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Background: The Chromobox homolog 4 (CBX4) has been found to be overexpressed in multiple 
malignancies. However, the associations between CBX4 and gastric cancer (GC) have remained unclear. This 
study aimed to determine the biological roles of CBX4 in GC and identify effective therapeutic targets.
Methods: The 3-(4,5-dimethylthiazol-2-yl) (MTT) assays were used to screen CBX family members. 
Differential analysis was utilized to evaluate the CBX4 levels. Kaplan-Meier analysis was used to perform 
prognostic analysis. Western blotting assay, quantitative polymerase chain reaction (qPCR) assay and 
immunohistochemistry (IHC) were used to assess CBX4 expressions. Colony formation assay, Cell Counting 
Kit-8 (CCK-8) assay, and Transwell assay were used to assess progression features of cells. The tail vein 
injection model was utilized to determine the metastatic efficacy of GC cells. Tumor sphere formation assay 
was used to assess tumor stemness maintenance ability. Chromatin immunoprecipitation (ChIP)-qPCR assay 
was used to evaluate the associations between CBX4 and CDC20. A subcutaneous tumor model was used to 
assess the in vivo growth ability of GC. 
Results: The MTT assay revealed that only CBX4 inhibition could lead to notable restriction of GC 
growth, as compared to others. Differential analysis suggested that CBX4 was upregulated in tumor samples 
relative to normal tissues. Less favorable overall survival (OS) outcomes were noticed in GC patients with 
high CBX4 in comparison to those with low CBX4. High CBX4 could notably enhance cell proliferation 
capacity, migration ability, and in vivo metastatic efficacy. Gene set enrichment analysis (GSEA) indicated 
the relationships between CBX4 and GC stemness, and CBX4 overexpression could remarkably elevate 
self-renewal ability of GC cells. In addition, CBX4 could mainly promote CDC20 messenger RNA 
(mRNA) levels, and targeting CBX4 suppressed the relative CDC20 levels. The ChIP-qPCR assay further 
demonstrated that CBX4 coordinated with H3K4me3 to bind at the CDC20 promoter region. Additionally, 
CBX4 depended on CDC20 to drive GC growth. Lastly, downregulated CBX4 could notably inhibit the 
growth of GC in vivo. 
Conclusions: This study highlights the oncogenic roles of CBX4 in GC. CBX4 activates CDC20 to 
maintain stemness features of GC, thereby creating therapeutic vulnerabilities in the treatment of GC. 
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Introduction

Gastric cancer (GC) a common malignancy of the stomach, 
and the third leading cause of cancer death worldwide. 
Based on the latest statistics, there would have been an 
estimated 26,560 new cases of GC, and the corresponding 
deaths would reach 11,180 in 2021 (1). As a complex disease 
that originates from the interplay between environment 
and host-related issues, the pathogenesis of GC is induced 
by many hazard factors, including Helicobacter pylori (Hp) 
infection, alcohol drinking, irregular diet, and genetics  
(2-4). The majority of GCs are adenocarcinomas, and can 
divided into intestinal and diffuse subtypes based on the 
Lauren classification system (5,6). Although traditional 
treatments comprise surgical resection and chemotherapy 
for patients with GC, their overall benefits have been 
limited (7). In recent decades, mounting attention has been 
directed towards the field of molecular targeted therapy  
(8-10). Intensive high-throughput sequencing technologies 
have deciphered the genomic profile of GC, finding novel 
molecular targets such as FZD7, EZH2, and ARID1A 
(11-13). In addition, The Cancer Genome Atlas (TCGA) 
database is a powerful resource for illustrating the molecular 
characterization of GC (14,15). Future challenges include 
the evaluation of clinical translational significance of these 
molecular targets, thereby providing valuable strategies for 
detection of GC and individualized management. 

Epigenetic regulations maintain cell phenotypes or 
behaviors via mastering the transcriptional availability 
of vast regions across the genome, such as differential 
DNA methylation, chromatin accessibility, and DNA 
packaging via histone modifications (16,17). Cancer-
associated epigenetic events exert effects via crosstalk or 
co-operation of mutually reinforcing or counteracting 
pathways (18,19). Genome-wide sequencing technologies 
have largely expanded the understanding of epigenetic 
markers and how they function (20). Recent studies on 
the aberrant modulation of gene promoters and enhancers 
in tumors have increased interest regarding the effects 
of epigenetic alterations on tumor formation (16,21). 
The epigenetic family members can be subdivided into 
transcription factors, histone writers, readers, and erasers. 
Overall, the recruitment, preservation, and modification 
of epigenetic marks are accurately modulated, with 
coordination among writers or marks to characterize 
the epigenetic profile (22,23). Polycomb group (PcG) 
proteins have been revealed as the key transcriptional 
repressors that promote epigenetic silencing of targets, 
including polycomb-repressive complexes (PRC) PRC1 and  

PRC2 (24). Particularly, polycomb chromobox (CBX) 
proteins participate in the PRC1 complex and grant the 
distinct biological roles for PRC1 (25-27). Meanwhile, 
CBX proteins may function as oncogenic drivers or tumor-
suppressive factors in a cancer-type-dependent manner. 
It has been shown that CBX7 regulates the stemness 
traits of GC cells through p16 and AKT-NF-κB-miR-21  
crosstalk (28). In contrast, CBX7 could also inhibit 
urinary bladder cancer progression through regulating the 
AKR1B10-ERK pathway (29). As a result, the specific roles 
of CBX proteins in each tumor should be evaluated and 
discussed separately. Among these members, chromobox 
homolog 4 (CBX4), also known as polycomb 2, is an 
unusual CBX protein that has dual functions to be both a 
SUMO E3 ligase and a transcriptional regulator (30,31). 
The two distinct functions of CBX4 are mainly mediated by 
the N-terminal chromodomain and two SUMO-interacting 
motifs (SIM). In recent years, CBX4 was identified as an 
effective vulnerability for hepatocellular carcinoma (HCC). 
Mechanistically, CBX4 could enhance HIF-1α sumoylation 
at K391 and K477 to increase the transcriptional activity 
of HIF-1. Meanwhile, the CBX4 proteins were positively 
associated with VEGF expressions, angiogenesis, and 
the overall survival (OS) of HCC patients (32). In 
addition, CBX4 recruits GCN5 to the Runx2 promoter to 
activate its levels, thereby enhancing osteosarcoma distal  
metastasis (33). However, no associated studies were 
available to discuss the relationships between CBX4 and 
GC tumorigenesis. Whether CBX4 is an oncogene or 
tumor suppressor in GC has yet to be determined. 

