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A B S T R A C T

Proteasomal activator 28 gamma (PA28γ), an essential constituent of the 20S proteasome, is frequently overex-
pressed in hepatocellular carcinoma. Hepatitis C virus (HCV) core protein is recently known to activate PA28γ
expression in human hepatocytes via upregulation of p53 levels; however, its role in HCV tumorigenesis remains
unknown. Here, we found that HCV core-activated PA28γ downregulates p16 levels via ubiquitin-independent
proteasomal degradation. As a result, HCV core protein activated the Rb-E2F pathway to stimulate cell cycle
progression from G1 to S phase, resulting in an increase in cell proliferation. The potential of HCV core protein to
induce these effects was almost completely abolished by either PA28γ knockdown or p16 overexpression, con-
firming the role of the PA28γ-mediated p16 degradation in HCV tumorigenesis.
1. Introduction

Chronic infection with hepatitis C virus (HCV) is a major cause of
human hepatic diseases, including hepatitis, cirrhosis and hepatocellular
carcinoma (HCC) [1]. As a member of the Flaviviridae family, HCV con-
tains a positive stranded RNA genome of 9.5 kb encoding a large poly-
protein, which is proteolytically processed into 4 structural proteins and
6 nonstructural proteins [2]. Several HCV proteins including core, NS2,
NS3, NS5A, and NS5B are implicated in HCV tumorigenesis [3, 4]. In
particular, HCV core protein has been reported to alter diverse signaling
pathways, transcriptional activation, and modulation of immune re-
sponses, apoptosis, and lipid metabolism [3, 4]. It has been also
demonstrated that HCV core protein cooperates with ras oncogene in the
transformation of rodent fibroblasts [5], stimulates cell growth and
proliferation [6, 7, 8], promotes immortalization of primary human he-
patocytes [9], and induces HCC in transgenic mice [10]. Despite the
steadily accumulating evidence on the role of HCV core protein in HCC
formation, its action mechanism is still a controversial topic.

Proteasomes are protein complexes that degrade unneeded or
damaged proteins through proteolysis. Two distinct proteasomes differ-
entially target proteins for degradation. The 26S proteasome responsible
for the degradation of the majority of cellular proteins through an
ubiquitin- and ATP-dependent pathway is formed by association of the
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20S catalytic core composed of α and β subunits with the 19S regulator
[11]. Alternatively, the 20S proteasome responsible for ubiquitin- and
ATP-independent protein degradation is generated by a combination of a
20S catalytic core and a member of proteasomal activator 28 (PA28)
family [11]. Unlike its family members, PA28α and PA28β, PA28γ is
localized within the nucleus and has been implicated in tumorigenesis, as
it affects cell proliferation and apoptosis via nuclear proteolysis of target
proteins. For example, PA28γ lowers p53 levels by facilitating its inter-
action with mouse double minute 2 (MDM2), thereby inhibiting DNA
damage-induced apoptosis [12]. PA28γ also promotes degradation of
several negative cell cycle regulators, including p14, p16, and p21, to
stimulate cell cycle progression from G1 to S phase [13]. Interestingly,
PA28γ is frequently overexpressed in human cancers, including HCC
[14]. In addition, PA28γ knockout impairs development of both hepatic
steatosis and HCC in transgenic mice [15]. Despite increasing evidence
supporting the oncogenic role of PA28γ in human cancers, its role and
action mechanism in HCV tumorigenesis remain unknown.

Previous studies have shown that HCV core protein upregulates p53
levels via activation of the ataxia telangiectasia mutated (ATM)-check-
point kinase 2 (CHK2) pathway and enhances its transcriptional activity
[16, 17]. In addition, p53 activates PA28γ transcription through p53
response elements located within its promoter [18]. Furthermore, it has
recently been reported that HCV core protein stimulates PA28γ
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expression in human hepatoma cells via activation of p53 [17]. In the
present study, we further explored the biological significance of the
p53-dependent PA28γ activation in HCV core-associated tumorigenesis,
focusing on the PA28γ-mediated proteasomal degradation of p16 and its
effects on the Rb-E2F pathway and cell proliferation.

