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ABSTRACT

Hepatitis C virus (HCV) is a positive-sense RNA virus
that interacts with the liver-specific microRNA, miR-
122. miR-122 binds to two sites in the 5′ untranslated
region (UTR) and this interaction promotes HCV RNA
accumulation, although the precise role of miR-122
in the HCV life cycle remains unclear. Using biophys-
ical analyses and Selective 2′ Hydroxyl Acylation an-
alyzed by Primer Extension (SHAPE) we investigated
miR-122 interactions with the 5′ UTR. Our data sug-
gests that miR-122 binding results in alteration of nu-
cleotides 1–117 to suppress an alternative secondary
structure and promote functional internal ribosomal
entry site (IRES) formation. Furthermore, we demon-
strate that two hAgo2:miR-122 complexes are able
to bind to the HCV 5′ terminus simultaneously and
SHAPE analyses revealed further alterations to the
structure of the 5′ UTR to accommodate these com-
plexes. Finally, we present a computational model of
the hAgo2:miR-122:HCV RNA complex at the 5′ ter-
minus of the viral genome as well as hAgo2:miR-122
interactions with the IRES–40S complex that sug-
gest hAgo2 is likely to form additional interactions
with SLII which may further stabilize the HCV IRES.
Taken together, our results support a model whereby
hAgo2:miR-122 complexes alter the structure of the
viral 5′ terminus and promote formation of the HCV
IRES.

INTRODUCTION

Hepatitis C virus (HCV) infects ∼71 million people world-
wide, with the majority of patients developing a persis-
tent infection that can lead to chronic hepatitis, cirrhosis
and hepatocellular carcinoma (1–3). HCV is an enveloped,

positive-sense RNA virus of ∼9.6 kb that encodes a single
open reading frame (4), flanked by highly structured 5′ and
3′ untranslated regions (UTRs) (5,6). As a positive-sense
RNA virus, the HCV genome itself is used as a template
for translation, replication, and packaging (6,7). Therefore,
the viral RNA must be a dynamic structure able to read-
ily accommodate unwinding, elongation, and exposure of
different regions of the RNA to various cellular and viral
proteins in order to mediate the different stages of the viral
life cycle. The 5′ and 3′ UTRs contain cis-acting RNA ele-
ments that play key roles in the viral life cycle, including an
internal ribosomal entry site (IRES) that drives translation
of the viral polyprotein located in the 5′ UTR. Specifically,
stem loops (SL) II-IV make up the viral IRES required for
translation and stem–loop structures and sequences in both
the 5′ and 3′ UTRs have been shown to be required for vi-
ral replication (6–11). In addition, the 5′ terminus of the vi-
ral genome interacts with an abundant, liver-specific human
microRNA (miRNA), called miR-122 (12–14).

miR-122 is highly expressed in the liver where it
constitutes ∼70% of liver miRNAs, with ∼66 000
copies/hepatocyte (13,15). Although miRNAs typi-
cally interact with the 3′ UTR of target mRNAs to
downregulate gene expression, miR-122 binds to two sites
in the 5′ UTR of the HCV genome and this interaction pro-
motes HCV RNA accumulation (Figure 1A) (13,14,16,17).
While sequestration of miR-122 using antisense inhibitors
results in impairment of HCV RNA accumulation in both
cell culture and the livers of HCV-infected patients, the
precise mechanism(s) of miR-122-mediated viral RNA
accumulation remain incompletely understood (13,18).
Recent studies have suggested two major mechanisms
for miR-122′s promotion of viral RNA accumulation:
(i) protection of the 5′ triphosphate moiety of the HCV
genome from recognition by 5′ pyrophosphatases and
subsequent decay by 5′-3′ exoribonucleases (19–22); and
(ii) an RNA chaperone-like mechanism whereby miR-122
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binding alters the structure of the viral RNA to promote
functional IRES formation (23,24).

Although miR-122 is important for HCV RNA accumu-
lation, there is evidence of mutations in the viral 5′ terminus
that are less reliant on miR-122 and allow HCV to replicate
to low levels in the absence of the miRNA. One of these
mutants, G28A, was isolated from patients who underwent
miR-122 inhibitor-based therapy after viral rebound and
was subsequently demonstrated to allow low levels of vi-
ral RNA accumulation in miR-122 knock-out (KO) cells
(25,26). Although the mechanism(s) underlying miR-122-
independent viral RNA accumulation remain unclear, it is
hypothesized that the G28A mutant can take on a confor-
mation that favours viral RNA accumulation.

Several studies have suggested that miR-122 binding to
the HCV genome can alter the structure of the HCV 5′
UTR. Two previous in vitro Selective 2′ Hydroxyl Acyla-
tion analyzed by Primer Extension (SHAPE) studies us-
ing HCV genotype 1b (Con1b) indicate that miR-122 bind-
ing alters the secondary structure of the HCV 5′ UTR,
specifically at the two miR-122 binding sites, but also in
the HCV IRES region (22,27). In agreement with this find-
ing, an Argonaute (Ago) high-throughput sequencing and
crosslinking immunoprecipitation (HITS-CLIP) study sug-
gests that Ago interacts with the HCV 5′ UTR at the two
miR-122 binding sites, but also with regions in the HCV
IRES that do not align to known human miRNAs (17).
Furthermore, computational prediction analyses suggested
that the HCV 5′ UTR may be able to take on an alterna-
tive conformation that could be influenced by miR-122 in-
teractions with the viral genome (28). More recently, two
studies have suggested that miR-122 binding to the HCV
genome suppresses a more energetically favorable alterna-
tive secondary structure in the SLII region of the HCV 5′
UTR (termed SLIIalt), thereby promoting the folding of
a functional IRES (SLII-IV) that drives HCV translation
(23,24). This is further supported by the observation that
mutations in the 5′ UTR are predicted to favor functional
IRES formation and are able to accumulate in the absence
of miR-122 (23,24). Thus, we sought to further investigate
this model using biophysical analyses and provide insight
into miR-122:HCV RNA interactions as well as the contri-
bution of Ago in positioning this complex on the HCV 5′
UTR.

Herein, we performed biophysical characterization of
miR-122:HCV RNA interactions in vitro using isother-
mal titration calorimetry (29), electrophoretic mobility shift
assays (EMSA), and structural analysis of the wild-type
(WT) and G28A HCV 5′ UTR in the presence and ab-
sence of miR-122. We also performed in vitro binding stud-
ies using hAgo2:miR-122 and we provide a computational
prediction of the three-dimensional (3D) structure of the
hAgo2:miR-122 complexes at the 5′ terminus of the HCV
genome as well as a model of the IRES–40S complex to
help interpret the role Ago plays in stabilizing the bent
IRES SLII conformation required for activation of HCV
translation. Taken together, our results suggests that two
hAgo2:miR-122 complexes can simultaneously bind to the
HCV 5′ terminus and we provide a more comprehensive
biophysical analysis of alterations to the 5′ UTR that oc-
cur upon miR-122 and hAgo2:miR-122 binding. Our re-

sults suggest that miR-122 plays three roles in the viral life
cycle, which include: (i) an RNA chaperone-like mecha-
nism whereby hAgo2:miR-122 recruitment suppresses for-
mation of an alternative secondary structure (SLIIalt) and
promotes functional IRES formation; (ii) protection of the
5′ terminus from pyrophosphatase activity and subsequent
exoribonuclease-mediated decay; and (iii) direct promotion
of HCV translation through contacts between hAgo2 at Site
2 and SLII of the HCV IRES.

MATERIALS AND METHODS

Viral RNA and microRNAs

A plasmid containing the full-length HCV genotype 2a,
JFH-1 isolate with three cell culture-adapted mutations that
increase overall viral replication (JFH-1T) was provided by
Rodney Russell, Memorial University (30). A DNA tem-
plate of 419 nucleotides (nts) of the 5′ UTR of HCV was
prepared using PCR amplification. The 419 nt PCR prod-
uct was gel extracted from a 1% agarose gel, which was
then used for in vitro transcription with the T7 RiboMAX
Express kit (Promega) according the manufacturer’s in-
structions. Full-length in vitro transcribed RNA was gel
purified on a 6% polyacrylamide gel (29:1 acrylamide:bis-
acrylamide, 1X TBE) and the RNA was eluted in 400 �l
elution buffer (500 mM NH4OAc, 10 mM EDTA and 0.1%
sodium dodecylsulphate) overnight at room temperature
(RT) with gentle agitation. The purified RNA was precipi-
tated as previously described and stored at −20◦C until use.
The same procedure was followed for 1–371 nt, 1–117 nt of
the 5′ UTR (WT and G28A) as well as 1–117 nt containing
point mutations in positions 5 and 6 at Site 2 (A38U and
C39G).

Wild-type (WT) HCV 1–42 (5′-ACC UGC CCC UAA
UAG GGG CGA CAC UCC GCC AUG AAU CAC UCC-
3′), HCV Site 2p3,4 1–42 (5′- ACC UGC CCC UAA UAG
GGG CGA CAC UCC GCC AUG AAU CAC AGC -3′),
and the individual sites, Site 1 (5′-ACC UGC CCC UAA
UAG GGG CGA CAC UCC-3′) and Site 2 (5′-GCC AUG
AAU CAC UCC-3′) as well as single-stranded guide strand
miR-122 (5′-UGG AGU GUG ACA AUG GUG UUU
GU-3′) and miR-124 (5′-UAA GGC ACG CGG UGA
AUG CC-3′), were synthesized by IDT. Viral RNAs were
gel purified as described above.

