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ncRNA-mediated SOX4 overexpression
correlates with unfavorable outcomes
and immune infiltration in hepatocellular
carcinoma
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Abstract

Background The activity and number of immune cells in the tumor microenvironment are closely related to the
overall survival of patients with hepatocellular carcinoma (HCC). The sex-determining region Y-box 4 (SOX4) gene
is abnormally expressed in various tumor tissues and is critical for tumor development. However, the correlation
between SOX4 expression in HCC and tumor immunity is unclear.

Methods SOX4 expression was explored using data from The Cancer Genome Atlas, and UALCAN databases. Real-
time reverse transcription quantitative and western blotting were used to analyze SOX4 expression in several liver
cancer cell lines. Additionally, correlations among SOX4 expression, cancer immune characteristics, and infiltrated
immune cell gene marker sets in patients with HCC were analyzed using data from the Tumor Immune Estimation
Resource, Gene Expression Profiling Interactive Analysis, and Tumor-Immune System Interactions databases.
Moreover, we evaluated SOX4 expression in HCC tissues and the correlation of SOX4 expression with survival rate.
Subsequently, noncoding RNAs (ncRNAs) responsible for SOX4 overexpression were identified using expression,
correlation, and survival analyses.

Results SOX4 expression was significantly upregulated in HCC and correlated with a poor prognosis. Additionally,
SOX4 upregulation in HCC positively correlated with immune cell infiltration, several biomarkers of immune cells,
and immune checkpoint expression. Finally, the MCM3AP-AS1/hsa-miR-204-5p axis was identified as the most likely
upstream ncRNA-related pathway for SOX4 in HCC. These results indicated that ncRNA-mediated upregulation of
SOX4 correlated with the immune infiltration level and poor prognosis in HCC. Our findings provide new directions
for the development of novel immunotherapeutic targets for HCC.
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Introduction

According to the latest global cancer burden statistics
from the World Health Organization, hepatocellular
carcinoma (HCC) is the most common form of primary
liver cancer, and liver cancer is the sixth leading cause
of cancer-related deaths worldwide [1]. Liver cirrhosis,
chronic hepatitis B or C virus infection, alcoholic fatty
liver disease, and nonalcoholic fatty liver disease are the
main risk factors for HCC [2—-4]. In China, poor prog-
nosis and low overall survival (OS) rate of patients with
HCC [5] is likely due to late-stage diagnosis and limited
treatment options for advanced disease [4, 5]. Owing to
the success of immune checkpoint blockers in various
cancers, immunotherapy strategies based on checkpoint
inhibitors could soon become the first-line treatment for
advanced HCC [6-8]. Therefore, a deeper understand-
ing of the roles of tumor immunity in the pathogenesis of
HCC is essential for identifying prospective biomarkers
and new immune-related therapeutic targets in patients
with HCC.

The sex-determining region Y-box (SOX) developmen-
tal transcription factor family regulates cell fate [9]. In
addition, two SOX factors, SOX9 and SOX4, are strongly
associated with cancer [10]. Interestingly, transcription
profiling of more than 3,700 human cancers revealed that
SOX4 was the only upregulated universal “cancer signal”
among 64 genes [9]. SOX4 is abnormally expressed in
colorectal cancer [11], breast cancer [12], glioblastoma
[13], and other tumor tissues and participates in the
development of malignant tumors by affecting cell pro-
liferation, cell cycle progression, apoptosis, and other
processes [10]. In addition, SOX4 inhibits the produc-
tion of myeloid differentiation primary response gene 88
and most Toll-like receptors by binding to its promoter
to attenuate gene transcription and suppress nuclear fac-
tor kappa-B and interferon regulatory factor 3/7 expres-
sion by promoting protein degradation to enhance viral
copy number [14]. Bagati et al. [15] confirmed that the
SOX4 transcription factor confers triple-negative breast
cancer cell resistance to T cell-mediated cytotoxicity, and
drives immune escape. These findings suggest that SOX4
may play key roles in the regulation of innate and tumor
immunity. However, the association between SOX4
expression and tumor immunity in HCC and the related
mechanisms remain unclear.