2. Materials and methods

2.1. Plasmids

The HCV core expression plasmid, pCMV-3 � HA1-core, encodes the
full-length HCV core (genotype 1b) downstream of three copies of the
influenza virus hemagglutinin (HA) epitope [19]. The pCMV-3 �
HA1-p16, encoding full-length HA-tagged p16, was described previously
[20]. Scrambled (SC) shRNA, p53 shRNA, and PA28γ shRNA plasmids
were purchased from Santa Cruz Biotechnology. Plasmid pCH110,
encoding the Escherichia coli β-galactosidase (β-Gal) gene under the
control of the SV40 promoter, and pCMV6 PSME3, encoding full-length
human Myc-DDK-tagged PA28γ, were purchased from Pharmacia (Cat.
No. 27-4508-01) and OriGene (Cat. No. SC321554), respectively. The
E2F1-luc and pCMV p53-WT were gifts from Dr. Chang-Woo Lee
(Sungkyunkwan University, Suwon, Korea). The pHA-Ub, encoding
HA-tagged ubiquitin, was kindly provided by Y. Xiong (University of
North Carolina at Chapel Hill, USA).

2.2. Cell lines and transfection

HepG2 (KCLB No. 58065) and Hep3B (KCLB No. 88064) obtained
from the Korean Cell Line Bank were maintained in Dulbecco's modified
Eagle's medium (WELGENE, Cat. No. LM 001–05) with 10% fetal bovine
serum (Gibco, Cat. No. 16000-044) and antibiotics (penicillin and
streptomycin; Gibco, Cat. No. 15140122). For transient expression, 4 �
105 cells per 60-mm dish were transfected with 2 μg of appropriate
plasmid(s), using the TurboFect™ transfection reagent (Thermo Fisher
Scientific, Cat. No. R0532) according to the manufacturer's instructions.
Stable cell lines, HepG2-vector and HepG2-core, were established by
transfection with pCMV-3 � HA1 and pCMV-3� HA1-core, respectively,
followed by selection with 750 μg ml�1 G418 (Gibco, Cat. No. 11811-
031) for 4 weeks, as previously described [20]. The colonies formed on
the dishes were amplified for the examination of HCV core expression by
western blotting. The stable cell lines were maintained in the culture
medium containing 250 μg ml�1 G418. Cells were treated with MG132
(Sigma, Cat. No. M7449) to inhibit cellular proteasomes for 4 h before
harvesting.

2.3. Luciferase reporter assay

Approximately 2 � 105 cells per well in 6-well plate were transfected
with 0.2 μg of E2F1-luc along with the indicated plasmids in Figures 3B,
3D, and S1B. To control for transfection efficiency, 0.1 μg of pCH110 was
cotransfected as an internal control. At 48 h after transfection, a lucif-
erase assay was performed using the Luciferase Reporter 1000 Assay
System (Promega, Cat. No. E1910). The β-Gal activity was measured
using a β-Gal activity (Thermo Fisher Scientific, Cat. No. 75705). The
luciferase activity was normalized to the β-Gal activity measured in the
corresponding cell extract.

2.4. Cell viability analysis

For the determination of cell viability, 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) assay was performed as previ-
ously described [21]. Briefly, cells grown in 96-well plates were treated
with 10 μM MTT (USB, Cat. No. 19265) for 4 h at 37 �C. The formazan
compounds derived from MTT by mitochondrial reductases present in
the living cells were then dissolved in dimethyl sulfoxide, and quantified
by measuring absorbance at 550 nm.
2

2.5. BrdU incorporation assay

For determination of DNA synthesis rate, the amount of BrdU incor-
porated into DNA was measured by a colorimetric immunoassay (Roche,
Cat. No. 11647229001). Briefly, 1 � 104 cells per well in 96-well plates
were incubated for 48 h under the indicated conditions and treated with
10 μM BrdU for an additional 24 h. Fixed cells were reacted with anti-
BrdU-peroxidase for 2 h, and the color that developed after addition of
trimethyl benzidine was measured at 490 nm and 405 nm.

