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Treatment with antimetabolites results in chemically induced low nucleoside triphosphate pools and cell
cycle arrest in exponentially growing cells. Since steady-state levels of hepatitis C virus (HCV) replicon RNA
were shown to be dependent on exponential growth of Huh-7 cells, the effects of antimetabolites for several
nucleoside biosynthesis pathways on cell growth and HCV RNA levels were investigated. A specific anti-HCV
replicon effect was defined as (i) minimal interference with the exponential cell growth, (ii) minimal reduction
in cellular host RNA levels, and (iii) reduction of the HCV RNA copy number per cell compared to that of the
untreated control. While most antimetabolites caused a cytostatic effect on cell growth, only inhibitors of the
de novo pyrimidine ribonucleoside biosynthesis mimicked observations seen in confluent replicon cells, i.e.,
cytostasis combined with a sharp decrease in replicon copy number per cell. These results suggest that high
levels of CTP and UTP are critical parameters for maintaining the steady-state level replication of HCV

replicon in Huh-7 cells.

Despite the availability of infectious cDNA clones of the
hepatitis C virus (HCV), efficient in vitro replication has not
been observed (3). After transfection of subgenomic HCV
RNA replicons that also express the neomycin phosphotrans-
ferase gene selection marker, HCV replication has been re-
ported previously in the human hepatoma cell line Huh-7 (2,
21). Such HCV replicon-harboring cell lines could be culti-
vated for more than a year without signs of cytopathogenicity
(26). High levels of HCV RNAs can be maintained in cells
passaged under continuous selection with G418. In addition,
high-level replication was reflected in the observed adaptations
of the HCV replicon to the host cell (20).

A tight coupling of the amount of intracellular HCV RNA
and cell growth was observed. High levels of viral RNA were
found in exponentially growing cells, but this was followed by
a sharp decline in RNA levels when cells reached a confluent
state (26, 29). This suggests that cellular factors required for
RNA replication and/or translation vary in abundance and
become limited in resting cells. Several proteins have been
suggested, but none of them has as yet been positively identi-
fied to be directly responsible (9, 15, 16, 19, 25, 30). However,
there are no reports in which the availability of the cellular
nucleoside triphosphate pools were linked to the loss of steady-
state level replication of HCV replicon RNA in confluent cells.
It is well-known that confluent cells mainly depend on salvage
nucleoside biosynthetic pathways, resulting in lowered concen-
trations of endogenous nucleoside pools. As most antimetab-
olite agents of the de novo nucleoside biosynthesis are known
to chemically deplete nucleoside pools and induce a con-
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centration-dependent cytostasis, evaluating these compounds
against HCV replicon can shed light on the relationship be-
tween nucleoside pools and replicon dynamics. However, be-
fore doing so, a definition of specificity of antiviral effect in
HCV replicon cells is required.

Specificity of the antiviral effect in the HCV replicon system.
Currently, alpha interferon (IFN-a) and ribavirin (Fig. 1) are
the only drugs approved for treatment of HCV infection.
Apart from these two agents, several other compounds have
been reported to exert specific antiviral activity against HCV
(6, 31; S. S. Carroll, R. L. LaFemina, D. L. Hall, A. L. Him-
melberger, L. C. Kuo, M. MacCoss, D. B. Olsen, C. A. Rut-
kowski, J. E. Tomassini, H. Ann, B. Bhat, N. Bhat, P. D. Cook,
A. B. Eldrup, C. J. Guinosso, M. Prhavc, and T. Prakash, 25
July 2002, U.S. Patent Office; J. P. Sommadossi and P. LaColla,
6 Dec. 2002).

In order to demonstrate the ability of the system to respond
to specific inhibition, a series of control experiments were
performed. IFN-a-2a, ribavirin, 2'-C-CH;-C (Fig. 1), and 2'-
C-CH;-A (Fig. 1) were tested over a range of concentrations
for their ability to reduce the HCV RNA levels in exponen-
tially growing replicon cells after 4 days of exposure as de-
scribed previously (29). At 100 IU/ml, IFN-«a-2a had a minimal
effect on the rRNA levels, and after correcting for this toxicity,
a specific antiviral effect of 1.36 = 0.37 log,, reduction in HCV
RNA was observed (Table 1). As previously reported, IFN-
a-2a showed a corrected 90% effective concentration (EC,,) of
4.5 TU/ml after 96 h of incubation (29). Similar experiments
and calculations were performed for 2'-C-CH,;-C (EC,,, 10.4
uM), ribavirin (ECy,, ~100 wM), and for 2'-C-CH;-A (EC,,,
1.4 pM) (Table 1).