Accordingly, in this study, we aimed to evaluate SOX4
expression in multiple types of human cancers; ana-
lyze the relationships among SOX4 expression and OS
in patients with HCC; and evaluate the associations of
SOX4 with tumor-infiltrating immune cells, immune cell
biomarkers, and immune checkpoints in HCC. We also
aimed to determine the mechanisms through which non-
coding RNAs (ncRNAs) regulate SOX4 in HCC.
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Materials and methods

Reagents

Antibodies against SOX4 (ab70598) were purchased
from Abcam (Cambridge, MA, USA). Anti-GAPDH
(GB11002) was purchased from Servicebio (Wuhan,
China). Horseradish peroxidase-conjugated second-
ary antibodies (SA00001-1) were purchased from Pro-
teintech. The SPlink Detection Kit was purchased from
ZSGB-BIO Technology (Beijing, China).

Liver cancer orthotopic modeling

This animal study strictly adhered to internationally rec-
ognized ethical guidelines for experimental animals.
Eight-week-old pregnant female C57BL/6] mice were
purchased from Guangdong Medical Laboratory Animal
Center, with the license number: SYXK (GD) 2022-0002.
All mice were housed in SPF-grade conditions, ensur-
ing a stable temperature range of 21-25 °C, humidity
at 40—60%, and a standard diurnal light-dark cycle. The
mice were provided with standard feed, with ad libitum
access to water and food. This research was formally
approved by the Animal Welfare and Ethics Committee
of China Science Industries Holdings (Shenzhen) Co.,
Ltd. (approval number: 202300127). During the experi-
ment, we utilized these pregnant mice to breed 2-week-
old male pups, which were then randomly divided into
two experimental groups (n=6 each): control and model
groups. To induce liver cancer, the model group mice
intraperitoneally injected with 25 mg/kg N-nitrosodi-
ethylamine (DEN) (Sigma-Aldrich, MO, USA). After
long-term observation (38 weeks), we anesthetized the
mice using isoflurane and preserved the serum and liver
tissue samples at -80 °C. To further evaluate pathologi-
cal changes in the liver, we fixed the mice livers using 4%
paraformaldehyde (PFA). Subsequently, we processed the
tissue using an ethanol (100%, 100%, 95%, 80%, 70%, and
50%) gradient dehydration method, with each dehydra-
tion step lasting 10 min. The samples were then cleared
in xylene, embedded in paraffin, and sectioned into
4 pum-thick paraffin slices. Following the standard hema-
toxylin and eosin (H&E) staining protocol, we stained
the tissue sections and mounted them with neutral resin.
Finally, we conducted detailed pathological observa-
tions of the liver tissue using an optical microscope and
recorded and preserved the image data using a slide scan-
ning system.

Cell culture and treatment

The human hepatoma cell line Hep3B cells was pur-
chased from Shanghai Institutes for Biological Sciences
(Shanghai, China), and Huh7 cells were purchased from
Suyan Biotechnology Co., Ltd. HCCLMS3 cells were pur-
chased from the China Center for Type Culture Collec-
tion. HepG2 cells were purchased from the Cell Bank of
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Fig. 1 (See legend on next page.)
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(See figure on previous page.)

Fig. 1 Expression of SOX4 mRNA in cancers. (A) Differential expression of sex-determining region Y-box (SOX4) mRNA in different human cancers and
specific cancer subtypes from The Cancer Genome Atlas (TCGA) database in Tumor Immune Estimation Resource (TIMER). (B) High or low SOX4 expres-
sion in HCC and normal tissues in the UALCAN database. (C—F) SOX4 expression in HCC and adjacent noncancer tissues from the GSE36776, GSE60502,
GSE84402, and GSE62232 datasets from the Gene Expression Omnibus database. (G) Representative images of liver in a liver cancer model in mice;
Representative images of HE staining of liver tissue from mice; Immunohistochemical staining for SOX4 of liver tissue from mice. (H) SOX4 mRNA levels in
different liver cancer cell lines. (1, J) Protein expression level of SOX4 in different liver cancer cell lines by Western blotting. After transferring the proteins
and confirming the quality of the blots, we performed a precise cutting of the nitrocellulose membranes by comparing the molecular weights and elec-
trophoretic migration rates of known proteins, allowing for subsequent quantitative analysis. Each experiment was repeated independently at least thrice.

