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ABSTRACT
Background: Adult glioma progresses rapidly and has a poor clinical outcome. The focal adhesion 
protein Kindlin-3 (encoded by the FERMT3 gene) participates in tumor development, drug 
resistance, and progression. However, the relationship between Kindlin-3 and glioma prognosis or 
immune microenvironment is poorly understood.
Methods:  We comprehensively analyzed the expression, prognostic value, mutation landscape, 
functional enrichment, immune infiltration, and therapeutic role of FERMT3 in glioma using 
multiple datasets and validated Kindlin-3 expression in clinical tissue specimens by 
immunohistochemistry and multiple immunofluorescence staining.
Results:  FERMT3 is an independent predictor of glioma prognosis and is highly expressed in 
glioblastoma tissues. Functional enrichment analyses indicated that FERMT3 participates in 
multiple immune-related pathways such as immune response and cytokine production. 
Furthermore, FERMT3 expression was positively correlated with the infiltration of several immune 
cells, immune scores, and the expression of genes related to immune checkpoints. Further 
analyses revealed that overexpression of FERMT3 was linked to a better response to anti-PD1 
therapy. Data from single-cell RNA-seq reveal that FERMT3 was largely expressed in microglial 
cells and tissue-resident macrophages. Multiple immunofluorescence staining confirmed the 
overexpression of Kindlin-3 in the glioma-associated microglia/macrophages (GAMs).
Conclusion:  The findings of this study provide a new perspective on the role of Kindlin-3 in 
glioma and may have a significant impact on the discovery of novel biomarkers and targeting of 
GAMs in the future.

1.  Introduction

Adult glioma has an extremely poor prognosis and is 
characterized by infiltrative growth, heterogeneity, and 
refractory. Almost half of all central nervous system 
(CNS) cancers are glioblastoma (GBM), which accounts 
for 49.1% of all cases [1]. The global glioma burden is 
projected to parallel the increase in the elderly popu-
lation. It is noteworthy that gliomas comprised 78.2% 
of all malignant CNS tumors in older adults (65+) [1]. 
Unfortunately, there is no effective therapy for glioma. 
Consequently, it is necessary to uncover efficient ther-
apeutic targets for glioma treatment.

The Kindlins family of proteins contains a 
4.1-ezrin-radixin-moesin (FERM) domain and comprises 
FERMT1 (Kindlin-1), FERMT2 (Kindlin-2), and FERMT3 
(Kindlin-3). As focal adhesion proteins, Kindlins regu-
late integrin activation, which plays a role in many 
important cellular physiological processes such as cell 
adhesion, migration, proliferation, and differentiation 
[2]. Recent studies have shown that Kindlins are crucial 
signaling molecules that participate in the occurrence 
and development of tumors through multiple signal-
ing pathways independent of integrin binding, such as 
the wnt, transforming growth factor β (TGFβ), epider-
mal growth factor receptor (EGFR), hedgehog, and 
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extracellular regulated protein kinases (ERK) signaling 
pathways [3]. Several studies have suggested that the 
Kindlins family of proteins potentially promotes or 
suppresses tumors, depending on the type of cancer. 
For example, Kindlin-1, -2, and -3 participate in the 
progression of breast cancer [4–6]. Kindlin-1 and 
Kindlin-2 play opposite roles in lung cancer [7]. 
Kindlin-2 can promote colon cancer progression [8], 
whereas Kindlin-3 exerts the opposite effect [9]. The 
contradicting roles of the Kindlins family of proteins in 
tumors reflect how poorly their roles are understood.

Previous studies have demonstrated that both 
Kindlin-2 and Kindlin-3 contribute to glioma drug resis-
tance. Kindlin-2 strongly weakens the antitumor efficacy 
of cisplatin on human glioma cells in vitro through the 
Akt/JNK and Akt/p38 signaling pathways [10]. 
Furthermore, Kindlin-3 activates the integrin in high-grade 
glioma, enhancing cell survival and drug resistance [11]. 
However, these studies did not investigate the relation-
ship between Kindlins family gene expression and gli-
oma prognosis or immune microenvironment.

In this study, we focused on the role of FERMT3 in 
glioma and analyzed its effect on prognosis, gene 
mutation, functional pathway, and immune microenvi-
ronment using multiple datasets. We also assessed the 
immunotherapy response of FERMT3 expression, as 
well as potential small molecular compounds. Finally, 
FERMT3 expression in clinical glioma specimens and 
glioma-associated microglia/macrophages (GAMs) was 
validated. This study uncovered new therapeutic tar-
gets for glioma treatment.