In the current study, we used the bioinformatic analysis 
to identify that CBX4 is up-regulated in GC and is 
positively associated with poor survival outcomes. The 
growth and migration could be enhanced by CBX4. Based 
on these data, we provided novel insights into CBX4-
mediated regulation of self-renewal capacity in GC. We 
also explored the epigenetic mechanism between CBX4 
and CDC20, providing potential targets for GC treatment. 
We present the following article in accordance with the 
ARRIVE reporting checklist (available at https://jgo.
amegroups.com/article/view/10.21037/jgo-22-549/rc).

Methods

Cell culture and patient samples

We obtained GC cells (MGC-803, HGC-27, MKN-
45, BGC-823) and 293 T cells from Shanghai Institute 
of Biochemistry and Cell Biology, Chinese Academy of 
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Sciences (Shanghai, China), and cultured the cells in 
Dulbecco’s Modified Eagle Medium (DMEM) medium, 
supplemented with 10% fetal bovine serum (FBS; 
Invitrogen, Camarillo, CA, USA). All cells were maintained 
at 37 ℃ in an atmosphere of 5% CO2. 

Collection of GC samples and immunohistochemistry

All GC specimens were collected from The Second 
Affiliated Hospital, Hengyang Medical School, University 
of South China, and confirmed by pathology. For the IHC 
assay, GC tissues from patients were taken to paraffin 
imbedding and cut, and stained by hematoxylin. The 4 μm 
thick sections of tissues were sliced. After deparaffinization 
and rehydration, samples were blocked from endogenous 
peroxidases with 3% solution of hydrogen peroxide. 
Following this, IHC staining was performed using the 
specific primary antibodies against CBX4 according 
to standard protocols. After 1× PBS rinses for 15 min, 
tissue sections were incubated with the rabbit anti-goat 
biotinylated secondary antibody, and then followed by 
incubation with streptavidin-horseradish peroxidase 
complex (SABC) and stained with 3,3'-diaminobenzidine 
tetrahydrochloride hydrate (DAB). Sections were 
counterstained with hematoxylin. The study was conducted 
in accordance with the Declaration of Helsinki (as revised in 
2013). The study was approved by institutional ethics board 
of The Second Affiliated Hospital, Hengyang Medical 
School, University of South China, and informed consent 
was taken from all the patients.

Generation of CBX4-deleted GC cells

We selected MGC-803 and HGC-27 cells to construct 
CBX4-knockout (KO) cells, respectively. Briefly, the pX459 
plasmid was utilized to clone sgRNA sequences that target 
CBX4. Then, MGC-803 and HGC-27 cells were planted 
into a 6-well plate and transfected with the constructed 
sequences. After one day, the puromycin (1 μg/mL) was 
used to screen GC cells for 72 hours. After drug screening, 
the remaining alive cells were further planted into a 96-well 
plate with the diluted concentration. The CBX4-KO cell 
clones were confirmed by western blot assay. 

Colony formation assay and Transwell assay

For the colony formation assay, GC cell lines with CBX4 
overexpression or CBX4-KO were diluted into a single-

cell suspension. The 2,000 cells in each well of the 6-well 
plates were cultured under 5% CO2 at 37 ℃ for 10 days. 
After the cells were stained with 0.04% crystal violet and 
2% ethanol, the colonies numbers were quantified and 
compared. The migration assay of BGC-823 and MGC-803 
cells was performed in a 12-well Transwell plate with 8-mm 
polyethylene terephthalate membrane filters (Corning, 
Corning, NY, USA). 

Tumorsphere formation assay

The ultra-low attachment plates (cat. no. 174925) were 
obtained from Corning Incorporated (Corning, USA). 
For the sphere formation assay, GC cells were plated in 
ultra-low attachment 96-well plates. Then, the cells were 
maintained in DMEM supplemented with 10% FBS. 
Afterwards, the sphere formation graphs were obtained 
after 14 days. We used 1,000 MGC-803 or HGC-27 cells 
for the sphere formation assay. 

Western blotting assay

Cell proteins derived from the lysed cells were separated by 
sodium dodecyl sulfate polyacrylamide gel electrophoresis 
(SDS-PAGE),  which were further  transferred to 
nitrocellulose membranes. Then, 5% milk was mixed 
with tris-buffered saline with Tween 20 [TBST; 120 mM 
Tris-HCl (pH 7.4), 150 mM NaCl, and 0.05% Tween 
20] to block the non-specific binding regions for 1 hour. 
After washing three times in phosphate-buffered saline 
(PBS), the membranes were further incubated with the 
primary antibodies of anti-CBX4 (Abcam, Cambridge, 
MA, USA; ab242149) and anti-CDC20 (Abcam, ab183479) 
overnight at 4 ℃. β-actin was used as a loading control. The  
next day, the membranes were washed with PBS three times. 
Then, the membranes were incubated with a horseradish 
peroxidase (HRP)-conjugated secondary antibody. All 
indicated proteins were visualized at the bands using a Dura 
SuperSignal Substrate (Pierce, Waltham, MA, USA).