*P<0.05,**P<0.01, ***P<0.001, ****P<0.0001, NS: not significant

the Chinese Academy of Sciences. HCCLM3, Hep3B,
HepG2 and Huh7 cells were grown in DMEM/high-glu-
cose medium (Gibco, Carlsbad, CA, USA), supplemented
with 10% FBS and 1% penicillin/streptomycin (Gibco;
Thermo Fisher Scientific, Inc.), at 37 °C and 5% CO2.
Miha cells were purchased from Fenghui Biotechnol-
ogy Co., Ltd and grown in RPMI-1640 medium (Gibco,
Carlsbad, CA, USA), supplemented with 10% FBS and 1%
penicillin/streptomycin (Gibco; Thermo Fisher Scientific,
Inc.), at 37 °C and 5% CO2.

TIMER database analysis

TIMER (https://cistrome.shinyapps.io/timer/) is a public
website that systematically analyzes the immune infil-
tration of different cancer types. We used the TIMER
website to evaluate the relationship between SOX4 gene
expression and six tumor-infiltrating immune cells (B
cells, neutrophils, macrophages, CD4*T cells, CD8*T
cells, and dendritic cells) in patients with HCC. We
showed the correlation between SOX4 gene expression
and HCC purity and its association with specific marker
genes of tumor-infiltrating immune cells. Moreover, the
mRNA levels of SOX4 in several cancers, including HCC,
were identified using the TIMER2.0 database [16, 17].

UALCAN database analysis

We used the “Expression” module of the UALCAN data-
base, investigated SOX4, hsa-mir-204-5p, and MCM3AP-
AS1 gene expression in HCC. P<0.05 was considered
statistically significant. In addition, we used the “Sur-
vival” module of the UALCAN database to analyze the
prognostic significance of high or low SOX4 expression
in different clinical characteristics of liver hepatocellular
carcinoma (LIHC) [18].

Kaplan-Meier analysis

According to the median SOX4 expression, patient data
was divided into two groups: SOX4 high expression and
SOX4 low expression. SOX4 expression levels affect-
ing the clinical outcomes of patients with HCC were
estimated using Kaplan—Meier survival curves (http://
kmplot.com/analysis/) [19].

GEPIA database and TISIDB analysis

We used GEPIA data to verify the association between
immune cell marker genes and SOX4 expression in the
TIMER network. We used the “immunostimulators” and
“immunoinhibitor” modules in the TISIDB platform to
evaluate the relationship between SOX4 expression and
immune checkpoints. P<0.05 was considered statistically
significant.

StarBase and MiRWalk analysis

StarBase was used to predict candidate IncRNAs that
could potentially bind to hsa-mir-204-5p. In addition,
expression correlation analysis for IncRNA MCM3AP-
AS1 and hsa-mir-204-5p or SOX4 in HCC was performed
using StarBase. MiRWalk (http://mirwalk.umm.uni-hei-
delberg.de/) is a comprehensive bioinformatics resource
that allows for in-depth analysis of microRNAs (miR-
NAs). It generates predicted and validated miRNA-target
gene interactions. In this study, MiRWalk was utilized to
predict miRNAs upstream of SOX4 that potentially bind
to and regulate the expression of the gene. To ensure the
reliability, specificity, and a high degree of confidence in
the predictions, the dataset was filtered by selecting only
those miRNA-binding sites located in the 3’ untranslated
region (3’'UTR) of SOX4, and only those predictions that
were also present in the miRDB database ( that scored
“1”) were considered.

Statistical analysis

Pearson correlation analysis was performed to analyze
the similarity of the samples, and Spearman correlation
analysis was performed to analyze correlations. Each
experiment was repeated independently at least thrice.
One-way analysis of variance or paired t-tests were used
to compare the two groups. Statistical significance was
set at P<0.05. All analyses were performed using Graph-
Pad Prism 7 (GraphPad Software, Inc., La Jolla, CA,
USA).

Results

SOX4 is highly expressed in HCC

To explore the possible roles of SOX4 in carcinogenesis,
we analyzed TCGA RNA-seq data via the TIMER data-
base. Compared with that in corresponding normal tis-
sues, SOX4 expression was significantly upregulated in
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tissues from several types of tumors, including bladder
urothelial carcinoma, breast invasive carcinoma, chol-
angiocarcinoma, colon adenocarcinoma, esophageal
carcinoma, glioblastoma multiforme, head and neck
cancer, kidney renal papillary carcinoma, liver hepato-
cellular carcinoma (LIHC), lung adenocarcinoma, lung
squamous cell carcinoma, pheochromocytoma and para-
ganglioma, prostate adenocarcinoma, rectal adenocarci-
noma, stomach adenocarcinoma, thyroid carcinoma, and
uterine corpus endometrial carcinoma (Fig. 1A). Cor-
respondingly, the UALCAN analysis showed that SOX4
expression in HCC tissues was significantly higher than
that in normal tissues (Fig. 1B).

