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Abstract

Purpose: Ubiquitin-like with plant homeodomain and ring-finger domains 1 (UHRFI) plays an essential
role in DNA methylation, and the overexpression of UHRFI is associated with poor prognosis in
various cancers. Esophageal squamous cell carcinoma (ESCC) accounts for approximately 90% of
esophageal cancer cases in China, but the five-year survival rate for patients is less than 10% due to
limited clinical approaches for early diagnosis and treatment. The present research aimed to investigate
the expression of UHRFI in ESCC and its biological role in ESCC development.

Methods: UHRFI expression in ESCC and normal esophageal tissues was examined using
immunohistochemical staining, followed by analysis of the correlation between UHRFI expression and
clinical features. In addition, the effects of lentivirus-mediated RNA interference of UHRF1 on global
DNA methylation, cell proliferation, cell cycle progression and apoptosis and were investigated in ESCC
cells.

Results: UHRF1 was overexpressed in ESCC tissues and was an independent prognostic factor for
ESCC patients. In ESCC cells, knockdown of UHRFI caused global DNA hypomethylation, inhibited cell
proliferation and induced apoptosis. Furthermore, UHRF1 depletion induced cell cycle arrest at the
G2/M phase, accompanied by activation of Weel and DNA damage response pathway.

Conclusions: Our findings identify UHRF1 as a promising prognostic marker for ESCC and suggest
that UHRFI may be a potential therapy target for ESCC patients with elevated UHRF1 expression.
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Introduction

Esophageal cancer is the eighth most common
cancer and the sixth leading cause of cancer-related
death worldwide [1]. China accounts for
approximately 50% of esophageal cancer cases, and
90% of these cases are esophageal squamous cell
carcinoma (ESCC) [1, 2]. Although the diagnostic
approaches and treatments for ESCC have improved
in recent years, the over 5-year survival rate for
patients is still less than 10% [3]. Therefore,
understanding the molecular mechanisms responsible
for ESCC pathogenesis will help identify biomarkers

for early diagnosis, prognostic assessment and
therapeutic targeting.

Epigenetic alterations such as DNA methylation,
histone modification, and loss of genome imprinting
play a crucial role in ESCC tumorigenesis, along with
genetic changes [4, 5]. Aberrant DNA methylation is
correlated with ESCC pathogenesis through gene
promoter hypermethylation or global DNA
hypomethylation [4, 6]. DNA hypermethylation
within the gene promoter region of tumor suppressor
genes (TSGs) wusually leads to transcriptional

http://www.jcancer.org



Journal of Cancer 2017, Vol. 8

4028

repression. Many TSGs, such as CDKN2A, CDKN2B,
RASSF1 and RARB, have been reported to be
frequently silenced by promoter hypermethylation in
ESCC [6, 7]. DNA hypomethylation of long
interspersed transposable element-1 (LINE-1) may

predispose cells to chromosomal defects and
rearrangements that result in genetic instability.
Global DNA hypomethylation increases

chromosomal instability and leads to initiation and
development of ESCC [5, 8].

Ubiquitin-like with plant homeodomain and
ring-finger domains 1 (UHRF1) was identified as a
multidomain nuclear protein, which plays a major
role in DNA methylation and histone methylation [9].
UHRF1 recognizes hemimethylated CpG sites on
newly synthesized DNA strands and recruits DNA
methyltransferase 1  (DNMT1) to catalyze
maintenance of DNA methylation [10-13]. UHRF1 is
related to various physiological and pathological
phenomena, including embryogenesis, cell migration
and cancer development and progression [14]. Many
studies have reported that UHRF1 is overexpressed in
various cancer types, such as bladder cancer, lung
cancer and colorectal cancer, and confirmed UHRF1
as a valuable diagnostic and prognostic biomarker for
timely cancer detection, progression and therapeutic
response monitoring[15-19]. Furthermore, UHRF1
depletion inhibits cell proliferation and migration,
and induces cell cycle arrest and apoptosis through
DNA demethylation, suggesting that UHRF1 can be a
useful therapy target of cancers [17, 20-22]. Thus
many strategies were proposed to target UHRFI,
including use of small molecular compounds [19, 22].

Previous studies have demonstrated that UHRF1
is involved in the initiation and progression of cancer
and can be a valuable biomarker for cancer diagnosis
and prognosis, as well as a therapeutic target [15-19,
22]. However, the prognostic value and potential
biological role of UHRF1 in ESCC remain unclear. In
the present study, we aimed to investigate the
expression and prognostic value of UHRF1 in ESCC
and explore its molecular role in DNA maintenance,
cell proliferation, cell cycle progression and apoptosis.

