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E3 ubiquitin ligase RNF180 prevents o

excessive PCDH10 methylation to suppress
the proliferation and metastasis of gastric

cancer cells by promoting ubiquitination
of DNMT1
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Abstract

Background Downregulation of certain tumor-suppressor genes (TSGs) by aberrant methylation of CpG islands in
the promoter region contributes a great deal to the oncogenesis and progression of several cancers, including gastric
cancer (GC). Protocadherin 10 (PCDH10) is a newly identified TSG in various cancers and is downregulated in GC;
however, the specific mechanisms of PCDH10 in GC remain elusive. Here, we elucidated a novel epigenetic regulatory
signaling pathway involving the E3 ubiquitin ligase RNF180 and DNA methyltransferase 1 (DNMT1), responsible for
modulating PCDH10 expression by affecting its promoter methylation.

Results We revealed that PCDH10 was downregulated in GC cells and tissues, and low PCDH10 expression was
correlated with lymph node metastasis and poor prognosis in patients with GC. Additionally, PCOH10 overexpres-
sion suppressed GC cell proliferation and metastasis. Mechanistically, DNMT1-mediated promoter hypermethylation
resulted in decreased expression of PCDH10 in GC tissues and cells. Further analysis revealed that RNF180 can bind
directly to DNMT1 and was involved in DNMT1 degradation via ubiquitination. Additionally, a positive correlation was
found between RNF180 and PCDH10 expression and an inverse association between DNMT1 and PCDH10 expression
showed considerable prognostic significance.

Conclusion Our data showed that RNF180 overexpression upregulated PCDH10 expression via ubiquitin-dependent
degradation of DNMTT1, thus suppressing GC cell proliferation, indicating that the RNF180/DNMT1/PCDH10 axis could
be a potential therapeutic target for GC treatment.
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Background

Gastric cancer (GC) ranks the third-leading cause of
cancer-related mortality worldwide, with a dismal prog-
nosis [1]. Studies have shown that the inactivation of
tumor suppressor genes (TSGs) caused by promoter
hypermethylation contributes to gastric tumorigenesis
and cancer progression [2—4]. Therefore, identifying new
TSGs that are affected by aberrant DNA hypermethyla-
tion and elucidating mechanisms for the epigenetic inac-
tivation of tumor suppressive pathways in gastric cancer
may provide potential markers and therapeutic targets
for GC treatment.

Protocadherin 10 (PCDHI10) has been identified as a
functional TSG that is frequently silenced by DNA meth-
ylation in various human primary cancers [5-9], and
PCDHI10 methylation is an adverse prognostic marker
in several cancers [5, 10, 11]. Previous studies revealed
that ectopic expression of PCDHI0 suppressed cancer
cell malignancy in vitro and restrained tumor growth
and metastasis in vivo, substantiating its tumor suppres-
sive roles [5, 12]. However, although the involvement of
PCDHI0 has been extensively elucidated in several can-
cers, the specific mechanisms underlying its silencing via
promoter hypermethylation in GC remain elusive.

DNA hypermethylation of promoters at CpG
sequences is a well-defined epigenetic hallmark of GC,
leading to transcriptional silencing of TSGs and other
cancer-related genes [13]. DNA methyltransferase
(DNMT) enzymes transfer a methyl group to DNA at the
fifth carbon position of cytosine residues, which is a com-
mon epigenetic event in the DNA methylation process
[2]. There are three main DNMTs: DNMT1, DNMT3A,
and DNMT3B, among which DNMT1 is the most abun-
dant and plays a critical role in de novo methylation in
the mammalian genome during DNA replication [14, 15].
Recent studies indicated that aberrant expression and
function of DNMT1 promoted the progression of GC
[16, 17]; however, the specific mechanisms underlying
DNMT1 dysregulation in GC are poorly understood.

DNMT1 expression can be regulated at transcriptional
and post-transcriptional levels, which influences its catal-
ysis and degradation [18, 19]. Ubiquitination plays a cru-
cial role in posttranslational protein modification and is
strongly correlated with several biological and pathologi-
cal processes in eukaryotes [20]. DNMT1 protein stability
is enhanced by inhibiting ubiquitin—proteasome degra-
dation [19, 21-23]. The ubiquitin—proteasome system

(See figure on next page.)
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degrades target proteins tagged with the small protein
ubiquitin, via a cascade reaction involving three enzymes:
an activating enzyme (E1), an editing enzyme (E2), and
a ubiquitin-protein ligase (E3). Recently, it was demon-
strated that RING finger proteins, which contain a com-
plex set of E3s containing a RING finger (RNF) domain,
are essential for the ubiquitination and degradation of
TSGs [24]. RNF180, which shares the RING finger and
coiled-coil domains, has been implicated in various bio-
logical processes in GC by regulating ubiquitin-depend-
ent degradation of certain proteins [25, 26]. Moreover,
RNF180 has been identified as a TSG gene involved in
GC lymph-node metastasis and progression [26]. How-
ever, whether DNMT1 is subjected to RNF180-mediated
ubiquitin—proteasome degradation remains unclear.
Here, we discovered a novel epigenetic regulatory
signaling pathway involving the E3 ubiquitin ligase
RNF180 and DNMT1 in modulating expression of the
TSG PCDHI10 by affecting its promoter methylation
level using transcriptomic and molecular techniques
and in vivo and in vitro experiments. The findings of this
study could provide prognostic biomarkers and potential
therapeutic targets for effective GC treatment.

Results

PCDH10 was significantly downregulated in human GC
tissues and significantly correlated with poor prognosis
PCDH10 expression in 375 GC and 391 normal samples
from The Cancer Genome Atlas (TCGA) and Genotype-
Tissue Expression (GTEx) databases was examined.
PCDHI10 expression was significantly lower (p<0.001)
in GC tissues compared with normal gastric tissues
(Fig. 1A). Consistent with the microarray data, PCDH10
expression was significantly lower (p<0.001) in GC tis-
sues compared with peritumoral tissues both at the
mRNA and protein levels (Fig. 1B-D). Further analysis of
GC cell lines confirmed that PCDH10 expression was sig-
nificantly lower in 6 GC cell lines at both the mRNA and
protein levels compared with immortalized GES-1 gas-
tric epithelial cells (Fig. 1E, F, Additional file 1: Fig. S1A).
Immunohistochemical analysis was performed to elu-
cidate the correlation between PCDH10 expression and
GC progression. Although PCDH10 protein expression
was observed mainly in the cytoplasm of GC cells and
adjacent nontumor tissues (Fig. 1G), its expression was
significantly lower (y*=34.954, p<0.001) in GC tumor
tissues than in adjacent nontumor tissues (Fig. 1G, H).

