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Background: Detecting and treating stomach cancer requires a comprehensive understanding of how gastric cancer develops and
progresses. In this context, efforts have been made to elucidate the regulation of glutamine-fructose-6-phosphate transaminase
1 (GFPT1) and Lysine demethylase 4C (KDM4C) in gastric cancer.
Methods: Bioinformatics was utilized to predict the levels and correlation of GFPT1 and KDM4C in gastric cancer, followed by
determining their expressions via quantitative real-time polymerase chain reaction (qRT-PCR). The viability (assessed through
Cell Counting Kit-8 (CCK-8) assay), proliferation (via colony-forming assay), migration, and invasion (utilizing transwell assay),
as well as vasculogenic mimicry (examined through Tube formation assay), in gastric cancer cells, were quantified. Additionally,
quantification of GFPT1 and proliferation/epithelial-mesenchymal transition (EMT)-related proteins was conducted through
Western blot analysis.
Results: In gastric cancer cells, GFPT1 was found to be abundantly expressed. Overexpression of GFPT1 resulted in increased
viability, proliferation, migration, invasion, vasculogenic mimicry, and EMT of gastric cancer cells, while knockdown of GFPT1
had the opposite effects. Moreover, there was a positive correlation between KDM4C and GFPT1 in gastric cancer. Overex-
pression of KDM4C led to increased expression of GFPT1 and enhanced the aforementioned effects of GFPT1 overexpression,
whereas knockdown of KDM4C produced inverse effects. Interestingly, the effects of KDM4C overexpression combined with
GFPT1 knockdown, or GFPT1 overexpression combined with KDM4C knockdown, could mutually reverse their effects on the
aforementioned cell phenotypes.
Conclusion: KDM4C positively regulates GFPT1, thereby promoting gastric cancer progression. This discovery provides a new
avenue for slowing down the progression of gastric cancer.
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Introduction

Gastric cancer ranks as the third most common cause
of cancer-related deaths and poses a significant threat to the
digestive system. According to a 2018 statistical report,
gastric cancer accounted for 8.2% of global cancer cases,
resulting in over 783,000 fatalities [1]. The study has in-
dicated that gastric cancer often develops from precursor
lesions, including H. pylori-related chronic atrophic gastri-
tis and autoimmune chronic atrophic gastritis [2]. Recent
research has shown that only 25% of gastric cancer cases
worldwide survive for five years or more. Despite the avail-
ability of multiple treatment options, the survival rate re-
mains unsatisfactory [3].

Intestinal or incomplete metaplasia of the gastric mu-
cosa is known to be a precursor to gastric cancer [4]. Can-

cer cells often undergo significant transformations through
a cellular process known as epithelial-mesenchymal transi-
tion (EMT) [5]. EMT is characterized as a reversible pro-
cess wherein epithelial cells adopt a spindle-shaped, mes-
enchymal morphology. The malignant progression of many
cancers is likely dependent on the activation of EMT [6].
Glutamine-fructose-6-phosphate transaminase 1 (GFPT1)
serves as the initiation and rate-limiting enzyme of the
hexosamine biosynthetic pathway (HBP). HBP is involved
in the metabolic processes of cancer cells, utilizing glu-
cose. GFPT1 catalyzes the conversion of glutamine and
fructose-6-phosphate into glucosamine-6-phosphate, a key
regulator for the entry of glucose into the HBP pathway
[7]. It has been established that several disorders, including
esophageal cancer, hepatocellular carcinoma, and prostate
cancer, are associated with GFPT1 expression [8–10]. Fur-
thermore, database prediction results have indicated abun-
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dant expression of GFPT1 in gastric cancer. Accordingly,
we have elucidated how GFPT1 contributes to the growth
of gastric cancer.

Epigenetics lies at the heart of gastric cancer research.
In recent years, novel treatments targeting histone methy-
lation have emerged [11]. Typically, histone methylation
occurs in the promoter region of active genes, thereby la-
beling active transcription sites. Histone methylation gen-
erally exerts a stable directional influence on gene transcrip-
tion and can have highly variable effects on gene expression
[12]. Specifically, histone H3 is methylated on lysine 36
(H3K36) within open chromatin, which serves to activate
transcription, inhibit enzyme activity, and prevent aberrant
transcription by recruiting regulatory proteins that influence
chromatin structure [12,13].

The epigenetic role of histone H3 trimethylated at ly-
sine 36 (H3K36me3) is crucial for maintaining genomic
stability, with defects associated with various human dis-
eases, including prenatal developmental disorders [14] and
cancer [15–17]. Through analysis using the Cistrome DB,
the enrichment of histone methylation modifications in sev-
eralGFPT1 promoter regions has been compared, revealing
that H3K36me3 exhibits the highest enrichment. Addition-
ally, hTFtarget analysis (https://guolab.wchscu.cn/hTFtarg
et/#!/) has indicated that the H3K36me3-associated trans-
ferase, Lysine demethylase 4C (KDM4C), is enriched in the
GFPT1 promoter region. The Jumonji domain-2 family of
histone demethylases includesKDM4C, once considered an
oncogene, with its deregulation linked to numerous malig-
nancies and tumors [18]. Notably, KDM4C has been found
to accelerate the development of gastric cancer [19].

