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Ribosomal Synthesis of Backbone-Macrocyclic Peptides Containing y-Amino

Acids

Yukinori Ohshiro,* Eiji Nakajima,® Yuki Goto,® Shinichiro Fuse,¥ Takashi Takahashi, " Takayuki Doi,”” and

Hiroaki Suga*® <

Pepstatin, discovered in 1970 as an extraordinarily potent in-
hibitor of pepsin, is a classical example of a y-amino acid-con-
taining natural product.™ It has been proven that the statine
residue,  (35,45)-4-amino-3-hydroxy-6-methylheptanoic  acid,
mimics the tetrahedral transition-state structure of peptide-
bond hydrolysis.? This knowledge led to the development of
specific inhibitors of clinically relevant aspartic proteases, in-
cluding renin and HIV proteases.”) More recently, a new class
of y-amino acid-containing natural products has been discov-
ered that is active against a non-protease enzyme. Spiruchosta-
tin A, which was isolated from Pseudomonas sp., is a represen-
tative example; it has a macrocyclic structure containing a p-
valine-derived (3S,4R)-statine and acts as a histone deacetylase
inhibitor Clearly, the statine residue in this molecule does
not act as a transition-state analogue but rather serves as a
critical component of the macrocyclic scaffold. Moreover, di-
demnins B, isolated from the genus Trididemnum as an agent
against kidney and epithelial ovarian cancer, has a y-amino
acid, isostatine, and also has a macrocyclic moiety.” These ex-
amples imply that statine and probably other y-amino acids in
a macrocyclic scaffold can be versatile structural elements for
constructing bioactive peptides. Despite the attractiveness of
v-amino acid-containing peptides, their availability still relies
on the traditional methodologies, that is, the serendipitous dis-
covery of bioactive y-amino acid-containing peptides from sec-
ondary-metabolite sources or by chemical synthesis from small
libraries. We here report a new methodology involving genetic
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code reprogramming to ribosomally express backbone-cyclized
peptides containing y-amino acids (Figure 1A) that potentially
gives us more diverse libraries of y-amino acid-containing pep-
tides with a greater ease.

Since the translation apparatus allows for the facile construc-
tion of a peptide library with vast diversity, ribosomal synthesis
of drug-like peptides can be a powerful tool for discovering
novel bioactive compounds.® However, despite a number of
reports describing the incorporation of various nonstandard
amino acids into nascent peptide chains by using a conven-
tional strategy such as nonsense or frame-shift suppression,”
to the best of our knowledge, a successful demonstration of
ribosomal incorporation of y-amino acids has never appeared
in literature. There are two reasons for this failure: 1) y-Amino-
acyl-tRNA is not stable under near-neutral aqueous conditions
as the y-amino group tends to intramolecularly attack the acyl
group on the 3’ terminus of tRNA; this results in self-deacyla-
tion. 2) Even if some fractions of y-aminoacyl-tRNA can be
brought into the ribosome A site, the ribosome very likely fails
to promote the peptidyl-transfer reaction as its catalytic envi-
ronment is incompatible with bond formation between the y-
amino group and the acyl group on the P site tRNA® As a
result, no successful example of expressing any peptide con-
taining y-amino acids has been reported.

We have recently developed two new methods of generat-
ing unique peptides by using a custom-made, reconstituted,
cell-free translation system integrated with flexizymes (flexible
tRNA aminoacylation ribozymes)® and referred to as FIT (flexi-
ble in-vitro translation) system."® Using this system, we re-
programmed an initiation event in translation in which a FIT
system lacking methionine was supplemented with a tRNA™M
charged with short exotic peptides by flexizyme; thereby, pep-
tides containing unusual auxiliary residues at the N terminus
were expressed."! The second method was ribosomal synthe-
sis of backbone-cyclic peptides in a FIT system in which a
codon was assigned to glycolic acid ("°G). Expression of linear
peptides bearing cystidyl-prolidyl-glycolate (C-P-'°G) resulted
in self-rearrangement!'? into peptides with a C-terminal diketo-
piperadine (dkp) thioester upon cleavage of the ester bond be-
tween P and "°G. The presence of two recombinant enzymes,
peptide deformylase (PDF) and methionine aminopeptidase
(MAP), in the FIT system generates an N-terminal free amino
group that spontaneously reacts with the intramolecular dkp-
thioester to afford the backbone-cyclized peptides.'”

Although direct acylation of y-amino acid onto tRNA would
suffer from self-deacylation through intramolecular cyclization,
acylation of a dipeptide consisting of y- and o-amino acids
onto tRNA could avoid such an undesired side reaction. To test
whether this approach would yield stable peptidyl-tRNAs, we
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med initiator; this indicated that
the designated model peptides
bearing  N-terminal  y-amino
acids were generated with satis-
factorily high expression profiles
(Figure S2B) as well as the cor-
rect molecular mass (determined
by MALDI-TOF MS; Figure S2C).
These results clearly demonstrat-
ed that reprogramming the ini-
tiation event with short peptides
containing y-amino acids is a

dFx

versatile and efficient method of

ribosomally expressing polypep-
tides bearing y-amino acids at
the N terminus.

Having successfully incorpo-

rated y-amino acids into the ex-

pressed peptides, we envisioned
that this y-amino-dipeptide ini-
tiation approach could be inte-
grated with C-terminal dkp-thio-

B)

ester formation to promote the
head-to-tail backbone cyclization
(Figure 1A). Because no terminus
in the final cyclic peptide is gen-

: o. cN O: OH O erated in this strategy, the vy-
@-——u ~ Hzﬂ\/\/U*L HZN\/k/l‘LE, amino acid is embedded in the

: o) 1 ' 2 ) middle of sequence, that is, a

@ = y-amino acids defect of the y-amino-dipeptide

' OH O. initiation approach, in which the

: HoN . : HoN t position of the y-amino acid is

H:N., ‘u‘ H i’ HN : ; limited to the N terminus, can
: Y H : be overcome. We first designed

an mRNA with the AUG initiation

3 4 5 6 and CUC leucine elongation

Figure 1. A) Outline of the ribosomal synthesis of cyclic y-peptides. A linear precursor peptide containing a y-
amino acid at the N terminus and a C-P-"°G motif downstream is expressed in a FIT system that lacks M and L
and supplied with y-aa-F-tRNADS and "°G-tRNALE. Self-rearrangement of the C-P-"°G segment to form dkp-thio-
ester and the subsequent intramolecular addition of the N-terminal y-amino group to the C-terminal thioester re-
sults in a backbone-cyclized peptide containing the y-amino acid. B) y-aa-F-CMEs used in this study. Each y-amino
acid (1: 4-aminobutyric acid, 2: (R/S)-4-amino-3-hydroxy butyric acid, 3: (3-aminocyclohexane)carboxylic acid, 4:
(3S,45)-4-amino-3-hydroxy-6-methylheptanoic acid, 5: (35,4R)-4-amino-3-hydroxy-5-methylhexanoic acid, 6: (35,4R)-
4-amino-3-hydroxy-5-phenylpentanoic acid) is chemically coupled with F-CME to obtain the corresponding dipep-

tide, and its tRNA aminoacylation is performed with flexizyme.

chose six y-amino acids, including 4-aminobutanoic acid, sta-
tine, and its analogues, and condensed them with phenylala-
nine cyanomethyl ester (F-CME) to generate the corresponding
y-amino-dipeptide-CMEs 1-6 (Figure 1B). All the y-amino-di-
peptides were charged onto the acceptor analogue of tRNA,
microhelix RNA, by a flexizyme (eFx), and the resulting -
amino-dipeptidyl-RNAs were confirmed by acid-PAGE (Fig-
ure S1 in the Supporting Information). Moreover, when a
model mMRNA is expressed in a methionine-deficient FIT system
containing y-amino-dipeptide-tRNA™M®  (Figure S2A), the y-
amino-dipeptides were successfully assigned as a reprogram-

codons reprogrammed with y-
amino-dipeptides and "G, re-
spectively, to synthesize a model
cyclic peptide containing a y-
amino acid (Figure 2 A). With the
above reprogrammed genetic
code supported by a FIT system
lacking M and L and supplied
with  1-FtRNAMS  and OG-
tRNASTE, the peptide bearing y-
amino acid 1 at the N terminus and a C-P-"°G segment in the
downstream region was synthesized. After incubation at 37°C
for 12 h to facilitate the self-rearrangement of C-P-°G to dkp-
thioester and subsequent macrocyclization, the peak corre-
sponding to the expected backbone-cyclic peptide (7-1, Fig-
ure 2B) along with a minor peak with the molecular weight of
a linear peptide generated by hydrolysis of the thioester inter-
mediate (8-1, Figure 2C) was detected in the MALDI-TOF mass
spectrum (Figure 2D). Tandem mass spectrometry of 7-1
proved the formation of an amide bond between the N-termi-
nal y-amino acid and the glycine at the ninth position (Fig-
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but the level of competing hy-
drolysis product 10 depended
Ki-Flag  stop on the y-amino acids (Fig-
ure 3D). It should be noted,
however, that the consistent ob-
servation of the backbone-mac-
rocyclic peptides throughout the
y-amino acid kinds indicates the
reliability of this strategy.

