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Abstract

Hepatitis C virus (HCV) requires two cellular factors, microRNA-122 (miR-122) and poly(C) binding protein 2 (PCBP2), for optimal replication.
These host factors compete for binding to the 5’ end of the single-stranded RNA genome to regulate the viral replication cycle. To understand
how they interact with the RNA, we measured binding affinities of both factors for an RNA probe representing the 5’ 45 nucleotides of the HCV
genome (HCVgs). Isothermal titration calorimetry revealed two, unequal miR-122 binding sites in HCV,s, high-affinity (S1) and low-affinity (S2),
differing roughly 100-fold in binding affinity. PCBP2 binds a site overlapping S2 with affinity similar to miR-122 binding to S2. PCBP2 circularizes
the genome by also binding to the 3’ UTR, bridging the 5" and 3’ ends of the genome. By competing with PCBP2 for binding at S2, miR-122
disrupts PCBP2-mediated genome circularization. We show that the viral RNA-dependent RNA polymerase, NS5B, also binds to HCV,s, and that
the binding affinity of NS5B is increased in the presence of miR-122, suggesting miR-122 promotes recruitment of the polymerase. We propose
that competition between miR-122 and PCBP2 for HCVys functions as a translation-to-replication switch, determining whether the RNA genome
templates protein synthesis or RNA replication.
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Introduction cirrhosis and hepatocellular carcinoma (1). HCV is a mem-
Hepatitis C Virus (HCV) is a human hepacivirus that can per-  ber of the family Flaviviridae, which includes hepaciviruses,
sist for decades in the liver, greatly increasing the risk of liver  flaviviruses such as dengue virus, and pestiviruses such as
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bovine viral diarrhea virus. HCV is an enveloped virus with
a single stranded, positive-sense RNA genome of ~9600 nu-
cleotides, consisting of a single open reading frame (ORF)
flanked by two highly structured untranslated regions (UTRs)
at the 5" and 3’ ends. The OREF is translated into a single
~3000-amino-acid-long polyprotein that is cleaved by cellu-
lar and viral proteases into three structural proteins (C, E1 and
E2) and seven nonstructural proteins (p7, NS2, NS3, NS4A,
NS4B, NS5A and NS5B) (Figure 1A). Functions of several
nonstructural proteins are known. NS3 and NS4A form a pro-
tease that processes the HCV polyprotein (2). NS5B is the
viral RNA-dependent-RNA-polymerase (RdRp), responsible
for viral genome synthesis. As a positive-sense RNA virus,
the HCV genome is used directly as a template for both pro-
tein synthesis and negative-strand RNA synthesis. The nega-
tive strand is then used as a template for synthesis of genomic
positive-strand RNA (3).

The 5'UTR is folded into four stem-loop structures and is
involved in both viral translation and replication (Figure 1A).
The 5’ terminal 120 nucleotides, containing stem—loops I and
I, have been shown to be critical for RNA synthesis (4,5).
Stem-loops I, Il and IV form an internal ribosome entry site
(IRES) critical for viral translation, as the HCV genome lacks
a cap to otherwise interact with the host ribosome (4). Fur-
ther, interactions of the 5"UTR with host factors microRNA-
122 (miR-122) and poly(C) binding protein 2 (PCBP2) have
been shown to be important for viral replication (3,6-8). miR-
122 is an abundant liver-specific microRNA (miRNA) that is
involved with the homeostasis of hepatocytes. miR-122 is as-
sociated with the Argonaute 2 (Ago2) protein as part of the
RNA-induced silencing complex (RISC). Canonically, miR-
122 binds to the 3'UTR of cognate mRNAs, guiding the RISC
to repress translation of the target. However, two copies of
miR-122 bind HCV at tandem binding sites (S1 and S2) near
the 5’ terminus of the HCV genome (8-10). This noncanoni-
cal binding to HCV RNA has been shown to promote HCV
replication through various mechanisms. The binding of miR-
122 stabilizes the viral RNA by protecting it from 5’ exori-
bonuclease activity (11-15), promotes viral RNA synthesis
(16,17) and promotes viral translation by preventing the for-
mation of an alternative stem—loop II conformation, stabiliz-
ing the IRES (18-21). Each of these mechanisms is insufficient
on its own to explain miR-122’s effect (22). Thus, the promo-
tion of HCV replication by miR-122 appears to utilize several
different mechanisms. It is also not clear how the interplay of
these mechanisms changes over the course of the viral lifecy-
cle. For instance, when miR-122 is supplemented into HCV in-
fected cells depleted of the 5" exoribonuclease XRN1, nascent
viral RNA significantly accumulates within 1 hr, while nascent
viral protein synthesis is delayed for several hours suggesting
that miR-122's relative contribution to translation and RNA
synthesis may shift over time (16).

PCBP2 has also been described as a pro-viral HCV host fac-
tor and trans-activator of HCV IRES activity (7). PCBP2 con-
sists of three hnRNP K homology (KH) domains, and binds
to single stranded, C-rich RNA sequences (23). PCBP2 binds
to the SUTR of HCV and regulates viral translation. HCV
translation is inhibited in cells with suppressed PCBP2 levels
(7). Additionally, miR-122 promotion of viral RNA synthesis
requires the presence of PCBP2 in cells, as the pro-virus miR-
122 effect was lost in PCBP2 knockdown cells (16). PCBP2
has been shown to mediate circularization of positive-strand
HCV RNA by forming a protein bridge between the 5" and
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3’ UTRs (7,16). The PCBP2 binding site in the HCV 5UTR
overlaps with the second miR-122 binding site, S2 (Figure 1B).
However, the mechanism by which the competition of PCBP2
and miR-122 promotes HCV replication is not known. We
characterized the binding of miR-122 and PCBP2 to an RNA
probe representing the 5’ terminal 45 nucleotides of the SUTR
(HCV4s) and how they affect viral replication. Our results in-
dicate that miR-122 and PCBP2 bind to HCV4s with similar
affinities. PCBP2 binding was inhibited in the presence of miR-
122, indicating that miR-122 competes with PCBP2 for bind-
ing to HCV4s. We show that miR-122 binding to S'UTR re-
verses PCBP2-mediated genome circularization, and that the
HCV RdRp NS5B binds the HCV45:miR-122 complex with
higher affinity than HCV4s RNA alone. Our results suggest
that the 5’UTR functions as a molecular switch that regulates
whether the HCV genome is used as a template for transla-
tion or RNA synthesis by binding miR-122 or PCBP2, coor-
dinating theses competing molecular processes. This provides
a mechanism by which miR-122 promotes HCV replication.

Materials and methods

Reagents and buffers

HCV RNAs (GenBank accession no. NC_038882.1) con-
taining the 5’ terminal 45 nucleotides of the HCV genome
(HCV4s) with and without a 5’ fluorescein tag, HCV4s5 with
substitutions at positions 25 and 26 (HCVsip34), HCV nts
21 through 65 (HCV,;45) and nucleotides 1-28 of HCV
RNA followed by the reverse complement of nucleotides 29—
45 (HCVs3 comp) were synthesized by Sigma-Adrich corpora-
tion (The Woodlands, TX) (Table 1). The 5" terminal 47 nu-
cleotides of the HCV genome (HCV47) and miR-122,,4em S2m
were synthesized by Integrated DNA Technologies (Coralville,
TA) (Table 1). miR-122 (GenBank accession no. NR_029667),
miR-124 (GenBank accession no. NR_029668), miR-122unc,
miR-122¢omp and miR-122,,4em were also synthesized by
Sigma Aldrich (Table 1). The concentrations of nucleic acids
were determined using the nearest-neighbors model to calcu-
late the extinction coefficients at 260 nm (24). An HCV &’
end oligo (47 nt) was synthesized with biotin at its 3’ end
(HCV47.biotin) by Integrated DNA Technologies (Coralville,
IA).

Expression and purification of PCBP2 and HCV
NS5B

The pVP16 plasmid for expressing PCBP2, with a tobacco
etch virus (TEV) protease cleavage site at the C-terminus,
followed by maltose-binding protein (MBP) and Hisg-tag,
was obtained from the DNASU depository (HsCD00084126)
(25), originally deposited by the University of Wisconsin
Madison, PSI, Center for Eukaryotic Structural Genomics.
PCBP2 was expressed in Escherichia coli Rosetta (DE3) cells.
The cells were grown at 37°C in Luria broth (LB) contain-
ing 50 pg/ml ampicillin to an ODggy of 0.6-0.8 and PCBP2
expression was induced by the addition of 1 mM isopropyl-f3-
D-1-thiogalactopyranoside. Cell Growth continued overnight
at 18°C. Purification began with the pelleting of the cells
and resuspension in lysis buffer (100 mM sodium phos-
phate, pH 8.0, 500 mM NaCl and 2 mM B-mercaptoethanol)
and 1 tablet of an EDTA-free protease inhibitor (Roche
Applied Science, Penzberg, Germany). The cells were lysed
by sonication and the soluble fraction was collected after
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Figure 1. Location of miR-122 and PCBP2 binding sites at the 5" end of the HCV genome. (A) Schematic of the HCV genome. The HCV genome consists
of a single open reading frame (ORF) flanked by highly structured, untranslated regions at the 5" and 3’ ends (5" and 3’ UTRs). Stem-loop structures at
the 5" and 3’ UTRs are indicated. Structural proteins and non-structural proteins are colored by blue and orange, respectively. (B) The miR-122 and PCBP2
binding sites in the 5 UTR of the HCV genome. Nucleotides 1-45 of the HCV genome contain two tandem miR-122 binding sites (blue) and a PCBP2
binding site (cyan) that overlaps with the second miR-122 binding site. (C) Two miR-122 molecules bind to the 45 nucleotides of HCV RNA. HCVs (1
uM) was incubated with the increasing amounts of miR-122, 0-3 uM in steps of 0.5 uM in presence of 5 MM Mg?*, and analysed by non-denaturing
gel electrophoresis mobility shift assay. The number of miR-122 in the HCV,45 complex is indicated.