However, the EC,, determined on day 4 is a single static
efficacy measurement that does not account for the influence
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FIG. 1. Chemical structures of various nucleosides and antimetabolites.

of cell growth dynamics on HCV RNA replication, i.e., the
compound-related changes in the obligate requirement for log-
arithmic cell growth. Therefore, experiments were conducted
to monitor HCV RNA levels and the cell growth dynamics
over a 7-day period. A total of 10* cells per well were seeded
in a 24-well plate, and at the end of the incubation step, cells
were counted using the trypan blue exclusion method, and
replicon RNA was quantified as previously described (29).
IFN-a-2a-treated cells grew significantly slower (day 7, 1.07 +
0.06 log,, increase from day 0) than the untreated cell controls
(1.31 = 0.08 log,, increase from day 0; P = 0.003) (Fig. 2A). In
addition, a significant drop in HCV RNA levels was observed
over the 7-day period (control, 1.79 = 0.4; IFN-a-2a, —0.53 =
0.4; P = 0.0005). The rebound in replicon RNA from day 4
onward was also noted previously by Cheney et al. (7).
Ribavirin tested at 100 pM completely inhibited cell prolif-
eration (0.22 £ 0.1 log,, reduction in cell growth at day 7

compared to day 0 or 1.53 log,, reduction compared to the
no-treatment control on day 7) (Fig. 2B). Although ribavirin
reduced HCV RNA by 2.08 log,, on day 7 compared to un-
treated controls, the ratio of HCV RNA copy number per cell
in treatment versus no-treatment controls changed only mar-
ginally, suggesting that the antiviral activity is not specific.
2'-C-CH;-C (Fig. 2C) was tested at 100 wM and found to be
very effective in reducing the HCV RNA levels with no appar-
ent effects on the dynamics of the cell proliferation. The in
vitro toxicity profile of 2'-C-CH;-A precluded antiviral testing
at 100 wM; however, at 20 pM this compound reduced the
HCYV levels significantly while minimally affecting cell prolif-
eration (Fig. 2D) (Table 1). Thus, determination of a specific
antiviral effect on the HCV RNA replicon depends on at least
some, if not a combination of all, of the following conditions:
(i) no effect on exponential cell growth, (ii) no or limited reduc-
