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ABSTRACT Initiation of RNA synthesis by the hepatitis C virus (HCV) RNA-dependent
RNA polymerase (RdRp) NS5B has been extensively studied in vitro and in cellulo. Intra-
cellular replication is thought to rely exclusively on terminal de novo initiation, as it con-
serves all genetic information of the genome. In vitro, however, additional modes of ini-
tiation have been observed. In this study, we aimed to clarify whether the intracellular
environment allows for internal initiation of RNA replication by the HCV replicase. We
used a dual luciferase replicon harboring a terminal and an internal copy of the viral
genomic 5= untranslated region, which was anticipated to support noncanonical initia-
tion. Indeed, a shorter RNA species was detected by Northern blotting with low fre-
quency, depending on the length and sequence composition upstream of the internal
initiation site. By introducing mutations at either site, we furthermore established that
internal and terminal initiation shared identical sequence requirements. Importantly, le-
thal point mutations at the terminal site resulted exclusively in truncated replicons. In
contrast, the same mutations at the internal site abrogated internal initiation, suggesting
a competitive selection of initiation sites, rather than recombination or template-
switching events. In conclusion, our data indicate that the HCV replicase is capable of in-
ternal initiation in its natural environment, although functional replication likely requires
only terminal initiation. Since many other positive-strand RNA viruses generate sub-
genomic messenger RNAs during their replication cycle, we surmise that their capability
for internal initiation is a common and conserved feature of viral RdRps.

IMPORTANCE Many aspects of viral RNA replication of hepatitis C virus (HCV) are
still poorly understood. The process of RNA synthesis is driven by the RNA-
dependent RNA polymerase (RdRp) NS5B. Most mechanistic studies on NS5B so far
were performed with in vitro systems using isolated recombinant polymerase. In this
study, we present a replicon model, which allows the intracellular assessment of
noncanonical modes of initiation by the full HCV replicase. Our results add to the
understanding of the biochemical processes underlying initiation of RNA synthesis
by NS5B by the discovery of internal initiation in cellulo. Moreover, they validate ob-
servations made in vitro, showing that the viral polymerase acts very similarly in iso-
lation and in complex with other viral and host proteins. Finally, these observations
provide clues about the evolution of RdRps of positive-strand RNA viruses, which
might contain the intrinsic ability to initiate internally.
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Hepatitis C virus (HCV) is a single-stranded positive-sense RNA virus with a genome
length of �9,600 nucleotides (nt). After entry and uncoating, it is released into the

cytoplasm, where the single open reading frame (ORF) is translated via an internal
ribosomal entry site (IRES) to produce a polyprotein. This is the precursor for three
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structural (core, E1, and E2) and seven nonstructural (NS) proteins (p7, NS2, NS3, NS4A,
NS4B, NS5A, and NS5B), which are processed by host and viral proteases. NS3 to NS5B
constitute the viral replicase and are involved in the formation of the viral replication
compartment (membranous web) and amplification of the viral genome (1). NS5B is the
viral RNA-dependent RNA polymerase (RdRp) (2). It is supposed to initiate genome
replication at the 3= end of the viral RNA, a process which relies on primary sequence
and structural elements (cis-acting replication elements [CREs]) within the positive-
strand 3= untranslated region [UTR; poly(U), X-tail (3, 4)] and the ORF (5BSL [5, 6]), as
well as the negative strand 3= end (7), in which the hairpin structures SL-I= and SL-IIz=,
control replication (8, 9). An asymmetric replication mechanism leads to an �10:1
positive-strand/negative-strand ratio in infected cells, likely due to differing initiation
efficiencies at the respective initiation sites (10–12). Several studies have analyzed
replication initiation at the biochemical and structural level. Although there is no
evidence for strict sequence specificity, certain nucleotides are selected for by the
polymerase. Some reports have found that a pyrimidine at the 3=-terminal position is
essential for efficient initiation of RNA replication (13, 14) and a cytosine is strongly
favored at position �2 (15). Accordingly, the 3= end of the positive strand features a
pangenotypically conserved uracil. In contrast, the 3=-terminal nucleotides of the
negative strand are more variable. Most HCV isolates contain a UG/CG dinucleotide at
this position. In addition, JFH-1 (genotype 2a [gt2a]) can support an additional G
(introduced by in vitro transcription of viral genomes) at the 5= positive end in cell
culture, so the 3=-terminal sequence in the negative strand is converted to CU (15).

Moreover, it is well established that RNA structure also dictates initiation efficiency.
For HCV NS5B the ideal initiation platform in vitro is composed of a short single-
stranded region, followed by a stem-loop (12). It is not surprising that the 3= end of the
negative stand contains such a structure (SL-Iz= and upstream single-stranded RNA
[16]), and consequently positive-strand synthesis is highly efficient. Accordingly, signif-
icant alterations within these structures typically lead to severe impairment of positive-
and negative-strand synthesis (3, 9, 17). The positive-strand 3= terminus, on the other
hand, is engaged in a stable stem-loop without overhang (3= SL1), which drastically
reduces the initiation efficiency of NS5B (12, 18). The structure of the enzyme explains
this template selectivity. It folds in the classical conformation of RdRps, which is
reminiscent of a right-hand with accordingly designated domains (thumb, palm, and
finger domains). A flexible linker connects the catalytic subunit with a carboxy-terminal
membrane anchor. Several groups have shown that NS5B can adopt a “closed” (pre-
initiation) and an “open” (initiation/elongation) form (19, 20). However, it has been
reported that the structure fluctuates between open and closed conformations in
solution (21). In the closed state, the envelopment of the catalytic center by the finger
and palm domains offers just enough room to accommodate a single-stranded tem-
plate and an initiating nucleotide (NTPi). The space is further constrained by the
protrusion of the hydrophobic linker element and the flavivirus-specific beta-flap into
the RNA binding groove. The latter was reported to ensure terminal initiation, since a
mutant with deletions in the beta-flap was prone to internal initiation events (22). The
first rate-limiting step of the initiation process is the generation of a dinucleotide primer
from the NTPi (14, 20). The second one is the transition toward an open conformation,
which requires significant rearrangements, including the displacement of the beta-flap
from the catalytic center (20).

Several distinct modes of initiation have been observed for recombinant NS5B in
vitro. The terminal de novo initiation utilizing a dinucleotide is the most physiologically
relevant, since it allows the generation of a full copy of the genome. In addition,
primer-dependent initiation, starting from a recessed 3= end of double-stranded RNA
(dsRNA), is possible. This can also lead to the generation of a copy-back product in vitro,
where the terminal sequence of nascent RNA folds back into a hairpin structure and
primes itself (2, 23). Alternatively, the synthesized strand can be used to switch
templates under certain conditions (24, 25). Finally, another option is internal de novo
initiation, which produces truncated copies of the template (17). Due to the lack of
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evidence for subgenomic mRNAs (sgRNAs) in the viral replication cycle, terminal de
novo initiation is currently the exclusively proposed mechanism of initiation in case of
HCV (reviewed in reference 1). However, other positive-strand RNA viruses are known
to employ numerous different mechanisms in cellulo. For example, picornavirus poly-
merases first generate a protein primer by uridylation of a terminal protein at an
internal CRE, which is then used to initiate a primer-dependent, terminal initiation of
genome replication (reviewed in reference 26) and can also perform recombination by
template switching to facilitate adaptation (27). Several members of the Nidovirus order
even require a variety of template switching mechanisms for efficient propagation. For
instance, coronaviruses and arteriviruses rely on sgRNAs to regulate gene expression
and RNA amplification. By template switching from a conserved sequence element,
they create common leader sequences for all sgRNAs, which facilitates specific recog-
nition of viral templates (28–30). In contrast, alphaviruses generate their sgRNAs
encoding the structural proteins most likely by internal initiation (31). Importantly, the
catalytic core of RdRps of positive-strand RNA viruses is an evolutionarily conserved
structure, which still is capable of featuring such divergent replication mechanisms (19,
32, 33).