Table 1. RNA sequences used for ITC and anisotropy experiments

Name Sequence (5’ to 3’)

HCVg4s GCCAGCCCCCUGAUGGGGGCGACACUCCACCAUGAAUCACUCCCC
HCVy7 GCCAGCCCCCUGAUGGGGGCGACACUCCACCAUGAAUCACUCCCCUG
HCV31.65 GACACUCCACCAUGAAUCACUCCCCUGUGAGGAACUACUGUCUUC
HCVs2comp GCCAGCCCCCUGAUGGGGGCGACACUCCAGGUACUUAGUGAGGGGAC
HCVsip34 GCCAGCCCCCUGAUGGGGGCGACACAGCACCAUGAAUCACUCCCC
miR-122 UGGAGUGUGACAAUGGUGUUUG

MiR-122 comp
MiR-122,runc
miR-122 ;5 4em
miR-122,,gemS2m

ACCUCACACUGUUACCACAAAC
UGGAGUGUGACAAUGGU
UGGAGUGUGACAAUGGUGGAGUGUGACAAUGGUGUUUG
UGCUGUGUGACAAUGGUGGAGUGUGACAAUGGUGUUUG

miR-124 CCGUGUUCACAGCGGACCUUG
Uy uuuuuuuuuuuuuyyuuuuy
Cao Cccccccecceceeeeeeeeecececee

centrifugation and loaded to Talon metal affinity chromatog-
raphy resin (Clontech, Mountain View, CA). The column was
washed with equilibration buffer (100 mM sodium phos-
phate, pH 7.0, 500 mM NaCl and 2 mM -mercaptoethanol),
and PCBP2 was eluted on a gradient of 1-150 mM of imi-
dazole in equilibration buffer. Fractions containing proteins
were identified by SDS-PAGE. To remove the MBP-Hisg tag,
the pooled PCBP2 fractions were incubated with 10 pg TEV
protease per 1 mg of the PCBP2-MBP fusion protein overnight
at 4°C. The cleaved protein was loaded on a Talon metal
affinity column and the flow-through containing the cleaved
PCBP2 was collected and concentrated. The purity of the pro-
tein, estimated by SDS-PAGE, was >95%. The concentration

of PCBP2 was determined by spectrophotometry with an ex-
tinction coefficient of e»g9, of 16305 cm™! M~!. The purified
protein was used for fluorescence-based binding assays.
NSS5B, containing a C-terminal 21 amino acid deletion and
a C-terminal His-tag was expressed from a pET22 plasmid,
kindly provided by Dr Craig Cameron, as previously described
(26). Briefly, the plasmid was transformed into Rosetta (DE3)
competent cells and grown in an autoinduction media (LB me-
dia containing 50 pg/ml ampicillin, 1 mM MgSOy4, 20 mM
(NH4)2SO4, 40 mM KH2PO4, 40 mM NazHPO4, 1% glyC-
erol, 14 mM glucose and 30 mM lactose) at 37°C until reach-
ing an ODgpo of 1.0. Then the cells were grown at 25°C for
additional 4 h and pelleted by centrifugation. The cell pellet
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was stored overnight at —20°C and resuspended in the lysis
buffer (100 mM sodium phosphate, pH 8.0, 500 mM NaCl,
2 mM B-mercaptoethanol, 20% glycerol and 1 tablet of an
EDTA-free protease inhibitor). Cells were lysed via sonica-
tion. Following centrifugation, polyethyleneimine was added
to the soluble fraction to a final concentration of 0.25% and
incubated at room temp for 30 min. The precipitate was re-
moved by centrifugation and the soluble fraction was precipi-
tated with 60% saturation of ammonium sulfate. The precipi-
tated protein was resuspended in 20 ml of resuspension buffer
(100 mM sodium phosphate, pH 8.0, 500 mM NaCl, 5 mM f3-
mercaptoethanol, 20% glycerol and 5§ mM imidazole) and pu-
rified on a Talon metal affinity column using an imidazole gra-
dient of 5-150 mM. The fractions containing NS5B were iden-
tified via SDS-PAGE and were pooled and concentrated. The
purity of the protein, estimated by SDS-PAGE, was >95%.

Electrophoretic mobility shift assays with HCV RNA
For the electrophoretic mobility shift assay of HCVy4s and
miR-122, the HCV,;s oligonucleotide (1 uM) was heated to
80°C for 2 min and cooled to 37°C, then mixed with miR-122
in molar ratios of 0, 0.5, 1.0, 1.5, 2.0 and 3.0. The mixture
was incubated at 37°C for 30 min in a 10 pl volume con-
taining 100 mM Tris (pH 7.5), 100 mM NaCl and 5 mM
MgCl,. An equal volume of gel-loading dye (30% glycerol,
0.5x TBE and 5§ mM MgCl,) was added to each mixture and
the samples were loaded onto a 3% agarose gel and separated
at 80 V for 2.5 h. RNA was visualized by staining with SYBR
Gold (Invitrogen). For the electrophoretic mobility shift assay
with PCBP2, 10 nM of IRDye-800 labelled HCV47 bait was
incubated with 0-400 ng recombinant PCBP2 protein (0-500
nM) or 400 ng bovine serum albumin (BSA, 300 nM) for 30
min at room temperature. The resulting protein-RNA com-
plex was resolved in a 5% native polyacrylamide gel and visu-
alized by an Odyssey infra-red imager (Li-Cor). To determine
competition between PCBP2 and miR-122 for interacting with
HCVy47,10 nM of IRDye-800 labelled RNA bait was annealed
with 50 nM of single-stranded miR-124 or miR-122 for 15
min in 20 ul binding buffer (20 mM Tris, pH 7.5, 100 mM
KCl and 1 mM MgCl,) and then incubated with recombinant
PCBP2 protein (0-500 nM) for 30 min at room temperature.

Isothermal titration calorimetry (ITC)

Interactions between HCV RNAs and miR-122 were mea-
sured using a MicroCal PEAQ-ITC (Malvern Panalytical).
RNA samples were diluted to the desired concentration in
a buffer containing 100 mM HEPES (pH 7.5), 100 mM
NaCl and 5 mM MgCl,. HCV4s was folded by heating at
80°C for 2 min and cooled on ice for 10 min. 300 pl of
5 LLM titrand RNA (HCV45, HCV47, HCV51P34, HCV21_65,
HCVs) comp, or miR-122) was loaded into the cell, and 70 ul of
100 UM titrant RNA (miR-122, HCV,s, miR-122pp, miR-
122 1ndem OF MiR-122.unc) was loaded into the syringe. All
ITC experiments were performed in triplicate at 37°C with a
reference power of 3 ucal/s. Typically, experiments were per-
formed with an initial injection of 0.4 ul followed by 39 0.8 ul
injections with a duration of 1.6 s per injection and 150 s spac-
ing. The first injection was discarded, and the data were fitted
to either a single- or two-stie binding model using the Mi-
croCal PEAQ-ITC Analysis Software (Malvern Panalytical).
Fitted parameters are listed in Table 2 for each experiment.

Nucleic Acids Research, 2023, Vol. 51, No. 22

HCV replication reporter assay

HCV replication was assessed using the H]J3-5/GLuc2A re-
porter virus (14,27). The parental ‘wild-type’ (WT) HJ3-
5/GLuc2A and mutant reporter virus RNAs were tran-
scribed using T7 MEGAscript transcription kit (Invitrogen,
#AM1334). In vitro transcribed RNA (1.25 pg) was puri-
fied using the RNeasy Mini Kit (Qiagen, #74104) and trans-
fected into 2.5 x 10° Huh-7.5 or miR-122 knockout Huh-
7.5 cells (Huh-7.5-AmiR122) (kindly provided by Dr Charles
Rice, Rockefeller University) using the TransIT mRNA kit
(Mirus Bio, #MIR2250). Cell culture supernatant fluids were
collected at intervals following RNA transfection, and cells
re-fed with fresh media. Secreted GLuc activity was mea-
sured using the Biolux Gaussia Luciferase assay kit (New
England Biolabs, #E3300S), as previously described (11). To
deplete PCBP2 or Ago2 in infected cells, siRNA pools tar-
geting PCBP2 (Dharmacon #L-012002-00-0010) or Ago2
(Dharmacon, #L1.-004639-00-0010) and control siRNA pools
(Dharmacon, #D-001810-10) were transfected using siLent-
fect Lipid Reagent (Bio-Rad, # 1703360) at 20 nM concen-
tration in 6-well plates 48 h before HCV RNA transfection.
Where indicated, single- or double-stranded miR-122, miR-
124 or miR-122,,4em Were transfected at 50 nM concentra-
tion into 24 h before HCV RNA transfection.

