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Abstract

Infection with hepatitis C virus (HCV) is etiologically involved in liver cirrhosis, hepatocellular carcinoma and B-cell
lymphomas. It has been demonstrated previously that HCV non-structural protein 3 (NS3) is involved in cell transformation.
In this study, a yeast two-hybrid screening experiment was conducted to identify cellular proteins interacting with HCV NS3
protein. Cytosolic 59(39)-deoxyribonucleotidase (cdN, dNT-1) was found to interact with HCV NS3 protein. Binding domains
of HCV NS3 and cellular cdN proteins were also determined using the yeast two-hybrid system. Interactions between HCV
NS3 and cdN proteins were further demonstrated by co-immunoprecipitation and confocal analysis in cultured cells. The
cellular cdN activity was partially repressed by NS3 protein in both the transiently-transfected and the stably-transfected
systems. Furthermore, HCV partially repressed the cdN activity while had no effect on its protein expression in the systems
of HCV sub-genomic replicons and infectious HCV virions. Deoxyribonucleotidases are present in most mammalian cells and
involve in the regulation of intracellular deoxyribonucleotides pools by substrate cycles. Control of DNA precursor
concentration is essential for the maintenance of genetic stability. Reduction of cdN activity would result in the imbalance
of DNA precursor concentrations. Thus, our results suggested that HCV partially reduced the cdN activity via its NS3 protein
and this may in turn cause diseases.
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Introduction

Hepatitis C virus (HCV) is a major cause of chronic hepatitis,

liver cirrhosis, and hepatocellular carcinoma [1]. Infection with

HCV is also etiologically involved in the development of B-cell

lymphomas [2]. This virus belongs to the genus Hepacivirus in the

family Flaviviridae. The HCV genome is a single, positive-stranded

RNA with a nucleotide length of about 9.6 kb. It encodes a

polyprotein precursor of approximately 3,000 amino acids. This

polyprotein precursor is processed by host and viral proteases into

at least 10 different proteins, which are arranged in the order of

NH2-C-E1-E2-p7-NS2-NS3-NS4A-NS4B-NS5A-NS5B-COOH.

C, E1, and E2 are structural proteins while NS2-NS5B and

perhaps also p7 are non-structural proteins. The release of C, E1,

E2 and, p7 from the polyprotein is mediated by the cellular signal

peptidase located in the endoplasmic reticulum, whereas the

cleavages between NS2-NS5B are mediated by viral NS2/3 and

NS3/4A proteases. NS3 protein contains a serine protease activity

within its N-terminal 180 residues and NTPase and helicase

activities in the C-terminus (for a review, [3]). Molecular

mechanisms regarding HCV pathogenesis are not well under-

stood. It has been demonstrated that HCV NS3 protein is involved

in cell transformation [4,5]. To further understand the functions of

the HCV NS3 protein, we have conducted a yeast two-hybrid

screening experiment to identify the cellular proteins interacting

with HCV NS3 protein. Our results indicated that the cytosolic

59(39)-deoxyribonucleotidase (cdN, dNT-1) interacts with HCV

NS3 protein [6,7]. We further demonstrated that this interaction

can result in the partial repression of the cdN activity.

Materials and Methods

Plasmid Construction
The expression plasmid for HCV NS3 protein used in this study

was derived from the plasmid p90/HCV FL-long pU (GI:

2316097) which contains the full-length sequence of the HCV-H

isolate. To isolate the cDNA fragment that contains the NS3/4A

protein coding sequence, polymerase chain reactions (PCR) using

primers (59CGGGATCCGCGCCCATCACGGCGTAC 39and

59GCTCTAGACTATTAGCACTCTTCCATCTC39) were per-

formed. After PCR, the DNA fragment was digested with

restriction enzymes (BamHI/XbaI) and inserted into the
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pcDNA3-myc vector for transient expression in mammalian cells

[8]. To clone the DNA fragment encoding HCV NS3 protein (full-

length, from a.a. 1 to 631) for yeast two-hybrid screening,

oligonucleotide primers (59GGAATTCGCGCCCATCACGGC-

G39and 59GCTCTAGACTATTACGTGACGACCTCCAG39)

were used to perform PCR. After PCR, the DNA fragment was

treated with T4 polynucleotide kinase, digested with the restriction

enzyme EcoRI, and cloned into the pBDGal4 Cam (Stratagene,

USA) expression vector, which had been linearized with EcoRI

and SmaI. Similar approaches were used to clone the DNA

fragment encoding HCV NS3 protease domain (from a.a. 1 to a.a.

