
Research Article

Chongwen Deng*, Chunhua Ye, Xiwang Liao, Fuyin Zhou, Youxiong Shi, Hong Zhong, Junbiao Huang

KMT2A maintains stemness of gastric cancer cells
through regulating Wnt/β-catenin signaling-
activated transcriptional factor KLF11

https://doi.org/10.1515/med-2023-0764
received December 22, 2022; accepted July 3, 2023

Abstract: The molecular mechanisms of epigenetic regula-
tion in gastric cancer development are not yet well estab-
lished. In this study, we demonstrated that KMT2A was
highly expressed in gastric cancer and associated with poor
outcomes of patients and revealed that KMT2A was signifi-
cantly associated with stemness and increased nuclear
β-catenin in gastric cancer. Mechanistically, KMT2A acti-
vated the translocation of β-catenin into the nucleus of
gastric cancer cells, and then, β-catenin served as a coac-
tivator of KLF11, which promoted the expression of spe-
cific gastric cancer stemness-related molecules, including
SOX2 and FOXM1. Together, KMT2A is an important
epigenetic regulator of gastric cancer stemness, which
provides a novel insight to the potential application of
targeting against KMT2A in treating gastric cancer.
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1 Introduction

Gastric cancer is one of the common malignant tumors,
which are threatening public health, with the second
highest incidence and mortality among cancer patients in
China. A large amount of evidence suggests that the devel-
opment of gastric cancer is characterized by abnormal
epigenetic modifications [1,2]. For example, the aberrantly
activatedWnt/beta-catenin and P13K/Akt signaling pathways
can be acetylated by histone H3 position 27 lysine residue

(H3K27) modification to regulate epithelial–mesenchymal
transition and promote the migration of gastric cancer cells
[3]. Chromatin remodeling protein (such as MORC) repressed
P21 gene transcription by recruiting histone deacetylase 1,
which led to a significant increase in the number of cells in
S-phase and G2/M-phase, and ultimately promoted gastric
cancer cell proliferation [4]. In addition, E3 ubiquitin ligase
is highly expressed in gastric cancer cells, and histone mod-
ifications regulated by it play an important role in the patho-
genesis of gastric cancer [5]. Therefore, an in-depth study of
abnormal alterations related to epigenetics may supply a
scientific basis for understanding the pathogenesis of gastric
cancer, which in turn provides new ideas for the prevention,
early diagnosis, and treatment of gastric cancer.

In recent years, although many epigenetic progresses
have made on gastric cancer, there are still many chal-
lenges to be faced. The exact molecular mechanisms of
epigenetic regulation in various stages of gastric cancer
development are not yet well established, and the interac-
tions between various epigenetic modifications and their
interactions with various genes and signaling pathways
are unclear [6–8]. As it is well known, histone methylation
is an important epigenetic modification that can occur at
lysine or arginine residues and be catalyzed by histone
methyltransferases. With the intensive research on various
methyltransferases and the rapid development of mole-
cular techniques, epigenetic modifications have become
popular anti-cancer targets [9].

It has been demonstrated that histones maintain DNA
structure, protect genetic information, and regulate gene
expression. The amino-terminal (N-terminal) domain of
histones extends out of the nucleosome and can interact
with other regulatory proteins and DNA [10]. Modifications
of histones include methylation, phosphorylation, acetyla-
tion, crotonylation, ubiquitination, glycosylation, and ADP-
ribosylation. Imbalance of histone modifications can lead
to tumor development, and loss of methylation and acet-
ylation of histone H3 and H4 residues has been shown to
be a marker of tumor cells [10,11]. Histone methylation is
involved in the formation and maintenance of the
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heterochromatin structure, genomic imprinting, DNA repair,
inactivation of X chromatin, and transcription, among other
regulatory aspects [12]. Histone methylation regulates tumori-
genesis, proliferation, metabolic reprogramming, epithelial–-
mesenchymal transition, invasion, and migration; meanwhile,
histone methylation plays an important role in determining
the efficacy and resistance of chemotherapy and targeted
therapies in gastric cancer [13]. It is generally believed to be
closely related to the genomic localization of methyltrans-
ferases and their enzymatic activity properties (product speci-
ficity) in catalyzing the generation of different methylation
products. H3K4 methylation in vivo is mainly catalyzed by
the histone-lysine N-methyltransferase 2 (KMT2) family of
methyltransferases; in mammals, there are six KMT2 (MLL)
family members, namely, KMT2A, MLL2, MLL3, MLL4, SET1A,
and SET1B [14]. As the first-foundmember, KMT2A has recently
been recognized to play an important role in gene dysregula-
tion, cell malignant proliferation, and tumor cell growth and
differentiation in cancers, while the KMT2A fusion protein
produced by chromosomal translocation rearrangement is clo-
sely related to the development of cancers [15]. However, the
role of KMT2A in gastric cancer is not well established. In the
study, the prognostic value of KMT2A was demonstrated to be
associated with poor outcome of gastric cancer patients and
was recognized as a regulator of stemness in gastric cancer
through regulating Wnt/β-catenin-induced expression of stem-
ness-related genes. The findings will provide a solid foundation
for the understanding of the association between KMT2A and
stemness in gastric cancer.

