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antibiotic that binds to the GC-box in the promoter to block binding of Sp1 or other Sp family proteins
[Blume et al., 1991]. As shown in Fig. 5B, MMA (2.5, 5.0, and 10 uM) inhibited complex formation in a
dose-dependent manner. In contrast, the formation of DNA~protein complexes with the MZF-1 probe
was not affected by the addition of MMA, suggesting that the inhibition mediated by MMA was specific
for the GC box-Sp1, and that complex formation with the response element requires the Sp1 binding site.
A supershift assay using nuclear extract from HepG2 cells transfected with a Myc-tagged Sp1 expression
vector and anti-Myc was also performed (Suppl. Fig. 2). The mobility of the HCV response element and
the Spl consensus sequence was supershifted partially by addition of anti-Myc (lanes 3 and 6). The
effect of silencing the expression of Spl with small interfering RNA (siRNA) was analyzed by EMSA
using nuclear extracts from Spl-knockdown RzM6-0d and RzM6-LC cells (Fig. 5C). DNA-protein
complexes with the response element or the Sp1 probe were not observed (lanes 2, 4, 6, and 8); however,
formation of DNA-MZF-1 complexes was not influenced by siRNA treatment (lanes 9-12).
Immunoblotting was used to confirm efficient silencing of the Spl protein in cells used to generate the
nuclear extracts (Fig. 5D). A significant decrease in the expression of DHCR24 was observed in the
cytosolic fraction from RzM6 cells transfected with siRNA specific for Sp1 (Fig. 5D). Thus, these results
indicate that Sp1, but neither AP-2a. nor MZF-1, bound to the HCV response element, and that Spl may

play an important role in the transcriptional regulation of DHCR24.

Transcriptional regulation of DHCR24 through the HCV response element is mediated by oxidative
stress

DHCR24 functions as a mediator of the cellular response to oxidative stress [Greeve et al., 2000;
Benvenuti et al., 2005; Di Stasi et al., 2005; Luciani et al., 2005; Lu et al., 2008] and is a hydrogen
peroxide scavenger [Lu et al., 2008]. Expression of the DHCR24 gene is also induced in response to
oxidative stress [Wu et al., 2004; Benvenuti et al., 2006; Kuehnole et al., 2008]. Expression of the HCV
gene elevates the level of reactive oxygen species (ROS) via dysregulation of ER-mediated calcium
homeostasis, which results in oxidative stress [Tardif et al., 2005]. Therefore, the role of oxidative stress
induced by HCV in the regulatory mechanism of the expression of DHCR24 was examined. HepG2 cells

were treated with hydrogen peroxide (H;0,) and transfected with reporter plasmids containing the
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DHCR24 promoter deletion mutants. Measurement of promoter activity revealed a significant increase in
transcription in response to oxidative stress (H,0,) for DHCR24 promoters containing the HCV response
element (——4976/+113, —2982/+113, —515/+113, and —-167/+113) but not for the promoter lacking the
response element (—144/+113; Fig. 6A). Therefore, enhanced transcription in response to oxidative stress
by reporter constructs containing the DHCR24 promoter may be mediated through the HCV response
element. The formation of complexes containing the response element or Spl probe was increased
markedly in the nuclear extracts from the H,O,-treated HepG2 cells (Fig. 6B) or other hepatic cell lines
(Suppl. Fig. 3), suggesting that oxidative stress enhances the binding affinity of Sp1 to the HCV response

element.

Overexpression of DHCR24 in Mé-LC cells is blocked by an ROS scavenger

The increase in the expression of DHCRZ4 induced by oxidative stress can be blocked by treatment with
an ROS scavenger, N-acetylcysteine,‘(NAC) [Wu et al., 2004], which is a precursor of the potent
biological antioxidant glutathione. The 'H;Ozainduced overexpression of DHCR24 was inhibited by
pre-treatment with NAC and blocked partially by NAC treatment after the induction of oxidative stress
(~50% suppression; Fig. 7A). The enhanced expreséion of DHCR24 in RzM6-LC cells decreased after
12 or 24 h of treatment with NAC without influencing the level of expression of HCV, suggesting that

overexpression of DHCR24 in cells expressing HCV is mediated through oxidative stress.