2.  Materials and methods

2.1.  FERMTs family expression and survival 
analysis in glioma by online databases

The GEPIA database (http://gepia.cancer-pku.cn/) [12] 
was used to analyze the differential expression of 
FERMTs in normal tissues and gliomas. Differential 
expression analysis of FERMTs proteins in normal and 
GBM was conducted using the CPTAC dataset in 
UALCAN (http://ualcan.path.uab.edu) [13]. TCGA-GBM 
and lower-grade glioma (GBMLGG) data was used for 
survival analysis in the Sangerbox platform (http://vip.
sangerbox.com/) [14], which excluded data for individu-
als with fewer than 30 d of survival. Each expression 
value was transformed using log2(x + 1). The optimal 
cut-off value was calculated using the R software pack-
age maxstat (version: 0.7-25), which divided patients 
into two groups. The Kaplan–Meier (K-M) survival curve 
was plotted. A further analysis using data in the Chinese 
Glioma Genome Atlas (CGGA, http://www.cgga.org.cn/) 

database [15] and GlioVis data portal (http://gliovis.
bioinfo.cnio.es/) [16] was used to confirm the impact of 
FERMT3 gene expression on OS of glioma patients. The 
mRNAseq_325 (CGGA325) and mRNAseq_693 (CGGA693) 
datasets were selected in CGGA to analyze the OS of all 
WHO-grade primary glioma specimens. The Rembrandt 
and Gravendeel datasets were selected in GlioVis to 
analyze OS.

2.2.  Analysis of the relationship between FERMT3 
and clinicopathological characteristics and 
prognosis in glioma

The RNA-seq dataset and corresponding clinical data 
were downloaded from CGGA (including mRNA-
seq_325, and TCGA RNAseq). Based on the available 
glioma data, the relationship between FERMT3 expres-
sion and patient clinical parameters, such as WHO 
grade, isocitrate dehydrogenase (IDH) status, 1p/19q 
codeletion status, and age, was explored by the 
‘ggplot2’ R package or Hiplot Pro (https://hiplot.com.
cn/) [17]. In addition, the expression of FERMT3 in dif-
ferent subtypes (including classical, mesenchymal, and 
proneural) was analyzed using multiple datasets in 
GlioVis. Multivariate Cox regression analyses were per-
formed to evaluate the independent predictive value 
of the FERMT3 gene for glioma prognosis. Receiver 
operating characteristic (ROC) analysis was performed 
to compare the diagnostic performances by using 
‘ROC curve’ tools in Hiplot Pro.

2.3.  Mutation and functional enrichment analyses

cBioPortal (https://www.cbioportal.org/) [18] was used 
to examine the genetic alteration of the FERMT3 gene 
in glioma. CAMOIP (https://www.camoip.net/) [19] was 
used to analyze the gene mutation landscape in the 
high and low FERMT3 expression groups within the 
TCGA-LGG and TCGA-GBM datasets. In addition, the 
pathway enrichment for the FERMT3 gene was per-
formed in CAMOIP. The top 20 enrichment Gene 
Ontology (GO)-biological process (BP), GO-cellular 
component (CC), GO-molecular function (MF), 
Reactome, and Kyoto Encyclopedia of Genes and 
Genomes (KEGG) results were visualized by Ridge-Plot.

2.4.  Correlation analyses of FERMT3 expression 
with immune-related genes, immune cell 
infiltration, and immune score

The correlation between FERMT3 gene expression in 
pan-cancer with infiltration of lymphocytes and the 
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expression of major histocompatibility complex (MHC) 
molecule, immunoinhibitory and immunostimulatory 
molecules, chemokines, and chemokine receptors were 
analyzed using data in the TISIDB database (http://cis.
Hku.hk/TISIDB/) [20]. Analyses on the correlation of 
FERMT3 gene expression with tumor purity and infiltra-
tion of immune cells in TCGA-LGG and TCGA-GBM 
datasets were performed using the TIMER database 
(https://cistrome.shinyapps.io/timer/) [21]. The 
single-sample gene set enrichment analysis (ssGSEA) 
was performed to evaluate the extent of immune infil-
tration in gliomas which is based on the 29 
immune-associated gene sets by the “GSVA” R package 
[22]. Simultaneously, the tumor purity and immune 
score were evaluated by the “ESTIMATE” software pack-
age [23]. The correlation between FERMT3 gene expres-
sion and the representative immune checkpoint genes 
(including LAG3, HAVCR2, CD274, CD276, CD80, PDCD1, 
PDCD1LG2, IDO1, TIGIT, CTLA4, and CEACAM1) was also 
visualized using a heatmap. The correlations between 
the expression of microglia markers (including 
TMEM119, GPR34, OLFML3, and SLC2A5), macrophage 
markers (including S100A8, S100A9, ANXA1, and CD14), 
microglia and macrophage shared markers (including 
CD163, AIF1, CD68, and ITGAM) [24–26], and microglia/
macrophage associated transcription factor PU.1 
(Encoded by SPI1) [27,28] were also analyzed.

2.5.  Immunotherapy and drug sensitivity analysis

TISMO database (http://tismo.cistrome.org) [29] con-
tains data for gene expression before and after immune 
checkpoint inhibitor treatment in mice. The expression 
of FERMT3 after antiPD1, antiPDL1, and antiCTLA4 
treatment was analyzed using data from the TISMO 
database. In addition, the relationship between FERMT3 
expression and response to immune checkpoint inhib-
itors was predicted by the Submap (https://cloud.
genepattern.org/gp) algorithm [30] as previously 
described [31]. The association between Kindlins family 
gene expression and drug sensitivity was analyzed 
using the GSCA database (http://bioinfo.life.hust.edu.
cn/GSCA/#/) [32].