In summary, we have devel-
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Figure 2. Ribosomal synthesis of backbone-cyclic peptides containing y-amino acids by thioesterification. A) Se-
quences of the mRNA and the expressed linear precursor peptide. AUG and CUC codons are reassigned with y-
aa-F (y-aa=1-6) and "°G, respectively. The KK-Flag in parenthesis indicates the RNA sequence encoding this pep-
tide (KK-DYKDDDDK). The dotted line shows the ring-closing pattern after macrocyclization. B) Schematic structure
of the objective y-amino acid-containing cyclic peptide (7). “y” indicates various y-amino acid residues (1-6). The
residue numbering is given. C) Schematic structure of the linear hydrolysate of the dkp-thioester intermediate (8).
D) Mass spectrum of the reaction product from reprogrammed translation with 1-F initiator. The detected peaks
corresponding to the cyclic product (7-1) and hydrolysis product (8-1) were labeled in the spectrum. The calcu-
lated mass (C) and observed mass (O) for singly charged species, [M+H]™, are also shown in the spectrum.

E) Tandem mass spectrum of 1 containing cyclic peptide (7-1). Peaks corresponding to a set of assigned sequen-

tial fragment ions, generated by cleavage of two amide bonds, are shown.

ure 2E). These data demonstrate ribosomal synthesis of back-
bone-cyclic peptide containing a y-amino acid. When we used
dipeptides bearing relatively small y-amino acids (1 and 2) as
reprogrammed initiators, the objective macrocyclic peptides
were generated as the main products (Figure S3A); however,
in the case of more sterically demanding y-amino acids (3-6),
a peak corresponding to the linear peptide in which the pep-
tide bond between G9 and C10 was cleaved (originating from
the hydrolysis of dkp-thioester) dominated the mass spectra
(Figure S3B-E); in particular when 5- or 6-F-tRNAMS was used,
no desired backbone-macrocyclic peptide was observed. This
was a serious limitation of the present strategy.

To increase the level of production of backbone macrocycli-
zation, we embedded cysteine residues in the peptide se-
quence (Figure 3A). We expected that their sulfhydryl side
chains could rapidly form cyclic thioester intermediates by
intramolecular trans-thioesterification, thereby promoting the
subsequent attack of N-terminal y-amino group on the thioest-
er, possibly with a decreased level of the competing hydrolysis
(Figure $4). An mRNA (Figure 3C) was designed based on a
scaffold of bicyclic sunflower trypsin inhibitor-1 (SFTI-1)" and
expressed under the same reprogrammed genetic code in the
presence of various y-amino-dipeptidyl-tRNAM. The resulting
translation product was incubated for 16 h to promote back-
bone macrocyclization in situ. In all cases, we observed a peak
corresponding the desired backbone-macrocyclic peptide 9,

oped a method to express pep-
tides bearing y-amino acid at
the Nterminus by reprogram-
ming the genetic code of initia-
tion using various dipeptide ini-
tiators. To the best of our knowl-
edge, this is the first demonstra-
tion of ribosomal synthesis of -
amino acid-containing polypep-
tides. Moreover, this methodolo-
gy was coupled with the in situ
generation of dkp-thioester at
the C terminus of the peptide to
yield backbone-macrocyclic pep-
tides containing various y-amino
acids at an internal position.
Given the previous report that
the reprogrammed initiation
event accepts short peptides of
a wide variety of nonstandard
structures, such as p-, -, N-
methyl, and a-disubstituted amino acids, as well as aminoben-
zoic acids,"' this methodology should be applicable to the ri-
bosomal synthesis of backbone-macrocyclic peptides contain-
ing diverse nonstandard amino acids, thereby enabling us to
construct exotic macrocyclic peptide libraries and explore new
chemical space for novel functions.

Experimental Section

Flexizyme acyl-tRNAs were prepared by aminoacylation according
to the following procedure. For y-aa-F-tRNAMS, (RNAMS (6.25 pl,
40 pum) in Tris-HCl (0.1 m, pH 8.0) was heated at 95°C for 1 min,
then cooled to room temperature over 5 min. MgCl, (2.5 uL, 3 ™)
and eFx (1.25 pL, 200 pm) were added to the solution, which was
incubated at room temperature for 5 min. y-aa-F-CMEs in DMSO
(2.5 pL, 25 mm each) were then added to the mixture, which was
incubated on ice for 2 h. "G-tRNASTE? was synthesized as previ-
ously reported."™™ Each acylation reaction was quenched by the ad-
dition of sodium acetate (40 uL, 0.6 M, pH 5.0), and the acyl-tRNA
was recovered by ethanol precipitation. The pellet was rinsed
twice with 70% ethanol with sodium acetate (0.1m, pH 5.0) and
once with 70% ethanol, then dried and stored at —80°C. The acyl-
tRNAs were dissolved in sodium acetate (0.5 uL, 1 mm) just before
being added to the translation mixture.

For reprogrammed translation initiation with y-amino acids, trans-
lation mixture was prepared as previously reported."®"*"¥ Transla-
tion was carried out in a reaction mixture containing Thr, Tyr, Lys,
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Figure 3. Ribosomal synthesis of bicyclic peptides containing y-amino acids by thioesterification. A) Schematic
structure of the bicyclic peptides closed by a backbone peptide bond and a disulfide bond (9). “y" indicates vari-
ous y-amino acid residues (1-6). Residue numbering is shown. B) Schematic structure of the hydrolysate of dkp-
thioester intermediate (10). C) Sequences of the mRNA and the expressed linear precursor peptide. AUG and CUC
codons are reassigned with y-aa-F (y-aa=1-6) and "°G, respectively. The KK-Flag in parenthesis indicates the RNA
sequence encoding this peptide (KK-DYKDDDDK). The dotted line shows the ring-closing pattern after macrocycli-
zation. D) Mass spectra of the reaction product from reprogrammed translation with y-aa-F dipeptide initiators.
The detected peaks corresponding to the cyclic product (9-y-aa) and hydrolysis product (10-y-aa) are labeled in
the spectra (y-aa=1-6). The calculated (C) and observed (O) masses of singly charged species, [M+H]", are also
shown in the spectra. The peaks corresponding to a translation side product initiated with Pro at the third posi-
tion and a side product generated by addition of a cysteine onto the thioester intermediate are shown by gray

circles and squares, respectively.

and Asp (200 pum each), various yaa-F-tRNAMS molecules (50 pm)
and DNA templatel (40 nm). The translation mixture (5 pL total
volume) was incubated at 37°C for 1 h. The resulting translation
product was analyzed by Tricine-SDS PAGE or MALDI-TOF MS in a
previously reported manner.*""

For the ribosomal synthesis of cyclic peptides containing y-amino
acids, translation was carried out in a reaction mixture containing
minimum required amino acids (200 pm each), y-aa-F-tRNADS
(100 um), "°G-tRNASSE? (100 pum), and DNA template2 (40 nm). The
mixture (10 ul) was incubated at 37°C for 16 h to facilitate the
translation reaction and macrocyclization. The reaction was
quenched by adding 1% TFA (10 pL). The product was desalted on
a C18 SPE column (T300-C18, Nikkyo Technos) and eluted with
80% acetonitrile/0.5% acetic acid (1.2 pl) saturated with (R)-cyano-
4-hydroxycinnamic acid. The mass was measured by MALDI-TOF
MS (autoflex TOF/TOF, Bruker) using the linear mode and externally
calibrated with peptide calibration standard Il (Bruker). Tandem
mass spectrometry was also performed by using autoflex TOF/TOF
in the lift mode.
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Structural requirements of virion-associated
cholesterol for infectivity, buoyant density and
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Our earlier study has demonstrated that hepatitis C virus (HCV)-associated cholesterol plays a
key role in virus infectivity. In this study, the structural requirement of sterols for infectivity, buoyant
density and apolipoprotein association of HCV was investigated further. We removed cholesterol
from virions with methyl f-cyclodextrin, followed by replenishment with 10 exogenous cholesterol
analogues. Among the sterols tested, dihydrocholesterol and coprostanol maintained the buoyant

density of HCV and its infectivity, and 7-dehydrocholesterol restored the physical appearance
of HCV, but suppressed its infectivity. Other sterol variants with a 3-hydroxyl group or with
an aliphatic side chain did not restore density or infectivity. We also provide evidence that

Received 22 March 2011
Accepted 17 May 2011

virion-associated cholesterol contributes to the interaction between HCV particles and apolipoprotein
E. The molecular basis for the effects of different sterols on HCV infectivity is discussed.