As a consequence, we hypothesized thatKDM4C may
regulate GFPT1 and influence the viability, migration, pro-
liferation, invasion, and vascular mimicry of gastric cancer
cells.

Materials and Methods

Bioinformatics Analysis
Analysis conducted using the starBase database (http:

//starbase.sysu.edu.cn) revealed the expression of GFPT1
or KDM4C in gastric cancer tissues. The GEPIA database
(http://gepia.cancer-pku.cn/) was used to detect the corre-
lation between GFPT1 and KDM4C expression in gastric
cancer.

Plasmid Construction
The GFPT1 overexpression plasmid (RC207225),

small interfering RNA targeting GFPT1 (si-GFPT1)
(SR301783), KDM4C overexpression plasmid
(RC211182), and si-KDM4C (SR307990) were pro-
cured from OriGene (Rockville, MD, USA). The
sequences of the siRNAs were designed using the
siRNA Target Finder (https://www.genscript.com/).
The sequences for GFPT1 and KDM4C siRNAs

were 5′-AAGTCAAGATACCAGCTTTAC-3′ and 5′-
AACATAGCTCGCCTCAATACA-3′, respectively. The
pCMV6-Entry vector (PS100001, OriGene, Rockville,
MD, USA) served as a negative control (NC) for GFPT1
and KDM4C overexpression experiments. The si-NC
(SR30004, OriGene, Rockville, MD, USA) was used as
the control of si-GFPT1 and si-KDM4C.

Cell Culture and Transfection
Culture of GES-1 (IM-H084, Immocell, Xiamen,

China), AGS (CRL-1739, American Type Culture Collec-
tion (ATCC), Rockefeller, MD, USA), SNU-5 (CRL-5973,
ATCC, Rockefeller, MD, USA), NCI-N87 (CRL-5822,
ATCC, Rockefeller, MD, USA), and MKN45 (C6591, Be-
yotime, Shanghai, China), was conducted in RPMI 1640
complete medium (11875119, ThermoFisher, Waltham,
MA, USA) supplemented with 10% fetal bovine serum
(FBS) (12103C, Merck KGaA, Darmstadt, Germany) un-
der standard conditions (37 °C, 5% CO2). All cell lines uti-
lized in this study were confirmed to be mycoplasma-free
and authenticated via short tandem repeat (STR) profiling.

Cell transfection was carried out in two stages.
In the first stage, transfection with si-GFPT1/si-NC
and GFPT1/NC was conducted in AGS and MKN45
cells, respectively. In the second stage, transfec-
tion of si-NC+NC/si-GFPT1+NC/si-NC+KDM4C/si-
GFPT1+KDM4C was performed in AGS cells, while
si-NC+NC/NC+si-KDM4C/GFPT1+si-NC/GFPT1+si-
KDM4C transfection was performed on MKN45 cells.

Quantitative Real-Time Polymerase Chain Reaction
(qRT-PCR)

Total RNA isolation from GES-1, AGS, SNU-5, NCI-
N87, and MKN45 cells was performed using the TRIzol
reagent (AM9738, ThermoFisher, Waltham, MA, USA),
followed by cDNA synthesis using a specific kit (K1622,
ThermoFisher, Waltham, MA, USA). Subsequently, qRT-
PCR amplification with cDNA was carried out using
Fast SYBR green master mix (4385610, ThermoFisher,
Waltham, MA, USA) under the following conditions: pre-
denaturation at 94 °C for 2min, followed by 40 cycles of de-
naturation at 94 °C for 15 sec, annealing at 60 °C for 1 min,
and elongation at 72 °C for 1 min. Data acquisition was per-
formed using a qRT-PCR apparatus (CFX Opus Deepwell
Real-Time PCR System, Bio-Rad Laboratories, Hercules,
CA, USA), and analysis was conducted using the 2−△△CT

method [20]. Table 1 provides a list of the primers used in
the study.

Cell Counting Kit-8 (CCK-8) Assay
AGS andMKN45 cells, following the aforementioned

transfection, were plated in 96-well plates at a density of 5
× 103 cells per well and incubated at 37 °C with 5% CO2.
Detection was performed at 24- and 48-h post-transfection.
Cells were then incubated at 37 °C for 1 hour in wells
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Table 1. Primers used in quantitative real-time polymerase
chain reaction.

