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Abstract. SRY‑related high‑mobility group protein B5 
(SOX5) functions as an oncogene in diverse human malig‑
nancies, contributing to tumor progression, metastasis and 
therapy resistance across various cancer types. In light of 
this, a pan‑cancer analysis was performed in the present study 
to investigate the oncogenic function of SOX5 in various 
human malignancies. SOX5 mRNA expression levels were 
compared between normal and malignant tissues using The 
Cancer Genome Atlas database and diagnostic effectiveness 
was evaluated using receiver operating characteristic curve 
analysis. Kaplan‑Meier survival analysis was performed 
to investigate the association between SOX5 expression 
and overall survival, disease‑specific survival, disease‑free 
interval and progression‑free interval. The influence of SOX5 
on immune infiltration and immunological scores in the 
tumor microenvironment was assessed utilizing Estimation 
of Stromal and Immune Cells in Malignant Tumor Tissues 
Using Expression Data, Cell‑Type Identification by Estimating 
Relative Subsets of RNA Transcripts and single‑sample Gene 
Set Enrichment Analysis methodologies, in conjunction with 
its relationship to drug sensitivity and genetic modifications. 
SOX5 exhibited tissue‑specific dysregulation, being markedly 
downregulated in carcinomas such as lung adenocarcinoma 
(LUAD), lung squamous cell carcinoma and breast cancer, 
while increased in testicular germ cell tumor and non‑small 
cell lung cancer (NSCLC) cell lines. It demonstrated notable 
diagnostic potential, with good performance in LUAD (area 
under the curve=0.916). The prognostic relevance of SOX5 
was contingent upon context as lower expression conferred 

protection in specific malignancies; however, it was associated 
with worse outcomes in others, such as low‑grade glioma and 
pancreatic adenocarcinoma. Increased SOX5 expression was 
associated with an immunosuppressive milieu marked by a rise 
in regulatory T cells, a decline in cytotoxic T cells and the acti‑
vation of immunological checkpoints including programmed 
death‑ligand 1 and cytotoxic T lymphocyte associated protein 
4. Moreover, SOX5 was associated with genomic instability, 
susceptibility to medicines such as azacitidine and distinct 
mutation patterns. SOX5 suppression in NSCLC cells in vitro 
impeded proliferation, migration and invasion. These findings 
collectively emphasize the key function of SOX5 in tumor 
biology and highlight its potential as a biomarker for cancer 
diagnosis, prognosis and therapeutic targeting.

Introduction

SRY‑related high‑mobility group box protein B5 (SOX5), 
a member of the SRY‑related HMG‑box gene family, has 
gained interest for its functions in developmental biology and 
disease pathogenesis (1‑5). In tumor biology, abnormal SOX5 
expression and activity is associated with the advancement 
of a number of human malignancies, including hepatocel‑
lular carcinoma [promoting epithelial‑mesencymal transition 
(EMT) and invasion], bladder cancer (modulating migration 
and therapy resistance), prostate cancer (driving metastasis 
via EMT), ovarian cancer (regulating glycolysis and prolifera‑
tion), gastric cancer (enhancing proliferation and migration), 
tongue carcinoma (facilitating tumorigenesis) and esophageal 
squamous cell carcinoma (where its downregulation is asso‑
ciated with a poor prognosis) (6‑8). While SOX5 may have 
tumor‑suppressive characteristics in some tissues, its upregu‑
lation in numerous malignancies is acknowledged as a notable 
contributor to tumor growth, rendering it a key subject within 
cancer research.

The protein encoded by SOX5 is part of the high mobility 
group of proteins, which modulate transcription through DNA 
binding and are key in cell differentiation. In typical physi‑
ological conditions, SOX5 regulates collagen synthesis, neural 
development and cartilage creation. In cancer, the function 
of SOX5 is altered, potentially facilitating tumor initiation 
and progression by regulating the cell cycle and promoting 
malignant behaviors (such as inducing EMT, enhancing cell 
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migration and invasion, maintaining cancer stem cell proper‑
ties) or enabling immune evasion (9‑12).

Altered SOX5 expression has been documented in a 
number of malignancies, including lung, breast, gastric cancers 
and melanoma  (13,14). In lung adenocarcinoma (LUAD), 
increased SOX5 expression is associated with adverse prog‑
nosis, including reduced survival and enhanced recurrence 
rates. This modified expression indicates that SOX5 may 
enhance tumor cell proliferation and survival by activating 
downstream signaling pathways, such as Wnt/β‑catenin and 
PI3K/AKT. In addition to its intrinsic effects on tumor cells, 
SOX5 also affects the tumor microenvironment (TME). It can 
regulate the activity of tumor‑associated fibroblasts, thereby 
influencing immunological responses and facilitating immune 
evasion (15‑17). Additionally, SOX5 has been associated with 
the regulation of tumor angiogenesis, highlighting its complex 
involvement in cancer advancement.

Understanding the varied expression patterns and roles 
of SOX5 across different tumor types is key for the advance‑
ment of novel cancer therapeutics. Consequently, the aims of 
the present study are threefold: i) To delineate the molecular 
regulatory network of SOX5; ii) to characterize its distinct 
involvement in carcinogenesis; and iii) to explore methodolo‑
gies for improving therapeutic efficacy through the targeting 
of SOX5‑associated pathways. Pan‑cancer analysis provides a 
thorough method to elucidate the role of SOX5 role in tumori‑
genesis, establishing a theoretical basis and prospective targets 
for forthcoming clinical therapies.