Materials and Methods

Patients and tissue samples

Paraffin-embedded samples of ESCC, which
were diagnosed clinically and pathologically, were
collected from 84 patients between 2004 and 2008 in
Meizhou People’s Hospital, China. None of the
patients received radiotherapy or chemotherapy
before surgery, and none of them had multiple
cancers in other organs. Prior informed consent was
obtained from all patients, and this study was

approved by the research Ethics Committee of
Meizhou People’s Hospital. The following
clinicopathological parameters were collected from
the medical records: age, sex, histological grade,
depth of invasion, and clinical stage. The
histopathological diagnosis was based on the World
Health Organization criteria. Tumor staging was
determined according to the 6th edition of the
tumor-node-metastasis (TNM) classification of the
International Union Against Cancer.

Immunohistochemical staining

The paraffin-embedded samples of ESCC and
normal tissues were cut into 5-um-thick sections and
placed on pathological slides for
immunohistochemical staining. Tissue sections were
heated at 100 °C in citrate buffer solution (pH=6.0) for
10 min to facilitate antigen retrieval. Then, the
sections were incubated with rabbit antibody against
human UHRF1 (1:400, Novus, USA) for 3 h followed
by incubation with secondary antibody (Dako REAL
EnVision, USA). Immunoreacted cells were visualized
using  diaminobenzidine, and nuclei were
counterstained with hematoxylin. Phosphate-buffered
saline (PBS) was substituted for the primary antibody
as a negative control. Sections were independently
evaluated microscopically by two pathologists
(Jiecheng Ye and Yong Zhang) without knowledge of
the clinicopathological features. UHRF1 staining was
considered positive if 25% of cells presented strong
nuclear staining.

Cell culture and transfection

The ESCC cell lines ECA109 and TE-1 were
purchased from Shanghai Institute of Cell Biology
(Shanghai, China) and were cultured in RPMI 1640
supplemented with 10% fetal bovine serum and 1%
penicillin/streptomycin. The cells were maintained in
an atmosphere containing 5% CO. at 37°C.
Lentiviruses carrying shRNA targeting human
UHRF1 or non-targeting control lentiviral vectors
(GV248) were constructed by GeneChem (Shanghai,
China). TE-1 and ECA109 cells were transfected with
the viruses according to the manufacturer’s
instructions. After 48 h, medium containing
puromycin was used to select stable clones. The
clones with stable knockdown of UHRF1 were
identified and verified using qRT-PCR and Western
blotting.

CCK-8 assay

Cell proliferation was detected using Cell
Counting Kit-8 (CCK-8) assays according to the
manufacturer’s instructions. Briefly, the cells were
seeded into a 96-well plate at a density of 3000

http://www.jcancer.org



Journal of Cancer 2017, Vol. 8

4029

cells/well. After incubation, 10 pl of CCK-8 reagent
(Dojindo, Japan) was added to each well, and the cells
were cultured for another 2 h. At the end of the
incubation, the optical density at 450 nm was
analyzed with a microplate reader (BioTek, USA).

Colony formation assay

A total of 120 cells were placed in a well of a
6-well plate and maintained in media containing 10%
FBS; the medium was replaced every 4 days. After 14
days, the cells were fixed with 4% formaldehyde and
stained with 0.1% crystal violet (Beyotime, China).
Visible colonies were counted manually, and each
group included triplicate wells.

Flow cytometry assay

Briefly, 1X10° cells were seeded in a well of a
6-well plate and maintained in medium containing
10% FBS. After 48 h, the cells were harvested and then
resuspended with cold PBS. For cell cycle analysis,
cells were fixed in 70% ethanol overnight at 4 °C.
Fixed cells were washed with PBS, incubated with 50
pg/ml propidium iodide (BD Pharmingen, USA) and
100 pg/ml RNaseA in the dark for 30 min. Cell cycle
phase distribution was assessed using a FACScan
flow cytometer (BD Biosciences, USA), and data were
analyzed using Becton-Dickinson Cell Quest
software. For apoptosis analysis, the cells were
resuspended in binding buffer and incubated with
Annexin V-APC/PIl (eBioscience, USA) at room
temperature for 15 min. After incubation, the
percentage of apoptotic cells was measured with a
FACSCalibur flow cytometer (BD Biosciences, USA).

