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UHRF1 epigenetically down-regulates UbcH8 to inhibit apoptosis in cervical cancer cells
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ABSTRACT
UHRF1 (ubiquitin-like, containing PHD and RING finger domains 1) is an important epigenetic regulator
that plays a part in DNA methylation, protein methylation and ubiquitination. It is also frequently
overexpressed in many types of cancers, including cervical cancer, which is caused by human
papillomavirus (HPV). In this study, we showed that UHRF1 was up-regulated in HPV oncogene E7
expressing cells and HPV-positive cervical cancer cells. We demonstrated that UHRF1 down-regulated the
expression of UBE2L6 gene that encodes the ISG15-conjugating enzyme UbcH8. Overexpression of UHRF1
reduced UBE2L6 while knockdown UHRF1 elevated the expression of UBE2L6. We showed that UHRF1
regulated UBE2L6 gene by promoter hypermethylation in cervical cancer cells. Consistent with the
functions of UHRF1, restored expression of UbcH8 induced apoptosis. These findings establish UBE2L6 as
a novel target of UHRF1 that regulates the apoptosis function of UHRF1. Our studies suggest that UHRF1/
UbcH8 can be manipulated for therapy in cervical cancer.
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Introduction

Cervical cancer is one of the leading causes of cancer death in
women worldwide. Human papillomavirus (HPV) has been
detected in more than 99% of cervical cancers [1]. HPVs are
8000-base pair, double-stranded, circular DNA viruses that
replicate in squamous epithelia. The high-risk HPVs encode
two viral oncoproteins E6 and E7 that are required for cancer
development. The HPV E7 oncoprotein inactivates pRb and
releases E2F [2]. Free E2Fs activate the transcription of series of
genes required for cell cycle progression and cell apoptosis [3].

UHRF1 (ubiquitin-like, containing PHD and RING finger
domains 1, also known as Np95 and ICBP90), inverted CCAAT
box-binding protein of 90 kDa, has been reported to be up-reg-
ulated by E2F-1 [4]. As an important epigenetic regulator,
UHRF1 plays an essential role in DNA methylation [5], histone
methylation [6,7,8] and protein ubiquitination [9]. DNA meth-
ylation often works together with histone modifications such as
acetylation and methylation to regulate gene expression
[10,11]. UHRF1 is the bridge protein which links DNA methyl-
ation and histone modifications and required for efficient
maintenance of methylation [5,12]. It helps to tether DNMT1
(DNA-methyltransferase 1) to chromatin [5]. Epigenetic
changes (DNA methylation and histone modifications) can
induce silencing of critical genes allowing cancer cells to escape
apoptosis and promote tumor progression [13,14]. UHRF1
knockdown inhibited cell proliferation and migration, and
induced apoptosis [15]. Up-regulation of UHRF1 has been
observed in a variety of cancers, such as lung cancer, bladder
cancer, prostate cancer as well as cervical cancer [16,17,18,19].
The expression level of UHRF1 is closely related to clinical

stage, metastatic and prognostic of bladder cancer and lung
cancer [17,20].

UbcH8 (ubiquitin/ISG15-conjugating enzyme E2 L6, coded
by gene UBE2L6), a member of the E2 ubiquitin conjugating
enzymes, is also involved in ISGylation as E2 [21,22]. UBE2L6
is identified to be a gene significantly down-regulated by pro-
moter hypermethylation in nasopharyngeal carcinoma (NPC)
[23]. It catalyzes the covalent attachment of ubiquitin or ISG15
to abnormal or short-lived proteins for degradation. Similar to
ubiquitylation, there are three kinds of enzymes in ISGylation
pathway: E1-activating, E2-carrier and E3-ligase enzymes. The
enzyme UBE1L (ubiquitin-activating enzyme E1-like) was
shown to be the specific ISG15-activating enzyme [24]. Abla-
tion of UbcH8 by RNAi suggested this to be the principal
ISG15 E2 carrier [21]. Two E3 ubiquitin ligases, HERC5
(HECT domain and RLD 5) and TRIM25 (Tripartite Motif
Protein 25), have been identified to conjugate ISG15 to protein
substrates. ISG15 is considered to be covalently conjugated to
cellular proteins through a sequential reaction similar to that of
the ubiquitin conjugation system consisting of E1/E2/E3
enzymes. As an important molecule of ISGylation, ISG15 is
one of the most strongly interferon (IFN)-induced genes and is
also substantially induced by viral infection [5]. Significantly,
ISGylation of HPV L1 capsid protein has a dominant-inhibi-
tory effect on the infectivity of HPV-16 [25]. Proteomic studies
have identified more than 300 cellular proteins that are targeted
for ISGylation. Some of the ISGylation targets, such as CBX4
[26], PKM2 [27], STAT1 [28] and DYRK1A [29], are involved
in apoptosis.