Materials and methods

Data processing. Within the present study, data from The 
Cancer Genome Atlas (TCGA; https://portal.gdc.cancer.
gov/) was utilized. TCGA is a large‑scale cancer genome 
project jointly funded and managed by the National Cancer 
Institute and the National Human Genome Research 
Institute to advance the scientific understanding of cancer. 
Specifically, RNA‑sequencing data (fragments per kilobase 
format) and clinical annotations from TCGA Pan‑Cancer 
Atlas (version 2018) were obtained through the University 
of California, Santa Cruz Xena browser (https://xena.ucsc.
edu/). Normalization and batch correction were performed 
using the ComBat algorithm from the ‘sva’ R package 
(version 4.3.1) (18) to mitigate technical variations across 
sequencing centers. Samples with incomplete clinical meta‑
data or low sequencing quality (read count <10 million) were 
excluded.

For validation, Gene Expression Omnibus (GEO; 
https://www.ncbi.nlm.nih.gov/geo/) datasets (GSE30219, 
GSE31210 and GSE50081) (19‑21) were retrieved using the 
‘GEOquery’ R package (22). Probes were annotated to gene 
symbols based on platform‑specific annotation files (such as 
the platform name ‘GPL570’ for the array name ‘Affymetrix 
Human Genome‑U133 Plus 2.0’). For genes mapped by 
multiple probes, the duplicates were collapsed by selecting the 
single probe with the maximum mean expression value across 
all samples for that gene. Additionally, the ‘TCGAbiolinks’ R 
package (23) was employed to download and access TCGA 
data, facilitating the integration and bioinformatics analysis of 
numerous data types.

Expression of SOX5 gene in a number of cancers. Differential 
SOX5 expression across tumor and corresponding normal 
tissues in TCGA was examined through use of the 
‘TCGAplot’ R package (version 1.0) (24). For cancers lacking 
normal tissue data in TCGA [including diffuse large B cell 
lymphoma (DLBC) and mesothelioma (MESO)], GEO data‑
sets (GSE12453 and GSE51024) (25,26) were supplemented. 
Normalized log2‑transformed expression values from both 
sources were compared using Wilcoxon rank‑sum tests. 
This analysis provided SOX5 expression profiles in normal 
and tumor tissues for cancers including DLBC, low‑grade 
glioma, MESO, ovarian serous cystadenocarcinoma, testicular 
germ cell tumor (TGCT), uterine carcinosarcoma and uveal 
melanoma.

Diagnosis and prognosis analysis. Using TCGA data, the 
diagnostic potential of SOX5 was assessed by generating 
receiver‑operating characteristic (ROC) curves with the 
‘pROC’ R package (27). An area under the curve (AUC) 
value of 0.5‑0.7 indicated a low diagnostic value, 0.7‑0.9 
indicated a moderate value and >0.9 indicated a high 
diagnostic value. Prognostic associations of SOX5 expres‑
sion with overall survival (OS), disease‑specific survival 
(DSS), disease‑free interval (DFI) and progression‑free 
interval (PFI) were evaluated using the SangerBox database 
(version 3.0; http://sangerbox.com/). Statistical significance 
was determined using multiple‑testing correction (the 
Benjamini‑Hochberg method) (28). Patients were stratified 
by median SOX5 expression and multivariate Cox regres‑
sion adjusted for age, stage and sex was applied where 
appropriate.

Correlation analysis of immune infiltration. Immune infiltra‑
tion in the TME was assessed by calculating Stromal Score, 
Immune Score and Estimation of Stromal and Immune 
Cells in Malignant Tumor Tissues Using Expression Data 
(ESTIMATE) Score using the ‘ESTIMATE’ R package (29). 
The cancer immunity cycle was analyzed using the Tumor 
Immune Estimation Resource 2.0 web tool (http://timer.
cistrome.org/) to evaluate correlations between SOX5 
expression and immune activation steps such as T cell 
recruitment and antigen presentation. Immune cell fractions 
were estimated using Cell‑Type Identification by Estimating 
Relative Subsets of RNA Transcripts (CIBERSORT 
version 1.04)  (30) deconvolution and single‑sample Gene 
Set Enrichment Analysis (ssGSEA) through the Gene Set 
Variation (‘GSVA’) R package (31) quantified immune cell 
enrichment. Associations between SOX5 expression and 
microsatellite instability (MSI), tumor mutational burden 
(TMB) and immune checkpoint proteins across tumors 
were analyzed in SangerBox (http://sangerbox.com/) using 
Pearson correlation tests.

Drug sensitivity analysis. Drug sensitivity data from the 
Genomics of Drug Sensitivity in Cancer 2 database (version 
Release 8.5) (https://www.cancerrxgene.org/) were processed 
using the ‘oncoPredict’ R package (version 0.2)  (32). IC50 
values were estimated through ridge regression and normal‑
ized to Z‑scores. Drugs with a Z‑score >2 were considered to 
be significantly associated with SOX5 expression.
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Analysis of tumor mutation patterns. The cBioPortal data‑
base (https://www.cbioportal.org/) was used to explore 
associations between SOX5 expression and tumor mutation 
patterns. Somatic mutations and copy‑number alterations 
were retrieved from cBioPortal (TCGA Pan‑Cancer Atlas; 
version 2018). Patients were divided into high and low SOX5 
expression groups (top/bottom 25%; high SOX5, n=250; low 
SOX5, n=261). Mutational signatures were visualized using 
the ‘Maftools’ package (version 2.6.05) (33), enabling compre‑
hensive analysis of somatic mutation patterns in TCGA‑LUAD 
cohort.

