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Downregulation of UHRF1 promotes EMT via
inducing CXCR4 in human cancer cells
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Abstract. Activation of epithelial-mesenchymal transi-
tion (EMT) is important for malignant tumor progression
exhibiting migratory and invasive properties. UHRF1
(ubiquitin-like, with PHD and RING finger domains 1), as an
epigenetic regulator, plays a crucial role in DNA CpG methyla-
tion, chromatin remodeling and gene expression. Many studies
demonstrated that UHRF]1 is aberrantly expressed in various
types of human cancer. However, the precise role of UHRF1
in human cancers remains highly controversial. In the present
study, we found that downregulation of UHRFI1 enhances
the migratory and invasive properties of human cancer cells
by inducing EMT, and that the CXCR4 signaling pathway is
strictly necessary for UHRF]1 deficiency-mediated induction
of EMT. Downregulation of UHRF1 induced the expression
of the EMT-regulating transcription factors, Zebl, Slug and
Snail and then led to decreased protein level of E-cadherin,
and increased protein level of N-cadherin and vimentin,
including increased migratory and invasive properties of
human cancer cells. In addition, siRNA targeting of Zebl or
Snail effectively attenuated UHRF1 deficiency-induced EMT,
but siRNA targeting of Slug did not, indicating that Zebl and
Snail play key roles in this event. Moreover, downregulation
of UHRF1 induced the expression of CXCR4 in HepG2 cells.
siRNA targeting of CXCR4 greatly suppressed the UHRF1
deficiency-induced EMT, as evidenced by a reversal of expres-
sion patterns of Snail and Zebl, and by reduced migratory and
invasive properties of HepG2 cells. In conclusion, our results
demonstrate that downregulation of UHRF1 contributes to the
induction of EMT in human cancer cells via the activation of
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CXCR4 signaling pathway. Our observation also suggests that
UHRF]I may play a pivotal role in suppressing the malignant
alteration of cancer cells.

Introduction

It is well known that the epithelial-mesenchymal transition
(EMT) can contribute to motile and invasive properties of
cancer cells, which are intimately connected with metas-
tasis (1). During the process of EMT, while the protein
levels of E-cadherin (epithelial marker) are decreased, that
of N-cadherin and vimentin (mesenchymal markers) are
increased (2). The alternations of these proteins have been
demonstrated to result in impaired cell-cell adhesion, thereby
allowing the spread of cancer cells from the primary sites.
Therefore, EMT is mostly thought to lead to tumor progression
via promoting cancer cell's ability to invade into the peripheral
microenvironment composed of lymph and blood vascular
systems (3-5). Many reports have suggested that EMT has a
high correlation with the generation of cancer stem cells, the
malignancy of tumor cells and the resistance to anticancer
drugs (5,6). In addition, EMT has been known to be easily
detected at the invasive region of advanced tumors (7,8).
UHRFI (ubiquitin-like with PHD and RING finger
domains 1) was shown to play a pivotal role in maintaining
DNA methylation by its binding to hemimethylated DNA
for recruiting DNMT1, and correctly imparting the DNA
methylation patterns of mother cells to daughter cells (9).
Therefore, UHRF1 is well known as an epigenetic regulator
comprised of multi-domains containing a N-terminal ubig-
uitin-like domain, a tandem tudor domain, a PHD domain,
an SRA domain and a RING finger motif domain (10).
Particularly, both a PHD and an SRA domain of UHRF1
recruit and interact with DNMT1 (10). In addition, the SRA
domain of UHRF]I recognizes and binds to hemi-methylated
DNA and a RING finger motif accords an E3-ubiquitin-
liagase function to UHRF1 (10). Most importantly, UHRF1
is known to be an E3-ubiquitin-ligase for the degradation
of DNMT1 (11,12). Therefore, overexpression of UHRF1
in cells leads to the global DNA hypomethylation, a hall-
mark of cancer cells, by decreasing the protein stability of
DNMTI1 (10-12). Actually, the protein level of UHRF1 is
more increased in many cancer cell types, including colon,
lung, bladder, pancreatic, prostate, cervical and breast cancer



JUNG et al: ROLE OF UHRF1 DEFICIENCY IN INDUCING EMT

cell lines than in normal human cells (13). Disruption in
forming the PCNA/DNMT1/UHRFI1 complex has been also
known to cause the global DNA hypomethylation and high
frequency of oncogenic transformation. Moreover, the global
DNA hypomethylation can also occur via depletion of UHRF1
(14,15). However, the precise role of UHRF]1 depletion in the
cancer development has not been clarified.

In the present study, we investigated the role of downregu-
lation of UHRF1 in EMT concerned with tumor malignancy,
and found that downregulation of UHRF1 contributes to
enhanced EMT of human cancer cells via increasing the
expression level of CXCR4. Our observation also suggests
that UHRF1 depletion may play a pivotal role in inducing the
malignant alteration of cancer cells.