Primer name Sequence (5′–3′)

GFPT1 F GGAAGCCAATGCCTGCAAAA
R GTGATCCCCACCGTGTGAAT

KDM4C F AACCTCTAAGAGTTGGCGCC
R TCTGCTGTCCACGCATTTCT

GADPH F CATGGGTGTGAACCATGAGA
R CAGTGATGGCATGACTGTG

Abbreviations: GFPT1, glutamine-fructose-6-
phosphatase aminotransferase 1; KDM4C, Lysine
demethylase 4C; GADPH, glyceraldehyde-3-phosphate
dehydrogenase; F, forward; R, reverse.

containing 10 µL of CCK-8 solution (C0038, Beyotime,
China). Absorbance measurements at 450 nm were con-
ducted using a microplate reader (HTS-XT, BrukerOptics,
Rheinstetten, Germany).

Colony-Forming Assay
After reaching the logarithmic growth phase and

digestion with 0.25% trypsin (15050065, ThermoFisher,
Waltham, MA, USA), transfected AGS and MKN45 cells
were suspended in RPMI-1640 supplemented with 10%
FBS. The cells were then seeded in 6-well plates (700 cells
per well) and incubated for 2–3 weeks at 37 °C with 5%
CO2 and saturated humidity, with medium refreshed ev-
ery three days. Subsequently, cell tests were performed.
After cloning and washing with phosphate-buffered saline
(PBS) (P4474, Merck KGaA, Darmstadt, Germany), cells
were fixed in 1mL of 4% paraformaldehyde (P6148, Merck
KGaA, Darmstadt, Germany) for 30–60 min and then sub-
jected to color development for 10–20 min in 1 mL of 1%
crystal violet staining solution (HT90132, Merck KGaA,
Darmstadt, Germany). After repeated PBS washes, the
cells were air-dried. Pictures of the cells were captured us-
ing a microscope (Mateo TL, Leica Microsystems, Solms,
Germany).

Transwell Migration
Transfected AGS and MKN45 cells were cultured un-

til reaching the logarithmic growth phase. Subsequently,
the cells were washed with 1% PBS and treated with 0.25%
trypsin (15050065, ThermoFisher, Waltham, MA, USA)
for digestion. To neutralize the trypsin, 0.5 mg/mL trypsin
inhibitor (R007100, ThermoFisher, Waltham, MA, USA)
was added to PBS. The cells were gently pipetted to dis-
perse them into individual cells as much as possible. After-
ward, the cells were washed twice with DMEM (12491015,
ThermoFisher, Waltham, MA, USA) containing 0.5% FBS
(12103C, Merck KGaA, Darmstadt, Germany) to remove
residual trypsin and inhibitors.

In 24-well transwell chambers (8 µm-pore, 3422,
CORNING, New York, NY, USA), the lower compart-

ment was filled with 500 µL of DMEM supplemented with
10% FBS, while the upper chamber contained 100 µL of
culture medium containing 1 × 105 cells. The chambers
were then incubated at 37 °C with 5% CO2. After 48
hours, non-invading cells on the membrane were carefully
removed. Cells in the lower chamber were fixed with 4%
paraformaldehyde for 1 hour and then stained with 1% crys-
tal violet in 2% ethanol (51976, Merck KGaA, Darmstadt,
Germany) for 20 min. Excess water was drained from one
side of the chamber using a cotton swab. The cells were
then photographed under a microscope at 250× magnifica-
tion (Mateo TL, Leica Microsystems, Germany), and quan-
tification was performed using Image J software (version
2.0, National Institutes of Health, Bethesda, MD, USA).

Transwell Invasion
Transfected AGS and MKN45 cells in the logarithmic

growth phase were prepared for invasion assays. Matrigel-
coated Transwell chambers (3422, CORNING, USA) were
utilized for these tests. The lower compartment was filled
with 500 µL of DMEM containing 10% FBS, while the up-
per compartment contained 100 µL of serum-freemedia and
1 × 105 cells. The chambers were then transferred to a 5%
CO2 incubator and cultured for 48 hours at 37 °C. Only
cells that passed through the membrane were fixed with
4% paraformaldehyde (P6148, Merck KGaA, Darmstadt,
Germany) and stained with 1% crystal violet (HT90132,
Merck KGaA, Darmstadt, Germany). Subsequently, the
cells were photographed under a microscope at 250×mag-
nification (Mateo TL, Leica Microsystems, Germany) and
quantified using Image J software (National Institutes of
Health, Bethesda, USA).

