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ABSTRACT: Background: G protein subunit alpha 13 (GNA13) plays a role in the progression of many malignant
tumors, but its expression in esophageal carcinoma (ESCA) cells and impact on their biological behavior are unknown.
This research aims to clarify the functions and mechanisms of GNA13 on the malignant phenotype of ESCA cells.
Methods: GNA13 expression in ESCA tissues and cells was assessed using reverse transcription quantitative polymerase
chain reaction (RT-qPCR) and Western blot. Sh-GNA13 was transfected into ESCA cells (TE-1 and KYSE-150) to assess
the efficiency of GNA13 silencing. The effects of GNA13 silencing on cell viability, clone formation rate, invasion, and
apoptosis of ESCA cells were investigated via Cell Counting Kit-8, clone formation, Transwell, and flow cytometry. The
expression of epithelial-mesenchymal transition (EMT) marker proteins, apoptotic proteins, and 3-catenin pathway
proteins was evaluated by Western blot. Results: GNA13 expression in ESCA tissues and cells was significantly
higher than in paracancerous tissues and normal human esophageal cells, HET1A (p < 0.05). Silencing GNA13
suppressed the malignant phenotypes of ESCA cells: cell viability at 48 h was decreased by 25.8%-42.2% (p < 0.01),
clone formation rate was reduced by 70%-89% (p < 0.05), and invasion capacity was attenuated by 51%-56% (p < 0.05).
Meanwhile, GNA13 knockdown inhibited the EMT process and increased the apoptotic rate by 3.0-3.2-fold (p < 0.05).
Silencing GNA13 reduced the expression of (3-catenin pathway proteins (p < 0.05), while the (3-catenin pathway
activator SKL2001 reversed the tumor-suppressive effects induced by GNA13 silencing (p < 0.05). Conclusion:
GNA13 increased ESCA cell invasion and prevented apoptosis by stimulating the (3-catenin pathway. The findings
may lead to new approaches for diagnosing and treating ESCA.
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1 Introduction

Esophageal carcinoma (ESCA) is among the most aggressive gastrointestinal tumors, accounting for
the sixth largest cause of cancer death globally [1,2]. ESCA ranks as one of the most frequent malignant
tumors in China, accounting for the fourth highest cause of cancer-related fatalities [3]. The prognosis for
patients with ESCA remains poor despite recent advancements in comprehensive treatment options and
diagnostic methods, with a survival rate after five years of fewer than 30% and a postoperative recurrence
rate of approximately 50% [4,5]. This is primarily owing to the fact that the majority of ESCA patients are
diagnosed in the mid- to late phases, and the tumors have metastasized locally and/or exhibited abnormal
biological behaviors of the cells [6]. As a result, it is essential to identify and explore the genes and molecular
mechanisms associated with ESCA growth and metastasis, as well as to screen for biomarkers with potential
application value, which can serve as potential targets for early screening and subsequent therapeutic
interventions for ESCA.
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The malignant biological activity of ESCA is a complicated process influenced by a variety of variables,
phases, signaling pathways, and environmental exposures [7,8]. The progression of ESCA from normal
esophageal epithelial cells to mild, moderate, and severe atypical hyperplasia, to carcinoma in situ, and
finally to invasive and metastatic carcinoma is a long process that is regulated by many related genes, which
further affects the signaling pathways critical for the biological functions of cell growth, apoptosis, and
metastasis, and induces ESCA [9,10]. Guanine nucleotide-binding protein subunit 13 (G protein subunit o
13, GNA13) is found on human chromosome 17 and binds to G protein-coupled receptors (GPCRs) to affect
a variety of cellular activities and participates in the regulation of cell proliferation and invasion [11,12].
Accumulating evidence suggests that GNA13 plays an oncogenic role in a variety of tumors [13,14]. For
instance, high expression of GNA13 enhances the growth and migration of lung carcinoma with squamous
cells [12]. Furthermore, GNA13 induces drug resistance and the tumor-initiating cell (TIC) phenotype
in head and neck squamous cell carcinoma [15]. Studies have confirmed that high GNA13 expression is
associated with a poor prognosis in ESCA [16], but the mechanism of its action is unknown.

