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Abstract
Transcription factor PAX8 expression is upregulated in several types of cancers. However, little is known about the
function of PAX8 in the progression of hepatoma and its regulatory mechanisms. Here, we show that PAX8 silencing
inhibits the proliferation and clonogenicity of hepatoma cells and its growth in vivo. The HBV X protein (HBx) does not
directly interacts, but stabilizes PAX8 by inhibiting proteasome-dependent ubiquitination and degradation. Furthermore,
the E3 ubiquitin ligase complex component Skp2 through its LRR domain directly interacts with the Prd domain of
PAX8 and targets PAX8 by recognizing its lysine 275 for ubiquitination and degradation in hepatoma cells. In addition,
HBx directly interacts and is colocalized with Skp2 to inhibit its recognition and subsequent ubiquitination and
degradation of PAX8 in hepatoma cells. Moreover, HBx upregulates the expression and phosphorylation of Aurora A,
a serine–threonine kinase, which interacts with and phosphorylates PAX8 at S209 and T277, compromising the
Skp2-recognized PAX8 ubiquitination and destabilization. Thus, HBx stabilizes PAX8 protein by inhibiting the Skp2
targeted PAX8 ubiquitination and enhancing the Aurora A-mediated its phosphorylation, contributing to the progression
of hepatoma. Our findings suggest that PAX8 may a new target for design of therapies and uncover new insights into the
pathogenesis of hepatoma.

Introduction

Liver cancer now is the fourth leading cause of cancer-
related death globally. Hepatocellular carcinoma (HCC)
accounts for 90% of primary liver cancers and is attributed
to chronic infection with hepatitis B virus (HBV) or

hepatitis C virus, alcohol abuse and metabolic syndrome
[1, 2]. Among all the etiology, chronic hepatitis B (CHB) is
the common pathogenic factor for the development of HCC
[3]. The HBV X protein (HBx), a multifunctional regulator,
can facilitate hepatocytes to oncogenic transformation [4].
Although extensive investigations have advanced our
understanding of HBx roles in the pathogenesis of HCC, the
molecular mechanisms by which HBx regulates the pro-
gression of HCC have not been clarified.

Protein stability and turnover is a key process to reg-
ulate the cellular homeostasis. The ubiquitin-proteasome
pathway (UPP) is crucial for the degradation of misfolded
and aggregated proteins [5]. During the UPP process, the
ubiquitin ligase E3 recognizes specific lysine residue in a
specific protein by recruiting ubiquitin from ubiquitin-
conjugating enzyme E2 to promote polyubiquitin chain
formation and subsequent proteasome-dependent degra-
dation. Hence, dysfunction of E3 and UPP processes are
important for cell cycle, survival and apoptosis, and
associated with the development of many types of dis-
eases, including malignancies [6]. Viral proteins, such as
the V protein of SV5, Vpx protein of human
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immunodeficiency virus, can target the UPP to support
their replication and oncogenicity [7, 8]. Previous studies
have shown that HBx can interact with some proteins in
the proteasome complex to facilitate the viral replication
[9, 10]. A recent study reveals that HBx modulates Skp2,
a component of the E3 ubiquitin-protein ligase complex,
and MSL2 E3 ligase, to promote hepatocarcinogenesis
[11, 12]. However, how HBx promotes hepatocarcino-
genesis is still unclear.

PAX8 is a member of the paired box (PAX) transcription
factor family. PAX8, like other members in the same
family, has a highly conserved DNA-binding paired domain
(Prd) of 128 amino acids [13]. PAX8 is important for
embryogenesis, and morphogenesis of the thyroid and
kidney [14]. Furthermore, PAX8 expression is upregulated
in several types of cancers and is a valuable biomarker for
diagnosis of glioma, ovarian carcinoma, gastric cancer and
others [15–17]. A recent study has reported that single
nuclear polymorphism of the PAX8 gene is associated with
prognosis of Chinese patients with HCC [18]. However,
little is known on the expression profile and role of PAX8
during the progression of HCC. There is also no informa-
tion on how PAX8 metabolizes, and whether and how HBx
regulates PAX8 turnover in HCC cells.

In present study, we examined the expression of PAX8
and explored the effect of PAX8 silencing on the pro-
liferation, cell cycle and clonogenicity of HCC cells and
HCC growth in vivo. Furthermore, we explored the
potential mechanisms by which HBx regulated
PAX8 stability. Our data indicated that higher levels of
PAX8 expression were associated with poor prognosis of
HCC and PAX8 silencing inhibited the proliferation and
clonogenicity of HepG2 cells by inducing cell cycle
arrest in S phase. Although HBx did not interact with
PAX8, but stabilized its protein by inhibiting the Skp2-
dependent ubiquitination and enhancing the Aurora
A-mediated phosphorylation of PAX8 in HCC cells. Our
findings uncover new mechanisms by which HBx stabi-
lizes PAX8, contributing to the progression of HBV-
related HCC.

