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Abstract. Oral squamous cell carcinoma (OSCC) is the most 
common malignancy of the oral cavity and is characterized by 
high invasiveness and a poor prognosis. Although a number 
of molecular biomarkers have been investigated, their clinical 
applications remain limited. Despite microtubule affinity‑regu‑
lating kinase 4 (MARK4) having been implicated in a number 
of cancers, its role in OSCC remains unclear. RNA‑sequencing 
data and corresponding clinical information for patients 
with OSCC were obtained from The Cancer Genome Atlas 
database. MARK4 expression levels were analyzed in OSCC 
and corresponding noncancerous tissues. Associations 
between MARK4 expression and clinicopathological char‑
acteristics and survival outcomes, including overall survival 
(OS), disease‑specific survival (DSS) and progression‑free 
interval (PFI), were evaluated using univariate Cox regres‑
sion and Kaplan‑Meier analyses. Immune infiltration was 
assessed using single‑sample Gene Set Enrichment Analysis, 
Cell‑type Identification by Estimating Relative Subsets of 
RNA Transcripts and Tumor Immune Estimation Resource 
2.0 analyses. To evaluate its functional role, two independent 
small interfering RNA was used to silence MARK4 expres‑
sion in human squamous carcinoma‑3 (HSC‑3) cells. Results 
indicated that MARK4 was notably upregulated in OSCC 
and was associated with advanced T and clinical stages. High 
MARK4 expression was associated with poorer OS, DSS and 
PFI in the unadjusted survival analyses and showed discrimi‑
natory ability between tumor and normal tissues (area under 
the curve=0.841). Functional enrichment analysis indicated 
that MARK4 and its co‑expressed genes were mainly involved 
in cytoskeletal organization, immune response and metabolic 

pathways. Immune infiltration analysis showed that MARK4 
expression was negatively correlated with CD8+ T, B, dendritic 
and regulatory T cells. Functional experiments further 
demonstrated that MARK4 knockdown markedly suppressed 
HSC‑3 cell proliferation and invasion, with minimal effects 
on cell migration. In conclusion, MARK4 is upregulated in 
OSCC and is associated with clinicopathological progres‑
sion, survival outcomes, immune infiltration and tumor‑cell 
aggressiveness. These findings support MARK4 as a potential 
survival‑associated biomarker and candidate therapeutic 
target; however, its independent prognostic value remains to 
be established through multivariable analyses and external 
clinical validation.

Introduction

Oral squamous cell carcinoma (OSCC) is an aggressive malig‑
nancy of the head and neck region that accounts for >90% 
of all oral malignancies (1‑4). According to Global Cancer 
Observatory data, 452,205 new cases and 194,108 mortalities 
from lip and oral cavity cancers were reported worldwide in 
2024, with the majority occurring in Asia (5). OSCC typically 
arises in the mucosal tissues of the oral cavity, tongue and 
lips. Despite advances in diagnosis and treatment, the 5‑year 
overall survival (OS) rate remains ~50%, largely because of 
late‑stage diagnosis and tumor progression (6,7). Numerous 
studies have investigated the role of molecular biomarkers 
in OSCC, including long non‑coding RNAs (lncRNAs) and 
microRNAs (miRNAs) (8‑10). Therefore, identifying potential 
biomarkers associated with OSCC progression may improve 
prognostic assessment and provide new insights into disease 
management.

Protein kinases are a large family of enzymes that regulate 
diverse cellular processes through substrate phosphorylation, 
including cell proliferation, differentiation, apoptosis, metabo‑
lism and signal transduction. The human genome encodes 
>500 protein kinases that are key for maintaining cellular 
homeostasis (11). Dysregulation or aberrant activation of these 
kinases has been implicated in numerous human diseases, 
particularly cancer, where they contribute to tumor initiation, 
progression, metastasis and therapeutic resistance  (12‑19). 
Consequently, protein kinases have emerged as important 
biomarkers and therapeutic targets in cancer.

Integrated analysis identified MARK4 as a prognostic and 
immunomodulatory biomarker in oral squamous cell carcinoma
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The microtubule affinity‑regulating kinase (MARK) 
family comprises four members, MARK1, MARK2, MARK3 
and MARK4, whose genes are located on chromosomes 1, 11, 
14 and 19, respectively (20). MARK4 is a serine/threonine 
protein kinase that phosphorylates microtubule‑associated 
proteins (MAPs) and is broadly expressed in nearly all human 
tissues  (21). It has been implicated in the pathogenesis of 
numerous diseases, including cancer, Alzheimer's disease, 
metabolic disorders and cardiovascular conditions (22‑25).

MARK4 is aberrantly expressed in a number of human 
malignancies, including glioma, hepatocellular carcinoma, 
breast cancer and lung cancer and has been implicated in 
tumor progression  (26). Previous studies have shown that 
MARK4 contributes to the maintenance of glioblastoma stem 
cells by regulating neural stem cell proliferation and differ‑
entiation (27,28). In addition, MARK4 has been reported to 
activate oncogenic signaling pathways, such as Wnt/β‑catenin 
signaling and to enhance yes‑associated protein/transcrip‑
tional coactivator with PDZ‑binding motif activity through 
modulation of the Hippo pathway, thereby promoting tumor 
cell proliferation and migration  (29). These findings have 
suggested that MARK4 may serve an important role in cancer 
biology and support its increasing relevance as a potential 
therapeutic target (30‑33). However, the expression patterns 
and clinical significance of MARK4 in OSCC remain unclear. 
Therefore, the present study aimed to investigate the expression 
of MARK4 in OSCC and explore its association with clinico‑
pathological characteristics, prognosis and immune‑associated 
features.