Hepatitis C virus (HCV) is a major cause of liver diseases,
and is an enveloped, plus-strand RNA virus of the genus
Hepacivirus of the family Flaviviridae. The mature HCV
virion is considered to consist of a nucleocapsid, an outer
envelope composed of the viral E1 and E2 proteins and a
lipid membrane. Production and infection of several
enveloped viruses, such as human immunodeficiency virus
type 1 (HIV-1), hepatitis B virus and varicella-zoster virus
(Bremer et al., 2009; Campbell et al., 2001; Graham et al.,
2003; Hambleton et al., 2007), are dependent on choles-
terol associated with virions. However, except for HIV-1
(Campbell ez al., 2002, 2004), there is limited information
about the effects of replacing cholesterol with sterol
analogues on the virus life cycle. We demonstrated the
higher cholesterol content of HCV particles compared with
host-cell membranes, and that HCV-associated cholesterol
plays a key role in virion maturation and infectivity (Aizaki
et al., 2008). Recently, by using mass spectrometry, Merz
et al. (2011) identified cholesteryl esters, cholesterol,

A supplementary table and figure are available with the online version of
this paper.

phosphatidylcholine and sphingomyelin as major lipids
of purified HCV particles.

To investigate further the effect of the structural require-
ment for cholesterol on the infectivity, buoyant density and
apolipoprotein association of HCV, depletion of virion-
associated cholesterol and substitution of endogenous
cholesterol with structural analogues (Fig. 1a) was used
in this study. HCVcc (HCV grown in cell culture) of the
JFH-1 isolate (Wakita et al., 2005), prepared as described
previously (Aizaki et al, 2008), was treated with 1 mM
methyl f-cyclodextrin (B-CD), which extracts cholesterol
from biological membranes, for 1 h at 37 °C. The
cholesterol-depleted virus was then incubated with exo-
genous cholesterol or cholesterol analogues at various
concentrations for 1 h. After removal of B-CD and free
sterols by centrifugation at 38000 r.p.m. (178000 g) for
2.5h, the treated particles were used to infect Huh7 cells,
kindly provided by Dr Francis V. Chisari (The Scripps
Research Institute, La Jolla, CA, USA), and their infectivity
was determined by quantifying the viral core protein in
cells using an enzyme immunoassay (Ortho-Clinical
Diagnostics) at 3 days post-infection (p.i.). Virus infectiv-
ity, which fell to <20% after B-CD treatment, was
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Fig. 1. Role of virion-associated cholesterol analogues in virus infection. (a) Structures of sterols used in this study. Variations in
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Compounds studied in (b) and (c). (b) Effect of replenishment with sterols on HCV infectivity. Intracellular HCV core levels were
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recovered by addition of cholesterol at 0.01-1 mM in a
dose-dependent manner (Fig. 1b). Among the cholesterol
analogues tested, variants with a 3f$-hydroxyl group (4-
cholestenone, cholesteryl acetate, cholesteryl methyl ether
and 5a-cholestane) or variants with an aliphatic side chain
[25-hydroxycholesterol (25-HC), sitosterol and ergosterol]
exhibited no or little effect on the recovery of infectivity of
B-CD-treated HCV (Fig. 1b, lanes i-vii). In contrast,
addition of variants in the structure of the sterol rings
[coprostanol or dihydrocholesterol (DHC)] at 1 mM
restored infectivity to around 50 % compared with non-
treated virus control (Fig. 1b, lanes viii and ix). Other
variants in the ring structure [7-dehydrocholesterol (7-
DHC) and ergosterol, which is also a variant with an
aliphatic side chain as indicated above] did not show any
increase in the infectivity of B-CD-treated virus (Fig. 1b,
lanes x and vii).

We demonstrated previously that HCV-associated choles-
terol plays an important role in the internalization step of
the virus, but not in cell attachment during virus entry
(Aizaki et al, 2008). The effect of virion-associated
cholesterol analogues on virus attachment to cells and

following internalization was determined. HCVcc, treated
with B-CD with or without subsequent replenishment with
sterols, was incubated with Huh7-25-CD81 cells, which
stably express CD81 (Akazawa et al., 2007), for 1 h at 4 °C.
As an internalization assay, the incubation temperature was
shifted to 37 °C post-binding procedure and maintained
for 2 h. The cells were then treated with 0.25 % trypsin for
10 min at 37 °C, by which >90% of HCV bound to the
cell surface was removed (data not shown; Aizaki ef al.,
2008). Internalized HCV was quantified by measuring the
viral RNA in cell lysates by real-time RT-PCR (Takeuchi
et al, 1999). B-CD treatment or supplementation with
sterols of B-CD-treated HCV had little or no effect on virus
attachment to the cell surface (data not shown). Regarding
virus internalization (Fig. 1c), treatment of HCVcc with
1 mM B-CD resulted in approximately 70 % reduction of
viral RNA. The reduced level of the internalized HCV
recovered markedly to approximately 80% of the
untreated HCVcc level by replenishment with 1 mM
cholesterol. In agreement with the results shown in Fig.
1(b), addition of coprostanol or DHC to the B-CD-treated
virus caused a significant recovery of virus internalization,
suggesting that coprostanol and DHC associated with the
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virion have the ability to play a role in HCV internalization
into cells, in a manner comparable to cholesterol (Fig. 1c,
lanes viii and ix). No or only a little recovery of virus
internalization was observed by loading with other choles-
terol analogues, such as 4-cholestenone, 5a-cholestane, 25-
HC or 7-DHC (Fig. 1c, lanes i, iv, v and x).

To monitor the effect of cholesterol analogues on the
physical characteristics of HCV, we next investigated
buoyant-density profiles by using sucrose density-gradient
centrifugation, in which untreated, B-CD-treated and
sterol-replenished HCVcc were concentrated and layered
onto continuous 10-60 % (w/v) sucrose density gradients,
followed by centrifugation at 35000 r.p.m. (151 000 g) for
14 h. Fractions were collected and analysed for the core
protein. Fig. 2 shows that the virus density became higher
after treatment with B-CD and that cholesterol-replenished
virus shifted the density of B-CD-treated HCV to the non-
treated level. Consistent with the result shown in Fig. 1(b),
no effect on restoration of the buoyant densities of HCV
was observed using variants with modifications in either
the 3f-hydroxyl group (4-cholestenone, cholesteryl acetate
and 5a-cholestane) or the aliphatic side chain (25-HC and
sitosterol). In contrast, variants in the sterol ring structure
(coprostanol, DHC and 7-DHC) had an ability to recover
the density of B-CD-treated virus to that of non-treated
virus.

Incorporation efficiency of the sterols into the cholesterol-
depleted HCVcc was further determined by gas chromato-
graphy with flame ionization detection (see Supplementary
Table S1, available in JGV Online). Under the experimental

conditions used, exogenously supplied cholesterol after
B-CD treatment was able to restore cholesterol content in
HCVcc almost to initial levels. When 4-cholestenone,
cholesteryl acetate, 25-HC, DHC or 7-DHC was added to
B-CD-treated HCVcc, virion-associated sterol levels were
146, 157, 68, 96 or 73 %, respectively, of that of the non-
treated control. The proportion of cholesterol analogues to
the total sterols incorporated was >30% when 4-
cholestenone, cholesteryl acetate, DHC or 7-DHC was
used; however, the proportion in the case of 25-HC was
only 3%. It may be that the hydrophilic modification of
the aliphatic side chain leads to poor association with
HCVcc.

