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Functional Consequences of RNA 5'-
Terminal Deletions on Coxsackievirus B3
RNA Replication and Ribonucleoprotein
Complex Formation

Nicolas Lévéque,>P* Magali Garcia,© Alexis Bouin,® Joseph H. C. Nguyen,®
Genevieve P. Tran,® Laurent Andreoletti,® Bert L. Semler®

EA-4684 CardioVir, Faculty of Medicine and University Hospital Center, University of Reims Champagne-
Ardenne, Reims, France?; Center for Virus Research and Department of Microbiology and Molecular Genetics,
School of Medicine, University of California, Irvine, California, USA®; EA-4331 LITEC, Faculty of Medicine and
Pharmacy, University of Poitiers, Poitiers, France<

ABSTRACT Group B coxsackieviruses are responsible for chronic cardiac infections.
However, the molecular mechanisms by which the virus can persist in the human
heart long after the signs of acute myocarditis have abated are still not completely
understood. Recently, coxsackievirus B3 strains with 5'-terminal deletions in genomic
RNAs were isolated from a patient suffering from idiopathic dilated cardiomyopathy,
suggesting that such mutant viruses may be the forms responsible for persistent in-
fection. These deletions lacked portions of 5" stem-loop |, which is an RNA second-
ary structure required for viral RNA replication. In this study, we assessed the conse-
quences of the genomic deletions observed in vivo for coxsackievirus B3 biology.
Using cell extracts from Hela cells, as well as transfection of luciferase replicons in
two types of cardiomyocytes, we demonstrated that coxsackievirus RNAs harboring
5’ deletions ranging from 7 to 49 nucleotides in length can be translated nearly as
efficiently as those of wild-type virus. However, these 5’ deletions greatly reduced
the synthesis of viral RNA in vitro, which was detected only for the 7- and 21-
nucleotide deletions. Since 5’ stem-loop | RNA forms a ribonucleoprotein complex
with cellular and viral proteins involved in viral RNA replication, we investigated the
binding of the host cell protein PCBP2, as well as viral protein 3CDPr°, to deleted
positive-strand RNAs corresponding to the 5’ end. We found that binding of these
proteins was conserved but that ribonucleoprotein complex formation required
higher PCBP2 and 3CDP™ concentrations, depending on the size of the deletion.
Overall, this study confirmed the characteristics of persistent CVB3 infection ob-
served in heart tissues and provided a possible explanation for the low level of RNA
replication observed for the 5'-deleted viral genomes—a less stable ribonucleopro-
tein complex formed with proteins involved in viral RNA replication.

IMPORTANCE Dilated cardiomyopathy is the most common indication for heart
transplantation worldwide, and coxsackie B viruses are detected in about one-third
of idiopathic dilated cardiomyopathies. Terminal deletions at the 5’ end of the viral
genome involving an RNA secondary structure required for RNA replication have
been recently reported as a possible mechanism of virus persistence in the human
heart. These mutations are likely to disrupt the correct folding of an RNA secondary
structure required for viral RNA replication. In this report, we demonstrate that trans-
fected RNAs harboring 5’-terminal sequence deletions are able to direct the synthe-
sis of viral proteins, but not genomic RNAs, in human and murine cardiomyocytes.
Moreover, we show that the binding of cellular and viral replication factors to viral
RNA is conserved despite genomic deletions but that the impaired RNA synthesis as-
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sociated with terminally deleted viruses could be due to destabilization of the ribo-
nucleoprotein complexes formed.