Isothermal titration calorimetry (ITC)

HCV RNAs were resuspended in ITC buffer (100 mM
HEPES pH 7.5, 100 mM KCl, 5 mM MgCl2, filter-
sterilized). Five-hundred microliters of 5 �M HCV RNA
were heated to 65◦C for 10 min and then snap-cooled on
ice for 10 min then centrifuged for 1 min at 13 000 rpm for
ITC analyses. The temperature was set at 37◦C and the ref-
erence power was 3 �cal/s. A total of 20 injections of 2 �l
were performed with 180 s spacing and 4 s per injection of a
100 �M stock of single-stranded guide strand miR-122 pre-
pared in ITC buffer (22). ITC was carried out on the ITC200
and data analysis using the Origin 7 software (MicroCal),
where the first injection was removed. The same procedure
was performed for the individual sites (Site 1 and Site 2).
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The data was fitted to a two sequential binding model, ex-
cept for the individual Sites 1 and 2, where the data was
fitted to a one-site binding model.

Electrophoretic mobility shift assay (EMSA)

2.8 �M stocks of 1–42 nt WT and Site2p3,4 HCV RNA
were prepared by diluting in RNase-free water. The RNA
was re-folded by incubating at 65◦C for 5 min and then
incubated at 37◦C for 1 h. Dilutions of miR-122 or miR-
124 (control) were prepared from serial dilutions from a
4:1 ratio of miRNA: HCV RNA in folding buffer (100 mM
HEPES (pH 7.5), 100 mM KCl and 5 mM MgCl2). The dif-
ferent dilutions of miR-122 were added to 2.8 �M of HCV
RNA and incubated at 37◦C for 30 min (total volume of 7
�l). An equal volume of loading dye was added (30% glyc-
erol, 0.5× TBE, 6 mM MgCl2, 3 �l bromophenol blue and 3
�l xylene cyanol). Five microliters of the sample were sep-
arated on a 15% non-denaturing polyacrylamide gel (29:1
acrylamide:bis-acrylamide, 0.5× TBE, 6 mM MgCl2) for 2
h at 8 W at 4◦C. The band shifts were visualized with SYBR
Gold (Invitrogen) staining (22).

RNA structure prediction

RNA structure predictions were carried out using the
RNA prediction software RNAstructure available from the
Matthews lab at https://rna.urmc.rochester.edu/index.html
(31). Briefly, the RNA sequence was loaded into the RNA
structure software using the ‘Fold RNA Single Strand’ com-
mand (31). The results were saved as dot bracket files, which
were used to generate the predicted structures in VARNA
(32).

Synthesis of NAI-N3

Synthesis of NAI-N3 has been previously described (33).
Briefly, methyl 2-methylnicotinate was dissolved in an-
hydrous dichloromethane, followed by the addition of
trichloroisocyanuric acid with overnight stirring at RT.
Anhydrous N,N-dimethylformamide and sodium azide
were added to the reaction. The product of this reac-
tion (methyl 2-(azidomethyl)nicotinate) was stirred in a
solution of 1:1 methanol and aqueous sodium hydroxide
(NaOH). Water was added and the solution was acidi-
fied to pH 4 by the addition of HCl and extracted by
ethyl acetate. This became the acid precursor of NAI-N3,
2-(azidomethyl)nicotinic acid. Fresh carboyldiimidazole
(CDI) and anhydrous DMSO were stirred until homoge-
nous. 2-(azidomethyl)nicotinic acid was also mixed with an-
hydrous DMSO until homogenous. CDI with DMSO were
then added to the acid precursor in a drop-wise manner. The
reaction proceeded for 1 h at RT while stirring. This resulted
in a 2 M NAI-N3 stock that was stored at −80◦C.

In vitro SHAPE analysis

Five picomoles of the HCV 5′ UTR RNA were re-folded
and incubated with 10 �M of single-stranded, guide strand
miR-122 or miR-124 (control) for 30 min at 37◦C in SHAPE
buffer (333 mM HEPES, pH 8.0, 20 mM MgCl2, 333 mM

NaCl), followed by treatment with 0.1 M (gel electrophore-
sis) or 0.01 M (capillary electrophoresis) NAI-N3 or DMSO
(control) at 37◦C for 5 min. Labeled RNA was then ex-
tracted using TRIzol reagent (Thermo Fisher Scientific) ac-
cording to the manufacturer’s instructions. RNA was pre-
cipitated and stored at −80◦C. The same procedure was fol-
lowed for G28A. For in vitro SHAPE with hAgo2:miR-122
complexes, 25 pmol of hAgo2 loaded with miR-122 was in-
cubated with 5 pmol of the refolded HCV 5′ UTR for 45 min
at 37◦C followed by treatment with NAI-N3 and DMSO fol-
lowed by capillary electrophoresis (as described below).

SHAPE analysis by gel electrophoresis
32P-end-labeled oligonucleotides (0.1 pmol/�l) were an-
nealed to 500 fmol of acylated HCV 5′ UTR RNA by in-
cubating at 95◦C for 2 min, followed by step-down cool to
4◦C for 2 min. Subsequently, 1× First-Strand Buffer, 5 mM
DTT, 0.5 mM dNTPs and SUPERaseIn RNase Inhibitor
(Life Technologies) were added to the reaction. One mil-
limolar ddCTP and ddTTP were used in sequencing ladder
reactions. The reactions were incubated at 52◦C for 1 min,
followed by the addition of SuperScript III Reverse Tran-
scriptase (2 U/�l) followed by incubation at 52◦C for 30
min. One microliter of 2 M NaOH was then added to each
reaction at 95◦C for 5 min and reactions were stopped by
addition of 2 �l formamide loading dye (95% formamide,
0.01M EDTA, bromophenol blue and xylene cyanol). The
cDNA extensions were loaded and run out on a 12% poly-
acrylamide gel (29:1 acrylamide:bis-acrylamide, 1× TBE).
Gels were dried at 80◦C for 3 h in a gel dryer (Bio Rad,
Model 583) and cDNA fragments were visualized by phos-
phoimager (Personal Molecular Imager, BioRad) and ana-
lyzed using SAFA software (34,35). A normalized reactivity
of 1.0 was defined as the average intensity of the top 10%
most reactive peaks, where the most reactive 2% of all in-
tensities were removed from the pool. The intensities of the
next 8% most reactive peaks are averaged and all reactivi-
ties are divided by this average value, as previously described
(36,37).

SHAPE analysis by capillary electrophoresis

For SHAPE analysis by capillary electrophoresis, 1 pmol
of 6-FAM-labeled oligonucleotide (5′-6-FAM-CGC CCG
GGA ACT TAA CGT CTT-3′) was annealed to 5 pmol of
modified HCV RNA. The same primer extension buffers as
for gel electrophoresis were used, with the addition of 2 �l
DMSO per reaction sample. One picomole of NED-labeled
olignonucleotide (5′ NED-CGC CCG GGA ACT TAA
CGT CTT-3′) was used for sequencing ladders with either
0.5 mM ddGTP or 1 mM ddCTP. Capillary electrophoresis
was performed at Plate-forme d’Analyses Génomiques de
l’Université Laval on an ABI 3100 Genetic Analyzer. Raw
fluorescence data was analyzed using QuSHAPE software
(38). A normalized reactivity of 1.0 was defined as the av-
erage intensity of the top 10% most reactive peaks, where
the most reactive 2% of all intensities were removed from
the pool. The intensities of the next 8% most reactive peaks
were averaged and all reactivities are divided by this aver-
age value, as previously described (39). The Wilcoxon rank
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test was done between the SHAPE data of HCV RNA with
hAgo2:miR-122 and that of HCV RNA alone to determine
if there is a statistical difference between the SHAPE reac-
tivities, as previously described (40). The Wilcoxon test de-
termined there are highly significant differences in SHAPE
reactivity between both groups (p<0.0001). The baseline
value for �SHAPE (miR-122 reactivity – miR-124 reac-
tivity or hAgo2:miR-122 reactivity – HCV RNA reactiv-
ity) was determined by finding the average of the absolute
�SHAPE values. �SHAPE values above baseline were con-
sidered significant increases and below negative baseline
value were considered significant decreases in SHAPE re-
activity.

Purification of recombinant human Ago2 loaded with miR-
122

Human Ago2 was expressed using a baculovirus system
and purified with homogeneously loaded miR-122 accord-
ing to a previously published protocol (41). Briefly, Sf9 cells
were infected with baculovirus encoding His-tagged hAgo2.
Cells were then lysed and hAgo2 was purified by Ni-NTA
affinity chromatography. The His-tag was removed using
Tobacco etch virus (TEV) protease and hAgo2 was loaded
with synthetic miR-122 bearing a 5′-phosphate (IDT). Ho-
mogeneously loaded hAgo2:miR-122 was captured using
an antisense oligonucleotide (IDT), eluted, and purified by
size exclusion chromatography using an ÄKTA FPLC (GE
Healthcare Life Science). Protein concentrations in purified
Ago2:miR-122 complex samples were determined by ab-
sorption at 280 using an extinction coefficient of 198 370
M−1 cm−1 and by Bradford assay using BSA as standard.

Electrophoretic mobility shift assays with hAgo2:miR-122

Binding reactions were prepared in reaction buffer (30 mM
Tris pH 8.0, 100 mM KOAc, 2 mM Mg(OAc)2, 0.5 mM
TCEP, 0.005% NP-40) with a final volume of 20 �l, and a
final concentration of the labeled RNAs of 0.1 nM, and of
hAgo2:miR-122 ranging from 0 to 5 nM. Reactions were
incubated for 45 min at room temperature and then run
on a 15% acrylamide native gel in 0.5× TBE (45 mM Tris-
borate, 1 mM EDTA, pH 8.3). The gels were used to ex-
pose a phosphorscreen overnight, which was imaged on a
Typhoon scanner (GE Healthcare Life Sciences).