Collectively, exogenous variants with the 3f-hydroxyl
group, such as 4-cholestenone and cholesteryl acetate,
can be incorporated into B-CD-treated HCVcc, but
resulted in no recovery of virus infectivity, indicating the
importance of the 3f-hydroxyl group of cholesterol
associated with the virus envelope in HCV infectivity. In
contrast, two variants with modification in their sterol ring
structures, coprostanol and DHC, have the ability to
substitute for cholesterol. However, 7-DHC, another
variant within the sterol ring, is incorporated readily into
the depleted virion and restores the virus density, HCV
replenished with 7-DHC is not infectious. These facts
suggest that reduced forms of the sterol ring (coprostanol
and DHC) in virion-associated cholesterol can be permit-
ted for maintaining virus infectivity. However, a molecule
with an additional double bond in the ring structure (7-
DHC) seems to fail to exhibit infectivity, presumably
because the change reduces structural flexibility in the
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Fig. 2. Sucrose density-gradient profiles of lipid-modified HCV. Core protein concentration in each fraction of untreated HCVcc
(M), B-CD-treated HCVce (O) or HCVcc replenished with sterols (A) was determined. Corresponding densities of fractions
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sterol molecule and consequently in the virion structure.
Coprostanol and DHC are cis and trans isomers, which are
often known to have different physical properties. How-
ever, based on their molecular models, these two sterols, as
well as cholesterol, possibly have similar spatial arrange-
ments of the aliphatic side chain, the hydroxyl group and
four-ring region because of their structural flexibility. In
contrast, the spatial arrangement of 7-DHC does not seem
comparable to that of cholesterol. Campbell et al. (2004)
reported that replacement of HIV-1-associated cholesterol
with raft-inhibiting sterols, including coprostanol, sup-
presses HIV-1 infectivity, whereas replacement with raft-
promoting analogues such as DHC and 7-DHC (Megha
et al., 2006; Wang et al., 2004; Xu & London, 2000; Xu
et al, 2001) maintains infectivity, demonstrating the
importance of the raft-promoting properties of virion-
associated cholesterol in HIV-1 infectivity (Campbell et al.,
2004). It is therefore likely that HCV-associated cholesterol
is involved, at least in part, in virus infectivity via a
molecular basis independent of lipid-raft formation.

The density of blood-circulating HCV is heterogeneous,
ranging approximately from <1.06 to 1.25 g ml™ ', and it is
proposed that low-density virus is associated with very-
low-density lipoprotein (VLDL) and/or low-density lipo-
protein (LDL) (André et al, 2002; Thomssen et al, 1993).
It has recently been demonstrated that the pathway for
VLDL assembly plays a role in assembly and maturation of
infectious HCVcc (Icard et al., 2009). HCVcc with low
density, which is presumably associated with VLDL or
VLDL-like lipoproteins, was found to possess higher
infectivity than that with high density (Lindenbach et al.,
2006). This study, as well as our earlier work, indicated that
removal of cholesterol from HCVcc by B-CD increased the
buoyant density of the virus and reduced its infectivity.
Thus, one may hypothesize that the virion-associated
cholesterol plays a role in the formation of a complex
with lipoproteins or apolipoproteins. To address this,
the interaction between apolipoproteins and HCVcc with
or without B-CD treatment was investigated by co-
immunoprecipitation (Co-IP kit; Thermo Scientific).
Virus samples were subjected separately to AminoLink
Plus coupling resin, which was conjugated with a mono-
clonal antibody (mADb) against apolipoprotein E (ApoE) or
apolipoprotein B (ApoB), and incubated at 4 °C for 4 h.
After washing, total RNAs were extracted from the result-
ing resin beads by using TRIzol reagent (Invitrogen),
followed by quantification of HCV RNA as described above
(Takeuchi et al., 1999). As indicated in Fig. 3(a), only a
fraction of HCVcc was precipitated with an anti-ApoB
mAb. In contrast, an anti-ApoE mAb was able to
coprecipitate a considerable amount of the virus. It is of
interest that B-CD-treated HCVcc hardly reacted with the
mAb; however, the cholesterol-replenished virus was found
to recover its reactivity, suggesting a role for virion-
associated cholesterol in the formation of the HCV-
lipoprotein/apolipoprotein complex. The results obtained
are consistent with findings indicating that HCVcc can be

captured with anti-ApoE antibodies, but capture with anti-
ApoB antibodies is inefficient (Chang et al., 2007; Hishiki
et al., 2010; Huang et al, 2007; Jiang & Luo, 2009; Merz
et al., 2011; Nielsen et al., 2006; Owen et al., 2009), as well
as with a recent model of structures of infectious HCV, in
which HCVcc looks like ApoE-positive and primarily
ApoB-negative lipoproteins (Bartenschlager et al, 2011).
We further tested the ApoE distribution in the density-
gradient fractions of HCVcc samples (see Supplementary
Fig. S1, available in JGV Online). With or without
cholesterol depletion, ApoE was detected at a wide range
of concentrations: 1.04 g ml~" (fraction 1) to 1.17 g ml™"
(fraction 9). However, its level in the fractions at
1.10 g ml™! (fraction 5) to approximately 1.17 g ml~'
was moderately decreased in the case of B-CD-treated
virus.
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Fig. 3. Effect of virion-associated sterols on HCV-apolipoprotein
interaction. (a) HCVcc samples with no treatment (NT), B-CD-
treated (B-CD) or replenished with cholesterol (chol) were
incubated with an amine-reactive resin coupling either an anti-
ApoB mAb (ApoB) or an anti-ApoE mAb (ApoE). Control resin that
is composed of the same material as above, but is not activated,
was used as a negative control [Ab (=) control]. (b) B-CD-treated
HCVcc was incubated with cholesterol (chol), DHC, 7-DHC or 4-
cholestenone, followed by immunoprecipitation with the resin
coupling with anti-ApoE mAb. (a, b) HCV RNAs in the
immunoprecipitates were quantified and are indicated as percen-
tages of the amount of input HCVcc RNA. Means+sb of three
samples are shown. Data are representative of three experiments.
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Whether cholesterol analogues could have a comparable
role in HCV association with lipoprotein was examined
further (Fig. 3b). Addition of DHC or 7-DHC, but not 4-
cholestenone, to B-CD-treated HCVcc resulted in the
recovery of coprecipitation of the virus with anti-ApoE.
The results are correlated with the effect of sterols on the
restoration of the buoyant densities of lipid-modified
HCVcc (Fig. 2), suggesting that virion-associated choles-
terol variants with modification in the sterol rings, but not
in either the 3f-hydroxyl group or the aliphatic side chain,
may tolerate the interaction between HCV and ApoE-
positive lipoprotein.

Given that 7-DHC restored the association of HCV with
ApoE and virion buoyant density, but did not restore
infectivity, cholesterol and/or its analogues might affect
the ability of virion membranes to fuse with the cell,
independent of ApoE association. As cholesterol is an
important mediator of membrane fluidity, one may
hypothesize that HCV-associated cholesterol is involved
in infectivity through modulation of the membrane
fluidity. It has been reported that, in patients with
Smith-Lemli-Opitz syndrome, a disorder of the choles-
terol-synthesis pathway, cholesterol content decreases and
7-DHC increases in the cell membranes, leading to
alteration of phospholipid packing in the membrane and
abnormal membrane fluidity (Tulenko et al., 2006).