Rho proteins (also known as small G proteins, Rho small GTPases), primarily including RhoA, Rac1, and
Cdc42, toggle among active (Rho-GTP-bound) and inactive (Rho-GDP-bound) states modulated by guanine
nucleotide-exchange factors (GEFs) and GTPase-activating proteins (GAPs), acting as molecular switches to
regulate a variety of important signaling pathways [17,18]. Notably, overexpression of GNA13 inhibited the
activation and protein expression of RhoA and promoted migration and invasion of breast cancer cells [13].
[3-catenin is essential for the traditional Wnt signaling pathway, which promotes malignant phenotypes in
tumors and regulates biological processes like proliferation, differentiation, and death in human cancer
cells [19,20]. The protein stability and nuclear translocation of (3-catenin are critical for activating the Wnt
pathway. In the resting state, 3-catenin is found at low levels in the cytoplasm and binds with E-cadherin
at the cell membrane, blocking it from accessing the nucleus. When the Wnt signaling pathway is engaged,
[3-catenin translocates into the cell nucleus and interacts with TCF/LEF transcription factors to form a
functional complex. This complex activates downstream genes and governs cell growth [21,22]. A previous
study has shown that down-regulation of RhoA induces the activation of (3-catenin signaling and leads to
increased intestinal tumorigenesis [23]. The recent discovery of DK419, a novel Wnt inhibitor that effectively
blocks 3-catenin nuclear translocation and overcomes chemoresistance in glioblastoma, further underscores
the therapeutic potential of targeting this pathway in solid tumors [24]. Building on these findings, it is
hypothesized that GNA13 regulates the 3-catenin pathway, influencing the development of ESCA.

However, the biological role of GNA13 in ESCA and its downstream regulatory mechanisms have not
been fully elucidated. This study was designed to characterize GNA13 expression in ESCA clinical tissues
and cell lines, evaluate its impact on the malignant phenotypes of ESCA cells, and explore its potential
association with the 3-catenin pathway. This study aims to deliver new insights into ESCA management
and offer experimental evidence for targeted inhibition of GNA13 as a promising therapeutic strategy
against ESCA growth and metastasis.

2 Materials and Methods

2.1 Bioinformatics Analysis

GNA13 expression levels in ESCA were examined using the GEPIA platform (http://gepia.cancer-pku.cn/).
The “Match TCGA normal and GTEx data” option was selected to integrate ESCA tumor samples from
The Cancer Genome Atlas (TCGA) with matched normal esophageal tissues from both TCGA and GTEx
datasets for pairwise comparison. One-way ANOVA was employed as the built-in statistical method for
differential expression testing, with predefined cutoff values set as |log; fold change| > 1 and p < 0.01.
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2.2 Tissue and Cell Specimens

The 28 ESCA tissue samples and paracancerous tissue samples were taken from pathologic biopsy
specimens at Medical College of Huanghuai University. This investigation was reviewed and approved by
the Ethics Committee of Medical College of Huanghuai University (Approval Number: KY-2025-01-101).
All participants were told of the study design and approach, and completed an informed consent form.

Human esophageal normal cells (HET1A; Cat. No.: STM-CL-5534) and human ESCA cell lines KYSE-
450 (Cat. No.: STM-CL-5553), KYSE-150 (Cat. No.: STM-CL-5150), TE-1 (Cat. No.: STM-CL-5001), and
KYSE30 (Cat. No.: STM-CL-5204) were obtained from Stemrecell Biotechnology (Shanghai, China). All
the cells have been identified by STR analysis, and there is no mycoplasma contamination. The cells were
grown in RPMI-1640 medium with 10% fetal bovine serum (FBS, C0235, Beyotime, Shanghai, China) and 1%
penicillin-streptomycin double antibiotic (15140122, Gibco, Big Cabin, OK, USA) in a cell culture incubator
at 37°C with 5% COx.

