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KDM6B promotes gastric carcinogenesis and metastasis via
upregulation of CXCR4 expression
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KDM6B (Lysine-specific demethylase 6B) is a histone lysine demethyltransferase that plays a key role in many types of cancers.
However, its potential role in gastric cancer (GC) remains unclear. Here, we focused on the clinical significance and potential role of
KDM6B in GC. We found that the KDM6B expression is upregulated in GC tissues and that its high expression in patients is related to
poor prognosis. KDM6B ectopic expression promotes GC cells’ proliferation and metastasis, while its inhibition has opposite effects
in vitro and in vivo. Mechanistically, KDM6B promotes GC cells proliferation and metastasis through its enzymatic activity through
the induction of H3K27me3 demethylation near the CXCR4 (C-X-C chemokine receptor type 4) promoter region, resulting in the
upregulation of CXCR4 expression. Furthermore, H. pylori was found to induce KDM6B expression. In conclusion, our results suggest
that KDM6B is aberrantly expressed in GC and plays a key role in gastric carcinogenesis and metastasis through CXCR4
upregulation. Our work also suggests that KDM6B may be a potential oncogenic factor and a therapeutic target for GC.
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INTRODUCTION

The latest statistics show that nearly half of new and fatal cases of
gastric cancer worldwide occur in China every year. Gastric cancer
remains in the third place in terms of incidence spectrum, and
seriously threatens the health of Chinese people [1]. Although the
incidence and mortality rates of gastric cancer have decreased
due to improvements in diet and medical conditions, it is
expected that more cases will be seen in the clinic due to the
aging population [2]. Since the early symptoms of gastric cancer
are not obvious, more than 70% of patients are already at an
advanced stage when detected, at which point, the overall
prognosis of patients is unsatisfactory and the five-year survival
rate is low, even if the primary focus is removed [3]. Therefore, it is
of great clinical significance to explore the pathogenesis of gastric
cancer and find effective therapeutic targets through basic
researches.

Epigenetic modifications do not alter the DNA sequence but
can affect the expression of genetic information by altering the
chromatin state, which can also be inherited. Studies have shown
that epigenetic regulatory disorders can lead to the development
of several diseases, including tumors [4]. Histone modifications are
epigenetic modifications that play important roles in the
transcriptional regulation of genes, and in promoting tumorigen-
esis by repressing the expression of tumor suppressor genes or by

accelerating the expression of oncogenes [5]. KDM6A (UTX) and
KDM6B are the only two histone demethylases known to target
H3K27 and that can antagonize the methylation and function of
EZH2 (KMT6) on H3K27. Notably, KDM6A is structurally expressed
in tissues, whereas KDM6B is expressed at relatively low levels in
tissues. KDM6B (lysine-specific demethylase 6B) is a member of
JmjC histone demethylases, which specifically demethylates lysine
demethylation and trimethylation at position 27 of H3 protein and
regulates the expression of related genes [6]. In addition, KDM6B
can participate in interactions between chromatin-modifying
proteins in an enzyme activity-independent manner, which
activates the expression of target genes [7]. Under normal
conditions, KDM6B is expressed at low levels in tissues, but many
extracellular stimuli can induce its overexpression under certain
abnormal conditions [8-11]. It is also induced by a variety of
inflammatory factors, cellular stresses (metabolic, toxic, and
tumorigenic) and small molecule compounds [8, 9, 12-14]. KDM6B
plays a critical role in development, physiology, and in a variety of
diseases, including tumors [7, 11, 15]. Previous studies have shown
that KDM6B has a dual role in different tumor settings, by acting
as a tumor suppressor and an oncogene. It was found that KDM6B
can inhibit breast cancer metastasis by regulating the Wnt/
B-linked protein signaling pathway [16]; while in ovarian cancer,
KDM6B promotes cancer cell migration and invasion by inducing
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the expression of transforming growth factor 31 [17]. It has been the CCND1 promoter region [19]. KDM6B is upregulated in
shown that KDM6B can regulate LDHA expression through a hepatocellular carcinoma and clear cell renal cell carcinoma,
histone demethylase activity, and thus promoting lung metastasis leading to SLUG overexpression and the promotion of tumor cell
in osteosarcoma [18]. In prostate cancer, KDM6B exerts an proliferation and metastasis [20, 21]. On the other hand, KDM6B
oncogenic effect through the regulation of H3K27me3 levels in exerts an antitumor effect by promoting neuroblastoma

SPRINGER NATURE Cell Death and Disease (2022)13:1068



F. Liu et al.

Fig. 1 KDM®6B expression is upregulated in GC tissues, which predicts a poor diagnosis and outcome in GC patients. A Box plots showing
the difference in KDM6B expression between gastric cancer and normal tissues in the GEPIA database. B GSE13911 dataset analysis of the
difference in KDM6B expression in gastric and adjacent tissues. C The efficacy of KDM6B in differentiating gastric cancer from adjacent tissues
was assessed using ROC curves in the GSE13911 dataset. D RT-qPCR analysis of KDM6B mRNA expression in 20 clinical pairs of gastric cancer
tissues and paraneoplastic tissues. E Immunohistochemical staining for KDM6B protein expression in human gastric cancer and its
corresponding paraneoplastic tissue samples (scale insertion of 200 um). The right panel shows the immunohistochemical correlation score.
F Western blot detection of KDM6B protein expression in gastric cancer tissues and adjacent tissues. G The correlation between overall
survival of GC patients and KDM6B expression levels was analyzed using Kaplan-Meier curves. H Heatmap of the relationship between
modules and clinical features. Each cell represents the correlation analysis of gene modules with the corresponding clinical features,
containing the corresponding correlation coefficients and p-values, with shades of color representing the magnitude of the correlation. The
red indicates a positive correlation, and the blue indicates a negative correlation. I The brown module genes, including KDM6B, were enriched

by KEGG pathway. *p < 0.05, **p < 0.01 and ***p < 0.001.
<

differentiation [22]. The NOTCH target gene CSL promotes
squamous cell carcinoma progression by suppressing the expres-
sion of KDM6B [23]. Although the role and mechanisms of KDM6B
have been studied in various cancers, its function and the
associated mechanism in gastric carcinogenesis and progression,
are still not fully elucidated.

