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DNA hypomethylation of INHBA promotes 2
tumor progression and predicts prognosis
and immune status of gastric cancer

Xueying Li"*3", Haizhong Jiang"**", Yangbo Fu', Qiying Hu', Xianlei Cai*” and Guogiang Xu?"

Abstract

Objective Gastric cancer (GC) is characterized by its high malignancy and poor prognosis. However, the role of
Inhibin subunit beta A (INHBA) in GC remains insufficiently understood. This study aims to comprehensively evaluate
the clinical significance, biological roles, and possible mechanisms of INHBA in GC.

Methods Expression levels and survival analyses of the Inhibin beta family were assessed using online databases.

A prediction model based on INHBA was developed. In addition, the associations between INHBA expression and
immune status, and chemotherapy sensitivity were explored. In vitro experiments were conducted to investigate the
biological impact of INHBA on GC cells. Pyrosequencing and the DNA methylation inhibitor, 5-AZA-2"-deoxycytidine
(5-AZA-dC) were employed to elucidate the mechanisms underlying INHBA function.

Results Our findings revealed that INHBA exhibited high expression in GC patients, and elevated INHBA expression
correlated with worse outcomes. We developed a novel nomogram incorporating INHBA, age, and tumor node
metastasis (TNM) stage to predict the prognosis of GC patients. Additionally, INHBA was found to be associated with
suppressed infiltration of immune cells and chemosensitivity. Functionally, INHBA promoted the proliferation and
invasiveness of GC cells. Mechanistically, pyrosequencing revealed DNA Hypomethylation of INHBA in the first exon
region, and the effects of INHBA silencing were rescued by 5-AZA-dC treatment.

Conclusion Our study suggests that DNA hypomethylation of INHBA contributes to the progression of GC.
Furthermore, INHBA holds promise as a valuable biomarker for prognostic evaluation and immune status prediction
in GC patients.
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Introduction

Gastric cancer (GC) holds a significant position, rank-
ing sixth among the most common cancers globally and
serving as the third leading contributor to cancer-related
mortality worldwide [1]. GC is characterized by high
malignancy and poor prognosis [2]. Unfortunately, che-
motherapy’s effectiveness against advanced GC remains
unsatisfactory [2], and the development of targeted drugs
for gastric cancer has been sluggish [3]. Therefore, the
exploration of new biomarkers for therapeutic targets
holds great promise in addressing this clinical challenge.

The signaling pathway of transforming growth factor-
beta (TGF-B) plays a pivotal position in orchestrating
diverse cellular functions, encompassing cell viability, dif-
ferentiation, and immunological modulation [4]. Immu-
notherapy has emerged as a promising therapeutic option
for GC, but its efficacy is hindered by the immunosup-
pressive microenvironment fostered by TGF-f signaling
[4]. Consequently, targeting the TGE-f signaling pathway
holds significant potential for enhancing the effectiveness
of immunotherapy in GC.

The Inhibin beta family comprises genes encod-
ing members of the TGF-p superfamily of proteins and
has been implicated in cancer progression. This family
includes four subtypes: Inhibin subunit beta A (INHBA),
Inhibin subunit beta B (INHBB), Inhibin subunit beta C
(INHBC), and Inhibin subunit beta E (INHBE). Among
them, INHBA has garnered significant attention. Chen et
al. [5] discovered that the silencing of INHBA exhibited a
suppressive effect on GC progression by inactivating the
TGF-p signaling pathway. Qiu et al. [6] showed that Circ-
THBS1 promotes GC progression through the augmen-
tation of INHBA mRNA expression as well as its stability.
Kumar et al. [7] constructed a single-cell atlas in GC and
identified cancer-associated fibroblast subpopulations
marked by high INHBA expression.

Epigenetic modifications, particularly DNA methyla-
tion, have been recognized to play a pivotal role in the
development and progression of GC [8]. DNA methyla-
tion is a reversible DNA modification involving the addi-
tion of a methyl group to cytosine residues within CpG
dinucleotides, leading to gene silencing [9]. Abnormal
DNA methylation of oncogenes can result in their over-
expression, contributing to gastric carcinogenesis. How-
ever, the regulatory characteristics of DNA methylation
within the INHBA in the context of GC remain poorly
understood.