KEYWORDS RNA replication, cardiomyocytes, coxsackievirus, enterovirus, genomic
RNA deletions, myocarditis, picornavirus, viral pathogenesis, viral persistence, viral
translation

oxsackie B viruses (CVBs), which belong to the genus Enterovirus of the family

Picornaviridae, have nonenveloped icosahedral capsids composed of 60 copies
each of the four structural proteins (VP1 to VP4) enclosing a single-stranded, positive-
sense RNA genome of ~7,400 nucleotides (1). The genome consists of a single open
reading frame encoding 11 mature proteins, flanked on both the 5’ and 3’ ends by
noncoding regions (NCRs) (1-3). The enterovirus 5" NCR is ~750 nucleotides in length
and has several complex RNA secondary structures, including an internal ribosome
entry site (IRES) involved in cap-independent translation and a 5’-terminal cloverleaf, or
stem-loop | (S-L 1), required for replication of the viral genome. Stem-loop | includes
approximately the first 110 nucleotides of the 5’ NCR and is organized into one stem
(a) and three stem-loop structures (b, ¢, and d), which bind cellular and viral proteins
involved in viral RNA synthesis (4, 5). In the cytoplasm of infected cells, cellular
poly(rC)-binding protein 2 (PCBP2) and the viral protein 3CDP bind stem-loops b and
d of stem-loop |, respectively, at the 5’ end of the enterovirus genome. This ribonu-
cleoprotein complex is required for the initiation of antigenomic (negative-strand) RNA
synthesis, as well as genomic (positive-strand) RNA synthesis (4-10). PCBP2 also
binds to a C-rich stretch of nucleotides located 3" of stem a in S-L | (4, 11). In turn,
heterogeneous nuclear ribonucleoprotein C (hnRNP C) is thought to bind to the
cloverleaf at the 3’ end of antigenomic (negative-strand) viral RNA to facilitate the
initiation of positive-strand RNA synthesis (12). These newly synthesized positive-strand
RNAs are used either as mRNAs for further rounds of translation and RNA replication or
as genomic RNAs packaged into virions for subsequent rounds of infection (3, 13).

The CVBs are common human pathogens, transmitted through fecal-oral and
respiratory routes, and are considered the main viral cause of acute myocarditis in
children and young adults in developed countries (14, 15). Following the acute phase,
myocarditis can become chronic and progress toward the clinical stage of dilated
cardiomyopathy (DCM). This disease state is characterized by right and left ventricle
enlargement with systolic function impairment and chronic evolution toward complete
heart failure, requiring heart transplantation. During the progression of disease from
acute myocarditis to DCM, CVB can be detected in heart tissues and, more specifically,
in cardiomyocytes. A correlation between enterovirus replication and poor clinical
outcomes has been demonstrated, suggesting that persistent viral replication activities
are potentially involved in disease progression (16-22). Moreover, expression of viral 2A
proteinase alone in a murine model of CVB3 myocarditis has been shown to generate
dilated cardiomyopathy (23). Expression of 2A can cause significant impairment of
cardiomyocyte function through proteolytic cleavage of dystrophin, resulting in a
decrease in cell contractility, an increase in membrane permeability, and a focal spread
of the virus to adjacent cells (23-28). However, the molecular mechanisms by which the
virus can persist in the heart from acute myocarditis to DCM are poorly understood,
limiting the development of new specific therapeutic strategies.

Recently, Bouin and colleagues reported CVB3 strains harboring 5’-terminal genomic
RNA deletions, ranging from 15 to 48 nucleotides in length, in explanted heart tissue
collected from a 47-year-old immunocompetent woman suffering from idiopathic DCM
(29). These terminal deletions, which partially removed 5" S-L | sequences, mirrored
results previously obtained by Chapman and colleagues, who demonstrated that
terminal deletion (TD) mutations could occur in a patient naturally infected with CVB2
and suffering from fulminant myocarditis, in the heart and the pancreas in mice
inoculated with wild-type (WT) CVB3, and during CVB3 passages in primary cell cultures
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(30-32). However, these recent findings showed for the first time the existence of TD
CVB genomic-RNA populations in a patient suffering from chronic cardiomyopathy.

