 surface markers. As depicted in Figure 11, compared with CD8 and CD86, they had stronger correlation with CD206 and CD4, which further verified they may be involved in the activity of M2 macrophages and play an immunosuppressive role in TME.




Figure 10 | Five genes validation using qRT-PCR for ESCC cDNA microarray chip. (A–E) Expression levels of C1QA, C3AR1, LCP2, SPI1, TYROBP were up-regulated in tumor tissues. (F–J) The expression of C1QA, C3AR1, LCP2, SPI1, TYROBP were correlated with poor outcomes of ESCC patients. (p<0.001). **p < 0.01.






Figure 11 | Pearson correlation of five genes expression and immune cells surface biomarkers. (A) C1QA is tightly related to CD4, CD8 and CD206. (B) C3AR1 is significantly correlated with CD4 and CD206. (C) LCP2 has close relationship with CD4 and CD206. (D) SPI1 is significantly linked with CD4 and CD206. (E) TYROBP is tightly related to CD4, CD8 and CD206.






Discussion

Esophageal squamous-cell carcinoma (ESCC) is the most common type of esophageal cancer and approximately half of the world’s 500,000 new cases occur in China each year (5). Despite advancements in the treatment of ESCC, it continues to be a major challenge for public health worldwide (25). The role of immunotherapy in esophageal cancer is still poorly defined, largely due to high heterogeneity of tumor cells and the microenvironment (26–28). Previous studies have demonstrated that the TME has an important role in tumor progression and prognosis (29, 30).Thus, it is critical to unravel the immune infiltration of ESCC and identify potential predictive markers. In the present study, we identified 133 DEGs related to the TME, and 10 candidate genes were selected according to the intersection of PPI network and univariate cox analysis. Moreover, we constructed a 10-gene signature correlated with poor overall survival of ESCC patients. The immune infiltration demonstrated the signature had a close relationship with M2 macrophages. Finally, we validated five of the ten genes (C1QA, C3AR1, LCP2, SPI1 and TYROBP) as independently associated with poor survival and tightly related with M2 macrophage surface biomarkers, which may provide new therapeutic avenue for ESCC.

In our research, the ESTIMATE algorithm was utilized to estimate the immune/stromal components of the TME. Our results showed that the immune/stromal scores were both significantly associated with the OS of patients, indicating that TME composition affects the outcomes of ESCC patients. Furthermore, through differential analysis, 133 up-regulated immune and stromal genes were identified. Following functional enrichment analysis of DEGs, they were mainly involved in several immune activities such as the Natural killer cell mediated cytotoxicity, Toll−like receptor signaling pathway, Th17 cell differentiation and so on. These results may give further clues about ESCC etiology and progression. For instance, it has been shown that lipopolysaccharide (LPS)-induced TLR4 signaling promotes cancer cell proliferation and contributes to cancer development and progression in ESCC (31). Next, we constructed a PPI network and univariate cox analysis based on these genes, 10 hub genes were extracted. The above genes were verified using data from the GEO database, and the expression of 9 genes (excluding CSF1R) were significantly up-regulated in the tumor tissues compared with the paired normal tissues. Moreover, they were lowly-expressed in esophageal cancer cell lines compared with classic epithelial markers, and significantly positively associated with ImmuneScore while negatively linked with TumorPurity, suggesting that these genes may be specifically expressed in immune cells. Next, we established a 10-gene signature based on the multivariate cox analysis. The AUC for the 10-gene signature for predicting the 1-, 2-, and 3-year survival were 0.672, 0.854 and 0.81, respectively. The signature was further validated in the GEO dataset. The results suggested that the ten-gene signature was an independent prognostic factor and had a good performance for survival prediction.

In addition, a nomogram was established including the 10-gene signature and age, gender, amd pathologic stage to more accurately predict survival probability. The calibration plot showed good agreement between the prediction by risk score and actual observation. GSEA results showed that several immune-related pathways were enriched in the high-risk group, indicating these ten genes may influence patients’ prognosis through these immune response processes. For instance, IL-2 signaling is an essential and multi-functional regulator of many immune cell populations, including effector and regulatory CD4+ T cell subsets via activation of Signal Transducer and Activator of Transcription 5 (STAT5). It’s also required for differentiation and functional maturation in early Treg stages. This pathway has long been the target of therapeutic strategies to treat diseases ranging from cancer to autoimmunity (32). JAK-STAT signaling is activated by a number of cytokines including IL-6, TNF-α, and IFN-γ and has been found to be involved in regulation of cell proliferation, differentiation and apoptosis (33). A previous study reported that it is associated with the progression of colorectal cancer (34). KRAS is one of the most frequently mutated oncogenes in cancer, being a potent initiator of tumorigenesis, and a predictive target of response to therapy (35). Importantly, Lastwika et al. showed that the activation of KRAS-downstream pathway PI3K/AKT/mTOR is tightly linked with the regulation of PD-L1 expression both in vitro and in vivo for human LACs and squamous cell carcinomas, indicating that KRAS may cause immune escape by AKT/mTOR pathway via PD-L1 (36).Our findings demonstrated that the 10-gene signature have a close relationship with macrophage M2, which indicates that macrophage M2 might be involved in progression and poor survival outcomes in ESCC. Tumor-associated macrophages (TAMs) have been reported to play an important role in modulating the tumor-microenvironment to an immune suppressive mode, promoting tumor growth, angiogenesis, invasion, and metastasis as well as resistance to therapy (37). Colony-stimulating factor 1 receptor (CSF1R), included in our gene signature, a class III receptor tyrosine kinase, is confirmed to promote TAM transition to a pro-tumorigenic M2-phenotype through binding macrophage colony stimulating factor 1 (MCSF) cytokines (38). As the presence of CSF1R+ macrophages correlates with poor survival in various tumor types (39), a variety of small molecules and monoclonal antibodies (mAbs) directed at CSF1R are in clinical development, which represents an attractive strategy in tumor therapy (40).

We further carried out some experiments to validate five rarely reported genes, which could be used as potential biomarkers for future treatment of ESCC. According to the survival analysis from a cDNA microarray, five genes were up-regulated in tumor samples and predict poor prognosis in ESCC patients. TYROBP, also known as KARAP/DAP12 (killer cell activating receptor‐associated protein/DNAX activating protein of 12 kDa), has been found to be linked with the poor prognosis and skeletal metastasis of breast cancer (41). It was also proved that a DAP12‐dependent NK cell receptor NKG2D is involved in antitumoral activity and regulates NK cell function according to experiments with TYROBP knockout mice (42). Consistently, our findings revealed that TYROBP and related genes are mainly enriched in immune-related activities, such as NK cell‐mediated cytotoxicity. In the present study, TYROBP had a remarkable positive correlation with M2 macrophages in ESCC. This is consistent with a previous studies indicating that TYROBP is positively linked with M2 macrophages, and may play an important role in immunosuppression and differentiation of TAMs into M2 macrophages in the tumor microenvironment (43). C1q, the first recognition subcomponent of the complement classical pathway, includes three chains (C1qA, C1qB, and C1qC) and has been proved to highly expressed in multiple tumors, including prostate (44), and mesothelioma (45) as well as gliomas (46).In our study, the expression of C1QA were significantly correlated with ESCC patients’ survival and upregulated in tumor samples. Our results suggested that C1QA may participate in the regulation of CD8+ T cells, Tregs and M2 macrophages in the immune infiltration of ESCC. Consistently, C1QA and C1QB were confirmed to be drivers of alternatively activated macrophage polarization in a LPS-induced inflammation model (47). Samantha et al. (48) reported that macrophages express high levels of C1QA and C1QB in both primary tumor and metastases. C3AR1 as a receptor of the complement effector C3a, is important in mediating the downstream signal transduction of the complement activation. A previous study had demonstrated that a high concentration of C3a in the serum of esophageal cancer patients was associated with a poor prognosis (49). Meanwhile, there were moderate associations between C3AR1 expression and M1 macrophages, M2 macrophages, CD8 T-cells, and Tregs. A previous indicated that Toll-like receptor(TLR)-initiated DC autocrine C3AR1 signaling causes expansion of effector T cells and instability of regulatory T cells (50). It has been found that C3AR1 can promote the polarization of M2 macrophages and T cell exhaustion, leading to the immune escape of STAD (51). Lawal et al. reported that C3AR1 was associated with tumor immune evasion, prognosis, and immunotherapy in melanoma, colorectal, brain, breast, stomach, and renal cancer (52). We speculated that C3AR1 may play a similar role in tumor immunity and promoting the development of ESCC. SPI1(PU.1) is a TF crucial for normal T-cell maturation. It is reported that SPI1 is a potent inducer of granulocytic/monocytic differentiation and is often expressed at a low level in AML (53). Gongwei et al. confirmed that overexpression of SPI1 effectively suppresses the growth of MYC-deregulated B-cell lymphomas (54). Alterations in SPI1 lead to oncogenic subversion by cellular proliferation and differentiation arrest in Waldenström macroglobulinemia (55). SPI1 has previously been demonstrated to be associated with the development of different types of immune lineage cells, consisting T-cells, B-cells, monocytes and dendritic cells (56–58). There are a few reports about its role in solid tumors. For instance, Gao et al. proved that SPI1-induced upregulation of SNHG6 promoted the cellular processes in NSCLC via miR-485-3p/VPS45 axis (59). In our present study, the expression of SPI1 were significantly up-regulated in tumor tissues and correlated with M2 macrophages, CD8 T cells, Tregs, and predicts poor survival of ESCC patients, suggesting that SPI1 may be a potential biomarker of ESCC and play an equally crucial role in solid tumors. LCP2 is known to participate in T cell progression and it was previously reported that a splice variant of LCP2 resulted in severe immune dysregulation (60). High expression levels of LCP2 contributed to poor outcomes in ESCC patients in our study. Moreover, a previous study confirmed that lncRNA ITGB2-AS1 can promote the migration and invasion of breast cancer cells by up-regulating ITGB2 (61). Zhang et al. uncovered the higher ITGB2 expression in CAFs promote tumor proliferation in OSCC by activating the PI3K/AKT/mTOR pathways and NADH oxidation in the mitochondrial oxidative phosphorylation system (62), and ITGB2 was found to be involved in the proliferation, migration, and invasion of CRC cells (63).

In this study, using the ESTIMATE algorithm, we developed a 10-gene signature to predict the prognosis of ESCC patients. Our TME-related ten-gene prognostic signature was confirmed to have good predictive performance and to represent an independent prognostic factor. We also validated five genes (C1QA, C3AR1, LCP2, TYROBP, SPI1) using cDNA microarray, which could be potential biomarkers for future treatment of ESCC. To our knowledge, this is the first time report of an M2 macrophage-related prognostic gene signature in ESCC. However, there are several limitations. To be useful, this prognostic signature needs to be further validated in some large cohorts and multicenter clinical trials in the future. Additionally, further experiments are required to clarify the potential mechanism and the specific roles of these TME-related genes in the development, migration, and invasion of ESCC.



Conclusion

In summary, we established and validated a novel gene signature that is based on ten immune-related genes to predict the OS of ESCC. This signature is significantly correlated with M2 macrophages in the tumor microenvironment. Notably, C1QA, C3AR1, LCP2, TYROBP and SPI1 were further validated as up-regulated in tumors and independently predict poor outcomes in ESCC. Hence, they may be underlying therapeutic targets for ESCC and are expected to be further applied in future clinical practice.
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Gastric cancer (GC) remains one of the leading causes of cancer-related death worldwide. Cancer stem cells (CSCs) might be responsible for tumor initiation, relapse, metastasis and treatment resistance of GC. The tumor microenvironment (TME) comprises tumor cells, immune cells, stromal cells and other extracellular components, which plays a pivotal role in tumor progression and therapy resistance. The properties of CSCs are regulated by cells and extracellular matrix components of the TME in some unique manners. This review will summarize current literature regarding the effects of CSCs and TME on the progression and therapy resistance of GC, while emphasizing the potential for developing successful anti-tumor therapy based on targeting the TME and CSCs.
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Introduction

Gastric cancer (GC) is the fifth most commonly diagnosed cancer and the fourth leading cause of cancer-associated mortality with an estimated more than one million new cases and 769,000 deaths worldwide in 2020 (1). Despite advancements in clinical treatment and technologies, the prognosis of GC remains poor, mainly due to relapse, metastasis and therapy resistance, and the median survival of patients with advanced GC is less than one year (2). Cancer stem cells (CSCs) are a minor subpopulation of uniquely tumorigenic cells exhibiting the capacity for self-renewal, unlimited proliferating and maintenance of a relatively dormant state. Since the first identification of CSCs in acute myeloid leukemia (3), increasing evidence suggests that CSCs may be responsible for tumor (including GC) progression, relapse, metastasis and therapy resistance (4–6).

The cellular environment in which tumor cells reside is called the tumor microenvironment (TME), which consists of cellular and non-cellular components. It includes many types of stromal cells (fibroblasts, lymphocytes, macrophages, and endothelial cells), immune cells (such as T and B lymphocytes), and extracellular components (for instance: cytokines, growth factors, hormones and extracellular matrix), which surround tumor cells and are nourished by blood vessels around the tumor (Figure 1). The TME provides a suitable living environment for cancer cells to develop, escape from host immune surveillance and resist to anticancer drugs (7–10). With the continuous progress in the study of CSCs and TME, the microenvironment of CSC has gradually entered the vision of researchers. CSCs microenvironment (CSCs niche) is a special microenvironment for the survival of CSCs, which can regulate the characteristics of CSCs via cell-to-cell contact and secreted factors (11). Therefore, a precise and meticulous understanding of CSCs, TME and the relationship between them in GC will have a profound impact on the treatment of GC in the future. This review summarized current findings regarding the role of CSCs and TME in the progression of GC, which may facilitate the understanding of CSCs and TME of GC, as well as provide a potential therapeutic strategy based on targeting TME and CSCs for GC.




Figure 1 | The major constituents of the tumor microenvironment in gastric cancer.





Identification and Isolation of CSCs

The study of CSCs may play a critical role in eradicating tumors and solving clinical problems such as tumor recurrence and distant metastasis. However, the number of CSCs in cancer cells is extremely small (typically <1% in solid tumors) (12). Therefore, the main difficulty in studying CSCs is how to identify and isolate them from a large number of tumor cells. At present, the most efficacious and commonly used method to isolate CSCs from a large number of tumor cells is by using specific cell surface markers of CSCs.

CSCs can be isolated and identified by combining specific cell surface markers of CSCs with corresponding monoclonal antibodies or fluorescein markers, and then applying some isolation techniques such as flow cytometry and magnetic-activated cell sorting. Therefore, finding specific and effective cell surface markers of CSCs is critical for isolating and identifying CSCs. An increasing number of evidence has confirmed the existence of some specific cell surface markers in gastric CSCs (GCSCs). CD44 was the first confirmed potential GCSCs-specific cell surface marker. Takaishi et al. (13) found a considerable number of CD44 (+) cells in GC cell lines (MKN-45, MKN-74, and NCI-N87), and these CD44 (+) cells showed spheroid colony formation in serum-free media in vitro. And when these cells were injected into the stomach and skin (around 30,000 cells per site) of severe combined immunodeficiency (SCID) mice, the significant tumorigenic ability in vivo was showed. However, only about 5% of the CD44 (+) cells were ultimately identified as true CSCs. In addition, CD44 is also widely expressed by nonmalignant tumors. Hence, it seems unlikely that a single cell surface marker of CD44 could detect all cells with the characteristics of GCSCs. Lau et al. (14) identified CD44v8-10 (the predominant CD44variant expressed in GC cells) as another potential cell surface marker of GCSCs. The results showed that the expression of CD44v8-10 was significantly upregulated in gastric tumor sites and that exogenous expression of CD44v8-10 contributed to tumor initiation in immunocompromised mice, possibly by improving oxidative stress defense. As a family of intracellular enzymes, aldehyde dehydrogenase (ALDH) enzymes are responsible for cell differentiation, detoxification and drug resistance through the oxidation of cellular aldehydes. Katsuno et al. (15) demonstrated that ALDH1(+) cells possess the characteristics of CSCs, accounting for about 5-8% of the human diffuse-type gastric carcinoma cells and displaying a higher tumorigenicity than ALDH1(-) cells. These findings indicate that ALDH1 is a potential specific cell surface marker for GCSCs. Numerous other molecules or proteins have also been suggested as potential cell surface markers for GCSCs. For instance, Jiang et al. (16). found that CD90(+) cells possessed an increased capacity of tumorigenicity in vivo compared with CD90(-) cells, and the expression level of CD90(+) cells was positively correlated with the tumorigenicity of GC cells in vivo. In addition, a combination therapy of trastuzumab with conventional chemotherapy is able to suppress tumor growth by reducing the proportion of CD90 (+) cells. These findings suggest that CD90 may be a potential cell surface marker for GCSCs. Ohkuma et al. (17) have investigated the role of CSCs in gastric adenocarcinoma using MKN-1 cells, which showed that CD71 (−) cells were more tumorigenic than CD71 (+) cells in the gastric adenosquamous carcinoma model and that most CD71 (−) cells were dormant (G1/G0 cell cycle phase) and resistant to 5-FU. These characteristics of CD71 (−) cells were highly consistent with the characteristics of CSCs. Wenqi et al. (18) demonstrated that the epithelial cellular adhesion molecule (EpCAM) was overexpressed by gastric cancer cells and down-regulation of EpCAM was able to inhibit tumor formation, reduce cell proliferation, and reduce the proportion of cells in a relatively dormant state. However, there are still some limitations and controversies about the use of these molecules as separate markers. Combining several molecular as cell surface markers to improve the ability of specifically identifying and isolating GCSCs has also been confirmed by some studies. For instance, CD44 was combined with other molecules as a specific cell surface marker for GCSCs, including CD24 (19), CD54 (20) and EpCAM (21). Table 1 summarizes the current specific cell surface markers for GCSCs.


Table 1 | Cell surface markers of gastric cancer stem cells (GCSCs).



In addition to the isolation of CSCs by cell surface markers, some characteristics of CSCs also have been applied to isolate and identify CSCs. In serum-free medium supplemented with growth factors, most non-CSCs cannot survive, while CSCs can survive and maintain their self-renewal characteristics. Therefore, serum-free medium containing growth factors can enrich and isolate CSCs, and Li et al. (23) used serum-free medium to enrich and isolate potential GCSCs. Side population (SP) cell isolation also can be applied to sort and enrich GCSCs by taking advantage of efflux characteristics of CSCs for Hoechst33342(a nucleic acid dye) (24, 25). Traditional two-dimensional (2D) cell cultures do not mimic TME in vivo due to the lack of cell-extracellular matrix interactions. Animal models may also not adequately mimic the characteristics of human cancers. Therefore, the 3-dimensional (3D) culture system, which can better simulate in vivo cancer environment, has been widely used in cancer research. In addition, 3D culture systems can simulate the TME of CSCs by controlling the mechanical properties of materials and then effectively isolate CSCs. Recently, increasing studies have also used 3D culture systems to isolate and culture GCSCs (26–30).

With the continual development of single cell technologies, it is possible to identify CSCs from cancer cells. CSCs are usually difficult to isolate owing to their low abundance and similarity to other stem cells. Single-cell sequencing technologies are able to detect extremely trace amounts of nucleic acid sequences, which may assist in the identification and study of CSCs (31). For instance, Velten et al. (32) successfully identified leukemic stem cells from acute myeloid leukemia by clonal tracking from single-cell transcriptomics. Yang et al. (33) performed single-cell RNA sequencing of 59 cells from three bladder cancer samples, and finally found six key modifier genes (ETS1, GPRC5A, MKL1, PAWR, PITX2, and RGS9BP) in bladder CSCs that have never been reported. However, with the wide application of single-cell sequencing in the study of tumors, a large quantities of single-cell genomics data also makes it tricky to study. Therefore, Song et al. (34, 35) developed two research models of single-cell genomics data (single-cell Latent-variable Mode and Single-Cell Graph Convolutional Network) for better mining and understanding these data, which will aid in the understanding the complex mechanisms of cancer and CSCs. However, the high price of single-cell sequencing and the complexity of sample handling and operational procedures limit its application, and current studies identifying GCSCs by single-cell sequencing have not been reported.



The TME in GC

The TME favors the survival of tumor cells and provides an excellent shelter for them to escape host immune surveillance and resist anti-tumor drugs. Meanwhile, cancer cells in the TME can also affect and change their surrounding cells in an autocrine and a paracrine manner to maintain the TME required for the survival of cancer cells. This section will summarize the effects of the main components of TME on GC and the features of gastric TME.


Cancer Associated Fibroblasts

Cancer associated fibroblasts (CAFs) are the most abundant stromal cells in the TME, accounting for about 50% of the total number of tumor tissue cells (36). CAFs can promote tumor development, proliferation, drug resistance, invasion and metastasis through direct contact or secretion of a variety of cytokines and metabolites in a paracrine manner, thereby affecting the prognosis of tumors. There are several controversies about the origins of CAFs, but an increasing number of evidence shows that CAFs originate from a variety of cells, such as bone marrow-derived cells, CSCs, epithelial cells through epithelial-mesenchymal transformation (EMT) and normal fibroblasts. The diversity of origins of CAFs also contributes to the heterogeneity of CAFs (37–40) (Figure 2). CAFs not only provide physical support for epithelial cells in TME, but also are key factors for EMT of GC cells (41). EMT is a pathological process closely related to tumor invasion and metastasis. The main changes were that the cells changed from closely arranged epithelial cells to loosely structured interstitial cells, which weakened the adhesion between cells and increased the invasion and metastasis of the tumor. Angiogenesis is considered to be critical for tumor proliferation and metastasis, and vascular endothelial growth factor (VEGF) plays a crucial role in promoting angiogenesis. In GC cells, CAFS has been shown to promote angiogenesis by secreting FGF, IL-6, PDGF and VEGF and promote EMT by secreting transforming growth factor beta (TGF-β), FGF, TNF-α, and IL-1β, in turn leading to proliferation, invasion and metastasis of GC (39, 42–49)(Figure 2).




Figure 2 | Section (A) (green background) indicates the origins of cancer-associated fibroblasts (CAFs) including bone marrow derived mesenchymal stem cells, cancer stem cells, endothelial cells (through endothelial mesenchymal transition: EMT), normal fibroblasts; Section (B) (blue background) indicates the effect of CAFs on gastric cancer stem cells (GCSCs) including angiogenesis and EMT; Section (C) (grey background) indicates the effect of (GCSCs) on gastric cancer cells including proliferation, invasion and metastasis.



CSCs have been shown to be capable of converting mesenchymal stem cells (MSCs) into CAFs in GC via exosome-mediated TGF- transfer and activation of TGF-/Smad pathways (50). In turn, CAFs are also able to maintain the stem-like properties of GC, promote the progression of GC and predict the prognosis of GC patients using the characteristics of CAFs. Hasegawa et al. (42) showed that CAFs may be able to maintain the stemness of sclerosing GC cells through TGF-β signaling. And Spondin-2 secreted by CAFs in GC is positively correlated with peritoneal dissemination, tumor size and poor prognosis of GC (51). Ishimoto et al.  (52) isolated CAFs and adjacent non-cancer fibroblasts from resected specimens of 110 patients with diffuse-type GCs (DGCs) to investigated the characteristics and functions of CAFs in DGCs by analyzing the features of their genome and gene expression patterns. They found that DGCs cells cultured with CAFs were also more aggressive and invasive in vitro than those not cultured with CAFs. Further work using quantitative reverse PCR revealed that the expression of the Rhomboid 5 Homolog 2 (RHBDF2) gene associated with TGF-β1 activity was increased in DGC cells, and increased expression of RHBDF2 gene was observed after incubation of non-cancer fibroblasts with interleukin 1 alpha (IL-1α), IL-β or TNF, secreted by DGCs. In view of the above findings, it was concluded that CAFs were able to activate TGF-β1 signaling by increasing the expression of RHBDF2. And the activation of TGF-β1 was demonstrated to increase the motility and invasiveness of GC cells. Fibroblast activating protein (FAP) is a member of the TME, Wen et al. (53) found that overexpression of FAP was negatively correlated with the survival rate of GC patients, and FAP combined with CAFs could promote the proliferation and invasiveness of GC cells and induce the development of chemoresistance of GC cells in vitro. In a xenograft model of GC, combined targeted inhibition of FAP and CAFs enhanced the antitumor immunity of immune checkpoint inhibitors. In addition, the characteristics of CAFs can also be used to predict the prognosis of GC patients and estimate the response of GC patients to clinical immunotherapy. Zheng et al. (54) constructed a 4-gene (COL8A1, SPOCK1, AEBP1, and TIMP2) prognostic CAFs model by analyzing mRNA expression and clinical information of GC samples from GEO (Gene Expression Omnibus) and TCGA (Cancer Genome Atlas) databases. The results showed a positive correlation between CAFs risk score and stromal and CAFs infiltrations in GC, and patients in the high-CAF-risk group were less likely to respond to immunotherapy.



Tumor-Associated Macrophages

The most abundant immune cells in the TME are composed of macrophages or monocytes, which are called tumor-associated macrophages (TAMs). TAMs promote tumor progression by secreting a variety of factors, including growth factors, chemokines, cytokines, proteases and so on. Monocytes or macrophages are usually polarized into two main types: M1 and M2 (55). M1 macrophages enhance the function of T cells by releasing proinflammatory cytokines, such as TNF-α, IL-1 and IL-12 and participate in type I helper T cell (Th) responses, which are crucial components involved in inflammatory responses and anti-tumor immunity (56). TAMs frequently exhibit an M2-like phenotype in the microenvironment of cancer, including GC, and express anti-inflammatory cytokines such as IL-10, TGF-β and arginase (57). These anti-inflammatory cytokines inhibit T cell-mediated anti-tumor immunity and provide tumors with an immunosuppressive microenvironment, allowing tumors to evade host immune surveillance and promote tumor growth and metastasis (58). In addition, Oishi et al. (59) demonstrated that intraperitoneal presentation of M2-polarized macrophages was able to inhibit T cell proliferation in vitro. In a mouse model of GC, TAMs were demonstrated to be able to secrete the proinflammatory factor TNF-α, which contributes to the formation and development of GC by activating the Wnt signaling pathway (60, 61). Yamanaka et al. (62) showed that IL-1β secreted by TAMs of GC could increase the invasiveness of GC cells by activating NF-κB and expressing MMP-9. In addition, TAMs can also promote tumor angiogenesis and provides nutrition for tumor growth. Some studies have shown that the level of TAMs is closely associated with the number of blood vessels surrounding the GC cells. Ohta et al. (63) found that expression level of monocyte chemoattractant protein-1 (MCP-1) was significantly increased compared with negative tumors in human GC cell lines, and its expression level was closely related to the secretion of VEGF. And the counts of TAMs are positively correlated with the counts of vessel. They concluded that MCP-1 induced by human GC cells may promote angiogenesis of GC cells by recruiting and activating TAMs. Then, Kuroda et al. (64) further confirmed that MCP-1 also has a similar effect and mechanism (by activating and recruiting TAMs) in a mouse xenograft model of GC. In addition to promoting angiogenesis in GC through MCP-1, TAMs may also directly promote angiogenesis and lymphangiogenesis of GC possibly by enhancing the expression of VEGF and VEGF-C (65).



Mesenchymal Stem Cells

As an important part of the TME, MSCs play a key role in the process of tumor development, including tumor neovascularization, metastasis, maintenance of the stemness of CSCs and the formation of an immunosuppressive TME by activating signaling pathway and secreting a variety of regulatory factors (66). During the growth of GC, MSCs are recruited into the TME of GC, and they are able to alter the TME and promote tumor growth by secreting a variety of factors. GC-derived MSCs (GC-MSCs) were reported to enhance the proliferation, migration, and promotion of angiogenesis of GC cells by secreting considerable the proinflammatory cytokine interleukin-8 (IL-8) (67). IL-15 secreted by GC-MSCs enhances the stem-like properties of GC cells, induces EMT of GC cells which in turn promotes migration and metastasis of GC cells by upregulating Tregs (Regulatory T cells) ratio and programmed cell death protein-1 expression in CD4 + T Cell (68). Huang et al. (69) found that PDGF-DD secreted by GC-MSCs was capable of promoting the migration and proliferation of GC cells in vitro and in vivo by phosphorylating PDGF-β. Wang et al. (70) found that GC-MSCs were able to significantly promote the growth and migration of HGC-27 and increase microRNA-221 expression through paracrine secretion. In addition, inhibiting the expression of IL-8, PDGF-DD and microRNA-221 were all able to block its tumor-supporting role on GC cells. Recent studies have demonstrated that MSCs are crucial in the progression of GC. GC-MSCs can promote the growth of GC cells and the polarization of macrophages in the GC microenvironment to the M2 type by considerable secretion of IL-6 and IL-8, and M2 type macrophages can promote GC metastasis by promoting the EMT of GC cells (71). The role of GC-MSCs in promoting GC metastasis and EMT of GC cells was also confirmed in another study (72). In TME, bone marrow-derived MSCs (BM-MSCs) were able to produce CXCL16 through Ror2-mediated signaling. While CXCL16 could induce expression of Ror1 in MKN45 cells, thereby promoting the progression of GC by activating the CXCR6-STAT3 signaling pathway (73). In addition, Wnt5a-Ror2 signaling in BM-MSCs has been shown to promote the proliferation of GC cells (74).



Tumor-Infiltrating Lymphocytes

Recently, the effect of tumor-infiltrating lymphocytes (TILs) on GC has also been reported. TILs refer to lymphocytes that leave the blood and enter the tumor, which are a major component of the TME, including CD8 + T cells, CD4 + T cells, B lymphocytes and natural killer (NK) cells (75). CD8 + T cells, also known as cytotoxic T cells (CTL), are recognized as the main anti-tumor immune effector cells. The subsets of CD4 + T cells are represented by Th1, Th2 and Treg. Th1 cells, which secrete IL-2 and interferon, play a crucial role in activating and promoting the proliferation of CD8 + T cell and NK cell. Th2 enhances humoral immunity by secreting cytokines such as IL-4 and IL-6, which promote maturation and clonal proliferation of B cells. Treg cells can suppress the immune response in the host, including inhibiting the activation of NK cells and the cytotoxic function of CD8 + T cells (76). Kono et al. (77) confirmed that as a kind of Treg, the high expression of CD4 (+) CD25 high T cells was closely related to the worse prognosis of gastric and esophageal cancer. Interestingly, the level of CD4 (+) CD25 high T cells decreased significantly after patients with GC undergoing radical resection. Zhuang et al. (78) revealed that the overexpression of IL-22(+) CD4(+) T cells and Th22 cells were associated with tumor progression and predicted reduced overall survival. In addition, CD8 (+) T cells that produce IL-7 can promote the progression of GC cells by promoting chemotaxis of myeloid-derived suppressor cells (79).



Features of Gastric TME

Helicobacter pylori (HP) was confirmed to be associated with approximately 75% of GC events worldwide as a group 1 carcinogen (80, 81). HP infection is able to significantly affect and change the microenvironment of the stomach by inducing chronic inflammation of the stomach, while the inflammatory response will promote EMT of GC through a variety of mechanisms. Alternatively, HP cytotoxin-associated gene A (CagA) can change many signaling pathways of the host cell by inducing DNA damage and changing DNA methylation, and then induce the production of GC EMT. In addition, it also induces the generation of GC EMT by down-regulating the expression of E-cadherin and up-regulating the expression of vimentin and twist (82–84). CagA is also able to activated NFκB and STAT3 signals and increased the expression of SNAIL1 protein, which is closely related to CAFs activation and EMT in GC cells (85). Zhang et al. (86) found that HP infected gastric epithelial cells could activate and recruit MSCs and promote the conversion of MSCs into CAFs, which may promote the EMT of gastric epithelial cells. Krzysiek-Maczka et al. (87) found that HP strains are not only able to induce EMT of normal rat gastric epithelium cells, but also induce differentiation of rat normal gastric fibroblasts into CAFs.

An acidic microenvironment is a basic characteristic of the metabolic environment of tumor tissue. Tumor cells utilize glycolysis to create an acidic microenvironment conducive to invasion and metastasis (88–90). Current studies suggest that both glycolysis and oxidative phosphorylation may be the metabolic pathways of CSCs (91, 92), but it is undeniable that the acidic microenvironment favors the progression of malignant tumors and the emergence of CSCs (93). For most normal cells, living in an acidic microenvironment is harmful, while tumor cells can survive in the acidic environment and rely on the acidic microenvironment to maintain their ability to grow and proliferate rapidly (94). An acidic microenvironment and acid-sensitive ion channel 1a (ASIC1a) were confirmed to promote the proliferation and migration of GC cells. Chen et al. (95) found that the expression of ASIC1a was significantly increased in GC tissues with postoperative metastasis compared with GC tissues without postoperative metastasis and non-tumor tissues. In addition, down-regulation of ASIC1a expression by silencing ASIC1a via shRNA was able to reduce the migration and invasion of GC cells. However, the regulatory mechanism of the acid-base microenvironment on tumor cell growth and metastasis is still unclear, and regulating the pH value of the GC microenvironment may be an effective measurement to kill GC cells.




Interaction Between CSCs and TME

With the continuous deepening of research in cancer, it has been slowly discovered that there is a complex dialogue between CSCs and the TME during tumor development. TME can not only affect the self-renewal ability of CSCs, but it may also induce the transformation of its surrounding non-tumor stem cells into CSCs (96). The TME surrounding CSCs can secrete cytokines such as hypoxia-inducible factor (HIF) and IL-1β, activate related signaling pathways, and participate in CSCs invasion and metastasis by inducing angiogenesis, induction of EMT and protecting CSCs from being attacked by the host’s immune system. CSCs may also rely on their surrounding microenvironment to maintain their stem cell characteristics, such as self-renewal, dormancy and multi-lineage differentiation potential (Figure 3) (6, 97–101). Furthermore, the CSCs can also affect and modify the nature of the microenvironment. There is increasing evidence that CSCs are able to recruit and activate special types of cells such as MSCs to form a microenvironment suitable for the survival of CSCs, which is commonly known as the CSCs niche. The CSCs niche consists of stromal cells, immune cells, extracellular matrix (ECM), a vascular network and soluble factors (102). At present, there is little literature on exploring the interaction between CSCs and the TME in GC, and this paper only summarizes the existing literatures.




Figure 3 | Regulatory role of TME in gastric cancer stem cells (GCSCs): The effects of members of the TME on GCSCs are shown by black arrows; the role of TME in maintaining the stemness of GCSCs is shown by red arrows.



Recent studies have shown that CSCs reside in a vascular microenvironment that provides a suitable environment for the long-term growth of CSCs and maintenance of their stem-like properties. And vascular endothelial cells also play a crucial role in maintaining the stemness and self-renewal of CSCs. Some studies have shown that anti-vascular therapy (such as targeting VEGF) is effective in reducing the counts of CSCs and inhibiting tumor growth (11, 103). These studies demonstrate the critical role of perivascular microenvironment and vascular endothelial cells for the maintenance of the stemness of CSCs. Bevacizumab is a humanized monoclonal antibody that effectively prevents VEGF from binding to VEGFR-1, VEGFR-2, thereby inhibiting vascular endothelial cell proliferation and angiogenesis (104). Several studies have also demonstrated that targeted inhibition of the vascular microenvironment in GC can effectively inhibit the progression of GC. To explore the efficacy of bevacizumab in GC, a study in vitro suggested that the use of bevacizumab before chemotherapy can effectively improve the tumor control rate and reduce the tumor volume (105). In addition, it has been found that the combination of bevacizumab, docetaxel/oxaliplatin/5-FU can increase the R0 resection rate of initially unresectable GC, indicating that bevacizumab is effective in the treatment of advanced gastric cancer (106). In addition, treatment with trastuzumab in combination with VEGF-Trap can effectively inhibit the development of HER2-overexpressing GC (107).

Although the perivascular microenvironment of CSCs is increasingly studied, recent studies have found that many CSCs also reside inside tumors that are far from blood vessels and in a hypoxic state, which is known as the hypoxic microenvironment of CSCs. It has been reported that hypoxia can maintain the stemness of CSCs and induce tumor cells to become biologically more aggressive such as invasion, metastasis and therapeutic resistance. These effects are mainly attributed to HIF (108, 109). However, the hypoxic microenvironment and perivascular microenvironment of CSCs are not hostile, and the hypoxic microenvironment is also able to promote angiogenesis. In addition, both endothelial cells and CSCs can produce VEGF to stimulate angiogenesis under a hypoxic environment. Hypoxia can protect CSCs from DNA-damaging agents including chemotherapy and radiation therapy, and also promote the survival and EMT of CSCs through reactive oxygen species (ROS)-activated stress pathway and TGF-β signaling pathway. And hypoxia possess the ability of maintaining the self-renewal, tumorigenicity and the undifferentiated state of CSCs (110, 111). GCSCs microenvironment can also affect the characteristics of stem cells by regulating the expression of some transcription factors and tumor-related genes, and then affect the biological characteristics of tumor cells. For instance, Hasegawa et al. (42) confirmed that TGF-β could blocks the effects of CAFs on GCSCs, reducing the number of SP cells in GCSCs and the level of surface marker expression of GCSCs. Maeda et al. (112) found that Wnt5a gene involved in stem cell niche may promote the invasive properties of GCSCs. It was reported that hypoxia is able to confer a stem cell-like phenotype on GC, enhancing drug resistance, radiation resistance, and EMT of GC cells (113–115). However, the specific mechanism of hypoxia affecting the characteristics of CSCs is still unclear and needs further research.



Anti-Cancer Therapy Targeting GC Microenvironment and GCSCs


Strategies for Targeting GC Microenvironment

Most of the existing clinical drugs for GC treatment are aimed at the characteristics of rapid proliferation of tumor cells, such as cytotoxic chemotherapeutic drugs. Recently, with the in-depth understanding of the role and mechanism of TME in tumor progression, great progress has also been made in the study of targeted TME therapy for tumors including GC. Here, we will show some strategies based on targeting the GC microenvironment for the treatment of GC.