208) for yeast two-hybrid screening experiments except the

oligonucleotide (59GCTCTAGATTAGCTGCCGGTGG-

GAGC39) was used as the reverse primer to perform PCR. The

oligonucleotide primers (59GGAATTCGTGGCCCACCTG-

CATG39and 59GCTCTAGATTACTCGGCGGGCGTGAG39)

were used to clone HCV NS3 protein helicase domain (from a.a.

199 to a.a. 508) for yeast two-hybrid screening.

To construct the expression plasmids of various recombinant

cdN proteins, DNA fragments were amplified by the PCR from

the 39-UTR of RBaK cDNA which shares the identical sequences

with the cdN coding region but without the initiation codon [9].

To isolate the cDNA fragment that contains the cdN protein

coding sequence, PCR reactions using primers (59CGGAATT-

CATGGCGCGGAGCGTGCGC 39and 59GCTCTA-

GATTCCCGCTGCGCAGCTCC39) were performed. After

PCR, the DNA fragment was digested with restriction enzymes

(EcoRI/XbaI) and inserted into the pcDNA3.1-V5-His A

(Invitrogen, USA) vector for transient expression in mammalian

cells. To clone the full-length cdN DNA fragment for yeast two-

hybrid screening (a.a. 1–201), primers (59CCGAATTCG-

CATGGCGCGGAGCGTGCGC39and 59CCGCTCGAGT-

CATTCCCGCTGCGCAGC39) were used to perform PCR.

After PCR, the DNA fragment was digested with restriction

enzymes (EcoRI and XhoI) and cloned into the pACT2 (Clontech,

USA) expression vector (linearized with EcoRI/XhoI). The same

forward primer and a different reverse primer

(59CCGCTCGAGTTAGTACACACTGGCCAC39) were used

to clone the DNA fragment that contained the first 65 codons of

the cdN sequence for yeast two-hybrid screening. The same

reverse primer and a different forward primer

(59CCGAATTCGCGGTGAGAAGTACCGC39) were used to

clone the DNA fragment encoding the C-terminal 92 a.a. of cdN

protein (a.a. 110-201). The oligonucleotide primers

(59CCGAATTCGCGAAGCCCCGGGCTTT39and

59CCGCTCGAGTTACACACAGTGGTGGTA39) were used to

clone the DNA fragment encoding cdN protein from a.a. 66 to a.a.

109.

To construct the expression plasmid for a.a. 846 to 1008 of

ELKS-d protein [10], the DNA fragment was amplified by PCR

from the cDNA library of HuH7 cells using primers

(59CGGAATTCGCGTGGAGGAGTTACTGATGGC39 and

59CCGCTCGAGTCAGTCATGGCAGAGGGTTG39). After

amplification, the DNA fragment was digested with restriction

enzymes (EcoRI and XhoI) and cloned into the pACT2 expression

vector (linearized with EcoRI/XhoI).

All the expression plasmids were verified by sequencing.

Yeast Two-hybrid Screening
The yeast two-hybrid system used for the screening was

purchased from Clontech Laboratories (USA). The screening

procedures were conducted following the manufacturer’s instruc-

tions and our previous procedures [11,12]. The cDNA library

used for this screening was a human fetal liver library, HL4029AH

(Clontech).

Cell Culture
HuH7 cells were cultured in Dulbecco’s modified Eagle’s

medium (DMEM) containing 10% fetal bovine serum (FBS),

100 U/ml penicillin and 100 mg/ml streptomycin (Gibco, USA)

[13]. HCV sub-genomic replicon cells were cultured in DMEM

with 10% FBS, 100 U/ml penicillin, 100 mg/ml streptomycin and

400 mg/ml G418 [14]. All cultured cells were maintained at 37uC
with 5% CO2.

DNA Transfection
The ExGen 500 in vitro transfection reagent (Fermentas, USA)

was used to transfect DNA (e.g., pcDNA3.1-cdN or pcDNA3-myc-

NS3/4A) into HuH7 cells following the manufacturer’s instruc-

tions.

