RESEARCH ARTICLE g(l)lgROBIOLOGY
Campos et al., Journal of General Virology 2017;98:1693-1701 ’ aikd
DOI 10.1099/jgv.0.000808

Hepatitis C virus in vitro replication is efficiently inhibited by
acridone Fac4
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Abstract

Hepatitis C virus (HCV) affects about 170 million people worldwide. The current treatment has a high cost and variable
response rates according to the virus genotype. Acridones, a group of compounds extracted from natural sources,
showed potential antiviral actions against HCV. Thus, this study aimed to evaluate the effect of a panel of 14 synthetic
acridones on the HCV life cycle. The compounds were screened using an Huh7.5 cell line stably harbouring the HCV
genotype 2a subgenomic replicon SGR-Feo-JFH-1. Cells were incubated in the presence or absence of compounds for
72 h and cell viability and replication levels were assessed by MTT and luciferase assays, respectively. At a concentration
of 5uM the acridone Fac4 exhibited a >90 % inhibition of HCV replication with no effect on cell viability. The effects of
Fac4 on virus replication, entry and release steps were evaluated in Huh7.5 cells infected with the JFH-1 isolate of HCV
(HCVcc). Fac4 inhibited JFH-1 replication to approximately 70%, while no effect was observed on virus entry. The
antiviral activity of Fac4 was also observed on viral release, with almost 80 % of inhibition. No inhibitory effect was
observed against genotype 3 replication. Fac4 was able to intercalate into dsRNA, however did not inhibit NSHB
polymerase activity or translation driven by the HCV IRES. Although its mode of action is partly understood, Fac4
presents significant inhibition of HCV replication and can therefore be considered as a candidate for the development of
a future anti-HCV treatment.

INTRODUCTION Due to the high genetic variability, mainly derived from the
Hepatitis C virus (HCV) is a global health problem, widely lack of proof—reading activity of. RNA—deper.ldeI?t RN{% poly-
distributed, that affects approximately 170 million people merase NSS B an‘d high replication rate during infection [9]>
around the world [1, 2]. HCV is a single-stranded RNA-posi- HCV is divided into genotypes (1 to 7) and subtypes (classi-

tive genome virus that belongs to the Flaviviridae family and ﬁed' by lowe'rcas.e.letteré -3 b, ¢) [10-12]. Furthermo?e, in
is classified as a group IV virus, according to Baltimore classi- an infected individual it circulates as a pool of genetically

fication [3-5]. With a genome of 9.6 kb, flanked by 3" and 5’ related variants, named quasispecies, which provide a
untranslated regions, the open reading frame codes for a poly- favourable environment for the emergence of mutations
protein of about 3000 amino acids [6]. Viral and host pro- resulting in drug resistance [13-16]. Therefore, the quasis-
teases cleave this polyprotein, producing three structural pecies nature of HCV has a direct impact on the effective-
proteins (Core, E1 and E2) and seven non-structural proteins ness of treatment with usual medications, as well as the
(p7, NS2, NS3, NS4A, NS4B, NS5A and NS5B) [4, 7, 8]. development of new antivirals [17].
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With the current development of direct-acting antivirals
(DAAs) such as protease, polymerase and NS5A inhibitors,
the most effective treatment is the administration of DAAs
with or without PEG-IFN-« and ribavirin [18-20]. Treat-
ment strategy is designed based on virological, clinical and
liver pathology aspects. The sustained virological response
(SVR) is variable and dependent on virus genotype and
the stage of liver disease. Jacobson et al. evaluated two
groups of patients during 12 weeks of treatment with sofos-
buvir and ribavirin. The group infected with HCV geno-
type 2 presented around 90% of SVR, while patients
infected with genotype 3 showed only 61 % of SVR [21].
This reduced efficacy in genotype 3, coupled with potential
side effects such as anaemia, autoimmune disorders, diar-
rhoea, rash, retinopathy and weight loss, as well as the ele-
vated cost, means that additional therapeutic options are
still required [22].

