
UHRF1 promotes proliferation of gastric cancer
via mediating tumor suppressor gene

hypermethylation
Lin Zhou1,#,*, Yulong Shang2,#, Zhi’an Jin3,#, Wei Zhang4,#, Chunlei Lv1, Xiaodi Zhao2, Yongqiang Liu1, Naiyi Li1,

and Jie Liang2,*

1Department of Medical Affairs; The 88th Hospital of PLA; Tai’an, China; 2State Key Laboratory of Cancer Biology & Xijing Hospital of Digestive Diseases; Xijing Hospital; The Fourth

Military Medical University; Xi’an, China; 3Emei Sanatorium of Chengdu Military Region; Emei, China; 4Department of Gastroenterology; The 88th Hospital of PLA; Tai’an, China

#These authors contribute equally to this paper.

Keywords: DNA methylation, gastric cancer, proliferation, tumor suppressor gene, UHRF1

Abbreviations: BRCA, breast cancer; CDX2, caudal type homeobox 2; CDH4, cadherin 4; CDKN2A, cyclin-dependent kinase
inhibitor 2A; DNMT, DNA methyltransferase; FOXO, forkhead box O; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; GC,
gastric cancer; GO, gene ontology; mRNA, messenger RNA; MSP, methylation-specific PCR; NC, negative control; PBS, phosphate
buffered saline; PI, propidium iodide; PLA, Chinese People’s Liberation Army; PML, promyelocytic leukemia; PPARG,peroxisome
proliferator-activated receptor gamma; qRT-PCR, quantitative reverse transcription–polymerase chain reaction; RB, retinoblastoma
protein; RUNX3, runt-related transcription factor 3; shRNA, short hairpin RNA; TSG, tumor suppressor gene; UHRF1, ubiquitin-

like containing PHD ring finger 1.

Epigenetic changes play significant roles in cancer development. UHRF1, an epigenetic regulator, has been shown to
be overexpressed and to coordinate tumor suppressor gene (TSG) silencing in several cancers. In a previous study, we
found that UHRF1 promoted gastric cancer (GC) invasion and metastasis. However, the role and underlying mechanism
of UHRF1 in GC carcinogenesis remain largely unknown. In the present study, we investigated UHRF1 expression and
function in GC proliferation and explored its downstream regulatory mechanism. The results demonstrated that UHRF1
overexpression was an independent and significant predictor of GC prognosis. Downregulation of UHRF1 suppressed
GC proliferation and growth in vitro and in vivo, and UHRF1 upregulation showed opposite effects. Furthermore,
downregulation of UHRF1 reactivated 7 TSGs, including CDX2, CDKN2A, RUNX3, FOXO4, PPARG, BRCA1 and PML, via
promoter demethylation. These results provide insight into the GC proliferation process, and suggest that targeting
UHRF1 represents a new therapeutic approach to block GC development.

Introduction

Gastric cancer (GC) is one of the most common malignancies
worldwide. With approximately 723,100 deaths annually, GC is
the secondmost common cause of cancer-related death1. High inci-
dence rates of GC are found in Eastern Asian countries, particularly
China and Japan, while much lower in Western Europe and the
Unites States.1,2 Despite the improved prognosis of patients with
GC resulting from earlier diagnosis, radical surgery, and the devel-
opment of adjuvant therapy, the 5-year survival rate across all stages
remains around 20% poorly.2 Therefore, understanding the molec-
ular pathology of GC is critical for establishing novel therapeutic
and diagnostic strategies against this fatal disease.

The epigenetic regulator UHRF1 (ubiquitin-like, containing
PHD and RING finger domains 1), also known as inverted
CCAAT box-binding protein of 90 kDa (ICBP90), is a newly
discovered gene reported to have a function in maintaining DNA

methylation by helping recruit DNA methyltransferase 1
(DNMT1) to hemimethylated DNA.3,4 In recent years, many
investigations have focused on UHRF1 functions in various
physiological and pathological processes. UHRF1 is upregulated
in multiple types of cancers, including breast,5 lung,6,7 colorec-
tal,8,9 prostate,10 bladder,11,12 and liver cancer,13 and a consensus
has been reached that UHRF1 may be an important biomarker
for cancer diagnosis and prognosis. Moreover, emerging evidence
has indicated that overexpression of UHRF1 is involved in
tumorigenesis and cancer progression.14,15 UHRF1 increases the
G1/S transition as the target of E2F transcription factor,16 and
upregulation of UHRF1 promotes cell cycle progression, cell
proliferation and cell migration.8-10,12,13 Our previous study
demonstrated that UHRF1 is upregulated in GC tissues and that
forced UHRF1 overexpression could promote GC invasion and
metastasis.17 However, the function and mechanism of UHRF1
in GC proliferation and carcinogenesis remain largely unknown.
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In this study, we investigated the potential involvement of
UHRF1 in GC carcinogenesis. We examined the expression
levels of UHRF1 in human GC tissues and cells and tested
its effects on cell growth, cell-cycle distribution, and colony
formation. In addition, we also investigated a potential role
of UHRF1 in GC tumorigenesis in a murine model. Finally,
we explored the underlying mechanism of UHRF1 functions
in GC. Our study will provide a better understanding of GC
pathogenesis.