To calculate the Kd, equilibrium binding data of tripli-
cate electrophoretic mobility shift assays were fit to follow-
ing equation:

Y = (Bmax
2∗S

) ∗
(

[Ago2]+S + kd

−
√

([Ago2] + S + kd)2−(4 ∗ S ∗ [Ago2])
)

where Y is the fraction of target RNA bound, Bmax is the
calculated value of maximum binding, [AGO2] is the total
concentration of the AGO2:miR-122 complex, S is the con-
centration of RNA (0.1 nM) and Kd is the calculated dis-
sociation constant, obtained with Prism (GraphPad Soft-
ware). For the wildtype data, Bmax was normalized to 1: the
total bound sites at each concentration were calculated as
(2*[double shift intensity] + [single shift intensity]), and the

free sites were calculated as ([single shift intensity] + 2*[un-
bound RNA intensity]). These numbers were then used to
calculate the total signal and the bound fraction.

Computational modeling

We modeled Ago2:miR-122:HCV RNA ternary complexes,
using experimentally determined secondary RNA-target
duplexes and solved human Ago structures (42,43). Our
model building is based on an algorithm we developed pre-
viously to construct C. elegans and human RISC struc-
tures (44). To construct RISC structures, we generated up
to 1000 3D duplex conformations for each miRNA-target
duplex using the MC-Sym algorithm (45); sampled 1000
Ago conformations using an elastic network model theory;
docked each duplex conformation to each Ago conforma-
tion using a solved T. thermophilus RISC structure (PDB
code: 3HJF); and screened for favorable RISC structures
with minimal steric clashes, followed by structure refine-
ment using energy minimization. Throughout, we used hu-
man Ago2 (4OLA) to model RISC structures. Complexes of
hAgo2 bound simultaneously to adjacent recognition sites
were assembled by joining two separate RISC structures, as
described previously (46). We defined a 3-base linker (CGC)
in HCV RNA between the miR-122 binding sites. From
experimentally solved RNA structures, we obtained 1542
CGC fragments (downloaded from RNA FRABASE 2.0).
These fragments sampled many relative orientations be-
tween adjacent RISC structures. Viable RISC–RISC com-
plexes with minimal steric clashes (<100 atomic overlaps)
were then refined using energy minimization.

A similar strategy was used to the assemble RISC–RISC–
IRES–40S complexes. Using the cryo-EM structure of hu-
man 40S-IRES (5A2Q) and a modeled RISC–RISC com-
plex, we searched for complexes free of steric clashes by
sampling ∼2000 CC fragments (HCV RNA nucleotides 42–
43) linking the duplexes in IRES SLIIa and adjacent Site
2 RISC. Since the IRES in 5A2Q structure contains nu-
cleotides 40–42 (5′CUC) that are known to form base pairs
with the seed region of miR-122 at Site 2, we removed these
three nucleotides in the solved structure. Given the large
size of the 40S ribosomal subunit, we simplified computa-
tional assessment of steric clashes by considering only com-
ponents of IRES–40S in the vicinity of the RISC–RISC
complex, which include IRES and a subset of ribosomal
proteins.

RESULTS

Two miR-122 molecules can bind to the HCV 5′ terminus si-
multaneously with different binding affinities

The HCV genome has two miR-122 binding sites in its 5′
UTR, which are both required for optimal viral RNA accu-
mulation (Figure 1A) (14). It was previously reported that
two molecules of miR-122 can bind to the Con1b geno-
type of HCV RNA and alter the secondary structure of
the viral terminus (22,27). As such, we first sought to con-
firm the stoichiometry of miR-122:HCV RNA interactions
with the JFH-1 isolate (genotype 2a). To investigate miR-
122 binding to the wild-type (WT) HCV 5′ UTR, we per-
formed EMSA using nts 1–42 of the HCV genome with in-
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Figure 1. miR-122 binds to the HCV 5′ terminus with a 2:1 stoichiometry. (A) Model of the interaction of miR-122 (purple) and nts 1–42 of the HCV
genome (black). (B) Non-denaturing gel electrophoretic mobility shift assay (EMSA) of 1–42 nt HCV RNA and increasing amounts of miR-122. (C)
Thermogram and resulting binding curve of the titration of 1–42 nt HCV RNA with miR-122. Affinities of each binding site, Kd1 (Site 1) and Kd2 (Site 2),
are indicated. All data are representative of at least three independent replicates and Kd values are an average of three measurements (±) error propagated
from individual fits.

creasing concentrations of miR-122 (Figure 1B). With miR-
122 addition, at low molar ratios, the HCV RNA began to
show retarded mobility (Figure 1B), while at higher con-
centrations, the viral RNA was further retarded and began
to become saturated at a 2:1 molar ratio of miR-122:HCV
RNA, indicating that both miR-122 binding sites are able to
bind simultaneously to the HCV genome (Figure 1B). Im-
portantly, EMSAs carried out with an unrelated miRNA,
miR-124, did not cause retardation of the viral RNA (Sup-
plementary Figure S1A). This suggests that miR-122 can
bind to the 5′ UTR of the HCV JFH-1 isolate RNA with a
2:1 stoichiometry.

To further investigate the miR-122:HCV RNA interac-
tions, we used isothermal titration calorimetry (29) to mea-
sure the affinity of miR-122 for the viral RNA (Figure
1C). In agreement with our EMSA results, we found that
the ITC binding curve was best fit with a two-site binding
model, with equilibrium dissociation constants (Kds) of Kd1
= 20.45 ± 11.8 nM and Kd2 = 186.08 ± 57.76 nM (Fig-
ure 1C and Table 1). We observed no binding of miR-124
to the HCV RNA by ITC analysis (Supplementary Fig-
ure S1B). These results suggest that the two miR-122 bind-
ing sites have different binding affinities; and although they
have different dissociation constants, the interactions were
similar in enthalpy and entropy (Table 1). Both interac-
tions were highly exothermic (�H1 = –73.28 kcal/mol and
�H2 = –57.67 kcal/mol) with entropy changes of �S1 =
–200.67 cal/mol/deg and �S2 = –155.33 cal/mol/deg and

their Gibbs free energy values were calculated to be �G1 =
–11.04 kcal/mol and �G2 = –9.49 kcal/mol. Thus, based
on the EMSA and ITC results, two miR-122 molecules are
able to interact with the HCV RNA simultaneously in vitro,
albeit with differing binding affinities (Table 1).

To confirm whether Kd1 represents binding of miR-122
to Site 1 or Site 2, we performed EMSA and ITC anal-
yses on an HCV RNA that contained mutations in posi-
tions 3 and 4 of the seed sequence of Site 2 (S2p3,4) (Sup-
plementary Figure S1C-E). The results show that the first
binding site had an affinity of 25.80 ± 9.40 nM, similar to
Site 1 of WT HCV (Figure 1C and Table 1), while the bind-
ing affinity of the second site was 1315.24 ± 416.06 nM,
as a result of the mutations in the seed sequence of Site 2
(Supplementary Figure S1E). This suggests that when nts
1–42 of the HCV genome are present, Site 1 is bound first
in vitro. Additionally, the enthalpy, entropy and Gibbs free
energy of the first binding site of HCV S2p3,4 had very
similar to the first binding site of the WT HCV RNA (1–
42 nt) (Table 1). However, the second binding site had a
higher enthalpy and entropy (�H = –20.30 ± 1.94 kcal/mol
and �S = –38.53 cal/mol/deg, respectively) with �G = –
8.35 kcal/mol, suggesting that this reaction is not as spon-
taneous at 37◦C compared to the first binding site of WT
HCV (Table 1). These results were confirmed qualitatively
by performing EMSA on HCV S2p3,4 where the first bind-
ing event occurred quickly, while the second binding event
did not occur until a 4:1 ratio of miR-122 to HCV S2p3,4
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Table 1. ITC analysis of miR-122 binding to HCV RNAs

Kd (nM)

HCV RNA (nt) �H (kcal/mol) �S (cal/mol/deg) Site 1 Site 2

HCV (1-42) − 73.28 ± 2.50 − 200.67 20.45 ± 11.8
− 57.67 ± 3.53 − 155.33 186.08 ± 57.76

HCV S2p3,4 (1-42) − 75.70 ± 1.04 − 209.00 25.80 ± 9.40
− 20.30 ± 1.94 − 38.53 1315.24 ± 416.06

Site 1 (1-27) − 55.53 ± 0.53 − 143.67 18.80 ± 3
Site 2 (29-42) − 128.23 ± 6.54 − 372.67 228.34 ± 65.41
HCV WT (1-117) − 101.09 ± 2.51 − 294.67 132.55 ± 35.43

− 20.82 ± 4.67 − 44.83 13296.58 ± 7518.62
HCV S2p5,6 (1-117) − 58.87 ± 2.26 −160 319.3 ± 86.01

− 14.33 ± 6.06 − 23.93 13596.11 ± 5024.61
G28A (1-117) − 102.18 ± 2.36 − 294.33 21.24 ± 8.08

− 39.31 ± 5.94 − 101.17 2590.99 ± 863.68
HCV WT (1-371) − 104.36 ± 11.32 −308 514.27 ± 229.88

− 41.85 ± 14.72 − 108.2 1426.17 ± 517.93

aValues reported are an average of three measurements (±) error propagated from individual fits.

was reached (Supplementary Figure S1D). These results
suggest that when only the two sites are present (1–42 nt
HCV RNA), miR-122 binds to Site 1 with a higher affinity
in vitro.