Results

PAX8 silencing inhibits the growth of HCC in vitro
and in vivo

PAX8 is a biomarker for diagnosis of several types of
malignant tumors [19, 20]. To understand the potential role
of PAX8 in the progression of HCC, the expression of
PAX8 in HCC and nontumor liver tissues in the Oncomine
and TCGA was analyzed. As expected, the relative ratios of
mRNA transcript of PAX8 in HCC in both Oncomine and

TCGA databases were significantly higher than that in the
nontumor tissues (p < 0.01 for both, Fig. 1a). Kaplan–Meier
analysis indicated that higher levels of PAX8 expression
were associated with poor survival of patients with HCC
(p= 0.032, Fig. 1b). To further understand the role of
PAX8, HepG2 cells were transfected with lentivirus for
expression of PAX8-specific shRNA to silence its expres-
sion effectively (Fig. 1c). PAX8 silencing significantly
inhibited the proliferation and clonogenicity of HepG2 cells
(Fig. 1d, e) and led to S phase arrest (Fig. 1f). Consistently,
PAX8 silencing obviously decreased E2F1, CDK2, and p53
expression and Rb phosphorylation as well as p21 expres-
sion in HepG2 cells (Fig. 1g). Similarly, PAX8 silencing
also inhibited the proliferation and clonogenicity of
MHCC97H and MHCC97L cells (Fig. S1). More impor-
tantly, PAX8 silencing significantly inhibited the growth of
implanted HCC and reduced the tumor size, accompanied
by reducing KI67 staining in the tumor tissues (Fig. 1h–j).
Such data suggest that PAX8 may act as an oncogenic
factor to promote the progression of HCC.

HBx stabilizes the PAX8 protein

Chronic HBV infection is a common risk factor for the
development of HCC. HBx is crucial for HBV replication
and the pathogenesis of HCC. Our protein/DNA Array
results have shown that HBx upregulated the transcriptional
activity of PAX8 (Fig. S2). Next, we examined how HBx
regulated PAX8. We detected significantly higher levels of
PAX8 protein expression, but not PAX8 mRNA transcripts
in HepG2-HBx and HepG2.2.15 cells (Fig. 2a, b). The
positively regulatory effects of HBx on PAX8 protein
appeared to be dose and time-dependent in HepG2 cells
(Fig. S3A–C). Furthermore, while treatment with CHX
(50 µM) for 8–16 h significantly decreased the levels of
PAX8 in HepG2-Ctrl cells the same treatment did not sig-
nificantly affect the levels of PAX8 in HepG2-HBx and
HepG2.2.15 cells, suggesting that HBx may prolong the
half-life of PAX8 by inhibiting its degradation in HepG2
cells (Fig. 2c). The proteasome pathway is important for
degradation of many proteins. Actually, treatment with
MG132 prevented the degradation of PAX8 in all cells
tested (Fig. 2d, Fig. S3D). A previous study has reported
that sumoylation is critical for the steady state of PAX8
protein [21], but it is still unknown whether it can be
regulated by ubiquitination. To address it, HEK293T cells
were transfected with plasmids for expression of Flag-
PAX8, Myc-HBx, and HA-Ub (K48 or K63, respectively),
Flag-PAX8, Myc-HBx for 48 h. It was found that HBx
inhibited the Ub-K48-mediated polyubiquitination of
PAX8, but not the K63-linked pathway (Fig. 2e, f). Such
data indicated that HBx stabilized PAX8 by inhibiting the
Skp2-dependent proteasomal degradation.
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Skp2 interacts with PAX8

To further identify the PAX8-associated proteins, immu-
noprecipitation and Mass spectrometry indicated that PAX8
interacted with several proteins in HepG2 cells (Fig. S4).
Given that the strongest interaction of PAX8 with one
component of the ubiquitin complex was Skp2, we implied
that Skp2 would interact with PAX8. To test the hypothesis,
we confirmed the endogenous Skp2-PAX8 interaction by
coimmunoprecipitation in HepG2 (Fig. 3a). The cotrans-
fection experiment in HEK293T revealed Flag-PAX8
interacted with His-Skp2 by coimmunoprecipitation (Fig.
3b). Furthermore, the purified GST-PAX8 effectively pulled
down Skp2 (Fig. 3c). Confocal microscopy revealed that
PAX8 was colocalized with Skp2 in the perinuclear of
HeG2 cells (Fig. 3d). These indicate that PAX8 directly
interacts with Skp2 in HepG2 cells. To determine the spe-
cific regions for interaction between Skp2 and PAX8, sev-
eral mutants of Skp2 and PAX8 were constructed,
respectively. We found that the T1 fragment (1-138aa,
containing the Prd domain), but not T2 (139-187aa, con-
taining octapeptide), T3 (188-363aa, containing the home-
odomain) and T4 (364-450aa, including the DNA activation
domain) effectively pulled down skp2, indicating that the
Prd domain was responsible for the interaction of PAX8
with Skp2 in HepG2 cells [22] (Fig. 3e). The Skp2 is a
substrate recognition component of the E3
ubiquitin–protein ligase complex, which is crucial for the
ubiquitination and subsequent proteasomal degradation of
target proteins. Skp2 is one member of the SCF complex
family, which contains a consensus protein motif of F-box
[23, 24]. To determine the importance, we generated two
Skp2 mutations of the F-box depletion (94-140aa, Skp2ΔF)
and Leucine-rich Repeat (LRR) domain depletion (151-
401aa, Skp2ΔLRR). Following cotransfection, we found

that Flag-PAX8 effectively precipitated in wild-type Skp2
and Skp2-ΔF, but not Skp2-ΔLRR (Fig. 3f), indicating that
PAX8 interacted with the LRR domain of Skp2. Such data
demonstrated that PAX8 directly interacted with Skp2
through the interaction of the Prd domain in PAX8 with the
LRR domain in Skp2 in HepG2 cells.

