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inhibiting the TAp63-maspin pathway
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Abstract: Aberrant expression of histone deacetylases (HDACs) has been detected in a variety of cancers, which
disrupts the balance between cell proliferation and apoptosis in favor of continuous growth. A previous study dem-
onstrated that HDAC5 contributes to the proliferation of hepatocellular carcinoma (HCC) cells, but a clear under-
standing of the mechanism has not yet been provided. In the present work, we found that the levels of HDAC5 were
significantly higher in HCC tissues and cells than in adjacent tissues and normal hepatic cells. In addition, knock-
down of HDACS attenuated the proliferation of Hep3B and HepG2 cells. Through profiling the expressions of prolif-
eration and apoptosis-related genes in Hep3B cells following HDAC5 knockdown, p63 and maspin were found obvi-
ously up-regulated in HDAC5-deprived cells compared with the control. Further investigations confirmed that HDAC5
knockdown induced TAp63 expression in HCC cells, accompanied with increased H3K9 acetylation at the TAp63
promoter. Overexpression of TAp63 led to proliferation inhibition by inducing cell cycle arrest. Additionally, TAp63
that was required for the maspin upregulation resulted from HDAC5 knockdown. Phenotype experiments showed
that interrupting either TAp63 or maspin recovered the proliferative and tumorigenic capabilities of HCC cells with
HDAC5 knockdown. Clinical analysis showed that HDAC5 was negatively correlated with TAp63 and maspin in HCC
tissues. In addition, a high level of HDAC5 as well as a low level of TAp63 or maspin predicted poor survival in HCC
patients. Taken together, this study proposes the existence of an aberrant HDAC5-TAp63-maspin pathway conferring
HCC progression through proliferation induction, which suggests novel intervention targets for the disease.
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Introduction ing oncogenes or inhibiting specific tumor sup-
pressor genes [1]. In addition, aberrant expr-
ession of the oncogenic or tumor suppressive

HDACs has been detected in various human

Diverse histone modifications are involved in
controlling the transcriptional process, of whi-

ch reversible acetylation plays a vital role. Hi-
stone acetyltransferases (HATs) and histone
deacetylases (HDACs) are responsible for re-
gulating the acetylation of histones. In gene-
ral, histone acetylation is associated with tr-
anscriptional activation, whereas histone dea-
cetylation blocks transcription. As the critical
epigenetic regulators, HDACs were found to
drive the initiation and progression of human
diseases, including cancers, through activat-

cancers, such as gastric cancer, lung cancer,
and hepatocellular carcinoma (HCC) [2-4]. Our
previous work demonstrated that HDAC5, an
overexpressed HDAC in HCC cells, enhanced
the migration and invasion of hepatocellular
carcinoma via relieving the HIPK2-mediated
suppression of HIF-1a [5]. In addition, HDAC5
has been shown to promote proliferation and
reduce apoptosis in HCC cells [6], but the me-
chanisms of which remain uncertain.
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P63 belongs to the p53 protein family cons-
tituted by p53, p63 and p73, which shares
high-sequence and structural similarities. Be-
cause of that, p63 and p53 can regulate simi-
lar sets of genes and possess some partially
redundant functions [7]. The P63 gene encod-
es multiple isoforms that can be classified in-
to two categories arising from different prom-
oters; one with an acidic transactivation doma-
in (TA isoforms) and the other lacking this do-
main (AN isoforms). Due to the loss of its tra-
nsactivation domain, ANp63 acts as a negative
regulator of the TAp63 function. TAp63 and
ANp63 exhibit opposite functions, as shown by
TAp63-induced cell death and ANp63-prom-
oted survival. Therefore, TAp63 generally be-
haves as a tumor suppressor [8], whereas
ANp63 has oncogenic potential [9].

Maspin (SERPINB5), a member of the serpin
(serine protease inhibitor) superfamily, was di-
scovered as a tumor suppressor in many can-
cers, including HCC. Increased clinical and in
vitro evidence highlighted its role in inhibiting
tumor growth, invasion and metastasis [10-
12]. Maspin is often downregulated during tu-
mor progression and its depletion is associat-
ed with poor prognosis [13, 14]. Regulation of
maspin transcription is central for controlling
its activity, which seems to determine maspin
protein quantity [15]. As a direct target of the
tumor suppressor p53, maspin expression is
rapidly induced by wild type p53. However, the
function of p53 is often lost in many tumors
due to mutation or deletion of its gene. Howe-
ver, as a member of the p53 family, p63 is ra-
rely found mutated or deleted in human can-
cers, and it can substitute for p53 in induc-
ing the expression of maspin [16, 17]. There-
fore, the regulation of the p63-maspin path-
way needs to be deeply investigated, especially
in the tumor with mutated p53.