Deletions involving sequences within the 5’ S-L | structure of genomic RNAs are
known to cause profound changes in viral biology by reducing viral replication com-
pared to wild-type viruses (3, 32-35). Indeed, the discovery of TD mutations in heart
biopsy specimens was associated with low viral loads and abnormal positive-strand/
negative-strand viral RNA ratios, close to 1 rather than the high ratios (30 to 70)
normally observed in enterovirus-infected cells with wild-type viruses (32, 36-38).
Moreover, TD variants of CVB3 replicate in both cell culture and tissues from experi-
mentally inoculated mice and from naturally infected humans without apparent cyto-
pathic effect (31, 32). Overall, 5'-terminal deletions within genomic RNAs could be a
mechanism by which CVB can persist covertly in the heart long after the acute infection
cycle with limited, but progressive, damage to the myocardium. A prolonged, persis-
tent viral infection could then explain how chronic cardiomyopathies develop via the
continuous synthesis of viral proteins with proapoptotic, immunomodulating, or other
activities harmful to cardiac cell structures and functions.

To date, translation and RNA replication of 5'-terminally deleted CVB3 in a cardiac
cell model have not been studied. Moreover, the mechanism by which deletions within
the 5’ S-L | affect the replication of the viral RNA is still unknown. The aim of this study
was to assess in vitro the consequences of the 5’ S-L | deletions observed in vivo for
CVBS3 replication. Using extracts of uninfected Hela cells and cell culture transfection of
luciferase replicons in two types of cardiomyocytes, we evaluated translation and RNA
replication of full-length and 5’-terminally deleted CVB3 RNAs. These experiments
demonstrated that CVB3 RNAs harboring 5’-terminal deletions of 7 to 49 nucleotides
can be translated nearly as efficiently as those of wild-type strains. However, transfec-
tion of reporter RNAs harboring these deletions into cultured cardiomyocytes demon-
strated a loss of detectable RNA amplification signal beyond the translation of input
RNAs. In vitro replication experiments in Hela cell extracts confirmed these findings,
showing greatly reduced levels of negative- and positive-strand RNA synthesis in each
of the terminally deleted RNAs. Among the terminally deleted CVB3 RNAs tested, RNA
synthesis was observed only for those harboring deletions of either 7 or 21 nucleotides.
The only RNAs produced from these deleted templates were double-stranded RNAs
(dsRNAs) (without detectable single-stranded RNAs [ssRNAs]), suggesting an abnormal
positive-strand/negative-strand RNA ratio near 1, similar to the ratios found in vivo for
TD viruses (36).

Partial deletion of the 5’ S-L | sequences would be predicted to alter the binding
sites of proteins involved in CVB RNA synthesis, possibly providing an explanation for
the low levels of TD RNA replication. To address this possibility, we used RNA mobility
shift assays to investigate the binding of the host protein PCBP2 and the viral protein
3CDP to the 5’ ends of deleted forms of positive-strand RNA. We found that binding
of these cellular and viral replication factors was qualitatively conserved for the
5'-terminally deleted viruses, independent of the size of the deletion; however, the
stability and/or protein binding affinity of the ribonucleoprotein complexes decreased
with the increase in size of the deletion, since they required higher protein concentra-
tions to form. Overall, this study provides an in vitro analysis of RNP complexes that may
be involved in persistent forms of CVB3 observed in vivo from heart tissues. Our data
suggest a possible explanation for the low levels of RNA replication of deleted strains
as a result of the consequences of the deletions for the formation of the RNP complex.
In addition, these data raise the question of the capacity of some of the deleted strains
to replicate autonomously, since no significant levels of RNA synthesis were detected
for 5’-terminal deletions larger than 21 nucleotides.