It is now accepted that maturation and release of infectious
HCV coincide with the pathway for producing VLDLs,
which export cholesterol and triglyceride from hepatocytes.
This study revealed roles for the structural basis of virion-
associated cholesterol in the infectivity, buoyant density
and apolipoprotein association of HCV. Although it was
shown that HCV virions in infected patients, so-called
lipo—viro particles, exhibited certain biochemical prop-
erties such as containing ApoB, ApoC and ApoE (Diaz
et al., 2006; Bartenschlager et al., 2011), our studies provide
useful information and the basis for future investigations
toward a deeper understanding of the biogenesis pathway
of infectious HCV particles.
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Abstract

Recognition of viral RNA structures by the intracytosolic RNA helicase RIG-| triggers induction of innate immunity. Efficient
induction requires RIG-| ubiquitination by the E3 ligase TRIM25, its interaction with the mitochondria-bound MAVS protein,
recruitment of TRAF3, IRF3- and NF-kxB-kinases and transcription of Interferon (IFN). In addition, IRF3 alone induces some of
the Interferon-Stimulated Genes (ISGs), referred to as early ISGs. Infection of hepatocytes with Hepatitis C virus (HCV) results
in poor production of IFN despite recognition of the viral RNA by RIG-l but can lead to induction of early [SGs. HCV was
shown to inhibit IFN production by cleaving MAVS through its NS3/4A protease and by controlling cellular translation
through activation of PKR, an elF2a-kinase containing dsRNA-binding domains (DRBD). Here, we have identified a third
mode of control of IFN induction by HCV. Using HCVcc and the Huh7.25.CD81 cells, we found that HCV controls RIG-I
ubiquitination through the di-ubiquitine-like protein I1SG15, one of the early ISGs. A transcriptome analysis performed on
Huh7.25.CD81 cells silenced or not for PKR and infected with JFH1 revealed that HCV infection leads to induction of 49 PKR-
dependent genes, including ISG15 and several early ISGs. Silencing experiments revealed that this novel PKR-dependent
pathway involves MAVS, TRAF3 and IRF3 but not RIG-l, and that it does not induce IFN. Use of PKR inhibitors showed that
this pathway requires the DRBD but not the kinase activity of PKR.-We then demonstrated that PKR interacts with' HCV RNA
and MAVS prior to RIG-l. In conclusion, HCV recruits PKR early in infection as a sensor to trigger induction of several IRF3-
dependent genes.  Among those, ISG15 acts to negatively control the RIG-I/MAVS pathway, at the level of RIG-I
ubiquitination.These data give novel insights in the machinery involved in the early events of innate immune response.
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Introduction HCV infection can trigger important intrahepatic synthesis of
several IFN-induced genes (ISGs) in patients [10,11] and in animal
models of infection in chimpanzees [12]. Expression of ISGs can
be explained at least in part by the ability of HCV to activate the
IFN-producing pDCs in the liver through cell-to-cell contact with
HCV-infected cells [13]. Intriguingly, despite the recognized
antiviral activity of a number of these ISGs, their high expression
paradoxically represents a negative predictive marker for the
response of these patients to standard combination IFN/ribavirin
therapy [14,15,16]. The ubiquitine-like protein ISG15 is among
the ISGs which are the most highly induced by HCV [16] and
was recently shown to act as a pro-HCV agent [17]. Interestingly,

IFN induction in response to several RNA viruses involves the
intracytosolic pathogen recognition receptor (PRR) CARD-
containing DexD/H RNA helicase RIG-1. Following its binding
to viral RNA, RIG-I undergoes a change in its conformation
through Lys63-type ubiquitination by the E3 ligase TRIM25. This
allows its N-terminal CARD domain to interact with the CARD
domain of the mitochondria-bound adapter MAVS [1,2]. MAVS
then interacts with TRAF3 to further recruit downstream IRF3
and NF-kB-activating kinases, that stimulate the IFNf promoter
in a cooperative manner. In addition, IRF3 stimulates directly the

promoters of some interferon-induced genes (early ISGs) while
NF-xB stimulates that of inflammatory cytokines [3].

The RNA of Hepatitis C virus (HCV) has an intrinsic ability to
trigger IFN induction through RIG-I [4,5,6]. Yet HCV is a poor
IFN inducer. One reason for this comes from the ability of its NS3
protease to cleave MAVS [7]. Another relates to the ability of
HCV to trigger activation of the dsRNA-dependent eIF2o kinase
PKR [8,9] which leads to inhibition of IFN expression through
general control of translation while the viral genome can be
translated from its elF2a-insensitive IRES structure [8].

@ PLoS Pathogens | www.plospathogens.org

ISG15 was also shown to control RIG-I activity through
ISGylation [18].

Here, we show that HCV controls IFN induction at the level of
RIG-I ubiquitination through the ubiquitine-like protein ISG15,
one of the early ISGs. Use of small interfering RNA (siRINA)
targeting to compare the effect of ISG15 to that of PKR on IFN
induction and HCV replication led to the unexpected finding that
HCYV infection triggers induction of ISG15 and other ISGs by using
PKR as an adapter through its N terminal dsRINA binding domain.
This recruits a signaling pathway which involves MAVS, TRAF3
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Author Summary

Hepatitis C Virus (HCV) is a poor interferon (IFN) inducer,
despite . recognition of -its '/RNA by the cytosolic RNA
helicase RIG-l. This is due in part through cleavage of
MAVS, a downstream adapter of RIG-|, by the HCV NS374A
- protease and through activation of the elF2o-kinase PKR to
control . IFN ‘translation. Here, we show that. HCV .also
inhibits RIG-I activation through the ubiquitin-like protein
ISG15 and that HCV triggers rapid induction of 49 genes,
including 15G15; through. a novel signaling pathway  that
precedes RIG-l and involves PKR as an adapter to recruit
MAVS. Hence, we propose to divide the acute response to
HCV -infection -into one early (PKR) and one late (RIG-)
phase, with the former controlling the latter. Furthermore,
these data emphazise the need to check compounds
designed as immune adjuvants_for activation of the early
acute phase before using them to sustain innate immunity.

and IRF3 but not RIG-I. Altogether, our results present a novel
mechanism by which HCV uses PKR and ISG15 to attenuate the
innate immune response.

Results

HCV infection negatively controls RIG-I ubiquitination
We recently reported that the HCV permissive Huh7.25.CD81
cells [19] that we used to identify the pro-HCV action of PKR, did
not induce IFN in response to HCV infection, unless after ectopic
expression of TRIM25 [8]. We started this study by investigating
at which level this defect could occur. A Pssgl. substitution in the
endogenous TRIM25 of these cells, revealed by sequence analysis,
proved to have no incidence of the ability of TRIM25 to
participate in the IFN induction process. Indeed, ectopic
expression of a TRIM25 Pgsgl. construct was as efficient as a
TRIM25wt construct to increase IFN induction in the
Huh7.25.CD81 cells, after infection with Sendai virus (SeV)
(Figure 1A). Like some other members of the TRIM family,
TRIM25 is localized in both the cytosol and nucleus and is
induced upon IFN treatment [20]. No specific difference between
the cellular localization of TRIM25 was observed in the
Huh7.25.CD81 cells when compared to Huh7 cells or Huh7.5
cells, which rules out a role for a cellular mislocalization in its
inability to participate in IFN induction (Figure 1B). TRIM25
was also efficiently induced by IFN (Figure 1B and Figure S1).
We assayed whether increasing TRIM25 upon IFN treatment
could mimic the effect of its ectopic expression and restore IFN
induction in response to HCV infection. However, this resulted
only in a poor stimulation of an IFN promoter (3 to 5-fold), in
contrast to its effect upon SeV infection (230-fold) (Figure 1C).
Similarly, HCV infection at higher m.o.i, as an attempt to favour
recognition of RIG-I by the viral RNA, only modestly increased
IFN induction (Figure 1D). TRIM25 plays an essential role in
IFN induction through RIG-I ubiquitination [1]. We then
analysed whether this step was affected by HCV infection in the
Huh7.25.CD81 cells. The results showed that, in contrast to SeV
infection used as control, HCV infection could not trigger RIG-I
ubiquitination, unless the cells are supplied with ectopic TRIMZ25
(Figure 1E). Thus, HCV infection appears to mediate a control
on IFN induction through regulation of RIG-I ubiquitination.

HCV controls RIG-I ubiquitination through 1SG15

Inhibition of the function of TRIM25 or RIG-I ubiquitination
has been suggested to occur via the small ubiquitin-like protein