Here, we described that HDAC5 could block
the p63-maspin pathway in HCC cells throu-
gh repressing TAp63 expression. Knockdown of
HDACS restored the expression of TAp63 and
maspin, consequently attenuating HCC cell
proliferation. In conclusion, the clinical analysis
showed that HDAC5 was negatively correlated
with TAp63 and maspin in HCC tissues, and
high expression of HDAC5 as well as low lev-
els of TAp63 and maspin indicated a poor pro-
gnosis in HCC patients.
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Materials and methods
Cell culture and transfection

Human HCC cell lines, Hep3B (p53-null) and
HepG2 (p53-WT) were purchased from Sh-
anghai Institutes for Biological Sciences, Ch-
inese Academy of Sciences (Shanghai, China).
The normal hepatocyte, THLE-3, was purchas-
ed from American Type Culture Collection (AT-
CC, Manassas, VA, USA). All the cells were cu-
ltured in RPMI 1640 medium containing 10%
fetal calf serum, 100 units/mL penicillin, and
100 pg/mL streptomycin in 5% CO, and 95%
air at 37°C. Transfection of plasmids and sm-
all interfering RNAs (siRNAs) was performed
with X-tremeGENE HP DNA Transfection Rea-
gent (Roche Applied Science, Mannheim, Ge-
rmany) according to the manufacturer’s pro-
tocol. The Hep3B and HepG2 cells with shH-
DAC5 were constructed as described previous-

ly [B].
Quantitative real-time PCR (RT-PCR)

Total RNA was extracted using the RNAiso™
Plus reagent (Takara, Otsu, Japan) and reverse-
transcribed using a PrimeScript™ RT reagent
kit (Takara). Quantitative PCR (gPCR) was per-
formed with SYBR Green Mix (Takara) accord-
ing to the manufacturer’s instructions. 3-Actin
served as loading control.

Western blot

Western blot was carried out according to a
previous study [18]. The whole cell lysate was
examined using the antibodies against HDAC5
(sc-133225; Santa Cruz Biotechnology, Santa
Cruz, CA, USA); maspin (sc-166260; Santa
Cruz); CyclinD1 (sc-8396; Santa Cruz); GAPDH
(sc-32233; Santa Cruz); H3K9ac (ab4441; Ab-
cam, Cambridge, UK); H3 (abl791; Abcam);
p53 (ab26; Abcam); ANp63 (abl167612; Ab-
cam); TAp63 (ab53039; Abcam); p73 (ab40-
658; Abcam); CDK1 (ab18; Abcam); CDK2 (ab-
32147; Abcam); CDK4 (ab108357; Abcam).
IRDye 800CW- or IRDye 680-conjugated sec-
ondary antibodies (LI-COR Biosciences, Linco-
In, NE, USA) were used for staining and then
detected by an Odyssey infrared imaging sys-
tem (LI-COR).

gPCR array

The high-throughput profiling of proliferation
and apoptosis-related genes were analyzed by
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the ExProfile™ Gene gPCR Array (GeneCopo-
eia) according to the instructions. In 96-well
plates, there are 93 pairs of qPCR primers for
the studied genes and 3 pairs for controls,
which are used to monitor the efficiency of
the entire experimental process (from reverse
transcription to qPCR reaction). A cDNA pool
that contained reverse transcript products fr-
om the total RNA of the indicated cells was
used as the qPCR validation template.

Chromatin immunoprecipitation

Chromatin immunoprecipitation (ChIP) was per-
formed according to the previous study [19].
Briefly, chromatin was crosslinked using 1%
formaldehyde for 10 min and sonicated to
obtain DNA fragments of 200-500 bp. After
centrifugation, the supernatants were subject-
ed to immunoprecipitation overnight at 4°C
with antibodies against H3K9ac (ab4441; Ab-
cam). Protein A/G PLUS-Agarose (sc-2003; Sa-
nta) was used to isolate the chromatin-antibo-
dy complexes. The crosslinking was reversed,
and the precipitated DNA fragments were pu-
rified and analyzed by qPCR with the following
primers (TAp63 promoter): -157 CAGCTGGTAA-
GAATCGAGTG -138 (Forward); -48 GGATTTGA-
AGATACAGACTAT -27 (Reverse).

Cell proliferation assay

Cells in logarithmic growth were plated and
transfected with the indicated siRNAs and ex-
pression plasmids. After an indicated time of
culture, CCK-8 (Cell Counting Kit-8) (Dojindo
Molecular Technologies, Maryland, USA) was
added, and the OD450 was measured using
an automatic plate reader.

EdU incorporation assay

The EdU (5-ethynyl-2-deoxyuridine) incorpora-
tion assay was used to represent DNA synthe-
sis in cells. Cells were transfected with the in-
dicated siRNAs and expression plasmids. Ne-
xt, cells were washed 3 times with PBS and
then incubated in serum-free RPMI 1640 with
10 mM EdU for 2 h. After extensive washing
with PBS, cells were blocked with 10% FBS in
PBS for 30 min. Incorporated EdU was detect-
ed by the fluorescent azide coupling reaction
(Invitrogen). Images of the cells were captured
with a fluorescence microscope (Nikon, Tokyo,
Japan) and analyzed by ImageJ (National In-
stitutes of Health, Bethesda, MD).
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Flow cytometry

Approximately 1x10° Hep3B or HepG2 cells
were re-suspended and fixed with 70% etha-
nol at -20°C for at least an hour. Before ana-
lysis, cells were re-suspended in PBS contain-
ing 100 mg/ml RNaseA (Roche) and 50 mg/
ml PI (Sigma) for at least half an hour. The sta-
ining cells were analyzed immediately on a
FACSCalibur flow cytometer (Becton Dickinson,
San Jose, CA, USA) using the CellQuest 3.0
software system.