2.6. Western blot analysis

Cells were lysed in buffer (50 mM Tris-HCl, pH 8.0, 150 mM NaCl,
0.1% SDS, and 1% NP-40) supplemented with protease inhibitors
(Roche, Cat. No. 04 693 132 001). Cell extracts were separated by SDS-
PAGE and transferred onto a nitrocellulose membrane (Amersham, Cat.
No. 10600004). Membranes were then incubated with antibodies against
p16 (Abcam, Cat. No. ab51243); p53 (Cat. No. sc-126), E2F1 (Cat. No. sc-
251), PA28γ (Cat. No. sc-136025) and ubiquitin (Cat. No. sc-9133) (Santa
Cruz Biotechnology); HA (Cell Signaling, Cat. No. 9301S); phosphory-
lated Rb (Cell signaling, Cat. No. 9301S); Rb (Oncogene, Cat. No. OP77-
100UG); HCV core protein (Thermo Fisher Scientific, Cat. No. MA1-080);
and γ-tubulin (Sigma, Cat. No. T6557), and subsequently with an
appropriate horseradish peroxidase-conjugated secondary antibody:
anti-mouse or anti-rabbit IgG (H þ L)-HRP (Bio-Rad, Cat. No. 1706516
and 170–6515, respectively). The ECL kit (Advansta, Cat. No. K-12045-
D50) was used to visualize the protein bands with the ChemiDoc XRS
imaging system (Bio-Rad).

2.7. Immunoprecipitation (IP)

An IP assay was performed using a Classic Magnetic IP/Co-IP kit
(Pierce, Cat. No. 88804) according to the manufacturer's specifications.
Briefly, 4 � 105 cells were transfected with the indicated plasmids along
with pHA-Ub for 48 h under the indicated conditions. Whole cell lysates
were incubated overnight at 4 �C with an anti-p16 antibody. Protein A/G
magnetic beads (Pierce) were then added, and the lysates were incubated
for an additional hour. Beads were collected using a magnetic stand
(Pierce), and the eluted antigen/antibody complexes were subjected to
western blotting using an anti-HA antibody.

2.8. Statistical analysis

The values indicate means � standard deviations from at least three
independent experiments. A two-tailed Student's t-test was used for all
statistical analyses. A P value of <0.05 was considered statistically
significant.

3. Results

3.1. HCV core protein downregulates p16 levels via p53-dependent
upregulation of PA28γ levels

We analyzed the Roessler liver 2 statistics retrieved from Oncomine
database to compare the mRNA levels of PA28γ and p16 between 220
normal liver and 225 HCC microarray datasets (Fig. S1A). Consistent to
previous reports [14, 22, 23], PA28γ levels were found to be approxi-
mately 4-fold higher in HCC samples compared with normal liver sam-
ples, while p16 levels in HCC samples were less than 40% of the normal
tissues (Figure 1A). Based on these data, we attempted to investigate the
possible involvement of PA28γ in the regulation of p16 levels in
HCV-associated HCC. Initially, it was examined whether HCV core pro-
tein differentially affects PA28γ levels in human hepatoma cells with or
without p53 expression. Transient expression of HCV core protein
dose-dependently upregulated p53 and PA28γ levels in HepG2 cells,
while the effect on PA28γ was negligible in p53-negative Hep3B cells