2.3 Cell Transfection

Ribobio (Guangzhou, China) offered GNA13 short hairpin RNA (sh-GNA13; TAGCAGTTTACAACCA-
GAA) and negative control (sh-NC; TTCTCCGAACGTGTCACGT). KYSE-150 and TE-1 cells in logarithmic
growth phase were digested and seeded into 24-well plates: the rapidly growing KYSE-150 cell line was
seeded at a density of 5 x 104 cells/well, and the TE-1 cell line was seeded at 1 x 10° cells/well. After 12~16 h of
incubation, cells reached 60%~70% confluence and were then subjected to transfection using Lipofectamine
3000 reagent (L3000001, Invitrogen, Carlsbad, CA, USA). At 6 h post-transfection, the culture medium was
replaced with fresh complete medium to remove transfection complexes. Cells were harvested at 48 h
post-transfection, and transfection efficiency was determined by Western blot. For the sh-GNA13+SKL2001
group, TE-1 and KYSE-150 cells were transfected with sh-GNA13; at 6 h post-transfection, the culture
medium was replaced with fresh complete medium. At 24 h post-transfection, the 3-catenin pathway
activator SKL2001 (40 uM, HY-101085, MedChemExpress, Monmouth Junction, NJ, USA) was added to the
culture medium, and the incubation was continued for another 24 h [25].

2.4 Reverse Transcription Quantitative PCR (RT-qPCR)

The total RNA of ESCA tissue samples and KYSE-150 and TE-1 cells was extracted with the TRIzol kit
(DP424, TIANGEN, Beijing, China). Following the instructions of the PrimeScript RT Kit (RR047A, Takara,
Tokyo, Japan), the purified total RNA was reverse transcribed into cDNA. RT-qPCR reactions were set up in
a 20 pL reaction system containing 10 puL of SYBR Green PCR Master Mix (4309155, Applied Biosystems,
Foster City, CA, USA), 2 uL of cDNA template, 0.4 uL forward and 0.4 puL reverse primers (both at 10 uM),
and 7.2 uL of RNase-free water. The amplification was conducted on the RT-qPCR system (PRISM 7300, ABI,
Carlsbad, CA, USA). The amplification procedure was set with the following parameters: a pre-denaturation
step held at 95°C for 10 min, 40 consecutive cycles of 95°C denaturation for 15 s and 60°C annealing for
60 s, and a final melting curve analysis to confirm the specificity of amplification products. GAPDH was
employed as the internal reference gene. The 27*A¢! technique was applied to determine the comparative
levels of each gene. The primer sequences (5’-3’) for the examined genes were as follows:

GNA13: F: 5-AGTGATGGGCGATGGAAAGG-3’, R: 5'-GGCAGGGACTGTCTCACATT-3’.

cyte: F: 5-CACCCGCAGGAATACCCATT-3/, R: 5-TTGTTCACGTGTCTCGTACTT-3’.

Bax: F: 5-ACCTACAGAGCGGGGATGAT-3’, R: 5'-CCTAAACAGGCCTCGACGAA-3'.

Bcl-2: F: 5-GGAACATGGCACACACTGGA-3’, R: 5'-GAACCGGAGGGAGGTTTCAG-3".

GAPDH: F: 5-GGGAAACTGTGGCGTGAT-3’, R: 5-GAGTGGGTGTCGCTGTTGA-3'.
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2.5 Western Blot

Pre-chilled RIPA buffer (20101ES60, Yeasen, Shanghai, China) was added to the KYSE-450, KYSE-150,
TE-1, and KYSE30 cells and ESCA tissue samples for lysis, and total proteins were extracted. A BCA
protein assay kit (P0012, Beyotime) was utilized to measure the protein content of all prepared samples.
Equal amounts of total protein (30 pg/lane) were mixed with SDS loading buffer, subjected to 10 min of
boiling for denaturation, and then separated by 10% SDS-PAGE. The proteins were transferred to PVDF
membranes, which were then blocked with 5% bovine serum albumin for 1 h at 25°C. Membranes were
incubated overnight with diluted primary antibodies (Table 1) at 4°C, then washed with TBST, and treated
with HRP-labeled goat anti-rabbit IgG (1:2000, ab6721, Abcam) at 25°C for 30 min. Protein bands were
developed with an ECL kit (P0018S, Beyotime), and band images were captured using a chemiluminescent
image analysis system (5200, Tanon, Shanghai, China). Using GAPDH as the loading control, the gray value
of each protein band was analyzed by Image] 1.8.0 software (National Institutes of Health, Bethesda, MD,
USA). In addition, cytoplasmic and mitochondrial proteins were extracted using the mitochondrial/cytosol
separation kit (C3601, Beyotime), respectively, to detect cytc expression in the cytoplasmic fraction.