In this study, we addressed the question whether alternative modes of initiation
observed in vitro would also be possible in the context of the full HCV replicase in cells.
Therefore, we made use of a bicistronic construct harboring two identical HCV 5= UTRs.
We found that this replicon design enables the selective amplification of a truncated
RNA containing only the second cistron. This was abolished or enforced by altering the
initiation signal at the internal or terminal UTR sequence, respectively. Via this muta-
tional analysis, we could exclude template switching or other forms of recombination
and suggest internal initiation as the source of the truncated products. In addition, we
determined template requirements and frequency of these events. In conclusion, we
propose that internal initiation of the HCV replicase can sporadically occur in cells and
that general template requirements are similar to those of terminal initiation. Our data
thereby suggest that the capability for internal initiation might be an evolutionarily
conserved property of RdRps of positive-strand RNA viruses, even in cases where
subgenomic messenger RNAs are not a regular component of the replication cycle.

RESULTS
Duplication of the HCV 5= UTR results in truncated replicons. The initiation

process of the HCV RdRp NS5B is assumed to start at the respective 3= termini of the
positive and negative strands. It is termed terminal de novo initiation as it only requires
an initiating nucleotide to start RNA synthesis. In cellulo, this has been the only
observed functional initiation point. However, since alternative modes of initiation by
HCV NS5B have been reported in vitro (e.g., internal initiation, copy-back) and numer-
ous viruses employ a variety of initiation/elongation forms during their life cycle, we
aimed to explore the capabilities of the HCV replicase to perform these functions in the
cellular environment.

Since terminal de novo initiation is the only way to conserve genome integrity, other
types of initiation may not be efficiently propagated and most likely elude detection.
Therefore, to test for the possibility of the HCV replicase to initiate in a noncanonical
fashion during intracellular replication, we made use of a reporter replicon with two
identical HCV UTRs (terminal and internal) (Bi-RLuc-SG, Fig. 1A) (34). This design should
allow for template switching mechanisms, using the provided homologous sequences,
or internal initiation, since the internal UTR could potentially act as competing platform
to recruit the replicase.

After transfection of this construct into Huh7-Lunet cells, we observed a strikingly
low Renilla luciferase activity over the complete time course, rising barely above the
level of the ΔGDD negative control (Fig. 1B, gray). While this phenotype might have
been an issue of very low replication capacity, due to the excessive length of the
construct (�10.5 kb), the firefly luciferase contained within the second cistron was
readily expressed (Fig. 1B, blue). Interestingly, Northern blot data revealed that the
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full-length replicon was not efficiently propagated over time, accompanied by the
appearance of an RNA product of lower molecular mass (Fig. 1C, 10.5-kb band [full-
length] and 8.5-kb band [truncated form]). Since the accumulation of this shortened
RNA was independent of the full-length version, the product was presumed to be
capable of autonomous replication. Its size furthermore matched that of a standard
subgenomic reporter replicon, used as marker for RNA size (Fig. 1C, lane M, 8.5 kb).
Since the second cistron encompasses such a replicon, containing all necessary ele-

FIG 1 Loss of full-length bicistronic replicon over time. (A) Schematic representation of Bi-RLuc-SG (positive strand). The bicistronic replicon features two HCV
5=-UTR regions. The terminal UTR is connected by a polioviral IRES (PV), governing translation of a Renilla luciferase reporter gene (RLuc, gray). After a short
spacer element, containing several stop codons, the second cistron features the internal UTR, a firefly luciferase (FLuc) gene, fused to the HCV nonstructural
proteins, and the 3= UTR via a ubiquitin linker. (B) Luciferase assay for Renilla (gray) and firefly (blue) activity at 4 to 72 h postelectroporation using Bi-RLuc-SG
WT and ΔGDD in Hep3B cells. (C) Corresponding Northern blot analysis of Bi-RLuc-SG levels, using a probe against HCV positive strand RNA (HCV) or �-actin
(ACTB). Lane M, In vitro transcript of monocistronic replicon as a size marker (the lane was cropped from the same gel). 10.5 or 10 kb, size of the full-length
replicon; 8.5 kb, size of the truncated variant. (D) Schematic representation of Bi-NLuc-SG. All features are as described in panel A, with the RLuc replaced by
a Nano luciferase reporter (NL, red). (E) Luciferase assay of Nano (red) and Firefly (blue) activity 4 to 72 h posttransfection in Hep3B and Huh7-Lunet cells. (F)
Corresponding Northern blot analysis of Bi-NLuc-SG RNA levels in both cell lines. ΔGDD, replication deficient NS5B mutant. Bars for luciferase activity represent
the relative light units (RLU) without normalization (means � the SD) of three biological replicates, each measured in technical duplicates. Note that
transfections in Hep3B cells were supplemented with 50 pmol of miR-122.
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ments for autonomous RNA replication, we assumed that this smaller product was likely
generated by omission of the entire first cistron. We therefore performed a series of
experiments to elucidate the underlying mode of action.

In an effort to optimize the reporter replicon further, we introduced a Nano
luciferase instead of the Renilla gene (Bi-NLuc-SG, Fig. 1D). With this smaller reporter
gene, generating a brighter luciferase signal, we aimed to increase overall replication
and enable detection of the residual full-length genome. Moreover, we assessed the
influence of the cellular background by performing the initial experiments with this
replicon in Hep3B, as well as Huh7-Lunet, cells. Indeed, we were able to observe a
strong increase of Nano luciferase (NLuc) reporter activity during the 72-h time course
in both cell lines (Fig. 1E, red). The corresponding firefly luciferase levels were compa-
rably enhanced (Fig. 1E, blue). Interestingly, Northern blot analyses of these samples
also revealed a truncated variant, but with far lower abundance than full-length RNA
(Fig. 1F). Since the results were similar in both cell types, we used Huh7-Lunet cells for
the following experiments unless otherwise stated due to their superior permissiveness
and the need for addition of exogenous microRNA-122 (miR-122) in Hep3B cells.

Impact of sequences upstream of the internal UTR copy on the abundance of
truncated RNA species. To examine the impact of the total replicon length on the
abundance of truncated replicons in more depth, we designed variants of Bi-NLuc-SG,
featuring nontranslated spacer regions of 500 or 750 nt, prior to the second cistron (Fig.
2A). The levels of Nano luciferase were markedly reduced for both mutants (Fig. 2B).
Specifically, while the 500-nt spacer variant still displayed moderate NLuc activity upon
replication, judged by comparison to the ΔGDD control, insertion of 750 nt abolished
the NLuc reporter expression almost completely. Inversely, firefly activity was retained
in both instances, arguing for replication of the truncated RNA independent of the
presence of full-length template, albeit the maximum level was lower than that of the
wild type (WT) (Fig. 2C).

In accordance with the luciferase data, Northern blotting showed that the replica-
tion levels of both mutants were overall low, compared to the WT (Fig. 2D). In addition,
quantification of the RNA species after 72 h revealed that the ratios of full-length to
truncated RNA product were significantly altered in the mutants compared to the WT
(Fig. 2D and E). The quantity of truncated product was around 50% for the 500-nt
spacer and up to 80% in case of the 750-nt insertion, values very similar to those for the
Renilla luciferase (RLuc) construct (Fig. 2E). However, this apparent shift in ratios was not
due to more efficient formation of the truncated variants but rather to less efficient
replication of the full-length genomes harboring insertions (Fig. 2D). Therefore, the
longer templates were more easily outcompeted by the truncated form. Interestingly,
the Bi-RLuc-SG, containing the Renilla luciferase instead of Nano luciferase generated
truncated replicons with far higher efficiency than the Bi-NLuc-SG replicon containing
the 500-nt insertion, despite a similar length of both constructs.