Fig. 1 PCDH10is downregulated in human gastric cancer (GC) cells, which is associated with poor clinical outcome. A PCDH10 expression in
human GC tissue samples from TCGA and Genotype-Tissue Expression (GTEx) database. B PCDH10 mRNA levels in 40 pairs of GC tissues and
matched normal tissues. C, D PCDH10 protein levels in 20 pairs of GC and matched normal tissues. (E, F) PCDH10 mRNA and protein levels in GC
cell lines and GES-1. G, H Representative images of immunohistochemical staining for RNF180 in GC tissues and adjacent nontumor tissues. I, J Low
expression of PCDH10 in human GC tissues is associated with poor clinical outcome. *p <0.05, ***p <0.001, ****p <0.0001. T Tumor; N Normal
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Following the exclusion of samples without survival time
and status data from the immunohistochemistry data-
base, 142 patients with GC were divided into two groups
based on PCDHI10 expression levels. Kaplan—Meier
analysis showed that low PCDH10 expression was signifi-
cantly associated (p<0.01) with poor prognosis (Fig. 11,
J). Moreover, PCDH10 expression levels were identified
as a significant independent predictor of prognosis [haz-
ard ratio (HR)=1.959, p=0.032] with regard to age and
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pN stage. Detailed results of the univariate and multi-
variate survival analysis of the 142 GC patients are shown
in Table 1. The associations between PCDHI10 expres-
sion (IHC) and the clinicopathological parameter of GC
patients are summarized in Table 2. Notably, PCDH10
expression was negatively associated with the number of
lymph node metastasis (p=0.029; pN stage) and tumor
size (p=0.043) in GC. Particularly, PCDH10 expression
decreased in tumor tissues with increasing number of

Table 1 Univariate and multivariate analyses of factors associated with overall survival

Variable No. of patients Univariate analysis Multivariate analysis
5-year OS p value HR (95% ClI) p value
Gender
Male 83 27.7 0.852
Female 59 254
Age, years
<60 72 333 0016 1.627 (1.042-2.539) 0.032
>60 70 200
Tumor location
Upper third 35 286 0.069
Middle third 15 28.8
Lower third 69 40.0
>2/3 stomach 23 174
Tumor size,cm
<4 48 41.7 0.002 1.282 (0.818-2.008) 0.278
>4 94 19.1
Lauren classification
Intestinal 72 375 0.002 0.695 (0.394-1.224) 0.207
Diffuse 70 15.1
Type of gastrectomy
Distal subtotal 71 282 0403
Proximal subtotal 18 333
Total 53 226
pl stage
T2 7 429 0.009 1.020 (0.615-1.691) 0939
T3 5 60.0
T4a 121 256
T4b 9 1.1
pN stage
NO 15 80.0 <0.001 1.556 (1.240-1.953) <0.001
N1 15 40.0
N2 28 179
N3a 56 232
N3b 28 7.1
PCDH10 expression level (%)
Low 113 21.2 0.001 1.959 (1.060-3.620) 0.032
High 29 418 1 (Ref)

Cl Confidence interval; HR hazard ratio; No. Number; OS Overall survival; Ref Reference

Variables with p values less than 0.1 were included in the multivariate analysis



Zhang et al. Clinical Epigenetics (2023) 15:77

Table 2 Correlations between PCDH10 and clinicopathological
features in 142 gastric cancer patients in IHC database

Variable Number of patients  Chi-square p value*
value
PCDH10%Y PCDH10Mish
Gender
Male 64 19 0489 0484
Female 50 9
Age, years
<60 59 13 1.819 0.177
>60 55 15
Tumor location
Upper third 28 7 1.866 0610
Middle third 11 4
Lower third 57 12
>2/3 stomach 18 5
Tumor size, cm
<4 33 14 4089 0.043
>4 81 14
Lauren classification
intestinal 53 19 1.398 0.237
diffuse 61 9
Type of gastrectomy
Distal subtotal 57 12 0.146 0.930
Proximal subtotal 14 4
Total 43 12
pT stage
T2 5 2 1.605 0.828
T3 3 2
T4a 97 24
T4b 9 0
pN stage
NO 10 5 10.237 0.029*
N1 10 5
N2 19 9
N3a 50 6
N3b 25 3

A chi-square test was used for comparing groups between low and high
PCDH10 expression

*p <0.05 was considered significant

metastatic lymph node in patients with GC (42.9% for
pNO-1 patients, 28.6% for pN2 patients, 21.4% for N3a

(See figure on next page.)
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patients, 7.1% for N3b patients). RNA database analy-
sis further validated the association between PCDH10
expression, clinicopathological parameters, and progno-
sis in patients with GC (Additional file 2: Table S1). Over-
all, these results indicate that PCDH10 is downregulated
in GC cells and possess prognostic value.

Decreased expression of PCDH10 in GC cells and tissues
was associated with promoter hypermethylation

To determine the role of promoter methylation in silenc-
ing of PCDH10, the expression and methylation status of
PCDHI10 in human GC tissues were investigated using
the epigenome-wide association studies (EWAS) data-
base and Broad Institute CCLE databases. Compared
with adjacent normal tissues, PCDH10 methylation was
significantly higher in GC tissues and cells (Fig. 2A and
Additional file 1: Fig.S1B, C). Moreover, high PCDH10
methylation levels were associated with low mRNA
expression levels in both GC tissues and cells (Fig. 2B,
2C). NGS methylation analysis was performed to deter-
mine PCDHIO0 methylation status. The CpG islands
and selected region for NGS methylation analysis in the
PCDHI10 promoter region were —332 to + 27 bp relative
to the transcription start site, containing 27 CpG dinucle-
otides. PCDH10 displayed full or partial promoter meth-
ylation in tumor tissues, whereas little or no methylation
was observed in the adjacent nontumor tissues (Fig. 2D
and Additional file 1: Fig. S1D). Furthermore, treatment
with DNMT inhibitor 5-aza-2'-deoxycytidine (2 uM)
resulted in the decrease of PCDH10 DNA methylation
and restored PCDH10 mRNA and protein expression in
the examined GC cell lines (Fig. 2E-G), further support-
ing for the conclusion that PCDH10 silencing is regulated
by promoter methylation in GC cell lines.

PCDH10 expression was mainly silenced by DNMT1

DNMT1, DNMT3A, and DNMT3B knockdown AGS
cells were generated to assess the role of DNMTs in
mediating PCDH10 promoter methylation. Downregu-
lation of DMMT1 but not DNMT3A and DNMTS3B sig-
nificantly restored PCDH10 expression (Fig. 2H, I, and
Additional file 1: Fig. S1E, F), which was further con-
firmed by NGS methylation analysis (Fig. 2], K). Overall,

Fig. 2 Decreased expression of PCDH10 is attributed to DNMT1-mediated promoter hypermethylation. A The global methylation level of PCDH10
in gastric cancer (GC) cells from the Broad Institute CCLE databases. B High PCDH10 methylation levels were associated with low mRNA levels from
the Broad Institute CCLE database. C PCDH10 methylation level in GC tissues and adjacent nontumor tissues was confirmed by NGS methylation
analysis. D High PCDH10 methylation levels were associated with low mRNA levels from the TCGA database. E, F, G Effect of 5-AZA treatment on
mMRNA, protein expression and methylation level of PCDH10. H, I Western blot and gPCR confirmed that DNMT1 knockdown increased the protein
and mRNA expression of PCOHT0. J, KNGS methylation analysis showed that DNMT1 knockdown suppressed the global methylation level of

PCDH10 in AGS cells. **p <0.01, ***p < 0.001
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these results indicated that DNMT1 was involved in
silencing PCDH10 expression in GC cells.