Materials and methods

Reagents. A mouse monoclonal antibody against UHRF1
(ICBP 90) was purchased from BD Transduction Laboratories
(San Jose, CA, USA). Mouse monoclonal antibodies against
vimentin, E-cadherin, N-cadherin, Zebl, Slug, Snail and
Twist were purchased from Santa Cruz Biotechnology (Santa
Cruz, CA, USA). Mouse monoclonal anti-f-actin antibody,
horseradish peroxidase-conjugated anti-rabbit IgG, and
anti-mouse IgG antibodies were purchased from Sigma-
Aldrich Co. (St. Louis, MO, USA). APC-conjugated mouse
monoclonal anti-CD44 antibody, PerCP-Cy5.5-conjugated
mouse monoclonal anti-CD117 antibody, PE-Cy7-conjugated
mouse monoclonal anti-CD184 antibody, FITC-conjugated
mouse monoclonal antibodies against CD24, CD47, CD90
and CD340, and phycoerythrin (PE)-conjugated mouse
monoclonal anti-CD126 antibody were purchased from BD
Transduction Laboratories. PE-conjugated mouse monoclonal
antibodies against CD133 and CD326 were purchased from
Miltenyi Biotec Inc. (Auburn, CA, USA).

Cell culture. Human hepatocellular carcinoma HepG?2
and Hep3B cells, human breast cancer MDA-MB-231
and MCF-7 cells, and human colon cancer HCT116 cells
were from the American Type Culture Collection (ATCC,
Manassas, VA, USA). Cells were cultured in a humidified
5% CO, atmosphere at 37°C. HepG2 and Hep3B cells
were maintained in Dulbecco's modified Eagle's medium
(Sigma-Aldrich) supplemented with 10% (v/v) bovine calf
serum, penicillin (50 units/ml) and streptomycin (50 pg/
ml) (all from Gibco-BRL, Grand Island, NY, USA).
MDA-MB-231 and MCF-7 cells were maintained in DMEM
supplemented with 10% (v/v) bovine calf serum, penicillin
(50 units/ml) and streptomycin (50 gg/ml). HCT116 cells
were maintained in McCoy's 5A medium (Gibco-BRL)
with 10% (v/v) bovine calf serum, penicillin (50 units/ml)
and streptomycin (50 pg/ml).

Establishment of inducible UHRF1 shRNA-containing cell
lines. The appropriate double-stranded oligonucleotide
(5'-CCG GCC GCA CCA AGG AAT GTA CCA TCT CGA
GAT GGT ACA TTC CTT GGT GCG GTT TTT-3' and its
complement) was cloned into the pLKO.1-puro-shRNA vector
(Sigma-Aldrich). HepG2 cells were transfected with the
plasmid or control empty vector, using Lipofectamine 2000
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(Gibco-Invitrogen Corp., Carlsbad, CA, USA) in accordance
with the manufacturer's recommendations. UHRF1 shRNA-
containing stable clones were selected using 1 #g/ml puromycin
(Sigma-Aldrich). Stable clones were isolated and endogenous
UHRF]I knockdown was determined by western blot analysis
using an anti-UHRF]I antibody.

Small interfering RNA transfection. RNA interference medi-
ated by siRNAs was achieved using double-stranded RNA
molecules. The siRNAs against UHRF1, Zebl, Slug, Snail
or CXCR4 were purchased from Santa Cruz Biotechnology.
Control siRNA-A (Santa Cruz Biotechnology) was used as a
control. Cells were grown to 30% confluency on 60-mm dishes
and transfected with the siRNA duplexes (100 nM), using
Lipofectamine 2000 (Gibco-Invitrogen) in accordance with
the manufacturer's instructions. Assays were performed 48 h
after transfection.

Western blot analysis. Cells were treated with lysis buffer
[40 mM Tris-HCI (pH 8.0), 120 mM NaCl and 0.1% (v/v)
NP40] supplemented with protease inhibitor cocktail tablets
(1 tablet/50 ml; Boehringer, Mannheim, Germany) and
centrifuged for 15 min at 12,000 x g at 4°C. Proteins (30 ug)
were separated by SDS-PAGE and transferred to nitrocel-
lulose membranes (Bio-Rad Laboratories, Hercules, CA,
USA). The membranes were blocked with 5% (w/v) non-fat
dry milk in Tris-buffered saline and then incubated for 1 h
with primary antibodies at the dilution of 1:1,000, at room
temperature. Specific reaction bands were detected using
peroxidase-conjugated secondary antibodies at the dilution
of 1:500, and proteins were visualized using an enhanced
chemiluminescence system (Amersham Biosciences,
Piscataway, NJ, USA).