To investigate the specific binding sites further, we tested
miR-122 binding to each individual site by ITC analysis us-
ing Site 1 (nt 1–27) or Site 2 (nt 29–42) RNAs. We found
that miR-122 bound to Site 1 (Kd = 18.80 ± 3 nM) with
a stronger affinity than to Site 2 (Kd = 228.34 ± 65.41
nM) (Table 1 and Supplementary Figure S2). More specifi-
cally, we found that miR-122 binding to Site 1 was exother-
mic, with �H = –55.53 kcal and an entropy of �S = –
143.67 cal/mol/deg (Table 1 and Supplementary Figure
S2A). These results are in good agreement with computa-
tional binding predictions, where miR-122 interactions with
Site 1 are predicted to have �H = –69.5 kcal/mol and �S
= –192.2 cal/mol/deg. Additionally, we found that Site 2
had a lower affinity for miR-122 with a Kd = 228.34 ±
65.41 nM; however, miR-122 binding was more exothermic,
with �H = –128.23 kcal/mol and an entropy of �S = –
372.67 cal/mol/deg, again in good agreement with compu-
tational binding predictions (�H = –109 kcal/mol and �S
= –306.6 cal/mol/deg) (Table 1 and Supplementary Fig-
ure S2B). This suggests that the individual miR-122 bind-
ing sites, have a different rearrangement and organization
compared to the 1–42 nt HCV RNA based on enthalpy and
entropy. However, the Kd of the individual sites are similar
to those values obtained in the context of the 1–42 nt HCV
RNA. Thus, at least in vitro, miR-122 has a higher affinity
for Site 1 than for Site 2 on the 1–42 nt HCV RNA.

miR-122 binding alters the secondary structure of SLII of the
HCV 5′ UTR

To investigate structural alterations mediated by miR-122
binding to the HCV 5′ UTR, we performed in vitro SHAPE
analysis on the full HCV 5′ UTR (nts 1–371) in the presence
and absence of miR-122 using both capillary (Figure 2 and
Supplementary Figure S3) and gel electrophoresis (Supple-
mentary Figure S4). As recent studies and computational
predictions suggest that the WT HCV 5′ UTR favours a
non-canonical alternative SLII structure (SLIIalt) in the ab-

sence of miR-122 (23,24), we used SHAPE analysis to map
the reactivity of the first 117 nts (including SLI and II) of the
HCV RNA in the presence or absence of miR-122 (Figure
2).

Reactivity information was obtained for almost every nu-
cleotide in the RNA; however, we were not able to discern
the SHAPE reactivity at nts 1–5 due to the high reactiv-
ity at the 5′ end of the transcript and nts 14–19 due to the
high background observed in this region, in line with pre-
vious studies (22,27). In the absence of miR-122, the loop
of SLI (11–13 nts) and Site 2 (30–39 nts) were found to be
relatively unstructured/flexible, as reported previously (Fig-
ure 2A and Supplementary Figures S3 and S4) (22,24,27).
However, Site 1 (consisting of nts 20–27) had a relatively low
SHAPE reactivity, suggesting that this region is constrained
in the context of the 5′ UTR (Figure 2A).

When SHAPE was performed on the HCV 5′ UTR in
the presence of miR-122, we observed a reproducible reduc-
tion in SHAPE reactivity, particularly in the seed region of
Site 2, consistent with previous models of miR-122:HCV
RNA interactions (Figure 2A and Supplementary Figure
S3) (22,24,27). We also observed a reproducible decrease in
the SHAPE reactivity in the stem region of SLI, suggest-
ing that miR-122 binding may further stabilize this stem–
loop structure (Figure 2A and Supplementary Figure S3).
In addition, there was a reduction in SHAPE reactivity at
positions A33, G34, and U36 on the HCV RNA (14,22).
This is in agreement with previous studies and suggests that
miR-122 binding may increase rigidity in this region and
that the U at position 36 may be able to engage in a wobble
base pair with the G at position 9 on Site 2-bound miR-122
(22,24,27). Moreover, we observed a lower SHAPE reactiv-
ity in SLIIa (nts 52–59) in the presence of miR-122 when
compared to the HCV RNA alone (Figure 2A).

Structural predictions of nts 1–117 of the HCV genome
with and without miR-122 suggest that the most energeti-
cally favourable structure(s) of the WT HCV RNA in the
absence of miR-122 is an alternative non-canonical SLII
structure from nts 20–104, previously termed SLIIalt (Fig-
ure 2B) (23,24). The functional SLII structure is only pre-
dicted to be the fifth most energetically favourable structure,
with a �G of –37.8 kcal/mol, compared to the free energies



Nucleic Acids Research, 2019, Vol. 47, No. 10 5313

Figure 2. miR-122 binding suppresses an alternative structure (SLIIalt) and promotes functional folding of SLII. (A) Normalized SHAPE reactivities of
HCV RNA (nts 1–117) with no miRNA (top) or in the presence of miR-122 (bottom). Nucleotides 1–5 and 14–19 were omitted due to high background
reactivity. Nucleotides with high (≥0.85, red), intermediate (between 0.4 and 0.85, orange), low (between 0.2 and 0.4, blue) and very low (≤0.2, black)
SHAPE reactivity are indicated. (B) Predictions of the lowest free energy structures formed by the first 117 nts of HCV 5′ UTR and their predicted free
energies (�G, kcal/mol). (C) SHAPE data from (A) superimposed onto two of the predicted structures of HCV RNA alone or (D) HCV RNA + miR-122,
where the predicted structure and free energy values are indicated. The SHAPE data represents the results of six independent replicates and error bars
indicate the standard error of the mean (SEM).

of the SLIIalt structures, which range from –40.8 to –38.2
kcal/mol (Figure 2B). When we analyzed our SHAPE data
with respect to the non-canonical SLIIalt and SLII struc-
tures, we found that the reactivity agrees well with both of
these predicted structures (Figure 2C). Specifically, there
are high overall SHAPE reactivities in nts 30–39, 53–59
and 80–85 which are all either single-stranded or in bulge
regions in both structures (Figure 2C). However, nts 20–
29 had relatively low SHAPE reactivities in the absence of
miR-122, which is more consistent with the SLIIalt struc-
ture, since these nucleotides are base-paired versus single-
stranded in the functional SLII structure (Figure 2C). Con-
versely, SHAPE analysis in the presence of miR-122 is con-
sistent with formation of the canonical SLII structure, pre-
dicted to be the most energetically favorable structure in the
presence of miR-122 (�G = –66.8 kcal/mol, Figure 2A and

D). Thus, although our data provides an averaged view of
the equilibrium of several of the most energetically favor-
able structures, the quantitative SHAPE results suggest that
in the absence of miR-122, the SLIIalt is favoured, while in-
teractions with miR-122 promote functional SLII forma-
tion, which would support HCV IRES-mediated transla-
tion (24,47–49).

To further validate these findings, we predicted that if
SLIIalt is the preferred conformation of the viral RNA, then
in the context of nts 1–117, Site 2 should have a greater
miR-122 binding affinity than Site 1, as Site 2 is in a more
open (single-stranded) conformation, while Site 1 is in a
closed (double-stranded) conformation (Figure 2C). Thus,
we performed ITC analyses to measure the binding affin-
ity of miR-122 for the 1–117 nt and 1–371 nt HCV RNA.
Both binding sites had weaker affinities when compared
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to the 1–42 nt HCV RNA, with Kd1 (Site 2) = 132.55
± 35.43 nM (�G = –79.2 kcal/mol) and Kd2 (Site 1) =
13296.58 ± 7518.62 nM (�G = –17.5 kcal/mol) for 1–117
nt HCV RNA, and Kd1 (Site 2) = 514.27 ± 229.88 nM
(�G = –81.53 kcal/mol) and Kd2 (Site 1) = 1426.17 ±
517.93 nM (�G = –33.83 kcal/mol) for 1–371 nt HCV
RNA, respectively (Table 1 and Supplementary Figure S5).
This is not unexpected since the longer RNAs (1–117 and 1–
371 nt) are likely able to sample more conformations than
the 1–42 nt RNA. In order to discern whether Kd1 repre-
sents binding of miR-122 to Site 1 or Site 2 on the 1–117
nt RNA, we performed ITC analyses on a Site 2 mutant
(S2p5,6), whereby positions 5 and 6 of the Site 2 seed se-
quence were mutated to their respective Watson-Crick base
(Table 1). These mutations are predicted to reduce binding
of Site 2, without significantly altering the predicted con-
formation or miR-122 interactions with Site 1. As we pre-
dicted, a reduction in binding affinity was only observed for
Kd1 (Site 2) = 319.3 ± 86.01 nM (�G = –47 kcal/mol),
while Kd2 (Site 1) = 13596.11 ± 5024.61 nM (�G = –12.6
kcal/mol) remained unchanged (Table 1 and Supplemen-
tary Figure S5). Thus, in contrast to what we observed with
nts 1–42, in the context of nts 1–117, Site 2 has a higher
affinity, while Site 1 has a significantly reduced affinity for
miR-122. These results are in agreement with formation of
the energetically more favorable SLIIalt, where Site 2 is pre-
dicted to be in an open and accessible conformation, while
Site 1 is predicted to be in a closed conformation.