PCDH10 inhibited GC cell proliferation in vitro and in vivo
To elucidate the biological roles of PCDH10 in GC cell
proliferation, AGS and HGC27 cells overexpressing
PCDH10 were generated. CCK-8 and colony formation
assays demonstrated that PCDH10 overexpression sig-
nificantly inhibited GC cell growth and colony forma-
tion in AGS and HGC27 cells (Fig. 3A, B). Additionally,
upregulation of PCDH10 enhanced apoptosis and signifi-
cantly retarded cell cycle progression in AGS and HGC27
cells (Fig. 3C, D, E). Moreover, apoptosis markers PARP,
cleaved PARP, caspase 3 and cleaved caspase 3 expression
levels were detected by western blotting experiments.
The results demonstrated that PCDHI10 overexpres-
sion led to an elevated expression of the cleaved form of
caspase-3 and poly (ADP-ribose) 2 polymerase (PARP)
in HGC27 and AGS cells treated with staurosporine,
which is an apoptosis-inducing reagent (Additional file 1:
Fig. S2A). Furthermore, HGC27 cells stably transduced
with lentiviral PCDH10 (LV-PCDH10) or negative con-
trol (LV-control) were transplanted into nude mice to
determine whether PCDH10 regulates GC cell prolif-
eration in vivo. The LV-PCDH10 group had significantly
lower tumor volumes and weights compared with the
negative control group (Fig. 3F, G). Collectively, these
results indicated that PCDH10 suppressed GC cell prolif-
eration both in vitro and in vivo.

PCDH10 inhibited GC cell migration and invasion in vitro
and metastasis in vivo

Since elevated PCDHI10 levels correlated with lymph
node metastasis (Table 2), we speculated that PCDH10
may be involved in GC cell metastasis. The transwell
migration and invasion assays revealed that PCDHI10
overexpression significantly suppressed the migration
and invasive ability of AGS and HGC27 cells (Fig. 4A).
To validate the in vitro findings, LV-PCDH10-transfected
HGC27 cells were injected in the tail vein of nude mice.
Mice injected with LV-PCDH10-transfected HGC27 cells
mice exhibited reduced bioluminescence intensity in the
lung and decreased lung metastases (Fig. 4B, C). These
results confirmed that PCDHI10 significantly suppressed
GC cell migration and invasion in vitro and metastasis
in vivo.

Furthermore, RNA sequencing of PCDH10-overex-
pressing HGC27 cells and control cells were performed
to elucidate the mechanisms by which PCDH10 inhib-
its GC progression (Fig. 4D and Additional file 1: Fig.
S2B, C). Gene ontology enrichment analysis showed
that most differentially expressed genes between the two
groups (PCDH10 overexpression and control groups)
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were involved in the cell growth, cytokine-mediated
signaling pathway, and cell-substrate adhesion (Fig. 4E).
Also, KEGG pathway analysis of the DEGs highlighted
focal adhesion, apoptosis and cell cycle processes
and cytokine —cytokine receptor interaction pathway
(Fig. 4F). Moreover, genes involved in cell proliferation
[epiregulin (EREQG)), invasion (matrix metalloproteinase
(MMP) 1 and 19], angiogenesis and lymph angiogen-
esis [transforming growth factor beta 1 (TGFB1) and
RAS p21 protein activator 4 (RASA4)], and chemotaxis
[C-X-C motif chemokine ligand 8 (CXCL8)] were sig-
nificantly downregulated in PCDH10-overexpressing GC
cells (Fig. 4G), indicating that PCDH10 may suppress GC
progression by downregulating the expression of several
critical oncogenes.

RNF180 restored PCDH10 expression by inhibiting DNMT1
Several studies have been performed to identify biomark-
ers for GC in the last decade [5, 26, 27], and RNF180
has been shown to act as a TSG in GC [26]. Moreover,
iTRAQ quantitative proteomics analysis showed that
DNMT1 was associated with RNF180 (Fig. 5A, B and
Additional file 1: Fig.S3A, B). Gene ontology enrich-
ment analysis and KEGG pathway analysis also revealed
that differentially expressed genes between the two
groups (RNF180 overexpression and control groups)
were involved in the ubiquitin binding, methyltransferase
activity and genetic information processing of DNA
methyltransferase and ubiquitin mediated proteolysis
(Fig. 5C and Additional file 1: Fig. S3C). Further analysis
indicated that RNF180 overexpression markedly reduced
DNMT1 protein expression, whereas RNF180 knock-
down enhanced DNMT1 expression; however, neither
RNF180 overexpression or inhibition influenced DNMT1
mRNA levels (Fig. 5D and Additional file 1: Fig. S3D).
These results indicated that RNF180 regulated DNMT1
expression at the post-transcriptional level.

Additionally, HGC27 cells transfected with RNF180-
overexpression plasmid had significantly higher PCDH10
expression than those transfected with the control vector
using an Affymetrix GeneChip arrays (Fig. 5E). Moreover,
RNF180 expression was significantly correlated (r=0.59,
p<0.001) with PCDH10 expression, based on correla-
tion analysis of data obtained from TCGA database
(Fig. 5F). Since PCDH10 is mainly regulated by DNMT1,
we hypothesized that RNF180 could regulate PCDH10
expression via DNMT1. Consistent with our hypoth-
esis, western blotting analysis and qRT-PCR analysis
showed that RNF180 overexpression increased PCDH10
expression (Fig. 5G and Additional file 1: Fig.S3E). Addi-
tionally, NGS assay showed that RNF180 knockdown
increased PCDH10 methylation levels in MKN45 cells
compared with the control group (Fig. 5H). As RNF180
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is a RING-domain E3 ubiquitin ligase, and the RING
domain is reported to be responsible for this kind of E3
ligase activity. Based on this, we constructed a RING-
domain truncated mutants of RNF180 and the corre-
sponding western blotting experiments were performed.
The results revealed that mutation in the RING domain
of RNF180 did not affect the protein level of DNMT1
and PCDHI10 (Additional file 1: Fig.S3F). Furthermore,
a rescue assay was performed to verify whether RNF180
regulated PCDH10 expression via DNMT1. Expectedly,
DNMT1 expression significantly suppressed RNF180-
induced increase in PCDH10 expression in HGC27 cells
(Fig. 5I). Transwell, CCK-8, and colony formation assays
revealed that DNMT1 upregulation partially reversed
RNF180 overexpression-induced inhibition of HGC27
cell proliferation, migration, and invasive ability (Fig. 5]
and Additional file 1: Fig. S3G, H). Overall, these results
indicated that RNF180 restored PCDH10 expression by
inhibiting DNMT1.

