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Abstract: The apoptosis machinery is compromised in liver cancer (LC). The underlying mechanism needs to be
further investigated. Histone deacetylases (HDAC) have multiple and strong biochemical activities. This study tests
a hypothesis that HDAC11 prevents LC cell (LCC) apoptosis via modulating the p53 gene transcription. In this study,
the LC tissues were collected from patients with LC. The LCCs were purified by magnetic cell sorting. The gene tran-
scription activities of the LCCs were analyzed by immunoprecipitation (IP) and chromatin IP. We observed that the
LCCs expressed high levels of HDAC11, which was negatively correlated with the expression of p53 in LCCs. Further
findings indicated that HDAC11 formed a complex with Egrl, the transcription factor of p53. HDAC11 induced Egrl
deacetylation and thus prevented the p53 gene transcription. Over expression of HDAC11 in liver cells inhibited the
cell apoptosis. Inhibition of the expression of HDAC11 in LCCs promoted the LCC apoptosis. In conclusion, HDAC11
plays a critical role in the compromising the expression p53 in LCC, which can be reversed by the inhibition of

HDAC11. To regulate HDAC11 may have therapeutic potential for LC treatment.
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Introduction

Liver cancer (LC) is cancer that starts in the
liver, also known as hepatic cancer and primary
hepatic cancer. LC is one of the leading death
causes of human beings [1]. About 60 million
people died of LC worldwide each year [2]. LC
symptoms may include pain or a lump in the
right side below the rib cage, abdominal swell-
ing, yellowish skin, easy bruising, weight loss,
and weakness [3]. The pathological types of LC
include hepatocellular cancer and intrahepatic
bile duct cancer [4]. The risk factors of LC have
been suggested; such as alcoholic [4], hepatitis
B infection [6], etc., however, the prevalence of
LC still rises [4]. The pathogenesis of LC is to be
further investigated.

It is proposed that the deregulation of apopto-
sis is one of the causative factors of cancer [7].
Apoptosis is also called as programmed cell
death. It is a physiological phenomenon in mul-
tiple cell organisms. Biochemical events au-
tomatically occur in cells to lead to characteris-
tic cell changes and death of the cells [8].

Apoptosis can also be regulated by certain bio-
chemical events; such as tumor necrosis factor
can trigger apoptosis in cells [9]; Bcl2 inhibits
apoptosis [10]. The deregulation of apoptosis is
found in LC cells (LCCs) [11]. It is suggested that
to regulate apoptosis can facilitate the treat-
ment of LC [12]. The Fas/Fas ligand pathway
and p53 pathway are the major regulators of
apoptosis; to activate either of which can trig-
ger LCC apoptosis [13]. Yet, the precise mecha-
nism of apoptosis regulation is still not fully
understood.

Published data indicate that the deregulation of
histone deacetylases (HDAC) is associated with
the pathogenesis of LC [14]. HDAC is a group of
enzyme involving in gene transcription. This
enzyme removes acetyls from histones to let
histones wrap chromatin more tightly to attenu-
ate or inhibit gene transcription [15]. HDAC is
also involved in the regulation of apoptosis in
LC [14]. The deregulation of HDAC and p53 was
found in the experimental LC by recent studies
[16]. Based on above information, we hypothe-
size that HDAC down regulate p53 expression in
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Table 1. Demographic data of LC patients

Male/female 10/10

Age 61.3+13.6

HBsAg positive 12 (60%)

Anti-HCV positive 8 (40%)

Serum biochemistry tests
Albumin 3.8+ 1.5g/dl
Total bilirubin 0.88 + 0.5 mg/dl
ALT 40.8 + 8.6 U/I
AST 41.2 £+ 6.9 U/I
Creatinine 0.96 + 0.31 mg/dl
Alk-p 78.6 +11.3 U/I
AFP 18.5 £ 5.8 ng/ml
Tumor size 2.8+ 1.5cm
Metastasis 0

AFP: alpha-fetoprotein; Alk-p: alkaline phosphate; ALT:
alanine aminotransferase; AST: aspartate aminotransfer-
ase; HBsAg: hepatitis B surface antigen; HCV: hepatitis
C virus.

LCCs to interfere with apoptosis of LCCs. To
test the hypothesis, we collected human LCCs
to be analyzed. The results showed that the
p53 expression was lower in LCCs. The levels of
HDAC11 were higher in LCCs. A negative corre-
lation was detected between p53 and HDAC11
in LCCs. Inhibition of HDAC11 could reverse the
expression of p53 in LCCs.

