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Abstract

histone demethylase inhibitors as a strategy against HCC.
Keywords: KDM5B, HCC, Cell cycle, p15, p27

Background: KDM5B is a jmjc domain-containing histone demethylase which remove tri-, di-, and monomethyl
groups from histone H3 lysine 4 (H3K4). KDM5B has been determined as an oncogene in many malignancies.
However, its expression and role in hepatocellular carcinoma (HCC) remain unknown.

Methods: We detected the expression of KDM5B in HCC tissues and cell lines. Cell proliferation was performed to
reveal the role of KDM5B depletion on HCC cells both in vivo and in vitro. Flow cytometry was used to analyze the
cell cycle and chip analysis was conducted to determine the direct target of KDM5B.

Results: KDM5B is frequently up-regulated in HCC specimens compared with adjacent normal tissues and its
expression level was significantly correlated with tumor size, TNM stage, and Edmondson grade. Moreover, Kaplan-
Meier survival analysis showed that patients with high levels of KDM5B expression had a relatively poor prognosis.
Knockdown of KDM5B notably inhibits HCC cell proliferation both in vivo and in vitro via arresting the cell cycle at
G1/S phase partly through up-regulation of p15 and p27. Further molecular mechanism study indicates that
silencing of KDM5B promotes p15 and p27 expression by increasing histone H3K4 trimethylation in their promoters.

Conclusions: KDM5B could be a potentially therapeutic target, which provides a rationale for the development of

Background

Mounting evidence indicates that epigenetic alterations
contribute significantly to the initiation and progression
of multiple human malignancies, including hepatocellu-
lar carcinoma [1-3]. As an important type of histone
modification, Histone methylation plays a central role in
regulating chromatin dynamics and transcription. This
modification has been linked to transcriptional activa-
tion or repression of gene expression, depending on the
specific residues that become methylated and the state
of methylation [4]. In general, lysine methylation on
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H3K4, H3K36, H3K79 is associated with gene activation,
whereas lysine methylation on H3K9, H3K27, H4K20 is
linked to gene silencing [5]. Histone lysine methylation
is reversibly controlled by histone demethylases and
methyltransferases. Growing studies suggest that a num-
ber of histone demethylases are dysregulated in tumors
and can serve as oncoproteins [6-9].

Liver cancer is the sixth most common malignant dis-
ease worldwide but the third most frequent cause of
cancer-related death, with only 5 % of patients surviving
more than 5 years. In fact, about half of these cases and
deaths occur in China. Hepatocellular carcinoma (HCC)
represents the major histological subtype of primary liver
cancer, accounting for 70 to 85 % of the total liver cancer
worldwide, and its molecular etiology is heterogeneous
[10]. Numerous studies of molecules and signalling
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pathways related to the development of HCC have been
identified, yet the deep mechanisms underlying the onco-
genesis and cancer progression of HCC remain poorly
understood [11-15]. Therefore, a histone demethylase
that promotes HCC tumorigenesis could be an attractive
novel target for drug discovery. However, little is known
about the role of histone demethylases in HCC.

KDMS5B is a jmjc domain-containing histone demethy-
lase, which belongs to KDM5 family. KDM5B was first
identified and characterized in 1999 when Lu found its
overexpression in human breast-cancer cell lines and
primary breast carcinomas [16]. Mammalian KDM5B
shows a restricted expression pattern in normal adult
tissues and is primarily present in the testis and brain
[17, 18]. However, KDM5B levels were found to be up-
regulated in a variety of human cancers such as bladder
cancer, [19] lung cancer, [20] colorectal cancer, [21]
prostate cancer, [22, 23] gastric cancer, [24] glioma, [25]
ovarian cancer [26] and malignant melanoma [27]. Since
KDMS5B probably acts as a transcriptional regulator by
its ability to remove tri-, di-, and monomethyl groups
from H3K4, several cancer-associated genes regulated by
KDM5B have been identified, including tumor suppres-
sor gene BRCAL1 that is repressed by KDM5B and tran-
scription factors E2F1 and E2F2 that are up-regulated by
KDMS5B [19, 28, 29]. Besides, increasing studies revealed
that KDM5B was involved not only in tumor initiation,
but also in tumor progression such as invasion and me-
tastasis [30, 31]. Considering the growing evidence for
an important function of KDM5B proteins in cancer, it
becomes an attractive target for chemotherapeutic drug
design. Several preclinical studies suggest inhibition of
KDMS5B histone demethylase can suppress tumorigen-
esis and provide strong rationale for development of
their inhibitors for use in cancer therapy [32-34].

We are particularly interested in KDM5B because we
found that it was the most significantly up-regulated his-
tone demethylase among 27 histone demethylase family
members by comparing their expression profiles be-
tween HCC and their adjacent normal liver tissues using
public database. Then we determined whether the highly
expressed KDM5B could contribute to the pathogenesis
of HCC. In the present work, we demonstrate that
KDMS5B is frequently up-regulated in HCC specimens
and cell lines. Knockdown of KDM5B significantly in-
hibits cellular proliferation of HCC cells and arrests cell
cycle progression at the G1/S-phase. Moreover, the
effect of KDM5B knockdown on HCC cell proliferation
is mediated through upregulation of the cyclin-
dependent kinase inhibitors, p15 and p27. Furthermore,
our molecular mechanism study indicates that silencing
of KDM5B promotes pl5 and p27 expression by increas-
ing histone H3K4 trimethylation in their promoters.
Collectively, our findings provide new insight into the

Page 2 of 13

molecular pathogenesis of HCC and KDM5B may con-
stitute a promising novel therapeutic target for blocking
progression of HCC.