Alkaloids are a central class of natural products, which have
been extensively used as modern drug prototypes and drugs
[23]. Among these, acridones are planar compounds
isolated from Rutaceae plants, which exhibit several bioac-
tivities, including antimicrobial, cytotoxic, algicidal, molus-
cicidal, anti-allergic and antidiabetic [24]. Also, synthetic
compounds containing the acridone framework have dem-
onstrated correlated bioactivities to their natural analogues
[25]. The antiviral action of acridones is well known in the
literature against HSV-2 and CMV replication and inhibit-
ing HIV-1 transcription [26-28]. Recent studies revealed
the potential anti-HCV effect of acridone derivatives as NS3
helicase inhibitors and dsRNA intercalants, inhibiting viral
replication [29, 30].

Considering the high cost, several side effects and the emer-
gence of resistance mutations which decrease the response
to treatment, the development of new drugs against the
virus remains an important subject of research. The aim of
this study was to investigate the effects of the synthetic acri-
done Fac4 on the HCV life cycle by the use of in vitro
approaches.

RESULTS
Inhibitory activity of Fac4 on JFH-1 replication

We performed screening of a panel of 14 synthetic acri-
dones to select those with potential antiviral activity on
HCYV replication. Huh7.5 cells stably harbouring SGR-Feo-
JFH-1 were treated with compounds at 50, 10, 2 and 0.4 uM.
After 72 h incubation, luciferase and MTT assays were per-
formed in parallel to evaluate the replication inhibition and
cell viability under treatment with the compounds, respec-
tively. Amongst the tested acridones (Fig. S1, available in
the online Supplementary Material), Fac4 presented a
potential activity against HCV replication. At 10 uM Fac4
presented a cell viability of 85 % with inhibition of viral rep-
lication by approximately 93 %. Fac4 inhibited replication in
a concentration-dependent manner (data not shown) with
ECsg of 1.33 uM and a selectivity index (SI) (CCso/ECsp) of
42.14. To determine a useful SI (favourable ratio of
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cytotoxicity to antiviral potency), screening was performed
with Fac4 at concentrations from 1 to 10 uM. We observed
that Fac4 at 5uM inhibited 92% of HCV replication
(Fig. 1). Therefore, this concentration was selected for fur-
ther experiments.

Thus, we evaluate the effects of Fac4 on HCV replication in
the context of full length virus. Huh7.5 cells were infected
with JFH-1 HCVcc and after 4h, viral supernatant was
removed and cells were treated with Fac4 for 72h. Cells
were fixed, stained and titrated. Fac4 inhibited approxi-
mately 70 % of HCV replication (Fig. 1), corroborating the
potential antiviral activity against HCV observed in the pre-
liminary replicon assays. As expected, protein expression
levels were also significantly reduced in the presence of Fac4
since NS5A was undetectable when cells were treated with
Fac4 (Fig. 1).

Once Fac4 presented a potential inhibition of HCV geno-
type 2a JFH-1 replication, we decided to test if these results
are genotype-specific. For that, Huh7.5 cells stably harbour-
ing the genotype 3 subgenomic replicon SGR-Feo-S52 were
treated with Fac4 at 5uM and replication levels were ana-
lysed by luciferase assay. No inhibition of genotype 3 repli-
cation was observed (Fig. 1).

Fac4 as a dsRNA intercalator

To further investigate the antiviral mode of action of Fac4,
we analysed the capacity of this compound to intercalate
into dsRNA. Using the 3’UTR region of JFH-1 HCV as a
template, we produced an amplicon flanked by a T7 pro-
moter that was used for in vitro transcription, synthesizing
a dsRNA molecule of 273 bp. This dsRNA was incubated
with Fac4 at 5uM or the controls (DMSO 0.1 % and doxo-
rubicin at 100 uM) and was analysed by a migration retarda-
tion assay. Fac4 presented 40 % of dsRNA intercalation
when compared to the DMSO negative control, quantified
by densitometry (Fig. 2a). Notice that the sample treated
with doxorubicin (positive control of intercalation) does not
appear in the image, reasserting the observed result.