RNF180 enhanced ubiquitination and degradation

of DNMT1

RNF180 is an E3 ubiquitin ligase which functions by
increasing ubiquitin—proteasome degradation of targeted
proteins. Therefore, we hypothesized that RNF180 can
alter DNMT]1 stability through ubiquitination, result-
ing in its degradation through the proteasome pathway.
To confirm this hypothesis, immunofluorescence, coim-
munoprecipitation (Co-IP), and cycloheximide chase
assays were performed to determine the interaction
between RNF180 and DNMTI1. Immunofluorescence
assay showed that RNF180 and DNMT1 were co-local-
ized in MKN45 and HGC27 cells (Fig. 6A). Moreover,
Co-IP assay verified that RNF180 interacted directly with
DNMT1 (Fig. 6B). Furthermore, cycloheximide chase
assay showed that RNF180 depletion was associated
with an increase in the half-life of DNMT1 (Fig. 6C, D),
confirming that DNMT]1 is a substrate of RNF180. Simi-
larly, DNMTT1 half-life decreased in HGC27 cells trans-
duced with RNF180-overexpressing lentiviruses (Fig. 6E,
F), whereas treatment with the proteasomal inhibitor
MG132 significantly increased DNMT1 expression, with
RNF180 downregulation producing the same effect in
MKN45 cells (Fig. 6G). However, RNF180 overexpression

(See figure on next page.)
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partly reversed MG132-induced increase in DNMT1
expression in HGC27 cells (Fig. 6H). Additionally,
RNF180 lacking the RING domain failed to reverse
MG132-induced increase in DNMT1 expression in
HGC27 cells (Additional file 1: Fig. S3I). Moreover, Co-IP
assay indicated that DNMT1 ubiquitination was sup-
pressed by RNF180 knockdown in MKN45 cells (Fig. 6I).
Overall, these results suggest that RNF180 regulated
DNMT1 stability via proteasome-mediated mechanisms.

PCDH10 expression was positively correlated with RNF180
expression and negatively correlated with DNMT1
expression in human GC tissues

Immunohistochemical analysis showed that PCDH10
expression was positively correlated with RNF180
expression but negatively correlated with DNMT1
expression (Fig. 7A, B). DNMT1 overexpression and low
expression of RNF180 were associated with poor prog-
nosis (Fig. 7C, D) and aggressive tumor behavior (Addi-
tional file 2: Tables S2, 3). Patients were divided into four
groups based on PCDH10 and RNF180, and PCDH10
and DNMT1 expression levels, respectively. Kaplan—
Meier analysis showed that patients with co-expression
of PCDH10 and RNF180 had the lowest death rates and
longest overall survival times (Fig. 7C, D). Moreover, sur-
vival analysis showed that patients with low expression of
RNF180 and high expression of DNMT1 had the worst
prognosis (Fig. 7C, D). Regarding predictive accuracy, co-
expression of PCDH10 and RNF180 or co-expression of
PCDH10 and DNMT1 had superior predictive accuracy
for overall survival of GC patients than single expression
of RNF180, PCDH10, or DNMT1 (Fig. 7E).

Discussion

Epigenetic changes contribute to cancer progression by
hypermethylation and silencing of target TSGs [28], and
PCDH10 hypermethylation has been shown to cause
PCDH10 downregulation in certain cancers [5]. In the
present study, PCDH10 was downregulated in GC sam-
ples, which was attributed to promoter hypermethyla-
tion. Additionally, PCDH10 methylation was regulated
by DNMTI1; however, RNF180 treatment promoted
PCDH10 expression by mediating ubiquitin-depend-
ent proteasome degradation of DNMT1. Particularly,

Fig. 4 PCDH10 overexpression inhibits the migratory and invasive abilities of GC cells in vitro and in vivo. A Transwell assay was performed to
determine the effects of PCDH10 overexpression on cellular invasion and migration. B Representative bioluminescence images of the different
groups are shown at 8 weeks after tail vein injection (left). The radiance was collected and calculated (right). C Representative hematoxylin and
eosin (H&E) staining images of lung tissue sections from different groups (left). The number of lung metastatic foci was calculated (right). Scale bars:
200 pm (main) and 50 um (insert). D Heatmap showing differentially expressed genes in PCDH10-overexpressing HGC27 cells. E The interaction
diagram of proteins involved cell growth, cytokine-mediated signaling pathway, and cell-substrate adhesion. F The significantly dysregulated
pathways among PCDH10 overexpression and control groups in different KEGG categories. G RT-PCR analysis of target genes in indicated cells.

*p<0.05, ***p <0.001, ****p <0.0001, N.S. Not significant
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PCDHI10 expression inhibited the proliferation and
metastasis of GC cells in vitro and in vivo by suppressing
the expression of several oncogenes. The regulatory rela-
tionships between RNF180/DNMT1 and PCDH10 were
further confirmed in clinical samples and were associated
with prognosis in patients with GC.

Accumulating evidence has shown that PCDHI10 is a
TSG in several cancers, and its ectopic expression can
inhibit tumorigenesis, suppress cell metastasis, and
induce apoptosis [5—11]. Several molecular mechanisms
have been proposed for the tumor suppressive role of
PCDH10. For example, PCDH10 was directly engaged
in the negative regulation of the epidermal growth fac-
tor receptor signaling pathway [9], resulting in tumor
suppression. Additionally, PCDH10 suppressed MM cell
proliferation by negatively regulating the Wnt/p-catenin/
Bcl-9 signaling pathway [29], and a new PCDH10-Wnt/-
catenin-MALAT1 regulatory axis was shown to con-
tribute to the progression of endometrioid endometrial
cancer [12]. In the present study, PCDH10 overexpres-
sion significantly decreased the expression of genes asso-
ciated with tumor progression and metastasis, including
EREG, MMP1, MMP9, TGFB1, RASA4, and CXCLS, in
GC cells [30-34]. Blood-based liquid biopsy to detect
and monitor cancer might lead to early diagnosis of can-
cer and improve clinical oncological decision-making
[4]. Currently, plasma RNF180 and PCDH10 methyla-
tion levels have been used as biomarkers for the diag-
nosis and screening for GC and CRC, respectively [10,
35]. Regarding the clinical significance of PCDH10, low
PCDHI10 levels have been observed in various cancers
and have been considered a promising prognostic marker
in patients with colorectal cancer [11], bladder cancer
[36], pancreatic ductal adenocarcinoma [37], breast can-
cer [38], and diffuse large B-cell lymphoma [39]. In the
present study, PCDH10 expression was significantly
downregulated in GC tissues compared with matched
peritumoral tissues, and low PCDHI10 protein level was
correlated with increased lymphatic metastasis and poor
prognosis in patients with GC. These results indicate that
PCDHI10 is a good prognostic predictor of metastasis
and malignancy in GC.

DNA methylation is a reversible enzyme-mediated
modification that contributes to cancer progression.

(See figure on next page.)