Overexpression and enhanced phosphorylation of Spl in the cells expressing HCV

Spl is a transcription factor that is activated in response to a variety of cellular stressors, including
oxidative stress [Schafer et al., 2003; Chu and Ferro, 2006; Dasari et al., 2006; Qin et al., 2009; Lin et al.,
2011]. Thus, Spl may play an important role in linking oxidative stress and augmentation of DHCR24
transcription in cells expressing HCV. Spl was overexpressed significantly in RzM6-LC cells treated
with H,0, compared with the control cells (Fig. 8A). Phosphorylation of Spl at Ser101 was also
elevated under oxidative stress. Both the basal level and phosphorylation status of nuclear Spl were
higher in the presence of HCV (RzM6-LC cells) than in the absence of HCV (RzM6-0d cells; Fig. 8B).

Phosphorylation of Spl at Ser101 is a target of the DNA damage signaling pathway mediated by ATM
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(ataxia telangiectasia mutated) and ATR (ATM and Rad3-related) kinases [Olofsson et al., 2007; Iwahori
et al., 2008]. As shown in Fig. 8C, phosphorylation of Sp1 at Ser101 was no longer detectable following
pre-treatment with an ATM kinase inhibitor (KU55933) before exposure to H,0,. In contrast,
phosphorylation was not affected by other kinase inhibitors (phosphatidylinositol-3 kinase inhibitor,
LY294002 or MEKI!1 inhibitor, PD98059). Similarly, phosphorylation of Spl at Thr453, which is
important for transcriptional activation of Spl [Milanini-Mongiat et al., 2002; D'Addario et al., 2006;
Hsu et al., 2006; Lin et al., 2011], was not seen in response to oxidative stress following treatment with
KU55933 (Fig. 8C). The induction of expression of DHCR24 after H,O, exposure was suppressed
significantly by treatment with KU55933 or NAC, which corresponds with inhibition of Spl
phosphorylation. In the presence of MMA, the phosphorylation of Spl was not inhibited. However, since
MMA blocks the binding of Spl [Blume et al., 1991], the induction of expression of DHCR24 by H,0,
was inhibited. Impairment of DHCR24 induction by H,O, was also observed after treatment with
siRNAs targeting ATM (Suppl. Fig. 4).

Studies on the relationship between HCV. and ATM have reported that the interaction of NS3/4A with
ATM results in delayed de-phosphorylation of both phosphorylated ATM and phosphbrylated histone
H2AX at Ser139 (YH2AX), which acts as a substrate for ATM in response to DNA damage [Lai et al.,
2008]. In the present study, delayed de-phosphorylation of YH2AX was also observed in HCV replicon
cells (Suppl. Fig. 5), which corresponded with increased phosphorylation of the H2AX Ser139 residue in
cells expressing HCV (Fig. 8). Similarly, phosphorylation of ATM was sustained in HCV replicon cells
(Suppl. Fig. 6). Therefore, DNA repair may be impaired in cells expréssing or replicating HCV, resulting
in sustained DNA damage. As a result, downstream substrates such as Sp1 Ser101 and Thr453 residues
or the H2AX Ser139 residue may be phosphorylated to a greater extent in cells expressing HCV
compared with control cells in the basal state or cells under oxidative stress (Fig. 8A and 8B).