tion of cellular host RNA levels, and (iii) significant reduction
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TABLE 1. Antiviral and cytotoxicity effects of antimetabolites on HCV replicon-transfected Huh-7 cells
log,, RNA reduction® at 100 uM for: Corrected HCV RNA
Compound lo duction® :
g, reduction log,, reduction
HCV TRNA at 100 M at 10 uM ECop, uM
IMPDH inhibitors (EC 1.1.1.205)
Mizoribine 0.29 = 0.74 0.21 = 0.50 0.08 £ 0.82 -0.14 = 0.12 >100
Tiazofurin 0.86 = 0.27 0.99 = 0.35 —0.13 £ 0.37 0.04 = 0.10 >100
Mycophenolic acid 1.15 = 0.43 1.09 = 0.28 0.07 = 0.47 0.22 * 0.01 >100
C2-MAD 1.09 = 0.21 1.00 = 0.15 0.08 £ 0.24 0.36 = 0.21 >100
Ribonucleotide reductase inhibitors
(EC 1.174.1; EC 1.17.4.2)
Guanazole 0.25 £0.11 0.07 = 0.03 0.32 £ 0.08 0.05 = 0.08 >100
Hydroxyurea 0.17 = 0.08 0.25 = 0.20 —0.08 = 0.16 0.06 = 0.04 >100
Tezacytabine 1.59 = 0.08 1.78 = 0.69 —0.19 = 0.49 0.63 = 0.07 >100
Deferoxamine 1.00 = 0.06 0.92 = 0.08 0.08 = 0.03 0.17 £ 0.11 >100
CTP synthase inhibitors (E.C. 6.3.4.2.)
CP-C 1.97 = 0.38 0.91 £ 0.13 1.06 = 0.26 0.64 = 0.10 25
CPE-C 247 £0.33 1.21 = 0.16 1.26 £ 0.51 1.43 = 0.01 2.5
3-DU 1.41 = 0.09 0.48 = 0.11 0.94 = 0.20 0.13 = 0.10 ~100
dFdC 1.87 = 0.16 0.59 = 0.05 1.29 £ 0.11 1.32 £ 0.08 Too toxic
OMPDC inhibitors (EC 4.1.1.23)
6-Azauridine 0.25 = 0.09 0.61 = 0.18 —0.36 = 0.16 0.12 = 0.05 >100
2-Thio-6-azauridine 0.16 = 0.04 —0.02 = 0.12 0.19 = 0.09 0.12 = 0.10 >100
PZF 1.88 = 0.05 0.42 = 0.03 1.46 = 0.08 1.16 £ 0.21 3.80
ATC inhibitors (EC 2.1.3.2)
PALA 1.77 = 0.02 0.48 = 0.02 1.30 = 0.05 1.18 = 0.11 7.60
Dihydroorotate dehydrogenase
inhibitors (E.C. 1.3.3.1)
Brequinar (NSC-368390) —0.05 = 0.05 0.29 = 0.01 —0.34 = 0.04 -0.17 = 0.09 >100
Dichloroallyl lawsone (NSC-126771) 1.27 = 0.02 213 £0.15 —0.86 = 0.17 —0.52 = 0.01 >100
Thymidylate synthase inhibitors
(E.C. 2.1.1.45)
2'-Deoxy-5-fluorouridine 0.76 = 0.06 0.73 £ 0.35 0.04 £ 0.25 0.23 = 0.05 >100
Methotrexate 0.18 = 0.01 0.07 £ 0.10 0.11 = 0.09 0.15 = 0.01 >100
Controls
IFN-a-2a 1.57 = 0.26 0.21 £0.21 1.36 = 0.37 NA? 4.5 1U/ml
Ribavirin 1.96 = 0.28 091 = 0.12 1.05 = 0.29 0.16 = 0.10 ~100
2'-C-CH;-A 232 x0.11 2.96 = 0.08 —0.64 £ 0.18 2.05 14
2'-C-CH;-C 220 £0.52 —0.02 = 0.05 221 €047 1.0 10.4