2.6.  Single-cell expression analysis

CHARTS (https://charts.morgridge.org/) [33] is a web 
application for exploring single-cell RNA-seq data from 
publicly available human tumor types. The four 10X 
genomics-based single-cell sequencing GBM cases [34] 
in the CHARTS database and the uniform manifold 
approximation and projection (UMAP) dimensionality 

reduction method were used to analyze predicted cell 
type composition, malignancy score, FERMT3 expres-
sion and inflammation (CancerSEA Gene Set Score).

2.7.  Immunohistochemistry and 
immunofluorescence staining

Three LGG and seven GBM specimens obtained from 
August 2022 to March 2023 at the First Affiliated 
Hospital of Hainan Medical University were used for 
analyzing Kindlin-3 expression in glioma tissues. Glioma 
diagnosis was performed by pathological analysis of tis-
sue specimens. Kindlin-3 (Ab173416, 1:600) staining was 
performed on 5 µm thick paraffin-embedded tumor tis-
sue sections using the Envision Labeled Peroxidase 
System immunohistochemical staining method. 
Secondary antibody and diaminobenzidine color devel-
opment were performed using the Dako REAL™ 
EnVision™ detection system. Scanned images of stained 
sections were captured using the digital pathology slide 
scanner (KFBIO KF-PRO-120). Integrated optical density 
was calculated using the Image-Pro Plus software (ver-
sion 6). GraphPad Prism (version 9.0) was used for plot-
ting and statistical analysis.

Multiplex immunofluorescence using tyramide sig-
nal amplification assays was performed to investigate 
whether Kindlin-3 is expressed in GAMs. IBA1 
(ab178846, 1:1000) and TMEM119 (27585-1-AP, 1:400) 
were used to mark the pan-myeloid cells and microg-
lia, respectively. Goat anti-mouse/rabbit IgG H&L(HRP) 
antibodies (ab6789/ab205718, 1:2000) were used as 
secondary antibodies. Try-cy3, Try-488, and Try-cy5 
reagents were purchased from Runnerbio Biotech. 
Comp. (Shanghai, China). The order of staining was 
TMEM119-Try-cy3, Kindlin3-Try-488, and IBA1-Try-cy5. 
Scanned images of the stained sections were captured 
using the digital scanner microscope Panoramic MIDI 
(3DHISTECH).

2.8.  Statistical analysis

Wilcoxon rank sum test or Student’s t test was used for 
comparing differences between groups. Kruskal–Wallis 
test was used for analyzing differences among three 
groups and Bonferroni-Dunn’s test was used for multiple 
hypothesis tests. The Chi-square test was used to assess 
the relationship between FERMT3 expression and clini-
cally relevant pathological traits. K-M plot and log-rank 
test were used to analyze the survival rates of glioma 
patients. Univariate and multivariate Cox regression anal-
yses were performed to identify independent risk factors 
for glioma prognosis. The Delong test was used to 
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compare the area under the ROC curves (AUC). Spearman’s 
test was adopted for correlation analyses. Statistical anal-
yses and visualization were performed using R software 
(Version 4.0.3), GraphPad Prism 9, or online databases.  
p < 0.05 was considered statistically significant.

3.  Results

3.1.  Expression and prognostic value of FERMTs 
family in glioma

To explore the different expressions of the FERMTs 
family in normal and glioma tissues, analysis in GEPIA 
showed that the expression of the FERMT1 was high in 
LGG, while FERMT2 and FERMT3 were highly expressed 
in LGG and GBM (Figure S1(A-C)). The CPTAC dataset in 
the UALCAN database was used to analyze further the 
expression of the FERMTs proteins in normal tissues 
and GBM. The results showed that the FERMTs protein 
was over-expressed in GBM (Figure S1(D-F)).

Given that FERMTs family genes and proteins 
expression were significantly upregulated in glioma. 
The predictive value of the FERMTs for glioma progno-
sis was analyzed by the K-M survival curve. The results 
showed that high expression of FERMT1 had a favor-
able prognosis (Figure S2), whereas high expression of 
FERMT2 was linked to a poor prognosis (Figure S3). 
The high expression of FERMT3 indicates poor progno-
sis for the OS, disease-specific survival, and 
progression-free interval of patients with glioma 
(Figure S4). These results suggest that FERMT3 may 
participate in glioma progression. We further validated 
the effect of FERMT3 on the OS of glioma using CGGA 
and GlioVis databases. The results showed that glioma 
prognosis was poor in the FERMT3 high expression 
group (CGGA325, CGGA693, Rembrandt, and 
Gravendeel datasets) (Figure S5). The above results 
suggest that glioma patients with high expression of 
FERMT3 have a poorer prognosis. Therefore, further 
analyses focused on the role of FERMT3 in glioma.