Methods

Tissue specimens

All HCC specimens were obtained from HCC patients
who underwent surgical resection with informed consent
from May 2008 to October 2011. Both the tumor and ad-
jacent normal tissue were collected from each patient and
were frozen at —80 °C until processed. All patients had
negative histories of exposure to either chemotherapy or
radiotherapy prior to the surgical operation. The diagnosis
of HCC was validated by two individual pathologists. The
use of human tissues was approved by the institutional
ethics committee of Nanjing Medical University.

Cell culture and culture conditions

The human HCC cell lines (Hep-3B, MHCC-97 L, SMMC-
7721, SK-hep-1, MHCC-LM3, PLC/PRF/5, MHCC-LMS,
YY-8103, FOCUS, MHCC-97H, HepG2, Huh7, WRL-68,
Bel-7404, Bel-7405, L0O2) were obtained from the Chinese
National Human Genome Center at Shanghai. Cells were
grown in Dulbecco’s minimal essential medium (DMEM)
supplemented with 10 % FBS (Gibco, USA) and antibiotics
(50 U/ml penicillin and 50 pg/ml streptomycin) at an
atmosphere of 5 % CO2.

RNA extraction and quantitative real-time PCR

Total RNA was extracted from tissue or cell culture sam-
ples using TRIZOL reagent (Invitrogen) following the
manufacturer’s protocol and was reverse transcribed into
c¢DNA with a M-MLV reverse transcriptase kit (Promega,
USA). Quantitative real-time PCR was performed using
the Thermal Cycler Dice Detection System with the SYBR
Premix Ex Taq™ (Takara, Japan). All samples were done in
triplicate and the housekeeping gene B-actin was used as
an endogenous control. The following primers were used
to specially amplify the KDM5B gene and p-actin. For
KDM5B, forward: 5-GGTGAGCCAAAAACCTGGTA-3,
and reverse, 5-AATCACAAACTCCCCAGCAC-3; For B-
actin: forward: 5-AGAGCCTCGCCTTTGCCGATCC-3,
and reverse, 5-CTGGGCCTCGTCGCCCACATA-3.

RNA interference and cell transfection
KDM5B-specific small interference RNAs (siRNAs) were
designed and chemically synthesized (GenePharma,
China) to suppress endogenous KDM5B expression in
HCC cells: si-370, 5-CACGUAUCCAGAGACUGAAUG
AAdTdT-3; si-2531, 5-GGAUGCAGAGAAGUGUGCC
UCUGATdT-3.

In addition, si-NC was also synthesized to act as a
negative control: si-NC, 5-UUCUCCGAACGUGUCA
CGUdTdT-3.



Wang et al. Journal of Experimental & Clinical Cancer Research (2016) 35:37

The oligonucleotides encoding short hairpin RNAs
(shRNAs) for the continuous knockdown of endogenous
KDM5B were synthezised and inserted into pSUPER
(Oligoengine, USA): sh-370, 5-GATCCCCCACGTATCC
AGAGACTGAATGAATTCAAGAGAAATTCATTCAG
TCTCTGGATACGTGTTTTTGGAAA-3; sh-2531, 5-
GATCCCCGGATGCAGAGAAGTGTGCCTCTGTTCA
AGAGACAGAGGCACACTTCTGCATCCTTTTTGGA
AA-3; sh-NC containing irrelevant nucleotides was served
as a negative control: sh-NC, 5-GATCCCCTTCTCCG
AACGTGTCACGTTTCAAGAGAACGTGACACGTTCG
GAGAATTTTTGGAAA-3. All constructs were fully se-
quenced. The cells were then transfected with siRNA or
shRNA using lipofectamine 2000 (Invitrogen, USA) accord-
ing to the manufacturer’s instructions at cell density of 30-
50 %.

Cell proliferation

Transiently transfected HCC cells were seeded at a density
of 2000-5000 cells/well into 96-well plates and cultured
for a week. Cell growth was examined by Cell Counting
Kit-8 (Dojindo, Japan) according to the manufacturer’s
instructions. The absorbance value at a wave length of
450 nm was used as an indicator of cell viability.

Colony formation

Transfected HCC cells were plated at a density of 10,000
50,000 cells/10-cm plate and maintained in the medium
with addition of 0.8 mg/ml G418 (Life Technologies, USA)
for colony formation. After 3 weeks, colonies stained with
0.1 % crystal violet were counted and photographed.

For the soft agar colony formation assay, 2000—5000
transfected cells were plated and grown in the 24-well
plate with the medium containing 1 % base agar and
0.5 % top agar. After 3 weeks, all colonies were counted
and photographed under a dissecting microscope.

Experiment in vivo

Animal care and euthanasia were approved by the
Nanjing medical University animal studies committee.
Fifteen BALB/c nude mice were randomly divided into
three groups including the negative control group and two
KDMS5B knockdown groups. Hep3B cells transfected with
sh-KDM5B or negative control were selected under
0.8 mg/ml G418 (Life Technologies, USA) for 3 weeks.
Then the stably transfected cells were harvested at a con-
centration of 1x107 cells/ml. Of the suspending cells,
0.1 ml was inoculated subcutaneously into either side of
the posterior flank of the 4—6-week-old BALB/C nude
mice. Xenografts in each group were observed periodically
after injection. Nude mice were killed by cervical disloca-
tion after 3 weeks and the xenografts were peeled off sub-
cutaneously. The weight of the xenografts in each group
was compared and used for further analysis.
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Cell cycle analysis

Flow cytometry was performed to analyze the cell cycle.
Serum starvation was used to induce cell cycle syn-
chronization before cell transfection. At 48 h after
transfection with KDM5B siRNAs duplexes, cells were
harvested as single cell suspensions. After fixation in 70 %
ethanol for 1 h at -20 °C, cells were washed and resus-
pended in PBS, followed by incubation with propidium
iodide (10 mg/ml) and RNase A (10 mg/ml) for 30 min at
4 °C. FACSCalibur fow cytometer, CellQuest (BD Biosci-
ences, USA) was used to calculate the percentage of cells
in each phase.