';'@: PLoS Pathogens | www.plospathogens.org
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ISG15 and the process of ISGylation [18,21]. We then analysed
whether ISG15 was involved in the control of RIG-I ubiquitina-
tion upon HCV infection. For this, we chose a transient
transfection approach using siRNAs targeting ISG15 in the
Huh7.25.CD81 cells. Indeed, this resulted in a strong ubiquitina-
tion of RIG-I at 9 hrs and 12 hrs post-HHCV infection, which was
equivalent to that observed in cells supplied with ectopic TRIM25
(Figure 2A). A similar result was obtained after JFH]1 infection in
the Huh?7 cells, used as another HCV-permissive cell line (Figure
$2). Thus, ISG15 can control RIG-I ubiquitination in different
cells infected by HCV. We next investigated whether ISGylation
was involved in this process. Absence of detection of RIG-I
ubiquitination after HCV infection of the Huh7.25.CD81 cells
precludes direct analysis of the effect of ISG15 on RIG-I. We used
an IFNP-luc reporter assay instead, as it proved to be sensitive
enough to detect some IFN induction in response to JFHI
infection in those cells (see Figure 1D). We found that IFN
induction increased when cells were transfected with siRNAs
targeting ISG15 while it decreased in cells overexpressing IGS15
(Figure 2B). Expression of ISG15 in the presence of the E1, E2
and E3 ligases involved in ISGylation (respectively UbelL, UbcHS8
and HERC5) [22] further inhibits IFNp induction (Figure 2B).
Similar results were observed upon infection with Sendai virus
(Figure S3). The ISGylation process is strictly dependent on the
presence of the El ligase UbelL [23]. Indeed, enhanced IFN
promoter activity has been observed in UbelL—/— cells in
response to NDV [18]. In accord with this, depletion of
endogenous UbelL from the Huh7.25.CD81 cells (Figure $4),
as such or after ectopic expression of ISG15, UbcH8 and HERCS,
resulted in an increase in IFNf induction after infection with HCV
(Figure 2B). We then analysed the effect of siISG15 on IFNB
induction after infecting the cells with HCV up to 72 hours, in
order to pass through the 24 hr time-point where the signaling
pathway leading to the transcription of this gene is expected to
stop because of the NS3/4A-mediated cleavage of MAVS [8]. The
results show that, whereas IFNP transcription was indeed strongly
inhibited after 24 hr in the control cells, it still occurred
significantly in the cells expressing siRNA ISG15 (Figure 2C).
Previous data have shown a positive role for ISG15 on HCV
production [24,25]. In accord with this, silencing of ISGI5
resulted in clear inhibition of HCV RNA expression with however
no significant consequence on the ability of the virions produced to
re-infect fresh cells (Figure 2D). Analysis of expression of MAVS
and NS3, as well as the expression of the core protein as another
example of viral protein, then showed that the depletion of ISG15
both decreased and delayed the expression of the viral proteins as
compared to the siRNA control cells and that this was correlated
by a delay in the NS3/4A-mediated cleavage of MAVS
(Figure 2E). These results show that ISG15 controls the process
of IFN induction during HCV infection by interfering with RIG-I
ubiquitination through an ISGylation process and by boosting
efficient accumulation of NS3, among other viral proteins, thus
favouring its negative control on IFN induction by cleavage of
MAVS.

ISG15 strengthens the pro-HCV activity of PKR

ISG15 ([24,25] and this study) and PKR [8,9] emerge as two
ISGs with pro-HCV activities, instead of playing an antiviral
role. We then assayed the effect of a combined depletion of PKR
and ISG15 on HCV replication and IFN expression in the
Huh7.25.CD81 cells. As shown in Figure 2 D and B, siRNAs
targeting ISG15 were sufficient both to inhibit HCV replication
(Figure 3A) and to increase IFNJ expression, either measured by
RTqPCR (Figure 3B) or by using an IFNB-luciferase reporter
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Figure 1. HCV infection negatively controls RIG-1 ubiquitination. (A) Huh7.25.CD81 cells were transfected for 24 hrs with 150 ng of the
pGL2-IFNB-FLUC; 40 ng of the pRL-TK-RLUC reporter plasmids alone or in presence of 150 ng of a plasmid expressing HA-TRIM25, either as such
(TRIM25wt) or containing the P3sgl substitution (a SNP rs75467764 with no reported pathology). Cells were infected or not with SeV (40 HAU/ml) for
24 hrs. IFN expression was expressed as fold induction of luciferase activity. Error bars represent the mean + S.D. for triplicates. (B) Huh7, Huh7.5 and
Huh7.25.CD81 cells were either untreated or treated with 500 U/ml IFNa. for 24 hrs. TRIM25 was detected by immunoblot after preparation of nuclear
and cytosolic fractions from 25 pg of cell extracts. Detection of Actin, RIG-1 and phosphorylated Histone 3 (HH3-P) served as controls. (C-D)
Huh7.25.CD81 cells were transfected with the reporter plasmids as in A, a few hours before being treated with 500 U/ml IFNa. for 24 hrs (C) or left
untreated (C or D). They were then infected with Sendai virus (40 HAU/ml) or with JFH1 at an m.o.i of 0.2 (C) or increasing from 0.2 to 10 (D). At the
times indicated, IFN expression was expressed as fold induction of luciferase activity. Error bars represent the mean =+ S.D. for triplicates. Induction of
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TRIM25 after IFN treatment was shown by immunoblot (C). (E) The Huh7.25.CD81 cells were transfected for 48 hrs with 5 pg of His-Myc-Ubiquitin
expression plasmid in absence or presence of a plasmid expressing HA-TRIM25 and infected with SeV (40 HAU/ml) or HCV (m.o.i=6). At the times
indicated, 10% of the lysate was precipitated with TCA and the remaining lysate subjected to nickel pulldown under denaturing conditions. Total and
ubiquitin (Ub)-modified proteins were separated by SDS-PAGE and revealed by immunoblot.

doi:10.1371/journal.ppat.1002289.9g001

assay (Figure 3C). Very limited additional effect was observed in
the concomitant presence of siRNAs targeting PKR. (Figure 3B).
Interestingly, we noticed that expression of luciferase from the
IFN promoter increased throughout the first 18 hours of HCV
infection in the silSG15 cells (Figure 3C). This was intriguing as it
should have been inhibited after 12 hours of HCV infection
through the eIF2a kinase activity of PKR and its control on
translation [8]. We therefore analysed whether the state of PKR
activation (phosphorylation) was dependent on the expression of
ISG15. For this, the Huh7.25.CD8]1 cells were transfected either
with siRNAs targeting ISG15 or with a plasmid expressing an HA-
ISG15 construct and PKR phosphorylation was analysed as
described previously [8]. The results showed that depletion of
ISG15 inhibits PKR activation in the HCV-infected cells, while its
overexpression stimulates it (Figure 3D and Figure S5).
Therefore these data reveal that, in addition to negatively
controlling RIG-I ubiquitination, ISG15 can also positively
control PKR activity. The conjugation of both effects results in
an efficient control of IFN induction during HCV infection.

HCV triggers a PKR-dependent pathway early in infection
to induce ISG15 and other genes

The Huh7.25.CD81 cells express ISG15 at significant basal
levels. This situation was not surprising as various cellular systems
can also express some of the ISGs at basal level. Expression of
ISG15 was approximately 2- and 5-fold higher in the
Huh7.25.CD81 cells than in the Huh7.5 or Huh7 cells (data not
shown). Intriguingly however, we noticed that ISG15 expression
was increased in response to HCV infection (see Figure 2E). To
investigate this further, we simply re-used the RNAs prepared for
the experiment shown in Figure 3B and performed a quantitative
kinetics analysis. The results confirmed that HCV can trigger
induction of ISG15 (Figure 4A). Unexpectedly, analysis of the
RNA extracted from the cells treated with siRNAs targeting PKR,
revealed that ISG15 RNA expression was strongly repressed when
PKR was silenced (Figure 4A). This surprising result was
confirmed by analysing induction of ISG56, another early ISG
[26], both at the level of its endogenous RNA (Figure 4B) or by
using an ISG56-luciferase vector (Figure 4C). In the latter case, a
strong increase of the reporter expression in the cells treated with
siRNAs targeting ISG 15, was similar to the situation observed for
IFNB RNA (Figure 2B and 2C). This can be related to
activation of the RIG-I pathway, which can function when ISG15
is absent. These data suggest that HCV may use PKR to activate
gene transcription. Importantly, this phenomenon was specific to
HCV as infection with Sendai virus resulted in a similar induction
of ISG15 and ISG56, regardless of PKR (Figure 4D and Figure
S6). We then examined whether overexpression of PKR could
boost induction of ISG15 during HCV infection and how this
would affect HCV replication and IFN induction, in relation to the
pro-HCV action of ISG15. Huh7.25.CD81 cells were transfected
with a plasmid expressing PKR alone or in presence of siRNAs
targeting ISG15, before being infected with HCV over 48 hours.
Overexpression of PKR increased the ability of HCV to induce
ISG15 and concomitantly, led to an increase in HCV RNA
expression. The latter increase was abolished when ISG15 was
silenced, thus showing that the PKR-dependent increase in HCV
expression is mediated by ISG15 (Figure 4E). However, while the
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cells silenced for ISG15 are able to induce IFN in response to
HCYV infection, as shown in Figure 3B, they are unable to do so
when PKR is overexpressed. This suggests that PKR may also
interfere with the process of IFN induction, independently of
ISG15, a possibility that remains to be explored.