Immunofluorescence

Hep3B monolayer on glass coverslips was fix-
ed for 15 min using 4% paraformaldehyde, per-
meabilized for 20 min in PBS containing 0.2%
Triton X-100 and then blocked for 2 h with PBS
containing 1% BSA and 0.5% goat serum at
37°C. The cells were incubated with primary
antibody at 4°C overnight. After rinsing with
PBS, they were probed with fluorescein isoth-
iocyanate (FITC)- or tetramethylrhodamine-5-
(and 6)-isothiocyanate (TRITC)-conjugated se-
condary antibodies (Santa Cruz) for 1 h at
37°C. The nuclei were stained with 4’,6-diamid-
ino-2-phenylindole (DAPI; Sigma, St Louis, MO,
USA) for 15 min. The slides were mounted and
visualized by fluorescence microscope.

Immunohistochemistry

The study was performed with the approval
of the Ethics Committee of Sanmen People’s
Hospital of Zhejiang. In total, 164 human HCC
samples were collected at Sanmen People’s
Hospital of Zhejiang, and informed consent
was obtained from all patients. The immuno-
histochemistry was performed using an EnVi-
sion Detection System (DAKO, Carpinteria, CA,
USA) according to the manufacturer’s instruc-
tions. To estimate the score for each slide, at
least 10 individual fields at 100x were chosen,
and 100 cancer cells were counted in each
field. The immunostaining intensity was divided
into four grades: O, negative; 1, weak; 2, moder-
ate; and 3, strong. The proportion of positive
staining cells was divided into five grades: O,
<5%; 1, 6%-25%; 2, 26%-50%; 3, 51%-75%; and
4, >75%. The staining results were evaluated
and confirmed by two independent investiga-
tors blinded to the clinical data. The percenta-
ge of positivity of the tumor cells and the sta-
ining intensities were then multiplied to gener-
ate the IHC score and graded as low expression
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Figure 1. High expression of HDAC5 in HCC tissues indicates a poor prognosis. A. A representative image of HDAC5
immunostaining in HCC tissue and its adjacent normal tissue. B. Relative mRNA levels of HDAC5 in HCC tissues
compared with adjacent tissues. ***P<0.001. C. The overall survival of HCC patients with low and high expression

of HDAC5 was shown.

(score 0-6) and high expression (score 7-12).
Cases with a discrepancy in scores were dis-
cussed to obtain a consensus.

Statistics

A database was created and transferred to
SPSS 22.0 and GraphPad Prism 5.0 for Win-
dows. Statistical data analysis was perform-
ed using the two-tailed Student’s t-test, chi-
squared, and ANOVA. Kaplan-Meier plots and
log-rank tests were used for survival analys-
is. The Spearman test was used in analyzing
the correlation. The results are presented as
the mean + S.E of three separate experiments.
A P value <0.05 was considered statistically
significant.

Results

High expression of HDAC5 in HCC tissues indi-
cates a poor prognosis

To characterize the expression of HDAC5 in
HCC, immunohistochemical analysis of the
HCC tissues from 164 cases was performed.
As shown in Figure 1A, a higher level of HD-
AC5 immunostaining was detected in the HCC
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tissue compared with the adjacent normal tis-
sue. Consistently, HDAC5 mRNA was also ab-
errantly overexpressed in most HCC tissues
(Figure 1B). Further investigations confirmed
that the HDAC5 staining was positively corre-
lated with tumor size, intrahepatic metastasis,
and distant metastasis (Table 1). In addition,
the overall survival (OS) rate of the HCC pati-
ents with HDAC5 high expression was signifi-
cantly lower than that of the patients with low
expression (32.94% vs 50.63%, P=0.0371)
(Figure 1C). These results support that the ab-
normal high expression of HDAC5 may lead to
a poor survival in HCC patients.