Taken together, these results indicate that the oxidative stress induced by HCV may produce
quantitative as well as qualitative activation of Spl, thereby resulting in augmentation of DHCR24

transcription.
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Discussion
HCV establishes chronic infection and induces persistent overexpression of DHCR24 in human
hepatocytes [Nishimura et al., 2009]. HCV also confers resistance to the apoptosis induced by oxidative
stress and suppresses p53 activity by blocking nuclear p53 acetylation and increasing the interaction
between p53 and HDM2 (p53-specific E3 ligase) in the cytoplasm, which may be mediated by inhibition
of p53 degradation. Thus, the augmentation of DHCR24 by HCV reflects the tumorigenicity of
hepatocytes. The present study identified the genomic region of DHCR24 that is responsive to HCV, and
showed that this response is mediated through the activation of Spl induced by oxidative stress. In
general, expression of the HCV gene elevates the levels of ROS through dysregulation of ER-mediated
calcium homeostasis [Tardif et al., 2005]. In healthy cells, ROS usually exist in equilibrium with
antioxidants that scavenge ROS and prevent cellular injury. However, this critical balance may be
disrupted in the cells infected with' HCV, resulting in the accumulation of ROS and the development of
constitutive oxidative stress. k

Sp1 is a member of the Sp/KLF family of transcription factors that bind to GC elements of promoters
[Black et al., 2001; Kaczynski et al., 2003; Chu and Ferro, 2005; Li and Davie, 2010]. Under a variety of
endogenous and exogenous stimuli—including éxidative stress and DNA damage—activation of Spl
may be mediated via induction of expression of Spl and post-translational modifications such as
acetylation, sumoylation, O-linked glycosylation, and phosphorylation. Sp1 is phosphorylated by several
kinases, including DNA-dependent protein kinase, casein kinase I, and cyclin A/cdk2, which exert both
positive and negative effects on transcription [Jackson et al., 1990; Armstrong et al., 1997; Fojas de
Borja et al, 2001; Ryu et al., 2003]. Spl is the only Sp/KLF family member to contain putative
consensus SQ/TQ cluster domains within the transactivation domains, which suggests that Spl is a
substrate of the PI3K-related kinases, e.g., ATM, DNA-dependent protein kinase, and ATR. Indeed, Spl
is a target of the ATM-dependent DNA damage response pathway [Iwahori et al., 2007; Olofsson et al.,
2007; Iwahori et al., 2008]. ATM plays a central role in orchestrating molecular events involved in
double-strand break signaling, which is mediated via the phosphorylation of a variety of substrate
proteins—including p53 and BRCAL transcription factors—involved in the DNA damage response. As a

result, these phosphorylation events lead to cell cycle checkpoint activation, DNA repair, altered gene
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expression patterns, and/or apoptosis [Shiloh, 2006].

Given the role of Spl in oxidative stress [Schafer et al., 2003; Chu and Ferro, 2006; Dasari et al., 2006;
Rojo et al., 2006; Qin et al., 2009; Lin et al., 2010], Sp1 may be regulated by the oxidative stress induced
by HCV and the subsequent phosphorylation, which depends on ATM. However, little is known
regarding the regulation of Spl in response to DNA damage. Although the precise role of
phosphorylation of Sp1 at Ser101 in the DNA damage response is unclear, the similar kinetics of Sp1 and
YH2AX phosphorylation [Olofsson et al., 2007] suggest that Spl is an early target of the DNA damage
response pathway. Thus, Spl may be involved in modulating the cellular response to DNA damage to
prevent cell death [Ryu et al., 2003]. Phosphorylation of Spl at Ser101 and histone H2AX, which occurs
in parallel in response to oxidative stress, was enhanced in cells expressing HCV compared with that
observed in control cells (Fig. 8A). Interestingly, augmentation of Spl phosphorylation in parallel with
histone H2AX phosphorylation was also detected for cells expressing HCV in the basal state (Fig. 8A
and 8B), which may be primarily due to the increase in endogenous Spl protein (Fig. 8A and 8B). In
support of these results, enhanced phosphorylation of Ser101 on Spl occurs upon HSV-1 infection, and
is mediated by ATM [Iwahori et al., 2007]. Thus, increased phosphorylation of Spl and yYH2AX in cells
expressing HCV is likely to reflect the higher activity of ATM, which may result from the accumulation
and frequency of DNA damage caused by increased generation of endogenous ROS.