Immune checkpoints are pathways that inhibit the immune system through interactions between ligand and receptor and can regulate the immune system to avoid damage to normal cells and tissues. Cancer cells, on the other hand, evade the surveillance and killing of the immune system by using immune checkpoints, leading to the continuous progression of cancer. Recently, anti-programmed cell death 1 (anti-PD-1) and anti-PD-1 ligand (anti-PD-L1) antibodies with good anti-tumor effect have gradually attracted much attention (116). Briefly, PD-1 is a transmembrane protein on the surface of T cells, and T cells will not kill cancer cells when PD-1 binds to PD-L1 expressed on the surface of cancer cells. Anti-PD-1 antibody can bind to PD-1 expressed on T cells, while anti-PD-L1 antibody can bind to PD-L1 expressed on cancer cells, thus preventing PD-1 expressed on T cells from binding to PD-L1 expressed on tumor cells, allowing T cells to kill cancer cells (117). For instance, pembrolizumab (anti-PD-1 antibody) has been shown a significant survival benefit in the treatment of GC in many studies and has been approved by the Food and Drug Administration (FDA) as a third-line treatment for PD-L1-positive GC patients as well as patients with unresectable or metastatic, highly microsatellite instability or mismatch repair-deficient (118).

CAFs have already been recognized to play a key role in promoting GC progression. Therefore, drugs that inhibit the function of CAFs may potentially prevent the progression of GC. Wang et al. (119) cultured gastric CAFs (GCAFs) and gastric normal fibroblast (GNF) with BGC-823 human GC cells, respectively. The results of this study showed that GCAFs could significantly promote the proliferation, migration and invasion of BGC-823 cells by down-regulating microRNA-214 and up-regulating microRNA-301a compared with GNFs. And astragaloside IV, a main component of nontoxic Chinese herb, can inhibit the proliferation and invasion of GC by inhibiting the pathological function of CAFs through regulation of microRNA expression. Ferroptosis is a form of regulatory cell necrosis induced by lipid peroxidation (lipid-ROS), iron and reactive oxygen species. Zhang et al. (120) demonstrated that exosomal microRNA-522 secreted by CAFs was able to inhibit ferroptosis in GC cells by inhibiting arachidonate lipoxygenase 15 and reducing lipid-ROS production. In addition, cisplatin and paclitaxel were also demonstrated to be able to increase the secretion of microRNA-522 from CAFs by activating the USP7/hnRNPA1axis, resulting in decreased chemosensitivity of GC cells. And in another study, Uchihara et al. (121) showed Annexin A6 in extracellular vesicles (EV) from CAFs induced drug resistance of GC by activation of β1 integrin-focal adhesion kinase (FAK)-YAP. They also revealed that inhibition of FAK or YAP was able to effectively attenuate drug resistance of GC in a mouse model of peritoneal metastasis. Shen et al. (122) showed HP infection can increase expression of vascular adhesion molecule 1 (VCAM1) in CAFs of GC by activating the JAK/STAT1 signaling pathway, and the expression level of VCAM1 is positively correlated with the progression of GC and the poor prognosis of patients with GC. In addition, the interaction between CAFs-derived VCAM1 and integrin αvβ1/5 can promote the invasiveness of GC in vivo and in vitro. These findings facilitate us to further understand the mechanism of how CAFs promote GC progression and drug resistance, and provide potential targeted therapeutic strategies for GC treatment and overcoming GC drug resistance.

As an essential component of TME, TAMs are considered to be closely associated with the progression, metastasis and drug resistance of GC. Among TAMs, those of the M2 type are responsible for inhibiting T cell function and promoting tumor growth. Therefore, several potential therapeutic strategies have been proposed to work on eradicating M2 TAMs or converting M2 TAMs into M1 TAMs. Miao et al. (123) performed an immunohistochemical analysis of STING expression in 200 pairs of GC cells and its surrounding normal tissues and detected the effects of STING on cancer cell apoptosis and T cell differentiation by flowcytometry. They also verified the results in a spontaneous GC model of p53+/- mice and cell line-based xenografts. The results of this study suggest that down-regulation of STING expression is able to promote TAMs polarizing into the M1 as well as induce apoptosis in GC cells through the IL6R-JAK-IL24 pathway. Zheng et al. (124) found that M2-type TAMs were able to promote cisplatin resistance in CG cells. Further analysis using the microRNA profiles assay confirmed that exosomal microRNA-21 derived from M2-type TAMs conferred cisplatin resistance in GC cells. Wang et al. (125) confirmed in vitro that the expression levels of Legumain in TAMs were positively correlated with the proliferation and angiogenesis of GC. Further experiments in vivo also confirmed that GC cells injected with Legumain-knockdown TAMs showed slower growth and less angiogenesis compared with GC cells injected with TAMs. These studies showed that targeting exosomes associated with TAMs may be a promising new therapeutic strategy for the therapy of GC and overcoming drug resistance of GC.

Another important component in TME, MSCs plays a key role in the progression of GC and may be a promising therapeutic target for GC. Accumulating evidence indicates that MSCs contribute to progression and chemotherapy resistance of GC by secreting soluble molecules and regulating various signaling pathways. GC-MSCs have been confirmed to promote immune escape by secreting IL-8 and can induce the expression of PD-L1 in GC cells. Sun et al. (126) further confirmed that GC-MSCs were able to enhance the stemness and self-renewal of GC cells through PD-L1, leading to chemoresistance of GC. It has also been confirmed that MSCs can promote the stemness and chemoresistance of GC cells both in vivo and in vitro through fatty acid oxidation (FAO). And FAO inhibitors have been demonstrated to reduce MSCs induced resistance to FOLFOX chemotherapy regimens in GC cells. These results of this study suggested that FAO was a key factor in MSC-induced stemness and chemoresistance of GC cell and inhibitors targeting FAO combined with conventional chemotherapy regimens may be a promising therapeutic strategy to overcome GC chemoresistance (127). In addition, exosomes secreted by MSC are responsible for 5-FU resistance in GC cells both in vivo and in vitro. Ji et al. (128) revealed that MSC-derived exosomes can prevent 5-FU -induced apoptosis of GC cells and increase the expression of multi-drug resistance (MDR)-associated proteins, such as MDR by activating the calcium/calmodulin-dependent protein kinases (CaM-Ks) and Raf/MEK/ERK signaling pathway. And inhibition of CaM-Ks/Raf/MEK/ERK signaling pathway is also able to inhibit GC chemoresistance induced by MSC-exosomes. These findings suggest that targeting MSCs-related soluble molecules and signaling pathways combined with conventional chemotherapy may provide a promising new strategy to overcome the resistance of GC cells to conventional chemotherapy.

At present, surgical resection and chemoradiotherapy are the main therapeutic strategies for the treatment of GC, and molecular targeted drugs are an emerging therapeutic strategy for the treatment of GC. Increasing studies have shown that targeting key signaling pathways and molecules of the TME in GC may be a new promising therapeutic strategy for the treatment of GC. While knowledge is emerging regarding preclinical studies of the GC microenvironment, data from clinical studies on targeting the GC microenvironment in the therapy of GC is still limited. Thus, there is still a long way to go before the therapy of targeting the GC microenvironment can be applied in the treatment of GC. The underlying specific mechanisms involved in TME affecting the progression, recurrence, metastasis and drug resistance of GC remain poorly understood and further studies are still warranted.



Strategies for Targeting GCSCs

GCSCs are considered to be responsible for the development, recurrence, metastasis and drug resistance of GC. Therefore, therapeutic strategies for the targeted elimination of CSCs are considered to be one of the promising approaches for the treatment of GC. However, there are methodological dilemmas in the current therapeutic strategy for targeting CSCs, including the lack of detection methods to specifically identify and isolate CSCs from tumor cells. This paper summarizes the current promising strategies for targeting GCSCs.

There are some specific surface markers in the surface of GCSCs. Targeting these specific surface markers is an important way to kill GCSCs and improve the prognosis of GC. Many investigators have searched for specific surface markers of GCSCs for a long time, and CD44 has been confirmed in some studies as a specific surface marker of GCSCs. Yao et al. (129) developed a gastric CSCs-specifically targeting drug delivery system (SAL-SWNT-CHI-HA complexes) that can inhibit the self-renewal ability of CD44 (+) cells in serum-free medium, which in turn reduces the formation of GCSCs. Through the eradication of GCSCs, it can effectively eradicate GC cells and block the migration and invasion of GC cells. Liang et al. (130) developed a nanoprobe against CD44v6 (a surface marker of GCSCs), which specifically targets GCSCs. In orthotopic and subcutaneous xenograft models of GC, this nanoprobe actively targets the vascular system of GC and significantly inhibits the growth of GC at 4 hours post-injection. In addition, aberrant activation of signaling pathways is present in GCSCs, and a therapeutic strategy for targeting key signaling pathways in GCSCs appears theoretically feasible in reducing GCSCs and improving GC patient prognosis. GSI, a γ-secretase inhibitor IX, was reported to be capable of inhibiting the proliferation, migration, invasion, and tumor sphere formation of CD44 (+) GCSCs by inhibiting the Notch signaling pathway (131). Feng et al. (132) found that in a GCSCs model, pantoprazole was able to increase the therapeutic sensitivity of GC to 5-fluorouracil, decrease the capacity of generating tumor spheres and the expression levels of GCSCs markers such as CD44, CD24, and Lgr5 by inhibiting the EMT/β−catenin pathways. In a study (133), CD44 (+) GC cells were shown to be resistant to 5-FU and cisplatin chemotherapy. In this study, Hedgehog (HH) signaling played an important role in maintaining the stem-like properties of CD44 (+) GC cells, and inhibition of HH could increase the sensitivity of CD44 (+) GC cells to chemotherapy. Mao et al. (134) found that activation of Wnt signaling can promote the self-renewal and proliferation of GCSCs, and salinomycin can inhibit the growth of GC by inhibiting Wnt signaling in GCSCs. The chimeric 5/35 adenovirus-mediated Dickkopf-1(Ad5/35-DKK1) that could effectively attenuate Wnt signaling of GCSCs was developed by Wang et al. (135). And in preclinical experiments, Ad5/35-DKK1 was demonstrated to be able to inhibit the invasion of CD44 (+) GC cells. Although research on targeting GCSCs is accumulating, more studies, especially clinically relevant studies, are needed to demonstrate the clinical significance of therapeutic strategy for targeting CSCs.




Conclusion and Future Perspectives

The TME is a complex biological system composed of a variety of cells, extracellular matrix and biological molecules. It is closely related to tumorigenesis, invasion, metastasis, and immune evasion of GC cells by secreting a variety of factors and regulating signaling pathways. CSCs are a small population of tumor cells with stem-like characteristics, which also play a crucial role in the progression, metastasis and drug resistance of GC. On the one hand, TME and CSCs may synergistically contribute the progression of GC. On the other hand, TME and CSCs may mutually promote each other. And future studies to investigate the relationship among them will provide a new idea for the cancer progression and novel therapeutic targets in GC. Because various current targeted therapeutic strategies for GC are mainly to kill non-CSCs, and the residual CSCs of GC after current therapy are implicated in tumor recurrence and metastasis. Consequently, the development of therapy targeting CSCs is warranted for the effective treatment of GC. In addition, studies focusing on targeting TME in the progression and drug resistance of GC have also confirmed that TME may provide new targets for the treatment of GC. In the future, further study on the microenvironment of CSCs in GC should be carried out to clarify the different components and functions of the microenvironment of CSCs in GC. Which will be helpful to understand the mechanism underlying the pathogenesis of GC, develop new therapy to kill CSCs in GC and change GC microenvironment, leading to promote the clinical treatment of GC.



Author Contributions

Literature review, data analysis, and manuscript preparation were performed by YY. W-JM and Z-QW contributed for the study conception, design, and revision. All authors contributed to the article and approved the submitted version.



Abbreviations

Ad5/35-DKK1, Adenovirus-mediated Dickkopf-1; ALDH, Aldehyde dehydrogenase; ALOX15, Arachidonate lipoxygenase 15; anti-PD-1, Anti-programmed cell death 1; anti-PD-L1, Anti-PD-1 ligand; ASIC1a, Acid-sensitive ion channel 1a; BM-MSCs, Bone marrow-derived MSCs; CAFs, Cancer associated fibroblasts; CagA, Cytotoxin-associated gene A; CaM-Ks, Calcium/calmodulin-dependent protein kinases; CSCs, Cancer stem cells; CTL, Cytotoxic T cells; DGCs, Diffuse-type gastric cancers; ECM, Extracellular matrix; EMT, Epithelial-mesenchymal transformation; EpCAM, Epithelial cellular adhesion molecule; FAK, Focal adhesion kinase; FAO, Fatty acid oxidation; FAP, Fibroblast activating protein; FDA, Food and Drug Administration; FGF, Fibroblast growth factor; GC, Gastric cancer; GCAFs, Gastric CAFs; GC-MSCs,  GC-derived MSCs; GCSCs,  Gastric CSCs; GEO, Gene Expression Omnibus; GNF, Gastric normal fibroblast; HH, Hedgehog; HIF, Hypoxia-inducible factor; HP, Helicobacter pylori; IL, Interleukin; MCP-1,  Monocyte chemoattractant protein-1; MDR, Multi-drug resistance; MSCs,  Mesenchymal stem cells; NK, Natural killer; PD-1, Programmed cell death 1; PDGF, Platelet-derived growth factor; PD-L1, PD-1 ligand; RHBDF2,  Rhomboid 5 Homolog 2; ROS,  Reactive oxygen species; SCID,  Severe combined immunodeficiency; SP, Side population; TAMs, Tumor-associated macrophages; TCGA, The Cancer Genome Atlas; TGF, Transforming growth factor; Th, Helper T cells; TILs, Tumor-infiltrating lymphocytes; TME, The tumor microenvironment; TNF, Tumor necrosis factor; Treg, Regulatory T cells; VCAM1, Vascular adhesion molecule 1; VEGF, Vascular endothelial growth factor.



References

1. Sung, H, Ferlay, J, Siegel, RL, Laversanne, M, Soerjomataram, I, Jemal, A, et al. Global Cancer Statistics 2020: GLOBOCAN Estimates of Incidence and Mortality Worldwide for 36 Cancers in 185 Countries. CA Cancer J Clin (2021) 71(3):209–49. doi: 10.3322/caac.21660. 10.3322/caac.21660.

2. Smyth, EC, Nilsson, M, Grabsch, HI, van Grieken, NC, and Lordick, F. Gastric Cancer. Lancet (2020) 396:635–48. doi: 10.1016/S0140-6736(20)31288-5

3. Bonnet, D, and Dick, JE. Human Acute Myeloid Leukemia Is Organized as a Hierarchy That Originates From a Primitive Hematopoietic Cell. Nat Med (1997) 3:730–7. doi: 10.1038/nm0797-730

4. Zhang, L, Guo, X, Zhang, D, Fan, Y, Qin, L, Dong, S, et al. Upregulated miR-132 in Lgr5 Gastric Cancer Stem Cell-Like Cells Contributes to Cisplatin-Resistance via SIRT1/CREB/ABCG2 Signaling Pathway. Mol Carcinog (2017) 56:2022–34. doi: 10.1002/mc.22656

5. Shibue, T, and Weinberg, RA. EMT, CSCs, and Drug Resistance: The Mechanistic Link and Clinical Implications. Nat Rev Clin Oncol (2017) 14:611–29. doi: 10.1038/nrclinonc.2017.44

6. Batlle, E, and Clevers, H. Cancer Stem Cells Revisited. Nat Med (2017) 23:1124–34. doi: 10.1038/nm.4409

7. Cai, W-Y, Dong, Z-N, Fu, X-T, Lin, L-Y, Wang, L, Ye, G-D, et al. Identification of a Tumor Microenvironment-Relevant Gene Set-Based Prognostic Signature and Related Therapy Targets in Gastric Cancer. Theranostics (2020) 10:8633–47. doi: 10.7150/thno.47938

8. Choi, H, and Na, KJ. Integrative Analysis of Imaging and Transcriptomic Data of the Immune Landscape Associated With Tumor Metabolism in Lung Adenocarcinoma: Clinical and Prognostic Implications. Theranostics (2018) 8:1956–65. doi: 10.7150/thno.23767

9. Wang, M, Zhao, J, Zhang, L, Wei, F, Lian, Y, Wu, Y, et al. Role of Tumor Microenvironment in Tumorigenesis. J Cancer (2017) 8:761–73. doi: 10.7150/jca.17648

10. Mashukov, A, Shapochka, D, Seleznov, O, Kobyliak, N, Falalyeyeva, T, Kirkilevsky, S, et al. Histological Differentiation Impacts the Tumor Immune Microenvironment in Gastric Carcinoma: Relation to the Immune Cycle. World J Gastroenterol (2021) 27:5259–71. doi: 10.3748/wjg.v27.i31.5259

11. Plaks, V, Kong, N, and Werb, Z. The Cancer Stem Cell Niche: How Essential Is the Niche in Regulating Stemness of Tumor Cells? Cell Stem Cell (2015) 16:225–38. doi: 10.1016/j.stem.2015.02.015

12. Ishizawa, K, Rasheed, ZA, Karisch, R, Wang, Q, Kowalski, J, Susky, E, et al. Tumor-Initiating Cells Are Rare in Many Human Tumors. Cell Stem Cell (2010) 7:279–82. doi: 10.1016/j.stem.2010.08.009

13. Takaishi, S, Okumura, T, Tu, S, Wang, SSW, Shibata, W, Vigneshwaran, R, et al. Identification of Gastric Cancer Stem Cells Using the Cell Surface Marker CD44. Stem Cells (2009) 27:1006–20. doi: 10.1002/stem.30

14. Lau, WM, Teng, E, Chong, HS, Lopez, KAP, Tay, AYL, Salto-Tellez, M, et al. CD44v8-10 Is a Cancer-Specific Marker for Gastric Cancer Stem Cells. Cancer Res (2014) 74:2630–41. doi: 10.1158/0008-5472.CAN-13-2309

15. Katsuno, Y, Ehata, S, Yashiro, M, Yanagihara, K, Hirakawa, K, and Miyazono, K. Coordinated Expression of REG4 and Aldehyde Dehydrogenase 1 Regulating Tumourigenic Capacity of Diffuse-Type Gastric Carcinoma-Initiating Cells Is Inhibited by TGF-β. J Pathol (2012) 228:391–404. doi: 10.1002/path.4020

16. Jiang, J, Zhang, Y, Chuai, S, Wang, Z, Zheng, D, Xu, F, et al. Trastuzumab (Herceptin) Targets Gastric Cancer Stem Cells Characterized by CD90 Phenotype. Oncogene (2012) 31:671–82. doi: 10.1038/onc.2011.282

17. Ohkuma, M, Haraguchi, N, Ishii, H, Mimori, K, Tanaka, F, Kim, HM, et al. Absence of CD71 Transferrin Receptor Characterizes Human Gastric Adenosquamous Carcinoma Stem Cells. Ann Surg Oncol (2012) 19:1357–64. doi: 10.1245/s10434-011-1739-7

18. Wenqi, D, Li, W, Shanshan, C, Bei, C, Yafei, Z, Feihu, B, et al. EpCAM Is Overexpressed in Gastric Cancer and Its Downregulation Suppresses Proliferation of Gastric Cancer. J Cancer Res Clin Oncol (2009) 135:1277–85. doi: 10.1007/s00432-009-0569-5

19. Zhang, C, Li, C, He, F, Cai, Y, and Yang, H. Identification of CD44+CD24+ Gastric Cancer Stem Cells. J Cancer Res Clin Oncol (2011) 137:1679–86. doi: 10.1007/s00432-011-1038-5

20. Chen, T, Yang, K, Yu, J, Meng, W, Yuan, D, Bi, F, et al. Identification and Expansion of Cancer Stem Cells in Tumor Tissues and Peripheral Blood Derived From Gastric Adenocarcinoma Patients. Cell Res (2012) 22:248–58. doi: 10.1038/cr.2011.109

21. Han, M-E, Jeon, T-Y, Hwang, S-H, Lee, Y-S, Kim, H-J, Shim, H-E, et al. Cancer Spheres From Gastric Cancer Patients Provide an Ideal Model System for Cancer Stem Cell Research. Cell Mol Life Sci CMLS (2011) 68:3589–605. doi: 10.1007/s00018-011-0672-z

22. Nishikawa, S, Konno, M, Hamabe, A, Hasegawa, S, Kano, Y, Ohta, K, et al. Aldehyde Dehydrogenase High Gastric Cancer Stem Cells Are Resistant to Chemotherapy. Int J Oncol (2013) 42:1437–42. doi: 10.3892/ijo.2013.1837

23. Li, G, Su, Q, Liu, H, Wang, D, Zhang, W, Lu, Z, et al. Frizzled7 Promotes Epithelial-To-Mesenchymal Transition and Stemness Via Activating Canonical Wnt/β-Catenin Pathway in Gastric Cancer. Int J Biol Sci (2018) 14:280–93. doi: 10.7150/ijbs.23756

24. Wolmarans, E, Nel, S, Durandt, C, Mellet, J, and Pepper, MS. Side Population: Its Use in the Study of Cellular Heterogeneity and as a Potential Enrichment Tool for Rare Cell Populations. Stem Cells Int (2018) 2018:2472137. doi: 10.1155/2018/2472137

25. Haraguchi, N, Utsunomiya, T, Inoue, H, Tanaka, F, Mimori, K, Barnard, GF, et al. Characterization of a Side Population of Cancer Cells From Human Gastrointestinal System. Stem Cells (2006) 24:506–13. doi: 10.1634/stemcells.2005-0282

26. Courtois, S, Durán, RV, Giraud, J, Sifré, E, Izotte, J, Mégraud, F, et al. Metformin Targets Gastric Cancer Stem Cells. Eur J Cancer (Oxford Engl 1990) (2017) 84:193–201. doi: 10.1016/j.ejca.2017.07.020

27. Chen, S, Chen, C, Hu, Y, Zhu, C, Luo, X, Wang, L, et al. Three-Dimensional Culture for Drug Responses of Patient-Derived Gastric Cancer Tissue. Front Oncol (2020) 10:614096. doi: 10.3389/fonc.2020.614096

28. Magalhães, L, Quintana, LG, Lopes, DCF, Vidal, AF, Pereira, AL, D'Araujo Pinto, LC, et al. APC Gene Is Modulated by hsa-miR-135b-5p in Both Diffuse and Intestinal Gastric Cancer Subtypes. BMC Cancer (2018) 18:1055. doi: 10.1186/s12885-018-4980-7

29. Kim, D-H, Lee, S, Kang, HG, Park, H-W, Lee, H-W, Kim, D, et al. Synergistic Antitumor Activity of a DLL4/VEGF Bispecific Therapeutic Antibody in Combination With Irinotecan in Gastric Cancer. BMB Rep (2020) 53:533–8. doi: 10.5483/BMBRep.2020.53.10.103

30. Takeuchi, A, Yokoyama, S, Nakamori, M, Nakamura, M, Ojima, T, Yamaguchi, S, et al. Loss of CEACAM1 Is Associated With Poor Prognosis and Peritoneal Dissemination of Patients With Gastric Cancer. Sci Rep (2019) 9:12702. doi: 10.1038/s41598-019-49230-w

31. Chen, T, Li, J, Jia, Y, Wang, J, Sang, R, Zhang, Y, et al. Single-Cell Sequencing in the Field of Stem Cells. Curr Genomics (2020) 21:576–84. doi: 10.2174/1389202921999200624154445

32. Velten, L, Story, BA, Hernández-Malmierca, P, Raffel, S, Leonce, DR, Milbank, J, et al. Identification of Leukemic and Pre-Leukemic Stem Cells by Clonal Tracking From Single-Cell Transcriptomics. Nat Commun (2021) 12:1366. doi: 10.1038/s41467-021-21650-1

33. Yang, Z, Li, C, Fan, Z, Liu, H, Zhang, X, Cai, Z, et al. Single-Cell Sequencing Reveals Variants in ARID1A, GPRC5A and MLL2 Driving Self-Renewal of Human Bladder Cancer Stem Cells. Eur Urol (2017) 71:8–12. doi: 10.1016/j.eururo.2016.06.025

34. Song, Q, Su, J, Miller, LD, and Zhang, W. scLM: Automatic Detection of Consensus Gene Clusters Across Multiple Single-Cell Datasets. Genomics Proteomics Bioinf (2021) 19:330–41. doi: 10.1016/j.gpb.2020.09.002

35. Song, Q, Su, J, and Zhang, W. scGCN Is a Graph Convolutional Networks Algorithm for Knowledge Transfer in Single Cell Omics. Nat Commun (2021) 12:3826. doi: 10.1038/s41467-021-24172-y

36. De, P, Aske, J, and Dey, N. Cancer-Associated Fibroblast Functions as a Road-Block in Cancer Therapy. Cancers (Basel) (2021) 13(20):5246. doi: 10.3390/cancers13205246

37. Gunaydin, G. CAFs Interacting With TAMs in Tumor Microenvironment to Enhance Tumorigenesis and Immune Evasion. Front Oncol (2021) 11:668349. doi: 10.3389/fonc.2021.668349

38. Nair, N, Calle, AS, Zahra, MH, Prieto-Vila, M, Oo, AKK, Hurley, L, et al. A Cancer Stem Cell Model as the Point of Origin of Cancer-Associated Fibroblasts in Tumor Microenvironment. Sci Rep (2017) 7:6838. doi: 10.1038/s41598-017-07144-5

39. Quante, M, Tu, SP, Tomita, H, Gonda, T, Wang, SSW, Takashi, S, et al. Bone Marrow-Derived Myofibroblasts Contribute to the Mesenchymal Stem Cell Niche and Promote Tumor Growth. Cancer Cell (2011) 19:257–72. doi: 10.1016/j.ccr.2011.01.020

40. Sugimoto, H, Mundel, TM, Kieran, MW, and Kalluri, R. Identification of Fibroblast Heterogeneity in the Tumor Microenvironment. Cancer Biol Ther (2006) 5:1640–6. doi: 10.4161/cbt.5.12.3354

41. Kobayashi, H, Enomoto, A, Woods, SL, Burt, AD, Takahashi, M, and Worthley, DL. Cancer-Associated Fibroblasts in Gastrointestinal Cancer. Nat Rev Gastroenterol Hepatol (2019) 16:282–95. doi: 10.1038/s41575-019-0115-0

42. Hasegawa, T, Yashiro, M, Nishii, T, Matsuoka, J, Fuyuhiro, Y, Morisaki, T, et al. Cancer-Associated Fibroblasts Might Sustain the Stemness of Scirrhous Gastric Cancer Cells via Transforming Growth Factor-β Signaling. Int J Cancer (2014) 134:1785–95. doi: 10.1002/ijc.28520

43. Karakasheva, TA, Lin, EW, Tang, Q, Qiao, E, Waldron, TJ, Soni, M, et al. IL-6 Mediates Cross-Talk Between Tumor Cells and Activated Fibroblasts in the Tumor Microenvironment. Cancer Res (2018) 78:4957–70. doi: 10.1158/0008-5472.CAN-17-2268

44. Wang, X, Zhou, Q, Yu, Z, Wu, X, Chen, X, Li, J, et al. Cancer-Associated Fibroblast-Derived Lumican Promotes Gastric Cancer Progression via the Integrin β1-FAK Signaling Pathway. Int J Cancer (2017) 141:998–1010. doi: 10.1002/ijc.30801

45. Shibata, W, Ariyama, H, Westphalen, CB, Worthley, DL, Muthupalani, S, Asfaha, S, et al. Stromal Cell-Derived Factor-1 Overexpression Induces Gastric Dysplasia Through Expansion of Stromal Myofibroblasts and Epithelial Progenitors. Gut (2013) 62:192–200. doi: 10.1136/gutjnl-2011-301824

46. Huang, L, Xu, AM, Liu, S, Liu, W, and Li, T-J. Cancer-Associated Fibroblasts in Digestive Tumors. World J Gastroenterol (2014) 20:17804–18. doi: 10.3748/wjg.v20.i47.17804

47. Bockerstett, KA, and DiPaolo, RJ. Regulation of Gastric Carcinogenesis by Inflammatory Cytokines. Cell Mol Gastroenterol Hepatol (2017) 4:47–53. doi: 10.1016/j.jcmgh.2017.03.005

48. Li, P, Shan, J-X, Chen, X-H, Zhang, D, Su, L-P, Huang, X-Y, et al. Epigenetic Silencing of microRNA-149 in Cancer-Associated Fibroblasts Mediates Prostaglandin E2/interleukin-6 Signaling in the Tumor Microenvironment. Cell Res (2015) 25:588–603. doi: 10.1038/cr.2015.51

49. Kinoshita, H, Hirata, Y, Nakagawa, H, Sakamoto, K, Hayakawa, Y, Takahashi, R, et al. Interleukin-6 Mediates Epithelial-Stromal Interactions and Promotes Gastric Tumorigenesis. PLoS One (2013) 8:e60914. doi: 10.1371/journal.pone.0060914

50. Gu, J, Qian, H, Shen, L, Zhang, X, Zhu, W, Huang, L, et al. Gastric Cancer Exosomes Trigger Differentiation of Umbilical Cord Derived Mesenchymal Stem Cells to Carcinoma-Associated Fibroblasts Through TGF-β/Smad Pathway. PLoS One (2012) 7:e52465. doi: 10.1371/journal.pone.0052465

51. Kuramitsu, S, Masuda, T, Hu, Q, Tobo, T, Yashiro, M, Fujii, A, et al. Cancer-Associated Fibroblast-Derived Spondin-2 Promotes Motility of Gastric Cancer Cells. Cancer Genomics Proteomics (2021) 18:521–9. doi: 10.21873/cgp.20277

52. 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. doi: 10.1053/j.gastro.2017.03.046

53. Wen, X, He, X, Jiao, F, Wang, C, Sun, Y, Ren, X, et al. Fibroblast Activation Protein-α-Positive Fibroblasts Promote Gastric Cancer Progression and Resistance to Immune Checkpoint Blockade. Oncol Res (2017) 25:629–40. doi: 10.3727/096504016X14768383625385

54. Zheng, H, Liu, H, Li, H, Dou, W, and Wang, X. Weighted Gene Co-Expression Network Analysis Identifies a Cancer-Associated Fibroblast Signature for Predicting Prognosis and Therapeutic Responses in Gastric Cancer. Front Mol Biosci (2021) 8:744677. doi: 10.3389/fmolb.2021.744677

55. Li, Y, Li, J-Q, Jiang, H-P, and Li, X. The Upregulation of PLXDC2 Correlates With Immune Microenvironment Characteristics and Predicts Prognosis in Gastric Cancer. Dis Markers (2021) 2021:5669635. doi: 10.1155/2021/5669635

56. Rihawi, K, Ricci, AD, Rizzo, A, Brocchi, S, Marasco, G, Pastore, LV, et al. Tumor-Associated Macrophages and Inflammatory Microenvironment in Gastric Cancer: Novel Translational Implications. Int J Mol Sci (2021) 22(8):3805. doi: 10.3390/ijms22083805

57. Gambardella, V, Castillo, J, Tarazona, N, Gimeno-Valiente, F, Martínez-Ciarpaglini, C, Cabeza-Segura, M, et al. The Role of Tumor-Associated Macrophages in Gastric Cancer Development and Their Potential as a Therapeutic Target. Cancer Treat Rev (2020) 86:102015. doi: 10.1016/j.ctrv.2020.102015

58. Petersen, CP, Meyer, AR, De Salvo, C, Choi, E, Schlegel, C, Petersen, A, et al. A Signalling Cascade of IL-33 to IL-13 Regulates Metaplasia in the Mouse Stomach. Gut (2018) 67:805–17. doi: 10.1136/gutjnl-2016-312779

59. Oishi, S, Takano, R, Tamura, S, Tani, S, Iwaizumi, M, Hamaya, Y, et al. M2 Polarization of Murine Peritoneal Macrophages Induces Regulatory Cytokine Production and Suppresses T-Cell Proliferation. Immunology (2016) 149:320–8. doi: 10.1111/imm.12647

60. Oguma, K, Oshima, H, Aoki, M, Uchio, R, Naka, K, Nakamura, S, et al. Activated Macrophages Promote Wnt Signalling Through Tumour Necrosis Factor-Alpha in Gastric Tumour Cells. EMBO J (2008) 27:1671–81. doi: 10.1038/emboj.2008.105

61. Oshima, H, Hioki, K, Popivanova, BK, Oguma, K, Van Rooijen, N, Ishikawa, T-O, et al. Prostaglandin E2 Signaling and Bacterial Infection Recruit Tumor-Promoting Macrophages to Mouse Gastric Tumors. Gastroenterology (2011) 140:596–607. doi: 10.1053/j.gastro.2010.11.007

62. Yamanaka, N, Morisaki, T, Nakashima, H, Tasaki, A, Kubo, M, Kuga, H, et al. Interleukin 1beta Enhances Invasive Ability of Gastric Carcinoma Through Nuclear factor-kappaB Activation. Clin Cancer Res (2004) 10:1853–9. doi: 10.1158/1078-0432.CCR-03-0300

63. Ohta, M, Kitadai, Y, Tanaka, S, Yoshihara, M, Yasui, W, Mukaida, N, et al. Monocyte Chemoattractant Protein-1 Expression Correlates With Macrophage Infiltration and Tumor Vascularity in Human Gastric Carcinomas. Int J Oncol (2003) 22:773–8. doi: 10.3892/ijo.22.4.773

64. Kuroda, T, Kitadai, Y, Tanaka, S, Yang, X, Mukaida, N, Yoshihara, M, et al. Monocyte Chemoattractant Protein-1 Transfection Induces Angiogenesis and Tumorigenesis of Gastric Carcinoma in Nude Mice via Macrophage Recruitment. Clin Cancer Res (2005) 11:7629–36. doi: 10.1158/1078-0432.CCR-05-0798

65. Wu, H, Xu, J-B, He, Y-L, Peng, J-J, Zhang, X-H, Chen, C-Q, et al. Tumor-Associated Macrophages Promote Angiogenesis and Lymphangiogenesis of Gastric Cancer. J Surg Oncol (2012) 106:462–8. doi: 10.1002/jso.23110

66. Jiménez, G, Hackenberg, M, Catalina, P, Boulaiz, H, Griñán-Lisón, C, García, MÁ, et al. Mesenchymal Stem Cell's Secretome Promotes Selective Enrichment of Cancer Stem-Like Cells With Specific Cytogenetic Profile. Cancer Lett (2018) 429:78–88. doi: 10.1016/j.canlet.2018.04.042

67. Li, W, Zhou, Y, Yang, J, Zhang, X, Zhang, H, Zhang, T, et al. Gastric Cancer-Derived Mesenchymal Stem Cells Prompt Gastric Cancer Progression Through Secretion of Interleukin-8. J Exp Clin Cancer Res (2015) 34:52. doi: 10.1186/s13046-015-0172-3

68. Sun, L, Wang, Q, Chen, B, Zhao, Y, Shen, B, Wang, X, et al. Human Gastric Cancer Mesenchymal Stem Cell-Derived IL15 Contributes to Tumor Cell Epithelial-Mesenchymal Transition via Upregulation Tregs Ratio and PD-1 Expression in CD4T Cell. Stem Cells Dev (2018) 27:1203–14. doi: 10.1089/scd.2018.0043

69. Huang, F, Wang, M, Yang, T, Cai, J, Zhang, Q, Sun, Z, et al. Gastric Cancer-Derived MSC-Secreted PDGF-DD Promotes Gastric Cancer Progression. J Cancer Res Clin Oncol (2014) 140:1835–48. doi: 10.1007/s00432-014-1723-2

70. Wang, M, Zhao, C, Shi, H, Zhang, B, Zhang, L, Zhang, X, et al. Deregulated microRNAs in Gastric Cancer Tissue-Derived Mesenchymal Stem Cells: Novel Biomarkers and a Mechanism for Gastric Cancer. Br J Cancer (2014) 110:1199–210. doi: 10.1038/bjc.2014.14

71. Li, W, Zhang, X, Wu, F, Zhou, Y, Bao, Z, Li, H, et al. Gastric Cancer-Derived Mesenchymal Stromal Cells Trigger M2 Macrophage Polarization That Promotes Metastasis and EMT in Gastric Cancer. Cell Death Dis (2019) 10:918. doi: 10.1038/s41419-019-2131-y

72. Yin, L, Zhang, R, Hu, Y, Li, W, Wang, M, Liang, Z, et al. Gastric-Cancer-Derived Mesenchymal Stem Cells: A Promising Target for Resveratrol in the Suppression of Gastric Cancer Metastasis. Hum Cell (2020) 33:652–62. doi: 10.1007/s13577-020-00339-5

73. Ikeda, T, Nishita, M, Hoshi, K, Honda, T, Kakeji, Y, and Minami, Y. Mesenchymal Stem Cell-Derived CXCL16 Promotes Progression of Gastric Cancer Cells by STAT3-Mediated Expression of Ror1. Cancer Sci (2020) 111:1254–65. doi: 10.1111/cas.14339

74. Takiguchi, G, Nishita, M, Kurita, K, Kakeji, Y, and Minami, Y. Wnt5a-Ror2 Signaling in Mesenchymal Stem Cells Promotes Proliferation of Gastric Cancer Cells by Activating CXCL16-CXCR6 Axis. Cancer Sci (2016) 107:290–7. doi: 10.1111/cas.12871

75. Han, J, Khatwani, N, Searles, TG, Turk, MJ, and Angeles, CV. Memory CD8 T Cell Responses to Cancer. Semin Immunol (2020) 49:101435. doi: 10.1016/j.smim.2020.101435

76. Liu, X, Zhang, Z, and Zhao, G. Recent Advances in the Study of Regulatory T Cells in Gastric Cancer. Int Immunopharmacol (2019) 73:560–7. doi: 10.1016/j.intimp.2019.05.009

77. Kono, K, Kawaida, H, Takahashi, A, Sugai, H, Mimura, K, Miyagawa, N, et al. CD4(+)CD25high Regulatory T Cells Increase With Tumor Stage in Patients With Gastric and Esophageal Cancers. Cancer Immunol Immunother (2006) 55:1064–71. doi: 10.1007/s00262-005-0092-8

78. Zhuang, Y, Peng, L-S, Zhao, Y-L, Shi, Y, Mao, X-H, Guo, G, et al. Increased Intratumoral IL-22-Producing CD4(+) T Cells and Th22 Cells Correlate With Gastric Cancer Progression and Predict Poor Patient Survival. Cancer Immunol Immunother (2012) 61:1965–75. doi: 10.1007/s00262-012-1241-5

79. Zhuang, Y, Peng, L-S, Zhao, Y-L, Shi, Y, Mao, X-H, Chen, W, et al. CD8(+) T Cells That Produce Interleukin-17 Regulate Myeloid-Derived Suppressor Cells and Are Associated With Survival Time of Patients With Gastric Cancer. Gastroenterology (2012) 143:951–62. doi: 10.1053/j.gastro.2012.06.010

80. Sitarz, R, Skierucha, M, Mielko, J, Offerhaus, GJA, Maciejewski, R, and Polkowski, WP. Gastric Cancer: Epidemiology, Prevention, Classification, and Treatment. Cancer Manage Res (2018) 10:239–48. doi: 10.2147/CMAR.S149619

81. Amieva, M, and Peek, RM. Pathobiology of Helicobacter Pylori-Induced Gastric Cancer. Gastroenterology (2016) 150:64–78. doi: 10.1053/j.gastro.2015.09.004

82. Baj, J, Brzozowska, K, Forma, A, Maani, A, Sitarz, E, and Portincasa, P. Immunological Aspects of the Tumor Microenvironment and Epithelial-Mesenchymal Transition in Gastric Carcinogenesis. Int J Mol Sci (2020) 21(7):2544. doi: 10.3390/ijms21072544

83. Soundararajan, R, Fradette, JJ, Konen, JM, Moulder, S, Zhang, X, Gibbons, DL, et al. Targeting the Interplay Between Epithelial-To-Mesenchymal-Transition and the Immune System for Effective Immunotherapy. Cancers (Basel) (2019) 11(5):714. doi: 10.3390/cancers11050714

84. Ma, H-Y, Liu, X-Z, and Liang, C-M. Inflammatory Microenvironment Contributes to Epithelial-Mesenchymal Transition in Gastric Cancer. World J Gastroenterol (2016) 22:6619–28. doi: 10.3748/wjg.v22.i29.6619

85. Krzysiek-Maczka, G, Targosz, A, Szczyrk, U, Strzalka, M, Brzozowski, T, and Ptak-Belowska, A. Involvement of Epithelial-Mesenchymal Transition-Inducing Transcription Factors in the Mechanism of Helicobacter Pylori-Induced Fibroblasts Activation. J Physiol Pharmacol (2019) 70:727–36. doi: 10.26402/jpp.2019.5.08

86. Zhang, Q, Wang, M, Huang, F, Yang, T, Cai, J, Zhang, X, et al. H. Pylori Infection-Induced MSC Differentiation Into CAFs Promotes Epithelial-Mesenchymal Transition in Gastric Epithelial Cells. Int J Mol Med (2013) 32:1465–73. doi: 10.3892/ijmm.2013.1532

87. Krzysiek-Maczka, G, Targosz, A, Szczyrk, U, Strzałka, M, Sliwowski, Z, Brzozowski, T, et al. Role of Helicobacter Pylori Infection in Cancer-Associated Fibroblast-Induced Epithelial-Mesenchymal Transition In Vitro. Helicobacter (2018) 23:e12538. doi: 10.1111/hel.12538

88. Zhang, X, Ashcraft, K, Betof Warner, A, Nair, S, and Dewhirst, M. Can Exercise-Induced Modulation of the Tumor Physiologic Microenvironment Improve Antitumor Immunity? Cancer Res (2019) 79:2447–56. doi: 10.1158/0008-5472.Can-18-2468

89. Varisli, L, Cen, O, and Vlahopoulos, S. Dissecting Pharmacological Effects of Chloroquine in Cancer Treatment: Interference With Inflammatory Signaling Pathways. Immunology (2020) 159:257–78. doi: 10.1111/imm.13160

90. Lai, Y, Huang, H, Abudoureyimu, M, Lin, X, Tian, C, Wang, T, et al. Non-Coding RNAs: Emerging Regulators of Glucose Metabolism in Hepatocellular Carcinoma. Am J Cancer Res (2020) 10:4066–84.