Protein extraction and western blot analysis

Total protein was extracted using cell lysis buffer
containing 50 mM Tris—HCI (pH 6.8), 2 % SDS, 10 %
2-mercaptoethanol, 10 % glycerol, and protease inhibitor
cocktail (Sigma, USA). Protein samples (20 mg) were re-
solved using SDS-PAGE and transferred onto a nitrocellu-
lose membrane. The membrane was blocked with 5 %
milk in TBS for 2 h at room temperature. After incubation
with the appropriate primary antibody overnight at 4 °C,
membranes were washed and incubated with the IRDye
800cW or 680RD secondary antibodies in TBST for 2 h at
room temperature. Then the protein bands of interest
were visualized with the Odyssey system (LI-COR, USA).
The specific antibodies used in our study were as follows:
anti-KDM5B (Abcam, British), anti-pl5 (CST, USA),
anti-p27 (CST, USA), anti-H3K4me2 (CST, USA), anti-
H3K4me3 (CST, USA), anti-total-H3 (CST, USA), and
anti-B-actin (CST, USA).

Chromatin immunoprecipitation assays (ChIP)

The ChIP assays were performed by using EZ-ChIP KIT
according to the manufacturer’s instruction (Millipore,
USA). The control and KDM5B siRNA-treated Hep3B
and Focus cells were treated with formaldehyde and in-
cubated for 10 min to generate DNA-protein cross-links.
Then the cell lysates were sonicated to generate chroma-
tin fragments of 200-1000 bp. The antibodies against
KDM5B and trimethylated H3-K4 (H3-K4me3) were
used to precipitate DNA fragments bound by their cor-
responding elements. The protein-DNA complex was
collected with protein A Sepharose beads (Millipore,
USA), eluted, and reverse cross-linked. Following treat-
ment with Protease K (Sigma-Aldrich, USA), the samples
were extracted with phenol-chloroform and precipitated
with ethanol. The recovered DNA was resuspended in TE
buffer and used for the PCR amplification.

Statistical analysis

All statistical data were carried out using Statistical
Program for Social Sciences 18.0 software (SPSS, USA)
and presented with Graphpad prism 5.0 (GraphPad
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Software, CA). The significance of differences between
groups was evaluated with Student’s t-test and X2 test as
appropriate. DFS and OS rates were calculated by the
Kaplan-Meier method with the log-rank test applied for
comparison. Two-sided p-values were calculated, and a
probability level of less than 0.05 was considered to be
statistically significant.

Results

KDM5B is frequently up-regulated in HCC tissues and

cell lines

To explore a histone demethylase with oncogenic char-
acteristics for HCC, We first analyzed expression profiles
of a number of histone demethylase genes in a subset of
HCC samples by using public GEO Profiles database
(GSE 25097) and found that KDM5B was the most
obvious up-regulated histone demethylase with at least
2-fold up-regulation in 40 % HCC specimens (Fig. 1a).
To verify the data from public database, we used quanti-
tative RT-PCR to measure KDM5B mRNA levels of 50
paired HCC samples and found significantly higher
expression levels of KDM5B in HCC tissues compared
with their corresponding non-tumorous liver tissue
(Fig. 1b). Eight pairs of typical cases were illustrated by
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western blot (Fig. 1c). Subsequently, we analysed the ex-
pression profiles of 15 widely used HCC cell lines and
the resulting data showed that the expression of KDM5B
was elevated in most of HCC cell lines when compared
to the normal human liver cell line LO2 and normal
adult liver tissue (Fig. 1d). Collectively, these results sug-
gested that KDM5B expression is up-regulated in human
HCC tissues and cell lines.

KDM5B mRNA level is associated with clinicopathologic
characteristics of HCC and high KDM5B expression
predicts poor survival in HCC patients

To investigate the clinical impact of elevated KDM5B
expression in HCC, we assessed the association between
KDM5B mRNA levels and clinicopathologic parameters
in additional 100 patients with HCC. All HCC samples
were divided into KDM5B high expression group (# = 50)
and low expression group (n =50), median was used as
cut-off value. Significant correlations were found between
KDM5B expression and tumor size, TNM stage, and
Edmondson grade, suggesting that KDM5B might have a
stimulatory role in the progression of HCC (Table 1).
Moreover, Kaplan-Meier survival analysis was used to de-
termine whether the expression of KDM5B was associated
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Fig. 1 KDM5B expression is obviously up-regulated in HCC tissues and cell lines. a Expression profiles of a number of histone demethylase genes
in a subset of HCC samples from public GEO Profiles database. b Validation of the aberrantly up-regulated KDM5B in 50 pairs of HCC and the
corresponding adjacent non-cancerous liver (non-HCC) by quantitative real-time PCR. Expression of 3-actin was used as an internal control and
P value was calculated by student’s t test. (***, P < 0.001). ¢ Representative results of up-regulation of KDM5B in 8 pairs of HCC (c) and the adjacent
non-HCC liver tissue (N) by western blot. d The expression levels of KDM5B was determined by real-time PCR in 15 HCC cell lines as well as the normal
human liver cell line L02 and normal adult liver tissue, with 3-actin as an internal control
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Table 1 Correlation between KDM5B expression and
clinicopathological features in HCC

Clinicopathological n  KDM58B
features High expression  Low expression  P-value
(>Median) (<Median)