HCV translation reporter assay

HCV RNA translation was assessed using the HCV-AC/GLuc
mini-genome reporter RNA in which an open reading frame
containing the 5’ 36 nucleotides of core protein-coding se-
quence fused to GLuc sequence is flanked by 5 and 3’
HCV UTRs (28). HCV-AC/GLuc and mutant reporter RNAs
were transcribed as above, and 1.5 pg RNA transfected into
5 x 10° Huh-7.5 cells using the TransIT mRNA kit (Mirus
Bio, #MIR2250). GLuc activity was measured in cell culture
supernatant fluids 24-96 h later using the Biolux Gaussia Lu-
ciferase assay kit (New England Biolabs, #£3300S).

Cellular pull-down assay using biotinylated HCV
RNA

The HCV 5’ end oligo, HCV47.4,i05in (10 pmol), was incubated
alone or with indicated amount of single strand miR-122
oligo, heated at 75°C for 5 min then cooled down at room
temperature. Annealed oligos were bound to magnetic strep-
tavidin T1 beads (Invitrogen, #65606D) as recommended by
the manufacturer, then incubated with Huh-7.5 cytoplasmic
lysate for 1 h at 4°C. Materials bound to the beads were
eluted in SDS-PAGE sample buffer, resolved by SDS-PAGE and
subjected to Sypro-ruby staining or western blot. To identify
pulled down proteins, immunoblotting was carried out using
standard methods with the following antibodies: mouse mAb
to B-actin (Sigma-Aldrich, clone AC-74), rat mAb to Ago2
(Sigma-Aldrich, SAB4200085) and mouse mAb to PCBP2
(Abnova, clone 5F12). Protein bands were visualized with an
Odpyssey Infrared Imaging System (Li-Cor Biosciences).

HCV 5" and 3’ end RNA interaction

To probe 5" and 3’ UTR interactions, HCV47_pioin (10 pmol)
was incubated alone or with indicated amounts of single
strand miR-122 oligo in binding buffer (20 mM Tris, pH 7.5,
100 mM KCI and 1 mM MgCl,). Recombinant PCBP2 pro-
tein (Abnova, H00005094-P01) and 32P-labelled HCV 3'UTR
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RNA (body-labeled, 40K cpm each reaction) were added to
the reaction and incubated for 30 min at room temperature.
Mixtures were then bound to magnetic streptavidin T1 beads
(Invitrogen) according to manufacturer’s recommended pro-
cedure. Materials bound to the beads were eluted in RNA gel
loading buffer I (Ambion), resolved by 5% denaturing SDS-
PAGE and visualized using a phosphorimager.

Electron microscopy

To facilitate visualization of linear and circular RNAs, we an-
nealed HCV-AC/GLuc mini-genome RNA (28) to the RNA
GLuc complement, resulting in a double-stranded GLuc du-
plex flanked by single-stranded HCV 5’ and 3’ UTRs. Com-
plexes between the mini-genome duplex and PCBP2 were
formed in the presence or absence of miR-122 (or a miR-124
control) in a buffer containing HEPES pH 7.5, followed by ad-
dition of 25% glutaraldehyde to 0.6% for 5 min at room tem-
perature. The fixatives and unbound protein were removed
by chromatography over 2 ml columns of 6% agarose beads
equilibrated in 10 mM Tris pH 7.5 containing 0.1 mM EDTA.
The peak fraction containing the nucleic acids was adsorbed
to thin carbon foils in a buffer containing 2 mM spermi-
dine, followed by dehydration in ethanol, air-drying and ro-
tary shadow casting with tungsten (29). Samples were imaged
using an FEI Tecnai 12 TEM at 40 kV equipped with a Gatan
Orius CCD camera.

Fluorescence measurements

Fluorescence measurements were taken as previously de-
scribed (30-33). Steady-state fluorescence titrations were per-
formed using an ISS PC1 spectrofluorometer (ISS, Urbana, IL).
Polarizers were placed in the excitation and emission channels
set at 90° and 55° (magic angle), respectively, to avoid pos-
sible fluorescence anisotropy artifacts. All fluorescence bind-
ing experiments used the fluorescein signal (excitation wave-
length [Aex] = 495 nm; emission wavelength [Aey] = 520 nm).
Binding curves were fit by using SigmaPlot software (SYSTAT
Software, CA). The relative fluorescence change was defined
as F/F, where F is the fluorescence of the solution at a given
titration point, i, and F, is the initial fluorescence of the sam-
ple. Both F; and F, are corrected for background fluorescence
at the applied excitation wavelength. Standard buffer B1, con-
taining 50 mM Tris-HCI, pH 7.5, 100 mM NaCl, 5 mM -
mercaptoethanol and 15% glycerol, was used for all binding
experiments. All experiments were performed in triplicate.
To measure PCBP2 affinity for HCVy4s, PCBP2 (5 nM-8
uM), either with or without the MBP tag, was titrated into 30
nM of HCVys or HCVy47 with a §' fluorescein label. PCBP2
without the MBP tag was used for all further experiments.
To measure the competition with miR-122 binding, PCBP2 (5
nM - 14 uM) was titrated into the solution containing 30 nM
of fluorescein labeled HCV4s and 90 nM of unlabeled miR-
122. As a control, PCBP2 (5 nM-14 uM) was also titrated
into 30 nM of fluorescein labeled miR-122. To measure NS5B
binding affinities, NS5B (5 nM-5.12 uM) was titrated into
30 nM of fluorescein labeled HCVy4s. This was repeated with
30 nM of fluorescein labeled U, or fluorescein labeled Cyg
in place of the HCVys. To test whether the presence of miR-
122 or PCBP2 modulated NS5B’s affinity to HCV4s5, NS5B
(5 nM-3 uM) was titrated into 30 nM of fluorescein labeled
HCVys in the presence of either 90 nM of unlabeled miR-122,
90 nM of unlabeled miR-124, or 300 nM of PCBP2. NS5B (5
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nM-3 uM) was also titrated with 30 nM of either HCV;p3,
HCV31.65 or HCVs).comp either alone or in the presence of 90
nM of unlabeled miR-122. Additionally, NS5B (5 nM-3 uM)
was titrated into either 30 nM of PCBP2 alone or 30 nM of
fluorescein labeled miR-122 alone as controls. Experiments
were conducted with the sample chamber heated to 37°C.

Fluorescence anisotropy signals were analyzed as follows.
The binding constant Ky, characterizing the association of
HCV,;s with either PCBP2 or NS5B, is defined as:

_ [CilF
[S’"HCVys]g[Protein)y

where [Cy]p is the concentration of the formed complex. The
observed fluorescence of the sample at any point of the titra-
tion is defined as:

Eye = [ HCVis), + F[Cily 2)

K; (1)

where Fr and F; are the fluorescence anisotropy of the free
HCV4s and the formed complex respectively. Thus,

Fy = Fe[S'HCVss), + FoKi[S'HCVas],[Protein]y  (3)

The mass conservation equation for the total HCV4s con-
centration [S"HCVys]t is

[5,HCV45]T = [S/HCV45]F + [Ci]p
[5’HCV45]F (1+ Ky[Protein]g) (4)

Using equations (3) and (4), the relative observed change of
the HCVys fluorescence, AF,, is then

AFp = oo = !
% AF[S’HCVss|y 14 Ky[Protein)g
Ki[Protein]g

1+ Ky [Protein]F)

TN ( (5)
where AF,,x = Fc/Fr is the maximum value for the observed
relative fluorescence quenching.