Materials and methods
Reagents

The antibodies of HDAC11 (c-5), p53 (DO-7),
Egrl (588), acetylated histone (acH)3 (AH3-
120), acH4 (B-10) and RNA polymerase Il (1.
BB.61) were purchased from Santa Cruz
Biotech (Santa Cruz, CA). The Annexin V Kit,
reagents for immmunoprecipitation (IP) and chro-
matin IP (ChIP) were purchased from Sigma
Aldrich (St. Louis., MO). The reagents for lucifer-
ase assay, real time RT-PCR and Western blot-
ting were purchased from Invitrogen (Carlsbad,
CA). The immune cell isolation kits were pur-
chased from Miltenyi Biotech (San Diego, CA).

LC patients

Twenty LC patients were recruited into the pres-
ent study at the Second Affiliated Hospital of
Nanchang University. The demographic data
of the patients are presented in Table 1. The
diagnosis of LC was carried out by our surgeons
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and pathologists. All the LC patients were treat-
ed with surgery to remove the tumors by our
surgeons. The surgically removed LC tissues
were collected for further experiments. The
marginal normal tissues were separated (con-
firmed by pathological procedures) used as
controls. Patients with following conditions
were excluded: Using immune suppressor or
other antitumor medicines in the past two
months; suffering from allergic disorders or
other immune diseases; treated with radiother-
apy. The using human tissue in the present
study was approved by the Human Ethics
Committee at Nanchang University. An informed
written consent was obtained from each
patient.

Preparation of LCCs (LCC) and normal liver
cells (NLC)

The LC tissues and normal liver tissues were
cut into small pieces and incubated with colla-
genase IV (1 mg/ml) for 2 h at 37°C with mild
agitation. The samples were filtered through a
cell strainer (100 ym first, then 70 um). The
single cells were collected by centrifugation.
The immune cells, including CD3, CD19, CD14,
CD11c/b, CD68 positive cells, were selected
out by magnetic cell sorting (MACS) with com-
mercial reagent kits following the manufacturer
instructions. The remained cells were used as
LCC or NLC.

Cell culture

The HEK293 cells (ATCC), LCCs and NLCs were
cultured with DMEM supplemented with 10%
fetal bovine serum, 100 U/ml penicillin, 0.1
mg/ml streptomycin and 2 mM L-glutamine.
The medium was changed in 1 or 2 days. The
cell viability was greater than 98% as checked
by the Trypan blue exclusion assay.

Real time quantitative RT-PCR (RT-qPCR)

The total RNAs were extracted from the NLCs
and LCCs using the TRIzol reagents. The cDNA
was synthesized with a reverse transcription kit
following the manufacturer instructions. The
samples were amplified in a qPCR device with
the SYBR Green Master Mix. The primers used
in the present study include p53 (gtccagat-
gaagctcccaga and caagaagcccagacggaaac)
and HDAC11 (tgtctacaaccgccacatct and cggt-
gectgeattgtatacce). The results were presented
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as fold change against the internal housekeep-
ing gene B-actin.

Preparation of protein extracts

The cells were lysed with a cell lysing buffer.
The lysates were centrifuged at 15000 rpm for
10 min. The supernatant was collected and
used as the cytosolic extracts. The pellets were
incubated with a nuclear lysing buffer for 30
min. After centrifuging at 15000 rpm for 10
min, the supernatant was collected and used
as the nuclear extracts. All the procedures were
performed at 4°C.

Western blotting

The total proteins were extracted from the
NLCs and LCCs, fractioned by SDS-PAGE, and
transferred onto a PVDF membrane. The mem-
brane was blocked by incubating with 5% skim
milk for 30 min, incubated with the primary
antibodies of interest or isotype IgG overnight
at 4°C, washed with TBST (Tris-buffered saline
Tween 20), incubated with the secondary anti-
bodies for 1 h at room temperature and washed
with TBST. The immune blots on the membrane
were developed by the enhanced chemilumi-
nescence and photographed with an imaging
device.

Immunoprecipitation (IP)

The protein extracts were precleared by incu-
bating with protein G sepharose for 2 h. The
samples were centrifuged at 15000 rpm for 10
min. The supernatant was collected and incu-
bated with antibodies of interest or isotype I1gG
overnight. The immune complexes were precipi-
tated by incubating with protein G sepharose
for 2 h. The proteins on the sepharose beds
were eluted with an eluting buffer and analyzed
by Western blotting. All the procedures were
performed at 4°C.