Results

UHRF1 is significantly overexpressed in human GC tissues
and cell lines, and indicates poor prognosis

In our previous study, we demonstrated that UHRF1 has
higher expression levels in GC tissues than in adjacent nontumo-
rous tissues from 106 GC patients, and correlates with a number
of clinicopathological parameters including late stage, lymph
node metastases, and distant metastasis to other organs.17 In the
present study, to further explore the prognostic value of UHRF1
in GC, we assessed the association between UHRF1 expression

and survival in tissue samples from 238 GC patients by immuno-
histochemistry (Table S3). Consistent with previous results,17

overexpression of UHRF1 in GC tissues was significantly related
to depth of invasion (T3-T4), late TNM stage (stages III–IV),
poor differentiation, lymph node metastasis, and distant tumor
metastasis, while not related to gender, age, location or tumor
size (Table 1). According to UHRF1 expression levels, the 3-
year cumulative survival rates were 64% (–), 45% (C), 28%
(CC) and 11% (CCC), respectively, and 5-year rates were 38%
(–), 30% (C), 13% (CC) and 6% (CCC), respectively. The
mean survival time for patients with different expression levels of
UHRF1 were 52.26 (–), 43.37 (C), 28.33 (CC) and 20.71
(CCC) months. Univariate and Kaplan-Meier analyses clearly
showed that GC patients with higher expression of UHRF1 had
a poorer prognosis than those with lower expression (Table 2;
Fig. 1A). Moreover, UHRF1 expression appeared to be more
closely associated with GC prognosis in Stage I–II than Stage
III–IV (Fig. 1B and C). To further evaluate the predictive roles
of UHRF1 in GC prognosis, the expression and the clinico-
pathological parameters found to be significant by univariate
analysis were included in the multivariate analysis. The covariates
included in the Cox regression model were age, tumor size, depth
of invasion, differentiation, TNM stage, lymph node metastasis,
distant metastasis, and UHRF1 expression. After stepwise multi-
variate survival analysis, age, depth of invasion, lymph node
metastasis, distant metastasis, and UHRF1 expression were found
to be independent prognostic factors for patients with GC
(Table 2). Thus, these findings confirm that UHRF1 is overex-
pressed in GC tissues and that UHRF1 expression is an indepen-
dent and significant predictor of GC prognosis.

To further characterize the role of UHRF1 in GC develop-
ment, we measured UHRF1 expression in a panel of human GC
cell lines (SGC7901, AGS, and MKN45) and in one immortal-
ized normal gastric mucosal epithelial cell line (GES). As shown
in Figure 2A, results from qRT-PCR analysis indicated that
UHRF1 mRNA levels were markedly higher in all the GC cell
lines, compared with that in GES cells. The MKN45 cell line
had the highest UHRF1 expression level, while SGC7901 had
the lowest expression level among the GC cell lines. This result
was consistent with the protein expression levels from the western
blot analysis (Fig. 2B) and suggested that UHRF1 expression
could correlate with GC tumorigenesis.

Downregulation of UHRF1 expression inhibits proliferation
and induces apoptosis of GC cells in vitro

To investigate whether UHRF1 is involved in the increased
growth of GC cells, lentiviral vectors encoding shUHRF1 or nega-
tive control (shNC) were transfected into MKN45 cells. After cell
transfection and fluorescence screening, extracts from MKN45-
shUHRF1 and MKN45-shNC cells were compared by protein gel
blot (Fig. 3A). shUHRF1 significantly downregulated UHRF1
expression by more than 85% in MKN45 cells (Fig. 3A). XTT
assays showed that cell growth was significantly decreased by the
downregulation of UHRF1 in MKN45 cells compared with
MKN45 or MKN45-shNC cells (Fig. 3C). Colony formation
assay results indicated that the number of colonies from MKN45

Table 1. Association of UHRF1 expression in the tumor tissues with
demographic and clinicopathologic characteristics in 238 patients with GC

Category n Expression of UHRF1 (n) P valuea

¡ C CC CCC
238 42 83 78 35

Gender 0.475
Male 151 24 58 48 21
Female 87 18 25 30 14

Age 0.096
< 60 131 23 54 39 15
� 60 107 19 29 39 20

Location of tumor 0.345
Cardia 13 4 4 2 3
Body 77 11 22 30 13
Antrum 148 27 57 46 19