Skp2 is crucial for PAX8 protein ubiquitination and
degradation

Skp2 is required for the substrate recognition component of
an E3 ubiquitin–protein ligase complex, which mediates the
ubiquitination and subsequent proteasomal degradation of
target proteins to regulate the pathogenic process of cancer.
Previous studies have shown that c-Myc, E2F1, p27, and
p21 are substrates of Skp2 [25, 26]. Given that Skp2
directly interacted with PAX8, we hypothesized that Skp2
might be required to target PAX8 for ubiquitination and
subsequent degradation. To test the hypothesis, we inves-
tigated the effect of altered Skp2 expression on PAX8
expression in HepG2 cells. Skp2 silencing increased the
levels of PAX8 protein in a trend of dose-dependent while
Skp2 overexpression dramatically decreased the levels of
PAX8 protein in HepG2 cells (Fig. 4a–d). Similar patterns
of c-Myc, p27, and p21 proteins were detected in
Skp2 silencing or overexpressing HepG2 cells (Fig. S5A
and B). Moreover, MG132 treatment rescued the decreased
PAX8 protein mediated by forced expression of His-Skp2
(Fig. 4e). Next, we examined the half-life of PAX8 in
HepG2 cells following CHX treatment. While there was
little reduction in the levels of PAX8 protein in the CHX-
treated control cells, induction of His-Skp2 expression
significantly reduced the levels of PAX8 protein in the
CHX-treated HepG2 cells throughout the observation per-
iod (Fig. 4f). To determine Skp2-dependent ubiquitination
of PAX8, HEK293T cells were cotransfected with plasmids
for expression of HA-Ub and Flag-PAX8, together either
His-Skp2 or Skp2-specific siRNA. Anti-Flag immunopre-
cipitation revealed that Skp2 silencing significantly
decreased the PAX8 polyubiquitination while wild-type
Skp2, but not Skp2ΔF, overexpression, remarkably
increased its polyubiquitination (Fig. 4g–i). Skp2ΔF mutant
overexpression failed to destabilize PAX8 and promote its
ubiquitination (Fig. 4j). A similar pattern of p21 protein was
observed in different groups of cells (Fig. S5C). Together,
such data clearly indicated that Skp2 was important for
PAX8 ubiquitination and degradation.

Lysine 275 in PAX8 is essential for Skp2-dependent
PAX8 ubiquitination and degradation

To determine which lysine of PAX8 is essential for Skp2
recognition-related proteasome-dependent degradation, we

Fig. 1 PAX8 silencing inhibits the growth of HCC in vitro and in vivo.
a The expression levels of PAX8 mRNA transcripts in 102 HCC and
86 nontumor tissues in the Oncomine database and 367 HCC and 50
nontumor tissues in the TCGA (the data was download from the
database on Oct 18, 2018). b Kaplan–Meier analysis of overall sur-
vival in 179 patients with low PAX8 HCC and 183 those with high
PAX8 expressing HCC in the TCGA. c Western blot and qRT-PCR
analysis of PAX8 expression in HepG2 cells following stably
PAX8 silencing. d PAX8 silencing inhibits the proliferation of HepG2
cells, determined by CCK-8 assay. e PAX8 silencing reduces the
clonogenicity of HepG2 cells. f PAX8 silencing induces cell cycle
arrest in S phase in HepG2 cells. g Western blot analysis of the
expression of cell cycling regulators in HepG2 cells.
h, i PAX8 silencing inhibits the growth of implanted HepG2 tumors
and reduces their weights in BALB/c node mice (n= 6 per group). j
Hematoxylin and eosin (HE) staining and immunohistochemistry
analysis of Ki67+ tumor cells in xenograft tumor tissues. Data are
representative images or expressed as the mean ± SD of each group
from three separate experiments. *P < 0.05, **P < 0.01
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divided 14 lysine residues in two groups of the N-terminus
and C-terminus (seven per group, Fig. 5a). After point
mutation of each lysine residue to arginine in each terminus

to generate Flag-PAX8NT or Flag-PAX8CT, we found that
while both wild-type Flag-PAX8WT and Flag-PAX8NT

exhibited similar reduction following treatment with CHX,

Fig. 2 HBx stabilizes PAX8 protein by inhibiting the proteasomal
degradation of PAX8. a, b HBx increases PAX8 protein, but does not
alter PAX8 mRNA transcripts in HBx+ and HBx- HepG2 cells. c HBx
preserves PAX8 protein in HBx+, but not HBx-, HepG2 cells after
treatment with cycloheximide (50 µmol/ml). d HBx and MG132,
prevent PAX8 proteasomal degradation in HepG2 cells. e, f HBx

inhibits the Ub-K48, but not Ub-K63, mediated polyubiquitination of
PAX8 in HEK293T cells after cotransfection with the indicated plas-
mids. Data are representative images or expressed as the mean or
mean ± SD of each group from three separate experiments. *P < 0.05,
**P < 0.01
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the levels of Flag-PAX8CT were slightly reduced (Fig. 5b),
indicating that the C-terminus of PAX8 contained a lysine
residue for Skp2-dependent ubiquitination of PAX8. Fur-
ther K/R mutations of individual lysine residues in the
C-terminus of PAX8 revealed that there was no obvious

reduction in the levels of Flag-PAX8 K197R and Flag-
PAX8K275R, but not other mutants, in HepG2 cells follow-
ing CHX treatment (Fig. 5c). Both Flag-PAX8K197R and
Flag-PAX8K275R exhibited much longer half-life than that of
the wild-type of PAX8 (Fig. S6A). To determine which