Gender
Male 65 34 31 06753
Female 35 16 19

Age (years)
> 50 60 32 28 0.5406
<50 40 18 22

Tumor size (cm)
>5 55 36 19 0.0012%*
<5 45 14 31

Tumor number
Solitary 62 33 29 0.5368
Multiple 38 17 21

HBsAg
Positive 76 40 36 04829
Negative 24 10 14

HCV
Positive 1 8 3 0.1997
Negative 89 42 47

Cirrhosis
Positive 82 43 39 04356
Negative 18 7 11

ALT (U/L)
> 45 46 26 20 03158
<45 54 24 30

AFP (ng/ml)
>20 57 31 26 04193
<20 4319 24

TNM stage
[+l 56 21 35 0.0085%*
I+1v 44 29 15

Edmondson grade
[+ 59 23 36 0.0142*
I+1v 4127 14

The median expression level of KDM5B was used as the cut off
*P <0.05
**P < 0.01 between the two groups

with disease-free survival (DFS) and overall survival (OS)
of the HCC patients. The results showed that patients
with high expression of KDM5B had a worse DFS than
those with low KDM5B expression (P = 0.0005) (Fig. 2a).
Likewise, a statistically significant association between
high KDM5B expression and short OS was also demon-
strated in HCC patients (P =0.0006) (Fig. 2b). These
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Fig. 2 KDM5B expression was correlated with the DFS or OS of
HCC patients. a Patients with high KDM5B expression had a
worse disease-free survival (DFS) than patients with low KDM5B
expression. b Patients with high KDM5B expression had a worse overall
survival (OS) than patients with low KDMS5B expression.100 HCC samples
were divided into KDM5B high expression group (n = 50) and low
expression group (n = 50), median was used as cut off

results collectively implied that up-regulation of KDM5B
can predict poor survival of HCC.

KDM5B knockdown inhibits cell viability and colony
formation

To determine whether KDM5B is necessary for the pro-
liferation of HCC cells, we used chemically synthesised
siRNAs and constructed the corresponding shRNA plas-
mids to knockdown endogenous KDM5B in 2 HCC cell
lines (Hep3B and Focus) with relatively high KDM5B
level. The efficient inhibition of KDM5B expression in
siRNA-treated cells was verified using quantitative real-
time PCR (Fig. 3a). As expected, we observed significant
growth suppression of HCC cell lines treatd with
siRNAs in comparison with the si-NC-transfected cells
(Fig. 3b). Moreover, KDM5B depletion by shRNAs
substantially inhibited the colony formation of KDM5B-
overexpressing HCC cell lines compared to the control
shRNA-NC-infected cells (Fig. 3c). Furthermore, down-
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regulation of kdm5B decreased the anchorage-independent  (Fig. 3d). These collective data indicated that endogenous
growth of these HCC cell lines in soft agar and signifi- expression of KDM5B is essential for maintaining cell pro-
cantly reduced the number of larger colonies compared to  liferation and colony formation in HCC cells and can
the cells transfected with the negative control shRNAs function as an oncoprotein in HCC.
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KDM5B knockdown suppresses tumorigenicity and
reduces tumor burden

To further determine the effect of KDM5B knockdown
on tumorigenicity in vivo, we performed a subcutaneous
xenograft tumor model in nude mice. Hep-3B cells were
transfected with pSUPER-shRNA plasmids, then these
cells were harvested and injected into the flanks of nude
mice. The diameters of the tumors were measured every
3 days. As expected, pSUPER-sh370 and pSUPER-
sh2531 were able to significantly suppress tumorigen-
icity, resulting in obvious reductions in tumor weight
and volume compared to the negative controls pSUPER-
shNC (Fig. 4a-c). All these results verified that KDM5B
knockdown inhibited HCC cell xenograft formation and
growth in vivo.
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Fig. 4 KDM5B knockdown reduces the tumor burden in vivo.
a-c Both pSUPER-sh370 and pSUPER-sh2531 knockdown of KDM5B
suppressed the tumorigenicity of Hep-3B cells in nude mice (n=6),
as compared with the negative control pSUPER-shNC. Tumors were
weighed (b) and tumor volume (c) was evaluated every 3 days. The
data were presented as the mean +SD (n = 3), ** P< 001
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KDM5B knockdown arrests the cell cycle at G1/S phase in
HCC cells

To further assess the mechanism of growth suppression
induced by KDM5B knockdown, we performed a flow
cytometry to analyze the cell cycle status of cancer cells
of cells with or without KDM5B depletion. The results
showed that the fraction of HCC cells at the G1 phase
was significantly higher in cells treated with siKDM5B
than in those treated with control siRNAs, while the
proportion in S phase was remarkably decreased (Fig. 5a
and b). To investigate whether knock-down of KDM5B
suppressed proliferation in HCC cells through apoptosis
and senescence, we performed FACS assays and
senescence-associated (SA) [-galactosidase (SA-B-gal)
analysis, respectively. However, no apparent difference was
observed in apoptotic cells (Additional file 1: Figure S1A)
and senescent cells (Additional file 1: Figure S1B) between
Hep-3B cells with or without KDM5B knockdown. Taken
together, these data demonstrated that KDM5B affects
HCC cell proliferation through cell cycle arrest, other than
inducing cell apoptosis or senescence.