This study aims to elucidate the clinical relevance,
biological roles, and DNA methylation modification of
INHBA in GC, with a specific emphasis on exploring its
potential as a novel biomarker and therapeutic target in
the context of GC.
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Materials and methods
Cells, specimens, and patients
Two human gastric cancer cell lines, HGC-27

(CSTR:19375.09.3101HUMTCHu22) and AGS (CSTR:
19375.09.3101lHUMTCHu232) were obtained from the
Shanghai Institutes of Biological Sciences (Shanghai,
China). Authentication of cell lines was conducted using
Short Tandem Repeat (STR) testing.

A total of ten pairs of specimens were collected from
GC patients who underwent surgery in 2022 at Ningbo
First Hospital for pyrosequencing analysis. The study
was approved by the Institutional Ethics Committee in
Ningbo First Hospital, and written informed consent was
obtained from all patients in accordance with the prin-
ciples outlined in the Declaration of Helsinki.

RNA-sequencing expression profiles and relevant clini-
cal information were sourced from The Cancer Genome
Atlas (TCGA) repository (https://portal.gdc.cancer.gov).
The TCGA data were acquired and preprocessed utiliz-
ing the online bioinformatics analysis platform, Assistant
for Clinical Bioinformatics (ACBI), which is accessi-
ble at https://www.aclbi.com/. Ultimately, a cohort of
375 patients diagnosed with stomach adenocarcinoma
(STAD) was collected and analyzed with the assistance
of ACBI. The dataset included age, gender, tumor node
metastasis (TNM) stage, vital status, and follow-up time
(in years) as clinical parameters. To normalize the RNA
count data, transcripts per million (TPM) values were
calculated. The STAD patients were categorized into two
groups based on their RNA expression levels, namely
high and low expression groups, using the median RNA
expression as the threshold value. After removing cases
with missing data, a total of 354 patients were included in
the univariate and multivariate Cox regression analysis.

Bioinformatics analysis

We utilized various online bioinformatics analysis tools
for comprehensive data analysis. The ACBI platform was
employed for expression difference and correlation analy-
sis based on TCGA and The Genotype-Tissue Expres-
sion (GTEx) databases. The Search Tool for the Retrieval
of Interacting Genes/proteins (STRING) (https://cn.str
ing-db.org/) was utilized for protein-protein interaction
analysis. Within the same gene family, members often
exhibit a certain degree of functional similarity. Utilizing
STRING, the interconnections and complementary roles
among the inhibin beta subunit family were illustrated.
By further focusing on a specific gene, we could gain an
understanding of the shared characteristics of this gene
family. Kaplan-Meier Plotter (http://kmplot.com/) served
as the platform for conducting Kaplan-Meier analysis,
integrating various public datasets [10]. For the analy-
sis of DNA methylation levels based on TCGA data,
we utilized The University of Alabama at Birmingham
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CANcer data analysis Portal (UALCAN) [11, 12] (https
://ualcan.path.uab.edu), the cBio Cancer Genomics Po
rtal (cBioPortal) [13, 14] (http://www.cbioportal.org/),
and the University of California Santa Cruz Xena (UCSC
Xena) [15] (http://xena.ucsc.edu/). TISIDB [16] (http://c
is.hku.hk/TISIDB/) and the Tumor IMmune Estimation
Resource (TIMER) [17] (https://cistrome.shinyapps.io/ti
mer/) were employed for analyzing immune status based
on TCGA data. Finally, the Genomics of Drug Sensitiv-
ity in Cancer (GDSC) [18, 19] platform was utilized for
predicting drug sensitivity. The GSE62254 dataset [20],
comprising microarray profiles from 300 gastric tumors,
as reported by the Asian Cancer Research Group, was
utilized for bioinformatics analysis to validate the associ-
ations between INHBA and immune infiltration. CIBER-
SORT was used to calculate the abundance of immune
cells in each sample. Corr.test function from R studio was
used to calculate correlation coefficient between gene
expression and immune cells, and R package ‘ggpubr’ was
used for visualization.