CXCR4 belongs to the CXCR class and is a receptor for the
chemokine SDF-1 (stromal cell derived factor-1, SDF-1), a highly
conserved G protein-coupled 7 transmembrane receptor encod-
ing 352 amino acids. The interaction of CXCR4 with its specific
ligand SDF-1 is important for embryonic, vascular and carcinogen-
esis, post-transplantation hematopoietic stem cell homing, and in
mediating the transmigration of inflammatory cells, the co-
stimulation of T lymphocyte proliferation, and in inflammatory
response [24-27]. The aberrant expression of CXCR4 is also
present in most human malignancies. It has been found that the
CXCR4/SDF-1 axis promotes the development of many cancers,
including colorectal, hepatocellular, and gastric cancers [28-31].

In this study, we found that KDM6B was highly expressed in
human gastric cancer samples and correlated with poor prognosis
in gastric cancer patients. KDM6B was found to promote the
proliferation and metastasis of gastric cancer cells in vitro and
in vivo via CXCR4. Our investigation of the related molecular
mechanism revealed that KDM6B promotes CXCR4 expression by
decreasing H3K27me3 levels, in proximity to the CXCR4 promoter
region. This event was found to promote the proliferation and
metastasis of gastric cancer cells. In addition, we found that H.
pylori can induce the expression of KDM6B in vitro. The results of
this study provide a research basis for finding new targets for
gastric cancer.

RESULTS

KDMG6B is upregulated in GC and its high expression predicts a
poor GC prognosis

We first analyzed the expression of KDM6B in the GEPIA and
dataset GSE13911 and found that KDM6B was highly expressed in
gastric cancer tissues compared with that in normal or adjacent
tissues (Fig. 1A, B). The analysis of the corresponding receiver
operating characteristic (ROC) curve showed that KDM6B had a
good performance in distinguishing gastric cancer tissues from
adjacent tissues, as reflected by the area under the curve (AUC)
which was 0.950 (Fig. 1C). We performed RT-qPCR on 20 pairs of
gastric cancer tissues and adjacent tissues that were collected
from the clinic, and the results showed that KDM6B expression
was upregulated in gastric cancer (Fig. 1D). The results of
immunohistochemical staining further confirmed that KDM6B
expression is elevated in gastric cancer (Fig. 1E). Western blot
analysis also showed that the protein expression level of KDM6B in
gastric cancer tissues is significantly higher than that in the
corresponding adjacent tissues (Fig. 1F). All of the above analyses
and assays indicated that KDM6B was highly expressed in gastric
cancer tissues. Kaplan-Meier analysis showed that a high level of
KDB6B expression is significantly associated with low overall
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survival in gastric cancer patients (Fig. 1G). These results strongly
suggest that KDM6B has an oncogenic role in GC.

To explore the biological functions of KDM6B in gastric cancer, we
performed WGCNA analysis using the gastric cancer dataset
GSE15460. Firstly, the transcriptome data of 248 clinical samples
were corrected, and then the hierarchical clustering tree and the
clinical characteristic heat map (including Age, Gender, Stage,
Survival time, and Survival status), were constructed. The cut height
was set to 120 to eliminate three obviously outlier samples
GSE387958, GSE387843, and GSE387854 (Supplementary Fig. 1A).
To increase the consistency of the constructed gene network with
the scale-free network characteristics, we selected B =5 as the soft
threshold for this study (Supplementary Fig. 1B), at which the fitting
coefficient R2 was 0.92 and the slope was —1.38. The results of this
analysis met the requirements of the scaled network distribution
(Supplemental Fig. 1C). As a result, 14 modules of co-expressed
genes were identified after excluding gray modules using merged
dynamic tree cuts (Supplementary Fig. 1D). We analyzed the
correlation between the gene modules and the clinical features, and
found that three modules, the brown module, the light-yellow
module, and the green module were positively correlated with
tumor stage and negatively correlated with patient survival (Fig. TH).
Using the KEGG pathway, we enriched the genes in the brown
module of KDM6B by, and the results showed that many tumors and
signaling pathways that are related to carcinogenesis progression,
such as gastric cancer, Wnt signaling pathway, MAPK signaling
pathway and PI3K Akt signaling pathway, were enriched (Fig. 1I).

In conclusion, these results strongly suggest that KDM6B has an
oncogenic role in gastric cancer.