Materials and methods

Data acquisition and processing. RNA‑sequencing expression 
profiles and corresponding clinical annotations for patients 
with head and neck squamous cell carcinoma (HNSC) were 
obtained from The Cancer Genome Atlas (TCGA) through 
the Genomic Data Commons portal (https://portal.gdc.cancer.
gov/). Gene expression values were analyzed in transcripts per 
million (TPM) format and were transformed as log2 (TPM+1) 
before statistical analysis. Genes with an expression value of 
zero in all samples were excluded. No additional batch‑effect 
correction was applied after TPM normalization and log2 
transformation.

To focus on OSCC, samples originating from the alveolar 
ridge, base of tongue, buccal mucosa, f loor of mouth, 
hard palate, oral cavity and oral tongue were selected for 
OSCC‑specific analyses, whereas samples originating from 
the hypopharynx, larynx, lip, oropharynx and tonsil were 
excluded. For each clinical analysis, samples lacking the vari‑
ables required for that specific analysis were excluded using 
a complete‑case approach. Missing clinical values were not 
imputed, whereas samples with missing information unrelated 
to a particular analysis were retained.

MARK4 expression analysis. TCGA‑HNSC expression dataset 
used for the unpaired analysis comprised 504 primary tumor 
samples and 44 TCGA solid‑tissue normal samples. Of the 
44 normal samples, 33 had corresponding matched primary 
tumor samples and were included in a separate paired analysis. 
The remaining 11 normal samples did not have matched tumor 

samples. For the paired comparison, MARK4 expression was 
compared between the 33 matched tumor‑normal pairs using a 
two‑sided paired Student's t‑test. For the unpaired comparison, 
all 504 primary tumor samples were compared with all 44 
TCGA normal tissue samples using a two‑sided unpaired 
Student's t‑test. The 33 matched normal samples were included 
within the group of 44 normal samples in the unpaired analysis 
and did not constitute an additional independent cohort.

For downstream analyses, patients were stratified into 
high‑ and low‑MARK4 expression groups according to the 
median MARK4 expression value within the corresponding 
analysis cohort. For pan‑cancer comparisons, cancer types 
with <3 samples in either comparison group or with an SD of 
zero were excluded from statistical testing.

Representative immunohistochemical images of MARK4 
protein expression in HNSC and normal oral mucosal 
tissues were obtained from the Human Protein Atlas (HPA; 
version 24.0; https://www.proteinatlas.org/) using antibody 
HPA039186. The normal oral mucosal sample (patient ID: 
4008) and the HNSC sample (patient ID: 2547) were obtained 
from different donors and therefore did not represent matched 
tissues. These images were used for representative visualiza‑
tion only and no quantitative immunohistochemical scoring 
was performed.

Survival analysis. Survival analysis of MARK4 mRNA 
expression across cancer types was performed using univariate 
Cox proportional hazards regression. Kaplan‑Meier curves 
and log‑rank tests were used to evaluate the unadjusted asso‑
ciations between MARK4 expression and survival outcomes 
in patients with OSCC, including OS, disease‑specific survival 
(DSS) and progression‑free interval (PFI). Patients were strati‑
fied into high‑ and low‑MARK4 expression groups according 
to the median expression level. Hazard ratios and corre‑
sponding 95% CIs were estimated from the univariate Cox 
models. Multivariable Cox regression adjusting for age, sex, 
tumor stage, treatment and other potential clinical confounders 
was not performed due to incomplete clinical information. 
Therefore, the survival analyses represent unadjusted associa‑
tions and were not used to establish MARK4 as an independent 
prognostic factor. Analyses and visualization were performed 
using the ‘survival’ (version  3.3.1; https://cran.r‑project.
org/package=survival), ‘survminer’ (version  0.4.9; 
https://cran.r‑project.org/package=survminer) and ‘ggplot2’ 
(version  3.4.4; https://cran.r‑project.org/package=ggplot2) 
packages in R (version 4.2.1; https://www.r‑project.org/).

Analysis of clinicopathological features. To evaluate the 
correlation between MARK4 expression and clinico‑
pathological features of OSCC, its association with T‑stage, 
N‑stage and clinical stage was further analyzed using 
data from the TCGA database. Data visualization and 
statistical analyses were performed using the ‘ggplot2’ 
(version 3.4.4; https://cran.r‑project.org/package=ggplot2), 
‘stats’ (version 4.2.1; https://search.r‑project.org/R/refmans/
stats/html/stats‑package.html) and ‘car’ (version 3.1‑0; https://
cran.r‑project.org/package=car) packages in R software.