Results

There are two unequal binding sites for miR-122 on
the HCV 5’UTR

There are two miR-122 binding sites in the first 43 nucleotides
at the 5" end of the HCV genome (Figure 1B). The first bind-
ing site, S1, consists of nts 1 to 29, and the second site, S2,
consists of nts 29 to 43, with A29 potentially base-pairing
with miR-122 bound to either site (Figure 1B). To charac-
terize these binding sites, an RNA molecule representing the
first 45 nucleotides of the HCV 5'UTR (HCV4s) was syn-
thesized (Table 1), and its interactions with miR-122 were
measured by electrophoretic mobility shift assay (EMSA) and
isothermal titration calorimetry (ITC). EMSA showed that
two copies of miR-122 bind to HCVys sequentially (Figure
1C), suggesting unequal binding affinity for the two miR-122
sites. Next, the binding constants for the two miR-122 bind-
ing sites on HCV45 were determined by ITC. HCV4s5 at 100
uM was titrated into 5 uM of miR-122 in a HEPES buffer
(100 mM HEPES, pH 7.5, 100 mM NaCl and 5 mM MgCl,)
and the energy release from binding was analyzed to calcu-
late the dissociation constant (Kg4). The Ky values of the two
binding sites were found to be 11.1 £+ 1.5 and 979 + 84 nM
(Figure 2A and Table 2). The binding of miR-122 was highly
enthalpic with the change in enthalpy of —513 £ 2.0 and



12402 Nucleic Acids Research, 2023, Vol. 51, No. 22

. 0 " I — 14 4 Dt
A Heovas + miR-122 ] AL
] 200
1 = 3004
GA 2+ [] ]
u U = 4] % 00
C-G ks -500-]
c-G %_ g < 0l
c-G = 4 T ]
C-G aGuUUUGU ACAGU us o R < ] i -
gg G BUGAGG 8 ] 5001 Kq1 (Site 1) = 11.1+1.5 nM
- e O ] l
5'GCCA”  “GACACUCCACCAUGAAUCACUCCCE 3 o] 300 Kq2 (Site 2) = 979484 nM
‘ UGGU UGUGAGG —y o0t
¥ GUUUG AACAG us 0 20 40 60 80 100 120 0 0.2 0.4 0.6 0.8 1 12 14
Time (min) Molar ratio
B . o+ O PN Ut WU RO 4 .
HCV21-65 + miR-122 ] ” 100
-05- -150—4
- 71—7 %400;
3 GUUU ACAGU us 3 £ 50
GUGGUA GUGAGG S 1 S
RN [N = 1 ¢ -300
5' GACACUCCACCAUGAAUCACUCCCCU G-C 3 a =
AU g T 350
GU 25+ < 400
&S | 150 ]
A-U EN 4 _
-6 j S P Kq=712468 nM
u u T T T T T T T T : — :
AC 0 10 20 30 40 50 60 70 80 90 100 0 0.2 04 06 0.8 1 12 14
Time (min) Molar ratio
C . ok NN PPN N P RO B AORTON Y AN
HCVsite2-comp + miR-122 1 ””l ] (I
-0.14
j ©
GA < 024
U U = £
cG Z 03 =2
c-G o =
Cc-G 0 04 T
c-G , g -
c-G 05
5'GCCAG'CG;‘\CAICIucICAGGUACUUAGUGAGGGGAc 3 ]
) St
UGGU  UGUGAGG e — . —
3' GUUUG A G us 0 20 40 60 80 100 120 0 s H 15 2 25
Time (min) Molar ratio
D ) ol e bersb b et bbentebercbd L4 0] .
HCVsite2-comp + MiR-122comp ‘ “”””””]’””lﬂ”ﬂ 1
0.2 -20-
1 —~ -40-
04 = ]
— ] O gl
GA 2 6] g 1
u U = 5 ]
c-G o 089 X 100
c-G o - T -120]
c-G 2] < a0
C-G  3'CAAACA UGUCA A5 “] -
c-G CCAU  CAcucC 4] e Kq=567+40 nM
G-C RN EEEEE B 180 d -
5 GCCA  GACACUCCAGGUACUUAGUGAGGGGAC 3' L S e e e e e e T — T 71T
0 20 40 60 80 100 120 o 05 1 15 -
Time (min) Molar ratio
E HCVs1p34 + miR-122
GA od 0
uu 4
C-G 1 = -1004
c-G 1 g J
c-6 = = -200-{
C-G 3'GuuuGuy ACAGU us R 2 4
c-G GGUA GUGAGG = - = 004 )
G-C Vi TiIiy o I Kql (Site 1) = 54412 yM
§'GCCA  GACAGACCACCAUGAAUCACUCCCC- 3 (| 5 1
GeU  UGU_ GG ] 4007 K42 (Site 2) = 22449 nM
FGUUUGY A GA us 500
ACA '4_V|\|\|\\|\\1|\\]w|w\ L L L L L L L L L L
0 5 10 15 20 25 30 35 40 45 50 0 02 04 06 08 1 12 14 16 18 2
Time (min) Molar ratio

Figure 2. Isothermal calorimetry of 5 HCV RNA and miR-122 variants. (A) Titration of HCV45 RNA into miR-122. Thermogram and resulting binding curve
are shown. The sequences of HCV (red) and miR-122 (blue) are shown. The data were fit with two binding site model, and affinities of each binding site,
Kq1 (Site 1) and K42 (Site 2), are indicated. (B) Titration of HCV,1.65 RNA into miR-122. HCV,1.45 RNA only contains Site 2. Single binding site model was
used to fit the binding curve. (C) Titration of miR-122 into HCVs;.comp. Single binding site model was used to fit the binding curve. (D) Titration of
MIiR-122¢omp into HCVs).comp- Single binding site model was used to fit the binding curve. (E) Titration of miR-122 into HCVgypz4. Two binding site model
was used to fit the binding curve. All data are representative of at least three independent replicas. The Ky values are an average of three
measurements = errors propagated from individual fits.
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Table 2. HCV RNA interactions with miR-122 RNAs measured by ITC
Site 1 Site 2
-TAS? -TAS

Titrant Titrand Ky (nM) AH (kJ/mol) (kJ/mol) AG (kJ/mol) Ky (nM) AH (k]J/mol) (kJ/mol) AG (kJ/mol)
HCVys miR-122 11.1 £ 1.5 —513 £ 2.0 466 + 2.3 —47.0 £ 0.3 979 + 84 —205 +£ 2.9 169 + 3.1 —35.6 £ 0.2

miR-122;n¢ 945 £ 1.2 —416 + 11 369 + 11 —47.2 + 0.1 187 + 13 —219 £ 7.0 179 £ 7.1 —39.7 £ 0.1

miR-122 10 4em 609 + 42 —455 + 12 418 £ 12 —36.9 £ 0.2 - - - -
HCV;1.65 miR-122 - - - - 712 + 68 —343 + 13 306 + 13 —36.5 £ 0.5
HCVs2-comp miR-122 152 + 31 —127 £ 5.0 87 £ 5.8 —40.0 +£ 0.8 - - - -

miR-122cmp - - - - 567 + 40 —164 + 6.9 127 + 6.9 —372 + 1.0
HCVsp34 miR-122 54,300 =12 000 20 + 28 —49 + 28 —29.0 + 6.8 244 + 9 — 685 + 46 641 + 46 —44.1 + 8.6

2 All ITC experiments were carried out at 37°C.

—205 + 2.9 kJ/mol for the first and second binding site re-
spectively (Table 2). Previously published ITC data for an
RNA consisting of the first 47 nucleotides of the HCV 5'UTR
(HCV47) suggested high and low binding affinities of 90 & 52
and 845 4 354 nM, respectively (34). We thus additionally
synthesized HCV47 and measured the binding affinities with
miR-122. The Ky values for the high and low binding sites in
HCV,47 were 7.9 &+ 2.3 and 1230 £ 260 nM (Supplementary
Figure STA). Thus, HCV4s and HCVy4; have similar binding
affinity to miR-122, indicating that the 3’ terminal two nu-
cleotides of HCV47 do not participate in miR-122 binding.

To identify which miR-122 binding site corresponded to the
high and low affinity site, two alternative HCV RNAs were
synthesized that individually target each binding site. First, a
45 nt RNA comprised of nts 21-65 of the SUTR (HCV;1 s,
Table 1) was synthesized and used in ITC. This RNA contains
only S2. When HCV,1_45 was titrated into miR-122, the bind-
ing constant was found to be 712 4 68 nM, suggesting that the
miR-122 S2 is the low affinity site (Figure 2B and Table 2). Sec-
ond, a 45 nt RNA consisting of nts 1-28 of the 5’UTR and the
reverse complementary sequence of nts 29-45 (HCVs-comp,
Table 1) was synthesized and used in additional ITC exper-
iments. The HCVsy.comp was titrated with either wild-type
(WT) miR-122, which can only bind to S1, or the reverse com-
plement of miR-122 (miR-122¢omp ), which would bind $2. WT
miR-122 binds HCVs).comp with a K4 of 152 & 31 nM (Figure
2C and Table 2), while the miR-122 4, and HCVs;.comp had
a lower affinity with 567 £+ 40 nM (Figure 2D and Table 2).
Taken together, the first miR-122 binding site S1 on the HCV
S'UTR is the high affinity site, and the second site S2 is the
low affinity site.

The truncation of miR-122 lowers the Ky of the S2
site but not the S1 site

It is not immediately clear why the K4 for the second S2 site
is about two logs higher than the first site, as the number of
complementary base pairs are conserved. Both binding sites
are predicted to form ten or eleven base pairs between the
miR-122 and HCV,;s, depending on whether a base pair is
formed with A29 (Figure 1B); A29 on HCV4s can base pair
with either U1 of the miR-122 at the first site or U17 of miR-
122 at the second site. We thus investigated the effect of the
3’ overhang of miR-122 using a truncated miR-122, lacking
the 3' GUUUG overhang (miR-122unc). When titrated with
HCVys,a Ky of 9.45 £ 1.2 and 187 & 13 nM was measured
for the two binding sites (Figure 3A and Table 2). Thus, re-
moval of the 5 nt overhang at the 3’ end of miR-122 did not
change the affinity for S1, while it increased the affinity for S2
from 979 to 187 nM. This indicates that the unpaired bases

at the 3’ end of miR-122 at the second site sterically hinder its
binding to HCVys.