Western Blotting Analysis
Our previous procedures were followed for Western blotting

analysis [11,12,13]. The primary antibodies used for the analyses

in this study were goat anti-cdN polyclonal antibody (Santa Cruz,

USA), mouse anti-NS5A monoclonal antibody (Biodesign, USA),

mouse anti-myc (4A6) monoclonal antibody (Upstate, USA),

mouse anti-V5 monoclonal antibody (Serotec, USA), mouse

anti-actin monoclonal antibody (Santa Cruz), mouse anti-NS3

monoclonal antibody (Santa Cruz), mouse anti-mdN monoclonal

antibody (Abnova, USA) and rabbit anti-Erk2 polyclonal antibody

(Santa Cruz).

Immunoprecipitation and Western Blotting Analysis
3–56106 cells were seeded in a 100-mm culture dish. After

overnight incubation, cells were transfected with 2 ug plasmid

DNA using the ExGen 500 in vitro transfection reagent. At 48

hours after transfection, cells were lysed in 1 ml RIPA (50 mM

Tris-HCl, pH 7.5, 300 mM NaCl, 4 mM EDTA, pH 8.0, 0.5%

Trition-X 100, 0.1% SDS and 0.5% sodium deoxycholate). After

centrifugation for five minutes, the supernatant was incubated with

the anti-V5 antibody (1:200–1:500 dilution) at 4uC overnight. The

antibody-antigen complex was pulled down with Pansorbin

(Merck, USA). The samples were treated at 100uC in the sample

buffer (67.5 mM Tris-HCl (pH 6.8), 5% 2-mercaptoethanol, 3%

SDS, 0.1% bromophenol blue and 10% glycerol) for 10 minutes

followed by gel electrophoresis and Western-blot to PVDF paper

(Pall Corporation, USA). The alkaline phosphatase-conjugated

anti-V5 antibody (Invitrogen) and peroxidase-conjugated anti-myc

antibody (Upstate) were used as the antibodies for the analysis. In

each experiment, 5% of cell lysates were used for protein

expression analysis directly while 95% of cell lysates were used

for the co-immunoprecipitation assay.

Confocal Microscopy Analysis
About 2.56105 cells were seeded in each 35 mm culture dish.

After overnight incubation, cells were transfected with 0.4 ug

plasmid using the ExGen 500 in vitro transfection reagent. At 48

hours after transfection, cells were fixed with methanol/acetone

(1:1) at 0uC for 10 minutes, washed with the incubation buffer

(0.05% NaN3, 0.02% saponin and 1% skim milk in PBS) twice for

2 minutes each, and then incubated with the mouse anti-myc

antibody (1:200 dilution). Cells were washed with PBS at room

temperature for five minutes three times, and then incubated with

the RITC–conjugated goat anti-mouse IgG antibody (1:200

dilution) at 3uC for 30 minutes. Later, cells were stained with
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the FITC-conjugated anti-V5 antibody (1:200 dilution) at 37uC for

30 minutes. Cells were washed three more times with PBS. DAPI

(Merck) was used to stain the nucleus.

For the detection of endogenous HCV NS3 and cellular cdN

proteins, HCV subgenomic RNA replicon cells were used [14].

Mouse anti-NS3 monoclonal antibody and Goat anti-cdN

polyclonal antibody were used as the primary antibodies.

RNAi Experiments
RNAi experiments and establishment of cells with stably

expressed exogenous proteins were performed using the lentiviral

Figure 1. Interactions between HCV NS3 and cellular cdN proteins in yeast. Growth of yeasts that had been either mock-transfected or
transfected with different combinations of plasmids as indicated; the transfected yeast cells were grown in YEPD without tryptophan and leucine (A
and C), or YEPD without tryptophan, leucine and histidine (B and D). (E) Summarized results of (A) and (B): HCV NS3 protease domain interacts with
cdN (a.a. 66-109). (F) Summarized results of (C) and (D).
doi:10.1371/journal.pone.0068736.g001
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expressing system (http://rnai.genmed.sinica.edu.tw), following

the manufacturer’s instructions. RNAi reagents were obtained

from the National RNAi Core Facility located at the Institute of

Molecular Biology/Genomic Research Center, Academia Sinica,

Taiwan.