Figure 1. HCV core protein downregulates p16 levels via upregulation of p53 and PA28γ levels in human hepatoma cells. (A) Analysis of the expression levels of
PA28γ and p16 in microarray datasets (Roessler liver 2) of normal liver (n ¼ 220) and HCC (n ¼ 225) retrieved from the Oncomine database. Unmodified datasheets
are given in Fig. S1A. (B) HepG2 and Hep3B cells were transiently transfected with an increasing concentration of the HCV core expression plasmid for 48 h, followed
by western blotting. The uncropped versions of figures are presented in Fig. S1B. (C, D) HepG2 and Hep3B cells were transfected with an empty vector or the HCV core
expression plasmid along with the indicated amount of p53 expression plasmid, scrambled (SC) shRNA plasmid, and p53 shRNA plasmid, followed by western blotting.
The uncropped versions of figures are presented in Fig. S1C and S1D. (E, F) HepG2 and Hep3B cells were transiently transfected with either an empty vector or the
HCV core expression plasmid along with an increasing concentration of the PA28γ expression plasmid or PA28γ shRNA plasmid for 48 h, followed by western blotting.
The uncropped versions of figures are presented in Fig. S1E and S1F.
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(Figure 1B). Additionally, overexpression of p53 in the absence of HCV
core protein upregulated PA28γ levels in HepG2 cells, whereas knock-
down of p53 in the presence of HCV core protein downregulated PA28γ
levels in the same cells (Figure 1C). While overexpression of p53 in
Hep3B cells also upregulated PA28γ levels in the presence and absence of
HCV core protein, the effect was more dramatic in the presence of HCV
core protein, definitely because HCV core protein upregulated ectopic
p53 levels in these cells (Figure 1D). These results confirm our previous
findings demonstrating that HCV core protein upregulates PA28γ levels
via activation of p53 in human hepatoma cells [17].

Next, it was investigated whether HCV core protein also affects p16
levels in a p53-dependent manner. Consistent with a previous report
[20], HCV core protein dose-dependently downregulated p16 levels in
HepG2 cells, while the effect was marginal in Hep3B cells (Figure 1B). In
addition, overexpression of p53 in the absence of HCV core protein
downregulated p16 levels in HepG2 cells, whereas knockdown of p53 in
the presence of HCV core protein upregulated p16 levels in HepG2 cells
3

(Figure 1C). Moreover, ectopic expression of p53 downregulated p16
levels in Hep3B cells, an effect that was more dramatic in the presence of
HCV core protein (Figure 1D), indicating that HCV core protein down-
regulates p16 levels via activation of p53 in human hepatoma cells.

It was attempted to provide direct evidence for the correlation be-
tween the upregulation of PA28γ levels and the downregulation of p16
levels, both of which were dependent on the activation of p53 by HCV
core protein (Figure 1B to D). First, PA28γ levels were inversely pro-
portional to those of p16 in both the presence and absence of HCV core
protein in human hepatoma cells (Figure 1B to F). In addition, over-
expression of PA28γ in the absence of HCV core protein downregulated
p53 and p16 levels, whereas knockdown of PA28γ in the presence of HCV
core protein upregulated p53 and p16 levels in HepG2 cells (Figure 1E);
these results were consistent to previous reports demonstrating that
PA28γ downregulates p53 [12] and p16 levels [13]. Moreover, ectopic
expression of PA28γ equally downregulated p16 levels in the presence
and absence of HCV core protein in Hep3B cells (Figure 1F), indicating
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that PA28γ can downregulate p16 levels irrespective of p53 and HCV
core protein. Taken together, we conclude that HCV core protein
downregulates p16 levels via p53-dependent upregulation of PA28γ
levels in human hepatoma cells.
3.2. HCV core-activated PA28γ induces ubiquitin-independent
proteasomal degradation of p16

It was investigated whether upregulation of PA28γ levels by HCV core
protein alters the protein stability of p16 by comparing its half-life in the
presence or absence of HCV core protein. For this purpose, we treated
HepG2 cells with or without HCV core protein expression with cyclo-
heximide (CHX) to block further protein synthesis while measuring p16
and γ-tubulin levels in these cells. As shown in Figure 2A, the half-life of
p16 in the presence of HCV core protein was shorter (t1/2 ¼ 38.7 min)
than that in the absence of HCV core protein (t1/2 ¼ 128.4 min). In
addition, treatment with a universal proteasomal inhibitor, MG132,
upregulated p16 levels in both the presence and absence of HCV core
protein to impair the potential of HCV core protein to downregulate p16
levels (Figure 2B), suggesting that HCV core protein downregulates p16
levels via proteasomal degradation. However, co-treatment with 5-Aza-
20dC, a potent DNA methyltransferase (DNMT) inhibitor, was required to
completely abolish the potential of HCV core protein to downregulate
p16 levels, indicating that HCV core protein also downregulates p16
levels via DNA methylation, as previously demonstrated [20].