Functional enrichment analysis. To further elucidate the 
functional role of MARK4, Gene MANIA (https://genemania.
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org/) was employed to identify potential functional partners 
and construct associated interaction networks. This platform 
integrates multiple data sources, including physical interac‑
tions, co‑expression patterns, pathway associations and other 
functional genomics datasets. The expression correlations 
between MARK4 and its top ten associated genes were evalu‑
ated in OSCC samples using Spearman's correlation analysis. 
Subsequently, Gene Ontology and Kyoto Encyclopedia of 
Genes and Genomes pathway enrichment analyses were 
performed on the selected genes using the ‘ggplot2’ package 
(version 3.4.4) in R (version 4.2.1; https://www.r‑project.
org/).

Correlation analysis of immune cell markers. Based on 
single‑sample Gene Set Enrichment Analysis and Cell‑type 
Identification by Estimating Relative Subsets of RNA 
Transcripts algorithms implemented in R, the correlation 
between MARK4 expression and the infiltration of immune 
cells in patients with OSCC were systematically analyzed. In 
addition, the Tumor Immune Estimation Resource (TIMER) 
2.0 database (http://timer.cistrome.org/) is a public resource 
that provides comprehensive analysis and visualization of 
tumor‑infiltrating immune cells. In the present study, the 
TIMER online platform was utilized to assess the correla‑
tion between MARK4 expression and the abundance of 
tumor‑infiltrating immune cells in HNSC samples. In addition, 
the Spearman's correlation test was performed to evaluate 
the association between MARK4 expression and immune 
checkpoints.

siRNA transfection. HSC‑3 cells were cultured in DMEM 
(Thermo Fisher Scientific, Inc.) supplemented with 10% 
FBS (Gibco; Thermo Fisher Scientific, Inc.) and 1% peni‑
cillin‑streptomycin (Beyotime Biotechnology) at 37˚C in a 
humidified incubator with 5% CO2. For siRNA‑mediated 
knockdown, cells were seeded into 6‑well plates at a density of 
2x105 cells per well and allowed to adhere overnight to reach 
50‑70% confluence at the time of transfection.

Two siRNAs targeting MARK4, designated siMARK4#1 
(sense, 5'‑GUU​GGU​UUA​UGU​UAC​UUA​AUA‑3'; antisense, 
5'‑CAG​UGU​AAG​UUG​AAU​UCU​AGU‑3') and siMARK4#2 
(sense, 5'‑AUG​GAU​CAA​CAU​CGG​CUA​UGA‑3'; antisense, 
5'‑UCA​UAG​CCG​AUG​UUG​AUC​CAU‑3'), together with a 
non‑targeting negative‑control siRNA (siNC; sense, 5'‑UUC​
UCC​GAA​CGU​GUC​ACG​U‑3'; antisense, 5'‑ACG​UGA​CAC​
GUU​CGG​AGA​A‑3'), were separately diluted in Opti‑MEM 
Reduced Serum Medium (Gibco; Thermo Fisher Scientific, 
Inc.) and prepared for transfection according to the manufac‑
turer's instructions. All siRNAs were synthesized by Beijing 
Tsingke Biotech Co., Ltd. Lipofectamine® 3000 (Invitrogen; 
Thermo Fisher Scientific, Inc.) was used as the transfection 
reagent. Briefly, 7.5 µg siRNA and 3 µl Lipofectamine 3000 
were mixed in Opti‑MEM, incubated for 15 min at room 
temperature to allow complex formation and then added 
dropwise to the cells. The final siRNA concentration was 
50 nM. After 6 h of incubation, the medium was replaced 
with complete DMEM containing 10% FBS. Knockdown effi‑
ciency was evaluated 48 h post‑transfection through reverse 
transcription‑quantitative PCR (RT‑qPCR). Comparisons 
among the siNC, siMARK4#1 and siMARK4#2 groups were 

performed using one‑way ANOVA followed by Dunnett's 
multiple‑comparisons test, with siNC used as the reference 
group.

RT‑qPCR. Total RNA was isolated from cells using TRIzol 
reagent (Invitrogen; Thermo Fisher Scientific, Inc.) following 
the manufacturer's protocol. RNA concentration and purity 
were assessed spectrophotometrically before reverse tran‑
scription. cDNA was synthesized from 1 µg total RNA using a 
PrimeScript RT Reagent Kit (Takara Biotechnology Co, Ltd.) 
under the following conditions: 37˚C for 15 min, followed by 
85˚C for 5 sec to inactivate the reverse transcriptase. qPCR 
was subsequently carried out using TB Green Premix Ex 
Taq II (Takara Biotechnology Co, Ltd.). Amplification was 
performed with an initial denaturation at 95˚C for 30 sec, 
followed by 40 cycles consisting of 95˚C for 5 sec and 60˚C 
for 30 sec. GAPDH served as the endogenous reference gene. 
Relative expression levels of MARK4 were determined using 
the comparative 2‑ΔΔCq method (34). Each sample was analyzed 
in three independent replicates. The primer sequences were as 
follows: MARK4 forward, 5'‑AGG​TTG​CCA​TCA​AGA​TTA​
TCG​AC‑3'; reverse, 5'‑GAT​GCG​GAC​TTC​TCG​GAA​CAG‑3'; 
GAPDH forward, 5'‑GGA​GCG​AGA​TCC​CTC​CAA​AAT‑3'; 
reverse, 5'‑GGC​TGT​TGT​CAT​ACT​TCT​CAT​GG‑3'.

