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Hepatitis C virus often causes persistent infection and hepa-
tocellular carcinoma. Studies have demonstrated the roles of
viral nonstructural protein 5A (NS5A) in the induction of chro-
mosome aneuploidy, but the molecular mechanisms are not
clear. In this study, hydrodynamics-based in vivo transfection
was applied to a mouse system. Mouse hepatocytes that success-
fully expressed NS5A protein were isolated by laser capture
microdissection. Gene expression profiles of the NS5A-express-
ing hepatocytes were examined by an Affymetrix oligonucleo-
tide microarray system. Aspm (abnormal spindle-like, micro-
cephaly associated), which encodes the mitotic spindle protein
ASPM, was identified to be differentially expressed in the
absence and the presence of NS5A. The down-regulation of
Aspm mRNA and ASPM protein was confirmed by real time
polymerase chain reaction and Western blot analysis, respec-
tively, both in mouse model systems and in viral subgenomic
replicon and in vitro transfection culturing systems. In addition,
cultured cells that constitutively expressed NS5A protein
showed G,/M cell cycle block and chromosome aneuploidy.
Overexpression of ASPM relieved the G,/M cell cycle block.
Furthermore, NS5A protein repressed the promoter activity of
Aspm gene in a dose-dependent manner. The regulatory effect
was abolished when amino acid substitutions P2209L, T2214A,
and T2217G known to interrupt the NS5A-PKR interaction
were introduced into the NS5A protein. This indicates that the
down-regulation of Aspm expression is via the PKR-p38 signal-
ing pathway. These results suggest that NS5A protein down-
regulates the expression of the mitotic spindle protein ASPM
and induces aberrant mitotic cell cycle associated with chromo-
some instability and hepatocellular carcinoma.
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Hepatitis C virus (HCV)? is the main causative agent for
transfusion-associated and sporadic non-A, non-B hepatitis
throughout the world (1). HCV often causes a prolonged and
persistent infection (2) and plays an important role in the
pathogenesis of virus-associated hepatocellular carcinoma
(HCC) (3-5). The current hypothesis is that HCV-associated
HCC may be resulted from immune-mediated inflammatory
damage and cirrhosis. However, viral proteins involved in the
progression of liver diseases are not clear.

HCV is the only member of the genus hepacivirus, within the
family Flaviviridae. It has a single-stranded positive sense RNA
genome of ~9.6 kb with a single open reading frame encoding
four structural (core, E1, E2, and p7) and six nonstructural pro-
teins (NS2, NS3, NS4A, NS4B, NS5A, and NS5B) (6).

The NS5A protein of genotype 1b contains 447 amino acid
residues and has multiple functions (7). It forms heterodimer
with PKR (the double-stranded RNA-activated protein kinase
R) and blocks the interferon signaling pathway in HCV resist-
ance to interferon therapy (8, 9). Through interacting with
PKR, NS5A inhibits PKR activity and the p38 mitogen-acti-
vated protein kinase (MAPK) signaling pathway (10). Dysregu-
lation of MAPK signaling perturbs the control of host cell cycle
(11-13). It has been suggested that NS5A is involved in the
control of cell growth and cell viability and plays a role in the
induction of chromosome instability; the NS5A-induced chro-
mosome instability is associated with aberrant mitotic regula-
tion (14, 15). In addition, NS5A interacts with the adaptor pro-
tein Grb2 and inhibits the extracellular signal-regulated kinase
(ERK) MAPK (16, 17). NS5A may also take a part in the regu-
lation of stress-activated protein kinase/c-Jun N-terminal
kinase (SAPK/JNK) pathway (18). These observations provide
insights into the molecular mechanisms of HCV-associated
hepatocarcinogenesis. Nevertheless, molecular mechanisms of
the NS5A protein involved in the dysregulation of mitotic cell
cycle are not clear.

ASPM (human abnormal spindle-like, microcephaly-associ-
ated) protein consists of 3,477 amino acid residues; it appears to
be the orthologue product of the Drosophila abnormal spindle

3 The abbreviations used are: HCV, hepatitis C virus; NS5A, nonstructural pro-
tein 5A; MAPK, mitogen-activated protein kinase; ERK, extracellular signal-
regulated kinase; SAPK/JNK, stress-activated protein kinase/c-Jun N-termi-
nal kinase; CMV, cytomegalovirus; TTRB, liver-specific transthyretin
promoter; GFP, green fluorescence protein; TLS, translation start site; LCM,
laser capture microdissection; RT, reverse transcription; HCC, hepatocellu-
lar carcinoma.
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gene Asp and the mouse Aspm gene (19). Recessive mutations
in the Aspm gene are the most common genetic cause of pri-
mary microcephaly in humans (20-22). Even though mouse
ASPM protein consists of 3,122 amino acid residues, which is
355 residues shorter than the human ASPM protein, both
human and mouse ASPM proteins possess an N-terminal
microtubule-binding domain, an actin-binding calponin
homology domain, and a calmodulin-binding domain consist-
ing of a large number of isoleucine-glutamine repeats (19, 23).
Human ASPM localizes to the centrosome in interphase and to
the spindle poles during mitosis (24). Similarly, ASPM protein
was found to localize to the spindle poles in embryonic mouse
brain (25). These indicate that ASPM might function, as its
orthologue ASP does, in regulating the organization of centro-
somal processes and mitotic spindle during cell cycle progres-
sion (26). Knockdown of ASPM inhibits cellular proliferation in
mice (25).