We therefore assessed the possibility that the gene encoding Renilla luciferase
might contain specific cis-acting signals potentially facilitating the generation of trun-
cated replicons. To address this hypothesis, we added 50 to 200 nt of the 3= coding
region of the Renilla luciferase gene as an additional spacer element to the Nano
luciferase gene. As a further control for a potential impact of structured elements on
truncation frequency, we added a strong stem-loop region located 5= adjacent to the
initiation site, which has been described as bona fide termination signal, enabling the
transcription of sgRNA2 of Turnip Crinkle virus (HP1 [35]), compared to a 50-nt
randomized sequence lacking predicted secondary structure (Rand, Fig. 2A to C).
However, none of these insertions substantially affected NLuc activity (Fig. 2B and C) or
the abundance of truncated replicon RNAs in Northern blot analyses (Fig. 2D and E).
These data suggested that the increased number of truncated genomes observed for
the Renilla constructs was likely not due to specific cis-acting sequences but rather due
to the longer translation unit in the first cistron.

In summary, our data indicated a dual impact of the length of the first cistron on the
abundance of truncated replicons: insertion of nontranslated spacer elements, irrespec-
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FIG 2 Impact of spacer length and composition on the abundance of truncated replicons. (A) Schematic representation of the constructs used (positive strand).
The nontranslated spacer region between NL and the internal UTR was elongated by insertions of 500 and 750 nt derived from the hygromycin resistance (Hygr)
gene, RLuc C-terminal sequences, the transcriptional terminator of Turnip Crinkle virus (HP1), or a randomized control sequence (Rand). (B and C) Luciferase
activity of Bi-NLuc-SG replicons harboring different spacer variants. NLuc activity is indicated in red (B), and FLuc activity is indicated in blue (C). Measurements
were performed at 4 to 72 h, as indicated. (D) Northern blot analysis of total RNA extracted from transfected cells as in panels B and C at 0 to 72 h
posttransfection, using a probe against HCV positive-strand RNA (HCV) or �-actin (ACTB). 10 to 10.7 kb, size of the full-length replicons; 8.5 kb, size of the
truncated variant. (E) For Bi-RLuc-SG, Bi-NLuc-SG WT, 500, and 750 ratios of full-length versus truncated RNA were quantified at 72 h. ΔGDD, replication-deficient
NS5B mutant. Bars for luciferase activity represent the RLU without normalization (means � the SD) of three biological replicates for Bi-RLuc-SG, Bi-NLuc-SG
WT, 500, and 750, each measured in technical duplicates. Two biological replicates were performed for HP1, R50-200, and Rand. Northern blots for Bi-RLuc-SG
were performed in duplicate, and those for Bi-NLuc-SG and Hygr variants were performed in triplicates. All other mutants were blotted once. The statistical
significance of differences in truncated RNA generation was determined for each construct against Bi-RLuc-SG. *, P � 0.05; **, P � 0.01; ***, P � 0.001.
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tively of secondary structures, rather reduced the replication rate of the full-length
replicons, resulting in an apparent increase of truncated variants. In contrast, a longer
translation unit in the first cistron stimulated the relative abundance of truncated
genomes.

Mutational analysis of the 3= terminus of the negative strand. Apart from the
standard terminal de novo initiation, we anticipated which forms of initiation would be
able to produce truncated fragments (Fig. 3A). In case of internal initiation, both
potential initiation sites would compete with binding of NS5B for terminal or internal
initiation, respectively. Alternatively, various forms of template switching could gener-
ate truncated replicons. Template switching would essentially start with canonical
terminal de novo initiation. After elongating a short stretch, the nascent strand could

FIG 3 Firefly activity of mutated monocistronic constructs. (A) Overview of observed (in vivo and/or in vitro) modes of transcription initiation. Apart from
terminal initiation, the mechanisms shown could explain the occurrence of truncated products. (B) Schematic of the Luc-SG positive (�) and negative (–)
strands. Indicated in red is the region of the 3= UTR of the negative strand relevant to the mutational analysis. (C) Representation of the wild-type sequence
and changes introduced to the negative sense 3= UTR; nucleotides deviating from JFH-1 consensus are indicated in red, deletions are indicated by red lines.
Of note, due to the requirements of the T7 polymerase, requiring a terminal G, an additional 5= G is present in all transfected in vitro transcripts. Therefore, the
3= terminus of the negative strand contains a C (C-0), which is indicated. (D) Firefly luciferase activity of mutants of the 3= UTR. Measurements were performed
at 4 to 72 h. Bars for the luciferase activity represent the RLU without normalization (means � the SD) of three biological replicates, each measured in technical
duplicates.
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bind to downstream complementary sequences and cause NS5B to continue at this
location.

To decide between these alternatives, we aimed to mutate the two initiation sites
independently. Template switching mechanisms should be abrogated by mutations in
the terminal initiation site, whereas internal initiation should be abolished by mutations
in the internal initiation site. First, we sought to establish a set of mutations which
reliably would inhibit initiation by NS5B and then to test these mutations for their
impact on terminal or internal initiation mechanism. We chose mutations at the 3= end
of the negative strand, some of which were shown to abrogate replication in previous
studies (Fig. 3C) focusing on the terminal single-stranded region, SL-I= and SLII-z= (Fig.
3B) and introduced these into a JFH-1 (gt2a) monocistronic reporter replicon (Luc-SG).

The large stem-loop SL-IIz= was destroyed by deletion of 16 nt in its base (Fig. 3C,
Δ24 – 40 [7]). In addition, the smaller stem, SL-I=, was altered either by deletion (Fig. 3C,
ΔSL-I= [7]), mutating the stem (Fig. 3C, SW, C:A, U:A, topA, 3a, and 4a [7, 9, 36]) or the
loop (Fig. 3C and G [9]). Finally, the short stretch of terminal unpaired nucleotides was
deleted (Fig. 3C, Δ4 [36]), or the terminal nucleotides changed (Fig. 3C, U1A and G2U
[13, 15]). Since these mutations are adjacent to the viral IRES and the miR-122 binding
sites, luciferase activity at 4 h after electroporation was used to exclude effects on initial
translation, which was not substantially affected by any of the mutations (Fig. 3C and
D). Reporter activity at later time points (24 to 72 h) was used to determine replication
efficiency.

All deletions in the unpaired sequence, SL-I= and SL-IIz= efficiently suppressed
replication (Fig. 3D), as reported previously (7). Changing the first or second nucleotide
severely reduced replication levels but still allowed for some reporter activity (Fig. 3D).
This might be the result of incomplete inhibition, due to initiation at C-0, or revertants,
which could arise during replication. Changes in the loop of SL-I= did not impair
replication, neither did introduction of sequence variants derived from genotype 3a or
4a (Fig. 3D, G3, 3a, and 4a). Interestingly, a switch of the stem nucleotides had no effect,
in contrast to the major impairment reported for genotype 1b (36). Altering larger
portions of the stem, however, did have a negative impact on replication. When the top
three base pairs were mutated to A:U, a 5-fold reduction of replication was observed.
Mutation of four base pairs within the stem severely diminished viral propagation,
irrespective of whether the structure was conserved (Fig. 3D, U:G and A:U) or not (Fig.
3D, C:A).

Several mutants were then selected for the screening in Bi-NLuc-SG, including
mutations abolishing replication in Luc-SG (Δ24-40, Δ4, and ΔSL-I=), as well as some
supporting various levels of residual replication (topA, U1A, and G2U). Next, both UTRs
of Bi-NLuc-SG were modified (Fig. 4A, red outline). As expected, translation was not
strongly affected by the mutations in the bicistronic context (Fig. 4B and C). However,
most double mutants showed a loss-of-function phenotype for both reporters, only
topA remained clearly replication competent (Fig. 4B and C). G2U showed a minimal
rise of both reporters at later time points, whereas U1A was replication deficient, in line
with the results from the Luc-SG experiments.