Fac4 and IRES-mediated translation

An IRES-mediated translation assay was carried out to
investigate a possible interaction between Fac4 and IRES
and therefore to evaluate if the inhibition of viral replication
is related to IRES-mediated translation. Cells electroporated
with SGR-Feo-JFH-1 or SGR-luc-JFH-1/GND were imme-
diately incubated with Fac4 or controls and RNA replication
was measured after 4h by luciferase expression analysis.
Fac4 did not influence viral RNA translation, since lucifer-
ase values of both wild-type replicon and the GND
replication defective replicon at 4 h were not reduced, dem-
onstrating that input RNA was translated in the cells
(Fig. 2b).

NS5B activity is not inhibited by Fac4

To analyse if Fac4 interferes with the NS5B polymerase, we
performed an NS5B RNA-dependent RNA polymerase in
vitro activity assay. The obtained results showed that Fac4 is
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Fig. 1. Fac4 effect on HCV replication: (a) Fac4 concentration screening, determining 5 pM as the working concentration (the lower
concentration with the best inhibitory effect and cell viability). (b) Replication assay in Huh7.5 infected with JFH-1 HCVcc and Western
blot for NS5A viral protein detection. (c) Replication assay in Huh7.5 stably expressing genotype 3 subgenomic replicon SGR-Feo-S52.
Cyclosporin (CsA) used as positive control. The three asterisks represent a significant difference between control group and treated

group at P<0001.

not capable of inhibiting NS5B enzymatic activity, at any of
the tested concentrations (50, 5 and 0.5 M) (Fig. 3).

Facé4 does not block virus entry

To evaluate whether Fac4 possess antiviral activity on HCV
entry, Huh7.5 cells were infected with JFH-1 virus in the
presence or absence of Fac4 for 4h. Viral inoculum was
replaced by fresh media and intracellular virus was quanti-
fied 72 h post-infection (h p.i.). No blockage of viral entry
was observed (Fig. 4).

Facé inhibits HCV release

Since Fac4 has antiviral activity against HCV replication but
does not act during the viral entry process, we decided to
analyse the release step. We observed that intracellular RNA
in Fac4-treated cells displayed similar values as the non-
treated cells (Fig. 5), and this is corroborated by the result
obtained in the replication assay performed 24 h after treat-
ment, where luciferase levels were similar to the control
(Fig. S2). Despite this fact, a pronounced effect on virus
release (extracellular RNA) is observed, since there was a
difference of 80% in the amount of intra and extracellular
HCV RNA (Fig. 5).
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DISCUSSION

The antiviral effect of acridones has been described in the
literature and the activity spectrum of this class of alkaloids
varies depending on the type of viral genome (double-
stranded DNA genome or RNA viruses) [31]. Some acri-
dones from Rutaceae plants showed great antiviral activity
against viruses with DNA genomes like herpes simplex virus
serotypes 1 and 2 (HSV-1 and HSV-2), human cytomegalo-
virus (HCMV) and Epstein-Barr virus [28, 32-34]. For
RNA viruses, acridones presented activity against HIV-1,
bovine viral diarrhoea virus (BVDV), all serotypes of den-
gue virus (DENV) and HCV, the last three belonging to the
Flaviviridae family [26, 27, 29, 30, 35-39].