KDM5B negatively regulates the expression of the p15
and p27

The regulation of G1-S phase transition is governed by
cyclins, cyclin-dependent kinases (CDKs), and cyclin-
dependent kinase inhibitors (CDKIs). So we detected
whether the expression of these genes was altered by
KDM5B knockdown in HCC cells using quantitative
real-time PCR. Interestingly, KDM5B depletion notably
increased the mRNA expression of pl5 and p27 in the
Hep3B cell line. In contrast to p15 and p27, expression
of other genes such as pl4 and pl6 were inconsistently
or weakly affected by KDM5B knockdown. Similar re-
sults were obtained in the Focus cell line, indicating that
KDM5B regulates pl5 and p27 mRNA expression in
multiple HCC cell lines (Fig. 6a). In addition, western
blot results demonstrated that the protein levels of p15
and p27 were also increased with KDM5B silencing in
Hep3B and Focus cells (Fig. 6b). We further examined
whether p15 and p27 mRNA levels were in relation to
KDMS5B expression in 15 HCC cell lines by the Pearson
correlation analysis. Results showed that CDKI expres-
sion was negatively correlated with KDM5B expression
in the examined HCC cell lines (Fig. 6¢). These data sug-
gested that pl5 and p27 expression can be negatively
regulated by KDM5B in HCC cells.

Loss of the KDM5B occupancy was coupled with elevated
H3-K4 trimethylation on the p15 and p27 promoters in
KDM5B-depleted HCC cells

Since p15 and p27 expression were regulated by KDM5B
at both mRNA and protein levels, we speculated
whether these 2 genes are direct targets of KDM5B.
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Chromatin immunoprecipitation assay was thus per-
formed to determine an association of KDM5B with p15
and p27 promoters. In the cells treated with control
siRNA, KDM5B occupancy on the promoter region of
the 2 genes was readily detectable. In contrast, knocking
down KDMS5B abolished its association with these
promoter sequences (Fig. 7a and b). Moreover, KDM5B
depletion led to significantly enhanced H3-K4 trimethy-
lation at the proximal promoter region of pl5 and p27
genes (Fig. 7a and b). These consistent results suggested

that p15 and p27 are candidate direct target genes nega-
tively regulated by KDM5B in HCC cells.

KDM5B regulates HCC cell growth in a p15- and

p27- dependent manner

To determine whether p15 and p27 are key mediators of
KDM5B's function in cellular proliferation, we assessed
the colony formation when both KDM5B and pl5 or
p27 were simultaneously silenced via RNAi (Fig. 8a).
Interestingly, RNAi against pl5 or p27 could largely
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rescue the inhibitory effect of KDM5B knockdown on
colony formation in Hep3B (Fig. 8b) and Focus (Fig. 8¢)
cells. These results indicated that the inhibition of cellu-
lar proliferation caused by KDM5B knockdown are
dependent largely on the up-regulation of p15 and p27.

Discussion

Hepatocellular carcinoma (HCC) is a worldwide malig-
nancy with a high mobility and mortality, especially in
China. The long-term survival rate for HCC remains

poor despite advanced therapeutic modalities and strat-
egies such as surgery, chemotherapy and radiotherapy.
Therefore, better understanding of the pathogenesis of
HCC and exploring novel therapeutic approaches against
drug targets are urgently needed.

Emerging evidence has indicated that a number of his-
tone methylation modifiers are dysregulated in tumors
and are critical for oncogenic phenotypes [35-38].
Jumonji C (JmjC) domain containing protein has been
identified to possess histone demethylase activity and
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play important roles in cancer ignition and progression.
KDM5B, a member of the KDM5 family of proteins, has
recently been shown to possess H3-K4 demethylase ac-
tivity and exhibit oncogenic activities in several human
cancers. However, whether and how KDM5B is involved
in HCC progression is still unknown. Here, we provided
evidence that KDM5B was frequently up-regulated in
HCC tissues and that its expression in HCC cells is re-
quired to repress the transcription of multiple CDKIs
and to maintain sustained proliferation of cancer cells.
These immortal malignant cells undergo cell cycle arrest
and lose clonogenic potentials when KDM5B is knocked
down. Therefore, we speculated that the aberrant ex-
pression of KDM5B might be an important epigenetic
factor involved in the pathogenesis of HCC.

The effect of KDM5B inhibition on cell proliferation is
not cell type or context-specific, since we observed simi-
lar phenotypic changes in two different HCC cell lines
(Hep3B and Focus) upon KDM5B knockdown. Analysis
of cell cycle distribution revealed that KDM5B depletion
led to an obvious arrest at GO/G1 phase. Moreover,
results of FACS assays and senescence-associated (SA)
[B-galactosidase (SA-B-gal) analysis excluded the possibil-
ity that KDM5B knockdown affected HCC cell proli-
feration through apoptosis or senescence. Therefore, we
decided to lay emphasis on some molecules involved in

the regulation of G1-S phase transition. P15, a member
of the INK4 family of cyclin-dependent kinase inhibitors,
is capable of inducing cell cycle arrest in G1 phase and
has been identified as a tumor suppressor, as well as the
other two INK4 family members p16 and pl4 [39, 40].
P27 is also a cyclin-dependent kinase inhibitor and can
block the cell cycle at GO/G1 phase upon differentiation
signals or cellular insult. The degradation of p27 protein
is required for the cellular transition from quiescence to
the proliferative state [41-43]. H3-K4 methylation and
demethylation are prevalent marks associated with tran-
scription activation and repression. KDM5B, which is a
histone demethylase specific for di- and trimethylated
H3-K4, is believed to act as a transcriptional repressor
partly through inhibiting H3-K4 methylation at its target
promoters. Actually, KDM5B has been implicated in si-
lencing tumor suppressor genes such as BRCA, p21 and
TIEGI through its demethylase activity [25, 28, 44]. Ac-
cording to this model, our findings provide evidence that
pl5 and p27 are all the direct targets of KDM5B in
HCC. First, our current results demonstrated that deple-
tion of KDM5B notably up-regulated the mRNA and
protein expression of p15 and p27. In addition, KDM5B
was associated with the proximal promoter sequences of
these 2 genes. When knocked down, KDM5B occupancy
on these promoters was lost, which was coupled with
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highly elevated H3-K4 trimethylation locally. Moreover,
loss of p15 and p27 function could largely rescue the anti-
proliferation effect of KDM5B depletion on HCC cells, al-
though the recovery was not 100 % efficient compared with
control cells. Given the fact that these 2 proteins are tumor
suppressors by negatively regulating cell cycle progression,
we conclude that up-regulation of KDM5B may act as a
proto-oncogene which functions at least partially by repres-
sing tumor suppressors through its demethylase activity.

