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A B S T R A C T   

FERMT2 has been identified as a participant in integrin-linked kinase signaling pathways, 
influencing epithelial-mesenchymal transition and thereby affecting tumor initiation, progres-
sion, and invasion. While the character of FERMT2 in the tumor microenvironment (TME) as well 
as its implications for immunotherapy remain unclear. Thus, we conducted a comprehensive 
analysis to assess the prognostic significance of FERMT2 using Kaplan-Meier analysis. In addition, 
we employed enrichment analysis to uncover potential underlying molecular mechanisms. Using 
"Immunedeconv" package, we evaluated the immune characteristics of FERMT2 within TME. 
Furthermore, we determined the expression levels of FERMT2 in various cell types within TME, 
based on single-cell sequencing data. To confirm the co-expression of FERMT2 and markers of 
cancer-associated fibroblasts (CAFs), we performed multiplex immunofluorescence staining on 
tissue paraffin sections across various cancer types. Our analysis disclosed a significant correla-
tion between elevated FERMT2 expression and unfavorable prognosis in specific cancer types. 
Furthermore, we identified a strong correlation between FERMT2 expression and diverse 
immune-related factors, including immune checkpoint molecules, immune cell infiltration, mi-
crosatellite instability (MSI), and tumor mutational burden (TMB). Additionally, there was a 
significant correlation between FERMT2 expression and immune-related pathways, particularly 
those associated with activating, migrating, and promoting the growth of fibroblasts in diverse 
cancer types. Interestingly, we observed consistent co-expression of FERMT2 in both malignant 
tumor cells and stromal cells, particularly within CAFs. Notably, our findings also indicated that 
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FERMT2, in particular, exhibited elevated expression levels within tumor tissues and co-expressed 
with α-SMA in CAFs based on the multiplex immunofluorescence staining results.   

1. Introduction 

Cancer poses a significant obstacle to achieving higher life expectancy worldwide. By the end of the century, it is anticipated that 
cancer will become the leading cause of premature death in many countries, surpassing cardiovascular diseases [1]. In recent years, the 
global incidence of cancer has shown a consistent upward trend [2,3]. According to research conducted by the International Agency for 
Research on Cancer, it is projected that the global incidence of cancer will reach 28.4 million cases by 2040, reflecting a 47 % rise 
compared to 2020 [4]. 

Recently, there has been increasing interest in research on the TME. Studies suggest that cancer progression is a dynamic and 
continuous process, wherein cancer cells primarily interact with components within the TME to support local invasion and metastasis 
[5]. Within the TME of various cancer types, there are various types of non-cancerous cells, encompassing endothelial cells, normal and 
cancer-associated fibroblasts, immune cells, along with non-cellular elements including cytokines, chemokines, as well as growth 
factors [6]. 

Given the significant importance of the TME in cancer biology, cancer research and treatment have shifted their focus from a tumor- 
centric to a TME-centric pattern due to the significant importance of the TME in cancer biology [7]. In addition to traditional ap-
proaches such as surgical resection, chemotherapy, and radiation therapy targeting the primary tumor, immune checkpoint inhibitors 
(ICIs) directed towards specific immune cells have become a pivotal immunotherapeutic strategies in clinical practice [8]. 

Immune checkpoints play a role in maintaining immune tolerance within the body, but cancer cells often exploit this mechanism to 
disguise themselves as normal cells, thereby evading immune surveillance [9]. CTLA-4 weakens the activation of memory T cells as 
well as naïve T cells by binding to its corresponding ligand, while the function of T cells in adjacent tissue area are primarily modulated 
by PD-1 via the interaction with its receptor PD-L1 [8,10]. An increasing body of evidence confirms the remarkable ability of ICI 
therapy to significantly prolong the survival of cancer patients, underscoring its immense clinical utility. This approach holds great 
promise in revolutionizing cancer treatment by leveraging the intricate interactions within the TME to boost the body’s innate immune 
response [11–13]. Despite the impressive advancements achieved with ICI therapy, limitations such as a restricted response rate and 
unpredictable efficacy persist. So we need to uncover a reliable predictive biomarker to determine individual variations in immu-
notherapy sensitivity, thereby enhancing personalized treatment for patients [8,14]. 