RESULTS

Terminally deleted CVB3 RNAs are defective in replicon reporter assays. Dele-
tions of CVB3 strains detected in patients suffering from DCM involved the 5’ terminus
of the viral genome, which is a noncoding region but crucial for the regulation of
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FIG 1 Schematic representation of luciferase replicon and signal amplification mechanisms through transfected replicon replication. (A) Schematic represen-
tation of the replicon. The replicons consisted of the CVB3-28 genome (74), in which the region encoding the capsid proteins (P1) has been replaced with a
Renilla luciferase reporter gene. Deletions from 7 to 49 nucleotides in length were inserted at the 5’ end of the viral genome. The CVB3-0 replicon was generated
from the CVB3-28 replicon by site-directed mutagenesis of nucleotide 234 (T in 28 and C in 0). (B) Replicons are positive-strand RNAs in which the P1
(capsid-coding) region has been replaced with a Renilla luciferase-coding gene. Following transfection, replicons are directly translated into viral polyprotein,
including Renilla luciferase (a), or, following initial rounds of translation, used as a template for negative-strand RNA synthesis (b). Negative-strand RNAs in turn

serve as templates for synthesis of positive-strand RNA (c), whose translation (d) leads to luciferase signal amplification.

translation and virus replication mechanisms. To determine the effects of these dele-
tions on virus replication, we transfected full-length or deleted luciferase replicons, with
7- to 49-nucleotide deletions at the 5’ end of the viral genome, into heart-derived cells
relevant for the pathophysiology of DCM: primary human cardiomyocytes (HCM) and a
murine cardiomyocyte cell line (HL-1) (Fig. 1A). As shown in Fig. 1B, the replicon
reporter produces a luciferase signal that is highly amplified if the input templates are
translated and replicated. Luciferase activity was measured at 2 h posttransfection, a
time at which transfected replicon RNA is being translated prior to replicon replication.
This signal was similar for all of the replicons, independent of the size of the deletion
or the type of cardiac cells (Fig. 2). However, if the incubation was extended beyond 2
h, a significant difference in luciferase activity was observed starting at 2 h posttrans-
fection for both wild-type strains (CVB3-28 and CVB3-0), increasing by up to 2 log,,
units above the luciferase levels produced by the replicons harboring terminal dele-
tions (Fig. 2). This difference was likely due to a lack of replication from the deleted
genomic RNAs, causing reduced numbers of nascent genomic RNAs, resulting in
reduced luciferase signal amplification (Fig. 1).

To test whether the reduced level of luciferase signals in cells transfected with
replicons harboring 5’-terminal deletions was due to RNA synthesis defects, we carried
out luciferase assays following transfection of replicons into cardiomyocytes with
guanidine hydrochloride (GuHCI) in the cell culture medium. GuHCl is a potent inhibitor
of enterovirus RNA replication targeting the 2C protein (39). In the absence of GuHCI,
the increase in the luciferase signal over time following replicon transfection is the sum
of both virus translation and RNA replication through translation of newly synthesized
positive-strand RNAs, leading to luciferase signal amplification (the scheme is depicted
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FIG 2 CVB3 replicon assays in two types of cardiomyocytes using wild-type (full-length) and TD replicon RNAs. Luciferase replicons were transfected into
primary HCM (A) or in a continuous line of murine cardiomyocytes from an atrial tumor (HL-1 cells) (B). Luciferase activity was measured from 2 to 8 h
posttransfection. The data presented are the results of three independent experiments. The error bars indicate standard deviations.

in Fig. 1). In the presence of GuHCI, the luciferase signal represents only translation from
the input replicon RNA. Thus, the difference between luciferase signals measured in the
absence and presence of GUHCI provides an assessment of virus genomic-RNA repli-
cation. The two cardiac myocyte types were transfected with deleted and wild-type
replicons in the presence or absence of GUHCI. A 2-log-unit reduction of luciferase
activity was observed after GuUHCI treatment of human and murine cardiomyocytes
transfected with the replicons generated from wild-type strains 28 and 0 (WT-28 and
WT-0)) (Fig. 3A and B). However, no decrease in the luciferase signal was observed in
GuHCl-treated cells transfected with the deleted replicons in comparison to the un-
treated cardiac cells (Fig. 3C and D). The limited effect of GUHCI on the luciferase signal
produced by the terminally deleted replicons suggests that the signal was the result of
input replicon translation without RNA replication.