Conclusions

In conclusion, our results suggest that KDM5B is over-
expressed in the vast majority of HCC specimens and
that its depletion leads to highly impaired clonogenesis

and cell cycle arrest through up-regulation of p15 and
p27. Therefore, KDM5B could be a potentially thera-
peutic target, which provides a rationale for the develop-
ment of histone demethylase inhibitors as a strategy
against HCC.

Additional file

Additional file 1: Figure S1. Knockdown of KDM5B has no obvious
effect on apoptosis and senescence of HCC cells. (A) FACS assays was
performed to detect the difference in apoptotic cells between Hep-3B
cells with or without KDM5B knockdown. (B) Senescence-associated (SA)
B-galactosidase (SA-B-gal) analysis was performed to detect the difference
in apoptotic cells between Hep-3B cells with or without KDM5B knockdown.
The data were presented as the mean + SD (n = 3), NS, not significant,

**P <001, and *** P < 0.001. (DOCX 656 kb)



dx.doi.org/10.1186/s13046-016-0311-5

Wang et al. Journal of Experimental & Clinical Cancer Research (2016) 35:37

Abbreviations

HCC: hepatocellular carcinoma; KDM5B: lysine (K)-specific demethylase 5B;
shRNA: short hairpin RNA; siRNA: small interference RNA; ChIP: chromatin
immunoprecipitation; GEO: gene expression omnibus; CDKN1B: cyclin-
dependent kinase inhibitor 1B (P27); CDKN2B: cyclin-dependent kinase
inhibitor 2B (P15).

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

Authors’ contributions

XCL conceived and designed the experiments. DW, SH and RP performed
the experiments. XW, CYJ, XXY and RJY analyzed the data. XCL supervised
the whole experimental work and revised the manuscript. DW, SH, RP and
XCL wrote the paper. All authors read and approved the manuscript.

Acknowledgements
This work was supported by natural science foundation of China
(grant number 81170415).

Author details

'Liver Transplantation Center, Key Laboratory of Living Donor Liver
Transplantation, Ministry of Public Health, First Affiliated Hospital of Nanjing
Medical University, 300 Guangzhou Road, Nanjing 210029, China.
“Department of General Surgery, Nanjing Medical University Affiliated Cancer
Hospital, Cancer Institute of Jiangsu Province, Nanjing, China.

Received: 7 January 2016 Accepted: 19 February 2016
Published online: 25 February 2016

References

1. Esteller M. Epigenetics in cancer. N Engl J Med. 2008;358(11):1148-59.

2. Dawson MA, Kouzarides T. Cancer epigenetics: from mechanism to therapy.
Cell. 2012;150(1):12-27.

3. HeF LiJ, Xul Zhang S, Xu 'Y, Zhao W, Yin Z, Wang X. Decreased
expression of ARID1A associates with poor prognosis and promotes
metastases of hepatocellular carcinoma. J Exp Clin Cancer Res. 2015;34:47.

4. Robertson AG, Bilenky M, Tam A, Zhao Y, Zeng T, Thiessen N, Cezard T, Fejes AP,
Wederell ED, Cullum R, et al. Genome-wide relationship between histone H3
lysine 4 mono- and tri-methylation and transcription factor binding. Genome
Res. 2008;18(12):1906-17.

5. Martin C, Zhang Y. The diverse functions of histone lysine methylation.

Nat Rev Mol Cell Biol. 2005;6(11):838-49.

6. Wagner KW, Alam H, Dhar SS, Giri U, Li N, Wei Y, Giri D, Cascone T, Kim JH,
Ye Y, et al. KDM2A promotes lung tumorigenesis by epigenetically
enhancing ERK1/2 signaling. J Clin Invest. 2013;123(12):5231-46.

7. Ful,ChenL, Yang J, Ye T, Chen Y, Fang J. HIF-1alpha-induced histone
demethylase JMJD2B contributes to the malignant phenotype of colorectal
cancer cells via an epigenetic mechanism. Carcinogenesis. 2012;33(9):1664-73.

8. Teng YC, Lee CF, Li YS, Chen YR, Hsiao PW, Chan MY, Lin FM, Huang HD,
Chen YT, Jeng YM et al. Histone demethylase RBP2 promotes lung
tumorigenesis and cancer metastasis. Cancer Res. 2013;73(15):4711-21.

9. Kogure M, Takawa M, Cho HS, Toyokawa G, Hayashi K, Tsunoda T, Kobayashi T,
Daigo Y, Sugiyama M, Atomi Y, et al. Deregulation of the histone demethylase
JMID2A is involved in human carcinogenesis through regulation of the G(1)/S
transition. Cancer Lett. 2013;336(1):76-84.

10. Jemal A, Bray F, Center MM, Ferlay J, Ward E, Forman D. Global cancer
statistics. CA Cancer J Clin. 2011,61(2):69-90.

11. Sandhu DS, Baichoo E, Roberts LR. Fibroblast growth factor signaling in liver
carcinogenesis. Hepatology. 2014;59(3):1166-73.