Chromatin IP (ChIP)

The cells were fixed with 1% formalin for 15
min, lysed with a lysing buffer. The samples
were sonicated to shear the DNA into small
pieces and subjected to the IP procedures. The
protein/DNA complexes on the sepharose
needs were eluted with an eluting buffer. The
DNA was recovered from the samples and ana-
lyzed by qPCR with the presence of TP53 pro-
moter primers (ctgagagcaaacgcaaaagc and
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ggaaatggagttggggagga). The results were pre-
sented as fold change against the input. All the
procedures were performed at 4°C.

Plasmids and luciferase activity assay

The plasmids of HDAC11, Egrl and TP53
(tagged by a luciferase gene) were provided
by the Sangon Biotech (Shanghai, China).
HEK293 cells were transfected with these
plasmids following the manufacturer’s instruc-
tions. Forty-eight hours after the transfection,
the cells were collected. The expression of
HDAC11 and Egrl was assessed by Western
blotting. The expression of TP53 was assessed
by PCR. The luciferase activities were assessed
using a Dual-Luciferase Reporter Assay System
(Promega).

Assessment of apoptosis

The cells were collected from relevant experi-
ments, stained with annexin V reagents and
propidium iodide, and analyzed with a flow
cytometer. The data were analyzed with soft-
ware flowjo. Data from non-staining cells were
used as a gating reference.

Overexpression of HDAC11 in NLCs

NLCs were prepared as described above.
HDAC11-expressing plasmids were provided by
Sangon Biotech (Shanghai, China). NLCs were
transfected with HDAC11-expressing plasmids
or control plasmids following the manufactur-
er’s instructions. The effects of plasmid trans-
fection were assessed 48 h later with Western
blotting.

Statistics

The data are presented as mean and SD. The
difference between two groups was determin-
ed by Student t test. ANOVA followed by Du-
nnett’s t test or SNK test was used for multiple
comparisons. P < 0.05 was set as a significant
criterion.

Results
HDAC11 expression is higher in LCCs

Published data show that HDACs are associat-
ed with the pathogenesis of cancer [17]; the
underlying mechanism is to be further investi-
gated. Therefore, surgically removed LC tissues
were collected from the operation rooms. The
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Figure 1. LCCs show higher levels of HDAC11. The surgically removed LC tis-
sues were collected from 20 LC patients. The LCCs and NLCs were prepared.
Total RNA and protein were extracted from the LCCs and NLCs. The samples
were analyzed by RT-qPCR and Western blotting, respectively. A. The bars
indicate the HDAC mRNA levels. B. The immune blots indicate the protein
levels of HDAC11. The data of bars are presented as mean + SD. *P < 0.01,
compared with the NLCs. Samples from individual patients were analyzed
individually. Each experiment was repeated 3 times.
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Figure 2. Expression of p53 and its correlation with HDAC11 in LCCs. The
NLCs and LCCs were prepared the same as Figure 1. The samples were ana-
lyzed by RT-gPCR and Western blotting. A. The bars indicate the p53 mRNA
levels. B. The immune blots indicate the p53 protein levels. C. The dot plots
indicate the correlation between p53 mRNA and HDAC11 mRNA in LCCs.
The data of bars are presented as mean + SD. *P < 0.01, compared with

dysfunction of p53 plays a
role in the deregulation of
apoptosis [19]. Thus, the data
of Figure 1 imply that the
HDAC11 may be associated
with the dysfunction of p53 in
LCCs. To test this, we exam-
ined the expression of p53
in LCCs. The data showed
that moderately expression of
p53 was detected in NLCs,
which was significantly less in
LCCs (Figure 2A, 2B). A nega-
tive correlation was detected
between the data of HDAC11
and p53 in LCCs (Figure 2C).
The data imply that HDAC11
may alter the expression of
p53 in LCCs.

HDAC11 prevents TP53 tran-
scription factor from binding
to the TP53 promoters

We next performed an immu-
noprecipitation (IP) assay with
NLCs and LCCs. The results
showed a complex of HDAC11
and Egrl, the transcription
factor of TP53, in LCCs, which
was significantly less in NLCs

the NLC. Samples from individual patients were analyzed individually. Each

experiment was repeated 3 times.

marginal normal tissues were collected to be
used as normal liver tissues after confirmed by
pathological examination. The LCCs and nor-
mal liver cells (NLC) were isolated from the tis-
sues. The total RNAs were extracted from the
LCCs and the NLCs; the samples were screened
by RT-gPCR for the expression of the 11 sub-
types of HDAC. The results showed that levels
of HDAC1, 2, 6 and 11 were higher than the
rest 7 subtypes of HDAC, while levels of HDAC11
were significantly higher in LCCs than that in
NLCs (Figure 1A). The highly expression of
HDAC11 by LCCs was further confirmed by
analysis of Western blotting (Figure 1B).