2 Materials and methods

2.1 Clinical samples

To investigate the expression feature of KMT2A in gastric
cancer, the public cancer database TCGA data (https://
tcga⁃data.nci.nih.gov/tcga/) were first used, from which
data on mRNA expression levels of KMT2A were down-
loaded in gastric cancer tissues (n = 408) and normal gas-
tric tissues (n = 211); moreover, log2 [transcripts per million
+ 1] for log-scale to obtain expression data was used to
produce box plots, as previous analysis procedure [16]. In
addition, gastric cancer tissues and matched peritumor
normal gastric tissues (n = 78, respectively) as well as 178
cancer samples that were subjected to paraffin embedding
for further immunohistochemical examinations were acquired
from patients undergoing surgical procedures. The diagnosis
of gastric cancer was pathologically confirmed by three

independent pathologists. A written consent was obtained
from all of the patients.

Ethical approval: The study was approved by the Ethics
Committee of the Loudi Central Hospital (Project ID: ECLCH/
2021(03)).

2.2 Immunohistochemistry (IHC)

The formalin-fixed tissues were embedded in paraffin;
sliced into 4 μm thick sections; and subsequently subjected
to dewaxing, hydration, and antigen retrieval by heat;
then, these sections were blocked with 5% goat serum for
30min at room temperature and incubated overnight at
4°C with primary antibodies, which are as follows: anti-
KMT2A (1:200; Merck, USA) and anti-CTNNB1 (1:100; CST,
USA) diluted in 1× phosphate buffer saline (PBS) containing
2% bovine serum albumin. Then, the sections were subse-
quently washed three times with 1× PBS and incubated
with horseradish peroxidase-conjugated goat anti-rabbit
IgG secondary antibody, followed by incubation for 10min
with 3, 3′-diaminobenzidine tetrachloride after washing three
times with 1× PBS and visualization of specific staining by
light microscopy. Images were acquired under ×100 fieldwith
Leica MDi8 inverted microscope. Quantitative expression of
immunostaining was carried out at a fixed threshold using
ImageJ software (Maryland, USA).

2.3 Cell culture

Immortalized human BGC-823 cells were purchased from
the National Collection of Authorized Cell Cultures (Chinese
Academy of Sciences, Shanghai) for our study. Cell culture
was performed according to the manufacturer’s protocol.
BGC-823 cells were cultured in Dulbecco’s modified Eagle
medium (DMEM) (HyClone, Thermo Fisher Scientific,
Waltham, USA), supplemented with 10% (vol/vol) fetal
bovine serum, 100 units/mL penicillin G, 100 μg/mL strep-
tomycin sulfate, and 2mM L-glutamine. All cells were cul-
tured in humidified incubator under an atmosphere of 5%
(vol/vol) CO2 in air at 37°C.

2.4 Lentivirus-mediated transfection

Lentivirus-mediated KMT2A knockdown and overexpres-
sion system and corresponding controls were constructed
from GeneCreate (Wuhan, China). Transfection was per-
formed using the transfection reagent Endo-FectinTM Max
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transfection (GeneCopoeia) according to the manufacturer’s
protocols. Briefly, 50 nM of RNA oligonucleotides and 10 µL
of Endo-FectinTM Max were diluted in 250 µL of Opti-MEM
(Thermo Fisher Scientific, Inc.). Then, they were mixed and
incubated at room temperature for 20min to form a com-
plex. Cells (1 × 105) were incubated with the complex for 6 h,
and then, the cells were maintained in fresh medium and
harvested at indicated times after transfection for real-time
polymerase chain reaction analysis and western blotting.

2.5 Cell viability

The cells were cultured in a 96‐well plate, with a density of
1 × 103 cells/well. After treatment for the desired time, CCK‐
8 kit (Dojindo, Japan) was used to detect the cell viability
according to the manufacturer’s instructions. Multiskan
GO microplate reader (Thermo Scientific, Waltham, MA,
USA) was used to count the cells.

2.6 Quantitative reverse transcription PCR

Total RNA was extracted from cultured cell lines using
TriZol (Invitrogen, USA) according to the manufacturer’s
instructions. cDNA synthesis was conducted using a reverse
transcription kit (FastQuant RT Kit; Tiangen, China). Real
time-PCR was completed by SYBR qPCR Master Mix (Roche,
USA) as recommended by the manufacturer and then fol-
lowed by detection with an ABI 7500 (ABI, USA) and analyzed
with the ABI SDS software (version 2.4, ABI, USA). The PCR
primers are given in Table A1.

