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Abstract We have analyzed the binding of the liver-
specific microRNA-122 (miR-122) to three conserved tar-
get sites of hepatitis C virus (HCV) RNA, two in the non-
structural protein 5B (NS5B) coding region and one in the
3’ untranslated region (3'UTR). miR-122 binding efficiency
strongly depends on target site accessibility under condi-
tions when the range of flanking sequences available for
the formation of local RNA secondary structures changes.
Our results indicate that the particular sequence feature that
contributes most to the correlation between target site
accessibility and binding strength varies between different
target sites. This suggests that the dynamics of miRNA/
Ago2 binding not only depends on the target site itself but
also on flanking sequence context to a considerable extent,
in particular in a small viral genome in which strong
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selection constraints act on coding sequence and overlap-
ping cis-signals and model the accessibility of cis-signals.
In full-length genomes, single and combination mutations
in the miR-122 target sites reveal that site 5B.2 is posi-
tively involved in regulating overall genome replication
efficiency, whereas mutation of site 5B.3 showed a weaker
effect. Mutation of the 3'UTR site and double or triple
mutants showed no significant overall effect on genome
replication, whereas in a translation reporter RNA, the
3'UTR target site inhibits translation directed by the HCV
5'UTR. Thus, the miR-122 target sites in the 3’-region of
the HCV genome are involved in a complex interplay in
regulating different steps of the HCV replication cycle.

Keywords microRNA - Accessibility - Ago2 -
Translation - Regulation

Introduction

microRNAs (miRNAs) are small RNAs that regulate
mRNA expression mostly at a post-transcriptional level. To
this end, the miRNAs are bound by Argonaute (Ago)
proteins that constitute key components of miRNA-protein
(miRNP) complexes. The miRNA is then used as a
sequence-specific guide that directs the miRNP complex to
target sites in mRNAs [1] where the complex mediates the
regulation of mRNA half-life or activity.

Initially, miRNAs were reported to bind to the 3’
untranslated region (3’'UTR) of mRNAs, while later it
became clear that miRNAs also frequently bind to coding
sequences [2-5] and rarely in the 5UTRs of mRNAs [5, 6].
In the 3'UTR, miRNP complexes can exert their regulatory
functions without blocking the passage of scanning or
translating ribosomes. The activity of the mRNA is
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regulated by inhibiting translation initiation, sequestering
the mRNAs to P-bodies for temporal storage, initiating
degradation of the mRNAs via decapping and deadenyla-
tion, or by other mechanisms [3, 5, 7-9]. It was proposed
that miRNA binding to 3'UTRs preferentially regulates
mRNA stability, whereas binding to coding regions may
preferentially regulate mRNA translation [10].

miRNA precursors are expressed in the nucleus, par-
tially processed and transported to the cytosol where they
are further processed into imperfect miRNA duplexes of
about 22 bp with 3’-overhangs. This miRNA duplex is then
unwound. One strand remains bound in the Ago protein in
the complex and is used as the guide strand, while the
opposite (passenger) strand is discarded. In humans, four
Ago proteins are known (numbered 1-4), of which Ago2 is
the most abundant [11]. In the Ago2 protein, the miRNA
guide strand is anchored with one or two nucleotides at its
3’-end in the PAZ domain and with the 5'-phosphate in the
MID domain [12—14]. Nucleotides 2—-8 (the seed region) of
the miRNA are accessible to hybridization with the target
mRNA, of which miRNA nucleotides 2-5 appear to be
particularly important for the initiation of seed binding
[14]. In many cases, also nucleotides beyond miRNA
position 14 (the supplementary binding region) contribute
to target RNA binding [1].

Hepatitis C virus (HCV) employs the liver-specific
miRNA-122 (miR-122) to promote its own replication
[15]. Since miR-122 makes up 60-70 % of all miRNA in
hepatocytes but is expressed hardly in other tissues
[16, 17], it is considered to significantly contribute to the
liver tropism of HCV. HCV is a member of the genus
Hepacivirus in the family of Flaviviridae and has a single-
strand RNA genome of positive orientation that replicates
in the cytoplasm of hepatocytes [18, 19]. The single open
reading frame (ORF) of the viral genome is translated
under the control of an internal ribosome entry site (IRES)
element in the 5UTR [20]. The 3'UTR of the HCV RNA
genome is not only involved in replication but also stim-
ulates HCV translation [21, 22]. The HCV genome
contains several miR-122 target site sequences (see
Fig. 1a). Two of them (S1 and S2) are located in the very
5'-region of the 5UTR. Ago protein mediated binding of
miR-122 to these sites [23] is involved in HCV RNA sta-
bilization against exonuclease degradation [23-26] and
stimulation of HCV translation [23, 27-33]. Another
potential miR-122 target site (S3) is located in the variable
region (VR) of the HCV 3'UTR. Moreover, three potential
miR-122 target sites are found in the non-structural 5B
(NS5B) protein coding region of the HCV ORF, of which
the first site (5B.1) is not conserved among all isolates,
whereas the second (5B.2) and third site (5B.3) are con-
served (Fig. 1b, Supplementary Figures S1-S4). However,
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the functions of these miR-122 target sites in the 3’-region
of the HCV genome are largely unknown.