In this study, we showed that UHRF1 was up-regulated in
HPV E7 expressing cells and cervical cancer cells. We
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demonstrated that UBE2L6 is a UHRF1 regulated gene. We fur-
ther showed that UHRF1 regulated UBE2L6 gene by promoter
hyper-methylation in cervical cancer cells. Consistent with the
functions of UHRF1, restored expression of UbcH8 induced
apoptosis. Our studies suggest that UBE2L6 is a novel target of
UHRF1 that regulates its apoptosis function.

Results

The expressions of UHRF1 and UbcH8 are inversely
correlated in HPV E7 expressing and cervical cancer cells

According to our previous RNA-seq results, up to 237 genes
were differentially expressed between cells with and without
HPV E7 [30]. Among these genes, UHRF1 was up-regulated
while UbcH8 was down-regulated in HPV-16 E7 expressing
cells (Figure 1A). As a dual E2 enzyme in ubiqutination and
ISGylation, UbcH8 has been implicated in apoptosis as well as
several other biological activities. Consistently, UHRF1 inhibits
cell apoptosis in many cancers. In this study, we performed
Real-time PCR in E7 expressing RPE1 cells (Figure 1A). The
relative mRNA fold changes of UHRF1 and UbcH8 were con-
sistent with RNA-seq results. UHRF1 was up-regulated 1.87-
fold (compared to 2.39-fold by RNA-seq) and UbcH8 was
down-regulated for 1.97-fold (compared to 2.37-fold by RNA-
seq).

We then examined the steady-state levels of UHRF1 and
UbcH8 in E7 expressing cells. As shown in Figure 1B, the pro-
tein level of UHRF1 was increased while the level of UbcH8
was decreased in E7 expressing cells compared with control
cells. These results are consistent with our recent studies using
PHKs and NIKS cells [30]. We further examined the steady-
state levels of UHRF1 and UbcH8 in HPV-positive HeLa cells.

As shown in Figure 1C, compared with RPE1 cells, the level of
UHRF1 was higher while that of UbcH8 was lower in HeLa
cells. Interestingly, the level of UHRF1 was also high and the
level of UbcH8 was low in HPV-negative breast cancer MCF-7
cells (Figure 1C).

These results showed that the expressions of UHRF1 and
UbcH8 were inversely correlated in HPV E7 expressing cells,
cervical cancer cells, breast cancer cells.

UHRF1 regulates UbcH8 expression

As an important regulator of DNA CpG methylation that mod-
ulates gene expression, UHRF1 may down-regulate UbcH8. To
test this possibility, we employed the RNAi approach by using
two independent siRNAs. After transfection with si-UHRF1–1
and si-UHRF1–2 in RPE1 cells expressing HPV E7, the mRNA
level of UHRF1 was down-regulated (Figure 2A, left panel).
Consistent with the notion that UHRF1 down-regulates
UbcH8, the mRNA level of UbcH8 was up-regulated
(Figure 2A, left panel). Similarly, knockdown UHRF1 also led
to down-regulation of UHRF1 mRNA and up-regulation of
UbcH8 in HeLa cells (Figure 2A, right panel). Consistent with
their mRNA expression, the steady state protein levels of
UHRF1 and UbcH8 were also down- or up-regulated after
UHRF1 siRNA transfection (Figure 2B). Next we transfected a
plasmid encoding UHRF1 and examined the impact of UHRF1
ectopic expression on UbcH8 expression. As shown in
Figure 2C, transient transfection of UHRF1, though only mod-
estly increased UHRF1 protein level, resulted a significant
reduction in the steady-state level of UbcH8. These results indi-
cate that UHRF1 regulated UbcH8 expression.