The G28A mutation favours formation of SLII even in the
absence of miR-122

The G28A mutation was isolated from chronic HCV pa-
tients that had undergone miR-122 inhibitor-based therapy
after viral rebound and was subsequently shown to be able
to accumulate to low levels in miR-122 knockout (KO) cells
(25,50). RNA structural predictions suggest that in con-
trast to WT HCV RNA, the G28A mutation is predicted
to adopt only two main conformations with very similar
free energies, SLIIalt (�G = –37.9 kcal/mol) and SLII (�G
= –37.8 kcal/mol), even in the absence of miR-122 (Figure
3). SHAPE analysis of G28A suggests that the seed region
of Site 1 (nts 20–27) has an overall higher SHAPE reactiv-
ity when compared with WT HCV RNA (Figure 2A ver-
sus 3A). Importantly, this region represents the most sig-
nificant difference between the SLIIalt and SLII structures
in that it is predicted to be base-paired in the former and
single-stranded in the latter (Figure 3B). When we super-
imposed the SHAPE data onto the two G28A predictions,
the data is more consistent with formation of SLII, where
nts in the Site 1 seed region (nts 20–27), predicted to be
single-stranded in this conformation, have a high overall
SHAPE reactivity (Figure 3). We also observed high over-
all SHAPE reactivities in the loop regions of SLII (nts 52–
59 and 80–85), but these are largely consistent with both
structural conformations (Figure 3). With respect to the re-
maining IRES structure (i.e. SLIII-IV), the G28A mutant
demonstrated similar SHAPE reactivity to the WT HCV
RNA (Supplementary Figure S6). To further confirm these
findings, we performed ITC analysis on the 1–117 nt G28A
mutant (Table 1 and Supplementary Figure S6). In agree-

ment with our SHAPE data, G28A had higher affinities for
miR-122 than WT, with Kd1 (Site 1) = 21.24 ± 8.08 nM (�G
= –80.36 kcal/mol) and Kd2 (Site 2) = 2590.99 ± 863.68
nM (�G = –31.81 kcal/mol) (Table 1). Thus, RNA struc-
tural predictions, SHAPE, and ITC are consistent with the
G28A mutation favoring formation of SLII even in the ab-
sence of miR-122, while the WT HCV RNA is more likely
to adopt an alternative conformation(s) (i.e. SLIIalt, Figure
2B-C) in the absence of miR-122.

Two hAgo2:miR-122 complexes can bind to the HCV RNA
5′ UTR simultaneously

It is widely accepted that miR-122 interacts with the HCV
genome, at least initially, in the context of a hAgo protein
(14,51–54). Previous studies suggest that Ago proteins are
required for miR-122 duplex unwinding, miRNA-induced
silencing complex (miRISC)-loading, and recognition of
the HCV RNA binding sites; however, it is unclear whether
Ago remains bound to the viral RNA to participate in
events leading to promotion of HCV RNA accumulation
(14,51–55). Due to the close proximity of the miR-122 bind-
ing sites on the HCV genome (Figure 1A), we sought to test
whether two hAgo2:miR-122 complexes are physically able
to occupy the viral RNA simultaneously. To this end, we
prepared purified samples of hAgo2:miR-122 in complex
and performed gel shift assays with the WT (1–42 nt) and
S2p3,4 HCV RNAs (Figure 4A). Using radiolabeled HCV
S2p3,4 RNA, where the Site 2 sequence is mutated to dis-
rupt pairing to the miR-122 seed region, we observed a sin-
gle shift in samples containing hAgo2:miR-122, indicating
a binding event occurred (Figure 4A, left side). Using WT
HCV RNA, two shifts were observed, indicating two bind-
ing events occurred on the RNA. Importantly, the fraction
of the WT HCV RNA in the supershifted band increased
as hAgo2-miR-122 concentrations were increased, demon-
strating a dose-dependent response (Figure 4A, right side).

Equilibrium binding data using a broader range of
hAgo2 concentrations (Figure 4B and Supplementary Fig-
ure S7) revealed a Kd of 63 pM for the complex with HCV
S2p3,4, and a Kd apparent of 250 pM for WT HCV. Un-
der the assumption of independent binding, binding to Site
2 can be calculated by subtraction of the S2p3,4 data from
the WT data (Supplementary Figure S7B). Fitting the cal-
culated Site 2 data to the binding model yields a Kd = 1.13
nM, while previous experiments place the Kd for such a tar-
get in the low pM range for miR-122 (56). This discrepancy
suggests that, although Site 1 and Site 2 can be simultane-
ously occupied by two Ago2:miR-122 complexes, the two
binding events are negatively affected by each other in the
system. This conclusion is in agreement with the increased
SHAPE reactivity measured for the nucleotides spanning
the 5′ end of Site 1 and the 3′ end of Site 2 on the HCV
genome (Supplementary Figure S3).

hAgo2:miR-122 binding alters the secondary structure of the
HCV 5′ UTR

To determine how hAgo2:miR-122 complex binding to the
HCV 5′ UTR alters the secondary structure of the viral
RNA, we performed in vitro SHAPE analysis in the pres-
ence of purified hAgo2:miR-122 (Figure 5 and Supplemen-
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Figure 3. The G28A mutation favours SLII formation in the absence of miR-122. (A) Normalized SHAPE reactivities of G28A (nts 1–117). Nucleotides
1–5 and 14–19 were omitted due to high background reactivity. Nucleotides with high (≥0.85, red), intermediate (between 0.4 and 0.85, orange), low
(between 0.2 and 0.4, blue) and very low (≤0.2, black) SHAPE reactivity are indicated. (B) SHAPE data from (A) superimposed on the predicted lowest
free energy structures formed by the first 117 nts of the G28A 5′ UTR (SLIIalt and SLII) and their free energy values (�G, kcal/mol). The SHAPE data
represents the results of four independent replicates and error bars indicate the standard error of the mean (SEM).

tary Figures S3 and S8). When focusing on the 5′ terminus
of the HCV RNA (nts 1–42), we observed an overall in-
crease in SHAPE reactivity at nts C27, C29, A31 and G33
in the presence of hAgo2:miR-122 (Figure 5). The increase
in SHAPE reactivity at C27 was unexpected since this is
the first nucleotide of the seed region of miR-122 bound to
Site 1; however, the increase in reactivity observed may be
due to the close proximity of the two hAgo2:miR-122 com-
plexes which could force this base-pair to become unpaired
(particularly since the 5′ end of the miR-122 molecule is an-
chored in the pocket of the Mid domain). The increase in
SHAPE reactivity at C29 was observed with both miR-122

alone (Figure 2) and hAgo2:miR-122 (Figure 5), suggest-
ing an alteration in the structure such that this nucleotide is
more flexible, independently of the presence of hAgo2. Like
C27, the significant increase in SHAPE reactivity at C31 in
the presence of hAgo2:miR-122 suggests that the secondary
structure of the viral RNA may be further altered in order
to accommodate two hAgo2:miR-122 complexes simulta-
neously (Figure 5). We also observed a change in reactivity
at G33 (in the bulge region of Site 2), which could suggest
that it is further exposed in the presence of hAgo2:miR-122
due to lack of base pairing at this position. Similarly, we
observed an increase in SHAPE reactivity in the loop re-
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Figure 4. Two Ago2:miR-122 complexes can bind simultaneously to the 5′
terminus of the HCV genome. (A) Recombinantly expressed hAgo2 loaded
with miR-122 (final conentration: 0, 0.3125, 0.625, 1.25, 2.5 and 5 nM) was
incubated with radiolabeled viral RNA comprising nts 1–42. Incubation
with HCV S2p3,4 (left side) resulted in a single shift, whereas incubation
with WT HCV RNA (right side) yielded an additional shift corresponding
to the complex containing two hAgo2:miR-122 complexes. The depicted
gel is one of five independent replicates. (B) Equilibrium binding data for
Ago2:miR-122 and HCV WT and S2p3,4, based on gel shift assays (Sup-
plementary Figure S7A). Data points are means of three replicates with
standard error. The Kd ± SE for S2p3,4 is 63 ± 10 pM, the Kd apparent
for WT HCV is 250 ± 31 pM.

gion of SLI, which may be due to SLI being forced out of
the hAgo2:miR-122 complex at Site 1. Beyond nts 1–42, we
also observed changes in the SHAPE reactivity of SLII in
the presence of hAgo2:miR-122, particularly in the bulge
region of SLIIa (nts 52–58) as well as a few nucleotides on
the 3′ arm of SLII opposite SLIIa (104–109), which suggests
further stabilization of this region (Figure 5).

To determine if hAgo2:miR-122 alters the structure of
HCV RNA beyond SLII, we mapped SHAPE reactivities of
the entire HCV 5′ UTR (nts 1–371) in the presence of miR-
122, hAgo2:miR-122, and controls (Supplementary Fig-
ures S3 and S8). In vitro SHAPE analysis of the HCV 5′
UTR alone (nts 1–371) agreed well with previous models
of SLIII and IV of the HCV IRES (Supplementary Fig-
ure S8) (22,27). Additionally, we found that in the presence
of hAgo2:miR-122, a few nts in the apical loops SLIIIa-
e displayed a modest but reproducible decrease in over-
all SHAPE reactivity. Moreover, we observed significant
changes in SHAPE reactivity in several nts of SLIV, in close
proximity to the pseudoknot and AUG start codon. Taken

together, our data suggest that hAgo2:miR-122 binding re-
sults in alteration of the structure of the viral RNA at least
in vitro, both at the 5′ terminus (where the miR-122 seed and
auxiliary binding sites are located), but also in the IRES re-
gion (SLII-IV), in a manner which may promote functional
IRES activity.