RNA extraction and quantitative RT-PCR

Total RNA was isolated wusing TRIzol
(Invitrogen, USA) following the protocol supplied by
the manufacturer. Reverse transcription PCR was
performed using a PrimeScript RT Reagent kit
(TaKaRa, Japan). The qPCR analysis was performed in
a CFX96 Real-Time PCR Detection System (Bio-Rad,
USA) using a SYBR Green Real-Time PCR kit
(TaKaRa, Japan). The PCR reaction conditions were 30
s at 95 °C followed by 40 cycles of 5 s at 95 °C and 30 s
at 60 °C. Relative mRNA values were normalized to
the expression of the GAPDH gene using the 2-24Ct
method. The primer sequences used were as follows:
UHRF1, (forward) 5-AAGGTGGAGCCCTACAGT-
CTC-3" and (reverse) 5'-CACTTTACTCAGGAACAA-
CTGGAAC-3' [23]; human GAPDH, (forward)
5-ATCAATGGAAATCCCATCACCA-3" and (rever-
se) 5-GACTCCACGACGTACTCAGCG-3’ [24].

Western blotting

Protein expression was detected using Western
blotting. In brief, cells were lysed in radio

immunoprecipitation assay buffer containing
protease inhibitors. The obtained protein samples
were subjected to10% SDS-PAGE and transferred to
PVDF membranes (Millipore, USA). After being
blocked with 5% fat-free milk in Tris-buffered saline
containing 0.2% Tween-20, the membranes were
incubated overnight at 4 °C with primary antibodies.
Following incubation with horseradish
peroxidase-conjugated secondary antibodies,
immunoreactive bands were visualized using
enhanced chemiluminescence reagent (Millipore,
USA). Densities of the immunoreactive bands were
determined by Image] (National Institutes of Health,
USA).

Immunofluorescence

Cells were cultured on cover slips for 48 h. Then,
the cells were fixed in 4% formaldehyde for 30 min
and permeabilized with 0.1% Triton X-100 for 10min.
After blocking in 5% bovine serum albumin (BSA) for
1h, cells were incubated with rabbit anti-human
monoclonal phosphorylated H2AX (1:400; Cell
Signaling Technology, USA) overnight at 4°C. Cell
slides were then incubated with Alexa Fluor
647-conjugated anti-rabbit IgG (1:1000; Cell Signaling
Technology, USA) for 1 h and counterstained with
DAPI for 15 min at room temperature. Finally, the
slides were imaged at a magnification of X400 under a
fluorescence microscope (Leica, Germany) and
analyzed with Image-Pro Plus softwafe(Media
Cybernetics, USA).

DNA extraction and bisulfite modification

Genomic DNA was extracted from transfected
cells using a TaKaRa MiniBEST Universal Genomic
DNA Extraction Kit (TaKaRa, Japan) according to the
manufacturer’s protocol. DNA concentration and
purity were determined wusing a Nano-1000
spectrophotometer (Thermo, USA). After DNA
quantification, bisulfite modification was performed
using an EZ DNA Methylation-Gold Kit (Zymo
Research, Germany) following the manufacturer's
instructions. This treatment converted unmethylated
cytosine residues into uracil, while the methylated
cytosine residues remained unchanged.

Measurement of LINE-1 methylation by
pyrosequencing

PCR and pyrosequencing for LINE-1 were
performed as previously reported[25] using TaKaRa
Taq™ Hot Start Version (Takara, Japan). A total
volume of 40 pl of PCR amplification reagent
consisted of the forward and reverse primers (each 0.1
umol/1), 0.2 mmol/1 dNTPs, 10x PCR buffers, 2.5 U of
Takara Hot Start Taq polymerase, and 2 pl of
bisulfited template DNA. PCR conditions were as
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follows: initial denaturing at 95 °C for 3 min; 45 cycles
of 95 °C for 15 s, 50 °C for 20 s, and 72 °C for 30 s; and
a final extension at 72 °C for 5 min. The primers used
in the amplification were as follows: LINE-1,
(forward) 5 -TTTTTTGAGTTAGGTGTGGGATA-3’
and (reverse) 5-AAAAATCAAAAAATTCCCTTTCC
-3’. The PCR products were purified and sequenced
with pyrosequencing PyroMark ID (Qiagen, USA)
according to the manufacturer’s instructions. The
number of C residues divided by the sum of the C and
T residues at each CpG site was calculated as a
percentage. The average of the relative number of C
residues in the 3 CpG sites was considered the overall
LINE-1 methylation level in the specimen.