Figure 1. UHRF1 is up-regulated while UbcH8 is down-regulated in HPV-16 E7 expressing cells. (A) UHRF1 and UBE2L6 mRNA levels in NIKS cells determined by RNA-Seq and
confirmed in RPE1-Vector and RPE1-E7 cells by Real time-PCR. (B) The steady-state levels of UHRF1 and UbcH8 proteins in RPE1 cells determined by Western blot. Lower panel
showed quantification of UHRF1 and UbcH8 protein expressions. (C) The steady-state levels of UHRF1 and UbcH8 proteins in RPE1, MCF-7 and HeLa cells determined by Western
blot. Lower panel showed quantification of UHRF1 and UbcH8 protein expressions. The data are mean§ SEM, for all panels: �, p< 0.05; ��, p< 0.01. All data are representative
of three independent experiments.
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UHRF1 binds to the UBE2L6 promoter and
hypermethylates it in E7 expressing cells

UBE2L6 is reported as a gene significantly down-regulated by
promoter hypermethylation in nasopharyngeal carcinoma
(NPC) [23]. As reported, UHRF1 could bind to a CCAAT box
on the promoter region of BRCA1 gene and involved in the reg-
ulation of its expression by methylation [31]. Meanwhile, we
found several CCAAT boxes in the UBE2L6 promoter region.
To examine whether UHRF1 binds to the UBE2L6 promoter,
Chromatin Immunoprecipitation (ChIP) assay was performed

to examine the loading of UHRF1 onto chromatin. The nearly
5000 bp promoter region of UBE2L6 gene from the start of
transcription (+1), including two potential binding sites were
illustrated in Figure 3A. As shown in Figure 3B, while little
UHRF1 bound to the promoter region 1, it bound the promoter
region 2 efficiently.

To explore whether UHRF1 methylates UBE2L6 promoter,
we examined the status of UBE2L6 promoter methylation. Pri-
mers distinguishing unmethylated (U) and methylated (M)
alleles were designed by using MethPrimer, a CpG island pre-
diction program. Two CpG sites were identified in the UBE2L6

Figure 2. UHRF1 knockdown increases UbcH8 expression while its over-expression decreases UbcH8 expression. (A) The mRNA levels of UHRF1 and UBE2L6 were mea-
sured by Real time-PCR in RPE1 cells expressing E7 (E7) and HeLa cells after transfected with siRNAs targeting UHRF1. (B) The protein levels of UHRF1 and UbcH8 were
measured by Western blot in E7 cells after transfected with siRNAs targeting UHRF1. Right panel, quantification of UHRF1 and UbcH8 protein expressions. (C) The protein
levels of UHRF1 and UbcH8 were measured by Western blot in HeLa cells after transfection with plasmid encoding UHRF1. Right panel, quantification of UHRF1 and
UbcH8 protein expressions. N, non-targeting siRNA; si1, siRNA-1 targeting UHRF1; si2, siRNA-2 targeting UHRF1. �, p < 0.05; ��, p < 0.01.
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promoter that was highly prone to methylation (data not
shown). The primers we designed for MSP (Methylation-spe-
cific PCR) were within these two CpG sites. MSP was per-
formed in RPE1 cells expressing E7 or containing a vector to
identity the methylation state of UBE2L6 promoter. As shown
in Figure 4A, the UBE2L6 promoter was hypermethylated in
E7 expressing cells. For the primer set used, methylation signal
was stronger in E7 expressing cells. Significantly, the extent of
UBE2L6 promoter methylation was reduced upon UHRF1
knockdown in RPE1 cells (Figure 4B). The potential mecha-
nism by which UHRF1 regulated UBE2L6 gene expression by
binding to CCAAT region and recruiting DNMT1 to CpG
islands for promoter hypermethylation was showed in
Figure 4C. These results indicated that UHRF1 regulated
UBE2L6 gene expression by promoter hypermethylation in cer-
vical cancer cells.