Colony formation assay. HSC‑3 cells were cultured in DMEM 
(Gibco; Thermo Fisher Scientific, Inc.) supplemented with 
10% FBC (Gibco; Thermo Fisher Scientific, Inc.) and 1% 
penicillin‑streptomycin (Beyotime Biotechnology) at 37˚C in 
a humidified incubator with 5% CO2.

For the colony formation assay, exponentially growing 
HSC‑3 cells were trypsinized with 0.25% trypsin‑EDTA 
(Gibco; Thermo Fisher Scientific, Inc.), counted and seeded 
into 6‑well plates at a density of 500 cells per well. After 
allowing cells to adhere for 24 h, cells were transfected with 
siMARK4#1, siMARK4#2 and siNC as aforementioned. Cells 
were subsequently cultured for 10‑14 days, with the medium 
refreshed every 2‑3 days, until visible colonies (≥50 cells per 
colony) were formed.

At the end of incubation, the cells were gently washed twice 
with PBS, fixed with 4% paraformaldehyde (MilliporeSigma) 
for 15 min at room temperature and stained with 0.5% crystal 
violet solution (Beyotime Biotechnology) for 20 min. Excess 
dye was removed by washing with distilled water and the 
plates were air‑dried at room temperature. Colonies containing 
≥50 cells were counted using ImageJ software (version 1.52; 
National Institutes of Health). The assay was performed in 
three independent biological experiments. The values obtained 
from replicate wells were averaged to generate one value for 
each independent experiment. Image acquisition and colony 
quantification were performed by an investigator blinded to 
the treatment allocation.

Transwell invasion assay. Invasive ability of HSC‑3 cells was 
evaluated using 24‑well Transwell chambers (8 µm pore size; 
Corning, Inc.) precoated with Matrigel (Corning, Inc.). Briefly, 
the upper surface of each insert was coated with Matrigel 
diluted 1:8 in serum‑free DMEM and incubated at 37˚C for 
30 min. HSC‑3 cells were serum‑starved for 12 h, trypsinized 
and resuspended in serum‑free DMEM. A total of 1x105 cells 
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in 200 µl medium were seeded into the upper chamber, while 
600 µl DMEM containing 10% FBS was added to the lower 
chamber as a chemoattractant. After incubation for 24 h at 37˚C 
with 5% CO2, non‑invading cells on the upper surface were 
gently removed with a cotton swab. The invaded cells on the 
lower surface were fixed with 4% paraformaldehyde for 15 min 
and stained with 0.5% crystal violet for 20 min at room tempera‑
ture. The stained cells were washed, air‑dried and photographed 
under an inverted microscope. Invaded cells were counted in 
five randomly selected non‑overlapping fields per insert at 100x 
magnification using an Olympus IX71 inverted light microscope 
(Olympus Corporation) and analyzed with ImageJ software 
(version 1.52). The mean number of invaded cells across the 
selected fields was calculated for each insert. The experiment 
was performed independently three times. Measurements 
from replicate inserts and microscopic fields were averaged to 
generate one value for each independent biological experiment. 
Image acquisition and cell counting were performed by an 
investigator blinded to the treatment allocation.

Wound healing assay. HSC‑3 cells were seeded in 6‑well 
plates and grown to near confluence in DMEM supplemented 
with 10% FBS. Prior to scratching, cells were washed twice 
with PBS and serum‑starved in DMEM containing 1% FBS for 
12 h to reduce proliferation‑driven closure. A straight wound 
was made across the cell monolayer using a sterile 200 µl 
pipette tip; detached cells were removed by gently washing 
twice with PBS. Fresh serum‑free medium was added and 
the wound area was imaged immediately (0 h) and after 24 h 
using an inverted light microscope (Olympus Corporation) at 
the same pre‑marked positions. Wound closure was quantified 
by measuring the wound area at each time point using ImageJ 
(version 1.52). Wound closure was calculated as follows: Wound 
closure (%)=[(wound area at 0 h‑wound area at 24 h)/wound 
area at 0 h] x100. Measurements from multiple fields within the 
same well were averaged before statistical analysis. The assay 
was performed in three independent biological experiments. 
Images were acquired at the same pre‑marked positions and 
wound‑area quantification was performed by an investigator 
blinded to the treatment allocation.

Statistical analysis. All statistical analyses and visualizations 
were performed using R software (version 4.2.1; Posit Software, 
PBC.) and the aforementioned R packages. Comparisons 
between pan‑cancer or tumor tissues and normal tissues were 
conducted using the Wilcoxon rank‑sum test or the unpaired 
t‑test, as appropriate. Univariate Cox proportional hazards 
regression was used to evaluate the unadjusted association 
between MARK4 expression and patient survival. For compari‑
sons of gene expression levels, the Wilcoxon rank‑sum test was 
used for unpaired samples and the Wilcoxon signed‑rank test 
was used for paired samples. No multivariable Cox regression 
was performed; therefore, the survival results did not establish 
MARK4 as an independent prognostic factor. The association 
between MARK4 expression and clinicopathological param‑
eters was assessed using the Kruskal‑Wallis test and Dunn's 
test. Spearman's rank correlation was used to evaluate the 
association between MARK4 expression and associated genes 
or immune checkpoint molecules. P<0.05 was considered to 
indicate a statistically significant difference.