Stable knockdown of HDAC5 attenuates the
proliferation of HCC cells

To analyze the expression of HDAC5 in HCC
cells, we examined the levels of HDAC5 protein
in an immortalized liver cell line (THLE-3) and
two HCC cell lines (Hep3B and HepG2). The
results showed an evidently higher expression
of HDAC5 in Hep3B and HepG2 cells than in
the THLE-3 cells (Figure 2A). Then, Hep3B and
HepG2 cells with stable knockdown of HDA-
C5 were constructed. As expected, the level of
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Table 1. Correlation of the expression of HDAC5, TAp63 and maspin with clinicopathological features
in HCC

HDACS5 expression TAp63 expression Maspin expression
Cases Low High Low High Low High
Cases Cases PValue Cases  Cases PValue Cases Cases PValue
164 79 85 111 53 103 61
Gender 0.1986 0.6559 0.8653
Male 123 65 58 83 40 75 48
Female 41 14 27 28 13 28 13
Age 0.5226 0.4999 0.5510
<60 93 46 47 61 32 58 35
>60 71 33 38 50 21 45 26
Tumor size 0.0478* 0.0315* 0.0413*
<5cm 65 35 30 34 31 33 32
>5cm 99 44 55 e 22 70 29
AFP 0.8482 0.6417 0.9750
<20 U/L 56 27 29 37 19 31 25
>20 U/L 108 52 56 74 34 72 36
HBsAg 0.7631 0.6359 0.8470
Positive 147 71 76 100 47 93 54
Negative 17 8 9 11 6 10 7
Liver cirrhosis 0.0750 0.8622 0.7283
Yes 121 53 68 81 40 78 43
No 43 26 17 30 13 25 18
TNM 0.1127 0.2255 0.2933
Al 69 36 33 43 26 39 30
/v 95 43 52 68 27 64 31
Edmondson stage 0.9008 0.8260 0.1169
/1 86 42 44 56 30 50 36
/v 78 37 41 55 23 53 25
Intrahepatic metastasis 0.0069* 0.0007* 0.0025*
Yes 51 16 35 46 5 45 6
No 113 63 50 65 48 58 55
Distant metastasis 0.0027* 0.0399* 0.0314*
Yes 39 12 27 30 9 27 12
No 125 67 58 81 44 76 49

AFP: alpha-fetoprotein; *P<0.05.

acetylated H3 in both Hep3B and HepG2 ce-
lls increased after knocking down HDAC5
(Figure 2B). Furthermore, it was noticed that
knockdown of HDAC5 reduced the prolifera-

Stable knockdown of HDAC5 induces TAp63
expression which inhibits the proliferation of
HCC cells

Considering the different p53 status in Hep-

tion of Hep3B and HepG2 cells (Figure 2C).
Due to the observed effect of HDAC5 knock-
down on Hep3B growth, we studied the chan-
ge in the expression profiles of proliferation
and apoptosis-related genes in Hep3B after
HDAC5 knockdown (Table S1). As described in
the heatmap, the mRNA levels of p63 and
maspin (SERPINBS) significantly increased af-
ter stable knockdown of HDAC5, while the
cell cycle drivers, CDK1/2/4 and cyclinD1, de-
creased to some extent (Figure 2D).
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3B and HepG2 cells, we focused on the p53
family members including p53, p63 (TAp63
and ANp63) and p73. In p53-null Hep3B cells,
knockdown of HDAC5S upregulated the mRNA
and protein levels of TAp63, ANp63, and p73
(Figure 3A and 3B). However, in p53-WT Hep-
G2 cells, the expressions of p53, TAp63, and
p73 were induced by HDAC5 knockdown (Figu-
re 3A and 3B). Notably, ANp63 could not be
detected in HepG2 cells by Western blot. In

Am J Cancer Res 2018;8(3):462-475
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Figure 2. Stable knockdown of HDAC5 attenuates the proliferation of HCC cells. A. Western blot analyses of HDAC5
in THLE-3, Hep3B, and HepG2 cells. B. Western blot analyses of HDAC5, Ac-H3K9 and total H3 in Hep3B and HepG2
cells stably transfected with shHDAC5#1 and #2. C. Cell viability was measured in Hep3B and HepG2 cells with
stable knockdown of HDAC5. *P<0.05; **P<0.01; ***P<0.001. D. Heatmap of gPCR arrays for proliferation and
apoptosis-related genes in Hep3B with or without stable knockdown of HDAC5. Each row represents an experiment.
Each column represents a gene. Red color indicates an increased expression. Green color indicates a decreased

expression.