KDM6B promotes GC cells proliferation in vitro and tumor
formation in vivo

Next, we explored the role of KDM6B in gastric progression. The
results of the colony formation assay showed that the clonogenic
ability of GC cells significantly decreases after KDM6B knockdown
(Fig. 2A and Supplementary Fig. 2A, B). KDM6B is a histone
demethylase, and many studies have shown that the biological
function of KDM6B is often closely related to its enzymatic activity.
To investigate whether the biological function of KDM6B in gastric
cancer depends on its enzymatic activity, we added 1 uM of GSK-J4,
an inhibitor of the enzymatic activity of KDM6B, to gastric cancer
cells, and the results showed that 1 uM GSK-J4 significantly inhibits
the clonogenic ability of gastric cancer cells (Fig. 2B). The results of
EdU assays showed that both KDM6B knockdown and the addition
of the inhibitor GSK-J4 significantly reduce the proliferation of
gastric cancer cells (Fig. 2C, D). In addition, the results of clonogenic
assay also showed that the clonogenic ability of gastric cancer cells
is significantly enhanced after the ectopic expression of KDM6B
compared with the control, but the clonogenic ability of GC cells
transfected with the KDM6B enzymatic activity-deficient mutant
plasmid (H1390A) did not change (Fig. 2E, and Supplementary Fig.
2C, D). The results of EdU assay also showed that the ectopic
expression of KDM6B significantly enhances the proliferation ability
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Fig.2 KDM6B promotes the proliferation of gastric cancer cells. A After transfection of sikDM6B and NC (negative control) in gastric cancer
cells, the cells clone-forming ability was examined, and the bar graph on the right is the statistical result. B Gastric cancer cells were
transfected with the KDM6B inhibitor, GSK-J4, and DMSO to detect the ability of the cells’ clone formation. The graph bar on the right is the
statistical result. C After transfection of sikDM6B and the negative control NC in gastric cancer cells, cell proliferation was detected by the EdU
assay, and the bar graph on the right is the statistical result. D Cell proliferation was detected by the EdU after the addition of the KDM6B
inhibitor, GSK-J4, and DMSO in gastric cancer cells. The graph bar on the right is the statistical result. E The ability of clone formation was
detected after transfection of the gastric cancer cells with KDM6B plasmids (WT or H1390A). The graph bar on the right is the statistical result.
F Cell proliferation was detected by the EdU assay after transfection of in gastric cancer cells with KDM6B plasmids (WT or H1390A). The bar
graph on the right is the statistical result. G Images of subcutaneous tumors in two groups. H In vivo tumor growth curves were plotted.
I Comparative statistics of tumor weights of the two groups of mice. J IHC staining to detect the expression of KDM6B in xenograft tumors.
**p < 0.01, ¥**p < 0.001, ns: not significant.

of GC cells, while the KDM6B enzyme activity-deficient mutant Lv-shNC-MKN-45, into the anterior left and right sides of the axilla
(H1390A) had no effect (Fig. 2F). of Balb/c nude mice, respectively. The in vivo imaging results of

To further investigate the effect of KDM6B on GC cells growth the mice showed that the tumor volume on the side injected with
in vivo, we subcutaneously injected cells that stably carry the Lv-shKkDM6B-MKN-45 cells was significantly smaller than that on
construct, knockdown Lv-shKDM6B-MKN-45 or its negative control the negative control side (Fig. 2G and Supplementary Fig. 2E, F).
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The growth curve showed that the tumor growth rate on the side
injected with Lv-shKDM6B-MKN-45 cells was smaller than that on
the negative control side (Fig. 2H). The tumor weights on the Lv-
shKDM6B side were significantly lower than those on the negative
control side (Fig. 21). The IHC staining showed that the expression
of KDM6B in shKkDM6B group was much lower than the negative
control group (Fig. 2J). These results suggest that KDM6B can
promote GC cells growth in vitro and in vivo.

KDM6B promotes gastric cancer cells’ migration in vitro and
in vivo

Since the occurrence of metastasis is a major feature of gastric
cancer progression, we explored the biological function of
KDM6B in gastric cancer cells’ migration. The results of the
transwell assay showed that the migration of GC cells is not
inhibited by KDM6B knockdown or by the addition of GSK-J4
when compared with the control group (Fig. 3A, B). The results
of the wound healing assay showed similar results as reflected
by the absence of inhibition of wound healing of GC with
KDM6B knockdown or when GSK-J4 was added (Fig. 3C, D). In
contrast, of the ectopic expression of KDM6B promoted
migration and wound healing in GC cells, but the ectopic
expression of the KDM6B had no effects (Fig. 3E, F).

To investigate the effect of KDM6B on the migration ability of
GC cells in vivo, we injected the cells that stably carry the
construct, knockdown Lv-shKDM6B-MKN-45 or its negative control
Lv-shNC-MKN-45 into nude mice via the tail vein to establish an
in vivo tumor metastatic model. The results showed that KDM6B
knockdown reduces the number of hepatopulmonary metastatic
nodules in gastric cancer cells compared with that in the control
group (Fig. 3G). The results of H&E-stained liver and lung sections
showed that KDM6B knockdown reduces the volume of lung
metastatic nodules and decreases the number of liver metastatic
nodules compared with that in the control group (Fig. 3H). The
H&E staining of xenograft tumors revealed that the tumor tissue
envelope was intact on the Lv-shKDM6B side and without obvious
local infiltration, while the tumor tissue envelope was disrupted
and with local infiltration on the control side (Fig. 3I). All of these
results revealed that KDM6B promoted gastric cancer cells’
migration in vivo.

Since epithelial mesenchymal transition (EMT) underlies the
ability of tumors to migrate, we examined the effect of KDM6B on
GC cells” EMT markers. Western blot results showed that KDM6B
knockdown or the addition of GSK-J4 decreases the protein
expression level of the mesenchymal marker, N-cadherin and
increases the protein expression level of the epithelial-associated
markers, E-cadherin when compared with controls (Fig. 3J, K). In
contrast, KDM6B ectopic expression resulted in an increase in the
protein expression level of N-cadherin and a decrease in the
protein expression level of E-cadherin when compared with
controls. However, the levels of both proteins were not
significantly altered in cells overexpressing the KDM6B mutant
(Fig. 3L).