To directly detect the methylation status of UBE2L6 pro-
moter, we examined the CpG dinucleotide methylation of 14
sites on UBE2L6 promoter region (Fig 4C) in HeLa cells by
bisulfite sequencing PCR (BSP). As shown in Fig 4C, among all
the 14 sites examined, although no changes were detected for
methylation on sites 1–2, 8 and 10–11, methylation of sites 3–
7, 9 and 12–14 were decreased after UHRF1 knockdown in
HeLa cells. These results provided more evidence that UHRF1
epigenetically regulated UBE2L6 gene by promoter hyperme-
thylation in cervical cancer cells.

UHRF1 inhibits apoptosis by regulating UBE2L6 expression

UHRF1 gene silencing promotes cell apoptosis in cervical squa-
mous cell carcinoma CaSki cells [19] as well as several other
types of cancer cells [15,32,33]. To determine the mechanism
by which UHRF1 regulates apoptosis and the extent to which
UbcH8 was involved, we knocked down UHRF1 by siRNA and
examined DNA fragmentation, a hallmark of cellular apoptosis,
by quantifying sub-G1 populations of cells using flow cytome-
try. As shown in Figure 5A (left panel), apoptotic cells
increased after transfection with siRNAs targeting UHRF1 in
HPV E7 expressing cells.

If down-regulating UbcH8 is a mechanism by which UHRF1
inhibits apoptosis, UbcH8 overexpression should result in
increased cellular apoptosis. To demonstrate the effect of over-
expressing UbcH8 on apoptosis, we transfected RPE1 E7
expressing cells with plasmid encoding UbcH8 (Figure 5B, left
panel), verified UbcH8 expression by Western blot and exam-
ined cellular apoptosis. As shown in Figure 5B, right panel, the
population of apoptotic cells increased after transfection of
UbcH8 plasmid. These results support our hypothesis that
UbcH8 is a target of UHRF1 that mediates apoptosis.

To confirm these results, we used another method to detect
cellular apoptosis, annexin V-FITC/PI apoptosis detection,
which can distinguish early apoptotic cells from necrotic cells.
Accordingly, RPE1 cells expressing HPV E7 were transfected
with siRNAs targeting UHRF1, cells were stained with annixin
V-FITC/PI and subjected to flow cytometry analysis. As shown
in Figure 5C, consistent with DNA fragmentation analysis, apo-
ptosis measured by annexin V-FITC/PI was increased after
UHRF1 knockdown. Likewise and consistent with UbcH8
being a target for UHRF1, transfection of UbcH8 plasmid in E7
expressing cells increased cellular apoptosis (Figure 5D). Simi-
lar results were obtained in HeLa cells (Supplemental Figure).

Discussion

In this study, we found that UHRF1 was up-regulated while
UbcH8 was down-regulated in HPV-16 E7 expressing cells and
HPV-positive cervical cancer cells. We demonstrated that
UHRF1 down-regulated the expression of UBE2L6 gene that
encodes UbcH8. This study established UBE2L6 as a novel tar-
get of UHRF1. We also provided evidence that UHRF1 regu-
lated UBE2L6 gene by promoter hypermethylation in cervical
cancer cells. Significantly, UbcH8 contributes to UHRF1-medi-
ated apoptosis. These results help understand the mechanism
by which HPV induces cervical carcinogenesis and provide a
potential candidate for therapy in cervical cancer.

Up-regulation of UHRF1 has been observed in cervical can-
cer as well as other cancers [16,17,18,19]. Consistently, UHRF1
gene silencing inhibits cell proliferation and promotes apopto-
sis in human cervical squamous cell carcinoma CaSki cells [19].
And UHRF1 promotes G1/S transition in HeLa cells [34]. It
was suggested that the most accurate way to discriminate cervi-
cal high-grade lesions was the association of a suspect DNA
profile and the presence of MIB-1- or UHRF1-positive cells in
the upper two thirds of the epithelium [35]. On the other hand,
expression of UHRF1 reduces the radiosensitivity of HeLa cells
to gamma-irradiation [36]. Down-regulalion of UHRF1 and
DNMT1 were involved in induction of apoptosis in human cer-
vical cancer cells [37]. Mechanistically, in HeLa cells, the PHD
domain of UHRF1 recognizes methylated histone H3 lysine 9
(H3K9) [38]. UHRF1 recruits G9a, which methylates H3K9,
the latter in turn binds with higher affinity with the PHD
domain of UHRF1 [39]. UHRF1 can also ubiquitinate histone
H3 via its E3 ubiquitin ligase [38,40].