91. Yadav, UP, Singh, T, Kumar, P, Sharma, P, Kaur, H, Sharma, S, et al. Metabolic Adaptations in Cancer Stem Cells. Front Oncol (2020) 10:1010. doi: 10.3389/fonc.2020.01010

92. Nimmakayala, RK, Leon, F, Rachagani, S, Rauth, S, Nallasamy, P, Marimuthu, S, et al. Metabolic Programming of Distinct Cancer Stem Cells Promotes Metastasis of Pancreatic Ductal Adenocarcinoma. Oncogene (2021) 40:215–31. doi: 10.1038/s41388-020-01518-2

93. Hu, P-S, Li, T, Lin, J-F, Qiu, M-Z, Wang, D-S, Liu, Z-X, et al. VDR-SOX2 Signaling Promotes Colorectal Cancer Stemness and Malignancy in an Acidic Microenvironment. Signal transduction targeted Ther (2020) 5:183. doi: 10.1038/s41392-020-00230-7

94. Wojtkowiak, JW, and Gillies, RJ. Autophagy on Acid. Autophagy (2012) 8:1688–9. doi: 10.4161/auto.21501

95. Chen, X, Sun, X, Wang, Z, Zhou, X, Xu, L, Fe, Li, et al. Involvement of Acid-Sensing Ion Channel 1a in Gastric Carcinoma Cell Migration and Invasion. Acta Biochim Biophys Sin (2018) 50:440–6. doi: 10.1093/abbs/gmy026

96. Chen, L, Kasai, T, Li, Y, Sugii, Y, Jin, G, Okada, M, et al. A Model of Cancer Stem Cells Derived From Mouse Induced Pluripotent Stem Cells. PLoS One (2012) 7:e33544. doi: 10.1371/journal.pone.0033544

97. Nguyen, LV, Vanner, R, Dirks, P, and Eaves, CJ. Cancer Stem Cells: An Evolving Concept. Nat Rev Cancer (2012) 12:133–43. doi: 10.1038/nrc3184

98. Nassar, D, and Blanpain, C. Cancer Stem Cells: Basic Concepts and Therapeutic Implications. Annu Rev Pathol (2016) 11:47–76. doi: 10.1146/annurev-pathol-012615-044438

99. Najafi, M, Farhood, B, and Mortezaee, K. Cancer Stem Cells (CSCs) in Cancer Progression and Therapy. J Cell Physiol (2019) 234:8381–95. doi: 10.1002/jcp.27740

100. 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

101. Dzobo, K, Senthebane, DA, Ganz, C, Thomford, NE, Wonkam, A, and Dandara, C. Advances in Therapeutic Targeting of Cancer Stem Cells Within the Tumor Microenvironment: An Updated Review. Cells (2020) 9(8):1896. doi: 10.3390/cells9081896

102. Borovski, T, De Sousa E Melo, F, Vermeulen, L, and Medema, J. Cancer Stem Cell Niche: The Place to Be. Cancer Res (2011) 71:634–9. doi: 10.1158/0008-5472.Can-10-3220

103. Sottoriva, A, Sloot, PMA, Medema, JP, and Vermeulen, L. Exploring Cancer Stem Cell Niche Directed Tumor Growth. Cell Cycle (Georgetown Tex.) (2010) 9:1472–9. doi: 10.4161/cc.9.8.11198

104. Zhang, J, Gao, B, Zhang, W, Qian, Z, and Xiang, Y. Monitoring Antiangiogenesis of Bevacizumab in Zebrafish. Drug Design Dev Ther (2018) 12:2423–30. doi: 10.2147/DDDT.S166330

105. Lv, Y, Song, L, Chang, L, Zhang, X, Liu, Y, and Liu, W. Effect of Bevacizumab Combined With Chemotherapy at Different Sequences in the Gastric-Cancer-Bearing Nude Mice. J Cancer Res Ther (2018) 14:S190–6. doi: 10.4103/0973-1482.171364

106. Ma, J, Yao, S, Li, X-S, Kang, H-R, Yao, F-F, and Du, N. Neoadjuvant Therapy of DOF Regimen Plus Bevacizumab Can Increase Surgical Resection Ratein Locally Advanced Gastric Cancer: A Randomized, Controlled Study. Medicine (2015) 94:e1489. doi: 10.1097/MD.0000000000001489

107. Singh, R, Kim, WJ, Kim, P-H, and Hong, HJ. Combined Blockade of HER2 and VEGF Exerts Greater Growth Inhibition of HER2-Overexpressing Gastric Cancer Xenografts Than Individual Blockade. Exp Mol Med (2013) 45:e52. doi: 10.1038/emm.2013.111

108. Das, B, Tsuchida, R, Malkin, D, Koren, G, Baruchel, S, and Yeger, H. Hypoxia Enhances Tumor Stemness by Increasing the Invasive and Tumorigenic Side Population Fraction. Stem Cells (2008) 26:1818–30. doi: 10.1634/stemcells.2007-0724

109. Pistollato, F, Rampazzo, E, Persano, L, Abbadi, S, Frasson, C, Denaro, L, et al. Interaction of Hypoxia-Inducible Factor-1α and Notch Signaling Regulates Medulloblastoma Precursor Proliferation and Fate. Stem Cells (2010) 28:1918–29. doi: 10.1002/stem.518

110. Scheel, C, Eaton, EN, Li, SH-J, Chaffer, CL, Reinhardt, F, Kah, K-J, et al. Paracrine and Autocrine Signals Induce and Maintain Mesenchymal and Stem Cell States in the Breast. Cell (2011) 145:926–40. doi: 10.1016/j.cell.2011.04.029

111. Man, J, Yu, X, Huang, H, Zhou, W, Xiang, C, Huang, H, et al. Hypoxic Induction of Vasorin Regulates Notch1 Turnover to Maintain Glioma Stem-Like Cells. Cell Stem Cell (2018) 22:104–18. doi: 10.1016/j.stem.2017.10.005

112. Maeda, M, Takeshima, H, Iida, N, Hattori, N, Yamashita, S, Moro, H, et al. Cancer Cell Niche Factors Secreted From Cancer-Associated Fibroblast by Loss of H3k27me3. Gut (2020) 69:243–51. doi: 10.1136/gutjnl-2018-317645

113. Kato, Y, Yashiro, M, Fuyuhiro, Y, Kashiwagi, S, Matsuoka, J, Hirakawa, T, et al. Effects of Acute and Chronic Hypoxia on the Radiosensitivity of Gastric and Esophageal Cancer Cells. Anticancer Res (2011) 31:3369–75.

114. Liu, L, Ning, X, Sun, L, Zhang, H, Shi, Y, Guo, C, et al. Hypoxia-Inducible Factor-1 Alpha Contributes to Hypoxia-Induced Chemoresistance in Gastric Cancer. Cancer Sci (2008) 99:121–8. doi: 10.1111/j.1349-7006.2007.00643.x

115. Matsuoka, J, Yashiro, M, Doi, Y, Fuyuhiro, Y, Kato, Y, Shinto, O, et al. Hypoxia Stimulates the EMT of Gastric Cancer Cells Through Autocrine Tgfβ Signaling. PLoS One (2013) 8:e62310. doi: 10.1371/journal.pone.0062310

116. Pardoll, DM. The Blockade of Immune Checkpoints in Cancer Immunotherapy. Nat Rev Cancer (2012) 12:252–64. doi: 10.1038/nrc3239

117. Wu, X, Gu, Z, Chen, Y, Chen, B, Chen, W, Weng, L, et al. Application of PD-1 Blockade in Cancer Immunotherapy. Comput Struct Biotechnol J (2019) 17:661–74. doi: 10.1016/j.csbj.2019.03.006

118. Sundar, R, Smyth, E, Peng, S, Yeong, J, and Tan, P. Predictive Biomarkers of Immune Checkpoint Inhibition in Gastroesophageal Cancers. Front Oncol (2020) 10:763. doi: 10.3389/fonc.2020.00763

119. Wang, Z-F, Ma, D-G, Zhu, Z, Mu, Y-P, Yang, Y-Y, Feng, L, et al. Astragaloside IV Inhibits Pathological Functions of Gastric Cancer-Associated Fibroblasts. World J Gastroenterol (2017) 23:8512–25. doi: 10.3748/wjg.v23.i48.8512

120. Zhang, H, Deng, T, Liu, R, Ning, T, Yang, H, Liu, D, et al. CAF Secreted miR-522 Suppresses Ferroptosis and Promotes Acquired Chemo-Resistance in Gastric Cancer. Mol Cancer (2020) 19:43. doi: 10.1186/s12943-020-01168-8

121. Uchihara, T, Miyake, K, Yonemura, A, Komohara, Y, Itoyama, R, Koiwa, M, et al. Extracellular Vesicles From Cancer-Associated Fibroblasts Containing Annexin A6 Induces FAK-YAP Activation by Stabilizing β1 Integrin, Enhancing Drug Resistance. Cancer Res (2020) 80:3222–35. doi: 10.1158/0008-5472.CAN-19-3803

122. Shen, J, Zhai, J, You, Q, Zhang, G, He, M, Yao, X, et al. Cancer-Associated Fibroblasts-Derived VCAM1 Induced by H. Pylori Infection Facilitates Tumor Invasion in Gastric Cancer. Oncogene (2020) 39:2961–74. doi: 10.1038/s41388-020-1197-4

123. Miao, L, Qi, J, Zhao, Q, Wu, Q-N, Wei, D-L, Wei, X-L, et al. Targeting the STING Pathway in Tumor-Associated Macrophages Regulates Innate Immune Sensing of Gastric Cancer Cells. Theranostics (2020) 10:498–515. doi: 10.7150/thno.37745

124. Zheng, P, Chen, L, Yuan, X, Luo, Q, Liu, Y, Xie, G, et al. Exosomal Transfer of Tumor-Associated Macrophage-Derived miR-21 Confers Cisplatin Resistance in Gastric Cancer Cells. J Exp Clin Cancer Res (2017) 36:53. doi: 10.1186/s13046-017-0528-y

125. Wang, H, Chen, B, Lin, Y, Zhou, Y, and Li, X. Legumain Promotes Gastric Cancer Progression Through Tumor-Associated Macrophages and. Int J Biol Sci (2020) 16:172–80. doi: 10.7150/ijbs.36467

126. Sun, L, Huang, C, Zhu, M, Guo, S, Gao, Q, Wang, Q, et al. Gastric Cancer Mesenchymal Stem Cells Regulate PD-L1-CTCF Enhancing Cancer Stem Cell-Like Properties and Tumorigenesis. Theranostics (2020) 10:11950–62. doi: 10.7150/thno.49717

127. He, W, Liang, B, Wang, C, Li, S, Zhao, Y, Huang, Q, et al. MSC-Regulated lncRNA MACC1-AS1 Promotes Stemness and Chemoresistance Through Fatty Acid Oxidation in Gastric Cancer. Oncogene (2019) 38:4637–54. doi: 10.1038/s41388-019-0747-0

128. Ji, R, Zhang, B, Zhang, X, Xue, J, Yuan, X, Yan, Y, et al. Exosomes Derived From Human Mesenchymal Stem Cells Confer Drug Resistance in Gastric Cancer. Cell Cycle (Georgetown Tex.) (2015) 14:2473–83. doi: 10.1080/15384101.2015.1005530

129. Yao, H-J, Zhang, Y-G, Sun, L, and Liu, Y. The Effect of Hyaluronic Acid Functionalized Carbon Nanotubes Loaded With Salinomycin on Gastric Cancer Stem Cells. Biomaterials (2014) 35:9208–23. doi: 10.1016/j.biomaterials.2014.07.033

130. Liang, S, Li, C, Zhang, C, Chen, Y, Xu, L, Bao, C, et al. CD44v6 Monoclonal Antibody-Conjugated Gold Nanostars for Targeted Photoacoustic Imaging and Plasmonic Photothermal Therapy of Gastric Cancer Stem-Like Cells. Theranostics (2015) 5:970–84. doi: 10.7150/thno.11632

131. Barat, S, Chen, X, Cuong Bui, K, Bozko, P, Götze, J, Christgen, M, et al. Gamma-Secretase Inhibitor IX (GSI) Impairs Concomitant Activation of Notch and Wnt-Beta-Catenin Pathways in CD44 Gastric Cancer Stem Cells. Stem Cells Trans Med (2017) 6:819–29. doi: 10.1002/sctm.16-0335

132. Feng, S, Zheng, Z, Feng, L, Yang, L, Chen, Z, Lin, Y, et al. Proton Pump Inhibitor Pantoprazole Inhibits the Proliferation, Self−Renewal and Chemoresistance of Gastric Cancer Stem Cells via the EMT/β−Catenin Pathways. Oncol Rep (2016) 36:3207–14. doi: 10.3892/or.2016.5154

133. Yoon, C, Park, DJ, Schmidt, B, Thomas, NJ, Lee, H-J, Kim, TS, et al. CD44 Expression Denotes a Subpopulation of Gastric Cancer Cells in Which Hedgehog Signaling Promotes Chemotherapy Resistance. Clin Cancer Res (2014) 20:3974–88. doi: 10.1158/1078-0432.CCR-14-0011

134. Mao, J, Fan, S, Ma, W, Fan, P, Wang, B, Zhang, J, et al. Roles of Wnt/β-Catenin Signaling in the Gastric Cancer Stem Cells Proliferation and Salinomycin Treatment. Cell Death Dis (2014) 5:e1039. doi: 10.1038/cddis.2013.515

135. Wang, B, Liu, J, Ma, LN, Xiao, HL, Wang, YZ, Li, Y, et al. Chimeric 5/35 Adenovirus-Mediated Dickkopf-1 Overexpression Suppressed Tumorigenicity of CD44+ Gastric Cancer Cells via Attenuating Wnt Signaling. J Gastroenterol (2013) 48:798–808. doi: 10.1007/s00535-012-0711-z




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.


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 Yang, Meng and Wang. 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.




CASE REPORT

published: 01 March 2022

doi: 10.3389/fonc.2022.829235

[image: image2]


A Metastatic Intrahepatic Cholangiocarcinoma With HPCs Features: Report of a Case


Qiang Fu 1†, Pan Liu 1†, Shangkun Jin 2, Xu Zhang 1, Chuanjiang Liu 1, Mingxing Hu 1,2, Yuzhu Wang 1,2, Hongwei Zhang 1* and Tao Qin 1*


1 Department of Hepato-Biliary-Pancreatic Surgery, Henan Provincial People’s Hospital (People’s Hospital of Zhengzhou University), Zhengzhou, China, 2 Department of Hepato-Biliary-Pancreatic Surgery, People’s Hospital of Henan University, Zhengzhou, China




Edited by: 

Jiannan Yao, Capital Medical University, China

Reviewed by: 

Seogsong Jeong, Seoul National University, South Korea

Evin Iscan, Dokuz Eylül University, Turkey

*Correspondence: 

Hongwei Zhang
 hwzhang666@126.com 

Tao Qin
 goodfreecn@163.com

†These authors have contributed equally to this work and share first authorship

Specialty section: 
 This article was submitted to Gastrointestinal Cancers: Gastric & Esophageal Cancers, a section of the journal Frontiers in Oncology


Received: 05 December 2021

Accepted: 27 January 2022

Published: 01 March 2022

Citation:
Fu Q, Liu P, Jin S, Zhang X, Liu C, Hu M, Wang Y, Zhang H and Qin T (2022) A Metastatic Intrahepatic Cholangiocarcinoma With HPCs Features: Report of a Case. Front. Oncol. 12:829235. doi: 10.3389/fonc.2022.829235



Intrahepatic cholangiocarcinoma (ICC) is a highly lethal hepatobiliary neoplasm, which originates from the bile ducts proximal to the second-order division. ICC can be anatomically divided into two subtypes: the large duct type (mucin-production ICC, muc-ICC) and the small duct type (mixed-ICC) origins from hepatic progenitor cells (HPCs). The immunoreactivity of S100P and neural cell adhesion molecule (NCAM) are useful biomarkers to distinguish the two subtypes. In this study, we report a difficult-to-diagnose case of metastatic retroperitoneal tumor of occult hepatolithiasis-associated ICC. Besides, this case was both positive for S100P and NCAM, considered as a rare muc-ICC with the HPCs features. Tumor whole exome sequencing detection results by Genetron (China) revealed that there were 41 gene mutations in this patient. The SMAD4-p.His530ThrfsTer47 and KRAS-p.Gly12Val mutation might promote the occurrence and distant metastasis of the tumor.
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Introduction

Intrahepatic cholangiocarcinoma (ICC) has an increasing incidence worldwide and is the second most common primary hepatic malignancy after hepatocellular carcinoma. Cirrhosis, viral hepatitis, obesity-associated liver disease, diabetes, and the diseases leading to hepatobiliary fibrosis, such as primary sclerosing cholangitis, Caroli’s disease, hepatolithiasis, and liver fluke infractions, are risk factors for ICC. However, only 50% of ICC patients have identifiable risk factors (1). Surgery is still the only curative treatment for ICC, but only a minority of patients are suitable for surgery, and the current 5-year survival rate is to be only 25%–40% after surgery (2). The main reason for the low surgical resection rate is that ICC cannot be diagnosed in the early stage because ICC patients do not have specific early symptoms. Therefore, most ICC patients are already at the advanced stage when they go to the hospital (3). ICC patients usually present with intrahepatic mass lesions and symptoms such as abdominal pain, weight loss, and jaundice (4). Parts of ICC patients are misdiagnosed as carcinoma of unknown primary, such as hepatocellular carcinoma, lymphoma, and carcinoma of other types. Here, we present a rare case of metastatic ICC with specific pathological findings that is difficult to diagnose.



Case Presentation

A 63-year-old woman was admitted to our hospital for having intermittent and severe mid-upper abdominal pain, along with the symptoms of back pain, anorexia, and weight loss of 15 kg for 1 month. This patient denied the history of cancer, surgery, smoking, alcohol drinking, illicit drug use, and blood transfusion. There was no similar patient in her family. Her BMI = 17.72 kg/m2. On physical exam, she was of middle nutrition and had no jaundice. Her abdomen was soft, while an approximately 6 cm hard mass without clear boundaries in mid-upper abdomen was found. The laboratory data revealed that the patient had normal routine blood test, hepatic function, renal function, and coagulation function. The serum levels of carbohydrate antigen 19-9 (CA19-9) (8.01 U/ml), cancer embryonic antigen (CEA) (2.24 ng/ml), CA-125 (19.71 U/ml), CA-242 (1.24 U/ml), alpha-fetoprotein (AFP) (1.39 ng/ml) were all within the normal range. Intraoperative ultrasonography did not detect fatty liver. The abdominal contrast-enhanced computed tomography (CT) scan and CT angiography showed a huge irregular neoplasm located at the retroperitoneum with edge intensifying (Supplementary Figure 1A). Furthermore, the left renal vessel and ureter were invaded combined with left uronephrosis (Supplementary Figures 1B, E). Besides, there was atrophy of the left hepatic lobe, and choledocholithiasis was accompanied by intra- and extrahepatic bile duct dilatation (Supplementary Figures 1C, D). The patient underwent the surgery of retroperitoneal tumor resection, left nephrectomy, splenectomy, left hepatic lobectomy, cholecystectomy, choledocholithotomy, and T tube drainage, which continued about 360 min, and 525 ml of blood was lost. No tumor mass was found in the left hepatic lobe under naked eye, and the retroperitoneal tumor was solid, not encapsulated, whitish in color, and had an irregular margin.


HE Staining and Immunohistochemistry

All specimens were cut into 5-μm sections and stained with hematoxylin and eosin (HE) after fixation. Tissue sections were deparaffinized, subjected to antigen retrieval, and blocked with 5% bovine serum albumin (BSA) in phosphate-buffered saline (PBS) for 30 min. CA19-9, CK19, CK7, neural cell adhesion molecule (NCAM), S100P, CK20, AFP, and GATA-3 primary antibodies were purchased from Abcam Plc (Cambridge, UK). CEA, Muc-1, CK8/18, Ki67, P40, P53, c-kit, Mucin-2, SATB, and Villin primary antibodies were purchased from Cell Signaling Technology (Danvers, MA, USA) and Hep-par1primary antibody was purchased from Affinity Biosciences (Cincinnati, OH, USA). The sections were incubated with primary antibody overnight at 4°C, followed by the appropriate secondary antibody at room temperature for 1 h. All images were captured by confocal microscopy. Hematoxylin and eosin (HE) staining revealed that chronic inflammation of the intrahepatic bile duct and high-grade intraepithelial neoplasia of the glandular epithelium were commonly seen in the left hepatic lobe of 10 different layers (Supplementary Figure 2A). The retroperitoneal tumor was epithelial-derived malignancy with necrosis, considered poorly differentiated adenocarcinoma combined with extensive squamousness (Supplementary Figure 2B). Besides, scattered mucin-production adenocarcinoma areas (Supplementary Figure 3A) and hyperplastic ductular areas, characterized by ductular reaction-like anastomosing glands in fibrous stroma with mild atypia (Supplementary Figure 3B), were seen. Clear-cut hepatocellular differentiation was not seen. Tumor cells invaded the left renal hilum, ureter, and peripheral fibrous adipose tissue. Adenocarcinoma tissue is seen in perirenal lymph nodes (1/9), while Group 12/13/16 lymph nodes were negative (0/18). Immunohistochemistry of retroperitoneal tumor was positive for CA19-9, CEA, Muc-1, CK19, CK7, CK8/18, Ki67 (60%), P40, P53 (partial), c-kit, NCAM, and S100P (Supplementary Figures 4A–L) and negative for CK20, GATA-3, Mucin-2, SATB, Villin, AFP, and Hep-par1 (Supplementary Figures 4M–S).



Tumor Whole Exome Sequencing Detection

After genomic DNA was extracted from the samples, the library was constructed by fragment and targeted capture of the target region. DNA sequencing was performed based on NovaSeq high-throughput sequencing platform. It was revealed that there were 41 gene mutations but no gene rearrangement and no gene copy number variation. The mutational genes included nonsense mutation (ACHE), frame shift mutation (ADAM7, ANXA5, C13orf45, KLRC4, SMAD4, USP32, and VPS13C), missense mutation (ADAMTS17, ADAMTS9, BCOR, CA12, CASZ1, CEACAM21, CECR6, DAB1, DHCR24, DICER1, FAM57B, HIST1H4J, HTR5A, IGDCC4, IRF2BP2, KLHL36, KRAS, LRRC8D, LSS, MEX3B, MGA, MICAL2, OLFML2B, PZP, REXO4, SEMA5B, SH3PXD2A, SH3TC2, SLC25A37, SYNE1, SYNGR3, and ZFHX4) and splicing mutation (KCND2) (Supplementary Table 1).




Discussion

The immunohistochemical results of the retroperitoneal tumor of this case indicated that Muc-1, CK7, CK19, and CEA were positive, which suggested that the tumor might originate from the biliary tract system. Extensive sampling by the pathologist and surgical clinicians of the hole left hepatic lobe was proceeded, and an about 0.4 mm local invasion adenoma with malignant transformation was seen at last (Supplementary Figure 2C). After a multidisciplinary discussion of the pathologist, oncologist, and surgical clinicians, this case was diagnosed as a hepatolithiasis-associated intrahepatic cholangiocarcinoma (ICC) accompanied by retroperitoneal metastasis. Hepatolithiasis is a major risk factor of ICC (5). Approximately 5.3%–12.9% of hepatolithiasis cases are complicated with ICC (6).The incidence of hepatolithiasis-associated ICC is relatively insidious, and the clinical symptoms are often hepatolithiasis, biliary infection, or hepatatrophia, which are easy to cause clinically missed diagnosis. The surgical resection rate is low, and the overall prognosis is poor. It has been reported that the 5-year postoperative survival rate of hepatobiliary cholangiolithiasis combined with hepatobiliary carcinoma is only 3.0%–18.4% (7).

ICC can be anatomically divided into two subtypes, namely, the large duct type and the small duct type, which have different etiologies, molecular alteration, growth patterns, and clinical behaviors (8).The large duct type iCCA, which originate from large intrahepatic bile duct (such as segmental, area, and septal bile duct) lining of mucin-producing cylindrical cells, resembles extrahepatic cholangiocarcinoma. Thus, this subtype can also be called mucin-production ICC (muc-ICC). On the other hand, the small intrahepatic bile duct, such as interlobular bile duct and ductules, contains hepatic progenitor cells (HPCs), which have the ability of differentiating into hepatocytes and cholangiocytes and causing tumors during the differentiation process. HPCs-derived tumors (mixed-ICC) display varying hepatocytic and/or cholangiocytic differentiation characteristics within the same tumor (9). Even with the presence of diffuse dilation of the left intrahepatic bile duct, the local invasion adenoma in our case was initially considered to be located at the segmental or area bile duct. Because the primary tumor was too small for further immunohistochemical detection of markers of stem/HPCs, we could further analyze the characteristic and origin from the metastatic tumor. As shown in Supplementary Figures 3A, B, the immunohistochemistry of mucin-production adenocarcinoma areas was positive for S100P and NCAM, and the ductular areas were also positive for NCAM and S100P (partial). The immunoreactivity of S100P and NCAM represents a useful tool to distinguish mixed-ICC from muc-ICC. S100P expression is only seen in mucin-positive ICC areas in muc-ICC but not in the mixed-ICC, whereas NCAM is only immunoreactive in the hep-dif and ductular areas in mixed-ICC but not in muc-ICC (10, 11). This case was positive both for S100P and NCAM. Combining the local invasion adenoma with malignant transformation most probably located at the segmental or area bile duct, the patient was considered as a rarely particular subtype of muc-ICC with the HPCs features.

Among the mutation genes of this patient, the mutations of SMAD4 and KRAS were reported to be associated with the genesis and invasion of cholangiocarcinoma. The SMAD4-p.His530ThrfsTer47 mutation of this patient leads to the premature generation of a stop codon, which results in the impact of SMAD4. SMAD4 is the central molecule of the TGF-β signal pathway, which is related to the occurrence, development, and metastasis of cancer (12). Loss expression of SMAD4 promotes the transition from stone-containing intrahepatic bile ducts (IHD) to ICC. SMAD4 expression is related to the histological grade, clinical stage, and metastasis of ICC. The loss of SMAD4 expression in metastatic ICCs was significantly more severe compared with non-metastatic ICC (13). Besides, the KRAS-p.Gly12Val mutation (KRASG12D) of this patient, in the conserved G box domain of KRAS protein, results in the activation of KRAS. KRASG12D activation leads to the development of invasive ICC with low penetrance and long latency. Latency was shortened by combining KRASG12D activation with heterozygous or homozygous deletion of p53, which also resulted in widespread local and distant metastasis (14). Until now, there are several drugs targeting KRAS in clinical trials for the treatment of cholangiocarcinoma, such as Trametinib, Binimetinib, and Selumetinib.

In conclusion, we here presented a rarely metastatic occult ICC with the stem/PSC features, which is valuable in terms of examining a rare phenomenon of ICC at the molecular level. It is a pity that we cannot assess the systemic metastases for the absence of PET-CT and just rely on the feedback provided by the patient to know the progress of the disease. The SMAD4-p.His530ThrfsTer47 and KRAS-p.Gly12Val mutation of this patient might promote the occurrence and distant metastasis of the tumor.
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Background

The MTA1 protein encoded by metastasis-associated protein 1 (MTA1) is a key component of the ATP-dependent nucleosome remodeling and deacetylase (NuRD) complex, which is widely upregulated in cancers. MTA1 extensively affects downstream gene expression by participating in chromatin remodeling. Although it was defined as a metastasis-associated gene in first reports and metastasis is a process prominently affected by the tumor microenvironment, whether it affects the microenvironment has not been investigated. In our study, we elucidated the regulatory effect of MTA1 on tumor-associated macrophages (TAMs) and how this regulation affects the antitumor effect of cytotoxic T lymphocytes (CTLs) in the tumor microenvironment of colorectal cancer.



Methods

We detected the cytokines affected by MTA1 expression via a cytokine antibody array in control HCT116 cells and HCT116 cells overexpressing MTA1. Multiplex IHC staining was conducted on a colorectal cancer tissue array from our cancer cohort. Flow cytometry (FCM) was performed to explore the polarization of macrophages in the coculture system and the antitumor killing effect of CTLs in the coculture system. Bioinformatics analysis was conducted to analyze the Cancer Genome Atlas (TCGA) colorectal cancer cohort and single-cell RNA-seq data to assess the immune infiltration status of the TCGA colorectal cancer cohort and the functions of myeloid cells.



Results

MTA1 upregulation in colorectal cancer was found to drive an immunosuppressive tumor microenvironment. In the tumor microenvironment of MTA1-upregulated colorectal cancer, although CD8+ T cells were significantly enriched, macrophages were significantly decreased, which impaired the CTL effect of the CD8+ T cells on tumor cells. Moreover, upregulated MTA1 in tumor cells significantly induced infiltrated macrophages into tumor-associated macrophage phenotypes and further weakened the cytotoxic effect of CD8+ T cells.



Conclusion

Upregulation of MTA1 in colorectal cancer drives an immunosuppressive tumor microenvironment by decreasing the microphages from the tumor and inducing the residual macrophages into tumor-associated microphage phenotypes to block the activation of the killing CTL, which contributes to cancer progression.





Keywords: MTA1, immune infiltration, tumor associated macrophage (TAM), tumor microenvironment, colorectal cancer



Introduction

With the development of cancer research, the concept of the tumor microenvironment and its importance in tumor progression and tumor treatment is increasingly being recognized (1). In the process of cancer development, all types of cells and products in the tumor microenvironment influence tumorigenesis and tumor progression. The composition and functional status of immune cells in the tumor micro-environment are the focus of studies in both fields of basic immunotherapy research and clinical application. Accordingly, immunosignature-based stratification of patients to optimize the treatment response is becoming central to cancer immunotherapy. Preliminarily, the tumor immune microenvironment has been defined as cold versus hot tumors based on their CTL infiltration. An immunologically cold microenvironment is primarily associated with the exclusion of cytotoxic CD8+ T cells in tumors (2). However, hot tumors rich in infiltrated CD8+ T cells may still fail to respond to the immune checkpoint blockade (ICB) if these cells are dysfunctional or become exhausted (3). An inflamed but still immunosuppressive microenvironment can be potentially fueled by various myeloid cells, particularly tumor-associated macrophages (TAMs) (4, 5). Unfortunately, drivers of these different immunomodulatory scenarios are not well defined. Therefore, it is critical to define the mechanisms of immune aberrance in terms of not only the accounts but also the functions of immune cells in the tumor microenvironment to design further optimized cancer immunotherapy strategies.

MTA1, as an important component of the nucleosome-remodeling complex (6), widely participates in gene expression regulation. MTA1 was first discovered as a gene related to tumor metastasis in breast cancer, and more of its biological function was revealed in subsequent studies. It widely regulates the biological behaviors of tumor cells. In our investigation, we found clues about MTA1 involved in the regulation of the immune state in the tumor microenvironment and contributed to an important regulatory link between macrophages and CD8+ T cells, which has been known as a core process in tumor microenvironment regulation but is still poorly understood.

In the current study, we sought to investigate the influence of MTA1 overexpression on the antitumor immune response. Based on the clue that MTA1 has been associated with inflammation in colorectal cancer, we primarily tried to explore how overexpressed MTA1 influences the immune infiltration states and immune response in the tumor microenvironment of a TCGA colorectal cancer cohort. Then, we analyzed the function of macrophages modulated by MTA1-overexpressing colorectal cancer cells. To determine their relevance to overexpressed MTA1, a multiplex immunohistochemistry (m-IHC) panel consisting of surface and intracellular markers was designed to perform on clinical colorectal cancer samples. Using this panel, we described predominant TAM populations, T cell populations and B cell populations characterized by specific markers on individual cells. Finally, we performed a cytotoxicity assay to explore the influence of MTA1 overexpression on the antitumor immune response. Based on the above experimental results, we set out to illustrate how MTA1 affected the interactions between cancer cells, macrophages, and cytotoxic T lymphocytes to contribute to an immunosuppressive microenvironment.



Materials and Methods


Cell Culture

Mouse colorectal cancer CT26 cells and human colorectal cancer HCT116 cells were used as models to express high and low MTA1. RAW264.7 cells were used as an in vitro model of murine macrophages. Mouse spleen lymphocytes were isolated to perform an in vitro cytotoxicity assay for T cell functions. HCT116 cells and RAW264.7 cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM; CELL Technologies) with 100 μg/ml penicillin/streptomycin supplemented with 10% fetal bovine serum (FBS; Gibco). CT26 cells were cultured in Roswell Park Memorial Institute (RPMI-1640; CELL Technologies) supplemented with 100 μg/ml penicillin/streptomycin and 10% fetal bovine serum (FBS; Gibco).



Study Cohort

The Molecular Analysis of Colorectal Cancer (CRC) cohort consisted of 180 colorectal cancer patients from the Cancer Hospital, Chinese Academy of Medical Sciences. Written informed consent was obtained from all patients prior to sample collection. All procedures were ethically approved by The Independent Ethics Committee of Cancer Hospital, Chinese Academy of Medical Sciences.



