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Abstract: Objective: To investigate the role and underlying mechanisms of the long non-coding RNA (IncRNA) X
inactive-specific transcript (XIST) in gastric cancer (GC). Methods: Real-time quantitative PCR (RT-qPCR), CCK-8,
colony formation, flow cytometry, Transwell, and scratch assays were used to evaluate the biological effects of XIST
and miR-124 in GC cells. Bioinformatics analysis and dual-luciferase reporter (DLR) assays identified interactions
between XIST, miR-124, and STAT3. Western blotting and RT-gPCR assessed changes in downstream targets, while a
xenograft tumor model evaluated the in vivo effects of XIST knockdown. Results: XIST was significantly upregulated,
and miR-124 was downregulated in GC tissues and cell lines, with the strongest effects observed in MGC803 cells.
Knockdown of XIST or overexpression of miR-124 suppressed GC cell proliferation, colony formation, migration,
invasion, and promoted apoptosis, effects that were reversed by miR-124 inhibitors. Bioinformatics and DLR assays
confirmed that XIST directly targeted miR-124 and regulated STAT3 expression. XIST knockdown increased miR-124
levels, reducing STAT3, PD-1, PD-L1, N-cadherin, and MMP9 expression, while elevating E-cadherin levels; these
effects were reversed by miR-124 inhibitors. Additionally, sh-STAT3 mitigated the pro-tumorigenic effects of pcDNA-
XIST, confirming the regulatory relationship. In vivo, XIST knockdown suppressed tumor growth by increasing miR-
124 expression. Conclusion: XIST promotes STAT3 expression by competitively binding to miR-124, thereby promot-
ing GC progression. Targeting the XIST/miR-124/STAT3 axis may represent a potential therapeutic strategy for GC.
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Introduction

Gastric cancer (GC) is a prevalent malignancy
worldwide and ranks as the second leading
cause of cancer-related mortality, primarily due
to late-stage diagnosis in many patients [1, 2].
While chemotherapy remains a cornerstone of
GC treatment, its survival benefits are limited,
and it is often accompanied by severe side
effects. With advancements in cancer molecu-
lar biology, understanding the molecular mech-
anisms underlying GC is crucial for developing
targeted therapies.

Long non-coding RNAs (IncRNAs) are critical
regulators of various cellular processes, includ-
ing metabolism, proliferation, and differentia-
tion, primarily through their ability to modulate
gene transcription. These molecules have been
implicated in the progression of numerous
cancers [3, 4]. Among them, the IncRNA X inac-
tive-specific transcript (XIST), a key regulator of
X chromosome inactivation, has been found to
be dysregulated in several cancers, including
non-small cell lung cancer (NSCLC), cervi-
cal carcinoma, hepatic carcinoma, and GC
[5-7].
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In GC, XIST is significantly upregulated in tumor
tissues and plasma, with its overexpression
correlating with tumor size and advanced TNM
stage. LncRNAs often act as competitive en-
dogenous RNAs (ceRNAs) by binding microR-
NAs (miRNAs), sequestering them, and thereby
modulating downstream gene expression.
Among miRNAs, miR-124 is a well-character-
ized tumor suppressor with documented roles
in multiple cancers, including GC [8-10]. Re-
cent evidence suggests that XIST knockdown
enhances bladder cancer growth, invasion, and
migration by competitively binding to miR-124
and targeting the androgen receptor [11].
However, the specific role of XIST in GC progres-
sion, particularly its interaction with miR-124,
remains poorly understood.

This study aims to investigate the expression
profiles of XIST and miR-124 in GC, as well as
their functional impact on cellular processes
such as proliferation, apoptosis, invasion, and
migration. Additionally, it examines the molecu-
lar interactions between these molecules. The
findings of this research may provide valuable
insights and inform the development of novel
therapeutic strategies for GC.

Materials and methods
Patient tissue specimens

Primary GC tissue specimens were obtained
from 50 patients who underwent surgical
resection between January and December
2021 (male-to-female ratio: 31:19; age range:
47-69 years). Tumor and adjacent non-tumor
tissues were independently reviewed and veri-
fied by two histopathologists based on estab-
lished histological diagnostic criteria. Stringent
inclusion and exclusion criteria were applied to
ensure the appropriate selection of primary GC
tissue samples.

Inclusion criteria: (1) Patients with a confirmed
diagnosis of primary GC based on histopatho-
logical evidence. (2) Patients who underwent
surgical resection. (3) Patients who had not
received preoperative chemotherapy or radio-
therapy to avoid treatment-induced tissue
alterations.

Exclusion criteria: (1) Patients with secondary
or metastatic GC. (2) Patients who received any
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form of treatment before surgery, including che-
motherapy or radiotherapy. (3) Patients whose
samples were insufficiently representative or
inadequate for analysis. (4) Patients with sig-
nificant comorbidities potentially affecting
study outcomes or those unable to provide
informed consent.