Tumor size, cm 0.134
<5 139 30 51 40 18
�5 99 12 32 38 17

Depth of invasion 0.016
T1-T2 40 11 19 8 2
T3-T4 198 31 64 70 33

Stages 0.001
I–II 76 20 34 16 6
III–IV 162 22 49 62 29

Differentiation 0.049
Well and moderate 121 24 50 34 13
Poorly and not 117 18 33 44 22

Lymph node metastases 0.013
0 43 10 22 9 2
� 1 195 32 61 69 33

Metastases to other organs 0.001
Present 15 0 1 8 6
Absent 223 42 82 70 29

aP values were calculated through the Kruskal–Wallis H-test and the
Mann–Whitney U test to analyze the relationship between UHRF1 expres-
sion and clinicopathologic characteristics.
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cells transfected with shUHRF1 was less than half of that from the
control and parental groups (Fig. 3E). To further explore the
induced effects of UHRF1 on GC cell growth, we performed apo-
ptosis and cell cycle analyses by flow cytometry. Apoptosis assays
demonstrated that the percentage of apoptotic MKN45-shUHRF1
cells increased compared with MKN45 or MKN45-shNC cells
(Fig. 3F). Moreover, cell cycle assays showed that downregulation
of UHRF1 in MKN45 cells increased the G0/G1 population and
decreased the S and G2/M population compared with MKN45 or
MKN45-shNC cells (Fig. 3G). In contrast, overexpression of
UHRF1 in SGC7901 cells increased cell growth and colony

formation, and reduced apoptosis and the G0/G1 population
(Fig. 3B, D, F and H). Taken together, these results suggest that
UHRF1 correlates with gastric carcinogenesis and that downregula-
tion of UHRF1 may inhibit GC cells growth by blocking cell cycle
progression and inducing apoptosis.

Tumor suppressors contribute to UHRF1-induced growth
inhibition

In a previous study, we confirmed that UHRF1 reactivates
Slit3, CDH4 and RUNX3 genes via promoter hypermethyla-
tion to induce GC invasion and metastasis in the previous

Table 2. Univariate Analysis and Multivariate analysis of the Correlation Between Clinicopathological Parameters and Survival of Patients With Gastric
Cancer

Clinicopathological Parameters Cumulative Survival Rates, % Mean Survival Time, mo Univariate Analysis Multivariate analysis

3-Year 5-Year HR 95% CI P HR 95% CI P

Gender
Male 38 22 37.49 1.000 reference
Female 37 23 35.28 1.106 0.836–1.463 0.479

Age
< 60 50 29 45.15 1.000 reference 1.000 reference
� 60 23 14 26.32 1.91 1.458–2.523 < 0.001 1.791 1.327–2.417 < 0.001

Location of tumor
Cardia 69 15 48.23 1.000 reference 1.000 reference
Body 26 13 26.53 1.949 1.032–3.680 < 0.05 1.665 0.847–3.275 0.140
Antrum 41 28 40.95 1.189 0.640–2.207 0.584 1.185 0.617–2.277 0.610

Tumor size, cm
< 5 43 27 40.70 1.000 reference 1.000 reference
� 5 30 16 31.04 1.382 1.049–1.820 < 0.05 0.821 0.606–1.111 0.202

Depth of invasion
T1-T2 80 65 70.03 1.000 reference 1.000 reference
T3-T4 29 14 29.94 3.824 2.438–5.998 < 0.001 1.803 1.100–2.953 < 0.05

Stages
I–II 49 34 47.33 1.000 reference 1.000 reference
III–IV 33 17 31.69 1.941 1.219–3.088 < 0.01 1.130 0.765–1.669 0.539

Differentiation
Well and moderate 42 27 41.15 1.000 reference 1.000 reference
Poorly and not 33 17 32.06 1.358 1.033–1.785 < 0.05 0.957 0.662–1.382 0.814

Lymph node metastases
0 77 67 70.67 1.000 reference 1.000 reference
�1 29 12 29.18 4.285 2.725–6.738 < 0.001 2.965 1.777–4.948 < 0.001

Metastases to other organs
Present 7 7 18.93 1.000 reference 1.000 reference
Absent 40 23 37.87 2.245 1.297–3.884 < 0.01 2.277 1.223–4.240 < 0.01

UHRF1 expression
¡ 64 38 52.26 1.000 reference 1.000 reference
C 45 30 43.37 1.287 0.849–1.951 0.235 1.421 0.920–2.194 0.113
CC 28 13 28.33 2.164 1.431–3.273 < 0.001 1.711 1.093–2.680 < 0.05
CCC 11 6 20.71 3.085 1.8905.035 < 0.001 2.553 1.506–4.327 < 0.001

CI indicates confidence interval; HR, hazard ratio.

Table 3. Proliferation related genes upregulated after UHRF1 downregulation in MKN45 cells.