RNA preparation and RT-PCR (reverse transcriptase-poly-
merase chain reaction). Total RNA was extracted from the
cells using the TRIzol reagent (Invitrogen), and 1 ug of the
isolated total RNAs was reverse transcribed to complementary
DNA (cDNA) using the iScript™ cDNA synthesis kit (Bio-
Rad Laboratories) according to the manufacturer's instructions.
The reaction was performed at 25°C for 5 min and then at 42°C
for 30 min, and was terminated at 85°C for 5 min. Next, the
cDNA was diluted to 100 pl, and then 2 ul of it was used as a
template for RT-PCR. Total reaction volume (25 pl) containing
12.5 pul of Premix Taq (Takara Bio, Shiga, Japan), 2 ul of a
template, and 10 pM of both forward and reverse primers was
used for PCR amplification which was performed on a C1000
thermal cycler (Bio-Rad Laboratories) using a thermal profile
of beginning at 94°C for 5 min, followed by 30 cycles at 94°C
for 10 sec, 58°C for 15 sec and 72°C for 30 sec, 1 cycle of 72°C
for 10 min and extention at 12°C. All primers were designed
using the Primer3 program (http://bioinfo.ut.ee/primer3/). The
primer used for RT-PCR was as follows: CXCR4 forward
(5-TGC TTG CTG AAT TGG AAG TG-3") and reverse
(5'-AGT CAT AGT CCC CTG AGC CC-3"); G3PDH forward
(5'-GAA ATC CCA TCA CCA TCT TCC AGG-3") and reverse
(5'-GAG CCC CAG CCT TCT CCA TG-3"). Amplified prod-
ucts were separated on 1% (w/v) ethidium bromide-stained
agarose gels and expression levels were measured by lumines-
cent image analysis.
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Quantitative real-time PCR (qRT-PCR). Quantitative reverse
transcription-PCR was performed using the SYBR-Green
reporter. Total RNA (1 pg) isolated using the RNeasy Mini
kit (Qiagen, Valencia, CA, USA) was subsequently reverse
transcribed to cDNA with the SuperScript First-Strand
Synthesis system (Gibco-Invitrogen). cDNA (3 ul) were
added to 17 ul of the reaction mixture containing 5 ul of
ddH,O0, 10 ul of 2X SYBR-Green Master Mix (Thermo
Fisher Scientific, Waltham, MA, USA) and 1 ul of each
primer. PCR amplification was carried out using a thermal
profile of beginning at 94°C for 5 min, followed by 40 cycles
at 94°C for 10 sec, 58°C for 15 sec and 72°C for 15 sec, and
last extension at 72°C for 5 min. The amplification specificity
of each qRT-PCR analysis was confirmed by the melting
curve analysis. The transcripts of target genes were analyzed
using a CFX96™ Real-Time PCR detection system (Bio-Rad
Laboratories). The primers used for qRT-PCR were as follows:
Zebl forward (5'-GCA CCT GAA GAG GAC CAG AG-3') and
reverse (5'-TGC ATC TGG TGT TCC ATT TT-3"); Slug
forward (5'-AGA TGC ATA TTC GGA CCC AC-3") and
reverse (5'-CCT CAT GTT TGT GCA GGA GA-3"); Snail
forward (5'-GAA AGG CCT TCA ACT GCA AA-3') and
reverse (5-TGA CAT CTG AGT GGG TCT GG-3"); CXCR4
forward (5-AAA TGG GCT CAG GGG ACT AT-3') and
reverse (5-TCC CAA AGT ACC AGT TTG CC-3"); G3PDH
forward (5'-ACC ACA GTC CAT GCC CAT CAC-3') and
reverse (5'-TCC ACC ACC CTG TTG CTG TA-3"). G3PDH
gene was used as a control to normalize the expression value
of Zebl, Slug, Snail or CXCR4. The relative expression level
of the genes was calculated using the 222 method (16).

Migration and invasion assays. Cell migration and invasion
assay were performed using the Transwell chamber (8-ym
pore size; Corning Life Sciences, Lowell, MA, USA). Cells
(2x10*) were resuspended in 0.2 ml of serum-free growth
medium for both cell migration and invasion assay. For
migration assay, the cells were added to the interior of the
inserts. Growth medium (0.8 ml) supplemented with 10%
(v/v) bovine calf serum was added to the lower chamber.
After incubation for 48 h at 37 °C, the cells attached to
the upper surface of the filter were removed with a cotton
swab, and migrated cells on the lower surface of the filter
were fixed and stained for 15 min with 0.25% crystal violet
(Sigma-Aldrich), 10% formaldehyde, and 80% methanol,
and then the inserts were washed five times with ddH,O
and photographed (magnification, x20). Migrated cells were
determined by counting cells in five microscopic fields per
well, and the extent of migration was expressed as an average
number of cells per microscopic field. Cells were imaged
by phase contrast microscopy (Nikon Eclipse 80i; Nikon,
Tokyo, Japan). For invasion assay, the cells were added to
the interior of the inserts precoated with 10 mg/ml growth
factor-reduced Matrigel (BD Biosciences, Bedford, MA,
USA). Growth medium (0.8 ml) supplemented with 10% (v/v)
bovine calf serum was added to the lower chamber. After
incubation for 48 h at 37°C, the inserts were processed as
described above for the migration assay.