Chromatin immunoprecipitation (ChIP) assay 

The MKN-45 cells were cross-linked at 37 ℃  for  
10 minutes with the 1% formaldehyde. Then, 300 μL of 
lysis buffer was utilized to resuspend the cells. The DNA 
was divided by sonication method into several fragments, 
which were further diluted to a SDS mixture with 0.1% 
concentration. Using the herring sperm DNA and Protein 
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A/G Magnetic beads (Thermo Fisher, Waltham, MA, USA), 
the recovered supernatants were incubated by specific 
antibodies or an isotype control immunoglobulin G (IgG) 
for 2 hours. The antibodies are the anti-CBX4 (Abcam, 
ab242149) and anti-H3K4me3 (Abcam, ab213224). The 
immunoprecipitated DNA was retrieved from the beads 
with 1% SDS and a 1.1MNaHCO3 solution, which was 
further purified by a polymerase chain reaction (PCR) 
Purification Kit (QIAGEN, Valencia, CA, USA). 

Animal assay

For the in vivo metastatic model, MGC-803 cells were 
injected into nude mice via the tail vein portal (n=5/group). 
Bioluminescent (BIL) flux was used to detect the distal 
lung metastases with the unit of (photons/s/cm2/steradian). 
The IVIS-100 system (Caliper Life Sciences, Hopkinton, 
MA, USA) was used to monitor and evaluate the metastatic 
progression. After 6 weeks, all mice were euthanized. For 
the subcutaneous tumor model, 4–6-week-old BALB/c nu/
nu mice were obtained from Shanghai Laboratory Animal 
Center (SLAC) Co., Ltd. (Shanghai, China). All mice were 
bred and maintained in our institutional pathogen-free 
mouse facilities. The 4×106 indicated BGC-823 cells were 
suspended with the 100 μL PBS buffer. Then, they were 
injected into the flanks of nude mice (n=5/group). At the 
end of 3 weeks, all mice were killed and the subcutaneous 
solid tumors were obtained and compared. Animal 
experiments were granted by ethics board of The Second 
Affiliated Hospital, Hengyang Medical School, University 
of South China, in compliance with the institutional 
guidelines for the care and use of animals.

Bioinformatic analysis

The expression matrix of CBX4 derived from GC patients 
was obtained from the TCGA resource via the Genomic 
Data Commons (GDC) portal (https://portal.gdc.cancer.
gov/). We utilized the limma package to analyze the 
levels of CBX4 in tumor and normal tissues. Besides, 
we also downloaded the CBX4 expression data from 
GSE29272 (https://www.ncbi.nlm.nih.gov/geo/query/acc.
cgi?acc=GSE29272) with 134 patients, and GSE63089 
(https://www.ncbi.nlm.nih.gov/gds/?term=GSE63089) 
with 45 paired samples, and GSE13195 (https://www.
ncbi.nlm.nih.gov/gds/?term=GSE13195) with 50 paired 
samples. Boxplot was used to show the results. Kaplan-
Meier analysis was carried out by the survival package. 

Gene set enrichment analysis (GSEA) was conducted using 
the CBX4 levels as the classification index. Based on the 
GSEA software running on Java platform, we obtained 
the “c2.cp.kegg.v6.2.symbols.gmt gene sets” from the 
Molecular Signatures Database (MSigDB; http://software.
broadinstitute.org/gsea/msigdb) as the reference set. The 
enriched biological items with false discovery rate (FDR) 
<0.05 were considered statistically significant. 

Statistical analysis

All  data were expressed as mean values ± SD for 
experiments. Student’s t-test and one-way analysis of 
variance (ANOVA) were utilized to compare differences in 
continuous variables. Kaplan-Meier analysis with log-rank 
test was used to assess the prognostic value of CBX4 in GC 
samples. All statistical analyses were performed by using the 
software SPSS 19.0 (IBM Corp., Chicago, IL, USA). A P 
value <0.05 was considered statistically significant. 

Results

Screening of CBX family members to identify CBX4 as a 
prognostic regulator in GC

To find the potential epigenetic regulators that are required 
for GC growth, we designed the specific small interfering 
RNAs (siRNAs) targeting CBX members in MGC-
803 cells, individually. The 3-(4,5-dimethylthiazol-2-yl) 
(MTT) assay revealed that CBX4 inhibition induced the 
greatest decrease of cell growth relative to other family 
members (Figure 1A). Few studies have reported about the 
associations between CBX4 and GC. Besides, we carried out 
an analysis of Gene Expression Omnibus (GEO) databases 
incorporating GSE29272, GSE63089, and GSE13195 
and discovered that messenger RNA (mRNA) levels of 
CBX4 were notably increased compared with those in the 
adjacent normal tissues (Figure 1B-1D). In addition, we also 
downloaded the transcriptome matrix of GC patients from 
TCGA dataset (https://portal.gdc.cancer.gov/). Differential 
analysis was conducted by limma package, which revealed 
that CBX4 was also higher in tumor than normal samples 
(N=408, P<0.001, Figure 1E). To assess whether CBX4 
levels were related to prognosis of GC patients, we 
conducted Kaplan-Meier analysis based on the Kaplan-
Meier plotter database (http://kmplot.com/analysis/index.
php?p=service&cancer=gastric) to determine the effects 
of CBX4 on the survival of 875 samples. The prognostic 