Taken together, we confirmed that KDM6B promotes GC cells’
migration in vitro and in vivo and that this effect is dependent on
its enzymatic activity.

CXCR4 is a target gene downstream of KDM6B

To further investigate the specific mechanisms underlying the role
of KDM6B in gastric cancer, we performed RNA-Seq on MKN-45
cells with KDM6B knockdown and the negative control (NC) cells.
We found that KDM6B knockdown results in altered expression of
769 genes (Fig. 4A). Next, we performed pathway enrichment
analysis of genes with altered expressions and found that multiple
tumors and tumor-related signaling pathways were enriched, such
as in Gastric cancer, Breast cancer, Bladder cancer, and signaling
pathways, including the p53 signaling pathway, the MAPK
signaling pathway, the Wnt signaling pathway, the Hippo
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signaling pathway, and the JAK-STAT signaling pathway. These
results indicate that the dysregulation of KDM6B expression
affects numerous tumors and signaling pathway genes associated
with tumor progression (Fig. 4B). To further search for core genes
that are regulated by KDM6B, we performed an analysis of
protein-protein interactions on the above 769 genes using the
platform “https://www.string-db.org/” and entered the results into
Cytoscape for maximum cluster centrality (MCC) scoring, using the
cytoHubba plugin. From this approach, we obtained a network
graph of the top 10 scoring genes, with CXCR4 located at the
center of this network graph (Fig. 4C). Previous studies have
shown that CXCR4 plays an important role in the development of
many tumors, including gastric cancer [28, 32], and thus, we next
focused on CXCR4. We analyzed the mRNA expression levels of
KDM6B and CXCR4 in GEPIA's gastric cancer database and found
that they were positively correlated (Fig. 4D). We also analyzed the
IHC Score of KDM6B and CXCR4 in gastric cancer tissues and
found that they were positively correlated, too (Fig. 4E). RT-qPCR
and western blot assays showed that KDM6B knockdown or the
addition of GSK-J4, downregulates CXCR4 mRNA and protein
expression (Fig. 4F-I). In turn, KDM6B ectopic expression
promoted CXCR4 mRNA and protein expression in GC cells,
whereas its mutant (H1390A) did not significantly show effects
(Fig. 4J, K). Previous studies have shown that CXCR4 promotes
tumor cell proliferation and migration, mostly through its down-
stream ERK1/2 and AKT pathways [33, 34], and therefore, we
examined whether the dysregulation of KDM6B expression affects
the ERK and AKT pathways in GC cells. The results showed that
KDM6B knockdown or the addition of the inhibitor GSK-J4
downregulates the levels of p-ERK and p-AKT (Fig. 4G, 1), and
that the ectopic expression KDM6B upregulates p-AKT and p-ERK
levels. However, the ectopic expression of the KDM6B mutant had
no effects (Fig. 4K).

The above results suggest that CXCR4 may be a potential
downstream target gene of KDM6B and that the regulation of
CXCR4 expression by KDM6B depends on its enzymatic activity.

KDM6B regulates CXCR4 expression through H3K27me3
Previous studies have shown that KDM6B is an important histone
demethylase in cells, which mainly regulates downstream genes
through demethylation of H3K27me3. Therefore, to further explore
the role of KDM6B enzymatic activity in GC cells, we extracted
histones from GC cells for analysis. Western blot results showed that
KDM6B knockdown or addition of its enzyme activity inhibitor, GSK-
J4, upregulates the protein level of H3K27me3 in GC cells compared
with that in the control group (Fig. 5A, B). Based on the experimental
conclusion mentioned in this article, we hypothesized that KDM6B
may regulate the expression of CXCR4 by controlling the level of
H3K27me3 near the CXCR4 promoter region through its enzymatic
activity. To confirm this, we used the WashU website (https:/
epigenomegateway.wustl.edu/) to predict the enrichment region of
H3K27me3 near the CXCR4 transcription start site. We found that
there were H3K27me3 enrichment regions upstream and down-
stream of the CXCR4 transcription start site. Therefore, we designed
three pairs of primers in three enrichment regions (Fig. 5C) and
performed ChIP-gPCR. The results showed that KDM6B knockdown
or the addition of its enzyme activity inhibitor GSK-J4 significantly
increased the enrichment of H3K27me3 near the CXCR4 promoter
region in GC cell MKN-45 and when compared with the control
group (Fig. 5D, E).

These results suggest that KDM6B can change the enrichment of
H3K27me3 near the CXCR4 promoter region through its enzyme
activity, leading to the regulation of CXCR4 expression in GC cells.