Binding of a microRNA to its target site depends on
target site accessibility. The HCV genome RNA has some
regions of highly conserved structures, while others appear
to be quite flexible. This fact is evident from SHAPE
reactivities (which are a measure for the structural flexi-
bility of a RNA region) that are conserved among isolates
only for some selected regions of the HCV genome [34].
For example, the very 5'-region of the 5’UTR and the 3'X
region of the 3’UTR have very low SHAPE reactivities in
solution, indicating the presence of highly structured RNA
regions. Accordingly, entropy values are very low in these
regions. In contrast, SHAPE reactivities are very diverse
among isolates over most regions of the HCV genome
coding sequence [34], and entropy values largely vary
among isolates, indicating that most RNA secondary
structures in the open reading frame may be quite dynamic.
These findings suggest that, except for some conserved cis-
elements, there is a high degree of flexibility in RNA
structure in the coding region of the HCV genome. This
raises the question of what are the structural preconditions
for miR-122 binding to the conserved target sites in the
NS5B coding region of the HCV genome.

We investigated the binding of miR-122 to the two
conserved target sites in the NS5B coding region of HCV
and, in comparison, to the target site in the 3'UTR. We
analyzed the impact of local RNA secondary structure on
miRNA target site accessibility and on the intensity of
miRNA-Ago2 complex binding. Moreover, we analyzed
the function of these miR-122 target sites in the HCV
genome on viral genome translation and replication.

Results

Conserved miR-122 target sites in the HCV NS5B
coding region and 3'UTR

Two highly conserved miR-122 target sites in the NS5B
coding region were identified in 106 selected HCV sequences,
including two isolates of each subtype from each genotype
from full-length or near-full-length HCV sequences if avail-
able (sequences are detailed in the MAFFT alignment file in
the supplement to [35] on the website http://www.rna.uni-
jena.de/supplements/hcv/SELECTED/selected_hcv.stk.html).
The first site (5B.2) is located about 570 nucleotides upstream
of the NS5B stop codon (Fig. 1b, Supplementary Figure S1).
In site 5B.2, the seed target sequence (A)CACUCC is con-
served in 99/106 isolates. A potential supplementary miR-
122 binding sequence located 4-8 nucleotides upstream of
the seed target sequence is conserved in 106/106 isolates
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Fig. 1 Conserved miR-122 target sites in the hepatitis C virus (HCV)
RNA genome. a The HCV genome with the 5’- and 3'-untranslated
regions (UTRs), the polyprotein open reading frame (ORF) and the
gene segments encoding structural and non-structural (NS) proteins.
In the 5'UTR, there are two conserved miR-122 target sites (S1 and
S2, boxed) and the internal ribosome entry site (IRES). In the NS5B
region (encoding the viral replicase) there are three miR-122 binding
sites (numbered 5B.1, 2 and 3), of which sites 5B.2 and 5B.3 are
highly conserved among isolates. One additional site (S3) is located in
the variable region (VR) of the 3'UTR. The cis-acting replication
element (CRE) in the NS5B region, the poly(U/C) tract and the highly
conserved 3'X region in the 3'UTR are indicated. b miR-122 and
conserved miR-122 target sites in the NS5B coding sequences and in

(Supplementary Figure S1). A second highly conserved miR-
122 target site (5B.3) in the NS5B coding sequence is located
about 165 nucleotides upstream of the stop codon (Fig. 1b,
Supplementary Figure S2). Its seed target sequence
CACUCC is conserved in 106/106 isolates, and a potential
supplementary binding site is conserved 10—12 nucleotides
upstream of the seed target site. In both sites the seed
sequences are conserved beyond coding sequence require-
ments (Supplementary Figures S3 and S4). A third seed target
site (CACUCC) (5B.1) located about 30 nucleotides
upstream of site 5B.2 is found in only 25/106 selected isolates
[35] and, therefore, was not further analyzed. In the Variable
Region of the 3’'UTR, a miR-122 seed target sequence
([A]JCACUCC) is conserved among 83/94 isolates, and a
potential supplementary site can be suspected to overlap with
the NS5B stop codon (Supplementary Figure S5). An ade-
nosine (A) residue directly downstream of a miRNA seed
target sequence was reported to be overrepresented in many
miRNA target sites and shown to bind directly to Ago2 pro-
tein [1, 2, 14]. An A residue directly downstream of the miR-
122 seed target sequence is present in 70/106 isolates for site
5B.2 (Supplementary Figure S1), in 101/106 isolates

the 3'UTR of two HCV isolates, Conl (genotype 1b) and JFH-1
(genotype 2a). Upper part The miR-122 sequence with the seed
sequence (nucleotides 2—8) and the potential supplementary binding
region (involving nucleotides 14-20). Below Sequences of the
conserved miR-122 target sites 5B.2, 5B.3 and S3 in the NS5B
region and the 3'UTR in the Con1 (genotype 1b) and JFH-1 (genotype
2a) isolates. HCV genotype (GT) and NCBI nucleotide database
accession numbers are given. Nucleotide numbers indicate numbering
in the genotype 1b Conl isolate. miR-122 target sequences are boxed.
Alignment of 106 selected isolates and miR-122 seed and potential
supplementary binding sites in the NS5B region are shown in
Supplementary Figures S1, S2 and S5

downstream of site 5B.3 (Supplementary Figure S2) and in
56/88 isolates for the 3'UTR site (Supplementary Figure S5).
Taken together, the degree of conservation suggests a func-
tional role of these miR-122 target sites in the HCV NS5B
coding region and 3'UTR.