Tube Formation Assay
AGS and MKN45 cells were transfected as described

above. Human umbilical vein endothelial cells (HUVECs,
CBP60340, COBIOER, Nanjing, China) were cultured in
BEGM™ Bronchial Epithelial Cell Growth Medium Bul-
letKit™ (CC-3170, Lonza, Basel, Switzerland) and pas-
saged from the 2nd to the 6th generation for experimen-
tation. On the day prior to the experiment, serum-deprived
cells and matrigel (356231, CORNING, USA) were placed
in an icebox at 4 °C overnight to allow the matrigel to
slowly melt. Both gastric cancer cell lines and HUVECs
were cultured in a normoxic incubator. After 24 hours, the
supernatant of gastric cancer cells was centrifuged to re-
move cells. HUVECs were then digested and resuspended
with the supernatant to a density of 1 × 104 cells/mL. Sub-
sequently, 50 µL of matrigel was added to each well and
placed in a cell incubator for 60 min to solidify. Follow-
ing solidification, 100 µL of the cell suspension (1 × 104
cells/well) was added to each well, and the cells were in-
cubated for 12 hours. Tube structures were then captured
using a microscope (×100 magnification, Mateo TL, Le-
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Fig. 1. GFPT1 was highly expressed in gastric cancer cells. (A) Prediction on GFPT1 (left) or KDM4C (right) expression in gastric
cancer tissues (starBase database). (B,C)GFPT1 expression in gastric cancer cell lines and normal gastric mucosal cell lines (quantitative
real-time polymerase chain reaction and Western blot). ***p< 0.001, **p< 0.01; * vs GES-1 or Cancer. n = 3. Abbreviation: GFPT1,
glutamine-fructose-6-phosphate transaminase 1; NC, negative control.

ica Microsystems, Germany), and quantification was per-
formed using the National Institutes of Health’s Image J
software.

Western Blot Analysis

GES-1, AGS, SNU-5, NCI-N87, and MKN45
cells, transfected with GFPT1, AGS cells transfected
with si-GFPT1, si-NC, si-NC+NC, si-NC+KDM4C, si-
GFPT1+NC, and si-GFPT1+KDM4C, and MKN45 cells
transfected with NC, GFPT1, si-NC+NC, NC+si-KDM4C,
GFPT1+si-NC, andGFPT1+si-KDM4C underwent protein
extraction using Radioimmunoprecipitation Assay (RIPA)
Lysis Buffer (R0010, Solarbio, Beijing, China). The protein
concentration was determined using the Bicinchoninic Acid
(BCA) Protein Assay Kit (23227, ThermoFisher, Waltham,
MA, USA).

Protein samples were separated by SDS-PAGE
(EA0355BOX, ThermoFisher, Waltham, MA, USA) and
terminated by electrophoresis once the bromophenol blue
dye reached the end of the gel. The proteins were then trans-

ferred to polyvinylidene fluoride membranes (BSP0161,
Solarbio, Beijing, China) after rinsing off the unstained dye
with water. Following a 1-h blocking step with 5% bovine
serum albumin (BSA) (A1933, Merck KGaA, Darmstadt,
Germany), the membranes were incubated first with pri-
mary antibodies overnight at 4 °C, followed by incuba-
tion with secondary antibodies at room temperature for
60 min. The membrane was then visualized using an
enhanced chemiluminescent (ECL) kit (WP20005, Ther-
moFisher, Waltham, MA, USA). Images were acquired us-
ing a gel imager (A44116, ThermoFisher, Waltham, MA,
USA), and the gray values were analyzed using the Image J
analysis program (National Institutes of Health, Bethesda,
USA).

The relative value of the target protein was calculated
and normalized using the following formula: relative gray
value = gray value of target band / gray value of internal
control (GAPDH).

Except for EphA2 (6997T, 1:1000, 125 kDa, CST,
Danvers, MA, USA), all antibodies used were ordered
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Fig. 2. Effects of GFPT1 on gastric cancer cell viability and proliferation. AGS and MKN45 cells received transfection of si-GFPT1
andGFPT1 overexpression plasmid, respectively. (A–E)GFPT1 expression in AGS andMKN45 cells (quantitative real-time polymerase
chain reaction and Western blot). (F,G) Effects of GFPT1 on AGS and MKN45 cell viability (Cell Counting Kit-8 assay). (H–J) Effects
of GFPT1 on AGS and MKN45 cell proliferation (colony-forming assay). ^^^p< 0.001, ***p< 0.001, **p< 0.01; * vs si-NC, ^ vs NC.
n = 3. Abbreviation: GFPT1, glutamine-fructose-6-phosphate transaminase 1; NC, negative control.

from Abcam (Cambridge, UK). These include GFPT1
(ab125069, 1:200, 79 kDa), Ki67 (ab92742, 1:5000, 359
kDa), E-cadherin (ab40772, 1:1000, 97 kDa), N-cadherin
(ab98952, 1:500, 100 kDa), Vimentin (ab137321, 1:500,
54 kDa), VE-cadherin (ab33168, 1 µg/mL, 115 kDa),
GAPDH (ab8245, 1:500, 36 kDa), goat anti-rabbit IgG
H&L (ab6721, 1:2000, 37 kDa), and goat anti-mouse IgG
H&L (ab205719, 1:2000, 52 kDa).