Page 11 0f 18

DNMT1, the major DNA methyltransferase, is responsi-
ble for maintaining DNA methylation and is recognized
as the ‘maintenance methyltransferase’ [40]. Previous
studies have shown that high DNMT1 expression is
inversely related to poor survival outcome in patients
with GC and other types of cancers [40-43]. Moreo-
ver, DNMT1 expression in gastric carcinomas and solid
tumors has been shown to be significantly associated
with chemotherapy response [17]. DNA demethylat-
ing agents have shown promising therapeutic effects in
hematological malignancies and several solid tumors
[44]. In the present study, DNMT1 was significantly
upregulated in the GC samples, and negatively associa-
tion between DNMT1 and PCDHI10 expression. Addi-
tionally, DNMT1 knockdown but not DNMT3A and
DNMT3B knockdown restored PCDH10 expression and
reduced PCDH10 methylation level. Moreover, DNMT1
expression was negatively correlated with PCDHI10
expression in human GC tissues, and PCDH10 and
DNMT1 co-expression was an independent prognos-
tic factor for overall survival in patients with GC. These
results suggest that DNMT1-mediated hypermethylation
of PCDH10 promoter may contribute to PCDH10 down-
regulation in GC.

Regarding the mechanism underlying the overexpres-
sion of DNMT1 in GC, this study identified a post-trans-
lational modification pathway mediated by RNF180. The
ubiquitin—proteasome system, one of the most important
regulators of protein metabolism, plays an important role
in tumor initiation and development [24]. E3 ubiquitin
ligases are crucial for ubiquitin proteasomal degradation
by determining the particularity and timing of ubiqui-
tination as well as subsequent degradation of substrates
[24, 45]. Previous studies showed that DNMT1 expres-
sion was regulated by adjusting its ubiquitination and
acetylation level [21, 46—48]. As an E3, RNF180 inter-
acts physically with multiple target proteins to achieve
ubiquitination and proteasomal degradation. Moreover,
RNF180 has previously been shown to act as a suppres-
sor gene to inhibit GC progression. In the present study,
RNF180 was associated with decreased ubiquitination
and degradation of DNMT]1, indicating that RNF180
regulated DNMT1 protein stability by modulating its
ubiquitination levels. However, no specific ubiquitination

Fig. 5 RNF180 restored PCDH10 expression by inhibiting DNMT1. A, B Volcano plot of altered gene expression patterns in RNF180 overexpressed
HGC27 cells identified from iTRAQ quantitative analysis. C The significantly dysregulated pathways among RNF180 overexpression and control
groups in different KEGG categories. D Western blot showed downregulation or upregulation of RNF180 expression changed the DNMT1
expression in GC cells. E Heatmap of 20 dysregulated genes identified in HGC27-RNF180 and control cells using gene chip detection analysis. (F)
Spearman’s correlation analysis of TCGA database indicated RNF180 expression was positively correlated with PCDH10 expression. G Western blot
showed downregulation or upregulation of RNF180 expression changed the PCDH10 expression in GC cells. H PCDH10 methylation increased
after RNF180 knockdown, as indicated by NGS methylation analysis. | Western blot analysis confirmed that DNMT1 overexpression rescued RNF180
overexpression-induced increase in PCDH10 expression. J Transwell assays revealed that DNMT1 upregulation partially countervailed the inhibitive
effect of RNF180 overexpression on the invasion and migration of HGC27 cells. **p <0.01, **p <0.001
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sites have been identified, indicating the need for further
studies.

In the present study, RNF180 significantly decreased
PCDH10 methylation level and increased PCDHI10
expression. A positive correlation was observed between
RNF180 and PCDH10 expression levels, and their posi-
tive co-expression was associated with favorable clinical
prognosis in patients with GC. Based on experimental
and clinical evidence, we speculated that RNF180 might
affect GC properties by controlling DNMT1/PCDH10
signaling (Fig. 7F). Consistent with our hypothesis, it
was observed that RNF180 indirectly regulated PCDH10
expression in GC via DNA methyltransferase, providing
a better understanding of the epigenetic mechanisms of
GC.

Conclusions

The results of this study showed that the E3 ubiquitin
ligase RNF180 regulated PCDH10 expression by affect-
ing its promoter methylation through the activity of
DNMT1. Additionally, PCDH10 was downregulated
in GC, which was associated with a poor prognosis in
patients with GC. Overall, the present study uncovers a
new mechanism by which PCDH10 DNA methylation
contributes to GC progression and initiation, indicat-
ing that GC treatment could be improved by targeting
this protein with DNA demethylating agents. Moreover,
these results suggest that PCDH10 and RNF180 could be
potential biomarkers for GC diagnosis.

Methods

Patients and tissues

A total of 142 paraffin-embedded advanced gastric ade-
nocarcinoma (pT2-4NanyMO) specimens and paired
adjacent noncancerous tissue samples (>5 cm from
cancer tissue) and their associated clinical data were
collected from GC patients who underwent radical gas-
trectomy between September 2011 and July 2014 to eval-
uate the prognostic value of PCDH10. Additionally, 176
paraffin-embedded advanced gastric adenocarcinoma
(pT2-4NanyMO) and matched adjacent noncancer-
ous tissues (>5 c¢m from cancer tissue) were collected
between August 2004 and December 2007 to construct
tissue microarray (TMA) to examine the correlation

(See figure on next page.)
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between RNF180 and PCDHIO0 expression. Further-
more, another 40 pairs of frozen GC and adjacent nor-
mal mucosa samples collected from GC patients from
September 2019 to July 2020 were used for real-time
(RT)-PCR and western blot analysis. The inclusion and
exclusion criteria are provided in the Supplemental Mate-
rial. All the enrolled patients were restaged according to
the 8th edition of the TNM classification for GC. This
study was approved by the Ethics Committee of Tianjin
Medical University Cancer Institute & Hospital and was
conducted according to the Declaration of Helsinki.

Generation of stable cell lines

Lentiviral vector containing RNF180, DNMTI,
DNMT3A, and DNMT3B short hairpin RNAs (shRNAs)
were transfected into gastric cancer cells to construct
the knockdown cell lines. Additionally, lentiviral vector
containing PCDH10 and RNF180 DNA sequence (LV-
PCDHI10 and LV-RNF180) was transfected into gastric
cancer cells to construct RNF180 and PCDH10 overex-
pression cell line. The lentiviral vectors and negative con-
trol were constructed by Shanghai GeneChem (Shanghai,
China). Target cells (1x 10°) were infected with lentivirus
transducing units followed by puromycin treatment for
2 weeks. The shRNA sequences were as follows: RNF180
shRNA-1, CCAGAATGGATAAGCTGCCTA; shRNA-2,
ATGGAGTATCTTGAGAATCAA; and shRNA-3, TAG
TCAAGAGGAAACAAGTAT; and DNMT1, GCCCAA
TGAGACTGACATCAA; DNMT3A, CCGGCTCTT
CTTTGAGTTCTA; and DNMT3B, AGATGACGGATG
CCTAGAG. (Additional file 1: Fig. S4).