Next, we investigated the possible mechanism by which HCV core
protein induces the PA28γ-mediated proteasomal degradation of p16 in
human hepatoma cells. Ectopic overexpression of PA28γ in the absence
Figure 2. HCV core protein upregulates PA28γ levels to induce ubiquitin-independen
an empty vector or the HCV core expression plasmid were treated with 50 μg ml�1 of
band was quantified using ImageJ image-analysis software (NIH, USA); the values
cropped versions of figures are presented in Fig. S2A. (B) HepG2 cells were transfecte
then either mock-treated or treated with 10 μMMG132 for an additional 4 h, followed
(C, D) HepG2 and Hep3B cells were transfected with the indicated plasmids, along w
blotting (using anti-HA antibody) to detect HA-ubiquitin-complexed p16. Levels of P
determined by western blotting. The uncropped versions of figures are presented in
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of HCV core protein in HepG2 cells (Figure 2C), and in the presence and
absence of HCV core protein in Hep3B cells (Figure 2D) downregulated
p16 levels without affecting its ubiquitination. In addition, HCV core
protein-activated PA28γ also downregulated p16 levels without affecting
its ubiquitination in HepG2 cells (Figure 2C); this effect was not observed
in Hep3B cells, where HCV core protein was unable to upregulate PA28γ
levels (Figure 2D). Moreover, PA28γ knockdown in the presence of HCV
core protein upregulated p16 levels in HepG2 cells without affecting its
ubiquitination (Figure 2C). The main p16 band corresponding to the
polyubiquitinated form of the protein was undetectable in a preliminary
experiment using a human IgG as an IP antibody (data not shown). In
addition, a similar pattern of p16 ubiquitination has been reported in a
previous study [24]. Taken together, it was possible to conclude that HCV
core protein induces ubiquitin-independent proteasomal degradation of
p16 via upregulation of PA28γ levels in human hepatoma cells.
3.3. HCV core protein activates the Rb-E2F pathway through PA28γ-
mediated downregulation of p16 levels

It was investigated whether the PA28γ-mediated downregulation of
p16 levels in the presence of HCV core protein results in activation of the
Rb-E2F pathway, which is essential for cell cycle progression from G1 to S
phase [25]. Consistent with a previous report [13], ectopic PA28γ
expression in the absence of HCV core protein downregulated p16 levels
and inactivated Rb via phosphorylation without affecting total Rb protein
levels, resulting in an increase of both E2F1 protein levels and its tran-
scriptional activity in HepG2 cells (Figure 3A and B). HCV core
protein-activated PA28γ similarly inactivated Rb via phosphorylation,
t proteasomal degradation of p16. (A) HepG2 cells stably transfected with either
cycloheximide (CHX) for the indicated time, followed by western blotting. Each
indicate p16 levels relative to those of the loading control (γ-tubulin). The un-
d with either an empty vector or the HCV core expression plasmid for 44 h and
by western blotting. The uncropped versions of figures are presented in Fig. S2B.
ith pHA-Ub, for 48 h, followed by IP (using anti-p16 antibody)-coupled western
A28γ, p16, HCV core protein, and γ-tubulin in the total cell lysates (input) were
Fig. S2C and S2D.



Figure 3. HCV core protein activates the Rb-E2F pathway via PA28γ-mediated downregulation of p16 levels. (A, C) HepG2-vector and HepG2-core cells were
transfected with the indicated amount of PA28γ expression plasmid, SC shRNA plasmid, PA28γ shRNA plasmid, and p16 expression plasmid along with an empty
vector for 48 h, followed by western blotting. The uncropped versions of figures are presented in Fig. S3A. (B, D) HepG2-vector and HepG2-core cells were transfected
with 0.2 μg of E2F1-luc along with the indicated amount of PA28γ expression plasmid, SC shRNA plasmid, PA28γ shRNA plasmid, and p16 expression plasmid,
followed by luciferase assay. Results are shown as means � standard deviation (SD) obtained from four independent experiments (n ¼ 4).
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resulting in activation of E2F1 in HepG2 cells (Figure 3A and B). In
addition, knockdown of PA28γ in the presence of HCV core protein
upregulated p16 levels and decreased Rb phosphorylation without
affecting total Rb protein levels, resulting in a decrease of both E2F1
protein levels and its transcriptional activity in HepG2 cells (Figure 3A
and B).