Statistical Analysis
Statistical analyses were completed using SPSS 20.0

(IBM SPSS Inc., Chicago, IL, USA). Measurement data
were presented as mean± standard deviation. Comparative
data from multiple groups were analyzed using a one-way
analysis of variance. Significance was defined as p< 0.05.
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Results

GFPT1 was Abundantly Expressed in Gastric
Cancer Cell Lines

Predictions from the starBase database indicated sig-
nificantly higher GFPT1 (left) or KDM4C (right) expres-
sion in gastric cancer tissues compared to healthy tissues (p
< 0.01, Fig. 1A). Subsequent analysis ofGFPT1 expression
using qRT-PCR and Western blot revealed elevated levels
in gastric cancer cell lines AGS, NCI-N87, MKN45, and
SNU-5, relative to normal gastric mucosal cell line GES-1
(p < 0.001, Fig. 1B,C).

GFPT1 can Boost Malignant Behaviors of Gastric
Cancer Cells, and Increase
Proliferation/EMT-Related Protein Expressions

The transfection efficiency of GFPT1 and si-GFPT1
into gastric cancer cells AGS and MKN45 was assessed us-
ing qRT-PCR and Western blot analyses. si-GFPT1 signif-
icantly reduced the level of GFPT1 expression (p < 0.001,
Fig. 2A–E), while GFPT1 overexpression had the opposite
effect (p < 0.001, Fig. 2A–E). According to the CCK-8 as-
say, GFPT1 silencing led to decreased AGS cell viability at
24 and 48 hours (p < 0.01, Fig. 2F), whereas GFPT1 over-
expression notably enhanced MKN45 cell viability (p <

0.001, Fig. 2G). Data from the colony-forming experiment
demonstrated suppressed proliferation of AGS cells follow-
ing GFPT1 silencing (p < 0.001, Fig. 2H,I), while overex-
pression of GFPT1 promoted proliferation of MKN45 cells
(p < 0.001, Fig. 2H,J).

Using the transwell assay, gastric cancer cell migra-
tion and invasion were evaluated. Silencing of GFPT1
decreased AGS cell migration, whereas overexpression
of GFPT1 increased MKN45 cell migration (p < 0.001,
Fig. 3A–C). Additionally, GFPT1 silencing reduced AGS
cell invasion (p < 0.001, Fig. 3D,E), while GFPT1 over-
expression enhanced MKN45 cell invasion (p < 0.001,
Fig. 3D,F), as observed in the transwell assay data.

Results from the tube formation assay confirmed that
silencing of GFPT1 suppressed the vasculogenic mimicry
of AGS cells (p < 0.001, Fig. 3G,H), whereas its overex-
pression promoted the vasculogenic mimicry of MKN45
cells (p < 0.001, Fig. 3G,I).

Quantification of Ki67, E-cadherin, N-cadherin, Vi-
mentin, VE-cadherin, and EphA2 was conducted via West-
ern blot analysis. In AGS cells, GFPT1 knockdown re-
sulted in reduced expressions of Ki67, N-cadherin, Vi-
mentin, VE-cadherin, and EphA2, while increasing the
level of E-cadherin (p < 0.001, Fig. 4A,B). Conversely,
in MKN45 cells, overexpression of GFPT1 led to ele-
vated levels of Ki67, N-cadherin, Vimentin, VE-cadherin,
and EphA2, accompanied by decreased expression of E-
cadherin (p < 0.001, Fig. 4A,C). These findings indicate
that GFPT1 plays a role in promoting EMT in gastric can-
cer cells.

KDM4C can Boost the Development of Gastric
Cancer by Upregulation of GFPT1

The GEPIA database revealed a significant interac-
tion between KDM4C and GFPT1 in gastric cancer (p
= 2.6 × 10−11, Fig. 4D). In AGS cells, compared to
the si-NC+NC or si-GFPT1+NC group, overexpression of
KDM4C significantly upregulated KDM4C levels in the
si-NC+KDM4C or si-GFPT1+KDM4C group (p < 0.001,
Fig. 5A). Similarly, in MKN45 cells, silencing of KDM4C
markedly reduced KDM4C levels in the NC+si-KDM4C
and GFPT1+si-KDM4C groups compared to the NC+si-
NC and GFPT1+si-NC groups (p < 0.001, Fig. 5B). How-
ever, GFPT1 expression had no effect on KDM4C levels
(Fig. 5A,B). Furthermore, in contrast to the si-NC+NC or
si-GFPT1+NC group, overexpression ofKDM4C increased
GFPT1 levels in AGS cells of the si-NC+KDM4C and si-
GFPT1+KDM4C groups (p < 0.001, Fig. 5C). KDM4C
silencing significantly decreased GFPT1 expression in
MKN45 cells; however, overexpression ofGFPT1 reversed
the effect of KDM4C silencing (p < 0.001, Fig. 5D).