In summary, we could mostly confirm the already published effects of several
alterations in the 3= terminus of the viral negative strand for gt2a (7, 9, 13, 15, 36). We
thereby obtained a set of mutations useable for subsequent experiments to define the
mechanism underlying the observed truncated replicons.

Template requirements for RNA truncation. Next, we assessed the potential of

the mutations to abrogate the formation of truncated replicons, when introduced only
in the terminal or the internal initiation site of Bi-NLuc-SG. In case of template
switching, we expected to see an increased rate of truncated replicons upon mutating
the internal initiation site, since an intact sequence would be synthesized terminally
and would thereby overcome the dysfunctional internal copy. In contrast, if the
truncated replicons were due to internal initiation, the process should be blocked by
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mutations in the internal initiation site and promoted by mutations in the terminal copy
of the UTR.

We first introduced mutations only in the terminal UTR to force NS5B toward
internal initiation (Fig. 5A). As in Luc-SG, we were able to observe that all deletion
mutants completely abolished terminal initiation from this site (Fig. 5B, Δ4, Δ24 – 40,
and ΔSL-I=), as the Nano luciferase levels were at the level of the negative control. Also,
the 3=-terminal point mutants, established to be strongly impaired in replication in the
Luc-SG context, caused a massive decrease in NLuc activity, when introduced into
Bi-NLuc-SG terminally (Fig. 5B, G2U and U1A). G2U and topA were again the only
mutations to reach a 72-h value above the ΔGDD negative control (Fig. 5B). Therefore,
in line with the data from Luc-SG (Fig. 3D), these mutations may still permit some NS5B
initiation at the terminal site. Interestingly, firefly luciferase (FLuc) activity in all mutants
with impaired replication capacity, as indicated by NLuc activity, showed a substantial

FIG 4 Analysis of dual mutants. (A) Schematic of the Bi-NLuc-SG positive and negative strands. On the negative
strand, red indicates the mutated terminal and internal site. (B and C) Measurement of Nano (red) and firefly (blue)
luciferase activities of the mutants. ΔGDD, replication-deficient NS5B mutant Bars for luciferase activity represent
the RLU without normalization (means � the SD) of three biological replicates, each measured in technical
duplicates. For a description of the mutations, refer to the legend for Fig. 3.
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increase compared to the negative control but remained lower than than for the WT
(Fig. 5C, Δ4, ΔSL-I=, Δ24 – 40, topA, G2U, and U1A).

Northern blot analysis of these mutants revealed that, as expected from the NLuc
data, loss-of-function mutations at the terminal UTR only allowed for replication of the

FIG 5 Mutational analysis of the terminal UTR. (A) Schematic of the Bi-NLuc-SG positive and negative strands. The terminal 3= UTR altered in the mutational
analysis is indicated in red on the negative strand. (B and C) Measurement of Nano (B, red) and firefly (C, blue) luciferase activities of the mutants. (D) Northern
blot analysis of total RNA extracted from transfected cells as described in panels B and C at 0 to 72 h posttransfection, using a probe against HCV positive-strand
RNA (HCV) or �-actin (ACTB). 10.5 or 10 kb, size of the full-length replicon; 8.5 kb, size of the truncated variant. (E) The ratios of full-length versus truncated
RNA were quantified. The “�” symbol indicates a background band. ΔGDD, replication-deficient NS5B mutant. Bars for luciferase activity represent the RLU
without normalization (means � the SD) of three biological replicates, each measured in technical duplicates. Northern blot analyses for quantification were
performed three times for the WT and twice for each mutant. For a description of the mutations, refer to the legend of Fig. 3. The statistical significance of
differences in truncated RNA generation was determined for each mutant against the WT. *, P � 0.05; **, P � 0.01; ***, P � 0.001.
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shorter fragment (Fig. 5D and E), reducing the full-length product to background levels.
Only G2U, also showing residual Nano luciferase activity (Fig. 5B), retained a minor
amount of full-length RNA (Fig. 5D and E, 1 and �20%). Again, the topA mutant
showed an intermediate phenotype, where full-length replication was not dramatically
impaired, but the ratio was slightly shifted toward the truncated RNA (Fig. 5D). These
results clearly argued for internal initiation as the mechanism involved in the genera-
tion of the truncated replicons. Still, overall RNA levels in all mutants were much lower
than in the WT (Fig. 5D), corresponding to the 1-log difference observed in FLuc activity
between the WT and these mutants in the luciferase assay (Fig. 5C, Δ4, U1A, and G2U).
This decreased level, and the plateau from 48 h onward observed in firefly luciferase
activity, suggested that internal initiation was a rare event and only occurred in a small
number of cells. Therefore, even if in these cells the resulting monocistronic replicon
most likely replicated to very high levels, the bulk levels remained limited.

Next, we followed the complementing approach and generated mutants of the
internal UTR copy of Bi-NLuc-SG (Fig. 6A). These mutations should prevent internal
initiation and therefore suppress generation of truncated genomes (Fig. 6A to E). We

FIG 6 Mutational analysis of the internal UTR. (A) Schematic of the Bi-NLuc-SG positive and negative strands. The internal 3= UTR altered
in the mutational analysis is indicated in red on the negative strand. (B and C) Measurement of Nano (red) and firefly (blue) luciferase
activities of the mutants. (D) Northern blot analysis of total RNA extracted from transfected cells as in panels B and C at 0 to 72 h
posttransfection, using a probe against HCV positive-strand RNA (HCV) or �-actin (ACTB). 10 kb, size of the full-length replicon; 8.5 kb, size
of the truncated variant. (E) The ratios of full-length versus truncated RNAs were quantified. ΔGDD, replication-deficient NS5B mutant. Bars
for luciferase activity represent the RLU without normalization (means � the SD) of three biological replicates, each measured in technical
duplicates. Northern blot analyses for quantification were performed three times for the WT and twice for each mutant. For a description
of the mutations, refer to the legend of Fig. 3. The statistical significance of differences in truncated RNA generation was determined for
each mutant against the WT. *, P � 0.05; **, P � 0.01; ***, P � 0.001.
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indeed found high levels of either luciferase activity, regardless of the type of mutation
inserted internally (Fig. 6B and C). For the deletion mutants, however, expression of
both reporters was surprisingly lower than in the WT. It is not clear which mechanism is
responsible for this phenotype. It might potentially be linked to miR-122 functions (34),
since these deletions all affect one or both binding sites. Northern blot analysis of total RNA
from internal mutants showed that all loss-of-function mutations did favor the full-length
construct and lead to even less (�10 to 15%) of the truncated form as Bi-NLuc-SG (�30%,
Fig. 6D and E). We also tested, whether this phenotype was due to structural rearrange-
ments at the internal UTR, which might destabilize potential termination signals. However,
especially the point mutants did not significantly alter the architecture of this region, as
predicted by the RNAStructure online tool (data not shown).

The levels of truncated product generated by Bi-NLuc-SG were already very low;
therefore, evaluation of the results was restricted by background signal and, in most
cases, no statistically significant differences could be detected. Hence, we transferred
the U1A point mutation inserted into either the terminal (t.U1A) or internal (i.U1A) UTR
of the Bi-NLuc-SG 500 construct (Fig. 7A). Since the ratios of full-length and truncated
products were approximately 50% each (Fig. 2D), we hoped to get a clearer outcome
in terms of suppression or promotion of truncated replicons, respectively. While the
overall replication capacity was expectedly rather low in this context, we could observe
a significant reduction of NLuc activity for the terminal versus the internal mutant (Fig.
7B). The FLuc expression was comparable to wild-type Bi-Luc-SG 500 (Fig. 7C). Accord-
ingly, albeit low overall RNA levels, the Northern blot-based quantification confirmed a
marked shift of the ratio of full-length to truncated product (Fig. 7D and E). Specifically,
a higher proportion of full-length was observed for the internal and more truncated
RNA for the terminal mutant, corroborating the previous findings with Bi-NLuc-SG.