UHRF1 forms a complex with histone deacetylase 1 (HDAC1)
and DNAmethyltransferase 1 (DNMT1) via its SRA domain and
represses the expression of several tumour suppressor genes
including p16, BRCA1 and RB1 [16]. UHRF1 promotes cell
growth and metastasis through repression of p16 in colorectal

Figure 3. UHRF1 binds to the UBE2L6 promoter. (A) The 5000 bp promoter region
of UBE2L6 gene. The two shadow areas indicate promoter regions, P1 (Promoter
1), ¡4616 to ¡4392, P2 (Promoter 2), ¡3456 to ¡3259. UHRF1 BS, UHRF1 binding
site. (B) ChIP assay was performed using UHRF1 antibody in cultured RPE1 cells.
The UHRF1-associated UBE2L6 promoter 1 and promoter 2 in the ChIP samples
were detected by PCR with UBE2L6 promoter primers 1 and 2. Input, total DNA.
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cancer [41]. UHRF1 recruited and cooperated with G9a to inhibit
the p21 promoter activity, which correlated with elevated p21
protein level in UHRF1 siRNA-transfected HeLa cells [39].
UHRF1 is involved in the regulation of topoisomerase II alpha
expression [42]. In our present study, UHRF1 regulated UBE2L6
gene by promoter hyper-methylation in cervical cancer cells.
UbcH8 is a novel target identified for UHRF1 which promotes
cellular apoptosis.

Apoptosis can be manipulated for cervical cancer ther-
apy. The mechanism by which UbcH8 induces apoptosis is
not known. Interestingly, UHRF1 depletion up-regulated
the expression of PML and triggered extrinsic and intrinsic
apoptotic pathways by promoting the expression of FasL/
FADD, Bax, cytosolic cytochrome c, cleaved caspase-8, ¡9
and ¡3 and cleaved PRAP and by suppressing bcl-2 expres-
sion [43]. As the principal ISG15 E2 carrier, we speculate

Figure 4. Elevated level of methylation on UBE2L6 promoter in E7 expressing cells. (A) MSP performed using extracts from RPE1-Vector and RPE1-E7 cells. M, Methylation
specific primer. U, Unmethylated specific primer. The location of target region amplified by the primer set in predicted CpG islands were indicated with black short lines.
The blue arrow indicated transcription start site (TSS) and the purple short vertical lines represented CpG sites. (B) MSP in E7 expressing cells after knockdown UHRF1 by
methylation specific and unmethylated primer set. (C) BSP using primers in predicted CpG islands in HeLa cells before and after UHRF1 knock-down.
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Figure 5. UHRF1 and UbcH8 regulate apoptosis. (A) RPE1-E7 cells were transfected with siRNAs targeting UHRF1 and treated with Etoposide. Cells were analyzed by flow
cytometry after fixation and PI stain. Cells with sub-G1 DNA content were gated and quantified. (B) RPE1-E7 cells were transfected with plasmid encoding UbcH8, treated
and analyzed as above. (C) RPE1-E7 cells were transfected with siRNAs targeting UHRF1 and treated with Etoposide. Cells were double stained with annexin V-FITC/PI and
analyzed by flow cytometry. Cells that stained positive for annexin V-FITC and negative for PI were undergoing early stage apoptosis; cells that stained positive for both
annexin V-FITC and PI were in the late stage of apoptosis or undergoing necrosis. Percentage of apoptotic cells (annexin V-FITC positive) was quantified. (D) RPE1-E7 cells
were transfected with plasmid encoding UbcH8, treated and analyzed as above. Data of 3 independent experiments were summarized. �, p< 0.05 ��, p < 0.01. NC, nega-
tive control.
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that UbcH8 facilitate ISG15 conjugation to cellular proteins
that play important roles in apoptosis. Proteomic studies
have identified more than 300 cellular proteins that are tar-
geted for ISGylation, some of them, such as CBX4, PKM2,
STAT1 and DYRK1A, are involved in apoptosis. It remains
to be determined the specific proteins contribute to UbcH8-
mediated apoptosis.