Development of the risk-prediction model

To evaluate the clinical significance of INHBA, we devel-
oped a nomogram, termed the INHBA model, which
integrated INHBA expression and relevant clinical char-
acteristics. This model was constructed by using mul-
tivariate Cox regression analysis to predict the overall
survival (OS) of individual patients with STAD at both 3
and 5 years. To provide a comprehensive analysis, we also
developed a separate model according to the pathologic
TNM stage, referred to as the TNM model. The predic-
tive performance of these models was assessed using
time-dependent receiver operating characteristic (ROC)
curves, which capture the evolving predictive capacity
over time [21, 22]. Furthermore, we conducted a decision
curve analysis (DCA) to assess the clinical utility of the
INHBA model in comparison with the TNM models. The
DCA graph quantified the potential net benefit at vari-
ous threshold probabilities, enabling a direct comparison
between the INHBA model and the TNM models [23].

DNA methylation-related experiments
Pyrosequencing testing

Genomic DNA extraction was carried out using a
genomic DNA extraction kit (QIAGEN), and bisulphite
conversion was performed using the Qiagen EpiTect
Bisulfite Kit (QIAGEN. Cat. N0.59104). Pyrosequencing
testing was conducted according to the manufacturer’s
protocol [24]. In brief, the pretreated substrate mixture,
enzyme mixture, and four types of dNTPs (QIAGEN)
were added to the reagent chamber based on the doses
calculated by the Pyrosequencing software, and then the
reagent chamber along with the 96-well reaction plate
was placed into a Pyrosequencing detector (PyroMark
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Q96 ID, QIAGEN) for the reaction. The methylation
status of each site was analyzed using the Pyro Q-CpG
software. Primer design was carried out using PyroMark
Assay Design 2.0. Finally, three independent primers
were used to assess the DNA methylation level in the
first exon region of INHBA. Primer-1 contained 6 sites,
Primer-2 contained 11 sites, and Primer-3 contained 9
sites of DNA methylation. All primers are listed in Sup-
plementary Table 1.

Rescue experiments

To perform the rescue experiment, we employed the
DNA methylation inhibitor 5-AZA-2’-deoxycytidine
(5-AZA-dC) [25]. The HGC-27 and AGS cell lines were
treated with 2 pmol/L 5-AZA-dC for 72 h. Subsequently,
we reassessed the expression of INHBA, as well as tumor
growth and migration/invasion capabilities, using cell
proliferation assays, colony formation assays, wound
healing assays, and transwell assays.

Statistical analysis

For normally distributed quantitative data, the two-tailed
Student’s t-test was applied, otherwise, the Mann-Whit-
ney U test was employed. The chi-square test was used
for evaluating qualitative data. A Spearman’s correlation
analysis was conducted to examine the underlying cor-
relations. For comparing survival disparities, a Kaplan-
Meier survival analysis accompanied by the log-rank
test was employed. Furthermore, both univariate and
multivariable Cox regression analyses were conducted to
estimate the hazard ratio (HR) associated with potential
risk factors. The procedure for building the model was
described in our previous studies [26, 27].

Each experiment was independently repeated three
times. The data are presented as means+standard devia-
tions (SDs). Statistical analyses were conducted using
GraphPad Prism 8.0 and R software for Windows (ver-
sion 4.0.3), with significance thresholds set as follows:
*p<0.05, *p<0.01, **p<0.001, and ****p<0.0001. Addi-
tional methodologies and details are outlined in the Sup-
plementary Methods section, along with Supplementary
Tables 2—4.

Results

High expression of inhibin beta family genes is associated
with poor outcomes in STAD

To evaluate the clinical significance of inhibin beta family
genes (INHBA, INHBB, INHBC, and INHBE) in STAD,
we investigated their interrelations (Fig. 1A and B) and
compared their expression levels between tumor and
normal tissues (Fig. 1C). We observed significant upregu-
lation of INHBA, INHBB, and INHBC in STAD. Kaplan-
Meier survival analysis revealed that high expression of
inhibin beta family genes was associated with poor OS
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Fig. 1 Bioinformatics analyses of inhibin beta subunit family in STAD. (A) The correlations between the genes of inhibin beta subunit family; (B) The
protein-protein associations between inhibin beta subunit family genes; (C) The expression of inhibin beta subunit family genes mRNA was compared
between tumors and normal tissues based on TCGA and GTEx datasets (**** p<0.0001; Mann-Whitney test); (D) Kaplan-Meier analysis of overall survival
for the inhibin beta subunit family genes (log-rank test); (E) Kaplan-Meier analysis of recurrence-free survival for the inhibin beta subunit family genes
(log-rank test)
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(Fig. 1D) and recurrence-free survival (RFS) (Fig. 1E) in
STAD. Given the functional similarities among the pro-
teins encoded by these genes and the pronounced differ-
ence in INHBA expression between tumor and normal
tissues, we focused our attention on INHBA.