Informed consent was obtained from all partici-
pants after they were thoroughly informed
about the study’s objectives, procedures, and
potential risks. The research protocol, including
the specimen collection process, was reviewed
and approved by the Clinical Research Ethics
Committee of the Affiliated Hospital of Inner
Mongolia Medical University, adhering to ethi-
cal research standards. The research project
listed has been reviewed and approved by the
Institutional Animal Care and Use Committee
(IACUC), Affiliated Hospital of Inner Mongolia
Medical University in line with the welfare and
ethical principles of laboratory animals. Here by
certify.

Cell culture

The human gastric mucosal epithelial cell line
(GES1) and gastric cancer cell lines (MGC803,
BGC823, SGC-7901, AGS) were obtained from
the Chinese Academy of Sciences Cell Repo-
sitory. The cells were cultured in RPMI 1640
medium supplemented with 10% heat-inacti-
vated fetal bovine serum, 100 U/mL penicillin,
and 100 pg/mL streptomycin. All cultures were
maintained at 37°C in a humidified atmosph-
ere with 5% CO,,

Cell transfection and grouping

Lentiviral short hairpin RNAs (shRNAs) target-
ing XIST and STAT3 were designed and sub-
cloned into the pLV-H1TetO-GFP-Puro vector,
which was subsequently packaged in HEK-
293T cells. Viral particles were harvested 72
hours post-transfection and labeled as sh-XIST
and sh-STAT3, respectively. The empty vector
(sh-Ctrl) was used as the control.

For transfection into GC cell lines, miR-124
mimics, inhibitors, and a negative control (miR-
NC) were delivered using Lipofectamine 2000
(Invitrogen, USA). MGC803 cells were grouped
into four transfection categories: (1) sh-Ctrl +
miR-NC (blank control group), (2) sh-XIST +
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Table 1. RT-PCR primer sequences

Western blot

Genes Primer sequence (5'-3’)

XIST F: GCA TAA CTC GGC TTA GGG CT
R: TCC TCT GCC TGA CCT GCT AT

mMiRNA-124 F: CTC AAC TGG TGT CGT GGA GTC GGC AAT TCA GTT GA
R: ACA CTC CAG CTG GGT AAG GCA CGC GGT GAATGC C

STAT3 F: ATT CTG GCT TCC TTC CTG CC
R: GCT GAG GCA AGG TGG TTT TG
PD-1 F: ATC TGG AAC TGT GGC CAT GG
R: GGG GAG GGA GAG AGA GAC AG
PD-L1 F: CCA GGG TGC ACT GAG TCA AT

R: GCT CAG CCA CAATTC TTG CC
E-cadherin  F: AGC AGA ACT AAC ACA CGG GG
R: ATA CCG GGG GAC ACT CAT GA
N-cadherin F: CGT GAA GGT TTG CCA GTG TG
R: GTC CTG CTC ACC ACC ACT AC

MMP9 F: CCT TGT GCT CTT CCC TGG AG
R: GGA CCA CAA CTC GTC ATC GT
ue F: ATA CAG AGA AAG TTA GCA CGG

R: GGA ATG CTT CAA AGA GTT GTG
GAPDH F: TCATTT CCT GGT ATG ACA ACG A
R: GTC TTA CTC CTT GGA GGC C

Proteins were extracted from tis-
sue and cell samples using RIPA
buffer (Beyotime, China) supple-
mented with protease inhibitors
(Sigma, USA). Protein concentra-
tions were quantified using a BCA
protein assay kit. Equal amounts
of protein were separated on a
10% SDS-PAGE gel and transferr-
ed onto PVDF membranes (Milli-
pore, USA). The membranes were
blocked with 5% skim milk for 2
hours and then incubated over-
night at 4°C with primary antibod-
ies against STAT3, p-STAT3, PD-
1, PD-L1, E-cadherin, N-cadherin,
MMP-9, and GAPDH (all from Cell
Signaling Technology, USA). Se-
condary antibodies were applied
for 2 hours at room temperature.
Protein bands were visualized
using an enhanced chemilumines-

mMiR-NC (sh-XIST group), (3) sh-Ctrl + miR-124
mimics (miR-124 mimics group), and (4) sh-XIST
+ miR-124 inhibitors. The sequences for sh-
XIST were as follows: sh-XIST#1: 5-GCC TCG
GAT ACCTGC TTT AAT-3, sh-XIST#2: 5'-GTT TGC
TAG TGT TTG AAT TTA-3’, sh-XIST#3: 5’-TGT CAT
AGC TTT GCC TAT TAA-3’, sh-XIST#4: 5’-TTC ATG
GTT CTG TGC AAT AAA-3'. The seqTence of
sh-STAT3#1: 5-TTC AGA CCC GTC AAC AAATTA-
3’, sh-STAT3#2: 5-ATT GAT GCA GTT TGG AAA
TAA-3’, sh-STAT3#3: 5-GGG CTT ACC ATT GGG
TTT AAA-3’, sh-STAT3#4: 5-GCC CTG TTG TGG
CCC ATT AAA-3..