12. Steinway SN, Zanudo JG, Ding W, Rountree CB, Feith DJ, Loughran Jr TP,
Albert R. Network modeling of TGFbeta signaling in hepatocellular
carcinoma epithelial-to-mesenchymal transition reveals joint sonic
hedgehog and Wnt pathway activation. Cancer Res. 2014;74(21):5963-77.

13. Fuchs BC, Hoshida Y, Fuijii T, Wei L, Yamada S, Lauwers GY, McGinn CM,
DePeralta DK, Chen X, Kuroda T et al. Epidermal growth factor receptor
inhibition attenuates liver fibrosis and development of hepatocellular
carcinoma. Hepatology. 2014;59(4):1577-90.

14. Wan S, Zhao E, Kryczek |, Vatan L, Sadovskaya A, Ludema G, Simeone DM,
Zou W, Welling TH. Tumor-associated macrophages produce interleukin 6

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34,

Page 12 of 13

and signal via STAT3 to promote expansion of human hepatocellular
carcinoma stem cells. Gastroenterology. 2014;147(6):1393-404.

Chang L, Li C, Guo T, Wang H, Ma W, Yuan Y, Liu Q, Ye Q, Liu Z. The human
RNA surveillance factor UPF1 regulates tumorigenesis by targeting Smad7
in hepatocellular carcinoma. J Exp Clin Cancer Res. 2016;35(1):8.

Lu PJ, Sundquist K, Baeckstrom D, Poulsom R, Hanby A, Meier-Ewert S,
Freemont P, et al. A novel gene (PLU-1) containing highly conserved
putative DNA/chromatin binding motifs is specifically up-regulated in breast
cancer. J Biol Chem. 1999;274(22):15633-45.

Barrett A, Madsen B, Copier J, Lu PJ, Cooper L, Scibetta AG, Burchell J,
Taylor-Papadimitriou J. PLU-1 nuclear protein, which is upregulated in
breast cancer, shows restricted expression in normal human adult tissues: a
new cancer/testis antigen? Int J Cancer J Int du Cancer. 2002;101(6):581-8.
Schmitz SU, Albert M, Malatesta M, Morey L, Johansen JV, Bak M, Tommerup N,
Abarrategui |, Helin K. Jarid1b targets genes regulating development and is
involved in neural differentiation. EMBO J. 2011;30(22):4586-600.

Hayami S, Yoshimatsu M, Veerakumarasivam A, Unoki M, Iwai Y, Tsunoda T,
Field HI, Kelly JD, Neal DE, Yamaue H, et al. Overexpression of the JmjC
histone demethylase KDM5B in human carcinogenesis: involvement in the
proliferation of cancer cells through the E2F/RB pathway. Mol Cancer.
2010;9:59.

Rao M, Chinnasamy N, Hong JA, Zhang Y, Zhang M, Xi S, Liu F, Marquez VE,
Morgan RA, Schrump DS. Inhibition of histone lysine methylation enhances
cancer-testis antigen expression in lung cancer cells: implications for
adoptive immunotherapy of cancer. Cancer Res. 2011;71(12):4192-204.
Ohta K, Haraguchi N, Kano Y, Kagawa Y, Konno M, Nishikawa S, Hamabe A,
Hasegawa S, Ogawa H, Fukusumi T, et al. Depletion of JARID1B
induces cellular senescence in human colorectal cancer. Int J Oncol.
2013;42(4):1212-8.

Xiang Y, Zhu Z, Han G, Ye X, Xu B, Peng Z, Ma Y, Yu Y, Lin H, Chen AP, et al.
JARID1B is a histone H3 lysine 4 demethylase up-regulated in prostate
cancer. Proc Natl Acad Sci U S A. 2007:104(49):19226-31.

Li J, Wan X, Qiang W, Li T, Huang W, Huang S, Wu D, Li Y. MiR-29a
suppresses prostate cell proliferation and induces apoptosis via KDM5B
protein regulation. Int J Clin Exp Med. 2015;8(4):5329-39.

Wang Z Tang F, Qi G, Yuan S, Zhang G, Tang B, He S. KDM5B is
overexpressed in gastric cancer and is required for gastric cancer cell
proliferation and metastasis. Am J Cancer Res. 2015;5(1):87-100.

Dai B, Hu Z, Huang H, Zhu G, Xiao Z, Wan W, Zhang P, Jia W, Zhang L.
Overexpressed KDM5B is associated with the progression of glioma and
promotes glioma cell growth via downregulating p21. Biochem Biophys Res
Commun. 2014,454(1):221-7.

Wang L, Mao Y, Du G, He C, Han S. Overexpression of JARID1B is associated
with poor prognosis and chemotherapy resistance in epithelial ovarian
cancer. Tumour Biol. 2015;36(4):2465-72.

Roesch A, Mueller AM, Stempfl T, Moehle C, Landthaler M, Vogt T. RBP2-H1/
JARID1B is a transcriptional regulator with a tumor suppressive potential in
melanoma cells. Int J Cancer J Int du Cancer. 2008;122(5):1047-57.

Yamane K, Tateishi K, Klose RJ, Fang J, Fabrizio LA, Erdjument-Bromage H,
Taylor-Papadimitriou J, Tempst P, Zhang Y. PLU-1 is an H3K4 demethylase
involved in transcriptional repression and breast cancer cell proliferation.
Mol Cell. 2007;25(6):801-12.

Christensen J, Agger K, Cloos PA, Pasini D, Rose S, Sennels L, Rappsilber J,
Hansen KH, Salcini AE, Helin K. RBP2 belongs to a family of demethylases,
specific for tri-and dimethylated lysine 4 on histone 3. Cell.
2007;128(6):1063-76.