addition, as exogenous HDAC5 increased, the
MmRNA and protein level of TAp63 gradually
decreased in THLE-3 cells (Figure 3C and 3D).
In view of the mechanism for HDAC-mediat-
ed gene silence, the level of acetylated H3
binding to the TAp63 gene promoter was det-
ermined by ChIP. As shown in Figure 3E, a hi-
gher relative enrichment of active histone mo-
dification H3K9ac at the TAp63 promoter was
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observed in HDAC5-deprived Hep3B cells th-
an in the control, suggesting that overexpr-
essed HDAC5 in HCC cells may suppress the
transcription of TAp63. Similarly, with HDAC5
knockdown, overexpression of TAp63 inhibit-
ed the proliferation of Hep3B and HepG2 cells
(Figure 3F). In addition, the exogenous TAp63
markedly reduced the protein levels of CDK2,
CDK4, and CyclinD1 in Hep3B and HepG2 ce-
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Figure 3. Stable knockdown of HDAC5 induces TAp63 expression, which inhibits the proliferation of HCC cells. A.
The mRNA level of p53, TAp63, ANp63 and p73 in Hep3B and HepG2 cells with stable knockdown of HDAC5 was
analyzed by RT-PCR. *P<0.05. B. Western blot analyses of p53, TAp63, ANp63 and p73 in Hep3B and HepG2 cells
with stable knockdown of HDAC5. C. Western blot analyses of HDAC5 and TAp63 in THLE-3 cells transfected with
different amounts of HDAC5 expression plasmids. D. The mRNA level of TAp63 in THLE-3 cells transfected with
different amounts of HDAC5 expression plasmids. E. The binding of H3 and acetylated H3 proteins to TAp63 gene
promoter was detected by ChIP-PCR in Hep3B cells with stable knockdown of HDAC5. *P<0.05. F. Cell viability was
measured in Hep3B and HepG2 cells with overexpression of TAp63. *P<0.05; **P<0.01; ***P<0.001. G. Western
blot analyses of CDK1, CDK2 CDK4 and CyclinD1 in Hep3B and HepG2 cells with overexpression of TAp63. H. Cell
cycle profiles of Hep3B and HepG2 with overexpression of TAp63 by flow cytometry.
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**P<0.01; ***P<0.001. B. Western blot analyses of maspin in Hep3B and HepG2 cells with stable knockdown of
HDACS5. C. Immunofluorescence analysis of HDAC5 and maspin proteins in Hep3B cells with stable knockdown of
HDACS5. D. Western blot analyses of HDAC5, TAp63 and maspin in Hep3B cells with stable knockdown of HDAC5
and transient knockdown of TAp63. E. Cell viability was measured in Hep3B and HepG2 cells with overexpression of

maspin. *P<0.05; **P<0.01; ***P<0.001.

lls (Figure 3G). Cell cycle analysis showed th-
at TAp63-overexpressed Hep3B cells under-
went arrest in G1 phases, with a strong deple-
tion of cells entering the S phase, however,
HepG2 cells with TAp63 overexpression went
through a relatively slight S phase arrest (Figu-
re 3H). Altogether, these findings indicate that
HDAC5 may promote the proliferation of HCC
cells via repressing the transcription of TAp63.
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Stable knockdown of HDAC5 increased the
expression of maspin in a TAp63-dependent
manner

In consideration of the dramatic upregulation
of maspin observed in the heatmap, we next
explored the maspin expression in HCC cells
with HDAC5 knockdown. The results showed
that knockdown of HDAC5 upregulated mas-
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pin at both mRNA and protein levels in Hep3B
and HepG2 cells (Figure 4A and 4B). Immu-
nofluorescence also confirmed the maspin ex-
pression induced by HDAC5 knockdown in
HCC cells (Figure 4C). Since TAp63 directly reg-
ulates the expression of maspin [16], it is nec-
essary to determine whether TAp63 mediat-
es the upregulation of maspin after knocking
down HDAC5. As shown in Figure 4D, silenc-
ing TAp63 by siRNA impaired the induction of
maspin that arose from HDAC5 knockdown in
Hep3B cells. In addition, we found that over-
expression of maspin retarded the growth of
Hep3B and HepG2 cells (Figure 4E). These
data reveal that TAp63 is required for the re-
gulation of maspin by HDAC5 in HCC cells.

Stable knockdown of HDAC5 suppresses the
proliferation and tumorigenesis of HCC cells
through recovering the TAp63-maspin pathway

To further elucidate the role of HDAC5-TAp63-
maspin regulatory axis in HCC progression, the
proliferation and colony-formation capabilities
of HCC cells were determined. As shown in
Figure 5A and 5B, compared with the control,
a significant proliferation inhibition appeared
in Hep3B and HepG2 cells with stable kno-
ckdown of HDAC5, while silencing TAp63 or
maspin partially restored the proliferation. Co-
nsistently, knockdown of HDAC5 decreased
the colony formation numbers of Hep3B and
HepG2 cells, and deprivation of TAp63 or ma-
spin rescued the attenuated tumorigenesis to
a certain extent (Figure 5C). The above resul-
ts indicate that the TAp63-maspin pathway is
essential for inhibiting HCC proliferation and
tumorigenesis by HDAC5 knockdown.

High HDAC5 expression is associated with
a suppressed TAp63-maspin pathway and a
pPOOr prognosis

To study the relationships among HDAC5, TA-
p63, and maspin in HCC, immunohistochemi-
cal (IHC) analysis of HCC tissues with serial
sections was performed. The representative
images showed that the case with a low expr-
ession of HDAC5 had stronger TAp63 and
maspin stainings than that with high expres-
sion (Figure 6A). Clinical relevance analysis
showed that the expressions of TAp63 and
maspin were negatively associated with tum-
or size, intrahepatic metastasis, and distant
metastasis (Table 1). Furthermore, statistical
analysis of IHC negatively correlated the expr-
ession levels of HDAC5 with the degree of
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TAp63 and maspin (Figure 6B). The potential
associations between immunostaining and ov-
erall survival (OS) were retrospectively evaluat-
ed in these patients. Kaplan-Meier analysis
showed that OS was worse in patients with low
TAp63 or maspin staining than in those with
high staining (Figure 6C). These results sugg-
est that highly expressed HDAC5 is closely
related with the downregulation of TAp63 and
maspin in HCC tissues, which is involved in
HCC development.