FERMT2 belongs to the family of focal adhesion protein, and is involved in numerous physiological processes in the human body. The 
absence of FERMT2 often leads to alterations in the composition of cortical actin, thereby affecting skeletal muscle development [15]. 
In recent years, research on FERMT2 has revealed potential correlations with certain cancers. The expression of FERMT2 has been 
found to be associated with various tumors, such as pancreatic cancer, and breast cancer. In these cancers, FERMT2 participates in 
integrin-linked kinase signaling pathways to regulate integrin activation, thereby influencing tumor initiation and progression 
[16–18]. Additionally, studies have indicated that the elevated level of FERMT2 can promote local progression and metastasis of tumor 
in oral cancer as well as gallbladder cancer by modulating epithelial-mesenchymal transition (EMT) [19,20]. Furthermore, in colo-
rectal cancer, FERMT2 can affect EMT of cancer cells through the activation of Wnt/β-catenin signaling pathway, thus influencing 
tumor advancement [21]. 

However, the exact character of FERMT2 in TME and its specific mechanisms in different types of tumors remain insufficiently 
elucidated. Therefore, we conducted a comprehensive investigation of the role of FERMT2 in the pan-cancer context. Apart from 
discovering the relations between expression levels of FERMT2 and prognostic outcomes in pan-cancer context, moreover, we explored 
the associations between FERMT2 expression pattern and immune cell infiltrations, immunotherapy response, as well as potential 
molecular mechanisms. Furthermore, we validated our previous conclusions using large scale single-cell sequencing data and 
immunohistochemical staining techniques. 

2. Materials and methods 

2.1. Acquisition of data and sample collection 

We acquired comprehensive RNA sequencing data, somatic mutation profile and corresponding clinical attributes of 33 tumor 
types, along with their respective normal counterparts, from TCGA database. In addition, RNA sequencing data from 31 kinds of 
normal tissues were retrieved from the GTEx database. Gene expression profiles of cell lines were sourced from the CCLE database, 
while gene expression data across various tissues were acquired from the HPA database. We retrieved single-cell sequencing data of 
various cancer types, including breast carcinoma (BRCA, GSE118389), kidney renal clear cell carcinoma (KIRC, GSE171306), bladder 
cancer (BLCA, GSE145137), head and neck squamous cell carcinoma (HNSC, GSE103322), stomach adenocarcinoma (STAD, 
GSE183904), liver hepatocellular carcinoma (LIHC, GSE125449), and prostate adenocarcinoma (PRAD, GSE137829). We also ac-
quired single cell sequencing data from distinct subtypes of CAFs, along with normal fibroblasts (NFs), from the dataset GSE210347. 
All human paraffin sections of primary tumor as well as adjacent normal tissues were obtained from The First Affiliated Hospital of 
Zhejiang University, Hangzhou, China. After signing the informed consent, tissue samples of local tumor and peripheral normal areas 
were collected in accordance with ethical guidelines and regulations. 
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2.2Prognostic significance of FERMT2 

FERMT2 expression patterns were extracted from each tumor sample according to TCGA database along with the matching clinical 
features. Two primary outcome measures, overall survival (OS) as well as disease-specific survival (DSS), are employed to investigate 
the prognostic impact of FERMT2 expression patterns. We used the "survival" R package to conduct univariate Cox analysis, while the 
"forestplot" R package was utilized for generating forest plots as well as Kaplan-Meier survival curves. 

2.3. Underling potential molecular mechanisms 

The immune-related gene sets were obtained from GO terms, and the "GSVA" R package was applied to conduct GSVA. Meanwhile, 
GSEA was executed using the "GSEA" command within the "clusterProfiler" R package. The annotated datasets encompassed both the 
KEGG gene set and the Hallmark gene set. 

2.4. Evaluation of tumor microenvironment 

The "ESTIMATE" R package was employed to quantify stromal score and immune gene set enrichments score within each tumor 
sample. The resulting individual scores were then aggregated to derive a cumulative ESTIMATE score, which serves as a conclusive 
assessment of tumor purity. Subsequently, within certain cancer types, the correlation between FERMT2 expression patterns and the 
aforementioned scores was visualized via applying the "ggplot 2″ R package. Moreover, the "Immunedeconv" R package [22] was 
utilized to uncover the association between FERMT2 expression patterns and immune cell infiltration in pan-cancer context. The 
outcomes were then presented through correlation heatmaps. 

2.5. Data processing of single-cell sequencing 

The copycat R package utilizes integrative Bayesian techniques to infer genomic copy numbers and subclonal structures, enabling 
the identification of genome-wide aneuploidy within single cells. In this study, copycat was employed to discern aneuploid (tumor) 
cells from diploid (normal) cells based on high-throughput sc-RNAseq data. Subsequent steps involved filtering out poor-quality cells 
and genes based on the following criteria: (a) unique molecular identifiers (UMI) of cells were fewer than 400; (b) expression of 
mitochondria-related genes of cells beyond 20 %; (c) genes detected in less than three cells. 