Results

MARK4 mRNA expression and its unadjusted asso‑
ciations with survival outcomes across pan‑cancer datasets. 
Pan‑cancer analysis revealed that MARK4 expression was 
notably elevated in numerous tumor types compared with 
normal tissues (Fig. 1A). Univariate survival analyses were 
subsequently performed to examine the association between 
MARK4 expression and survival outcomes. As shown in 
Fig. 1B‑D, elevated MARK4 expression was significantly 
associated with OS, DSS or PFI in a number of cancer types. 
High MARK4 expression was associated with shorter OS in 
adrenocortical carcinoma (ACC), head and neck squamous 
cell carcinoma, ovarian cancer and uterine corpus endometrial 
carcinoma (UCEC), whereas it was associated with longer 
OS in kidney renal clear cell carcinoma (KIRC). Similarly, 
high MARK4 expression was associated with shorter DSS 
in ACC, HNSC, mesothelioma and UCEC but with longer 
DSS in KIRC. High MARK4 expression was also associated 
with shorter PFI in ACC and HNSC and with longer PFI in 
glioblastoma multiforme and thymoma. These results repre‑
sent unadjusted associations and should not be interpreted as 
evidence that MARK4 is an independent prognostic factor or 
has tumor‑promoting or tumor‑suppressive effects in these 
cancer types.

MARK4 mRNA and protein upregulation in OSCC and HNSC 
tumors. To further investigate the differential expression of 
MARK4 in OSCC, both paired and unpaired samples from 
the TCGA database were analyzed. The results consistently 
showed that MARK4 expression was significantly higher in 
OSCC tissues compared with normal tissues (Fig. 1E and F). 
The present finding was further supported by immunohis‑
tochemical staining, which demonstrated higher MARK4 
expression in HNSC tissues compared with normal tissues 
(Fig. 2A). In the unadjusted analyses, high MARK4 expression 
was found to be significantly associated with poorer OS, DSS 
and PFI in patients with OSCC (Fig. 2B‑D). However, given 
that potential clinical confounders were not adjusted for, these 
results indicate an association with survival outcomes but do 
not establish MARK4 as an independent prognostic factor.

Association between MARK4 expression and clinicopatho‑
logical characteristics. MARK4 expression was significantly 
associated with clinical T stage in OSCC. As shown in 
Fig.  2E, MARK4 levels increased with advancing tumor 
stage, with significantly higher expression in T3‑T4 tumors 
compared with early‑stage tumors. However, no significant 
differences in MARK4 expression were observed among the 
different N stages (Fig. 2F). Receiver operating characteristic 
curve analysis demonstrated that MARK4 exhibited good 
diagnostic performance in distinguishing OSCC tissues from 
normal tissues, with an area under the curve=0.841 (95% 
CI: 0.770‑0.911; Fig. 2G). Despite MARK4 having showed 
moderate discriminatory ability between tumor and normal 
tissues in the TCGA cohort, the present finding should 
not be interpreted as evidence of clinical diagnostic utility 
because external validation and prospective clinical evalu‑
ation are lacking. Functional enrichment analysis revealed 
that MARK4‑associated genes were mainly involved in 
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Figure 1. Pan‑cancer expression profile of MARK4 and its unadjusted associations with survival outcomes. (A) Expression levels of MARK4 across multiple 
cancer types (pan‑cancer analysis). (B) Association between MARK4 expression and overall survival across pan‑cancer cohorts. (C) Association between 
MARK4 expression and disease‑specific survival across pan‑cancer cohorts. (D) Association between MARK4 expression and progression‑free interval across 
pan‑cancer cohorts. (E) Unpaired and (F) paired comparisons of MARK4 expression between tumor and adjacent normal tissues in OSCC. For comparisons 
of gene expression levels, the Wilcoxon rank‑sum test was used for unpaired samples and the Wilcoxon signed‑rank test was used for paired samples. *P<0.05, 
**P<0.01, ***P<0.001. MARK4, microtubule affinity‑regulating kinase 4; TPM, transcripts per million; BLCA, bladder urothelial carcinoma; BRCA, breast 
invasive carcinoma; CESC, cervical squamous cell carcinoma and endocervical adenocarcinoma; CHOL, cholangiocarcinoma; COAD, colon adenocarci‑
noma; ESCA, esophageal carcinoma; GBM, glioblastoma multiforme; HNSC, head and neck squamous cell carcinoma; KICH, kidney chromophobe; KIRC, 
kidney renal clear cell carcinoma; KIRP, kidney renal papillary cell carcinoma; LIHC, liver hepatocellular carcinoma; LUAD, lung adenocarcinoma; LUSC, 
lung squamous cell carcinoma; PAAD, pancreatic adenocarcinoma; PCPG, pheochromocytoma and paraganglioma; PRAD, prostate adenocarcinoma; READ, 
rectum adenocarcinoma; SARC, sarcoma; SKCM, skin cutaneous melanoma; STAD, stomach adenocarcinoma; THCA, thyroid carcinoma; THYM, thymoma; 
UCEC, uterine corpus endometrial carcinoma.

https://www.spandidos-publications.com/10.3892/ol.2026.15863
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cytoskeletal organization, ‘keratin filament’ formation and 
‘intermediate filament organization’ (Fig. 3A; Table SI). The 
protein‑protein interaction network further indicated that 
MARK4 interacted with numerous proteins associated with 
cytoskeletal regulation (Fig. 3B and C). Correlation analysis 
revealed that MARK4 expression was positively associated 
with a number of cytoskeleton‑associated genes, including 
CAB39, MARK2, NEDD4, PRKCI, USP9X and MARK3. 
By contrast, no significant correlations were observed with 
MAPT, PRKAA2, YWHAH and RPIA (Fig. 4).