Translation of TD genomic RNAs compared to wild-type CVB3 RNA. Although
the observed deletions affected only the cloverleaf or S-L | in the 5’ NCR, a secondary-
structure element required for RNA replication, and did not involve the IRES that is
required for protein synthesis, the deletions may nevertheless have consequences for
the stability or overall structure of viral RNA and thus affect translation. In addition, the
pathophysiology of DCM in humans is partially explained by expression of the viral 2A
proteinase, which cleaves dystrophin, a cardiac myocyte cytoskeletal protein. Therefore,
it was important to determine the translation patterns and efficiencies directed by TD
RNAs found during persistent CVB3 infections in the myocardium. Using in vitro-
transcribed RNAs synthesized from six plasmid constructs containing the cDNAs of two
wild-type strains (cardiovirulent [CVB3-28] and noncardiovirulent [CVB3-0] in mice) and
of four TD strains with deletions ranging from 7 (TD7) to 49 (TD49) nucleotides, we
carried out in vitro translation assays in a cytoplasmic extract (S-10) from uninfected
Hela cells in the presence of [3>Slmethionine. Viral translation products were resolved
by SDS-polyacrylamide gel electrophoresis and visualized by fluorography. To deter-
mine the relative levels of viral proteins synthesized by each RNA, signals detected on
the gel for viral proteins 3CD, P2, VP1, VP3, 2A, and 2AB (collectively) were quantified.
WT-0 0.4-ug RNA template (Fig. 4, lane 2) was set as the 100% reference control.
Transcripts produced from the WT-0 construct do not have a hammerhead ribozyme at
their 5" termini, while the transcripts from the WT-28, TD7, TD21, TD30, and TD49
constructs contain a hammerhead ribozyme at their 5’ termini to generate authentic
5’-terminal CVB3 sequences. The additional, nonviral sequences present at the 5’
termini of WT-0 transcripts may account for the slightly reduced differences in trans-
lation efficiency compared to WT-28 and some of the TD transcripts. Overall, the data
displayed in Fig. 4 show similar patterns of translation products for all RNAs tested,
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FIG 3 Impact of GuHCI treatment on full-length and terminally deleted luciferase replicon kinetics. Full-length (A and B) and deleted (C and D) luciferase replicon
transcripts described in the legend to Fig. 2 were transfected into human (HCM) (A and C) and murine (HL-1) (B and D) cardiac myocyte monolayers in the
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shown in each graph. Although not readily visible, standard deviations (as error bars) are given for each data point. The results presented are the products of

three independent experiments.

although the RNAs with the largest deletions (TD30 and TD49) produced lower overall
levels of CVB3 proteins, particularly at the lower concentrations of RNA. Transcripts
corresponding to the TD30 deletion of CVB3 RNA reproducibly produced lower levels
of viral proteins following in vitro translation (Fig. 4, lanes 10 and 11), even at much
higher RNA concentrations (unpublished observations), suggesting that this deletion
may have affected the overall structure of the 5’ NCR, including the IRES element.