To address undesirable variations, normalization and scaling procedures were implemented in accordance with established pro-
tocols. Gene expression matrix of each remaining cells was subject to normalization utilizing a global-scaling approach, employing a 
default scaling number of 10,000. Subsequently, a natural-log transformation (log (1 + x)) was applied to the data, facilitated by the 
utilization of the "NormalizeData" command within the Seurat software. The process of identifying genes with variable expression 
involved employing the "FindVariableGenes" function utilizing the "vst" selection method, encompassing a feature count of 2000. 
Subsequently, to lower dimensionality, this set of 2000 genes exhibiting variability underwent principal component analysis. 

Utilizing the "FindClusters" function, cluster analysis was conducted as per a default resolution parameter of 0.5. The ensuing 
Louvain clusters were visually depicted within a two-dimensional UMAP representation, and their identification with recognized cell 
types was manually accomplished via the utilization of canonical marker genes. Visual presentations of the data encompassing Vlnplot, 
Dimplot, and Featureplot were generated following the relevant commands provided in the Seurat manual. 

2.6. Immunoblot analysis 

The total proteins of cultured cells were extracted using RIPA buffer (Beyotime Inc., China) supplemented with 1 % phosphatase 
and protease inhibitors. After centrifugation of cell lysates at 1.2 × 10^4 g, 4 ◦C for 30 min, the supernatant was collected. The protein 
concentrations were measured using the BCA Protein assay kit (Thermo Scientific, USA). Equal amounts of protein (30 μg) were loaded 
onto each lane, separated by SDS-PAGE, which was transferred to PVDF membranes afterwards (Millipore, USA). The membranes, 
after blocked for 15mins, were incubated with primary antibodies (shown below) overnight at 4 ◦C. After washing with TBST three 
times, the membranes were incubated with an HRP-conjugated secondary antibody (Proteintech, China) at room temperature for 1 h. 
β-actin/GAPDH (Proteintech, China) was used as the standard loading control. Membranes were visualized using the ECL chem-
iluminescence detection kit (Yeasen Biotechnology, China).The antibodies applied in this study are as following: FERMT2 (Proteintech, 
11453-1-AP); α-SMA (Abcam, ab5694); Fibronectin (Proteintech, 60239-1-Ig); GAPDH (Proteintech, 60004-1-Ig) 

2.7. Multiplex immunochemistry (mIHC) staining of human tissues in pan-cancer 

Resected tumor tissues were initially fixed in 4 % paraformaldehyde before paraffin embedding. The resultant tissue sections (4 
μm) underwent a 2-h baking step at 65 ◦C in an oven, followed by xylene dewaxing and gradual rehydration through a series of alcohol 
gradients. Afterwards, mIHC kits (AKOYA Biosciences, USA, NEL820001KT) were applied to stain the tissue sections aforementioned, 
adhering to the guidelines provided by the manufacturer. Tissue sample images were then captured using the Akoya Phenocycler 
Fusion system (AKOYA Biosciences, USA) and subsequently processed utilizing Phenochart software (version 1.2.0). The selected 
antibodies were employed as per recommended dilutions and incubation times, with details outlined in Table S1. 
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2.8. Potential in immunotherapy prediction and drug sensitivity analysis 

Based on the Tumor Immune Dysfunction and Exclusion (TIDE) database, the "Biomarker Evaluation" unit,can perform the com-
parison between the expression level of FERMT2 and other already published biomarkers using their predictive ability for response 
outcomes and prognosis. We utilized the "Drug sensitivity" module within the Gene Set Cancer Analysis (GSCA) online database to 
investigate the association between FERMT2 expression levels and diverse tumor drug resistance patterns. Leveraging relevant drug 
data from the GDSC and CTRP databases, we identified the top 10 drugs that exhibited the strongest positive and negative correlations 
with FERMT2 expression. 

2.9. Cell lines 

The immortalized cancer-associated fibroblasts after transformation were separated from human gastric cancer tissues, generously 
provided by my friend, Dr. Che Gang (The First Affiliated Hospital of Zhejiang University). CAFs were cultured in the Dulbecco’s 
modified Eagle’s medium (DMEM, Gibco, USA),supplemented with 10 % FBS, and kept in a 37 ◦C incubator with a 5 % CO2 humidified 
atmosphere. 

2.10. RNA interference 

The small interfering RNA targeting FERMT2 as well as the corresponding negative control was designed by Qingke Biotech 
(Guangzhou, China).Three sequences targeting FERMT2 (sense 5′–3′) are as follows: si-1: CCUUGCUGCUCCGAUUCAA (dT) (dT); si-2: 
GCCCAGGACUGUAUAGUAA (dT) (dT); si-3: GCUAGAUGACCAGUCUGAA (dT) (dT). And the negative control sequence is 
‘UUCUCCGAACGUGUCACG UTT’. CAFs cultured in 6-well plates were transfected with si-RNA according to the manufacturer’s in-
structions when reaching 60–80 % confluence. And the knockdown efficiency was confirmed using the western-blot method. 