KDM6B promotes gastric cancer cell proliferation and
migration dependent on CXCR4

The above results revealed that KDM6B could directly regulate the
expression of CXCR4. We first constructed CXCR4 knockdown cells
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Fig.3 KDM6B promotes metastasis of gastric cancer cells. A Transwell assay to detect the cell migration after transfection of AGS and MKN-
45 cells with KDM6B siRNA. The graph bar on the right shows the statistical results. B Transwell assay to detect the metastatic ability of AGS
and MKN-45 cells after the addition of GSK-J4. The graph bar on the right shows the statistical results. C Scratch assay to detect the transfer
ability of AGS and MKN-45 cells after transfection with KDM6B siRNA. The graph bar on the right shows the statistical results. D Scratch assay
to detect the migration of AGS and MKN-45 cells after addition of GSK-J4. The graph bar on the right shows the statistical results. E The
metastatic ability of cells was detected by the transwell assay after transfection of the gastric cancer cells with KDM6B plasmids (WT or
H1390A). The graph bar on the right shows the statistical results. F After transfection of the gastric cancer cells with KDM6B plasmids (WT or
H1390A), the migration of the cells was detected by scratch assay. The graph bar on the right is the statistical result. G Nude mice were
dissected, and lung and liver metastases were visually observed (the green arrows indicate metastatic nodules). H Number and size of lung
metastases in nude mice observed in panoramic scans of H&E-stained sections of lung and liver (black arrows indicate metastatic nodules).
I The H&E staining was performed to observe the integrity of the tumor envelope and local infiltration in the two groups of mice. J The protein
expressions of three EMT markers were detected after knockdown of KDM6B in AGS and MKN-45 gastric cancer cells. K The protein
expressions of three EMT markers were detected in AGS and MKN-45 gastric cancer cell lines after addition of GSK-J4. L The protein
expressions of three EMT markers were detected after transfection of the gastric cancer cells, AGS and MKN-45, with KDM6B plasmids (WT or
H1390A). ***p < 0.001, ns: not significant.

and found that CXCR4 mRNA and protein levels were significantly transwell assays showed that CXCR4 inhibition by siRNA, reverts
reduced after CXCR4 knockdown (Supplementary Fig. 3A, B). We the increase in cell proliferation and migration caused by KDM6B
next performed rescue assay on the proliferation and migration of ectopic expression (Fig. 6A, B). CXCR4 is the receptor of CXCL12,
gastric cancer cells. The results of the clone formation and and the CXCL12/CXCR4 signaling pathway plays an important role
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Fig. 4 CXCR4 is a target gene downstream of KDM6B. A Volcano plot showing the differential gene expression obtained by RNA-Seq after
KDM6B knockdown (|log2 (Fold Change |)>1, Q value < 0.05). B Histogram of differential gene pathway enrichment analysis obtained by RNA-
Seqg. C Relationship plot of genes in the top 10 of MCC scores in RNA-Seq differential gene protein interaction network. D Scatter plot showing
the relationship map of KDM6B and CXCR4 mRNA expression obtained from GEPIA data. E Immunohistochemical staining for KDM6B and
CXCRA4. Scatter plot showing the relationship map of KDM6B and CXCR4 IHC Score. F RT-gPCR was performed to detect CXCR4 mRNA levels
after KDM6B siRNA transfection. G Western blot was performed to detect the protein expression levels of CXCR4, AKT, p-AKT, ERK, and p-ERK
after transfection of the cells with KDM6B siRNA. H RT-qPCR was performed to detect CXCR4 mRNA levels after addition of the KDM6B
inhibitor, GSK-J4. 1 Western blot was performed to detect the protein expression levels of CXCR4, AKT, p-AKT, ERK, and p-ERK after addition of
the KDM6B inhibitor, GSK-J4. J RT-qPCR was performed to detect CXCR4 mRNA levels after addition transfection of the cells with KDM6B
plasmids (WT or H1390A). K Western blot was performed to detect the protein expression levels of CXCR4, AKT, p-AKT, ERK, and p-ERK after
addition transfection of the cells with KDM6B Plasmids (WT or H1390A). **p < 0.01, ***p < 0.001, ns: not significant.

in the occurrence and metastasis of a variety of tumors. Therefore,
we investigated whether KDM6B plays a cancer promoting role in
gastric cancer cells that depends on the CXCL12/CXCR4 signaling
pathway. The results of clone formation and transwell assays
showed that the addition of the CXCL12/CXCR4 signaling pathway
by the inhibitor, AMD3100, reverses the increase in the prolifera-
tion and migration of gastric cancer cells that was caused by
KDM6B ectopic expression (Fig. 6C, D).

Cell Death and Disease (2022)13:1068

The above results suggest that the role of KDM6B in promoting
cell proliferation and migration in GC cells is largely dependent on
the CXCL12/CXCR4 signal pathway.

Helicobacter pylori infection promotes the expression of
KDMé6B

Since H. pylori infection is a major risk factor for the development
of gastric cancer, we explored whether the expression of KDM6B
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Fig.5 KDM6B affects CXCR4 expression through H3K27me3. A Western blot detection of cellular H3K27me3 protein levels in AGS and MKN-
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**p <0.01 and ***p < 0.001.

was associated with H. pylori infection. We used H. pylori strains
(Hp11637 and Hp26695) to infect the gastric cancer cells, AGS and
MKN-45, at different time points (2 h, 4 h, 6 h, and 8 h) based on a
100:1 ratio of bacteria to cells, and then collected the cells to
detect the expression of KDM6B. The results of RT-qPCR and
western blot assay showed that KDM6B mRNA and protein
expressions in AGS and MKN-45 cells increase with the increase in
time of bacterial infection (Fig. 7A-D). We also detected KDM6B
mRNA levels in H. pylori-negative or H. pylori-positive human GC
samples. KDM6B mRNA levels were higher in H. pylori-positive
human GC samples (Fig. 7E). These results suggest that H. pylori
can promote the expression of KDM6B in GC cells and GC patients.