Accession Gene name Full name b value in MKN45-NC b value in MKN45-shUHRF1

NM_001265 CDX2 caudal type homeobox 2 0.6994 0.2876
NM_000077 CDKN2A(p16 INK4) cyclin-dependent kinase inhibitor 2A 0.1387 0.0643
NM_001031680 RUNX3 runt-related transcription factor 3 0.2603 0.1421
NM_00117093 FOXO4 forkhead box O 4 0.1216 0.0705
NM_005037 PPARG(PPARg) peroxisome proliferator-activated receptor gamma 0.0178 0.0114
NM_007294 BRCA1 breast cancer 1, early onset 0.1166 0.0761
NM_002675 PML promyelocytic leukemia 0.8048 0.6693
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study17. To determine the mechanisms by which UHRF1
promotes proliferation and growth in GC cells, we compared
the gene methylation status in MKN45-shNC cells and
MKN45-shUHRF1 cells using methylation arrays and
focused on the genes involved in proliferation. Subsequent to
the Gene Ontology (GO) analysis, several proliferation-
related genes were selected for further analysis (Table 3). We
were particularly interested in CDX2, CDKN2A, RUNX3,
FOXO4, PPARG, BRCA1 and PML because they had been
shown to play negative roles in GC proliferation and
growth.18-24

To verify the effects of methylation changes on the expression
of these genes, we examined the methylation status of the pro-
moter regions using methylation-specific PCR in MKN45 cells
transfected with shUHRF1, SGC7901 cells with UHRF1 and
their negative controls. As shown in Figure 4A, UHRF1 inhibi-
tion reversed the promoter methylation of all these genes and

upregulation of UHRF1 enhanced promoter methylation. qRT-
PCR analysis showed that the mRNA levels of these genes
increased after UHRF1 silencing (Fig. 4C). By contrast, UHRF1
forced expression produced opposite results (Fig. 4B and D).
Collectively, these results suggested that UHRF1 promotes GC
cell proliferation by enhancing tumor suppressor gene (TSG)
methylation.

Downregulation of UHRF1 suppresses tumor growth of GC
cells in vivo

To evaluate the functional role of UHRF1 in vivo, we injected
both MKN45-shUHRF1 and MKN45-shNC cells into athymic
nude mice and measured the tumor volume over time. As early
as 10 d post-implantation, the growth of transplanted tumors
between the 2 groups became statistically significant (P < 0.05).
At 2 weeks after implantation, those mice injected with
MKN45-shNC carried larger tumor burdens. Compared with

control group, the average tumor vol-
ume of the shUHRF1–treated group
was markedly reduced by more than
60% (Fig. 5A and B; P < 0.05). After
4 weeks, the mice were euthanized, and
the average tumor weight was signifi-
cantly reduced in the shUHRF1 treated
group (0.48 § 0 .18 g vs. One.07 § 0
.26 g; P < 0.01). The low expression of
UHRF1 in excised tumors was further
confirmed by qRT-PCR (Fig. 5D;
P < 0.01). In addition, immunohisto-
chemical analysis of Ki-67 antigen
revealed that the number of hyperproli-
ferative Ki-67C tumor cells significantly
decreased compared with control group
(Fig. 5E; P < 0.01).

Discussion

DNA methylation, which is associ-
ated with transcriptional silencing and

Figure 1. Kaplan–Meier survival curves of GC patients with different level of UHRF1 expression stratified by the TNM stage of the tumor (log-rank test).
(A) Correlation of UHRF1 expression with overall survival (cum survival) in all stages. (B) Correlation of UHRF1 expression with overall survival in
Stage I–II. (C) Correlation of UHRF1 expression with overall survival in Stage III–IV.

Figure 2. Expression of UHRF1 in GC cell lines. (A) The expression level of UHRF1 mRNA in 3 GC cell
lines and one immortalized normal gastric mucosal epithelial cell line (GES) was measured using qRT-
PCR. GAPDH was used as an internal control and the fold change was calculated by 2¡DDCt. (B) The
expression of UHRF1 in 3 GC cell lines and GES cell line was examined through western blot analysis.
b-actin was used as an internal control.
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TSG function loss, plays an important role during carcinogene-
sis.25-27 The epigenetic regulator UHRF1 is known to maintain
genomic DNA methylation by recruiting the DNA methyltrans-
ferase DNMT1 to DNA replication forks, which is involved in a
large number of physiological and pathological phenomena,
from embryogenesis to cell migration and cancer development
and progression.3,4 As a putative oncogenic factor, UHRF1 is a
significant biomarker for differentially diagnosing pancreatic ade-
nocarcinoma, chronic pancreatitis and normal pancreas.28

UHRF1 overexpression is associated with late tumor stages
and predicts poor prognoses in lung and bladder cancers.7,11