2.7 Western blotting

The proteins were extracted from gastric cancer cells by
radio immunoprecipitation assay lysis buffer (Beyotime,
China). Samples were loaded into 10% sodium dodecyl
sulphate–polyacrylamide gel electrophoresis (SDS–PAGE),
then electrophoresed, and transferred to a polyvinylidene
fluoride membrane; after incubation with 5% skim milk,
the membrane was incubated with primary anti‐KMT2A
antibody (1:1,000; Merck, USA), anti-SOX2 antibody (1:1,000;
CST, USA), anti-FOXM1 antibody (1:1,000; CST, USA), and anti‐
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) anti-
body (1:2,000; Abcam, USA) at 4°C overnight. After pouring
off first antibodies, the membrane was rinsed briefly with
tris buffered saline with tween buffer three times, 15min for
per time, and then, secondary antibody was added at appro-
priate dilution. Next, the membrane was rinsed with Tween‐

20 three times, followed by incubation with horseradish
peroxidase‐labeled goat‐anti‐rabbit IgG antibody (1:10,000;
Abcam, USA) at 37°C. Blots were visualized using the
SuperSignal West Pico Chemiluminescent Substrate (Thermo
Fisher Scientific Inc.). Results are shown after the normaliza-
tion of the loading amounts in each lane by GAPDH.

2.8 Cell apoptosis assay

The Annexin V-FITC/PI Apoptosis Detection Kit (#9124,
AmyJet Scientific Inc. China) was used for detecting apop-
totic cells by flow cytometry according to the manufac-
turer’s protocol. In brief, 5 × 105 cells with different
treatment were seeded in six-well plates and cultured for
36 h at 37°C. The adherent cells were separated out with trypsi-
n–ethylene diamine tetraacetic acid. After centrifugation, the
cells were washed twice with 1× PBS and then resuspended
in 1× binding buffer. Subsequently, 100μL of cell suspension
was transferred to a culture tube and 5 μL of annexin V-FITC
and 5 μL of propidium iodide buffer were added; after gentle
mixing, the tubewas incubated for 20min at room temperature
(20–25°C) in the dark. Before detection, 400μL of 1× binding
buffer was added to the culture tube. Fluorescence intensity
was analyzed by flow cytometry.

2.9 Dual luciferase reporter assay

Luciferase Reporter Assay Kit ab287865 (previously known
as Luciferase Reporter Assay Kit K801) provides a simple
means for detecting luciferase activity in cells. Gastric
cancer cells were transfected with the SOX2 or FOXM1
promoter reporter plasmids. For luciferase assay, 5 × 104 cells
per well in 12-well plates were cultured without antibiotics
overnight and then transfected with pGL3-SOX2/SOX2M or
pGL3-FOXM1/FOXM1M and pcDNA3.1-KLF11. After 24 h, the
cells were washed with PBS and subjected to lysis, and their
luciferase activities were measured by using a dual luci-
ferase assay kit (Promega). The results were normalized
against Renilla luciferase. All transfections were performed
in triplicate.

2.10 Chromatin immunoprecipitation-PCR
assay

ChIP was performed as previously described [17]. Briefly,
BGC-823 cells were harvested and cross-linked with 1%
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formaldehyde for 15 min at room temperature. Lysates
were immunoprecipitated with Dynal magnetic beads and
antibody against KLF11. DNA was isolated, and 10% immu-
noprecipitation (IP) lysate was used as input. Finally, ChIP
products were amplified by PCR followed by electrophoretic
analysis.

2.11 Co‐immunoprecipitation and mass
spectrometry analysis (Co‐IP/MS)

Gastric cells in the 10 cm Corning dishes were lysed with IP
lysis buffer (Beyotime), and the samples were placed on ice
until flocculent turbidity appeared. After centrifugation at
16,900 g for 10 min, the supernatant was carefully removed
and supplemented with anti-CTNNB1 antibody (1:50, CST,
USA) at 4°C overnight. After centrifugation at 4,200 g for
2 min, the supernatant was carefully discarded and the
remaining plaque was gently washed by IP lysis buffer
three times. Then, a 50 μL of 1× loading buffer was added
and vortexed at 100°C for 5 min. The sample was loaded
into 10% SDS–PAGE, electrophoresed, and then visualized
using a Fast Silver Staining Kit (Beyotime). Then the gel
was cut, and the strips were analyzed using liquid chroma-
tography tandem mass spectrometry (APEX IV, FT-MS,
Bruker, USA).