Statistical analysis

All data were analyzed with SPSS 19.0 software
(IBM, USA). The association between UHRF1
expression and clinicopathological variables was
assessed using a chi-square test. The Kaplan-Meier
method and log-rank tests were used to compare the
overall survival. Multivariate analyses of variables
were conducted using a Cox proportional hazards
regression model. The numerical data are reported as
the mean * standard deviation (SD), and mean
values among multiple groups were compared using

UHRF1(50X)

A HE(50X)

ESCC UHRF1(-) Normal tissue

ESCC UHRF1(+)

one-way ANOVA. Two-way ANOVA was used to
compare the LINE-1 methylation levels among
different groups. All analyses were considered
statistically significant when P<0.05 or P<0.01 was
obtained.

Results

UHRF1 expression was elevated and found to
be an independent prognostic factor in ESCC

We evaluated the expression of UHRF1 in 84
ESCC tissues and 40 adjacent normal esophageal
tissues  using  immunohistochemistry  (IHC).
Representative tissues with IHC staining are shown in
Fig 1A. The expression of UHRF1 presented mainly in
the nucleus, and thus, brown nuclear
immunoreactivity for UHRF1 was identified as
positive staining. We defined the expression of
UHRF1 in ESCC as positive when the percentage of
positive-staining tumor cells was more than 5. Of the
84 patients studied, 39 cases (46.4%) showed positive
expression, while 7 of the 40 corresponding normal
tissues (17.5%) showed positive expression. The
results revealed that the UHRF1 expression level in
ESCC was significantly higher than in normal tissue
(P=0.002, Fig 1B).
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Figure 1. UHRF1 expression is elevated and correlated with poor prognosis in ESCC. A. HE staining and UHRF1 immunostaining in ESCC and normal
esophageal tissue (magnification, 50% and 200%). (a, d, g) Representative HE staining of ESCC and normal esophageal tissue; (b, c) Negative expression of UHRFI in
nuclei of cells in normal esophageal tissue; (e, f) Negative expression of UHRF1 in nuclei of ESCC cells; (h, i) Positive expression of UHRFI in nuclei of ESCC cells. B.
The histogram illustrates the percentage of UHRFI immunostaining in ESCC and normal esophageal tissue. ESCC tissues showed significantly higher UHRFI
expression levels than normal esophageal tissue (chi-square test, P=0.002). C. Kaplan-Meier curves according to UHRF1 expression status in ESCC. Patients with
positive UHRFI expression have shorter overall survival time than patients with negative UHRFI expression (log-rank test, P=0.003). D. Kaplan-Meier curves
according to TNM stage in ESCC. Patients at stage llI+IV have shorter overall survival time than patients at stage I+Il (log-rank test, P=0.02).
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The correlations between UHRF1 expression and
clinicopathological variables are shown in Table 1.
Positive expression of UHRF1 was not related to
clinicopathological characteristics, including gender,
age, histological grade, depth of invasion, lymph node
metastasis and tumor stage (P>0.05).

Table 1. Relationships between UHRFI expression and clinical
pathological parameters in ESCC patients

Variables N UHRF1 Expression P
Negative  Positive

Sex 0.115

Male 67 33 34

Female 17 12 5

Age 0.274

<55 42 20 22

>55 42 25 17

Tumor Size 0.491

<5.0 44 22 22

>5.0 40 23 17

Histological Grade 0.108

I 12 9 3

II-111 72 36 36

T stage 0.945

T1-T2 24 13 11

T3-T4 60 32 28

N stage 0.726

NO 50 26 24

N1 34 19 15

Tumor Stage 0.344

I-II 54 31 23

-1v 30 14 16

In a univariate analysis, Kaplan-Meier curves
showed that patients with negative UHRF1
expression survived significantly longer than patients
with positive UHRF1 expression (P=0.003, Fig 1C and
Table S1). The mean survival time of patients with
negative UHRF1 expression was 33.2+4.9 months, but
it decreased to 17.0£3.4 months in patients with
positive UHRF1 expression. The Kaplan-Meier
analysis also demonstrated that tumor stage was a
prominent prognostic factor (P=0.02, Fig 1D).
Multivariate analysis revealed that positive UHRF1
expression (HR=2.161, 95%CI=1.219-3.833, P=0.008,
Table 2) was independent prognostic factors for poor
prognosis in ESCC along with tumor stage (HR=1.772,
95%CI=1.004-3.128, P=0.049).