Association between MARK4 expression and immune cell 
infiltration. To explore the association between MARK4 and 
the tumor immune microenvironment in OSCC, immune infil‑
tration analysis was performed. As shown in Fig. 5A, MARK4 
expression was notably correlated with a number of immune 
cell populations. Specifically, MARK4 expression was posi‑
tively correlated with central memory T cells and natural killer 
(NK) cells and negatively correlated with a number of immune 
cell types, including cytotoxic cells, plasmacytoid dendritic 
cells (pDCs), T cells, B cells, dendritic cells and T helper (Th) 

Figure 2. MARK4 is upregulated in OSCC and is associated with survival outcomes and clinicopathological stage. (A) Protein‑level expression of MARK4 
in OSCC and non‑tumor tissues. (B‑D) Associations of MARK4 expression with overall survival, disease‑specific survival and progression‑free interval 
in OSCC. (E) Association between MARK4 expression levels and tumor T stage. (F) Association between MARK4 expression levels and tumor N stage. 
(G) Receiver operating characteristic curve illustrating the discriminatory performance of MARK4 expression between TCGA primary tumor tissues and 
TCGA solid‑tissue normal tissues, with an AUC of 0.841. *P<0.05, **P<0.01. ns, not significant; MARK4, microtubule affinity‑regulating kinase 4; TPM, 
transcripts per million; OSCC, oral squamous cell carcinoma; TCGA, The Cancer Genome Atlas; AUC, area under the curve; TPR, true positive rate; FPR, 
false positive rate.
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cells. Immune cell composition analysis consistently demon‑
strated distinct infiltration patterns between the MARK4‑high 
and MARK4‑low groups (Fig. 5B). Further comparison of the 
immune cell enrichment scores revealed that the high‑MARK4 
group had significantly reduced enrichment of activated DCs, 
CD8 T cells, cytotoxic cells, DCs, B cells, NK CD56dim cells, 
pDCs, Th cells, Th17 cells and regulatory T cells compared 
with the low‑MARK4 group (Fig. 5C).

To further investigate the clinical significance of MARK4 
in the immune context, survival analyses were performed 
by stratifying patients according to MARK4 expression 
and immune cell infiltration levels. As shown in Fig. 6A‑G, 
patients with high MARK4 expression combined with high 
macrophage M2, mast cell, NK cell or regulatory T cell 
infiltration tended to exhibit worse OS compared with those 
exhibiting low MARK4 expression. By contrast, low MARK4 

Figure 3. Functional enrichment and correlation network analysis of MARK4‑associated genes in OSCC. (A) KEGG pathway enrichment and functional 
annotation analyses of MARK4‑associated genes, highlighting the major pathways and biological processes associated with these genes. (B and C) Predictive 
analyses of genes co‑expressed or functionally associated with MARK4. The size and color intensity of each node are positively correlated with its degree 
of connectivity in the network, with larger and darker green nodes representing proteins with higher connectivity. KEGG, Kyoto Encyclopedia of Genes and 
Genomes; MARK4, microtubule affinity‑regulating kinase 4; OSCC, oral squamous cell carcinoma; BP, Biological Process; CC, Cellular Component; MF, 
Molecular Function.

https://www.spandidos-publications.com/10.3892/ol.2026.15863
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expression combined with higher estimated infiltration levels 
of CD8+ T cells or activated CD4+ T cells were associated 
with more favorable survival outcomes. These stratified 
survival findings were exploratory and were not adjusted 

for clinical covariates or potential interactions. They should 
therefore be interpreted as unadjusted associations rather 
than evidence that MARK4 modifies the prognostic effects 
of immune‑cell infiltration.

Figure 4. Correlation analysis between MARK4 and key associated genes in oral squamous cell carcinoma. MARK4, microtubule affinity‑regulating kinase 
4; TPM, transcripts per million. 
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To examine the association between MARK4 expression 
and immune‑associated molecular features, correlations 
between MARK4 and immune checkpoint‑associated genes 
were analyzed. As shown in Fig.  6H, MARK4 expres‑
sion was markedly correlated with the expression of 
multiple immune checkpoint‑associated genes, including 
programmed cel l  death‑1 [programmed death 1 
(PD‑1)], CD274 (programmed death ligand 1), cytotoxic 
T‑lymphocyte associated protein 4, T‑cell immunoreceptor 
with Ig and ITIM domains, lymphocyte‑activation gene 3 
and Hepatitis A virus cellular receptor 2. These findings 
indicate an association between MARK4 expression and 
immune checkpoint‑associated gene expression in OSCC. 
However, the present correlation analysis does not demon‑
strate that MARK4 regulates immune checkpoint signaling, 
promotes immune evasion or affects the response to immune 
checkpoint blockade.