Assay for 59 (39)-deoxyribonucleotidase Activity
The assay for the 59 (39)-deoxyribonucleotidase activity in this

study followed the condition described by a previous report [15].

The nucleotide [3H] dUMP (Moravek Biochemicals Inc., USA)

was used as the substrate. Specific enzyme activity is nmol

nucleoside formed per minute per milligram of protein. All assays

were done in three independent experiments in duplicates with

two different amounts of protein (0.2 and 0.8 ug). Results derived

from two different amounts of protein are almost identical. Only

results from 0.2 ug were presented in this study.

Generation of Infectious HCVcc and Infectivity Assay
Infectious HCV particles (HCVcc) were obtained as described

previously [16,17,18]. To generate infectious HCVcc, in vitro-

transcribed genomic J6/JFH RNA was delivered into HuH7.5

cells by electroporation. The HCVcc was recovered from cell

culture medium after passage for 2 weeks. The virus-containing

supernatant was clarified by low-speed centrifugation, passed

through a filter with the pore size of 0.45 mm, and concentrated by

ultracentrifugation. For the infectivity assay, HuH7.5 cells were

separated into 3.5 cm Petri dish at the density of 26105 cells. After

4 hrs, the cells were attached and 100 ml of HCVcc-containing

supernatant (MOI = 0.1) was added to each dish and incubated for

additional 72 hrs. The mock- and HCV-infected cell lysates were

then harvested for Western blot assay to detect protein expression

and for the analysis to detect 59 (39)-deoxyribonucleotidase activity.

Results

Identification of Cytosolic 59 (39)-deoxyribonucleotidase
(cdN, dNT-1) as an Interactive Protein of HCV NS3 Protein
by Yeast Two-hybrid Screening

HCV NS3 protein was used as the bait for yeast two-hybrid

screening for the identification of cellular proteins that interact

with NS3 protein. Only one cDNA clone, which encoded a

truncated cdN protein without its N-terminal 44 amino acids, was

found to interact with the NS3 protein out of a total of 16106

transformants. To further identify the interactive domains of cdN

protein with NS3 protein, we also conducted deletion-mapping

experiments. As shown in Fig. 1 (panels A and B), the middle

region of cdN protein (a.a. 66-109) interacted with the protease

domain of NS3 protein (Fig. 1E).

Several negative controls were included to assure the specificity

of this assay, and a.a. 846 to 1008 of ELKS-dprotein (a domain

known to interact with HCV NS3) [10] was served as the positive

control (Fig. 1 C, D). Indeed, a.a. 846 to 1008 of ELKS-dprotein

could interact with the NS3 protease domain and no non-specific

interactions was observed in the negative controls (Fig. 1F).

Physical Interactions between cdN and HCV NS3 Proteins
in Cultured Cells

To further test whether cdN and NS3 proteins could bind to

each other in cells, we also performed the co-immunoprecipitation

experiment. The myc-tagged full-length NS3/4A protein and the

V5-tagged cdN protein were co-expressed in HuH7 cells by

transient transfection. After transfection, cell lysates were immu-

noprecipitated with the anti-V5 antibody followed by Western

blotting using the anti-myc antibody. As shown in Fig. 2, the myc-

tagged NS3/4A protein could be immunoprecipitated by the anti-

V5 antibody in the presence (lane 2), but not in the absence (lane

4), of the cdN protein. This result further confirmed that NS3 and

cdN could bind to each other.

If NS3 and cdN could indeed bind to each other in cells, then

they would likely be co-localized in cells. We had also performed

the confocal microscopy analysis to verify the subcellular

localization of these two proteins. DNA plasmids expressing the

full-length NS3/4A and the cdN proteins were transfected

together into HuH7 cells. The cdN protein was found to co-

localize with the NS3 protein in the cytoplasm (Fig. 3A).

Furthermore, the subcellular localization of these two proteins

was examined in HCV sub-genomic replicon cells. Indeed, cdN

protein was also found to co-localize with the NS3 protein in the

cytoplasm (Fig. 3B).These results indicated that cdN and NS3

could indeed physically interact with each other in cells.