INHBA-associated nomogram enhances the prediction
accuracy of the TNM system

Based on TCGA data, we integrated clinical parameters
and INHBA expression, finding that patients with high
INHBA expression had a higher proportion of pathologi-
cal T4 stages (Table 1). Univariate and multivariate Cox
regression analyses demonstrated that INHBA was a
significant independent risk factor [HR=1.56; 95% con-
fidence interval (CI): 1.10-2.20], along with TNM stage
and age (Fig. 2A; Table 2).

Driven by these findings, we formulated a prognostic
model termed the “INHBA model,” which incorporates
INHBA expression levels, age, and TNM staging. Addi-
tionally, we developed a visually intuitive nomogram
(Fig. 2B) to facilitate comprehension. To evaluate the
clinical utility of INHBA, we established a novel model
that directly compares with the conventional TNM stag-
ing system (the “ITNM model”). Our analysis revealed
that the INHBA model, assessed through the time-
dependent ROC curve, exhibited superior predictive
accuracy compared to the TNM model (Fig. 2C). How-
ever, this method could not provide comprehensive sta-
tistical metrics, and we need to interpret the results with
caution.

Furthermore, the clinical value of the INHBA model
was compared with the TNM model using DCA (deci-
sion curve analysis) curves. The INHBA model consis-
tently demonstrated a superior net benefit for 3-year and
5-year OS (Fig. 2D and E). These findings highlight the

Table 1 Baseline characteristics
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novel biomarker potential of INHBA for predicting out-
comes in STAD and its promising translational value in
clinical settings.

Association between INHBA, immunotherapy, and immune
cellinfiltration

To explore the role of INHBA in immunotherapy, we
examined the correlation between its expression and
common immune checkpoint-related genes, includ-
ing CD274 (Programmed cell death 1 ligand 1, PD-L1),
Hepatitis A virus cellular receptor 2 (HAVCR?2), Cyto-
toxic T-lymphocyte-associated protein 4 (CTLA4),
Programmed cell death 1 ligand 2 (PDCD1LG2), Lym-
phocyte-activation gene 3 (LAG3), Programmed cell
death 1 (PDCD1), and T cell immunoreceptor with Ig
and ITIM domains (TIGIT). The expression levels of
CD274, CTLA 4, HAVCR2, PDCD1LG2, and TIGIT was
significantly higher in patients in the INHBA-high group
(Fig. 3A).

Furthermore, bioinformatics analyses revealed a posi-
tive association between INHBA expression and the
abundance of regulatory T cells (Tregs), myeloid-derived
suppressor cells (MDSCs), and Macrophages (Fig. 3B-D),
which typically play an immunosuppressive role in the
tumor microenvironment. Moreover, Kaplan-Meier anal-
yses of OS based on INHBA expression and immune cell
infiltration demonstrated that high INHBA expression,
along with infiltration of cancer-associated fibroblasts
(Fig. 3E), granulocyte-monocyte progenitors (Fig. 3F),
macrophages (Fig. 3G), and M2 macrophages (Fig. 3H)
were associated with a worse prognosis. In addition, we
utilized GSE62254 to validate the associations between
INHBA and immune infiltration. We found that the
expression of INHBA was correlated with multiple types
of immune cells (Fig. 3I). These findings indicate that

Characteristics levels INHBA-Low (N=172) INHBA-High (N=172) P

Age <=60 60 (34.9%) 55 (32%) 0.648
>60 112 (65.1%) 117 (68%)

Gender Female 65 (37.8%) 58 (33.7%) 0.500
Male 107 (62.2%) 114 (66.3%)