In this study, we showed a down-regulation of Asprm mRNA
in HCV NS5A-expressing mouse hepatocytes. The NS5A pro-
tein inhibited Aspm expression via the down-regulation of the
PKR-p38 MAPK signaling pathway. In addition, overexpres-
sion of ASPM relieved the G,/M cell cycle block imposed by
NS5A. These results certify that ASPM is a downstream target
of NS5A and suggest a novel role of ASPM in the pathogenesis
of HCV.

EXPERIMENTAL PROCEDURES
Plasmids

pAdTrack(-CMV) and pTTRB-T7HisNS5A—Plasmid pAd-
Track(-CMV) was derived from plasmid pAdTrack-CMV by
replacing its 2.9-kb EcoRI/Sall fragment with the 2.3-kb EcoRI/
Sall fragment of pShuttle (Stratagene). This resulted in a
removal of one of the two CMV promoters present in
pAdTrack-CMV. For generation of plasmid pTTRB-T7His-
NS5A, plasmid pET15b-NS5A that encodes a His-tagged full-
length NS5A protein of HCV (27) and PAP-TTRBsv that con-
tains the liver-specific promoter and enhancer of transthyretin
(kindly provided by R. H. Costa, Department of Biochemistry
and Molecular Genetics, University of Illinois at Chicago) were
digested with HindIII and EcoRI restriction endonucleases,
respectively. The linearized DNAs of both plasmids were
treated with the Klenow fragment of DNA polymerase I prior to
a further digestion with BglII restriction endonuclease. The
resultant T7HisNS5A DNA fragment was then cloned into the
modified PAP-TTRBsv to generate pTTRB-T7HisNS5A.

PAdTrack-TTRB-T7HisNS5A, pAdTrack-CMV-T7HisNS5A,
and pAdTrack-CMV-T7HisNSSA-mPTT—Plasmid pAdTrack-
TTRB-T7HisNS5A contains a NS5A ¢DNA fragment under
the control of the liver-specific transthyretin promoter, and in
the opposite direction, it contains the cDNA of green fluores-
cence protein (GFP) under the control of CMV promoter. For
generation of plasmid pAdTrack-TTRB-T7HisNS5A, plasmid
pTTRB-T7HisNS5A was digested with Pacl and Pmel restric-
tion endonucleases. The resultant TTRB-T7HisNS5A DNA
fragment was treated with the T4 DNA polymerase and then
cloned into the EcoRV site of pAdTrack(-CMV). Plasmid
pAdTrack-CMV-T7HisNS5A contains the cDNA fragments of
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NS5A and GFP under the control of two independent CMV
promoters. For generation of plasmid pAdTrack-CMV-T7His-
NS5A, plasmid pAdTrack-TTRB-T7HisNS5A was digested
with BglIl and NotlI restriction endonucleases. The resultant
T7HisNS5A DNA fragment was cloned into the BgllI-Notl
sites of pAdTrack-CMV. Plasmid pAdTrack-CMV-T7His-
NS5A-mPTT contains amino acid substitutions P2209L,
T2214A and T2217G in the PKR-binding region (amino acid
residues 2209 -2274) of the HCV genotype 1b NS5A and was
derived from the wild type plasmid pAdTrack-CMV-
T7HisNS5A. Site-directed mutagenesis was performed fol-
lowed the procedures as described by the manufacturer
(QuikChange II XL site-directed mutagenesis kit; Stratagene).
The primer set used was 5'-CTGTCTGCACTTTCTCTG-
AAGGCAGCATGCACTGGCCGTCATGAC-3' (underlining
corresponds to the amino acid mutations at Pro*>°°, Thr**'4,
and Thr**'”) and 5'-GTCATGACGGCCAGTGCATGCTGC-
CTTCAGAGAAAGTGCAGACAG-3'.
PCRII-Topo-mAspm-TLS(—475/—59) and pGL3-mAspm-
TLS(—475/—59)—For the construction of plasmid pCRII-
Topo-mAspm-TLS(—475/—59), DNA fragment mAspm-
TLS(—475/—59) that contains the mouse Aspm gene from
nucleotides —475 to —59 upstream of the translation start site
was amplified from the genomic DNA of mouse NIH3T3 cells
with the primer set TLS-59 (5'-GAAGCCAACGACCAGGA-
CAAGG-3’) and TLS-475 (5'-CTCAGCTATTCAGGACCG-
CATG-3’) and cloned into pCRII-TOPO (Invitrogen). Isola-
tion of the genomic DNA was performed using the Gentra
Systems PUREGENE DNA purification kit (Qiagen). For gen-
eration of plasmid pGL3-mAspm-TLS(—475/—59), plasmid
pCRII-Topo-mAspm-TLS(—475/—59) was digested with Xhol
and HindIIl restriction endonucleases, and the resultant
mAspm-TLS(—475/—59) fragment was cloned into the Xhol-
HindIII sites of pGL3-basic (Promega).
pcDNA-hASPM(1-5141)V5HisTopo,  pCRIL-Topo-hASPM-
(4121-10431Not), and pcDNA-hASPM-V5HisTopo—For the
construction of plasmid pcDNA-hASPM(1-5141)V5HisTopo,
DNA fragment hASPM(1-5141) that contains the coding
sequences of the human Aspm from nucleotides 1 to 5141 was
amplified from cDNA of human 293T cells with the primer set
hASPMIF  (5'-CACCATGGCGAACCGGCGAGT-3') and
hASPM5141R  (5'-GAACGGTAACATTGCTGGAT-3') and
cloned into pcDNA3.1D/V5-His-TOPO (Invitrogen). For the
construction of plasmid pCRII-Topo-hASPM(4121-10431Not),
DNA fragment hASPM(4121-10431Not) that contains the cod-
ing sequences of the human Aspm from nucleotides 4121 to 10431
was amplified from cDNA of human 293T cells with the primer set
hASPM4121F (5'-CAATCATCCTGCAATCTAGG-3') and
hASPM10431NotR (5'-GCGGCCGCCATAAGGAATGCCAA-
GCGTATCC-3') and cloned into pCRII-TOPO. Plasmid
pcDNA-hASPM-V5HisTopo that encodes the full-length human
ASPM protein with V5His-tag was generated from plasmids
pcDNA-hASPM(1-5141)V5HisTopo and pCRII-Topo-hASPM-
(4121-10431Not) following partial digestion of the plasmids with
restriction endonucleases, and ligation of the resultant 5.9-kb
Scal-Notl DNA fragment from pCRII-Topo-hASPM(4121—
10431Not) with the 10-kb Scal-Notl partial digestion product of
pcDNA-hASPM(1-5141)V5HisTopo. Sequence analysis revealed
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a difference of two nucleotides (7064-AG-7065 for GIn>>*®) in the
human Aspm gene of plasmid pcDNA-hASPM-V5HisTopo as
compared with that previously identified (NM_018136; 7064-GA-
7065 for Arg>°?).