DISCUSSION

According to the statistics, more than half of the world’s
population is infected with H. pylori. H. pylori, as the Class |
carcinogen of gastric cancer, plays a vital role in inducing the
disorder of gene expression and regulation, which is the internal
driving force of disease occurrence and development. Previous
studies showed that H. pylori and its virulence factors act on
gastric epithelial cells, activating tumorigenic related signal
pathways, such as MAPK, NF-kB, JNK, etc., promote the malignant
transformation of gastric epithelial cells. It was previously reported
that porcine circovirus type 2 can regulate JMJD3 expression via
activating NF-kB and JNK signaling pathways and its structure
protein Cap can directly bind to the KDM6B promoter in nucleus,
which eventually alter the histone suppressive mark H3K27me3

SPRINGER NATURE

[35]. Therefore, it is reasonable to infer that H. pylori can regulate
the expression of KDM6B via activating tumorigenic related
transcription factors such as c-jun by virulence factors CagA and
VacA. More experiments are needed to further explore this
inference.

In this study, we found that KDM6B is highly expressed in
gastric cancer tissues through the analysis of gastric cancer
datasets and clinical samples. We found that the prognosis of
patients with high KDM6B expression was poor. The results
showed that KDM6B promotes the proliferation and metastasis of
gastric cancer cells in vitro and in vivo, and that this effect
depends on its enzymatic activity. To identify the downstream
target genes of KDM6B in gastric cancer, we compared
differentially expressed genes between MKN-45 and MKN-45 cells
following KDM6B knockdown using transcriptome sequencing
and identified a series of upregulated and downregulated genes.
Finally, we selected CXCR4 as a downstream target gene of
KDM6B. Previous studies have shown that gastric cancer patients
with high expression of CXCR4 have a poor prognosis and
therefore, CXCR4 can be used as a prognostic marker of gastric
cancer [36, 37]. CXCR4 is a stem cell marker of GC cells and
promote their proliferation and metastasis [36-41]. Further studies
showed that the knockdown or addition of the KDM6B enzyme
activity inhibitor, GSK-J4, can downregulate the expression of
CXCR4 in gastric cancer cells. KDM6B ectopic expression
upregulated the expression of CXCR4 in GC cells, while of the
ectopic expression of the KDM6B mutant (H1390A) did not affect
CXCR4 expression. ChIP-gPCR results indicated that KDM6B

Cell Death and Disease (2022)13:1068
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Fig. 6 KDM6B affects gastric cancer cell proliferation and migration via CXCR4. A Clone formation assay was used to detect the
proliferation of the cells after transfection with KDM6B plasmid and CXCR4 siRNA in AGS and MKN-45. B Transwell assay to detect cell
migration after transfection of AGS and MKN-45 cells with KDM6B plasmid and CXCR4 siRNA. C Clone formation assay to detect cell
proliferation after transfection of AGS and MKN-45 cells with KDM6B plasmid and the addition of the CXCL12/CXCR4 signaling pathway
inhibitor, AMD3100. D Transwell assay to detect cell migration after transfection of in AGS and MKN-45 cells with KDM6B plasmid and the
addition of the CXCL12/CXCR4 signaling pathway inhibitor, AMD3100. **p < 0.01 and ***p < 0.001.

regulates the expression of CXCR4 through its demethylase
activity. In addition, we also found that H. pylori can promote
the expression of KDM6B, which is consistent with the observa-
tions regarding the induction of KDM6B expression by the above
endogenous or exogenous substances.

In summary, we found that H. pylori can induce the expression
of KDM6B and promote the demethylation of H3K27me3 near the

Cell Death and Disease (2022)13:1068

CXCR4 promoter region through its enzymatic activity, resulting in
the upregulation of CXCR4 expression. CXCR4 ectopic expression
activates the ERK1/2 and AKT signaling pathways and causes the
proliferation and metastasis of GC cells (Fig. 8). In conclusion, we
experimentally confirmed that KDM6B has an oncogenic function
in gastric cancer and that it can be used as a potential target for
gastric cancer therapy.

SPRINGER NATURE



F. Liu et al.

A
AGS MKN-45
2.5q Fkk 2.5 Fkk
[°) o *x
2 2.0 2 29
2 £q
£815 £S5
g g 1.04 $ g 1.04
S o= =
& o 30
& 0.5 & 0.5
0.0- 0.0-

Hp11637 Oh 2h 4h 6h 8h Hp11637 Oh 2h 4h 6h 8h

B
AGS MKN-45
Hp11637 Oh 2h 4h 6h 8h Oh 2h 4h 6h 8h

CagA

E

% hekk

E 254

E 20+

o

T

0 154

§ U

5 104

3

o 57 0

&

3 o —=

4 Hp- Hp+
(n=36) (n=23)

-135kDa

Actin [ e e e - e | [a——————1 43102

AGS MKN-45
B e 4
° °
g 4 g
£
883 ge
Q a Q a
SX2 2x
£% 2%
2 11 &

0-
Hp26695 Oh 2h 4h 6h 8h Hp26695 Oh 2h 4h 6h 8h

D

AGS MKN-45
Hp26695 Oh 2h 4h 6h 8h Oh 2h 4h 6h 8h

cagh| -;q| S S - 135kDa

-y ©
o e ] 5

Fig. 7 H. pylori infection upregulates the expression of KDM6B. A RT-qPCR detection of KDM6B mRNA expression after infection of the
gastric cancer cell lines, AGS and MKN-45 with H. pylori (Hp11637) for the indicated times. B Western blot detection of KDM6B and CagA
protein expressions in the gastric cancer cell lines, AGS and MKN-45, after infection with H. pylori (Hp11637) for the indicated times. C RT-qPCR
detection of KDM6B mRNA expression in the gastric cancer cell lines, AGS and MKN-45, after infection with H. pylori (Hp26695) for the
indicated times. D Western blot detection of KDM6B and CagA protein expressions in the gastric cancer cell lines, AGS and MKN-45, after
infection with H. pylori (Hp26695) for the indicated times. E RT-qPCR was performed to detect KDM6B mRNA levels in H. pylori-negative or H.
pylori-positive human GC samples. *p < 0.05, **p <0.01 and ***p < 0.001.