Computational modeling of hAgo2:miR-122 and HCV RNA

As we established that two hAgo2:miR-122 molecules were
able to bind to the 5′ terminus of the HCV genome (nts 1–
42) simultaneously, we sought to model these interactions
using the crystal structure of hAgo2. Of the ∼106 possi-
ble complexes at each site from modeled hAgo2 and RNA
duplex conformations, we considered an increasing number
of constructed complexes until sterically favorable confor-
mations were found. Site 1 required ∼150 000 complexes,
whereas Site 2 needed only ∼30 000 structures. The much
greater number of considered complexes at Site 1 reflects
the wider conformational search needed to fit a double-
stranded RNA structure with a three-stem junction into a
hAgo2 conformation; in contrast, the RNA structure at Site
2 has an unbranched conformation (see Figure 6 displaying
viable complexes at each site).

Computational modeling produced multiple RNA-
induced silencing complex (RISC) structures at Site 1 and
Site 2 that are free of steric clashes. Assembly of these struc-
tures generated viable RISC–RISC complexes where the 3′
end duplex of miR-122 at Site 2 forms a solvent-exposed
bridge between the adjacent RISC structures (Figure 6A).
Modeling trials showed that only 3′ duplexes protruding
from the RNA-binding channel at Site 2 were capable of
assembling into RISC–RISC complexes; straight duplex
conformations generated collisions between the Mid and
N-terminal domains of adjacent hAgo2 structures. This
suggests that Site 2 duplex conformations are distorted in
the internal loop region, resulting in the duplex protruding
out of the hAgo2 RNA-binding channel (Figure 6A,
lower panel). Alternatively, the auxiliary interactions with
Site 2 of the HCV genome may become unpaired as the
hAgo2:miR-122 at Site 2 adjusts to accommodate Site
1-bound hAgo2:miR-122. This latter hypothesis is further
supported by our SHAPE data and the hAgo2:miR-122
gel shifts which suggest higher SHAPE reactivity in this
region and a reduction in binding affinities when both Sites
are occupied by hAgo2:miR-122, respectively.

Model RISC–RISC complexes exhibit conformational
variability that is captured by their RNA conformations
(Figure 6B). At Site 1, the SLI structure shows sig-
nificant conformational flexibility. The Site 2 RNA has
multiple orientations that are consistent with the RISC–
RISC complex, implying that different Ago-Ago conforma-
tions are feasible. The adjacent hAgo2 structures display
Mid/N-terminal and PAZ/L2 contacts. However, further
computational/experimental analysis will be needed to de-
termine whether a specific Ago–Ago conformation is fa-
vored.

To probe the RISC–RISC complex further, we exam-
ined the two RISC subunits separately. At Site 1, the shape
of the predicted hAgo2 structure determined the allowed
RNA conformations (Figure 6B). The dsRNA forms a 3-
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Figure 5. hAgo2:miR-122 complexes alter the secondary structure of the 5′ terminus and SLII of the HCV genome. (A) Normalized SHAPE reactivities
of 1–117 nt HCV RNA in the absence (top) or presence of hAgo2:miR-122 (bottom). Nucleotides 1–5 and 14–19 were omitted due to high background
reactivity. (B) Difference plot showing changes in SHAPE reactivity upon miR-122 binding, �SHAPE = hAgo2:miR-122:HCV RNA reactivity – HCV
RNA (no miRNA) reactivity. Significant increases in reactivity (above baseline, red) and decreases in reactivity (below baseline, blue) are indicated. (C)
Changes in reactivity upon hAgo2:miR-122 binding are superimposed onto the hAgo2:miR-122:HCV RNA secondary structure model (coloured as in
(B)). The data represents the results of four independent replicates and error bars represent the standard error of the mean (SEM).
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Figure 6. Model of hAgo2:miR-122:HCV RNA interactions at Sites 1
and 2. (A) A modeled RISC–RISC complex at Site 1 and Site 2 on the
HCV genome and (B) miR-122:HCV RNA conformations of different
complexes. (A) Two views of the RISC–RISC complex are shown: top
structure shows the RNA-binding channel of Site 1 with the protruding
SLI structure and the RNA bridge between the adjacent hAgo2 struc-
tures; bottom structure (180◦ rotated view) highlights the RNA confor-
mation at Site 2 that enables simultaneous occupation of both hAgo2
binding sites. (B) Superimposed miR-122:HCV RNA conformations from
six RISC–RISC complexes show conformational variability. In particular,
SLI-3′ stem structure in Site 1 has significant conformational flexibility;
while the Site 2 RNA exhibits multiple orientations with respect to Site
1 RNA, indicating that the adjacent hAgo2 structures can adopt distinct
conformations. The HCV RNA (cyan), miR-122 (red), and hAgo2 N ter-
minal (pink), L1 (gray), PAZ (cyan), L2 (gray), mid (wheat) and PIWI do-
main (yellow) are indicated.

stem junction with a 7 base pair stem in the seed region
(seed stem), a 7 bp stem–loop (SLI), and a 3 bp stem in
the 3′ end (3′ stem). The seed stem is in an expected ori-
entation for a recognized mRNA target. All allowed RNA
structures show that the SLI-3′ stem forms an L-shaped
conformation, which adopts multiple orientations (Figure
6B) with respect to the hAgo2 structure. The source of
the L-shaped structure’s orientations is the miR-122′s six
unpaired bases (GACAAU) at the 3-stem junction. These
bases also produce a sharp turn (nearly 90◦) at the end
of the seed stem to allow the L-shaped structure to pro-

trude out of the RNA-binding channel; thus, avoiding steric
clashes with hAgo2′s PIWI and N-terminal domains. At
Site 2, the assembled RISC structures show that the RNA
can adopt straight and distorted duplex conformations. Du-
plex distortions occur at the internal loop just beyond the
seed stem region, generating nonstandard RNA backbone
conformations. The straight duplexes fit within the RNA-
binding channel, whereas distorted duplexes protrude out
of the RNA-binding channel. As noted above, only the dis-
torted duplex conformations that protrude out of the RNA-
binding channel are consistent with the overall RISC–RISC
complex, which may lend support to the hypothesis that the
auxiliary interactions with miR-122 at Site 2 may become
unpaired when both sites are occupied by hAgo2:miR-122.

Computational modeling of RISC–IRES–40S complex

The two RISC complexes form immediately upstream of
SLII of the HCV IRES. Cryo-EM structures of IRES–40S
show that SLII can adopt an active, bent conformation that
maintains the 40S subunit in an open conformation to allow
mRNA loading (57,58). An experimental characterization
of miR-122-HCV IRES interactions suggests that the RISC
Ago proteins play a role in activation of HCV translation
(51,59). To help further interpret Ago’s role, we used struc-
tural modeling to characterize the RISC–IRES–40S inter-
actions.

We assembled the RISC–IRES–40S complex by using the
cryo-EM of the IRES–40S (PDB: 5A2Q) and our modeled
RISC–RISC structures (see Materials and Methods). We
found many viable RISC–IRES–40S complexes with only
slight differences in the orientation between the IRES–40S
and RISC–RISC structures. The RISC–RISC structure is
oriented away from the IRES–40S complex, and it only in-
teracts with the IRES via the hAgo2 at Site 2 (Figure 7).
Both single- and double-stranded regions of the IRES in-
teract with Ago surfaces opposite the RNA-binding chan-
nel. The IRES-Ago interface is extremely tight fitting with
a strong shape complementarity (Figure 7, right panels).
Specifically, the Ago Mid and L2 domains interact with
the backbone of the single-stranded IRES region (ACCC,
nts 118–121) between SLII and III. An unstructured loop
in the PIWI domain (residues 719–728, DKNERVGKSG;
bold residues conserved among hAgo 1–3) interacts with
the bulge nucleotides in SLIIa where SLII adopts a bent
conformation. Interestingly, benzimidazole, an inhibitor of
HCV IRES-driven translation initiation, binds to the same
bulged IRES region to lock SLII in an extended, inactive
conformation (PDB 3TZR) (60). Lastly, we found that the
SLI structure does not interact with the IRES–40S complex,
a result consistent with the experimental finding that dele-
tion of SLI does not influence HCV IRES-mediated trans-
lation (59).

DISCUSSION

Two miR-122 molecules are able to bind to the HCV 5′ UTR
simultaneously in vitro

Biophysical analysis of miR-122:HCV RNA interactions
revealed a 2:1 stoichiometry in agreement with previous
studies using Con1b (genotype 1b) (22). In the context of nts
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Figure 7. Model of RISC-HCV IRES–40S interactions. A modeled RISC–
IRES–40S complex (top left panel) and detailed views of hAgo2:IRES in-
teractions (other panels). Front and back views of the space-filling repre-
sentation show a tight fit with shape complementarity between hAgo2 and
IRES SLIIa (right panels). hAgo2 Mid, L2 and PIWI domains interact
with single- and double-stranded regions of the HCV IRES SLIIa (bot-
tom left). The IRES (cyan), ribosomal RNA (yellow), ribosomal proteins
(gray), hAgo2s (pink and blue), and miR-122s (orange) are indicated.