Cell Lines, DNA Transfection, and Western Blot Analysis

Huh7 (a human hepatoma cell line), HepG2 (a human hepa-
tocellular carcinoma cell line), A549 (a human lung carcinoma
cell line), COS7 (an African Green Monkey kidney fibroblast
cell line), 293T (a human embryonic kidney cell line), and
NIH3T3 cells (a mouse fibroblast cell line) were maintained at
37 °C with 5% CO, in Dulbecco’s modified Eagle’s medium
(Invitrogen) supplemented with 10% heat-inactivated fetal
bovine serum plus 100 units of penicillin and 100 ug of
streptomycin/ml.

Unless indicated, DNA transfection was performed with the
Lipofectin reagent (Invitrogen) as described by the manufac-
turer. The cells were harvested 48 h post-transfection and sub-
jected to Western blot analysis as described previously (28).

To establish stable cell lines that constitutively express
NS5A, NIH3T3 cells cultured on 10-cm dishes were transfected
with 1.5 ug of pcDNA3.1(+) and 15 ug of pAdTrack-CMV-
T7HisNS5A. At 48 h post-transfection, the cells were split at a
1:10 ratio and cultured in the presence of 1.2 mg of G418/ml of
medium. Drug-resistant colonies that appeared 10-14 days
post-transfection were clonally isolated and screened for the
expression of HCV NS5A protein by Western blot analysis with
NS5A monoclonal antibody (Chemicon). NIH3T3-NS5A sta-
ble cell lines that constitutively express HCV NS5A were main-
tained in medium containing 1.2 mg of G418/ml of medium.
H7-HCVR cells were derived from Huh?7 cells by inclusion of a
bicistronic HCV subgenomic replicon carrying neo gene as
shown in supplemental Fig. S1. H7-HCVR cells were main-
tained in medium containing 1 mg of G418/ml of medium.

Expression of Transgenes in Mice by Hydrodynamics-based in
Vivo Transfection

Hydrodynamics-based in vivo transfection was performed as
previously described (29) in male BALB/c mice with plasmid
pAdTrack-TTRB-T7HisNS5A and the control plasmid,
pAdTrack(-CMV). Two days post-injection, the mice were sac-
rificed. Fresh tissues including liver, heart, kidney, and lung
were collected for the preparation of cryosection and examina-
tion of the expression of HCV NS5A protein and its regulatory
host genes.

Preparation of Tissue Section and Laser Capture
Microdissection (LCM)

To prepare for cryosection, the mouse tissues were embed-
ded in optimal cutting temperature solution on dried ice. After
cutting the frozen blocks into 14-um-thick sections by mic-
rotome (Leica), the tissue sections were attached to slides and
deep frozen immediately on dried ice. To further prepare for
LCM, the cryosections were fixed in 70% ethanol for 1 min
before proceeding to dehydration. The dehydration processes
include a 1-min submergence in 95% ethanol, a 30-s immersion
in 100% ethanol followed by another 1-min immersion in 100%
ethanol. Lastly, to complete the dehydration process, the cryo-
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sections were treated by 30-s and 5-min submergence in xylene.
The above were done with gentle shaking at each step. After
being air-dried, cryosections of the mouse liver tissue that suc-
cessfully expressed GFP and NS5A proteins were isolated by
LCM with a fluorescence detector (PixCell Ile; Arcturus) set-
ting at laser spot size of 7.5 um, pulse power of 50 milliwatt,
pulse width of 3.5 ms, and threshold voltage of 270 mV.

RNA Amplification and Microarray Analysis

For microarray analysis, 1,000 hepatocytes were captured by
LCM with a fluorescence detector. RNA isolated from the
hepatocytes using the PicoPure RNA isolation kit was subjected
to two rounds of amplification with RiboAmp RNA amplifica-
tion kit containing T7 RNA polymerase followed the proce-
dures as described by the manufacturer (Arcturus) with modi-
fications. In brief, the Agilent Lab-on-a-Chip System with the
BioAnalyzer 2100 (Agilent) was used to examine the quality of
the ribosomal RNA in the RNA preparation of hepatocytes to
ensure the accuracy and reproducibility in the analysis of gene
expression profiles. In addition, following the first amplifica-
tion, the resultant cDNAs were added to the in vitro transcrip-
tion reaction of Affymetrix microarray system to generate
biotinylated cRNAs in the second round of transcript amplifi-
cation. Gene expression profiles were performed with an
Affymetrix high density oligonucleotide microarray (Mouse
Genome 430 2.0 Array) using the Affymetrix microarray system
following the protocol as described by the manufacturer. GCOS
and RMA statistics were applied for data analysis.