MARK4 knockdown suppresses HSC‑3 cell proliferation and 
invasion. To explore the functional role of MARK4 in OSCC, 
HSC‑3 cells were transfected with MARK4‑specific siRNA. 
Compared with the NC group, MARK4 mRNA expression 
was notably reduced in cells transfected with siMARK4, 

demonstrating the efficient silencing of MARK4 at the tran‑
scriptional level (Fig. 7A). Colony formation assays showed 
that silencing MARK4 significantly reduced both the number 
and size of colonies compared with the non‑targeting control 
group (Fig. 7B), indicating a notable decrease in proliferative 
capacity. Similarly, Transwell invasion assays demonstrated 
a significant reduction in the number of invading cells 
upon MARK4 silencing (Fig. 7C), suggesting that MARK4 
positively regulated the invasive potential of HSC‑3 cells. 
By contrast, wound healing assays revealed no significant 
difference in the migration rate between MARK4‑silenced 
and control cells over 24 h (Fig. 7D), indicating that MARK4 
silencing had a minimal effect on HSC‑3 cell motility under 
these conditions. Collectively, these findings indicate that 
MARK4 contributes to HSC‑3 cell proliferation and inva‑
sion; however, its role in cell migration is limited.

Discussion

OSCC is one of the most common and aggressive malignan‑
cies of the head and neck, with persistently high incidence 
and mortality rates worldwide  (6). Despite notable prog‑
ress in diagnostic techniques and therapeutic approaches, 

Figure 5. Association between MARK4 expression and immune cell infiltration in OSCC. (A) Correlation between MARK4 expression and the infiltration 
levels of immune cell populations. (B and C) Immune cell infiltration stratified by different MARK4 expression levels. *P<0.05, **P<0.01, ***P<0.001. ns, not 
significant; aDC, activated DC; DC, dendritic cell; iDC, immature DC; NK, natural killer; pDC, plasmacytoid dendritic cell; Tcm, central memory T cell; Tem, 
effector memory T cell; TFH, T follicular helper cell; Tgd, γδ T cell; Th, T helper; TReg, regulatory T cell.

https://www.spandidos-publications.com/10.3892/ol.2026.15863
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the prognosis of patients with OSCC has improved only 
modestly over the past few decades. Therefore, the identifica‑
tion of specific and sensitive molecular biomarkers is needed 
to enable early diagnosis and guide more effective treatment 
strategies. In this context, the present findings suggested 
that MARK4 may serve as a potential biomarker of OSCC 
progression and immune characteristics. However, these 
observations are primarily based on retrospective bioinfor‑
matic analyses and limited in vitro validation and therefore 
require further demonstration in independent clinical cohorts 
and mechanistic studies.

MARK proteins were initially identified based on their 
ability to phosphorylate MAPs, particularly tau and associ‑
ated MAPs, thereby regulating microtubule stability and 

dynamics  (35,36). Among the MARK family members, 
MARK4 has emerged as an important regulator of micro‑
tubule organization, cell polarity and cell division and its 
dysregulation has been implicated in the development and 
progression of numerous human cancers  (37). Previous 
studies have reported that MARK4 is upregulated in a 
number of malignancies and is associated with unfavorable 
clinical outcomes (25,26). For example, MARK4 is mark‑
edly upregulated in gastric cancer and has been shown to 
enhance tumor cell proliferation and migration through 
activation of the MAPK/ERK signaling pathway  (38). 
Consistent with these findings, the present in vitro experi‑
ments demonstrated that siRNA‑mediated knockdown of 
MARK4 markedly reduced colony formation and Transwell 

Figure 6. Combined prognostic impact of MARK4 and immune infiltration with immune checkpoint associations in OSCC. (A‑G) Combined 
impact of MARK4 expression and immune cell infiltration on the prognosis of OSCC. (H) Correlations between MARK4 expression and immune 
checkpoint‑associated genes; these associations do not establish regulation of immune checkpoint signaling or immune evasion by MARK4. *P<0.05, 
**P<0.01, ***P<0.001. ns, not significant; TPM, transcripts per million; MARK4, microtubule affinity‑regulating kinase 4; OSCC, oral squamous cell 
carcinoma; HR, hazard ratio.
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invasion in HSC‑3 cells, suggesting that MARK4 is associ‑
ated with the proliferative and invasive phenotypes of OSCC 
cells. By contrast, MARK4 knockdown did not notably 
affect wound closure in the present wound‑healing assay. 
As wound healing is influenced not only by cell migration 
but also by cell proliferation and the present experiments 
were performed in a single cell line without additional 
mechanistic validation, these results should be interpreted 

with caution. Further studies using complementary migra‑
tion assays and mechanistic approaches are required to 
clarify the role of MARK4 in the regulation of OSCC cell 
motility.