The vitality and proliferation of AGS cells were
stronger in the si-NC+KDM4C group, but were weaker
in the si-GFPT1+NC group; moreover, GFPT1 silenc-
ing reversed the roles of KDM4C overexpression in AGS
cell vitality (p < 0.001, Fig. 5E) and proliferation (p <

0.001, Fig. 5G,H). MKN45 cell viability was weakened by
transfection with NC+si-KDM4C while being enhanced by
transfection with GFPT1+si-NC (p < 0.05, Fig. 5F). Also,
overexpressed GFPT1 offset the role of KDM4C silencing
in MKN45 cell viability (p< 0.001, Fig. 5F) and prolifera-
tion (p < 0.01, Fig. 5G,I).

Cell migration and invasion were assessed using
the transwell assay. AGS cells transfected with si-
NC+KDM4C exhibited robust migratory and invasive ca-
pacities, whereas weaker capacities were observed in
AGS cells transfected with si-GFPT1+NC. Additionally,
KDM4C overexpression attenuated the effect of GFPT1
knockdown on cell migration and invasion (p < 0.001,
Fig. 6A,B,D,E). In contrast, MKN45 cells transfected with
NC+si-KDM4C showed reduced migration and invasion
abilities, but these abilities were potentiated by transfection
withGFPT1+si-NC (p< 0.001, Fig. 6A,C,D,F). Moreover,
MKN45 cells in the GFPT1+si-KDM4C group exhibited
enhanced migration and invasion compared to the NC+si-
KDM4C group, yet inhibited relative to the GFPT1+si-NC
group (p < 0.01, Fig. 6A,C,D,F).

The vasculogenic mimicry of AGS and MKN45 cells
was assessed using the tube formation assay. The length
of blood vessels generated by co-culturing HUVEC with
AGS cells transfected with si-NC+KDM4C was signifi-
cantly increased, whereas it was diminished by transfec-
tion with si-GFPT1+NC (p < 0.01, Fig. 6G,H). AGS cells
transfected with si-GFPT1+KDM4C exhibited blood ves-
sels that were substantially shorter than those transfected
with si-NC+KDM4C and longer than those transfected with
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Fig. 3. Effects ofGFPT1 onmigration, invasion and angiogenesis of gastric cancer cells. AGS andMKN45 cells received transfection
of si-GFPT1 and GFPT1 overexpression plasmid, respectively. (A–C) Effects of GFPT1 on AGS and MKN45 cell migration (transwell
migration assay) (magnification: ×250; scale: 50 µm). (D–F) Effects of GFPT1 on AGS and MKN45 cell invasion (transwell invasion
assay) (magnification: ×250; scale: 50 µm). (G–I) Effects of GFPT1 on AGS and MKN45 cell angiogenesis capacity (angiogenesis
assay) (magnification: ×100; scale: 100 µm). ^^^p< 0.001, ***p< 0.001; * vs si-NC, ^ vs NC. n = 3. Abbreviation: GFPT1, glutamine-
fructose-6-phosphate transaminase 1; NC, negative control.

si-GFPT1+NC (p < 0.01, Fig. 6G,H). Additionally, the
length of blood vessels generated by co-culturing HUVEC
with MKN45 cells transfected with NC+si-KDM4C was
reduced but increased by transfection with GFPT1+si-NC
(p < 0.001, Fig. 6G,I). MKN45 cells in the GFPT1+si-
KDM4C group produced blood vessels that were notably

longer than those in the NC+si-KDM4C group, and signif-
icantly shorter than those in the GFPT1+si-NC group (p <

0.001, Fig. 6G,I).
Western blot analysis was employed to quantify the

levels of Ki67, E-cadherin, N-cadherin, Vimentin, VE-
cadherin, and EphA2. In AGS cells, the si-GFPT1+NC
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Fig. 4. Effects of GFPT1 on the expressions of proliferation/EMT-related proteins in AGS and MKN45 cells. AGS and MKN45
cells received transfection of si-GFPT1 andGFPT1 overexpression plasmid, respectively. (A–C) Expressions of proliferation- and EMT-
related proteins in AGS and MKN45 cells (Western blot). (D) Prediction of the relationship between KDM4C and GFPT1 expressions
in gastric cancer (GEPIA database). ^^^p< 0.001, ***p< 0.001; * vs si-NC, ^ vs NC. n = 3. Abbreviation: GFPT1, glutamine-fructose-
6-phosphate transaminase 1; NC, negative control; EMT, epithelial-mesenchymal transition.

group exhibited decreased levels of Ki67, N-cadherin, Vi-
mentin, VE-cadherin, and EphA2, while the level of E-
cadherin was elevated. Conversely, the si-NC+KDM4C
group showed opposite trends (p < 0.01, Fig. 7A,B). No-
tably, KDM4C overexpression and GFPT1 deficiency mu-
tually reversed their effects on the expression of these pro-
teins (p < 0.001, Fig. 7A,B). In MKN45 cells, the NC+si-
KDM4C group displayed decreased levels of Ki67, N-
cadherin, Vimentin, VE-cadherin, and EphA2 (p < 0.01,
Fig. 7C,D), and an increased level of E-cadherin (p< 0.05,
Fig. 7C,D). Conversely, the GFPT1+si-NC group showed
opposite trends (p < 0.01; p < 0.05, Fig. 7C,D). Further-
more, KDM4C silencing countered the influence ofGFPT1
overexpression on these proteins, and vice versa (p < 0.05,
Fig. 7C,D).