Table 2. Multivariate analysis for overall survival of ESCC patients

Variables Hazard Radio 95% confidence interval P Value
Tumor Stage* 1.772 1.004-3.128 0.049
UHRF1 Expression** 2.161 1.219-3.833 0.008

*Stages III-1V versus stages I-1I; **Positive expression versus negative expression.

Knockdown of UHRF1 using lenti-shRNA
induced global DNA hypomethylation in ESCC
cells

To investigate the role of UHRF1 in ESCC cells,
UHRF1 protein expression levels were first detected
in ESCC cell lines. All of the ESCC cell lines examined
showed positive UHRF1 expression (Fig 2A). Then,
the ECA109 and TE-1 cell lines were chosen for
transfection with lenti-shUHRF1 or shNC containing
GFP because of their relatively high UHRF1
expression. The efficiency of lenti-shRNA infection in
ECA109 and TE-1 cells was measured by observing
the GFP expression using fluorescence microscopy
and was confirmed to be over 80 percent (Fig 2B). To
confirm the knockdown efficiency, both UHRF1
mRNA and protein levels were analyzed. The results
showed that the mRNA and protein levels of UHRF1
were significantly downregulated in lenti-shUHRF1
transfected cells (shUHRF1 group) compared with
lenti-shNC transfected cells (shNC group) and
untransfected cells (Blank group) (Fig 2C and 2D).

UHRF1 plays an important role in maintaining
DNA methylation, UHRF1 alteration can affect the
global DNA methylation levels in human, mouse and
zebrafish cells [26, 27], but the role in ESCC cells
remains unclear. Because LINE-1 constitutes
approximately 17% of the entire human genome, the
methylation of LINE-1 has been regarded as a
surrogate for global DNA methylation status [28]. To
investigate whether UHRF1 knockdown
downregulated global DNA methylation levels, we
detected the LINE-1 methylation levels using
pyrosequencing. The results showed that the DNA
methylation levels of LINE-1 decreased in
UHRF1-silenced cells (P<0.01, Fig 2E). This suggested
that UHRF1 regulated the global DNA methylation
level in ESCC cells.

Knockdown of UHRFI1 inhibited the
proliferation of ESCC cells

Previous studies have shown that the
proliferation of cancer cells was inhibited by UHRF1
knockdown [17, 29]. In this study, we investigated the
effect of UHRF1 knockdown in ESCC cell
proliferation using CCK-8 assays. The results showed
that growth of ECA109 and TE-1 cells was inhibited
after knockdown of UHRF1 with shUHRF1 (P<0.01,
Fig 3A). In addition, the effect of UHRF1 inhibition
was also investigated with colony formation assays.
Similarly, the results revealed that the number of
colonies decreased significantly following UHRF1
inhibition (P<0.01, Fig 3B). These results suggested
that UHRF1 knockdown inhibited the proliferative
ability of ESCC cells.
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Figure 2. Knockdown of UHRF1 using lenti-shRNA caused DNA hypomethylation in ESCC cell lines. A. UHRFI protein expression in ESCC cell lines.
B. The transfection efficiency was determined by visualizing the GFP label with a fluorescence microscope (magnification, 200%). C. The knockdown efficiency of
UHRF1 shRNA was confirmed by qRT-PCR. D. The knockdown efficiency of UHRF1 shRNA was confirmed by immunoblotting in ECA109 and TE-1 cells. E. UHRFI1
knockdown caused LINE-1 hypomethylation in ESCC cells. (Two-way ANOVA, P<0.01). The average of the relative methylation levels in the 3 CpG sites was
considered the overall LINE-1 methylation level.
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Figure 3. Knockdown of UHRF1 inhibited the growth of ESCC cell lines. A. CCK-8 assays were performed at different time points to detect the effect of
knockdown of UHRF1 on the growth of ECA109 and TE-1 cells. B. Colony-forming assays were performed on the same cell lines; the histograms illustrate the
number of colonies. Data are presented as the mean + SD of three independent experiments. **P<0.01.