Functional enrichment analysis. Co‑expression networks 
were constructed using LinkedOmics (www.linkedomics.
org; TCGA_LUAD cohort; HiSeq platform) with Pearson 
correlation [r>0.3; false discovery rate (FDR) <0.05] to 
identify genes co‑expressed with SOX5. GSEA of Molecular 
Signatures Database Hallmark and Kyoto Encyclopedia of 
Genes and Genomes (KEGG) gene sets, as well as GSVA of 
Gene Ontology terms were performed to explore associated 
biological functions and pathways. Analyses were performed 
with 1,000 permutations and results with FDR‑adjusted P<0.05 
were considered significant.

Cell culture. Human non‑small cell lung cancer (NSCLC) 
cell lines A549 and H1299, as well as the normal human 
bronchial epithelial cell line BEAS‑2B, were obtained from 
the Cell Bank of the Chinese Academy of Sciences (Shanghai 
Institute of Biochemistry and Cell Biology). H1299, A549 
and BEAS‑2B normal lung epithelial cells were cultured in 
DMEM supplemented with 10% FBS (Gibco; Thermo Fisher 
Scientific, Inc.) at 37˚C in a humidified incubator with 5% CO2. 
Cells were digested every 48 h with 0.25% trypsin‑EDTA 
(Gibco; Thermo Fisher Scientific, Inc.) and passaged at a 1:3 
ratio. Experiments utilized cells between passages 5‑20.

Cell transfection. For SOX5 knockdown, A549 cells 
were transfected with 50 nM of a SOX5‑targeting siRNA 
(sense, 5'‑GGG​UCG​UGU​UCA​AUC​UUA​UU‑3' and anti‑
sense, 5'‑UUA​AGA​UUG​AAC​ACG​ACC​CUU‑3'; Shanghai 
GenePharma Co., Ltd.) or a scrambled control siRNA 
(sense, 5'‑GGC​UGG​UAG​UUG​GCA​UUU​AUU‑3' and anti‑
sense, 5'‑UAA​AUG​CCA​ACU​ACC​AGC​CUU‑3'; Shanghai 
GenePharma Co., Ltd.) using Lipofectamine™ RNAiMAX 
(Invitrogen; Thermo Fisher Scientific, Inc.) according to the 
manufacturer's instructions. Following transfection, cells were 
incubated at 37˚C in a 5% CO2 atmosphere for 24 h to allow 
for efficient knockdown. Experimental groups consisted of 
the untreated control, scrambled siRNA control and SOX5 
knockdown. SOX5 expression was measured after the 24‑h 
incubation period using quantitative PCR (qPCR).

Cell Counting Kit‑8 (CCK‑8) assay. At 24 h post‑transfection, 
cells were seeded in 96‑well plates (5x103  cells/well) and 
incubated for 24 h. Furthermore, 10 µl of Cell Counting Kit‑8 
(CCK‑8) solution (Dojindo Molecular Technologies, Inc.) was 
added to each well and the plates were incubated for 4 h. A 
total of 150 µl DMSO was added to each well to dissolve 
the formazan crystals. The absorbance at 490 nm was then 
measured using a microplate reader (BioTek Synergy HTX; 

BioTek; Agilent Technologies, Inc.). Cytotoxic activity (%) 
using optical density (OD) values was calculated as:

Wound healing assay. Cell migration was evaluated by moni‑
toring wound closure over 24 h. Cells were grown to ~80% 
confluence in 6‑well plates,, scratched with a sterile 200 µl 
pipette tip, washed with PBS and cultured in serum‑free 
DMEM. Images were captured at 0 and 24 h using the Axiovert 
200 microscope (Zeiss GmbH) and analyzed with ImagePro 
Plus software (version 6.0). Experiments were performed in 
triplicate.

Transwell invasion assay. After 24 h of transfection, cells 
(5x104/well) were seeded into Transwell chambers. The 
chambers were pre‑coated with Matrigel by incubating with 
a diluted Matrigel solution at 37˚C for 1 h to allow for polym‑
erization. The cells were then plated in serum‑free medium. 
Medium containing 10% FBS was added to the lower chamber. 
After a 24‑h incubation period at 37˚C, non‑migrated cells on 
the upper surface of the membrane were carefully removed 
with a cotton swab. The invaded cells on the lower surface 
were fixed with 95% ethanol for 15 min at room temperature 
and subsequently stained with 0.1% crystal violet for 20 min 
at room temperature. After washing and air‑drying, the cells 
were imaged in three random fields per chamber at x100 
magnification using an inverted light microscope (Olympus 
Corporation).

Reverse Transcription Quantitative PCR (RT‑qPCR). Total 
RNA was isolated from cultured A549 cells using the TRIzol™ 
reagent (Invitrogen; Thermo Fisher Scientific, Inc.) according 
to the manufacturer's protocol. RNA concentration and purity 
were determined spectrophotometrically. Subsequently, 1 µg 
of total RNA was reverse‑transcribed into cDNA using the 
PrimeScript™ RT Reagent Kit (Takara Bio Inc.) in strict 
accordance with the manufacturer's instructions. qPCR 
was performed using PowerUp™ SYBR™ Green Master 
Mix (cat. no. A25742; Applied Biosystems) on an Applied 
Biosystems 7500 Real‑Time PCR System. The thermal cycling 
conditions were as follows: Initial denaturation at 95˚C for 
2 min; followed by 40 cycles of denaturation at 95˚C for 15 sec 
and annealing/extension at 60˚C for 1 min. A melting curve 
analysis was performed post‑amplification to verify reaction 
specificity. Relative mRNA expression levels were calculated 
using the 2‑ΔΔCq method (34), with GAPDH serving as the 
internal reference gene for normalization using the following 
formulae: ∆Cq=Cqtarget‑CqGAPDH; ∆∆Cq=∆Cqreference‑∆Cqtest. 
The primer sequences were as follows: GAPDH forward, 
5'‑CAT​CAT​CCC​TGC​CTC​TAC​TGG‑3' and reverse, 5'‑GTG​
GGT​GTC​GCT​GTT​GAA​GTC‑3'; and SOX5 forward, 5'‑CAG​
ATG​GAG​AGG​TAG​CCA​TGG‑3 and reverse, 5'‑CCA​TTG​
TAT​TGT​GCT​GAG​AAG​TG‑3'.