Fig. 3 Skp2 interacts with PAX8. a, b Immunoprecipitation and
western blot indicate that Skp2 directly interacts with PAX8 in HepG2
and HEK293T cells following cotransfection with the plasmids. c The
purified GST-PAX8 pulls down Skp2 from HEK293T after transfec-
tion with the plasmid. The purified GST and GST-PAX8 proteins are
resolved by Coomassie blue staining. * One probably degraded
smaller molecule of PAX8. d Immunofluorescent confocal microscopy
analysis of the colocalization of PAX8 and Skp2 proteins in HepG2. e
The purified GST-PAX8 or GST-PAX8-T1 protein pulls down Skp2
from HEK293T cells. The purified truncated GST-PAX8 proteins are

resolved by Coomassie blue staining. The PAX8 was truncated into T1
(containing the paired domain (Prd)), T2 (octapeptide), T3 (home-
odomain) and T4 (DNA activation domain). f Skp2 interacts with
PAX8, dependent on the LRR domain. HEK293T cells were
cotransfected with the indicated plasmids for 48 h and precipitated
with anti-Flag, followed by western blot using anti-His and anti-Flag.
His-Skp2ΔF: depletion of 40 amino acids (F-box domain) of the Skp2;
His-Skp2ΔLRR: depletion of 239 amino acids (Leucine-rich repeat
domain) of the Skp2. Data are representative images of each group of
cells from three separate experiments
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lysine was an ubiquitin acceptor for Skp2-dependent pro-
teasomal degradation of PAX8, we found that His-skp2
overexpression decreased the levels of wild-type Flag-
PAX8 and Flag-PAX8K197R, but not Flag-PAX8K275R in
HepG2 cells (Fig. 5d). Further ubiquitination assay
demonstrated that Skp2 failed to induce the Flag-
PAX8K275R ubiquitination in HepG2 cells (Fig. 5e). Col-
lectively, such data clearly uncovered that Skp2 recognized
the K275 of PAX8 to induce the ubiquitination and
degradation of PAX8 in HepG2 cells (Fig. 5f).

HBx inhibits the Skp2-mediated PAX8
ubiquitination

Given that HBx inhibited the ubiquitination and degradation
of PAX8, but did not directly interact with PAX8
(Fig. S7A), we explored whether HBx inhibited the PAX8
ubiquitination by directly interacting with Skp2 to affect its
activity in HepG2 cells [27, 28]. Actually, we found
that HBx overexpression did not significantly affect the
levels of Skp2 expression in HepG2 cells (Fig. S7B).

Fig. 4 Skp2 mediate PAX8
protein ubiquitination and
degradation. a, b Western blot
and qRT-PCR analysis of PAX8
expression in HepG2 cells
following transfected with the
indicated dose of Skp2-specific
siRNA or control siRNA.
c, d Western blot analysis of
PAX8 and His-Skp2 in HepG2
or HEK293T cells following
inducing variable levels of
His-Skp2. +:2 ug, ++:3 ug,
+++:4 ug. e Treatment with
MG132 mitigates the Skp2-
decreased PAX8 protein in
HepG2 cells. f Induction of
His-Skp2 expression reduces
PAX8 protein ubiquitination
and degradation in HepG2
cells after treatment with CHX.
g Skp2 silencing mitigates
PAX8 protein ubiquitination and
degradation in HEK293T cells
following cotransfection with
the indicated plasmid and
siRNA. h Induction of His-Skp2
expression enhances PAX8
protein ubiquitination and
degradation in HEK293T cells.
i, j Skp2, but not its Skp2ΔF
mutant promotes PAX8 protein
ubiquitination and degradation
in HepG2 and HEK293T cells.
Data are representative images
or expressed as the mean or
mean ± SD of each group from
three separate experiments.
*P < 0.05, **P < 0.01
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Immunoprecipitation indicated that HBx directly inter-
acted with endogenous and inducible Skp2 in both HepG2
and HEK293T cells (Fig. 6a, b). Immunofluorescent
confocal microscopy revealed that HBX and Skp2 were
colocalized in the perinuclear of HepG2 cells (Fig. 6c).

Immunoprecipitation displayed that anti-Myc antibody
precipitated Myc-HBx with the wild-type and Skp2-ΔF,
but not Skp2-ΔLRR, indicating that the LRR domain of
Skp2 was necessary for direct interaction of Skp2 with
HBx (Fig. 6d and Fig. S7C). Given that the LRR domain

Fig. 5 Skp2 recognizes Lysine 275 in PAX8 to promote its protea-
somal degradation. a Schematic illustration of lysine residues in
PAX8. All lysine residues were divided to the PAX8 N-terminal and
PAX8 C-terminal parts (each with seven lysine residues). b Western
blot analysis of the sensitivity of Flag-PAX8WT, Flag-PAX8NT, or
Flag-PAX8CT mutants to proteasomal degradation in HepG2 cells after
treatment with CHX. Flag-PAX8NT or Flag-PAX8CT: all K residues in
each part were replaced with R residues. cWestern blot reveals that the
Flag-PAX8 K197R and K275R mutants are resistant to proteasomal