Ectopic expression of p16 in the absence of HCV core protein
decreased Rb phosphorylation and thereby downregulated E2F1 levels in
HepG2 cells (Figure 3C), which is consistent with its role as a negative
regulator of the cell cycle [26]. In addition, restoration of p16 levels in
HCV core protein-expressing cells via p16 overexpression almost
completely abolished the potential of HCV core protein to activate the
Rb-E2F pathway (Figure 3C and D). Therefore, we conclude that HCV
core protein activates the Rb-E2F pathway via PA28γ-mediated down-
regulation of p16 levels.

3.4. HCV core protein stimulates cell growth by downregulating p16 levels
via PA28γ-mediated proteasomal degradation

It was investigated whether the PA28γ-mediated downregulation of
p16 level and subsequent activation of the Rb-E2F pathway in the pres-
ence of HCV core protein results in stimulation of cell growth. For this
purpose, we first compared the proliferation rate of HepG2 cells with or
without HCV core protein expression. According to data from the BrdU
incorporation assay (Figure 4A), HCV core protein significantly increased
DNA synthesis in HepG2 cells, which was consistent with its potential to
activate the Rb-E2F pathway (Figure 3A and B). Accordingly, the growth
rate of HCV core-expressing cells was 1.7-fold higher than that of control
cells without HCV core expression, as demonstrated with MTT assay
(Figure 4B).
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In agreement with its potential to activate the Rb-E2F pathway
(Figure 3A and B), ectopic expression of PA28γ in HepG2 cells without
HCV core expression increased DNA synthesis rate and thereby stimu-
lated cell growth (Figure 4A and B), which is consistent with a previous
report [13]. Therefore, we investigated whether the PA28γ upregulation
and subsequent activation of the Rb-E2F pathway is responsible at least
in part for the HCV core-mediated stimulation of cell growth. Indeed,
PA28γ knockdown significantly abolished the potential of HCV core
protein to increase DNA synthesis and stimulate cell growth in HepG2
cells (Figure 4A to B), confirming that HCV core protein stimulates cell
growth via upregulation of PA28γ levels.

It was further investigated whether PA28γ-mediated downregulation
of p16 levels is responsible for the effect of HCV core protein on cell
growth. Consistent with a previous report [27], ectopic expression of p16
in HepG2 cells without HCV core expression decreased DNA synthesis
and thereby inhibited cell growth (Figure 4C and D), due to its potential
to inactivate the Rb-E2F pathway (Figure 3C and D). In addition, ectopic
expression of p16 in HCV core-expressing HepG2 cells (Figure 4C to D)
significantly abolished the potential of HCV core protein to increase DNA
synthesis and stimulate cell growth, as predicted from its effect on the
Rb-E2F pathway in HCV core-expressing cells (Figure 3C and D).
Therefore, we conclude that HCV core protein stimulates cell growth by
downregulating p16 levels via PA28γ-mediated proteasomal degradation
in human hepatoma cells.

4. Discussion

Some viral oncoproteins have evolved distinct strategies to inactivate
p53, which is often critical for their roles in tumorigenesis [28]. The p53
protein was initially identified through its ability to interact with SV40