Quantitative real-time polymerase chain reac-
tion (QRT-PCR)

Total RNA was isolated from cultured cells
and flash-frozen tissue samples using Trizol
reagent (Life Technologies, USA). RNA purity
and concentration were assessed before re-
verse transcription into complementary DNA
using SuperScript® IV reverse transcriptase
(Life Technologies). Quantitative PCR was per-
formed using Power SYBR Green PCR Master
Mix (Applied Biosystems) on an ABI 7500 Fast
Real-Time PCR System, following the manufac-
turer’s protocol. Primer sequences are detailed
in Table 1.
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cence reagent and analyzed with
the Tanon-3500 automatic digital
imaging system (Tanon, China). Protein expres-
sion levels were normalized to GAPDH and
quantified by comparing the gray values of the
target protein bands to those of GAPDH.

CCK-8 analysis

MGC803 cells (1 x 10° cells/well) from each
group were seeded into 96-well plates. On
days 1, 2, 3, 4, and 5 after seeding, 100 L of
CCK-8 reagent (Dojindo, Japan) was added to
each well. Plates were incubated, and the opti-
cal density at 450 nm was measured using
a BioTek multifunctional microplate reader
(BioTek, USA).

Clone formation assay

MGCS803 cells in the logarithmic growth phase
were treated with 0.25% trypsin to generate a
single-cell suspension, which was seeded into
6-well plates at a density of 50 cells per well.
Plates were incubated at 37°C with 5% CO,, for
two weeks. Colonies were then fixed, stained
with hematoxylin, and counted.

Cell apoptosis analysis
MGC803 cells were harvested and resuspend-

ed in binding buffer. The cells were stained with
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FITC-conjugated Annexin V and Pl using the
Annexin V-FITC/PI Apoptosis Detection Kit
(Sangon, China) following the manufacturer’s
instructions. Apoptotic rates were analyzed
using a FACS flow cytometer (BD, USA).

Transwell invasion assay

The upper surfaces of Transwell chambers
(Corning, USA) were coated with a mixture of
DMEM containing 0.5% FBS and Matrigel
(Corning, USA) at a 1:5 dilution. The chambers
were incubated at 37°C in a 5% CO, atmo-
sphere for 4 hours to solidify the coating.
MGC803 cells were cultured in medium
supplemented with 5% FBS for 24 hours,
digested, resuspended in serum-free medium,
and seeded into the upper chambers at a den-
sity of 3 x 10* cells/well. The lower chambers
were filled with medium containing 20% FBS
and incubated at 37°C with 5% CO, for 72
hours. After incubation, cells on the upper sur-
face of the membrane were removed, while
invasive cells on the lower surface were stain-
ed, rinsed with PBS, and counted under a
microscope (Olympus, Japan). Invasive cells
were quantified in five random fields for each
group.

Scratch assay

Cell migration was assessed using a scratch
assay. MGC803 cells were seeded into 6-well
plates. Upon reaching full confluence, a
sterile 200 pL pipette tip was used to create a
straight scratch in the cell monolayer. Cells
were washed three times with PBS to remove
debris and cultured in fresh medium under
standard conditions (37°C, 5% CO,). The
wound area was photographed at O and 36
hours to evaluate the degree of closure.

Dual-luciferase reporter (DLR) gene assay

The predicted wild-type (WT) and mutant (Mut)
sequences of the XIST binding site for miR-124
were cloned into pmirGLO vectors (Promega,
USA). MGC803 cells were co-transfected with
10 pg of either pmirGLO-XIST-WT or pmirGLO-
XIST-Mut and miR-124 mimics or inhibitors
(RiboBio, China) using Lipofectamine 2000.
Similarly, WT and Mut sequences of the STAT3
binding site for miR-124 were subcloned into
the pmirGLO vector and co-transfected under
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the same conditions. Luciferase activity was
measured using the DLR assay system
(Promega, USA).

In vivo experiments

Five-week-old male BALB/c nude mice were
randomly allocated into four groups: negative
control (NC), sh-XIST, miR-124 mimic, and
sh-XIST + miR-124 inhibitor (n = 6 per group).
The mice were obtained from the Animal
Experiment Center of Inner Mongolia Medical
University. MGC803 cells transfected with the
corresponding vectors were suspended in 0.2
mL of phosphate-buffered saline (PBS) and
injected subcutaneously into the peritoneal
region of each mouse (5 x 10° cells/mouse).
Tumor growth and mouse behavior were moni-
tored daily over a 42-day observation period,
with measurements of tumor dimensions
taken every five days using calipers. At the
study’s end, mice were euthanized under anes-
thesia with intraperitoneal sodium pentobarbi-
tal (0.1 mL/kg), followed by cervical disloca-
tion. Subcutaneous tumors were excised for
subsequent analysis.