The present findings further support the notion that 
MARK4 mRNA is highly expressed in numerous tumor 
types. In OSCC, MARK4 expression was significantly 
upregulated in tumor tissues, as consistently observed in 

Figure 7. Effects of MARK4 knockdown on the proliferative, invasive and migratory phenotypes of HSC‑3 cells. (A) Reverse transcription‑quantitative PCR 
analysis demonstrating the reduction in MARK4 mRNA expression following siMARK4 transfection. (B) Representative images and quantitative analysis of 
colony formation. (C) Representative images and quantitative analysis of Transwell invasion. (D) Representative images and quantitative analysis of wound 
closure at 0 and 24 h. Data are presented as the mean ± SD from three independent biological experiments. *P<0.05, **P<0.01, ***P<0.001. ns, not significant; 
MARK4, microtubule affinity‑regulating kinase 4; HSC‑3, human squamous carcinoma‑3; si, small interfering; NC, negative control. 

https://www.spandidos-publications.com/10.3892/ol.2026.15863
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both paired and unpaired samples. In addition, it was found 
that high MARK4 expression was associated with poorer 
survival outcomes in the univariate analyses. However, 
given that these analyses were not adjusted for established 
clinicopathological prognostic factors, the present findings 
did not demonstrate that MARK4 provides independent 
prognostic information. Clinicopathological analysis showed 
that MARK4 expression levels were positively correlated 
with the T stage and clinical stage of patients with OSCC, 
indicating its upregulation with increasing primary tumor 
progression. However, no significant association was found 
between MARK4 expression and lymph node metastasis, 
suggesting that MARK4 primarily promotes primary tumor 
growth and local infiltration, with limited involvement in 
lymphatic dissemination.

Functional annotation of MARK4 in the present study 
indicated that it was primarily localized to keratin filaments, 
intermediate filaments and the intermediate filament cyto‑
skeleton and played a role in biological processes, including 
the organization and assembly of intermediate filaments, 
suggesting a potential role in regulating cell division and 
cytoskeletal dynamics in cancer cells. Consistent with the 
present findings, Rovina et al  (37) reported that MARK4 
colocalizes with intermediate filaments, underscoring its 
role in associating different types of cytoskeletal fibers. In 
addition, functional experiments in both noncancerous and 
cancerous cells demonstrated that MARK4 expression in 
the centrosome and mitotic spindle influenced cell cycle 
progression. Collectively, these findings support a model in 
which MARK4 contributes to tumorigenesis by coordinating 
cytoskeletal organization and regulating the cell cycle.

Tumor progression and the efficacy of immunotherapy 
are largely influenced by the composition and abundance of 
immune cells in the tumor microenvironment. The present 
study found that MARK4 expression was associated with 
immune cell infiltration in OSCC. Specifically, MARK4 binds 
to NOD‑Like Receptor Pyrin Domain Containing 3 (NLRP3) 
and facilitates its translocation to the microtubule‑organizing 
center, thereby promoting the assembly of a large inflamma‑
some speck complex (23,39). Furthermore, Wang et al (40) 
proposed that MARK4 inhibition may serve as a potential 
therapeutic strategy for modulating the progression of NLRP3 
inflammasome‑associated diseases.

The present study identified associations among MARK4 
expression, computationally estimated immune‑cell infiltra‑
tion and survival outcomes in OSCC. In the MARK4‑low 
subgroup, higher estimated infiltration levels of numerous 
T‑ and B‑cell populations were associated with more favor‑
able survival outcomes, whereas these associations were less 
evident in the MARK4‑high subgroup. These exploratory 
findings suggest that the association between immune‑cell 
infiltration and survival may differ according to MARK4 
expression level. However, the analyses were observational and 
did not test a statistical interaction in a multivariable model. 
Therefore, they do not demonstrate that MARK4 remodels 
the tumor immune microenvironment, suppresses antitumor 
immunity or modifies the prognostic effects of immune‑cell 
infiltration. 

I m mu ne  che ck poi nt  blockade,  a  t he rap eut ic 
strategy based on the restoration of T cell activity, has 

demonstrated durable eff icacy and notable clinical 
benefits in a variety of malignancies  (41). PD‑1 inhibi‑
tors have demonstrated notable clinical efficacy in 
HNSC. The phase Ib KEYNOTE‑012 trial showed that 
pembrolizumab achieved durable antitumor responses 
with a manageable safety profile in patients with recur‑
rent or metastatic HNSC, leading to the establishment of 
PD‑1 blockade as a key immunotherapeutic strategy for 
this disease (42). In the present study, MARK4 expres‑
sion was significantly correlated with the expression of 
multiple immune checkpoint molecules in OSCC. These 
present findings suggest that MARK4 is associated with 
the immune microenvironment in OSCC. However, these 
correlations were derived from computational analyses 
and did not establish a causal role for MARK4 in immune 
regulation or predict responsiveness to immune check‑
point blockade. Therefore, fur ther mechanistic and 
clinical studies are required to elucidate the biological 
significance of this association.

The present study exhibits a number of limitations. First, 
the bioinformatics analyses were based primarily on retro‑
spective public datasets and therefore require validation in 
independent clinical cohorts. Second, protein expression was 
evaluated using publicly available HPA immunohistochem‑
istry images, rather than patient‑derived specimens. Third, 
immune cell infiltration was estimated using computational 
algorithms rather than being experimentally validated by 
flow cytometry or immunohistochemistry. Fourth, functional 
experiments were performed in a single OSCC cell line 
without rescue experiments or in vivo validation. Finally, 
the prognostic analyses were mainly based on univariate 
associations because incomplete clinical information limited 
comprehensive multivariable analyses. Therefore, the biolog‑
ical function and clinical significance of MARK4 warrant 
further investigation.
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