Oxidative stress is a common mechanism of liver injury [Loguercio and Federico, 2003] and is
mediated by the direct effects of ROS on signal transduction pathways, including extracellular
signal-regulated kinase 1/2 (ERK1/2), c-Jun N-terminal kinase (JNK), and p38 mitogen-activated protein
kinases (MAPKs), which act as downstream kinases in the MAPK cascade to phosphorylate Spl
Thr453/739 residues [Milanini-Mongiat et al., 2002; D'Addario et al., 2006; Hsu et al., 2006; Chuang et
al., 2008; Lin et al., 2011]. These signal transduction pathways are also stimulated by oxidative stress in
the hepatic cells expressing or replicating HCV, [Qadri et al., 2004; Burdette et al., 2010; Lin et al.,
2010]. Therefore, oxidative stress in response to HCV may induce downstream signaling pathways, such
as ERK1/2, JNK, and p38 MAPK as well as ATM/ATR, to activate Spl via post-translational
modifications.

Spl is a host factor activated by several viral proteins, including HIV-1 Vpr, and HTLV-1 Tax [Peng et
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al., 2003; Amini et al., 2004; Chang et al., 2005; Zhang et al., 2009]. The HCV core and NS5A proteins
also activate Spl [Lee et al., 2001; Xiang et al., 2010]. The HCV core upregulates the DNA-binding
activity and pﬁosphorylation of Sp1 [Lee et al., 2001], and NS5A may also exert a similar effect on Spl
activity. However, a physical interaction between these proteins and Sp1l has not yet been demonstrated.
Both HCV core and NS5A proteins have a high potential for oxidative stress induction
[Garcia-Mediavilla et al., 2005; Dionisio et al., 2009], which may mediate activation of Spl. On the
other hand, individual viral proteins were insufficient to increase the expression of DHCR24 (Fig. 1A).
Therefore, in addition to induction of oxidative stress by each viral protein, the persistence of the
signaling pathways induded by oxidative stress, e.g., ATM (Suppl. Fig. 6), may also be required for the
Spl-mediated increase in the expression of DHCR24.

The results of the present“ kstudy, revealed that knockdown of expression of Spl almost completely
blocked the enhanced expression of DHCR24. Sp1 is expressed ubiquitously in various mammalian cells
and is involved in regulating the transcriptiqnal activity of genes implicated in many cellular processes
[Black et al., 2001; Kaczynski et al., 2003, ;éhu and Ferro, 2005; Li and Davie, 2010]. Thus, Spl may
represent an essential master regulator amo;lg the myriad of transcription factors involved in the direct
regulation of DHCR24 transcription. o

In conclusion, HCV was shown to enhance the expression of DHCR24 via the activation of Spl, which

may shed light on the mechanism of tumorigenesis associated with HCV.
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Figure legends

Fig. 1. DHCR24 expression is induced in the presence of the complete HCV genome. (A) The amount of
HCV RNA in chimeric mice infected with HCV-R6 (genotype 1b) was quantified by qPCR (left panel).
The amount of DHCR24 mRNA was measured, and the ratio to the amount of 18S rRNA was calculated
in the tissues (right panel). (B) Western blotting of DHCR24, HCV core, and actin protein in RzM6-0d
and LC cells following treatment with the indicated siRNA. (C) Level of DHCR24 mRNA expression in
cell lines with stable expression of individual HCV proteins, the HCV open reading frame, or the
complete HCV genome. Total RNA from HepG2/Lenti cell lines (emp, core, E1, E2, NS2, NS3/4A,
NS4B, NS5A, and NS5B), CN5 cell lines (CN5-Hep, CN5-Swa, and CN5-Cre), or RzM6 cell lines
(RzM6-0d and RzM6-LC) were prepared, and reverse transcription was performed. Synthesized cDNA
was subjected to quantitative PCR. The level of expression of DHCR24 mRNA for each sample was

normalized to that of GAPDH mRNA and represented as a ratio of HepG2-emp (*p < 0.05).

