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Abstract

Background: The hepatitis B virus X (HBx) protein plays a critical role in the initiation and progression of hepatitis B virus (HB}
associated hepatocellular carcinoma (HCC). In the early stage of the disease, HBx facilitates tumor onset by inactivating the tumor
suppressor p53. The p53-encoding gene, however, is frequently mutated or deleted as the cancer progresses to the late stage and,
under such circumstance, the p53 homolog TAp63 can harness HCC growth by transactivating several important p53-target genes.
Methods: To determine whether HBx regulates TAp63, we performed co-immunoprecipitation assay, real-time quantitative
polymerase chain reaction, immunoblotting, and flow cytometry analysis in p53-null cancer cell lines, Hep3B and H1299.
Results: HBx interacts with the transactivation domain of TAp63, as HBx was co-immunoprecipitated with TAp63 but not with
ANDp63. The interaction between HBx and TAp63 abolished transcriptional activity of TAp63, as evidenced by the reduction of the
levels of its target genes p21 and PUMA, consequently leading to restricted apoptosis and augmented proliferation of HCC cells.
Conclusion: HBV induces progression of HCC that harbors defective p53 by inhibiting the tumor suppressor TAp63.
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Introduction

The deregulation of tumor suppressor genes contributes to
tumorigenesis and cancer progression. Transcription factor
P53 maintains genomic stability and prevents cancer
development by activating a myriad of genes involved in
cell cycle arrest, DNA repair, and apoptosis.*! Various
mechanisms have evolved to inactivate p53 in cancer cells due
to its detrimental cytotoxic effects. In around 50% of human
cancers, the p53-encoding gene, TP53, is mutated by cancer
cells. Moreover, p53 mutations abrogate or impair the
tumor-suppressive activity of wild-type p53, and some of the
P53 mutants are endowed with a “gain of function” to
promote cancer cell growth and metastasis.**! In other
cancers, p53 is under close surveillance by oncogenic
proteins. The master inhibitor for p53 is the E3 ubiquitin
ligase MDM2, encoded by a p53-inducible gene amplified or
overexpressed in multiple cancers.>**) MDM2 binds to the
amino- and carboxyl-termini of p53 and inactivates the latter
by directly concealing its transactivation domain (TAD)" or
inducing its ubiquitination and proteolytic degradation,'®’!
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thus constituting a negative feedback loop.'>"3! Two

oncoproteins, NGFR and PHLDB3, can repress p353 activity
by enhancing MDM2-mediated p53 degradation or blocking
its DNA-binding domain.!"*'* Thus, the inactivation of p53
by MDM2 and other oncogenic proteins is required for
cancer cell growth and proliferation.

The p53 homolog p63 is also regarded as a tumor
suppressor by transcriptionallg modulating gene expression
also regulated by p53.1'%'”) The p63-encoding gene
generates multiple isoforms from different transcriptional
start sites or through the alternative splicing mechanism.!®!
The p63 isoforms can be categorized into two groups, the
TAp63 isoforms harboring intact TAD and the ANp63
isoforms with deleted TAD. TAp63 can transactivate some
of the most important p53 target genes, such as p21 (also
known as CDKNI1A) and PUMA (p53 up-regulated
modulator of apoptosis, also known as BBC3), leading to
cancer cell cycle arrest and apoptosis,|'®'”! whereas ANp63
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is inactive in transcriptional regulation and endorses tumor
growth.!”! TAp63 affects lipid metabolism and liver
steatosis, which may progress to hepatocellular carcinoma
(HCC); it regulates SIRT1 and AMPKa2, as demonstrated
byanaging TAp63~'~ mouse model.l*" In addition, TAp63
controls liver de novo lipogenesis through the transcrip-
tional induction of CCDC3 that encodes a secreted protein
critical for the increase of long-chain polyunsaturated fatty
acids in liver cells and inhibition of hepatic steatosis
formation in transgenic CCDC3 mice.*?! TAp63 sup-
presses liver cancer cell proliferation, particularly in the
pS53-mutated or -null context, by activating PS 3-target gene
expression in response genotoxic stress.>>** Thus, a
thorough understanding of the mechanism underlying
TAp63 regulation is crucial for improving therapeutic
approaches to treat HCC.