A role for PKR in gene induction in response to HCV infection
has not been described before. Additional information was
therefore obtained through a transcriptome analysis of 2165 genes
in the Huh7.25.CD81 cells treated with control siRNAs or siRINAs
targeting PKR and infected with HCV for 12 hrs. Out of the most
significant 422 genes that were identified, 99 were unmodified or
barely modified and 33 were down-regulated, while 290 genes
were found to be up-regulated by HCV infection (data not shown).
Among those, HCV infection triggered up-regulation of 49 genes
which are directly dependent on PKR expression (Table 1). Forty
percent of these genes (20) belong to the family of the ISGs, with
ISG15 among the most induced genes (Table 1). In the reciprocal
situation, only 17 genes depended on PKR for their down-
regulation by HCV infection, with no link to a particular family of
genes and limited variation both in number and intensity (Table
81). Thus, induction of ISGs upon HCV infection may occur
through a novel signaling pathway that involves PKR.

Induction of 1SG15 by HCV is independent of RIG-I,
involves MAVS/TRAF3 association with PKR and involves
the DRBD region but not the catalytic activity of PKR
Infection with RNA viruses or transient transfection with
dsRNA can directly and rapidly induce early ISGs, such as ISG15,
through IRF3, after activation of the RIG-I/MAVS pathway and
recruitment of TRAF3, an essential adapter which recruits the
downstream IRF3 kinases TBK1/IKKe. We have shown that the
RIG-I pathway was not operative during HCV infection in the
Huh7.25.CD8I cells, precisely due to the presence of ISG15. To
determine how ISG15 induction through PKR relates to or differs
from the RIG-I/MAVS pathway, the Huh7.25.CD81 cells were
treated with siRNAs aimed at targeting separately PKR, RIG-I,
MAVS, TRAF3 and IRF3 (Figure S7) and infected with HCV.
The results clearly showed that induction of ISG15 in response to
HCV infection depends on PKR, MAVS, TRAF3 and IRF3 but
not on RIG-I (Figure 5A). The participation of IRF3 was further
confirmed by immunofluorescence studies which showed its
nuclear translocation at 6 hours post-infection (Figure S8).
ISG15, as well as ISG56, was also clearly induced in response to
HCV infection in two other HCV permissive cell lines, such as
Huh7 and Huh7.5 cells, and this induction was abrogated in
presence of siRNAs targeting PKR (Figure 5B and Figure S9).
Importantly, since Huh7.5 cells express a non-functional RIG-1/
MAVS pathway due to a mutation in RIG-I, result with these cells
supports the notion that the ability of HCV to trigger induction of
ISGs through PKR is independent of RIG-I. To have more
insights on this novel PKR signaling pathway, PKR was
immunoprecipitated at early times points following infection of
Huh7.25.CD81 cells with HCV and the immunocomplexes were
analysed for the presence of MAVS, TRAF3 and RIG-I. Both
MAVS and TRAF3, but not RIG-I, associate with PKR in a time
dependent manner, beginning at 2 hrs post-infection (Figure 5C).
Strikingly, these associations were abrogated by the cell-permeable
peptide PRI which is analogous to the first dsRNA binding
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Figure 2. HCV controls RIG-I ubiquitination through ISG15. (A) Huh7.25.CD81 cells were transfected for 24 hrs with 25 nM of siRNA (Control
or ISG15) and for another 24 hr with 5 ug of a His-Myc-Ubiquitin plasmid in absence or presence of 5 g of a plasmid expressing HA-TRIM25. The cells
were infected with JFH1 (m.0.i=0.2). At the times indicated, cell extracts were processed for analysis of RIG-l ubiquitination and the expression of the
different proteins in the total cell extracts. (B) Huh7.25.CD81 cells were first transfected with siRNA Control (25 nM), si RNA ISG15 (25 nM), siRNA
Ube1L (50 nM) or left untreated. After 24 hrs, the untreated cells were transfected with a plasmid expressing HA-ISG15 (500 ng) alone or in presence
of plasmids expressing E1, E2 and E3 (1 pg each) while a set of cells transfected with siRNA Ube1L received plasmids expressing HA-ISG15, E2 and E3.
After 24 hrs, the cells were infected with JFH1 (m.o.i=6) for the times indicated. Stimulation of endogenous IFNB RNA expression was determined by
RTqPCR and expressed as fold induction. The degree of statistical significance is indicated by stars after calculation of the p-values (from left to right:
0.0005, 0.0076, 0.0003, 0.047 and 0.0023). (C-D) Huh7.25.CD81 cells, transfected with 25 nM of siRNA (Control or ISG15) for 48 hrs, were infected with
JFH1 (m.o.i=6) for the times indicated. Expression of IFNf or HCV RNA, determined by RTqPCR, was expressed as fold induction (C; IFNB) or as copies
(D; HCV). Error bars represent the mean *S.D for triplicates. Expression levels of IFNB RNA at the start of infection were 2.1 x 10* (siControl) and 4 x10*
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copies (silSG15). Supernatants collected at different times post-infection were used to infect fresh cells. After 24 hours, the RNAs were extracted from
the cells and expression of HCV RNA was determined by RTgPCR. (E) Huh7.25.CD81 cells, transfected with 25 nM of siRNA (Control or I1SG15) for
48 hrs, were infected with JFH1 for the times indicated. Cell extracts were analysed by immunoblot with Abs directed against ISG15, MAVS, the HCV

NS3 and core proteins and Actin as loading control.
doi:10.1371/journal.ppat.1002289.g002

domain (DRBD) of PKR [8], while unaffected by C16, a chemical
compound which inhibits the catalytic activity of PKR
(Figure 5D). In line with this, PRI but not C16, abrogated the
ability of HCV to induce ISG15 (Figure 5E). The same result was
obtained for induction of ISG56 (Figure 810). We then used
human primary hepatocytes (HHP) to determine whether HCV

was also able to induce ISGs through PKR in a more physiological
cellular model. A follow-up of the infection over a period of
96 hours showed that JFH1 was replicating correctly in those cells
as well as leading to induction of ISG15 (10-fold) and to some
induction of IFNB (2.5-fold). These cells were infected with JFH1
for 8 hours in the absence or presence of PRI, making convenient
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(Control, 15G15, PKR), separately or together. After 48 hrs, cells were infected with JFH1 (m.0.i=0.2). At the times indicated, expression of HCV or IFNf
RNA was determined by RTqPCR and expressed as copies of JFHT RNA (A) or as fold induction (IFNp; B). The expression levels of IFN RNA at the start
of infection was 6.96x10° copies. (C) Two sets of Huh7.25.CD81 cells were first transfected with siRNA I1SG15, siRNA PKR separately and together for
24 hrs, then transfected with the reporter plasmids IFNB-firefly luciferase (pGL2-IFNB), pRL-TK Renilla-luciferase for another 24 hrs and infected with
JEH1 (m.0.i=0.2) for the times indicated. In each case, IFN expression was expressed as fold-induction over control cells that were simply transfected
with pGL2-IFNB-FLUC/pRL-TK-RLUC. The graph represents the level of firefly luciferase activity normalized to the ratio R-luc RNA/GAPDH RNA. Such
normalization is required because of the negative control of general translation through PKR after 12 hrs post-infection [8]. Error bars represent the
mean *S.D for triplicates. (D) Huh7.25.CD81 cells, in 100 cm? plates, were transfected with siRNA Control or siRNA ISG15 or transfected with a
plasmid expressing HA-ISG15 for 48 hrs and infected with JFH1 (m.o.i=6). At the indicated times post-infection, cell extracts (2.2 mg) were processed
for immunoprecipitation of PKR or for incubation with mouse 19G as a control of specificity (asterisk). The immunoprecipitated complexes were run
on two different NUPAGE gels and blotted using Mab 71/10 or anti-phosphorylated PKR antibodies (PKR-P). The presence of PKR and PKR-P was
revealed using the Odyssey procedure. The ratio PKR-P/PKR in the absence or in the presence of ISG15, either endogenous or endogenous and
ectopic, is shown in Figure S5.