2.12 Analysis of the methylation level of
KLF11 promoter by methylation-specific
polymerase chain reaction (MS-PCR)

DNA bisulfite modification was carried out using the EZ
DNA Methylation-Direct kit (Zymo Research, USA) according
to the manufacturer’s instructions. The bisulfite-treated
DNA samples were then subjected to MS-PCR using primers
for KLF11 unmethylated sequence (forward 5′-TAGAGTTTTG
TTTATGTGAGTGGTG-3′, reverse 5′-CTTATAAAAACCTCCTAC
AACCC C-3′) and for KLF11 methylated sequence (forward
5′-TATTATAGAGTTTTGTTTATGTGA GTGT-3′, reverse 5′-CCCC
TTATAAAAACCTCCTACACCACA-3′). The DNA products were
amplified in 40 cycles at an annealing temperature of 60°C.
Methylated PCR products (192 bp) were analyzed on 2%
agarose gel.

2.13 Tumor sphere formation assay

Tumor sphere formation assay was performed as pre-
viously described [18]. BGC-823 cells were seeded into

ultra-low attachment 24-well plates (Corning) in DMEM
supplemented with 20 ng/mL of epidermal growth factor,
10 ng/mL of basic fibroblast growth factor (bFGF), 5 mg/mL
of insulin, and 2% B27 at 37°C in a humidified atmosphere
of 95% air and 5% CO2. Half medium with additions was
renewed every other day. Tumorspheres were visualized
and calculated by a microscope.

2.14 Statistical analysis

SPSS 24.0 software was used for the statistical analysis.
Continuous variables were expressed as mean ± standard
error of measurement (SEM) and compared using Wilcoxon
test. Categorized variables were presented by frequency (n)
and proportion (%) and then compared through analysis of
variance. Independent t-test was used for the comparisons
of the data between groups. Both Cox proportional hazard
model and log‐rank test were applied to survival analyses. P
< 0.05 was considered statistically significant.

3 Results

3.1 KMT2A is highly expressed in gastric
cancer and associated with poor
outcomes of patients

To investigate the expression feature of KMT2A in gastric
cancer, data were first downloaded from the public cancer
database TCGA data (https://tcga⁃data.nci.nih.gov/tcga/) and
preprocessed with mRNA expression RNASEqV2 data and
KMT2A gene copy number for the gastric cancer dataset.
The results of database analysis showed that the expression
of KMT2A was significantly higher in gastric cancer tissues
(n = 408) compared with that in normal gastric tissues (n =

211) (P < 0.01) (Figure 1a). Moreover, gastric cancer tissue
andmatched peritumor normal gastric tissue (n = 78, respec-
tively) were collected and detected for KMT2A expression
using IHC assay, and the result showed that KMT2A was
highly expressed in cancer tissues, compared to matched
normal tissues (P < 0.01), consistent with the result from
TCGA dataset analysis (Figure 1b and c). Furthermore, inde-
pendent risk factors for the prognosis of gastric cancer
patients with KMT2A high expression, compared to those
with KMT2A low expression, were assessed using COX
logistic regression analysis and log-rank test in 178 gastric
cancer tissues. The result showed that KMT2A was an inde-
pendent risk factor for the prognosis of gastric cancer
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patients (Table 1). In addition, patient survival prognosis
was analyzed using the Kaplan–Meier method. The results
showed a significant correlation between expression level
and prognosis (P < 0.001), with higher expression associated
with worse prognosis (overall survival [OS] and progression-
free survival [PFS]) (Figure 1d and e).

3.2 KMT2A is significantly associated with
stemness and increased nuclear
β-catenin in gastric cancer

To screen for stemness-related signaling pathways asso-
ciated with KMT2A expression in gastric cancer, we per-
formed gene set enrichment analysis (GSEA) by com-
paring the high and low KMT2A expression groups. As
shown in Figure 2a and b, stem cell differentiation-related
pathways, including stem cell differentiation and stem cell

population maintenance, were significantly enriched in gas-
tric cancer with high expression of KMT2A. Moreover, to
further investigate the relationship between KMT2A and
stemness, we analyzed the correlation between KMT2A
expression and the stemness-related marker set in gastric

Figure 1: Expression and prognostic value of KMT2A in gastric cancer. (a) The expression of KMT2A in gastric cancer tissues and normal gastric tissues
was analyzed based on data downloaded from the public cancer TCGA database (https://tcga⁃data.nci.nih.gov/tcga/). (b and c) KMT2A expression in
collected gastric cancer tissues and matched peritumor normal gastric tissues using IHC assay. 200× magnification. (d and e) Kaplan–Meier estimates
of OS time and recurrence in gastric cancer patients with different KMT2A expression.