Fig. 2. DHCR24 promoter activity is augmentcd“by the expression of HCV. (A) The 5'-flanking region of
DHCR24 was cloned from HepG2 and inserted upstream of the firefly luciferase gene in pGL3
(—4976/+113). A deletion series of the 5'—ﬂahking regions was also constructed (-2982/+113,
-2293/+113, and —515/+113). The black boxes indicate potential binding sites for the ER
stress-responsive transcription factor, XBP-1. TSS, transcription start site (+1). (B) HepG2 cells (1 x 10*
cells/well in a 96-well plate) were co-transfected with each DHCR24 promoter reporter plasmid (0.25
pg/well), a Renilla luciferase expression vector (phRL-TK; 0.025 pg/well), and either an expression
vector containing the HCV full-length genome (pCA-Rz; 0.5 pg/well) or an empty expression vector
(pCAGGS). Luciferase activity at 48 h post-transfection is shown as the ratio of firefly luciferase (FL) to
Renilla luciferase (RL). Data are shown as the mean £ SD from 2 representative experiments performed

in triplicate (*p < 0.05).

Fig. 3. Responsiveness of the DHCR24 promoter to the expression of HCV. (A) A DHCR24 promoter

series with sequential 100-bp deletions was constructed and analyzed as described in the legend to Fig.
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2B (*p < 0.05). (B) An additional deletion series (—167/+113, —144/+113, and —-120/+113) was

constructed and analyzed as described in (A).

Fig. 4. The HCV response element mediates the overexpression of DHCR24 induced by HCV. (A) The
HCV response element (—167/-140) in the 5'-flanking region of DHCR24 includes sequences with
similarity to the consensus-binding motifs for AP-2a, Spl, and MZF-1. (B) Nuclear extracts were
prepared from RzM6-0d and RzM6-LC cells and subjected to an electrophoresis mobility shift assay
(EMSA; 10 pg/sample) using the DIG-labeled HCV response element (28-bp), Spl (22-bp), or MZF-1
(21-bp) probes. Cold probe indicates unlabeled oligonucleotides. The arrowhead indicates the interaction
between the binding factor(s) and each oligonucleotide. (C) Cured HuH-7/K4 cells and JFH/K4 cells
were co-transfected with each DHCR24 promoter reporter plasmid (0.5 pg/well) and phRL-TK (0.05
ug/well) and analyzed as described in Fig. 2B (*p < 0.05). (D) Nuclear extracts prepared from cured
HuH-7/K4 cells or JFH/K4 cells were subjected to EMSA (25 pg/sample) using the DIG-labeled HCV

response element, Sp1, or MZF-1 probes.

Fig. 5. Sp1 binds to the HCV response element. (A) Nuclear extract was prepared from HepG2 cells
transfected with pcDNA6-AP-2a-myc and subjected to EMSA (10 ug/sample) using DIG-labeled HCV
response element or AP-2a probes (26-bp). For a supershift analysis of myc-tagged AP-2a., anti-Myc or
control IgG was added to the binding reaction. The closed arrowhead indicates the interaction between
the binding factor(s) and each oligonucleotide, and an additional interaction with antibody is indicated
by an open an;)whead‘ (B) Nuclear extract from HepG2 cells was pre-incubated at 4°C for 1 h with
different concentrations (2.5, 5, and 10 uM) of mithramycin A (MMA) and subjected to EMSA (10
ug/sample) using the DIG-labeled HCV response element, Spl, or MZF-1 probes. (C) Nuclear extracts
were prepared from RzM6 cells transfected with Spl siRNA or control siRNA and subjected to EMSA
(10 pg/sample) using the DIG-labeled HCV response element, Sp1, or MZF-1 probes. D: Expression of
Spl, DHCR24, and other proteins was detected in both the nuclear fraction (N), used for the EMSA