Flow cytometric analysis. Single cells were detached from the
culture dishes with trypsin-EDTA, counted, ~1x10° cells were
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centrifuged at 2,000 rpm for 5 min and then resuspended in
PBS containing 5% FBS and 0.1% NaNj; (Sigma-Aldrich). The
cells were incubated at 4°C with APC-conjugated anti-CD44,
PerCP-Cy5.5-conjugated anti-CD117, PE-Cy7-conjugated
anti-CD184, FITC-conjugated anti-CD24, anti-CD47,
anti-CD90, anti-CD340, phycoerythrin (PE)-conjugated
anti-CD126, anti-CD133 or anti-CD326 antibody for 1 h.
The labeled cells were washed twice with PBS, resuspended
in PBS, and then analyzed by flow cytometry, FACSAria™
(Special order system, BD Biosciences).

Statistical analysis. The data presented are representative of
at least three independent experiments. Differences between
groups were analyzed using the Student's t-test (SPSS Statistics
version 17.0; SPSS, Inc., Chicago, IL, USA). P-values <0.05
were considered significant.

Results

Downregulation of UHRF1 promotes EMT of human cancer
cells. Invasion of cancer cells arises from the loss of cell-cell
interaction leading to their migratory properties. Importantly,
this event is closely related with EMT (3-6). The high
expression level of UHRF1 was shown to be correlated with
tumor progression (10-13). Recently, however, disruption of
DNMT1/PCNA/UHRFI1 complex has been suggested to lead
to tumorigenesis, implying that a deficiency in UHRF1 may
also be involved in cancer development (14,15). Therefore, we
investigated whether downregulation of UHRF1 affects EMT
of cancer cells. To fulfill this purpose, we introduced shRNAs
targeting UHRF1 into HepG2 or MDA-MB-231 cells by trans-
fection and generated stable cell lines. We first used western
blot analysis to measure epithelial and mesenchymal cell
markers in these stable cell lines. As shown in Fig. 1A, western
blot analyses showed an increase in the expression levels of
the mesenchymal cell markers N-cadherin and vimentin in
UHRFI1 shRNA-expressing HepG2 cells, compared with
parental HepG2 cells, although the expression of the epithe-
lial cell marker E-cadherin, did not be change. Consistent
with these results, UHRF1 shRNA-expressing HepG2 cells
displayed more migratory and invasive properties, compared
with parental HepG2 cells (Fig. 1B and C). Moreover, we
found that UHRF1 shRNA-expressing MDA-MB-231 cells
also shows an increase in the expression levels of N-cadherin
and vimentin, a decrease in the expression level of E-cadherin,
and displays substantial migratory and invasive properties,
compared with parental MDA-MB-231 cells (Fig. 1D-F).
Collectively, these results indicate that downregulation of
UHRF]I may play a key role in initiating EMT of cancer cells.

To further confirm a possible causal connection between
downregulation of UHRF1 and EMT in cancer cells, we
transiently transfected HepG2 and MDA-MB-231 cells with
siRNAs targeting UHRF1, and then performed western blot
analysis, migration and invasion assays. In both HepG2 and
MDA-MB-231 cells transiently transfected with siRNAs
targeting UHRF1, we obtained similar results to those observed
in stable cell lines (Fig. 2A-F). In addition, we also found that
the expression levels of vimentin increase in Hep3B, MCF-7
and HCT116 transiently transfected with siRNAs targeting
UHRF1 (Fig. 2G). These results collectively indicated that
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Figure 1. UHRF1-deficient human cancer cells show mesenchymal transformation. (A) Cell lysates from shcont- and sstUHRF1 HepG?2 cells were subjected
to western blot analysis using anti-UHRF1, anti-vimentin, anti-E-cadherin, anti-N-cadherin and anti-p-actin antibodies. Experiments were conducted in trip-
licate and the data shown are representative of a typical experiment. (B and C) Increased migratory and invasive properties of UHRF1-deficent HepG2 cells.
Migration and invasion assay were performed using the Transwell chamber. Results from three independent experiments are expressed as means + SEMs.
("P<0.05). (D) Cell lysates from shcont- and stUHRF1 MDA-MB-231 cells were subjected to western blot analysis using anti-UHRF1, anti-vimentin,
anti-E-cadherin, anti-N-cadherin and anti-f-actin antibodies. Experiments were conducted in triplicate, and the data shown are representative of a typical
experiment. (E and F) Increased migratory and invasive properties of UHRF1-deficent MDA-MB-231 cells. Migration and invasion assay were performed
using the Transwell chamber. Results from three independent experiments are expressed as means + SEMs ("P<0.05).

downregulation of UHRF]1 clearly contributes to initiating
EMT of human cancer cells.