Yang et al. showed that UHRF1 overexpression is an indepen-
dent prognostic factor for tumor recurrence in nonmuscle-inva-
sive bladder cancer and proposed that UHRF1 might be a
molecular marker that could be used to predict the recurrence of
this type of cancer.29 In our previous study, UHRF1 expression
was shown to be much higher in GC tissues compared with adja-
cent tissues and to be closely associated with depth of invasion
(T3-T4), late TNM stage, poor differentiation, lymph node
metastasis, and distant metastasis.17 In the present study, we fur-
ther demonstrated that UHRF1 was overexpressed in GC tissues
and that its expression was an independent and significant

Figure 3. UHRF1 promotes GC cell proliferation in vitro. (A) Western blot analysis of UHRF1 expression in MKN45 cells infected with UHRF1 shRNA
(shUHRF1) or negative control (shNC) and parental cells. b-actin was used as an internal control. (B) Western blot analysis of UHRF1 in SGC7901 cells
transfected with UHRF1 plasmid or vector control (NC) and parental cells. (C) XTT assay of MKN45, MKN45-shNC and MKN45-shUHRF1 cells. (D) XTT assay
of SGC7901, SGC7901-NC and SGC7901-UHRF1 cells. (E) Colony formation assay of MKN45 cells infected with shUHRF1 and SGC7901 cells transfected
with UHRF1 plasmid. Colonies were evaluated and values were reported as the ratio. (F) Apoptosis assay of MKN45 cells infected with shUHRF1 and
SGC7901 cells transfected with UHRF1 plasmid. (G) Flow cytometry cell cycle analysis of MKN45, MKN45-shNC and MKN45-shUHRF1 cells. (H) Flow
cytometry cell cycle analysis of SGC7901, SGC7901-NC and SGC7901-UHRF1 cells. Data are shown as mean § SEM (n D 3) of one representative experi-
ment. Similar results were obtained in 3 independent experiments.
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predictor of GC prognosis. Moreover,
UHRF1 expression appeared to be
more closely associated with GC prog-
nosis in early stage than late stage.
Multivariate analysis indicated that
UHRF1 expression was still an inde-
pendent predictor after stratifying by
early and late stage (Table S4). Taken
together, these results suggest that
UHRF1 could be used as a novel
molecular marker for GC diagnosis
and prognosis.

High UHRF1expression is a key fac-
tor for several tumor features that can
maintain cells in a proliferative state
and prevent their differentiation.14,15,30

UHRF1 is not expressed in highly dif-
ferentiated tissues, whereas it is particu-
larly overexpressed in proliferative
tissue.31 Moreover, UHRF1 promotes
proliferation and progression in many
cancers, including colorectal,8,9 bladder
cancer32 and liver cancer.13,33 These
results indicate that overexpression of
UHRF1 is closely associated with
tumor proliferation. Thus, we speculate
that UHRF1 may enhance GC cell pro-
liferation and tumorigenesis. Our
results demonstrated that forced
UHRF1 expression markedly enhances
GC cell proliferation, whereas UHRF1
knockdown significantly inhibits cell
proliferation in vitro and in vivo. These
data suggest that UHRF1 overexpres-
sion contributes to GC cell prolifera-
tion and growth.

Emerging evidence has indicated
that UHRF1 represses the transcription
of several TSGs via promoter methyla-
tion, including p16INK4A, hMLH1,
p21 and RB, thus promoting cancer
growth and metastasis.6,8,34,35 In this
study, we found that UHRF1 pro-
moted GC proliferation via methyla-
tion of CDX2, CDKN2A, RUNX3,
FOXO4, PPARG, BRCA1 and PML.

Of the genes examined in this study,
some have been identified as targets of
UHRF1 in other cancers; these genes
include CDKN2A, RUNX3, PPARG,
BRCA1 and PML. Many studies have
shown the regulatory role of UHRF1 in
the expression of CDKN2A (also
known as p16INK4A), which is one of

Figure 4. UHRF1 reduces tumor suppressor expression via enhancing methylation. (A) Effects of
UHRF1 silencing on gene methylation of 7 tumor suppressor genes in MKN45 cells infected with
UHRF1 shRNA (shUHRF1) assayed by Methylation-specific PCR (MSP). (B) Effects of UHRF1 upregulation
on gene methylation of 7 tumor suppressor genes in SGC7901 cells transfected with UHRF1 plasmid
assayed by MSP. (C) Effects of UHRF1 silencing on mRNA expression of 7 tumor suppressor genes in
MKN45 cells infected with shUHRF1 assayed by qRT-PCR. GAPDH was used as an internal control and
the fold change was calculated by 2¡DDCt. (D) Effects of UHRF1 upregulation on mRNA expression of 7
tumor suppressor genes in SGC7901 cells transfected with UHRF1 plasmid assayed by qRT-PCR.
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the most commonly studied gene candidates in the pathogenesis
of human cancers.9,36,37 In 2012, Wang et al. demonstrated that
UHRF1 expression inversely correlates with p16INK4A expression
in colorectal cancer cell tissues and that the transfection of
DLD1 and SW620 cells with lenti-shUHRF1 markedly increases
the expression of p16INK4A. RUNX3 was found to be regulated
by UHRF1 during GC invasion and metastasis in our previous
study.17 Moreover, loss of RUNX3 expression can enhance the
Akt1-mediated signaling pathway and promote the tumorigenesis
process in human GC.20 PPARG, which plays an important role
in GC tumorigenesis serving as suppressor gene, has been proved
to be negatively regulated by UHRF1 in colorectal cancer.8