Tandem miR-122 binds to HCV45 and promotes viral
replication

To better understand the difference between the two miR-122
binding sites, a ‘tandem’ miR-122 sequence was used to bind
HCVy4s. This tandem repeat miR-122 (miR-122,,4em) con-
sisted of two copies of the miR-122 sequence with the 3’ GU-
UUG removed from the 5 copy (i.e. the copy binding to the S2
site) (Figure 3B). This RNA should form the same base pairs
with HCVys as the two separate miR-122 molecules (Figure
3B). The dissociation constant of miR-122, dem to HCVys
was 609 + 42 nM, similar to the Ky obtained for the low
affinity miR-122 binding site S2 (Figure 3B and Table 2). This
was unexpected because the miR-122,, 4 should be capable
of binding to either miR-122 site, so the binding affinity was
expected to be similar to the high affinity site.

The miR-122,,4em Was also tested for its ability to promote
HCV replication using a replication-competent reporter virus
(HJ3-5/GLuc2A) that expresses Gaussia princeps luciferase
(GLuc) from sequence inserted between the p7 and NS2A cod-
ing sequence (14,27). miR-122 depleted Huh-7.5 cells (Huh-
7.5-AmiR122) were transfected with in vitro-transcribed re-
porter virus RNA together with either double-stranded (ds)
or single-stranded (ss), miR-122, miR-122,,4em OF an unre-
lated brain-specific control miRNA, miR-124 (Table 1), and
the luciferase activity was measured as a proxy for viral repli-
cation. As shown previously, double-stranded miR-122 pro-
moted viral replication, whereas the double-stranded miR-124
did not (Figure 3C). miR-122,,4em, provided in a double-
stranded form, promoted viral replication with about 50%
the activity of miR-122. Promotion by miR-122,,4em also re-
quired Ago2, similar to miR-122, as it failed to promote vi-
ral replication in Ago2 knockdown cells (Figure 3D). Thus,
miR-122, 4em promotes replication in an Ago2-dependent
manner similar to miR-122. To assess whether the promo-
tion of viral replication by miR-122,,4em required interac-
tions with both seed-sequence binding sites, we modified the
miRNA mimic to include two base substitutions known to
disrupt binding at the low affinity S2 site (underlined bases
in Figure. 3E) (16). This mutant, miR-122, 4. S2m was as
active as miR-122,,4em itself in stimulating the replication
of HCV, indicating that base pairing at the low affinity S2
site does not contribute to the promotion of virus replica-
tion by miR-122,,,4em (Figure. 3E). These data are consistent
with the primacy of the high affinity S1 site in driving HCV
replication.
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Figure 3. Effects of miR-122 sequence on HCV interaction and replication. (A) Isothermal calorimetry of 5 HCV RNA and truncated miR-122. The
sequence of miR-122y¢ is shown above. The data were fit with two binding site model, and affinities of each binding site, K41 (Site 1) and K42 (Site 2),
are indicated. All data are representative of at least three independent replicas and Ky values are an average of three measurements =+ error propagated
from individual fits. (B) Isothermal calorimetry of 5 HCV RNA and tandem miR-122. The tandem miR-122 (miR-122sn4em) Was designed to occupy both
miR-122 binding sites by removing the 3" overhang between the sites. The data were fit into a single binding site model. (C) HCV reporter replication
assay. Huh-7.5 miR-122 knockout cells were transfected with either ds-miR-122, ds-miR-124, ds-miR-122andem, O $S-MiR-1224ngem for 16 h. Then an
HCV reporter genome, HJ3-5/Gluc2A, was transfected to the cells and luciferase activity measured at 6, 24, 48 and 72 h post-transfection. Data were
normalized to the GLuc activity expressed by cells transfected with ds-miR-122 at 6 h. P-value for miR-122 versus ds-miR-122,ndem = 0.0024 by
two-way ANOVA. Single stranded miR-122 and miR-1224n4em Were incapable of promoting viral replication. (D) HCV reporter replication assay in Ago2
knockdown cells. Huh-7.6 miR-122 knockout cells were transfected with Ago2 siRNA for 24 h then re-transfected with ds-miR-122 or ds-miR-122andem
for 16 h. HJ3-5/Gluc2A was transfected into the cells and luciferase activities measured at 6, 24, 48, 72 and 96 h post-infection, with GLuc activity
normalized to that expressed by control cells transfected with ds-miR-122 at 6 h. Viral replication in the presence of either miR-122 or miR-122andem
requires Ago2. siCtrl: control, non-targeting siRNA. (E) HCV reporter replication assay in miR-122 knockout cells transfected with ds-miR-1224ngem as in
panel C, and ds-miR-122andem S2m containing two base-substitutions (red font) that eliminate seed-sequence interactions at the S2 site (S2p3,4 mutant)
(16). ds-miR124 and ds-miR122 included as positive and negative controls.
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PCBP2 binds to HCVy5 directly and competes with
miR-122 binding

Previous pull-down assays show that multiple cellular pro-
teins, including PCBP2 and hnRNPL, bind to an RNA bait
corresponding to the first 47 nts of the 5" HCV genome
(HCV47) (28). PCBP2 consists of three KH domains 1-3,
each of which can bind ~4 nts of single-stranded, C-rich se-
quence. PCBP2 likely binds the C-rich region at nts 40-45
(**UCCCCH), which overlaps with the miR-122 binding site
S2 (Figure 1B) (16). We first confirmed that PCBP2 binds
the RNA directly using EMSA. IRDye-800 labelled HCVy47;
was incubated with PCBP2, and the resulting protein—-RNA
complex resolved in a native polyacrylamide gel. The labeled
HCV47 migrated as two distinct bands as previously observed
(35), most likely reflecting monomer RNA and a predicted sta-
ble dimer formed by the 3' CAUG?* sequence. The RNA band
was shifted with increasing amounts of PCBP2 (as little as a
3:1 PCBP2/RNA molar ratio, Figure 4A). PCBP2 had greater
affinity for the slower-migrating, dimeric RNA, but both RNA
bands were shifted at the highest concentration tested (50:1
molar ratio) (Figure 4A). The PCBP2 interaction with HCV47
was specific, as HCV47 did not interact with a control protein,
bovine serum albumin, even at 30-fold excess (Figure 4A). To
test competition between PCBP2 and miR-122, we next pre-
incubated HCV47 with miR-122 or miR-124 (as a control)
and carried out an EMSA with PCBP2 (Figure 4B). The gel
shift assay was repeated using a fixed amount of PCBP2 (250
nM) and increasing the amount of single-stranded miR-122
or miR-124 (0-200 nM). Preincubation with miR-122 greatly
reduced PCBP2 binding to the RNA, whereas miR-124 had no
such effect even at high concentrations (Figure 4C and Sup-
plementary Figure S2).

Next, we measured binding affinities of PCBP2 (Figure 4D)
to HCV in the presence or absence of miR-122. The first 45
nts of HCV RNA was synthesized with a 5’ fluorescein tag
(HCV4s5.5), and its interaction with PCBP2 was measured us-
ing fluorescence anisotropy titration (Figure 4E). Binding of
PCBP2 protein to the HCV,4s.¢ led to an increase in the fluores-
cence anisotropy which was then fitted as a binding curve to
determine the dissociation constant. PCBP2 binds to HCVys.p
with a Ky of 667 + 34 nM. We additionally tested PCBP2
binding to the fluorescein-labeled HCV47, and it had a simi-
lar affinity to HCV45.5 (Supplementary Figure S1B). Next, the
PCBP2 interaction with the HCV45.5 and miR-122 complex
was measured. Since HCVys_r has two miR-122 binding sites,
HCV4s55 was incubated with a 3-fold molar excess of unla-
beled miR-122 prior to PCBP2 titrations (Figure 4E). PCBP2
bound the HCV45.p:miR-122 complex with an apparent Ky
of 9.88 &+ 1.6 uM, ~18-fold lower affinity than to HCV45.¢
alone. PCBP2 was also titrated into 5’ fluorescein labeled miR-
122 as a control (Figure 4E). PCBP2 bound miR-122 poorly
with a Ky of 5.33 & 0.47 uM. Thus, PCBP2 cannot effectively
bind either the HCVy4s5 p:miR-122 complex or free miR-122.
Taken together, these results indicate that PCBP2 binds the 5’
terminal HCV sequence directly, and that miR-122 specifically
blocks this interaction.