Downregulation of UHRF1 triggers EMT through the induc-
tion of Zebl and Snail in human cancer cells. Next, we
examined whether downregulation of UHRF1 promotes EMT
via EMT-regulating transcription factors, Zebl, Slug, Snail and
Twist in cancer cells. As shown in Fig. 3A and B, we found that
Zebl, Slug and Snail are generally upregulated at the protein
level by both shRNAs and siRNAs targeting UHRF1 in
HepG2 and MDA-MB-231 cells, whereas there was no change
in the protein level of Twist in both cell lines (Fig. 3A and B).

To further determine which of these transcription factors
is dominantly involved in EMT caused by downregulation of
UHREF]1, we transfected HepG2 cells with siRNAs targeting
Zebl, Slug or Snail in presence or absence of UHRF1 siRNAs.
Notably, siRNAs targeting Zebl or Snail effectively attenuated
the expression level of vimentin increased by downregulation

of UHRFI, whereas siRNAs targeting Slug did not (Fig. 3C).
Furthermore, we found that treatment with siRNAs targeting
Zebl or Snail efficiently blocks the migratory and invasive
properties of HepG2 cells increased by downregulation of
UHRFI (Fig. 3D-I). Taken together, these results suggest that
downregulation of UHRF1 promotes EMT through upregula-
tion of Zebl and Snail in human cancer cells.

Downregulation of UHRF I induces the expressions of cancer
stem cell-related cell surface markers. As EMT has been
suggested to lead to an increase in the population of cancer
stem cells (17,18), we next determined the expression of cancer
stem cell-related cell surface markers in presence or absence
of shRNAs targeting UHRF1 in HepG2 cells. As shown in
Fig. 4, flow cytometric data revealed that the cells expressing
UHRF shRNAs show an increase in the expressions of CD47,
CD90, CD117, CD126, CD133 and CD340, but no significant
change in those of CD326, CD24 and CD44. These results
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Figure 2. Ectopic downregulation of UHRF1 increases migratory and invasive properties of human cancer cells. (A) After HepG2 cells were grown in presence
or absence of siRNA targeting UHRF]1 for 48 h, cell lysates were subjected to western blot analysis using anti-UHRF1, anti-vimentin, anti-E-cadherin, anti-
N-cadherin and anti-f-actin antibodies. Experiments were conducted in triplicate, and the data shown are representative of a typical experiment. (B and C)
Increased migratory and invasive properties of HepG2 cells transiently transfected with siRNA targeting UHRF1. Migration and invasion assay were per-
formed using the Transwell chamber. Results from three independent experiments are expressed as means + SEMs. ('P<0.05). (D) After MDA-MB-231 cells
were grown in presence or absence of siRNA targeting UHRF1 for 48 h, cell lysates were subjected to western blot analysis using anti-UHRFI, anti-vimentin,
anti-E-cadherin, anti-N-cadherin and anti-f-actin antibodies. Experiments were conducted in triplicate, and the data shown are representative of a typical
experiment. (E and F) Increased migratory and invasive properties of MDA-MB-231 cells transiently transfected with siRNA targeting UHRFI1. Migration and
invasion assay were performed using the Transwell chamber. Results from three independent experiments are expressed as means = SEMs. ("P<0.05). (G) After
Hep3B, MCF-7 and HCT116 cells were grown in presence or absence of siRNA targeting UHRF1 for 48 h, cell lysates were subjected to western blot analysis
using anti-UHRF1, anti-vimentin, anti-E-cadherin, anti-N-cadherin and anti-f-actin antibodies. Experiments were conducted in triplicate, and the data shown
are representative of a typical experiment.