doi:10.1371/journal.ppat.1002289.9003
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Figure 4. HCV triggers a PKR-dependent pathway early in infection to induce ISG15 and other genes. (A-C) The cDNAs reversed
transcribed from the RNAs extracted from the Huh7.25.CD81 cells for the experiment described under Figure 3A were analysed by gPCR for the
expression of I1SG15 (A) and 1SG56 (B). Expression levels of ISG15 and I1SG56 RNA at the start of infection were respectively 1x10° and 1.18x10°
copies. A novel set of Huh7.25.CD81 cells were transfected with siRNA Control, siRNA ISG15, siRNA PKR separately and together for 48 hrs. They were
then transfected with the reporter plasmids 1SG56-FLUC and pRL-TK-RLUC and infected with JFH1 (m.0.i=0.2). At the times indicated, the effect of
the different conditions of silencing on the reporter expression was analyzed after normalization performed as described under Figure 3C (C). Results
are expressed as fold induction. Error bars represent the mean +S.D for triplicates. (D) Huh7.25.CD81 cells were either transfected with 25 nM of
siRNA Control or siPKR for 24 hrs and infected with SeV for the times indicated. Expression of endogenous ISG15 was determined by RTqPCR and
expressed as fold induction. Error bars represent the mean *+S.D for triplicates. The expression levels of ISG15 RNA at the start of infection were
respectively 4.91x10* copies (siControl) and 5.44x10* copies (siPKR). (E) Huh7.25.CD81 cells were either transfected with 25 nM of siRNA Control or

@ PLoS Pathogens | www.plospathogens.org October 2011 | Volume 7 | Issue 10 | 1002289

- 230 -



HCV Controls IFN Induction through PKR and ISG15

silSG15 and with 1 ug of a plasmid expressing PKR where indicated. After 48 hrs, the cells were infected with HCV (m.o.i =6) for the times indicated.
Expression of HCV, ISG15 and IFNB RNA was determined by RTqPCR. Cell lysates prepared from cells treated in the same conditions but not infected

were used to control expression of PKR and 1SG15 by immunoblot.
doi:10.1371/journal.ppat.1002289.9g004

use of the cell-penetrating ability of this peptide. Longer period of
treatment with PRI were not investigated for practical reasons (see
Materials and Methods). The results showed that PRI was
significantly inhibiting the induction of ISG15 while it had no
effect on that of IFNP (Figure 5F). Altogether, these data
demonstrate that HCV triggers induction of early ISGs through
MAVS and TRAF3 by using PKR as an adapter protein.

PKR interacts both with MAVS and TRAF3 and binds HCV
RNA ahead of RIG-I

The ability of HCV to control activation of the RIG-I/MAVS
pathway after induction of ISG15 through a novel PKR/MAVS
pathway suggests that PKR has the possibility to bind MAVS prior
to RIG-I. To determine this, we established the kinetics of these
interactions, after treating the Huh7.25.CD81 cells with siRNAs
targeting ISG15 prior to HCV infection. This was necessary in
view of the negative control of ISG15 on RIG-I. MAVS was
immunoprecipitated from the cell extracts at different times post-
infection and the presence of PKR and RIG-I was examined in the
immunocomplexes, as well as that of TRAF3, used as marker of
activation of the MAVS signaling pathway. As expected, only
PKR was able to associate with MAVS and TRAF3 in the control
cells (Figure 6A) whereas both PKR, RIG-I and TRAF3 were
found in the immunocomplexes in the absence of ISGI5
(Figure 6B). The PKR/MAVS association took place at 4 hrs
post-infection in the control cells but was observed 2 hrs earlier in
the ISG15-depleted cells. Whether ISG15 plays a role in the
regulation of the PKR/MAVS association remains to be
determined. However, the presence of TRAF3 in association with
MAVS at 2 hrs post-infection in the control cells (Figure 6A)
correlates with its association with PKR (Figure 5C) which
indicates that the MAVS pathway can be activated through PKR
as soon as 2 hrs post infection. In ISG15 knock-down cells, the
RIG-I/MAVS association occurred later at 6 hrs post-infection
with an increase in TRAF3 association at 9-12 hrs post infection.
Altogether, these data revealed that HCV infection triggers an
earlier interaction of MAVS with PKR than with RIG-1.

Finally, we asked whether PKR was able to associate with HCV
RNA and how this association can be compared to that of RIG-1.
PKR and RIG-I were immunoprecipitated at 2, 4 and 6 hrs post-
infection and the presence of HCV RNA was analysed in the
complexes. The results showed that PKR associates with HCV
RNA with best efficiency at 2 hrs post-infection. Importantly, this
association was strongly inhibited in presence of PRI, thus
confirming the importance of PKR DRBD in the process. In
contrast, the association of HCV RNA with RIG-I was detected
only at 6 hrs post-infection. Interestingly, the association between
RIG-I and HCV RNA was not affected by PRI, which rules out
the possibility that the initial formation of a complex between
PKR and HCV RNA was a pre-requisite for the subsequent
binding of RIG-I to HCV RNA. Immunoprecipitation of PKR at
1, 2, 4 and 6 hrs post-infection, in presence of an inhibitor of
ribonucleases also did not lead to detection of RIG-I in the
complexes (Figure S11). Association of HCV RNA with elF2a,
used as negative control, was not significant, thus showing the
specificity of the assay (Figure 6C). Whether a direct interaction
of PKR with HCV RNA represents the initial event leading to the
MAVS-dependent induction of early ISGs remains now to be
characterized. Altogether, these data reveal an earlier mobilization
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of PKR than RIG-I in response to HCV infection which leads to
activation of a MAVS-dependent signaling pathway.

Discussion

Hepatitis C virus can attenuate IFN induction at multiple levels
in infected hepatocytes, such as through the NS3/4A-mediated
MAVS cleavage [7,27] and by using the elF20 kinase PKR to
control IFN and ISG expression at the translational level [8,9].
Here, we have identified another process by which HCV controls
IFN induction at the level of RIG-T ubiquitination through ISG15
and an ISGylation process. Importantly, we have shown that
ISG15 is rapidly induced, among other ISGs, in response to HCV
infection, through a novel signaling pathway that involves PKR,
MAVS, TRAF3 and IRF3 but not RIG-I. In this pathway, PKR is
not used for its kinase function but rather as an adapter protein
with its dsRNA binding domain (DRBD) playing an essential role
in this mechanism (Figure 7). By transcriptome analysis, we
showed that HCV induces a number of ISGs in the HCV-
permissive Huh7.25.CD8]1 cells and we confirmed the induction of
two of these, ISG15 and ISG56, in other HCV-permissive cells,
such as Huh7.5 and Huh7 cells. In addition, induction of ISG15
by HCV in a PKR-dependent manner was confirmed in human
primary hepatocytes. The ability of HCV to trigger high
expression levels of ISG15 and ISG56, as well as other ISGs,
has previously been reported in models of HCV-infected chim-
panzees [10,12,28] and in HCV-infected patients [14,15,16].
Induction of ISGs thus represents a general propriety of the
response of the cells to HCV. In addition to this, natural variations
in intra-hepatic levels of ISG15 i wwo may increase the
susceptibility of some patients to HCV infection. The ability of
HCV to control RIG-I activity through ISG15 is important to
note in view of several reports which highlight the importance of a
role for ISG15 in the maintenance of HCV in livers [15,16] or in
the control of HCV replication in cell cultures [17,25]. Our data
provide an explanation for the presence of ISGs at high expression
levels in HCV-infected patients [14,15,16] and in models of HCV-
infected chimpanzees [10,12,28] in the absence of, or with poor
IFN expression.

The 15 Kda ISG15, or Interferon Stimulated Gene 15 [29],
also known as ubiquitin cross reactive protein (UCRP) [30], can be
conjugated (ISGylation) to more than 150 cellular protein targets
[81] through the coordinated action of three El, E2 and E3-
conjugating enzymes, in a process similar but not identical to
ubiquitination. While both ubiquitin and ISG15 can use the same
E2 enzyme UbcHS8, UbelL functions as a specific E1 enzyme
for ISG15, in spite of its 45% identity with Ubel, the El enzyme
for ubiquitin [32]. The major E3 ligase for human ISG15 is
HERCS [33].

Interestingly, RIG-I was identified as a target for ISG15, among
other IFN-induced proteins or proteins involved in IFN action
[31]. However, its activity appears to be negatively controlled by
ISG15 and the ISGylation process, either as shown previously
after cotransfection with the ISG15 and the ISG15-conjugating
enzymes [18] or as shown here, in a model of infection with HGV.
Indeed, ISG15 is now emerging as playing a proviral role in case
of HCV infection. Several reports now highlight the importance of
a role for ISG15 in the control of HCV replication in cell cultures
[17,25] as well as in the maintenance of HCV in livers and
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Table 1. PKR-dependent up-regulated genes upon HCV infection.
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