Our results showed that Fac4 inhibited up to 92 % of HCV
replication in the context of either the subgenomic replicon
or full length JFH-1 HCVcc. Also, NS5A viral protein
expression could not be detected after treatment with this
compound. Despite its considerable effect on HCV geno-
type 2, inhibition was not observed on HCV genotype 3 rep-
lication. So far, all NS3 protease inhibitors available have
also no effect on HCV genotype 3 [20, 40-42]. Altogether,
the hypothesis that Fac4 may be interfering with NS3
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Fig. 2. Fac4 possible mechanisms of action: (a) intercalation assay, evaluating Fac4 dsRNA intercalation property. Doxorrubicin (Doxo)
was used as a positive control. (b) IRES interaction assay in Huh7.5 cells. Replication rate 4 h after electroporations. Subgenomic repli-
con SGR-Feo-JFH-1 (SGR); defective mutated subgenomic replicon SGR-luc-JFH-1/GND (GND).

protease is strengthened. However, to determine whether
Fac4 is inhibiting NS3 protease activity, further functional
studies are needed.

Regardless of the observed inhibition of replication, Fac4
had no activity on HCV viral entry. This could be explained
by the way acridones usually act against virus infection.
Some authors argue that their nucleic acid intercalation
ability and interaction with viral enzymes are the main
mechanisms by which these compounds act [29, 30, 43].
For HCV, data presented by Stankiewicz-Drogon et al. rein-
forces this assumption. Acridones showed inhibition of NS3
helicase, T7 RNA polymerase (topology and function simi-
lar to HCV NS5B) and strong double-stranded RNA inter-
calation property. All these elements are involved in the
replication step [29, 30].

It is not clear yet if there is a combination of the reported
effects of acridones on the inhibition of replication. Some
acridones described in the literature present dsRNA interca-
lation property, others show inhibition of NS3 helicase and
NS5B polymerase, and some present both effects [29, 44].
However, all these studies were performed in isolated assays,
evaluating inhibition of enzymatic activity or dsRNA inter-
calation individually. According to our results, Fac4
presented the ability to partially intercalate into dsRNA;
however, it did not inhibit RNA polymerase activity, as we
observed de novo transcript production in the NS5B activity
assay. As reported before [29, 30], it is presumed that HCV
replication cannot be inhibited by dsRNA intercalation
alone, and probably it is due to a combined effect between
different modes of action. Therefore, replication inhibition
by Fac4 may be somewhat related to dsRNA intercalation,
which is a replication intermediate. However, it is likely that
another mode of action is also involved [29, 30, 39].
Another possible explanation for the antiviral activity of
Fac4 is the targeting of cellular components. Some acridone
derivatives, such as cycloferon (CMA), are described as
compounds which can induce the interferon pathway [45,
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46]. However, these assumptions for Fac4 remain to be
investigated.

The result observed in viral release assay reinforces the anti-
viral activity of Fac4. The compound presented almost 80 %
of inhibition in HCV release (extracellular RNA level). This
assay is performed 24h after treatment and to explain the
lack of effect in the intracellular levels, the replication assay
performed 24h after treatment shows that Fac4 does not
inhibit viral replication at this early time point, where lucif-
erase levels were similar to the control. The inhibition of
replication was observed 72 h after treatment. These results
could indicate that, after 24 h, Fac4 has not yet influenced
HCV replication significantly. However, some interaction
between the acridone and the viral RNA is occurring in a
way that prevents the release of new viral particles.

Herein, we reported the acridone Fac4 as a potent inhibitor
of in vitro HCV genotype 2 in two steps of viral life cycle,
replication and release. This inhibition was correlated to
dsRNA intercalation and possibly associated with other
mechanisms. Although the mode of action of this com-
pound is partly understood, this drug is a candidate for fur-
ther studies as a future anti-HCV agent.

METHODS

Synthesis and identification of Fac4

The trihydroxylated acridone Fac4 was synthesized by the
group of Dr Luis Octavio Regasini at the Institute of Biosci-
ence, Language and Exact Science (IBILCE) of Sao Paulo
State University (UNESP) in Sao José do Rio Preto, Brazil,
using the protocol previously described [47]. Details of syn-
thesis and NMR analysis are available upon request
(Fig. 6a).