Statistical analysis

Continuous variables are expressed as mean *
standard deviation (mean + SD). Statistical dif-
ferences between groups were analyzed using
either a t-test or one-way ANOVA, with P < 0.05
considered statistically significant. Data analy-
sis and graph generation were performed using
GraphPad Prism and SPSS software.

Results

Expression analysis of XIST and miR-124 in GC
tissues and cell lines

We analyzed the expression levels of XIST and
miR-124 in GC tissues and adjacent non-neo-
plastic tissues using RT-qPCR. XIST expres-
sion was significantly elevated, while miR-124
levels were markedly reduced in GC tissues
compared to the adjacent normal tissues, with
statistical significance (Figure 1A and 1B).
Further analysis revealed that higher XIST
expression was associated with poorer tumor
differentiation, greater lymph node metastasis,
larger tumor size, and advanced clinical stage
(all P < 0.001). However, no significant correla-

Am J Cancer Res 2025;15(4):1597-1613



LncRNA XIST affects gastric cancer progression via regulating miR-124/STAT3 axis

A 1 * ]
k=) I 1
& 8- n
c
o
n 64
@ n
g
5 4]

’u_) ° []
% 2- b
< «e
&
S 0 R
= g&e g&e
& . &
N LN
& &
) o
O N
& o
v

C T
g 6' *k
g e
'g *

o 41

e *

x

)

8 T

D 2-

x

<L

:. I

g 0' T T

- N > > N <l
& & & & 9
o° © & o

) Q L

T 4-
©
=
S 3-
")
7
o 2 -
o ]
»
Q
3 11
4
£0 . -
e"q? e"e?
.G &
L N
o& &
2 2
»
?‘b (¢}
T 1.5-
3
c
o
w 1.04
73
7]
: -
x *
O 0.5 T
o i s
N
z T
£ 0.0- T T
¢ © < o
A\ ¥ o

Figure 1. LncRNA XIST and miR-124 in GC tissue specimens and cell strains. A, B. gqRT-PCR quantified IncRNA XIST
and miR-124 levels in 50 GC tissue specimens compared with adjacent counterparts. C, D. qRT-PCR quantified Ln-
cRNA XIST and miR-124 in four GC cell strains (MGC803, BGC823, SGC-7901 and AGS) and human gastric mucosa
epithelial cells GSE1. GAPDH was the internal control in this experiment. *P < 0.05, **P < 0.01.

tion was found with patient age or gender (both
P > 0.05, Table 2).

We then assessed XIST and miR-124 expres-
sion in the human gastric epithelial cell line
(GES-1) and four GC cell lines (MGC803,
BGC823, SGC-7901, and AGS). RT-gPCR an-
alysis demonstrated a significant upregulation
of XIST in all GC cell lines compared to GES-1,
with the highest expression in MGC803. Con-
versely, miR-124 expression was significantly
downregulated in the GC cell lines, with the
most pronounced reduction in MGC803 (P <
0.05) (Figure 1C and 1D). These results indi-
cate that dysregulation of XIST and miR-124 in
GC tissues and cell lines may play a crucial role
in disease progression.
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Knocking down XIST reduces GC cell growth
and clonogenic potential by modulating miR-
124

To investigate the regulatory roles of XIST and
miR-124 in GC cells, four shRNA constructs
targeting XIST were designed. RT-gPCR analy-
sis identified sh-XIST#3 as the most effective
construct for XIST knockdown, which was
selected for further experiments (Figure 2A).

MGC803 cells were transfected with miR-124
mimics or inhibitors, and high transfection
efficiency was confirmed via RT-qPCR (Figure
2B). Cell proliferation and clonogenic potential
were assessed using CCK-8 and colony forma-
tion assays, respectively (Figure 2C and 2D).

Am J Cancer Res 2025;15(4):1597-1613
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Table 2. Relationship between IncRNA XIST expression and clinicopathological characteristics of

patients with gastric cancer

L . . LncRNA XIST

Clinicopathological characteristics - - - p

High expression group n = 37 Low expression group n = 13

Age > 0.05
<55 years 12 4
> 55 years 25 9

Gender > 0.05
Male 23 8
Female 14 5

Tissue differentiation degree <0.001
Low differentiation 30 7
Highly differentiation 7 6

Tumor diameter <0.001
<3cm 11 6
>3cm 26 7

TNM stage <0.001
| stage 8 6
Il stage 10 5
Il stage 19 2

Lymph node metastasis <0.001
Yes 32 5
No 5 8

Knockdown of XIST (sh-XIST) or overexpression
of miR-124 via mimics significantly suppress-
ed MGC803 cell proliferation and colony forma-
tion compared to the control group (P < 0.05).
Moreover, the inhibitory effects of sh-XIST on
proliferation and clonogenic capacity were
notably reversed upon co-treatment with miR-
124 inhibitors compared to the sh-XIST group
alone (P < 0.05).