Despite the wide use of hepatitis B virus (HBV) vaccine
and availability of potent antiviral treatments, HBV
infection remains the leading etiology of HCC, responsible
for 50% to 80% of cases worldwide.2526] HBV
contributes to the development of HCC through diverse
mechanisms. On the one hand, HBV DNA integration into
the host genome leads to genomic instability and
mutagenesis of many cancer-associated genes, including
TP53. On the other hand, the prolonged expression of the
viral proteins, such as hepatitis B virus X (HBx), has been
shown to promote HCC progression by modulating
epigenetic modifications and interacting with multiple
transcription factors or co-factors.?”] Importantly, HBx
can inhibit p53 transcrg])tional activity on the pS53-
responsive promoter?®**l or sequester p53 in the
cytoplasm!®®*!! by directly interacting with this protein,
leading to restricted apoptosis and accelerated liver cancer
cell proliferation. Thus, HBx-mediated inactivation of p53
serves a role in the early stages of hepatocellular
carcinogenesis. Mutations of p53, however, are found
in up to 48% of HCC cases,****! particularly when the
cancer progresses to the late stage. Of note, HBV infection
is highly associated with the p53-R249S mutation, the
only hotspot p53 mutant in HCC.?**33! In p53-mutated
HCC, TAp63 may substitute wild-tﬁ)e ]IJS3 for suppress-
ing cell growth and proliferation.!*>**! Therefore, it is
worth exploring whether HBx inactivates TAp63, with an
additional mechanism underlying the progression of HCC
harboring p53 mutation.

In this study, we sought to investigate if HBx promotes
HCC progression by regulating TAp63 activity and, if so,
what is the underlying mechanism. To this end, we
performed co-immunoprecipitation assay, real-time quan-
titative polymerase chain reaction, immunoblotting, and
flow cytometry analysis in p53-defective cancer cell lines
as detailed below. These results demonstrate that HBx
interacts with and suppresses TAp63, resulting in reduced
apoptosis and enhanced cell proliferation.

Methods

Cell culture and transient transfection

Human cancer cell lines H1299 and Hep3B were cultured
in Dulbecco’s modified Eagle’s medium supplemented
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with 10% fetal bovine serum, 100 U/mL penicillin, and
100 wg/mL streptomycin. All cells were maintained at
37 °C in a 5% CO,-humidified atmosphere. Cells were
seeded on the plate one day before transfection and then
transfected with plasmids, as indicated in the figure
legends using Hieff Trans liposomal transfection reagent
following the manufacturer’s protocol (Yeasen, Shanghai,
China). Cells were harvested at 30 to 48h post-
transfection for use in future experiments.

Plasmids and antibodies

The Flag-tagged HBx plasmid was generated by inserting
the full-length cDNA amplified by PCR into the 2xFlag-
pcDNA3 vector between the EcoRI and Xhol sites, using
the following primers, 5-CGGAATTCAATGGCTGC
TCGGGTGTGC-3' and 5'-CCGCTCGAGTTAGGCA-
GAGGTGAAAAAGTTGC-3'. The plasmids encoding
TAp63y and ANp63 were described previously.??! The
antibodies of anti-Myc (Catalog No. 60003-1, Protein-
tech, Hubei, China), anti-p21 (Catalog No. #2947, Cell
Signaling Technology, Danvers, MA, USA), anti-B-actin
(Sc-47778, Santa Cruz, CA, USA), anti-p63 (4A4) (Sc-
8431, Santa Cruz), anti-Flag (Sigma-Aldrich, F3165-
2MG, St louis, MO, USA), and the secondary antibody for
mice (Catalog No. ARG65350, Arigo, Shanghai, China)
were commercially purchased.

Reverse transcription and quantitative RT-PCR analyses

Total RNA was isolated from cells using RNAiso Plus
(Takara, Japan) following the manufacturer’s protocol.
Total RNAs of 0.5 to 1 wg were used as templates for
reverse transcription using PrimeScript RT reagent Kit
with gDNA FEraser (Takara). A real-time quantitative
polymerase chain reaction (RT-gPCR) was conducted
using TB Green Premix according to the manufacturer’s
protocol (Takara). The primers for p21, PUMA, and
GAPDH ¢DNA detection*®! were as follows: p21, §'-
GGCAGACCAGCATGACAGATT-3' and 5'-GCGGCC
AGGGTATGTACATGA-3'; PUMA, 5-TGACCACTGG
CATTCATTTGG-3' and $5'-CCTCCCTCTTCCGAGA
TTTCC-3'; GAPDH, 5'-ACGGATTTGGTCGTATTGGG-
3" and 5'-CCTGGAAGATGGTGATGGGATT-3'.