Virus and subgenomic replicon constructs

The HCV subgenomic replicon SGR-Feo-JFH-1 was used in
initial screening to evaluate the effect of the compounds on
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Fig. 3. Activity of JFH-1 NS5B in the presence of Fac4: (a) reaction products generated from a JFH-1 genomic RNA template. Purified
wild-type or inactive point mutant (GND) NS5B (250 nM) was incubated with in vitro transcribed JFH-1 [GND] genomic RNA in the pres-
ence of [«®?P]-CTP. Reactions were supplemented with either DMSO vehicle control or Fac4 at the indicated concentrations. Purified
reaction products were separated by denaturing formaldehyde-agarose gel electrophoresis, the gel dried and imaged by autoradiogra-
phy. Radiolabelled marker RNAs are indicated on the left. (b) Activity of NS5B in the presence of Facé. Purified reaction products were
subjected to liquid scintillation counting to quantify the amount of [a*2P]-CTP incorporation into newly synthesized RNA. Data represent
the mean + standard error of the mean from three independent experiments conducted in duplicate.

virus replication [48]. This construct carries the phospho-
transferase luciferase-neomycin fusion gene. To evaluate if
the inhibitory effect was genotype-specific, the genotype 3
subgenomic replicon SGR-Feo-552 was used [49]. For repli-
cation, entry, release and for virus protein expression
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Fig. 4. Fac4 effect on HCV entry step: entry assay with JFH-1 HCVcc.
Infectious supernatant and Fac4 were added simultaneously to Huh7.5
cells. Supernatant was removed 4 h p.i. and cells were incubated in
fresh medium for 48h. EGCG [(-)-epigallocatechin gallate] was used
as a positive control and DMSO as a negative control.
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analysis, infection assays were carried out with full length
HCV JFH-1 isolate [50] (Fig. 6b).

Cell culture

Huh7.5cells and Huh7.5 stably harbouring subgenomic
replicons SGR-Feo-JFH-1 and S52/SG-Feo were cultured in
Dulbecco’s modified Eagle’s medium (DMEM; Sigma-
Aldrich) supplemented with 100 IU penicillin ml™", 100 ug
streptomycin ml ™', 0.5 mg mL™" of geneticin (G418), 10 %
fetal calf serum and incubated at 37 °C and 5 % CO,.

Experimental delineation for initial screening

An initial screening was performed to test a panel of acri-
dones for their antiviral activity on HCV replication. Com-
pounds were dissolved in DMSO (dimethyl sulfoxide-Sigma
Aldrich) and diluted in media immediately prior to the
assay. The final concentration of DMSO in all assays was
0.1%. For each compound, cytotoxicity and replication
assays were performed. Huh7.5 cells harbouring SGR-Feo-
JFH-1 were seeded in 96 well plates at a density of 3x 10
and incubated in the presence or absence of compounds for
72 h. Cyclosporine A at 1 pM was used as a control for repli-
cation inhibition and DMSO 0.1 % as a non-treated control.
Assays were performed in triplicates, and a minimum of
three times. Four concentrations were tested (50, 10, 2 and
0.4 uM).

Replication assay for subgenomic replicons

After treatment, cells were harvested with Passive Lysis
Buffer (PLB) (Promega). Replication levels were quantified
by measuring luciferase activity with the Luciferase Assay
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Fig. 5. Fac4 effect on HCV release step: viral release assay based on
HCV 5" UTR gPCR. JFH-1-infected Huh7.5 cells were treated with FAC-
4 for 24h. DMSO was used as a negative control and Naringerin
400 uM (NR) used as a positive control for release inhibition. The bars
present the triplicate of two independent assays. The three asterisks
represent a significant difference between the control group and
treated group at P<0001.

System (Promega) in a FLUOstar Omega microplate reader
(BMG Labtech, Ortenberg, Germany). Data was normalized
by DMSO control.