2.11. Statistical analysis 

All bioinformatics analyses were conducted applying R software (4.2.1). Based on the distribution and variances of the data, either 
the Student’s t-test or the Wilcoxon test was applied for analyzing continuous variables. One-way ANOVA analysis was used for 
comparison of continuous variable differences among multiple groups. The two-sided log-rank test was utilized to compare survival 
curves. All p-values were two-tailed, and the statistical significance threshold was defined as P < 0.05. 

Fig. 1. The flow chart depicting the entire study process.  
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3. Results 

3.1. Expression and genetic alterations of FERMT2 

This study, based on the TCGA database, incorporated samples of various cancer types for comprehensive Investigation. The design 

Fig. 2. Expression profile of FERMT2. FERMT2 expression in non-cancerous human tissues sourced from the GETx dataset (A). FERMT2 expression 
in cancer cell lines obtained from the CCLE dataset (B). FERMT2 expression in tumor cell lines sourced from the HPA dataset (C). Comparison of 
FERMT2 expression [log2 (x+0.001)] using TCGA and GETx datasets (D). Significance levels denoted as: *p < 0.05, **p < 0.01, ***p < 0.001, -, not 
statistically significant. 
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Fig. 3. Pan-cancer survival analysis of FERMT2 using TCGA database. Survival analysis of FERMT2 for OS (A) and DSS (B) in pan-cancer, illustrated 
through a forest plot. Prognostic impact of FERMT2 on Overall Survival presented using the Kaplan-Meier method (C). 
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of this study is schematically illustrated in Fig. 1. Detailed identifiers of samples as well as datasets implemented in this study can be 
obtained in Supplementary file (Supplementary Table 1). 

To comprehensively elucidate expression patterns of FERMT2 across normal and cancerous samples, we scrutinized the expression 

Fig. 4. Association between FERMT2 expression levels and immune infiltration within TME. Analysis conducted through various algorithms 
including TIMER (A), EPIC (B), QUANTISEQ (C), and MCP-counter (D). Significance denoted as: *p < 0.05, **p < 0.01, ***p < 0.001. 
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level of FERMT2 within a cohort of normal tissue samples from the GTEx dataset (Fig. 2A). This analysis revealed variable expression 
levels of FERMT2 across these non-cancerous tissues. Notably, the colon, esophagus, uterus, stomach, and breast emerged as the top 
five tissues showcasing the highest enrichment of FERMT2 expression. Data from the HPA dataset showed the TERT166, BJ (Human 
Fibroblast), ASC52telo, SH-SY5Y, and LHCN-M2 cell lines with the highest FERMT2 RNA enrichment levels (Fig. 2B). Based on CCLE 
data, FERMT2 exhibited prominent expression in tumor cell lines, particularly in rhabdoid, testis cancer, adrenocortical cancer, sar-
coma, and neuroblastoma (Fig. 2C). Data of TCGA and GTEx dataset revealed a significant increase in FERMT2 expression [log2 
(x+0.001)] in cancer samples compared to normal controls across cancer types, including ALL, GBM, LAML, LGG, PAAD, PCPG, and 
STAD (Fig. 2D, P < 0.05). 

Fig. 5. Associations between FERMT2 expression and key factors related with immunotherapy response (MSI, TMB, and immune checkpoint 
expression) in pan-cancer. Visualization of the relationship between FERMT2 expression and MSI, TMB using a radar chart (A, B). Heatmap of the 
connection between FERMT2 expression and immune checkpoint markers (C). Significance levels denoted as: *p < 0.05, **p < 0.01. 
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Furthermore, we analyzed the mutational landscape of FERMT2 across diverse cancers based on the cBioPortal dataset (Fig. S1). 
Notably, UCEC, STAD, and LUAD stood out with significant mutation rates, exceeding an alteration frequency of 3 % (Figs. S1A and B). 
Simultaneously, we examined the interrelation between FERMT2 mRNA expression patterns, mutational modes (Fig. S1C), and al-
terations of copy-number (Fig. S1D). Notably, our analysis revealed 88 mutations (68 missense, 14 truncating, 5 splice, and 1 fusion) 
within amino acids 100 to 600 (Fig. S1E). 

3.2. FERMT2 as a prognostic indicator 

Subsequently, we proceeded to uncover the prognostic implications of FERMT2 within various cancers types using Kaplan-Meier 
(KM) analysis. FERMT2 demonstrated noteworthy prognostic significance in forecasting both overall survival (Fig. 3A) and disease- 
specific survival (Fig. 3B) across multiple tumor types. Increased FERMT2 levels were notably linked to shorter overall survival in 
ACC, BLCA, GBM, LUAD, STAD, and STES, while conversely, in KIRC, elevating FERMT2 expression was correlated with extended 
overall survival (Fig. 3C). 