miR-122/Ago2 complexes bind to all conserved
target sites

To analyze the binding of miR-122 to the conserved target
sites in the HCV RNA, we transfected HeLa cells with 32p_
labeled HCV RNAs containing each one of the miR-122
target sites, along with unlabeled miR-122 (or miR-124 as a
control). The lengths of the in vitro-transcribed RNAs were
chosen in a range of about 150-270 nucleotides, in case of
the NS5B sites thereby mimicking local segments of RNA
between migrating ribosomes but long enough to allow
formation of local secondary structures. Cells were lysed 6 h
post-transfection, and Ago2/miR-122/HCV RNA complexes
were recovered from the cell lysates by co-immunoprecipi-
tation (co-IP) using anti-Ago2 antibodies [23]. Following
RNA isolation and gel electrophoresis, the amount of
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recovered *?P-labeled HCV RNA was detected by a phos-
phorimager, normalized to input RNA, compared to
negative control Flag-co-IP readouts, and then served as
readout for the intensity of miR-122 binding to the HCV
RNA. For miR-122 target sites 5B.2, 5B.3 and the 3’'UTR
site (S3), we could detect binding of miR-122, while miR-
124 yielded only background binding comparable to the
negative Flag antibody control (Fig. 2).

The intensity of miR-122/Ago2 binding depends
on target site accessibility

We then varied the range of flanking sequences upstream
and downstream of the miR-122 target sites in the RNAs

5B.2 5B.3
a 122 122 124 mIRNA b 122 122
Flag Ago Ago| Input Antibody Flag Ago Ago
Co-IP
+ -5B.2d
RNA
122 122 124 miRNA 122

Flag Ago Ago| Input  Antibody

used for in vitro-transcription. The structures of the RNAs
were predicted using the Vienna RNAfold WebServer
programs. The predicted structures of the RNAs containing
one particular target site revealed to change largely when
varying the range of upstream and downstream flanking
sequences (Figs. 3, 4, 5, left panels, Supplementary Fig-
ures S7-S15). From the predicted RNA structure outputs,
the single strand probability (ssp) of the seed target
sequence was calculated for each base from the Vienna
RNA fold minimum free energy (MFE) output EPS files for
“MFE structure drawing encoding base-pair probabilities”
as a measure for its accessibility and averaged for all bases
in the respective miR-122 seed target (for details please see
“Materials and methods” section). Along with these

S3
122 122 124 miRNA

miRNA c |
Input| Flag Ago Ago Antibody

| Input Antibody

Co-IP

-5B.3¢ - g Co-P

RNA @  °-S3.c
g § RNA

mIRNA 122 122 124 miRNA
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Input . I”Bpl:‘;t
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RNA " RNA
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Fig. 2 miR-122 binding to example NS5B and 3'UTR target sites.
a Co-immunoprecipitation (co-IP) results with RNA 5B.2d (see
Supplementary Figure S6) containing the first highly conserved miR-
122 binding site in NS5B. HeLa cells were transfected with 32P-
labeled HCV RNA 5B.2d along with either miR-122 duplex RNA or
with miR-124 as a control. Cells were lysed 6 h post-transfection, and
Ago2/miRNA/target RNA complexes were precipitated with an anti-
Ago2 antibody. The “Input” lane shows a small aliquot of the
in vitro-transcript used for transfections as a size marker for the RNAs
recovered from co-IPs. RNA was extracted and analyzed by
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denaturing gel electrophoresis and phosphorimaging (upper panel).
RNA was isolated from an aliquot of the cell extract prior to co-IP to
check RNA integrity after cell lysis (middle panel). Ago2 western
blots show the pull-down of Ago2 protein by the immunoprecipitation
(lower panel). b Co-IP results and controls as in a, but with RNA
5B.3c. ¢ Co-IP results and controls as in a, but with RNA S3c
containing the 3’'UTR miR-122 binding site. d-f Mutants of the
binding sites knock out miR-122 binding. The seed sequences of the
miR-122 binding sites were mutated as indicated, and the RNAs were
subjected to co-IP as in a—¢
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Fig. 3 miR-122 dependent interaction of Ago2 protein with target
RNAs containing miR-122 target site 5B.2. Left panels The structures
of the RNAs are shown schematically with the miR-122 target sites
boxed (the complete sequences and predicted structures of RNAs are
shown in Supplementary Figures S6 to S15). In the enlargement, miR-
122 target sites are shown in detail (boxes). The average single strand
probability (ssp) for the miR-122 seed target site is indicated. Middle
panels miR-122 dependent Ago2 protein binding to target RNAs.
HeLa cells were transfected with miR-122 duplex RNA and with *2P-

changes in predicted RNA structures, also the intensity of
binding of miR-122 to its target sites strongly varied
(Figs. 3, 4, 5, middle panels). In RNAs 5B.2a and b, the
miR-122 target site is largely hidden in double-stranded
regions, and the intensity of miR-122/Ago2 binding ranges
from low to moderate (Fig. 3a, b). In contrast, in RNA
5B.2c, the miR-122 target site is predicted to be more
accessible, and concordantly the intensity of miR-122/
Ago2 binding is high (Fig. 3c). Likewise with site 5B.3,
miR-122 binding intensity is low when the predicted target
site accessibility is low (RNA 5B.3a, Fig. 4a), whereas
miR-122 binding intensity is increased when a part of the
target sequence is predicted to be well accessible (Fig. 4b,
c¢). With the 3’'UTR RNAs, the same effect was observed

Input| Flag Ago Antibody

Input| Flag Ago Antibody

Co-IP
-5B.2a
RNA

Input | Flag Ago

Antibody  Input| Flag Ago  Antibody

Co-IP
-5B.2c
RNA

.-

labeled target RNAs including the miR-122 target site sequence
(named RNA 5B.2a, 5B.2b or 5B.2c, respectively) but with different
lengths of upstream and downstream flanking regions. 6 h post
transfection, Ago2/miRNA/target RNA complexes were subjected to
co-IP with either an anti-Ago2 or a Flag antibody as negative control.
The “Input” lane shows a small aliquot of the in vitro-transcript used
for transfections as a size marker for the RNAs recovered from co-
IPs. Right panels RNAs recovered after cells lysis but prior to co-IP to
check RNA integrity after cell lysis

(Fig. 5). Low target site accessibility (a and b) resulted in
inefficient miR-122 binding, whereas a high target site
accessibility returned highly efficient binding (c).