RNA Isolation, Reverse Transcription, and Real Time PCR

Total RNA was isolated from culture cells by using TRIzol®
reagent (Invitrogen). Reverse transcription was performed with
the RNA templates, avian myeloblastosis virus reverse tran-
scriptase (Roche Applied Science), and oligo(dT) primer. The
products were subjected to real time PCR with primer sets of
specific genes and SYBR Green PCR Master Mix (Bio-Rad). The
primer set used for mouse Aspm was 5'-GCTTCATCACCTG-
CTCACCTAC-3" and 5'-GTAGATACCGCTCCGCTTT-
CAG-3', whereas the primer sets used in parallel as internal
controls were 5'-CTATTGGCAACGAGCGGTTCC-3" and
5'-GCACTGTGTTGGCATAGAGGTC-3' for Actb and
5-TGTGTCCGTCGTGGATCTGAC-3" and 5'-GATGCCT-
GCTTCACCACCTTC-3' for Gapdh. The results were ana-
lyzed with the iCycler iQ real time PCR detection system
(Bio-Rad).

Synchronization of Culture Cells and Cell Cycle Analysis

To generate synchronized cell population arrested at the G, /S
boundary, the cells were cultured in the medium without fetal
bovine serum for 24 h. After release from the serum starvation, the
cells were harvested by trypsinization at various time points. Fol-
lowing two washes with phosphate-buffered saline containing 2
mMm EDTA, the cells were fixed in 75% (v/v) ethanol and stained
with propidium iodide (40 mg/ml) in the presence of RNase A (50
mg/ml) for 30 min at room temperature. Samples of 10,000 cells
were then analyzed on a Becton Dickinson FACScan flow cytom-
eter (BD Biosciences), and the data were analyzed with the
CellQuest software (BD Biosciences).
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Antibodies

Mouse monoclonal antibodies against NS5A were purchased
from Chemicon. Mouse monoclonal antibodies against cyclin
B1 and rabbit polyclonal antibodies against p-p38 and p38 were
purchased from Cell Signaling. Mouse monoclonal antibodies
against Spl and rabbit polyclonal antibodies against GAPDH
were purchased from Santa Cruz. Mouse monoclonal antibod-
ies against His tag were purchased from Upstate Biotechnology
Inc. Rabbit monoclonal antibodies against p-PKR (Thr(P)**¢)
and PKR were purchased from Abcam. Rabbit polyclonal anti-
bodies against GFP were kindly provided by S. L. Doong (Insti-
tute of Microbiology, National Taiwan University College of
Medicine). For generation of an antiserum specific for both
human and mouse ASPM, a highly conserved antigenic peptide
(**PKRRPILSATVTKRK®*') between human and mouse (sup-
plemental Fig. S2) was synthesized, conjugated to Multiple
Antigenic Peptides (Kelowna International Scientific Inc.), and
subjected to immunization of rabbits as previously described
(28).

Luciferase Reporter Assay

For analysis of the promoter activity of Aspm, NIH3T3 cells
were co-transfected with the effector plasmid pAdTrack-
CMV-T7HisNS5A (or pAdTrack-CMV-T7HisNS5A-mPTT),
the Firefly luciferase reporter plasmid pGL3-mAspm-
TLS(—475/—59), and the Renilla luciferase-expressing control
plasmid phRL-TK (Promega). At 48 h post-transfection, the
cells were harvested by trypsinization. Following two washes
with phosphate-buffered saline, the cells were suspended with
100 wl of phosphate-buffered saline. One half of the cells were
subjected to Western blot analysis, and the other half of the
cells were subjected to the analysis of firefly luciferase activity
and Renilla luciferase activity according to the protocol pro-
vided by the manufacturer (Dual-Glo™ luciferase assay sys-
tem; Promega). The firefly luciferase activity was normalized
against the Renilla luciferase activity.

RESULTS

Gene Expression Profiles in Mouse Hepatocytes Expressing
HCV NS5A Protein—To study the pathogenesis of HCV NS5A
protein, plasmid pAdTrack-TTRB-T7HisNS5A that contains
the HCV NS5A gene under the control of liver specific transt-
hyretin promoter and GFP gene under the control of CMV
promoter was constructed. Expression of the viral NS5A pro-
tein and GFP was initially examined in cultured cells of various
tissue origins. The results demonstrated that the NS5A protein
co-expressed with GFP only in the hepatocyte-derived HepG2
and Huh?7 cells but not in the nonhepatic A549 and COS7 cells
(Fig. 14), indicating the tissue-specific expression of the viral
NS5A protein driven by the liver-specific promoter. Hydrody-
namics-based in vivo transfection was then applied to a mouse
system. The hydrodynamics-based method mimics the postna-
tal HCV infection unlike prenatal existence of the viral protein
in transgenic mouse model. Two days following the rapid injec-
tion of the plasmid pAdTrack-TTRB-T7HisNS5A into mouse
tail vein, GFP expression was detected specifically in the liver;
no detection was observed in heart, kidney, and lung tissues
(Fig. 1B). The GFP-expressing hepatocytes were isolated by
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LCM with a fluorescence detector. Co-expression of the viral
NS5A protein in the GFP-expressing hepatocytes was further
confirmed by Western blot analysis (Fig. 1C). In addition, plas-
mid pAdTrack(-CMV) that expresses GFP only was used in
parallel in hydrodynamic injection as a control. To learn the
differential expression profiles of host genes in the presence
and the absence of the viral NS5A protein, RNA was isolated
from the captured hepatocytes that successfully co-expressed
GFP and NS5A proteins and from the control hepatocytes that
expressed GFP only. The RNA samples were amplified and bio-
tin-labeled as described under “Experimental Procedures.”
Analysis of gene expression profiles with Affymetrix oligonu-
cleotide microarray system containing 34,000 genes revealed 63
genes that were up-regulated for more than 2-fold and 34 genes
that were down-regulated for more than 2-fold in the NS5A and
GFP co-expressing hepatocytes as compared with the control
(data not shown). Among these differentially expressed genes,
10 genes are involved in multiple cellular signaling pathways
including cell growth, inflammation, and apoptosis. The spin-
dle gene Aspm is one of the genes whose down-regulation in the
NS5A-expressing hepatocytes was further confirmed by real
time PCR analysis (Fig. 1D).