https://portal.gdc.cancer.gov/
https://portal.gdc.cancer.gov/
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE29272
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE29272
https://www.ncbi.nlm.nih.gov/gds/?term=GSE13195
https://www.ncbi.nlm.nih.gov/gds/?term=GSE13195
http://software.broadinstitute.org/gsea/msigdb
http://software.broadinstitute.org/gsea/msigdb
http://kmplot.com/analysis/index.php?p=service&cancer=gastric
http://kmplot.com/analysis/index.php?p=service&cancer=gastric
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Figure 1 Bioinformatic analysis suggested that CBX4 is upregulated in GC and correlated with poor prognosis. (A) MTT assay was 
conducted in MGC-803 cells using the specific siRNAs that target chromobox family members, individually. (B) Boxplot exhibiting the 
different mRNA levels of CBX4 in normal and GC samples in the GSE29272 dataset. (C) Box plot showing the mRNA levels of CBX4 in 
normal and GC samples in the GSE63089 dataset. (D) Differential analysis of CBX4 levels in normal and GC samples in the GSE13195 
dataset. (E) Differential analysis of CBX4 levels in normal and GC samples derived from the TCGA-STAD cohort. (F,G) Kaplan-Meier 
analysis was conducted based on the Kaplan-Meier Plotter database to compare the differences of OS (F) and PPS (G) months in CBX4-
high and CBX4-low GC patients. *, P<0.05; ***, P<0.001. MTT, 3-(4,5-dimethylthiazol-2-yl); TCGA-STAD, The Cancer Genome Atlas 
stomach adenocarcinoma; CBX4, chromobox 4; GC, gastric cancer; siRNA, small interfering RNA; mRNA, messenger RNA; OS, overall 
survival; PPS, post-progression survival.
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analysis with survival curves revealed that patients with high 
CBX4 levels had shorter OS months or post-progression 
survival (PPS) months compared with those with low CBX4 
levels (Figure 1F,1G). In summary, our screening data and 
bioinformatic analysis indicated that CBX4 is a hazard 
epigenetic regulator that has clinical prognostic significance 
in GC.

CBX4 promotes GC cells proliferation and growth 

To further confirm the bioinformatic findings in the public 
datasets, we collected several GC samples with matched 
normal tissues to perform the immunohistochemistry 
(IHC) assay. In line with the above results and speculations, 
IHC staining indicated the overexpression of CBX4 in GC 
samples (Figure 2A). To determine the biological roles of 
CBX4 in GC, we selected two GC cell lines (MGC-803 
and HGC-27) to establish CBX4-overexpressing cells. The 
protein and relevant mRNA levels of overexpressed CBX4 
in MGC-803 and HGC-27 were confirmed by western 
blotting and quantitative (q)PCR assays (Figure 2B,2C). 
Overexpression of CBX4 enhanced the cell growth of 
MGC-803 and HGC-27 cells, indicating that CBX4 is an 
oncogenic factor in GC (Figure 2D). To further confirm 
these findings in vitro, we also used to CRISPR/Cas9 
strategy to delete CBX4 in MKN-45 and BGC-823 cells 
(Figure 2E). As expected, CBX4 depletion significantly 
attenuated the cell proliferation ability of MKN-45 
and BGC-823 cells relative to parental control cells  
(Figure 2F). In addition, CBX4 deficiency suppressed the 
colony formation abilities, whereas ectopic expressions 
of CBX4 could rescue the impaired abilities of MKN-45 
cells (Figure 2G). In summary, these findings implied the 
oncogenic role of CBX4 in GC, showing that CBX4 could 
promote GC proliferation.

CBX4 enhances GC cells migration and invasion in vitro 
and in vivo

To further evaluate whether CBX4-mediated effects were 
required for GC metastasis, we assessed the relationships 
between CBX4 and GC cell motility. Firstly, CBX4 
depletion notably attenuated the migratory ability of 
BGC823 cells as compared to WT control cells, as 
evidenced by the wound-healing assay (Figure 3A). 
Besides, ectopic expression of CBX4 significantly elevated 
the migration efficacy of MGC-803 cells (Figure 3B). In 
addition, Transwell Matrigel invasion assay further indicated 

that CBX4 KO remarkably impaired the invasive ability of 
BGC-823 cells (Figure 3C). However, CBX4 overexpression 
notably enhanced the invasive efficiency of MGC-803 
cells (Figure 3D). Lastly, we also intended to determine 
the physiological roles of CBX4 on GC metastasis in vivo. 
The MGC-803 cells with modified CBX4 were stably 
established and subsequently injected into the BABL/c nude 
mice via the tail vein. The metastatic luciferase signals were 
detected at the indicated timepoints to monitor the location 
and growth of MGC-803-derived metastases. Apparently, 
we found that overexpression of CBX4 remarkably 
promoted the lung metastases lesions of MGC-803 cells 
relative to those in the control group, as detected by the 
bioluminescence signals in lung and numbers of metastatic 
nodes (Figure 3E,3F). In summary, these data implicated 
that CBX4 could facilitate GC cell migration, invasion, and 
in vivo metastasis.

CBX4 regulated downstream CDC20 expressions to 
maintain cell stemness potentiality and growth 

Considering the oncogenic roles of CBX4 in GC 
proliferation and metastasis, we questioned the potential 
crosstalk that CBX4 regulates in GC tumorigenesis. 
Firstly, we calculated the coefficients and obtained the top 
353 genes with the highest CBX4 correlation coefficient 
based on the transcriptome data of the TCGA-stomach 
adenocarcinoma (STAD) cohort with Pearson’s r>0.3 
(Table S1). Gene Ontology (GO) analysis was conducted 
to investigate the significantly enriched crosstalk and 
biological items based on these top genes. The results 
implicated that cell cycle, mTOR, and autophagy were 
the most enriched items, supporting the oncogenic roles 
of CBX4 in GC (Figure 4A). We then divided the TCGA-
STAD samples into CBX4-high and CBX4-low groups 
using the median data of CBX4 as the cutoff. We conducted 
GSEA was carried out using the CBX4 levels (high vs. 
low) as the phenotype and we observed that stemness 
signaling was notably down-regulated in CBX-low samples 
(Figure 4B). Accordingly, we performed the tumorsphere 
formation assay to validate the bioinformatic findings, 
where CBX4 overexpression could notably enhance the self-
renewal ability of GC cells (Figure 4C). Given that cancer 
stemness traits contribute to progression, metastasis, or 
drug resistance of GC, we wondered whether CBX4 could 
regulate the stemness-associated targets to modulate GC 
progression. We selected Ctrl and CBX4-overexpressing 
MGC-803 cells to screen the levels of representative 