To illustrate that target site accessibility undergoes
dynamic changes which depend on the availability of the
flanking RNA sequences, we used a bioinformatic in silico
approach exemplary for site 5B.3. A window of 200
nucleotides was moved over the RNA, and the calculated
target site accessibility (in terms of the predicted proba-
bility to be single-stranded) was plotted over the left
position of the window (Fig. 6). The result shows that
target site accessibility largely varies, even when the
window of fixed length was moved only slightly. This
approach even did not take into account that (for the target
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Fig. 4 miR-122 dependent interaction of Ago2 with target site 5B.3.
Fig. 3

sites in the NS5B coding region) the distance of two
migrating ribosomes—each of which forces the sequence
occupied to be single-stranded—may migrate with differ-
ent distances and even with different speed according to
RNA secondary structures that must be overcome.

To analyze the binding strength found with the NS5B and
3'UTR target sites, we used the RNAs shown in Figs. 3, 4
and 5 as well as several additional different RNAs for each
site that come with various lengths of flanking sequences
(see Supplementary Figure 6). co-IPs were performed with
all these RNAs (Figs. 3, 4, 5 show examples thereof). The
single-strand probabilities of the miR-122 target sites were
calculated as detailed in the “Materials and methods” sec-
tion, and average binding strength was plotted over
predicted target site accessibility for all these RNAs.

The results (Supplementary Figures 16 and 17) essen-
tially show that the three target sites appear to be different,
and that for each target site a different feature contribute
most to the correlation between predicted accessibility and
observed binding strength. Target site 5B.2 shows a sur-
prisingly low correlation between predicted accessibility
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and experimental miR-122/Ago2 binding strength. This
correlation is higher with site 5B.3 and is very high with
the target site S3 in the 3'UTR. For site 5B.2, which has
largely varying predicted accessibilities for most RNAs
used, inclusion of the Adenosine residue directly down-
stream of the target site [2, 14] considerably improved the
correlation between predicted accessibility and binding
strength, whereas this effect was negligible for the other
target sites. In site 5B.2, all features contribute to the
binding in a way that the correlation between predicted
accessibility and binding is best for the complete binding
site. In contrast, in target sites 5B.3 and S3 the accessibility
of the seed target sequence appears most important, among
which the “nucleation sequence” CUCC (nucleotides
opposite to miRNA nucleotides 2-5) appears not to con-
tribute to this correlation in binding site S3. Taken
together, each binding site appears to have its own char-
acteristics possibly due to unique features of the flanking
sequences, which may also depend on the binding of other
proteins which in turn may alter the secondary structure
folding of these RNAs.
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Fig. 5 miR-122 dependent interaction of Ago2 with the 3'UTR miR-122 target site (“S3”). RNA structures, co-IP and control experiments are

shown similar as in Fig. 3
Functional analysis of the miR-122 target sites

We used full-length HCV genomes to elucidate the function
of the miR-122 binding sites in the NS5B and 3'UTR
regions (Fig. 7). Since the potential target site 5B.1 is not
conserved in most HCV isolates [35], this site was disabled
in all used constructs by mutation. The target sites 5B.2,
5B.3 and S3 were mutated as shown in Fig. 2d—f, either
alone, the sites 5B.2 and 5B.3 in combination (5B.2/3) or all
three sites in combination (“triple”). The RNA genomes
were transfected into HuH-7 cells, and cells or cell extracts
were analyzed 3 days after transfection for expression of
HCV NS3 and Core proteins by Western blot (Fig. 7b) and
immune fluorescence (Fig. 7d) as well as HCV plus strand
genome abundancy (Fig. 7c). Counting of cells expressing
HCYV proteins in large areas of the coverslips (not shown)
revealed that single mutations in all sites slightly reduced the

number of cells that showed detectable expression of HCV
proteins (% values at the bottom of Fig. 7d). Mutations in all
sites have a negative effect on protein production in the
overall HCV replication cycle (which includes genome
translation, minus strand synthesis, plus strand synthesis and
further translation of progeny plus strand genomes), and the
protein production detected with full-length systems largely
originates from progeny plus strands [18]. Expression of
NS3 and Core protein was mostly reduced with mutant 5B.2
and also 5B.3, whereas the S3 mutant, the NS5B double
mutant 5B.2/3 and the triple mutant showed only slightly
reduced viral protein expression (Fig. 7b). Plus strand
abundancy was significantly reduced with the 5B.2 mutant
(Fig. 7c). Thus, we conclude that the reduced protein pro-
duction with mutant 5B.2 largely results from reduced
progeny plus strand availability. In contrast, plus strand
abundancy was only slightly reduced with the 5B.3 mutant
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Fig. 6 Accessibility of the miR-122 target sites in the NS5B coding
region depends on availability of surrounding sequences forming
local RNA structure. A window of 200 nts was moved in silico over
the sequence containing target site 5B.3, and the predicted average
single strand probability of the seed target sequence was plotted over
the position of the upstream edge of the window