Table 1: Primary antibodies used in Western blot.

Antibody Cat. No. Dilution Manufacturer
GNA13 ab128900 1:2000 Abcam
E-cadherin ab40772 1:1000 Abcam
cytc ab133504 1:5000 Abcam
N-cadherin ab76011 1:5000 Abcam
Bcl-2 ab182858 1:2000 Abcam
Vimentin ab92547 1:1000 Abcam
Bax ab32503 1:1000 Abcam
DVL-1 ab233003 1:1000 Abcam
p-GSK-3f3 ab75814 1:10,000 Abcam
GSK-3/3 ab32391 1:5000 Abcam
[3-catenin ab6302 1:4000 Abcam
GAPDH ab9485 1:2500 Abcam

2.6 CCK-8 Detection

Post-transfection, TE-1 and KYSE-150 cells were digested with 0.25% trypsin (25200114, Gibco), cen-
trifuged at 4°C for 5 min (500x g) using a centrifuge (Pro2415R, Everfuge Biotech Instrument, Beijing,
China), and then inoculated into 96-well plates (1 x 10*/well). Each well received 200 uL of culture solution
and was placed in a 37°C, 5% CO, incubator for 24, 48, 72, or 96 h. 20 puL of CCK-8 solution (HY-K0301,
MedChemExpress) was introduced into each well, which was thoroughly mixed and incubated for 2 h. The
optical density (OD) of each well at 450 nm was then assessed by a SpectraMax Mini microplate reader
(Molecular Devices, San Jose, CA, USA). The cell viability ((OD value of the treated group/OD value of the
sh-NC group) x 100%) was then computed [26].

2.7 Clone Formation Experiments

Following transfection, TE-1 and KYSE-150 cells were inoculated in 12-well cell culture plates (inner
diameter of well is 21.1 mm, CCP-12H, Servicebio, Wuhan, Hubei, China) at a density of 1 x 103 cells/well
and grown in a 37°C incubator for 2 weeks. The medium was replaced every 2~3 days, and the assay was
halted when distinct colonies emerged in the wells. The wells were rinsed twice with PBS (0.01 M, pH 7.2),
followed by fixation in 100% methanol for 15 min. After removal of the supernatant, the cultures were
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treated for 30 min with 0.5% crystal violet (C0121, Beyotime) at 25°C. After washing off the staining solution
with running water and drying in air, the clones (>50 cells as 1 clone) were counted, and the relative clone
formation rate = colonies in the experimental group/colonies in the control group.

2.8 Cell Invasion Test

Transwell chambers were inserted into 24-well plates. Matrigel (354234, Corning, Corning, NY, USA)
was diluted with serum-free RPMI-1640 medium at a ratio of 1:8, and 50 pL of the diluted Matrigel was
added to the upper chamber. The plates were incubated at 37°C for 2 h to allow the Matrigel to fully
polymerize into gel. The upper chamber received 100 uL of TE-1 or KYSE-150 cell suspension (1 x 10°/mL
in serum-free medium), and the lower chamber received 500 uL of RPMI-1640 medium with 15% FBS.
Following a 48-h culture period, the plates were removed, and the non-invaded cells on the chambers were
carefully removed with a sterile cotton swab. The lower surface-attached invasive cells were subjected to
fixation with 4% paraformaldehyde (60536ES, Yeasen, Shanghai, China) for 30 min before being stained
with 0.1% crystal violet for 30 min, rinsed twice with PBS, and air-dried. Five random non-overlapping
fields of view per chamber were selected and photographed under microscopic photography (DM IL LED,
Leica Microsystems, Wetzlar, Germany), and the relative number of invading cells was counted.