More than 50% of the 59(39)-deoxyribonucleotidase
Activity in the HuH7 Cells is from the cdN Protein

To evaluate the effect of HCV on the enzymatic activity of cdN,

the 59(39)-deoxyribonucleotidase activity assay to detect the

dephosphorylation of dUMP was established following a published

procedure [15]. To confirm whether this assay could indeed

measure cdN activity, cdN protein was over-expressed exogenous-

ly in HuH7 cells as a gain-of-function control. As expected, 59(39)-

deoxyribonucleotidase activity increased about 2 fold in these cdN

protein over-expressed cells (Fig. 4A). To further confirm the

accuracy of this assay, shRNAs targeting cdN gene were used as a

loss-of-function control. Comparing the control shRNA targeting

the luciferase gene, the cdN shRNA reduced the 59(39)-deoxyr-

ibonucleotidase activity significantly (Fig. 4B). Thus, the 59(39)-

Figure 2. Co-immunoprecipitation experiments of HCV NS3/4A
and cdN expressed in HuH7 cells. HuH7 cells were transfected with
empty vector (lanes 1 and 5, 4 ug of DNA), with NS3/4A protein tagged
with myc (lanes 4 and 8, 2 ug of myc-NS3/4A plus 2 ug of empty
vector), with cdN tagged with V5 (lanes 3 and 7, 2 ug of cdN-V5 plus
2 ug of empty vector) or co-transfected with myc-tagged NS3/4A and
V5-tagged cdN (lanes 2 and 6, 2 ug DNA of each). Cell lysates were
directly analyzed by Western-blotting (lanes 5-8, 5% of total lysates) or
immunoprecipitated with the anti-V5 antibody (lanes 1-4, 95% of total
lysates) prior to Western-blotting using antibodies against the myc tag
to detect NS3/4A protein (bottom panel) and against the V5 tag to
detect cdN (upper panel). The cdN-V5 protein and the myc-NS3/4A
protein were marked with two different arrows. The protein markers
were loaded in the middle lane labeled as ‘‘M’’.
doi:10.1371/journal.pone.0068736.g002
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deoxyribonucleotidase activity assay used in this study could

indeed measure the cdN activity.

cdN and mdN (mitochondrial 59(39)-deoxyribonucleotidase;

dNT-2) catalyze the dephosphorylation of deoxyribonucleoside

monophosphates and regulate dTTP formation in cytosol and

mitochondria respectively, protecting DNA replication from

imbalanced precursor pools [19,20,21,22]. The assay analyzing

the dUMP dephosphorylation measures both cdN and mdN

activities [15]. To determine the individual contribution of these

two proteins in the analysis, shRNA knockdown experiments were

performed. When cdN expression was reduced to about 23% by

shRNA, the dephosphorylation of dUMP was reduced to about

50% (Fig. 4B). On the other hand, when mdN expression was

knocked-down to 27% by shRNA, the dephosphorylation of

dUMP was only reduced to 89% (Fig. 4C). Thus, at least 50% of

the 59(39)-deoxyribonucleotidase activity in the HuH7 cells

measured in this assay is derived from cdN protein.

The Cellular cdN Activity was Partially Repressed by HCV
NS3/4A Protein in Both Transiently-transfected and
Stably-transfected Systems

To determine whether HCV NS3 protein affects the cdN

activity since these two proteins interact with each other, plasmids

encoding HCV NS3/4A protein were transiently transfected into

HuH7 cells (Fig. 5A). The 59(39)-deoxyribonucleotidase activity in

the HuH7 cells was repressed by NS3/4A protein in a dose

dependent manner (Fig. 5B). In this assay, the cells with over-

expressed cdN protein were served as a positive control (Fig. 5A).

As expected, the 59(39)-deoxyribonucleotidase activity measured in

these HuH7 cells was about 2 fold of the control (data not shown).

HuH7 cells with stable HCV NS3/4A protein expression was also

established (Fig. 5C), compared with the HuH7 cells with stable

EGFP protein expression, the 59(39)-deoxyribonucleotidase activity

was repressed to 70% by NS3/4A protein (Fig. 5D) while the

amount of cdN protein was not altered significantly (10%

reduction, Fig. 5C).