In vitro RNA synthesis directed by TD RNAs is impaired. Given that RNA ampli-
fication of the luciferase signal following transfection of cultured cells requires the
synthesis of new positive-strand RNAs, it is possible that the TD RNAs may still be
capable of negative-strand RNA synthesis, but not positive-strand RNA synthesis. To
test this possibility, we performed an in vitro RNA replication assay by adding [32P]CTP
to in vitro translation assays that had progressed for 4.5 h and incubating the assay
mixtures for an additional 2 h at 34°C. Newly synthesized RNAs were then visualized
following electrophoresis on an agarose gel (Fig. 5). Replication of RNA corresponding
to wild-type strains CVB3-28 and CVB3-0 was readily detected (Fig. 5). Both ssRNA
(positive strand) and dsRNA (replicative intermediate [RI] or replicative form [RF]) were
detected during replication of CVB3-28 RNA, whereas only dsRNAs were observed for
CVB3-0. The plasmid DNA template encoding CVB3-28 RNA harbors a hammerhead
ribozyme at the 5" end of the transcript (32), which produces an authentic CVB3 5’
terminus. This transcript is an efficient template for negative-strand RNA synthesis and
subsequent rounds of positive-strand RNA synthesis. In contrast, in vitro RNAs produced
from pCVB3-0 have no hammerhead ribozyme at the 5’ end and harbor nonviral
sequences that result in inefficient ssSRNA (positive-strand) synthesis (13, 35). As noted
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FIG 4 In vitro translation assay of wild-type and TD coxsackievirus B3 RNAs. Either 0.4 ug or 0.6 ug of viral
RNA transcript was incubated for 6 h at 30°C in HelLa S10 cytoplasmic extract in the presence of
[3>SImethionine. Labeled viral proteins (indicated on the right of the gel) were analyzed by SDS-PAGE and
visualized by fluorography. Shown are representative data from four independent experiments. The first
lane (=) is a translation reaction mixture incubated in the absence of transcript RNA. To determine the
relative levels of viral proteins synthesized by each RNA, signals detected on the gel for viral proteins
3CD, P2, VP1, VP3, 2A, and 2AB (collectively) were quantified using ImageJ software (https://imagej.net/
Image)). The second lane (WT-0 0.4 ug RNA template) was set as the 100% reference control. Transcripts
produced from the WT-0 construct do not have a hammerhead ribozyme at their 5’ termini, while the
transcripts from the WT-28, TD7, TD21, TD30, and TD49 constructs all contain a hammerhead ribozyme
at their 5’ termini.

above, all TD transcripts harbor a hammerhead ribozyme at their 5" termini, producing
authentic 5'-terminal CVB3 sequences. Among the CVB3 TD RNAs, RNA synthesis was
observed only for template RNAs harboring 7- or 21-nucleotide deletions, which were
the smallest deletion sizes tested (Fig. 5). No RNA replication was detected for deletions
of 30 or 49 nucleotides (Fig. 5, lanes 10 through 13). Moreover, RNAs detected during
TD7 and TD21 replication were dsRNAs (i.e., RF and RI) resulting from negative-strand
RNA synthesis with only very low levels of ssRNA (positive strand), as shown in Fig. 5,
lanes 6 through 9, even though all of the TD RNA transcripts harbored a self-cleaving
ribozyme at their 5’ ends. Overall, the results from our in vitro RNA replication assays,
as well as from transfections of luciferase replicons into cardiomyocytes (with or
without GuHCI), suggest that only TD7 and TD21 are capable of RNA replication,
although positive-strand RNA synthesis was greatly reduced compared to wild-type
RNAs.

Binding of cellular and viral proteins to RNAs harboring deletions of sequences
within stem-loop | of the CVB3 5’ NCR. The drastic reduction of TD RNA synthesis
capabilities could be explained by the removal of binding sites on the viral RNA for viral
and cellular proteins involved in ribonucleoprotein complex formation required for RNA
replication. The cloverleaf, or S-L |, at the 5’ end of positive-strand enterovirus RNAs is
the binding site for the cellular protein PCBP2 and the viral protein 3CDP*°. The binding
of these two proteins forms a ribonucleoprotein complex required for the initiation of
negative-strand, as well as positive-strand, RNA synthesis (5, 7, 10, 40), as depicted in
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FIG 5 In vitro RNA replication of wild-type and TD coxsackievirus B3 transcripts. After a 4.5-h in vitro translation
assay allowing the synthesis of nonstructural proteins in the absence of [33S]methionine, the reaction mixture,
consisting of viral transcripts (2 ug or 3 ug) and HelLa S10 cytoplasmic extract, was incubated for an additional 2
h at 34°C for RNA synthesis in the presence of [a-32P]CTP. The purified RNA was then resolved on a 1.1% agarose
gel in Tris-borate-EDTA buffer containing ethidium bromide. The amounts of 18S and 28S rRNA in each lane were
used to confirm equal loading of samples in the gel. Plasmid DNA template encoding CVB3-28 RNA harbors a
hammerhead ribozyme at the 5’ end of the transcript (32), producing an authentic CVB3 5’ terminus. This RNA is
an efficient template for negative-strand RNA synthesis and subsequent rounds of positive-strand RNA synthesis.
In vitro RNAs produced from pCVB3-0 have no hammerhead ribozyme at the 5’ end and harbor nonviral sequences
that result in efficient negative-strand RNA synthesis but very inefficient positive-strand RNA (ssRNA) synthesis (13,
35). All TD transcripts harbor a hammerhead ribozyme at their 5’ termini, producing authentic 5’-terminal CVB3
sequences. The signals detected in the gel for single-stranded and double-stranded viral RNAs were quantified
using Image) software. The signals were normalized to the 285 and 18S rRNA levels (collectively) for each sample
and expressed in arbitrary units (A.U.). Lane 1 (=) shows the results of incubation of the in vitro replication reaction
mixture in the absence of transcript RNA.