3.2.  The relationship between FERMT3 expression 
and clinicopathological characteristics of glioma

The relationships between FERMT3 expression and the 
clinical parameters of patients were analyzed using the 
TCGA-GBMLGG and CGGA325 datasets. The results show 
that high expression of FERMT3 was strongly related to 
the WHO grade (p < 0.001), IDH mutation status (p < 
0.001), 1p/19q codeletion status (p < 0.001), O-6- 
methylguanine-DNA methyltransferase promoter 
(MGMTp) methylation status (p = 0.003) and age (p < 
0.001) in CGGA325 (Table 1). Further analysis in 

TCGA-GBMLGG revealed that FERMT3 expression was 
strongly related to the WHO glioma grade (p < .001), IDH 
mutation (p < 0.001), and 1p/19q codeletion (p < 0.001), 
and age (p = 0.001) (Supplementary Table 1). Meanwhile, 
FERMT3 was highly expressed in the WHO IV group, IDH 
wildtype group (WHO III and IV), 1p/19q non-codeletion 
group, and MGMTp un-methylation group (WHO IV) in 
CGGA325 dataset (Figure 1(A–F)). Similarly, analysis of the 
TCGA-GBMLGG dataset revealed that FERMT3 was 
over-expressed in the WHO IV group, IDH wildtype group, 
and 1p/19q non-codeletion group (Figure S6). Analysis of 
multiple datasets in GlioVis showed that FERMT3 expres-
sion was higher in the mesenchymal group than in the 
proneural and classical groups (Figure S7). Delong test 
demonstrated that FERMT3 outperformed gender, age, 
IDH mutation status, and MGMTp methylation status to 
predict survival outcome significantly (p < 0.001, = 0.0300, 
= 0.0467, and < 0.001, respectively) in CGGA325 dataset 
and only outperformed gender (p < 0.001) in 
TCGA-GBMLGG dataset (Figure S8). To determine the 
expression of Kindlin-3 in glioma, we performed immu-
nohistochemical staining using clinical tissue specimens. 
The results showed that Kindlin-3 was over-expressed 
more in the GBM group than in the LGG group (Figure 
1(G–I)). These results indicate that FERMT3 expression is 
closely related to the clinicopathological features.

3.3.  FERMT3 is an independent predictor of 
glioma prognosis

We conducted further investigations to assess the 
potential of FERMT3 as an independent prognostic 

Table 1. C haracteristics of patients between low and high 
FERMT3 expression in CGGA325 cohort.
Characteristic N Low, N = 163a High, N = 162a p valueb

PRS type 321 0.5
Primary 119 (73.5%) 110 (69.2%)
Recurrent 31 (19.1%) 31 (19.5%)
Secondary 12 (7.4%) 18 (11.3%)
Grade 321 <0.001
WHO II 78 (48%) 25 (16%)
WHO III 42 (26%) 37 (23%)
WHO IV 42 (26%) 97 (61%)
Gender 325 0.7
Female 63 (39%) 59 (36%)
Male 100 (61%) 103 (64%)
IDH status 324 <0.001
Mutant 121 (75%) 54 (33%)
Wildtype 41 (25%) 108 (67%)
1p/19q status 317 <0.001
Codeletion 59 (37%) 8 (5%)
Non-codeletion 101 (63%) 149 (95%)
MGMTp status 306 0.003
methylated 91 (60%) 66 (43%)
un-methylated 61 (40%) 88 (57%)
Age 325 39 (34, 45) 46 (38, 56) <0.001
an (%); Median (IQR).
bPearson’s Chi-squared test; Wilcoxon rank sum test.
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indicator. Univariate and multivariate Cox regression 
analyses revealed that WHO grade, 1p/19q codeletion 
status and FERMT3 expression independently predicted 
glioma OS prognosis in CGGA325 (Table 2). Analysis of 
the TCGA-GBMLGG dataset also showed that FERMT3 
expression independently predicted primary glioma 
prognosis (Supplementary Table 2).

3.4.  Mutation and potential function analysis of 
FERMT3

Genomic alteration analysis revealed that FERMT3 alter-
ations were not universal across gliomas, and the most 
frequently altered dataset was Low-Grade Gliomas 
(UCSF, Science 2014), not exceeding 3.5% of patients 

and was mostly mutation (Figure 2(A)). To explore the 
mutational landscape of different FERMT3 expression 
groups, we visualized the top 20 mutated genes in 
TCGA-LGG and TCGA-GBM datasets using the CAMOIP 
database. Among them, the mutation frequencies of 
IDH1, TP53, ATRX, CIC, TTN, FUBP1, NOTCH1, EGFR, PTEN, 
and IDH2 genes in the TCGA-LGG and NF1 and PKHD1 
genes in the TCGA-GBM were significantly different in 
the high and low FERMT3 expression groups (Figure 
2(B,C)).