Multiplex IHC Staining Protocol

An Opal 7-color kit (PANOVUE) was used for multiplex IHC. Four micrometers of FFPE sections were dewaxed and rehydrated. In the first round, antigen was retrieved with a microwave oven (EDTA pH 8.0) at 70% power for 15 min (Galanz, G80F23CN2P-BM1). Slides were cooled to room temperature (RT) and washed with PBST/0.5% Tween (3 times, 5 min). Slides were washed and blocked with goat serum blocking buffer (zsbio) for 10 min. Primary antibody was incubated at RT for 1 h or at 4 °C overnight. Slides were washed, and an HRP-conjugated secondary antibody was incubated at RT for 10 min. TSA dye (1:100) was applied for 10 min after washing. These procedures were repeated five more times using the following antibodies: CD8a (Cell Signaling Technology, 1:500), CD4 (zsbio, ZA-0519, 1:1), MTA1 (Abcam, AB71153, 1:1,000), CD20 (Cell Signaling Technology, #3958, 1:200), CD163 (Abcam, ab182422, 1:200), CD206 (Abcam, ab64693, 1:500), CD86 (Abcam, ab269587, 1:200), CD68 (Abcam, ab955, 1:1,000), and PD-L1 (Cell Signaling Technology, E1L3N, 1:200).



Multiplex IHC Imaging and Analysis

Stained tissue arrays were imaged using a PerkinElmer Vectra Polaris microscope. Whole slide scans were performed using the ×20 objective lens. ROIs were selected in Phenochart (PerkinElmer) based on the images previously captured on the whole slide scan. For selecting ROIs, 2 × 2 core stamps were used. The image analysis was performed in inForm2.2.4 (PerkinElmer). Tissue component segmentation was conducted to label tumor tissue (α-SMA) and stromal tissue (α-SMA+) regions. Cell phenotyping was performed using previously reported markers (CD8, CD4, CD20, CD163, CD206, CD86, CD68). The density of cells in each tissue type was calculated by normalizing the cell counts from all images by the total area.



Quantification of MTA1-Associated Secretion

HCT116 cells were incubated in DMEM with 10% FBS before collection, and MTA1-associated secretion was estimated by cytokine antibody array (CAA) following the manufacturer’s instructions.


Coculture System

CT26–MTA1-knockdown, -overexpressing or control cells (2 × 105) were seeded in 6-well culture dishes for 48 h. RAW264.7 cells were then seeded together with these CT26 cell populations at a 1:2 ratio in RMPI medium with 100 μg/ml penicillin/streptomycin (Gibco) containing 10% heat-inactivated FBS (Gibco) and 200 nM glutamine. After 48 h, cells were trypsinized and then underwent flow cytometry assay or qRT–PCR assay.




RNA Extraction and qRT–PCR

Total RNA was extracted and purified from cell pellets using an RNeasy Mini-Kit (Qiagen) following the manufacturer’s instructions. The RNA concentration was determined by a NanoDrop Spectrophotometer ND-1000 (NanoDrop Biotechnologies). Total RNA (1–2 μg) was retrotranscribed into cDNA using a High-Capacity cDNA Reverse Transcriptase Kit (Thermo Fisher Scientific) according to the manufacturer’s protocol. Then, 20 ng of the total cDNA was subjected to qRT–PCR (at an annealing temperature of 60°C) using Power SYBR Green PCR Master Mix (TAKARA). Assays were performed in triplicate on a QuantStudio 5 Flex Real-Time PCR System (Applied Biosystems). The forward and reverse primer sequences were as follows: Arg-1(forward: 5′- CCACAGTCTGGCAGTTGGAAG; reverse: 5′- GGTTGTCAGGGGAGTGTTGATG); Ym-1 (forward: 5′- CCCTTCTCATCTGCATCTCC; reverse: 5′- AGTAGCAGTCATCCCAGCA); IL-6 (forward: 5′- GGACCAAGACCATCCAATTC; reverse: 5′- ACCACAGTGAGGAATGTCCA); Saa3 (forward: 5′- GCCTGGGCTGCTAAAGTCAT; reverse: 5′- TGCTCCATGTCCCGTGAAC); Gapdh (forward: 5′- AATGTGTCCGTCGTGGATCTGA; reverse: 5′- GATGCCTGCTTCACCACCTTCT); TNF-α (forward: 5′- AGCCCACGTCGTAGCAAACCAC; reverse: 5′- AGGTACAACCCATCGGCTGGCA); CD206 (forward: 5′- GGCAGGATCTTGGCAACCTAGTA; reverse: 5′- GTTTGGATCGGCACACAAAGTC); iNOS (forward: 5′- TCCTGGACATTACGACCCCT; reverse: 5′- CTCTGAGGGCTGACACAAGG);



T Cell Cytotoxicity Assay

CT26–MTA1-knockdown, -overexpressing or control cells (2 × 105) were seeded in 24-well culture dishes for 48 h. RAW264.7 cells were then seeded together with these CT26 cell populations at a 1:2 ratio in RPMI medium with 100 μg ml−1 penicillin/streptomycin (Gibco) containing 10% heat-inactivated FBS (Gibco) and 200 nM glutamine. After 48 h, 4 × 105 CD3- and IL-2-activated T effector cells were added to the culture for an additional 6 h. Cells were trypsinized and stained with Annexin-V, as described below, and analyzed by flow cytometry. Before staining with annexin V, CD45 (Invitrogen, 12-0451-81, 0.015 μg/100 μl) was stained to identify macrophages and lymphocytes from the tumor cells. FSC-A and SSC-A, representing volume and granularity, were used to distinguish macrophages from lymphocytes. In addition, CD11b (Invitrogen, 25-0112-81, 0.06 μg/100 μl) was used to identify macrophages in the coculture system.



Immune Profiling by Flow Cytometry

For the coculture experiment for cell surface staining, 1 × 106 cells were incubated with anti-Fc receptor blocking antibody and stained with the indicated antibodies in PBS, 2% bovine serum albumin and 5 mM EDTA for 30 min on ice. All flow cytometry was performed on a BD flow cytometer (BD FACS ARIA II). Analysis of flow cytometry data was performed using FlowJo_v10.6.2. Flow cytometry antibodies were used as follows: CD45 (Invitrogen, 12-0451-81, 0.015 μg/100 μl), CD11b (Invitrogen, 25-0112-81, 0.06 μg/100 μl), PD-L1 (Biolegend, 124307, 1:50), PD-1 (Biolegend, 114117, 1:50), Ifng (Biolegend, 505809, 1:50), Tigit (Biolegend, 142105, 1:50), CD206 (Abcam, ab64693, 1 μg/ml), CD86 (Abcam, ab269587, 1:50), and CD163 (Abcam, ab182422, 1:60). Cells were discriminated using the following combinations of cell markers after gating on single cells (discriminated by forward scatter area and forward scatter width). CD45 was labeled to select macrophages and T cells. FSC-A, SSC-A and CD11b were labeled to distinguish T cells and macrophages. CD86, CD163 and CD206 were labeled to detect the polarization phenotypes of macrophages.



Bioinformatics Analysis: GSVA and Score Generation

For gene set enrichment analysis (GSEA), we used the Broad Institute Molecular Signatures Database (MSigDB) (https://www.gsea-msigdb.org/gsea/msigdb) to obtain gene annotations of the pathways of interest as the background. In addition, we mapped the collected genes to the background. The R package clusterProfiler (Version 3.14.3) was used for enrichment analysis to obtain the results of gene set enrichment. The minimum gene set included 5 genes, the maximum gene set included 5,000 genes, and a P-value <0.05 and FDR <0.01 were considered statistically significant.

For differential expression analysis, we used the R package limma (version 3.40.6) to obtain differentially expressed genes between groups. For gene set variation analysis (GSVA), we used the R package GSVA (version 1.40.1) (7). Based on RNA expression profiling, we used the Broad Institute Molecular Signatures Database (MSigDB) (https://www.gsea-msigdb.org/gsea/msigdb) to obtain gene annotations of the pathways of interest as the background to score pathways and molecular mechanisms in each sample.

For survival analysis, we used the R package Survival after integrating overall survival time, survival state and expression data of MTA1. In addition, the significance was assessed by COX (8).

Single-cell RNA-seq data were extracted from the Gene Expression Omnibus (accession code GSE132465), comprising 63,687 cells from 23 patients with colorectal cancer, using the provided normalization and cell labels (9). Bulk RNA-seq data of the TCGA colorectal cancer cohort were downloaded from the cBioPortal (http://www.cbioportal.org/).



Statistical Analysis

Two-sided p-values of less than 0.05 were considered statistically significant (ns, not significant; *p <0.05; **p <0.01; ***p <0.001; ****p <0.0001). All statistical analyses were performed in GraphPad 8.3.




Results


The High Level of MTA1 Expression in the TCGA Colorectal Cancer Cohort was Significantly Associated With the Immunosuppressive Signature

MTA1 is generally overexpressed in tumors, and also in colorectal cancer (Figure 1A), and the MTA1 expression level is negatively correlated with the overall survival of the patients in the colorectal cancer cohort (Figure 1B). To explore the effect of MTA1 expression on colorectal cancer immune cell infiltration in the tumor microenvironment, we used the TIMER 2.0 (10) database to evaluate the correlation between the MTA1 expression level and immune cell infiltration score in the colorectal cancer cohort of the TCGA (The Cancer Genome Atlas, TCGA) database. Among the results derived from various immune infiltration evaluation algorithms, the expression level of MTA1 in colorectal cancer was significantly positively correlated with the level of CD8+ T cell infiltration and negatively correlated with macrophage infiltration (Figure 1C). To further evaluate the influence of the MTA1 expression level on the status of the immune response in colorectal cancer, we used ssGSVA to evaluate the innate immunomodulation enrichment score and adaptive immunomodulation enrichment score of each colorectal cancer patient cohort in the TCGA database. The results showed that colorectal cancer patients with high levels of MTA1 expression tended to be enriched with lower immunomodulation enrichment scores, which reflects an immunosuppressive status in their tumor tissues (Figure 1D). Gene set enrichment analysis of the top 500 MTA1 coexpression genes analyzed by the cluster profiler revealed immune biological processes at the top of the list, suggesting that MTA1 may be immune signature-related in colorectal cancer. In the results derived from the Gene Ontology (GO, Figure 1E, left) database and the Kyoto Encyclopedia of Genes and Genomes (KEGG, Figure 1E, right) database, the MTA1 expression level may significantly affect the NF-κB pathway and the NOD-like receptor signaling pathway (Figure 1E). The immune cell infiltration status and immune response status were based on the recruitment and activation of immune cells. In the tumor microenvironment, the recruitment and activation of immune cells rely mostly on cytokines and chemokines. We then analyzed the correlation between the levels of chemokines and MTA1 in colorectal cancer cell lines in the Cancer Cell Line Encyclopedia (CCLE) database, and there was a significant negative correlation between the levels of MTA1 and the panel of chemokines. Most of the chemokines were downregulated with MTA1 overexpression in colorectal cancer cell lines (Figure 1F).




Figure 1 | MTA1-driven immunosuppressive tumor microenvironment in colorectal cancer. (A) Pan-cancer expressional characterization of MTA1 in tumor and normal tissues from the TCGA database. (B) Kaplan–Meier curves of overall survival of patients with MTA1-high and MTA1-low tumors. The MTA1-high group included patients whose tumors expressed MTA1 mRNA at the level of the upper 25%. The MTA1-low group included patients whose tumors expressed MTA1 mRNA at the level of the lower bottom 25%. COAD and colon adenocarcinoma were defined in the TCGA dataset. P-values correspond to two-sided log-rank analyses. (C) Immune infiltration based on bulk RNA-seq transcriptome data from the TCGA database assessed by different algorithms. (D) Heatmap representing the correlation between MTA1 expression level and enrichment score defined by GSVA of signaling cascades from MSigDB related to immunomodulation in the TCGA colon adenocarcinoma cohort. (E) Gene set enrichment of the top 500 MTA1 coexpression genes (p-adjust <0.05; cluster Profiler). (F) Pearson correlation between the expression of MTA1 and chemokines in colon cancer cell lines in the CCLE database (p-value <0.05). (G) Enrichments of the indicated immune cell populations calculated via the Cibersortx algorithm in MTA1-high versus MTA1-low populations (low: n = 92; high: n = 87; unpaired two-tailed t test). (H) Differentially expressed gene (DEG) in MTA1-high versus MTA1-low populations (low: n = 128; high: n = 128; limma). The meaning of symbols was provided in Statistical Analysis.



We then performed a more detailed deconvolution of 22 immune cell types with CIBERSORTx (11), which showed significantly enriched scores for CD8+ T cells, memory resting CD4+ T cells, activated NK cells, DC cells, mast cells, and regulatory T cells (Treg cells) and, more notably, for macrophages in the MTA1-high group versus the MTA1-low group of colorectal cancers (Figure 1G). Among the significantly affected immune cells, direct tumor killers, CD8+ T cells and NK cells were enhanced with MTA1 upregulation. The immune cells supporting the effect of cytotoxic cells were generally decreased with MTA1 upregulation.

The differentially expressed gene sets between patient populations within the top and bottom 25th percentiles of the MTA1 expression level mainly fell in the family of chemokines (Figure 1H, left), common immunostimulators (Figure 1H, middle), and immunosuppressors (Figure 1H, right), as shown. Thus, we found that in MTA1-upregulated colorectal cancer, immune factors were generally downregulated. Altogether, these above data suggest that the expression of MTA1 significantly affects the immune status in colorectal cancers.



Colorectal Cancer Cells Expressing High Levels of MTA1 Downregulate the Expression of Cytokines Recruiting Monocytes and Macrophages

We found that chemokines were mostly downregulated in the MTA1-high group, among which CCL2 was one of the most prominent chemokines. The results derived from CCLE database analysis also displayed a significant difference in the expression of CCL2 between tumor cells with high or low MTA1 levels. Solid tumors are continuously seeded by blood monocytes to sustain large intratumoral macrophage populations (12), and monocyte recruitment to the tumor bed is dependent on the CCL2–CCR2 axis (13–16). The downregulation of CCL2 in MTA1-overexpressing colorectal cancer impaired the recruitment of monocytes and finally formed macrophages with a relatively decreased tumor microenvironment.

To confirm the results derived from the TCGA COAD cohort, we performed a cytokine antibody array to detect cytokine secretion in HCT116 human colon cancer cells of the control group and MTA1-overexpressing group (Figure 2A). Consistent with the results derived from bioinformatic analysis, CCL2, CCL7, CCL20, and CXCL12 were all downregulated in MTA1-overexpressing cells. In particular, the downregulation of CCL2 was significantly associated with the absence of macrophages in the MTA1-high tumor group. In addition to the downregulation of cytokines, the inflammatory stimulators IL-6 and SAA3P were also downregulated in MTA1-overexpressing CT26 mouse colon cancer cells (Figure 2B). Gene set enrichment analysis was performed to analyze the differentially expressed genes in the MTA1-knockdown HCT116 cells versus the control HCT116 cells, and the NF-κB pathway was also enriched, as shown by the TCGA results (Figure 2C).




Figure 2 | MTA1-driven immunosuppressive secretome and educated myeloid cells in colorectal cancer. (A) Expressional characterization of chemokines in MTA1-overexpressing and control HCT116 human colorectal cancer cells. (B) qRT–PCR detected the expression of cytokines, the inflammation stimulators IL-6 and SAA3P, in MTA1-knockdown, MTA1-overexpressing and control CT26 mouse colorectal cancer cells. (C) Gene set enrichment analysis of differentially expressed genes between MTA1-knockdown and control HCT116 cells. (D) Antigen presentation-associated gene set enrichment scores of dendritic cells (DCs) and macrophages (Macros) in the MTA1-high tumor group, MTA1-low tumor group and normal tissue group. The expression profiles of single DCs or macrophages were used to perform GSVA. (E) Tumor-associated macrophage expressional features of macrophages in the MTA1-high tumor group versus the MTA1-low tumor group. The expression profiles of single macrophages were used to perform differential analysis. The meaning of symbols was provided in Statistical Analysis.



To illustrate the effect of MTA1 expression in cancer cells on the function of macrophages, we analyzed single-cell RNA-seq data from the GEO database. In this analysis, tumor cells, DCs and macrophages were the main cell types of concern. We aimed to explore how MTA1-overexpressing tumors affected the function of DCs and macrophages; therefore, we divided the samples into the MTA1-high group and the MTA1-low group based on the MTA1 expression level in tumor cells. Then, we assessed the enrichment score of antigen presentation-associated pathways in DCs and macrophages by the GSVA algorithm. Finally, we compared the enrichment score of antigen presentation-associated pathways in the MTA1-high group with the MTA1-low group. The results revealed a significant downregulation of antigen presentation-associated pathways in the MTA1-high group (Figure 2D). In addition, we found that markers of M2-like markers for tumor-associated macrophages were significantly upregulated in macrophages in the MTA1-high samples (Figure 2E) (17, 18).

The preliminary analysis of colon cancer cells and single-cell RNA-seq data revealed that high-level MTA1 tends to transform the function and quantity of macrophages into an immunosuppressive state.



Higher MTA1 Expression in Colorectal Cancer was Linked to Lower Macrophage Density and Higher Density of CD8+ T Populations

To investigate the immune landscape within colorectal cancer, tissue arrays from 180 patients were prepared from paraffin-embedded (FFPE) tumor samples (Supplementary Table 1; see Materials and Methods section). A set of H&E-stained tissue sections was reviewed by an anatomical pathologist (CM) to identify tumor (T) and nontumor normal (N) regions, which we referred to as regions of interest (ROIs) (Figure 3A; see Materials and Methods). The serially sectioned tissue arrays were stained with the m-IHC panel (Figure 3B, HE) to distinguish ROIs. A supervised image analysis system (inForm33) was used to identify every single cell by the positive index of DAPI (Figure 3B) and to segment each image into tumor areas (α-SMA−), nontumor (α-SMA+) areas and blank areas (Figure 3B). In addition, cell phenotyping data were obtained based on the patterns of marker expression (Figures 3C–E).




Figure 3 | Spectrum landscape of the MTA1-driven tumor microenvironment. (A) Regions of interest (ROIs): tumor tissue and nontumor tissue. (B) Composite image (unfiltered image), H&E, single-stained DAPI, cell segmentation of single cells, single-stained α-SMA, and tissue-component segmentation of the same region. (C) Representative composite and single-stained IHC images of multiplex IHC panel No. 1. (D) Major TAM populations. Positivity (+) of corresponding markers and relative intensity between populations are indicated. (E) Representative composite and single-stained IHC images of multiplex IHC panel No. 2. (F) Pearson correlation between MTA1 score and immune cell infiltration density in colorectal cancer patients. (*p-value <0.05, **p-value <0.01, ***p-value <0.001). (G) 3D plots showing the intensities of TAM populations per group.



Macrophages in the tumor microenvironment are roughly classified into three populations: tumor-associated macrophages (TAMs) derived from recruited monocytes, tissue-resident macrophages and myeloid-derived suppressor cells (MDSCs). TAMs are the most abundant population in the tumor microenvironment. The polarization status of macrophages is roughly classified as classically activated M1 and alternatively activated M2. Classically activated M1 subtypes are recognized as proinflammatory and express markers such as MHC II, CD68, CD80, CD86 and INOS (19). Alternatively, activated M2 subtypes are recognized as anti-inflammatory and express markers, such as CD206, CD163 and Arg-1. The markers expressed by subtypes displayed differential metabolizing status. CD206 is a marker of glutamine metabolism (20), CD163 is a marker of iron metabolism (21), and ARG1 is associated with tumor-derived lactic acid (22). Therefore, three macrophage markers were analyzed at the single-cell level, and three typical populations were characterized and validated (Figure 3D). CD68 positivity was used as the criterion to identify macrophages (Figure 3D). Macrophages were further subdivided based on the positivity and relative intensity of other markers. M1-like TAM populations were identified by the CD163−/CD206−/CD86+ phenotype. M2-like TAM populations were identified by the presence of CD163+ or CD206+ (23).

We also stained CD8, CD4 and CD20 to monitor the infiltration of CD8+ T cells, CD4+ T cells and B cells (Figure 3E). The results showed that MTA1 expression was significantly negatively correlated with the infiltration density of CD68+/CD86+ macrophages, while it was significantly positively correlated with the infiltration of CD8+ T cells and CD68+/CD206+ macrophages. In addition, we found a significant correlation between CD4+ T cell infiltration density and CD20+ B cell infiltration density in the clinical colorectal cancer cohort (Figure 3F). Although the infiltration of CD4+ T cells and CD20+B cells was not significantly associated with the expression of MTA1, but the significant correlation and intercellular interaction between CD4+ T and B cells have been mentioned in numerous studies. B cells was generally recognized as a positive factor for immunotherapy response, especially B cells which are localized in lymphoid follicles of tertiary lymphoid structures (TLS) that increased percentages of tumor antigen-specific B cells and induced antitumor responses of T cells. These B cells are critically dependent on their interactions with CD4+ follicular helper T cells (Tfh) which provide signals necessary for the survival and proliferation of these B cells (24–26).

The individual macrophages for all patients were plotted based on the intensity of CD86, CD163, and CD206 (Figure 3G), providing a spectrum of macrophage populations according to MTA1 levels. These data clearly displayed evidence of differential macrophage polarization between the MTA1-high and MTA1-low groups.



Colorectal Cancer Cells Expressing Higher Levels of MTA1 Induced Macrophage Polarization Into M2-Like Tumor-Associated Macrophage (TAM) Phenotypes

To explore the influence of MTA1 expression in tumor cells on the polarization of macrophages in the tumor microenvironment, we separately cocultured MTA1-knockdown, MTA1-overexpressing and control CT26 mouse colorectal cancer cells with mouse macrophages. Macrophages cocultured with MTA1-overexpressing colorectal cancer cells significantly upregulated the M2-like macrophage markers Arg-1, CD206 and Ym1 (Figure 4A) but significantly downregulated the expression of the immunostimulator IL-6 (Figure 4A). The differences in the expression of the M1-like macrophage marker INOS and the immunoinhibitors TNF-α and IL-10 were not significant between the groups (Figure 4A) (27). In the results of phenotype analysis by flow cytometry, colorectal cancer cells expressing higher MTA1 promoted the polarization of macrophages to the CD206+ phenotype (Figure 4C) while inhibiting CD163+ polarization (Figure 4D) without affecting the polarization of the CD86+ phenotype (Figure 4B). In addition, we found that CT26 colorectal cancer cells barely expressed PD-L1 (Figure 4F). In the coculture system, PD-L1 was mainly expressed on macrophages, and CT26 cells expressing lower MTA1 expression promoted macrophages to express significantly upregulated PD-L1 in comparison with other groups (Figure 4E). By staining PD-L1 expression on the cancer tissue array from our clinical colorectal cohort, we confirmed the expression pattern of PD-L1 in colorectal cancer. The expression of PD-L1 in tumor cells was relatively lower than that in macrophages. The expression of PD-L1 was relatively higher in macrophages and other cells that were not stained in our panels (Figure 4G). Analysis of the correlation of the PD-L1 immunohistochemical score and the macrophage infiltration density revealed a significant positive/negative correlation between PD-L1 expression and macrophage infiltration density in colorectal cancer (Figures 4H, I).




Figure 4 | MTA1 drives the polarization of macrophages in colorectal cancer. (A) qRT–PCR analysis of macrophage polarization-related genes in cell line Raw264.7 cocultured with cell line CT26 (MTA1-ctrl), and CT26 depleted for MTA1 (MTA1-KD) or enforced to express MTA1(MTA1-OE) for 48 h. (B) Flow cytometry analysis of macrophage polarization-related marker CD86 in cell line Raw264.7 cocultured with cell line CT26 of the control (MTA1-ctrl) and CT26 depleted of MTA1 (MTA1-KD) or enforced to express MTA1(MTA1-OE) for 48 h. (C) Flow cytometry analysis of macrophage polarization-related marker CD206 in cell line Raw264.7 cocultured with cell line CT26 (MTA1-ctrl), CT26 depleted of MTA1 (MTA1-KD) or CT26-overexpressing MTA1(MTA1-OE) for 48 h. (D) Flow cytometry analysis of macrophage polarization-related marker CD163 in cell line Raw264.7 cocultured with cell line CT26 (MTA1-ctrl), CT26 depleted of MTA1 (MTA1-KD) or CT26-overexpressing MTA1 (MTA1-OE) for 48 h. (E) Flow cytometry analysis of immune checkpoint, PD-L1, in cell line Raw264.7 cocultured with cell line CT26 (MTA1-ctrl), CT26 depleted of MTA1 (MTA1-KD) or CT26-overexpressing MTA1(MTA1-OE) for 48 h. (F) Flow cytometry analysis of immune checkpoint PD-L1 in cell line CT26 (MTA1-ctrl), CT26 depleted of MTA1 (MTA1-KD) or CT26-overexpressing MTA1(MTA1-OE) cocultured with cell line Raw264.7for 48 h. (G) The expression pattern of PD-L1 in clinical colorectal cancer tissue array. (H) Correlation between PD-L1 score and infiltration density of CD68+ macrophages in colorectal cancer tissue array. (I) Correlation between PD-L1 score and infiltration density CD163+ macrophages in colorectal cancer tissue array. The meaning of symbols was provided in Statistical Analysis.



In total, MTA1-overexpressing colorectal cancer cells significantly induced polarization of macrophages into M2 tumor-associated macrophage (TAM) phenotypes. In addition, we found that colorectal cancer cells rarely expressed PD-L1, suggesting that PD-L1 in the colorectal tumor microenvironment was mainly produced by macrophages and other nontumor cells.



Macrophages Help Kill T Cells in Colorectal Cancer Models

As above, we found a positive correlation between the MTA1 expression level and CD8+ T cell infiltration. CD8+ T cells are the main immune cells that directly exert antitumor effects. Therefore, we focused on the influence of MTA1 expression and its influence on macrophages on the activation of T cells. The results from flow cytometry showed that higher MTA1 expression in CT26 colorectal cancer cells promoted the secretion of Ifng in T cells (Figure 5B), reflecting T cell activation (28). In addition, we detected the immune checkpoints PD-1 and Tigit in T cells (29) and found that the expression of PD-1 (Figure 5C) and Tigit (Figure 5A) was not significantly different between the groups. However, the presence of macrophages in the coculture system significantly upregulated PD-1 expression levels (Figure 5C) and downregulated the expression of Ifng (Figure 5B) and Tigit (Figure 5A) in T cells. This suggests that macrophages suppress the activation of T cells. However, the presence of macrophages significantly decreased the apoptosis of T cells in the coculture system (Figure 5D), especially in the MTA1 knockdown group (Figure 5D).




Figure 5 | MTA1-driven functional activation of T cells in colorectal cancer. (A) Flow cytometry analysis of immune checkpoint Tigit in T cells isolated from mouse spleen and cocultured with cell line CT26 (MTA1-ctrl), CT26 depleted of MTA1 (MTA1-KD) or CT26 overexpressing MTA1(MTA1-OE) for 6 h. (B) Flow cytometry analysis of activation marker of T cell, Ifng, in T cells isolated from mouse spleen cocultured with cell line CT26 (MTA1-ctrl), CT26 depleted of MTA1 (MTA1-KD) or CT26 overexpressing MTA1(MTA1-OE) for 6 h. (C) Flow cytometry analysis of immune checkpoint PD1 in T cells isolated from mouse spleen cocultured with cell line CT26 (MTA1-ctrl), CT26 depleted of MTA1 (MTA1-KD) or CT26 overexpressing (MTA1-OE) for 6 h. (D) Flow cytometry analysis of apoptosis using Annexin V in T cells isolated from mouse spleen cocultured with cell line CT26 ((MTA1-ctrl), CT26 depleted of MTA1 (MTA1-KD) or CT26 overexpressing MTA1(MTA1-OE) for 6 h. (E) Flow cytometry analysis of apoptosis marker, Annexin V, in cell line CT26 ((MTA1-ctrl), depleted of MTA1 (MTA1-KD) or overexpression for MTA1(MTA1-OE) cocultured with T cells isolated from mouse spleen for 6 h. (M, Macrophages; T, T cells). The meaning of symbols was provided in Statistical Analysis.



Next, we performed a T cell cytotoxicity assay to further investigate the effect of MTA1 expression in colorectal cancer cells on T cell cytotoxicity in the tumor microenvironment (Figure 5E). Macrophages alone did not show a tumor-killing effect, while they enhanced the killing effects of T cells on tumor cells in the coculture system. In the coculture system, cancer cells expressing higher MTA1 suppressed the tumor-killing effect of T cells, and additional macrophages increased the killing effects of T cells on cancers.

These results indicated that MTA1 overexpression-correlated macrophage exclusion in tumor cells exacerbates the immunosuppressive state of the tumor macroenvironment.



MTA1 Overexpression Attenuated the Interaction Between Cancer Cells and Effector T Cells, Which Could be Rescued by Macrophage Completion

The most important manner in which effector T cells kill cancer cells is to directly interact with tumor cells and establish immunological synapses to perform accurately polarized secretion, ensuring that CTLs destroy only the recognized cells but not neighboring bystanders (30). Thus, we analyzed the interaction between tumor cells and T cells under various conditions with or without macrophages. First, we primarily compared the detection index of FCS, which represents the volume of cells, to exclude potential fluorescence crosstalk signals. The average FSC-A was equally increased in the cancer cell-T cell coculture system compared with the single cancer cell groups, indicating the reliability of the system to detect the interaction between T cells and cancer cells (Figure 6A). We found that the interaction between tumor cells and T cells in the MTA1-overexpressing group was significantly decreased compared to that of the control and MTA1-knockdown groups. Furthermore, when labeling the T cells with the immune markers Ifng or Tigit, the interaction between tumor cells and both T cells expressing Ifng (Figure 6B) or T cells expressing the immune checkpoint Tigit was significantly decreased in the MTA1-overexpressing group (Figure 6C). When macrophages were added to the coculture system, the difference in the interaction between different groups became insignificant. In addition, the interaction between macrophages and PD-1+ T cells was significantly increased by MTA1 overexpression (Figure 6D). However, the addition of macrophages enhanced the interaction between T cells and MTA1-overexpressing tumor cells, eliminating the difference between the interaction of T cells with MTA1-high and MTA1-low cancer cells (Figure 6E).




Figure 6 | MTA1-driven difference in interaction between tumor cells, macrophages and T cells in colorectal cancer. (A) The average volume variation of a single macrophage or object of interacting T cells and macrophages. (B) Flow cytometry analysis of the interaction between T cells (all CD45-positive T cells and Tigit-positive T cells) and CT26 tumor cells (MTA1-ctrl), CT26 cells depleted of MTA1 (MTA1-KD) or CT26 cells overexpressing MTA1 (MTA1-OE). (C) Flow cytometry analysis of interaction between T cells (all the CD45 positive T cells and Ifng positive T cells) and tumor cells, CT26 (MTA1-ctrl), depleted of MTA1 (MTA1-KD) or overexpression of MTA1 (MTA1-OE). (D) Flow cytometry analysis of the interaction between T cells (all the CD45 positive T cells and Tigit positive T cells) and macrophages cocultured with CT26 (MTA1-ctrl), depleted of MTA1 (MTA1-KD) or overexpression for MTA1 (MTA1-OE) for 6 h. (E) Flow cytometry analysis of interaction between T cells (PD1 positive T cells) and tumor cells, CT26 (MTA1-ctrl), depleted of MTA1 (MTA1-KD) or overexpression of MTA1 (MTA1-OE) in the cocultured system with macrophages. The meaning of symbols was provided in Statistical Analysis.



In summary, the high expression of MTA1 in colorectal cancer decreased the interaction between tumor cells and T cells, which can be rescued by the presence of classical macrophages. Unfortunately, with still unverified mechanisms, macrophages were always lacking in the tumor microenvironment with MTA1 overexpression. The combinational consequence of MTA1 overexpression is a markedly suppressed immune microenvironment.




Discussion

As we recognize tumors as a complex microenvironment in which various cell types interact with each other, contributing to the phenotypes of the entire tumor, we are facing the new challenge of understanding the mechanisms of the interaction network between cell types and how they influence cancer treatment practice (1, 31, 32).

Due to progress in biological technologies, it has been possible to identify different subclasses in the immune microenvironment (TIME) of tumors. The immune signatures in the microenvironment are predictive of patient outcomes and the response to immunotherapy and leads to novel therapeutic strategies (33–35). Therefore, it is urgent to interpret the immune profiles in cancer.

In our previous research, we reported overexpression of MTA1 in the majority of cancer types, which contributes to the malignant phenotypes of cancers, especially metastatic behaviors (36–39). We found clues that highly expressed MTA1 is associated with immune signatures in the tumor microenvironment. Here, we report the ability of MTA1 to rewire the transcriptome and proteome of colorectal cancer cells, resulting in an immunosuppressive microenvironment. Mechanistically, we described that the chemokines and cytokines downregulated by MTA1 in cancer cells may result in decreased macrophages in the tumor microenvironment. We also found that macrophage polarization was affected. Colorectal cancer cells expressing high levels of MTA1 tend to induce M2-like macrophages. The polarization phenotypes were significantly different in MTA1-high versus MTA1-tumors.

In addition, we found enrichment of CD8+ T cells in the MTA1-high patient group. However, the enrichment of CD8+ T cells was not significantly correlated with patient survival. We hypothesized that the enriched CD8+ T cells were functionally impaired or that cancer cells expressing high levels of MTA1 may be intrinsically resistant to the killing effects of CD8+ T cells. Subsequent investigation showed that decreased macrophages at high MTA1 levels significantly affected the tumor killing of T cells. The completion of macrophages into the coculture system significantly restored the tumor-killing function of T cells. The existence of macrophages in the microenvironment significantly improved the interaction between T cells and cancer cells. Numerous studies have also mentioned the essential crosstalk between myeloid cells and T cells in the antitumor immune response (40–43). Activated T cells stimulated by aPD-1 or other cytokines expressed IFN-γ and other proinflammatory cytokines; however, the antitumor effect of activated T cells was dependent on the presence of myeloid cells, such as DCs, CD14+ macrophages and CXCL9+ macrophages. Not only the presence of myeloid cells but also crosstalk between myeloid cells and T cells were necessary for the antitumor effect of T cells. In our study, we also emphasized that the relatively decreased macrophages impaired the antitumor effect in MTA1-overexpressing colorectal cancer. However, the crosstalk network between myeloid cells and T cells still needs to be solved, and the detailed mechanisms by which myeloid cells stimulate antitumor phenotypes should be further clarified to design clinical therapeutic strategies.

MTA1 was first reported as a metastasis-associated molecule in breast cancer, and then, the functions and tumorigenic potential of MTA1 were gradually recognized. MTA1 affects the biological behaviors of tumors from genetic and epigenetic aspects (36–39). In this study, the results suggested an MTA1-derived immunosuppressive signature in the tumor microenvironment. In more detail, MTA1 remodeled the tumor microenvironment into a CD8+ T cell-enriched and classical macrophage-lacking microenvironment (Figure 7). Based on the characteristics of the MTA1-derived immunosuppressive microenvironment, we can further focus on enhancing the tumor-killing effect of CD8+ T cells by interfering with the MTA1 level since it intermediates the interaction between CD8+ T cells and tumor cells.




Figure 7 | Schematic model of colorectal cancer with lower and higher MTA1 expression. Summary of the main conclusions from this study. In brief, MTA1 was found to rewire the transcriptome and proteome of colorectal cells to promote an immunosuppressive tumor microenvironment. MTA1-overexpressing colon cancer cells significantly decreased the expression levels of the CCR2 ligands CCL2 and CCL7, among others, which were able to attract macrophages. This microenvironment of MTA1-overexpressing colorectal cancer ultimately leads to CD8 T cell enrichment but a lack of classical macrophages. Macrophages enhanced the cytotoxic effect of T cells while enhancing the interaction of T cells and cancer cells. In MTA1-overexpressing colorectal cancer, the absence of macrophages impaired the cytotoxic effect of T cells, decreased the interaction of T cells and cancer cells, and finally resulted in an immunosuppressive tumor microenvironment.



There are certain limitations to roundly defining the detailed functions of CD8+ T cell subtypes and macrophage subtypes induced by MTA1-high tumor cells. In this study, we only focused on the tumor-killing pathway by cytotoxicity. This research suggested that the absence of macrophages significantly decreased the cytotoxicity of CD8+ T cells. Limited by the complex interaction and secretion in the tumor microenvironment, we have not yet defined the core chemokine regulation networks between tumor cells, CD8+ T cells and macrophages derived by MTA1. According to the results in this study, it is highly probable that macrophages enhance cytotoxicity by maintaining the survival of CD8+ T cells and antigen presentation (44), and it is worth elucidating the detailed mechanism in further studies.

In conclusion, our results show that MTA1 overexpression in colon cancer drives a CD8+ T cell-rich but exhausted phenotype by decreasing macrophage intensity and inducing M2-like macrophage polarization. The importance of MTA1 on macrophages for the antitumor effects of CD8+ T cells implies an immunosuppressive tumor microenvironment by MTA1 overexpression in cancers. Our report guarantees further study on whether MTA1 can serve as a marker for the sensitivity of cancers to immunotherapy or even as an immunotherapy target in combination with current immune checkpoint blockers.
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Esophageal squamous cell carcinoma (ESCC) is one of the most common cancers in the world, with a high rate of morbidity. The invasion and metastasis of ESCC is the main reason for high mortality. More and more evidence suggests that metastasized cancer cells require cellular elements that contribute to ESCC tumor microenvironment (TME) formation. TME contains many immune cells and stromal components, which are critical to epithelial–mesenchymal transition, immune escape, angiogenesis/lymphangiogenesis, metastasis niche formation, and invasion/metastasis. In this review, we will focus on the mechanism of different microenvironment cellular elements in ESCC invasion and metastasis and discuss recent therapeutic attempts to restore the tumor-suppressing function of cells within the TME. It will represent the whole picture of TME in the metastasis and invasion process of ESCC.
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1 Introduction

Esophageal squamous cell carcinoma (ESCC) is one of the most common cancers in the world, with high rates of morbidity and mortality (1). More than half of the ESCC patients are in advanced stages when they are first diagnosed. Extensive metastases prevent patients from having radical surgery, which is the only clinical method of curing ESCC currently (2). The Food and Drug Administration (FDA) has approved a number of new immune and targeted drugs, such as programmed cell death protein 1 (PD-1) inhibitors and human epidermal growth factor receptor-2 (Her-2) inhibitors for advanced ESCC treatment, but the survival rate of those advanced patients is still low (3, 4). It is reported that the 5-year survival rate for advanced esophageal cancer (19%) was on par with lung cancer (19%) and next only to liver cancer (18%) and pancreatic cancer (9%) (5, 6). Local invasion and distant metastasis of ESCC are the main reasons for the failure of treating these advanced patients. Therefore, further molecular research of the ESCC landscape has the potential to ascertain new biomarkers and molecular targets that affect ESCC progression and enable the design of new therapeutic strategies (7).