Validation using the gene expression omnibus (GEO)
database and cell and animal specimens

To further validate SOX4 expression in HCC, SOX4
transcript levels in cancer tissues and adjacent tissues
from patients with HCC were analyzed using four GEO
datasets (i.e., GSE36776, GSE60502, GSE62232, and
GSE84402). SOX4 transcript levels were significantly
higher in HCC tissues than in noncancerous adjacent tis-
sues in all four HCC datasets (P<0.05; Fig. 1C-F). The
results of this comparison were validated in a liver cancer
mouse model and several liver cancer cells (Fig. 1G-]).

Prognostic significance of SOX4 expression levels in HCC
The prognostic significance of SOX4 expression in HCC
was analyzed using the Kaplan—Meier plotter data-
base. Increased SOX4 expression was associated with
OS, progression-free survival, disease-specific survival,
and relapse-free survival (Fig. 2A-D). Correspondingly,
the UALCAN “survival analysis” module was used to
analyze the prognostic significance of different expres-
sion levels of SOX4 in HCC. This study revealed that
increased SOX4 expression was inversely associated with
OS, progression-free survival, disease-specific survival,
and relapse-free survival (Fig. 2A—E). Next, we used the
same module to analyze the prognostic significance of
SOX4 expression for different clinical characteristics of
LIHC. In patients with high SOX4 expression, OS was
higher in individuals with obesity than in overweight or
normal weight individuals (Fig. 2F). Similarly, in patients
with low SOX4 expression, OS was higher in overweight
than in normal individuals. In, patients with low SOX4
expression, tumor grade is associated with SOX4 levels
(Fig. 2@G). Furthermore, in patients with LIHC with high
SOX4 expression, low OS was associated with sex and
race (Fig. 2H, I).

Correlation between SOX4 expression and infiltrating
immune cells in HCC

Previous analyses have suggested that the activity and
quantity of tumor-infiltrating immune cells greatly
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influence the survival times of patients with various types
of cancer [20]. Therefore, we utilized the ‘immuned-
econv’ package in R software to analyze the score dis-
tribution of SOX4 expression in HCC. TIMER scores
in B cells, CD4" T cells, neutrophils, macrophages, and
dendritic cells were significantly increased in HCC tis-
sues, showing high SOX4 expression (Fig. 3A). Next,
we used the TIMER website to analyze the associations
between SOX4 expression and infiltrating levels of eight
tumor-immune cells (CD8" T cells, dendritic cells, CD4*
T cells, B cells, macrophages, regulatory T cells, natural
killer [NK] cells, and neutrophils) in HCC. We found that
SOX4 expression was significantly positively associated
with six infiltrating immune cells (B cells, CD8" T cells,
CD4* T cells, macrophages, neutrophils, dendritic cells,
and NK cells) in HCC (Fig. 3B, C). Together, these results
suggest that SOX4 expression in HCC correlates with the
degree of B cell, CD4* T cell, neutrophil, macrophage,
and dendritic cell infiltration.

Relationship between SOX4 expression and markers of
different subsets immune cells

To explore the possible role of SOX4 in the infiltra-
tion of different immune cell types in HCC, we used the
TIMER database to analyze the relationship between the
expression of SOX4 in HCC and markers from different
subsets of tumor-infiltrating immune cells. The results
confirmed that SOX4 expression in HCC was associated
with more than half of the immune cell marker sets (see
Supplementary Table S1). Specifically, SOX4 expression
significantly correlated with the expression of infiltrated
specific immune cell gene markers such as tumor-associ-
ated macrophages (TAM), CCL2, CD68, IL10, regulatory
T (Treg) markers, CCR8, STAT5B, IL2RA, Tfth mark-
ers, BCL6, ICOS, CXCR5, and T cell markers in HCC,
namely PDCD1, CTLA-4, LAG3, and HAVCR2 (Sup-
plementary Table S1). In addition, we used the GEPIA
website to evaluate the relationship between SOX4 and
marker genes of macrophages, neutrophils, T helper
1 (Thl), Th2, NK cells, TAM, and Treg marker genes
in HCC. Consistent with the TIMER results, we found
that in addition to Treg cells, the immune sets marked
by monocytes, neutrophil, Thl, Th2, NK, TAM, and
T-cell depletion correlated strongly with SOX4 expres-
sion in HCC. These results suggest that SOX4 expression
is a significant factor in immune cell infiltration in HCC
(Fig. 4A-T).