but not significantly affected by the S3, NS5B double and
the triple mutants. Thus, site 5B.2 clearly has a positive
effect on overall genome replication and related viral protein
expression, whereas the exact role of the other sites and of
combination of sites is less clear. At least with site 5B.3 we
assume also a positive effect on HCV RNA replication,
whereas the role of site S3 in the 3'UTR appears less clear
since its mutation appears to slightly reduce overall trans-
lation of HCV proteins but appears to have no effect on
overall genome RNA replication and by that on RNA sta-
bility. As a consequence, we speculate that sites 5B.3 and S3
may have a negative effect on translation efficiency.

For site S3 in the 3’'UTR we separately analyzed its
effect on translation using a specialized translation reporter
system in which the HCV 3'UTR with the wt or mutated
target site S3 was located downstream of the reporter gene
(Fig. 8a). With this system, we found that mutation of the
miR-122 target site S3 in the 3'UTR and addressing the site
with a compensatorily mutated miR-122 variant signifi-
cantly reduced translation efficiency (Fig. 8b). Thus, we
conclude that the 3'UTR target site S3 has a negative effect
on HCV genome translation and may have contrary effects
on RNA replication and translation.

Discussion
In this study, we have analyzed the conservation features of

the presumed miR-122 binding sites in the NS5B coding
region and the 3'UTR of the HCV RNA genome, the
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binding of miR-122/Ago2 complexes to the target sites and
the function of the target sites in HCV translation and
replication.

Analysis of the correlation of miRNA binding efficiency
with the accessibility of the target sites in the 3’UTRs of
cellular mRNAs revealed that effective miRNA targets are
preferentially located in regions of high accessibility
[36-39]. Also in coding sequences, structural accessibility
is the main feature common to all analyzed target sites
[40]. Here we show in living cells that the efficiency of
miR-122 binding to three highly conserved binding sites in
the NS5B coding region and the 3'UTR of the HCV RNA
genome largely depends on target site accessibility under
conditions when the range of flanking sequences available
for the formation of local RNA secondary structures
changes. Most importantly, our results indicate that the
sequence feature that contributes most to the correlation
between target site accessibility and binding strength varies
from site to site. In site 5B.2 it is the overall sequence of
the site including an additional Adenosine residue directly
downstream of the target site, in site 5B.3 it is mainly the
seed target sequence, and in the 3'UTR site it is the com-
plete seed target sequence and the supplementary sequence,
while the so-called “nucleation sequence” (target nucleo-
tides opposite to miRNA nucleotides 2-5) plays a
negligible role. This suggests that the dynamics of miRNA/
Ago2 binding not only depends on the target site itself but
also may depend on flanking sequence context to a con-
siderable extent, since different flanking sequences
interacting with each miRNA target site may modulate the
main target site feature that is most important for acces-
sibility of each site to various extents. Moreover, the
availability of the flanking sequences may be modulated by
RNA binding proteins in an unpredictable manner.

The idea that binding of miR-122 to the target sites in
the NS5B coding region and the 3'UTR may depend on
dynamic changes in accessibility is supported by previous
findings that miR-122/Ago2 complexes bind very strongly
to the two 5'UTR target sites but much weaker to the
downstream sites [23]. Analysis of miR-122 binding to the
target sites in the HCV NS5B coding region by CLIP
assays [41] showed that miR-122 binds to both sites (5B.2
and 5B.3) as well as to the non-conserved site 5B.1 located
30 nucleotides upstream of site 5B.2 to a much lower
extent compared with the two miR-122 target sites S1 and
S2 in the HCV 5'UTR. Another study showed that miR-122
binds with moderate efficiency to site 5B.2 in in vitro
binding competition assays, linking miR-122 binding with
a slightly negative effect on HCV replication [42].

Our results also can also be analyzed with respect to two
special aspects of the target RNA recognition by micro-
RNA/Ago2 complexes which both take into account the
contribution of features of the Ago protein. The first aspect
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Fig. 7 Effects of mutations in the miR-122 binding sites in the NS5B
coding region and 3'UTR on HCV overall replication. a The HCV
full-length genome with the miR-122 binding sites S1 and S2 in the
5'UTR, 5B.1, .2 and .3 in the NS5B coding region and S3 in the
3'UTR. Site 5b.1 was disabled in all constructs used here since this
site is conserved only in a minor fraction of HCV isolates. b—d Cells
were transfected with the wild-type HCV RNA or mutated variants as
indicated. Cells were harvested 3 days after transfection, and aliquots

is the significance of an A residue at the tl position, the
target position opposite to miRNA nucleotide 1, and the
second aspect is the role of the so-called nucleation step in
the initial phase of miRNA binding to its target which
depends on Ago protein structure and dynamics.