Pathological T T 16 (9.3%) 2(1.2%) 0.004
T2 8(22.1%) 34 (19.8%)
T3 79 (45.9%) 83 (48.3%)
T4 9 (22.7%) 53 (30.8%)

Pathological N NO 51 (29.7%) 55 (32%) 0.969
N1 48 (27.9%) 46 (26.7%)
N2 6 (20.9%) 6 (20.9%)
N3 37 (21.5%) 35 (20.3%)

Pathological M MO 152 (88.4%) 155 (90.1%) 0.728
M1 20 (11.6%) 17(99%)

Status Alive 113 (65.7%) 94 (54.7%) 0.047
Dead 59 (34.3%) 78 (45.3%)




Li et al. Hereditas

A

Net benefit

(2024) 161:45 Page 6 of 16
Characteristics HR (95% CI) Adjusted HR (95% CI)
INHBA : :

INHBA-Low 5 . 5 -
INHBA-High E ——— 1.55 (1.10 to 2.18) E —— 1.56 (1.10 to 2.20)
Age i |
<=60 E - E -
>60 L 1.63(1.11102.39) | —e— 1.72 (1.17 t0 2.53)
Gender : )
Female : - :
Male —— 1.30 (0.90t0 1.87) !
pTNM | i
| e - s :
Il E—O— 1.58 (0.80 to 3.13) E—'— 1.60 (0.81 t0 3.16)
1T P ———— 241 (12710457) | ——e—— 2.46 (1.30 to 4.67)
\Y ! —&— 406 (1.99t08.30) ! —e— 453 (2.21 10 9.28)
1 16 27 45 74 1 16 27 45 74
0 10 20 30 40 50 60 70 90 100
Points L A A L L L . L L o
INHBA
INHBA-Low @
>60
Age (— .
<=60 o 7
1 v =
pTNM ' . ; s 9 .
I 1} < o 7
Total Points r v v T T T T v T ) © f\/\
0 20 40 60 80 100 120 140 160 180 N _'_'—\/\
3-years Survival r T T T T T " B e
0.8 0.7 06 05 04 03 02 0.1
5-years Survival r T T T T T ! ' ! !
0.7 06 05 04 03 02 0.1 1 2 3 4 5
time t
E
= None == None
—_— Al — Al
= = IHNBA Model = = INHBA Model
= = TNM Model = = TNM Model
=
T T T : AR \; Y -
06 08 1.0 06 08 1.0

Threshold probability

Threshold probability

Fig. 2 INHBA-associated nomogram enhances the prediction accuracy of the TNM system. (A) The forest plot of univariate and multivariate Cox regres-
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Table 2 Univariate and multivariate analysis of influencing factors (Cox regression)
Univariable Multivariable

Characteristic N Event N HR 95% Cl p-value N Event N HR 95% ClI p-value
INHBA

INHBA-Low 172 59 1.0 — 172 59 1.0 —

INHBA-High 172 78 1.55 1.10,2.18 0.012 172 78 1.56 1.10,2.20 0.012
Age

<=60 115 36 1.0 — 115 36 1.0 —

>60 229 101 1.63 1.11,2.39 0.012 229 101 1.72 117,253 0.005
Gender

Female 123 42 1.0 —

Male 221 95 1.30 0.90, 1.87 0.16
pTNM

| 49 M 1.0 — 49 11 1.0 —

Il 112 34 1.58 0.80,3.13 0.19 112 34 1.60 0.81,3.16 0.18

I 146 68 241 127,457 0.007 146 68 246 1.30,4.67 0.006

% 37 24 4.06 1.99, 8.30 <0.001 37 24 453 2.21,9.28 <0.001

INHBA is linked to the immune status of GC patients
and may serve as a potential biomarker for predicting the
efficacy of immunotherapy.

The association between INHBA and chemosensitivity

Chemotherapy is the primary treatment approach for
patients with advanced GC. To further investigate the
impact of INHBA expression on chemosensitivity, we
assessed the effect of INHBA expression on drug sensi-
tivity using the Genomics of Drug Sensitivity in Cancer
(GDSC) database. Our analysis revealed that patients in
the INHBA-high group had lower half-maximal inhibi-
tory concentration (IC50) values for cisplatin, docetaxel,
and camptothecin, indicating greater sensitivity to these
drugs. Conversely, the INHBA-high group displayed
higher IC50 values for mitomycin C (Fig. 4A-D). No sig-
nificant differences were observed between the INHBA-
high and the INHBA-low groups for 5-fluorouracil
(5-Fu), paclitaxel, doxorubicin, and gemcitabine (Fig. 4E-
H). These findings suggest that patients with high INHBA
expression may benefit from cisplatin, docetaxel, and
camptothecin as initial treatment options, as they are
more likely to exhibit favorable sensitivity to these drugs.