Discussion

Emerging evidence indicated that normal ex-
pression of HDACs was remarkably disrupted
in many human cancers. Lachenmayer et al.
reported that expression of a subset of HD-
ACs was increased in liver cancer compared
to normal liver tissues [20]. In this circum-
stance, HDAC5 DNA copy numbers were al-
tered, and its expression level was significan-
tly upregulated in HCC [21]. Fan et al. found
that inhibiting the anomalous expression of
HDAC5 repressed growth of HCC cell lines by
inducing apoptotic cell death and G1/S cell
cycle arrest [6]. In the present study, we notic-
ed that knockdown of HDAC5 suppressed the
proliferation of both Hep3B and HepG2 cells,
which was consistent with the report of Fan et
al. However, a stronger proliferation inhibition
by HDAC5 knockdown appeared in Hep3B cells
than in HepG2 cells.

Through analyzing the expression profiles of
proliferation and apoptosis-related genes in
Hep3B, we found that p63, a p53 family mem-
ber, increased significantly after knocking do-
wn HDACD. Further investigations revealed th-
at the expression of TAp63 but not ANp63
was largely influenced by HDAC5S silence. Even
though HDAC5 knockdown also upregulated
TAp63 in HepG2 cells, neither gPCR or Western
blot detected ANp63. These results were con-
sistent with the findings of Petitjean et al. who
demonstrated that the activities of TAp63 and
ANp63 promoters were differentially regulat-
ed, according to the p53 protein status of the
cell [22]. The promoter of the ANp63 isoform
was inhibited by the presence of wild-type p53,
whereas activity of the promoter used to gener-
ate TAp63 appeared to be p53-independent.
Therefore, we propose that knockdown of HD-
AC5 may induce TAp63 expression by activat-
ing the promoter of the TAp63 isoform in Hep3B
and HepG2 cells.
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Figure 5. Stable knockdown of HDAC5 suppresses the proliferation and tumorigenesis of HCC cells through recover-
ing the TAp63-maspin pathway. A. Cell viability was measured in Hep3B and HepG2 cells with stable knockdown of
HDAC5 and transient knockdown of TAp63 or maspin. “¢P<0.05; *®®P<0.01; ~*®pP<0.001 (* vs shCtrl/siCtrl; @
vs shHDAC5/siCtrl). B. DNA synthesis was measured by EdU incorporation assays in Hep3B and HepG2 cells with
stable knockdown of HDAC5 and transient knockdown of TAp63 or maspin. **P<0.01; "**P<0.001. C. Surviving colo-
nies of Hep3B and HepG2 cells with stable knockdown of HDAC5 and transient knockdown of TAp63 or maspin.
“P<0.05; ""P<0.01; **P<0.001.
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Figure 6. High HDAC5 expression is associated with a suppressed TAp63-
maspin pathway and a poor prognosis. A. Representative images of HDAC5,
TAp63, and maspin immunostaining in human HCC tissues. B. The corre-
lation among concurrent immunostaining scores of HDAC5, TAp63, and
maspin in HCC tissues. C. The overall survival of HCC patients with low and
high expression of TAp63 or maspin was shown. D. The schema indicating
that highly expressed HDACS5 accelerates cell cycle by disrupting the TAp63-
maspin pathway in HCC cells.

Current studies regarding the regulation of
TAp63 expression have mainly focused on the
post-translational events, including the degra-
dation pathway through the ubiquitin-proteos-
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ome system. However, the tra-
nscriptional regulation of the
TAp63 gene has been poorly
understood. An OCT4 binding
site within the TAp63 promoter
activated its expression, sug-
gesting the involvement of
TAp63 in stem cell regulation
[23]. Yao et al. reported that
overexpression of ¢c-jun enhan-
ced TAp63 transcription in
Hep3B cells [24]. Our present
work suggested that highly
expressed HDAC5 in HCC cells
may suppress the transcription
of TAp63 through decreasing
the acetylation level of H3K9
at the TAp63 promoter. Con-
sistently, the HDAC inhibitor,
valproic acid, showed a strong
promotive effect on TAp63
expression in HCC cells [25].
However, Sayan et al. discov-
ered that induction of TAp63
expression by the HDAC inhibi-
tor TSA in HCT116 cells
depended on p53, as p53-pos-
itive but not negative HCT116
cells succeeded in inducing
significant TAp63 expression
following treatment with TSA
[26]. According to our findings,
inhibition of HDAC5 resulted in
an increased expression of
TAp63 in HepG2 and Hep3B
cells. Since HepG2 and Hep3B
cells express with and without
wild-type p53 respectively,
HDAC5-mediated regulation of
TAp63 seems to be indepen-
dent of p53 in HCC cells.