https://cdn.amegroups.cn/static/public/JGO-22-549-Supplementary.pdf
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stemness-associated genes, including OCT4, CCSP, CDC20, 
SOX2, and NANOG, among others. Compared with other 
genes, CDC20 mRNA levels showed the highest increase 
in response to CBX4 overexpression in MGC-803 cells 
(Figure 4D). In contrast, CBX4 KO could notably reduce 
the CDC20 mRNA levels in GC cells as compared to 
parental control cells (Figure 4E). We further conducted 
the western blotting assay to confirm that CBX4 could 
elevate CDC20 proteins, whereas CBX4 deletion caused 
the opposite effects (Figure 4F). Meanwhile, we also queried 
the transcriptome data of TCGA-STAD samples and found 
positive correlations between CBX4 and CDC20 TPM 
levels with Pearson r=0.36 (Figure 4G). Previous studies 
have already indicated CBX proteins are responsible for 
recognizing histone 3 lysine trimethylation at residues 
K9 and K27 to mediate epigenetic modifications (34,35). 
As reported, CBX4 could coordinate with the histone H3 
protein subunit (H3K4me3), a modification commonly 
associated with active transcription, at the TOP2α 
promoter to activate its expressions in LoVo cells (36). We 
thus conducted the ChIP-qPCR to confirm that CBX4 and 
H3K4me3 co-occupied on the promoter region of CDC20 
(Figure 4H). Meanwhile, CBX4 ablation resulted in an 85% 
decrease of CBX4 enrichment at the CDC20 promoter 
of MKN-45 cells. We also found a decrease in H3K4me3 
abundance at the promoter loci of CDC20 in CBX4-
deficient cells (Figure 4H). Collectively, these data indicated 
that CBX4 mainly accompanies with H3K4me3 to activate 
CDC20 levels, thereby enhancing self-renewal capacity and 
progression of GC.

Targeting CBX4 is effective to suppress GC progression

To further elucidate the clinical relevance of CBX4/CDC20 
axis in regulating GC tumorigenesis, we conducted the 
short hairpin RNA (shRNA)-mediated knockdown assay 
to target CDC20 via lentiviruses in CBX4-overexpressing 
cells. Notably, CBX4 could enlarge the sphere sizes, 
while CDC20 inhibition restored the CBX4-mediated 
effect (Figure 5A). Then, Cell Counting Kit-8 (CCK-8) 
assays were simultaneously conducted to find that CBX4 
relied on CDC20 to potentiate in vitro GC cell growth  
(Figure 5B,5C). Lastly, stable parental and CBX4-deficient 
BGC-823 cells were implanted into nude mice and the 
xenograft tumor volumes were detected every seven days. 
In line with expectations, CBX4 deficiency significantly 
inhibited tumor growth, exhibiting significantly smaller 
tumor sizes and tumor weight (Figure 5D-5F). Taken 

together, these data suggested that targeting CBX4 is an 
effective strategy to inhibit GC progression, creating an 
epigenetic vulnerability for clinical utility. 

Discussion

Currently, GC is a common gastrointestinal tumor 
worldwide. Apart from the genetic or environmental 
impacts, epigenetic regulations are still the main reason 
in the origination of GC. As is well documented, the 
epigenetic alterations mainly incorporate DNA methylation, 
post-translational modifications, and chromatin remodeling 
events that participate in the progression of tumors. 
Among the other epigenetic alterations, DNA methylation 
occupies a special space (37-39). The methylation or 
de-methylation of DNA is regulated by various tumor 
suppressors or oncogenes that participate in multiple steps 
of tumorigenesis, like cell adhesion, cell proliferation, 
invasion, DNA repair signaling (40,41). The epigenetic 
modifications in modulating expressions of many cancer-
related genes have played essential roles in GC initiation 
and progression and formed novel epigenetic signature  
(42-44). Targeting key epigenetic drivers would notably 
suppress cancer progression for GC (45). As is well known, 
PRC1 and PRC2 co-operate to regulate epigenetics 
via histone modification incorporating the methylation 
of histone H3K27 and monoubiquitination of histone 
H2AK119 (46,47). As the vital component of PRC1, CBX4 
was shown to be an essential regulator that mediates the 
epigenetic modifications in various tumors (26,48,49). In the 
current study, we comprehensively screened the polycomb 
CBX members using siRNAs in GC cells. Intriguingly, 
CBX4 inhibition induced the greatest decrease of cell 
growth. Subsequent bioinformatic analysis further indicated 
that CBX4 was upregulated in multiple GC datasets and 
patients with high CBX4 correlated with poorer prognosis 
relative to those with low CBX. CBX4 could be used as a 
potential biomarker for GC patient risk stratification and 
local regional metastasis. Enforced expression of CBX4 
enhanced the cell growth, whereas CBX4 deficiency 
inhibited GC proliferation. Besides, CBX4 could also 
enhance the cell migration and invasive properties in vitro 
and in vivo. Mechanistically, GSEA revealed that CBX4 
could modulate the self-renewal process, sustaining stemness 
features of GC. We further screened and validated that 
CDC20 was the downstream target of CBX4. Inhibition 
of CBX4 could reduce the CDC20 levels, and CBX4 
could mediate the H3K4me3 enrichment at the promoter 
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Figure 4 CBX4 positively regulates the self-renewal capacity of GC cells via epigenetically activating CDC20. (A) GO analysis showing 
the enriched biological items based on the top CBX4-associated genes. (B) GSEA showing the enriched pathways between CBX4-high 
and CBX4-low samples. (C) The tumorsphere formation assay showing the enhanced sphere formation ability in CBX4-OE cells relative 
to cells transfected with vector. The red arrows indicate the tumor spheres of GC cells. Scale bar =200 μm. (D) The qPCR assay in control 
and CBX4-OE cells was conducted to screen the potential stemness-related genes that were regulated by CBX4. (E) The qPCR assay 
detecting the CDC20 mRNA levels in parental and CBX-KO GC cells. (F) Western blotting assay was conducted in the indicated cell 
groups to determine the regulations between CBX4 and CDC20. (G) Gene correlation analysis was carried out in TCGA-STAD samples to 
evaluate the relationships between CBX4 and CDC20. (H) The ChIP-qPCR assays in ctrl and CBX4-KO MKN-45 cells were conducted 
to determine the binding enrichment of CBX4 and H3K4me3 at the CDC20 promoter loci. IgG is used to be the negative control. ***, 
P<0.001. CBX4, chromobox 4; TCGA-STAD, The Cancer Genome Atlas stomach adenocarcinoma; GO, Gene Ontology; WT, wild 
type; KO, knockout; GC, gastric cancer; GSEA, gene set enrichment analysis; ChIP-qPCR, chromatin immunoprecipitation quantitative 
polymerase chain reaction; IgG, immunoglobulin G.
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Figure 5 CBX4 deficiency could notably inhibit GC progression. (A) The tumorsphere formation assay was conducted in the indicated 
groups, including vector + shCtrl, CBX4 + shCtrl and CBX4 + shCDC20#1. The red arrows indicate the tumor spheres of GC cells. Scale 
bar =200 μm. (B,C) The CCK-8 assays were performed to detect the cell growth abilities in the indicated groups, including vector + shCtrl, 
CBX4 + shCtrl and CBX4 + shCDC20#1. (D) The representative images showing the subcutaneous tumor model derived from control 
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Quantification of tumor weight in the subcutaneous tumor model. ***, P<0.001. CBX4, chromobox 4; KO, knockout; GC, gastric cancer; 
CCK-8, Cell Counting Kit-8.