Growth Arrest of the Stable Cell Lines Constitutively Express-
ing NS5A—HCV NS5A protein has been demonstrated to
induce chromosome aneuploidy (15). To understand whether
the down-regulation of Aspm is involved in the NS5A-induced
mitotic dysregulation, stable cell lines that constitutively
express the NS5A protein were established following a trans-
fection of plasmid pAdTrack-CMV-T7HisNS5A into NIH3T3
cells and G418 selection. Among the G418-resistant clones
examined, the NIH3T3-NS5A-17 stable line that showed the
highest expression level of the NS5A protein (Fig. 24) and a
remarkable reduction of the growth rate (data not shown) was
chosen for further analysis. RT real time PCR confirmed the
down-regulation of Aspm gene in NIH3T3-NS5A-17 stable line
(Fig. 2B). The effect of NS5A on the mitotic dysregulation was
examined in the NIH3T3-NS5A-17 cells. The cells were syn-
chronized at the G,/S boundary by serum starvation and sub-
jected to flow analysis 24 h after release from the starvation. As
shown in Fig. 2C, the NS5A-expressing NIH3T3-NS5A-17 cells
had an increased cell population of G,/M phase (43%) as com-
pared with that of the parental NIH3T3 cells (14%). The
NIH3T3-NS5A-13 stable line that expressed a lower level of
NS5A protein as compared with the NIH3T3-NS5A-17 cells
showed a G,/M cell cycle block similar to NIH3T3-NS5A-17
cells but to a lower extent (31%). These results further correlate
the expression level of NS5A with the extent of the G,/M cell
cycle block.

HCV NS5A Regulates the Promoter Activity of Aspm Gene—
To examine whether the down-regulation of Aspm gene in
NS5A-expressing cells was controlled at the transcriptional
level, the promoter activity of Aspm gene was examined.
Because the major transcriptional start site of the Aspm gene
has not yet been determined, we decided to generate a reporter
plasmid that contains a 417-bp DNA fragment of the mouse
Aspm gene from nucleotides —475 to —59 upstream of the
translation start site based on the information derived from the
Data Base of Transcriptional Start Sites and the analytic pro-
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FIGURE 1. Down-regulation of Aspm gene in mouse hepatocytes express-
ing HCV NS5A protein. A, liver-specific expression of NS5A protein driven by
the transthyretin promoter. HepG2, Huh7, A549, and COS7 cells were trans-
fected with 15 pg of plasmid pAdTrack-CMV-T7HisNS5A or pAdTrack-
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grams of cpgplot and cpgreport (Fig. 3A). Luciferase reporter
assay was performed following a co-transfection of cultured
cells with various amounts of the NS5A effector plasmid, the
firefly luciferase reporter plasmid, and the Renilla luciferase-
expressing control plasmid. The results demonstrated a dose-
dependent inhibitory effect of the NS5A protein on the pro-
moter activity of Aspm gene (Fig. 3B). Potential regulatory
sequences present in the promoter region of Aspm were ana-
lyzed by the TESEARCH program. This analysis revealed cis-
elements conserved in human and mouse for interacting with
transcriptional factors Spl and GATA1 (Fig. 34 and data not
shown). It has been known that Spl and GATAL are generally
regulated by MAPK signaling pathways (30-33).

HCV NS5A Reduces the Expression of Aspm Gene via the Inhi-
bition of p38 Phosphorylation and the PKR-p38 Signaling
Pathway—To learn the expression profile of the Aspm gene at
different cell cycle stages, NIH3T3 cells synchronized at G,/S
boundary were subjected to RT real time PCR and Western blot
analysis at various time points after release from serum starva-
tion. As shown in Fig. 44, Aspm was mainly expressed at 18 h
after release from serum starvation at which cyclin B1 showed a
maximal expression. This result indicated that Aspm mainly
expressed at the G,/M phase of cell cycle. To clarify which
signal transduction pathway is involved in the NS5A-mediated
down-regulation of Aspm, MAPK inhibitors that target ERK
(PD98059), INK (SP600125), and p38 (SB203580) pathways
were applied 18 h after the culture cells were released from G, /S
arrest. As shown in Fig. 4B, the expression level of Aspm mRNA
reduced to ~10% in the presence of p38 inhibitor SB203580,
80% in the presence of ERK inhibitor PD98059 and 73% in the
presence of JNK inhibitor SP600125. These results indicate that
the p38 signaling pathway is the major upstream regulator for
Aspm. It is previously known that p38 is a downstream target of
PKR. Itis also known that binding of NS5A to PKR inhibits PKR
dimerization and results in an inhibition of PKR autophospho-
rylation, MKK6 phosphorylation, and p38 signaling pathway
activation (34, 35). To test whether PKR-p38 signaling pathway
is involved in the down-regulation of Aspm, PKR inhibitor
2-aminopurine was used. At 18 h after release of culture cells
from serum starvation, expression level of Aspm mRNA was