Knocking down XIST promotes GC cell apopto-
sis via modulating miR-124

To evaluate the impact of XIST on apoptosis in
MGC803 cells, flow cytometry analysis was
performed (Figure 3). The apoptotic rates sig-
nificantly increased in the sh-XIST and miR-
124 mimic groups compared to the blank con-
trol group (P < 0.05). However, co-treatment
with sh-XIST and miR-124 inhibitors substan-
tially reduced apoptosis levels compared to the
sh-XIST group alone (P < 0.05).

Knocking down XIST reduces GC cell invasion
and migration via modulating miR-124

Using Transwell and scratch wound healing
assays, we assessed the effects of XIST and
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miR-124 on the invasion and migration capa-
bilities of GC cells (Figure 4). The results dem-
onstrated that both invasive and migratory
activities were significantly suppressed in the
sh-XIST and miR-124 mimics groups compar-
ed to the blank control group (P < 0.05).
Furthermore, co-transfection with sh-XIST and
miR-124 inhibitors partially reversed the sup-
pressive effects of sh-XIST on cell invasion and
migration (P < 0.05).

Targeting the XIST/miR-124/STAT3 axis

The interaction between IncRNAs and miRNAs
in cancer biology is well-established. Using
Starbase 2.0, we identified a complementary
binding site between XIST and miR-124, sug-
gesting that XIST may regulate miR-124. This
hypothesis was confirmed by a dual-luciferase
reporter assay in MGC803 cells. Co-transfec-
tion of miR-124 mimics with the wild-type XIST
reporter significantly reduced luciferase activi-
ty, whereas the mutant XIST reporter showed
no significant changes (Figure 5A).

RT-gPCR further validated that XIST knock-
down (sh-XIST) increased miR-124 expression
in MGC803 cells (Figure 5B). Additionally, dual-

Am J Cancer Res 2025;15(4):1597-1613
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Figure 2. Knocking down IncRNA XIST reduces GC cell proliferation and cloning via regulating miR-124. A. RT-qPCR
detection of XIST expression in GC cells, which transfected with sh-XIST#1, sh-XIST#2, sh-XIST#3, sh-XIST#4. B. RT-
gPCR detection of miR-124 expression in GC cells, which transfected with miR-124 mimic and miR-124 inhibitor. C.
CCK8 assay determines cell proliferation in GC cells at O h, 24 h, 48 h, 72 h. D. Colony formation assay determines
cell colony in GC cells. a: NC group, b: sh-XIST group, ¢: miR-124 mimics group, d: sh-XIST + miR-124 inhibitors
group. The number of clonal colonies was counted. “P < 0.05, “P < 0.01.

luciferase assays demonstrated that miR-124
mimics significantly suppressed the activity of
the wild-type STAT3 reporter, with no effect on
the mutant STAT3 reporter (Figure 5C and 5E).

RT-gPCR and western blot analyses confirmed
that sh-XIST or miR-124 mimics decreased
STAT3 mRNA and protein levels compared to
the controls (P < 0.05). The suppression of
STAT3 expression by sh-XIST was notably
reversed by miR-124 inhibition (Figure 5D and
5F, P < 0.05).

XIST regulates expression of STAT3, PD-1, PD-
L1, E-cadherin, N-cadherin, and MMP9 in GC
cells via targeting miR-124

RT-gPCR and western blot analyses showed
that sh-XIST or miR-124 mimics significantly
reduced the expression of STAT3, PD-1, PD-L1,
N-cadherin, and MMP9 at both transcriptional
and protein levels, while increasing E-cadherin
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expression compared to the control group.
However, these effects were partially reversed
by co-transfection with sh-XIST and miR-124
inhibitors (Figure 6 and Supplementary Data).

XIST acts as an oncogene in GC by up-regulat-
ing STAT3 expression

To explore whether STAT3 acts downstream of
XIST, we analyzed STAT3 expression in GC cell
lines. Western blot results showed that STAT3
was significantly upregulated in GC cell lines
(MGC803, BGC823, SGC-7901, and AGS) com-
pared to normal gastric mucosal epithelial
cells (GES-1) (Figure 7A). Among four shRNAs
targeting STAT3, sh-STAT3#4 achieved the
highest knockdown efficiency and was select-
ed for further experiments (Figure 7B). Overe-
xpression of pcDNA-XIST resulted in a > 7-fold
increase in XIST expression compared to the
control group (Figure 7C).