Depletion of UHRF1 induced apoptosis in
ESCC cells

To determine whether depletion of UHRF1
induced apoptosis in ESCC cells, flow cytometry
(FCM) was used to detect the apoptotic changes in
transfected cells. The results showed that the
percentage of apoptosis cells markedly increased both
in ECA109 and TE-1 cells depleted of UHRF1 (P<0.01,
Fig 4A). Then, Western blotting results showed that
depletion of UHRF1 significantly increased the
activity of caspase-3 and caspase-7 in ESCC cells (Fig
4B). Additionally, proteolytic cleavage of poly
(ADP-ribose) polymerase (PARP) by activated
caspase-3 and caspase-7, serving as a marker of
apoptosis [30], was also detected in cells depleted of
UHRF1 (Fig 4B). These data demonstrated the
knockdown of UHRF1 induced apoptosis in ESCC
cells.

The knockdown of UHRF1 induced cell cycle
arrest at the G2/M transition in association
with activation of Weel

To characterize the cell cycle distribution of
ESCC cells depleted of UHRF1, transfected cells were
harvested for FCM. The results showed that the
proportion of cells in G2/M phase increased after
UHRF1 knockdown in ECA109 and TE-1 cells (P<0.01,
Fig 5A), while there was no significant change in the
number of cells in Gl phase. In addition, the
percentage of cells in S phase decreased after
knockdown of UHRF1 in ECA109 cells but not TE-1

cells. The G2/M phase transition is primarily
controlled by activation of the Cyclin B1/CDC2
complex [31, 32]. To explore the potential mechanism
of cell cycle arrest in G2/M phase, proteins regulating
G2/M phase transposition were examined. Western
blotting showed that phosphorylation of CDC2Ty15,
the inactivated state of CDC2, increased in cells
depleted of UHRF1, while expression of Cyclin Bl
decreased (Fig 5B). In addition, phosphorylation of
histone H3%r0 was reduced in cells depleted of
UHRF], indicating a block in mitotic entry. These
results demonstrated that UHRF1 depletion induced a
cell cycle block at the G2/M transition.

As cells approach the G2/M boundary, the
inhibitory phosphorylation of CDC2 at Tyrl5 is
primarily catalyzed by Weel [33]. The critical
regulatory step in activating CDC2 during
progression into  mitosis appears to  be
dephosphorylation of CDC2 at Tyrl5 by CDC25
phosphatase [34]. As shown in Fig 5B, inhibitory
phosphorylation of CDC25 at Ser216 remained
constant in UHRF1-depleted cells. Surprisingly,
phosphorylation of Weel at Ser642, the activated state
of Weel, was enhanced in cells depleted of UHRF1,
while total Weel remained constant. To further
confirm the role of Weel in cell cycle arrest in cells
depleted of UHRF1, we inhibited Weel in
UHRF1-depleted cells with MK1775, an inhibitor of
Weel, and measured the expression of downstream
proteins. The results showed that inhibition of Weel
induced activation of the Cyclin B1/CDC2 complex
and subsequently catalyzed mitosis, indicated by
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enhanced phosphorylation of histone H3%10 (Fig 5C).
These results suggested that UHRF1 depletion
induced cell cycle arrest at the G2/M transition was
correlated with activation of Weel.

UHRF1 depletion activated the DNA damage
response pathway

Various studies have demonstrated that the
G2/M phase checkpoint can be activated by DNA
damage, leading to cell cycle arrest and even
apoptosis [31, 35, 36]. In response to DNA damage,
Weel can be phosphorylated by pCHK1Ser34,
resulting in maintenance of phosphorylation of CDC2
at Tyrl5 and hence G2 delay [37]. Thus, we
hypothesized that the DNA damage response was
involved in the G2/M phase arrest and apoptosis
observed in UHRF1-knockdown cells.
Phosphorylation of H2AX at serine 139 (pH2AXSer1%)
is a rapid and sensitive cellular response to the
presence of DNA damage [38]. To understand
whether knockdown of UHRF1 induced DNA

damage, we measured pH2AXS1¥ content in ESCC
cells by immunofluorescence firstly. As shown in Fig
6A and Fig 6B, cells depleted of UHRF1 showed a
higher percentage of cells positive for pH2AXSer139
compared to control cells (P<0.01). Subsequently, we
detected DNA damage response-related proteins by
Western blotting. Consistent with
immunofluorescence  results, Western blotting
showed that pH2AX5er% increased in cells depleted of
UHRF1 (Fig 6C). In addition, phosphorylation of
CHK1%er345 and CHK2™8 in both ECA109 and TE-1
cells was increased, while total CHK1 and CHK2
remained  unchanged (Fig 6C). However,
phosphorylation of p53 at Serl5 remained constant in
cells depleted of UHRF]I, indicating that p53 may not
be involved in this response. Taken together, the
results indicated that the DNA damage response
pathway was activated in response to UHRF1
knockdown.
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Figure 4. Knockdown of UHRF1 induced apoptosis in ESCC cells. A. Apoptotic changes in cells after knockdown of UHRFI were examined with FCM. B.
Western blot analysis of apoptosis-related markers in ESCC cells after knockdown of UHRFI. Data are presented as the mean * SD of three independent

experiments. ¥¥P<0.01.
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Discussion