TTRB-T7HisNS5A as indicated. Forty-eight hours post-transfection, the cells
were harvested, and cell lysates were subjected to Western blot analysis with
antibodies specific to the viral NS5A protein, GFP, and the control GAPDH.
B, expression of GFP protein in the tissue sections of hydrodynamic-injected
mouse. Plasmid pAdTrack-TTRB-T7HisNA5A that encodes GFP and NS5A pro-
tein was injected into mouse tail vein by hydrodynamics-based method. Two
days post-injection, mouse tissue sections from various origins as indicated
were prepared. Expression of GFP in the tissue sections was monitored by a
fluorescence detector. C, co-expression of HCV NS5A protein in the GFP-ex-
pressing mouse hepatocytes. Hepatocytes from three mice injected with the
control plasmid pAdTrack(-CMV) that expresses GFP protein only (GFP-1, -2,
and -3) and hepatocytes from three mice injected with plasmid pAdTrack-
TTRB-T7HisNS5A that co-express GFP and NS5A protein (GFP&NS5A-1,-2, and
-3) were harvested for Western blot analysis with antibodies as indicated. D,
real time PCR analysis for expression of Aspm gene in mouse hepatocytes.
One thousand mouse hepatocytes were captured with a fluorescence detec-
tor from each of the group of mouse injected with plasmid pAdTrack-TTRB-
T7HisNS5A (GFP+NS5A), and the group was injected with control plasmid
pAdTrack(-CMV) (GFP) as indicated. RNA isolation, amplification, and real
time PCR analysis of the Aspm gene followed the procedures as described
under “Experimental Procedures.” The results shown represent averages
from three independent experiments.
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started to decrease afterward. How-
ever, cyclin B1 was accumulated and
maintained at similar levels in the
NIH3T3-NS5A-17 cells up to 48 h
(Fig. 5). These results indicated that
NS5A induced a delay of mitotic
exit. Association between the G,/M
cell cycle block and the NS5A-medi-
ated down-regulation of Aspm was
further examined. Plasmid encod-
ing the full-length ASPM was trans-
fected into parental NIH3T3 and
NIH3T3-NS5A-17 cells. As shown
in Fig. 5, overexpression of ASPM in
NIH3T3-NS5A-17 cells relieved the
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decreased expression level of cyclin
Bl. Taken together, these results
indicate that Aspm is a key target
gene of the HCV NS5A protein in
the induction of aberrant cell cycle
progression.
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the expression of Aspm gene in NIH3T3-NS5A-17. Total RNA was isolated from NIH3T3-NS5A-17 cells by TRIzol®

reagent and subjected to RT real time PCR analysis of the Aspm gene. The results shown represent averages
from three independent experiments. C, G,/M arrest of the NIH3T3-NS5A-13 and NIH3T3-NS5A-17 stable cell
lines. NIH3T3-NS5A-13, NIH3T3-NS5A-17, and the parental NIH3T3 cells were arrested at the G,/S boundary by
serum starvation. At 0 and 24 h after release from the serum starvation, 10,000 cells were gated for cell cycle
analysis. M1, sub-G, phase; M2, G, phase; M3, S phase; M4, G,/M phase; M5, multiple nucleus phase.

analyzed. The effect that 2-aminopurine induced ~90% reduc-
tion of Aspm gene expression is similar to that of p38 inhibitor
SB203580 as well as that of the HCV NS5A protein in the
NIH3T3-NS5A-17 stable cells (Fig. 4B). Furthermore, the
phosphorylation level of PKR and p38 and the expression of
transcription factor Spl were reduced in both NIH3T3-
NS5A-17 stable cells and in mouse hepatocytes expressing
the NS5A protein (Fig. 4C). These results strongly suggest that
NS5A inhibits the expression of Aspm via inhibiting PKR-p38
signaling pathway. Interestingly, a NS5A mutant with amino
acid substitutions at Pro®*°?, Thr**'*, and Thr**'” (Fig. 3C) that
have known to be critical for NS5A to interact with PKR (8, 9)
abolished the inhibitory effect of NS5A on the promoter activ-
ity of Aspm gene (Fig. 3D).

Overexpression of ASPM Relieves the G,/M Cell Cycle Block
Imposed by the NSS5A Protein—The degradation of cyclin Bl
has been known to be required for the transition from met-
aphase to anaphase (36). We have earlier shown that Aspm
co-expressed with the G,/M mitotic marker cyclin B1 at 18 h
after the cultured cells were released from serum starvation
(Fig. 4A). To examine whether the down-regulation of Aspm is
involved in the NS5A-induced aberrant cell growth, the expres-
sion levels of cyclin B1 in the parental NIH3T3 cells and the
NIH3T3-NS5A-17 cells that constitutively express NS5A were
analyzed. NIH3T3 and NIH3T3-NS5A-17 cells were cultured
in the presence of 0.2 pug/ml nocodazole for various time peri-
ods before harvested for Western blot analysis. The expression
level of ASPM increased at 24 h after nocodazole treatment
when cyclin B1 expression was maximal. The level of cyclin B1
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DISCUSSION