degradation in HepG2 cells following transfection with individual
plasmids for each mutant. d Increased Skp2 expression promotes the
proteasomal degradation of Flag-PAX8 and Flag-PAX8K197R, but not
Flag-PAX8K275R mutant in HepG2 cells. e Increased Skp2 expression
promotes the ubiquitination and degradation of Flag-PAX8, but not
Flag-PAX8K197R in HEK293T cells. Data are representative images of
each group of cells from three separate experiments. f The schematic
diagram of that SCF-Skp2 complex targets PAX8 protein for protea-
somal degradation
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was important for the interaction of Skp2 with PAX8, we
examined the effect of HBx on the Skp2-PAX8 interaction
in HepG2 cells. We found that Myc-HBx overexpression
impaired the interaction of Skp2 with PAX8 and
decreased the Skp2-dependent ubiquitination and degra-
dation of PAX8 in HepG2 cells (Fig. 6e–g). Because both
PAX8 and HBx interacted with and colocalized with Skp2
in the perinuclear region, we detected the accumulated levels
of PAX8 protein in the nuclear of HBx-expressing cells by
western blot and immunofluorescence (Fig. 6h and Fig. S7D).
Similar results were obtained in HEK293T cells following
HBx overexpression (Fig. S7E). Such results suggest that
HBx may stabilize PAX8 by impairing the Skp2-PAX8
interaction and subsequent ubiquitination and degradation
of PAX8.

Aurora A phosphorylates PAX8 and attenuates the
Skp2-dependent ubiquitination and degradation of
PAX8

The intracellular levels and activity of multiple proteins are
also determined by their site-specific phosphorylation by
specific protein kinase. Given that mass spectrometry indi-
cated that PAX8 was possible to interact with Aurora A, a
serine/threonine kinase, we further explored the role of
Aurora A in the Skp2-dependent PAX8 ubiquitination.
First, immunoprecipitation indicated that PAX8 directly
interacted with Aurora A in HepG2 and HEK293T cells
(Fig. 7a and S8A) and the GST-PAX8 effectively pulled
down Aurora A (Fig. S8B). Induction of Aurora A over-
expression increased the levels of PAX8 Thr/Ser

Fig. 6 HBx inhibits the Skp2-
mediated PAX8 ubiquitination.
a, b Immunoprecipitation
indicates that HBx directly
interacts with Skp2 in HepG2
and HEK293T cells. c
Immunofluorescent confocal
microscopy reveals that HBx
and Skp2 are colocalized in the
perinuclear of HepG2 cells. d
HBx interacts with His-Skp2,
but not His-Skp2ΔLRR, in
HEK293T cells. e, f HBx
inhibits the Skp2-reduced PAX8
in HEK293T and HepG2 cells. g
HBx mitigates the Skp2-
mediated PAX* ubiquitination
and degradation in
HEK293T cells. h Western blot
analysis of cytosol and nuclear
PAX8 in HBx+ HepG2-HBx
and HepG2.2.15 cells. Data are
representative images of each
group of cells from three
separate experiments
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phosphorylation in both HepG2 and HEK293T cells
(Fig. 7b). It was notable that two sequences of amino acids
(206-212aa/273-279aa) in PAX8 contained the consensus
motif (R/K-X-S/T-I/V/L) recognized by Aurora A (Fig. 7C1).
We found that Aurora A phosphorylated recombinant wild-
type PAX8, but did not effectively phosphorylate the
mutant GST-PAX8S209A and GST-PAX8T277A (Fig. 7C2).
Similarly, treatment with MLN8237, an inhibitor of Aurora

A [29], also impaired the PAX8 phosphorylation (Fig. S8C).
Accordingly, Aurora A phosphorylated PAX8 at S209 and
T277 to modulate its stability. Because different types of
posttranslational modifications can cross talk and the
phosphorylation of a substrate can affect its ubiquitination
[30], we examined the impact of Aurora A-phosphorylated
PAX8 on its stability and the Skp2-dependent ubiquitina-
tion and degradation of PAX8. Treatment with MLN8237

Fig. 7 Aurora A phosphorylates PAX8 and attenuates the Skp2-
mediated PAX8 ubiquitination and degradation. a Immunoprecipita-
tion exhibits that Aurora A directly interacts with PAX8 in HepG2
cells. b Induction of Aurora A overexpression enhances PAX Thr and
Ser phosphorylation in HepG2 and HEK293T cells. c1 The consensus
recognition motifs of Aurora A ;c2 Aurora A phosphorylates GST-
FAX8, but not GST-PAX8S209A and GST-PAX8T277A mutants in
HEK293T cells. d Inhibition of Aurora A by MLN8237 reduces its
phosphorylation and PAX8 protein in HBx+ HepG2-HBx and
HepG2.2.15 cells. e Treatment with MLN8237 decreases Aurora A

phosphorylation, HBx expression, and PAX8 protein in HepG2-HBx
cells after treatment with CHX. f Treatment with MG132 and/or
MLN8237 modulates Aurora A phosphorylation and PAX8 in HepG2-
HBx cells. g Induction of Myc-Aurora A expression mitigates the
increased Skp2-mediated PAX reduction in HepG2 cells. h Induction
of Myc-Aurora A expression prevents the Skp2-medaited PAX8 ubi-
quitination in HEK293T cells. i HBx Enhances Aurora A phosphor-
ylation in HepG2-HBx and HepG2.2.15 cells. Data are representative
images of each group of cells from three separate experiments