“ IFN tested at 100 IU/ml; dFdC tested initially at 50 wM; a meaningful ECy, value could not be attributed because of extreme toxicity.

® NA, not applicable.

of HCV RNA copy number per cell compared to that of the
untreated controls.

Antiviral effect of antimetabolites. One of the most impor-
tant questions in testing antimetabolites for antireplicon (or
antiviral) activity is whether induction of the cytostatic and/or
cytotoxic condition can be separated from specific antiviral
activity, since “dead cells don’t make virus.” There are many
reports in which specific antiviral activity has been ascribed to
antimetabolites (1, 11, 22, 23, 28), but to date, no systematic
study has been conducted to determine their effects on HCV
subgenomic replicon. In addition, the antiviral action of anti-
metabolites such as ribavirin remains controversial (17, 18, 29).

The results of our experiments are summarized in Table 1.
Although several of these antimetabolites significantly lowered
HCV RNA levels, a similar inhibitory effect was exerted on
rRNA levels. After correcting for cellular toxicity, the majority

of these antimetabolites had no specific antiviral activity
against HCV (EC,, > 100 n.M).

However, certain compounds that inhibited enzymes respon-
sible for the de novo biosynthesis of UTP and CTP, such as
aspartate transcarbamoylase (ATC; EC 2.1.3.2), orotidine 5'-
monophosphate decarboxylase (OMPDC; EC 4.1.1.23), and
CTP synthase (CTPS; EC 6.3.4.2) showed modest antiviral
activity. ECy, values (at 96 h of incubation) were determined
for these compounds (Fig. 1) as follows: cyclopentylcytosine
(CP-C), 25 uM; cyclopentenylcytosine (CPE-C), 2.5 uM;
3-deazaurine (3-DU), ~100 pM; pyrazofurin (PZF; NSC-
143095), 3.8 wM; N-(phosphonoacetyl)-L-aspartate (PALA;
NSC-224131), 7.6 pM; and 2’-deoxy-2’,2'-difluorocytidine
(dFdC, gemcitabine), not attributed because of extreme toxic-
ity. dFdC was found to be the most potent inhibitor of both
replicon RNA and cells. Previous studies have shown that the
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FIG. 2. Dynamics of cell growth and HCV RNA levels after exposure to control anti-HCV compounds. HCV replicon cells were seeded at
approximately 10* cells per well in a 24-well plate. Over a 7-day period, cells were counted daily, and rRNA and HCV RNA were quantified by
quantitative reverse transcription-PCR. (A) IFN-a-2a at 100 IU/ml. (B) Ribavirin at 100 pM. (C) 2’-C-CH,;-C at 100 pM. (D) 2'-C-CH;-A at 20
wM. @, cell proliferation in the absence of the compound; O, cell proliferation in the presence of the compound; ¥, HCV RNA levels in untreated
cells; V, HCV RNA levels in the presence of the compound. The points shown are averages * standard deviations (S.D.) (error bars) for three

independent experiments.

intracellular metabolites of dFdC exert several antimetabolic
activities, including the inhibition of ribonucleoside reductase
and CTPS (14, 27).

Dynamics of the antiviral effect of inhibitors of the de novo
synthesis of ribopyrimidines. It is generally expected that ex-
posure of cells to inhibitors of the ATC, OMPDC, and CTPS
enzymes will result in reduced levels of UTP and CTP, which
may subsequently lead to an arrest in logarithmic cell growth.
The dynamics of HCV replicon cells exposed to these inhibi-
tors (at their EC,,s) were monitored over a 7-day period.

When tested at their 96-h EC,,s, PALA and PZF, which are
inhibitors of the early de novo pyrimidine biosynthetic steps,
reduced cell proliferation only minimally, but they significantly
reduced HCV RNA levels (Fig. 3A and B). On the other hand,
inhibitors of the CTPS enzyme (the last biosynthetic step in the
synthesis of CTP) such as CP-C (Fig. 3C), CPE-C (Fig. 3D),
and 3-DU (Table 1) caused cytostatic effects on the HCV
replicon cell line but also reduced HCV-replicon RNA levels.
Similar levels of cytostasis were also observed with ribavirin
(Fig. 2B), although CTPS enzyme inhibitors seemed more spe-
cific in reducing HCV RNA levels than inosine monophos-
phate dehydrogenase (IMPDH) inhibitors in this cell culture
system. DFdAC results were meaningless, because a noncyto-
toxic concentration (meaning active cell death; range of testing
was 50 to 1,000 nM) could not be found (data not shown).

Reduction of replicon RNA copy number per cell. In an
additional attempt to express the specificity of the antiviral
action of the control compounds versus the antimetabolites,
the log,, change in replicon RNA copy number per cell and
per day were calculated from the above experiments. [IFN-a-2a

reduced the copy numbers per cell by approximately 1.6 log,,
at day 3, after which a new steady-state level was achieved on
days 4 to 7 (Fig. 4A). Ribavirin reduced the replicon RNA
copy number per cell only minimally. In the 7-day experiments
for the two control compounds, 2'-C-CH;-C and 2'-C-CH;-A,
the RNA copy number per cell showed a continuous drop
through day 7 and a new steady state was not reached. In fact,
these control nucleoside analogues achieved a maximum re-
duction of 2.76 log,, in replicon HCV RNA levels per cell. In
previous analyses, the replicon RNA levels were quantified at
approximately 5,000 copies per cell; hence, treatment with
these inhibitors reduced the copy number to approximately 10
copies per cell (data not shown).

The reductions in replicon RNA copy numbers per cell for
the antimetabolites CP-C and CPE-C showed a profile similar
to that seen for IFN-a-2a, i.e., a new steady state with a po-
tential rebound at day 7. In contrast, PALA and PZF treat-
ment resulted in a time-dependent reduction in replicon RNA
levels, with a reduction of 2.96 log,, after 7 days’ treatment
with 5 uM PZF (Fig. 4B).