2.9 Flow Cytometry

At 48 h post-transfection, both floating apoptotic KYSE-150 and TE-1 cells in the culture supernatant
and adherent cells digested with EDTA-free trypsin were combined into one tube, washed twice with PBS
(0.01 M, pH 7.2), and gathered by centrifugation (500x g, 4°C, 5 min). Cell pellets were resuspended in
100 uL of binding buffer provided in the Annexin V-FITC/PI kit (40302ES50, Yeasen), mixed well, and then
double-stained with 5 UL of Annexin V-FITC and 10 pL of PL respectively. The mixture was incubated
for 15 min in a light-protected condition at 25°C. Unstained blank control, Annexin V-FITC single-stained
control, and PI single-stained control were prepared in parallel with test samples to calibrate flow cytometry
fluorescence compensation and accurately define the quadrant gates. Following the addition of 400 uL
binding buffer, all samples were maintained on ice and detected with a flow cytometer (2010284AA, Agilent,
Santa Clara, CA, USA) within 1 h to determine the apoptotic rate.

2.10 Data Analysis

All data processing and statistical analyses were performed using SPSS 26.0 software (IBM Corp.,
Armonk, NY, USA). Data were presented as mean =+ standard deviation (¥ + SD). The normality of data and
homogeneity of variance were verified for all datasets. Statistical differences between two groups were
evaluated using Student’s t-test. One-way ANOVA coupled with Tukey’s post hoc test was applied for
multiple-group comparisons among three or more experimental groups. p < 0.05 indicates statistically
significant differences. The figures were drawn with GraphPad Prism 9.0 (GraphPad Inc., La Jolla, CA, USA).

3 Results
3.1 GNA13 Is Abundantly Expressed in ESCA

To investigate GNA13 expression in human ESCA, we performed a GEPIA database search, which
revealed that GNA13 was considerably overexpressed in ESCA samples (Fig. 1A). We obtained fresh tumor
tissues and corresponding paracancerous tissues from 28 groups of ESCA patients from the Medical College
of Huanghuai University, and examined GNA13 expression levels via RT-qPCR and Western blot. GNA13
expression was considerably higher in ESCA tumor specimens compared with paracancerous tissues
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(Fig. 1B-D), which was consistent with the results of the GEPIA search. Subsequently, we examined
GNA13 expression in the cells and discovered that GNA13 expression was significantly higher in ESCA cell
lines (KYSE-450, KYSE-150, TE-1, and KYSE30), particularly in TE-1 and KYSE-150 cells, than in human
esophageal normal cells, HET1A (Fig. 1E-G), implying that GNA13 may act as a pro-carcinogenic factor to
drive ESCA development. We chose TE-1 and KYSE-150 cells for subsequent cell biological behavior studies.
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Figure 1: GNA13 is abundantly expressed in ESCA. (A) The GEPIA database was utilized to obtain GNA13
expression discrepancies between normal and ESCA samples. (B) The mRNA levels of GNA13 in 28 ESCA and
paracancerous tissues were examined using RT-qPCR (n = 28). (C,D) GNA13 protein levels were assessed in 28 ESCA
and paracancerous tissues through Western blot. (E) GNA13 mRNA levels in human esophagus normal cells HET1A
and ESCA cell lines (KYSE-450, KYSE-150, TE-1, and KYSE30). (F,G) GNA13 protein expression levels in human
esophagus normal cells HET1A and ESCA cell lines. n = 3, *p < 0.05 vs. Normal/HET1A group.