Figure 3. Confocal microscopy analysis of HCV NS3 and cdN proteins in cultured cells. (A) HuH7 cells were co-transfected with the
plasmid expressing the cdN protein with a V5 tag and the plasmid expressing HCV NS3/4A protein with a myc tag. After transfection, the cells were
fixed and initially stained with mouse anti-myc and Cy3-conjugated anti-mouse antibodies. FITC-conjugated anti-V5 antibodies were then used for
staining. (B) HCV subgenomic RNA replicon cells were fixed and stained with mouse anti-NS3 and goat anti-cdN, followed by Cy3-conjugated anti-
mouse IgG and FITC-conjugated anti-goat IgG antibodies. Green represents cdN protein; red represents HCV NS3; blue represents nucleus staining
with DAPI; the orange color in merged image indicated colocalization of cdN and HCV NS3 proteins.
doi:10.1371/journal.pone.0068736.g003
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HCV Partially Represses the cdN Activity while has No
Effect on cdN Protein Expression in Both HCV Sub-
genomic Replicon Cells and the Infectious HCV Virions
Infected Cells

To determine whether HCV infection would affect the host cdN

activity, HCV sub-genomic RNA replicon cells were treated with

interferon to remove the replicons. As expected, HCV sub-

genomic RNA replicons were reduced significantly and dose-

dependently as determined by the amount of NS5A protein after

the treatment of different amount of interferon (lanes 3-6, top

panels of Fig. 6A). The NS5A protein amount was also used to

reflect the NS3 protein amount since the expression of these two

proteins correlates very well in HCV replicon cells [23]. The

59(39)-deoxyribonucleotidase activity was 1.5-fold higher in

103 U/ml interferon treated replicon cells than that of non-

treated cells (Fig. 6B) while the amount of cdN protein remained

almost the same (Fig. 6A). Moreover, the 59(39)-deoxyribonucleo-

tidase activity was three fold higher in 104 U/ml-interferon treated

replicon cells than that of non-treated cells (Fig. 6B) while the

amount of cdN protein remained at the same level (Fig. 6A). On

the other hand, neither the amount of cdN protein nor the 59(39)-

deoxyribonucleotidase activity in HuH7 cells showed significant

changes with or without 104 U/ml interferon treatments (Fig. 6A

and 6B).

The effect of HCV on cdN activity was also determined in a

HCV infectious system [16,17,18]. Compared with that of mock-

infected HuH7.5 cells, the 59(39)-deoxyribonucleotidase activity

was reduced significantly in cells infected with infectious HCV

virions (Fig. 7B) while the amount of cdN protein was not altered

significantly (1.00 vs 1.16, Fig. 7A).

Cellular cdN Protein did not Affect HCV Replication
To evaluate the effect of cdN proteins on HCV replication, cdN