Prevention studies. A series of experiments was then con-
ducted to study the possibility of preventing the observed an-
tiviral and cytostatic effects. Cells were incubated simulta-
neously with the test compound (at the 96-h EC,,) and the
natural ribo- or 2’'-deoxynucleosides (at 50 uM). The antiviral
effect of IFN-a-2a and 2'-C-CH;-A could not be prevented
by any of the natural nucleosides at this concentration. As
expected for the IMPDH inhibitors, 2’-deoxyguanosine and
guanosine prevented the effects of ribavirin on cell growth and
HCYV replicon RNA replication. For dFdC, the observed tox-
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FIG. 3. Dynamics of the cell growth and HCV RNA levels after exposure to selected antimetabolites. The experimental method used is
described in the legend to Fig. 2. (A) PALA at 10 uM. (B) PZF at 5 pM. (C) CP-C at 25 uM. (D) CPE-C at 2.5 uM. @, cell proliferation in the
absence of the compound; O, cell proliferation in the presence of the compound; ¥, HCV RNA levels in untreated cells; V, HCV RNA levels in
the presence of the compound. The points are averages * standard deviations (S.D.) (error bars) for three independent experiments.

icities and antiviral effects were prevented by 2'-deoxycytidine.
In line with expectations for CTPS inhibitors (CPE-C, CP-C,
and 3-DU), the addition of cytidine to the culture medium
compensated for the inhibitory effects. Surprisingly, the anti-
metabolic effects of CPE-C could be prevented by both 50 uM
uridine and cytidine in the medium. The effects of PALA and
PZF could be prevented by the addition of uridine to the
culture medium. These results indeed indicate that (i) the
intracellular levels of uridine and cytidine (most likely at the 5’

HCV RNA logq g change per cell + S.D.

triphosphate form) are indeed responsible for the antiviral
activity and for the cytostatic effect, and/or (ii) the activity of
the antimetabolites depends up steps in the uridine-cytidine
pathway.

From all the above, the most important observation made is
that, although most of the compounds induced cytostasis, not
all the antimetabolites possessed the ability to reduce HCV
RNA replicon copy number per cell. Typically, IMPDH inhib-
itors showed minimal reduction, while CTPS inhibitors were

Days

Days

FIG. 4. Replicon RNA changes per cell. The plots were obtained from collected data as shown in Fig. 2 and 3, in which log,, changes for cell
count and replicon RNA levels were subtracted from each other. (A) Control antiviral compounds. @, no drug control; ¥, IFN-a-2a at 100 IU/ml;
m, ribavirin at 100 pM; @, 2'-C-CH;-C at 100 pM; A, 2'-C-CH;-A at 20 uM. (B) Selection of the most important antimetabolites. ®, no drug
control; ¥, dFdC at 50 nM; m, CP-C at 25 pM; ¢, CPE-C at 2.5 pM; A, PALA at 10 pM; @, PZF at 5 uM.
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more potent. Thus, intracellular nucleoside pools play an im-
portant role in maintaining steady-state levels of HCV RNA
copy number. When cells enter antimetabolite-induced cyto-
stasis, reductions in UTP and CTP levels seem to have a
greater impact on reducing HCV RNA turnover than the level
of GTP (or purines).

Replicon RNA turnover is determined by an equilibrium
between active production through RARP and HCV replicon
RNA half-life. The data suggest that certain de novo pyrimi-
dine ribonucleoside inhibitors may have the capacity to mimic
conditions present in confluent cells, e.g., the rapid degrada-
tion of replicon RNA pools under cytostasis. High levels of
cytoplasmic pyrimidine nucleosides and/or the de novo synthe-
sis of pyrimidines seems to be of crucial importance to replicon
replication, because inhibiting these synthetic steps results in
measurable reductions in viral RNA. If the limited availability
of intracellular UTP and CTP were responsible for the loss of
replicon RNA steady state in confluent, untreated cells, then
our observations with many of these antimetabolite inhibitors
in replicon cells could be interpreted as nonspecific with re-
spect to antiviral activity.

In light of our observations, most of the antimetabolites
evaluated nonspecifically destroyed an established equilibrium
of active cytoplasmic replication versus the half-life of the
replicon RNA molecule. However, antimetabolites such as
PALA and PZF did show some specific antiviral activity. PZF
was considered a potential anticancer agent in the 1970s, but
clinical trials were abandoned because of lack of efficacy at the
maximum tolerated dose and unwanted side effects such as
mucositis (4, 5, 8, 10, 12, 13, 24). Whether PZF shows any
therapeutic anti-HCV potential at a relevant antiviral dose will
need further investigation.
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