1–42, we found that miR-122 binds to Site 1 with a stronger
affinity than to Site 2; and miR-122 binding to Site 1 was
observed to be more exothermic with a decreased entropy,
when compared with Site 2. This effect could be due to
different local conformational changes/rearrangements re-
quired for Site 1 to bind with miR-122, when compared with
Site 2. Individual analysis of Sites 1 and 2 alone revealed
that Site 1 has a higher overall binding affinity than Site 2;
however, miR-122 binding to Site 2 was more exothermic
and entropically favoured suggesting that in this isolated
system, Site 2 binding to miR-122 brings the system to a
lower energy ordered state (Table 1). This is in agreement
with previous results with a J6/JFH-1 (genotype 2a) isolate
(52); but is in contrast to studies with Con 1b (genotype
1b), where miR-122 binding to Site 2 had a stronger bind-
ing affinity than Site 1 (22). Although both ITC experiments
were done similarly, it is possible that our results vary due
to differences in the sequences between these two genotypes
as well as the specific lengths used for binding experiments
of the individual sites, since the tail of miR-122 bound to
Site 2 would be predicted to have extended binding into the
Site 1 seed region in the absence of Site 1-bound miR-122
(22). In contrast, when we performed ITC analyses using
1–117 nt HCV RNA, we observed that Site 2 had a much
greater affinity than Site 1. This was confirmed using S2p5,6
which contains a mutation in the Site 2 seed region that re-
sulted in a reduction in Site 2 binding, but had no effect
on Site 1. This is likely due to the more energetically favor-
able SLIIalt structure that the 1–117 nt HCV RNA is able to
adopt. More specifically, in the SLIIalt conformation, Site 2
is predicted to be in a single-stranded and accessible loop
region, while Site 1 is in a closed conformation. Thus, our
biophysical analyses suggest that two miR-122 molecules

are able to bind simultaneously to the HCV 5′ terminus in
vitro, with binding to Site 2 occurring with a higher affinity
than Site 1 in the context of nts 1–117 of the HCV genome.

Binding of miR-122 to the HCV genome alters the structure
of the 5′ UTR

In vitro SHAPE analysis in the presence of miR-122 re-
vealed decreases in the overall SHAPE reactivity across the
predicted miR-122 seed sequences, consistent with miR-122
interactions reducing the flexibility of the viral RNA in this
region (22,27). Moreover, we observed an overall decrease
in SHAPE reactivity at G33 and A34 of the HCV genome,
which are not predicted to bind to miR-122, suggesting that
miR-122 binding imparts rigidity to this region of the viral
RNA. Furthermore, the decrease in SHAPE reactivity at
U36 is consistent with formation of a G:U wobble pair be-
tween miR-122 and the viral RNA at this position, allowing
us to further refine the model of miR-122:HCV RNA inter-
actions at Site 2 (22,24,27). In addition to the seed regions,
we also observed some subtle differences in the SHAPE re-
activity in SLI, with an overall decrease in the stem and
slight increase in the loop region. These changes in reactiv-
ity suggest that miR-122 binding may stabilize SLI. How-
ever, changes in reactivity of the loop region are not likely
to have biological significance because the sequence iden-
tity of the loop is poorly conserved across HCV genotypes
(14,61).

In agreement with recent studies that suggest that the
HCV 5′ UTR is able to adopt a more energetically favorable
alternative (SLIIalt) structure (23,24), our SHAPE analyses
support this model, whereby miR-122 binding results in a
RNA chaperone-like switch in conformation to SLII, which
would promote functional IRES formation by positioning
the AUG start codon within the 40S ribosomal subunit for
translation initiation (47,48). However, as our SHAPE data
is an average of the structures that form in solution, and
most of the loop regions in SLIIalt and SLII are overlap-
ping, we could not definitively rule out formation of SLII
and the functional IRES conformation in the absence of
miR-122 for WT HCV RNA. However, this model is fur-
ther supported by our ITC analyses which suggest Site 2
has a greater binding affinity in the context of 1–117 nt WT
HCV RNA. Thus, our data is consistent with formation of
SLIIalt in the absence of miR-122, and miR-122 interactions
promote functional folding of SLII at least in vitro.

G28A favours the canonical SLII structure

The G28A mutation was first isolated from patients who
had undergone therapy with a miR-122 antagonist and this
mutation was subsequently demonstrated to reduce HCV’s
reliance on miR-122 in cell culture (13,18). As RNA struc-
tural predictions of the G28A mutant suggested that this
mutation results in a reduced number of energetically fa-
vorable alternative structures and formation of the func-
tional SLII structure with similar free energy to the SLIIalt

structure, we sought to verify this using SHAPE analyses
and ITC (23). Our SHAPE analysis indeed suggests that
SLII is more preferentially formed by G28A when com-
pared to WT HCV RNA, as reflected by higher SHAPE
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reactivities in the seed sequence of Site 1, which is in a more
open (single-stranded) conformation in the SLII structure.
Specifically, in several of the lowest free energy structures
of WT HCV RNA, the G28 position is found in a G-C
Watson-Crick pair and thus the G28A mutation would be
predicted to disrupt formation of several of the predicted
alternative structures. Moreover, nts 20–24 have a much
higher SHAPE reactivity in G28A when compared with
WT HCV RNA, suggesting that these nucleotides are in a
more open (single-stranded) conformation in the presence
of the G28A mutation. This is further supported by our ITC
analyses, which suggests a higher affinity for both sites when
compared with WT HCV RNA. Taken together, this data
suggests that the G28A mutation is able to more favorably
form the SLII conformation, even in the absence of miR-
122; but presumably, miR-122 is still required to protect the
5′ terminus from pyrophosphatase activity and subsequent
exonuclease-mediated decay by Xrn1 and 2 (19–22). Inter-
estingly, most HCV genotypes (1a, 1b, 3a, 4a, and 5a) al-
ready carry an A at position 28, which may indicate that
these genotypes have a greater propensity to form SLII than
the JFH-1 isolate used herein (6,7). This suggests that these
HCV genotypes may be less reliant on miR-122 to form the
SLII structure; although we cannot rule out the possibil-
ity that additional nucleotide polymorphisms preclude for-
mation of SLII. Notably, downstream of SLII, the WT and
G28A HCV RNAs had similar SHAPE reactivities consis-
tent with formation of SLIII-IV of the HCV IRES.

Two hAgo2:miR-122 complexes can bind to the 5′ UTR si-
multaneously and their interactions with the 5′ terminus fur-
ther alter the structure of the 5′ UTR

Previous studies have suggested that HCV RNA accumu-
lation requires miRNA biogenesis components, including
Dicer, TRBP and the four Ago proteins (14,52–55,62,63).
However, it is unclear whether Ago participates beyond
miR-122 loading, as sequences in miR-122 dispensable for
canonical silencing as well as downstream mediators of si-
lencing do not appear to be required for miR-122′s promo-
tion of HCV RNA accumulation (14,64–66). Moreover, the
two miR-122 sites in the 5′ UTR are in very close prox-
imity (separated by a single base) and hence, we were cu-
rious whether two hAgo2:miR-122 complexes were able to
bind simultaneously to the 5′ terminus of the HCV genome.
To this end, we purified hAgo2 loaded with the miR-122
guide strand, and performed gel shift assays. Indeed, we ob-
served that two hAgo2:miR-122 complexes can bind to the
5′ terminus of the HCV genome simultaneously, despite the
close proximity of the miR-122 sites; however, the two bind-
ing events were negatively affected by one another. Previ-
ous studies have suggested that, at least for canonical RNA
silencing, seed sites separated by 13–35 nt (from the seed
start) may act synergistically (67). As the two miR-122 bind-
ing sites on the HCV genome are separated by 15 nt (from
seed to seed), this may allow them to have a synergistic effect
on HCV RNA accumulation. Alternatively, it is also pos-
sible that binding to one site (presumably Site 2) promotes
changes to the conformation of the viral RNA that promote
hAgo2:miR-122 interactions with the second site (Site 1).
Moreover, we observed significant affinity enhancement in

the context of hAgo2:miR-122 (pM range) when compared
with miR-122 alone (nM range). This is not altogether sur-
prising since the hAgo protein holds the miRNA is a con-
formation that is conducive to target RNA binding. Addi-
tionally, it suggests that binding affinity predictions based
solely on miRNA-RNA interactions may significantly un-
derestimate binding affinity.

Our in vitro SHAPE analysis of the HCV RNA in the
presence of hAgo2:miR-122 demonstrated that additional
structural changes occur at the miR-122 recognition sites at
the 5′ terminus in the presence of hAgo2. Specifically, we
observed higher overall SHAPE reactivities in the region
predicted to form the Site 2 auxiliary interactions with nts
13–16 of Site 2-bound miR-122. This suggests that in order
to accommodate both hAgo2:miR-122 complexes, these nu-
cleotides may become unpaired and are therefore available
for acylation. Alternatively, since SHAPE reactivities rep-
resent an average of the HCV RNA conformations present
in solution, the increase in reactivity at these sites could
also be due to the contribution of viral RNA bound by
hAgo2:miR-122 at one site and not the other, because of the
differences in the availability and/or the affinity between the
two recognition sites.

Our SHAPE analyses on the entire 5′ UTR during miR-
122 or hAgo2:miR-122 binding were very similar; however,
we did observe some further changes in SHAPE reactiv-
ity when hAgo2:miR-122 was present. Specifically, we ob-
served an overall decrease in SHAPE reactivity in nts 52–
58 of SLIIa and nts 104–109 in the 3′ arm of SLII that
form base-pair interactions adjacent to SLIIa. Although
this was unexpected, our computational prediction of the
hAgo2:miR-122:HCV IRES complex suggest that the PIWI
domain of hAgo2 at Site 2 may make contact with this re-
gion of the viral RNA, which could further stabilize this
structure. This is not unprecedented as during Enterovirus
71 infection, Ago2 has been demonstrated to promote vi-
ral replication through interactions with the IRES region of
the viral RNA, and hence this may point to a related mech-
anism during HCV infection (68). Interestingly, SLII was
previously shown to fold independently of the IRES (47),
and it acts as an initiator for HCV translation by taking on
an L-shaped conformation that interacts with the 40S sub-
unit, holding the AUG start codon in the P-site of the ri-
bosome until the translation machinery is properly assem-
bled (9,24,48,49,69,70). Our SHAPE results support this
model and suggest that hAgo2:miR-122 binding may not
only promote translation through suppression of an alter-
native secondary structure (SLIIalt), but may further stabi-
lize the SLII structure through additional contacts between
hAgo2 bound to Site 2 and the viral IRES.