Cytotoxicity assay

After 72 h of treatment, the media were removed, cells were
incubated at 37°C with DMEM containing MTT (3-(4,5-
dimethylthiazol-2-yl)—2,5-diphenyl tetrazolium bromide)
(Sigma-Aldrich) at 1 mg ml~ ', After 30 min, MTT was
removed and 100 pl of DMSO was added to solubilize for-
mazan crystals. Cell viability was determined by measuring
optical density in the microplate reader. Compounds were
classified as non-toxic, when cells presented viability over
80 %.

Effective concentration 50 % (ECsp)

The effective concentration 50 % (ECsy) was calculated
using Prism (GraphPad) and cytotoxicity assays were car-
ried out in parallel to determine the cytotoxic concentration
50% (CCsp) using a MTT-based system as described in
cytotoxic assay section. The values of CCsy and ECs, were

used to calculate the selectivity index (SI = CCso/ECsy),
which suggests the potential antiviral activity of the
compounds.

Viral production

HCV JFH-1 RNA was electroporated into Huh7.5 cells at
270 V, 950 uF and oo resistance, using a 4 mm cuvette in the
Gene PulserXcell Electroporation System (Bio-Rad, Phila-
delphia, PA, USA). Fifteen days after electroporation super-
natant was collected, concentrated with PEG 8000
(polyethylene glycol) (Sigma-Aldrich) and titrated by focus
formation unit assay.

JFH-1 replication assay

Huh?7.5 cells were seeded in 96 well plates the day before the
assay. Cells were infected with JFH-1 virus (m.o.. of 0.2) for
4h at 37°C and 5% CO,, washed extensively to remove
virus and subsequently treated with Fac4 (5 uM). After 72 h,
cells were fixed with 4 % PFA (Synth) and stained for NS5A
using sheep anti-NS5A [51] and Alexa Fluor anti-sheep 594
secondary antibody. Virus titres were obtained by focus for-
mation unit analysis. Data was normalized by DMSO con-
trol and cyclosporine at 1pM was used as a replication
inhibition control.

Viral entry

For virus entry experiments, infectious supernatant and
Fac4 were added simultaneously to Huh7.5 cells. Then, 4 h
pi., supernatant was removed, washed extensively and
replaced with a fresh medium. Cells were incubated for
48h. DMSO and (-)-epigallocatechin gallate (EGCG,
Sigma-Aldrich) were used as negative and positive controls,
respectively. Cells were fixed and intra cellular virus was
titrated.

Viral release analysis

To analyse Fac4 effect on HCV release, 2x10° JFH-1
infected cells were seeded 48 h before treatment. Then, the
medium was replaced by a fresh medium supplemented
with Fac4 at 5uM or controls as previously described [52].
DMSO 0.1 % was used as a non-treated control and naringe-
nin (NR) at 400 uM was used as a control of HCV secretion
inhibition [52]. After 24 h of incubation, RNA was extracted
from the supernatant and from the cells using TRIzol
reagent (Life Technologies), and ¢cDNA was synthesized

JFH-1
5" UTR

©  seRreorrr — - N — R
3 UTR
pT? Feo NS4 NS5
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NS4 NS5

P17 Feo NS4 NS5

Fig. 6. Structure of Fac4 and constructs: (a) structure of acridone Facé4; (b) subgenomic replicon SGR-Feo-JFH-1, which expresses the
genotype 2 non-structural viral proteins and the phosphotransferase fusion protein luciferase-neomycin, and JFH-1 virus, which
expresses all viral proteins. Subgenomic replicon SGR-Feo-552 expresses the genotype 3 non-structural viral proteins.
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with the High-Capacity cDNA Archive (Applied Biosys-
tems). HCV expression analysis was performed by TagMan
Universal PCR Master Mix no AmpErase UNG (Applied
Biosystems) detecting the amplification of the HCV 5" UTR
region (forward: CGGGAGAGCCATAGTGG; reverse:
AGTACCAACAAGGCCTTTCG). The sample quality and
normalization of expression levels were obtained by amplifi-
cation of the endogenous gene GAPDH. JFH-1 release inhi-
bition was calculated as a percentage of negative control.