The innate immune system is the first line of defense against
infectious agents that triggers the induction of antiviral type I
interferon (IFN). To establish persistent infection and amplify
genome, HPVs need to evade innate immune surveillance.
ISG15 is one of the most strongly induced genes upon viral
infection and type I IFN stimulation. ISG15 has drawn much
attention as a potential regulator of the immune response and
has been shown to mediate protection in a number of different
viral infection models. UbcH8 serves as the predominant E2
enzyme in ISGylation. Significantly, ISGylation of HPV L1 cap-
sid protein has a dominant-inhibitory effect on the infectivity
of HPV-16. Future studies will examine the specific contribu-
tion of UbcH8 in HPV L1 ISGylation and cervical
carcinogenesis.

In summary, our present study verified our recent find-
ing of RNA-seq that indicates UHRF1 is up-regulated while
UbcH8 is down-regulated in HPV16 E7 expressing cells.
We found that UHRF1 regulated UBE2L6 gene by promoter
hypermethylation in cervical cancer cells. Furthermore, their
roles in cell apoptosis were also demonstrated in this work.
These results establish UBE2L6 as a novel target of UHRF1
that mediates cell apoptosis. Therefore, our studies shed
light on the mechanisms by which UHRF1 inhibit apoptosis
in cervical cancer cells and provided a potential candidate
for therapy in cervical cancer.

Materials and methods

Cell culture

The human telomerase reverse transcriptase-expressing human
retinal pigment epithelium cells (RPE1) were maintained in a
1:1 dilution of DMEM-Ham’s F-12 medium plus 10% FBS.
RPE1 cells stably expressing HPV-16 E7 or containing the
pBabe vector were established by retrovirus-mediated infection
using the pBabe-puro-based retroviral construct. Cells were
selected with (10.5 mg/mL) puromycin for 3 to 6 days, main-
tained in puromycin (6.5 mg/mL) and used within 15 passages.
HeLa cells were maintained in DMEM medium plus 10% FBS.

Real-time PCR

Total RNA from RPE1, HeLa and the corresponding E7-
expressing cells was isolated using an RNeasy kit (Qiagen)
according to the manufacturer’s instruction. cDNA was synthe-
sized with a Superscript VILO cDNA synthesis kit (Invitrogen).
iTaq Universal SYBR green Supermix (Bio-Rad) was used in a
Bio-Rad CFX96 Touch Real-Time PCR detection system for
quantitative real-time PCR (qRT-PCR). Data were analyzed
using the threshold cycle (2¡DDCT) method. The primer
sequences are listed in Supplemental Table S1.

Immunoblotting

Total cellular protein was prepared in lysis buffer (10 mM Tris
[pH 7.4], 1% SDS, 1.0 mM sodium orthovanadate). The protein
concentration was measured by the use of bicinchoninic acid
(BCA) protein assay reagent (Pierce) and confirmed by Coo-
massie blue staining of membranes after blotting. Equal
amounts of protein from each cell lysate were separated in an
SDS polyacrylamide gel (PAGE) and transferred onto a nitro-
cellulose filter membrane (NC) membrane. Membranes were
blotted with antibodies against UHRF1 (ab57083, abcam),
UbcH8 (ab109086, abcam) and tubulin (Sigma; T-4026). Pro-
tein bands were detected using an Odyssey infrared imaging
system (Li-COR, Lincoln, NE) and quantified using Image J
(NIH).

Flow cytometry

RPE1 cells were treated with Etoposide (50 mM). At the end of
the treatment period (24 h), the cells were detached, washed
with PBS, resuspended in 1 mL of cold 70% (v/v) ethanol, and
then stored at 4 �C for 24 h. After washed with PBS, the cells
were stained with propidium iodide (PI) and 10 mg/mL ribonu-
clease (RNase) in PBS at 4 �C for 30 min away from light. The
cells were washed and subjected to flow cytometric analysis of
DNA content (FACScalibur, Becton Dickinson). Nuclei dis-
playing hypodiploid (sub-G1) DNA contents were identified as
apoptotic.