protein was over-expressed exogenously in the HCV subgenomic

cells (Fig. 8A). If cdN protein modulates the NS3 protease activity

and, in turn, affects HCV replication, the amount of HCV NS5A

protein would be altered in cells with over-expressed cdN protein

[23]. However, the amount of HCV NS5A protein did not change

in these cells (left panel, Fig. 8A). On the other hand, cdN protein

was probably not cleaved by NS3 protein because no potentially

cleaved product of cdN was detected in these cells (right panel,

Fig. 8A). To further evaluate the effect of cdN proteins on HCV

replication, cdN expression was knocked-down in HCV sub-

genomic replicon cells. As expected, the cellular cdN protein was

Figure 4. Majority of 59(39)-deoxyribonucleotidase activity in the HuH7 cells is from the cdN protein. (A, B) The amount of de-
phosphorylation of dUMP correlated with the amount of cdN protein. (A) (Left) HuH7 cells were transfected with empty vector (lane 1) or the cdN
plasmid (lane 2). At 48 hrs after transfection, proteins derived from these cells were analyzed using antibodies against V5 tag to detect the exogenous
cdN expression (upper panel) or against Erk-2 as a loading control (bottom panel). (Right) The 59(39)-deoxyribonucleotidase activity was determined
by measuring the relative amount of de-phosphorylation of dUMP. (B) (Left) HuH 7 cells were transduced with lentiviral vector expressing shLuc or a
shRNA targeting cdN. After puromycin selection, proteins derived from these cells were analyzed by Western blotting using antibodies against cdN
protein to determine the knockdown efficiency (upper panel) or against Erk-2 as a loading control (bottom panel). (Right) The results of 59(39)-
deoxyribonucleotidase activity assay. (C) The mdN protein was not the major contributor for 59(39)-deoxyribonucleotidase activity by measuring the
relative level of the de-phosphorylation of dUMP in HuH7 cells. (Left) HuH 7 cells were transduced with lentiviral vector expressing shLuc or the
shRNA targeting mdN. After puromycin selection, proteins derived from these cells were analyzed by Western blotting using antibodies against mdN
protein to determine the knockdown efficiency (upper panel) or against Erk-2 as a loading control (bottom panel). (Right) The results of 59(39)-
deoxyribonucleotidase activity assay.
doi:10.1371/journal.pone.0068736.g004
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reduced to 13%–59% by different shRNAs targeting cdN (middle

panel, Fig. 8B). However, the amount of HCV NS5A protein was

not altered in these cells (from 0.84 to 1.28, Fig. 8B). Thus, HCV

replication was not affected by cdN protein.

Discussion

In this study, cellular cdN protein was found to interact with

NCV NS3 protein in the yeast two-hybrid system (Fig. 1) and in

cultured cells (Figs. 2 and 3). This interaction results in the partial

suppression of cdN activity by NS3 protein (Fig. 5). Moreover, the

cdN activity was also partially repressed by HCV in the systems of

HCV sub-genomic replicons and infectious HCV virions (Figs. 6–

7).

DNA replication and repair requires a balanced supply of four

deoxyribonucleotides (dNTPs) [24]. The intracellular dNTPs pools

in mammalian cells are regulated by substrate cycles. Substrate

cycles depend on the interplay between a deoxynucleoside kinase

and a nucleotidase [25,26]. Nucleoside monophosphate phospho-

hydrases or 59-nucleotidases dephosphorylate non-cyclic nucleo-

side monophosphate to nucleosides and inorganic phosphates. At

least seven 59-nucleotidases with different subcellular localization

have been cloned [19]. Some 59-nucleotidases are ubiquitous (eN,

cN-II, cdN, and mdN) while others display tissue-specific

expression (cN-I and cN-III). All 59-nucleotidases have relatively

broad substrate specificities. Detection of individual nucleotidases

by enzymatic assays in cell lysates is problematic because different

nucleotidases are co-expressed in the same tissue or cell type. cdN

is first purified to homogeneity from human placenta [6]. Our

results (Fig. 4) showed that cdN contributed more than mdN to the

total cellular 59(39)-deoxyribonucleotidase activity, which is con-

sistent to previous reports demonstrating that cdN is responsible

for the major 59(39)-deoxyribonucleotidase activity in cultured

human cells [15,27].

Our results showed that HCV NS3 protein caused a 30%

reduction of the cellular 59(39)-deoxyribonucleotidase activity in

both transiently and stably expressed systems but it did not repress

the expression of the cdN protein (Fig. 5). The apparent lowered

59(39)-deoxyribonucleotidase activity should be due to a reduction

of cdN but not mdN activity for the following reasons: (i) NS3

protein binds cdN (Figs 1-3); (ii) mdN does not co-localize with

NS3 protein although it is highly homologous to cdN (52% amino

acid identity); (iii) mdN activity is lower in HuH7 cells (Fig. 4C).

The presence of at least seven genes for 59-nucleotidases in

human genome suggests that these enzymes perform important

Figure 5. HCV NS3 protein partially represses cellular cdN activity. (A) HuH7 cells were mock-transfected (lane 1) or transfected with empty
vector (3 ug, lane 2), the cdN plasmid (3 ug, lane 3) or different amount of myc-NS3/4A plasmids (1 ug, lane 4; 1.5 ug, lane 5; 2 ug, lane 6; 3 ug, lane
7) together with empty vectors to a total of 3 ug DNA in each experiment. At 48 hrs after transfection, proteins derived from these cells were
analyzed using antibodies against myc tag to detect the expression of exogenous NS3/4A protein (upper panel), against V5 tag to detect the
exogenous cdN expression (middle panel) or against Erk-2 as a loading control (bottom panel). (B) The 59(39)-deoxyribonucleotidase activity was
measured using cell lysates derived from (A). (C) HuH7 cells were mock-transduced (lane 1) or transduced with lentiviral vectors expressing EGFP (lane
2) or HCV NS3/4A protein (lane 3). After puromycin selection, proteins derived from these cells were analyzed using antibodies against NS3 (upper
panel), against EGFP, against cdN protein or against Erk-2 as a loading control (bottom panel). (D) The 59(39)-deoxyribonucleotidase activity was
analyzed using cell lysates derived from (C).
doi:10.1371/journal.pone.0068736.g005
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metabolic functions [19]. HCV NS3 protein is involved in cell