Immunoblotting (IB)

Cells were harvested and lysed in a lysis buffer consisting
of 50 mmol/L Tris/HCI (pH 7.5), 0.5 % Nonidet P-40 (NP-
40), 1 mmol/L ethylenediaminetetraacetic acid, 150 mol/L
NaCl, 1 mmol/L dithiothreitol, 0.2 mmol/L phenylme-
thylsulfonyl fluoride, 10 mmol/L pepstatin A, and 1 mmol/
L leupeptin. Equal amounts of clear cell lysates (20-80 pg)
were used for IB analyses as previously described.!®”

Immunoprecipitation

Immunoprecipitation (IP) assays were conducted using
antibodies as indicated in the figure legends. In brief, ~500
to 1000 pg of proteins were incubated with the indicated
antibody at 4 °C for 4 h or overnight. Protein A or G beads
(Santa Cruz Biotechnology) were then added, and the
mixture was incubated at 4 °C for an additional 1 to 2 h.
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Beads were washed at least three times with a lysis buffer.
Bound proteins and 10% inputs were detected by IB with
antibodies as indicated in the figure legends.

Flow cytometry analysis

Cells were fixed and stained in 500 mL of propidium
iodide (PI, Sigma-Aldrich, St louis, MO, USA) stain buffer
(50 mg/mL PI, 200 mg/mL RNase A, 0.1% Triton X-100
in phosphate-buffered saline) at 37 °C for 30 min. The cells
were then analyzed for DNA content and sub-Gl
distribution using an FC500 MPL flow cytometer
(Beckham coulter, Indianapolis, IN, USA).

Statistical analysis

All data are presented. The Student’s t-test or one-way
analysis of variance (ANOVA) was performed to
evaluate the differences between two groups or more
than two groups using SPSS software (SPSS Inc., USA).
Additionally, P < 0.05 was considered statistically
significant. All data are presented as mean + standard
deviation (SD).

Results

HBx interacts with TAp63 in cancer cells

HBx physically binds to and suppresses the transcriptional
activity of p53 in HCC. However, this remains elusive if
HBx also interacts with the p53 homolog, TAp63. To
evaluate this mechanism, we introduced plasmids encod-
ing Flag-HBx and Myc-TAp63+y, a TA isoform that has the
strongest transcriptional activity among all the splice
variants,*>** into the H1299 lung cancer cell line that is a
widely used model system with p53 deletion and high
transfection efficiency, followed by co-IP-IB analyses.
Myc-TAp63y was co- -immunoprecipitated with Flag-HBx
using the anti-Flag antibody [Figure 1A]. Conversely,
Flag-HBx could be co-immunoprecipitated with Myc-
TAp63+y using the anti-Myc antibody [Figure 1B]. These
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results demonstrate a clear interaction between HBx and
TAp63vy in cancer cells.

HBx binds to the TAD of TAp63

There are various p63 variants generated using different
promoters or through the C-terminal alternative splicing
[Figure 2A]. The TA isoforms of p63 possess transcrip-
tional activity and can transactivate a subset of p53 target
genes, while the AN isoforms of p63 that lack the TAD are
deprived of transcriptional activity.!"®! Thus, we consid-
ered whether HBx might bind to ANp63. By introducing
plasmids encoding Flag-HBx and ANp63 into cancer cells,
we performed co-IP-IB analyses and found that HBx does
not interact with ANp63 [Figure 2B]. This finding also
suggests that HBx may regulate TAp63, but not ANp63,
transcriptional activity in cancer cells, which is addressed
below.