In general, many functional
parallels are found between

TAp63 and p53. Overexpression of TAp63
closely mimics the transcriptional activity and
the biological function of p53. Reporter assays
showed that TAp63 was capable of transacti-
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vating a gene set, including many p53 targets
involved in anti-proliferative and pro-apoptotic
progression, such as Bax, p21, 14-3-30, and so
on [9]. Indeed, TAp63 could induce cell cycle
arrest and apoptosis [27, 28]. Yao et al. found
that doxorubicin increased the expression of
TAp63 and knockdown of the acquired TAp63
attenuated doxorubicin-induced cell growth
arrest in Hep3B cells, suggesting that TAp63
may play a compensatory role in cell cycle regu-
lation, especially in p53-deficient cancer cells
[29]. Here, our results showed that TAp63 over-
expression reduced the proliferation of both
Hep3B and HepG2 cells with a remarkable
decrease in S phase. In accord with HDAC5
knockdown, ectopic expression of TAp63
caused a stronger inhibition on Hep3B than
HepG2 cells, indicating that TAp63 plays a
greater anti-proliferative function in p53-defi-
cient HCC cells.

Except for TAp63, maspin (SERPINB5) was
found elevated in qPCR arrays. Further study
showed that TAp63 was dispensable for the
induction of maspin after HDAC5 knockdown.
In addition, exogenous maspin aroused a gr-
owth inhibition of HCC cells. The above findings
suggest that HDAC5 promotes the prolifera-
tion of HCC cells by repressing the TAp63-
maspin pathway. Phenotype experiments also
indicated that interrupting the TAp63-maspin
pathway by knockdown of TAp63 or maspin
partially recovered the proliferative and tumo-
rigenic abilities undermined by HDAC5 knock-
down. In addition, Fujisawa et al. reported that
five HCC cell lines including Hep3B and Hep-
G2 exhibited extensive hypoacetylation at the
maspin promoter, and treatment with TSA ac-
tivated maspin expression with increased his-
tone acetylation at the maspin promoter [30].
Thus, epigenetic regulation of maspin may al-
so confer its loss in HCC cells, and the mecha-
nism requires further definition.

A large number of published studies with
human specimens indicated that maspin ex-
pression predicted a better prognosis for sev-
eral types of carcinomas, including breast,
prostate, colon, and oral squamous cell carci-
noma [31]. In this study, clinical analysis sh-
owed that the patients with a lower level of
maspin in HCC tissues had a shorter survival
than those with a higher level. Additionally, the
characteristics of clinicopathology, not only tu-
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mor size but intrahepatic and distant metas-
tasis, were negatively related with maspin ex-
pression, suggesting that the role of maspin in
HCC may not be limited to proliferation in-
hibition.

In conclusion, our findings reveal a HDAC5-
induced inactivation of the TAp63-maspin pa-
thway in HCC cells. More details suggest that
highly expressed HDAC5 in HCC cells decre-
ases the histone acetylation at the TAp63 pro-
moter and inhibits the transcription of TAp63,
consequently resulting in a downregulation of
maspin, which functions as a cell-cycle sup-
pressor (Figure 6D). Understanding the mec-
hanism underlying the silence of the TAp63-
maspin pathway may help to provide a more
effective treatment for HCC patients, especi-
ally with loss of p53.
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Table S1. Expression profiles of proliferation and apoptosis-related
genes in Hep3B-shHDAC5 cells versus Hep3B-shCtrl cells.

shHDAC5/shCtrl shHDAC5/shCtrl
Gene Result 1 Result 2 Result 1 Result 2
Fold Change Fold Change Log2 (FC) Log2 (FC)
2-AACt 2»AACI