indicated that downregulation of UHRF1 can increase the
expression of cancer stem cell-related cell surface markers,

which are thought to be closely associated with the generation
of cancer stem cells.
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Figure 3. Downregulation of UHRF1 leads to EMT via EMT transcription factors Zebl and Snail in human cancer cells. (A) Cell lysates from HepG2 and
MDA-MB-231 cells stably transfected with UHRF1 shRNA were subjected to western blot analysis using anti-Zebl, anti-Slug, anti-Snail, anti-Twist and
anti-B-actin antibodies. Experiments were conducted in triplicate, and the data shown are representative of a typical experiment. (B) After HepG2 and
MDA-MB-231 cells were grown in presence or absence of siRNA targeting UHRF1 for 48 h, cell lysates were subjected to western blot analysis using anti-
Zebl, anti-Slug, anti-Snail, anti-Twist and anti-f-actin antibodies. Experiments were conducted in triplicate, and the data shown are representative of a typical
experiment. (C) After HepG2 cells were transfected with siRNA targeting Zebl, Slug or Snail in presence or absence of UHRF1 siRNA for 48 h, gRT-PCR
was conducted using primers designed for Zebl, Slug or Snail, and cell lysates were subjected to western blot analysis using anti-vimentin and anti-B-actin
antibodies. Experiments were conducted in triplicate, and the data shown are representative of a typical experiment.

CXCR4 contributes to EMT caused by downregulation of
UHRFI. Especially, CD90 (Thy-1), CD117 (c-Kit), CD340
(HER2) and CDI184 (CXCR4) increased in HepG2 cells
expressing UHRF1 shRNAs are well known to be receptor-
tyrosine kinases and a G protein-coupled receptor possessing
a great ability in a variety of cellular events (19-22). Moreover,
among them, CXCR4 was demonstrated to induce an aggres-
sively malignant phenotype of cancer cells via driving
EMT (23,24). Therefore, we next examined whether CXCR4
is critically involved in EMT caused by downregulation
of UHRFI. To better assess the expression level of CXCR4
in the presence or absence of shRNAs targeting UHRFI in
HepG2 cells, we performed RT and qRT-PCR analysis. As

shown in Fig. 5A, mRNA expression of CXCR4 was mark-
edly increased in the cells expressing UHRF1 shRNAs. To
further confirm the increase in mRNA expression of CXCR4,
we transiently transfected HepG2 cells with siRNAs targeting
UHRF1 and performed qRT-PCR analysis. In HepG2 cells
transiently transfected with siRNAs targeting UHRFI1, we
obtained similar results to those observed in stable cell lines,
indicating that downregulation of UHRF]1 efficiently increases
the expression of CXCR4 (Fig. 5B).

We next examined whether CXCR4 contributes to EMT
caused by downregulation of UHRFI. As shown in Fig. 5C-E,
we found that siRNA-mediated CXCR4 knockdown greatly
inhibited the expression of both Snail and Zebl increased
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Figure 3. Continued. (D) After HepG2 cells were transfected with siRNA targeting Zebl in presence or absence of UHRF1 siRNA for 48 h, qRT-PCR was con-
ducted using primers designed for Zebl. (E and F) Migration and invasion assay were performed using the Transwell chamber. Results from three independent
experiments are expressed as means + SEMs. ("P<0.05). (G) After HepG2 cells were transfected with siRNA targeting Snail in presence or absence of UHRF1
siRNA for 48 h, cell lysates were subjected to western blot analysis using anti-UHRF1, anti-Snail and anti-f-actin antibodies. (H and I) Migration and invasion
assay were performed using the Transwell chamber. Results from three independent experiments are expressed as means = SEMs ('P<0.05).
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Figure 4. Downregulation of UHRF1 leads to the expression of cell surface markers for cancer stem cells. The shcont- and shUHRF1 HepG2 cells were stained
with anti-cell surface marker antibodies, and then the expression levels were measured by flow cytometric analysis.



JUNG et al: ROLE OF UHRF1 DEFICIENCY IN INDUCING EMT 1239

A HepG2 B
mock + - -
shcont - + -
sh UHRF1 - - +
20 gRT-PCR
CXCR4 ﬂ' - CXCR4
° *
G3PDH g
£ 151
3
@
a0 gRT-PCR 2
) 5 ]
§ 15 CXCR4 % ® 1.0
@ -]
8 8
2 304 i)
3 T
o 254 E 051
o o
2 =
B 201
e
o 157 0.0 |
2 si cont si UHRF1
E 1.04
5 0.5
z
0.0-
mock shcont sh UHRF1
C D
20 gRT-PCR
5 CXCR4 sicont & - - -
w
& s SiUHRF1 - + - 4
a V]
H siCXCR4 - - + +
[
=
= UHRF1 L -
T 1.0 —
[
g Snail | B gy peeay gy
S 05 it aa
g B-actin | ye—" ye— ye— y—
z
0.0-
sicont + - - -
siUHRF1 - + - +
siCXCR4 - - + +
E F si CXCR4 G si CXCR4
+ +
sicont siUHRF1 si UHRF1 sicont siUHRF1 siUHRF1
RT-PCR AT s
2,0 g
Zeb1
3 1.5 3.0
@ »
. T 4- E 25
1.0 b T 20
g 3 £
.
2 Z 151
E 2_ - *
0.5 - E 1.0 4
S 8 4 z =
=2 & & 0.5
0.0- 0- 0.0
sicont + - - - sicont + = - sicont + - -
siUHRF1 - + - + siCXCR4 - + siCXCR4 - - +
siCXCR4 - - + + siUHRF1 - + siUHRF1 - + +