Statistical analysis. Statistical analyses were performed using 
SPSS (version 26.0; IBM Corp.) and R (version 4.3.1). For 
comparisons between two groups of continuous variables, the 
unpaired Student's t‑test was used for normally distributed 
data and the unpaired Mann‑Whitney U test for non‑normally 
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distributed data. For comparisons among three or more groups, 
one‑way ANOVA (parametric) was applied, followed by Tukey's 
post hoc test for multiple comparisons. The prognostic value of 
SOX5 expression was evaluated by univariate Cox regression 
analysis and Kaplan‑Meier survival analysis with the log‑rank 
test. Associations between SOX5 expression and immune‑related 
regulatory factors were assessed using Spearman's rank correla‑
tion analysis. A two‑sided P‑value of <0.05 was considered to 
indicate a statistically significant difference.

Results

Differential expression of SOX5 in pan‑cancer between 
tumor and normal tissue. Using box plots generated from 

TCGA database, the expression levels of SOX5 mRNA 
in tumor and normal tissues were analyzed. As shown in 
Fig. 1A, SOX5 expression was significantly higher in tumor 
tissues compared with normal tissues in certain cancer 
types, such as PCPG (P<0.01). By contrast, in numerous 
cancers, including LUAD, lung squamous cell carcinoma 
(LUSC) and breast invasive carcinoma (BRCA), SOX5 
mRNA expression was markedly lower in tumor tissues 
compared with adjacent normal tissues (P<0.05). Fig. 1B 
further demonstrated this pattern, showing lower SOX5 
expression was observed in tumor tissues across the 
majority of cancers analyzed (P<0.05). Collectively, these 
results indicate that SOX5 expression is generally reduced 
in numerous cancer tissues

Figure 1. SOX5 expression in human cancers. (A) Boxplots illustrating the mRNA expression levels of SOX5 in normal and cancer tissues using data from 
TCGA database. Tumor tissues are represented by blue dots and boxes, while normal tissues are represented by orange dots and boxes. (B) Boxplots showing the 
mRNA expression levels of SOX5 in normal and cancer tissues using data from TCGA database. Tumor tissues are represented by red boxes and normal tissues 
are represented by blue boxes. *P<0.05; **P<0.01; ***P<0.001; ****P<0.0001. ns, not significant; TCGA, The Cancer Genome Atlas; GTEx, Genotype‑Tissue 
Expression program; SOX5, SRY‑related high‑mobility group box protein B5.
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Predictive value of SOX5 expression for diagnosis and 
prognosis. Fig. 2 illustrates the diagnostic and prognostic 
significance of SOX5 across cancers. ROC curve analysis 
(Fig.  2A) demonstrated good diagnostic performance 
for head‑neck squamous cell carcinoma (AUC=0.953; 
95% CI, 0.928‑0.978) and LUAD (AUC=0.916; 95% CI, 
0.894‑0.940), with notable discrimination in 15 additional 
cancer types (AUC range, 0.508‑0.893), all exceeding 
random chance. Differential expression analysis (Fig. 2B) 
showed that SOX5 plays an environment‑dependent role in 
tumorigenesis and is progressively dysregulated at various 
tumor stages. We observed significant differences in six 
types of tumors, such as STES (Stage I=76; II=201; III=230; 
IV=57) (P<0.05), STAD (Stage  I=58; II=121; III=169; 
IV=41) (P<0.05), THYM (Stage  I=36;II=61;III=14;IV=6) 
(P<0.05), PAAD (Stage I=21;II=147; III=3;IV=4) (P<0.05), 
BLCA (Stage II=130;III=140;IV=133) (P<0.05), and KICH 
(Stage I=21;II=25;III=14;IV=6) (P<0.05). Notably, 78% (18/23) 
of carcinomas showed marked downregulation of SOX5.

Multivariate survival analysis (Fig.  2C) demonstrated 
clinically relevant prognostic stratification. Forest plots for OS, 
DSS, DFI and PFI revealed that elevated SOX5 expression was 
associated with worse outcomes [hazard ratio (HR) >1; 95% CI, 
excluding 1] in a number of cancers, while low expression was 
associated with protective effects (HR <1). These integrated 
findings suggest that SOX5 is a key dual‑purpose biomarker 
for early cancer detection and precise prognostication.

SOX5 in pan‑cancer immune infiltration. The present analysis 
identified SOX5 as a notable modulator of tumor immune 
dynamics. Violin plots (Fig. 3A) showed significantly higher 
SOX5 expression in tumor tissues compared with normal 
tissues (P<1x10‑15), while box plots (Fig. 3B) revealed notable 
inter‑cohort heterogeneity. ESTIMATE, CIBERSORT and 
ssGSEA analyses demonstrated that high SOX5 expression 
is associated with an activated TME and increased immune 
scores (P<0.05), particularly in LUAD and UCEC.