region of CDC20 to sustain its levels. Additionally, we also 
demonstrated that CBX4 could depend on CDC20 to drive 
cell growth and tumorsphere formation capacity. Targeting 
CBX4 induced the impaired in vivo GC growth, implicating 
the translational significance.

It was well documented that the GC stem-like cells 
(GCSCs) within the tumors contribute to the malignant 
features and progression such as drug resistance, distal 
metastasis, and recurrence (50,51). These CSCs have the 
potentialities to self-renew and differentiate into different 
cell subtypes. Several specific markers were identified 
in CSCs, which determine the subtype of tumors and 

characteristic subpopulation of cells. These markers contain 
CD133, CXCR4, LGR5, CD90, as well as CD44 (52,53). 
The original properties of primary tumors determine 
the levels of these markers. Therefore, it makes sense 
to conduct well-designed studies to comprehensively 
investigate the GCSC subpopulation within each tumor 
or cell line. Overall, CSCs could mainly activate the 
downstream signaling, including Notch, Wnt, β-catenin, 
and epithelial to mesenchymal transition (EMT). Wu  
et al. found that mesenchymal stem cell (MSC)-induced 
long non-coding RNA (lncRNA) HCP5 promoted fatty 
acid oxidation (FAO) via the miR-3619-5p/AMPK/PGC1α/
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CEBPB axis to modulate stemness and chemo-resistance 
of GC, suggesting that HCP5 inhibition is effective to 
synergize the efficacy of chemotherapy in GC (54). In 
addition, MiR-375 could regulate the downstream target 
SLC7A11 to modulate ferroptosis in GC, which further 
impacts the stemness maintenance (55). In the current study, 
we found that CBX4 could regulate the GC stemness via 
activating CDC20 expressions. Zhang et al. have revealed 
that CDC20 sustains the stemness property of CD44+ 
prostate CSCs by enhancing the nuclear translocation 
and trans-activation of β-catenin. Therefore, CDC20 
could be utilized to be the effective predictors for the 
prognosis of prostate cancer patients, along with CD44 or  
β-catenin (56). Besides, researchers have conducted 
weighted gene co-expression network analysis (WGCNA) 
to analyze the stemness-related genes (SRGs) and CDC20 
has been shown to be among these hub genes, correlating 
with stem-like characteristics of tumor microenvironment 
(TME) of lung cancer (57). Considering that CBX4 depends 
on CDC20 to drive stemness of GC, we speculated that 
CDC20 inhibition could effectively suppress the stemness 
and proliferation of GC, highlighting a novel strategy for 
treatment.

However, there were several limitations to the current 
study. Firstly, we need to collect more GC samples in our 
hospital with complete clinical survival information to 
assess the relationships between CBX4 and GC prognosis. 
Secondly, we need to construct more pre-clinical models 
to assess the biological relationships between CBX4 and 
GC progression, including patient-derived xenografts 
(PDXs), patient-derived organoids (PDOs), and orthotopic 
GC tumor model. In addition, we conducted the GSEA 
to find several oncogenic pathways that were related to 
CBX4. Apart from stemness, whether CBX4 regulated 
other signaling, like cell cycle, mTOR, or VEGF, remains 
to be investigated further. Last of all, further research 
should investigate the potential up-stream mechanisms that 
contribute to high CBX4 levels in GC.