HBXx represses TAp63 transcriptional activity

As HBx attenuates p53 transcriptional activity by binding
to the latter, we determined if HBx inactivates TAp63 in
pS53-null cancer cells. H1299 cells were transfected with
plasmids encoding Flag-HBx and Myc-TAp63+y individu-
ally or in combination. RT-qPCR analysis was then
performed to assess the expression of p21, a potent cyclin-
dependent kinase 1nh1b1tor that can be induced by the p53
family proteins.*3**! Ectopic expression of Flag-HBx in
H1299 cells does not influence the level of p21 but does
significantly suppress Myc-TAp63v-induced p21 expres-
sion [Figure 3A], indicating that HBx may regulate
TAp63-dependent transcription in p53-null cancer cells.
In addition, we tested this idea in p53-null liver cancer
Hep3B cells with a high level of endogenous TAp63.12%
Indeed, we demonstrated that ectopic expression of Flag-
HBx 51gn1ﬁcantly downregulates the mRNA expressmn of
p21 and PUMA, a BH3-only pro-apoptotic gene,*>*!! in
Hep3B cells [Flgure 3B,C]. Consistently, the protein level
of p21 was also dampened by ectopic HBx [Figure 3D].
These results collectively demonstrate that HBx can

A B
TAp63y + + Flag-HBx  + +

Flag-HBx + Myc-TAp63y +

IP: o-Flag IP: a-Myc
1 Flag-HBx j Myc-TAp63y
B . T 63y _ Flag-HBx

Input — Input | —— .

| -‘ Flag-HBx ) Myc-TAp63y

Figure 1: HBxinteracts with TAp63. (A) Cells were transfected with plasmids encoding HBx and TAp63-y, followed by co-IP using the anti-Flag antibody. The bound proteins were detected
by IB using antibodies as indicated. (B) Cells were transfected with plasmids encoding HBx and TAp63y, followed by co-IP using the anti-Myc antibody. The bound proteins were detected
by IB using antibodies as indicated. co-IP: Co-immunoprecipitation; HBx: Hepatitis B virus X; IB: Inmunoblotting.
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repress TAp63 transcriptional activity in p53-null HCC
cells.

HBx empowers HCC cell growth by negating TAp63 activity

To translate the above findings into biological significance,
we conducted flow cytometry analysis to determine if HBx
controls apoptosis and cell cycle progression by regulating
TAp63. Ectopic expression of HBx slightly reduced
apoptosis of Hep3B cells as indicated by the sub-G1
population [Figure 4B]. Remarkably, the overexpression of
TAp63vy dramatically boosted apoptosis, while the simul-
taneous overexpression of HBx completely abrogated
TAp63vy-induced apoptosis [Figure 4A,B|. In line with
these results, we also showed that the ectopic expression of
HBx markedly restored Hep3B cell proliferation by
counteracting TAp63y activity, as illustrated by the S-
phase population [Figure 4A,C]. Taken together, these
results explicitly demonstrate that HBx impairs apoptosis
and promotes the growth and proliferation of liver cancer
cells by negatively regulating TAp63 activity.

A TA DBD oD SAM

B ANp63y + +

ANp63

Flag-HBx +
ANp63y
IP:Flag
i Flag-HBx
W - ANDG3Y
Input
W= | Flag-HBx

Figure 2: HBx does not bind to ANp63. (A) A schematic for the isoforms of p63 proteins.
(B) Cells were transfected with plasmids encoding HBx and ANp63, followed by co-IP
using the anti-Flag antibody. The bound proteins were detected by IB using antibodies as
indicated. co-IP: Co-immunoprecipitation; IB: Inmunoblotting; HBx: Hepatitis B virus X.
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Discussion

HBV infection remains a major contributor to HCC
worldwide. The viral regulatory protein HBx is required
for HBV DNA transcription and replication, while also
being essential for HBV-induced oncogenesis. Here, we
reported that HBx can interact with the TAD of TAp63 and
represses its transcriptional activity, as evidenced by
downregulation of p21 and PUMA, consequently leading
to restricted apoptosis and accelerated cell proliferation of
p53-null HCC cells. Our study illustrates the interplay
between HBxand TAp63, and it demonstrates an important
yet unappreciated mechanism for HBV-induced progres-
sion of liver cancer with mutation or deletion of p53.