Ubiquitination assay

MKN45-shcontroland MKN45-shRNF180 stable cells
were incubated with 10 uM MG132 (HY-13259, MCE)
for 12 h, lysed, and subjected to immunoprecipitation
with anti-DNMT1 antibodies (GTX116011; GeneTex).
Ubiquitination of substrates was analyzed by SDS-PAGE
and western blotting using an anti-ubiquitin antibody
(Ab134953; Abcam).

Statistical analysis
Statistical analyses were performed using SPSS (version
22.0), GraphPad Prism (version 8.0 software), and R

Fig. 7 PCDH10 expression is positively correlated with RNF180 and negatively associated with DNMT1 expression in human gastric cancer (GC)
tissues. A Representative immunohistochemical images of PCDH10, RNF180, and DNMT1 in GC tissues and adjacent non-tumorous tissues. Scale
bars: 200 um (main) and 20 um (insert). B The correlation between PCDH10 expression and RNF180 or DNMT1 expression in GC tissues. C Kaplan—
Meier survival curves for overall postoperative survival and cumulative death hazard showed that GC patients with high-expression of DNMT1 and
low expression of PCDH10 showed poorer prognosis. D Kaplan—-Meier survival curves for overall postoperative survival and cumulative death hazard
showed that GC patients with low-expression of both DNMT1 and PCDH10 showed poorer prognosis. E The predictive accuracy for overall survival
based on the iIAUC with 1000 x bootstrap resampling for the five parameters is shown as a box plot. The iAUC indicates integrated area under the
ROC curve. F Model depicting the mechanism through which RNF180 regulate PCDH10 expression via the ubiquitin-dependent degradation of

DNMTT, this model is created with https://www.biorender.com/
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software (version 4.2.1). The differences between two or
more groups were analyzed using Student’s ¢-test and
one-way ANOVA, unless otherwise stated. Pearson’s
or Spearman’s correlation analysis was performed to
determine the relationship between variables. Kaplan—
Meier log-rank test (Mantel-Cox) was utilized to com-
pare survival data, and Cox proportional hazards
regression models were used to conduct univariate and
multivariate analyses. Mean values were considered
statistically significant at p <0.05. Additional details of
the methods are described in Additional file 3.

Abbreviations

CCLE Cancer Cell Line Encyclopedia

CO-IP Co-immunoprecipitation

CXCL8 C-X-C motif chemokine ligand 8
DNMT DNA methyltransferase

EREG Epiregulin

EWAS Epigenome-wide association studies
GC Gastric cancer

GTEX Genotype-Tissue Expression

iAUC Integrated area under the ROC curve

IP Immunoprecipitation

iTRAQ Isobaric tags for relative and absolute quantitation
MMP Matrix metalloproteinase

NGS Next-generation sequencing

oS Overall survival

PCDH10  Protocadherin 10

gRT-PCR  Quantitative real-time polymerase chain reaction
RASA4 RAS p21 protein activator 4

RNA-seq  RNA sequencing

RNF RING finger

shRNAs Short hairpin RNAs

TGFB1 Transforming growth factor beta 1

TSGs Tumor suppressor genes

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/513148-023-01492-y.

Additional file 1: Fig. S1. A PCDH10 protein levels in GC cell lines and
GES-1. B The global methylation level of PCDH10 in gastric cancer cells
from the Broad Institute CCLE databases. C The global methylation level of
PCDH10 in gastric cancer tissues, adjacent non-tumor tissues from EWAS
database. D The global methylation status of PCDH10 in gastric cancer
tissues, adjacent non-tumor tissues confirmed by the NGS methylation
analysis. E, F Western blot and gPCR confirmed that DNMT1 knockdown
increased the protein and mRNA expression of PCDH10. Fig. S2. A
PCDH10 overexpression led to an elevated expression of the cleaved

form of caspase- 3 and poly (ADP-ribose) 2 polymerase (PARP) in HGC27
and AGS cells treated with staurosporine, which is an apoptosis-inducing
reagent. B PCA for the expression profiles to distinguish the two groups
(PCDH10 overexpression and control groups). € Volcano plot of altered
gene expression patterns in PCDH10 overexpressed HGC27 cells identified
from RNA-seq analysis. Fig. S3. A PCA for the expression profiles to distin-
guish the two groups (RNF180 overexpression and control groups. B Heat-
map of 30 dysregulated genes identified from iTRAQ quantitative analysis.
CThe significant GO terms in the enrichment analysis of 30 dysregulated
genes identified from iTRAQ quantitative analysis. D gPCRanalyses were
used to detect the mRNA expression of DNMT1 in RNF180 overexpressed
HGC27 cells and RNF180 silencing MKN45 cells. E gPCR analyses were
used to detect the mRNA expression of PCDH10 in RNF180 overexpressed
HGC27 cells. F Mutation in the RING domain of RNF180 did not affect

the protein level of DNMT1 and PCDH10. G, H CCK8 and colonyforming

Page 16 of 18

assays confirmed that DNMT1 upregulation partially countervailed the
inhibitive effect of RNF180 overexpression on the proliferation of HGC27
cells. 1 RNF180 lacking the RING domain failed to reverse MG132-induced
increase in DNMT1 expression in HGC27 cells. Fig. S4. A Stable PCDH10
overexpressed HGC27 and AGS cells were established. B, C Stable RNF180
overexpressed HGC27 cells (B) and stable RNF180 knockdown MKN45
cells (C) were established. D, E, F Stable DNMT1 knockdown AGS cells
(D), DNMT3A knockdown AGS cells (E), DNMT3B knockdown AGS cells (F)
were established. G The expression of PCDH10 in gastric cancer cells from
the Broad Institute CCLE databases. Fig. S5. A, B CCK-8 assay and colony
formation was performed to determine the effect of RNF180 knockdown
on cell proliferation.

Additional file 2: Table S1. Correlations between PCDH10 and
clinicopathological features in 40 gastric cancer patients in RNA
database. Table S2. Correlations between RNF180 and clinicopatho-
logical features in 176 gastric cancer patients. Table S3. Correlations
between RNF180 and clinicopathological features in 176 gastric cancer
patients. Table S4. The list and sequences of primers used for gRT-PCR.
Table S5. The list of primary antibodies used.

Additional file 3. Supplementary materials and methods.

Acknowledgements
Not applicable.

Author contributions

DJY and NYZ conceived the study, revised the manuscript and provided
the financial support. ZNN, GXL, YQQ, FX, WPL, LH, CFL and ZJ performed all
experiments. ZNN wrote the main manuscript text and prepared figures. All
authors reviewed and approved the final manuscript.

Funding

This study was supported by grants from the Programs of National Natural
Science Foundation of China (No. 81572372,81730016, 81972761), the Appli-
cation Foundation and Advanced Technology Program of Tianjin Municipal
Science and Technology Commission (No. 15JCYBJC24800), National Key
Research and Development Program “precision medicine research” (No.
2017YFC0908304), National Key Research and Development Program of China
(No. 2016YFC1303200) and the Distinguished professor of Tianjin (JTZB [2019]
No.120).