Yoshida M, Ishimura A, Terashima M, Enkhbaatar Z, Nozaki N, Satou K,
Suzuki T. PLUT histone demethylase decreases the expression of KATS and
enhances the invasive activity of the cells. Biochem J. 2011;437(3):555-64.
Enkhbaatar Z, Terashima M, Oktyabri D, Tange S, Ishimura A, Yano S, Suzuki T.
KDM5B histone demethylase controls epithelial-mesenchymal transition of
cancer cells by regulating the expression of the microRNA-200 family.

Cell Cycle. 2013;12(13):2100-12.

Blair LP, Cao J, Zou MR, Sayegh J, Yan Q. Epigenetic Regulation by Lysine
Demethylase 5 (KDMS5) Enzymes in Cancer. Cancers. 2011;3(1):1383-404.
Sayegh J, Cao J, Zou MR, Morales A, Blair LP, Norcia M, Hoyer D, Tackett AJ,
Merkel JS, Yan Q. Identification of small molecule inhibitors of Jumonji AT-
rich interactive domain 1B (JARID1B) histone demethylase by a sensitive
high throughput screen. J Biol Chem. 2013,;288(13):9408-17.

Rasmussen PB, Staller P. The KDM5 family of histone demethylases as
targets in oncology drug discovery. Epigenomics. 2014,6(3):277-86.



Wang et al. Journal of Experimental & Clinical Cancer Research (2016) 35:37

35.

36.

37.

38.

39.

40.

41,

42.

43.

44,

Tokunaga R, Sakamoto Y, Nakagawa S, Miyake K, Izumi D, Kosumi K, Taki K,
Higashi T, Imamura Y, Ishimoto T, et al. The Prognostic Significance of
Histone Lysine Demethylase JMJD3/KDM6B in Colorectal Cancer. Ann Surg
Oncol 2016;23(2):678-685.

Ma J, Wang N, Zhang Y, Wang C, Ge T, Jin H, Deng X, Huo X, Gu D, Ge Z, et al.
KDMEB Elicits Cell Apoptosis by Promoting Nuclear Translocation of FOXOT1 in
Non-Small Cell Lung Cancer. Cell Physiol Biochem. 2015;37(1):201-13.

Fan L, Peng G, Sahgal N, Fazli L, Gleave M, Zhang Y, Hussain A, Qi J.
Regulation of c-Myc expression by the histone demethylase JMID1A is
essential for prostate cancer cell growth and survival. Oncogene. 2015:309
Li BX, Zhang MC, Luo CL, Yang P, Li H, Xu HM, Xu HF, Shen YW, Xue AM,
Zhao ZQ. Effects of RNA interference-mediated gene silencing of JMJD2A
on human breast cancer cell line MDA-MB-231 in vitro. J Exp Clin Cancer
Res. 2011;30:90.

Gil J, Peters G. Regulation of the INK4b-ARF-INK4a tumour suppressor locus:
all for one or one for all. Nat Rev Mol Cell Biol. 2006;7(9):667-77.
Krimpenfort P, ljpenberg A, Song JY, van der Valk M, Nawijn M, Zevenhoven J,
Berns A. p15Inkdb is a critical tumour suppressor in the absence of p16Ink4a.
Nature. 2007;448(7156):943-6.

Moller MB. P27 in cell cycle control and cancer. Leuk Lymphoma.
2000;39(1-2):19-27.

Hnit SS, Xie C, Yao M, Holst J, Bensoussan A, De Souza P, Li Z, Dong Q. p27
signaling: Transcriptional and post-translational regulation. Int J Biochem
Cell Biol. 2015,68:9-14.

Liu'S, Yin F, Fan W, Wang S, Guo XR, Zhang JN, Tian ZM, Fan M. Over-
expression of BMPR-IB reduces the malignancy of glioblastoma cells by
upregulation of p21 and p27Kip1. J Exp Clin Cancer Res. 2012;31:52.

Kim J, Shin S, Subramaniam M, Bruinsma E, Kim TD, Hawse JR, Spelsberg TC,
Janknecht R. Histone demethylase JARID1B/KDM5B is a corepressor of
TIEG1/KLF10. Biochem Biophys Res Commun. 2010;401(3):412-6.

Page 13 of 13

Submit your next manuscript to BioMed Central
and we will help you at every step:

* We accept pre-submission inquiries

e Our selector tool helps you to find the most relevant journal

* We provide round the clock customer support

e Convenient online submission

e Thorough peer review

e Inclusion in PubMed and all major indexing services

e Maximum visibility for your research

Submit your manuscript at

www.biomedcentral.com/submit () BioMed Central




	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	Tissue specimens
	Cell culture and culture conditions
	RNA extraction and quantitative real-time PCR
	RNA interference and cell transfection
	Cell proliferation
	Colony formation
	Experiment in vivo
	Cell cycle analysis
	Protein extraction and western blot analysis
	Chromatin immunoprecipitation assays (ChIP)
	Statistical analysis

	Results
	KDM5B is frequently up-regulated in HCC tissues and �cell lines
	KDM5B mRNA level is associated with clinicopathologic characteristics of HCC and high KDM5B expression predicts poor survival in HCC patients
	KDM5B knockdown inhibits cell viability and colony formation
	KDM5B knockdown suppresses tumorigenicity and reduces tumor burden
	KDM5B knockdown arrests the cell cycle at G1/S phase in HCC cells
	KDM5B negatively regulates the expression of the p15 and p27
	Loss of the KDM5B occupancy was coupled with elevated H3-K4 trimethylation on the p15 and p27 promoters in KDM5B-depleted HCC cells
	KDM5B regulates HCC cell growth in a p15- and �p27- dependent manner

	Discussion
	Conclusions
	Additional file
	Abbreviations
	Competing interests
	Authors’ contributions
	Acknowledgements
	Author details
	References