PCBP2 binding at the site overlapping with S2 is
required for optimal HCV replication

To further define the PCBP2 binding site and its effects on vi-
ral replication, we created mutations in HCVy4; (Figure 4F).
We first substituted ' UC*?, corresponding to positions 3 and
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4 in the miR-122 seed sequence, to AG (S2p3,4m). This mu-
tant was shown to disrupt both the miR-122 binding at S2
and PCBP2 binding to the poly(C) sequence (16). Next, to se-
lectively disrupt miR-122 binding at S2 but not PCBP2 bind-
ing to the poly(C) sequence, A39, the position 6 in the seed
sequence, was mutated to U (S2p6m). Finally, a two-base
AA insertion between C43 and C44 (Ins43AA) was created
to disrupt PCBP2 binding but not miR-122 binding to S2.
Ins43AA would also preserve base pairing between *°CC*
and " GG'"3, maintaining the SL-II and IRES structure (36).
We first tested whether PCBP2 or Ago2 binding was dis-
rupted in any of the mutants using pull-down assays with 3'-
biotinylated HCV47 in Huh-7.5 cells. PCBP2 bound the WT
RNA sequence (HCV47) and S2p6m, both of which were ex-
pected to have an intact PCBP2 binding site (Figure 4F). How-
ever, PCBP2 binding was ablated for S2p3,4m and Ins43AA,
in which the poly(C) sequence at position 41-44 was dis-
rupted. Additionally, S2p3,4m showed reduced Ago2 binding,
while Ins43AA showed a similar level of Ago2 to the wild type
in the pull-down assay (Figure 4F). There was no significant
decrease in Ago2 binding to S2p6m (Figure 4F). This is likely
because Ago2 is primarily pulled down by miR-122 interact-
ing with S1, since S1 is a higher affinity site.

We next tested whether the mutations impacted viral repli-
cation using the HJ3-5/GLuc2A reporter virus. All three mu-
tants demonstrated a significant reduction of HCV replication
compared with the parental, ‘wild-type’ (WT) virus, likely due
to the disruption of either miR-122 binding (S2p6m), PCBP2
binding (Ins43AA), or both (S2p3,4m) (Figure 4G and H).
Accordingly, replication of the S2p6m mutant could be re-
stored almost to WT levels by supplementing cells with a
miR-122 mimic complementary to the A39U mutation (miR-
122p6). By contrast, replication of the S2p3,4m mutant virus
was more severely impaired and was only partially restored
(~10% of the WT GLuc activity) in the presence of com-
plementary miR-122p3,4 (Figure 4G). Interestingly, replica-
tion of the Ins43AA mutant virus, which maintains the miR-
122 binding site, was also severely impaired, reducing GLuc
activity to 15% of the WT virus at 72-96 hrs (Figure 4H).
Although replication of both the WT and the Ins43AA mu-
tant virus was substantially restricted by PCBP2 depletion,
the disparity in replication of the two viruses was reduced
in cells that were partially depleted of PCBP2, in which the
mutant virus expressed 31-35% as much GLuc as the parent
virus (Figure 4H). We next tested if viral translation is affected
by the Ins43AA mutation using an HCV mini-genome RNA
(HCV-AC/GLuc) comprising truncated core protein-coding
sequence fused to GLuc sequence, flanked by the 5’ and 3
UTRs (Figure 4I). This RNA lacks the ability to replicate as
it does not express nonstructural viral proteins. The Ins43AA
mutation also reduced the translational activity of this mini-
genome RNA. This suggests that PCBP2 binding at the S2
site is required for optimal HCV IRES activity as well as viral
replication, even though the IRES sequence lies downstream
of nt 45. Consistent with this, the magnitude of the reduction
in translation caused by WT and Ins43AA mutation was no
longer statistically significant in PCBP2-depleted cells (Figure
4I). Although depleting PCBP2 could have multiple effects on
cellular metabolism due to the multi-functional nature of the
protein, we noted no impact on cell viability over the course of
the experiment. These data are consistent with previously pub-
lished observations indicating that PCBP2 trans-activates the
HCV IRES.
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Figure 4. PCBP2 binds directly to 5" terminal HCV RNA sequence in competition with miR-122. (A) Gel shift assay with HCV47 RNA and PCBP2.
IRdye-800 labelled HCV,47; RNA (10 nM) was incubated with recombinant PCBP2 protein or control BSA. RNA-protein complexes were resolved on a 5%
native polyacrylamide gel and visualized with an Odyssey Imaging System. RNA monomers (*) and dimers (**) are evident as two discreet bands, along
with more slowly migrating PCBP2-RNA complexes (arrow). (B) Gel shift assay with HCV47 and PCBP2 in the presence of miR-122. The IRdye-800
labelled HCV,47 RNA was incubated with 50 nM of single-stranded miR-122 or miR-124 prior to addition of PCBP2. (C) MiR-122 prevents HCV and PCBP2
interaction. The gel shift assay shown in (B) was repeated using 250 nM PCBP2 and increasing quantities of single-stranded miR-122 or miR-124, and
percent of RNA bound to PCBP2 was plotted. The EMSA image is shown in Supplementary Figure S2. (D) Coomassie stained SDS-PAGE gel with the
purified recombinant PCBP2. (E) PCBP2 binding to HCV,4s and the HCV45:miR-122 complex. PCBP2 was titrated into either fluorescein-labeled HCVys.¢
(30 nM), labeled miR-122-F (30 nM), or the HCVy5.¢ (30 nM) and unlabeled miR-122 (90 nM) complex. Dissociation constants determined from the
titration curves are listed on the right. (F) PCBP2 and Ago2 pull down assays with biotinylated RNA probes. Design of 3'-biotinylated HCV,47 (HCV,7-Bio)
and related S2p6m-Bio, S2p3,4m-Bio, and Ins43AA-Bio RNA probes are shown (left). Potential PCBP2 binding site that overlaps with S2 is shown in
green, and altered bases in the S2 seed sequence are shown in red. PCBP2 pull down assay was carried out with the biotinylated RNA probes and
Huh-75 cell lysate. Co-precipitated PCBP2 or Ago2 protein was detected by immunoblot. Asterisk (*) indicates a non-specific Ago band. (G) Replication
reporter assay for S2 mutant viruses. Luciferase activities were measured in supernatant fluids of cells transfected with the HJ3-5/GLuc2A or mutant
reporter viral RNAs, with or without supplementation with complementary mutant miR-122s (p6 and p34). (H) Replication reporter virus assay for
Ins43AA. Luciferase activities in supernatant fluids of cells transfected with the HJ3-5/GLuc2A and Ins43AA mutant reporter, with or without
RNAi-mediated depletion of PCBP2. Immunoblots of PCBP2 and GAPDH (loading control) are shown on top. (I) Translation reporter assay for Ins43AA.
The schematic of the HCV-AC/GLuc mini-genome translation reporter is shown on top. Luciferase activities were measured in PCBP2-depleted or
control Huh-75 cells transfected with the HCV-AC/GLuc translation reporter or Ins43AA mutant RNA. Results shown represent the means from 3
independent experiments, each with 2-3 technical replicates, +SD. P-value by two-sided t-test.
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miR-122 blocks PCBP2-mediated circularization of
the HCV genome

PCBP2 binds multiple sites within the HCV genome, both
in the 5’UTR and 3’UTR, and self-interactions between
PCBP2 protein molecules lead to circularization of HCV RNA
(7,37). Genome circularization is known to be utilized by
several positive-strand RNA viruses to coordinate and pro-
mote both RNA translation and genome replication (7,38,39).
These observations led us to hypothesize that competition
between miR-122 and PCBP2 may regulate the circular and
linear forms of the genome and thus engagement of the
positive-strand HCV RNA in translation versus RNA synthe-
sis (3,16). Because miR-122 competes with PCBP2 for binding
to the 5’end of the genome, miR-122 should counter PCBP2-
mediated circularization. Using the approach described in
Wang et al. (7), we first confirmed that PCBP2 binds both 5’
and 3’ UTRs of HCV. The biotin-labeled HCV47_p;orin Was in-
cubated with PCBP2 and a § [*2P]-labeled 3'UTR, and then
precipitated with streptavidin beads (Figure 5A). The radio-
labeled 3’UTR RNA co-precipitated with HCV47.p;04in in the
presence of PCBP2, but not with a bovine serum albumin con-
trol (Figure 5B). We then repeated the experiment after pre-
incubating HCV 47_p;oin with miR-122. The addition of miR-
122, but not a miR-124 control, reduced the amount of co-
precipitated 3'UTR RNA (Figure 5C). Thus, miR-122 blocks
formation of a PCBP2 bridge between the two ends of the
genome.

Next, we visualized PCBP2-mediated circularization of
HCV RNA using transmission electron microscopy (TEM)
(7). Recombinant PCBP2 protein was added to mini-genome
RNA annealed to a complement of the GLuc sequence in-
serted between its single-stranded 5'UTR and 3’ UTR seg-
ments (Figure 5D). The presence of the duplex RNA in the
center of the annealed mini-genome RNA facilitated TEM vi-
sualization of its structure. In the absence of PCBP2, >98% of
the HCV mini-genome duplexes were linear, consistent with
a previous report (7) (Figure SE). The addition of PCBP2
(6-fold molar excess) resulted in 84% of the mini-genome
RNAs adopting a circular structure, occasionally in associa-
tion with a second linear molecule (Figure SE). Thus, PCBP2
alone can circularize the mini-genome by binding to both the
5" and 3'UTRs. Pre-annealing the mini-genome with miR-122
before the addition of PCBP2 reduced the proportion of cir-
cular genomes in a concentration-dependent manner (Figure
SE). At a 5-fold molar excess of miR-122 over PCBP2, the
circular form was reduced to ~50% and at 10-fold excess
of miR-122 over PCBP2, the circular form was reduced to
20% (P < 0.0001). The reduction of circular RNA molecules
was specific for miR-122 since pre-annealing the mini-genome
with miR-124 had relatively little effect (Figure SE). Thus,
miR-122 disrupts interactions between the 5’ and 3’ ends
mediated by PCBP2, preventing circularization of an HCV
mini-genome.