Recently, the central role of the tumor microenvironment (TME) in the invasion and metastasis of de novo ESCC has been identified. TME includes immune cells, fibroblasts, endothelial cells, perivascular cells, neurons, and extracellular matrix. There is increasing evidence that TME plays an important role in cell proliferation, cell survival, epithelial–mesenchymal transition (EMT), angiogenesis/lymphangiogenesis immunosuppression, invasion, and metastasis (8, 9). TME is a dynamic environment constantly reshaped by tumor and tumor-associated cells to make tumor cells survive well (10). Thus, TME is now regarded as a target-rich environment for the development of novel anticancer drugs in ESCC. Actually, many drugs that focus on diverse components of TME, including vascular endothelial growth factor (VEGF) and immune checkpoints, have been approved for clinical use (11, 12).

In this review, we summarize recent advances in how ESCC cells recruit and modify cells in the immune microenvironment to make them more conducive to metastasize and how those factors in the TME support the ESCC invasion and metastasis. Also, we discuss the regulation of abnormal molecular signaling pathways and networks stimulated by tumor and TME interactions, which might provide new diagnostic, prognostic, or therapeutic opportunities.



2 Invasion and Metastasis Process of Esophageal Squamous Cell Carcinoma

Metastasis is the process by which circulating tumor cells colonize in other tissues or organs and become diffuse tumor cells. However, only 0.01% of circulating tumor cells have been reported to successfully colonize and grow into diffuse tumor cells (13, 14). It is because the circulating tumor cells are seriously influenced by the human local microenvironment. The “seed and soil” hypothesis raised by Paget can be used to well characterize this process (15). Tumor cells in situ (“seeds”) tend to stay on some specific target organs (“soil”), which have TME beneficial to the survival of tumor cells. At present, it is supposed that there are three main steps for the formation of a metastasis niche: first, the primary tumors secrete some factors around them (invasion), exosomes, and micro-vesicles (metastasis) to create the pre-metastatic niche (16, 17). Then, those factors induce immune cells, such as marrow-derived suppressor cells (MDSCs), macrophages, dendritic cells (DCs), neutrophils (18, 19), and regulatory T cells (Tregs) to polarize into tumor-promoting cells. Also, some stromal components such as cancer-associated fibroblasts (CAFs) promoting angiogenesis, secreting cytokines, inducing EMT, recombining matrix components, recruiting inflammatory cells to help ESCC cells invade and metastasize (20, 21), and other factors (hypoxia, etc.) (17). Finally, all those factors remodel the microenvironment into TME, and invasion and metastasis occur (Figure 1).




Figure 1 | The process of ESCC invasion and metastasis. ESCC, esophageal squamous carcinoma; MDSC, marrow-derived suppressor cell; Tregs, regulatory T cells; CAFS, cancer associated fibroblasts; EMT, epithelial—mesenchymal transition; TAM, tumor-associated macrophage; TAN, tumor-related neutrophil; ECM, extracellular matrix; CSCs, cancer stem cells.



Lymphatic metastasis is the most common way of ESCC metastasis, which is determined by the characteristics of lymphatic reflux in the esophageal wall (22, 23). Also, lymph node metastasis is the most important prognostic factor of ESCC. As to the “seeds and soil” hypothesis, lymph node metastasis is not a simple process of direct migration of ESCC cells. Many kinds of literature have reported that the niche of ESCC lymph nodes has changed significantly before metastasis (24, 25). It has been shown that the lymph node immune status of pN0 and pN1 patients is completely different. There is an obvious activated pattern of immune response in the pN0 patients. On the contrary, pN1 patients show a distinct pattern of inhibition, such as reduced immune response, immune cell proliferation, and increased immune cell apoptosis (26, 27). It means that in the early stage of ESCC metastasis, drainage of tumor antigens to lymph nodes results in the antitumor status. However, as time goes on, more and more tumor secretory factors and immunosuppressive cells will accumulate. Then, the immune state of lymph nodes will change from antitumor to pro-tumor mode until the tumor cells first colonize and metastasize (28). Therefore, an in-depth study of the interaction between tumor cells and the immune microenvironment and how it promotes the ESCC invasion and metastasis will guide the development of future diagnosis and treatment strategies.



3 The Role of Tumor Microenvironment in Esophageal Squamous Cell Carcinoma Invasion and Metastasis


3.1 Immune Modulation Promotes Esophageal Squamous Cell Carcinoma Invasion and Metastasis

Tumors escaping from the immune system are the key to tumor invasion and metastasis. Tumor cells can form specific TME that inhibits antitumor immune response by recruiting various alternative tumor-associated immune cells or expressing inhibitory molecular factors (Figure 2). Specific immune cell types and influencing factors in ESCC will be discussed below.




Figure 2 | How tumor microenvironment support ESCC invasion and metastasis. ESCC, esophageal squamous carcinoma; MD.SC, man-our-derived suppressor cell; DC, dendritic cell; Treg, regulatory T cell; CAE, Cancer associated fibroblast; VEGF, vascular endothelial growth factor; NK cell, natural killer cell; TAM, tumor-associated macrophage; TAN, tumor-related neutrophil; ECM, extracellular matrix; CSCs, cancer Stem cells.




3.1.1 Myeloid-Derived Suppressor Cells

Myeloid-derived suppressor cells (MDSCs) are the suppressive cell population of the immune system, which play a pivotal role in the TME (29). MDSCs can greatly inhibit the cytotoxic function of T cells and NK cells during circulation and support ESCC progression (30). The specific markers of MDSCs are most often identified by the expression of CD11b and lack of HLA-DR expression (31). In ESCC, MDSCs produce reactive oxygen species (ROS) and peroxynitrite (ONOO−), which block the activation and proliferation of T cells to disrupt immune responses (32). Also, MDSCs inhibit the proliferation of CD8+ T cells by phosphorylating T-cell receptor (TCR) and CD8 molecules during direct interaction with T cells, which results in the downregulation of immune activity (33, 34). In addition, VEGF produced by MDSCs promotes tumor angiogenesis, creates a pre-metastasis environment, and prolongs immunosuppression (35, 36). Furthermore, it has been demonstrated recently that MDSCs could paralyze T cells by cell–cell transfer of the metabolite methylglyoxal, which would reduce the antitumor immunity of T cells and promote invasion and metastasis (37). Further research into the biology of MDSCs, especially the functions of specific population cells, will provide directions for therapeutic development.



3.1.2 Regulatory T Cells

Tregs, a subgroup of CD4+ helper T cells identified by CD25 and Foxp3 expression, play an immunosuppressive role in cancer. Tregs attenuate antitumor immunity by secreting immunosuppressive cytokines, interfering with tumor-associated antigen presentation, and inhibiting cytotoxic cell function (38, 39). It has been demonstrated that Foxp3 expression in ESCC means a poor prognosis (40, 41). It is reported that FOXP3 might directly inhibit the IL-2 and promote cytotoxic T lymphocyte-associated antigen 4 (CTLA4) and CD25 expression (42). In ESCC, increased recruitment of Tregs is mediated, at least in part, by chemokines CCL17 and CCL22, secreted by tumor cells and macrophages (43). It has been reported that IL-33, which has a high expression in ESCC, could promote CCL2 expression via the NF-κB pathway and then recruit Tregs to promote ESCC migration (44, 45). Treg infiltration has been found to be prognostic, and more Tregs are often associated with deeper tumor invasion, extensive metastasis, and reduced survival (46, 47). Tregs have several context-dependent functions that are not well described, which poses challenges for ESCC invasion and migration.



3.1.3 Tumor-Associated Macrophages

Tumor-associated macrophages (TAMs) promote various pro-tumor mechanisms. Macrophages are classified into M1 and M2 types, of which M2 macrophages secreted type II cytokines to facilitate various pro-tumorigenic mechanisms (48). The specific markers of TAMs are most often identified by expression of iNOS for M1 type and CD163 for M2 type. Hypoxia can induce M2 polarization, and then TAMs will produce growth factors and proteases that promote tumorigenesis and inhibit the immune system, angiogenesis, invasion, and metastasis (49, 50). CD68+ PD-1+ TAMs in ESCC TME tend to be of M2 phenotype, which can result in the upregulation of PD-L1 expression in tumor cells and promote ESCC invasion and migration (51, 52). Activation of the AKT/ERK pathway is a driving force for ESCC cell invasion and migration, and this pathway can be triggered by a variety of factors produced by TAMs or cancer cells themselves (53, 54). CD163+ TAMs can also promote ESCC cell invasion and migration by releasing thymidine phosphorylase (TP) to augment angiogenesis and produce IL-1β to enhance EMT (55, 56). The M2/M1 macrophage ratio of ESCC patients has also been used as a predictor of lymph node metastasis (57). All of these suggest potential intervention and immunotherapy strategies for TAMs in the invasion and migration of ESCC patients.



3.1.4 Tumor-Associated Neutrophils

Tumor-associated neutrophils (TANs) are completely different from circulating neutrophils (58). Transforming growth factor-β (TGF-β) in TME promotes the transformation of neutrophils from antitumor N1 to pro-tumor N2 (59). Unlike M1 and M2, there is no suitable marker to indicate the N1 and N2 neutrophils in the tumor (60). The study of TANs mainly focuses on the neutrophil-to-lymphocyte ratio (NLR) (60). It has been reported that preoperative NLR elevation was associated with lymph node metastasis, deeper tumor invasion, and advanced TNM stage (61). Neutrophils will undergo apoptosis after activation, forming neutrophil extracellular traps (NETs), which have been shown to predict the lymph node and distant metastasis (62, 63). All of these indicate that TANs can be a good predictor of ESCC invasion and migration.



3.1.5 Mast Cells and Eosinophils

Mast cells (MCs) and eosinophils often co-participate in response to parasitic infections and allergic diseases (64). In the TME of ESCC, high MC density has been found to be closely associated with tumor angiogenesis, invasion, and metastasis and predicts poor survival in ESCC patients (65, 66). It is reported that trypsin release from MCs promotes tumor cell metastasis through exosomes (67). Yet the high expression of eosinophils has been reported to be positively associated with low rates of metastasis in early ESCC patients (68). Also, it has been reported recently that metastasis-entrained eosinophils could promote lymphocyte-mediated antitumor immunity (69). A large number of new studies are needed for the mechanism of eosinophil in ESCC, which will provide new ideas for the ESCC invasion and metastasis and eosinophil-based immunotherapy.



3.1.6 Th17 Lymphocytes

Th17 lymphocytes are a branch of CD4+ helper T cells, and IL-17 is its main effector molecule. IL-17A expressed by Th17 cells can induce the production of chemokines in ESCC cells, such as CCL20, CXCL-9, CXCL-10, and CXCL13 (70, 71). These chemokines could promote the proliferation and differentiation of Th17 lymphocytes in ESCC TME (72). Also, increased Th17 lymphocytes are positively associated with more lymph node metastasis (73). It has been reported that IL-17A can activate MMP-2 and MMP-9 through the ROS/NF-κB signaling pathway (74), while matrix metalloproteinases (MMPs) could catalyze the degradation of extracellular matrix and promote ESCC migration and metastasis (75, 76). The role of Th17 lymphocytes in ESCC invasion and metastasis needs to be further investigated.




3.2 Stromal Components Facilitate Esophageal Squamous Cell Carcinoma Invasion and Metastasis

In addition to immune cells, stromal components and CAFs play a critical role in ESCC invasion and metastasis (77) (Figure 2). Fibroblast activation protein-α (FAP) and α-smooth muscle actin (α-SMA) are often used as the markers for the activated phenotype of CAFs, of which the process is induced by ESCC secreting TGF-β (78, 79).

CAFs have been proved to promote ESCC invasion and metastasis by secretion of cytokines, induction of EMT, recruitment of immune cells, and other mechanisms to reconstruct TME (80). IL-6 secreted by FAP+ CAFs not only can promote ESCC cell invasion and EMT but also can recruit FoxP3+ T cells and induce TAM M2 polarization to promote metastasis (81, 82). The presence of CAFs in ESCC patients is associated with increased micro-vessel density, TAMs, and EMT, which are critical for ESCC invasion and metastasis (83, 84). A number of genes have been shown to promote ESCC invasion and metastasis via the CAF transformation and EMT process (85, 86). Also, it has been demonstrated that CAFs promote ESCC invasion by secreting hepatocyte growth factor (HGF) and infiltrating MDSCs (87, 88). Also, CAFs have been reported to be associated with low 3-year survival and ESCC progression after chemoradiotherapy (89). FAP-α has been reported to be an important regulator in ESCC lymph node metastasis (90). HGF and TGF-β are closely related to tumor invasion and metastasis (91). It has been demonstrated that CAFs could express HGF and TGF-β1 and then promote ESCC invasion and metastasis via the HGF/Met and TGFβ1/Smad pathways, respectively (92, 93). It has been confirmed that infiltrating MDSCs activate CAFs to promote ESCC invasion (94). Interaction between CAFs and immune cells to promote ESCC invasion and metastasis needs further research.

Due to the high heterogeneity of ESCC, traditional genomic and transcriptome analyses tend to ignore some signals displayed by specific cell populations or cell states. However, with the development of single-cell sequencing technology, several single-cell studies about ESCC and TME have been published in recent years. It has been reported that single-cell transcriptome sequencing was performed in 11 ESCC patients to analyze the TME. Heterogeneity was found in most ESCC interstitial cell types, particularly between fibroblasts and immune cells. Also, tumor-specific CST1+ myofibroblast subpopulations had been identified to have prognostic values and potential biological significance (95). Also, the main association framework between cancer cells and various non-cancer cells in TME has been established via single-cell transcriptome sequencing, which contributes to the further investigation of ESCC progression and prognosis (96). Furthermore, a comparison between esophagus non-malignant tissues and ESCC tissues via single-cell transcriptome network analysis has shown that energy supply-related pathways are pivotal in cancer metabolic reprogramming for TME. Immune checkpoints, which are potential targets for ESCC immunotherapy, have been found to be significantly overexpressed in ESCC, including LAG3 and HAVCR2 (97). At present, there are no single-cell studies specifically for ESCC invasion and metastasis, which needs further investigation.




4 The Role of Cellular Communication in Esophageal Squamous Cell Carcinoma Invasion and Metastasis


4.1 Tumor Cells Remodel Tumor Microenvironment to Promote Esophageal Squamous Cell Carcinoma Invasion and Metastasis


4.1.1 Cytokine/Chemokine Network

Metastasis is a multistep process that requires tumor cells to separate from the primary tumor and migrate through the lymphatic or blood circulatory system to target distant organs (98). There is increasing evidence that primary tumors can prepare the cytokine/chemokine network for invasion and metastasis (99, 100) (Figure 2).

CXCL12 is a chemokine that functions through CXCR4 and plays an important role in ESCC invasion and metastasis (101). It is noteworthy that CXCR4 is expressed only in ESCC tissues but not in the normal esophageal epithelium (102). Expression of CXCL12 or CXCR4 in ESCC patients is significantly related to ESCC invasion, lymph node metastasis, and poor survival (103, 104). It has been shown that ESCC cells could secrete large amounts of CXCL12 via an autocrine way and increase their receptor CXCR4 expression compared with normal cells (105). Also, ESCC cells could enhance the activation of the p-ERK1/2 pathway via the CXCL12/CXCR4 axis to promote ESCC invasion and metastasis (106).

It has been reported that CCR7, combined with CCL21, supports a metastatic niche directly (107). A number of studies have shown that high levels of CCR7 are related to ESCC metastasis and poor survival (108). It has been investigated that co-expressed CCR7 and MUC1 could facilitate ESCC invasion and metastasis via the ERK1/2 pathway (109, 110). Some studies have also demonstrated that there is an interaction between CCR7 and VEGF-C, and their expression can be used as the predictor for ESCC lymphatic metastasis (111).

Many studies have indicated that high levels of CXCL8 and CXCR2 in ESCC patients are associated with metastasis and poor prognosis (112). It has been shown that CXCL8 is upregulated in TAMs and promotes ESCC invasion and metastasis via CXCR1/CXCR2 receptors to activate AKT and ERK1/2 signaling pathways (52). Also, a clinical study has shown that CXCL8 expression is significantly associated with metastasis and the increase of CXCR2- and CD204-positive macrophages (108, 113). It is necessary to further investigate the biological significance of cytokine/chemokine networks in ESCC and their potential use as future drug targets.



4.1.2 Exosome

Exosomes are nanovesicles (30–150-nm diameter) that are secreted by various cell types (114). Recently, it has been shown that exosomes play important roles in ESCC invasion and metastasis (115). It is reported that exosomes released by ESCC can enrich miR-320b and promote ESCC lymph node metastasis via programmed cell death 4 (PDCD4) through the AKT signaling pathway (116). Exosome-shuttling miR-21 has been shown to promote ESCC invasion and metastasis by targeting PDCD4 via the c-Jun N-terminal kinase (JNK) signaling pathway (117). Clinical data have also displayed that serum exosomal hsa_circ_0026611 expression is significantly upregulated with ESCC lymph node metastasis (118). Exosome long non-coding RNA (lncRNA) LINC01711 promotes ESCC invasion via FSCN1 upregulation and miR-326 downregulation (119). Also, it has been reported that T cell-derived exosomes promote ESCC metastasis via promoting EMT by β-catenin and NF-κB/snail signaling pathways upregulation (120). However, there is still a long way to the mechanisms of how these exosomes are involved in ESCC invasion and metastasis.



4.1.3 Vascular Endothelial Growth Factor

VEGF is the key mediator of angiogenesis, which has the function of triggering endothelial cell proliferation, migration, and breakdown of the extracellular matrix for new blood vessels. It has been reported that when tumor cells overexpressing HMGB1 co-cultured with B cells, the proliferating B cells can be induced to express VEGF and then elevate angiogenesis (121). A significant decrease in VEGF-C has been found in high tumor lymphocytic infiltration (122). It is reported that low expression of CD80 can be associated with VEGF overexpression. CD80 impairment in the ESCC tissues is correlated with poor survival, which indicates the dysfunction of the immune system and promotes the ESCC progression (123). Some studies have confirmed that VEGF-C, a lymphangiogenic factor, is associated with survival, tumor depth, stage, and lymph node metastasis of ESCC (124, 125). Also, many genes have been reported to promote ESCC invasion and metastasis via VEGF-related pathways or axis (126, 127). Development of new angiogenesis inhibitors and regulation of tumor vascular microenvironment are still possible ways to treat ESCC invasion and metastasis.




4.2 The Interaction Between Immune Cells Promotes Esophageal Squamous Cell Carcinoma Invasion and Metastasis

In addition to the interaction between various immune cells and ESCC cells, there is an important interaction among various immune cells, which indirectly promotes ESCC invasion and metastasis. For example, Th-2 could secrete many cytokines (IL-6 and IL-13) to recruit MDSCs in the ESCC TME (128, 129). Also, IL-4 and IL-13 derived from Th-2 could promote macrophages polarizing into M2 macrophages (130). MDSCs with high CD38 levels have been reported to inhibit the cytotoxic effect of ESCC-activated T cells (131). MDSCs could also induce Tregs and CAFs to inhibit the antigen-presenting cells (APCs) and indirectly inhibit the cytotoxic effect of ESCC-activated T cells (42, 132). In addition, ESCC cells could produce RCAS1 to induce DC, promote tumor-infiltrating lymphocyte apoptosis, and inhibit CD8+ T-cell activity (133). IL-17A-producing cells could enhance CD1a+ DC infiltration of TME via the release of CCL2 or CCL20, which is associated with better survival in ESCC patients (134). Th17 cells and MCs in ESCC TME have been shown to secrete IL-17 to promote ESCC cells to release CXCL9/10, CXCL2/3, and CCL2/20, which could facilitate NK cell infiltration and activity (66). PD-1, a member of the CD28 family, is mainly expressed on activated T cells (135). When PD-1 is combined with its ligand (PD-L1 or PD-L2), which can be expressed by tumor cells, immune cells (i.e., macrophages), and endothelial cells, then T-cell activation will be inhibited (136, 137). TME contains a variety of immune cells, which form a complex regulatory network through receptor-ligand binding or the release of various immune factors, thus affecting the invasion and metastasis of ESCC.




5 Targeting Tumor Microenvironment for Esophageal Squamous Cell Carcinoma Invasion and Metastasis

Targeting approaches using different methods to remodel the TME and then inhibit ESCC invasion and metastasis are discussed as follows (Figure 3).




Figure 3 | How to re-educate the tumor microenvironment for treating ESCC invasion and metastasis. ESCC, esophageal squamous carcinoma; MDSC, mallow-derived suppressor cell; Treg, regulatory T cell; CAF, cancer associated fibroblast; VEGF, vascular endothelial growth factor; TAM, tumor-associated macrophage; TAN, tumor-related neutrophil; ECM, extracellular matrix; CSCs, cancer stem cells; PID-1, programmed cell death protein 1; CTLA4, T lymphocyte-associated antigen 4; CSF-1, colony-stimulating factor-1.




5.1 Targeting Angiogenesis for Esophageal Squamous Cell Carcinoma Invasion and Metastasis

Angiogenesis plays a crucial role in the development of ESCC, by delivering oxygen and nutrients to tumors, and its key mediator is VEGF (138). Distant vascular metastasis is another way of tumor progression. Many VEGF/VEGFR inhibitors have been developed to induce vascular normalization and make patients more sensitive to chemotherapy (139). It has been found that low doses of VEGF inhibitor (apatinib) could regulate the TME, relieve hypoxia, and increase the number of T cells at the tumor site, thereby enhancing the efficacy of PD-1/PD-L1 inhibitors, while excessive doses do not produce such an effect (140). However, this theory has not been tested in ESCC. The development of new angiogenesis inhibitors and regulation of vascular TME are still possible ways to avoid ESCC invasion and metastasis.



5.2 Targeting Immune Markers for Esophageal Squamous Cell Carcinoma Invasion and Metastasis


5.2.1 Immune Checkpoint Inhibitors

PD-1 is an immune checkpoint that inactivates T-cell immune function. Its two ligands, PD-L1 and PD-L2, combined with the PD-1 receptor, could induce depletion of PD-1 signaling pathways and associated T cells and inhibit T-cell activation and proliferation reversibly (141). Many studies have reported that the expression of both PD-L1 and PD-L2 is elevated in ESCC. In fact, in ESCC patients, increased PD-L1 or PD-L2 expression in ESCC cells is correlated with reduced survival, while increased PD-L1 expression is associated with increased depth of tumor invasion and worse survival (142, 143). In addition, the expression of PD-L2 is related to decreased CD8+ T-cell infiltration. The increased PD-L2 expression is induced by tumor-promoting Th2 cytokines such as IL-13 or IL-4 (144).

The expression of CTLA4 is another immune checkpoint that inactivates by inhibiting TCR signaling (145). CTLA4 is expressed not only in tumor-infiltrating immune cells but also in cancer cells, which is a key part of immune escape (146). Existing evidence already suggests that PD-1 inhibitors show therapeutic promise in lung cancer and melanoma and might also be used in ESCC (147). Also, many studies are targeted at how to regulate other immune cells in TME to improve the efficacy of immunotherapy (148, 149).



5.2.2 Other Immune Cells

TAMs can produce a variety of tumor-promoting factors, such as colony-stimulating factor-1 (CSF-1), so they might be attractive targets for remodeling immune responses within TME (150). In recent years, targeting TAM therapies such as CSF-1 or CSF-1R blockade have attracted extensive attention in tumor research. The combination of CSF-1R blockade and PD-1/PD-L1 inhibitors is underway (NCT02323191) (151). IL-6 secreted by FAP+ CAFs not only can promote ESCC cell invasion and EMT but also can recruit FoxP3+ T cells and induce TAM M2 polarization to promote metastasis (81, 82). Using CAF-targeted NIR-PIT to eliminate CAFs could interfere with ESCC invasion and metastasis effectively. The combination of the CAF-targeted NIR-PIT with traditional anticancer drugs might be a promising choice (152).




5.3 T-Cell Modification for Esophageal Squamous Cell Carcinoma Invasion and Metastasis

Chimeric antigen receptor (CAR) T-cell therapy means that T cells are modified into CAR T cells by genetic engineering to specifically recognize and attack tumor cells (153). Ephrin type A receptor 2 (EphA2) and HER-2, highly expressed in ESCC, are common targets of CAR T-cell therapy and have been verified to effectively kill esophageal cancer cells (154, 155). Enhanced MUC1-CAR T cells have been shown to have better antitumor activity because they can survive longer in vivo, which means they have long-lasting antitumor effects (156). Also, it has been recently reported that IDO1 inhibitor-loaded nanosheets could enhance CAR T-cell effectiveness in ESCC and CD276 suppress CAR T-cell function (157, 158). The selection of different solid tumor-specific antigens and the delivery of CAR T cells are still the disadvantages of CAR T-cell therapy (159).




6 Conclusion

In this review, we have summarized how ESCC invasion and metastasis occur and discussed how the major cell populations, stromal components, and their interaction in the TME promote ESCC invasion and metastasis. Also, we summarized recent therapies targeting TME for ESCC invasion and metastasis. Looking forward, it is critical to further investigate how cancer cells transfer to the new environment and adapt surrounding cells and components into a suitable environment for tumor invasion and metastasis. At present, there are few diagnostic methods and new drugs targeted for ESCC invasion and metastasis. Advances in these areas promise improved treatment options and better outcomes for this deadly disease.
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Background

Glycosylation plays an essential role in driving the progression and treatment resistance of hepatocellular carcinoma (HCC). However, its function in regulating the acquisition and maintenance of the cancer stemness-like phenotype in HCC remains largely unknown. There is also very little known about how CAD and other potential glycosylation regulators may influence stemness. This study explores the relationship between glycosylation and stemness in HCC.



Methods

Gene set variance analysis (GSVA) was used to assess the TCGA pan-cancer enrichment in glycosylation-related pathways. Univariate, LASSO, and multivariate COX regression were then used to identify prognostic genes in the TCGA-LIHC and construct a prognostic signature. HCC patients were classified into high- and low-risk subgroups based on the signature. The relationship between gene expression profiles and stemness was confirmed using bulk and single-cell RNA-sequencing data. The role of CAD and other genes in regulating the stemness of HCC was also validated by RT-qPCR, CCK-8, and colony formation assay. Copy number variation (CNV), immune infiltration, and clinical features were further analyzed in different subgroups and subsequent gene expression profiles. Sensitive drugs were also screened.



Results

In the pan-cancer analysis, HCC was shown to have specific glycosylation alterations. Five genes, CAD, SLC51B, LGALS3, B3GAT3, and MT3, identified from 572 glycosylation-related genes, were used to construct a gene signature and predict HCC patient survival in the TCGA cohort. The results demonstrated a significant positive correlation between patients in the high-risk group and both elevated gene expression and HCC dedifferentiation status. A significant reduction in the stemness-related markers, CD24, CD44, CD20, FOXM1, and EpCAM, was found after the knockdown of CAD and other genes in HepG2 and Huh7 cells. Frequent mutations increased CNVs, immune-suppressive responses, and poor prognosis were also associated with the high-risk profile. The ICGC-LIRI-JP cohort confirmed a similar relationship between glycosylation-related subtypes and stemness. Finally, 84 sensitive drugs were screened for abnormal glycosylation of HCC, and carfilzomib was most highly correlated with CAD.



Conclusions

Glycosylation-related molecular subtypes are associated with HCC stemness and disease prognosis. These results provide new directions for further research on the relationship between glycosylation and stemness phenotypes.





Keywords: hepatocellular carcinoma, glycosylation, stemness, copy number variations, immunity, prognosis, CAD



Introduction

Hepatocellular carcinoma (HCC) accounts for 75–85% of primary liver cancers and is the second leading cause of cancer death, with 5-year survival rates of only 4–17% (1). This disease is highly malignant and progresses rapidly, resulting in almost one million deaths each year (2). Surgical resection of HCC followed by chemotherapy is an ideal curative treatment strategy, but it is limited by advanced stage and metastasized tumor cells. While several new therapeutic agents, including checkpoint or tyrosine kinase inhibitors, have been approved by the FDA for patients who cannot undergo surgery or transplantation, their efficacy is unsatisfactory (3, 4), and HCC patients still have an average survival of only 6 months (5, 6). Liver cancer stem cells (LCSCs) are closely associated with the poor prognosis of HCC because they have more robust metastatic and tumorigenic properties than non-LCSCs. Thus, eliminating LCSCs or reducing tumor size is critical to improving HCC treatment efficacy (7). There is an urgent need to explore the molecular biological features of LCSCs.

Glycosylation is a complex process by which a carbohydrate is added to a protein or lipid carrier and is involved in many cellular mechanisms, including cell–cell adhesion, trafficking, motility, inflammation, signaling, host–pathogen interactions, and innate immune responses. All these processes play an essential role in the development and progression of HCC (8, 9). Aberrant glycosylation is frequently cited as a hallmark of malignancy, and from the perspective of epigenetics, glycosylation is thought to directly impact key processes supporting the stemness of HCC, including cell adhesion, motility, invasion, and evasion (9–11). With the presence of highly expressed glycosyltransferases, altered glycosylation is ubiquitous in HCC cells.

Carbamoyl-phosphate synthetase 2, aspartate transcarbamoylase, and dihydrooro-tase (CAD) are multifunctional proteins that play prominent roles in glycosylation. CAD mutations can significantly reduce glycosylation and angiogenesis (12). A product of CAD, uridine diphosphate (UDP), is a specific target for interventional tumors (13, 14). Numerous drugs and anti-tumor vaccines targeting glycosylation are currently in clinical trials. One drug, trastuzumab, is shown to increase the sensitivity of drug-resistant breast cancer cell lines by removing siglec ligands and boosting antibody-dependent natural killer (NK) cell cytotoxicity (15). More glycomic and glycoproteomic studies will help define novel targets and strategies for improving cancer treatment (16). While the B3GAT3, SLC51B, LGALS3, and MT3 genes also play an essential role in the glycosylation pathway, their relationship with stemness remains unclear.

Because of the Warburg effect, sustained high glucose levels in HCC can promote abnormal glycosylation reactions, activate particular signaling pathways, and produce irreversible toxic products, such as glyoxal, methylglyoxal, and 3-deoxyglucosone, that accelerate HCC proliferation and metastasis (17–20). Glycosylation of the stem cell markers, CD24, CD20, CD44, EpCAM, and FOXM1, plays an important role in regulating LCSCs (21–23). Tumor-related glycoprotein or glycan antigen alterations approved by the Food and Drug Administration (FDA), such as core fucosylated AFP (AFP-L3), are better targets for tumor diagnosis and prognosis than AFP alone (24). Further understanding of HCC-related glycosylation patterns will provide advances in treatment and prognosis and reduce mortality.

In this study, glycosylation-related gene sets were downloaded from the GSEA (http://www.gsea-msigdb.org) and a model of HCC prognosis was constructed. Bulk and single-cell RNA-sequencing revealed that the genes and model correlated closely with the stemness of HCC. A systematic analysis of the multi-omics results, including CNV mutations, transcription factors, immunity, and clinical characteristics, may inform further study of the relationships between glycosylation and the stemness of HCC.



Materials and Methods


Pan-Cancer Data Collection and Analysis

All glycosylation-related pathways and relevant gene sets were retrieved from the Molecular Signatures Database (MSigDB, http://www.gsea-msigdb.org/gsea/msigdb/) (Table S1). TCGA pan-cancer RNA-seq data (FPKM values) were downloaded from the genomic data common website (https://gdc.cancer.gov/about‐data/publications/pancanatlas). Gene set variance analysis (GSVA) was used to assess the enrichment of each pan-cancer sample in glycosylation-related pathways, and the distribution of scores was shown using the R “pheatmap” package. Principal component analysis (PCA) was performed after scaling by Z-score, and the pan-cancer RNA-seq data were projected into two dimensions.



HCC Data Collection

In total, 424 RNA-seq transcriptome cases with corresponding clinical information were extracted from the TCGA-LIHC database (https://portal.gdc.cancer.gov) using the Genomic Data Commons (GDC) tool. RNA-seq data were normalized by FPKM. The somatic mutation and CNV data were also downloaded from the TCGA. RNA-seq and clinicopathological data from a Japanese HCC cohort were obtained from the ICGC (LIRI-JP, https://dcc.icgc.org/projects/LIRI-JP) as a comparison.



Construction of a Potential Prognostic Signature

First, 143 differentially expressed genes (DEGs) were identified using LIMMA analysis (adjusted P <0.05 and |Log FC| >1). Univariate Cox regression analysis was then performed to identify potential prognostic DEGs (P <0.05). Least absolute shrinkage and selection operator (LASSO) regression analysis and stepwise Cox regression analysis were used to construct a prognostic model. The risk score of each sample was calculated using the following formula:

	

Based on risk scores, the samples were divided into high- and low-risk subgroups.



Calculation of Stemness-Associated Scores

The mRNA-si stemness score (25) and other stemness signatures (Ben-Porath ESC score (26), Wong ESC score (27), and Bhattacharya ESC score (28)) were used to assess stemness in both the TCGA-LIHC and ICGC-LIRI-JP cohorts.



Single-Cell RNA-Sequencing Data Analysis

Smart-seq2 data (GSE103866) from 55 HuH-1 cells, 63 HuH-7 cells, and 12 patient HCC cells were obtained from the Gene Expression Omnibus (GEO) website. After preprocessing, the scRNA-seq data were converted into a Seurat object, and further quality control was conducted. Data were excluded if 1) cells had >30% mitochondrial genes, 2) genes were identified in <3 cells, or 3) cells had <300 detectable genes. Log normalization, centralization, generation of hypervariable genes, PCA, and clustering analysis were used to perform dimensionality reduction. Uniform manifold approximation and projection (UMAP) was used to visualize the cell distribution using EpCAM, CD24, and CD133 as cell surface markers. “FeaturePlot” and “VlnPlot” were also used to visualize the glycosylation-related genes.



Experimental Validation of the Relationship Between Gene Expressions and Stemness Phenotype

The expression of the HepG2, PLC, Huh7, and Hep3B genes in HCC tumors and cells was determined by quantitative real-time PCR (RT-qPCR) according to the protocols of the manufacturer. Cell Counting Kit-8 (CCK-8) and colony formation assays were used to measure cell proliferation. Small interfering RNA (siRNA) was transfected using Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA) and mRNA levels were assessed after 48 h. The primer and specific siRNA sequences are included in Table S2.



Analysis of Somatic Mutations and Gene Copy Number Variations (CNVs)

Somatic mutation and CNV data were extracted from the TCGA. The somatic mutation data were visualized using the R “maftools” package. GISTIC2.0 was used to determine the significantly deleted or amplified genomic regions in low- and high-risk subgroups in TCGA-LIHC, referenced to the Consortium Human build 38 (GRCh38). Gene locations were obtained online (ftp://ftp.ensembl.org/pub/current_gtf).



Analysis of Tumor Immune Infiltration

Six previously reported immune subtypes of TCGA-LIHC were identified (29). Infiltrating immune cell fractions were analyzed in tumor samples using single-sample gene set enrichment analysis (ssGSEA) and cell-type identification. Relative subsets of RNA transcript (CIBERSORT) algorithms were estimated in both the TCGA-LIHC and ICGC-LIRI-JP cohorts. Intratumor heterogeneity, IFN-response, TGF-β response, proliferation, and wound healing scores were estimated in the low- and high-risk groups (29).



Analysis of Clinical Data

Kaplan–Meier survival curves were used to evaluate the overall survival (OS) of risk subgroups from the TCGA-LIHC and ICGC-LIRI-JP cohorts. The predictive sensitivity and specificity of the gene signatures were assessed by receiver operating characteristic (ROC). PCA was conducted using the R “prcomp” function of the “stats” package. Univariate and multivariate Cox regression analyses were performed to identify whether clinical characteristics and risk scores were independent risk factors. A nomogram was established to predict the 1-, 3-, and 5-year OS using the R “rms” package. Calibration plots, concordance index (C-index), and ROC were used to evaluate nomogram performance.



Analysis of Drug Sensitivity

The drug sensitivity inhibitory concentration (IC50) value and the mRNA profiles of NCI60 cell lines were extracted from the Cell-Miner™ database (https://discover.nci.nih.gov/cellminer/home.do). The sensitivity of the five selected genes was tested against 216 FDA-approved drugs. Co-expression network analysis of the genes and drugs was visualized using Cytoscape.




Results


HCC Has Specific Glycosylation Alterations in Human Pan-Cancer

A flowchart of this study is shown in Figure 1A. mRNA expression of glycosylation-related genes across 11 cancer types in TCGA was evaluated using PCA. HCC had the most distinct glycosylation patterns (Figure 1B). The GSVA value of glycosylation-related pathways was also calculated in different samples of 11 pan-cancers, and HCC had the most specific enrichment of all cancers (Figure 1C).