To further analyze the potential function of FERMT3 
in glioma, we analyzed the top 20 enriched GO-BP, 
GO-CC, GO-MF, Reactome, and KEGG terms using the 
GSEA enrichment method in the CAMOIP database. 
The results showed that the main involved GO-BP 

Figure 1.  The relationship between FERMT3 expression and clinicopathological characteristics in CGGA325 cohort and clinical 
tissue specimens. (A) WHO grade. (B) PRS type. (C) Gender. (D) Isocitrate dehydrogenase (IDH) status. (E) 1p/19q status. (F) MGMTp 
methylation status. (G-I) Immunohistochemistry staining images for Kindlin-3 in clinical LGG (n = 3) and GBM (n = 7) tissues. Scale 
bars = 100µm, (G) LGG, (H) GBM, (I) Statistical analysis. ns, no significant, * p < 0.05. ** p < 0.01, *** p < 0.001. **** p < 0.0001.

https://doi.org/10.1080/07853890.2023.2264325
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terms included immune response and cytokine pro-
duction (Figure 3(A,B)); the main involved GO-CC terms 
included immunoglobulin complex and external side 
of plasma membrane (Figure S9(A,B)); the main 
involved GO-MF terms included antigen binding, 
immunoglobulin receptor binding, and cytokine recep-
tor binding (Figure S9(C,D)); the main involved 

Reactome terms involved immunoregulatory interac-
tions between a lymphoid and a non-lymphoid cell, 
cytokine signaling in immune system, chemokine 
receptors bind chemokines and interleukin-10 signal-
ing (Figure 3(C,D)); and the main involved KEGG terms 
involved cytokine-cytokine receptor interaction and 
NF − kappa B signaling pathway (Figure S9(E,F)). 
Functional enrichment analysis revealed that FERMT3 
in glioma was closely associated with several related 
immune pathways.

3.5.  Immune characteristics of FERMT3 in the 
tumor immune microenvironment (TIME)

To assess the potential role of FERMT3 in TIME, we 
explored the relationship between FERMT3 expression 
and the infiltration of immune cells, expression of 
immune-related genes, and immune scores. Analysis 
of data in the TISIDB database revealed a positive cor-
relation between FERMT3 expression and infiltration of 
several lymphocyte subtypes, such as macrophage, 
MDSC, and Treg (Figure S10(A)). In addition, there was 
a strong positive correlation between the expression 

Figure 2.  Genomic alteration analysis of FERMT3 and different Genomic profiles associated with FERMT3 expression. (A) Genomic 
alteration analysis of FERMT3 in cBioPortal database. (B,C) Distinct somatic mutations were found in TCGA-LGG and TCGA-GBM 
with low and high FERMT3 expression from the CAMOIP database.

Table 2.  Univariate and multivariate analyses of overall sur-
vival in patients of CGGA325 cohort.

Characteristics

Univariate analysis Multivariate analysis

Hazard ratio 
(95% CI) p value

Hazard ratio 
(95% CI) p value

WHO grade 4.887(3.636, 
6.570)

<0.001 2.889(2.045, 
4.082)

<0.001

Gender 0.940(0.715, 
1.235)

0.659 1.061(0.793, 
1.419)

0.688

Age 1.032 (1.020, 
1.045)

<0.001 1.012(0.998, 
1.025)

0.072

IDH status 2.820(2.136, 
3.724)

<0.001 0.987 (0.676, 
1.443)

0.949

1p/19q status 5.889(3.610, 
9.608)

<0.001 3.374(1.977, 
5.760)

<0.001

MGMTp status 1.205(0.918, 
1.581)

0.177 1.041(0.771, 
1.407)

0.789

FERMT3 2.759 
(2.088–3.645)

<0.001 1.396 (1.016, 
1.919)

0.039

https://doi.org/10.1080/07853890.2023.2264325
https://doi.org/10.1080/07853890.2023.2264325
https://doi.org/10.1080/07853890.2023.2264325
https://doi.org/10.1080/07853890.2023.2264325
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of MHC molecules (HLA-DMA, HLA-DMB, HLA-DPA1, 
HLA-DOA, HLA-DPA1, HLA-DPB1, HLA-DRA, and 
HLA-DRB) (Figure S10(B)), immunoinhibitors (CSF1R, 
CTLA4, HAVCR2, IDO1, IL10, LGALS9, PDCD1, PDCD1LG2, 
and TIGIT) (Figure S10(C)), immunostimulators (CD27, 
CD48, and CD86) (Figure S10(D)), chemokines (CCL2, 
CCL3, CCL4, and CCL5) (Figure S10(E)), chemokine 
receptors (CCR1, CCR2, CCR5, CXCR3, and CXCR6) 
(Figure S10(F)). TIMER database analysis showed that 
FERMT3 gene expression negatively correlated with 
tumor purity but positively correlated with the 

infiltration of B cell (R = 0.6), CD4+ T cell (R = 0.873), 
macrophage (R = 0.797), neutrophil (R = 0.786), and 
dendritic cell (R = 0.845) in LGG. Analysis of the GBM 
dataset revealed that FERMT3 expression negatively 
correlated with tumor purity and infiltration of CD8+ T 
cells (R = −0.468) but positively correlated with infiltra-
tion of CD4+ T cells (R = 0.366), neutrophils (R = 0.369), 
and dendritic cells (R = 0.451) (Figure S11).