Heatmap analysis (Fig. 3C) revealed a negative correla‑
tion between SOX5 and cytotoxic T cell infiltration (Pearson 
r=‑0.68; P<2x10‑16) and a positive correlation between 
SOX5 and regulatory T cell abundance (r=0.59; P<5x10‑9), 
indicating immunosuppressive reprogramming. Radar 
charts (Fig. 3E and F) further showed that SOX5 expres‑
sion was inversely correlated with TMB (r=‑0.43; P<0.001) 
and microsatellite instability (r=‑0.51; P<0.0001), although 
subtype‑specific variations existed. Correlation networks 
(Fig. 3D) revealed significant co‑expression of SOX5 with 
immune checkpoint molecules [programmed death‑ligand 1 
(PD‑L1), r=0.62; cytotoxic T‑lymphocyte associated protein 4 
(CTLA‑4), r=0.57; P<0.05], positioning SOX5 as a key regu‑
lator of immune evasion and DNA damage response in cancer.

Drug sensitivity analysis. The drug sensitivity screening 
revealed statistically significant differences in inhibitory 
potency between the high and low groups for the majority of 
tested compounds. With the exception of BRD4132, all agents, 
including azacitidine, betulinic acid, dorsomorphin, etoposide, 
GW843682X, mitotane, PX‑478, S‑trityl‑L‑cysteine, sanguina‑
rine, and selenium, demonstrated markedly enhanced efficacy 
against the high group (all P<0.001). By contrast, BRD4132 

exhibited no significant difference in activity between the two 
groups (P=0.45). These findings successfully identify a panel 
of candidate compounds with high potential for selective effi‑
cacy against the defined cellular model, providing a substantive 
basis for further investigation into targeted therapeutic strate‑
gies (Fig. 4). Pharmacogenomic profiling of 12 drugs revealed 
notably distinct IC50 distributions between ‘SOX5_High’ and 
‘SOX5_Low’ cohorts. Wilcoxon rank‑sum tests showed signif‑
icant differences (P<2.2x10‑16) for 11 compounds, including 
azacitidine and betulinic acid, with BRD4132 as the only 
exception (P=0.45). These results highlight SOX5 expression 
as a potential predictor of therapeutic response, underscoring 
its value as a precision oncology biomarker.

Tumor mutation pattern analysis. Pan‑cancer genomic 
profiling revealed that SOX5‑altered tumors exhibit distinct 
molecular signatures. Alteration frequency analysis (Fig. 5A) 
demonstrated prevalent SOX5 mutations and copy‑number 
changes with lineage‑specific prevalence, notably in gastric and 
pancreatic cancers. Detailed characterization (Fig. 5B) showed 
truncating mutations as the predominant alteration subtype.

Expression stratification (Fig. 5C) revealed that ‘SOX5_
Low’ tumors were associated with transcriptional suppression 
of cardiac morphogenesis pathways [odds ratio (OR)=0.32; 
P<1x10‑15] and upregulation of cell‑cycle regulators (OR=3.41; 
P<8x10‑10). Waterfall plots (Fig. 5D) demonstrated mutually 
exclusive alterations between ‘SOX5_High’ and ‘SOX5_Low’ 
groups, with truncating mutations concentrated in ‘SOX5_
Low_tumors’ (P=0.0028) and the analysis demonstrated 
significant associations between SOX5 expression status 
and mutations in specific signaling pathways, primarily the 
PI3K‑AKT‑mTOR pathway and PD‑L1 associated immune 
regulation​ (P<0.05). (P<0.05). These findings establish SOX5 
loss‑of‑function as a driver of gene expression changes, 
especially in LUAD and other cancers with frequent SOX5 
variation and amplification.

Functional enrichment analysis. Multi‑omics integration 
revealed SOX5 as a central regulator of cardiac morphogenesis 
and tumor biology. Pearson correlation analysis (Fig. 6A) showed 
strong associations (r=1; P<1x10‑30) with select targets. Z‑score 
clustering (Fig. 6B and C) demonstrated SOX5 co‑activation of 
morphogenetic pathways, such as heart trabecula morphogenesis 
(Z>3) and cardiac chamber development, alongside suppres‑
sion of proliferative pathways (cell cycle, Z<‑3; small GTPase 
signaling, Z<‑2). KEGG and Hallmark enrichment analyses 
revealed SOX5 involvement in biological processes including 
cardiac morphogenesis and angiogenesis, cellular compo‑
nents such as the actin cytoskeleton and molecular functions 
including actin binding. KEGG analysis (Fig. 6E) implicated 
SOX5 dysregulation in ‘Arrhythmogenic right ventricular 
cardiomyopathy’ pathogenesis (‑log10P>20), mediated by altered 
adhesion molecules, extracellular matrix receptors and metal‑
loproteinases (P<0.05). These findings highlight SOX5 as a key 
regulator of structural integrity and tumor biology in LUAD.

SOX5 silencing inhibits NSCLC progression in  vitro. 
Functional studies revealed that SOX5 is upregulated in 
NSCLC cell lines (H1299 and A549) compared with normal 
bronchial epithelial cells (BEAS‑2B; P<0.001; Fig. 7A). SOX5 
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knockdown in A549 cells, confirmed using qPCR (Fig. 7B), 
significantly inhibited proliferation (P<0.01; Fig.  7C), 

migration (scratch assay; P<0.001; Fig. 7D and E) and invasion 
(Transwell assay; P<0.001; Fig. 7F and G).