Figure 1 | Glycosylation alterations in human pan-cancer. (A) Study flowchart. (B) PCA projection of paired tumor and normal tissue samples from 11 different cancer types in TCGA. Different colors represent different cancer types. Circles and triangles represent normal and tumor tissue, respectively. (C) Heatmap showing glycosylation-related pathway alterations across 11 cancer types. MsigDB, molecular signatures database; PCA, principal component analysis; HCC, hepatocellular carcinoma; GSVA, gene set variance analysis; CNV, copy number variation; BLCA, bladder urothelial carcinoma; BRCA, breast invasive carcinoma; CESC, cervical squamous cell carcinoma and endocervical adenocarcinoma; HNSC, head and neck squamous cell carcinoma; KIRP, kidney renal papillary cell carcinoma; LIHC, liver hepatocellular carcinoma; LUAD, lung adenocarcinoma; LUSC, lung squamous cell carcinoma; OV, ovarian serous cystadenocarcinoma; PRAD, prostate adenocarcinoma; UCEC, uterine corpus endometrial carcinoma.





Identification of the Candidate Genes and Construction of the Prognostic Signature of HCC

Using gene expression profiling and corresponding clinical information from 50 normal and 374 tumor samples in the TCGA-LIHC database, 143 glycosylation-related DEGs were selected (adjusted P <0.05 and |Log FC| >1). Univariate Cox regression, LASSO regression, and stepwise Cox regression analyses were used to further investigate the importance of these DEGs (Figures 2A, B; Table 1). Five glycosylation-related genes were selected to construct the prognostic signature. Risk score = (0.403 ∗ CAD exp.) + (0.371 ∗ B3GAT3 exp.) + (0.068 ∗ SLC51B exp.) + (0.124 ∗ LGALS3 exp.) + (0.0767 ∗ MT3 exp.).




Figure 2 | Construction of the prognostic model of the TCGA-LIHC cohort. (A, B) Lasso regression analysis of survival-associated genes. (C) Multivariate Cox regression confirming five glycosylation-related genes. (D) Volcano plot of differentially expressed genes between HCC and non-tumor tissues. The five genes are marked. Red: significant upregulation; blue: significant downregulation; grey: no statistical significance. (E) Expression levels of five glycosylation-related genes between normal and HCC samples. *P <0.05; **P <0.01; *** P <0.001.




Table 1 | Multivariate Cox analysis results of glycosylation-related genes.



Based on the median risk score, HCC patients from the TCGA-LIHC and ICGC-LIRI-JP cohorts were classified into high- and low-risk groups. The five selected genes were identified as risk factors and had higher mRNA expressions in tumor tissues (Figures 2C–E). The protein expression patterns are presented in Supplementary Figure 1.



Gene Expression Profiles of High-Risk Patients Were Enriched With HCC Stemness Markers in TCGC-LIHC and ICGC-LIRI-JP Cohorts

As reported previously, glycosylation is highly correlated with stemness. This study aimed to compare gene expression profiles and risk scores with stemness markers. A mostly positive Spearman’s correlation with the stemness-associated transcriptome-based signatures (Ben-Porath, Wong, Bhattacharya, and mRNA-si) was observed in the TCGA-LIHC (Figure 3A) and ICGC-LIRI-JP cohorts (Supplementary Figure 2A). The stemness markers, CD24, CD44, CD20, FOXM1, and EpCAM, also correlated strongly with gene expression levels and risk scores in both the TCGA-LIHC (Figure 3B) and ICGC-LIRI-JP cohorts (Supplementary Figure 2B). The high-risk cohorts had significantly higher signature scores (Figure 3C; Supplementary Figure 2C) and the gene expression profiles in the TCGA-LIHC and ICGC-LIRI-JP high-risk subgroups were significantly enriched in the Bhattacharya ESC signature (Figure 3D; Supplementary Figure 2D). The TCGA-LIHC and ICGC-LIRI-JP high-risk groups also had a significantly larger proportion of higher stages and grades (Figure 3E; Supplementary Figure 2E), suggesting the presence of a dedifferentiated phenotype.




Figure 3 | Relationship between gene expression profiles and HCC stemness using HCC bulk data from TCGA-LIHC. (A) Heatmap of Spearman’s correlation results of the gene expression profiles and four distinct stemness indices (Ben-Porath signature, Wong signature, Bhattacharya signature, and mRNA-si). A darker color represents a stronger correlation. (B) Correlation between the CSC markers, CD24, CD44, CD20, FOXM1, and EpCAM, and the gene expression profiles. (C) Different scores of the four distinct stemness indices between the low- and high-risk groups. (D) The transcriptome profiles of high-risk HCC patients were significantly enriched with stemness markers. (E) Among the high-risk patients, the frequency of higher stages and grades was more significantly elevated. Tumor stages and grades were color-coded as shown in the legend. NES, normalized enrichment score; CSC, cancer stem cells.





Expression Profiles of the Five Glycosylation-Related Genes Were Associated With Stemness Markers in LCSCs

To further define the relationship between gene expression profiles and stemness in terms of stem cells, a single-cell RNA-sequencing dataset (GSE103866) including 55 HuH-1 cells, 63 HuH-7 cells, and 12 patient-derived cancer stem cells (CSCs) was downloaded. The UMAP algorithm was adopted for the three cell types, three CSC markers, and the four gene expression distributions (Figures 4A, B). Vlnplot was used to visualize differences in marker gene expression in the distinct immunophenotypes (Figure 4C). Compared with the triple-negative CSCs, these genes showed high expression in other groups with stemness phenotypes (Figure 4D). These results confirm that high expression of these glycosylation-related genes may enhance the stemness of HCC.




Figure 4 | The relationship between gene expression profiles and HCC stemness in single-cell RNA-sequencing data. (A) UMAP plots of 130 single cells using different classifications. (B) UMAP plots of the four glycosylation-related genes in CSC (MT3 was not detected in GSE 103866). (C) Violin plots of the four glycosylation-related gene expressions in CSC. (D) Expression of the four glycosylation-related genes in different immune phenotypes. CSC, cancer stem cells.





Experimental Validation of the Relationship Between the Five Glycosylation-Related Genes and Stemness

The relationship between the five genes and stemness was also verified in HCC samples. CAD expression was the most different between HCC and normal tissues in the TCGA-LIHC cohort. HCC patient tissues and cell lines also had significantly higher CAD mRNA levels than normal samples (Figures 5A, B). Gene knockdown was conducted in the HepG2 and Huh7 cell lines and the efficiencies were verified (Figure 5C). CAD knockdown resulted in a significant decline in tumor cell viability (P <0.05; Figure 5D) and a marked decrease in the proliferative capacity (Figure 5E). CD24, CD44, CD20, FOXM1, and EpCAM expression were also significantly lower in both si-CAD HepG2 and Huh7 cells than in control cells (Figure 5F). Knockdown of the remaining four genes also significantly inhibited CD24, CD44, CD20, FOXM1, and EpCAM expression (Supplementary Figure 3).




Figure 5 | The influence of CAD on the HCC stemness phenotype. (A) Differences in CAD expression between normal and HCC tissues. (B) Differential expression of CAD in HCC and normal cells. (C) The efficiency of CAD knockdown in HepG2 and Huh7 cells. (D) CCK-8 experiment comparing the si-CAD and control groups in HepG2 cells. (E) Colony formation assay comparing the si-CAD and control group in HepG2 cells. (F) Significant decrease in stemness-related markers, CD24, CD44, CD20, FOXM1, and EpCAM, after CAD knockdown in HepG2 and Huh7 cells. ***P <0.001.





Somatic Mutation Alterations and CNVs in Different Gene Expression Profiles

Gene mutations in normal stem or progenitor cells may lead to the development and activation of LCSCs and are closely linked to the stemness of HCC. In mutation frequency analyses, a waterfall diagram showed the different status of somatic mutations in the TCGA-LIHC low- and high-risk groups. Sixty percent of genes, including TP53, TTN, MUC16, RYR2, LRP1B, OBSCN, CSMD3, XIRP2, FAT3, CACNA1E, HMCN1, and ARID1A, had a higher mutation frequency in the high-risk than in the low-risk group, while only 20%, including CTNNB1, APOB, ALB, and AXIN1, had a higher frequency in the low-risk group (Figure 6A). The chromosomal locations and CNV alterations of the glycosylation-related genes are shown in Figure 6B. High-risk patients also had a higher number of segments and some mutation scores (29) (Figure 6C). Many chromosomal regions showed significant copy amplification and gene deletion. CNVs were associated with a high-risk prognosis (Figure 6D). GISTIC showed that the scores of both amplification and deletion CNVs were considerably higher in the high-risk group than in the low-risk group (Figure 6E). While the low-risk group had a higher frequency of CNVs than the high-risk group, the high-risk group had more variability (Figure 6F).




Figure 6 | The high-risk group had a higher frequency of somatic mutations and CNVs in TCGA data. (A) Differences in somatic mutation frequency in the high- and low-risk groups. (B) Five gene copy loss and copy amplification proportion distributions in the genome. (C) Scores of the five distinct mutation indices (number of segments, fraction altered, aneuploidy score, nonslinet mutation rate, and homologous recombination defects) in the low- and high-risk groups. (D–F) CNVs in different risk subgroups. Red and blue represent the two types of CNVs, amplification and deletion, respectively.





The Landscape of Immune Infiltration in Different Gene Expression Profiles

Immune suppression drives tumor evolution toward a stem cell-like phenotype. This study assessed the correlation between risk classification and immune molecular subtype and found that C4 (lymphocyte-depleted) was the most common subtype (Figure 7A). A higher proportion of C1 and C2 subtypes, and a lower level of the C3 subtype, were associated with a poorer prognosis (P <0.0001; Figure 7B). The correlation between immune cell infiltration and glycosylation-related gene expression also varied (Figure 7C). In the TCGA-LIHC cohort, correlation analyses further revealed a clear positive association between risk scores and infiltrating Th2 cells (R = 0.33; P = 3.6e−10) and M0 macrophages (R = 0.36; P = 1.2e−12). In contrast, both Th17 cells (R = −0.31; P = 3e−9) and M1 macrophages (R = −0.13; P = 0.018) were negatively associated with risk scores (Figure 7D). Similar results were also shown in the ICGC-LIRI-JP cohort (Supplementary Figure 4A). Differences in immune cells were also evaluated between the low- and high-risk groups in the TCGA-LIHC and ICGC-LIRI-JP cohorts. While aDCs and macrophages were significantly increased in the high-risk groups in both the TCGA-LIHC and ICGC-LIRI-JP cohorts, B cells, CD8+ T cells, mast cells, neutrophils, NK cells, and TIL were reduced in the high-risk score group in the TCGA-LIHC cohort (Figures 7E, F). Meanwhile, only NK cells were reduced in the high-risk group in the ICGC-LIRI-JP cohort (Supplementary Figures 4B, C). Some immune-related scores were also assessed in the low- and high-risk groups (Figure 7G). Except for a striking negative association between the IFN-γ response score and the high-risk subgroup, other scores were significantly elevated in the high-risk group. These results indicated that high-risk patients had a distinct stemness phenotype associated with the accumulation of immune-suppressive cells.




Figure 7 | The immune landscape of HCC tumors in TCGA-LIHC. (A, B) Classification of low- and high-risk HCC tumors into C1–C6 classes. C1, wound healing; C2, IFN-γ dominant; C3, inflammatory; C4, lymphocyte depleted; C6, TGF-β dominant. (C) Heatmap of Spearman’s correlation between transcriptome profiles, risk scores, and immune infiltration. Only statistically significant correlations are shown (P <0.05). (D) Spearman’s correlation of Th2/Th17 infiltration, M0/M1 macrophage infiltration, and the glycosylation-based risk score. (E, F) Different relative proportions of immune cells in different groups. (G) Scores of the five distinct immune indices between the low- and high-risk groups. *P <0.05; **P <0.01; ***P < 0.001, ns, not significant.





Validation of the Prognostic Signature and Establishment of a Novel Nomogram

HCC patients in the high-risk group had a significantly poorer prognosis and lower OS than those in the low-risk group (Figure 8A; Supplementary Figure 5A). The area under the ROC curve (AUC) of the risk score in predicting 1-, 2-, and 3-year survival was 0.747, 0.741, and 0.730, respectively, in the TCGA dataset and 0.672, 0.642, and 0.647, respectively, in the ICGC dataset (Figure 8B; Supplementary Figure 5B). Compared with the risk subgroups, whole gene expression patterns were separated into two dispersion directions in both the ICGC and TCGA (Figure 8C; Supplementary Figure 5C). Race, gender, age, stage, fibrosis, and risk score were then included in univariate and multivariate Cox regression analyses. Notably, risk score was found to be an independent risk factor (HR >1, P <0.001) (Figure 8D). To further verify the prognostic value of the risk score, a nomogram that included gender, age, stage, and risk score was designed to illustrate patient survival more intuitively (Figure 8E). The calibration curves evaluated the predictive power of the nomogram at 1, 3, and 5 years, and the C-indexes were 0.704, 0.705, and 0.703, respectively (Figure 8F). The ICGC dataset was used to validate the nomogram and showed better discrimination and calibration ability, with C-indexes of 0.737, 0.739, and 0.739, respectively (Figure 8G). The AUC values of the nomogram at 1, 3, and 5 years reached 0.778, 0.748, and 0.741, respectively, which were better than those of the traditional HCC marker, AFP (Figure 8H).




Figure 8 | Validation of the prognostic signature and establishment of a novel nomogram. (A) Kaplan–Meier curve analysis of the low- and high-risk groups. (B) ROC curve showing the prognostic risk model. (C) PCA plot of TCGA-LIHC patients in different risk groups. (D) Univariate and multivariate independent prognostic analysis of clinical features and risk scores. (E) Nomogram for survival prediction in TCGA-LIHC. (F, G) Nomogram calibration curves of 1-, 3-, and 5-year survival probabilities in TCGA-LIHC and ICGC-LIRI-JP, respectively. (H) ROC curves of the nomogram and AFP for the survival prediction at 1-, 3-, and 5-years. ROC, receiver operating characteristic; AUC, areas under the receiver operating characteristic curve; PCA, Principal component analysis; AFP, alpha-fetoprotein; OS overall survival.





Drug Sensitivity Analysis for the Five Glycosylation-Related Prognostic Genes

Glycosylation provides a range of potential targets for therapeutic intervention. However, potential drugs are still in clinical trials. Thus, the drug sensitivity of five selected glycosylation-related genes across diverse human cancer cell lines was further analyzed (correlation coefficient |R| >0.25, P <0.05). Consequently, 84 sensitive drugs were screened for abnormal glycosylation during HCC. Carfilzomib had the most obvious correlation with CAD (R = −0.341, P = 0.008) and mitoxantrone had the most obvious correlation with LGALS3 (R = −0.517, P = 2.36e−5). Dasatinib is associated with several genes. The top 16 strongest negative correlations between gene expression and IC50 are shown in Figure 9A. The link between the genes and sensitive drugs with a negative correlation of IC50 is shown in Figure 9B.




Figure 9 | Screening for sensitive drugs. (A) The top 16 most relevant negative correlations. (B) The network between five genes and sensitive drugs with negative IC50s (R<−0.25, P <0.05). Stronger correlations are represented by a thick dark blue line.






Discussion

HCC involves complex architecture and heterogeneity and lacks effective individualized treatment targets (30). LCSCs with a specific phenotype are believed to promote HCC relapse, metastasis, and chemoresistance. Recent studies have shown that aberrant glycosylation of signaling pathways and LCSC markers directly impacts key processes that maintain cell survival, self-renewal, and extravasation properties (31–33). This study focused on the importance of glycosylation in promoting the stemness of HCC by assessing alterations in somatic mutations, immune cell infiltration, and clinical characteristics. Potential target drugs that could be used to improve HCC prognosis were selected.

To our knowledge, this is the first integrated multi-omics study in which the association between glycosylation and stemness was shown in HCC patients using bulk and single-cell RNA-sequencing data. A glycosylation-related prognostic signature was constructed consisting of five genes: CAD, B3GAT3, SLC51B, LGALS3, and MT3, using univariate, stepwise, and multivariate Cox regression analysis. Patients were then divided into low- and high-risk subgroups. Gene expression profiles of the high-risk group correlated positively with the upregulation of CSC markers, CD24, CD44, CD20, FOXM1, and EpCAM, and significant enrichment of other ESC signatures, indicating that these were tumor-promoting targets. Several studies have shown that stemness is associated with genetic mutations, epigenetic changes, and differences in the tumor microenvironment (34, 35). Similarly, our study found that the high-risk group had unique somatic mutations, CNVs, and immune patterns as well as enriched stem cell-like characteristics and high levels of gene expression. Clinical information was then combined with the prognostic signature to construct a calibrated nomogram. Finally, the sensitivity of glycosylation-related genes to particular drugs was evaluated, providing novel insight into tumor treatments and the prevention of drug resistance. Among the drug candidates, carfilzomib showed the most obvious correlation with CAD.

The five glycosylation-related genes were identified as significant in HCC. CAD is a multifunctional protein that takes part in de novo pyrimidine nucleotide synthesis, protein glycosylation, and phospholipid biosynthesis in mammals (12). This protein must initiate the di-(UDP)-dependent glycosylation process by producing UDP. UDP-N-acetylglucosamine (UDP-GlcNAc), for example, serves as an essential sugar donor substrate for O-GlcNAc, which is involved in a central intracellular protein modification in diverse metabolism, signaling, and disease processes (36). A recent study by Ching-Yu et al. (37) showed that UDP overexpression significantly promoted human hepatoma cell proliferation both in vitro and in vivo. UDP-13C-glucose flux is also responsible for metabolic reprogramming and the expression of key stemness genes in CSCs (38). The expression of LGALS3, a siglec-9 ligand in cancer cells, correlates with tumor progression and increased expression of β-catenin and CSC markers induced through Wnt signaling (39, 40). LGALS3 also helps maintain LSCS stemness, expansion, and aggressiveness and may thus serve as a target for HCC treatment (41). B3GAT3 is a glucuronosyltransferase involved in glycosylation and the proliferation and metastasis of HCC tissues and cells (42). SLC51B is involved in the intestinal reclamation of bile acids and steroids and eicosanoid metabolism, promoting liver cancer cell proliferation and suppressing apoptosis, which is associated with stemness (43). MT3 is a member of the metallothionein family that regulates protein glycosylation and is closely linked to HCC progression. Studies indicate that MT overexpression may induce tumor cell differentiation (44, 45), but the mechanism will require further investigation. This study is consistent with the previously reported findings while also furthering our understanding of the relationship between LCSCs and glycosylation.

The production and activation of LCSCs may be induced by a series of gene mutations in normal stem or progenitor cells that disrupt cell metabolism, immune escape, and drug resistance. CNV is a hallmark of amplifications or deletions in the cancer genome, which can inactivate tumor suppressor genes, induce high oncogene expression, and increase stemness. A recent study of CNV showed that increases in the E2f1 or E2f3b loci promoted spontaneous HCC, whereas decreases in these loci suppressed HCC (46). In a genome-wide analysis, TRIM35 was shown as a novel tumor suppressor (47), and COL4A1 on the 13q34 locus was a frequent amplification target, a finding consistent with our results (48). Our study found that the RB1 deletion was most significant in the high-risk group, which supports prior research by Sung-Min et al. (49).

Stemness is significantly associated with immunosuppression in the immune microenvironment. As a result, this study also compared the proportions of immune cells in the high- and low-risk score groups and their gene expression profiles. Interestingly, cancer stem cell-like characteristics were enriched in the high-risk groups. To characterize intratumoral immune states, HCC samples were clustered into six subtypes using definitions developed by Thorsson et al. (29). The C4 subtype, associated with an imbalanced ratio of Th2/Th17 and M0/M1 cells, was the most common. Th2-related cytokines such as IL-4, IL-5, and IL-10 are involved in stimulating B cell proliferation and mediating humoral immunity. Some studies indicate that Th2 cells induce HCC progression (50). Indeed, Th2 cytokines facilitate tumor escape by inhibiting Th1 cytokine production (51) and furthering the progression of liver damage. However, IL-17 production by Th17 cells is generally associated with higher cancer survival (52). After transcatheter arterial embolization (TAE), the number of Th17 cells in the tumor microenvironment increases significantly (53). The Th2/Th17 cytokine profile is unbalanced during HCC and the shift towards Th17 cells can promote anti-tumor effects. Macrophages are key antigen-presenting cells of the innate immune system, and different macrophage phenotypes have distinct functions in regulating the tumor microenvironment. In particular, M1 macrophages are involved in suppressing tumor growth and inducing liver tumor regression. Guerra et al. (54) found that hydrogel-embedded M1 macrophages induced apoptosis of HCC cells and promoted tumor regression. Localization of activated M1 macrophages may be a new novel HCC treatment strategy. Our study also found significant enrichment in intratumor heterogeneity, TGF-β mediated signaling, proliferation, and a cancer stemness phenotype in the high-risk group, while IFN signaling was increased in the low-risk group. Consistent with these results, TGF-β-mediated signaling has been strongly linked to a cancer stem-like phenotype in tumors (55), while IFN signaling has been negatively correlated with stemness and HCC progression (56, 57).

Current chemotherapy drugs remain unable to significantly promote the long-term survival of HCC patients. Thus, this study screened potential target drugs using the Cell-Miner database. Carfilzomib, a second-generation proteasome inhibitor, had the strongest correlation with CAD. This drug exhibits an anti-tumor effect by inhibiting MAPK signaling (58). CAD activation requires MAPK, so it is possible that carfilzomib indirectly inhibits CAD by suppressing MAPK signaling and promoting an anti-tumor response. Mitoxantrone, an antineoplastic drug developed in the 1980s, had the strongest correlation with genes. A recent study found that mitoxantrone inhibits HCC growth and proliferation by inducing autophagy (59). In the mitoxantrone-resistant cell line, LGALS3 was detected with an abundance ratio well above two (60). Dasatinib, a tyrosine kinase inhibitor that exerts anti-tumor effects by inhibiting glucuronosyltransferase, is associated with the expression of several genes (61). SLC51B is a subtype of the human solute carrier (SLC) and correlates negatively with drug sensitivity (62). MT3 is also involved in SLC synthesis and is negatively associated with Dasatinib. BAGAT3 is an important type of glucuronosyltransferase. However, whether these drugs could be used to treat abnormal glycosylation requires further study.

Glycosylation is a promising target for tumor treatment. However, there are some limitations that should be addressed in our study. First, few studies have assessed the relationship between stemness and glycosylation, especially those involving the development of HCC. This study relied heavily on TCGA, GEO, and ICGC data and lacked experimental evidence. Thus, we could not determine whether the selected genes have corresponding roles in glycosylation pathways. Further functional experiments are necessary to define the molecular mechanisms. Second, CNVs were not available in the ICGC database. A larger CNV sample size would help ensure the reliability of the study. Third, the mechanism of potentially sensitive drugs in abnormal glycosylation during HCC remains unknown and requires further study.



Conclusions

In conclusion, this study proposed a prognostic signature founded on glycosylation-related gene expression and classified HCC samples into low- and high-risk subgroups. According to bulk and single-cell RNA-sequencing, the high-risk group was most likely to have a stem-like phenotype. This was verified by assessing somatic mutations, CNVs, immune infiltration, and clinical characteristics. These findings will help inform future studies on the relationship between glycosylation and HCC stemness.



Data Availability Statement

The original contributions presented in the study are included in the article/Supplementary Material. Further inquiries can be directed to the corresponding author.



Ethics Statement

The studies involving human participants were reviewed and approved by the Ethics Committee of Tianjin Second People’s Hospital. The patients/participants provided their written informed consent to participate in this study.



Author Contributions

All authors contributed to the study conception and design. PL and QZ contributed equally to this study. PL and QZ designed and wrote the manuscript. PL and QZ screened the literature and collected data. PL and QZ were responsible for pictures and statistics. PL and QZ polished the article. JL critically revised the manuscript. All authors listed have made a substantial, direct, and intellectual contribution to the work and approved it for publication.



Funding

This work was funded by the Natural Science Foundation of Tianjin City (20JCYBJC01150); the Tianjin Health Science and Technology Project (Nos. TJWJ2021QN063, TJWJ2021ZD010, and TJWJ2021MS034), and the Tianjin Key Medical Discipline (Specialty) Construction Project.



Acknowledgments

The authors acknowledge The Third Affiliated Hospital of Sun Yat-Sen University for their technical assistance.



Supplementary Material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fonc.2022.913432/full#supplementary-material

Supplementary Table 1 | Glycosylation-related pathways and genes retrieved from MSigDB. MSigDB, Molecular signatures Database.

Supplementary Table 2 | Primer and specific siRNA sequences were used in this study. siRNA, small interfering RNA.

Supplementary Figure 1 | The representative immunohistochemistry of the five glycosylation-related genes in normal and HCC tissues downloaded from HPA. HPA, The Human Protein Atlas.

Supplementary Figure 2 | Relationship between gene expression profiles and HCC stemness using HCC bulk data from ICGC-LIRI-JP. (A) Heatmap of Spearman’s correlation results of the gene expression profiles and four distinct stemness indices (Ben-Porath signature, Wong signature, Bhattacharya signature, and mRNA-si). A darker color represents a stronger correlation. (B) Correlation between the CSC markers, CD24, CD44, CD20, FOXM1, and EpCAM, and the gene expression profiles. (C) Different scores of the four distinct stemness indices between the low- and high-risk groups. (D) The transcriptome profiles of high-risk HCC patients were significantly enriched with stemness markers. (E) Among the high-risk patients, the frequency of higher stages and grades was more significantly elevated. Tumor stages and grades were color-coded as shown in the legend. NES, normalized enrichment score; CSC, cancer stem cells.

Supplementary Figure 3 | The influence of the remaining four genes on the stemness phenotype of HCC. (A) Differential expression in HCC and normal cells. (B) Significant decrease in stemness-related markers, CD24, CD44, CD20, FOXM1, and EpCAM, after SLC51B knockdown in HepG2 and Huh7 cells. (C) Significant decrease in stemness-related markers, CD24, CD44, CD20, FOXM1, and EpCAM, after LGALS3 knockdown in HepG2 and Huh7 cells. (D) Significant decrease in stemness-related markers, CD24, CD44, CD20, FOXM1, and EpCAM, after B3GAT3 knockdown in HepG2 and Huh7 cells. (E) Significant decrease in stemness-related markers, CD24, CD44, CD20, FOXM1, and EpCAM, after MT3 knockdown in HepG2 and Huh7 cells. *** P < 0.001.
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Colon adenocarcinoma (COAD) accounts for 95% of colon cancer cases, with the 5-year survival rate significantly affected by local or distant metastases. Yiqi Jianpi Huayu Jiedu decoction (YJHJD), based on the theory of “nourish qi, invigorate the spleen, remove blood stasis, and detoxify”, has long been applied and shown to be remarkable in the prevention and treatment of gastrointestinal tumors. However, the underlying therapeutic mechanisms of YJHJD have not been fully elucidated. Herein, we first confirmed hsa-miR-374a-3p as a tumor suppressor based on its lower expression in the plasma of patients with COAD with liver metastasis and association with more advanced local progression. We also verified WNT3 as a potential target of hsa-miR-374a-3p and observed its increased expression in COAD tissues. Furthermore, we showed that the hsa-miR-374a-3p/Wnt3/β-catenin axis was responsible for epithelial–mesenchymal transition (EMT) and cellular plasticity in COAD, as well as poorer patient prognosis. Our results showed that YJHJD inhibited motility and colony potential in vitro, as well as liver metastasis of COAD in vivo. Moreover, YJHJD induced a reversal of EMT and cellular plasticity-related molecular expression, increased hsa-miR-374a-3p, and decreased Wnt3 and β-catenin levels. In addition, silencing of hsa-miR-374a-3p weakened YJHJD inhibition, whereas the β-catenin inhibitor XAV939 partially repaired it. Taken together, these results demonstrated that YJHJD suppressed the EMT and cellular plasticity of COAD by regulating hsa-miR-374a-3p/Wnt3/β-catenin signaling.
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Introduction

Colon cancer is the fifth most common malignancy worldwide, causing nearly 1,150,000 new cases and 580,000 deaths annually. Colon adenocarcinoma (COAD) is one of the most common pathological subtypes, accounting for 95% of colon cancer cases (1). With increased control of high-risk factors and improvements in diagnosis and treatment techniques, the incidence of colon cancer has been declining in recent years; however, more than half of patients have local or distant metastases when diagnosed, severely affecting patient 5-year survival (2, 3). Although intravenous chemotherapy, targeted therapy, radiotherapy, and immunotherapy can control lesions to a certain extent and benefit patients, treatment efficiency is often limited by drug resistance or side effects (4). Therefore, reducing the risk of metastasis is an effective strategy for improving the comprehensive efficacy and prognosis of patients with COAD.

The epithelial–mesenchymal transition (EMT) is an important process by which epithelial cells acquire mesenchymal properties. This process is related to a variety of biological characteristics of tumors, including metastasis. During the EMT, the epithelial molecule E-cadherin is downregulated, and the mesenchymal marker N-cadherin and a series of EMT-activating transcription factors such as Snail are upregulated. Tumor cells lose their original polarity and close intercellular connections, thus acquiring stronger infiltrative and invasive abilities during EMT (5). Furthermore, cancer cell plasticity is necessary for EMT during metastasis (6). EMT-induced cellular plasticity and cancer stem cell (CSC)-related signals are associated with malignant progression (7). CSCs are a small group of tumor-initiating cells (TICs) that can produce multiple cell types through self-renewal and differentiation, subsequently leading to tumor initiation. CSCs are closely related to COAD metastasis due to their insensitivity to traditional treatment methods (8). Reversing the EMT and cellular plasticity to reduce metastatic potential may be an effective method for the treatment of COAD metastasis.

Increasing evidence has shown that microRNAs (miRNAs) are involved in multiple processes, including malignancy genesis and development. By specifically binding to the 3’-UTR region of the target mRNA, miRNAs can regulate mRNA translation or degradation and play a role in carcinogenesis or tumor inhibition (9). Among these miRNAs, hsa-miR-374a was shown to participate in the formation of a negative feedback loop and suppression of downstream signals associated with EMT in nasopharyngeal carcinoma (10). Moreover, hsa-miR-374a suppressed in vivo tumorigenicity by reducing the stemness of human glioma stem cells (11). Hsa-miR-374a also directly targeted regulators of the Wnt/β-catenin pathway to regulate EMT in breast cancer (12). Wnt3a can induce β-catenin accumulation and RhoA activation, which is linked to upregulated vimentin expression (13). Therefore, targeted regulation of the hsa-miR-374a-3p/Wnt3 axis may provide a new direction for the prevention and treatment of COAD metastasis.

Traditional Chinese medicine theory states that “spleen deficiency and stasis toxin” are the main pathogenesis of COAD, while the combination of “qi deficiency,” “blood stasis”, and “cancer toxin” is a key pathological factor. Hence, the treatment principle follows the theory of “nourish qi, invigorate the spleen, remove blood stasis, and detoxify”. Based on this, a traditional Chinese medicine compound prescription derived from the classical formula Guishao Liujun decoction, called Yiqi Jianpi Huayu Jiedu decoction (YJHJD), has long been applied for the treatment of COAD. To further explore the mechanism underlying the inhibitory effect of YJHJD on COAD, we investigated the influence of YJHJD on the EMT and cellular plasticity of COAD cells, as well as YJHJD regulation of hsa-miR-374a-3p/Wnt3 signaling.



Materials and Methods


RNA Extraction and Small RNA Sequencing Analysis

Peripheral venous blood was collected from each subject early in the morning on an empty stomach. Plasma was isolated within 4 h and stored at −80°C for future analysis. Total cell-free RNA was extracted from the plasma using the miRNeasy Serum/Plasma kit (Qiagen, CA, USA). A small RNA library was established using a TruSeq Small RNA Sample Prep Kit (Illumina, San Diego, CA, USA). The qualified library was loaded onto an Illumina HiSeq 2500 platform for high-throughput sequencing (Lianchuan Biotechnology, Hangzhou, China). Raw data from each sample were filtered using ACGT101-miR (LC Sciences, Houston, Texas, USA) to remove junk sequences, adapter dimers, low-complexity reads, common RNA families, and repeats. Known miRNAs and novel 5p or 3p miRNAs were identified by mapping all 18–26 nucleotide sequences to the miRBase22.0 database (http://www.mirbase.org/). The remaining sequences were aligned to the miRBase miRNA database to identify completely matched sequences that were judged to be conserved Homo sapiens miRNAs (14). Differences in miRNA expression were evaluated by analysis of variance (ANOVA) test, with the significance threshold defined as |log2 FC| > 1.0 and p < 0.05.



Plasma and Tissue Samples of Patients With COAD

A total of 66 patients diagnosed with primary COAD by postoperative pathology were recruited for this retrospective study. All plasma specimens were collected by centrifuging peripheral venous blood preoperatively and stored at −80°C. Another three pairs of para-carcinoma, CAOD, and hepatic metastasis tissue samples were collected from three patients who were diagnosed with COAD with hepatic metastasis immediately after surgical resection and frozen in liquid nitrogen within 5 min. Written informed consent was obtained from all the patients.



Data Source and Different Expression Gene Analysis

COAD data containing 41 paracancerous and 480 COAD samples were acquired from The Cancer Genome Atlas (TCGA) database. Annotation information (GENCODE v25) was obtained from the UCSC Xena database. Differentially expressed genes (DEGs) between paracancerous tissues and tumors were authenticated via the classical Bayesian method in the Limma package (Version 3.10.3), with a threshold value of adjusted p < 0.01 and |log2 FC| > 1.5. Heatmaps and volcano figures of DEGs were constructed using the pheatmap and ggplot packages.



Kaplan–Meier Plotter Analysis

The patients with COAD were divided into low and high groups according to the specific miRNA or mRNA expression levels. The relationships between miRNA or mRNA expression and the prognosis of patients with COAD were assessed based on the Kaplan–Meier method using the survival package and visualized using the survminer package. Statistical significance was defined as p < 0.05.



Cell Culture

The human COAD cell lines HCT116 and HT29 were obtained from the Type Culture Collection, Chinese Academy of Sciences (Shanghai, China). The mouse colon cancer cell line CT26-GFP was purchased from Cellcook (Guangzhou, China). The cells were cultured in RPMI-1640 medium with 10% fetal bovine serum (FBS, Gibco-BRL, Gaithersburg, USA) in a humidified incubator at 37°C and 5% CO2.



Fluorescence In Situ Hybridization and Immunofluorescence in Human Tissues

FISH experiments were conducted to evaluate hsa-miR-374a-3p expression in human tissues as described previously (15, 16). Hsa-miR-374a-3p probes [5’-AATTACAATACAATCTGATAAG (ttt CATCATCAT ACATCATCAT)30-3’, 5’-DIG-tt ATGATGATGT ATGATGATGT-3’] with a double digoxigenin (DIG)-labeled probe against hsa-miR-374a-3p were synthesized (Servicebio Technology, Wuhan, China). For in situ hybridization, anti-DIG-horseradish peroxidase (HRP)-conjugated antibody (Jackson, West Grove, USA) and tyramide signal amplification iF647-TSA (Servicebio) were applied and the nuclei were stained with 4′,6-diamidino-2-phenylindole (DAPI). Wnt3 (1:100, Abcam, Cambridge, UK), β-catenin (1:100, Servicebio, Wuhan, China), and Cy3/FITC-labeled anti-rabbit immunoglobulin G (IgG, Servicebio, Wuhan, China) were used for the analysis of human specimens. Fluorescence images were captured using a Nikon imaging system (DS-U3; Tokyo, Japan).



Transfection of COAD Cells With Hsa-miR-374a-3p Mimic/Inhibitor

Hsa-miR-374a-3p mimic/inhibitor and scrambled control plasmids were constructed by Gene Pharma (Shanghai, China). HCT116 and HT29 cells were seeded in 24-well plates and incubated for 24 h. Both cell types were then transfected with miRNA-335-5p mimic/inhibitor using Lipofectamine 3000 Transfection Reagent according to the manufacturer’s protocol (Invitrogen, Grand Island, NY, USA). Transfection potency was confirmed 48 h later by RT-PCR.



Wound-Healing Assay

HCT116 and HT29 cells were plated in six-well dishes and incubated overnight to form confluent monolayers. Pipette tips were used to scratch a strip to create a line across the cell monolayers. The remaining cells underwent another 24-h incubation and the relative wounded areas were measured and calculated.



Transwell Assay

Transwell membrane filter inserts (pore size, 8 μm; Costar, Corning, NY, USA) in 24-well dishes were used to test the cell invasive ability. Starved COAD cells were resuspended in serum-free medium (5 × 105/ml). A 200-μl cell suspension was added to the upper inserts and covered with Matrigel. Then, 500 μl of complete medium was added to the lower chambers. After another 24-h incubation, the cells that remained on the upper side were wiped off. The cells were fixed with 95% alcohol and stained with 0.05% crystal violet for further analysis.



Spheroid Formation

HCT116 and HT29 cells (1×103/well) were seeded into ultralow attachment six-well plates, filled with serum-free medium containing 1% B27 (Life Technology, Grand Island, USA), 20 ng/ml epidermal growth factor (EGF), and 10 ng/ml basic fibroblast growth factor (bFGF, Peprotech, Rocky Hill, USA) at 37°C in 5% CO2. The medium was changed every 6 days. Spheroid formation images were obtained 10 or 20 days after culture.



RT-PCR Assay

Total RNA was extracted from COAD cells or liver metastatic tumor tissues using TRIzol reagent (Life Technology, Grand Island, USA) and reverse-transcribed into cDNA using the PrimeScript RT reagent kit with gDNA Eraser (TaKaRa, Dalian, China). The primers used in this experiment are presented in Table 1. Gene expression was investigated on an ABI7500 fast RT-PCR System (Applied Biosystems, Waltham, USA) using the DNA-binding SYBR-Green dye and the △△Ct analysis method.


Table 1 | Primers used for RT-PCR.