Am J Cancer Res 2025;15(4):1597-1613
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Figure 3. LncRNA XIST knockdown enhanc-
es GC cell apoptosis via modulating miR-
124. A. Flow cytometry determines in GC
cell apoptosis. B. The number of apoptosis
ratio was counted. “*P < 0.01.
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In MGC803 cells, transfection with sh-STAT3
significantly reduced STAT3 expression, while
co-transfection with pcDNA-XIST restored
STAT3 expression to levels comparable to the
control group (Figure 7D and 7E). STAT3 knock-
down also decreased the expression of PD-1,
PD-L1, N-cadherin, and MMP9 while increas-
ing E-cadherin expression; these effects were
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Figure 4. LncRNA XIST knockdown reduces GC cell
invasion and migration via regulating miR-124. A.
Transwell invasion assays determines cell invasion
in GC cells (x200). B. The number of invaded cells
was counted. C. Wound healing assays determines
GC cell migration (x100). D. The number of scratch
rates was counted. Compared with NC group, °P <
0.05; compared with sh-XIST group, °P < 0.05.

reversed by XIST overexpression (Figure 7E and
7F).

Functional assays showed that STAT3 knock-
down inhibited cell proliferation (Figure 7G),
colony formation (Figure 7H), invasion (Figure
71), and migration (Figure 7J), while promoting
apoptosis (Figure 7K). Co-transfection with
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Figure 5. Confirmation of the IncRNA XIST/miR-124/STAT3 axis regulation. A. The potential binding sites for miR-
124 on XIST were forecasted using miRcode. B. A luciferase reporter assay was conducted to assess the interaction
between IncRNA XIST and miR-124 in GC cells. C. RT-qPCR was utilized to measure the levels of miR-124 in GC
cells following transfection with sh-XIST. D. The predicted binding sites for miR-124 on STAT3 were identified using
Targetscan 7.2. E. The interaction between STAT3 and miR-124 in GC cells was evaluated using a luciferase reporter
assay. F. The levels of STAT3 in GC cells were analyzed after transfection with sh-XIST or treatment with miR-124
mimics or inhibitors. WT, wild type; Mut, mutant; NC, negative control. "P < 0.05. Compared with miR-NC or NC

group, 2P < 0.05; compared with sh-XIST group, °P < 0.05.

pcDNA-XIST counteracted these effects of
sh-STAT3.

Knockdown of XIST inhibits GC xenograft tu-
mor growth by promoting miR-124 expression

To validate our in vitro findings that XIST knock-
down inhibits GC progression, we assessed the
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role of the XIST/miR-124 axis in a xenograft
mouse model. MGC803 cells, stably trans-
fected with sh-XIST, miR-124 mimics, or a com-
bination of sh-XIST and miR-124 inhibitors,
were subcutaneously injected into athymic
mice to evaluate the in vivo effects of this
axis on tumor proliferation. Both XIST knock-
down and miR-124 overexpression significantly

Am J Cancer Res 2025;15(4):1597-1613



LncRNA XIST affects gastric cancer progression via regulating miR-124/STAT3 axis

STAT3 -_— — e

= NC
o - @ G —
PD-% = sh-XIST
B miR-124 mimics
PD-L1 D wee - Sh-XIST+miR-124 inhibitors

N-cadherin

D s w— —

E-cadherin G G e

# ¥

Relative protein expression (fold)

MMP9 -y - —
STAT3 PD-1 PD-L1 N-cadherin E-cadherin MMP9
B-actin -y e o= S
B STAT3 PD-1 PD-L1
i) ) )
S 15 =15 1.5
g g g
5 5 s
210 & 1.0 9 1.0
5 s s
a ab = ab
< ab % = 5 ab
= i < a a < a
Z o5 Zos Z 05 a
E 2 a x = © i
© T £ E
= L B 3 7
5 00 T 200 T T a 0.0 T T
A A o
eo .p&-’ é“? o & ‘\o '\f" &\@ ‘@@ \;o .‘_\‘\ é‘é’ &
= S & : § R < & &
° ) & @ > & ® > &
a R Q4 & W4 S
N D N De N D
& 4 & 4 & v
& & & & & 3
*6\ xé\ ,‘4\
& & &
& & &
N-cadherin E-cadherin . MMP9
]
15 4 15
< < a =
Z3 235 a o
2 33 [
Ec 10 E v - @ 1.0
£5 b £s g 2
S ® 2 32 ab ¢
% 8 0.5 a % S - § 05 a a
— .. a — .
S % = S84 & T
? 3 ? 5
=z w [«}]
o
0.0 T T 0 T = 00 T T
A A = A
NI P NI NI RV
RO &S S
V 2 YV 2 Qi
§ N & N & N
& & & & &
<& & <&
< < <
al ol ol
& & &

Figure 6. LncRNA XIST affects STAT3, PD-1, PD-L1, E-cadherin, N-cadherin, and MMP9 levels in GC cells via targeting
miR-124. A. Western blot quantified STAT3, PD-1, PD-L1, E-cadherin, N-cadherin, and MMP9 levels. 1: NC group, 2:
sh-XIST group, 3: miR-124 mimics group, 4: sh-XIST + miR-124 inhibitors group. B. RT-qPCR analyzed PD-1, PD-L1,
E-cadherin, N-cadherin, and MMP9 mRNA in GC cells transfected with sh-XIST or miR-124 mimics or inhibitors.
Compared with NC group, P < 0.01; compared with sh-XIST group, #P < 0.05, #*P < 0.01.

reduced tumor volume and weight compared to
the NC group. Rescue experiments demon-
strated that miR-124 inhibition partially revers-
ed the tumor-suppressive effects of XIST
knockdown (Figure 8A-C).