Conclusions 

Taken together, our study revealed the clinical significance 
of CBX4 in GC. High CBX4 correlated with poor 
prognosis and advanced clinical characteristics. High CBX4 
enhanced tumor proliferation, migration, and stemness  
in vitro and in vivo. It was revealed that CBX4 coordinated 
with H3K4me3 to maintain CDC20 levels, thereby 

elevating cancer stemness capacities. Targeting the CBX4/
CDC20 axis creates an epigenetic vulnerability in GC 
treatment.
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Table S1 Calculation of coefficients between CBX4 and other 
genes in TCGA-STAD cohort

Genes Pearson CC

CBX8 0.7

SLC26A11 0.48

NECAB3 0.47

OCEL1 0.47

HAGH 0.46

CGN 0.46

TAOK2 0.46

RAB11FIP3 0.46

CXXC5 0.45

SEMA3F 0.45

IRX5 0.45

SLC9A3R1 0.44

RPTOR 0.44

RNF123 0.44

CACNA1H 0.43

WDR24 0.43

GRAMD1A 0.43

ZNF768 0.43

FBF1 0.42

LRRC56 0.42

GAK 0.42

FSCN2 0.42

TSEN54 0.41

CCDC64 0.41

FLYWCH1 0.41

ZNF764 0.41

RAB3A 0.41

CSNK1D 0.4

TBC1D9 0.4

KCTD13 0.4

LMF1 0.4

P4HTM 0.4

EXOC7 0.4

KDM4B 0.4

RAB40C 0.4

PHRF1 0.4

RGS11 0.4

ASB16 0.4

LLGL2 0.4

PLEKHH3 0.4

ZNF703 0.39

DAK 0.39

SH3GLB2 0.39

FBRS 0.39

DUSP28 0.39

NR2F6 0.39

SIGIRR 0.39

TBCD 0.39

CD2BP2 0.39

CDIPT 0.39

TLE3 0.39

LETM1 0.39

C11orf35 0.39

ANAPC2 0.39

ULK1 0.38

MLPH 0.38

CXorf40B 0.38

Table 1 (continued)

Supplementary

Table 1 (continued)

Genes Pearson CC

C17orf70 0.38

MTL5 0.38

LPPR2 0.38

E4F1 0.38

FLJ10661 0.38

C16orf58 0.38

THSD4 0.38

FLJ35220 0.38

SLC27A4 0.38

MAPK3 0.38

ARSG 0.38

C16orf53 0.38

H1FX 0.38

FSIP1 0.37

FKBP4 0.37

NARFL 0.37

FAM102A 0.37

C17orf28 0.37

ZBTB7A 0.37

EML2 0.37

FAM98C 0.37

GATA3 0.37

RHOT2 0.37

DHX30 0.37

OGFOD2 0.37

TELO2 0.37

CCDC106 0.37

ZFPM1 0.37

HIRIP3 0.37

NDOR1 0.37

N4BP3 0.37

COG1 0.37

STXBP2 0.37

KIAA0649 0.37

SPPL2B 0.37

MGRN1 0.37

TBC1D10B 0.37

RMND5B 0.36

NKAIN1 0.36

HDAC11 0.36

GDI1 0.36

WNT3 0.36

EME2 0.36

MZF1 0.36

CXorf40A 0.36

FAM134B 0.36

PHLDB3 0.36

ATP6V0C 0.36

PRKCD 0.36

HIST4H4 0.36

RNF40 0.36

UNKL 0.36

CRB3 0.36

CANT1 0.36

WDR90 0.36

KIAA0195 0.36

ZNF688 0.36

FAM104A 0.36

Table 1 (continued)
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Table 1 (continued)

Genes Pearson CC

BHLHE40 0.35

H2AFJ 0.35

HEMK1 0.35

ITPK1 0.35

BCKDK 0.35

SPHK2 0.35

PPM1J 0.35

MAZ 0.35

C14orf4 0.35

NUBP2 0.35

STUB1 0.35

ZNF785 0.35

PIGQ 0.35

TMEM115 0.35

EPHA10 0.35

HEXDC 0.35

FAM174A 0.35

IGSF8 0.35

ILDR1 0.35

C17orf58 0.35

SPRYD3 0.35

CARD14 0.35

MRPS34 0.35

CYTH2 0.35

TMEM184A 0.35

ZNF552 0.35

TJP3 0.35

DGKQ 0.35

ZFYVE27 0.35

FAM63A 0.35

ROGDI 0.35

BRF1 0.35

CNNM4 0.35

NME3 0.35

TUSC2 0.34

CASZ1 0.34

RABEP2 0.34

C6orf211 0.34

U2AF2 0.34

ZNF837 0.34

CLCN7 0.34

AMDHD2 0.34

GLTSCR1 0.34

TNRC18 0.34

FBXL16 0.34

HDAC10 0.34

CCDC40 0.34

SLC27A3 0.34

FLYWCH2 0.34

RECQL5 0.34

BTBD12 0.34

WBP2 0.34

AFF3 0.34

COG7 0.34

FAM173A 0.34

VPS37C 0.34

MAGED2 0.34

ZNF48 0.34

MDP1 0.34

Table 1 (continued)

Table 1 (continued)

Genes Pearson CC

RHOB 0.34

BCL2L1 0.34

VPS25 0.34

KIAA1257 0.34

C19orf46 0.34

CASKIN2 0.34

PRR12 0.34

ZNF747 0.34

DND1 0.34

FBP1 0.34

ARMC5 0.34

LPIN3 0.33

CNTD1 0.33

SPSB3 0.33

TRIM41 0.33

PALM 0.33

RGL3 0.33

HOXC5 0.33

TMEM55B 0.33

ZBTB42 0.33

HIST2H2BA 0.33

DECR2 0.33

SLC22A5 0.33

SCAMP4 0.33

USP30 0.33

COX17 0.33

KCTD6 0.33

ZNF587 0.33

TRUB2 0.33

TMEM120B 0.33

IFT140 0.33

C9orf7 0.33

GRIPAP1 0.33

FRAT1 0.33

INO80E 0.33

MIF4GD 0.33

C19orf6 0.33

KLHL26 0.33

ZSWIM5 0.33

HEXIM2 0.33

POLR3K 0.33

ESR1 0.33

FN3K 0.33

CCDC159 0.33

HGS 0.33

LOC158572 0.33

SDC4 0.33

RAB5C 0.33

ZNF646 0.33

ADD1 0.33

RNF208 0.33

COASY 0.33

NCKIPSD 0.33

AP1M2 0.33

SAFB2 0.32

TMEM175 0.32

NUDT16L1 0.32

KLC2 0.32

HMGXB3 0.32

Table 1 (continued)
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Table 1 (continued)