Relationship between immune checkpoint and expression
of SOX4 in HCC

Given the importance of immune checkpoints in immu-
notherapy, we further analyzed the relationship between
SOX4 expression and immune checkpoints in many
types of cancers via the TISIDB database (Fig. 5A, F).
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Fig. 2 Prognostic significance of SOX4 expression in different tumor types. (A-D) Survival curves showing overall survival (OS), progression-free survival
(PFS), disease-specific survival (DSS), and relapse-free survival (RFS) in hepatocellular carcinoma (HCC) from the Kaplan—Meier database. (E) UALCAN data-
base estimates of OS in patients with liver hepatocellular carcinoma (LIHC) from TCGA database. (F-I) Subgroup analysis for body weight (F), tumor grade
(G), sex (H), and race (I) in the UALCAN database “survival analysis"module. *P<0.05, **P <0.01, ***P<0.001, ****P <0.0001, NC: not significant

Interestingly, there was significant positive correlation
between SOX4 and immunoinhibitor expression: trans-
forming growth factor (TGF)B1, LGALS9, VICN1, and
CTLA4 (Fig. 5B—E). Moreover, we identified a close cor-

relation between SOX4 expression and several immuno-
stimulators. Four immunostimulators (IL6R, ICOSLG,

PVR, and CD40) negatively correlated with SOX4 expres-
sion (Fig. 5G-J). Hence, these findings further suggest
that SOX4 expression is significantly related to HCC-
induced immune responses.
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Prediction and analysis of upstream miRNAs of SOX4

ncRNAs are involved in gene regulation. To further elu-
cidate the underlying molecular mechanism of the role
of SOX4 in HCC, we constructed an mRNA-miRNA—
IncRNA interaction network. We first hypothesized that
upstream miRNAs might bind to SOX4; 23 miRNAs were
identified (Fig. 6A). Based on the mechanism by which
miRNA recognizes target mRNA through complemen-
tary base pairing and guides the silencing complex to
degrade target mRNA or repress target mRNA according
to the degree of complementarity, a negative correlation
between miRNA and SOX4 was hypothesized. There-
fore, an expression correlation analysis was performed.

SOX4 significantly negatively correlated with hsa-
miR-204-5p, hsa-mir-6730, and hsa-mir-5139 in HCC
(Fig. 6B). Therefore, we further evaluated the expression
of these miRNAs in HCC and found that the expres-
sion of hsa-miR-204-5p was significantly lower than that
in the control group and negatively correlated with the
status of lymph node metastasis (Fig. 6C—H). Further
analysis showed that patients with HCC with high hsa-
mir-204-5p levels had better OS (Fig. 6I). These findings
suggest that hsa-mir-204-5p may be the most likely regu-
latory miRNA for SOX4 in HCC.
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Prediction and analysis of upstream IncRNAs of hsa-mir-

204-5p

Next, we predicted the upstream IncRNAs of hsa-
miR-204-5p using data from starBase, and found 29

possible IncRNAs (see Supplementary Table S2). Then,
the expression levels of these IncRNAs in HCC were
determined using the UALCAN database. We found that,
among the 29 IncRNAs, LINC00472, MCM3AP-AS],
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NEAT1, KCNQ1OT1, and MALAT1 were significantly
upregulated in HCC (Fig. 7A-E). Subsequently, expres-
sion correlation analysis of five IncRNAs and SOX4 in
HCC was performed. As shown in Fig. 7F, SOX4 expres-
sion positively correlated with that of five IncRNAs, with
the strongest correlation observed for KCNQ1OT1 and
MCM3AP-ASI. Simultaneously, the prognostic value of

five IncRNAs in HCC was further evaluated (Fig. 7G-K).
It was found that only patients with HCC with higher
MCM3AP-AS1 expression had poorer OS (Fig. 7QG).
Next, we examined the expression correlation between
IncRNA MCM3AP-AS1 and hsa-miR-204-5p in HCC
using starBase. As shown, IncRNA MCM3AP-AS1
inversely correlated with hsa-miR-204-5p expression
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(Fig. 7L). According to the ceRNA hypothesis, IncRNAs
increase mRNA expression by competitively binding to
shared miRNAs; therefore, there should be a negative
or positive correlation between IncRNAs and miRNAs.
Thus, MCM3AP-ASI is a potential IncRNA for the hsa-
miR-204-5p/SOX4 axis in HCC.