Fig. 6. We therefore investigated the interactions between the deleted positive-strand
RNAs and the two proteins involved in viral RNA replication complex formation. The
binding of deleted positive-strand viral RNA to PCBP2 and 3CDP, either alone or in
combination, was analyzed by RNA mobility shift assays performed using recombinant
proteins and RNA probes containing 5’ S-L |, including the adjacent C-rich sequences,
generated by transcription of linearized, deleted cDNA CVB3 constructs. RNA corre-
sponding to S-L I-containing sequences from the wild-type CVB3 28 strain was used as
a positive control. Radiolabeled CVB3 S-L I-containing RNA was incubated alone or with

N
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FIG 6 Schematic representation of cellular and viral proteins binding to the cloverleaf (stem-loop I) of
positive-strand viral RNAs. Stem-loop | RNA is organized into stem a and stem-loops b, ¢, and d. Cellular
PCBP2 and the viral protein 3CDP™ bind to the cloverleaf at the 5" end of positive-strand RNA to form
a ribonucleoprotein complex required for the initiation of both negative-strand and positive-strand RNA
synthesis.
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increasing concentrations of recombinant purified PCBP2 ranging from 2.5 uM to 7.5
M. Resolution following electrophoresis on a native polyacrylamide gel showed RNP
complex formation through a slower migration of all the RNA probes incubated with
PCBP2, demonstrating protein binding even with the deletion of 49 nucleotides
disrupting stem-loop b of S-L |, previously described as a PCBP2 binding site (Fig. 7A).
However, the data displayed in Fig. 7A, lanes 9 through 20, demonstrate that the
efficiency of complex formation is reduced when templates of deletions of increasing
size (21, 30, or 49 nucleotides) are incubated with equivalent concentrations of PCBP2,
as shown by decreased levels of RNP complexes and increased levels of free probe
RNAs. Using imaging software to quantify band densities of RNP complexes formed
under these experimental conditions, we estimate that TD7 transcripts bind PCBP2 at
levels approximately 80% of those of WT RNA, while TD21 transcripts bind at approx-
imately 60% compared to WT RNA. For the TD30 and TD49 transcripts, binding
efficiency was less than half of that of WT RNA at the highest concentrations of PCBP2
used in our mobility shift assays.

When deleted forms of CVB3 S-L I-containing RNAs were incubated with recombi-
nant purified 3CDP™ at concentrations ranging from 0.05 uM to 10 uM, all of the TD
positive-strand RNAs were capable of binding 3CDP™, as shown in Fig. 7B. As we observed
for PCBP2 binding to these same deleted forms of RNA, RNP complex formation was
associated with the disappearance of the free probe on the gel and a dose-dependent
increase in the formation of slower-migrating species, with constructs harboring larger
deletions requiring increased concentrations of 3CDP™ to form slower-migrating com-
plexes. A1 uM concentration of 3CDPr was necessary for RNP complex formation with
wild-type CVB3-28 S-L I-containing RNA, whereas 7.5 uM and 10 uM 3CDP™ were
required for complete complex formation for TD21 and TD49 RNAs, respectively. As
with the experiments describing RNP complex formation with recombinant PCBP2, we
used imaging software to quantify band densities of RNP complexes formed between
WT and TD RNAs and recombinant 3CD. Because the RNP complexes formed with 3CD
are diffuse and difficult to quantify directly, we used the disappearance of radiolabeled
probe as a measure of RNA-protein complex formation. As shown at the bottom of Fig.
7B, TD7 and TD21 transcripts formed RNP complexes with 3CD at efficiencies approx-
imately 80 to 90% of that of WT RNA. In contrast, RNAs corresponding to TD30 and
TD49 were able to form complexes with recombinant 3CD at levels less than 50% of
that of WT RNAs.