According to Sabatino et al.’s study8, UHRF1 stimulates the
migration and invasion capacities of tumor cells through silenc-
ing PPARg and increasing of cyclin A and cyclin D1 expression.
BRCA1 is a well-known TSG implicated in the predisposition to
early-onset breast and ovarian cancers.38 It was first described in
sporadic breast cancer that UHRF1 is responsible for regulating
BRCA1 transcription by inducing DNA methylation.39 PML
has been shown to be a tumor suppressor protein that regu-
lates cell cycle progression, gene transcription, transformation
suppression, and apoptosis.40 Recently it was reported that
loss of PML expression contributes to the enhancement of
lymphocyte infiltration into gastric cancer tissue via regulation

of IP-10 expression.24 Guan et al. found that UHRF1 pro-
motes ubiquitination-mediated degradation of PML to regu-
late endothelial cell migration and capillary tube formation.41

The present study further demonstrated that UHRF1 represses
CDKN2A, RUNX3, PPARG, BRCA1 and PML expression
via promoter hypermethylation, promoting GC proliferation
and carcinogenesis.

CDX2 and FOXO4 are newly discovered downstream genes
of UHRF1. The transcription factor, CDX2, is a member of the
caudal-related homeobox gene family, and is mainly expressed in
the intestine. CDX2 has been reported to be associated with
intestinal metaplasia of the stomach, in which ectopic CDX2
expression is speculated to induce the trans-differentiation of gas-
tric epithelial cells to an intestinal phenotype.42 In addition,
CDX2 transgenic mice have been shown to present intestinal
metaplasia and a high incidence of gastric carcinoma.18 FOXO4,
a member of the FOXO family, is an ubiquitously expressed
transcription factor that functions as a tumor suppressor protein
via its ability to repress the expression of genes encoding prolifer-
ative, survival or anti-differentiation functions.43,44 Loss of
FOXO4 expression contributes to GC growth and metastasis,
and it may serve as a potential therapeutic target for GC.21 Taken
together, these findings indicate that UHRF1 regulates a large
panel of TSGs and thus may be a major effector of malignant

Figure 5. Down-regulation of UHRF1 inhibits GC growth in vivo. (A) MKN45-shUHRF1 and MKN45-shNC cells were injected subcutaneously into nude
mice. At 4 weeks after implantation, MKN45-shUHRF1 cells produced smaller tumors than control cells. (B) Growth curve of tumor volumes. Each data
point represents the mean §SEM of 5 mice. (C) Average weight of tumors in nude mice. (D) The mRNA expression of UHRF1 in transplanted tumors
formed by MKN45-shUHRF1 and MKN45-shNC cells was measured using qRT-PCR. GAPDH was used as an internal control and the fold change was calcu-
lated by 2¡DDCt. (E) Representative photographs of H&E staining and immunohistochemical analysis of Ki-67 antigen in tumors of nude mice (left). Com-
parison of proliferation index is shown on the right.
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transformation or malignant status maintenance. Therefore,
UHRF1 expression could be targeted to prevent cell transforma-
tion via the repression of TSGs.

In summary, the results obtained in the present study reveal
that UHRF1 expression is an independent and significant predic-
tor of GC prognosis and that UHRF1 overexpression promotes
GC proliferation and carcinogenesis by inhibiting apoptosis and
increasing the G1/S transition, as well as inducing the hyperme-
thylation of 7 TSGs. These findings shed new insight regarding
the function of UHRF1 and suggest that the downregulation of
UHRF1 may be another possible approach for the management
of human GC.

Materials and Methods

Cell culture
Human normal gastric epithelial cell line, GES and human

gastric cancer cell lines, including AGS, SGC7901 and MKN45
cells were obtained from Beijing Institute of Oncology. Cells
were maintained in RPMI-1640 medium (Thermo Scientific
HyClone, Beijing, China) supplemented with 10% fetal calf
serum. All cells were incubated at 37�C in a humidified atmo-
sphere containing 5% CO2.