Table 1: COX logistic regression analysis on KMT2A expression in 177
patients with gastric cancer

Variates P value HR 95% CI

KMT2A (high vs low) <0.001* 1.464 1.294–1.653
Age (>60 vs ≤60, ys) 0.524 1.184 0.778–1.765
Sex (male vs female) 0.997 1.009 0.698–1.432
T stage (T3 + T4 vs T1 + T2) 0.021* 1.725 1.082–2.739
N stage (N2 + N3 vs N1 + N0) 0.049* 1.529 0.981–2.179
M stage (M1 vs M0) 0.113 1.215 0.962–1.532

*P < 0.05.
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cancer using the GEPIA2 online web server. The result
showed that a significant correlation was found between
KMT2A and the stemness-related gene sets, including tumor
stemness-related signature (CD44/CD133/Sox2/OCT4) and gastric
cancer-specific stemness signature (Sox/FOXM1 [19]) (Figure
2c and d). In addition, to clarify the effect of KMT2A on the
stemness of gastric cancer cells, we carried out a tumor-
sphere formation assay using BGC-823 cells. The result
showed that the colony-forming ability of BGC-823 cells
with KMT2A knockdown decreased significantly when com-
pared to control cells (Figure 2e). Recent studies have
demonstrated that the Wnt/β-catenin signaling pathway is
involved in regulating the proliferation and differentiation
of stem cells, closely related to the development of tumors
and the tumor stem cell-induced drug resistance [20,21].
Hence, we further explored the correlation between β-
catenin expression and stemness in gastric cancer. The

result showed that in gastric cancer, high expression of β-
catenin was positively associated with the regulation of stem
cell differentiation and stem cell population maintenance;
meanwhile, β-catenin expression showed a positive correla-
tion with tumor stemness-related signature and gastric
cancer-specific stemness signature (Figure 2f–i). Based on
the findings, we further investigated the correlation between
KMT2A expression and Wnt/β-catenin signaling in gastric
cancer. The result showed a close association between
KMT2A expression and β-catenin expression in gastric
cancer (Figure 2j); moreover, the result from western
blotting showed that also the high level of KMT2A protein
was associated with high expression of β-catenin in clin-
ical samples of gastric cancer (Figure 2k). In addition, it
was also demonstrated that KMT2A knockdown inhibited
the translocation of β-catenin to the nucleus in gastric
cancer BGC-823 cells (Figure 2l).

Figure 2: Correlation between KMT2A and stemness in gastric cancer patients and cells. (a and b) Correlation between KMT2A and stemness-related
pathways in gastric cancer analyzed by GEPIA2 database. (c and d) Correlation between β-catenin and stemness-related pathways in gastric cancer. (e)
Tumorsphere formation assay was performed in control and KMT2A−/− BGC-823 cells. The number of tumorspheres means colonies per 5000 cells.
(f–i) Correlation between KMT2A or β-catenin and gastric cancer stemness-related genes Sox2/FOXM1 and cancer stemness-related genes CD44/
CD133/Sox2/OCT4, respectively, analyzed by the TIMER2.0 database. (j) Correlation between KMT2A and β-catenin expression in gastric cancer. (k) The
expressions of KMT2A and β-catenin by IHC assay were analyzed using a Spearman method. (l) The nucleus extracts from BGC-823 cells with KMT2A
knockdown, mock, and control were detected with anti-β-catenin antibody using a western blotting assay.
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3.3 KMT2A regulated stemness through
modulating Wnt/β-catenin signaling in
gastric cancer

To further unravel the mechanism of KMT2A in affecting
the stemness in gastric cancer, we observed the change of
stemness-related factors and cell proliferation in BGC-823
cells with KMT2A knockdown, compared to control cells.
The result indicated that the mRNA levels of some stemness-
related factors, including ALDH1A1, SMAD2, EpCAM, NANOG,
SOX2, OCT4, and FOXM1, were significantly decreased; mean-
while, the protein levels of gastric cancer-specific stemness
molecules, including SOX2 and FOXM1, were also obviously
reduced in BGC-823 cells with KMT2A knockdown (Figure 3a
and b). Moreover, KMT2A knockdown inhibited significantly
the proliferation of BGC-823 cells as well as promoted the
apoptosis of these cells (Figure 3c and d). However, of note,
when the nucleus translocation of β-catenin signaling was
efficiently inhibited by Tegatrabetan (BC2059) treatment
(100 nM; cat#,S0733, Selleck) in gastric cancer cells, KMT2A
overexpression did not significantly upregulate the levels of
these stemness-related molecules (Figure 3g) and rescue the
proliferation (Figure 3h) as well as inhibit the apoptosis of
gastric cancer cells (Figure 3i–l), compared to the KMT2A
overexpression alone.