Figure 4. HCV core protein stimulates cell growth by downregulating p16 levels via PA28γ-mediated proteasomal degradation. HepG2-vector and HepG2-core protein
cells seeded at 2 � 105 cells per well in 6-well plates were transfected with the indicated amount of PA28γ expression plasmid, SC shRNA plasmid, PA28γ shRNA
plasmid, and p16 expression plasmid for 48 h. Cells were subjected to BrdU incorporation (A, C) and MTT assays (B, D) (n ¼ 6).
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large T antigen [29, 30] and has since been shown to form a complex
with several other viral proteins, including the adenovirus type 5 E1B
55K [31] and the E6 protein of oncogenic human papillomavirus types 16
and 18 [32]. HCV core protein also has been shown to affect p53 via
several different mechanisms. First, it can inhibit or activate p53 via
direct protein-protein interactions to execute its anti- or pro-apoptotic
potential [16, 33, 34]. Second, HCV core protein indirectly counteracts
p53-mediated growth suppression through activation of the MAPK and
PI3K/Akt pathways [35]. Third, HCV core protein enhances the tran-
scriptional activity of p53 via posttranslational modifications such as
acetylation and phosphorylation [33]. Fourth, HCV core protein can
upregulate p53 levels by inhibiting its ubiquitin-dependent proteasomal
degradation. For example, HCV core protein inhibits p14 expression via
DNA methylation and thereby inactivate the p14-MDM2 pathway,
resulting in inhibition of the MDM2-mediated ubiquitination and pro-
teasomal degradation of p53 [21]. Alternatively, HCV core protein in-
duces oxidative stress via multiple mechanisms to activate the
ATM-CHK2 pathway and upregulate p53 levels [17, 36], which is
consistent with the present study. Further studies are required to clearly
assess the contradictory roles of HCV core protein in the regulation of p53
levels, which might be affected by several factors, including the cell
contexts, HCV core protein levels, model systems used, and other
experimental conditions.

The biological significance of HCV core-mediated p53 activation in
HCV pathogenesis is poorly understood. Considering the roles of p53
target proteins in the regulation of growth arrest, senescence, and
apoptosis [37, 38, 39], it is little wonder that the HCV core-activated p53
negatively affects cell growth. Indeed, HCV core protein stimulates
expression of p21 and Bax via activation of p53, resulting in cell cycle
arrest and apoptotic cell death of the hepatocytes [16, 34, 40].
6

Interestingly, it has recently been demonstrated that HCV core protein
transcriptionally activates the PA28γ gene through p53-response ele-
ments located within its promoter [17]. Unlike other p53 target proteins,
PA28γ can act as a potent oncoprotein, promoting proteasomal degra-
dation of negative regulators of cell growth, including p14, p16, p21, and
p53 [12, 13]. Consistently, the present study showed that the
p53-activated PA28γ downregulates p16 levels, resulting in activation of
the Rb-E2F pathway and subsequent stimulation of cell cycle progression
from G1 to S phase. The IP data shown in Figure 2C and D might be not
enough to demonstrate that the HCV core-activated PA28γ induces
ubiquitin-independent degradation of p16. However, several previous
reports including reference [13] have already shown that PA28γ down-
regulates p16 via ubiquitin-independent proteasomal degradation. The
present study focused on the downregulation of p16 levels by HCV
core-activated PA28γwhile simply showing the ubiquitination pattern of
p16 in the presence or absence of HCV core and PA28γ.Inactivation of the
p16 gene is one of the most common alterations in HCC [23]. In partic-
ular, DNA methylation appears to be the prominent cause for p16 inac-
tivation in HCC [41, 42]. Higher frequencies of DNA methylation have
been detected in the p16 promoter from HCCs with HCV infection
compared to those without such infection [41, 42]. It has been further
demonstrated that HCV core protein induces promoter hypermethylation
of the p16 gene in human hepatocytes [20, 43]. Therefore, treatment
with a universal DNMT inhibitor, 5-Aza-20dC, effectively reactivates p16
expression in HCV core-expressing cells, resulting in inhibition of cell
proliferation [20]. The present study provides another mechanism for the
inactivation of p16 by HCV core protein, which is mediated by PA28γ of
the cellular proteasome system. Therefore, it was possible to abolish the
potential of HCV core protein to inhibit p16 expression by inhibiting both
DNA methylation and proteasome with 5-Aza-20dC and MG132,
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respectively (Figure 2B). Therefore, the HCV core-mediated p16 inacti-
vation via modulation of cellular DNA methylation and proteasome
systems may serve potential targets for the development of therapeutic
schemes to treat HCC patients.
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