Western Blot Assay

Total or nuclear proteins were extracted from COAD cells or liver metastatic tumor tissues and lysed in radioimmunoprecipitation assay (RIPA) buffer. Proteins were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to polyvinylidene difluoride (PVDF) membranes (Millipore, Bedford, USA). Membranes were incubated with 5% bovine serum albumin (BSA) for 1 h at room temperature and then incubated with primary antibodies against E-cadherin, N-cadherin, Snail, CD44, Sox2, β-catenin (1:1,000, CST), β-actin, histone H3 (1:2,000, CST), and Wnt3 (1:1,000, Abcam) at 4°C overnight. The membranes were then incubated with secondary antibodies at room temperature for 1 h. Protein signals were probed using an ECL kit (BI, Kibbutz Beit-Haemek, Israel).



Immunofluorescence Analysis

The cells were fixed with 4% paraformaldehyde for 15 min and permeabilized with 0.5% Triton X-100 for 20 min. Subsequently, 5% BSA was used to block the cells for 30 min. The cells were incubated with antibodies against Wnt3 (1:100, Abcam, Cambridge, UK) or β-catenin (1:100; Servicebio, Wuhan, China) overnight at 4°C followed by incubation with Cy3-labeled anti-rabbit IgG (1:200 dilution, Servicebio, Wuhan, China) secondary antibody for 1 h. Next, the nuclei were stained with DAPI for 5 min. Fluorescence images were acquired using a laser scanning confocal microscope (Zeiss LSM710, Jena, Germany).



Immunohistochemistry Analysis

Formaldehyde-fixed portions of the tissues were embedded in paraffin and sectioned into 4-μm thick slices. After deparaffinization in xylene, the sections were hydrated in a series of graded alcohols. A pressure cooker was used to perform antigen retrieval by placing the sections in 10 mM sodium citrate buffer (pH 6.0) for 15 min. The sections were incubated with primary antibodies against β-catenin, α-sma, and CD44 (1:100, Abcam) overnight at 4°C. HRP-linked secondary antibody was used for incubation for 1 h at room temperature, and the nuclei were stained with hematoxylin.



Hematoxylin–Eosin Staining

Mouse livers with metastatic tumor tissue were fixed in formaldehyde, embedded in paraffin, and cut into 4-μm-thick sections. The sections were then dewaxed with xylene and hydrated with gradient ethanol before staining with hematoxylin for 5 min and soaking in tap water for 5 min. The sections were subsequently stained with eosin solution for 2 min before conventional dehydration, vitrification and sealing with neutral resin. A Nikon imaging system (DS-U3, Tokyo, Japan) was used to obtain photos.



Preparation of YJHJD

YJHJD comprises the 10 types of Chinese herbal medicines listed in Table 2. All herbs were obtained from the Affiliated Hospital of Nanjing University of Chinese Medicine and Jiangsu Province Hospital of TCM. YJHJD granules were dissolved in 165 ml of double-steamed water, heated, and stirred until boiling for 20 min. The liquid was concentrated to ensure the crude drug concentrations of 1.7–3.4 g/ml. The herb solution was then centrifuged at 10,000 g/min for 5 min and the supernatant was collected and subpackaged. The YJHJD drug serum used for the in vitro experiments was prepared according to the equivalent dose conversion formula (17). Pathogen-free Sprague–Dawley rats were administered 2 ml of YJHJD solution by gavage twice daily for 14 days (0.85 and 3.4 g/ml, respectively, in the YJHJ low-dose [DL] and YJHJ high-dose [DH] groups). Arterial blood was collected 1 h after the last drug administration and centrifuged at 3,000 r/min. The supernatants were stored at −80°C after inactivation and filtration sterilization.


Table 2 | Yiqi Jianpi Huayu Jiedu decoction (YJHJD) composition.





High-Performance Liquid Chromatography Analysis of YJHJD

A total of 100 µl of YJHJD at a concentration of 2 g/ml was diluted in methanol and then mixed. The solution was then centrifuged at 12,000 r/min for 10 min and the supernatant was collected. Separation was performed on an Agilent SB-C 18 column (100 mm × 4.60 mm, 1.8 µm). The mobile phase consisted of methyl alcohol (A), acetonitrile (B), and 0.1% formic acid. Gradient elution was performed according to the protocol. The temperature of the column was maintained at 40°C, with a sample volume of 10 µl.



In Vivo Liver Metastasis Assay

A total of 30 BALB/c mice (6–8 weeks of age, 15 male and 15 female) were obtained from Beijing Vital River Laboratory Animal Technology Co., Ltd. The mice were anesthetized by intraperitoneal injection of 1% pentobarbital sodium. A total of 10 μl of CT26-GFP cell suspension (5 × 107/ml) was injected under the spleen envelope in each. The mice were randomly divided into three groups (model, YJHJDL, and YJHJDH) on the third day after surgery. Mice in the YJHJDL (1.7 g/ml, 0.2 ml/20 g) and YJHJDH (3.4 g/ml, 0.2 ml/20 g) groups were administered YJHJD by gavage twice daily, while the mice in the model group were administered the same amount of normal saline for 21 days. The mice were sacrificed 2 h after the last drug administration. The livers were removed for photography and immediately frozen in liquid nitrogen for further analysis.



Statistical Analysis

The results are presented as means ± SD. Statistical analysis was conducted using IBM SPSS Statistics for Windows, version 23.0 (IBM Corp., Armonk, NY, USA) with one-way ANOVA, followed by Duncan’s test. Statistical significance was defined as p < 0.05 or 0.01.




Results


Hsa-miR-374a-3p Is Downregulated in the Plasma of Patients With Hepatic Metastasis of COAD and Is Correlated to Poorer Prognosis

Plasma from a cohort of six patients diagnosed with COAD (three with hepatic metastasis [COAD_M] and three without) was analyzed to identify expression profiles using miRNA high-throughput RNA-seq analysis. The results showed that compared to the COAD group, the levels of 12 miRNAs increased and 51 miRNAs decreased in patients with COAD_M (Figures 1A, B). Subsequently, the Kaplan–Meier plotter was used to analyze the association between these miRNAs and clinical prognosis. Among the eight paracancerous tissues and 457 COAD samples from the TCGA database, low hsa-miR-374a-3p expression in tumor tissues was significantly correlated with worse overall survival (OS) (p = 0.042), disease-specific survival (DSS) (p = 0.022), and progression-free interval (PFI) (p = 0.047) (Figures 1C–E).




Figure 1 | Decreased expression of hsa-miR-374a-3p is bound up with poor prognosis of COAD patients. (A, B) Plasma from 6 COAD patients was collected for analysis of microRNA expression profiles by high-throughput RNA-seq. (C–E) Data from TCGA was used to verify the association between expression of has-miR-374a-3p and prognosis (PFS, OS, and DSS) of COAD.





Decreased Hsa-miR-374a-3p Is Related to the Malignant Progression of COAD

To investigate the clinical significance of hsa-miR-374a-3p, 66 patients were divided into high- and low-expression groups based on the mean plasma hsa-miR-374a-3p expression. The association between clinical or pathological features and hsa-miR-374a-3p expression was further analyzed. The data showed that low expression of miR-374a-3p in the plasma of patients with COAD was significantly related to tumor size (p = 0.013), T stage (p = 0.012), and lymphatic metastasis (p = 0.002), but not to patient age (p = 0.323), sex (p = 0.453), and tumor location (p = 0.447) (Table 3).


Table 3 | Relationship between clinical or pathological characteristics and hsa-miR-374a-3p levels.





WNT3 Is Potentially Targeted by and Expresses Inversely to Hsa-miR-374a-3p

Differences in mRNA expression were analyzed using COAD data from TCGA. We discovered 1,078 upregulated and 2,048 downregulated genes in colorectal cancer (CRC) compared to paracancerous tissue (Figures 2A, B). Next, we predicted 4,284 and 740 potential target genes of hsa-miR-374a-3p using two public miRNA prediction databases (TargetScan Human 7.2 and ENCORI). Eighteen genes were initially screened based on their identification in the differential expression analysis from TCGA (upregulated) and the miRNA prediction databases (Figure 2C). Furthermore, prognostic analysis of 41 paracancerous tissues and 480 COAD samples from TCGA was conducted using the Kaplan–Meier plotter. WNT3 was finally identified as it was the only gene whose high expression was associated with poorer patient PFI (p = 0.043) (Figures 2D, E).




Figure 2 | WNT3 is upregulated in COAD tissue and is a predictor of poor prognosis of COAD. (A, B) Analysis of mRNA expression profiles was performed through data from TCGA. (C) Potential target genes of hsa-miR-374a-3p were predicted via taking the intersection of TCGA, TargetScan Human 7.2, and ENCORI. (D) Prognostic function of WNT3 in COAD was explored by analyzing data of TCGA. (E) PFI of 18 genes was presented by a forest plot.



The TargetScan Human 7.2 database showed that hsa-miR-374a-3p can pair with positions 531–538 and 1772–1778 of the WNT3 mRNA 3’-UTR (Figure 3A). In addition, three groups of samples containing tumor-adjacent, COAD, and hepatic metastasis tissues from three patients who underwent surgery were obtained for further exploration. The results showed that hsa-miR-374a-3p was downregulated gradually in the tumor-adjacent, COAD, and hepatic metastasis tissues, while the expression of WNT3 and its downstream molecule β-catenin showed the opposite trend (Figure 3B). Thus, WNT3 is potentially targeted by and has an adverse relationship with hsa-miR-374a-3p in COAD.




Figure 3 | WNT3 is potentially targeted by hsa-miR-374a-3p and expression of WNT3 is negatively linked to hsa-miR-374a-3p in COAD. (A) Feasible binding sites were predicted using the TargetScan Human 7.2 database. (B) Expression of hsa-miR-374a-3p, Wnt3, and β-catenin in COAD specimens was probed via FISH and immunofluorescence experiments.





Hsa-miR-374a-3p/WNT3 Axis-Mediated β-Catenin Signaling Regulates EMT and Cellular Plasticity in COAD Cells

We performed wound-healing, transwell, and spheroid formation assays to verify that hsa-miR-374a-3p silencing increased cell motility and colony formation, while hsa-miR-374a-3p overexpression inhibited these effects in COAD cells (Figures 4B–D). COAD cells showed downregulated E-cadherin and upregulated N-cadherin and CD44 in response to hsa-miR-374a-3p silencing, while overexpression of hsa-miR-374a-3p led to adverse variations in related molecules (Figure 5E). Moreover, Wnt3 was upregulated when hsa-miR-374a-3p was silenced but downregulated when hsa-miR-374a-3p was overexpressed at both the mRNA and protein levels. β-catenin protein expression showed a similar trend in HCT116 and HT29 cells (Figures 4A, E).




Figure 4 | Hsa-miR-374a-3p plays an inhibitive role in the motility and cellular plasticity of COAD cells by suppressing WNT3/β-catenin signaling. (A) mRNA expression of hsa-miR-374a-3p and WNT3 was detected by PT-PCR assay. (B) Wound-healing assay was performed to assess the migration ability of CAOD cells. (C) Transwell assay was used to evaluate the invasion ability. (D) Spheroid formation assay proceeded to estimate the cellular plasticity. (E) Protein levels of WNT3/β-catenin, EMT, and cellular plasticity-related molecules were tested by Western blot experiment. *P < 0.05, **P < 0.01 compared to control group.






Figure 5 | YJHJD prohibits EMT, cellular plasticity, and hsa-miR-374a-3p/WNT3/β-catenin axis-related molecules in COAD cells. (A) The HPLC fingerprint of YJHJD was established and compared with the reference standards. (B) Migration ability was tested by wound-healing assay. (C) Cell invasion ability was measured through transwell assay. (D) Cellular plasticity was assessed by spheroid formation assay. (E) mRNA expression of hsa-miR-374a-3p and WNT3 in response to YJHJD was evaluated by PT-PCR assay. (F) WNT3/β-catenin, EMT, and cellular plasticity-associated markers at protein levels were estimated by Western blot assay. (G) Protein expression and location of Wnt3 and β-catenin in COAD cells were tested via immunofluorescence analysis. *P < 0.05, **P < 0.01 compared to control group.





The Chemical Components of YJHJD

The HPLC fingerprint of the YJHJD decoction was compared to reference standards (Figure 5A). Gallic acid, neochlorogenic acid, chlorogenic acid, cryptochlorogenic acid, ferulic acid, licorice glycosides, calycosin-7-glucoside, Dangshen acetylene glycosides, and glycyrrhizic acid were detected, several of which exhibited anticancer activity. Gallic acid induced apoptosis, suppressed proliferation, and decreased cell viability (18, 19). Chlorogenic acid induced reactive oxygen species generation, cell cycle arrest, and apoptosis (20, 21). Ferulic acid induced apoptosis (22). Glycyrrhizic acid treatment decreased cell viability, motility, and cloning ability and increased apoptosis (23). From the literature review, peak 1 (gallic acid) might be derived from Angelica sinensis or Oldenlandia diffusa; peak 2 (neochlorogenic acid), peak 3 (chlorogenic acid), and peak 4 (cryptochlorogenic acid) might be derived from Angelica sinensis; peak 5 (ferulic acid) might be derived from Angelica sinensis, Rhizoma atractylodis macrocephalae, Rhizoma sparganii, or Curcuma zedoary; peak 6 (licorice glycosides) and peak 9 (glycyrrhizic acid) might be derived from licorice; peak 7 (calycosin-7-glucoside) might be derived from Astragalus membranaceus; and peak 8 (Dangshen acetylene glycosides) might be derived from Codonopsis pilosula.



YJHJD Inhibits EMT and Colony Formation Ability of COAD cells, and Regulates the Expression of Hsa-miR-374a-3p and WNT3

The migration assay showed a relatively increased wound area, suggesting that YJHJD effectively inhibited the migration ability of HCT116 and HT29 cells (Figure 5B). The transwell assay showed a gradual reduction in the number of invading cells, confirming that YJHJD decreased the invasion ability of both types of colon cancer cells (Figure 5C). The spheroid formation assay demonstrated that YJHJD inhibited colon cancer cell colony formation in a dose-dependent manner (Figure 5D).

The results of Western blotting showed that YJHJD upregulated E-cadherin and downregulated N-cadherin, Snail, CD44, and Sox2 in a dose-dependent manner (Figure 5F). Additionally, RT-PCR and Western blot assays showed increased hsa-miR-374a-3p and decreased WNT3 response to YJHJD (Figure 5E). In addition, YJHJD significantly reduced cytoplasmic and nuclear β-catenin protein expression in both HCT116 and HT29 cells (Figure 5F). The reduced Wnt3 and β-catenin signals were further explored by immunofluorescence (Figure 5G).



YJHJD Suppresses EMT and Cellular Plasticity Through Hsa-miR-374a-3p/WNT3 Axis-Mediated β-Catenin Signaling

HCT116 and HT29 cells with hsa-miR-374a-3p silencing showed decreased hsa-miR-374a-3p and increased WNT3 mRNA expression, in contrast to cells without silencing exposed to YJHD (Figure 6D). Silencing of hsa-miR-374a-3p also counteracted the inhibitory effect of YJHJD on cell motility and clonality (Figures 6A–C), as well as β-catenin, EMT, and cellular plasticity-related molecular changes at the protein level (Figure 6E). In addition, the application of the specific β-catenin inhibitor XAV939 partially restored the suppressive effect of YJHJD, which was weakened by transfection silencing of hsa-miR-374a-3p in colon cancer cells (Figure 6).




Figure 6 | The hsa-miR-374a-3p/WNT3/β-catenin axis plays a vital role in the suppressive effect of YJHJD. (A) A wound-healing experiment was performed to test cell migration ability. (B) Transwell assay was performed to explore cell invasion ability. (C) Spheroid formation assay was carried out to appraise cellular plasticity. (D) Hsa-miR-374a-3p and WNT3 mRNA expression was detected by PT-PCR experiment. (E) WNT3/β-catenin, EMT, and cellular plasticity-related protein expression was researched through Western blot assay.  *P < 0.05, **P < 0.01 compared to control group. *P < 0.05, **P < 0.01 compared to control group.





YJHJD Represses Hepatic Metastasis of Colon Cancer by Inhibiting Hsa-miR-374a-3p/WNT3 Axis-Regulated EMT and Cellular Plasticity

A hepatic metastasis model was established by injecting CT26 cells into the spleen of mice to investigate the effect of YJHJD on colon cancer cell invasion in vivo. The groups treated with YJHJD showed significantly reduced liver metastases, especially in the high-dose group (Figure 7A). HE staining verified the remarkably decreased number and diameter of hepatic metastatic nodules in mice in the YJHJD group as well (Figure 7B). The expression of related molecules in liver metastatic tumor tissues was also investigated. RT-PCR assay showed that YJHJD effectively upregulated hsa-miR-374a-3p and downregulated WNT3 at the mRNA level (Figure 7D). Western blotting confirmed that YJHJD upregulated the protein expression of E-cadherin and downregulated the expression of Wnt3, β-catenin, N-cadherin, Snail, CD44, and Sox2 (Figure 7C). Meanwhile, immunohistochemical staining confirmed the decreased expression of β-catenin, α-sma, and CD44 in the liver metastases of colon cancer (Figure 7E).




Figure 7 | YJHJD restrains liver metastasis of COAD via reversing hsa-miR-374a-3p/WNT3/β-catenin-mediated EMT and cellular plasticity. (A) Fluorescence intensity on behalf of liver metastases was assessed by the Live Animal Analysis System. (B) Liver metastatic lesions and tumor infiltration was evaluated by HE staining. (C) mRNA levels of hsa-miR-374a-3p, WNT3 was tested by PT-PCR assay. (D) Protein expression of WNT3/β-catenin, EMT, and cellular plasticity relevant molecules was studied through Western blot assay. (E) Expression of β-catenin and α-sma in the liver metastatic tumor tissues was examined via IHC analysis. *P <0.05, **P < 0.01, *** P < 0.001 compared to control group.






Discussion

Our previous clinical research validated that the Chinese herbal formulation based on the method of “nourish qi, invigorate the spleen, remove blood stasis and detoxify” prolonged disease-free survival (DFS), reduced the risk of recurrence and metastasis, and improved the quality of life of patients with stage II or III gastric cancer after radical gastrectomy (24). In addition, this therapy increased the survival rate and inhibited CRC liver metastasis in a nude mouse model by activating the innate immune system (25). This treatment method also inhibited COAD cell proliferation by inducing G0/G1-phase cell cycle arrest and cell apoptosis (26). The present study further explored the mechanism underlying the inhibitory effects of YJHJD on COAD.

MiRNAs play a vital role in the biological behavior of CRC, as well as in patient prognosis. Hsa-miR-374a is correlated with CRC development and prognostic indicators and can significantly reduce the mortality risk despite the tumor site, as high hsa-miR-374a expression is associated with better survival (27, 28). After surgical resection of colorectal advanced adenomas (CAA) or CRC, patients showed upregulated plasma levels of miR-374a (29). We observed that hsa-miR-374a-3p was downregulated in the plasma of patients diagnosed with COAD with liver metastasis compared to those without. Moreover, decreased levels of hsa-miR-374a-3p in COAD tissues were associated with reduced OS, DSS, and PFI. Our retrospective study further indicated that patients with lower plasma expression of miR-374a-3p might have a larger tumor size and more advanced T or N stages of COAD. The sequence of in vitro assays showed that hsa-miR-374a-3p silencing enhanced COAD cell migration, invasion ability, and cellular plasticity, whereas hsa-miR-374a-3p overexpression led to the opposite phenotype. Thus, we inferred that hsa-miR-374a-3p may serve as a tumor suppressor that inhibits COAD development and metastasis.

In the canonical Wnt pathway, Wnt ligands bind to the corresponding receptors, leading to the nuclear translocation of β-catenin and activation of target genes (30). Wnt/β-catenin signaling is highly activated in several malignancies, including colon cancer (31). Hyperactivated Wnt/β-catenin signaling is thought to promote CRC progression by regulating the EMT, as overexpression of nuclear β-catenin and continuous activation of Wnt/β-catenin signaling have been reported in aggressive colon cancer (32). The Wnt/β-catenin pathway also plays a major role in maintaining cellular plasticity in colon cancers (33). Moreover, the reciprocal action between microRNAs and the canonical Wnt pathway is a key regulator and prognostic factor in colon tumors (34). Our analysis of COAD data from TCGA revealed 1,078 upregulated genes, among which the expression of WNT3 was inversely connected with PFI. TargetScan Human 7.2. indicated that the binding domain of hsa-miR-374a-3p might be located at positions 531–538 and 1772–1778 of the WNT3 3’-UTR. The expression of hsa-miR-374a-3p decreased gradually in tumor-adjacent, COAD, and hepatic metastasis tissues, while WNT3 and β-catenin showed opposite trends. In addition, silencing of hsa-miR-374a-3p induced the EMT and cellular plasticity of COAD cells, as well as the expression of Wnt3 and β-catenin, while overexpression of hsa-miR-374a-3p resulted in a suppressive effect. Therefore, we concluded that hsa-miR-374a-3p regulated WNT3 expression and further mediated β-catenin signaling to inhibit EMT and cellular plasticity in COAD.

Traditional Chinese medicine is an ancient practice of medicine with a long-standing history that has been applied in clinics for thousands of years and has potential advantages in anti-tumor efficiency (35, 36). The YJHJD decoction is a traditional Chinese medicine compound based on the theory of “spleen deficiency and stasis toxin” that has been applied clinically for years. First, we demonstrated that YJHJD reduced COAD cell migration, invasion, and colony formation potential in a dose-dependent manner. Additionally, YJHJD reversed the EMT and the expression of cellular plasticity-related molecules, with increased hsa-miR-374a-3p and Wnt3 and β-catenin inhibition. Furthermore, the suppressive role of YJHJD was neutralized when hsa-miR-374a-3p was silenced by transfection, whereas the application of the β-catenin inhibitor XAV939 partially restored the effect of YJHJD. Further in vivo experiments confirmed that YJHJD inhibited liver metastasis in a dose-dependent manner by upregulating hsa-miR-374a-3p, downregulating the Wnt3/β-catenin axis, and inhibiting the EMT and cellular plasticity of COAD.

Therefore, hsa-miR-374a-3p is a potential tumor-inhibiting gene in COAD and is closely related to patient prognosis. Notably, hsa-miR-374a-3p/Wnt3/β-catenin signal transduction played a suppressive role by regulating the EMT and cellular plasticity in COAD. The YJHJD decoction established in the theory of “spleen deficiency and stasis toxin” can be applied for the treatment of liver metastasis of COAD. The underlying mechanism is that YJHJD inhibits the EMT and cellular plasticity of COAD in an hsa-miR-374a-3p/Wnt3/β-catenin dependent manner (Figure 8). However, additional studies are needed to elucidate the specific mechanism by which YJHJD acts on hsa-miR-374a-3p and identify potential intermediate effector molecules between the hsa-miR-374a-3p/Wnt3/β-catenin axis and EMT or cellular plasticity.




Figure 8 | Mechanism flowchart of the effect of YJHJD on COAD.
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Granulocyte colony-stimulating factor receptor (GCSFR) is a critical regulator of granulopoiesis. Studies have shown significant upregulation of GCSFR in a variety of cancers and cell types and have recognized GCSFR as a cytokine receptor capable of influencing both myeloid and non-myeloid immune cells, supporting pro-tumoral actions. This systematic review aims to summarize the available literature examining the mechanisms that control GCSFR signaling, regulation, and surface expression with emphasis on how these mechanisms may be dysregulated in cancer. Experiments with different cancer cell lines from breast cancer, bladder cancer, glioma, and neuroblastoma are used to review the biological function and underlying mechanisms of increased GCSFR expression with emphasis on actions related to tumor proliferation, migration, and metastasis, primarily acting through the JAK/STAT pathway. Evidence is also presented that demonstrates a differential physiological response to aberrant GCSFR signal transduction in different organs. The lifecycle of the receptor is also reviewed to support future work defining how this signaling axis becomes dysregulated in malignancies.
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Introduction

Granulocyte colony-stimulating factor (GCSF) is a pleiotropic cytokine expressed by the gene transcript CSF3. GCSF is a hematopoietic growth factor that regulates the viability, proliferation, and differentiation of granulocytic precursors and the function of neutrophils by signaling through its receptor granulocyte colony-stimulating factor receptor (GCSFR) encoded by CSF3R. Both GCSF and GCSFR play important roles as chemical mediators that regulate immune cell homeostasis and coordinators of signal-dependent and non-specific immune responses upon microbial invasion. Cytokine signaling contributes to the effective first line of chemical defense against microbial invasion, resulting in chemotactic signaling to recruit neutrophils and natural killer cells to circulate in the blood and extravasate into interstitial spaces and epithelial surfaces. Because GCSF increases neutrophil mobilization and maturation, a recombinant human GCSF (rh-GCSF) has been used in clinical practice to prevent and treat neutropenia. In this capacity, it has proven highly effective in decreasing the frequency of febrile neutropenia among patients undergoing cytotoxic chemotherapy (1, 2). Consequently, the effects of GCSF on granulopoietic mobilization and differentiation have been evaluated extensively. However, investigators have also begun research into potentially unanticipated pro-tumor effects of GCSF in patients with malignancy, given the development of a broader understanding of the effects of this cytokine on non-immune cells. Recent studies have uncovered a potential oncogenic role for aberrant GCSFR expression and signaling in many hematologic malignancies and several solid cancers. Specifically, overexpression of GCSFR has been identified in nasopharyngeal, oral cavity, breast, colorectal, and ovarian cancer cells with data suggesting a potential role for GCSFR in cancer progression (3–6). Furthermore, an emerging body of evidence suggests that tumor microenvironments are regulated by increased GCSF signaling between tumor cells and adjacent immune cells in the development and progression of gastrointestinal (GI) cancers, which have also been noted to have increased GCSFR expression (7, 8).

Due to the evidence suggesting pro-tumor effects from dysregulated GCSFR signaling, here we seek to summarize what is known about GCSFR structure, signaling, and processing to inform future studies of the role played by GCSF in cancer. Studies performed in healthy cells are leveraged to further understand how the signal transduction pathways that GCSFR stimulates in normal tissues are co-opted in cancer cells. Increased understanding of the regulatory effect of GCSFR on cellular proliferation response patterns is important to guide additional studies into GCSFR’s contribution to oncogenesis and progression of malignancies. This review will discuss recent advances in our understanding of the mechanisms behind the receptor-driven signal transduction in various organ systems and cancerous cell lines to further understand the link between the upregulation of GCSFR and cancer pathogenesis.



Structure

GCSFR is an 813-amino acid protein encoded by CSF3R gene and is a member of the class I cytokine receptor family (9). The receptor is a single transmembrane protein comprised of several functional extracellular and intracellular domains. As seen in Figure 1, the extracellular region contains an immunoglobulin (Ig)-like domain, a cytokine receptor homologous (CRH) domain, and three fibronectin type III (FNIII) domains (10). The intracellular region contains three distinct motifs called Box 1, Box 2, and Box 3 and four tyrosine residues (704, 729, 744, and 764) that are essential for mitogenic signal transduction. GCSF requires four highly conserved cysteine residues in the N-terminal half region and the WSXWS motif in the cytokine receptor-homologous (CRH) domain to bind GCSFR and initiate signal transduction (11). Additionally, these four cysteine residues in combination with an additional four cysteine residues at the N-terminal provide eight potential sites for N-linked glycosylation (12).




Figure 1 | Overall GCSFR Structure.




Isoforms

Seven messenger RNA (mRNA) isoforms (Class I through VII) can result from alternative splicing of CSF3R. While it is unclear which isoforms are expressed in non-hematopoietic cells, the only class I (the canonical type) and class IV (differentiation defective) GCSFR isoforms are detectable in hematopoietic cells (13). Functional mapping studies highlight the importance of the 87-amino acid residues of the carboxy-terminal region in the receptor that allow the signaling for cellular maturation and the 96-amino acid residues of the proximal membrane region that allow the signaling for cellular proliferation. Class IV GCSFR, which is expressed prominently in patients with acute myeloid leukemia (AML), contains a truncation of 87 amino acids at position 725 of the C-terminal along with dileucine residues required for normal receptor internalization, which are replaced by a unique 34-amino acid sequence (9, 14). These changes are thought to result in receptor overexpression due to a lack of normal internalization. Increased expression of Class IV GCSFR has also been linked to increased incidence of AML relapse (15).




Signal transduction

The immune response to pathogenic microbial invasions is triggered by the finely tuned cascading signal transductions of neighboring cells. GCSF and GCSFR play an integral role in an adaptive immune response through their immunomodulation effect. However, many investigators have also found that GCSFR signaling is increased in multiple cancers as compared to expression levels in healthy cells.

Activation of the receptor enhances the rate of cellular proliferation through the initiation of a cascade of intracellular signaling that is propagated by many factors, among which are Src and a tyrosine kinase protein, Janus Kinase (JAK). This results in the downstream activation of the transcription factors of signal transducers and activators of transcription (STAT) family. Suppressors of cytokine signaling proteins (SOCS) are critical negative regulators of GCSFR that inhibit the JAK/STAT pathway in a feedback loop. These proteins are primarily involved in the signal transduction pathways that GCSFR triggers, and stringent regulation of these proteins is integral for maintaining optimal expression of the receptor. Timely regulated initiation of the expression of GCSFR plays a central role in the sequence of events that lead to lineage divergence and in the establishment of malignancies (16). While the role played by GCSFR in neutrophil maturation and signaling is widely known, more recent work has shown considerable effects of GCSFR signaling in a wide variety of immune and non-immune cells. The results of signal transduction through GCSFR are also found to be dependent on both ligand concentration and cell location.

Like the interleukin-6 (IL-6) activation pathway, GCSF binding to GCSFR activates the signal transduction pathways by primarily inducing tyrosine phosphorylation of the receptor, which activates the JAK/STAT pathway (Figure 2). GCSFR has no intrinsic tyrosine kinase activity. However, upon GCSF binding, four conserved tyrosine residues in the cytoplasmic domain develop an increased affinity to STAT3, the adapter proteins Src homology and collagen homology (Shc), growth factor receptor bound protein 2, and suppressor of cytokine signaling 3 (SOCS3) after being phosphorylated by JAK1, JAK2, and Tyrosine kinase-2 Tyrosine kinase-2 (TYK2) (17). The cellular signal is propagated further when JAK2 recruits another tyrosine kinase, Lyn protein, a key inducing factor for the mitogenic behavior of GCSFR. Lyn, which directly binds to Casita B-lineage Lymphoma or Cbl, an E3 ubiquitin-protein ligase, couples Lyn to Phosphoinositide-3 kinase (PI3) (18, 19).




Figure 2 | General Overview of GCSFR Signal Pathways. Adapted from “Hippo Pathway in Mammals”, by BioRender.com (2022). Retrieved from https://app.biorender.com/biorender-templates.



While JAKs are phosphorylated as a result of the GCSF ligation of GCSFR, STATs are simultaneously activated and traffic downstream signals. Like JAK proteins, STAT proteins have important tyrosine residue sites that need to be successfully phosphorylated to be activated. There is extensive evidence that the tyrosine residues in the membrane-proximal cytoplasmic region of GCSFR, Y704 and Y744, are integral for STAT activation via a direct docking mechanism at those sites (20). Three distinctive STAT proteins are involved in this activation step: STAT1, 3, and 5. While all three play roles in the activation of cellular proliferation, each of the three has a distinct mechanism of action. Phosphorylated STAT1 (pSTAT1) controls the dormant stem cell’s entry into the cell cycle and stimulation of interferon (IFN) for an inflammatory response. Phosphorylated STAT3 (pSTAT3) acts as a mediator and a key regulator of pluripotent cell maintenance. Phosphorylated STAT5 (pSTAT5) acts as a downstream messenger that induces the activation of the erythropoietin receptor (EPOR) in the setting of basal GCSFR activity (21, 22). STAT3 activation is required for GCSF-dependent granulocytic differentiation and regulation as the protein leads to sustained GCSF-induced proliferation in certain myeloid cell lines. This is demonstrated by the fact that reduced STAT3 signaling led to the loss of stem cell maintenance, while STAT5 and STAT1 largely affected cellular survival (23). STAT3 seems to hold greater importance in the signal transduction process, as it is expressed in greater amount than STAT5 and STAT1 in GCSF/GCSFR-dependent signaling (24, 25). Consistently, past findings differentiate STAT3 from STAT5 as the major proponent for oncogenesis in solid tumors.  It has been detected in solid tumors at significantly increased levels, while STAT5 is found at higher levels in hematological malignancies. However, there is emerging evidence that shows STAT5 having a wider role in mediating solid tumorigenesis than previously thought. Although STAT5 has not been included in Figure 2, as it is not yet confirmed to be a potent oncogene in solid tumors, an increased expression level of STAT5 was notably found in lung cancer cells, promoting the survival of cancerous cells via the tyrosine-protein kinase ABL2 and transcriptional coactivator TAZ signaling axis (26, 27).

For STAT5 and STAT1, conserved Box 1 and Box 2 motifs in the cytoplasmic domain of GCSFR are required for activation (28, 29). Mutational analyses of the mouse GCSFR cytoplasmic domain elucidated the importance of conserved Box 1 and 2 sequence motifs in GCSF-mediated receptor growth signaling. These motifs are located at the carboxy-terminal end of the receptor close to the membrane-proximal 53 amino acids of the cytoplasmic domain and act as a latching site for tyrosine-specific phosphorylation of the transcriptional regulator p75c-rel in Ba/F3 transformants—a process integral for GCSFR growth signal transduction (30). However, STAT3 does not rely on the conserved motifs for activation. Instead, it acts through tyrosine-dependent and tyrosine-independent mechanisms for activation depending on the ligand concentration (Figure 3). Recently, a comparison of STAT3 activation between wild-type (WT) GCSFR with the deletion mutants d715 and Y704F suggests STAT3 activation has an alternate mechanism of activation at low GCSF concentrations. At low concentrations, STAT3 activation is mediated by the phosphorylation of the Y704 and 744 sites by receptor-associated JAK kinase family members, leading to dimerization mediated by reciprocal Src homology 2 (SH2)-pY705 motif interactions and then nuclear translocations and binding to specific DNA elements of CSF3R (31). Possible explanations for these two sites acting as the major docking sites may be that they allow more efficient phosphorylation or have higher affinity than the putative intermediate docking protein (32). In contrast, GCSFR is activated independently from intracellular tyrosine at the saturating concentrations of GCSF (100 ng/ml) (15). Under these high ligand concentration conditions, STAT3 activation is mediated by a mechanism involving the C-terminal region of the full-length GCSFR, removing the need for the tyrosine docking sites. The evidence suggests that emergency granulopoiesis in response to high levels of GCSF may be accomplished through an independent signaling pathway mediated by the distal region of GCSFR without the requirement of phosphotyrosine residues.




Figure 3 | STAT3 Activation Mechanisms. Adapted from “Cytokine Signaling through the JAK-STAT Pathway”, by BioRender.com (2022). Retrieved from https://app.biorender.com/biorender-templates.



Unlike STAT3, STAT1 and STAT5 can be activated when a ligand binds to their receptors in the absence of receptor tyrosine phosphorylation. It is currently thought that JAK1 and JAK2 recruit and phosphorylate STAT1 and STAT5, respectively, in a direct manner. The expression of STAT5 is carefully regulated by Src homology phosphatase-1 (SHP1). A comparison of SHP1WT and SHP1mut expression in 32D cells, which are murine pre-B cells that require the cytokine for growth and survival, led to the finding that SHP1 directly regulates the intensity of GCSF-mediated proliferation in a negative manner through direct association with Y729 and indirect interaction with phosphorylated Y729 of GCSFR carboxy terminus. Although the SH2 domain of SHP1 did not interact with phosphorylated tyrosine residues in an in vitro binding assay, Src homology phosphatase-2 (SHP2) still maintained its regulation on proliferation at the expense of GCSF-induced differentiation (31, 33). This could possibly be explained by the fact that STAT5 has three active isoforms: STAT5A, STAT5B, and STAT5p80. While STAT5A and STAT5B bind to the proliferation-specific domain of GCSFR, STAT5p80 binds to phosphorylated Y704 of GCSFR, which is essential for differentiation (28, 34). The activated STAT5 is now able to behave similarly as STAT3 in that it is able to cause STAT5 dimerization and attract transcription factors like lymphoid enhancer-binding factor-1 (LEF1) and C/EBPα to the nucleus (35, 36). Investigations using samples from congenital neutropenia (CN) patients with and without AML revealed that higher levels of phosphorylated STAT5 and LEF1 were found in CN patients who developed AML subsequently than in CN patients who did not develop AML. Furthermore, a recent study on breast cancer gene-1 (BRCA1) associated with ovarian cancers revealed a role for STAT5 in mediating solid tumorigenesis. Upregulated STAT5 inhibited the transcription factor p21, a cell-cycle inhibitor, leading to increased proliferation of ovarian carcinomas (37). Furthermore, studies on JAK2 V617F mutations, acquired somatic mutations often found in patients with myeloproliferative cancers, revealed that STAT5 over-activation can also cause increased cell proliferative behavior in non-myeloid cells such as mammary cells (38). A point mutation in JAK2 allowed constitutive activation of JAK2 in epithelial mammary cells, which led to hyperactivation of STAT5 that eventually enhanced the proliferation of epithelial memory cells. These findings highlight a greater role for STAT5 in the oncogenesis of both solid tumors and hematopoietic cancers.

Similar to STAT5, STAT1 activation is dependent on the successful formation of STAT1 homodimers by reciprocal phosphotyrosine–SH2 domain interactions, which allows for translocation of the homodimers to the nucleus, which is followed by binding to the promoters of the targeted genes (39). STAT1 is tightly regulated, as its response is rapid and transiently activated in response to ligand stimulation. It is also subjected to regulation by SHP1 and SHP2 in a negative regulatory manner. Both phosphatases reduce JAK/STAT1 signaling by inactivating the interferon receptors and JAKs through dephosphorylation (18, 23).