3.4 KMT2A modulates the expression of
stemness-related genes through
regulating β-catenin-activated KLF11
transcription in gastric cancer

To further explore the molecular mechanism of KMT2A
regulating β-catenin activation-induced stemness in gastric
cancer, we identified the β-catenin-binding nuclear pro-
teins by performing a co-immunoprecipitation/mass spec-
trometry (Co-IP/MS) analysis in BGC-823 cells. A total of 16
proteins were identified, namely, SKP1, CDH1, Etl4, Lgr4,
Hist1, Taf1, Hspb1, Tns3, Klf11, Itga1, H1f0, Krt19, Tpi1, Vc1,
Pkp2, and Cdc130 (Table A1). Meanwhile, among the nuclear
proteins that can bind with β-catenin using STRING data-
base, KLF11 was also found (Figure 4a and b). Hence, to
clarify whether β-catenin can bind with KLF11 in gastric
cancer cells, we carried out a Co-IP assay followed by wes-
tern blotting detection. The result showed a binding of
β-catenin with KLF11 in gastric cancer cells (Figure 4c).
Moreover, it was identified by a dual luciferase reporter
assay that KLF11 binds directly with the promoters of spe-
cific gastric cancer stemness-related molecules, including
SOX2 and FOXM1 (Figure 4d and e). To unravel further the

association between KMT2A and KLF11 expression, we first
examined the output products of β-catenin Co-IP assay using
the KMT2A antibody and found the existence of KMT2A in the
β-catenin–KLF11 protein complex in BGC-823 cells (Figure 4c).
Furthermore, it was also found that the methylation level of
KLF11 promoter was significantly increased in BGC-823 cells
with KMT2A overexpression (Figure 4f). Of note, in gastric cells
with KMT2A knockdown, KLF11 could not bind directly with
the promoters of SOX2 and FOXM1 and initiate the transcrip-
tion of SOX2 and FOXM1 (Figure 4g–i).

4 Discussion

Epigenetic alteration has been recognized as the important
feature of cancers [22]. A comprehensive understanding of
the characteristic alterations in epigenetic modifications
during tumor development will facilitate the development
of novel combination therapeutic strategies for tumors. In
recent decades, targeting epigenetic regulation of histones
or DNA for tumor therapy has attracted increasing atten-
tion [23]. Histone lysine methyltransferases play a variety
of important roles in the maintenance of chromatin stabi-
lity and the regulation of gene expression by catalyzing the
transfer of methyl groups to specific lysine side chains at
the H3 and H4 ends of histones to form histone methylation
characteristics, thereby affecting gene transcription, DNA
replication, and DNA repair [24]. Histone lysine methyl-
transferases have been reported to be closely associated
with the occurrence of various cancers and diseases [25],
and their potential to be used as therapeutic targets is
unlimited. Recently, as a lysine methyltransferase, KMT2A
has also been found to act as a transcriptional cofactor
that plays an important role in regulating gene expression
during early development and hematopoiesis [26,27]. How-
ever, the roles of KMT2A in solid cancers are not still clear.
More recently, KMT2A has been recognized as a novel and
potentially predictive biomarker for immune checkpoint
inhibitor therapy in a variety of solid tumors [28]. In the
study, we investigated the expression feature of KMT2A in
gastric cancer through analyzing the public cancer TCGA
dataset and detecting the clinical samples and found the
significantly higher expression of KMT2A in gastric cancer;
then, the prognostic value of KMT2A was further assessed,
and it was demonstrated that high expression of KMT2A was
associated with worse prognosis (OS and PFS). The results
suggest that KMT2A could be used as a poor prognostic
factor, and highly expressed KMT2A was significantly asso-
ciated with shorter survival and risk of recurrence in gastric
cancer patients. It is the first time to unravel the prognostic
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Figure 3: KMT2A regulated stemness through modulating Wnt/β-catenin signaling in gastric cancer. (a) mRNA levels of stemness-related factors,
including ALDH1A1, SMAD2, EpCAM, NANOG, SOX2, OCT4, and FOXM1, in BGC-823 cells with KMT2A knockdown, mock, and control were determined
by RT-PCR. (b) The protein levels of SOX2 and FOXM1 in BGC-823 cells with KMT2A knockdown, mock, and control were analyzed by a western blotting
assay. (c) The cell proliferation was performed by CCK-8 assay. (d–f) The apoptosis of BGC-823cells with KMT2A knockdown, mock, and control was
detected by a flow cytometry. Annexin V-FITC stands for the detecting the onset of apoptotic cells labeled with fluorescein isothiocyanate, and PI
means cells with advanced apoptosis and loss of cell membrane integrity, showing red fluorescence; (g) mRNA levels of stemness-related factors in
BGC-823 cells with KMT2A knockdown, BC2059 treatment, and combination were determined by RT-PCR. (h) The cell proliferation of BGC-823 cells
with KMT2A knockdown, BC2059 treatment, and combination was determined using a CCK-8 assay. (i–l) The apoptosis of these cells was detected by a
flow cytometry. Error bars indicate SEM; n = 3. *P < 0.05.
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value of KMT2A expression, but not mutation, in gastric
cancer, although KMT2A mutations, including KMT2A-PTD,
have been demonstrated as a potential predictor in other
cancer, particularly in leukemia [29].