For annexin V-FITC apoptosis detection, RPE1 and HeLa
cells were treated with 100 mM Etoposide for 24 h. At the end
of the treatment period, apoptosis was assessed by using FITC
annexin V Apoptosis Detection Kit (Biolegend) following the
manufacturer’s instructions. After staining with annexin V-
FITC and propidium iodide (PI), the samples were analyzed
using flow cytometer. When conjugated to a fluorochrome,
annexin V targets and detects dying cells expressing PS on the
reversed membrane surface. Combined with PI, annexin V
may distinguish necrotic cells from apoptotic cells. Viable cells
have low annexin V-FITC and low PI staining, apoptotic cells
have high annexin V-FITC and low PI staining (lower-right
quadrant), and necrotic cells have high annexin V-FITC stain-
ing and PI (upper-right quadrant). Bars on the graph (bottom)
represent the percentage of apoptotic and necrotic cells.

siRNAs and transfection

Cells were transfected with a final concentration of 20 nM
siRNA per target gene using Lipofectamine 2000 transfection
reagent (Invitrogen) according to the manufacturer’s instruc-
tions. For gene knockdown analysis, cells were harvested 48 h
post-transfection and specific protein levels were analyzed by
immunoblot. The siRNA duplexes were as follows: si-UHRF1–
1 sense strand: 5’- AUGGUACAUUCCUUGGUGC-3’; si-
UHRF1–2 sense strand: 5’- UUGUAGAUGCCAUCGUAGC-
3’; Negative control siRNA sense strand: 5’-UUCUCCGAAC-
GUGUCACGU-3’. Plasmid pFlagCMV2 -UbcH8 (Addgene)
and the control were transfected into cells also using Lipofect-
amine 2000 (Invitrogen).
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ChIP assay

The chromatin immunoprecipitation (ChIP) assay was per-
formed using a ChIP assay kit from Millipore following the sup-
plied protocol. Immunoprecipitations were performed using anti-
UHRF1 or control IgG antibodies. PCR was performed with the
primers designed from the sequences of the human UBE2L6 gene
as follows: Predicted Promoter 1-sense, GAAGAGAGCCCT-
CATCAGAA; antisense, CCTTGTTGTGGGACTTTGGA. Pre-
dicted Promoter 2-sense, GCCTTTCTCCTA-CCACCTTTT;
antisense, CCCTGTTTTACTTCTCCCTGAT.

Methylation specific PCR (MSP)

Genomic DNA was isolated using Quick-gDNA MicroPrep
(Zymo, D3024) according to the manufacturer’s instructions.
For bisulfite treatment, 400–500 ng of DNA was used for each
column using the EZ DNA Methylation-Gold Kit (Zymo,
D5005). The methylation status of the UBE2L6 promoter
region was determined by MSP. Primers distinguishing unme-
thylated (U) and methylated (M) alleles were designed by using
MethPrimer (www.urogene.org/cgi-bin/methprimer/meth
primer.cgi), a CpG island prediction program. The primer
sequences designed for MSP were listed in Supplemental
Table S2.

For the methylation specifc PCR reactions, in vitro-methylated
genomic DNA treated with sodium bisulphite served as a positive
methylation control; a water blank control was also included. For
cases with borderline results, PCR analyses were repeated.

Bisulfite Sequencing PCR (BSP)

Genomic DNAs from HeLa cells were extracted and modified
(with bisulfite) using the EZ DNA methylation-Gold kit (Zymo
Research, D5005) according to manufacturers’ protocols.
Bisulfite-treated samples were then amplified by PCR using pri-
mers B-UBE2L6-sense TGTAATTTTAATATTTTGGGAGGT;
B-UBE2L6-antisense TTTAAACACCAATTTATAATCTCAA-
TAC. PCR products were cloned into pMD19 T-Vector
(TaKaRa, 6013) and plasmids isolated from randomly picked
colonies were sequenced.
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