Discussion

Gastric cancer ranks among frequent tumors affecting
the digestive tract, with approximately one million cases re-
ported annually worldwide [21]. Due to delayed detection
and absence of early-stage symptoms, less than 20% of pa-
tients with advanced gastric cancer survive for five years on
average [22]. Numerous studies on the prognosis of cancer
patients and innovative adjuvant treatment approaches have
been undertaken recently. Molecular targeted therapy, in
particular, has emerged as an effective treatment option for
gastric cancer [23].

Cancer is characterized by abnormal glucose
metabolism [24], and the HBP plays a crucial role in
cellular metabolism. GFPT1, the first and rate-limiting

https://www.discovmed.com/


2416

Fig. 5. Effects of GFPT1 on gastric cancer cell viability and proliferation under the regulation of KDM4C. AGS cells experi-
enced transfection of si-NC+NC/si-NC+KDM4C/si-GFPT1+NC/si-GFPT1+KDM4C. MKN45 cells experienced transfection of NC+si-
NC/NC+si-KDM4C/GFPT1+si-NC/GFPT1+si-KDM4C. (A,B) KDM4C level in AGS andMKN45 cells (qRT-PCR). (C,D)GFPT1 level
in AGS andMKN45 cells (qRT-PCR). (E,F) Effects ofGFPT1 and KDM4C on AGS andMKN45 cell viability (CCK-8 assay). (G–I) Ef-
fects of GFPT1 and KDM4C on AGS and MKN45 cell proliferation (colony-forming assay). ***p< 0.001, **p< 0.01, *p< 0.05, ^^^p
< 0.001, ^^p< 0.01, &&&p< 0.001, ###p< 0.001, ▲▲▲p< 0.001, ▲▲p< 0.01; *vs si-NC+NC, ^vs si-GFPT1+NC, # vs si-NC+KDM4C, &

vsGFPT1+si-NC, ▲ vs NC+si-KDM4C. n = 3. Abbreviation: KDM4C, Lysine demethylase 4C;GFPT1, glutamine-fructose-6-phosphate
transaminase 1; NC, negative control; qRT-PCR, quantitative real-time polymerase chain reaction; CCK-8, Cell Counting Kit-8.

enzyme of the HBP, regulates glucose entry and converts it
to UDP-GlcNAc [25]. Elevated GFPT1 expression pattern
has been associated with the progression of various cancers,
including pancreatic cancer tissues [26], cervical cancer
[27], and esophageal cancer [8]. Our study confirmed the
upregulation of GFPT1 in gastric cancer cell lines, where
its overexpression promoted cell viability, proliferation,

migration, invasion, and vasculogenic mimicry, while
GFPT1 knockdown had the opposite effect. Additionally,
we observed that GFPT1 overexpression increased the
expression of proliferation marker Ki67 while GFPT1
knockdown can decrease the level of proliferation-related
protein Ki67.

https://www.discovmed.com/


2417

Fig. 6. Effects of GFPT1 on gastric cancer cell migration, invasion and angiogenesis under the regulation of KDM4C. AGS cells
experienced transfection of si-NC+NC/si-NC+KDM4C/si-GFPT1+NC/si-GFPT1+KDM4C. MKN45 cells experienced transfection of
NC+si-NC/NC+si-KDM4C/GFPT1+si-NC/GFPT1+si-KDM4C. (A–C) Effects of GFPT1 on AGS and MKN45 cell migration under the
regulation of KDM4C (transwell migration assay) (magnification: ×250; scale: 50 µm). (D–F) Effects of GFPT1 on AGS and MKN45
cell invasion under the regulation of KDM4C (transwell invasion assay) (magnification: ×250; scale: 50 µm). (G–I) Effects of GFPT1
on AGS and MKN45 cell angiogenesis under the regulation of KDM4C (angiogenesis assay) (magnification: ×100; scale: 100 µm).
***p < 0.001, **p < 0.01, ^^^p < 0.001, ###p < 0.001, ##p < 0.01, &&&p < 0.001, ▲▲▲p < 0.001, ▲▲p < 0.01; * vs si-NC+NC, ^ vs
si-GFPT1+NC, # vs si-NC+KDM4C, & vs GFPT1+si-NC, ▲ vs NC+si-KDM4C. n = 3. Abbreviation: KDM4C, Lysine demethylase 4C;
GFPT1, glutamine-fructose-6-phosphate transaminase 1; NC, negative control.