In summary, the disruption of the terminal UTR by initiation deficient mutations
caused a higher proportion of truncated replicons, whereas mutations in the internal
UTR suppressed this process. The marked effect of the tested mutations on the
generation of truncated RNA levels argued against template switching or forms of
homologous recombination but rather suggested internal initiation by NS5B as an
underlying mechanism. Furthermore, these data indicated that the template require-
ments were similar for both terminal and internal initiation.

No impact of Xrn1 on the abundance of truncated replicons. The fact that
mutations of the terminal UTR stimulated the appearance of truncated replicons,
whereas the same mutations in the internal copy abrogated the phenotype, would
principally be in line with a mechanism implementing an exonucleolytic digest. A
partial exonucleolytic digest by Xrn1 is common among flaviviruses, resulting in the
generation of subgenomic flavivirus RNA (sfRNA) (reviewed in reference 37). Xrn1 also
degrades HCV RNA, which is counteracted by the binding of miR-122 (38–40). We have
further shown previously that miR-122 is capable of functional binding to the internal
UTR copy (34). Therefore, Xrn1 might remove the first cistron and be stalled at the
internal UTR, if miR-122 is bound (Fig. 8A). In this case, the generation of truncated
replicons would be dependent on Xrn1 and should be abrogated in the absence of
Xrn1. To address this hypothesis, we generated Hep3B cells with strongly reduced Xrn1
levels by CRISPR/Cas9 (Hep3BΔX1, Fig. 8B) and assessed the NLuc versus FLuc activity
after transfection of Bi-NLuc-SG with or without a mutation in the terminal or internal
copy of the HCV UTR (t.U1A and i.U1A, Fig. 8C and D) in Hep3B WT or Hep3BΔX1 cells.
We found no substantial difference in NLuc or FLuc activities between the two Hep3B
variants: the internal UTR mutation suppressed the occurrence of truncated replicons,
indicated by high NLuc levels, whereas the terminal UTR mutants retained FLuc activity
in the absence of detectable amounts of NLuc activity. However, if partial degradation
by Xrn1 is the mechanism underlying the truncated replicons, their generation should
be prevented or reduced upon knockdown of Xrn1 in case of terminally mutated
replicons. We therefore concluded that Xrn1 is not involved in the generation of
truncated HCV replicons.
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Quantification of internal initiation events on the single-cell level. Because the
previous experiments revealed that internal initiation was most likely the mechanism
causing truncated replicons when identical terminal and internal initiation sites were
available, we aimed to assess the frequency of this process on single cell level. We
therefore performed experiments on Huh7-Lunet cells electroporated with a Luc-SG
control, BI-NLuc-SG WT and point mutants harboring mutations in the terminal or
internal UTR copy, respectively (Fig. 9A, t.U1A and i.U1A), and NS5A was used as a
marker of HCV replication to assess the number of positive cells, as well as the
replication level in individual cells. Interestingly, the percentage of NS5A positive cells
was comparable between Luc-SG, BI-NLuc-SG, and i.U1A, whereas only a small fraction
of cells was found to be HCV positive after transfection with t.U1A (Fig. 9A and B).
However, almost all cells with replicating Luc-SG expressed high levels NS5A, correlat-
ing with the strong replication capability of the monocistronic replicon. In contrast, in
case of BI-NLuc-SG high (hi) or low (lo) NS5A-expressing populations were found. Cells

FIG 7 Mutational analysis of the 500-nt spacer replicon. (A) Schematic representation of the 500-nt
spacer replicon. The previously characterized U1A mutation was cloned into the terminal (500 t.U1A) or
internal (500 i.U1A) UTR. (B and C) Measurement of Nano (B, red) and firefly (C, blue) luciferase activities
for the mutants. (D) Northern blot analysis of total RNA extracted from transfected cells as in panels B
and C at 0 to 72 h posttransfection, using a probe against HCV positive-strand RNA (HCV) or �-actin
(ACTB). 10 kb, size of the full-length replicon; 8.5 kb, size of the truncated variant. (E) The ratios of
full-length versus truncated RNA were quantified at the 72-h time point. ΔGDD, replication deficient
NS5B mutant. Bars for luciferase activity represent the RLU without normalization (means � the SD) of
three biological replicates, each measured in technical duplicates. Northern blot analyses for quantifi-
cation were performed three times for the 500-nt spacer replicon and twice for each mutant. The
statistical significance of differences in truncated RNA generation was determined for each mutant
against the WT. *, P � 0.05; **, P � 0.01; ***, P � 0.001.
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transfected with the i.U1A replicon, suppressing RNA truncations, instead all contained
small amounts of NS5A, whereas t.U1A-transfected cells gave rise to a low number of
positive cells, all with high NS5A levels (Fig. 9C), in line with the exclusive presence of
the truncated replicon.

These data suggest that internal initiation is a very rare event. However, once a
truncated replicon is generated, it is further amplified with high efficiency, resulting in
relatively high apparent replication levels upon bulk measurements.

DISCUSSION

In this study, we found that NS5B can create shorter RNA species from a bicistronic
template containing two identical copies of the HCV UTR, one terminal and one
internal. The truncated replicon matched the length of the second cistron. Our data
overall suggest internal initiation of RNA synthesis by the viral replicase as an under-
lying mechanism.

FIG 8 Examination of a potential Xrn1-based truncation mechanism. (A) Schematic of the experimental design to address a potential
Xrn1-mediated mechanism of RNA truncation. Introduction of a mutant incapable of terminal initiation will lead to the loss of the original
template. In the case of an Xrn1-mediated truncation mechanism, degradation of the first cistron and cessation of Xrn1 activity by
internally bound miR-122 could create a replication-competent fragment. In contrast, in Xrn1-depleted cells the full-length RNA should
not be truncated, and therefore replication would be inhibited entirely by the terminal mutation. (B) Western blot analysis of Xrn1
expression in naive or CRISPR/Cas9-treated Hep3B cells. (C and D) Measurement of Nano (C, red) and firefly (D, blue) luciferase activities
for terminal (t.U1A) or internal (i.U1A) mutants in both cell types. ΔGDD, replication-deficient NS5B mutant. Bars for luciferase activity
represent the RLU without normalization (means � the SD) of three biological replicates, each measured in technical duplicates.
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In principle, several transcription dependent and independent mechanisms could
cause the generation of truncated replicons. Transcription mediated events would
occur during RNA amplification by the RdRp and could be caused by internal initiation
or template switching. All available data on intracellular HCV genome replication by the
viral polymerase NS5B so far indicate that RNA synthesis is exclusively initiated by a
terminal de novo mechanism at the respective 3= UTRs of the positive and negative
strands. In contrast, analysis of recombinant purified NS5B in vitro revealed the capacity
of the polymerase to inititate de novo RNA synthesis internally (17, 41) by primer-
dependent copy-back initiation (22, 42, 43), as well as by template switching (24, 25).
These data suggest that HCV NS5B can in principle generate truncated replicons by
several mechanisms. Overall this process is reminiscent of the synthesis of subgenomic
RNAs, which are produced by several subgroups of positive-strand RNA viruses (re-
viewed in reference 37).

A transcription-independent mechanism of heterologous recombination has been
observed for bovine viral diarrhea virus (38). However, in this case an intact 5= end
would be fused to an internal sequence, which would not need to be functional.
Therefore, such events should be unaffected by mutations of the internal initiation site
and suppressed by mutations in the terminal UTR, which contradicts our observations.
Cleavage by endo- or exonucleases at the initiation site would be another possibility,
but since there is no evidence for sequence-specific RNases in eukaryotes, endonu-
cleolytic cleavage with sufficient accuracy seems rather unlikely. We could further rule
out exonucleolytic digest by Xrn1 as a potential mechanism, which generates truncated
sfRNAs in flaviviruses (reviewed in reference 39). Therefore, our data clearly favor a
transcription-based mechanism.