A computational study found an overrepresentation of A
residues directly downstream of the target site [2], and also

- LNA - - - - a-122-LNA

HCV construct

5B.3

10 9 % NS3-pos. cells

of the cells extracts were used for analysis of protein expression (NS3
and Core) (b) and HCV plus strand genome abundancy by qPCR (c).
d Shows expression of NS3 after 2 days by immune fluorescence.
Nuclear staining by DAPI and NS3 staining each are shown in b/w,
while the merge is shown in color (blue DAPI, green NS3). “5B.2/3”
labels the double mutant with sites 5B.2 and 5B.3 mutated, “triple”
the triple mutant with sites 5B.2, 5B.3 and S3 mutated in combina-
tion. The counted % of cells expressing NS3 is indicated below

experimental support for the importance of this A residue
in improving miRNP complex binding to a target mRNA
was reported [43]. Another study evaluated stronger down-
regulation of target mRNAs when an A residue was present
[44]. A mechanistic explanation for these results was
recently reported by a structural study: an A residue (but no
other base) downstream of the target site fits into a pocket
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Fig. 8 Effect of the 3’UTR miR-122 binding site on translation.
a The HCV translation reporter RNA contains the complete HCV
5'UTR plus the AUG and 30 nucleotides of the core coding region to
allow complete folding of the IRES, the humanised Renilla luciferase
gene (hRLuc), the 3'-terminal 21 nucleotides of the HCV NS5B
coding region including the stop codon and the HCV 3'UTR.
b Translation assays. The wild-type HCV reporter RNA shown in
a with either the wild-type (wt) S3 binding site or the S3 site mutated
(mut) as shown in Fig. 2f was transfected into HuH-7.5 cells along
with miRNA duplexes as indicated (either miR-122 wild-type or a
mutated miR-122 variant with compensating mutations). Cells were
lysed 6 h after transfection and luciferase activity measured

in the Ago2 protein and thereby increases the affinity of
Ago2 protein to such targets [14]. However, our results
obtained with the three conserved miR-122 target sites in
the HCV RNA confirm that an A residue downstream of
the target site substantially improves the correlation
between calculated target site accessibility and the intensity
of miR-122/Ago2 complex binding only for target site 5B.2
which shows the highest variability in target site accessi-
bility among the sites analyzed. Interestingly, an A residue
is also present downstream of the first miR-122 binding site
S1 in the HCV 5'UTR in 70/83 isolates (see alignment in
supplement to [35]), making this first binding site stronger
than 5'UTR site S2 in vivo (ANR and MN, unpublished
observations), in contrast to the situation in in vitro binding
assays lacking Ago protein [45].

In contrast, we could not detect a leading role of the
accessibility of the target nucleotides opposite of the
nucleation sequence [46-48]. Ago2 protein first exposes
nucleotides 2-5 of the miRNA (the so-called nucleation
sequence), and upon target binding the protein rearranges
its conformation to also expose the rest of the miRNA seed
sequence to the target [14]. In contrast, in our experiments
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the accessibility of the entire seed target sequence appears
to be more important. This discrepancy may be based on
our test system, since the co-IP procedure detects miRNA/
Ago2 complexes binding to their target sites rather stably
over extended time, while transient steps of the target
recognition procedure cannot be detected.

A previous study [42] proposed a slight inhibitory effect of
site 5B.2 (called MRE 4 in that study) on HCV replication. In
contrast, our functional analysis of the miR-122 binding sites
by mutation revealed a significant positive effect of site 5B.2
on overall genome replication. Also the amounts of translated
HCV proteins are reduced by the mutation in site 5B.2,
implying that HCV translation may also be stimulated by site
5B.2. However, since by far most HCV proteins are produced
not in the pilot round of translation of the infecting genome but
on progeny plus strand genomes [ 18], we cannot make definite
conclusions if the step of genome translation is stimulated by
site 5B.2; it may also be possible that the positive effect on
translation may be an indirect consequence of the positive
effect on genome replication.

For the target site S3 in the HCV 3'UTR, we clearly
show a significant reduction in translation efficiency when
the site is placed in a specialized translation reporter con-
struct (Fig. 8). In contrast, this mutation has no
detectable effect on the overall amplification of plus strand
HCV genomes (Fig. 7c). Thus, we can only speculate if
site S3 in the 3'UTR may have a positive effect on RNA
replication which may compensate for the negative effect
on translation. Also for the double mutation 5B.2/3 and the
triple site mutation, we can only speculate that a compli-
cated interplay of different functions is involved in the
HCYV replication cycle, while each mutation finally results
in reduced overall replication which is here shown by the
reduced production of NS3 and Core proteins (Fig. 7b).

Materials and methods
Transcription templates and RNA synthesis

The templates for target RNAs were generated by PCR or
plasmid Maxiprep. Plasmid pFK\[389/NS3-39/Hygubi/5.1
[49] was used to generate PCR templates from HCV
genotype 1b (Conl) sequences (NCBI nucleotide database
accession No. AJ238799) [50]. Plasmid pFL-J6-JFHI1 [51]
was used for PCR templates for HCV genotype 2a (JFH-1)
(accession No. AB047639) [52] sequences. PCR forward
and reverse primer sequences are specified in Supplemen-
tary Figure S6, along with the templates used. The forward
primer sequences additionally contain the sequence 5'-
ACAGTCGCATGGCAGGCTTAATACGACTCACTAT
Aggg-3' (which includes the T7 RNA polymerase promoter
sequence) at their 5-ends fused to the 5'-end of each
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specific sequence that hybridizes to the respective template
DNA. Thus, the G in TATAG is the first nucleotide of the
in vitro-transcribed RNAs. The resulting RNA sequences
are specified in Supplementary Figure S6. As full-length
genome the Jcl chimera was used (genotype 2a) [53]. In
this HCV genome, the miR-122 target sites in the NS5B
region and the 3’UTR were mutated as indicated. In all
mutated constructs, the non-conserved miR-122 target site
5B.1 upstream of site 5B.2 which is conserved only in
some isolates was mutated to routinely disable this site.
The templates for in vitro-transcribed RNAs used for the
translation assays were generated by PCR from plasmid
pUCI18-J6/JFH1 IRES-hRluc-3/-UTR and its derivatives.
This plasmid contains a T7 promoter, followed by the 340
nucleotide HCV genotype 2a 5'UTR and 33 nucleotides of
core coding sequence from plasmid pFL-J6/JFH1 [51], a 9
nucleotide linker sequence, the coding sequence for
humanised Renilla luciferase (hRLuc), 12 linker nucleo-
tides, the 3’-terminal 21 nucleotides of the HCV NS5B
coding region including the stop codon, and the HCV
3'UTR.