Further analysis revealed that XIST knockdown
or miR-124 overexpression decreased the
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expression of XIST, STAT3, and PD-L1 while
increasing miR-124 levels. However, co-trans-
fection with miR-124 inhibitors counteracted
these changes, as shown in Figure 8D. These
results are consistent with our in vitro findings
and confirm that XIST knockdown suppresses
GC tumor growth by enhancing miR-124
expression.
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Figure 7. XIST plays an oncogenic role in GC by up-regulating STAT3 expression. A. Western blot quantified STAT3 in four GC cell strains (MGC803, BGC823, SGC-
7901 and AGS) and normal gastric mucosal epithelia GES1. B-actin was the internal control in this experiment. P < 0.05, ""P < 0.01. B. Western blot detection of
STAT3 expression in GC cells, which transfected with sh-STAT3#1, sh-STAT3#2, sh-STAT3#3, sh-STAT3#4. C. RT-gPCR detection of XIST expression in GC cells, which
transfected with pcDNA-XIST. D. gRT-PCR quantified LncRNA XIST in MGC803 cells, which transfected with sh-NC, sh-STAT3, sh-STAT3 + pcDNA-3.1, sh-STAT3 +
pcDNA-XIST. E, F. Western blot quantified protein levels of STAT3, PD-1, PD-L1, E-cadherin, N-cadherin, and MMP9 in MGC803 cells, which transfected with sh-NC,
sh-STAT3, sh-STAT3 + pcDNA-3.1, sh-STAT3 + pcDNA-XIST. G. CCK8 assay determines cell proliferation in MGC803 cells at O h, 24 h, 48 h, 72 h. H. Colony formation
assay determines cell colony in GC cells. I. Transwell invasion assays determines cell invasion in GC cells (x200). J. Wound healing assays determines GC cell migra-
tion (x100). K. Flow cytometry determines in GC cell apoptosis, and the number of apoptosis ratio was counted. “*P < 0.01 compared with sh-NC group. #*P < 0.01
compared with sh-STAT3 + pcDNA-3.1 group.
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Figure 8. Knockdown of XIST inhibits GC xenograft tumor growth by promoting miR-124 expression. A. Depictions of tumors harvested from each experimental co-
hort. B. Quantification of tumor volumes across the different groups. C. Measurement of tumor weights in each group. D. RT-qPCR analysis of XIST, miR-124, STAT3
mMRNA, and PD-L1 mRNA levels in tumors from each group. P < 0.01, "P < 0.001 compared with NC group. *P < 0.05, #P < 0.01 compared with sh-XIST group.
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Discussion

XIST overexpression has been implicated in
various digestive tract cancers, including pan-
creatic, esophageal, colorectal, and GC [12,
13]. As a ceRNA, XIST regulates miRNA-mRNA
networks, influencing tumor behaviors such
as proliferation, apoptosis, invasion, and migra-
tion [14]. Our study confirmed that XIST is hig-
hly expressed, while miR-124 is downregulated
in GC tissues and cell lines, consistent with
prior research. These findings highlight the
critical roles of XIST and miR-124 in GC pro-
gression. Xu et al. [15] demonstrated that
knocking down XIST promotes apoptosis and
enhances cytotoxicity in NSCLC cells. Similarly,
Li et al. [16] reported that silencing XIST in
glioblastoma affects the sponge-adsorbed
miR-448, thereby regulating ROCK1 and ulti-
mately inhibiting tumor cell proliferation,
migration, and invasion. In our study, knock-
down of XIST using lentiviral sh-XIST sup-
pressed GC cell proliferation, colony formation,
invasion, and migration while promoting apop-
tosis, indicating its tumor-suppressive poten-
tial. Similarly, miR-124 mimics significantly
reduced GC cell proliferation and invasiveness
while enhancing apoptosis. miR-124, a well-
established tumor suppressor, is often tran-
scriptionally silenced in various cancers. For
instance, Hu et al. [17] demonstrated that
miR-124 suppresses GC cell growth and inva-
sion by targeting ROCK1. Additionally, XIST has
been identified as an oncogenic factor that
regulates miR-124 and miR-140 to promote
cyclin expression and pancreatic cancer cell
growth [18]. Consistent with this, our study
found that XIST knockdown-induced tumor sup-
pression was significantly attenuated by miR-
124 inhibitors, suggesting that XIST mediates
its effects on GC cells through miR-124.