3.2 Silencing the GNA13 Gene Decreases ESCA Cell Proliferation, Migration, and Invasion

To explore the role of GNA13 in the malignant biological behavior of ESCA cells, we transfected sh-
GNA13 or sh-NC into TE-1 and KYSE-150 cells. After transfection with sh-GNA13, the GNA13 protein level
was notably decreased compared with the sh-NC group (Fig. 2A,B). The impacts of GNA13 gene silencing
on ESCA cell growth and clone formation were investigated using the CCK-8 and cell cloning assays. After
transfection with sh-GNA13 for 24, 48, 72, and 96 h, the proliferation viability of both cell lines was markedly
suppressed when compared to the control group (Fig. 2C,D). Additionally, the number of clones formed by
TE-1 and KYSE-150 cells was significantly reduced by the naked eye, and the rate of clone formation was
decreased to less than 50% in the sh-GNA13 group (Fig. 2E,F). Protein levels of EMT-associated markers were
examined after GNA13 silencing; E-cadherin was notably elevated, while N-cadherin and Vimentin were
both markedly reduced (Fig. 2G-J), showing that the cellular epithelial-mesenchymal transition pathway
was blocked. As demonstrated in Fig. 2K,L, after transfection with sh-GNA13, the number of TE-1 and
KYSE-150 cells invading the bottom chamber was much lower than in the control group. GNA13 gene
suppression was revealed to decrease both the malignant phenotype of ESCA cells and the EMT process,
implying that GNA13 may be a crucial protein in producing the malignant phenotype of ESCA.

3.3 GNA13 Gene Silencing Promotes Apoptosis in ESCA Cells

GNA13’s influence on ESCA cell death was investigated further using flow cytometry. The findings
demonstrated that the apoptotic rate of TE-1 and KYSE-150 cells silenced with GNA13 was much higher than
that of the cells in the sh-NC group (Fig. 3A,B). We examined the specific alterations in apoptosis-related
proteins in ESCA cells after silencing GNA13. Fig. 3C-E showed that GNA13 silencing caused marked
upregulation of pro-apoptotic cytc and Bax mRNA levels, and concurrent downregulation of anti-apoptotic
Bcl-2 mRNA expression in both cell lines. Additionally, following GNA13 down-regulation, cytc and Bax
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protein levels were markedly elevated, whereas Bcl-2 protein was prominently decreased in TE-1 and
KYSE-150 cells (Fig. 3F-I).
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3.4 Silencing the GNA13 Gene Reduces Activation of the f-Catenin Pathway

The foregoing investigations have proven that GNA13 gene silencing inhibits the malignant devel-
opment of ESCA cells, although the mechanism and downstream signaling pathways have yet to be
investigated. Aberrant activation of the (3-catenin pathway has been reported in ESCA [27]. We therefore
hypothesized that the [3-catenin pathway may be implicated in GNA13-mediated malignant development
of ESCA cells. To confirm the speculation, we divided the experiment into three groups: control (sh-NC),
GNA13-silencing (sh-GNA13), and GNA13-silencing + 3-catenin pathway activator (sh-GNA13+SKL2001).
We examined the (3-catenin signaling pathway by Western blot to detect changes in protein and phospho-
rylated protein levels of DVL-1, GSK33, and 3-catenin in the pathway. The findings demonstrated that
GNA13 silencing dramatically lowered the levels of DVL-1, p-GSK33/GSK3f3, and [3-catenin, which was
effectively reversed by the addition of SKL2001 (Fig. 4A-H). This suggests that the suppression of GNA13
silencing on the malignant biological phenotypes of ESCA cells may be associated with inhibition of the
[3-catenin pathway.
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Figure 4: GNA13 silencing blocks the 3-catenin pathway. (A-D) GNA13 silencing impaired {3-catenin pathway-
associated protein levels, including DVL-1, p-GSK-33/GSK-3f3, and {3-catenin in KYSE-150 cells. (E-H) GNA13
silencing suppressed 3-catenin pathway-associated protein levels, including DVL-1, p-GSK-33/GSK-3f3, and [3-catenin
in TE-1 cells. n = 3, *p < 0.05 vs. sh-NC group; *p < 0.05 vs. sh-GNA13 group.

3.5 Silencing GNA 13 Suppresses ESCA Cellular Malignant Phenotype via Inhibiting the ff-Catenin
Pathway

We investigated whether GNA13 influences the malignant phenotype of ESCA cells via the 3-catenin
pathway. The findings revealed that SKL2001 treatment reversed the inhibitory effects of GNA13 silencing
on ESCA cells, resulting in increased cell proliferation viability and relative colony formation rate (Fig. 5A-
C), down-regulation of the epithelial marker E-cadherin, and up-regulation of the mesenchymal markers
N-cadherin and Vimentin (Fig. 5D-G), and an increase in the number of invasive cells (Fig. 5H,I). These
results demonstrated that GNA13 regulates ESCA cells by mediating the 3-catenin pathway.