Immunohistochemistry
The GC tissue microarray protocol was described in detail in

our previous study.45 All research protocols were approved by the
Ethics Committee of Xijing Hospital. Each array included 238
GC tissues and 72 non-cancerous gastric mucosae, with exact fol-
low-up data. Immunohistochemistry staining and evaluation
were performed as described previously17 using monoclonal anti-
UHRF1 antibody (ab57083; Abcam, Cambridge, UK; 1:100
dilution) incubating for overnight. The staining was evaluated by
scanning the entire tissue specimen under low magnification
(£40) and then confirming under high magnification (£200
and £400). Protein expression was visualized and classified based
on the percentage of positive cells and the intensity of staining.
The percentage of positive cells was divided into 5 grades (per-
centage scores): <1% (0), 1–25% (1), 26–50% (2), 51–75% (3)
and >75% (4). The intensity of staining was divided into 4
grades (intensity scores): negative (0), weak (1), moderate (2) and
strong (3). The histological score (H-score) was determined using
the following formula: overall scores D percentage score £ inten-
sity score. An overall score of 0–12 was calculated and graded as
negative (–, score: 0), weak (C, score: 1–4), moderate (CC,
score: 5–8) or strong (CCC, score: 9–12).

RNA extraction and quantitative real-time PCR
Total RNA was extracted using TRIzol reagent (Invitrogen,

Carlsbad, CA, USA). The PCR primers for all the genes are
shown in Table S1. First-strand cDNA was synthesized using a
PrimeScript RT Reagent Kit (TaKaRa, Dalian, China). Real-
time PCR was performed using SYBR Premix Ex Taq II
(TaKaRa) and measured using a LightCycler 480 system (Roche,
Basel, Switzerland). Glyceraldehyde 3-phosphate dehydrogenase

(GAPDH) was used as an endogenous control, and an internal
control was used to verify that sample loading was equal. The
fold change was calculated by 2¡DDCt. All reactions were per-
formed in triplicate.

Western blot
Total proteins were prepared from cultured cell samples by

complete cell lysis (Roche) with protease and phosphatase inhibi-
tors. Denatured proteins (20–50 mg) were separated on SDS-
PAGE gels and transferred to PVDF membranes. The primary
antibodies used were anti-UHRF1 (Abcam; 1:150 dilution), and
b-actin (Sigma, St Louis, MO, USA; 1:2000 dilution), both of
which were monoclonal antibodies and incubated for 12 hours
at 4�C. The bands were scanned using a ChemiDoc XRSC Imag-
ing System (Bio-Rad, Hercules, CA, USA) and quantified using
Quantity One v4.6.2 software (Bio-Rad).

Plasmid construction and transfection
The full-length open reading frame sequence of UHRF1 was

obtained by RT-PCR amplification (primers were shown in Sup-
plementary Table 1) of normal human stomach cDNA. The
PCR aliquots were subcloned into the mammalian expression
vector pcDNA3.1 containing an HA-tag (Invitrogen) at N termi-
nus and then verified by DNA sequencing. The plasmids were
transiently transfected into cells using Lipofectamine 2000 (Invi-
trogen) following the manufacturer’s protocol.

Lentivirus infection
The short hairpin RNA (shRNA) vector pGCSIL-GFP-

shUHRF1 was purchased from GeneChem (Shanghai, China).
The UHRF1 shRNA sequence was: 50-TGCAGTATCCA-
GAAGGCTA-30. The target cells (1 £ 105) were infected with 1
£ 107 lentivirus-transducing units in the presence of 10-mg/ml
polybrene. As a control, we also obtained a lentiviral vector that
expressed green fluorescent protein alone (LV-GFP) from
GeneChem.

XTT assays
XTT assays were conducted to determine cell growth accord-

ing to the manufacturer’s instructions (Cell Proliferation Kit II
(XTT), Roche). Target cells (1000/well) were seeded in 96-well
plates, and the volume of culture medium was set to 100 ml.
XTT (sodium 3�-[1-(phenylaminocarbonyl)-3,4-tetrazolium]-bis
(4-methoxy-6-nitro)benzene sulfonic acid hydrate) labeling
reagent (final concentration of 0.3 mg/ml) and electron-coupling
reagent (PMS, N-methyl dibenzopyrazine methyl sulfate) were
mixed, and 50 ml of the mixture was added to the wells. The cells
were incubated with the reagents for 6 hours. A Varioskan Flash
Multimode Reader (Thermo Fisher, Waltham, MA, USA) was
used to read the absorbance at 466 nm with a reference wave-
length at 650 nm.

Plate colony formation assay
Log phase cells were trypsinized into single cell suspensions

and plated in 90 mm2 plates at a density of 1 £ 103 cells/well.
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The colonies were stained with Giemsa, and the total number of
colonies was counted. Each assay was performed in triplicate.

Cell cycle and apoptosis assays
For cell cycle analysis, target cells were fixed in 75% ethanol

and stained with PI (propidium iodide) supplemented with
RNase A (Roche) for 30 minutes at 22�C. An Annexin V-FITC
Apoptosis Detection Kit was used for apoptosis assays. The cells
(1 £ 104) were stained according to the manufacturer’s protocol
and sorted using a FACS sorter (BD Biosciences, Maryland,
USA), and the data were analyzed using Modfit software (BD
Biosciences).