In the present study, we determined that
positive expression of UHRF1 was significantly
related to poor prognosis in ESCC, although there
were no correlations between UHRF1 expression and
clinicopathological features. In ESCC cell lines,
knockdown of UHRF1 caused global DNA
hypomethylation, inhibited cell proliferation and
induced apoptosis. Furthermore, we showed that
UHRF1 depletion induced cell cycle arrest at G2/M
phase by activation of the DNA damage response
pathway.

Like other cancers, in our present study, UHRF1
was overexpressed in ESCC tissues compared with
normal esophageal mucosa. In addition, positive
expression of UHRF1 was significantly associated
with poor prognosis in ESCC. This was consistent
with a recent study that reported that UHRF1
overexpression was correlated with poor prognosis in
ESCC patients [39]. Moreover, the multivariate
survival analysis showed, for the first time, that

positive UHRF1 expression was an independent
prognostic factor for ESCC patients. However, there
were no correlations between UHRF1 expression and
clinicopathological features in this study, different
with a previous study which reported that UHRF1
overexpression correlated significantly with advanced
T-stage, positive lymph node metastasis and poor
differentiation in ESCC [40]. Taken together, these
findings demonstrated that UHRF1 is a valuable
diagnostic and prognostic marker for ESCC patients.
UHRF1 plays an essential role in DNA
maintenance and affects genome-wide DNA
demethylation [27, 41]. Previous studies have found
that both UHRF1 overexpression and inhibition can
cause DNA hypomethylation in zebrafish hepatocytes
[21, 29, 42]. Another study showed that loss of UHRF1
resulted in a strong loss of DNA methylation in plant
and animal genomes, suggesting that UHRF1 plays a
conserved and global role in the maintenance of DNA
methylation [27]. This study revealed that UHRF1
knockdown led to global DNA hypomethylation in
ESCC cell lines, indicated by LINE-1
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hypomethylation. It is interesting that global DNA
hypomethylation can result from both UHRF1
overexpression and depletion, but the responsible
mechanism remains to be clarified. Based on this
study and the previous studies, we propose that the
mechanisms of UHRF1 depletion and overexpression
responsible for DNA hypomethylation are different.
1) Because UHRF1 plays an important role in
maintaining DNA methylation by recognizing
hemimethylated CpG sites during DNA replication
and subsequently recruiting DNMT1, depletion of
UHRF1 could directly cause a failure to write the
DNA methylome [14, 27, 43]. Therefore, loss of
UHRF1 results in a strong decrease in DNA
methylation in both gene bodies and transposons of
plant and animal genomes [21, 27, 43, 44]. 2) In
contrast, UHRF1 overexpression can ubiquitinate and
degrade DNMT1 through E3 ubiquitin ligase activity
[45, 46]. In addition, UHRF1 overexpression
delocalizes DNMT1 to intranuclear structures and
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blocks the appropriate function of DNMT1, leading to
global DNA hypomethylation [21, 47].