INHBA promotes growth and migration/invasion capability
of gastric cancer cells in vitro

To elucidate the biological functions of INHBA in gas-
tric cancer, we employed the HGC-27 and AGS cell
lines to establish INHBA-knockdown models. The rela-
tive mRNA expression levels of INHBA in these two cell
lines are shown in Supplementary Fig. 1. The transfec-
tion efficiency was validated (Fig. 5A, B and Supplemen-
tary Fig. 2A). Our results revealed that the knockdown of
INHBA inhibited the proliferation capability of GC cells,
as demonstrated by CCK-8 and colony formation assays
(Fig. 5A and B). Furthermore, the Edu assay confirmed

that the knockdown of INHBA inhibited gastric cancer
cell growth in vitro (Fig. 5C and D).

To explore the impact of INHBA on migration and
invasion, we performed wound-healing assays and
observed that INHBA promoted the migration of gas-
tric cancer cells (Fig. 6A and B). Transwell assays dem-
onstrated that INHBA deficiency hindered the migration
and invasion abilities of GC cells (Fig. 6C and D).

DNA hypomethylation enhances INHBA expression and
activates the TGF-p pathway

Bioinformatics analysis of TCGA data revealed lower
DNA methylation levels at most methylation sites in
tumors compared to normal tissues (Fig. 7A). Further-
more, the expression of INHBA displayed a negative cor-
relation with DNA methylation levels (Fig. 7B). These
findings suggested that INHBA may be regulated by DNA
methylation. About 70% of genes possess CpG islands in
their promoter regions, while the remaining genes exhibit
CpG islands in other positions [28], such as the first exon
region. However, despite the tendency for the level of
DNA methylation in the promoter region of INHBA to be
lower in tumor tissue compared to normal tissue, this dif-
ference did not achieve statistical significance (Fig. 7C).
Furthermore, when predicting CpG islands in INHBA, it
was observed that INHBA lacked obvious CpG islands in
its promoter and enhancer regions, but CpG islands were
present in the first exon region (Supplementary Table 5),
which piqued our interest. These findings suggested that
DNA methylation modification might occur in the first
exon region to regulate the expression of INHBA. There-
fore, we further assessed the DNA methylation status
of the first exon region of INHBA. The impact of DNA
methylation status on gene expression in this region has
not been extensively investigated, adding an element of
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novelty to our study. Consequently, we assessed the DNA
methylation levels in the first exon region of INHBA.

Pyrosequencing was employed, and three indepen-
dent primers were utilized to compare DNA methyla-
tion differences between tumors and normal tissues. The
results demonstrated lower DNA methylation levels in
tumors compared to those in normal tissues (Fig. 7D).
We also compared the changes in methylation levels of
CpG island positions within the first exon region after
treatment with a DNA methylation inhibitor (5-AZA-
dC) using pyrosequencing. The results showed that after
treatment with 5-AZA-dC, the methylation levels of
most positions within the CpG islands decreased (Fig. 7E,
F). In addition, treatment with 5-AZA-dC resulted in an
increased expression of INHBA (Fig. 7G and Supple-
mentary Fig. 2B). We hypothesized that alterations in
the methylation levels of the first exon region may lead
to changes in INHBA expression. Moreover, the findings
of Qiu et al. [6] and Chen et al. [5] indicated that loss of
INHBA deactivated the TGF-f pathway.