In this study, we demonstrated
that the expression of Aspm was
down-regulated in the mouse model
system (Fig. 1D) and in cultured
cells expressing HCV NS5A protein
(Fig. 2B). The down-regulation of Aspm was also observed in
HCV type 1b subgenomic replicon (supplemental Fig. S1) and
in type 1la replicon (37). Our further studies demonstrated that
Aspm gene is a downstream target of NS5A involved in HCV-
associated pathogenesis. The NS5A protein down-regulated
the expression of Aspm gene by repressing the PKR-p38 signal-
ing pathway. A NS5A protein to which the PKR-interacting
domain (8, 9) has been mutated failed to regulate the promoter
activity of Aspm gene (Fig. 3D). The expression of transcription
factor Sp1 was significantly reduced in responding to the down-
regulation of the expression of the spindle protein ASPM in all
of the three NS5A-expressing systems examined (Fig. 4C and
supplemental Fig. S1). Overexpression of the mitotic spindle
protein ASPM rescued the delay of cell cycle G,/M exit
observed in the NS5A-expressing cells. We propose that, upon
HCV infection, NS5A represses the activity of PKR and its
downstream molecules, MKK6 and p38 by forming het-
erodimer with PKR. Down-regulation of p38 phosphorylation
may result in the reduction of the expression of Spl that is
involved in the transcriptional regulation of the Aspm gene.
The down-regulation of the Aspm gene affects spindle forma-
tion and cell cycle progression. Mitotic dysregulation occurs.
As a long term consequence, HCV infection causes chromo-
somal instability and HCC (Fig. 6). NS5A protein forms a het-
erodimer with PKR and blocks the translation inhibition of cel-
lular and viral proteins (8, 9). In the present study, we
demonstrated that inhibition of PKR-p38-ASPM pathway
induced cell cycle G,/M arrest. The effects of NS5A protein on
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These results indicate that cells
expressing NS5A protein are prone
to chromosome aneuploidy.
Increased expression of Aspm
gene has been detected in ovarian,
uterine, and brain cancers, which
leads to the suggestion that ASPM
may be essential for the prolifera-
tion of certain cancer cells (23, 38).
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However, it is not known whether
ASPM is essential for the forma-
tion of hepatocellular carcinoma
in the late stage of HCV infection.

GAPDH

TCCTGGTCGTTGGCTTCOGGEANGCCGLCGLGAGCLGHACAGCGGLTACC

TGACTGCCCGGTACGGGTGGCTGCCATG

NS5A plasmid (pg)

Using the approach of hydrody-
namics-based in vivo transfection
in this study, we have learned the

effects of NS5A protein in mouse

liver cells at the initial stage of

HCYV infection. In addition, possi-

c Protein PKR-binding region of HCV genotype 1b (amino acids 2209-2274)
NS5A-wt PSLKATCTTRHDSPDADLIEANLLWRQEMGGNT TRVESENKVVILDSFDQLRAEEDEQEVSVSAET
NS5A-mPTT L—-A—G—
D : ]
100 EE B L

o«
o

.
o

Relative luciferase
activity (%)
@
=]

L]
o

0 1 2 3 4 5
NSSA-mPTT plasmid (pg)

FIGURE 3. Transcriptional regulation of Aspm gene mediated by the HCV NS5A protein. A, illustration of
the chromosome location of the mouse Aspm gene and its putative promoter sequences. Theillustration of the
chromosome location of the mouse Aspm gene was modified from MGI Mouse Genome Browser. The nucleo-
tide sequences shown represent the predicted promoter region and 5’-untranslated region of the Aspm gene.
The nucleotide sequences underlined indicated the 417-bp DNA fragment used to construct the luciferase
reporter plasmid pGL3-mAspm-TLS(-475/-59). Potential transcription start sites (x), GATA1 binding cis-ele-
ments (@), Sp1 binding cis-element (A), and the translation start site (—) were marked. B, the inhibitory effect
of NS5A protein on the promoter activity of the Aspm gene. NIH3T3 cells cultured on 6-cm dishes were co-
transfected with various amounts of the effector plasmid pAdTrack-CMV-T7HisNS5A, 0.5 u.g of firefly luciferase
reporter plasmid pGL3-mAspm-TLS(-475/-59), and 0.05 ug of Renilla luciferase-expressing control plasmid
phRL-TK. At 48 h post-transfection, the cells were harvested for luciferase activity assay and Western blot
analysis with antibodies specific to the viral NS5A protein and the control GAPDH. The results shown represent
the averages from three independent experiments. C, amino acid sequences of the PKR-binding region of the
wild type NS5A and NS5A-mPTT mutant proteins. D, PKR-binding region is important for the NS5A protein to
down-regulate the promoter activity of the Aspm gene. Co-transfection followed by luciferase activity assay
and Western blot analysis were performed as described in the legend for B except that the effector plasmid
used was pAdTrack-CMV-T7HisNS5A-mPTT that encodes the NS5A mutant protein, NS5A-mPTT. The results

shown represent averages from three independent experiments.

both cellular proliferation and anti-proliferation suggest that
NS5A protein plays a key role in the HCV-induced HCC.
Mitotic dysregulation was examined in the late passage
NIH3T3-NS5A-17 cells by flow cytometry. As shown in supple-
mental Fig. S3, an increased cell population with chromosome
number more than four copies (supplemental Fig. S3, M4
phase) was detected in the late passage NIH3T3-NS5A-17 cells
(9.4%) as compared with that of the parental NIH3T3 cells
(4.2%). The characteristics of multiple nuclei with abnormal
size were also observed by immunofluorescence assay in the
late passage NIH3T3-NS5A-17 cells (supplemental Fig. S3).
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ble association between the NS5A-
induced  down-regulation  of
ASPM and the development of
hepatocellular carcinoma has
been examined in the mouse
model as well as culture systems.
Our current data suggest a role for
ASPM in the development of hep-
atocellular carcinoma different
from that of the others such as
ovarian, uterine, and brain can-
cers. Following subcutaneous
injection of nude mice with the
NIH3T3-NS5A cells constitu-
tively expressing NS5A protein,
we did not observe tumor forma-
tion. However, seven of eight mice
injected with NIH3T3-NS5A cells
of late passages formed tumors
(data not shown). Tumor forma-
tion induced by NS5A-expressing
cells was also observed in a previ-
ous study (39). These results indi-
cate that the NS5A-expressing
cells at the late passages, but not
the early passages, may be well
transformed for tumor growth in
nude mice. These systems will be
used in future studies to elucidate whether NIH3T3-NS5A
cells overexpressing ASPM can prevent or delay tumor
formation.