In earlier paragraphs, secondary GCSFR regulators specific to each protein were explored, but SOCS proteins are the primary regulators of GCSFR. While STAT signaling regulates the intensity of signal transduction induced by GCSF, members of the SOCS family control the duration of the signal. STAT activation induces the expression of SOCS, and in turn, SOCS inhibits the signaling cascade in a classic negative feedback loop. While there are eight proteins in the SOCS family, SOCS1 and SOCS3 are currently at the center of interest, as they are unique in the SOCS family for their particularly short N-terminal domain, which allows direct interaction with JAKs to inhibit the catalytic activity. SOCS1 and SOCS3 have two described mechanisms of inhibition. First, the SH2 domain of SOCS3 directly binds to the phosphorylated activation loop of JAK and the killer-cell immunoglobulin-like receptor (KIR) domain, which then blocks the active site of JAK. Second, the elongin B/C heterodimer and ternary complex-bound SOCS box domain interact with Cullin 5 (CUL5) to form the scaffold of an E3 ubiquitin ligase that ubiquitinates both JAKs and GCSFR, marking them for degradation by proteasomes. (Figure 4) (40).




Figure 4 | SOCS Inhibition Mechanisms. Adapted from “Cytokine Receptor Families”, by BioRender.com (2022). Retrieved from https://app.biorender.com/biorender-templates.



The complex signal transductions and physiological effects driven by the GCSF/GCSFR system were recently investigated using a global GCSF knockout mouse model by Zhang et al. to determine how GCSF signaling modulates the physiological effect of non-alcoholic fatty liver disease (NAFLD). Overall, GCSF deficiency in mice alleviated a high-fat diet (HFD) and palmitic acid (PA) induced obesity, hepatic steatosis, and insulin resistance. A comparison of isolated primary hepatocytes from both GCSF knockout (−/−) and WT (+/+) mice treated with either an HFD or a standard-chow diet (SCD) revealed that administration of exogenous GCSF significantly aggravated palmitic acid-induced lipid accumulation in both the GCSF knockout (−/−) and WT (+/+) mouse samples. The model also showed a physiological difference in GCSF−/− mice having significantly lower liver weight, a lower mass of epididymal white adipose tissue, and a lesser extent of hepatic steatosis than their control littermates after 13 weeks of HFD feeding before the introduction of exogenous GCSF (41). These findings were confirmed by intrahepatic triglyceride content from hepatic and cellular triglyceride assay, hematoxylin and eosin staining, and oil red O staining from the histological analysis. With the use of serine–threonine kinase (Akt) and glycogen synthase kinase-3 (GSK3) as markers for insulin sensitivity and glucose tolerance, Western blotting showed significantly increased phosphorylation of JAK1/2, STAT3, Akt, and GSK3 in the livers of HFD-fed GCSF−/− mice exposed to exogenous GCSF treatment. Consistently, decreased SOCS3 was detected in these mice, suggesting that GCSFR may be able to regulate lipid metabolism and insulin sensitivity via JAK/STAT3 signaling to modulate NAFLD. Immune cells in the liver through immunohistochemical staining and flow cytometry using myeloperoxidase as a marker for neutrophils and F4/80 for macrophages were also compared between GCSF−/− mice and WT prior to GCSF treatment.. Both neutrophils and macrophages were significantly decreased in the livers of HFD-fed GCSF−/− mice compared to WT, suggesting an alternate pathway in which GCSFR can indirectly affect the development of NAFLD by regulating the production and mobilization of neutrophils in the absence of GCSF (41). This study identifies the importance of GCSFR regulation in the presence of GCSF in response to diet-induced changes in hepatocyte metabolism. The study also suggests that increased GCSFR deregulates JAK/STAT/SOCS signal pathway, which can bring immunomodulation that may attenuate the hepatic metabolism process (41, 42).


Signal modulation

Whether GCSFR is susceptible to typical receptor translational modification remains investigated. However, emerging evidence suggests several mechanisms play functional roles in regulating the receptor. Specifically, C-mannosylation regulates the receptor by modulating its signaling. A post-translational modification that occurs intracellularly in the endoplasmic reticulum before protein folding and secretion, C-mannosylation regulates protein folding, guidance of substrate of proteins, and cellular signaling. This mode of protein modification has been found to be functional in regulating the downstream signaling of GCSFR. In the receptor, C-mannosylation at W318 regulates granulocytic differentiation in myeloid 32D cells and affects GCSF-dependent downstream signaling by changing ligand binding capability. Investigators used transduction of myeloid 32D cells with WT or W318F GCSFR expressing lentivirus to show that the absence of this C-mannosylation site on GCSFR resulted in lower phosphorylation levels of STAT3 compared to WT-expressing cells as well as a lower number of differentiated cells (43). The in vitro experiment also confirmed that C-mannosylation regulates the JAK/STAT pathway by affecting the capability of ligand binding without any change in the cell surface localization of GCSFR, resulting in myeloid cell differentiation (44).




Regulation of granulocyte colony-stimulating factor receptor expression

Initially, it was thought that GCSFR was expressed only on myeloid and hematopoietic stem cells. However, GCSFR has been shown to be expressed on epithelial cells, endothelial cells, ganglion cells, neurons, cardiomyocytes, and numerous cancer cell lines (45–48). Furthermore, the expression of GCSF and GCSFR is increased in several types of solid tumors including breast cancer, bladder cancer, GI cancers, and gliomas (8, 49–51). While GCSFR regulation has primarily been studied in myeloid cells, here we will discuss what is also known about GCSFR regulation in both myeloid and non-myeloid cells. By understanding how GCSFR expression is regulated, we will have greater insight into why and how dysregulation occurs in tumor development.


Regulators of transcription

The first barrier to transcriptional activation is chromatin accessibility. Physical access to chromatin is regulated through the topological organization of DNA binding proteins like nucleosomes and other chromatin binding factors (52). Post-translational modifications of nucleosomes contribute to chromatin accessibility, which can restrict or promote transcription factor binding. Early investigations of the methylation status of GCSFR promotors suggest that hypermethylation of the HpaII restriction site inhibits GCSFR transcription.

Examination of methylation patterns in lymphocytes that lacked GCSFR expression revealed hypermethylation of the promoter region of GCSFR gene, while macrophages, known to have high levels of GCSFR expression, exhibited hypomethylation of the promoter region. Lastly, granulocytes and monocytes exhibited no methylation (53). Taken together, these data suggest that GCSFR promotor methylation is a critical regulator of GCSFR expression. While histone remodelers, like SWI/SNF-related, matrix-associated, actin-dependent regulator of chromatin, subfamily D, member 2 (SMARCD2), and STAT5, have been shown to contribute to the regulation of GCSF-induced differentiation of neutrophil granulocytes, the histone remodeler(s) involved in GCSFR specific modifications and whether they are conserved among cell types remain a mystery (54, 55).

Transcription factors also play a critical role in regulating gene expression. CCAAT/enhancer-binding proteins (C/EBPs) are a family of transcription factors that increase the transcription of numerous genes involved in proliferation, differentiation, and survival by binding the promotor regions of target genes (56). Currently, there are six known distinct C/EBPs (C/EBPα, C/EBPβ, C/EBPγ, C/EBP00190, C/EBPδ, and C/EBPζ). Several of these factors are critical for granulopoiesis including C/EBPα, which is also critical for the differentiation of several cell types including hepatocytes, adipocytes, lung cells, and ovarian cells (57). C/EBPα binds a GCAAT site found in the promotor region of CSF3R in myeloid nuclear extracts, and mutations in the site reduce promotor activity by 60% (58). C/EBPα (−/−) mice exhibited undetectable levels of GCSFR mRNA, supporting a critical role of this transcription factor (59). While one group found undetectable levels of GCSFR mRNA in C/EBPα KO mice, another group of investigators found that cell lines established in the fetal liver of C/EBPα (−/−) mice expressed GCSFR mRNA, which increased with the addition of granulocyte-macrophage colony-stimulating factor (GM-CSF), suggesting a mechanism of GCSFR expression independent of C/EBPα (60). Rat sarcoma virus (RAS) signaling enhances the ability of C/EBPα to transactivate the GCSFR promotor by phosphorylation of S248 of the C/EBPα transactivation domain in the U937 myeloid cell line and 293T embryonic kidney cells. Furthermore, PKC blocks this activation (61). C/EBP00190 can also regulate GCSFR when transiently transfected into HeLa cells, suggesting a potential additional level of regulation (57).

Two additional transcription factors have been identified that are involved in the regulation of GCSFR. PU.1, an ETS-family transcription factor encoded by the Spi1 gene, is a key differentiation regulator that can alter the expression of thousands of genes involved in hematopoiesis including GCSFR (62, 63). PU.1 binds a purine-rich DNA sequence (5′-GAGGAA-3′) called the PU-box located at +36 and +43 in the 5′ untranslated region of the GCSFR promotor. Mutation of this region reduces promoter activity by 75%. Additionally, C/EBPα physically interacts with and activates PU.1 distal enhancer in myeloid differentiation, suggesting an additional level of transcriptional complexity (64). Interestingly, when promoter activity was monitored by luciferase assay, activity increases were observed in NB4 and HL60 leukemic cell lines but not in the non-myeloid cell lines, Jurkat or BJAB (65–67). Later studies discovered an interaction between C/EBP00190 and activating transcription factor 4 (ATF4) at CEBP binding sites of the GCSFR promoter (Figure 5) (68). Investigators used a luciferase reporter construct in Jurkat cells to demonstrate that homodimers of C/EBP00190 and heterodimers of C/EBP00190 activate the GCSFR promotor equally well, whereas C/EBPα transcription is inhibited upon heterodimerization with ATF4 (68). These data suggest complicated and cell type-specific regulation of GCSFR expression. Many of these studies were done during the time when GCSFR was thought to be expressed explicitly in myeloid cells with later studies performed in lymphocytes. A more recent study found an additional step of GCSFR expression regulation in a neutrophilic granule protein (NGP) neuroblastoma subpopulation of CD144+ cells (3). STAT3, which is activated through GCSF signaling, directly regulates GCSFR expression, suggesting a feed-forward loop. Whether these transcription factors are involved in GCSFR regulation in epithelial cells and fibroblasts within tumor microenvironments remains unknown.




Figure 5 | Transcription Factors of GCSFR (CSF3R). Adapted from “CREB Signaling Pathway”, by BioRender.com (2022). Retrieved from https://app.biorender.com/biorender-templates.





Translational regulation

MicroRNAs (miRs), short non-coding RNA molecules, bind to target mRNAs and allow translational repression and gene silencing. miRs play regulatory roles in cellular processes from proliferation to apoptosis at the translation stage. In relation to GCSFR, miRs play a critical role in combatting truncated GCSFR variants, which is important, as defective receptors have been shown to confer resistance to apoptosis and contribute to oncologic transformation. Currently, several miRs have been shown to regulate GCSFR expression, and dysregulation of expression in miRs are linked to diseases.

The miR-155 is highly expressed in hematopoietic progenitor cells and several hematological malignancies. Patients with severe congenital neutropenia (SCN), who have higher levels of class IV GCSFR, are also found to have higher levels of miR-155. Itkin et al. demonstrated that miR-155 was aberrantly upregulated in a STAT5-dependent manner for individuals with a greater level of class IV GCSFR, suggesting that upregulated miR-155 can increase the risk of de novo leukemia or leukemia relapse for these individuals. The pro-tumor effects mediated by miR-155 upregulation include the suppression of growth factor independent-1 transcription repressor, which is crucial for myeloid differentiation and tumor suppression, and tumor protein p53 inducible nuclear protein-1, which has anti-proliferative and pro-apoptotic activities. Additionally, miR-155 indirectly promotes the secretion of C-C chemokine ligand-2 (CCL2), a strong chemotactic factor important for regulating macrophage recruitment and polarization during inflammation (69). The miR-155-mediated CCL2 upregulation was found to upregulate GCSF-induced mobilization via C-X-C motif chemokine-12/C-X-C motif chemokine receptor 4 (CXCL12-CXCR4) signaling axis and STAT5 activation when class IV GCSFR was present (70). This finding highlights the pro-tumorigenic implications of miR-155-mediated GCSF and GCSFR expression and increased leukemogenicity in SCN patients.

While miRNAs can regulate GCSFR expression, signaling through the GCSF axis can also increase the expression of pro-tumor miRNAs. Recent work by Zhang et al. demonstrated that GCSF treatment on the HCT-8 colon cancer cell line resulted in a gradual increase of miR-125b expression in a time-dependent manner (71). Previous studies suggest that miR-125b can act in a pro-metastasis manner by modulating the tumor microenvironment via promotion of apoptosis and epithelial to mesenchymal transition (72). A recent analysis of colorectal cancer (CRC) patient samples with or without node metastasis confirmed that samples from patients with metastasis had higher expression of miR-125b. Further work on the HCT-8 cell line by ectopically expressing miR-125b in the cell line revealed that ectopic miR-125b could significantly promote migration and invasion of CRC cells, indicated by the transwell migration array and Matrigel invasion array. The finding was consistent with tumors of mice injected with CRC cells with overexpressed miR-125b metastasizing in the liver and lung (71, 73). The migration speed of HCT-8 cells also increased in a dependently of in miR-125b overexpression, as the wound healing assay showed much faster wound healing than that of the control. Zhang et al. performed a dual-luciferase activity assay and identified myeloid cell leukemia-1 (MCL1), an inhibitor of apoptosis that contains 3′-UTR putative target sequences for miR-125b, to be the direct target of this translational modification. The result revealed miR-125b inhibiting the relative luciferase activity of WT MCL1 3′-UTR constructs with firefly luciferase vector when co-transfected with miR-125b mimics, suggesting that miR-125b directly binds to 3′-UTR of MCL1 to inhibit its expression (71). While the exact mechanism by which miR-125b acts in CRC initiation and progression is unclear, different studies have identified the increased presence of miR-125 in breast and liver cancers, suggesting that miR-125-induced inhibition of MCL1 protein may selectively promote apoptosis-resistant cancer cells, which then can have greater metastatic potential than the cancer cells susceptible to apoptosis, in various organs (73).




Trafficking and post-translational modifications


Localization

Protein localization requires the accumulation of a protein at a destined site to produce cellular signaling and is an important step for signal trafficking. Endocytosis is one method by which signal transductions are modulated in terms of intensity and duration. In some disease processes, receptor trafficking can become altered, resulting in hampered receptor signaling pathways. Enhanced green fluorescent protein (EGFP)-tagged WT GCSFR demonstrated ligand-induced spontaneous receptor internalization with predominant localization in the Golgi apparatus, late endosomes, and lysosomes (74). Positions at 749–755 and 756–769 in the C-terminal region of GCSFR aid in the internalization of the receptor via their dileucine internalization motif, which is dependent on phosphorylation of a serine residue at position −4 to −5 upstream of the dileucine pair. The phosphorylation of this serine residue facilitates the interaction with activator protein-2 (AP2) (75). Internalization of the receptor has a synergizing effect on JAK activation. Additionally, the integrity of a crucial tryptophan residue (W650) in the juxta-membrane region of the receptor for JAK activation is found to further stabilize the internalization process.



Recycling

The fate of internalized receptors includes receptor degradation and recycling. Receptor recycling plays an important regulatory role in signal activation and overall signal trafficking. In WT GCSFR, GCSF binding of the receptor results in receptor internalization followed by endosome formation as presented in Figure 6. During this process, downstream signaling continues. The receptor inside the endosome now faces either degradation or recycling. If recycled, the early endosome undertakes a dynamic system for sorting and re-exporting membrane components via the endoplasmic reticulum and Golgi apparatus, respectively. Understanding the mechanism of recycling helps in determining the composition of the plasma membrane and the mechanisms of normal cellular homeostasis.




Figure 6 | GCSFR Degradation and Recycle Mechanisms. Adapted from “Endocytosis and Exocytosis with Membrane Rupture (Layout)”, by BioRender.com (2022). Retrieved from https://app.biorender.com/biorender-templates.



Damaged endosomal recycling is often linked to a variety of diseases, including cancer and neutropenia. Vacuolar protein sorting 45 homolog (VPS45) deficiency is often found in patients with serious infections and diseases including CN, bone marrow fibrosis, and extramedullary renal hematopoiesis. VPS45, a member of the secretory/mammalian uncoordinated 18 (SM) family, is a critical regulator that orchestrates trafficking through the endosomal system and promotes the recycling of cell surface receptors. Loss of VPS45 results in the trapping of GCSFR in endosomes and impaired lysosomal delivery (76). Linked to hypo-responsiveness to GCSF due to impaired trafficking of GCSFR, the absence of VPS45 reduced trafficking of colocalized GCSFR with lysosome-associated membrane glycoprotein-2 (LAMP2)-positive late endosomes, showing a sustained accumulation of receptor in early endosomes (77). The accumulation indicated that the absence of VPS45 arrests early endosomal activity in sorting receptors for recycling or degradation. Interestingly, past research draws a closer relationship between T224A mutation in VPS45 gene that abolishes its gene expression in SCN patients who are often susceptible to dysregulated GCSFR (76).

In GCSFR, phosphorylation of the immediate upstream serine residue at 749 of carboxyl terminus (S749), positioned four residues downstream of the dileucine motif, is found to be a crucial determinant in the switch from slow constitutive endocytosis to fast, ligand-induced endocytosis (74). A mutation of the leucine in internalization motif-1 to alanine (L753754A) has been shown to elicit a significant reduction in GCSFR internalization, suggesting that the upstream leucine residue plays an integral role in both localization and internalization of the receptor (43). The internalization rate of WT GCSFR was compared to receptor mutants S749A and S749D that mimic an unphosphorylated lysine residue and a phosphorylated residue, respectively. Both WT and S749D GCSFR had internalized approximately 60% of the surface GCSFR within 5 min of incubation at 37°C, while only 20% of the cells expressing S749A were internalized at that timepoint. Both S749A S749D GCSFR mutant cells were not affected by spontaneous internalization of anti-GCSFR antibodies when compared with WT GCSFR cells, indicating that the phosphorylation of S749 is important in determining the rate of ligand-mediated GCSFR internalization but is not sufficient by itself to catalyze the internalization rate in the absence of GCSF (77, 78).



Degradation

The degradation mechanisms of GCSFR are similar to most cell surface protein processing and include glycosylation and targeted ubiquitination. Derangements in the degradation process of GCSFR are found in patients with SCN and AML, which increase in GCSFR induces hypersensitivity and enhanced growth response to GCSF. (79–81).

Degradation of GCSFR begins with ubiquitination modulated by O-glycosylation. The cluster of threonine residues proximal to amino acid position 618 is an important site for glycosylation. The glycosylated wild-type GCSFR is expressed at the cell surface and triggers ligand-dependent tyrosine phosphorylation (82). The phosphorylation then leads to ubiquitination for proteasomal degradation. At this step, JAK2 levels decrease to limit the signaling (83). Additionally, O-linked glycosylation decreases the dimerization of the receptor due to its bulky charged group, which sterically hinders the process. A recent finding elucidates a novel avenue of aberrant signaling of GCSFR when the degradation signal is compromised. Threonine residue at the 618 (T618) site of the proximal membrane region of the receptor, a part of the O-linked glycosylation cluster, is an important motif for endocytosis and degradation. Truncation in T618 directly prevents O-glycosylation of the receptor and increases receptor dimerization, highlighting the receptor’s ability to be activated in a ligand-independent manner when T618 is compromised (84). Point mutation analysis of T618I mutant confirmed that this mutation prevented O-glycosylation of the receptor (82). Cells expressing the membrane-proximal CSF3R T618I mutation exhibited high rates of growth in the absence or presence of ligand without any change over the concentration gradient (85). This finding was consistent with previous reports that showed the T618I mutation causing rodent bone marrow colony formation in the absence of GCSF (86). The ligand-independent nature of T618 mutant underscores the relative potency of the truncation mutation and further highlights the importance of the threonine cluster in the function and regulation of GCSFR signaling.

The receptor is also susceptible to degradation through SOCS3-driven lysosomal degradation, in which ubiquitination of specific lysine residues in the conserved juxta-membrane motif plays a large role in regulating degradation. Unlike glycosylation, which partly inhibits JAK kinase activity, ubiquitination of the lysine residue at position 632 of juxta-membrane (K632) drives lysosomal degradation and targets STAT5 by downregulating and attenuating phosphorylation activity (Figure 4) (87). Covalent bonding of ubiquitin to a cytoplasmic lysine residue in GCSFR attracts lysosomal sorting effectors and proteins such as the hepatocyte growth factor regulated tyrosine kinase substrate, endocytic adaptor proteins (epsins), and the endosomal sorting complex required for transport machinery (ESCRT) complexes to create a binding site for membrane phosphoinositides. Subsequently, EAP45/Vps36 interacts with this complex to sort cargo proteins to the luminal vesicles of endosomes. SOCS’s innate ability to inhibit phosphorylation strengthens the effect of this downregulation pathway on GCSFR (39). Additionally, the lysine residue in the receptor holds importance in regulating the GCSFR-stimulated signal transduction. A lysine lacking GCSFR mutation is strongly associated with prolonged receptor expression, leading to unregulated cellular proliferation. Comparing the STAT phosphorylation activity between WT whole cell lysates and K762R/GCSFR transfectants, immunoblot analysis showed rapid diminishment of phosphorylation of both STAT3 and STAT5 in the WT compared to the mutated GCSFR counterpart 2 h post-GCSF stimulation. Akt signaling pathway, an important pathway for cell survival and proliferation, was also found to have prolonged activation in K762R mutants as compared to WT GCSFR transfectants in which Akt activity was undetected at 60 min (79).

Other biological inhibitors for degradation have been identified including methyl-β-cyclodextrin, hyperosmotic sucrose, severely reduced internalization-defective GCSFR mutants like D715, and GCSFR deletion mutations, which are often found in patients with neutropenia. Degradation inhibitors like MG132 and Bafilomycin-A take a more direct approach to restore GCSFR protein levels by preventing degradation. MG132, an effective reversible proteasome inhibitor, can readily permeate through the cell membrane and selectively inhibit proteosome machinery by attaching its peptide aldehydes to the lysosomal cysteine domain of proteases. Bafilomycin-A, a macrolide antibiotic, inhibits GCSFR degradation through acidification of either the extra cellular environment or intracellular organelles, denaturing lysosomes by specifically targeting vacuolar-type hydrogen ATPase (V-ATPase) (88).




Protein interactions

The GCSFR-driven signal transduction mechanism is complex. Its ability to contribute to proliferation and cellular differentiation signaling in different organs is a testament to the versatility of the receptor and highlights the potential for deleterious effects when GCSFR is upregulated. The in vitro investigation of GCSFR in hepatocytes discussed in the Signal Transduction section of this review reflects the organ specificity of GCSFR-stimulated signal transduction and highlights the vast presence of GCSFR in the human body. In the liver, GCSFR regulates hepatic lipid metabolism through downstream signaling activation of the JAK/STAT/SOCS pathway. GCSFR activation induced expression of SOCS3, which then inhibited JAK activation and limited STAT3 phosphorylation, negatively regulating GCSF response (41). This negative feedback pathway had a direct influence on instigating hepatic steatosis by inhibiting the expression of Akt and GSK3, which evoke insulin insensitivity, highlighting the intracellular interplay between organ-specific proteins and the GCSFR-mediated signaling proteins (89).

GCSFR is known to interact with transmembrane proteins involved in signal transduction pathways of cells to maintain healthy homeostasis. One of these interactions is with integrin α9β1. This transmembrane protein is often found in the epithelium and aids in the translation of extracellular signals that change cell behavior, specifically cell adhesion and migration (90). α9β1 is also prominently expressed on human neutrophils and mediates neutrophil migration through vascular cell adhesion molecule-1 (VCAM1) and tenascin-C (TNC). α9β1 improves the responsiveness of GCSFR to GCSF and promotes stimulation of the cascading signaling pathway by directly interacting with GCSFR. Comparing ltgα9 WT and ltgα9−/− bone marrow cells revealed that the STAT3 phosphorylation resulting from GCSF stimulation was significantly reduced in α9-deficient cells (91). While the specific mechanism remains unclear, the permissive role of α9β1 in the GCSFR-signaling pathway as indicated in the study suggests α9β1 is important for granulopoiesis, especially in enhancing the activation of STAT3.

Another important protein interaction of the receptor is with E6-associated protein (E6AP), a ligase protein best known for ubiquitinating the transcription factor p53. E6AP targets GCSFR for ubiquitin-mediated proteasome degradation, attenuating the receptor’s function (88). GCSFR and E6AP are co-localized together in the cells, and the co-localization is enhanced in the presence of the proteasome inhibitor MG132 both in vitro and in vivo (88). E6AP is also found to promote early degradation of GCSFR, reducing the GCSFR signaling indicated by reduced STAT3 phosphorylation. Investigators determined the half-life of GCSFR in the presence and absence of E6AP by inhibition of de novo protein synthesis with cycloheximide. E6AP markedly reduced the half-life of GCSFR, while the half-life of T718 GCSFR mutant was modestly affected, highlighting the importance of the protein–protein interaction between E6AP and GCSFR (88, 92). The study further implicates the possibility of E6AP as an effective GCSFR inhibitor to treat GCSFR upregulated diseases.



Receptor expression and response to granulocyte colony-stimulating factor in non-myeloid cells

Previously established understanding of GCSFR implicates that the receptor can interact with non-immune cells in different organs. In recent years, the receptor and its substrate have been detected on the surface of other microvascular murine endothelial cells originating from the thymus, brain, heart, and skin, as well as other non-hematopoietic cells (3, 5, 78). In the endothelial cells of different organs, GCSFR is expressed at similar levels as in myeloid cells and acts similarly in aiding the cellular proliferation and migration of cells (93). The signaling mechanism of rh-GCSF and the receptor (rh-GCSFR) in the ovarian adenocarcinoma cell line, HEY, allows a better understanding of GCSFR functioning beyond its typical role.

The in vitro model of rh-GCSFR in HEY constructed by Brandsetter et al. showed the active participation of the receptor in mediating mitogen-activated pathway (MAP). To demonstrate this, proliferative and differential signals were induced via GCSFR, and a similar signal transduction mechanism was shown in the model. Y646, 744, and 764 sites were important for activating JAK kinases and activating p21Ras/MAP kinases. Upon exogenous GCSF stimulation of HEY cell lines, AP-1-(c-Jun/c-Fos) regulated gene accumulated and upregulated CSF3R expression by 40% (94). Three MAP kinase groups were involved in MAP: p38 kinases, the extracellularly regulated kinases (ERKs), and the c-Jun N-terminal kinases (JNKs) found in stress-activated pathways. Two methods by which these proteins are activated were identified: stress-associated and non-stress-associated pathways. Although these two pathways result in increased proliferation, the stress-associated pathway involves the JNKs and p38 kinases that are activated in response to inflammation. The non-stress-associated pathway involves cytokine activation of ERKs, which can phosphorylate c-jun, an integral component of AP-1 complexes that regulate transcriptional activity (95).

In addition to its proliferative role, the retinal ganglion cell (RGC) axotomy model used by Frank et al., highlights the receptor’s neuroprotective nature in RGCs. Its constitutive expression in RGCs aids in the survival, differentiation, and proliferation of neutrophilic lineage cells. The investigators demonstrated that GCSF-mediated GCSFR expression protected RGCs from degeneration after transection of the optic nerve in a rat model (47). GCSFR-driven activation of RAS/RAF/ERK or PI3K/Akt kinases is understood to inhibit apoptosis through inhibition of caspase and by activating neurotrophins, potentially explaining this protective effect (96).

Regeneration of skeletal and cardiac muscle cells links proliferation of cells to cellular inflammatory response mediated by GCSFR upregulation. Examining rodent embryos using immunostaining, GCSFR expression was demonstrated to be increased at the period when early skeletal myocytes began differentiating and the expression of the receptor was affected by the autocrine GCSF signaling as myoblasts developed (97). A serial histological analysis up to 28 days after injury (inducing stress by injecting cardiotoxin directly into rodent femoral muscle cells) demonstrated the synchronous nature of inflammatory response and upregulation of GCSFR to protect cells and prevent apoptosis. GCSFR expression was observed via immunofluorescence on day 5 after cardiotoxin injection. Day 5 corresponded to the same day the skeletal muscle progenitor cells or satellite cells (SCs) began proliferating, confirming that increased expression of GCSFR coincides with the proliferation period of cells (97). Furthermore, in the isolated myofiber samples of day 5, 94.4% of activated SCs or migrating SCs into the injured site with syndecan-4 (SDC4) activation showed increased expression of GCSFR. This suggests that both activated SCs and inflammatory factors were present at the same time GCSFR expression increased during the first cellular proliferation (98). Upon the activation of GCSFR, the same important signal trafficking proteins seen in myeloid cells like ERK, JNK, p38MAPK, Akt, and STATs were activated. The level of expression of these proteins paralleled with the upregulation level of GCSFR, promoting the proliferation of myoblasts (97). A similar expression pattern of GCSFR was shown in post-myocardial infarction (MI) cardiomyocytes. Additionally, upregulation of the receptor in myocardial infarction cardiomyocytes and cardiac fibroblasts of cultured rodent cardiomyocytes evoked similar protective and anti-apoptotic roles for the damaged cells via the JAK/STAT pathway by producing angiogenic factors (99).

While these findings highlight the cell-protective characteristics of GCSFR signaling in cells, they also implicate the damning concern that GCSFR signaling can inhibit the cellular apoptosis mechanism to encourage cancer cells to grow (96).



Cancer

It is evident that unbridled expression of GCSFR causes unnecessary and possibly dangerous cellular proliferation and differentiation through complex downstream signal transduction. Its ability to induce proliferation pathways led investigators to look closely at GCSFR functioning in human tumor cells to better understand the relationship between upregulated GCSFR and different cancers. Wojtukiewicz et al. reported the detection of high GCSFR expression in 20 out of 28 assessed breast cancer tissue samples. Immunoblotting showed high GCSFR expression on the endothelial cells (ECs) of small blood vessels supplying breast cancers in those 20 samples, suggesting the possibility of GCSFR aiding in the proliferation and migration of ECs by supporting angiogenesis in breast cancers. Furthermore, co-expression of GCSFR with vascular endothelial growth factor (VEGF), VEGF receptor, and tissue factors were found in those samples, highlighting the interplay between the receptors for angiogenesis promotion and in providing mitogenic support for the progression of malignant cells. Similar to breast cancer, higher expression of GCSFR is found in nasopharyngeal, oral cavity, colorectal, gastric, and ovarian cancers, solidifying the relationship between increased levels of GCSFR expression and solid tumors (5, 8, 10, 84).

Many investigators have demonstrated a link between the overexpression of GCSFR and pro-tumor effects in numerous cancers such as neuroblastoma and CRC (3, 51, 99). In the central nervous system, endogenously expressed GCSFR was found to be upregulated in response to external stress-related stimulation such as nerve injuries or hypoxia, a common feature of the tumor microenvironment (100). An in vitro mechanical scratch neuronal injury model showed upregulation of GCSFR in spinal cord capillaries compared to the control sample. The model also highlighted the functioning of nucleophosmin-1 (NPM1), a neuron-specific protein, that was increased alongside GCSFR to reduce apoptosis by inactivating caspase-activated DNase (48). Xenograft and allograft murine models of neuroblastoma showed increased GCSFR expression promoting the proliferation and metastasis of neuroblastoma through GCSF-dependent phosphorylation of STAT3 signaling in CD114+ cells. Agarwel et al. reported a positive feedback loop between GCSFR and STAT3-mediated transcription of CSF3R (3).

Upregulation of GCSFR is also detected in glioma. While GCSF and GCSFR expressions were not detected in the normal brain cortex or primary cultured astrocytes, they were widely expressed in glioma samples (101). This finding suggests that GCSFR expression may facilitate both autocrine and paracrine modes of stimulation and maintenance of glioma. Using a bromodeoxyuridine incorporation assay, the investigators demonstrated a significant increase in proliferating glioma cells with exogenous GCSF treatment. Specifically, bromodeoxyuridine (BrdU)-positive cells were increased by 50% in GCSF-treated groups compared to groups without GCSF treatment (78). Treatment of primary cell cultures derived from glioblastoma patients and the glioma cell lines T98G, U251, and U87 with GCSFR antibody resulted in a significant decrease in the frequency of BrdU-positive cells and colony formation rate by an average of 15% compared to those without treatment (78).

The same behavior can be seen in bladder carcinomas in which tumor cells’ continuous expression of GCSF and GCSFR allowed for a functional autocrine/paracrine signaling loop that promotes the survival and growth of bladder cancer cells. This upregulation bolstered poorly differentiated proliferation as observed in multiple epithelial cancers and was a significant defining factor of the invasiveness of cancer. Higher GCSFR expression was also associated with the presence of lymph node metastasis in gastric cancers. In cultured gastric cancer cells (SGC7901), GCSFR increased proliferating cell nuclear antigen levels and induced cell proliferation. Wound healing assays have confirmed that GCSFR also increases migration in gastric cancer (49). Transfection of TCC-SUP bladder cancer cells that innately lack expression of GCSF and the receptor with full-length GCSFR resulted in a twofold increase in the proliferation rate with a sustained increase of cell survival through abrogation of apoptosis in a GCSF dose-dependent manner (102). Both the GCSFR transfected TCC-SUP and 5637-GR bladder cancer cells had increased survivin, a STAT-regulated gene known to mediate pro-survival functions in cells.

GCSFR is also seen cross-interacting with components within tumor stromal cells to promote tumor migration. In breast and pancreatic cancer cells, cancer-associated fibroblasts (CAFs) are most frequently found in tumor stroma not only promoting tumor progression but also inducing therapeutic resistance (103). CXCL12 signaling, known to upregulate GCSF-induced mobilization, also induces activation of CAFs, resulting in increased breast cancer stem cells (104, 105). While the specific interplay between GCSFR and CAFs remains elusive, this finding suggests a close interaction between the two. Day et al. observed GCSFR interacting with mesenchymal-lineage stromal cells in the bone marrow, CXCL12-abundant reticular cells (CAR), and osteoblasts, decreasing their capacity to support B lymphopoiesis. GCSFR was also associated with CAR expansion and support of osteogenic lineage commitment (106). However, GCSFR suppressed the production of multiple B-cell trophic factors by CAR osteoblasts, along with other cytokine factors like interleukin-6, a pro-inflammatory cytokine, and interleukin-7, hematopoietic growth factor (106).

In addition to increased proliferation of tumor cells, recent findings suggest that GCSFR promotes a microenvironment favorable for solid tumor cells to metastasize via immunomodulation (107, 108). Karagiannidis et al. subcutaneously injected GCSFR−/− mice with the murine colon cancer cell line, MC38, to investigate the role of GCSF signaling. They found that the GCSFR−/− mice had slower tumor growth and hypothesized that this may be due to a lack of GCSF signaling in the immune cells. The authors also noted a decrease in T cell-associated cytokine production in these GCSFR−/− mice. Real-time quantitative reverse transcription polymerase chain reaction (qRT-PCR) with RNA extracted from CD4+ T cells isolated from spleens of GCSFR−/− mice showed an increase in interferon-gamma (IFNy), which is associated with antitumor activity, and in interleukin-17 (IL-17A), which can be indicative of T-cell activation. These mice also showed a decrease in interleukin-10 (IL-10) at the mRNA level, which is indicative of regulatory T cells associated with poor anti-tumor response (108). The expression of IFNy and IL-17A, generally considered markers of cytotoxic CD8+ responses and of Th17 helper cells, respectively, were found favorable as compared to the WT, while IL-10 level decreased in the absence of GCSFR. Conversely, GCSF treatment on WT CD4+ cells significantly decreased IL-17A production but increased IL-10 production. These findings suggest that GCSFR directly affects T-cell phenotype and cytokine production in a GCSF-dependent manner. In in vitro studies, GCSFR−/− spleen-derived CD4+ T cells had decreased levels of the gene forkhead box P3 (FoxP3), the transcription factor for T-regulatory cells. This was consistent with an increase of IL-10 and expression level of FoxP3 in WT mice subjected to MC38 tumor injection, as compared to IL-10 and FoxP3 levels in the GCSFR−/− mice (108). Multiplex cytokine analysis of conditioned media from cultures confirmed that IL-10 production was increased in WT mice as compared to cultures using tumor tissues from GCSFR−/− mice. This is consistent with previous studies that reported an IL-10 serum level increase in human patients with progressing CRC (73, 108). These data suggest complicated regulation of GCSFR on the immune system. The pro-tumorigenic role of GCSFR in inhibiting CD4 and CD8 T-cell responses by promoting IL-10 is recognized to play an important role in shaping the tumor microenvironment.



Conclusion

Although GCSF has been widely used in clinics to successfully treat and prevent febrile neutropenia, a complete understanding of the complex results of GCSF signaling remains lacking. This review summarizes the available data regarding GCSFR structure, signaling, and regulation with emphasis on the role played by the receptor in diseases such as cancer. An emerging body of evidence reveals an adverse role played by GCSFR signaling in various cancers. Available evidence also shows that GCSFR activates the JAK/STAT pathway to drive the proliferation of both myeloid and non-myeloid cells. Because of this and the fact that recombinant GCSF is administered to patients with malignancy, there is an urgent need to increase our understanding of the multiple roles played by this pleiotropic cytokine beyond the well-known effects on neutrophil mobilization.
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GCSCs surface marker Characteristic of stem cell Reference

CD44(+) Tumorigenicity, self-renewal, multipotent differentiation, chemoresistance, colony-forming ability (13)
CD44v8-10 Tumorigenicity, (14)
ALDH Chemoresistance, self-renewal, colony-forming ability, generate heterogeneity (15, 22)
CD90 Tumorigenicity, self-renewal (16)
CD71 (-) Tumorigenicity, self-renewal, relatively dormant state 17)
EpCAM Tumorigenicity, relatively dormant state (18)
CD44(+)/CD24(+) Tumorigenicity, self-renewal, multipotent differentiation (19)
CD44(+)/CD54(+) Tumorigenicity, self-renewal (20)
EpCAM(+)/CD44(+) Tumorigenicity, chemoresistance 1)