3.3. The Immunoregulatory role of FERMT2 in the TME 

To unravel the immune-related implications of FERMT2 within the tumor micro-environment across a spectrum of cancers, we 
applied the ESTIMATE algorithm to quantify the associations between FERMT2 expression patterns and immune scores (Fig. S2), 
estimate scores (Fig. S3), as well as stromal scores (Fig. S4) in 35 distinct cancer types. Among these, notably, the three highest-ranking 
tumors exhibiting significant correlations between FERMT2 expression levels and stromal scores were COAD, STAD, and BLCA. 
Similarly, substantial correlations between FERMT2 and immune scores were found in COAD, READ, and TGCT, while for estimating 
scores, COAD, PAAD, and BLCA exhibited the most pronounced associations. Furthermore, we examined the association between 

Fig. 6. Functional analysis of FERMT2 in a pan-cancer context. Enrichment pathways of FERMT2 identified using the GSVA algorithm (A). Top four 
positively enriched pathways (B) and top four negatively enriched pathways (C) based on KEGG terms. Top five positively enriched pathways (D) 
and top two negative enriched pathways (E) based on HALLMARK terms. 
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FERMT2 and neoantigens across human cancers (Fig. S5). The association between FERMT2 expression patterns and the abundance of 
neoantigens in KIPAN, TGCT, and COAD (p < 0.05) was uncovered in this study. 

Taking a step further, we aimed to elucidate the intricate interplay between FERMT2 and immune cell populations within TME 
across a spectrum of cancers. we conducted a comprehensive analysis involving the application of six distinct algorithms for immune 
cell quantification (Fig. 4A–D, Figs. S6A–B). 

Fig. 7. Co-expression of FERMT2 in both tumor and stromal cells in pan-cancer context based on SC-sequencing data. Examination of FERMT2 
expression levels within tumor and stromal cells in BRCA (A), BLCA (B), HNSC (C), KIRC (D), LICH (E), STAD (F), PRAD (G). 
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Fig. 8. A violin plot comparing the expression of FERMT2 in the subtypes of CAFs and NFs in Luo et al.’s sc-RNA seq data set (A). The knockdown of 
FERMT2 leads to a suppression of α-SMA and Fibronectin expression at the protein level in CAFs (B). Verification of FERMT2 co-expression on cancer 
cells and CAFs in pan-cancer via multiplex immunofluorescence staining (C).The uncropped versions of Fig. B were provided as supplemen-
tary material. 
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Our findings unveiled the association between FERMT2 expression levels and these immune-related cell populations within the 
comprehensive cohort. Particularly noteworthy was the significant positive correlation between elevated FERMT2 expression and 
CAFs, endothelial cells, macrophages, and neutrophils across the majority of cancer types. Conversely, we observed a significant 
negative association between FERMT2 and T cells along with B cells in specific cancers, including GBM, KIRC, SARC, SKCM, TGCT, 
THCA, and THYM (Fig. 4A, B, D, P < 0.05). Moreover, escalated FERMT2 levels exhibited a significant association with both M1 and 
M2 macrophage subtypes in various cancer types (Fig. 4C, Fig. S6; P < 0.05). These findings collectively depicted the role of FERMT2 in 
shaping the immune milieu across diverse cancers, shedding light on its potential as a pivotal player in the TME and its intricate 
crosstalk with various immune cell populations. 

Furthermore, we observed distinct associations of FERMT2 with MSI across various tumor types. Notably, in DLBC, LGG, LUSC, 
STES, STAD, and PRAD, FERMT2 exhibited a negative correlation with MSI (P < 0.05). In contrast, we discovered a positive association 
between FERMT2 and MSI was noted in TGCT (Fig. 5A, P < 0.05). In terms of TMB, our analysis revealed divergent relationships. 
Specifically, FERMT2 exhibited a positive association with TMB in ACC (P < 0.05). To the contrast, it displayed a negative association 
with TMB in KIRP, STAD, and STES (Fig. 5B). Subsequently, we delved into the interrelation between FERMT2 expression patterns and 
established immune-related checkpoints, encompassing CX3CL1, CCL5, IFNA1, IL10, VEGFA, CTLA4, and C10orf54 (Fig. 5C). Notably, 
a substantial proportion of aforementioned pivotal molecules demonstrated a notably tight association with FERMT2 expression 
patterns, particularly in BLCA, COAD, ESCA, KIPAN, OV, PAAD, PRAD, STES, and UVM. 