Figure 2. Diagnostic and prognostic value of SOX5 in pan‑cancer. (A) ROC curves for diagnosing 15 cancers based on SOX5 expression. (B) Boxplots showing 
the association between SOX5 expression levels and seven clinical characteristics in 30 cancer types. (C) Circular histogram of OS, DSS, DFI and PFI of SOX5 
in 44 types of cancer using Kaplan‑Meier analysis. *P<0.05; **P<0.01; ***P<0.001. ns, not significant; ROC, receiver operator characteristic; SOX5, SRY‑related 
high‑mobility group box protein B5; OS, overall survival; DSS, disease‑specific survival; DFI, disease‑free interval; PFI, progression‑free interval; BLCA, 
bladder urothelial carcinoma; BRCA, breast invasive carcinoma; COAD, colon adenocarcinoma; ESCA, esophageal carcinoma; KICH, kidney chromophobe; 
KIRC, kidney renal clear cell carcinoma; KIRP, kidney renal papillary cell carcinoma; LIHC, liver hepatocellular carcinoma; HNSC, head and neck squamous 
cell carcinoma; LUAD, lung adenocarcinoma; LUSC, lung squamous cell carcinoma; PRAD, prostate adenocarcinoma; STAD, stomach adenocarcinoma; 
THCA, thyroid carcinoma; UCEC, uterine corpus endometrial carcinoma.
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The study findings are consistent with the established 
oncogenic role of SOX5 in other cancers. In triple‑negative 
breast cancer, SOX5 drives stemness, EMT and immune 
evasion (35). In melanoma, SOX5 promotes migration and 
invasion via transcriptional regulation by the oncogenic long 

non‑coding RNA (lncRNA) SLNCR1 (36). Mechanistically, 
SOX5 interacts with co‑activators, such as transcriptional 
co‑activator with PDZ‑binding motif, stabilizing effectors, 
such as collagen type X α1 chain, and enhancing extracel‑
lular matrix remodeling (37,38). In gliomas, SOX5:anaplastic 

Figure 3. Influence of SOX5 expression on antitumor immunity and immunotherapy response. (A) Correlation between SOX5 and ESTIMATE scores 
(ESTIMATE Score, Immune Score and Stromal Score). (B) Representative boxplots display the correlation analysis of the cancer‑immunity cycle in pan‑cancer. 
The red boxes represent the patients with high levels of SOX5, while blue boxes represent the patients with low levels of SOX5. (C) The relationship between 
SOX5 expression and tumor‑infiltrating immune cells. (D) Pan‑cancer association between SOX5 expression and Immune Checkpoint genes.(E) Relationship 
between SOX5 mRNA expression and TMB. (F) Relationship between SOX5 mRNA expression and MSI. *P<0.05; **P<0.01; ***P<0.001; ****P<0.0001. ns, not 
significant; SOX5, SRY‑related high‑mobility group box protein B5; TMB, tumor mutational burden; MSI, microsatellite instability; ESTIMATE, Estimation 
of Stromal and Immune Cells in Malignant Tumor Tissues Using Expression Data; NK, natural killer; TME, tumor microenvironment.
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Figure 4. Drug sensitivity analysis. The top 12 SRY‑related high‑mobility group box protein B5 positively correlated drugs from the Genomics of Drug 
Sensitivity in Cancer 2 database.



EXPERIMENTAL AND THERAPEUTIC MEDICINE  31:  32,  2026 9

lymphoma kinase (ALK) fusion drives tumor progression, with 
ALK inhibitors suppressing growth in vivo (39). Collectively, 
these data validate SOX5 as a driver of NSCLC aggressiveness 
and a potential therapeutic target.

Discussion

Research into the mechanisms driving malignant tumor 
development and progression has advanced beyond initial 

Figure 5. Mutation character of SOX5 in pan‑cancer. (A) Alteration frequency of SOX5 in pan‑cancer. (B) The subtypes and distributions of SOX5 somatic 
mutations. (C) Waterfall plots of differential somatic mutations in lung adenocarcinoma, including the SOX5high group and the SOX5low groups. (D) Mutation 
of SOX5 relation to the mutation of specific signal pathway genes (P<0.05). SOX5, SRY‑related high‑mobility group box protein B5; OR, odds ratio; CAN, 
copy number alteration; VUS, variant of uncertain significance; HMG_box, high‑mobility group box.
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understandings. The rapid development of molecular 
biological technologies, particularly the application of omics 
approaches and bioinformatics, has been key in elucidating 
the functional roles of tumor‑associated genes and evaluating 
their potential as diagnostic biomarkers and therapeutic 
targets (40‑43).

SOX5 displays diverse expression patterns and biological 
roles across human cancers. In the present study, the role of 

SOX5 in tumor development was investigated, with a focus 
on the impact of SOX5 on the TME and its potential mecha‑
nisms underlying tumor progression, diagnosis and prognosis, 
employing a range of bioinformatics tools and statistical 
approaches.