shown in Fig. 4C, and in the cytosolic-membrane fraction (C).
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Fig. 6. Oxidative stress increases the transcription of DHCR24 through the HCV response element and
Spl. (A) HepG?2 cells (1 x 10* cells/well in a 96-well plate) were co-transfected with individual DHCR24
promoter reporter plasmids (0.5 pg/well) and phRL-TK (0.05 pg/well). Forty-four hours
post-transfection, cells were treated with or without 1 mM H,0, for 4 h and analyzed as described in Fig.
2B (*p < 0.05). (B) Nuclear extracts prepared from H,O,-treated (1 mM, 4 h) or untreated HepG2 cells
were subjected to EMSA (10 pg/sample) using the DIG-labeled HCV response element, Spl, or MZF-1
probes. Densitometric analysis of shifted bands was performed using the Image Quant software. Data are

shown as the mean + SD from triplicate quantifications of two representative experiments (*<0.05).

Fig. 7. Overexpression of DHCR24 in the cells expressing HCV is blocked by treatment with an
oxidative stress scavenger. A: HepG2 cells were treated without (lanes 1, 4, and 6) or with (lanes 2 and
5) NAC (10 mM, 8 h). Cells treated with H,O, (1 mM, 4 h) were also treated with 10 mM NAC for 8 h
either before (pre; lanes 3 and 4) or after (post; lanes 5 and 6) H,O, exposure. Whole-cell lysates (40
pg/lane) were analyzed by 10% SDS-PAGE and immunoblotting using a DHCR24/Seladin-1 mAb.
Immunoblotting with an actin mAb served as the internal loading control. The ratio of DHCR24/actin
was normalized to that of untreated cells (lane 1). B: RzM6-LC cells were treated with NAC (10 mM)
for 12 h (lane 2) or 24 h (lane 4). Whole-cell lysates were analyzed as described in (A). The ratio of
HCV core to actin protein was also calculated. Experiments were performed 3 times, and representative

results are shown.

Fig. 8. Overexpression and elevated phosphorylation of Spl in the cells expressing HCV. A: RzM6-0d
and RzMG-LC cells were treated with or without H,O, (1 mM, 4 h). Whole-cell lysates (15 pg/lane) were
analyzed by 15% SDS-PAGE and immunoblotting using phospho-H2AX (Ser139) (yH2AX) and HCV
core mAbs. An actin mAb served as an internal loading control. Whole-cell lysates (25 pg/lane) were
analyzed by 5% SDS-PAGE and immunoblotting using anti-Sp1 (phosphorylated Sp1 and native Sp1, as

indicated) and anti-phospho-Spl (Ser101) was performed. B: RzM6-0d and RzM6-LC cells were
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fractionated to produce nuclear (N) and cytosolic-membrane fractions (C). Fractionated samples (15
ug/lane) were analyzed as described in (A). The ratio of phosphorylated Spl to Sp1 protein is indicated.
Immunoblotting using anti-HAUSP served as a high-molecular-weight loading control. C: RzM6-0d
cells were pre-treated for 8 h with NAC (10 mM), MMA (10 uM), KU55933 (KU; 10 uM), LY 294002
(LY; 50 pM), or PD98059 (PD; 50 uM) and incubated for 4 h in the absence or presence of H,O; (1 mM).
Whole-cell lysates (40 pg/lane) were analyzed by 5% SDS-PAGE and immunoblotting using
anti-phospho-Sp1 (Ser101), (Thr453), and polyclonal anti-Spl (white arrowhead, phosphorylated Sp1;
black arrowhead, native Spl). Detection of HAUSP was performed to confirm the quantity of loaded
protein in each lane. Whole-cell lysates (25 pg/lane) were analyzed simultaneously by 10% SDS-PAGE
and immunoblotting using anti-DHCR24/seladin-1 mAb, anti-phospho-Akt (Ser473), and

anti-phospho-ERK antibodies.
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