Recent advances have highlighted the involvement of
epigenetic deregulation in cancer metastasis, stemness,
and drug resistance [30]; meanwhile, the dysregulation of
lysine methyltransferases has been recognized as a notable
epigenetic trait in gastric cancer [31]. Recently, it is reported

that KMT2A functions as an epigenetic regulator of cancer
stemness in intestinal cancer [32]. To define the association
between KMT2A expression and stemness of gastric cancer,
we performed GSEA of stemness-related signaling pathways
and explored the correlation between KMT2A expression
and a stemness-related marker set. It was found that stem
cell differentiation-related pathways, including stem cell dif-
ferentiation and stem cell population maintenance, were
significantly enriched in gastric cancer with high expression

Figure 4: KMT2A-regulated stemness was dependent on KLF11 transcriptional activity. (a) The Venn diagram of β-catenin-binding nuclear proteins
identified by Co-IP-MS and STRING prediction (b). (c) The immunoprecipitation by anti-β-catenin antibody was detected with anti-KLF11 or anti-KMT2A
antibodies using a western blotting assay. (d and e) Predicted wild-type (WT) or mutated (Mut) full-length 3′-UTR of SOX2 and FOXM1 genes was
cloned into a dual luciferase reporter plasmid and was then co-transfected with KLF11 vector; the activity was assessed by luciferase reporter gene
assay. (f) MS-PCR analysis of KLF11 promoter in control BGC-823 cells, mock, and KMT2A-overexpressed BGC-823 cells. Methylated PCR products are
192 bp. (g–i) The luciferase activity of SOX2 and FOXM1 gene was determined by luciferase reporter gene assay. (h) The mRNA levels of SOX2 and
FOXM1 were examined by a RT-PCR assay. Error bars indicate SEM; n = 3. *P < 0.05.
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of KMT2A; meanwhile, a significant correlation was observed
between KMT2A expression and the stemness-related gene
sets, including tumor stemness-related signature (CD44/
CD133/Sox2/OCT4) and gastric cancer-specific stemness
signature (Sox/FOXM1). Furthermore, we identified a cri-
tical role of KMT2A in promoting the stemness formation
of gastric cancer cells using a tumorsphere formation assay.
These results suggested a strong relationship between KMT2A
expression and stemness in gastric cancer. Hence, it is neces-
sary to further explore the mechanism by which KMT2A is
involved in the stemness regulation of gastric cancer.

As is well known, the WNT signaling pathway is an
ancient and evolutionarily conserved signaling system that
regulates the self-renewal balance between embryonic devel-
opment and adult cells by relying not only on local effector
elements but also on β-catenin to recruit several chromo-
somal modifiers to form specific functional and structural
regions of the chromosome [20]. It has recently been found
that WNT signaling regulates histone acetyltransferase
activity, leading to widespread structural changes in chro-
mosomes [33]; moreover, WNT/β-catenin signaling can also
regulate the EMX-dependent stemness in sarcoma [34]. To
explore the correlation between β-catenin expression and
stemness in gastric cancer, we demonstrated that high
expression of β-catenin was positively association with the
regulation of stem cell differentiation, stem cell population
maintenance, and the signatures of tumor stemness-related
signature and gastric cancer-specific stemness. Meanwhile,
a close association between KMT2A expression and
β-catenin expression in gastric cancer was also observed;
moreover, KMT2A regulated the translocation of β-catenin
to the nucleus in gastric cancer cells. The findings indicated
the involvement of KMT2A in gastric cancer stemness by
activating the WNT/β-catenin signaling. Additionally, in the
study, it was also demonstrated that when the nucleus trans-
location of β-catenin signaling was efficiently inhibited by
Tegatrabetan (BC2059) treatment in gastric cancer cells,
KMT2A overexpression did not significantly upregulate the
levels of these stemness-related molecules and rescue the
proliferation as well as inhibit the apoptosis of gastric
cancer cells. Altogether, the results suggested that KMT2A-
induced stemness was dependent on the activation of Wnt/
β-catenin signaling in gastric cancer cells. Based on our find-
ings, a close correlation between Wnt/β-catenin signaling,
epigenetic regulation, and stemness in cancers has been
unraveled, which is consistent with recent advances in func-
tion of Wnt signaling-related epigenetic regulation/stem-
ness [35,36].