Rescue of INHBA silencing by DNA methylation inhibitor
To investigate the functional rescue of INHBA silencing,
we conducted several assays and observed that silenc-
ing of INHBA led to a decrease in proliferation ability,
which could be partially reversed with treatment with a
DNA methylation inhibitor (5-AZA-dC) (Fig. 8A and B,
and Supplementary Fig. 3). Additionally, treatment with
5-AZA-dC rescued the reduced migration and invasion
capacity of GC cells (Fig. 8C-F). We conducted functional
experiments to compare the growth and migration/inva-
sion capability of gastric cancer cells between the nega-
tive control (NC) and NC+5-AZA-dC groups. However,
we did not observe any statistically significant differences
between the two groups in growth or migration/invasion
capability. This can be interpreted as 5-AZA-dC being a
broad-spectrum DNA methylation inhibitor that has the
potential to increase the expression of oncogenes, such as
INHBA, as well as tumor suppressor genes. These find-
ings collectively suggest that DNA hypomethylation of
INHBA contributes to the development of GC.
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Discussion

In this work, we conducted a comprehensive analy-
sis of the gene expression and clinical impact of inhibin
beta family genes in GC. Among these genes, INHBA
emerged as a key candidate for further investigation.
By constructing a prediction model that incorporat-
ing INHBA expression and clinicopathologic features,
we observed improved prognostic accuracy in predict-
ing the outcomes of STAD, suggesting that INHBA may
serve as a novel biomarker for outcome prediction of GC
Subsequently, in vitro experiments revealed that INHBA
plays a significant role in promoting the growth, migra-
tion, and invasion capabilities of GC cells. Mechanisti-
cally, we found that DNA hypomethylation contributes to
increased INHBA expression and activation of the TGF-f3
pathway. Furthermore, we explored the relationship
between INHBA and markers associated with immune
checkpoint inhibitors (ICIs), as well as the impact on
immune cell infiltration and chemosensitivity, aiming to
provide valuable insights for the clinical application of
immunotherapy and chemotherapy.

In clinical practice, TNM staging is commonly used
to predict patient outcomes. However, numerous stud-
ies have highlighted the limitations of relying solely on
TNM staging and demonstrated that integrating gene
expression data and clinical characteristics significantly
enhances outcome predictions [29-31]. We crafted a
predictive model that integrates INHBA expression, age,
and TNM staging, achieving superior accuracy in fore-
casting the outcomes of STAD compared to relying solely
on TNM staging. For instance, a 55-year-old individual
with a low score (0 points) but high INHBA expression
(approximating 26 points) and TNM stage III (around
60 points) exhibited a 3-year OS rate of approximately
46% and a 5-year OS rate of approximately 34%. The uti-
lization of our novel nomogram incorporating INHBA
enhances the clinical applicability of this biomarker.

Epigenetic modifications, including DNA methyla-
tion and histone modifications, play a crucial role in the
regulation of gene expression, particularly in gene silenc-
ing processes [32, 33]. The promoter region is recog-
nized as a key site for DNA methylation and has been
extensively investigated [34]. It is widely acknowledged
that epigenetic modifications within the CpG island pro-
moter region can lead to gene inactivation [35]. However,
the mechanisms underlying the impact of epigenetic
regulation in the first exon on oncogenes remain poorly
understood. Our bioinformatics analysis revealed no sig-
nificant differences in the DNA methylation status of the
INHBA promoter region between tumor and normal tis-
sues. Nevertheless, we observed an inverse correlation
between DNA methylation levels and INHBA expression.
Consequently, we focused our investigation on the meth-
ylation status of the first exon region. Pyrosequencing
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analysis demonstrated a low level of DNA methylation
level in the first exon region of the tumor samples. Nota-
bly, treatment with a DNA methylation inhibitor resulted
in increased INHBA expression, rescuing the effects
of INHBA silencing. Compared to research on the pro-
moter region, DNA methylation in the first exon is less
popular. However, the modifications in the first exon also
possesses important biological functions. Brenet et al.
[36] discovered that DNA methylation of the first exon
is closely associated with transcriptional silencing. Saka-
moto et al. [37] demonstrated that DNA methylation in
the exon 1 region complexly regulates Twistl expression
in GC cells. Our study suggests that DNA hypomethyl-
ation in the first exon region may represent a novel epi-
genetic modification mechanism regulating INHBA gene
expression. These findings contribute to the understand-
ing of INHBA’s epigenetic modifications, which have not
been previously reported.