Discussion

HCC is associated with a high incidence and poor prog-
nosis. Elucidating the molecular mechanisms of hepa-
tocarcinogenesis may provide key insights into the
development of effective therapeutic targets and allow for
the identification of promising prognostic biomarkers.
Accumulating evidence suggests that SOX4 plays a key
role in the initiation and progression of various human
cancers, including liver cancer [9]. However, our cur-
rent understanding of the roles of SOX4 in liver cancer
remains insufficient.

SOX4 is an established stem/ancestor transcription
factor and SRY-related HMG-box family member of
cancer-related transcription factors [9]. Moreover, SOX4
has a highly conserved HMG-box domain that can bind
directly to DNA to induce DNA bending or chromatin
structure changes, contributing to the assembly of the
transcription complex [9]. Additionally, SOX4 is abnor-
mally expressed in many types of tumor tissues, such as
colorectal cancer [11], breast cancer [ [12], and glioblas-
toma [13], and is closely correlated with poor progno-
sis and disease progression in patients. In this study, we
first performed a pan-cancer analysis of SOX4 expression
using TCGA data, and found that SOX4 expression is
upregulated in most cancers. We then further validated
SOX4 overexpression using the UALCAN database and
GEO datasets. Survival analysis indicated that patients
with HCC showing high SOX4 expression had poor
prognosis. Li et al. [21] proposed that SOX4 activates
TGEF-B-mediated pathways, leading to HCC metastasis.
The results of our analysis are consistent with that of Li
et al,, supporting that SOX4 plays an oncogenic role in
the pathogenesis of HCC. Some studies suggest a corre-
lation between high body mass index and longer OS in
hepatocellular carcinoma patients undergoing treatments
like the T+ A regimen. Our analysis revealed that, among
patients with high SOX4 gene expression, obese individ-
uals exhibited significantly better OS compared to those
who were overweight or of normal weight. Conversely,
among patients with low SOX4 expression, those who
were overweight had a better OS compared to those with
normal weight. These findings imply that while SOX4
expression influences HCC biology, its direct impact on
the body weight-OS relationship in HCC may be limited
[22].

The activity and number of immune cells in the
tumor microenvironment play key roles in HCC
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pathogenesis [13]. HCC is a typical inflammation-related
cancer. Approximately 90% of HCC burden is related to
long-term inflammation caused by viral hepatitis, exces-
sive alcohol intake, nonalcoholic fatty liver disease, or
nonalcoholic steatohepatitis [13]. Multiple immune cell
types, including neutrophils, macrophages, and differ-
ent lymphocyte subtypes, in the chronically inflamed
liver interact with liver cells to promote the occurrence
of liver cancer [23]. Many studies have illustrated that
immune-related molecules, such as interleukin-6 [24,
25], lymphotoxin-a [26], and tumor necrosis factor [27,
28], can accelerate the occurrence of liver cancer and
affect the aggressiveness of tumors; however, the immune
response also limits the progression of liver cancer.
The liver contains many immune cells and maintains a
unique and tolerant immune state, allowing for continu-
ous inflammatory signals from the intestine [23]. Given
the complex interactions between malignant tumor cells
and immune cells in HCC, it is imperative to understand
the mechanisms regulating the immune system in HCC.
Recent studies have demonstrated that SOX4 also plays
vital roles in regulating innate and tumor immunities [9,
15]. However, the potential relationships between SOX4
and tumor immunity in HCC have not yet been clarified.
Therefore, in this study, we also aimed to investigate the
relationships between SOX4 expression and immune cell
infiltration in HCC. TIMER and GEPIA analyses showed
a moderate relationship between SOX4 expression and
the infiltration levels of B cells, macrophages, neutro-
phils, CD4" T cells, CD8" T cells, and dendritic cells in
HCC. Thus, these results indicated that SOX4 may influ-
ence the prognosis in HCC by altering tumor immunity.
The status of tumor-infiltrating immune cells is closely
related to immune marker genes [29, 30]. We used the
TIMER and GEPIA websites to evaluate the correlations
between SOX4 expression in HCC and gene markers
of infiltrating immune cells. We examined the correla-
tions between SOX4 expression and the expression of
the monocyte marker CD86; the tumor-associated mac-
rophage markers CCL2, CD68, and interleukin-10; and
the M2 macrophage markers CD163, ARG1, and MRCI.
These results indicate that SOX4 regulates the infiltration
levels and activities of monocytes and tumor-associated
macrophages. In addition, T-cell exhaustion markers
(e.g., PDCD1, CTLA4, LAG3, and HAVCR2) are key
immune checkpoint inhibitor proteins [30-32], and their
expression is positively correlated with SOX4 expres-
sion. In addition, we used the TISIDB database to analyze
the relationships between SOX4 and the expression of
immune checkpoints. We revealed that SOX4 positively
correlates with some immunoinhibitors and negatively
correlates with other immunostimulators. Most malig-
nant tumors, including liver cancer, exhibit upregula-
tion of inhibitory ligands, and this alteration escapes the
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immune response by suppressing T-cell function, thereby
leading to cancer development [33, 34]. We speculate
that the overexpression of inhibitory immune checkpoint
proteins in HCC may be related to SOX4 upregulation.
Changes in these mechanisms can alter the antitumor
functions of T cells, leading to a poor prognosis in HCC.
Further studies are required to evaluate this hypothesis.
Collectively, these findings indicate that tumor immune
infiltration may partially account for the oncogenic roles
of SOX4 in HCC.