HBx regulates transcription factor PAX8 stabilization to promote the progression of hepatocellular. . . 6705



or Aurora A silencing decreased the levels of PAX8 protein
even in HBx overexpressing cells, but did not affect the
relative levels of PAX8 mRNA transcripts (Fig. 7d, S8D, E).
Inhibition of Aurora A reduced the steady-state of endo-
genous PAX8 following treatment with CHX (Fig. 7e),
which was abrogated by treatment with the MG132 (Fig. 7f).
Induction of Aurora A overexpression significantly
increased the levels of wild-type PAX8 protein than that of
PAX8S209A/PAX8T277A (Fig. S9A). Such data clearly indi-
cated that PAX8 phosphorylation by Aurora A prolonged its
stability, which may be attributed its low sensitivity to the
Skp2-dependent ubiquitination and degradation. Actually,
induction of Aurora A overexpression mitigated the Skp2
overexpression reduced PAX8 protein in HepG2 cells (Fig. 7g).
Aurora A overexpression abrogated Skp2-dependent ubi-
quitination of PAX8 (Fig. 7h), but failed significantly to
modulate the Skp2-dependent ubiquitination of PAX8S209A

and PAX8T277A mutants (Fig. S9B). Therefore, Aurora A
phosphorylated PAX8 and inhibited the Skp2-recruited
PAX8 for its ubiquitination and degradation in hepatoma
cells.

A previous study has suggested that Aurora A may act as
an oncogenic factor for the tumorigenesis of HCC [31].
However, it is currently unclear whether HBx can regulate
the activity of Aurora A. Given that HBx and Aurora A
positively regulated PAX8 stability, we hypothesized that
HBx might stabilize PAX8 protein by activating Aurora A.
In fact, we found that HBx overexpression enhanced the
Aurora A expression and phosphorylation, and promoted
the accumulation of wild-type PAX8, but not PAX8S209A/
PAX8T277A mutants, in HepG2 and HepG2.2.15 cells
(Fig. 7i and S9C). Together, such novel findings demon-
strated that PAX8 phosphorylation by Aurora A mitigated
its sensitivity to the Skp2-dependent PAX8 ubiquitination
and degradation, which was enhanced by HBx.

Discussions

CHB is a major cause of advanced liver disease and HCC in
the world. It is well known that several factors contribute to
the pathogenesis of HBV-mediated HCC. PAX8 is a tran-
scription factor and implicated in progression of cancer
[32, 33]. PAX8 expression is upregulated in most types of
tumors, and it can promote the progression of cancer by
inhibiting cancer cell apoptosis and/or promoting their
proliferation. In this study, we found that PAX8 mRNA
transcripts increased in HCC tissues and higher levels of
PAX8 transcription was associated with poor survival of
HCC patients. These suggest that PAX8 may act as an
oncogenic factor for the progression of HCC. More
importantly, we found that PAX8 silencing inhibited the
proliferation and clonogencity of HCC cells in vitro and the

growth of implanted HCC xenografts in vivo. Furthermore,
PAX8 silencing induced HCC cell cycle arrest in S phase by
downregulating E2F1, RB and P53 expression in HCC
cells, consistent with previous reports [16, 33]. Therefore,
PAX8 may be a new biomarker and therapeutic target for
prognosis and intervention of HCC.

Precise and decisive control of protein expression,
degradation and turnover is crucial for cellular homeostasis
[34]. Previous studies have shown that HBx, a protein of the
HBV, contributes to the development of HBV-related HCC,
and participates into the process of cellular functions
[35, 36]. Here, we show that although HBx does not directly
interact with PAX8, but it stabilizes PAX8 by inhibiting its
ubiquitination. Evidently, we found that the Skp2, a com-
ponent of the SCF type ubiquitin ligase complex and a well-
studied member of the F-box protein family, directly
interacted with PAX8 and promoted its ubiquitination and
degradation through its LRR domain [37]. Previous studies
have shown that the sumoylation of PAX8 affects its sta-
bility, the mechanisms responsible for recognizing and
targeting of PAX8 for ubiquitination and proteasomal
degradation have remained unidentified [21] and HBx can
regulate proteasomal functions [38]. Furthermore, HBx can
interact directly with Skp2 although Skp2 binding domain
with HBx remains controversial [27, 28, 39]. In this study,
we found that HBx directly interacted with Skp2, dependent
on its LRR domain and induction of HBx overexpression
mitigated the Skp2-dependent PAX8 ubiquitination and
degradation. It is possible that HBx through interacting with
Skp2 to reduce/prevent the interaction of Skp2 with PAX8,
inhibiting the PAX8 polyubiquitination to stabilize PAX8.
Therefore, our findings may uncover a new mechanism by
which HBx regulates the PAX8 stabilization and promotes
the progression of HCC.

The E3 ubiquitin ligase usually recognizes a specific
lysine acceptor in its substrate to promote proteasomal
degradation [40]. A previous study has shown that the
lysine 309 (K309) is a major acceptor in PAX8 for its
sumolytion [21]. In this study, we identified that the lysine
197 and 275 residues (K197and K275) within PAX8 served
as acceptors for PAX8 polyubiquitination and the K275 was
essential for the Skp2-dependent proteasomal degradation.
Thus, sumolytion and the Skp2-dependent PAX8 poly-
ubiquitination appear to be through different acceptors in
PAX8 to regulate its degradation in HCC cells.