transformation. The serine protease domain of NS3 protein is

responsible for the cell transformation [4,5]. HCV NS3 protein

derived from certain genotypes has been demonstrated to generate

an internally cleaved product containing the protease domain

[28,29]. Our results demonstrated that HCV NS3 protein

interacts with cellular cdN protein (Figs 1 to 3), and the protease

domain of NS3 was mapped for this interaction. Therefore, our

results suggested that the pathogenesis induced by NS3 or its

internally cleaved product may be mediated by binding to cdN

protein and inhibiting its activity.

In HCV replicon cells, our results showed that the 59(39)-

deoxyribonucleotidase activity measured after 104 U/ml interfer-

on treatment was three fold higher than that of the non-treated

cells while the amount of cdN protein remained almost the same

(Fig. 6). We further showed that HCV repressed the 59(39)-

deoxyribonucleotidase activity to 65% but did not affect the level

of cdN protein expression (Fig. 7). Therefore, we concluded that

HCV down-regulated cdN activity, and this inhibitory effect is

more pronounced in HCV replicons than in HCV infected cells

due to the greater amount of NS3 protein in HCV replicon cells.

Thus, attenuating cellular 59(39)-deoxyribonucleotidase activity

may be a strategy for HCV to benefit its replication. However,

neither over-expression nor knockdown of cdN gene affected

HCV replication (Fig. 8). The biologic meaning of attenuating

cellular 59(39)-deoxyribonucleotidase activity in HCV-infected cells

awaits further investigation. Interestingly, the ecto-59nucleotidase

activity in B lymphocytes was low in HIV-infected patients [30].

Control of DNA precursor concentrations is essential for the

maintenance of genetic stability because DNA precursor pool

imbalances can elicit a variety of genetic effects [31,32]. cdN, a

ubiquitous dNT enzyme, is important for the control of

intracellular dNTPs pools [19]. HCV infection is etiologically

involved in the development of hepatocellular carcinoma and B-

cell lymphomas [2,3]. It is likely that HCV induces tumor cell

formation through the partial inhibition of cdN activity by NS3

protein to result in the imbalance of DNA precursor concentra-

tions.

In summary, HCV NS3 protein was found to interact with

cellular cdN protein, and, in turn partially inhibits its activity.

HCV may induce diseases through inhibition of cdN activity by

NS3 protein.

Figure 6. The cdN activity but not its protein amount was
increased after interferon treatment in HCV replicon cells. (A)
HuH7 cells (lanes 1 and 2) or HCV replicon cells (lanes 3-6) were mock-
treated (lanes 1, 3 and 5) or treated with interferon-a (104 U/ml in lanes
2 and 6; 103 U/ml in lane 4). At 72 hrs after treatment, proteins derived
from these cells were analyzed using antibodies against NS5A to reflect
HCV replication (upper panel), against cdN protein (middle panel) or
against Erk-2 as a loading control (bottom panel). (B) The 59(39)-
deoxyribonucleotidase activity was analyzed using cell lysates derived
from (A).
doi:10.1371/journal.pone.0068736.g006

Figure 7. The cdN activity but not its protein amount was partially suppressed by the infection of HCV virions. (A) HuH7.5 cells either
mock-infected (lane 1) or infected with 26104 HCV infectious particles (lane 2). Three days after infection, proteins derived from these cells were
analyzed using antibodies against NS5A (upper panel), cdN (middle panel) or against Erk2 as a loading control (bottom panel). (B) The 59(39)-
deoxyribonucleotidase activity was analyzed using cell lysates derived from (A).
doi:10.1371/journal.pone.0068736.g007
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