Figure 5. Upregulation of CXCR4 plays a crucial role in the induction of EMT in UHRF1-deficient cancer cells. (A) cDNAs obtained from shcont- and
shUHRF1 HepG?2 cells were subjected to RT-PCR and qRT-PCR using primers designed for CXCR4. Experiments were conducted in triplicate, and the data
shown are representative of a typical experiment. (B) After HepG2 cells were grown in presence or absence of siRNA targeting UHRF1 for 48 h, qRT-PCR
was conducted using primers designed for CXCR4. Experiments were conducted in triplicate, and the data shown are representative of a typical experiment.
(C and D) After HepG2 cells were transfected with siRNA targeting CXCR4 in presence or absence of UHRF1 siRNA for 48 h, qRT-PCR was conducted using
primers designed for CXCR4, and cell lysates were subjected to western blot analysis using anti-UHRF1, anti-Snail and anti-p-actin antibodies. Experiments
were conducted in triplicate, and the data shown are representative of a typical experiment. (E-G) After HepG2 cells were transfected with siRNA targeting
CXCR4 in presence or absence of UHRF1 siRNA for 48 h, qRT-PCR was conducted using primers designed for Zebl, and migration and invasion assay were
performed using the Transwell chamber. Results from three independent experiments are expressed as means + SEMs ("P<0.05).

by downregulation of UHRF1. Moreover, siRNA-mediated invasive properties of HepG2 cells increased by downregula-
CXCR4 knockdown effectively modulated both migratory and  tion of UHRFI (Fig. 5F and G). Collectively, these results
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clearly indicate that CXCR4 plays key roles in EMT induced
by downregulation of UHRF1 in human cancer cells.

Discussion

Recently, EMT defining that epithelial cells acquire mesen-
chymal characteristics has been implicated to be highly
relevant to the acquisition of malignant properties by cancer
cells (1,3-6). Especially, EMT confers the early steps of
metastasis including local invasion and subsequent spreading
of cancer cells to distant locations (25,26). Although, in
this context, the epigenetic pathways activating EMT are
extensively investigated (26), the epigenetic mechanism for
initiating the malignancy of cancer cells is well not under-
stood. In the present study, we found that downregulation of
UHREF]I, an epigenetic regulator, contributes to the increase
in EMT of human cancer cells via inducing the expression
of CXCR4.

UHRFI has been reported to be involved in a variety
of physiological and pathological events, from develop-
ment to cancer progression (13,27). The expression levels of
UHREF]1 are highly upregulated in diverse cancer types (13).
Indeed, overexpression of UHRF1 has been demonstrated to
play pivotal roles in malignant cellular transformation via
repressing either transcriptional or protein level of tumor
suppressors, and inducing the global DNA hypomethylation
which leads to genomic instability, a hallmark of cancer
cells (10-12). However, the precise mechanism by which
UHREF]1 inhibits tumor-suppressors has not yet been clarified.

Furthermore, it has been reported that cells overex-
pressing UHRF1 show increased growth and migration with
morphological features resembling those occurring in EMT
in colorectal cancer, suggesting that high expression level of
UHRFI1 may lead to the phenotypic changes of cancer cells by
inducing EMT (28). In addition, several reports showed that
overexpression of UHRF1 promotes metastasis in colorectal,
gastric and breast cancer (13,29-31). Thus, UHRF]1 is consid-
ered as an oncogene driving tumorigenesis (32).

Since UHRF1 does not only recognize hemimethyl-
ated DNA to recruit DNMTI1 for methylation on newly
synthesized DNA strands, but also has a RING domain
with ubiquitin E3 ligase activity, UHRF1 can readily reduce
the protein stability of DNMT1 via ubiquitin-proteasome
pathway (10-12). Moreover, DNMTI1-deficent cells have
been reported to show global DNA hypomethylation (33,34).
Therefore, the global DNA hypomethylation by upregulation
of UHRF1 expression is thought to due to the reduced protein
stability of DNMT]1.