Western blotting

Cells were lysed using Cell Lytic (Sigma-Aldrich) and pro-
tein was quantified with Pierce BCA Protein Assay Kit
(Thermo Scientific), following the manufacturer’s protocol.
Approximately 10 ug of protein was resolved in SDS-PAGE
electrophoresis, transferred to a nitrocellulose membrane
and blocked with non-fat milk 10 % in TBS-T solution. The
membrane was probed at 4°C with sheep anti-NS5A anti-
body overnight [51] and then with secondary Anti-sheep
IgG antibody conjugated with HRP (Sigma-Aldrich) at
room temperature for 1h. The membrane was washed in
TBS-T, exposed to ECL (enhanced chemiluminescent) and
chemiluminescence was captured by ChemiDoc equipment
(Bio-Rad, Philadelphia, PA, USA). After stripping, the
membrane was probed for 1h at room temperature with
Anti-GAPDH antibody conjugated with HRP. After expo-
sure to ECL, the blotting was analysed in ChemiDoc.

dsRNA intercalation assay

To analyse the ability of Fac4 to intercalate in dsRNA, a
migration retardation assay was performed based on the
previously described protocol of Krawczyk et al. [53]. The
HCV JFH-1 3’ untranslated region (UTR) (accession no.
AB047639) was amplified by PCR using primers flanked by
a T7 promoter site (forward: TAATACGACTCACTA-
TAGGGGGCACACACTAGGTACA; reverse: TAATAC-
GACTCACTATAGGGACATGATCTGCAGAGAG; T7
promoter regions are underlined). The reaction product
(273 bp) was purified by Zymoclean Gel DNA recovery Kit
(Zymo Research) and used for in vitro transcription by the
T7 Ribomax Express kit (large scale RNA production sys-
tem) (Promega). The dsRNA molecule was obtained by
complementary annealing and incubated at 15nM with
Fac4 (5pM) for 45min, and analysed in 1% agarose 1X
TAE gel stained with ethidium bromide. Since an intercalat-
ing compound competes with ethidium bromide, the inter-
calation of dsRNA is confirmed when the band of the
treated sample is not visualized in the gel. Doxorubicin
(100 uM) was used as a positive control of intercalation.

IRES interaction assay

Huh7.5 cells were electroporated with SGR-Feo-JFH-1or
SGR-luc-JFH-1/GND. Immediately after electroporation,
cells were seeded in 96 well plates and incubated with Fac4
(5uM) or DMSO. Cells were harvested by lysis with PLB
(Promega) 4 h post-electroporation and HCV RNA replica-
tion/translation was quantified by measuring luciferase
activity using the Luciferase Assay System (Promega).
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Expression and purification of JFH-1 NS5B from E.
coli

Single colonies of BL21 (DE3) cells carrying the JFH-1
NS5B wild-type or inactive point mutant (GND) were
grown in 10ml of LB media (10g 1! tryptone, 10g 1!
NaCl, 5g 1" yeast extract) containing 100 ug ml~" ampicil-
lin for 16h at 37°C on a rotary shaking incubator at
200 rpm. Overnight cultures were pelleted at 4000 g for
15min, re-suspended in 10ml LB media and inoculated
1:1000 into 500 ml LB containing ampicillin. Bacterial cul-
tures were grown to an OD®*° of 0.6-0.8 before induction of
protein expression using 0.1 mM IPTG at 25°C for 4h.
Final cultures were centrifuged at 4000 g for 15min and
stored at —20°C.