MATERIALS AND METHODS

Dataset download and processing

Download GSE13911 (n = 38) [42], GSE15460 (n = 248) [43] gastric cancer
transcriptional data on the GEO website (https://www.ncbi.nlm.nih.gov/),
where the GSE15460 dataset contains clinical data. The “affy” and “impute”
packages were used in R software (version 3.6.3) for background
processing, normalization and log2 transformation; the “limma “package
for differential gene analysis between tumor and normal groups. The
survival curves of KDM6B used for modeling were from the Kaplan-Meier
plotter (http://kmplot.com/analysis/index.php?p=background) [44].

Cell culture

AGS cells were obtained from the Cell Bank of the Chinese Academy of
Sciences (Shanghai, PR China). MKN-45 cells were obtained from the
National Cell Line Resource Infrastructure (Beijing, PR China). AGS cells
were cultured in F12 medium (HyClone, Logan, UT, USA) supplemented
with 12% FBS (Gibco, Carlsbad, CA, USA). MKN-45 cells were cultured in
RPMI-1640 (Gibco) containing 10% FBS. All cells were cultured in a
humidified cell incubator (Thermo Fisher Scientific, Waltham, MA, USA) at
37°C, 95% air and 5% CO,, verified by short tandem repeat analysis and
tested for absence of mycoplasma.

Cell transfection and addition of inhibitors

Roche transfection reagent (2 ul per sample; Roche, Basel, Switzerland) was
used to transfect KDM6B or KDM6B (H1390A) (Addgene, Watertown, MA,
USA), as recommended. Cells were collected 48 h post-transfection for
further analysis. Lipofectamine 2000 (5 ul per sample; Invitrogen, Carlsbad,
CA, USA) was used to transfect siRNA (5ul per sample) into GC cells
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(4% 10° cells per sample) as recommended. Cells were collected 72 h post-
transfection. GC cells were inoculated into 24-well plates and 24 h later, the
virus (containing shKDM6B or shNC; Genechem, Shanghai, PR China) was
transfected into GC cells with a complex of infection (MOI) of 100.
Polybrene (Genechem) was used to increase efficiency of transfection. The
medium was changed 24 h after transfection and puromycin (2 pg/ml;
Gibco) was added. Three days later, transfection efficiency was calculated
using RT-PCR and protein blotting. The sequences of siRNAs and shRNAs
used in the experiments are listed in Supplementary Material Table S1. The
final concentration of KDM6B inhibitor GSK-J4 (HY-15648B, MCE, Mon-
mouth Junction, NJ, USA) used in this study is 1T uM, and CXCR4 inhibitor
AMD3100 (HY-10046, MCE) is 100 nM.

Clinical tissue samples

10 pairs of gastric cancer tissues and paracancer tissues RNA specimens
and 5 pairs of gastric cancer and corresponding paracancer tissue protein
specimens were obtained from Qilu Hospital of Shandong University. 16
pairs of gastric cancer and paracancer tissue specimens for immunohis-
tochemical staining were obtained from Jinan Central Hospital of
Shandong University.

Construction of weighted gene co-expression network
analysis (WGCNA)

The GSE15460 dataset included 248 GC patients with detailed clinical
information suitable for the construction of WGCNA. We can link the
module characteristic gene with the clinical information of GC patients. We
first constructed the data matrix of gene expression in GSE15460, and used
the “WGCNA" package in R/Bioconductor software to select the top 25%

Cell Death and Disease (2022)13:1068
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Fig. 8 Model diagram of the mechanism of KDM6M in promoting
gastric carcinogenesis and progression. Helicobacter pylori pro-
motes the expression of KDM6B, which upregulates CXCR4
expression through its enzymatic activity leading to H3K27me3
demethylation upstream and downstream of the CXCR4 promoter
region, resulting in the promotion of the proliferation and
metastasis of gastric cancer cells.

genes with the largest variance in tumor samples as the input data set of
subsequent WGCNA. The sample hierarchical clustering method is used to
detect and eliminate abnormal samples, and then the appropriate soft
threshold is selected to realize the scale-free network. In the next stage,
through the construction of adjacency and topological overlap matrix
(TOM) and the calculation of corresponding dissimilarity (1-TOM), the gene
tree and module identification are completed by dynamic tree cutting, and
then the module characteristic genes are clustered to merge highly similar
modules with the dissimilarity of <0.25, and the correlation between
module characteristic genes and GC clinical phenotype is calculated.

KEGG pathway enrichment analysis

KEGG (Kyoto Encyclopedia of Genes and Genomes) pathway-related
database, based on which the cellular signaling pathways in which the
target genes are involved can be known. In this study, KEGG analysis of the
target gene set was performed using the “ClusterProfiler” R package.

RNA extraction and RT-qPCR

Total RNA was extracted using Trizol reagent (Invitrogen), and cDNA
synthesis was performed using RT kit gDNA Eraser (Takara, Shiga, Japan).
The corresponding cDNAs were analyzed by quantitative PCR using SYBR
Green (Takara). The primer sequences are listed in Supplementary Material
Table S2.

H. pylori cultures

All animal experiments were reviewed and approved by the Ethics
Committee of the School of Basic Medical Sciences, Shandong University.
H. pylori strains (11637 and 26695) were grown in brucella broth
supplemented with 5% FBS at 37 °C in a microaerobic environment.