To address the issue on the molecular mechanism of
KMT2A regulating β-catenin activation-induced stemness in

gastric cancer, we identified the β-catenin-binding nuclear
protein KLF11 by performing a Co-IP/MS analysis gastric
cancer cells. KLF11, a member of the Kruppel-like transcrip-
tion factor family, is involved in regulating cell proliferation,
cell cycle, and apoptosis [37]. Studies have shown that KLF11
is closely related to the development of tumors [38–40], and
further in-depth research can better understand the
mechanisms of KLF11 involved in tumorigenesis and
development. Hence, in this study, we further demon-
strated KLF11 binds directly with the promoters of SOX2
and FOXM1, but could not initiate the transcription of
SOX2 and FOXM1 in gastric cells with the inhibition of
β-catenin translocation to the nucleus or KMT2A knock-
down. Meanwhile, KMT2A did not only directly bind to
β-catenin–KFL11 complex but also affect the methylation of
KFL11 promoter, finally regulating the expression of FKL11 in
gastric cancer cells. All of the aforementioned results sug-
gested at the first time that KMT2A activated the translocation
of β-catenin into the nucleus of gastric cancer cells and then
served as a coactivator of KLF11, which promoted the expres-
sion of specific gastric cancer stemness-related molecules,
including SOX2 and FOXM1.

In conclusion, we demonstrated the effects of KMT2A
on stemness of gastric cancer. Mechanistically, KMT2A acti-
vated β-catenin signaling, which served as a coactivator of
KLF11, and promoted the expression of specific gastric
cancer stemness-related molecules. This study provides a
novel insight to the potential application of targeting against
KMT2A as an epigenetic inhibitor. Nevertheless, further stu-
dies would be required to elucidate the specific epigenetic
regulatory mechanism in gastric cancer in the future.
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Appendix

Table A1: Primers used for real time PCR and shRNA sequences

Genes Forward (5′−3′) Reverse (5′−3′)

GAPDH GCA CCG TCA AGG CTG AGA AC TGG TGA AGA CGC CAG TGG A
SOX2 GAC AGT TAC GCG CAC ATG AA ACA CAG CTG GGT GGA AGA GA
FOXM1 GGGCGCACGGCGGAAGATGAA CCACTCTTCCAAGGGAGGGCTC
ALDH1A1 ACACTGCAACAGGAGGACCAAGAA ACATGCCCAATGACCTCACCT
SMAD2 CCTGTTGTGACTGTGGATGGCTATG AGACCTTTATATACGCGCTTGGGTAGA
EpCAM GAAGGCTGAGATAAAGGAGATGGG TTAACGATGGAGTCCAAGTTCTGG
OCT4 GGT ATT CAG CCA AACGA CCA CAC ACT CGG ACC ACA TCC TT
NANOG GTG ATT TGT GGG CCTGA AGA ACA CAG CTG GGT GGA AGA GA
CTNNB1 CTATGCAGGGGTGGTCAACA CTGGAAAACGCCATCACCAC
KMT2A shRNA CCGGGCACTGTTAAACATTCCACTTCTC

GAGAAGTGGAATGTTTAACAGTGCTTTTTG
AATTCAAAAAGCACTGTTAAACATTCCACTT
CTCGAGAAGTGGAATGTTTAACAGTGC

Table A2: Proteins that bind β-catenin in nuclear fractions of gastric cancer cells

Gene symbol Annotation Mean relative
abundance

Median Preimmune
Ratio

P(x2) Nucleus?

Skp1 S-Phase Kinase Associated Protein 1 670 ∞ 0.0001 Yes
Cdh1 Cadherin-1 502 ∞ 0.0001 Yes
Etl4 Sickle tail protein homolog 339 ∞ 0.0001 Yes
Lgr4 Leucine-rich repeat-containing G-protein coupled

receptor 4
132 ∞ 0.0001 Yes

Hist1 Histone H4 88 ∞ 0.0001 Yes
Taf1 Transcription initiation factor TFIID subunit 1 62 ∞ 0.0001 Yes
Hspb1 60 kda heat shock protein, mitochondrial 32 ∞ 0.0029 Yes
Tns3 Tensin-3 22 ∞ 0.0032 Yes
Klf11 KLF Transcription Factor 11 14 ∞ 0.0209 Yes
Itga1 Integrin alpha-1 9 ∞ 0.0392 Yes
H1f0 Histone H1.0 5 ∞ 0.0002 Yes
Krt19 Keratin, type I cytoskeletal 19 3 ∞ 0.0021 Yes
Tpi1 Triosephosphate isomerase 63 8.92 0.0045 Yes
Vcl Vinculin 141 6.21 0.0325 Yes
Pkp2 Plakophilin 2 204 3.25 0.0023 Yes
Cdc130 Coiled-coil domain-containing protein 130 103 1.62 0.0236 Yes
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