Availability of data and materials
The datasets used and/or analyzed during the current study are available from
the corresponding author upon reasonable request.

Declarations

Ethics approval and consent to participate

The ethical consent of this study was approved by the Ethics Committee of
Tianjin Medical University Cancer Institute & Hospital for Ethical Review of
Research involving Human Subjects. All human tissue samples were obtained
from patients with written informed consent. All animal studies were con-
ducted with the approval of the Institutional Animal Care and Use Committee
of Tianjin Medical University Cancer Institute & Hospital and were performed
following established guidelines.

Consent for publication
All human tissue samples were obtained from patients with written informed
consent.

Competing interests
The authors declare that they have no competing interests.

Author details

!State Key Laboratory of Cancer Biology and National Clinical Research Center
for Digestive Diseases, Xijing Hospital of Digestive Diseases, Fourth Military
Medical University, Xi'an 710032, China. >Department of Gastric Surgery, Tian-
jin Medical University Cancer Institute and Hospital, National Clinical Research
Center for Cancer, Tianjin's Clinical Research Center for Cancer and Key


https://doi.org/10.1186/s13148-023-01492-y
https://doi.org/10.1186/s13148-023-01492-y

Zhang et al. Clinical Epigenetics

(2023) 15:77

Laboratory of Cancer Prevention and Therapy, Tianjin 300060, China. *Guangxi
Medical University, Nanning 530021, Guangxi, China. “College of Life Sciences,
Northwest University, Xi'an 710069, China.

Received: 11 January 2023 Accepted: 25 April 2023
Published online: 05 May 2023

References

1.

20.

Siegel RL, Miller KD, Fuchs HE, Jemal A. Cancer statistics, 2021. CA Cancer
JClin. 2021;71(1):7-33.

Nishiyama A, Nakanishi M. Navigating the DNA methylation landscape of
cancer. Trends Genet. 2021;37(11):1012-27.

Choi IS, Wu TT. Epigenetic alterations in gastric carcinogenesis. Cell Res.
2005;15(4):247-54.

Papanicolau-Sengos A, Aldape K. DNA methylation profiling: an emerg-
ing paradigm for cancer diagnosis. Annu Rev Pathol. 2022;17:295-321.
Yu J, Cheng YY, Tao Q, Cheung KF, Lam CN, Geng H, et al. Methyla-

tion of protocadherin 10, a novel tumor suppressor, is associated with
poor prognosis in patients with gastric cancer. Gastroenterology.
2009;136(2):640-651.e641.

Deng J, Liang H, Ying G, Dong Q, Zhang L, Yu J, et al. Clinical significance
of the methylated cytosine-phosphate-guanine sites of protocadherin-10
promoter for evaluating the prognosis of gastric cancer. J Am Coll Surg.
2014,219(5):904-13.

Wang KH, Liu HW, Lin SR, Ding DC, Chu TY. Field methylation silenc-

ing of the protocadherin 10 gene in cervical carcinogenesis as a
potential specific diagnostic test from cervical scrapings. Cancer Sci.
2009;100(11):2175-80.

Tang X, Yin X, Xiang T, Li H, Li F, Chen L, et al. Protocadherin 10 is
frequently downregulated by promoter methylation and functions as a
tumor suppressor gene in non-small cell lung cancer. Cancer Biomark.
2012;12(1):11-9.

Jao TM, Fang WH, Ciou SC, Yu SL, Hung YL, Weng WT, et al. PCDH10 exerts
tumor-suppressor functions through modulation of EGFR/AKT axis in
colorectal cancer. Cancer Lett. 2021;499:290-300.

Danese E, Minicozzi AM, Benati M, Montagnana M, Paviati E, Salvagno GL,
et al. Epigenetic alteration: new insights moving from tissue to plasma—
the example of PCDH10 promoter methylation in colorectal cancer. Br J
Cancer. 2013;109(3):807-13.

Jao TM, Tsai MH, Lio HY, Weng WT, Chen CC, Tzeng ST, et al. Proto-
cadherin 10 suppresses tumorigenesis and metastasis in colorectal
cancer and its genetic loss predicts adverse prognosis. Int J Cancer.
2014;135(11):2593-603.

ZhaoY,Yang Y, Trovik J, Sun K, Zhou L, Jiang P, et al. A novel wnt
regulatory axis in endometrioid endometrial cancer. Cancer Res.
2014,74(18):5103-17.

Grady WM, Yu M, Markowitz SD. Epigenetic alterations in the gastrointes-
tinal tract: current and emerging use for biomarkers of cancer. Gastroen-
terology. 2021;160(3):690-709.

Lyko F. The DNA methyltransferase family: a versatile toolkit for epigenetic
regulation. Nat Rev Genet. 2018;19(2):81-92.

Chen Z, Zhang Y. Role of mammalian DNA methyltransferases in develop-
ment. Annu Rev Biochem. 2020;89:135-58.

Yang J, Wei X, Wu Q, Xu Z, Gu D, Jin Y, et al. Clinical significance of the
expression of DNA methyltransferase proteins in gastric cancer. Mol Med
Rep. 2011;4(6):1139-43.

Mutze K, Langer R, Schumacher F, Becker K, Ott K, Novotny A, et al.

DNA methyltransferase 1 as a predictive biomarker and potential
therapeutic target for chemotherapy in gastric cancer. Eur J Cancer.
2011;47(12):1817-25.

Agarwal S, Amin KS, Jagadeesh S, Baishay G, Rao PG, Barua NC, et al.
Mahanine restores RASSF1A expression by down-regulating DNMT1 and
DNMT3B in prostate cancer cells. Mol Cancer. 2013;12(1):99.

Felle M, Joppien S, Németh A, Diermeier S, Thalhammer V, Dobner T,
etal. The USP7/Dnmt1 complex stimulates the DNA methylation activ-
ity of Dnmt1 and regulates the stability of UHRF1. Nucleic Acids Res.
2011;39(19):8355-65.

Akimov V, Barrio-Hernandez I, Hansen SVF, Hallenborg P, Pedersen AK,
Bekker-Jensen DB, et al. UbiSite approach for comprehensive mapping

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

Page 17 of 18

of lysine and N-terminal ubiquitination sites. Nat Struct Mol Biol.
2018;25(7):631-40.

Du Z,Song J,Wang Y, Zhao Y, Guda K, Yang S, et al. DNMTT1 stability is
regulated by proteins coordinating deubiquitination and acetylation-
driven ubiquitination. Sci Signal. 2010;3(146):ra80.

Qin'W, Leonhardt H, Spada F. Usp7 and Uhrf1 control ubiquitination

and stability of the maintenance DNA methyltransferase Dnmt1. J Cell
Biochem. 2011;112(2):439-44.

Mudbhary R, Hoshida Y, Chernyavskaya Y, Jacob V, Villanueva A, Fiel MI,

et al. UHRF1 overexpression drives DNA hypomethylation and hepatocel-
lular carcinoma. Cancer Cell. 2014;25(2):196-209.