In general, double-stranded RNA intermediates are gener-
ated during the infection of RNA viruses. This activates PKR
and phosphorylates the translation initiation factor eIF2a. The
elF2a-GDP cannot be recycled to elF2a-GTP. Translation
inhibition of both the host and viral mRNAs results in the anti-
proliferation of the virus-infected cells. Nevertheless, the NS5A
protein of HCV genotype 1b has a PKR-binding domain
through which NS5A forms a heterodimer with PKR. Forma-

NS5A-mPTT
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FIGURE 4. HCV NS5A inhibits Aspm gene expression via p38 dephospho-
rylation. A, the expression profiles of the Aspom mRNA at various stages of the
cell cycle. NIH3T3 cells arrested at G,/S boundary were released by adding
10% fetal bovine serum in the culture medium. At various time points, the
expression of Aspm mRNA and cyclin B1 were analyzed by RT real time PCR
and Western blot analysis, respectively. GAPDH was analyzed in parallel as a
loading control. The results shown represent the averages from three
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FIGURE 5. Overexpression of ASPM rescues the NS5A-induced mitotic
exit delay. NIH3T3 and NIH3T3-NS5A-17 cells were infected with recombi-
nant vaccinia virus (vTF7-3) harboring the T7 RNA polymerase gene, followed
by DNA transfection with the Lipofectin reagent (Invitrogen) as previously
described (40) with plasmid pcDNA-hASPM-V5HisTopo (ASPM) encoding the
human full-length ASPM protein with V5His tag or control plasmid
pcDNA-V5HisTopo (Vector). Forty-eight hours post-transfection, the cells
were treated with 0.2 wg/ml nocodazole and harvested at various time points
as indicated. Western blot analysis were performed with antibodies against
the His tag of the ectopically expressed human ASPM (ASPM-V5His), with
antibodies against ASPM to detect both the mouse endogenous ASPM and
the ectopically expressed human ASPM with V5His tag (ASPM and ASPM-
V5His) and with antibodies against NS5A, cyclin B1, and GAPDH as indicated.
The two forms of the mouse endogenous ASPM protein are predicted as 364
and 212 kDa. The ectopically expressed human ASPM-V5His protein is pre-
dicted to be 414 kDa. Relative expression levels of cyclin B1 are shown.
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FIGURE 6. A possible mechanism of the HCV NS5A protein involved in the
hepatocarcinogenesis via PKR-p38-ASPM pathway.

sor [ l

Aspm

tion of NS5A-PKR heterodimer blocks PKR activity and allows
recycling of el[F2a-GDP to elF2a-GTP. Translation and cell
cycle progression then proceed.

independent experiments. B, relative expression level of Aspm in the pres-
ence of MAPK and PKR inhibitors. NIH3T3 cells synchronized at the G,/S
boundary were incubated with 20 um PD98059 (ERK inhibitor, Tocris Cookson
Inc.), SP600125 (JNK inhibitor, Calbiochem), SB203580 (p38 inhibitor, Calbio-
chem), or 500 um PKR inhibitor 2-aminopurine (Sigma-Aldrich) as indicated
for 1 h. At 18 h after release from starvation, the cells were harvested for RT
real time PCR analysis. In addition, cells treated with 1% Me,SO (SIGMA-AL-
DRICH) were analyzed in parallel as a negative control. The expression of
Aspm gene in NIH3T3-NS5A-17 was also examined as a comparison. The
results shown represent the averages from three independent experiments.
C, the expression levels of PKR, phosphorylated PKR (p-PKR), p38, phospho-
rylated p38 (p-p38), and Sp1 in NIH3T3 cells and mouse hepatocytes express-
ing HCV NS5A protein. The cell lysates prepared from NIH3T3 cells, NIH3T3-
NS5A-17, and hepatocytes from individual mouse injected with plasmid
pAdTrack-TTRB-T7HisNS5A expressing GFP and NS5A (GFP&NS5A-1, -2, and
-3) or plasmid pAdTrack(-CMV) expressing GFP alone (GFP-1, -2, and -3) as
described in the legend for Fig. 1 were subjected to Western blot analysis with
antibodies specific to ASPM, Sp1, p-PKR, PKR, NS5A, p-p38, p38, and GAPDH
as indicated. Relative expression levels of Sp1, p-PKR, and p-p38 shown were
calculated by normalization of the intensities of the Sp1, p-PKR, and p-p38
signals from cells expressing NS5A protein to those of the control cells.
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In this study, our data indicate that ASPM is a downstream
target of NS5A associated with HCV-induced HCC. In the early
stage of HCV infection, NS5A protein inhibits the expression of
ASPM, resulting in mitotic dysregulation. However, during the
late HCV chronic infection, hepatocytes are transformed and
proliferated through as yet unknown mechanisms mediated by
unidentified host factors and viral proteins such as NS5A, NS3
protease, and core protein. Detailed mechanisms of how down-
regulation of ASPM may be involved in the development of
HCC need to be further studied. Nevertheless, ASPM could be
a new molecular target for drug development against HCV-
associated HCC.
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