While a number of studies have described the interaction of
HBx and p53 thatleads to p53 inactivation and liver cancer
progression,**3!! it is unknown whether HBx also
regulates p53 family proteins in p53-null liver cancer cells.
Our study showed that HBx indeed binds to and dampens
transcriptional activity of TAp63. Considering our study,
however, the mechanisms behind HBx regulation of p53
and TAp63 may be different. HBx associates with the
carboxyl-terminus of p53 to suppresses its transcriptional
activity by interfering with the interaction of p53 with
TFIIH complex and ERCC3, both of which are involved in
nucleotide excision repair.[2§’42’43 ' Furthermore, the HBx-
pS53 interaction prevents the nuclear entrance of p53 and
impairs the activation of apoptotic genes,***! probably
because HBx blocks the nuclear localization signal within
the carboxyl-terminus of p53. Interestingly, our results
showed that HBx binds to the amino-terminal TAD of
TAp63, but not to the carboxyl-terminus of p63, as HBx did
not interact with ANp63. Hence, we hypothesize that the
interaction of HBx with TAp63 may expose the transcrip-
tional repression domain of HBx to'?*! or directly insulate
the TAD from the basal transcriptional machinery.

Lipid metabolic reprograming is crucial to carcinogenesis.
Liver steatosis can be a significant cofactor in the
establishment of chronic liver disease and even the
development of HCC.** Prolonged overexpression of
HBx promotes lipid accumulation by upregulating
FABP1, SREBP1, and PPARY, consequently inducing
liver steatosis;*>*! this is an essential mechanism for
HBV-associated hepatocellular carcinogenesis. Another
well-documented finding in lipid metabolism of hepato-
cytes is that TAp63 can confine lipid biogenesis through

A B
o
CE. 5 * = 1.2 t
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2 3 4
2 206
22 &
5 804
g ! - £ 02
20 2
pcDNA HBx TAp63 TAp63+HBx pcDNA

c D pcDNA +
1.2 *

é 1.0 Flag-HBx +

gé 0.8 P21 | - —

R .

3 02

& 0 B-actin | J—=— -
HBx pcDNA HBx

Figure 3: HBx inhibits TAp63 transcriptional activity. (A) H1299 cells were transfected with combinations of plasmids as indicated, followed by RT-qPCR analysis of p21 expression. (B,C)
Hep3B cells were transfected with the plasmid encoding HBx or the empty vector, followed* by RT-qPCR analysis of p21 (B) and PUMA (C) expression. (D) Hep3B cells were transfected with
the plasmid encoding HBx or the empty vector, followed by IB analysis of p27 expression. P< 0.05, 7P < 0.01 by two tailed ttest. HBx: Hepatitis B virus X; IB: Immunoblotting; RT-qPCR:

Real-time quantitative polymerase chain reaction.
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Figure 4: HBx abrogates tumor suppressive activity of TAp63. (A) Hep3B cells transfec}ed with combinations of plasmids as indicated were subjected to flow cytometry analysis. (B)
Quantification of the sub-G1 population. (C) Quantification of the S-phase population. P < 0.05 by two tailed ¢ test. HBx: Hepatitis B virus X; PE-A: Phycoerythrin area.

diverse mechanisms. The TAp63” mice, for example,
were found to exhibit obesity, insulin resistance, and
glucose intolerance.*'! Mechanistically, depletion of
TAp63 selectively reduces the expression levels of Sirtl,
AMPKa2, and LKB1, resulting in elevated fatty ac1d
synthesis and declined fatty acid oxidation levels.*!! In
addition, a TAp63-specific target gene, CCDC3 has been
identified during adipocyte differentiation.?! The trans-
genic CCDC3 mice displayed alleviated glucose intoler-
ance, insulin resistance, and steatosis formation upon
high-fat diet.**! Therefore, TAp63 may act more like a
metabolic modulator in hepatocytes and HCC compared
with p53. Thus, additional studies are necessary to
elucidate the interplay of TAp63 and HBx in regulating
lipid metabolism, steatosis, and HCC development.

In conclusion, HBV infection is the leading etiology of
HCC, and the viral regulatory protein HBx plays a critical
role in HBV-induced hepatocellular carcinogenesis by
inhibiting p53 activity. However, the TP353 gene is
frequently mutated or deleted due to exacerbated HBV-
triggered genomic instability as the cancer progresses to
the late stage. In this scenario, TAp63 acts as a tumor
suppressor to activate p53-target genes. In this study, we
demonstrate that HBx interacts with and represses the
transcriptional activity of TAp63, resulting in impaired
apoptosis and increased proliferation of HCC cells.
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