APAF1 0.780967 0.997692 -0.356666507 -0.003333589
APEX1 0.718636 1.170129 -0.476666886 0.226667587
ATM 1.191958 1.41095 0.253333402 0.496666864
ADGRB1 1.936341 0.512871  0.953333041 -0.963332098
BAX 3.899619 0.269184  1.963333177 -1.893335435
BBC3 1.378723 4189177 0.463332633 2.066666842
BCL2 4.573609 1.33484 2.193333034 0.416666824
BID 0.825496 1.122462 -0.27666687 0.166666605
BNIP3 1.044877 1.025741  0.063333122 0.036666496
BRCA1 0.837019 0.777367 -0.256667723 -0.36333223
BRCA2 0.797377 1.170129 -0.326666103 0.226667587
BTG2 1.39797 1.632029 0.483333401 0.706666693
CASP2 0.915945 1122462 -0.126667124 0.166666605
CASP3 1.044877 0.868542 0.063333122 -0.20333248
CASP8 0.866537 1.194715 -0.206666743 0.256666503
CASP9 0.884745 1.162046 -0.176666391 0.216667179
CCNB1 0.775572 0.983957 -0.366667375 -0.023332825
CCND1 0.62256 0.503025 -0.683715209 -0.991297992
CCND3 1.242575 0.573024 0.313332933 -0.80333253
CCNG1 0.860551 1.162046 -0.2166674 0.216667179
CCNG2 5.709376 0.695763  2.513333076 -0.523332135
CD82 3.490256 1.470867 1.803332858 0.5566668
CDK1 0.548412 0.680549 -0.866667955 -0.555229054
CDC25A 0.928731 1.084227 -0.106667304 0.116666839
CDC25C 0.62996 0.614152 -0.666667869 -0.703332334
CDK2 0.694157 0.77041  -0.526666096 -0.376301665
CDK4 0.491862 0.650887 -1.023674494 -0.619520995
CDK6 1.044877 1.401204 0.063333122 0.486667012
CDKN1A 0.915945 0.605697 -0.126667124 -0.723331829
CDKN2A 1.233992 0.80478 0.303333041 -0.313333642
CHEK1 0.890899 0.850667  -0.16666621 -0.233333606
CHEK2 1.159364 1138131 0.213333594 0.186666623
CRADD 1.016305 0.97041 0.02333343 -0.043333677
DAPK1 1.757266 0.80478 0.813332591 -0.313333642
DDB2 0.903335 0.874583 -0.146666987 -0.193332789
DDR1 2.537368 0.937355  1.343332772 -0.093332558
DNMT1 1.104454 1.874709  0.143333332 0.906666672
E2F1 0.948246 1.401204 -0.076666714 0.486667012
E2F3 1.167428 0.95044 0.223333576 -0.073332541
EGR1 1.551144 1.940821 0.633332625 0.956667066
El24 0.749153 1.032876 -0.416667704 0.046667065
EP300 1.074252 1.316463 0.103332463 0.396666974
ESR1 0.749153 0.997692 -0.416667704 -0.003333589
FADD 0.837019 0.957051 -0.256667723 -0.063332289
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FAS
FOX03
GADD45A
HIF1A
HSPB1
IGFBP3
JUN
PIDD1
MCL1
MDM2
MDM4
MLH1
MSH2
MYC
NF1
CuLo
PCNA
PERP
PMAIP1
PPM1D
PRC1
PTEN
RB1
RCHY1
RELA
RPRM
RRM2B
SHISA5
SERPINB5
SERPINE1
SESN1
SESN3
SFN
SIRT1
STAT1
STEAP3
THBS1
TNF
TNFRSF10A
TP53
TP53BP2
TP73
TP63
TSC2
VCAN
WT1
XRCC4
XRCC5
GAPDH

4.208578
1.225468
1.295342
0.659611
1.030492
1.403935
1.54043
1.639588
0.890899
1.096825
1.159364
0.808507
0.935191
1.259921
1.052145
4.448543
0.703847
1.143402
3.792983
0.848704
0.713672
1.037659
0.854607
0.974905
1.35035
1.104454
0.754364
1.685683
4.868013
0.786399
0.733736
0.634342
1.059463
2.255321
0.848704
1.277509
1.200248
1.54043
0.780967
ND
0.689362
1.504454
2.996613
0.831238
0.928731
4.208578
1.183724
0.909618
1.341022

0.345478
1.33484
1.401204
0.518064
1.32562
0.294567
1.598443
1.643381
1.30737
1.271619
1.32562
0.676737
0.777367
3.196885
1.170129
0.502316
0.844791
1.4914
8.037055
1.047294
0.983957
1.178267
0.97716
1.054579
1.543994
2.037312
0.97716
2.340257
5.802469
1.203025
0.886792
0.66281
1.211393
0.816015
0.911723
1.940821
1.271619
3.672257
1.084227
ND
1.061914
1.684191
2.473694
1.785919
0.827406
2.292095
1.076738
0.880666
1.725084

2.073332856
0.293332812
0.373333053
-0.600312637
0.043333305
0.489476143
0.623333125
0.713333336
-0.16666621
0.13333336
0.213333594
-0.30666783
-0.096667049
0.333333276
0.073333541
2.153332898
-0.50666624
0.193332719
1.923332906
-0.236666618
-0.486666924
0.053332417
-0.226666961
-0.036666453
0.433333391
0.143333332
-0.406667266
0.753333257
2.283333021
-0.346666608
-0.446667024
-0.656667228
0.083333205
1.173332787
-0.236666618
0.353333455
0.263332532
0.623333125
-0.356666507
ND
-0.53666632
0.589239996
1.583332778
-0.266666486
-0.106667304
2.073332856
0.243332738
-0.136667292
0.423332905

-1.533334252
0.416666824
0.486667012

-0.94879776
0.406667274

-1.763332279
0.676667299
0.716666992
0.386667497
0.346666478
0.406667274

-0.563332826
-0.36333223
1.676666848
0.226667587

-0.993332866
-0.24333363
0.576667247
3.006666955
0.066666497

-0.023332825
0.236666497

-0.033333287
0.076667173
0.626667146
1.026666936
-0.033333287
1.226666971

2.53666691

0.266666623

-0.17333234
-0.593332726
0.27666698

-0.293332423
-0.133332524
0.956667066
0.346666478
1.876667028
0.116666839

ND
0.086666933
0.75205576
1.306667048

0.836666649
-0.273332675

1.19666684
0.106667245

-0.183333126

0.786666613