UHREF1 is involved in cancer development and
progression by regulating cell cycle, proliferation and
migration ability [14]. In this study, to explore the
biological role of UHRF1 in ESCC, the effect of
UHRF1 knockdown on proliferation and apoptosis
were detected in ESCC cells. We showed that the
proliferation of ESCC cells was clearly inhibited after
knockdown of UHRF1. Furthermore, depleting ESCC
cells of UHRF1 caused apoptosis in a
caspase-dependent manner. This finding was similar
to a previous study which reported that inhibition of
UHRF1 expression could increase the spontaneous
apoptosis and radiosensitivity in ESCC cells [40].
Thus, UHRF1 plays an important role in proliferation
and survival in ESCC cells. We proposed that UHRF1
may be a potential ESCC therapeutic target due to its
significant tumor promoting effects.
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Figure 6. Knockdown of UHRF1 activated the DNA damage response in ESCC cells. A. Cells were analyzed with immunostaining for pH2AXSer139, and
counterstained with DAPI (magnification, 400x%). B. The histogram illustrates the percentage of cells expressing pH2AXSer139 jn ESCC cells. Data are presented as the
mean + SD of three independent experiments. **P<0.01. C. Western blot analysis of DNA damage response factors in ESCC cells after knockdown of UHRFI.
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Many studies regarding the role of UHRF1 in cell
cycle progression have been performed, but the
results have varied. A previous study reported that
transfection of colorectal cancer cells with
lenti-shUHRF1 induced cell cycle arrest in G0/Gl1
phase [18]. In contrast, it has also been proposed that
UHRF1 depletion causes G2/M phase arrest [20, 48].
In the present study, knockdown of UHRF1 in ESCC
cells induced cell cycle arrest at G2/M phase,
accompanied by inactivation of the Cyclin B1/CDC2
complex. In addition, the decrease of pH38e10
indicated a block to mitotic entry. Moreover,
phosphorylation of Weel, which is the activated state,
was also elevated in cells depleted of UHRF1. Weel is
the major kinase responsible for the inhibitory
phosphorylation of CDC2 on Tyrl5 [33]. Thus, Weel
plays an essential role in the proper timing of entry
into mitosis by regulating the activity of CDC2 [33,
49]. In this study, when Weel was inhibited, the cell
cycle block in the G2/M transition was abolished, as
indicated by reactivation of pH3%10. Altogether, these
results support the finding that UHRF1 depletion
caused cell cycle arrest at the G2/M transition
through Weel activation in ESCC cells. Notably,
UHRF1 knockdown has been shown to cause different
types of cell cycle blocks in various studies. This may
occur because the role of UHRF1 in cell cycle control
varies in different cancer cells.

The G2/M checkpoint prevents cells from
entering mitosis in response to DNA damage,
providing an opportunity for repair [31]. The DNA
damage response is primarily accomplished by
phosphorylation of CHK1 and CHK2, leading to their
activation and further transmission of the checkpoint
signal [50]. In our study, both immunofluorescence
and western blotting showed that UHRF1 knockdown
caused phosphorylation of H2AX at Serl39,
suggesting that DNA damage occurred. In addition,
UHRF1 depletion induced the DNA damage response
through phosphorylation of CHK1 and CHK2 and
subsequent activation of Weel. Activation of CHK1
and CHK2 induced by DNA damage can also
promote cell cycle arrest and apoptosis via p53 [36].
However, p53%15 remained constant in cells depleted
of UHRF1, indicating that the cell cycle arrest and
apoptosis induced by UHRF1 knockdown in ESCC
cells may not be p53 dependent. This apoptosis may
be triggered by another mechanism, such as the
death-receptor-driven mechanism or the endogenous
mitochondrial damage pathway, both ending with
activation of caspase-3[36]. These results suggest that
depletion of UHRF1 caused DNA damage and
activated the DNA damage response, followed by cell
cycle arrest. This effect was similar, in part, to a
previous study that reported that UHRF1 depletion

caused DNA damage and activated CHK2-CDC25
[20].

However, what is the mechanism by which
UHRF1 depletion leads to activation of the DNA
damage response? Our results showed that UHRF1
knockdown induced global DNA hypomethylation,
accompanied by activation of the DNA damage
response system and subsequent cell cycle arrest. We
propose that activation of the DNA damage response
was induced by global DNA hypomethylation in cells
depleted of UHRF1. In support of this, recent studies
have reported that without maintenance of DNA
methylation, both perinatal intestinal progenitor cells
and postnatal hepatocytes displayed severe DNA
damage, activation of the DNA damage response,
cycle arrest and apoptosis [51, 52]. In colorectal cancer
cells, loss of DNA methylation was also observed to
result in genomic instability, DNA damage, activation
of the DNA damage checkpoint and subsequent G2
phase arrest [53]. However, more comprehensive
studies need to perform to clearly understand the
relationship between DNA hypomethylation and the
DNA damage response.

In conclusion, our study showed that positive
UHRF1 expression was an independent prognostic
factor of ESCC patients. UHRF1 depletion caused
global DNA hypomethylation and activated the DNA
damage response system. Activation of the DNA
damage response pathway induced cell cycle arrest at
G2/M phase and subsequent apoptosis (Fig 7). Thus,
we propose that UHRF1 plays an essential role in
ESCC progression, and it may be used as a potential
prognostic marker and therapy target for ESCC.
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Figure 7. Model of the effects of UHRFI1 knockdown in ESCC cells.
The solid lines indicate the correlations demonstrated in this study, whereas the
dashed line indicates a tentative relationship.
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