Bioinformatics analyses identified potential
binding sites between XIST and miR-124, which
were experimentally confirmed using a dual-
luciferase reporter assay. This demonstrated a
direct interaction, establishing miR-124 as a
target of XIST. As a ceRNA, XIST plays a crucial
role in maintaining intracellular gene network
stability by engaging in the ceRNA-miRNA-
MmRNA regulatory axis. Dysregulation of this
network is associated with various diseases,
including cancer. For instance, Ma et al. [19]
reported that XIST sponges miR-497 to regu-
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late MACC1 expression, affecting GC cell
growth and invasion. Similarly, our findings
revealed that both XIST knockdown and miR-
124 overexpression significantly suppressed
STAT3 expression. Additionally, miR-124 inhibi-
tors reversed the inhibitory effects of XIST
knockdown on STAT3 expression, indicating
that XIST modulates STAT3 in GC cells by tar-
geting miR-124.

STAT3, a key factor in the JAK-STAT signaling
pathway, plays a critical role in tumor malignan-
cy. The XIST/miR-124 axis may modulate GC
cell behavior by regulating STAT3 expression.
Qi et al. [20] showed that miR-124 inhibits
STAT3 signaling in tumor cells from postopera-
tive NSCLC patients, preventing disease pro-
gression. Similarly, Pang et al. [21] reported
that miR-124 enhances the radiosensitivity of
breast cancer cells by targeting STAT3. In this
study, bioinformatics predictions and DLR
assays confirmed STAT3 as a direct target of
miR-124. Together, these results suggest that
XIST regulates STAT3 expression by sequester-
ing miR-124, thereby influencing GC cell
biology.

PD-1 and PD-L1 are critical immunosuppres-
sive molecules, overexpressed in various
malignancies, and associated with resistance
to tumor immunotherapy and poor prognosis
[22-24]. The regulation of the PD-1/PD-L1 axis
is complex, involving multiple pathways, such
as JAK/STAT3, MAPK, and PI3K/Akt [25].
STAT3 acts as an upstream regulator of PD-1/
PD-L1 and is crucial for tumor immune regula-
tion. For example, activation of the PD-1 path-
way enables immune evasion in head and
neck carcinoma cells [26], and STAT3 can bind
to the PD-L1 promoter region, facilitating
immune escape in cytotoxic NK/T-cell lympho-
mas [27]. Ashrafizadeh et al. [28] suggested
that IncRNAs and miRNAs serve as upstream
regulators of the PD-1/PD-L1 axis, crucial for
tumor immunomodulation by influencing tran-
scription factors like STAT, PI3K, and Akt. In
GC, miR-375 has been shown to inhibit PD-L1
expression by targeting the JAK2/STAT3 axis
[29]. Our study demonstrated that XIST knock-
down and miR-124 overexpression not only
downregulated STAT3 expression but also sup-
pressed PD-1/PD-L1 levels, suggesting that
XIST interacts with miR-124 in GC cells and
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modulates PD-1/PD-L1 expression through
STAT3.

Additionally, XIST was found to regulate the
expression of epithelial-mesenchymal transi-
tion (EMT)-associated markers, including N-
cadherin, E-cadherin, and MMP9, in GC cells
via the miR-124/STAT3 axis. Consequently, sh-
XIST inhibited EMT in GC cells, suggesting that
XIST may influence GC cell behavior by modu-
lating the miR-124/STAT3 axis and impacting
the EMT process.

Despite providing valuable insights into the
roles of XIST and miR-124 in GC, several limita-
tions should be considered. First, the small
sample size may limit the generalizability of the
findings. Second, although we identified the
XIST/miR-124/STAT3 axis as a regulatory
mechanism in GC, the precise molecular inter-
actions and signaling pathways require further
exploration. Third, the impact of other genetic
and environmental factors on the observed
effects of XIST and miR-124 was not investi-
gated. Despite these limitations, our findings
lay the foundation for future research and
clinical applications. The identification of the
XIST/miR-124/STAT3 axis as a critical pathway
in GC progression suggests that targeting this
axis could offer a promising therapeutic
strategy. Future studies should focus on eluci-
dating the detailed molecular mechanisms
underlying XIST’s regulation of miR-124 and
STAT3 in GC, their impact on cellular behavior
and EMT, and their potential roles in immuno-
therapy. Moreover, the development of combi-
nation therapies and biomarkers for diagnosis
and treatment monitoring should be explored.

In conclusion, XIST is highly expressed in GC,
and its knockdown upregulates miR-124 ex-
pression, inhibiting GC cell proliferation, clono-
genicity, invasion, and migration, while promot-
ing apoptosis. Furthermore, XIST regulates
PD-1/PD-L1 expression through STAT3. The
XIST/miR-124/STAT3 axis provides valuable
insights into GC progression at the molecular
level and represents a potential novel thera-
peutic target. This study highlights the signifi-
cance of the XIST/miR-124/STAT3 axis in GC
and lays the groundwork for future research
and therapeutic development. A deeper under-
standing of these molecular interactions may
lead to novel strategies for improving GC
management.
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