Recently, the disruption of DNMTI1/PCNA/UHRF1
complex has been reported to induce tumorigenesis and the
global DNA hypomethylation (14,15). Therefore, it is plau-
sible that UHRF1 deficiency is also associated with further
acquisition of invasive properties of cancer cells through
disrupting the complex formation. Because both overexpres-
sion of and deficiency in UHRF1 affects malignancy of
cells, a balanced expression level of UHRF1 is thought to
be necessary for the normal behavior of cells. In the present
study, we elucidated the possible role of UHRF1 deficiency
in the induction of EMT in human cancer cells using sh- or
siRNA-mediated knockdown approaches. As expected, we
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found that both shRNA and siRNA-mediated knockdown
of UHRFI increase the migratory and invasive properties
of human cancer cells as well as inducing mesenchymal
markers (Figs. 1 and 2), suggesting that UHRF]1 deficiency
is also responsible for malignancy of human cancer cells.
In addition, we observed that downregulation of UHRF1
induces EMT through activating the EMT-regulating tran-
scription factors Zebl and Snail, but not Slug and Twist in
HepG?2 cells (Fig. 3). These transcription factors are thought
to cooperatively control both genes involved in epithelial
markers, such as E-cadherin, and mesenchymal markers,
such as N-cadherin and vimentin via performing dual func-
tions as an activator and a repressor (35,36). Moreover, it
has been previously reported that the overexpression of
snail can raise the transcriptional level of Zebl via acti-
vating Zebl promoter (37). Consistent with these reports,
snail in UHRFI1-deficient cancer cells seems to participate
in increasing the expression level of Zebl to induce EMT.
Although the EMT-regulating transcription factors are
aberrantly expressed in various cancer types (1), the precise
mechanism underlying the regulation of these factors in
cancers are not understood.

Emerging evidence suggested that EMT plays a key role
not only in metastasis, but also in cancer recurrence well
known to be closely associated with generation of cancer
stem cells (17,18). Therefore, we investigated whether UHRF1
deficiency affects the expression of cancer stem cell-related
surface markers in HepG2 cells. We found that shRNA-
mediated knockdown of UHRF]1 increases the expressions of
CD47, CD90, CD117, CD133, CD184 and CD340 in HepG2
cells. These observations indirectly indicate that UHRF1
deficiency may contribute to the generation of cancer stem
cells. In addition, since CD117 (c-Kit), CD184 (CXCR4)
and CD340 (HER?2) are well known to activate intracellular
signaling transduction pathways (19-22), there is a possibility
that they may lead to EMT in UHRF1-deficient cancer cells.

As one of the best studied chemokine receptors, CXCR4
plays a key role in survival, growth, vasculogenesis, EMT
and metastasis in a variety of cancer types (38,39), and is
known to interact with its ligand, CXCL12 (also named
stromal derived growth factor-1, SDF-1) to activate intracel-
lular signaling pathway (40). Importantly, CXCR4-mediated
signaling pathways have been suggested to be crucial for
metastatic malignancy (40). In addition, it has been shown that
inhibition of CXCR4-mediated pathways by treatment with
neutralizing antibodies against, or antisense RNA to CXCR4
greatly attenuates both invasion and migration of cancer cells,
and that high expression level of CXCR4 is closely related
with metastatic ability of cancer cells in vivo (41). Consistent
with these reports, we found that UHRF1 deficiency effi-
ciently increases the expression level of CXCR4 in HepG2
cells in vitro (Figs. 4 and 5). Furthermore, siRNA-mediated
knockdown of CXCR4 effectively blocked the expressions
of Zebl and Snail, and migratory and invasive properties of
UHRF1-deficient HepG2 cells (Fig. 5). These observations
strongly indicate that CXCR4 contributes to EMT increased
in UHRF1-deficient cancer cells. Recent studies also showed
that CXCR4 participates in survival and maintenance of
cancer stem cells during cancer progression (42,43). In addi-
tion, CXCR4 is also deemed a putative cell surface marker
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for cancer stem cells (44). Similarly, because our results indi-
cated that UHRF1 deficiency effectively increases the cancer
stem cell-related cell surface markers, as well as CXCR4,
further studies are required to elucidate the possible role of
UHRFI1 deficiency in the generation of cancer stem cells.
Moreover, a recent study indicates that UHRF1 can recruit
and cooperate with G9a, a histone lysine methyltransferase,
to suppress the activity of p21 promoter (45). Similarly, as
upregulation of CXCR4 by UHRF]1 deficiency is thought to
be due to disruption of the cooperation between UHRF1
and GYa, additional studies are needed to clarify the suppres-
sive effect of UHRF1 on the induction of CXCR4 gene
expression.

In conclusion, we demonstrated that ShRNA or siRNA-medi-
ated knockdown of UHRF1 markedly increased EMT in human
cancer cells. Furthermore, we present evidence that down-
regulation of UHRF]1 is sufficient to induce EMT-regulating
transcription factors Zebl and Snail through increasing the
expression level of CXCR4, and thereby promotes EMT in
human cancer cells. Our observations might provide an impor-
tant clue as to how malignant tumors develop.
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