3.6 Silencing GNA13 Promotes Apoptosis in ESCA Cells via Inhibiting the f-Catenin Pathway

Flow cytometry results revealed that SKL2001 treatment dramatically reduced apoptosis rates in
TE-1 and KYSE-150 cells when compared to the sh-GNA13 group (Fig. 6A,B). Silencing GNA13 markedly
upregulated the mRNA levels of cytc and Bax, while downregulating Bcl-2; this regulatory effect was
mitigated by SKL2001 treatment (Fig. 6C-E). Additionally, both cytc and Bax protein levels were dramatically
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raised, whereas Bcl-2 was significantly lowered after silencing GNA13; these changes were also partially
reversed by SKL2001 (Fig. 6F-I). Collectively, these findings indicate that silencing GNA13 promotes
apoptosis of ESCA cells through hindering the (3-catenin pathway.
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(C-E) SKL2001 reversed GNA13 silencing-mediated upregulation of cytc and Bax mRNA and downregulation of Bcl-2
mRNA. (F-T) SKL2001 reversed GNA13 silencing-induced changes in cytc, Bax, and Bcl-2 protein expression. n = 3,
*p < 0.05 vs. sh-NC group; *p < 0.05 vs. sh-GNA13 group.

4 Discussion

Because of ESCA’s strong proliferative and invasive capacity, most patients have already established
tumor metastases or have progressed to advanced stages when they are first diagnosed, resulting in a poor
prognosis [9]. To enhance the clinical prognosis of ESCA patients, additional biomarkers must be identified
to aid the clinic in the early prediction of their prognosis. Using bioinformatics and in vitro cellular tests, we
discovered GNA13 as a pro-carcinogenic component that induces the malignant phenotype of ESCA cells.
We validated the effect of 3-catenin pathway activation on GNA13’s participation in ESCA, indicating its
probable mechanism.

GPCRs are the biggest protein superfamily in the human body, situated on the cell surface. They work
by coupling to heterotrimeric G proteins, which include Get, G, and Gy subunits. G has four subfamilies:
Gs, Gq, Gi, and G12 [28]. Cancer is driven by a number of GPCRs that maintain abnormal signaling
networks; factors such as compensatory mechanisms make it difficult to treat by targeting GPCRs [29].
The G12 family, comprised of Gx12/13 (the product of the GNA12/13 gene), is one of the most important
families in cancer, and the majority of GPCRs signal through the G12 protein [30]. As a result, targeting
G12 or its encoding genes, GNA12/13, could be an effective technique for treating malignant development
in solid tumors [15]. Most prior investigations on the role of GNA12/13 in cancer focused on GNA12, yet
in the last few years, it has been revealed that GNA13 is a significant predictor marker for lifespan and
poor migration in a variety of solid cancers (head and neck, ovarian, lung, and gastric) [28]. GNA13 causes
phenotypic alteration in tumor cells and governs cell motility, invasion, and metastasis via activating Rho
GTPases or modifying signal transduction pathways [31,32]. Additionally, activated RhoA phosphorylates
and inhibits GSK3{ through its downstream effector kinase ROCK, which stabilizes (3-catenin protein and
amplifies Wnt/3-catenin pathway activation [33]. In non-small cell lung cancer, elevated GNA13 expression
enhances invasion and metastasis through activating the WNT/[3-catenin axis [34]. Deletion of miR-182 in
prostate cancer cells led to increased production of GNA13, which regulates the Wnt/[3-catenin pathway
to promote malignant phenotypes of cancer cells and suppresses apoptosis [35,36]. In our study, GNA13
was notably upregulated in both ESCA tissues and cell lines. Silencing GNA13 caused a raised level of
E-cadherin, along with reduced levels of N-cadherin and Vimentin, a notable decline in the number of cells
proliferating and invading, an increase in apoptotic proteins cytc and Bax, and a decline in Bcl-2 in ESCA
cells. GNA13 was shown to induce EMT and invasion while inhibiting apoptosis in ESCA cells, which
aligns with previous findings in other malignancies.