Senft D, Qi J, Ronai ZA. Ubiquitin ligases in oncogenic transformation and
cancer therapy. Nat Rev Cancer. 2018;18(2):69-88.

Cheung KF, Lam CN, Wu K, Ng EK, Chong WW, Cheng AS, et al.
Characterization of the gene structure, functional significance, and
clinical application of RNF180, a novel gene in gastric cancer. Cancer.
2012;118(4):947-59.

Deng J, Liang H, Zhang R, Hou Y, Liu Y, Ying G, et al. Clinical and experi-
mental role of ring finger protein 180 on lymph node metastasis and
survival in gastric cancer. Br J Surg. 2016;103(4):407-16.

Hong L, Li S, Liu L, ShiY, Wu K, Fan D.The value of MG7-Ag and COX-2

for predicting malignancy in gastric precancerous lesions. Cell Biol Int.
2010;34(9):873-6.

Egger G, Liang G, Aparicio A, Jones PA. Epigenetics in human disease and
prospects for epigenetic therapy. Nature. 2004;429(6990):457-63.
XuY,Yang Z,Yuan H, Li Z, LiY, Liu Q et al. PCDH10 inhibits cell prolifera-
tion of multiple myeloma via the negative regulation of the Wnt/[3-
catenin/BCL-9 signaling pathway. Oncol Rep. 2015;34(2):747-54.

Riese DJ 2nd, Cullum RL. Epiregulin: roles in normal physiology and
cancer. Semin Cell Dev Biol. 2014;28:49-56.

Liu Q, Li A, Tian Y, Wu JD, Liu Y, Li T, et al. The CXCL8-CXCR1/2 pathways in
cancer. Cytokine Growth Factor Rev. 2016;31:61-71.

Liu M, Hu'Y, Zhang MF, Luo KJ, Xie XY, Wen J, et al. MMP1 promotes tumor
growth and metastasis in esophageal squamous cell carcinoma. Cancer
Lett. 2016;377(1):97-104.

Reggiani F, Labanca V, Mancuso P, Rabascio C, Talarico G, Orecchioni S,

et al. Adipose progenitor cell secretion of GM-CSF and MMP9 promotes
a stromal and immunological microenvironment that supports breast
cancer progression. Cancer Res. 2017;77(18):5169-82.

Chen J, Huang J, Huang Q, Li J, Chen E, Xu W. RASA4 inhibits the HIFa
signaling pathway to suppress proliferation of cervical cancer cells. Bioen-
gineered. 2021;12(2):10723-33.

Zhao L, LiuY, Zhang S, Li M. Plasma methylated RNF180 for noninvasive
diagnosis of gastric cancer. Biomed Res Int. 2022;2022:6548945.

Lin'YL, Li ZG, Guan TY.The clinical significance of PCDH10 promoter
methylation in patients with bladder transitional cell carcinoma. Urol Int.
2013;90(2):219-24.

Curia MC, Fantini F, Lattanzio R, Tavano F, Di Mola F, Piantelli M, et al. High
methylation levels of PCDH10 predict poor prognosis in patients with
pancreatic ductal adenocarcinoma. BMC Cancer. 2019;19(1):452.

Liu W, Wu J, Shi G, Yue X, Liu D, Zhang Q. Aberrant promoter methyla-
tion of PCDH10 as a potential diagnostic and prognostic biomarker for
patients with breast cancer. Oncol Lett. 2018;16(4):4462-70.

Huang W, Xue X, Shan L, QiuT, Guo L, Ying J, et al. Clinical significance of
PCDH10 promoter methylation in diffuse large B-cell lymphoma. BMC
Cancer. 2017;17(1):815.

Fu, Zhang X, Liu X, Wang P, Chu W, Zhao W, et al. The DNMT1-PAS1-PH20
axis drives breast cancer growth and metastasis. Signal Transduct Target
Ther. 2022;7(1):81.

Hu'Y, Wu F, Liu Y, Zhao Q Tang H. DNMT1 recruited by EZH2-mediated
silencing of miR-484 contributes to the malignancy of cervical cancer
cells through MMP14 and HNF1A. Clin Epigenet. 2019;11(1):186.

Li A, Omura N, Hong SM, Goggins M. Pancreatic cancer DNMT1
expression and sensitivity to DNMT1 inhibitors. Cancer Biol Ther.
2010,9(4):321-9.

LiH, LiW, Liu'S, Zong S, Wang W, Ren J, et al. DNMT1, DNMT3A and
DNMT3B polymorphisms associated with gastric cancer risk: a systematic
review and meta-analysis. EBioMedicine. 2016;13:125-31.

Linnekamp JF, Butter R, Spijker R, Medema JP, van Laarhoven HWM. Clini-
cal and biological effects of demethylating agents on solid tumours—a
systematic review. Cancer Treat Rev. 2017;54:10-23.



Zhang et al. Clinical Epigenetics (2023) 15:77

45.

46.

47.

48.

Vu LD, Gevaert K, De Smet I. Protein language: post-translational modifi-
cations talking to each other. Trends Plant Sci. 2018;23(12):1068-80.
Harada T, Ohguchi H, Grondin Y, Kikuchi S, Sagawa M, Tai YT, et al. HDAC3
regulates DNMT1 expression in multiple myeloma: therapeutic implica-
tions. Leukemia. 2017;31(12):2670-7.

Cheng J, Yang H, Fang J, Ma L, Gong R, Wang P, et al. Molecular mecha-
nism for USP7-mediated DNMT1 stabilization by acetylation. Nat Com-
mun. 2015;6:7023.

Denis H, Ndlovu MN, Fuks F. Regulation of mammalian DNA methyltrans-
ferases: a route to new mechanisms. EMBO Rep. 2011;12(7):647-56.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 18 of 18

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions . BMC




	E3 ubiquitin ligase RNF180 prevents excessive PCDH10 methylation to suppress the proliferation and metastasis of gastric cancer cells by promoting ubiquitination of DNMT1
	Abstract 
	Background 
	Results 
	Conclusion 

	Background
	Results
	PCDH10 was significantly downregulated in human GC tissues and significantly correlated with poor prognosis
	Decreased expression of PCDH10 in GC cells and tissues was associated with promoter hypermethylation
	PCDH10 expression was mainly silenced by DNMT1
	PCDH10 inhibited GC cell proliferation in vitro and in vivo
	PCDH10 inhibited GC cell migration and invasion in vitro and metastasis in vivo
	RNF180 restored PCDH10 expression by inhibiting DNMT1
	RNF180 enhanced ubiquitination and degradation of DNMT1
	PCDH10 expression was positively correlated with RNF180 expression and negatively correlated with DNMT1 expression in human GC tissues

	Discussion
	Conclusions
	Methods
	Patients and tissues
	Generation of stable cell lines
	Ubiquitination assay
	Statistical analysis

	Anchor 23
	Acknowledgements
	References