Expression of p53 is negatively correlated with
HDAC11 in LCCs

The deregulation of apoptosis is an important
factor in the pathogenesis of cancer [18]. The
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(Figure 3A). To test if such a
physical contact between
HDAC11 and Egrl altering
the acetylation status of Egri,
the cell lysates were precipitated with an anti-
Egrl antibody and stained with anti-Egrl or an
anti-acetylated lysine antibody. The results
showed that levels of acetylated lysine were
significantly less in LCCs (Figure 3B). Next, the
binding of Egrl to the TP53 promoter was
assessed by ChlIP assay with the samples. The
results showed that levels of Egrl were much
less in LCCs than that of NLCs (Figure 3C). The
results demonstrate that HDAC11 physically
contacts Egrl to deacetylate the Egrl and pre-
vents Egrl from binding to the TP53 promoter
in LCCs.

HDAC11 prevents the TP53 promoter transac-
tivation in LCCs

Data of Figure 3 imply that HDAC11 may alter
TP53 promoter activation status. To test this,
samples from NLCs and LCCs were analyzed by
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Figure 3. HDAC11 prevents Egrl from binding to the TP53 promoters. The preparation of NLCs and LCCs were the
same as Figure 1. A. IP data show a complex of HDAC11 and Egrl in the NLCs and LCCs. B. The immune blots indi-
cate the acetylated Egrl levels in the NLCs and LCCs. C. The ChIP data show the Egrl levels at the TP53 promoter
locus in the NLCs and LCCs. The data of bars are presented as mean + SD. *P < 0.01, compared with the NLC.
Samples from individual patients were analyzed individually. Each experiment was repeated 3 times.
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Figure 4. HDAC11 modulates TP53 promoter activities in NLC and LCC. (A-C) The preparation of NLC and LCC was
the same as Figure 1. The nuclear extracts were analyzed by ChlP. The bars indicate the levels of acH3 (A), acH4 (B)
and RNA polymerase Il (Pol ll; C) at the TP53 promoter locus of NLCs and LCCs. (D) HEK293 cells were transfected
with plasmids of HDAC11, Egr1 and TP53, or control vectors. Two days later, the cells were analyzed by Western blot-
ting and PCR respectively. The immune blots show the effects of the gene transfection. (E) The cells were analyzed
by luciferase (Luc) activity assay. The bars indicate the luciferase activities in HEK293 cells. Doxo: Cells were ex-
posed to doxorubicin (2 uM) in the culture. The data of bars are presented as mean + SD. *P < 0.01, compared with
the NLC (A-C) or cells without transfecting the HDAC11 vectors (E). The data represent 3 independent experiments.

ChlIP. The results showed that levels of acety- constructed plasmids of HDAC11, Egrl and a
lated histone (acH)3, acH4 and RNA poly- TP53 promoter luciferase reporter. Constructs
merase |l (Pol Il) were detected at the TP53 of Egrl and TP53 were transfected into
promoter locus of NLCs, which were significant- HEK293 cells with or without HDAC11 con-
ly lower in LCCs after exposure to doxorubicin structs. Western blotting data showed that the
(Doxo) in the culture (Figure 4A-C). The results transfection resulted in expression of HDAC11,
imply that HDAC11 may prevent the TP53 pro- Egrl and TP53 in HEK293 cells (Figure 4D).
moter activities. To corroborate the results, we Two days after the transfection, cells were ana-
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Figure 5. Inhibition of HDAC11 enhances LCC apoptosis. NLCs and LCCs were prepared as described above. The
cells were treated with procedures denoted on the X axis of panel (A). Plasmid (or cPlasmid): NLCs were transfected
with HDAC11-expressing plasmids (or control plasmids). TSA: The LCCs were exposed to TSA (1 mM) in the culture
for 48 h. (A, B) The expression of p53 in NLCs and LCCs. (C) The results of HDAC11 overexpression in NLCs. (D) The
gated dot plots show frequency of apoptotic cells. (E) Bars indicate summarized data of apoptotic cells of panel (D).
Data of bars are presented as mean + SD. *P < 0.01. The data represent 3 independent experiments.

lyzed for luciferase activities. The results sh-
owed that higher luciferase activities were
detected in HEK293 cells transfected with
Egrl and TP53 constructs, which were signifi-
cantly lower in those transfected with Egri,
TP53 and HDAC11 constructs (Figure 4E). The
results demonstrate that HDAC11 can repress
TP53 promoter activities.