EMT is a critical process in cancer progression, en-
hancing cell proliferation, invasion, and metastasis [6].
During EMT, cancer cells undergo molecular changes, such
as downregulation of E-cadherin (epithelial marker) and
upregulation of N-cadherin and Vimentin (mesenchymal
markers) [28], consistent with our findings. We found

that overexpression of GFPT1 can facilitate gastric can-
cer development by enhancing proliferation and EMT in
gastric cancer cells. However, whether GFPT1 promotes
gastric cancer cell proliferation, invasion and vasculogenic
mimicry through the EMT requires further investigation.
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Fig. 7. The effect of GFPT1 on expressions of proliferation/EMT-related proteins in gastric cancer cells under the regulation
of KDM4C. AGS cells experienced transfection of si-NC+NC/si-NC+KDM4C/si-GFPT1+NC/si-GFPT1+KDM4C. MKN45 cells ex-
perienced transfection of NC+si-NC/NC+si-KDM4C/GFPT1+si-NC/GFPT1+si-KDM4C. (A–D) Effects of GFPT1 and KDM4C on
proliferation/EMT-related proteins in AGS and MKN45 cells under the regulation of KDM4C (Western blot). ***p < 0.001, **p <

0.01, *p < 0.05, ^^^p < 0.001, ^^p < 0.01, ###p < 0.001, &&&p < 0.001, &&p < 0.01, &p < 0.05, ▲▲▲p < 0.001; * vs si-NC+NC, ^ vs
si-GFPT1+NC, # vs si-NC+KDM4C, & vs GFPT1+si-NC, ▲ vs NC+si-KDM4C. n = 3. Abbreviation: KDM4C, Lysine demethylase 4C;
GFPT1, glutamine-fructose-6-phosphate transaminase 1; NC, negative control; EMT, epithelial-mesenchymal transition.

Recent advances in epigenetic research have signif-
icantly enhanced our comprehension of the etiology and
progression of gastric cancer, while also paving the way
for the development of novel treatments targeting histone
methylation have also been developed [29]. Database pre-
dictions have highlighted the enrichment of histone methy-
lation enrichment within the GFPT1 promoter region. No-
tably, H3K36me3 was found to exhibit the highest enrich-
ment, with its associated transferaseKDM4C also being en-
riched in the GFPT1 promoter region. Studies have shown
that H3K36me3 plays a crucial role in maintaining an ac-

tive chromatin state, facilitating transcription elongation,
and enhancing gene transcription levels [30,31]. Further-
more,KDM4C, known for its involvement in demethylating
histones, has been implicated in initiating metabolic repro-
gramming, controlling B cell activation, and promoting cell
growth [32].

The gastric cancer tissues have a high expression
of KDM4C, which helps with the maintenance of cancer
cell stemness [19]. Therefore, the influence of KDM4C-
regulated GFPT1 on gastric cancer was detected. The find-
ings revealed that KDM4C exerted a detrimental effect on
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the viability, proliferation, migration, invasion, and vas-
culogenic mimicry of gastric cancer cells. Concurrently,
KDM4C was observed to downregulate E-cadherin expres-
sion while upregulating Ki67, N-cadherin, Vimentin, VE-
cadherin, and EphA2 expressions, indicating its role in
promoting gastric cancer cell proliferation and EMT. This
study elucidates the contribution of KDM4C to GFPT1 ex-
pression and the onset of gastric cancer. Interestingly, while
GFPT1 did not regulate KDM4C expression directly, it
modulated the functional impact of KDM4C on gastric can-
cer cell phenotypes. This suggests a potential upstream reg-
ulatory role of KDM4C on GFPT1 in gastric cancer.

Noteworthily, there are some limitations in this study.
It is still uncertain whether KDM4C directly regulates
GFPT1 in gastric cancer cells or indirectly regulates it by
affecting another signaling pathway. Besides, there is a lack
of in vivo validation. Therefore, more experimental designs
and time-course experiments are required to fully expound
our findings.

In summary, KDM4C positively regulated GFPT1 to
improve the viability, proliferation, migration, invasion,
and vasculogenic mimicry of gastric cancer cells, and pro-
mote EMT to aggravate gastric cancer.

Conclusion

Gastric cancer exhibits a complex pathogenesis. In
recent years, researchers have explored its etiology from
various angles, prioritizing the identification of pathways
for potential solutions. This study focuses on the cancer-
related gene GFPT1 and unveils its role in promoting gas-
tric cancer growth, along with the positive regulatory in-
fluence of KDM4C on GFPT1. Suppressing either GFPT1
or KDM4C shows promise in impeding gastric cancer de-
velopment, thus providing a novel therapeutic avenue for
future exploration.
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