Protein phosphorylation can inhibit or promote ubiqui-
tination to prevent or enhance proteasomal degradation
[41]. Aurora A, a member of the serine–threonine kinase
family, is commonly elevated in epithelial malignancies
[42, 43]. In this study, we found that Aurora A interacted
with and phosphorylated PAX8 at S209 and T277,
impairing the Skp2-mediated ubiquitination and degrada-
tion of PAX8. However, we did not detect the direct
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interaction between Skp2 and Aurora A (data not show),
suggesting that alternative mechanisms underlying the
action of Aurora A in regulating the Skp2-dependent PAX8
ubiquitination and degradation. A previous study has shown
that Aurora A can stabilize N-Myc by inhibiting the Fbxw7
mediated degradation [44]. They argue that K63-linked or
K11-linked ubiquitination plays a partial role in Aurora A-
mediated stabilization of N-Myc. This suggests that Aurora
A may recruit a S82 phosphatase or a de-ubiquitinating
(DUB) enzyme to block the access of degradation [45, 46].
Furthermore, Aurora A can phosphorylate p53 to promote
the Mdm2-mediated p53 destabilization and inhibition [47],
which explains its oncogenic transformation in mammalian
cells. As Aurora A is amplified and overexpressed in human
cancers and correlates with poor prognosis of HCC patients,
we examined whether HBx upregulated the expression and
activity of Aurora A. We found that Aurora A phosphory-
lated PAX8 and HBx upregulated Aurora A expression to
stabilize PAX8 protein, but not the phosphorylation site
mutated PAX8. These data indicated that HBx indirectly
enhanced PAX8 stability by up-regulating Aurora A
expression and subsequent PAX8 phosphorylation-related
stability. Therefore, our novel findings show that Aurora
kinase A as a PAX8-activated molecule makes it an
important factor in the pathogenesis of HCC.

Here, our data indicate that PAX8 is a major regulator of
the progression of HCC and uncover new mechanisms by
which HBx contributes to the pathogenesis of HCC. HBx
stabilizes PAX8 protein by inhibiting the skp2-dependent
ubiquitination and enhancing the Aurora A-mediated PAX8
phosphorylation. Potentially, our findings may aid in design
of new therapies for intervention of HBV-related HCC.

Materials and methods

Cell culture

Human hepatoma HepG2 (passage 9), HepG2.2.15 (passage
11), and embryonic kidney HEK293T cells were from
ATCC and maintained in our laboratory. MHCC97H (pas-
sage 6), MHCC97L (passage 6) cells were purchased from
Guangzhou Cellcook Biotech and maintained in our
laboratory. The cells were cultured in Dulbecco’s-modified
Eagle’s medium (Hyclone) supplemented with 10% fetal
bovine serum and 100 units/ml of penicillin and 100 µg/ml
of streptomycin (Gbico). HepG2 cells were transduced with
lentivirus for expression of control and PAX8-specific
shRNA1 or shRNA2 to generate control HepG2-shNC,
PAX8-stably silencing HepG2-shPAX8-1 and HepG2-
shPAX8-2 cells, respectively. The cells were cultured in
the presence or absence of cycloheximide (CHX, 50 µM,
Cell Signal Technology), MG132 (25 µM Selleck), and/or

MLN8237 (1 or 2 µM, Selleck). The cells were subjected to
subsequent experiments.

Western blot assay

Individual groups of cells were lyzed in lysis buffer con-
taining proteinase and phosphatase inhibitors (Roche) and
centrifuged. After quantification of protein concentrations
by BCA assay (ThermoFisher Scientific, 23235), individual
cell lysate samples (30 µg/lane) were separated by sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE) on 12% gels and transferred onto polyvinylidene
difluoride membranes (Millipore, IPVH00010). After being
blocked with 5% fat-free dry milk in TBST, the membranes
were incubated with antibodies against PAX8 (Novus,
NBP1-32440), HBx (XIAMEN INNOVAX BIOTECH), Rb
(#9313), phosphor-Rb (#D59B7), P21 (#2947), E2F1 (sc-
251), p53 (sc-126), CDK2 (#78B2), and GAPDH (60004-1-
Ig, Santa Cruz Biotechnology or Proteintech). The bound
antibodies were detected with horseradish peroxidase
(HRP)-conjugated second antibodies and visualized using
the enhanced chemiluminescent reagents. The relative
levels of target protein to the control GAPDH were deter-
mined by densitometric analysis using the ImageJ software.

Immunoprecipitation

The potential direct interaction between PAX8 and HBx
was determined by immunoprecipitation, as previously
reported [48]. Briefly, HEK293T cells were transfected with
the control pcDNA/HA-Ub alone or together with pcDNA/
Myc-HBx and/or pcDNA/Flag-PAX8 for 48 h using lipo-
fectamine 2000 (ThermoFisher Scientific). After lyzed and
centrifuged, the cell lysate samples were incubated with
anti-Flag M2 (Sigma) 4 °C overnight and the immuno-
complex was precipitated with the protein A/G agarose
beads (Santa Cruz Biotechnology, sc-2003) at 4 °C for
2–3 h. After intensively washed, the bound immunocom-
plex was eluted and separated by SDS-PAGE, followed by
probing with anti-HA. The input samples were simulta-
neously analyzed using anti-Flag, anti-Myc, and anti-HA.