Results indicate that the functional role of SOX5 in tumori‑
genesis is highly context‑dependent. Dysregulation of SOX5 
(upregulation or downregulation) varies notably among cancer 

Figure 6. Enrichment analysis of SOX5 co‑expression genes in LUAD. (A) The SOX5 co‑expression genes in LUAD. (B‑C) The top 50 genes were positively 
and negatively correlated with SOX5. (D) GO and (E) Kyoto Encyclopedia of Genes and Genomes analysis of co‑expression genes of SOX5 in the LUAD 
cohort. SOX5, SRY‑related high‑mobility group box protein B5; GO, Gene Ontology; LUAD, lung adenocarcinoma; BP, biological process; CC, cellular 
component; MF, molecular function.
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types and is strongly influenced by cell‑of‑origin, driver muta‑
tions and the surrounding signaling microenvironment (44‑46). 
Specifically, SOX5 acts predominantly as a tumor suppressor 
in epithelial carcinomas driven by somatic mutations, where 
it is frequently downregulated or inactivated (47‑49), however 
exhibits oncogenic properties in specific malignancies such as 
germ cell tumors, where it is maintained or upregulated (45). 
This dual role underscores the importance of evaluating SOX5 
as a diagnostic or prognostic biomarker and therapeutic target 
within the context of specific cancer types (45,48,50).

The differential expression of SOX5 across cancers not 
only reflects its complexity in tumor development but also 
highlights distinct underlying biological mechanisms (51‑53). 
Reduced SOX5 expression in LUAD, LUSC and BRCA is 
consistent with a tumor‑suppressive role, potentially through 
regulation of the cell cycle, induction of senescence, or promo‑
tion of apoptosis. Conversely, elevated SOX5 expression in 
germ cell tumors suggests an oncogenic role, possibly by 
activating pro‑proliferative pathways, enhancing migration 
and invasion or inhibiting apoptosis.

Figure 7. Effect of the SOX5 gene on the biological behavior of non‑small cell lung cancer. (A) The expression levels of SOX5 in non‑small cell lung cancer 
cell lines (H1299 and A549) and normal human bronchial epithelial cells (BEAS‑2B) were quantified using qPCR. Statistical significance was assessed using 
a one‑way ANOVA followed by Tukey's post hoc test. (B) Validation of SOX5 knockdown in the A549 cell line. The relative mRNA expression level of SOX5 
was determined by quantitative PCR in control and SOX5 knockdown groups. Gene expression was calculated using the 2‑ΔΔCq method and normalized to 
GAPDH. Differences among the groups over time were analyzed using a one‑way ANOVA followed by Tukey's post hoc test. (C) Cell Counting Kit‑8 assay 
was carried out to assess cell viability in transfected A549 cells. Differences among the groups over time were analyzed using a one‑way ANOVA followed 
by Tukey's post hoc test. (D‑E) A wound healing assay was used to assess the migratory abilities of transfected A549 cells. Statistical analysis was performed 
using a one‑way ANOVA followed by Tukey's post hoc test. (F‑G) Cell invasion was examined using a Transwell assay in transfected A549 cells. Statistical 
analysis was performed using a one‑way ANOVA followed by Tukey's post hoc test. Data are presented as mean ± SD (n=3). *P<0.05; **P<0.01; ***P<0.001. 
SOX5, SRY‑related high‑mobility group box protein B5; qPCR, quantitative PCR; si, small interfering RNA; NC, negative control; pcDNA, plasmid cloning 
DNA.
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Previous studies further illustrate these divergent 
roles (3,54,55). In Kaposi's sarcoma, SOX5 overexpression 
inhibits epithelial‑to‑mesenchymal transition in Kaposi's 
sarcoma‑associated herpesvirus‑infected cells, suggesting a 
tumor‑suppressive function and therapeutic potential. In germ 
cell tumors, where germ cell‑specific expression patterns 
prevail, increased SOX5 levels may reflect the physiological 
role it has in reproductive system development, repurposed 
within the TME to drive uncontrolled growth. This vari‑
ability in expression patterns underscores the necessity for 
detailed, cancer type‑specific research into SOX5 function. 
For example, the role of SOX5 in promoting germ cell tumors 
may involve interactions with specific transcription factors or 
growth factors that are lost in other types of cancer. In TGCTs, 
amplification of the 12p11.1‑p12.1 region (which contains the 
SOX5 gene) has been identified as a key event (56), and this 
12p gain [including i(12p) and 12p11.2‑12.1 amplification] is 
associated with aggressive tumor progression (55). Although 
SOX5 is located within this critical region, its expression is lost 
in some 12p amplification‑positive TGCTs, suggesting that its 
role may be mediated through complex regulatory networks. 
This mechanism may involve interactions with germ cell 
tumor‑specific signaling pathways such as the KIT/KITLG 
pathway, or exert effects through regulating cell proliferation, 
migration and EMT (50).

Beyond its tissue‑specific functions, SOX5 shows notable 
potential as a biomarker. In cancer diagnosis and prog‑
nosis, biomarker identification is key to improving patient 
management and therapeutic efficacy (48,57). The present 
findings position SOX5 as a promising biomarker with clinical 
relevance. In LUAD, a high AUC value (0.916) highlights 
its diagnostic accuracy, suggesting potential utility for early 
detection. This supports the notion that SOX5 serves a role 
in early tumor formation and progression, making it a good 
candidate for early diagnosis, particularly in LUAD, through 
its expression profiling.

Notable associations between SOX5 expression and 
survival outcomes, including DSS, DFI and PFI, further 
reinforce its prognostic value. Variations in SOX5 expression 
may reflect differences in tumor invasiveness and therapeutic 
response, thereby impacting patient survival and recurrence 
risk. In LUAD, low SOX5 expression was associated with 
worse survival rates, potentially due to its involvement in 
regulating cell proliferation and apoptosis pathways. Thus, 
SOX5 expression represents a key prognostic indicator to 
guide clinical decision‑making.