The relationship between FERMT3 gene expression 
and diverse immune cell types, functions, and path-
ways was analyzed using the ssGSEA algorithm. The 

Figure 3. F unctional enrichment analysis. (A,B) Ridge-Plot showing top 20 GO-BP terms in TCGA-LGG and TCGA-GBM. (C,D) 
Ridge-Plot showing top 20 Reactome pathway terms in TCGA-LGG and TCGA-GBM.

https://doi.org/10.1080/07853890.2023.2264325
https://doi.org/10.1080/07853890.2023.2264325
https://doi.org/10.1080/07853890.2023.2264325
https://doi.org/10.1080/07853890.2023.2264325
https://doi.org/10.1080/07853890.2023.2264325
https://doi.org/10.1080/07853890.2023.2264325
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results showed that the factors with Spearman’s cor-
relation coefficient greater than 0.5 were checkpoint, T 
cell co-inhibition, tumor-infiltrating lymphocytes, T 
helper cells, cytokine and cytokine receptor, APC 
co-inhibition, macrophages, plasmacytoid dendritic 
cells, human leukocyte antigen, parainflammation,  
APC co-stimulation, T cell co-stimulation, inflammation- 
promoting, regulatory T cells, MHC class I, and cyto-
lytic activity both in the TCGA-GBMLGG and CGGA325 
(Figure S12). ESTIMATE algorithm analysis results 
showed a positive correlation between FERMT3 expres-
sion and stromalScore, immuneScore, and 
ESTIMATEScore for both CGGA325 and TCGA-GBMLGG 
(Figure 4(A,B)). Meanwhile, the correlation HAVCR2, 

CD274, CD276, PDCD1, and PDCD1LG2 and FERMT3 
gene expression was greater than 0.5 (Figure 4(C,D)). 
These results showed that FERMT3 expression was 
most positively correlated with several immune-related 
indicators.

3.6.  Expression of FERMT3 is related to immune 
checkpoint inhibitors and sensitivity to 
chemotherapy

Since FERMT3 was closely associated with the TIME, 
we further assessed its relationship with immunother-
apy response. We analyzed the relationship between 
Fermt3 gene expression in mice before and after 

Figure 4. C orrelation between FERMT3 and immune characteristics in glioma. (A,B) Correlation between FERMT3 expression and 
stromalScore, immuneScore, and ESTIMATEScore in CGGA325 and TCGA-GBMLGG. (C,D) Correlation between FERMT3 expression 
and immune checkpoint genes in CGGA325 and TCGA-GBMLGG.

https://doi.org/10.1080/07853890.2023.2264325
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antiPD1, antiPDL1, and anti-CTLA4 treatment based 
on data in the TISMO database. The results showed 
that FERMT3 expression was higher in the 
immunotherapy-responsive group compared to base-
line expression in several studies (Figure 5(A–C)). The 
Submap algorithm predicted the relationship between 
FERMT3 expression and immunotherapy response. We 
found that high expression of FERMT3 predicted a 
positive response to anti-PD1 treatment (Figure 
5(D,E)). To further investigate the correlation between 

FERMT3 expression and small molecule drugs, the 
results of GSCA database analysis showed that its 
expression was negatively correlated with multiple 
drugs, including several histone deacetylases inhibi-
tors (HDACi), such as apicidin, entinostat, panobinos-
tat, tacedinaline, and vorinostat in GDSC (Figure 
S13(A)) and AR − 42, CAY10603, Tubastatin A, and 
Vorinostat in CTRP (Figure S13(B)). The above results 
suggest that FERMT3 is closely associated with treat-
ment response in glioma.

Figure 5.  FERMT3 Might have a significant effect on the efficacy of glioma immunotherapy. Differences Fermt3 gene expression 
in mice before and after antiPD1 (A), antiPDL1 (B), and anti-CTLA4 (C) treatment or with and without response groups in the 
TISMO database. (D,E) Predicting response to immunotherapy (anti-PD1 and anti-CTLA4) in low and high-FERMT3 expression 
groups based on the Submap algorithms in CGGA325 and TCGA-GBMLGG.

https://doi.org/10.1080/07853890.2023.2264325
https://doi.org/10.1080/07853890.2023.2264325
https://doi.org/10.1080/07853890.2023.2264325
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3.7.  Single-cell RNA-seq data and multiplex 
immunofluorescence reveal the expression of 
FERMT3 in TIME