In addition to SLII, SLIIIa and d have been shown to
make important contacts with the 40S ribosomal subunit,
while SLIIIb-c makes contact with the eukaryotic transla-
tion initiation factor 3 (eIF3), to promote HCV RNA trans-
lation (9,71–73). We also observed some changes in SHAPE
reactivity in the presence of hAgo2:miR-122 in SLIV at nts
337–345 and 350–371, where the 40S and 60S subunits bind
(71). In further support of this finding, SHAPE analysis per-
formed on the HCV IRES (nts 42–371) in the presence of
the 40S ribosomal subunit demonstrated similar changes
in reactivity to what we observed here in the presence of
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hAgo2:miR-122 (71). In both cases, an overall decrease in
SHAPE reactivity was observed in the apical loops of SLIII,
with a decrease in SHAPE reactivity directly upstream, and
an increase in SHAPE reactivity at a few nts immediately
downstream, of the start codon. This suggests that, be-
yond the 5′ terminus (nts 1–42), miR-122 binding might
promote a conformation of the HCV IRES that is similar
to the ternary complex with eIF3 and the 40S ribosomal
subunit. This is further supported by an Ago HITS-CLIP
study during HCV infection which demonstrated miR-122-
dependent HITS-CLIP reads in the IRES region (17). Thus,
hAgo2:miR-122 interactions may alter the structure of the
HCV 5′ UTR that both promote formation of SLII (IRES
folding) as well as additional structural changes in SLIII
and IV that may promote association with the ribosome and
eIF3. However, future work will be needed to confirm these
findings in the context of viral replication.

Finally, we used computational prediction to model the
3D structure of the hAgo2:miR-122:HCV RNA ternary
and higher-order complexes at the 5′ terminus of the HCV
genome. Computational prediction of the ternary complex
at Site 1 required sampling of approximately 5 times the
conformations needed to model Site 2. This was expected
as there is an unusually large stem–loop structure (SLI, nts
4–20) between the seed site (nts 2–8) and the 3′ supplemen-
tal interactions (nts 15–17) with Site 1-bound miR-122 that
can adopt numerous possible conformations. At Site 1, the
dsRNA forms a 3-stem junction which is predicted to force
nts 1–3 of the HCV genome into an L-shaped conformation
to avoid steric clashes with hAgo2′s PIWI and N terminal
domains, while the seed region appears to take on an orien-
tation expected for canonical mRNA targets. The Site 2 du-
plex can adopt either straight or distorted conformations,
but only distorted conformations that protrude out of the
RNA-binding channel, which are induced by the unpaired
bases in the internal loop region, allow simultaneous hAgo2
occupation of the recognition sites. Multiple RISC–RISC
structural conformations can be assembled, suggesting that
the higher-order complex with adjacent hAgo2 structures
likely exhibits some degree of conformational variability
in addition to the flexibility of the SLI structure at Site 1.
Specifically, the two hAgo2 structures are orientated dif-
ferently to avoid steric clashes. Formation of the RISC–
RISC complex forces adoption of a specific set of duplex
conformations at Site 2, implying that hAgo2 occupation
of Site 1 influences the RISC structure at Site 2. Interest-
ingly, in this model the auxiliary interactions between the
HCV RNA at Site 2 and miR-122 appears to protrude from
hAgo2 (Figure 6A, lower panel). While this may be the case,
it seems more likely that miR-122 is retained in the hAgo2-
binding channel and that these auxiliary interactions with
nts 13–16 of miR-122 at Site 2 become unpaired to accom-
modate Ago2:miR-122 binding to Site 1 (particularly since
the end of the miRNA is likely to be tightly bound by the 3′
nucleotide-binding pocket of the PAZ domain) (41). This is
further supported by our biophysical analyses which sug-
gest interference between the two sites, and our SHAPE
data which indicates a higher SHAPE reactivity in this re-
gion in the presence of hAgo2:miR-122. Thus, it is possible
that the auxiliary interactions between Site 2-bound miR-
122 and nts 29–32 of the HCV genome are required for ef-

ficient initial recruitment of hAgo2:miR-122 to the HCV
genome, but that these interactions become unpaired in or-
der to accommodate hAgo2:miR-122 interactions with Site
1.

Assembly of the larger RISC–IRES–40S complex
demonstrates that the interface between the hAgo2 at Site
2 and the IRES SLIIa exhibits a tight fit with structural
complementarity. Given that the RISC Ago may aid in
miR-122-mediated activation of HCV translation (59,74),
a plausible interpretation of our modeled complex is that
Ago binding to SLIIa helps to stabilize the flexible IRES
SLII in the active, bent conformation. These interactions
may also help to stabilize the hAgo2:miR-122 complex at
Site 2 after recruitment of Site 1, to accommodate both
hAgo2:miR-122 complexes on the viral RNA. Moreover,
the close proximity between Ago at Site 2 and the viral
IRES may preclude interactions between Ago and the
downstream RNA silencing machinery, which could help
explain how the viral RNA is able to escape canonical RNA
silencing. However, we note that the hAgo2 residues known
to form contacts with GW182 appear to be accessible in
our model (16,75). Thus, further experimental work will be
needed to verify the details of these predicted RISC–RISC
and RISC–IRES–40S conformations in live cells and to
clarify how HCV escapes canonical RNA silencing.

miR-122 has at least three roles in the HCV life cycle

Taken together, our biophysical, SHAPE and compu-
tational prediction analyses suggest a new model for
hAgo2:miR-122 interactions with the HCV genome (Fig-
ure 8). Specifically, we predict that the HCV genome ini-
tially adopts an alternative conformation (SLIIalt) that al-
lows recruitment of hAgo2:miR-122 to Site 2 of the 5′ ter-
minus. Binding to Site 2 acts in an RNA-chaperone like
manner to convert the 5′ terminus into SLII, allowing func-
tional formation of the HCV IRES. This SLII conforma-
tion then allows recruitment of hAgo2:miR-122 to Site 1,
which protects the 5′ triphosphate moiety from pyrophos-
phatase activity and subsequent viral RNA decay by Xrn1
and 2 (19–22). In order to accommodate the hAgo2:miR-
122 at Site 1, the auxiliary interactions between the 3′ tail
of the miR-122 molecule at Site 2 are likely destabilized, but
the hAgo2:miR-122 complex at Site 2 is likely further stabi-
lized by interactions with the HCV IRES. This model is con-
sistent with our biophysical and SHAPE analyses as well
as previous mutational analyses where mutation of nts 17–
18 of the Site 2-bound miR-122 (predicted to reduce aux-
iliary interactions with the HCV genome between Sites 1
and 2) led to an ∼1.5-fold increase in viral RNA accumula-
tion (13). This model may also explain the sequence conser-
vation and requirement for the auxiliary interactions with
Site 2 (13), since they are likely required for the efficient ini-
tial recruitment of hAgo2:miR-122 to this site, even if they
are weakened upon hAgo2:miR-122 binding to Site 1. In
agreement with this, a recent study that used cooperative-
immunoprecipitation of Ago complexes in HCV-infected
cells suggests that Site 1 has a higher affinity for Ago:miR-
122 than Site 2 in live cells (52). Finally, the highly conserved
spacing between the two miR-122 binding sites, which ap-
pears to result in interference between the two Ago proteins,
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Figure 8. Model for Ago2:miR-122 interactions with the HCV 5′ UTR. Schematic representation of Ago2:miR-122 binding to the HCV genome and the
effects on the secondary structure of the viral RNA. The HCV 5′ UTR initially takes on the most energetically favorable conformation (SLIIalt), which
allows recruitment of hAgo2:miR-122 to Site 2 of the HCV genome (black). This results in a chaperone-like switch in conformation, resulting in formation
of SLII, part of the HCV IRES (SLII-IV). This change in conformation allows recruitment of hAgo2:miR-122 to Site 1, which protects the 5′ triphosphate
moiety from pyrophosphatase activity and subsequent exonuclease-mediated decay. In order to accommodate hAgo2:miR-122 interactions at Site 1, the
auxiliary interactions with Site 2-bound hAgo2:miR-122 are weakened; however, Site 2-bound hAgo2:miR-122 is further stabilized by interactions with
the HCV IRES (in SLIIa and the region between SLII-III). The miR-122 seed and auxiliary binding sites on the HCV genome are indicated (red).

is likely retained across HCV isolates because of the require-
ments for these sequences to form secondary structures (SL-
I’ and SL-IIz’) in the 3′ end of the negative-strand interme-
diate which constitutes the promoter for positive-strand vi-
ral RNA synthesis (76).

In conclusion, our results suggest that miR-122 is likely
to play at least three roles in the HCV life cycle. First, the
initial recruitment of hAgo2:miR-122 to Site 2 results in a
chaperone-like switch in conformation which suppresses an
alternative secondary structure (SLIIalt) and promotes SLII
formation (23,24). Second, recruitment of hAgo2:miR-122
to Site 1 protects the 5′ terminus from pyrophosphatase ac-
tivity and subsequent exonuclease-mediated decay (14,19–
21,53,77). And lastly, the hAgo2:miR-122 complex at Site
2 may further stabilize the HCV IRES through interactions
between the PIWI and Mid domains of Ago and SLII of the
HCV IRES to promote viral translation (59,74). This pro-
vides new insight into the role of miR-122 in the HCV life
cycle and future work will focus on clarifying this model in
the context of infection and further dissecting the contribu-
tion of each of these miR-122 activities.
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