In summary, our investigation underscores the pivotal role of FERMT2 in modulating immune infiltrates across a pan-cancer 
context. Furthermore, it suggests that FERMT2 holds the potential to emerge as a promising target of immunotherapy in the realm 
of tumor therapy. 

3.4. Functional profiling based on FERMT2 expression Evaluation 

Applying GSVA, based on GO terms, FERMT2 displayed a notable positive association with immune-related pathways across 
diverse cancers, with particular prominence observed in BRCA, COAD, LGG, PRAD, and READ (Fig. 6A). Intriguingly, the majority of 
these pathways were correlated with fostering the fibroblasts activation and boosting, as well as pathways linked to macrophage 
activity. 

Concurrently, we identified the foremost positively enriched pathways according to the KEGG terms, comprising HEDGEHOG 
SIGNALING_PATHWAY, FOCAL_ADHESION, ECM_RECEPTOR_INTERACTION, as well as REGULATION_OF_ACTIN_CYTOSKELETON 
(Fig. 6B; P < 0.01). Conversely, the leading negatively enriched pathways included RIBOSOME, PROTEASOME, OXIDATIVE_PHOS-
PHORYLATION, and BASE_EXCISION_REPAIR (Fig. 6C; P < 0.05). Regarding HALLMARK terms, the most significant positively 
enriched signal pathways encompassed APICAL_JUNCTION, EPITHELIAL_MESENCHYMAL_TRANSITION, and ANGIOGENESIS 
(Fig. 6D), however, the top two negatively enriched signal pathways including MYC_TARGET_V2 and OXIDATIVE_PHOSPHOR-
YLATION (Fig. 6E; P < 0.05). 

3.5. Unraveling FERMT2 expression in TME cell populations 

Subsequently, we investigated the expression patterns of FERMT2 on tumor as well as stromal cells within distinct cancer types, 
encompassing BRCA (Fig. 7 A), BLCA (Fig. 7 B), HNSC (Fig. 7 C), KIRC (Fig. 7 D), LICH (Fig. 7 E), STAD (Fig. 7 F), and PRAD (Fig. 7G). 
Remarkably, our study revealed the robust co-expression of FERMT2 on malignant tumor epidemic cells as well as stromal cells in these 
specific cancers, particularly in CAFs. Utilizing the OPEN TARGET platform, we further illuminated the involvement of FERMT2 in 
diverse diseases (Fig. S7A), along with insights into its protein-protein interactions (PPI) through network analysis (Fig. S7B). 

3.6. Validation of co-expression of FERMT2 and α-smooth muscle actin (α-SMA) 

The violin plot compares FERMT2 expression levels across distinct fibroblast subtypes, encompassing both CAFs and NFs. The 
expression of FERMT2 in normal fibroblast cells is markedly lower compared to that in CAFs (Fig. 8A). Additionally, the knockdown of 
FERMT2 leads to a suppression expression of α-SMA and Fibronectin protein in CAFs (Fig. 8B). Furthermore, mIHC staining was 
utilized to validate the co-expression of FERMT2 and α-SMA in tissues across various cancer types. FERMT2 was fluorescently labeled in 
green (520), COL1A1 in cyan (480), α-SMA in red (690), and DAPI was utilized for nuclear staining in blue. In comparison to the 
adjacent normal tissue, the tumor exhibits a significantly elevated presence of CAFs along with an increased expression of FERMT2. 
Noteworthy is the robust co-expression of FERMT2 with α-SMA in CAFs within the tumor samples, observed consistently across various 
types of cancer (Fig. 8C, Fig. S8). 

3.7. Prediction of immunotherapeutic Responsiveness and drug sensitivity associated with FERMT2 expression 

Finally, to thoroughly explore the potential usefulness of FERMT2 as a novel immune target across various cancer types, we 
conducted predictive analyses encompassing immunotherapy response and drug sensitivity, both upon FERMT2 expression levels 
(Fig. S9). 

We evaluated the relevance of FERMT2 as a biomarker by comparing it with established biomarkers known for predicting 
immunotherapy response in human immunotherapy cohorts.Intriguingly, our analysis revealed that FERMT2, when evaluated inde-
pendently, demonstrated an AUC surpassing 0.5 across seven out of the twenty-five immunotherapy cohorts (Fig. S9A). Remarkably, 
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this performance aligns with the predictive capabilities observed for T as well as B cell clonality, which similarly exhibited AUC values 
more than 0.5 across seven immunotherapy cohorts. 

Meanwhile, it is noteworthy that FERMT2 emerged as a robust predictor of immunotherapy response in the majority of murine 
immunotherapy cohorts. Responders consistently exhibited lower FERMT2 expression levels, in contrast to non-responders who 
demonstrated the even or the elevated FERMT2 expression (Fig. S9B). 