In recent years, immunotherapy has emerged as a
revolutionary treatment option for advanced GC. How-
ever, due to tumor heterogeneity and immune escape, a
significant proportion of GC patients do not respond to
immunotherapy. To identify potential beneficiaries of
immunotherapy, various factors such as microsatellite
instability status, tumor mutational burden, and PD-L1
expression have been proposed. However, their low posi-
tive rates limit their effectiveness in meeting the needs of
patients. In our study, we observed significantly elevated
expression of ICIs-related markers in the high INHBA
expression group, along with a correlation between sup-
pressive immune cell infiltration and INHBA expression.
These findings suggest that INHBA expression could
potentially serve as a biomarker for assessing the effi-
cacy of immunotherapy. Aberrant expression of INHBA
may expedite GC development by modulating the com-
ponents of the tumor immune microenvironment. We
recommend further validation of this hypothesis through
additional basic experiments.

In the advanced stages of gastric cancer, chemother-
apy represents the primary treatment modality aimed at
improving the patient’s quality of life, alleviating symp-
toms, and extending OS. However, the efficacy of che-
motherapy is often limited, accompanied by various side
effects. Gene expression alterations have been shown
in numerous studies to potentially influence a patient’s
response to chemotherapy [38, 39]. Therefore, to mini-
mize adverse effects and optimize therapeutic outcomes,
it is crucial to identify appropriate drug combinations
and dosages. In this study, we investigated the impact
of INHBA expression on chemosensitivity and found
that patients in the INHBA-high group were more likely
to benefit from cisplatin, docetaxel, and camptothecin.
Thus, we propose that combining cisplatin with docetaxel
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or irinotecan may yield superior results for patients with
high INHBA expression.

This study has several limitations that should be
acknowledged. Firstly, the absence of animal experi-
ments represents a major limitation in the basic experi-
mental component of our study. Although we initially
employed the BGC823 cell line for both cell function
and subcutaneous xenograft experiments, yielding posi-
tive results (data not shown), we subsequently identified
contamination of BCG823 with Hela cells, rendering it
an inappropriate cell line for studying GC in this manu-
script. Moreover, we discovered that Chen et al. [5] had
already conducted subcutaneous xenograft using INHBA
stable knockdown SGC7901 cells. Due to personal rea-
sons, the authors did not repeat the animal experiment
with other GC cell lines. Secondly, the lack of sufficient
external validation using independent data is a notable
limitation of our study. Thirdly, we believed that con-
ducting independent RNA-seq or proteome analysis on
the INHBA knockdown or overexpression GC cell line
would greatly contribute to strengthening our conclu-
sion. Unfortunately, practical limitations prevent us from
carrying out these analyses at present. Consequently, we
recognize the necessity of future studies that can incor-
porate additional techniques to more comprehensively
address the questions raised, such as single-cell sequenc-
ing and spatial transcriptomics. Fourthly, 5-AZA-dC is a
broad-spectrum inhibitor of DNA methylation. The res-
cue of biological function in INHBA silencing by 5-AZA-
dC may be attributed to its activation of other oncogenes
or transcription factors involved in INHBA regulation.
Changes in DNA methylation levels may represent just
one method of regulating INHBA. Fifthly, the associa-
tions between INHBA expression and immune status,
as well as chemotherapy sensitivity, were solely analyzed
based on bioinformatics data. It is imperative to con-
duct additional basic experimental research to further
elucidate the impact of INHBA on the immune micro-
environment and chemotherapy sensitivity. Overall, it is
recommended to perform further in vivo experiments in
subsequent studies to assess the effects of INHBA on the
proliferation and migration of gastric cancer (GC) cells,
as well as to verify the regulatory role of DNA hypometh-
ylation in the first exon region on INHBA expression.
Additionally, both in vivo and in vitro drug resistance
experiments are recommended to further investigate the
influence of INHBA expression on the sensitivity of GC
cells to the most commonly used platinum-based drugs
or taxanes.

Conclusions

Our study demonstrates the oncogenic role of INHBA in
GC. We have identified that DNA hypomethylation con-
tributes to increased INHBA expression and activation
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of the TGF-p pathway. We emphasize the potential of
INHBA as a novel clinical biomarker for predicting
patient prognosis, as well as for predicting sensitivity to
immunotherapy and chemotherapy.
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