Additional investigations were conducted to explore 
the expression of FERMT3 at the single-cell level. The 
cell type, malignancy score, FERMT3 expression, and 
inflammation scores were calculated in 10X genomics 
scRNA-seq data of the four GBM specimens based on 
the CHARTS database. The results showed that FERMT3 
was mainly expressed in microglial cells and 
tissue-resident macrophages (Figure 6(A–D)). 
Meanwhile, FERMT3 was enriched in subgroups with 
low malignancy scores, and these subgroups had 

higher inflammation scores (Figure S14). In addition, 
the correlation between FERMT3 expression and 
microglia and macrophage markers was analyzed. The 
results showed a strong positive correlation between 
FERMT3 expression and the expression of several 
microglia and macrophage markers in both 
TCGA-GBMLGG and CGGA325 datasets (Figure 6(E,F)). 
The correlation between FERMT3 and transcription 
factor gene SPI1 was more than 0.9 (Figure 6(G,H)). 
These results suggest that FERMT3 potentially plays 
important roles in non-tumor cells, such as microglia 
and macrophage, and may be associated with a 
higher inflammation score. To verify the co-expression 

Figure 6.  Analysis of single-cell RNA-seq level expression of FERMT3 and its correlation with microglia and macrophage markers. 
single-cell RNA-seq level expression of FERMT3 in MGH102.10X (A), MGH115.10X (B), MGH124.10X (C) and MGH125.10X (D) from 
CHARTS database. (E,F) Correlation with microglia and macrophage markers in CGGA325 and TCGA-GBMLGG. (G,H) Correlation 
between FERMT3 and SPI1 expression in CGGA325 and TCGA-GBMLGG.

https://doi.org/10.1080/07853890.2023.2264325
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of Kindlin-3 and GAMs, we performed multiplex 
immunofluorescence and found that Kindlin-3 expres-
sion paralleled that of the pan-myeloid marker (IBA1) 
and the microglia marker (TMEM119) in LGG and GBM 
tissues (Figure 7).

4.  Discussion

Kindlin-3, encoded by the FERMT3 gene, has been 
implicated in the regulation of integrin activation and 
shown to influence the functions of hematopoietic 
and immune cells. It also participates in the 

development and progression of tumors [2,3]. During 
leukocyte adhesion to endothelial cells, Kindlin-3 acti-
vates β1, β2, and β3 integrin classes [35]. Mutations in 
the gene encoding Kindlin-3 result in autosomal reces-
sive leukocyte adhesion deficiency type III (LAD-III), 
which is characterized by a hemorrhagic tendency and 
severe bleeding as well as impaired adhesion of leuko-
cytes to inflammatory epithelium [35,36]. Interestingly, 
Kindlin-3 has different roles in tumors. In breast can-
cer, Kindlin-3 increased the production of VEGF by dis-
rupting the crosstalk between integrin β1 and Twist, 
and ultimately enhanced the invasion of breast cancer 

Figure 7.  Kindlin-3 is co-expressed with glioma-associated microglia/macrophage markers. (A, B) Multiplex immunofluorescence 
staining showing Kindlin-3 is co-expressed with the pan-myeloid marker IBA1 and the microglia marker TMEM119 in LGG (n = 3, 
A) and GBM (n = 7, B) tissues. Scale bars = 50µm.
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cells, tumor angiogenesis, and tumor metastasis [5]. In 
melanoma cells, the expression of Kindlin-3 inhibited 
the migration and metastasis of tumor cells [37]. In 
addition, Kindlin-3 was found to be significantly upreg-
ulated in human glioma tissues compared with normal 
brain tissues. Knockdown of FERMT3 inhibited glioma 
cell proliferation and development of chemoresistance 
to temozolomide (TMZ) [11]. However, the potential of 
FERMT3 as an independent prognostic factor and its 
relationship with immune infiltration and the response 
to immunotherapy remains unknown.

In this study, we found that FERMT3 was highly 
expressed in glioma, and its expression was correlated 
to the clinicopathological features that predict poor 
prognosis. It was also found to be an independent 
prognostic indicator. Further pathway function analysis 
showed that high expression of FERMT3 was associ-
ated with immune-related pathways such as immune 
response and cytokine production. Gliomas are known 
for their complex TIME and poor response to immune 
checkpoint inhibitor therapy. Given that FERMT3 
expression is related to multiple immune-related path-
ways, we explored the role of FERMT3 in the TIME and 
found that its expression was positively correlated with 
immune cells such as macrophages and neutrophils. It 
was also strongly positively correlated with immune 
score and several immune checkpoint-related genes, 
and their correlation coefficients with stromalScore, 
immuneScore, ESTIMATEScore, and HAVCR2 were more 
than 0.8. These results suggest that FERMT3 may play 
a potential role in TIME of glioma.