NS5B binds the 5’UTR and miR-122 complex with
high affinity

Several positive-strand RNA viruses, including flaviviruses
and enteroviruses, have been shown to have an RNA pro-
moter structure at the 5’ end of the genome that the cognate vi-
ral RdRp specifically interacts with to initiate negative-strand
RNA synthesis from the 3’ end of a circularized viral genome
(40-43). For example, flaviviruses such as dengue and West
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Nile viruses have a branched stem—loop, called stem-loop A at
the 5" end of the genome, with which the flavivirus NSS poly-
merase specifically interacts (41,42). Similarly, enteroviruses
such as poliovirus and coxsackievirus have a cloverleaf struc-
ture at the 5’ end of the genome, which interacts with the viral
3CD protein, the precursor protein to the viral 3DP' poly-
merase (40). Previous studies using an HCV replicon showed
that the stem-loop I structure at the 5" end is required for vi-
ral replication (7), suggesting that the 5" stem—loop may func-
tion similarly as an RNA promoter. We thus tested whether
the HCV polymerase, NS5B, could specifically recognize the
5" HCV RNA sequence and whether the binding affinity of
NS5B to the RNA is modulated by the addition of the host fac-
tors PCBP2 or miR-122. We determined the binding affinity
of recombinant HCV NS5B (Figure 6A) to HCV4s and other
RNAs (Cyo and Uyg) using fluorescence anisotropy. We found
that NS5B binds the fluorescein-labeled HCV4s5.F with a Ky of
71.2 + 7.8 nM (Figure 6B). In comparison, NS5B bound to
fluorescein-labeled U,y and Cy (i.e. non-specific RNAs) with
Ky’s of 273 4+ 11 and 284 + 24 nM, respectively (Figure 6D).
We next tested if NS5B recognizes the S1,S2 or both sites using
RNAs containing a single miR-122 binding site. HCVs comp
contains only the S1 site (nts 1-29, Table 1). NS5B bound the
fluorescein-labeled HCVs.comp with a reduced Ky of 253 £ 16
nM, similar to the binding affinities of Uyy and Cy( (Figure
6C). HCV,1.¢5 was comprised of nts 21-65, and thus contains
only the S2 site (nts 21-43, Table 1). NS5B bound fluorescein-
labeled HCV,1.65 with a K4 of 89.6 & 12.0 nM, similar to the
NSS5B affinity for HCV4s which contains both sites.

Since miR-122 and PCBP2 bind the 5’UTR, we next tested
whether these host factors modulate the binding of NS5B to
HCV4s. When NS5B was titrated with HCV4s.5 in the pres-
ence of a 10-fold molar excess of PCBP2, the K4 was found
to be 105 + 18 nM (Figure 6C). This value is not significantly
different from that of HCVys alone, and thus PCBP2 does not
affect the affinity of NS5B to the HCVys. Surprisingly, NS5B
bound to the HCV45:miR-122 complex with a much higher
affinity than HCVy;s alone. In the presence of unlabeled miR-
122 (3-fold excess), NS5B bound to HCVys.r with a Ky of
14.5 £ 0.7 nM, a ~5-fold increase over HCVy4s alone (Figure
6B). To ascertain whether miR-122 specifically increases the
affinity of NS5B’s for RNA, the NS5B and HCVys interaction
was measured in the presence of a 3-fold molar excess of un-
labeled miR-124. The Ky of NS5B binding to HCVys in the
presence of miR-124 was 75.3 £ 11.9 nM, nearly identical
to HCVys alone (Figure 6B). Additionally, NS5B was titrated
into U,or with a 3-fold molar excess of unlabeled miR-122.
The K4 of NS5B binding to Uyor in the presence of miR-122
was 221 + 8.6 nM (Figure 6D), similar to the Ky for Uyy.r
alone. Hence, NS5B specifically recognizes the HCV45:miR-
122 complex.

Next, we determined whether the increase in NS5B binding
affinity is dependent upon the interaction of miR-122 at S1
or S2, or both, using RNAs containing a single miR-122 bind-
ing site. As discussed previously, HCVs.comp contains only S1,
and HCV;; 45 contains only S2 (Table 1, Figure 2B and C).
The presence of miR-122 increased the affinity of NS3B for
HCVs) comp, lowering the Ky from 253 + 16 to 12.6 & 0.5 nM,
a 20-fold increase in binding affinity (Figure 6C). This is simi-
lar to its affinity for the HCV45:miR-122 complex (Figure 6B).
In contrast, NS5B bound to HCV;1.45 with a K4 of 90.8 +9.2
nM in the presence of miR-122, similar to its affinity in the
absence of miR-122 (89.6 + 12.0 nM) (Figure 6C). Thus, the
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increase in NS5B binding affinity derives primarily from in-
teraction of miR-122 with the HCV RNA at S1. The miR-122
binding site S1 differs from S2 in that the stem-loop I struc-
ture is a part of the HCV and miR-122 complex (Figure 1B).
To determine whether NS5B recognizes stem-loop I, or if ad-
ditional duplex regions formed by the binding of HCV and
miR-122 are required for the NS5B interaction, we generated
an HCV4s S1 mutant containing substitutions at nt 25 and
26 that base pair with positions 3 and 4 of the miR-122 seed
sequence (HCVsip34). This mutant is known to abolish the
S1 interaction with miR-122, and significantly reduces viral
replication (16). We first confirmed the impact of the muta-
tion on miR-122 binding at S1 using ITC (Figure 2E), showing
that miR-122 bound HCVs;p,34 with Ky of 224 + 9 nM and
54 + 12 uM. Thus, the micromolar affinity site is likely to
be S1. We next measured the NSSB interaction with labeled
HCVsip34, alone and in the presence of unlabeled miR-122
(Figure 6C). NS5B bound HCVs; 34 with a Ky of 62.9 &+ 9.3
nM in the absence of miR-122, and 74.5 £ 9.0 nM in the
presence of miR-122. These values are almost identical to the
NSS5B interaction with HCVys alone. Thus, the stem—loop 1
structure alone is not sufficient to enhance NS5B affinity for
the 5 UTR of the HCV genome. The data suggest NS5B rec-

ognizes both stem-loop I and the dsSRNA formed by the viral
genome and miR-122 within the HCV:miR-122 complex.

Discussion

Liver-specific miR-122 binding to the HCV genome promotes
viral replication by protecting the genome from 5’ dependent
exonuclease-mediated decay (11-15) and stabilizing the IRES
structure by preventing the formation of an alternative SLII
structure (18,19). miR-122 has also been shown to promote
HCV RNA synthesis in a PCBP2-dependent manner (16).
Both miR-122 and PCBP2 have known binding sites within
the first 45 nts of the HCV genome, and binding of one com-
ponent prevents the binding of the other (28). To understand
the interplay between miR-122 and PCBP2, we determined the
binding affinities of miR-122 and PCBP2 to the 5’ terminal 45
nts of the HCV genome (HCV,s). We observed that this seg-
ment of the genome has two miR-122 binding sites, S1 and S2,
which have ~100-fold difference in affinity (11 and 979 nM,
Figures 1 and 2). We determined that S1 has a higher affin-
ity than S2, using HCV constructs with which miR-122 can
specifically bind either S1 or S2 (HCVs;.comp and HCV2165).
These results are in agreement with Chahal ef al. (19), but
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constants for NS5B interactions with HCV RNAs. Dissociation constants are the mean of three replicates with error propagated from the individual fits.

distinct from those of Mortimer and Doudna (34) who iden-
tified S2 as having the higher affinity. This discrepancy is likely
due to differences in the approach taken by mutations by Mor-
timer and Doudna which involved introducing mutations into
the miR-122 sequence rather than the 5 HCV sequence. These
miR-122 mutations would affect binding to both S1 and S2,
making the results difficult to interpret. Additionally, due to
the overlapping binding sites for two miR-122 molecules, the
miR-122 RNA representing S2-only would form additional
base pairs with HCV RNA, leading to a higher binding affin-
ity for S2 (34).