Several different mechanisms are used by positive-strand RNA viruses to generate
subgenomic messenger RNAs on a regular basis, including discontinuous RNA synthe-

FIG 9 Assessment of the frequency of internal initiation events. (A) Northern blots of the respective replicon are shown for estimation of
the overall replication level. For t.U1A, a higher-contrast image is shown to visualize the faint bands at 48 and 72 h. Below are
representative immunofluorescence images, with DAPI nuclear staining (blue) and detection of NS5A (green), 48 h after electroporation.
The lower panel shows enlarged views of the indicated areas (white box), with examples of cells assigned to high (hi) and low (lo)
NS5A-expressing groups or negative (neg) for HCV protein. (B) Relative amounts of NS5A-positive cells after electroporation with the
indicated construct. (C) Intensity distribution of NS5A staining among HCV positive cells. ΔGDD, replication-deficient NS5B mutant. Bars
represent means � the SD of three biological replicates. In dot blots, each dot represents one cell. The statistical significance of differences
in NS5A expression levels was determined for each construct compared to Luc-SG. *, P � 0.05; **, P � 0.01; ***, P � 0.001.
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sis/template switching or internal initiation of RNA synthesis (reviewed in reference 37).
Synthesis of a set of subgenomic messengers is a regular feature of Coronaviridae (40)
and Arteriviridae (44). All transcripts share a 5= end but are generated by discontinuous
synthesis of the negative strand (44–46), switching the template at homologous
transcription regulating sequences (47). Concerning the ability of the HCV polymerase
to promote such a mechanism, template switching by NS5B has indeed been observed
under certain conditions in vitro (24, 25). In addition, NS5B has been shown to
excessively produce short primers but dissociates from the template before progression
into processive elongation (43, 48). This is due to the necessity of the polymerase to
undergo a major structural change to switch from initiation to elongation, requiring an
opening of the structure (reviewed in reference 1). Released RdRp-primer complexes
could provide the basis for a template switching event, not requiring excessive homol-
ogy. Generally, these mechanisms could explain the replication-competent sub-
genomic RNAs observed in vivo in HCV patients, containing partial core coding se-
quences followed by in-frame deletions up to the protease domain of NS2 (49, 50). This
could also be a source of HCV intergenotypic recombinants found in some patients
(51–54). Since template-switching products would feature the terminal 5= UTR, muta-
tions of the terminal UTR copy should abrogate the formation of truncated replicons.
Vice versa, internal mutations would not affect template switching, particularly at the
terminal nucleotides. However, all internal mutations abrogating initiation of RNA
synthesis rather promoted the formation of shorter replicons. Therefore, we could
exclude template switching as source for the truncated replicons we observed in our
study.

The production of replication-competent RNAs suggests that the complete 5= UTR
is precisely contained in the sgRNA. In addition, the marked effect of point and deletion
mutations at the beginning of the second UTR (U1A, G2U, Δ4, and ΔSL-I=) speaks for a
sequence- and structure-dependent positioning of the replicase at the start of the
internal initiation site. Therefore, internal initiation of RNA synthesis is the only mech-
anism that fits to all of our data and represents our favorite mode of action for the
generation of truncated replicons by HCV NS5B. Internal initiation of RNA syntheis is
very common within the recently proposed branch 3 of the phylogenetic tree of RdRPs,
which includes HCV and flaviviruses (Fig. 10) (55), and can be mediated either by
internal initiation on the negative strand template or by premature termination of
negative strand synthesis (reviewed in reference 37). Synthesis of subgenomic RNAs by
premature termination of negative strand synthesis was proposed for nodaviruses (e.g.,
Flock House virus) and tombusviruses (e.g., Tomato bushy stunt virus) (reviewed in
reference 56). Here, the polymerase is stalled at specific secondary structures in the
positive strand during negative-strand synthesis, which are built by intermolecular (57)
or intramolecular (58–60) RNA-RNA interactions. The polymerase then continues with
positive-strand RNA synthesis and thereby generates a double-stranded replication
intermediate of the subgenomic messenger, which can be amplified autonomously. In
contrast, de novo initiation of RNA synthesis, starting at an internal promoter in the
negative strand has been found for brome mosaic virus (61). The promoter consists of
sequences and structures upstream and downstream of the initiation site (nt �95 to
�20) (37, 62). A similar mechanism was proposed for alphaviruses (e.g., Sindbis virus
and Togaviridae). Here, the minimal internal initiation site includes nt �19 to �5, but
the activity is influenced by nt �98 to �14, relative to the initiation site (63).

Experimentally, both mechanisms are difficult to differentiate, and both in principle
would fit our experimental results. In both cases, the production of subgenomic
positive-strand RNA relies on an intact copy of the internal initiation site, which is in line
with our data, since the generation of truncated replicons in our study was blocked by
mutations of the internal UTR copy. Both mechanisms further require upstream ele-
ments, either in the positive or in the negative strand. Indeed, upstream sequences
influenced sgRNA formation in our model, as the Renilla luciferase gene sequence
showed a higher propensity to generate truncated products than nontranslated spac-
ers, despite similar or even increased template length and distance between both UTR
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copies. Generally, the sequence preceding the internal UTR copy in our Bi-Luc-SG
replicons was identical and comprised of a short spacer, devoid of strong secondary
structures, as tested by RNA folding software (data not shown). Simply inserting parts
of the Renilla coding sequence or even a transcription termination signal of Turnip
Crinkle virus (35) did not increase the frequency of internal initiation. The most likely
explanation for the difference between the RLuc and NLuc replicons therefore might be
the length or nature of the translation unit, which might cause a clash between
translating ribosomes in the first cistron and the replicase already engaged in negative-
strand synthesis. A longer translation unit might therefore increase the probability of
such events. However, such termination event would very likely not be precise, thereby
formally anyhow requiring de novo initiation from an internal site.

The frequency of the synthesis of truncated subgenomic RNAs in our study is
supposed to be very low and only visible due to the self-amplification capability of the
truncated replicons. We furthermore forced this process by introduction of a second
copy of the UTR within the HCV genome, which naturally does not occur. We therefore
do not claim that the principle observation of internal initiation by the HCV polymerase
has any direct relevance in the regular replication cycle but rather that this process

FIG 10 Rooted Bayesian phylogenetic tree of “branch 3” of the viral realm Riboviria. The tree is based on an alignment of 56 representative RdRp
protein sequences as provided by Wolf et al. (55). Taxa in italics were formally approved by the ICTV (74; https://talk.ictvonline.org/taxonomy/).
Colored groups with boldface labels represent viral taxa for which sufficient experimental data regarding the mode of replication have been
obtained by methods of molecular virology. The “alphavirus supergroup” comprises, in addition to the depicted members, many important
families of animal and plant pathogens, e.g., Togaviridae, Hepeviridae, Virgaviridae, Bromoviridae, and Closteroviridae.
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indicates conserved features of viral RdRps. To further unravel the underlying mecha-
nisms, an experimental model would be required, allowing a more direct measure of
internal initiation efficiency in cells, to complement in vitro findings on ectopically
expressed and purified NS5B, also in comparison to other RdRps. To this end, we tried
to express the viral replicase and a positive- or a negative-strand template RNA
containing two initiation sites from two separate plasmids; however, this approach did
not give rise to any RNA synthesis driven by the replicase (data not shown). While such
transcomplementation models have been successful for alphaviruses (64), it is still not
clear how transcomplementation of the replicase can be achieved in case of HCV, but
it seems to require NS5B translation in cis (65). We will therefore further modulate the
sequence upstream of the internal initiation site in future experiments to better
understand the determinants underlying internal initiation by HCV NS5B.