The TIME of glioma contains about 40% GAMs, 
which form the most abundant cell population in gli-
oma tumor mass [38]. GAMs can release many types of 
growth factors and cytokines, promote glioma prolifer-
ation, survival, metabolism, migration, and angiogene-
sis, and inhibit the function of immune cells [39]. Thus, 
the expression of FERMT3 was explored at the 
single-cell level and results showed that it was mainly 
expressed in microglia and macrophage. Subsequently, 
results indicated that FERMT3 was strongly positively 
correlated with several microglia/macrophage markers 
and SPI1 in glioma. Interestingly, we also found that 
Kindlin-3 was co-expressed with IBA1 and TMEM119 
through multiplex immunofluorescence staining. This 
validated the results at the single-cell level, indicating 
that Kindlin-3 is expressed in GAMs. Previous studies 
have demonstrated that Kindlin-3 is required for the 
maintenance of microglial shape and plasticity and 
regulates microglial bipolarization in vivo and in 
response to hard substrates in vitro [40]. This study 
also showed that lack of Kindlin-3 resulted in hyper-
contractility in microglia, dysregulation of ERK 

signaling, overexpression of TGFβ1 and abnormal pat-
terns of vasculature, and severe malformation of pho-
toreceptor regions [40]. A recent study showed that a 
specific subtype of high-grade glioma-associated 
microglia exhibits pro-inflammatory and proliferative 
features and promotes tumor progression by secreting 
IL1β [41]. Furthermore, several clinical trials targeting 
TAMs in GBM are currently underway [42]. The signifi-
cance of investigating Kindlin-3 as a viable therapeutic 
strategy for targeting GAMs warrants further 
exploration.

The effect of FERMT3 on treatment response was 
also explored in this study. There is consensus that gli-
oma is an immune “cold” tumor, and recent reviews 
have shown that patients with glioma have poor 
responses to immunotherapy [43,44]. Previous reports 
have demonstrated that the advancement of emerging 
immunotherapy strategies [45,46] and the identifica-
tion of therapeutic targets have the potential to 
enhance the effectiveness of immunotherapy for gli-
oma [47]. An important finding is that the expression 
of Fermt3 was upregulated in the immunotherapy 
response group, and high expression of FERMT3 indi-
cated a good response to anti-PD1 therapy. This may 
be related to the increased levels of cytokines, chemo-
kines, and immune cell infiltration in the FERMT3 
high-expression group. Therefore, patients with high 
expression of FERMT3 may benefit from targeted 
immunotherapy. Meanwhile, FERMT3 expression was 
negatively correlated with various HDACi. Recently, 
many studies have demonstrated that HDACs affect 
the survival and TMZ resistance of glioma [48,49]. In 
preclinical studies, HDACi showed potent antitumor 
effects. As summarized in previous reviews, many 
HDACi have been shown to act synergistically with 
other chemotherapeutic agents, radiotherapy, or 
immunotherapy in GBM, showing strong therapeutic 
potential [50]. Therefore, there is a need to explore 
whether the application of HDACi may exert an 
anti-tumor effect by reducing the expression of 
FERMT3, especially in patients with TMZ resistance.

Recently, several studies have revealed potential 
prognostic markers for glioma, such as Piezo1 [51], 
transcription factor CASZ1 [52], hsa-miR-196a-5p [53], 
EVA1C [54], and autophagy-related genes [55]. 
However, in comparison to our research, none of the 
aforementioned studies utilized external cohorts to 
validate independent prognostic markers or investi-
gate the expression of these markers at the single-cell 
level. Additionally, although some studies have 
observed the relationship between prognostic markers 
and immune infiltration [52,54], it is important to note 
that no significant relationship has been established 



Annals of Medicine 13

between these markers and the response to immuno-
therapy. Despite these findings, there are some short-
comings in this study. For example, the expression and 
prognostic value of Kindlin-3 need to be verified 
through a large study cohort. The integration of the 
prognostic nomogram with commonly used clinical 
prognostic markers (such as IDH mutation status and 
1p/19q codeletion status) provides a solid theoretical 
framework for tailoring individualized treatment strate-
gies for glioma patients [56]. By incorporating FERMT3 
expression and clinicopathological characteristics in 
multivariate Cox regression analysis, certain clinical 
prognostic indicators, including IDH status in the 
CGGA325 dataset, do not meet the criteria to be clas-
sified as independent prognostic factors. Conducting 
subsequent studies with large cohorts to develop 
nomograms based on FERMT3 and independent prog-
nostic clinicopathological characteristics will prove 
highly valuable in facilitating prognostic assessment 
and guiding personalized treatment for individuals. It 
is undeniable that these interesting findings of ours 
are worthy of further study on the role and function 
of Kindlin-3 in glioma. In addition, future research 
should exploit technologies such as 3D cell culture to 
clarify the role of Kindlin-3 in the interaction between 
glioma cells and tumor-infiltrating immune cells.

5.  Conclusion

In summary, our study shows that FERMT3 is closely 
related to the clinicopathological characteristics of gli-
oma and can be used as an independent prognostic 
indicator. Functional enrichment analysis revealed that 
its high expression correlates with immune-related path-
ways such as immune response and cytokine produc-
tion. It is highly positively correlated with the expression 
of various immune cells, immune scores, and immune 
checkpoint-related genes. Moreover, FERMT3 is specifi-
cally highly expressed in GAMs and its high expression 
predicts a better response to anti-PD1 therapy.
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