ncRNAs, including miRNAs, IncRNAs, and circulating
RNAs (circRNAs), communicate with each other through
the ceRNA mechanism and are involved in the regulation
of gene expression [35]. To explore the possible mecha-
nisms through which SOX4 mediates HCC, we identified
the important regulatory miRNAs upstream of SOX4 in
HCC. After correlation, expression, and survival analyses,
hsa-miR-204-5pP was selected as the most likely poten-
tial miRNA upstream of SOX4 in HCC. Previous studies
have reported that hsa-miR-204-5p plays an inhibitory
role in regulating HCC proliferation and migration, tar-
geting NUAK1 to suppress drug resistance and metas-
tasis in HCC and inhibit the growth of HCC endothelial
cells [36—39]. These results and our analyses showed that
the hsa-miR-204/SOX4 axis may play an important role
in the progression of HCC.

According to the ceRNA hypothesis, the potential
IncRNAs involved in the /sa-miR-204/SOX4 axis in liver
cancer may also be oncogenic. Furthermore, IncRNAs
upstream of the hsa-miR-204/SOX4 axis were also pre-
dicted, and 29 possible IncRNAs were found. Through
expression, survival, and correlation analyses, we identi-
fied MCM3AP-AS]I as one of the most highly upregulated
IncRNAs. The IncRNA MCM3AP-AS1 has been reported
to function as an oncogene in various malignancies,
including liver cancer [40]. For example, MCM3AP-ASI
inhibits cell proliferation in cervical squamous cell carci-
noma by downregulating miR-93 [41] and promotes HCC
growth by targeting the miR-194-5p/FOXA1 axis [42].
MCM3AP-ASI also enhances HCC metastasis by regu-
lating epidermal growth factor receptor and autophagy
[43]. Thus, the MCMB3AP-AS1/hsa-miR-204-5p/SOX4
axis may be a potential regulatory pathway in HCC.

Conclusions

In this study, we revealed that SOX4 is highly expressed
in various types of human tumors, including liver can-
cer, and positively correlates with poor prognosis in
liver cancer. Our current findings also suggested that
SOX4 may exert its oncogenic role by increasing tumor
immune cell infiltration and immune checkpoint expres-
sion. Additionally, we identified a possible potential
upstream regulatory mechanism of SOX4 in HCC; that
is MCM3AP-AS1/hsa-miR-204-5p/SOX4 axis regulation.
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This study had some limitations. First, our analysis was
limited to previously reported data and various data-
bases. Second, platform differences and data hetero-
geneity may have affected the outcomes. Third, animal
experiments have not been conducted to verify the func-
tions of MCMB3AP-AS1/hsa-miR-204/SOX4 in HCC
development. In the future work, using immunohisto-
chemical staining or flow cytometry to detect proteins
and functional analysis of the roles of the MCM3AP-
AS1/hsa-miR-204-5p/SOX4 axis in regulating immune
cell infiltration in HCC, we aim to verify the results of the
present study. We hope that these analyses will provide
insights into the use of immunotherapy to treat HCC.
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