Generally, our knowledge on the regulation of translation and RNA synthesis is still
scarce (reviewed in reference 1). It is neither clear, whether both happens simultane-
ously, nor is the nature of replication intermediates (RI) known. Some parts of the RIs
seem to be double stranded, since they can be detected by dsRNA-specific antibodies
in infected cells, which recognize stretches of �40 bp (66). In addition, HCV replication
activates pattern recognition receptors specific for dsRNA (RIG-I [37, 62], MAVS [63], and
TLR3 [67, 68]). However, parts of the RI might remain single stranded, particularly in
regions encompassing strong secondary structures, as in case of the UTRs, thereby
facilitating recognition of initiation sites by NS5B, only fitting single-stranded templates
in its closed initiation state (69–71). A more comprehensive analysis of the mechanisms
governing internal initiation in our model may therefore reveal valuable novel insights
into general aspects of the regulation of HCV RNA synthesis and the nature of RIs.

From an evolutionary standpoint, it is intriguing that even though the replication
cycle of HCV likely relies exclusively on terminal de novo initiation, the capability of the
polymerase for alternative modes of initiation is maintained, likely because the overall
structure and functional motifs of RdRps are conserved among positive-strand RNA
viruses and might have evolved from an ancestral reverse transcriptase (55). If the RdRp
is inherently able to initiate internally, simple in-frame insertions creating a suitable
platform for the replicase at a junction within the polyprotein could enable a novel
regulatory step in the viral RNA life cycle resulting in the evolution of multipartite virus
genomes. Whether this happens by insertion of a polymerase stop signal in the positive
strand or by a subgenomic promoter in the negative strand might be less relevant. In
line with this hypothesis, very different mechanisms are found within related super-
groups of positive-strand RNA viruses. The Endornaviridae are the most striking exam-
ple for such flexibility within the “alphavirus supergroup” (Fig. 10) (55), containing a
dsRNA genome and lacking subgenomic RNAs. The “flavivirus supergroup” branches off
very deep and yet has no known member regularly generating a subgenomic RNA (Fig.
10). Groups within branch 3 generating subgenomic RNAs by premature termination of
negative strand synthesis (Nodaviridae and Tombusviridae) or by de novo initiation from
a negative-strand promoter (most well-characterized members of the “alphavirus su-
pergroup,” Bromoviridae, Togaviridae, and Hepeviridae [55]) are comparably distant from
the “flavivirus supergroup.” Therefore, the evolutionary view also does not allow a clear
judgement on the mechanism of the HCV RdRp in generating subgenomic transcripts,
unless new viruses are found that might bridge those gaps in the future.

Conclusively, we have demonstrated that the HCV replicase is capable of internal
initiation in cellulo and in the context of active replication, albeit with very low
frequency. Moreover, we established that the template requirements for the target RNA
are identical for terminal and internal initiation. Overall, our results suggest that the
capability to initiate internally is a conserved feature of RdRps among positive-strand
RNA viruses, even if a subgenomic RNA is not part of the regular replication cycle.

MATERIALS AND METHODS
Plasmids. pFK-I341PIRLuc/I389FLuc-ubi/NS3-3=/JFH1 (Bi-RLuc-SG) and pFK-I341PINLuc/I389FLuc-ubi/

NS3-3=/JFH1 (Bi-NLuc-SG) were described previously (34). These constructs contain two HCV 5=-UTR
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regions (terminal and internal), each followed by a luciferase reporter gene (RLuc, Renilla luciferase; NLuc,
Nano luciferase; and FLuc, firefly luciferase), which are separated by a spacer region harboring three stop
codons in each reading frame. Bi-RLuc-SG and Bi-NLuc-SG were created by insertion of the 341-nt 5= UTR
of HCV and the polio IRES from pFK-I341PILuc/NS3-3=/JFH1 and the Renilla luciferase gene from pCMV-
Renilla or the Nano luciferase gene from pNL1.1.TK[NLuc/TK] Vector (Promega), respectively, into
pFK-I389Luc-ubi/NS3-3=/JFH1 upstream of the HCV 5= UTR.

To determine length-dependent effects of the first cistron on full-length RNA amplification, differ-
ently sized spacer fragments were generated by PCR from the hygromycin coding sequence of pWPI-hyg
(excluding the start codon) and cloned into pFK-I341PINLuc/I389FLuc-ubi/NS3-3=/JFH1 with AflII (NEB).
Correct orientation of the insert was confirmed by sequencing.

Mutants for initial evaluation of the impact of changes in the 3=(–) end on replication were designed,
based on the pFK-I389Luc-ubi/NS3-3=/JFH1 (Luc-SG) plasmid, which harbors the sequence for a mono-
cistronic HCV gt2a firefly luciferase replicon (72). All mutations were generated by standard PCR (Phusion
Flash; Thermo Scientific) using mutagenesis primers and subsequently cloned into the vector using SbfI
and XbaI (NEB).

The effects of these mutants on terminal versus internal initiation were tested by insertion into the
bicistronic pFK-I341PINLuc/I389FLuc-ubi/NS3-3=/JFH1 vector (34). The first UTR (terminal) was mutated by
PCR mutagenesis, and the fragment was inserted upstream of the spacer region via SbfI and AflII (NEB).
Mutants of the internal UTR were created similarly, using AflII and XbaI.

pLenti-CRISPR-Xrn1 was produced by cloning a duplex of Xrn1-specific sgRNA oligonucleotides
(gRNA miR-122 sense oligonucleotide [CACCGCCATAAAGAACACTTTCCT] and gRNA Xrn1 antisense
oligonucleotide [AAACAGGAAAGTGTTCTTTATGGC]), designed with E-CRISP (www.e-crisp.de) into the
pLenti-CRISPR plasmid (Addgene, catalog no. 52961) via BsmBI (NEB).

Sequenced clones were amplified in Escherichia coli DH5�, and plasmid DNA was extracted. More
detailed information on the cloning procedures is available upon request.

Cell culture. 293T and human hepatoma cell lines Hep3B, Hep3BΔX1, and Huh7-Lunet cells were
grown in Dulbecco modified Eagle medium (DMEM; Life Technologies) supplemented with 10% fetal calf
serum (GE Healthcare/Sigma-Aldrich), 100 �g/ml penicillin, and 100 �g/ml streptomycin (Sigma-Aldrich)
in a humidified incubator at 5% CO2 and 37°C.

Generation of Hep3B�X1 cells by lentiviral transduction. Lentiviruses were produced in HEK293T
cells by CaPO4 transfection with pCMV-ΔR8.31 (HIV gag-pol), pMD2.G (VSV-G), and the pLenti-CRISPR-
miR-122 vector in a 3:1:3 ratio, respectively. pCMV-ΔR8.31 and pMD.2G and were kindly provided by
Didier Trono (University of Lausanne, Lausanne, Switzerland). Cell-free supernatants were harvested 48,
56, and 72 h posttransfection and used for transduction of Hep3B cells. Transduced cell pools were
selected by supplementing the culture medium with 2 �g/ml puromycin. Relative Xrn1 expression was
then tested by Western blotting using antibodies against Xrn1 (Santa Cruz, sc-165985) and Actin
(Sigma-Aldrich, A5441) as loading controls.

In vitro transcription of HCV replicon RNA. Plasmid DNA was linearized with MluI (NEB) and
purified by phenol-chloroform extraction and ethanol precipitation prior to resuspension in RNase-free
water. Then, 100-�l in vitro transcriptions from 5 �g of DNA were performed in rabbit reticulocyte lysate
buffer (80 mM HEPES [pH 7.5], 12 mM MgCl2, 2 mM spermidine, 40 mM dithiothreitol [DTT]) supple-
mented with 3.125 mM nucleoside triphosphates, 1 U/�l RNasin (Promega), and 4 �l of recombinant T7
polymerase. In vitro transcriptions were incubated for 4 h or overnight at 37°C; 2 �l of additional T7
polymerase was added after 2 h. Template DNA was degraded by using 10 �l of RQ1 RNase-free DNase
(Promega). RNA was phenol-chloroform extracted, precipitated with isopropanol at room temperature,
and resuspended in RNase-free water, as previously described (34).