We then used a truncated miR-122 mutant (deletion of 5
nts at the 3’ end, miR-122,,,c) to investigate the overlap in
miR-122 binding to the S1 and S2 sites. Surprisingly, the miR-
122runc bound HCV45 with a 5-fold higher affinity for S2 (187
nM) than WT miR-122, without significantly changing the
affinity for S1 (9.5 nM). Thus, miR-122 occupying the high-
affinity site seems to hinder a second miR-122 molecule bind-
ing to S2, contributing to the difference in affinities between
S1 and S2. Finally, we determined that the tandem miR-122
(miR-122,,4em) bound HCV45 with a 609 nM affinity. This
was lower affinity than expected, since miR-122, 4. contains
the intact miR-122 sequence, complementary to the high affin-
ity S1 binding site on HCVys. Nevertheless, when HCV repli-
cation was tested after supplementing miR-122 depleted cells
with miR-122,,dgem, MiR-122,,4em promoted viral replication
to roughly half of the miR-122 activity (Figure 3C-D). Previ-

ously, disruption of S1 (the high-affinity site) has been shown
to be more detrimental to viral replication than S2 (22,44,45),
suggesting that high-affinity binding of miR-122 to S1 may be
essential for effective viral replication. However, even with a
miR-122,, 4em having a 55-fold lower affinity for HCV4s than
miR-122 to S1, there was not a significant decrease in viral
replication. Thus, high-affinity binding of miR-122 is not re-
quired for viral replication, and as long as it remains above
some threshold, replication may not be greatly impacted. This
is similar to the observations where small RNAs that anneal
to the HCV sequence overlapping S1 and S2 promote HCV
replication (17,20,46).

The second miR-122 binding site S2 overlaps with the
PCBP2 binding site. In gel shift and pull-down assays using
Huh-7.5 cells, miR-122 inhibits PCBP2 binding to HCV RNA,
consistent with previous reports that miR-122 and PCBP2
compete for binding to HCV RNA (16) (Figure 4B, C and E).
Gebert et al. recently demonstrated that Ago2-loaded miR-
122 can also compete with PCBP2 for binding to 5" HCV
RNA, and that the viral RNA can form a ternary complex with
miR-122 and PCBP2 where miR-122 binds at S1 and PCBP2
binds at S2 (35). We did not observe the mixed complex in
our EMSA with miR-122 and PCBP2 (Figure 4A), likely due
to the amount of PCBP2 used. Gebert et al used PCBP2 at a 20
to 500 molar excess over miR-122:Ago2, while we used ratios
of 2.5 to 10 fold molar excess of PCBP2 to miR-122. Thus, it
seems likely that higher concentrations of PCBP2 relative to
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Figure 7. Proposed mechanism of HCV genome replication. Competition between miR-122 and PCBP2 for binding to the 5’UTR determines whether the
genome is engaged in translation or RNA synthesis. At the initial stage of HCV infection, PCBP2 binding to the 5’UTR promotes a closed-loop form of
the viral genome by bridging the 5" and 3’ UTRs that favors translation (left). By contrast, miR-122 binding to the 5’UTR both disrupts the closed-loop,
circular form of the genome, and enhances affinity of the 5" end of the RNA for the RNA-dependent NS5B RNA polymerase, thereby promoting viral
RNA synthesis (right). The interaction of miR-122 with the HCV 5’UTR additionally protects the genome from 5’ dependent cellular exonucleases and
stabilizes RNA structure optimal for IRES activity. Continued competition between miR-122 and PCBP2 with similar binding affinities for S2 allows for
the dynamic regulation of viral protein versus viral RNA synthesis required for persistent infection with a nonlytic virus.

miR-122 are needed to create a significant population of the
mixed complex to visualize on an EMSA.

We determined that PCBP2 binds to HCV45 with a Ky of
667 nM, similar to that of miR-122 to S2 or miR-122 ., dem tO
HCVy4s5 (979 and 609 nM). The presence of excess miR-122
decreased the apparent affinity of PCBP2 to HCV4s by ~15-
fold, confirming that there is direct competition between the
two factors for binding to HCVys. The #'UCCCC* sequence
within S2 is critical for PCBP2 interaction, as the S2p3,4m and
Ins43AA mutants had reduced co-precipitation with PCBP2
in pull-down assays and severely reduced viral replication
levels compared to the wild-type reporter virus (Figure 4E-
G). Ins43AA, which maintains both miR-122 binding sites,
demonstrated reduced GLuc expression levels in experiments
with a replication-incompetent mini-genome reporter (HCV-
AC/GLuc), indicating that PCBP2 binding at nts 41-45 pro-
motes viral translation, although this binding site resides up-
stream of the minimal IRES sequence (Figure 4H).

In positive-strand RNA viruses, the viral genome functions
as a template for both viral protein synthesis and negative-
strand RNA synthesis, requiring a mechanism to regulate
these mutually incompatible processes. Flaviviruses and en-
teroviruses use complex RNA structure at the 5" ends of their
genomes to regulate the engagement of the RNA in transla-

tion versus genome replication (40-43). For example, the fla-
vivirus polymerase NS§ specifically interacts with stem—loop
A (SLA) at the 5’ end of the positive-sense RNA, reducing viral
translation (47). Further, the SLA structure is required as an
RNA promoter for the viral polymerase to initiate negative-
strand RNA synthesis at the 3’ end of the genome (41,48).
The transition from translation to replication is accompanied
by changes in the viral genome from a linear to circularized
form bridged at the 5’ and 3’ ends (40,41,48). A similar 5’
RNA structure that functions as a translation to replication
switch has not been described in hepaciviruses such as HCV.
However, mutating the 5’ stem—loop I (SL-I) in the HCV 5’
UTR has been shown to abolish viral replication, suggesting
that the SL-I structure may function similarly in viral repli-
cation (7). Since miR-122 and PCBP2 compete for binding
to the 5’ end of HCV genome, their interactions with the
S'UTR could regulate whether the genome engages in pro-
tein synthesis or genome replication. We thus investigated how
miR-122 affects circularization of the genome mediated by
PCBP2 binding to both the 5’ and 3’ UTRs. When PCBP2
was added to linear HCV mini-genome RNA, circular forms
were observed i1 vitro by electron microscopy, consistent with
the previous report that PCBP2 mediates HCV genome circu-
larization (7). Importantly, prior annealing of the RNA with
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miR-122 greatly reduced the circular forms, indicating that
miR-122 binding to the 5'UTR displaces PCBP2 and disrupts
HCV genome circularization (Figure 3).

To function as an RNA promoter, RNA structure should be
specifically recognized by the viral polymerase. We thus asked
whether the HCV polymerase, NS5B, specifically recognizes
5’UTR sequence. We observed that NS5B has a binding prefer-
ence for HCVys, binding HCVys with higher affinity (71 nM)
than other ssRNA such as Uyp and A,g (273-285 nM). Sur-
prisingly, NS5B bound HCV4;s with significantly higher affin-
ity (15 nM) in the presence of miR-122, while the binding
affinity in the presence of miR-124 did not increase (Figure
6B). This suggests that NS5B specifically recognizes the miR-
122:HCV45 complex. We then determined that the affinity of
NS5B for the miR-122:HCV4s5 complex is mediated by miR-
122 binding to S1. NS5B bound to an HCV RNA:miR-122
complex containing only S1 (HCVs) comp) with high affinity,
similar to that of the HCV45:miR-122 complex, whereas its
affinity for HCV RNA containing only S2 (HCV;;65 and
HCVsip34) was not enhanced by miR-122. The high affinity
of NS5B for the 5" end of HCV RNA in the presence of miR-
122 suggests that the SUTR:miR-122 complex may function
as an RNA promoter to promote negative-strand RNA syn-
thesis (see Figure 7).

Taken together, our data provide further support for the
concept that the SUTR of HCV functions as a molecular
switch and that competition between miR-122 and PCBP2 for
the S’'UTR regulates whether the genome is engaged in protein
synthesis or genome replication (3,16). Because miR-122 and
PCBP2 have similar affinities for overlapping binding sites on
the 5’UTR, there is a low barrier for the genome to switch be-
tween binding to miR-122 or PCBP2 (Figure 7). As such, the
fraction of genome population bound to either miR-122 or
PCBP2 should closely reflect the relative concentration of the
two factors, which could be in flux over the course of infec-
tion (49,50). Thus, switching between the two factors would
be sensitive to the cellular environment and would allow HCV
to tune the balance between replication and translation over
its lifecycle. When PCBP2 binds to the 5'UTR, the genome
would be circularized, and promote viral translation, possibly
by facilitating ribosome re-entry (Figure 7). By contrast, bind-
ing of miR-122 to 5’UTR would convert viral genome into a
linear form and recruit viral polymerase NS5B for RNA syn-
thesis. This would provide a mechanism by which miR-122
and PCBP2 together regulate both negative-strand RNA syn-
thesis and viral translation. The interaction of miR-122 with
the HCV 5'UTR thus serves three distinct functions: (a) pro-
tecting the genome from 5’ dependent cellular exonucleases
(11-135), (b) stabilizing RNA structure optimal for IRES ac-
tivity (18-21) and (c) regulating viral RNA synthesis by both
modulating closed-loop circularization of the genome and en-
hancing the affinity of NS5B for 5 RNA structure. Interest-
ingly, PCBP2 is also an important factor in regulating transla-
tion versus replication in the poliovirus life cycle. Cleavage of
PCBP2 protein by the viral 3CP™ protease halts viral transla-
tion and transitions the RNA into the replication stage (40).
Such an ‘on-and- off’ switch is not feasible for HCV due to the
need to maintain continuous translation and replication dur-
ing a lengthy period of persistent infection. Therefore, HCV
has adopted an alternative strategy to use miR-122, in com-
petition with PCBP2, to fine-tune the balance between trans-
lation and replication.
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