Basing on the GDSC dataset, our analysis unveiled a correlation between FERMT2 levels and drug sensitivity. Intriguingly, 
increased FERMT2 expression was associated with reduced sensitivity to Bleomycin (inducer of DNA damage), Elesclomol (Selective 
antioxidant), and docetaxel (inhibitor of microtubule assembly), while concurrently enhancing the sensitivity to I-BET-762 (inhibitor 
for bromodomain and extra-C terminal domain proteins), WZ3105, Methotrexate (inhibitor for dihydrofolate reductase) (Fig. S9C). 
Meanwhile, in the CTRP database, increased FERMT2 expression was associated with reduced sensitivity to staurosporine, JW-55, and 
abiraterone, while concurrently enhancing the sensitivity to belinostat, Compound 23 citrate, COL-3 (Fig. S9D). 

These findings underscore the immunotherapeutic potential of FERMT2 across diverse cancers. Furthermore, the prediction of a 
range of potential targeted drugs offers valuable insights, potentially guiding the development of FERMT2-targeted immunotherapies 
for pan-cancer treatment. 

4. Discussion 

Kindlins constitute an emerging family of focal adhesion proteins, with Kindlin-2 being extensively studied. Kindlin-2, also referred 
to as FERMT2, is expressed in epithelial cells, striated cells, as well as smooth muscle cells. Notably, FERMT2 engages with ILK and 
Migfilin, establishing a connection to the actin cytoskeleton and co-localizing with E-cadherin at cell-cell junctions [23]. 

Integrin affinity regulation is indispensable for both metazoan development and pathological processes. Meanwhile, the pivotal 
role of FERMT2 in bidirectional integrin signaling is highlighted through its interactions with integrin β tails, as its loss disrupts 
integrin activation, resulting in lethality during peri-implantation due to detachment of the endoderm and epiblast from the basement 
membrane [24,25]. 

In the context of muscle development, FERMT2 emerges as an integrin-associated factor, pivotal for myogenic differentiation via 
the activation of Wnt/β-catenin signal pathway [26]. And study has revealed the crucial role of FERMT2 in skeletal development and 
chondrocyte differentiation regulation [27]. Furthermore, in recent studies, FERMT2 was discovered to involve in the local and remote 
progression of numerous cancer types. FERMT2 promotes breast cancer invasion and tumor formation by inducing 
hypermethylation-mediated downregulation of the miR-200 family [28]. FERMT2 is correlated with aggressive clinicopathological 
features, and promotes invasion, metastasis as well as EMT of hepatocellular carcinoma cells via the activation of Wnt/β-catenin 
pathway [29]. In TME, FERMT2 attributes to proliferation as well as metastasis of breast cancer by influencing host macrophages 
through FERMT2/TGF-β/CSF-1 signaling axis [30]. Collectively, these insights underscore the intricate roles FERMT2 play in integrin 
signaling and cancer-related biological processes, shedding light on their significance in diverse physiological and pathological 
contexts. 

Cancer, a genomic disorder, is normally defined by genomic instability that results in point mutations together with structural 
changes, leading to presence of tumor antigens that trigger immune responses [31,32]. The immune system’s involvement in 
immunosurveillance is vital [33], with adaptive and innate immune cells infiltrating TME to modulate tumor progression [34]. Various 
modalities of cancer immunotherapy, encompassing oncolytic viral interventions, cancer vaccination, cytokine-based treatments, 
adoptive cellular transfer, and inhibitors targeting immune checkpoints, have advanced and exhibited encouraging outcomes in 
clinical application. 

Among these therapeutic strategies, ICIs have been transitioned into clinical practice and assumed a promising role in immuno-
therapeutic approaches. The fundamental purpose of ICIs is to rejuvenate the immune response against tumors through disruption of 
coinhibitory signaling pathways, thereby fostering immune-driven eradication of cancerous cells. Therapeutic targets predominantly 
employed for ICIs are CTLA-4, PD-1, and PD-L1 [35,36]. TMB quantifies errors in somatic gene sequences, measured as the total 
anomalies (substitutions, insertions, deletions) per million bases. Elevated TMB levels may indicate enhanced potential for favorable 
outcomes in tumor immunotherapy [37]. MSI results from new microsatellite alleles in tumors compared to normal tissues, often due 
to repeat unit insertions or deletions. This is linked to deficient DNA mismatch repair in tumor cells. Notably, gastrointestinal tumors 
with MSI-High status generally respond favorably to treatment [38]. 