Electroporation. Cells were trypsinized, pooled in DMEM, spun down at 700 � g for 5 min, washed
with phosphate-buffered saline (PBS), and counted using a Neubauer counting chamber. Pellets were
resuspended in Cytomix (120 mM KCl; 0.15 mM CaCl2; 10 mM K2HPO4/KH2PO4 [pH 7.6]; 25 mM HEPES;
2 mM EGTA; and 5 mM MgCl2, 2 mM ATP, and 5 mM glutathione) to a concentration of 1 � 107 cells/ml
(Huh7-Lunet) or 1.5 � 107 cells/ml (Hep3B).

Electroporations for luciferase assays were performed using 5 �g of RNA with 200 �l of the cell
suspension and carried out in a Bio-Rad GenePulser II with the corresponding 0.2-cm cuvettes at 0.975
�F and 166 mV. Then, 50 pmol of miR-122 duplex was added in the case of Hep3B cells. Electroporated
cells were transferred into 6 ml of DMEM and seeded onto 6-well plates. After 4, 24, 48, and 72 h, the cells
were washed with PBS and lysed using 350 �l of lysis buffer (1% Triton X-100, 25 mM glycyl glycine [pH
7.8], 5 mM MgSO4, 4 mM EGTA [pH 7.8], 10% glycerol, 1 mM DTT). Harvested cells were stored at –20°C.

For Northern blots, electroporations were carried out with three times 5 �g of RNA and 200 �l of cells
in 0.2-cm cuvettes at 0.975 �F and 0.166 mV. The cells were pooled in Falcon tubes with 9 ml of DMEM;
6-ml portions of the suspension were then transferred to 6-cm dishes (3 ml for 24 h, 1.5 ml plus 1.5 ml
of DMEM for 48 an 72 h), followed by growth at 37°C until harvest. The residual 3 ml was pelleted at
700 � g for 5 min and served as a 0-h control. All samples were harvested by washing with PBS and lysis
with 750 �l of GITC (4 M guanidine thiocyanate, 25 mM sodium citrate, 0.5% sarcosyl, 0.1 M
�-mercaptoethanol).

Luciferase assays. The firefly luciferase activity of the monocistronic constructs was analyzed in a
Lumat LB 9507 single tube reader (Berthold). Portions (100 �l) of lysed cells were added to 360 �l of assay
buffer (25 mM glycyl glycine [pH 7.8], 15 mM KPO4 buffer [pH 7.8], 15 mM MgSO4, 4 mM EGTA [pH 7.8],
2 mM ATP, 1 mM DTT). Samples were measured for 20 s after injection of 200 �l of 1 mM D-luciferin (PJK)
in 5 mM glycyl glycine.
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For the bicistronic constructs, 40-�l portions of lysates were transferred to white-walled 96-well
plates (Falcon) in duplicates. Measurement of the Nano and firefly luciferase activities was performed in
a Mitras LB940 plate reader (Berthold) using the Nano-Glo dual-luciferase reporter assay system (Pro-
mega). Portions (40 �l) of lysate were supplemented with 40 �l of ONE-Glo EX reagent (Promega),
followed by incubation for 10 min at room temperature before measurement of the firefly luciferase
signal (10-s measurement). Subsequently, the FLuc activity was quenched by the addition of 40 �l of
NanoDLR Stop&Glo buffer (Promega). The NLuc signal was measured after 10 min of incubation (1-s
measurement).

All data from luciferase assays are reported as relative light units (RLU) without normalization.
Northern blots. Total RNA extraction was performed by phenol-chloroform separation and isopro-

panol precipitation as described previously (73).
At least 10 �g of total RNA in 10 �l of H2O was supplemented with 4.1 �l of 100 mM NaPO4 (pH 7.0),

6 �l of 6 M glyoxal, and 20.5 �l of dimethyl sulfoxide. The samples were then denatured at 50°C for 1 h
and cooled on ice, and 10.9 �l of loading buffer (0.25 mg/ml bromphenol blue, 0.25 mg/ml xylene cyanol,
10 mM NaPO4 [pH 7.0], 50% [vol/vol] glycerol) was added. Portions (25 �l) of the samples were run on
a gel (1% agarose, 10 mM NaPO4 [pH 7.0]) in 10 mM NaPO4 buffer for 3 h at 100 V. The ion concentration
of the buffer was kept constant by mixing using magnetic stir bars.

RNA was transferred to a HyBond N� membrane (Amersham) by application of 20,000-Pa vacuum for
1 h, with the gel covered with 50 mM NaOH. The dried membrane was cross-linked using the auto-cross-
link function of a UV Stratalinker 1800 (Stratagene) twice. Membranes were blocked in 10 ml hybridiza-
tion buffer (5 � SSC; 5� Denhardt solution; 50% [wt/vol] formamide; 1% [wt/vol] sodium dodecyl sulfate)
supplemented with 100 �l of heat-denatured salmon sperm DNA (100 �g/ml; denatured at 95°C prior to
addition) at 68°C for at least 15 min.

32P-labeled HCV (nt 5979 to 6699) and �-actin antisense probes were synthesized in a 20-�l reaction
mixture containing 1� transcription buffer (Promega), 10 mM DTT, 25 ng of template DNA (pFK1-
389neo), a 0.5 mM AGU nucleotide mix, 5 �M cold CTP, 1 �M [32P]CTP, 0.5 �l of RNasin (Promega), and
1 �l of commercial RNA polymerase (T3 for HCV and T7 for �-actin; Promega). Reaction mixtures were
incubated at 37°C for 1 h, and template DNA was degraded by the addition of 1 �l of DNase RQ
(Promega), followed by incubation at 37°C for 15 min. Probes were purified by using a Nap-5 gel filtration
column (Amersham) equilibrated in H2O. Hybridization was carried out overnight at 68°C using the
respective probes in 10 ml of hybridization buffer.

Membranes were washed twice in wash buffer I (2� SSC [1� SSC is 0.15 M NaCl plus 0.015 M sodium
citrate], 0.1% SDS) and three times in wash buffer II (0.2 � SSC, 0.1% SDS) at 68°C for 15 min each. Bands
were visualized after 2- to 48-h exposure of a phosphor imaging screen using a Molecular Imager FX
scanner (Bio-Rad). Background subtraction and quantification of bands was performed by using Quan-
tityOne software (Bio-Rad).

Immunofluorescence. Huh7-Lunet cells were electroporated as stated above with Luc-SG, Bi-NLuc-SG,
t.U1A, and i.U1A and then seeded on cover slides. After 48 h at 37°C, these slides were washed three times
with PBS and fixed with 4% paraformaldehyde for 20 min at room temperature. After another three washes
with PBS, the slides were permeabilized with 0.5% Triton X-100 in PBS for 5 min. The cells were then rinsed
three times with PBS and stained using the 9E10 monoclonal antibody against NS5A (1:500 in PBS plus 3%
[wt/vol] bovine serum albumin) for 1 h at room temperature. Unbound antibody was removed by three
washes with PBS, followed by 1 h of incubation with goat anti-mouse Alexa 488-coupled secondary antibody.
After a rinse with PBS, a 1:4,000 dilution of DAPI (4=,6=-diamidino-2-phenylindole) was applied for 1 min. The
coverslips were mounted on a glass slide with Fluoromount G and then inspected on a Leica SP8 confocal
microscope (�20 objective). NS5A expression in whole cells was imaged using z-stacks, and maximal intensity
projections were quantified using Fiji.

Quantification and statistical analysis. Where appropriate, a two-tailed Student t test was per-
formed using Prism 6 software (GraphPad). All data are presented as means � the standard deviations
(SD). The sample size is specified in the corresponding figure legend. A P value of �0.05 was considered
statistically significant. In graphs, statistical significance is indicated by asterisks (*, P � 0.05; **, P � 0.01;
***, P � 0.001).
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