Wnt/[3-catenin signaling system has been linked to tumor cell proliferation, apoptosis, migration, and
invasion, making it a viable therapeutic target [37]. When Wnt signaling is engaged, the Wnt ligand binds to
its receptor Frizzled (FZD) and forms co-receptor complexes, triggering the classical Wnt signaling axis [21].
Dishevelled (DVL) proteins in the cytoplasm are activated, and the scaffolding protein Axin is recruited to
the cell membrane. The protein complex of Axin/APC/CK1a/GSK33 is disrupted, and cytoplasmic 3-catenin
escapes from being degraded by phosphorylation, thus stabilizing and accumulating in the cytoplasm and
nucleus, further inducing oncogenic properties, promoting cancer cell proliferation and survival [38], and
facilitating tumor progression by inhibiting T-cell responses [39]. Our experimental results showed that
GNA13 silencing resulted in significant reductions in DVL-1, p-GSK33/GSK3{3, and 3-catenin protein levels,
indicating suppression of the Wnt/[3-catenin pathway. The addition of SKL2001 substantially reversed this
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tendency and greatly reduced sh-GNA13’s inhibitory effect on proliferation, clone formation, invasion, and
EMT in KYSE-150 and TE1 cells. Thus, GNA13 may regulate ESCA cells’ malignant behavior by activating
the 3-catenin pathway. Notably, we observed that SKL2001 not only restored {3-catenin levels but also
reversed the downregulation of upstream DVL-1 and the decreased p-GSK33/GSK3f3 ratio induced by
GNA13 silencing. This phenomenon can be partially explained by the conserved transcriptional positive
feedback loop of the Wnt pathway: the nuclear 3-catenin/TCF complex binds to the promoter region of
DVL-1 and promotes its transcription, and accumulated DVL-1 further inhibits GSK3{ kinase activity,
forming a positive regulatory loop to amplify pathway activation. Additionally, potential off-target effects
of SKL2001 or indirect feedback regulation within the signaling network cannot be entirely excluded. Future
studies employing genetic approaches, such as 3-catenin-specific knockdown, are warranted to further
explore the causal relationship between GNA13, [3-catenin, and the observed phenotypic changes.

Some limitations of this work should be acknowledged. A primary limitation of this research is the
modest sample size (n = 28), and all specimens were collected from a single center; larger multicenter
cohorts are needed to confirm our findings. Additionally, the present study was conducted exclusively in
vitro; in vivo animal models are required to further validate the tumor-promoting role of GNA13 and the
therapeutic potential of targeting this gene in ESCA.

In summary, we discovered that GNA13 is a pro-carcinogenic gene in ESCA cells, and that silencing
GNA13 decreased ESCA cell proliferation, clone formation, invasion, and EMT. The (3-catenin pathway,
which is regulated by GNA13, was inhibited after silencing GNA13. However, adding SKL2001, a pathway
activator, reversed the suppression of GNA13 silencing on the malignant phenotypes of ESCA cells.

5 Conclusion

ESCA is an aggressive tumor of the digestive tract that poses a major threat to human health, and
elucidating its pathogenesis and searching for effective therapeutic targets are essential issues that must
be addressed today. This study found that GNA13 increases ESCA cell proliferation and metastasis via
activating the (3-catenin pathway. The findings are extremely important for discovering new and effective
prognostic markers and intervention targets for ESCA, optimizing ESCA therapeutic modalities, advancing
precision therapy for ESCA, and improving the prognosis of ESCA patients. However, the development
of ESCA involves complicated control in many domains, and the regulation of the 3-catenin pathway
by GNA13 is only one of them. The exact molecular mechanism has to be supplemented and improved.
Furthermore, it is required to develop GNA13 medications for human usage, improve and optimize the
GNA13 dose through preclinical basic research and animal testing, and then provide feedback to the clinic
to formulate optimized therapy regimens to improve the prognosis of ESCA patients.
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