In our study, a comprehensive analysis was conducted into the role of FERMT2 as an emerging immunotherapy target within TME 
across 33 different cancer types. Our investigation uncovered a substantial correlation between FERMT2 and various immune- 
parameters, encompassing immune score, estimate score, and stromal score, across multiple cancer types. Furthermore, a signifi-
cant association between FERMT2 expression and pivotal indicators of immunogenicity, such as neoantigens, MSI, and TMB, was 
observed across this diverse set of cancers. Additionally, our research discovered a noteworthy positive association between FERMT2 
and several established immune checkpoint molecules, including CD274, CD276, EDNRB, VEGFA, PDCD1, TGFB1. These findings 
collectively emphasize the potential significance of FERMT2 as an emerging immunotherapeutic target, capable of influencing various 
facets of the immune response within the TME. 

Cancers are intricate systems consisting of malignantcells and a plethora of non-malignant cells, situated within a modified 
extracellular matrix (ECM). TME encompasses a variety of immune cell subtypes, CAFs, endothelial cells, pericytes, and other resident 
tissue cells [39]. Once deemed passive observers of tumorigenesis, these host cells are now recognized as pivotal contributors to the 
oncogenic processes underlying cancer development [40,41]. Furthermore, the plasticity of the tumor stroma could be taken 
advantage of through the reprogramming of cells in the TME as a potential strategy for cancer treatment [42]. 
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Fibroblasts represent a widespread and heterogeneous cellular population within tissue of connection, which play a pivotal role in 
synthesizing ECM and basement membrane constituents, facilitating wound healing, influencing differentiation of neighboring 
epithelial cells and the development of tumors, orchestrating immune reactions, and maintaining homeostasis [43,44]. CAFs, con-
sisting of fibroblasts and myofibroblasts, release higher levels of SDF-1 compared to NFs. Meanwhile, CAFs originate from diverse 
sources, exhibiting significant heterogeneity, and can be identified using specific markers. Among these markers, fibroblast activation 
protein-alpha (FAP) and alpha-smooth muscle actin (α-SMA) are the most commonly used indicators for identifying CAFs [45]. 
Furthermore, CAFs helps to enhance tumor angiogenesis, and increase collagen contractility, attributing to boosting tumor progression 
[46]. Notably, the transformation of NFs into CAFs can be facilitated via autocrine TGF-β and SDF-1 signaling [47]. In TME, CAFs 
gather and, stimulated by cellular factors encompassing TGF-β, MCP1, as well as FGF [44,48]. Once activated, CAFs become a primary 
supplier of secreted growth factors that facilitate tumorigenesis. This includes VEGF, acknowledged for its involvement in fostering 
vascular permeability and angiogenesis [49]. Additionally, CAFs initiate pro-inflammatory NFκB signaling, cultivating a 
pro-tumorigenic milieu evident in pre-neoplastic lesions [50]. 

As a summary, the expression patterns of FERMT2 in tumor cells, as well as in stromal cells, were explored in pan-cancer context 
using single cell sequencing data. The expression level of FERMT2 was elevated in cancer cells as well as stromal cells, especially CAFs 
and endothelial cells, in most cancers. Meanwhile, the knockdown of FERMT2 leads to a suppression of α-SMA expression at the protein 
level in CAFs. Additionally, mIHC staining method was used to verify the co-expression of FERMT2 with α-SMA within tumor samples 
across various cancer types. The aforementioned experimental results demonstrated that there was a significant correlation between 
FERMT2 and activation of CAFs. 

There’s a growing trend in medical research involves employing public sequencing data and artificial intelligence models to 
identify personalized therapeutic methods [51]. Hence, we utilized public databases and computational models to evaluate the pre-
dictive ability of FERMT2 in immunotherapy response. Our findings revealed that FERMT2 exhibited predictive value across 7 out of 
the 25 cohorts applying immunotherapy, of which the AUC values exceeding 0.5. Remarkably, this performance aligns with the 
predictive capabilities observed for T together with B cell clonality, which similarly exhibited AUC values surpassing 0.5 across 7 
immunotherapy cohorts. Furthermore, gene expression-based predictions identified potential therapeutic agents associated with 
FERMT2 based on the CTRP database, providing a theoretical foundation for drug development targeting FERMT2. 

5. Conclusions 

In summary, our study illuminates the complex interplay among FERMT2, prognostic implications, and immune modulation across 
diverse cancer types, highlighting its potential as a viable candidate for innovative immunotherapeutic strategies. And we discovered 
the specific co-expression between FERMT2 and α-SMA in CAFs across various cancer types. Consequently, therapies directed at 
FERMT2 within TME hold promise for extending the survival of individuals diagnosed with cancer. Nevertheless, upcoming efforts 
demand a more comprehensive investigation to delve more profoundly into the functional and mechanistic aspects at the cellular 
stratum. 
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