Bacterial cell pellets were lysed in NS5B lysis buffer I
(100 mM Tris-HCI [pH 8.0], 100 mM NaCl, 1 mM MgCl2,
2% (v/v) Triton X-100, 2mg ml~" lysozyme, 1 Unit ml-1
DNase) for 30 min on ice before centrifugation at 20000 g
for 50 min at 4°C. The resultant pellet was re-suspended in
NS5B lysis buffer II [20 mM sodium phosphate (pH 7.5),
500 mM NaCl, 0.1 % (v/v) B-octylglucopyranoside, 20 mM
imidazole, 50 % (v/v) glycerol] and sonicated on ice 10 times
with 20 s on/off pulses using a Sanyo Soniprep 150 sonicator
with a microtip at an amplitude of 6 microns. The sonicated
suspension was centrifuged at 20000 g for 20 min at 4°C
and the resultant supernatant applied to Ni-NTA-agarose
(resin) for 16h at 4°C with end-over-end rotation. Resin
was centrifuged at 500 g for 2 min, washed in NS5B lysis
buffer II supplemented with 50 mM imidazole 10 times
before protein elution in NS5B lysis buffer containing
250 mM imidazole. Eluted protein was quantified by mea-
sured absorbance at 280 nm and stored at —80 °C.

RNA-dependent RNA polymerase in vitro activity
assay

Purified NS5B (250 nM) was incubated in RdRp reaction
buffer (20mM Tris-HCl [pH 7.6], 5mM MgCl,, 1 mM
DTT, 25mM KCIl, 1mM EDTA, 10 Units RNasin) with
0.5 g in vitro transcribed JFH-1 (GND) genomic RNA tem-
plate. In vitro transcribed RNA was re-folded before addi-
tion to RdRp reaction buffer by denaturation at 95°C for
2 min, cooling on ice for 2 min and incubation in re-folding
buffer [100mM HEPES (pH 8.0), 100 mM NaCl, 6.6 mM
MgCl,] for 30 min at 37°C. RdRp reactions were supple-
mented with DMSO vehicle control or Fac4, with a final
DMSO concentration of 0.1 %. Reactions were started by
the addition of NTP mix (5uCi [«’*P]-CTP, 10uM cold
CTP, 1mM ATP, 1 mM UTP, 5mM GTP) and were incu-
bated at 25°C for 90 min before terminating the reaction
with 1vol 0.5 M EDTA. Products from RdRp in vitro tran-
scription were purified using RNeasy Mini Kit (QIAGEN)
according to the manufacturer’s protocol.

For denaturing formaldehyde-agarose electrophoresis, 5 pl
of purified reactions were loaded onto a 1% (w/v) agarose
MOPS gel (10 mM MOPS, 1.5mM sodium acetate, 0.6 mM
EDTA) containing 4.7 % (v/v) formaldehyde, and run at 70
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V for 60 min. The gel was fixed (10% (v/v) isopropanol,
10 % (v/v) acetic acid) for 60 min at room temperature with
three buffer exchanges before drying at 60 °C under vacuum
for 2 h. Radioactive transcripts were visualized by exposure
of photographic film to the dried gel in the dark at —80°C
for 16 h. Liquid scintillation counting was conducted on a
Tri-Card 2100 TR liquid scintillation counter using 1 pl
purified in vitro transcribed reaction product mixed in a
1 ml Emulsifier-Safe liquid scintillation cocktail.

Data analysis

Cytotoxicity, subgenomic replicon and complete viral
genome (JFH-1) assays were performed in triplicate and a
minimum of three times. All data originated from these
assays were evaluated using software GraphPad Prism 5
(GraphPad Software, San Diego, CA, USA). Average and
standard deviation were represented in each graph. Statisti-
cal analyses were done using ANOVA test and Dunnett’s
multiple comparison test, considering P<0.05 as significant.
The statistical analyses from the release assay were per-
formed by two-way ANOVA with Bonferroni’s post test
using GraphPad Prism 5 software. All data was normalized
by the non-treated control and multiplied by a hundred to
obtain values in percentage.
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