Regulation of HDAC11 expression regulates
p53 expression and LCC apoptosis

To further investigate the role of HDAC11 in
regulation of LC apoptosis, NLCs were prepared
and transfected with HDAC11-expressing plas-
mids to make the cells overexpressing HD-
AC11. The cells were then exposed to Doxo in
the culture. The results showed that HDAC11
overexpression markedly suppressed expres-
sion of p53 and inhibited apoptosis in NLCs. On
the other hand, inhibition of HDAC11 by expos-
ing to TSA, a pan HDAC inhibitor, significantly
increased pb53 expression and apoptosis of
LCCs (Figure 5).

Discussion
The present study revealed a previously un-

known phenomenon that high levels of HD-
AC11 were detected in LCCs, which was nega-
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tively correlated with the levels of p53 in LCCs.
The data suggest that increase in expression of
HDAC11 represses expression of p53 in LCCs.
The mechanistic evidence includes a complex
of HDAC11 and Egrl, the p53 transcription fac-
tor, was detected in LCCs, which reduced acety-
lation of the Egrl, and thus, attenuated the
p53 expression in LCCs.

The data showed that levels of p53 were lower
in LCCs. p53 is an important molecule in induc-
tion of cancer cell apoptosis. The deregulation
of p53, including mutation of p53 protein and
reducing amounts of p53, is suggested to be
associated with the pathogenesis of LC [20,
21]. Hussain et al found that the dietary afla-
toxin B-1 induced transversion of G:C to T:A at
the 3" base in codon 249 of the TP53 gene,
which cooperated with hepatitis B virus in caus-
ing p53 mutations in LC [20]. Sun et al reported
that inhibition of p53 prevented tumor cell
apoptosis, while treating LCCs with triptolide
increased LCC apoptosis via enhancing the
expression of p53 [21]. Our data are in line with
those previous studies by showing that the
expression of p53 was markedly lower in LCCs.

The data show that levels of HDAC11 were high-
er in LCCs. Previous studies also found that
deregulation of HDAC was associated with the
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pathogenesis of LC. It was reported that HDAC3
was expressed in LCCs, which was associated
with self-renewal of LCCs via regulating expres-
sion of pluripotency factors [22]. Bae et al
found that overexpression HDACG in LCCs and
suggested that HDAC6 contributed to the
tumorigenesis of LCC [14]. By screening the
extracts of LCCs with the 11 subtypes of HDAC,
we also found the high levels of HDAC3 and
HDAC6 in LCCs, but the levels of HDAC3 and
HDACG6 were also higher in NLCs and normal
LCs, while levels of HDAC11 were markedly
higher in LCCs than that in NLCs. The data sug-
gest that HDAC11 may contribute to the patho-
genesis of LC.

A complex of HDAC11 and Egrl was detected in
LCCs in the present study. Although HDACs are
deacetylases for histone deacetylation origi-
nally, the enzymes deacetylating non-histone
proteins were reported; such as Dasgupta et al
reported that ac-SMC3 could be deacetylated
by HDAC8 [23]. Alam et al found that SMC3,
ERRa, and ARID1A were the non-histone sub-
strates of HDACs [24]. Glozak comments that
deacetylation of the non-histone proteins by
HDACs opens a new field of discovery in the
role of the dynamic acetylation and deacety-
lation on cellular function [25]. The present
data revealed that the physical contact of
HDAC11 and Egrl induced the Egrl deacety-
lation, which resulted in less Egrl at the TP53
promoter locus and prevented the TP53 tran-
scription. The data mechanistically demon-
strate that HDAC11 interferes with the expres-
sion of p53in LCCs.

The data showed that inhibition of HDAC11
enhanced the expression of p53 in LCCs and
promoted the LCC apoptosis. Previous studies
also found that using the pan inhibitor of HDAC
could induce cancer cell apoptosis. Feng et al
reported that TSA, the pan inhibitor of HDAC, in
combination with silibinin induced G2/M cell
cycle arrest and apoptosis in cancer cells [26].
Published data indicate that the pan-HDAC
inhibitor, panobinostat, is high therapeutic
potential therapy in both preclinical models and
clinical cancer patients [27]. Our data are in
line with the previous studies by showing that
exposure to TSA also increased the LCC apop-
tosis, which has the potential to contributing
the treatment of LC.

In summary, the present results showed that
LCCs expressed high levels of HDAC11, lower
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levels of p53. A complex of HDAC11 and Egrl
was detected in LCCs, which caused deacety-
lation of Egrl and reduced the p53 expression
in LCCs. Inhibition of HDAC increased the LCC
apoptosis, suggestion that HDAC11 contrib-
utes to the tumorigenesis; inhibition of HDAC
can contribute to the treatment of LC.
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