In addition, the potential direct interaction between
PAX8, HBx, Skp2, and Aurora A in HepG2 cells was
determined by immunoprecipitation using anti-PAX8, anti-
HBx, or anti-Skp2 and visualized by western blot. Simi-
larly, HEK293T cells were cotransfected with pcDNA/HA-
Ub alone or together with pcDNA/Flag-PAX8 and pcDNA/
His-Skp2 or its mutants of Skp2ΔF, Skp2ΔLRR or Skp2-
specific siRNA for 48 h. Some cells were transfected with
pcDNA/Flag-HBx and pcDNA/His-Skp2 or pcDNA/Flag-
PAX8 and pcDNA/Myc-HBx for 48 h. The cells were
treated with vehicle DMSO or 25 mM MG132 for 6 h. The
potential interaction of PAX8, HBx, and Skp2 was
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examined by immunoprecipitation using anti-Flag, anti-His
(GenScript 66005-1-Ig), anti-HA (sc-57592), anti-Myc or
isotype control, and visualized by immunoblot. Moreover,
HepG2 and HEK293T cells were transfected with
pcDNA3.1 or pcDNA/Aurora A for 48 h and immunopre-
cipitated with anti-PAX8 and Aurora A (#14474), followed
by immunoblot with anti-phosphoseine (P-Ser, sc-81516)
and anti-phosphothreonine (P-Thr, sc-81526), phosphor-
Aurora Athr288 (#3079), C-Myc (#13987), and Myc-Tag
(#2276, Santa Cruz Biotechnology).

Immunofluorescence

HepG2 cells were cultured on glass coverslips in six-well plates
up to 30–40% confluency. After being washed, the cells were
fixed with 4% paraformaldehyde and blocked with 5% BSA
(including 0.1% Triton-100). The cells were incubated with
rabbit anti-PAX8 and mouse anti-Skp2 at 4 °C overnight. After
being washed, the cells were further stained with Alexa Fluor
568-conjugated anti-rabbit IgG or Alxa Fluor 488-conjugated
anti-mouse IgG or control (Invitrogen) and counterstained with
DAPI (ThermoFisher Scientific). The fluorescent signals were
examined under a confocal microscope (Olympus, Tokyo,
Japan). In addition, HepG2 cells were cotransfected with
pcDNA/Flag-HBx and pcDNA/His-Skp2 for 48 h and stained
with anti-HBx and anti-Skp2, followed by fluorescent second
antibodies (green for HBx and red for Skp2).

Quantitative real-time PCR (qRT-PCR)

Total RNA was extracted from individual groups of cells
using Trizol Reagent (Life Technology, 15596-26) and
reversely transcribed into cDNA using PrimeScript RT
Reagent Kit (Takara, RR047A), according to the manu-
facturer’s instruction. The relative levels of target mRNA
transcripts to the control GAPDH were determined by qRT-
PCR using the SYBR green kit and specific primers. The
sequences of primers were PAX8-F: 5′-CAATGCCT
TTCCCCATGCTG-3′ PAX8-R: 5′-ATGGCAGAGGAG
GCATAGC-3′; Skp2-F: 5′-ATGCCCCAATCTTGTCCAT
CT-3′; Skp2-R: 5′-CACCGACTGAGTGATAGGTGT-3′.
The PCR reactions were performed in duplicate, as pre-
viously reported [49].

GST pull down

GST-PAX8 and its truncated mutations were purified using
GST Sefinose Resin (Sangon Biotech). The purified pro-
teins were characterized by Coomassie blue staining.
Appropriate amounts of purified GST-tagged protein were
mixed with HEK293T cell lysates, incubated at 4 °C over-
night. The resins were washed and bound proteins were
analyzed by immunoblot using anti-GST (sc-53909).

In vivo ubiquitination assay

HEK293T cells were transfected with specific plasmids for
48 h and treated with 50 µM MG132 for additional 6 h. The
cells were lyzed in RIPA buffer containing protease inhi-
bitors at 4 °C for 30 min and centrifuged at 20,000 g for
15 min. Equal amounts of cellular extracts were immuno-
precipitated with anti-Flag at 4 °C overnight. The generated
immunocomplex was precipitated by protein A/G agarose
beads. After being washed, the immunocomplex was
resolved by SDS-PAGE and characterized by immunoblot.

In vitro phosphorylation assay

The DNA fragments for mutant PAX8 at Ser209 or Thr277
were amplified by PCR and cloned into the plasmid of
pGEX-4T-1 for expression of control GST-PAX8, GST-
PAX8S209A, and GST-PAX8T277A mutants. After being
transfected, the generated GST-PAX8, GST-PAX8S209A,
and GST-PAX8T277A were purified by GST Sefinose Resin.
Subsequently, the sensitivity of individual GST-PAX8,
GST-PAX8S209A, and GST-PAX8T277A samples to phos-
phorylation induced by Aurora A was determined in vitro.
Briefly, a mixture of 1 mM ATP (Invitrogen, AM8110G),
3 µg GST-PAX8, PAX8S209, or PAX8T277, 50 µl 1 × Kinase
Buffer (Cell Signal Technology, #9802) and the Flag-
Aurora A protein immunoprecipitated from 293T lysates
was reacted at 30 °C for 20 min. After being boiled, the
proteins were resolved by SDS-PAGE, and subjected to
autoradiograph.

Statistics analysis

Data are expressed as the mean ± standard deviation (SD)
from at least three separate experiments. The difference
among groups was determined by One-way ANOVA and
post hock least significance difference test and the differ-
ence between groups was analyzed by Student’s t-test using
GraphPad prism version7 (GraphPad Software, USA).
P-values < 0.05 was considered statistically significant.
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