The PCR fragments or plasmids were used for in vitro-
transcription using T7 RNA polymerase. To generate
radioactively labeled RNA, transcription was performed
using T7 RNA polymerase in the presence of 500 uM
ATP, GTP and CTP, 100-300 uM UTP and 0.625 or
0.5 uM [0-"°P] UTP (800 Ci/mmol; PerkinElmer). Ali-
quots of the radiolabeled RNAs were run on 7 M urea/6 %
polyacrylamide gels and checked by autoradiography.
RNA concentrations were determined by gel images and
photometric analyses. The concentrations of the labeled
RNAs were calculated from the amount of the limiting
radiolabeled nucleotide used in the in vitro-transcription
and considering the estimated efficiency of label incorpo-
ration (% nucleotides incorporated into the RNA versus %
non-incorporated nucleotides). For full-length transcrip-
tions 3750 pM cold rNTPs were used.

RNA and LNA/DNA mixmer oligonucleotides

RNA oligonucleotides were supplied by biomers.net, LNA/
DNA mixmer oligos from Exiqon. Duplexes were formed
between the guide (mat) and its complementary passenger
strand (*). The sequences were:

miR-122 mat, 5'-(phos)UGGAGUGUGACAAUGGU-
GUUUG-3;

miR-122%, 5'-(phos) AACGCCAUUAUCACACUAAA
UA-3;

miR-124mat,
CC-3;

miR-124*, 5'-(phos) CGUGUUCACAGCGGACCUUG
AU-3,

5'-(phos)UAAGGCACGCGGUGAAUG

miR-122 S3mutmat, 5’-(phos)UGCAGAGUGACAAUG
GUGUUUG-3;

miR-122 S3mut*, 5'-(phos)AACGCCAUUAUCACUC
UAAAUA-3.

LNA/DNA mixmer oligonucleotides

Anti-miR-122 LNA for sequestering mirl22,
+C*C*A* 4+ T*T*G* 4 T*C*A* 4+ C*A*C* 4 T*C* 4
C; where a (4) indicates a following LNA residue and G*, A*,
T*, C* phosphorothioat DNA bases.

Transfections and co-immunoprecipitations

2.5 x 10° HeLa cells were seeded in 9 cm plates and
transfected on the next day (at approx. 90 % confluency)
with 3 pg **P-labeled HCV reporter RNA (40—60 pmol)
and 3 pg of active miRNA (e, 6pg of miR
duplex = 400 pmol duplex) using Lipofectamine 2000.
The RNA amounts per cell and the reporter RNA/mi-
croRNA ratios correspond to the conditions found
previously to be optimal for analysis of miR-122 action on
HCYV reporter RNAs in cells [27, 32]. Cells were harvested
after 6 h incubation [23, 54], since HCV reporter RNA
expression in HeLa cells was found to be maximal after 6 h
[22]. For input RNA controls, total RNA was isolated prior
to co-IP from 10 % of the cell extract. The residual cell
lysates were used for the co-IP essentially according to the
protocol of Beitzinger et al. [54] for 3 h using the Ago2
monoclonal antibody 11A9 [55] and Protein G beads (New
England Biolabs, NEB) [23, 54]. A mouse anti-Flag M2
antibody (Sigma-Aldrich) was used for controls. After the
co-IP and four washing steps, 10 % of the beads were taken
for western blots. Anti-Ago2 western blots were performed
as described [23, 55]. From the remaining beads, co-IP
RNA was isolated [23, 54]. Radiolabeled input RNAs and
RNAs recovered by co-IP were purified by proteinase K
digestion, phenol/chloroform extraction and ethanol pre-
cipitation. RNAs were separated by gel electrophoresis on
7 M urea/6 % polyacrylamide gels and analyzed using a
PerkinElmer Cyclone plus phosphorimager.

To calculate the miRNA binding strength from the
phosphorimager scans, first the background binding inten-
sity values were subtracted from all binding intensity
values of RNAs. Then, each Ago co-IP readout was nor-
malized to the corresponding amount of input RNA, and
finally these normalized Ago-co-IP binding intensity values
were divided by Flag-co-IP binding intensity values to
obtain relative binding intensities. For each target RNA,
means and standard deviations were calculated from bio-
logical replicates.
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Immunochemistry, western blots and translation
assays