In vivo proliferation and metastasis assays

Twenty-five male thymus null BALB/c nude mice (6 weeks old) were
purchased from Charles River Labs (Beijing, PR China) for the following
experiments. For the tumor xenograft mouse model, MKN-45 cells (1 x 10°
cells) were transfected with KDM6B shRNA or negative control and injected
into the right or left subcutis of 5 nude mice. Tumor growth was checked
every 2 days, and mice were euthanized 14 days after injection. For the
metastatic mouse model, ten male thymus null BALB/c nude mice were
divided into two groups. MKN-45 cells (1 x 10° cells) were transfected with
KDM6B shRNA or negative control and injected intravenously into each
group via the tail vein. One month after injection, the mice were
euthanized, and organs were removed and photographed.

RNA-sequencing analysis (RNA-Seq)

MKN-45 cells from the negative control group and KDM6B knockdown
group were added with TRIzol and sent to Guangzhou RiboBio Co., Ltd for
RNA sequencing and differential gene analysis. The results of differential
gene analysis are listed in Supplementary Material Table S3.
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Chromatin Immunoprecipitation (ChiP)

ChIP is performed using the SimpleChIP® Enzymatic Chromatin IP Kit (Cell
Signaling Technology, Danvers, MA, USA). GC cells are cross-linked and
lysed. The lysate is sonicated to make soluble chromatin with DNA
fragments. Antibodies were used to precipitate the DNA fragments.
Protein-DNA complexes were collected with protein G Sepharose beads,
eluted and reverse cross-linked. After treatment with Proteinase K, DNA is
extracted, precipitated from the samples, and then analyzed using qPCR.
The antibodies used in this study are as follows: anti-KDM6B (ab38113,
Abcam, Cambridge, UK), anti-H3K27me3 (ab6002, Abcam), and anti-IgG
(2729, Cell Signaling Technology). The primer sequences are listed in
Supplementary Material Table S4.

Colony formation and EdU assays

For colony formation analysis, GC cells (500-1000 cells per well) were
inoculated into six-well plates and cultured for 1-2 weeks. Cells were
then fixed with methanol and stained with Giemsa Staining Solution. For
Edu analysis, GC cells (10,000 cells per well) are inoculated in triplicate
into 96-well plates and incubated for 24 h. Then, the following
experiments were performed according to the EdU (RIBOBIO, Guangz-
hou, PR China) kit procedure, and then photographed with a fluorescent
microscope.

Western blotting

Cell lysates were obtained by extraction with protein lysis buffer
supplemented with protease inhibitors. Lysates were then resolved using
SDS-PAGE. The protein gel is then transferred to a PVDF membrane and
closed with 5% skim milk powder and incubated overnight at 4 °C with the
primary antibody. The PVDF membrane is then incubated with the
appropriate secondary antibody. Signals were analyzed using ECL
detection reagents (Millipore, St. Louis, MO, USA). The antibodies used in
this study are as follows: anti-KDM6B (ab169197, Abcam), anti-B-actin
(60008-1, Proteintech, Wuhan, PR China), anti-CXCR4 (ab181020, Abcam),
anti-E-Cadhrein (3195, Cell Signaling Technology), anti-N-Cadhrein (13116,
Cell Signaling Technology), anti-AKT (4691, Cell Signaling Technology),
anti-p-AKT (4064, Cell Signaling Technology), anti-ERK (4695, Cell Signaling
Technology), and anti-p-ERK (4370, Cell Signaling Technology).

Immunohistochemistry (IHC)

Formalin-fixed paraffin-embedded (FFPE) sections are prepared from
mouse or patient samples and are dewaxed and rehydrated. Samples
were subjected to epitope repair and H202 treatment, followed by closure
with 3% BSA solution. Thereafter, samples are incubated overnight at 4 °C
with the specific primary antibody. The next day, sections were incubated
with the corresponding secondary antibodies and then analyzed using a
DAB staining kit (Vector Laboratories, Burlingame, CA, USA). Positive
staining intensity was scored as follows: 0 (no staining), 1 (light brown), 2
(medium brown) and 3 (dark brown). The percentage of positively stained
cells was scored using a scale of 0 to 3: 0 (0%), 1 (<25%), 2 (25-75%) and 3
(>75%). the IHC score was calculated as a multiple of the above two scores.
The antibodies used in this study are as follows: anti-KDM6B (Abcam,
ab38113), and anti-CXCR4 (Abcam, ab181020).

Wound healing and transwell assay
For the wound healing assay, 5 x 10° cells were initially inoculated into 12-
well plates and when confluent, the cell surface was scraped using a
pipette tip. 24 h later, accurate wound measurements were made using the
formula wound closure = (wound width at O h - wound width at 24 h)/
wound width at Oh x100% to calculate wound closure. Cells were
observed using an inverted phase contrast microscope and photographed.
For the migration assay, a total of 5 x 10* cells were inoculated into the
upper chamber of the Transwell. After 48 h, cells migrating to the lower
well were fixed with methanol and stained with crystal violet staining
solution.

Statistical analysis

All experimental data are shown as the mean (+SD) of at least three
independent experiments. Means between two groups were compared by
GraphPad Prism 8 using Student t-test (two-tailed) or Mann-Whitney U-test.
The clinical data were statistically analyzed using SPSS version 23.0. Survival
rates were determined by the log-rank (Mantel-Cox) test and compared in
Kaplan-Meier plots. p < 0.05 was considered statistically significant.
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