Notably, SOX5 appears to influence the TME, particularly 
immune evasion mechanisms. The complexity of the TME 
markedly affects therapeutic outcomes. SOX5 may modulate the 
immune landscape by regulating immune cell infiltration and 
related factors, thereby influencing tumor immune surveillance 
and treatment response (58). The observed positive correlation 
between elevated SOX5 expression and immune checkpoint 
levels (PD‑L1 and CTLA‑4) suggests that SOX5 serves a key 
immunomodulatory role, potentially facilitating immune 
evasion within the TME. ‘SOX5_High’ tumors exhibited 
activated yet exhausted immune features (including increased 
immune infiltration, immune scores and TMB, especially in 
LUAD and UCEC), suggesting SOX5 coordinates both immune 
recognition and immunosuppressive checkpoint expression.

These findings position SOX5 as a promising predictive 
biomarker for immune checkpoint blockade (ICB) respon‑
siveness. Patients with high SOX5 expression may benefit 
more from ICB due to pre‑existing checkpoint enrichment. 
Moreover, targeting SOX5 could enhance ICB efficacy by 
reducing intrinsic immunosuppression. Future work should 
aim to validate the mechanistic regulation of immune check‑
points SOX5 may exhibit and associate its expression with 
clinical ICB outcomes.

Analysis using ESTIMATE and CIBERSORT demon‑
strated that elevated SOX5 expression is associated with 
an activated TME and high immune scores, particularly in 
LUAD and UCEC and is associated with high TMB. SOX5 
may regulate the TME through multiple mechanisms, influ‑
encing immune cell recruitment, activation and immune 
escape. Elevated SOX5 could enhance secretion of cytokines 
and chemokines, recruiting immune cells such as T cells and 
macrophages. While such infiltration could support antitumor 
immunity, it may also promote immune escape by recruiting 
immunosuppressive cells. SOX5 may also regulate immune 
cell activity by modulating the expression of cell surface 
molecules such as MHC proteins or immune checkpoint 
ligands (such as PD‑L1), directly affecting T cell activation 
and inhibition.

The correlation between SOX5 expression and TMB 
suggests an association with tumor genetic complexity and 
neoantigen production. As high TMB often predicts improved 
immunotherapy responses, SOX5 may influence sensitivity to 
immunotherapy through TMB modulation.

The present study also revealed therapeutic implications 
of SOX5 expression. Pharmacogenomic analyses showed 
high SOX5 expression correlates with increased sensitivity to 
various chemotherapeutics, including azacitidine and betulinic 
acid. This aligns with the regulation of DNA methyltransferase 
1 (DNMT1)/p21 signaling in bladder cancer progression exhib‑
ited by SOX5 (48) and suggests that SOX5‑overexpressing 
tumors may be particularly susceptible to DNMT1 inhibitor 
therapies. Furthermore, targeting the HuR‑lncRNA‑SOX5 
axis, which stabilizes SOX5 transcripts in carcinomas, could 
exploit this therapeutic vulnerability (59). In addition, SOX5 
may sensitize tumor cells to drug‑induced apoptosis by regu‑
lating cell death pathways, enhancing cell cycle arrest through 
p53 activation, altering cancer cell metabolism and influencing 
drug transport and metabolism gene expression (60).

Pan‑cancer analysis of SOX5 mutation patterns indicates 
that alterations in SOX5, particularly in gastric and pancre‑
atic cancers, may drive invasion and therapy resistance. Such 
mutations could disrupt normal regulatory networks and 
activate oncogenic pathways (such as Wnt and Notch), contrib‑
uting to tumor progression. While this may confer resistance 
to conventional therapies, it offers opportunities for targeted 
interventions against specific SOX5 alterations.

Although this study provides a comprehensive pan‑cancer 
analysis of SOX5, several important limitations should be 
acknowledged. First, the research primarily relies on bioin‑
formatic analyses of public databases such as TCGA, and 
lacks validation in large‑scale independent cohorts, which 
may introduce potential biases or overfitting. For instance, 
while citation3 developed a prognostic model, it was based 
solely on TCGA data without involving multi‑center samples, 
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thereby limiting its clinical applicability. Second, functional 
experiments were confined to in vitro cell lines (e.g., A549 and 
H1299), and lacked in vivo animal model validation, which is 
essential for fully recapitulating the complexity of the tumor 
microenvironment. Third, the mechanistic insights remain 
insufficient; for example, the specific pathways through which 
SOX5 regulates immune infiltration or drug sensitivity were 
not fully elucidated. Fourth, while the mutation pattern analysis 
revealed associations between SOX5 alterations and specific 
signaling pathways, it did not account for tumor heterogeneity 
and subtype variations, which may affect the generalizability 
of the findings. Finally, the drug sensitivity data were based 
on computational predictions and lacked pre‑clinical experi‑
mental support, necessitating further validation of actual 
therapeutic efficacy.

In conclusion, the present pan‑cancer analysis established 
SOX5 as a context‑dependent regulator with dual roles in 
tumorigenesis, acting as a tumor suppressor in numerous 
epithelial cancers while driving oncogenesis in select 
malignancies. The dysregulation of SOX5 is associated with 
immune evasion, TME remodeling, genomic instability and 
patient prognosis. Functional validation demonstrates the role 
of SOX5 in enhancing proliferation, migration and invasion in 
NSCLC. These findings position SOX5 as a robust biomarker 
for cancer diagnosis and prognosis and a promising therapeutic 
target, offering a strategic avenue for precision oncology across 
diverse tumor types.
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