One day before transfection coverslips were heated in
pure Ethanol and covered for 30 min with 0.1 mg/ml
Poly-L-Lysin (30,000-70,000). Two days after transfec-
tion of HCV full-length Jc1 genomes, cells were washed
with PBS and fixed with 4 % paraformaldehyde for
10 min. Cells were washed again 3x with ice cold PBS,
permeabilized with cold acetone for 10 min at —20 °C
and again washed. Then, cells were incubated with 1 %
BSA, 22.5 mg/ml glycine in PBST for 10 min. For
staining, cells were incubated with a 1:400 dilution of
Anti-HCV NS3 antibody (8 G-2, abcam) in 1 % BSA for
1.5 h at room temperature. Cells were washed 3x with
PBS and then incubated with a 1:200 dilution of the
secondary antibody (goat-anti-mouse IgG1, Alexa Fluor®
488 conjugate) for 1 h at 37 °C in the dark. Cells were
again washed 3x with PBS, incubated with 1 ml DAPI-
solution (D1306, Thermo) (5 mg/ml) 1:2000 in Glycin-
PBS for 5 min, washed again and mounted on object
plates with 13 pl Moviol with DABCO. Western blots
were performed as described Conrad et al. [23] using the
Anti-HCV NS3 antibody, a HCV Core antigen EA anti-
body (QE210796, Life Technologies), an anti-GAPDH
mAb (clone GAPDH-71.1; Sigma-Aldrich) and as sec-
ondary antibody a goat-anti-mouse IgG HOR (Life
Technologies). Translation assays were performed as
described [23].

Total RNA preparation and quantification of HCV
RNA by RT-qPCR

At 3 days posttransfection cells were washed thoroughly
with PBS and lysed by Trizol reagent (Ambion). After
collection of lysates, total RNA was extracted with chlo-
roform and precipitated with isopropanol in the presence of
GlycoBlue reagent. Next, total RNA was resuspended in
RNase-free water; DNasel treatment was conducted with
1 U of DNasel, and the RNA was purified again using an
RNA Clean-up Kit (Life Technologies). Finally, total RNA
samples were eluted in equivalent amounts of RNase-free
water. cDNA was produced using the qScript Flex cDNA
Kit (Quanta Biosciences) according to the manufacturer’s
instructions. A reverse transcriptase with RNase H activity
revealed important for the quantification of different RNA
amounts. For the quantitative PCR, the prepared cDNA
was used with the PerfeCTa SYBR Green FastMix (Quanta
Biosciences) according to the manufacturer’s instructions;
all measurements were conducted using Eppendorf
Mastercycler ep realplex.
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RNA structure predictions and calculation of single
strand probabilities

The RNA sequences specified in Supplementary Figure S6
were used to predict RNA secondary structures using the
Vienna RNAfold WebServer (http://rna.tbi.univie.ac.at/
cgi-bin/RNAfold.cgi) [56, 57]. Basic options were set to
“avoid isolated base pairs”, advanced folding options to
“no dangling end energies” with the Turner model, 2004
[58]. An equivalent example RNAfold command line call
would be “RNAfold -p -dO0—noLP < RNA_5B.2a.-
fa > RNA_5B.2a.out”. The Vienna RNA structure
prediction dot-bracket output is shown in Supplementary
Figure S6. For visualization of predicted RNA structures,
RNA sequences and Vienna dot-bracket outputs were
loaded into VARNAvV3-92 (http://varna.lri.fr) [59]. Base
pair probability (bpp) values were loaded into VARNAvV3-
92 from the Vienna dot plot EPS file output, and the color
code was set to Vienna style. The resulting predicted RNA
structures are shown in Supplementary Figures S7-S16,
details are shown in Figs. 3, 4 and 5.

For calculating the single strand probability (ssp) values
for miRNA binding sites as a measure for target site
accessibility, we used the Vienna output EPS files for
“MFE structure drawing encoding base-pair probabilities”.
This Vienna minimum free energy (MFE) output returns
base pair probability (bpp) values for bases predicted to
pair, but single strand probabilities (ssp = 1 — bpp) for
bases predicted to be unpaired. Therefore, we directly used
the ssp values for each unpaired base, but calculated the ssp
values for those bases predicted to pair as (ssp = 1 — bpp)
from the Vienna MFE output. Then, mean ssp values for
each miRNA target site (or parts of it) were calculated by
dividing the sum of base ssp values by the number of the
respective bases. For calculating the mean ssp values for
miR-122 target sites including the presence or absence of
an additional A residue directly downstream of the seed
target site (which binds into a pocket of the Ago2 protein
[14]), the ssp of this A residue (if present) was included in
the calculation of mean ssps.

For plotting the binding strength of miR-122-Ago2
complexes scanned from experiments over target site
accessibility (Supplementary Figures 16 and 17), mean
(AVERAGE) values were calculated from the binding
strength of different experiments with the same RNA. From
these binding strength values, also standard deviations (SD;
STABW.N) were calculated and indicated by error bars
above and below mean values. For correlation, Excel returns
the coefficient of determination (RSQ). The square root of
RSQ yields the correlation coefficient R shown in the dia-
grams in Supplementary Figures 16 and 17.


http://rna.tbi.univie.ac.at/cgi-bin/RNAfold.cgi
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For plotting target site average single strand probability
over sequence window position (Fig. 6), a window of 200
nts was moved in steps of three nucleotides over the
sequence containing the 5B.3 target site, and the predicted
average ssp of the site was plotted over the position of the
upstream edge of the window. Then the ensemble of all
possible foldings was calculated with the function
“RNAfold -p” of the Vienna RNAfold WebServer.
Nucleotide single strand probabilities were then calculated
using “relplot.pl -u”of the Vienna RNAfold WebServer.
From these, the average miRNA target site single strand
probability of the miRNA target site was calculated and
plotted over the nucleotide position at the window’s left
edge.
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