Genes Pearson CC

ZNF497 0.32

RHPN1 0.32

ATRIP 0.32

WBP1 0.32

MRFAP1 0.32

KIAA1543 0.32

PLIN5 0.32

PGS1 0.32

MAP3K10 0.32

ADCY6 0.32

CMBL 0.32

LMX1B 0.32

KIAA0319L 0.32

KLHDC9 0.32

PHKG2 0.32

PLCD4 0.32

SFRS8 0.32

HSD3B7 0.32

MRPL53 0.32

FGFR3 0.32

HEXIM1 0.32

RGL2 0.32

MAPK8IP3 0.32

REPIN1 0.32

NDUFAF3 0.32

ZNF444 0.32

ZNF205 0.32

FLJ90757 0.32

ABCB8 0.32

SSH3 0.32

AP1G2 0.32

PIN1 0.32

SIRT7 0.32

GFER 0.32

UBTF 0.32

ZNF500 0.32

C7orf27 0.32

ZNF446 0.32

SLC26A1 0.32

C20orf117 0.32

DNAJA4 0.32

C12orf52 0.32

IRF2BP1 0.32

ACBD4 0.32

TBC1D9B 0.32

RIC8A 0.32

LRRC45 0.32

RUNDC1 0.32

ALKBH6 0.32

PEX10 0.32

STK16 0.31

SDR39U1 0.31

EPN1 0.31

ZNF775 0.31

SLC25A4 0.31

FAM134A 0.31

ABCC5 0.31

CCDC48 0.31

KAT2A 0.31

Table 1 (continued)

Table 1 (continued)

Genes Pearson CC

SRRM3 0.31

SLC39A3 0.31

STRN4 0.31

HSPB1 0.31

USP19 0.31

WDR6 0.31

ASPSCR1 0.31

LRCH4 0.31

ITFG3 0.31

TSC2 0.31

NPRL3 0.31

C17orf90 0.31

DNAJA3 0.31

CHMP6 0.31

ANKMY1 0.31

ZBTB45 0.31

GPR137 0.31

MED25 0.31

CCDC56 0.31

DGKE 0.31

ELMO3 0.31

EVPL 0.31

TEX264 0.31

CDKN2AIPNL 0.31

LOC100286844 0.31

FAAH 0.31

LOC113230 0.31

DNAJC14 0.31

DCAF8 0.31

TBL3 0.31

TSPAN13 0.31

CNO 0.31

ZNF467 0.31

SYTL4 0.31

RAB4B 0.31

UBE3B 0.31

KIAA1984 0.31

ABCA2 0.31

TOM1L2 0.31

HIST3H2A 0.31

WHSC2 0.31

MFSD5 0.31

GPS1 0.31

PPDPF 0.31

CCDC64B 0.31

C16orf93 0.31

SCAF1 0.31

JMJD8 0.31

BAIAP2 0.31

ATP6AP1 0.31

DALRD3 0.31

GTF3C1 0.31

SLC25A38 0.31

FLJ42289 0.31

NPRL2 0.31

KIAA0556 0.31

NECAP1 0.31

SPDEF 0.31

PRR15 0.31

Table 1 (continued)
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Table 1 (continued)

Genes Pearson CC

ARHGDIA 0.31

BECN1 0.31

POLRMT 0.3

SYDE2 0.3

RNF43 0.3

BLVRB 0.3

FAM134C 0.3

FZR1 0.3

POLR3E 0.3

TCEAL6 0.3

GRTP1 0.3

CDK5RAP3 0.3

NACC1 0.3

ENGASE 0.3

TBX6 0.3

PCP2 0.3

ARID3A 0.3

MAPT 0.3

DNALI1 0.3

ACADSB 0.3

PCSK4 0.3

CDK20 0.3

MYO15B 0.3

DUSP5 0.3

MKL2 0.3

SGSH 0.3

ZNF263 0.3

OVOL1 0.3

TSSK6 0.3

HIST3H2BB 0.3

ALG1 0.3

MCRS1 0.3

CYB5R1 0.3

SPATA20 0.3

C17orf56 0.3

TBC1D10A 0.3

ASL 0.3

EHMT1 0.3

ZNF771 0.3

GATAD1 0.3

PVRL2 0.3

SERTAD3 0.3

Table 1 (continued)

Table 1 (continued)

Genes Pearson CC

SLC46A1 0.3

G6PC3 0.3

LRRC14 0.3

TMC4 0.3

C17orf62 0.3

PTPN23 0.3

BCAT2 0.3

COQ7 0.3

GTPBP3 0.3

MADD 0.3

ULK3 0.3

SUOX 0.3

NAT15 0.3

GHDC 0.3

CNTD2 0.3

ATP6V1G1 0.3

CCDC71 0.3

SMUG1 0.3

SPNS1 0.3

SDSL 0.3

UBE2O 0.3

ZER1 0.3

ZBTB7B 0.3

NOL3 0.3

TMUB2 0.3

MED16 0.3

LOC100190938 0.3

C9orf89 0.3

PRRT2 0.3

ATPAF2 0.3

TMED4 0.3

DCI 0.3

ANO9 0.3

SNRNP25 0.3

TFAP2A 0.3

HIST1H2BD 0.3

GNPTG 0.3

TMEM143 0.3

CACNG4 0.3

CYB561D2 0.3

MLST8 0.3

AP3D1 0.3

ARF3 0.3
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