In vivo tumor growth assay
Female BALB/c nude mice aged 4 to 5 weeks were purchased

from Laboratory Animal Services Center of the Fourth Military
Medical University (FMMU). Animal handling and experimen-
tal procedures were approved by the Animal Experimental Ethics
Committee of FMMU. For the tumor growth assay, 2 £ 106

MKN45-shUHRF1 and MKN45-shNC cells were suspended in
200 ml PBS and injected subcutaneously into the left and right
dorsal flanks of nude mice, respectively. The experiment con-
tained 5 mice and was repeated 3 times. Tumor size was mea-
sured every 2 d After 4 weeks, the mice were sacrificed, and the
tumors were dissected. Tumor volumes were calculated as fol-
lows: volume D (D£d2)/2, where D meant the longest diameter
and d meant the shortest diameter. After the transplanted tumor
tissues from mice were formalin-fixed and paraffin-embedded,
they were sectioned at 4-mm thickness and analyzed for hema-
toxylin and eosin staining, and for Ki-67 (ab833; Abcam; 1:50
dilution) expression. The proliferative index score was measured
by the mean percentage of nuclei staining positive for Ki-67 anti-
gen in 1000 cells under a microscope.

DNA extraction
Genomic DNA from MKN45, MKN45-shNC, MKN45-

shUHRF1, SGC7901, SGC7901-NC and SGC7901-UHRF1
cells was isolated from tumor cells using the TIANamp Genomic
DNA Kit (Tiangen Biotech, Beijing, China) after the man-
ufacturer’s protocol.

Methylation arrays and data analysis
A total of 500 ng of DNA extracted from MKN45-shNC or

MKN45-shUHRF1 cells was bisulfite converted using a EZ
DNA Methylation Kit (Zymo Research) and subsequently proc-
essed for hybridization onto an Infinium HumanMethylation450
BeadArray (Illumina, California, USA) according to the man-
ufacturer’s instructions. This array interrogates more than
450,000 methylation sites of >99 % RefSeq genes.. Briefly, the
DNA was treated with bisulfite, converting non-methylated C
nucleotides to U (T), whereas methylated C nucleotides
remained unaffected. The bisulfite-treated DNA was subse-
quently amplified, fragmented, and hybridized to locus-specific
oligonucleotides on the BeadArray. C or T nucleotides were
detected through the fluorescence signal obtained from the

single-nucleotide extension of the DNA fragments. The results
were interpreted as a ratio (b value) of methylated signal (C)
compared with the sum of methylated and unmethylated sig-
nal (C C T) for each locus, where a b-value of 0 represents
fully unmethylated DNA and a value of 1 fully methylated
DNA.

GO analysis of the genes obtained from methylation arrays
was performed using DAVID online analysis tool (http://david.
abcc.ncifcrf.gov/) with Biological Process FAT data set [25,26].
The threshold of the Expression Analysis Systematic Explorer
(EASE) score, a modified Fisher exact P value, for gene-enrich-
ment analysis was set at 0.05 (P �0 .05 is considered strongly
enriched in the annotation categories). The GO biological pro-
cesses, including cell proliferation, were selected and the differen-
tially expressed genes involved in these biological processes were
screened out for further study.

Methylation-specific PCR analysis
DNA was treated with an EZ DNA Methylation-Gold

KitTM (Zymo Research Co., Orange, CA) according to the
manufacturer’s instructions. Methylation-specific PCR (MSP)
was performed using TaKaRa TaqTM Hot Start Version
(TaKaRa) with primers specific for methylated and unmethylated
sequences of the genes. Methylation-specific PCR primers for
each gene, as verified in previous reports are available in
Table S2. The PCR products were electrophoresed in 2.5% aga-
rose gels. The bands were scanned using a ChemiDoc XRSC
Imaging System (Bio-Rad) and quantified using Quantity One
v4.6.2 software (Bio-Rad). b value of methylated signal (C) com-
pared with the sum of methylated and unmethylated signal (C C
T) was used to evaluate the methylation status.

Statistical analysis
SPSS software (version 12.0, SPSS Inc.., Chicago, IL, USA)

was used for the statistical analyses. The continuous data were
presented as the means § s.e.m. and compared between 2 groups
using Student’s unpaired t-test. The Kruskal–Wallis H-test and
the Mann–Whitney U test were used to analyze the relationship
between UHRF1 expression and clinicopathological factors of
gastric cancer samples. Univariate survival analysis was performed
using the Kaplan-Meier method, and the significance of differen-
ces between groups was analyzed using the log-rank test. Stepwise
multivariate survival analysis was performed using the Cox pro-
portional hazards model. Significant variables in the univariate
analysis were included in the model using the Backward Wald
method. P < 0.05 was considered statistically significant
(*P < 0.05, **P < 0.01 and ***P < 0.001).
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