To analyze ternary-complex formation, increasing amounts of 3CDP ranging from
0 to 5 uM were added to RNA binding reaction mixtures containing a fixed concen-
tration of PCBP2 (5 uM) and a constant amount of labeled S-L I-containing probe. The
results from these electrophoretic mobility shift experiments showed a supershifted
RNP complex generated from deleted viruses when incubated with the two proteins
simultaneously, confirming that deleted forms of CVB3 S-L | were capable of binding
these two replication factors (Fig. 7C). Consistent with the data shown in Fig. 7A and B,
the efficiency of this binding (and ternary-complex formation) decreased with the
increasing size of the deletion, as demonstrated by the reduced levels of RNP complex
formation (Fig. 7C, lanes 5 through 20). At the highest concentrations of PCBP2 and 3CD
used in our assays, quantitation of the band densities of RNP complexes in Fig. 7C
revealed that TD7 and TD21 RNAs bound proteins at levels between 70 and 80% of
those of WT RNAs, while TD30 and TD49 were capable of complex formation at only 50
to 60% efficiency compared to WT CVB3 RNA.

DISCUSSION

Enteroviruses are primarily known for their involvement in acute infections, such as
aseptic meningitis; upper or lower respiratory tract infections; hand, foot, and mouth
disease; or acute myocarditis (41). Nonetheless, the role of enteroviruses as the etiologic
agents of chronic diseases in the context of persistent viral infection has been described
with increasing frequency. Several studies have associated persistent enterovirus in-
fection with chronic diseases, such as amyotrophic lateral sclerosis, postpolio syn-
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drome, chronic fatigue syndrome, type 1 diabetes, and chronic cardiomyopathy (i.e.,
chronic myocarditis and dilated cardiomyopathy) (16-20, 42-47). These chronic cardiac
infections involved group B coxsackieviruses. However, the mechanisms leading to CVB
persistence in the heart, as well as the link between viral persistence and the devel-
opment of chronic cardiomyopathy, are not well understood. In 2005, Kim and col-
leagues identified variants of CVB in hearts of mice inoculated with wild-type CVB3 that
contained terminal deletions in the 5’ NCRs of their genomic RNAs (32). These studies
provided a possible link between the generation of noncytopathic viruses via genomic-
RNA terminal deletions and the establishment and/or maintenance of persistent infec-
tions. Recently, similar deletions have been detected for the first time in cardiac biopsy
specimens from patients suffering from chronic cardiomyopathy (29, 36). These dele-
tions, ranging from 15 to 48 nucleotides in length, involved a 5' RNA secondary
structure (S-L 1) that is the binding site for both viral and host cell proteins forming RNA
replication complexes. Subsequently, Smithee and coworkers reported that CVB TD
populations displayed impaired replication, with RNA levels 100,000-fold lower than
those of wild-type virus (48). With the exception of the largest identified deletion of 49
nucleotides, the specific impacts of the different sizes of genomic deletions detected
during persistent cardiac infections in mice or humans on the translation and replica-
tion of viral RNA had not been analyzed prior to the present study. Moreover, previous
studies on TD virus replication have been mainly performed in noncardiac cell lines or
cell-free reactions, with very little data about TD replication in cardiomyocytes, the cell
type infected in vivo. Finally, the suggestion that altered formation or stability of
replication complexes with deleted forms of viral RNA might be the explanation for
impaired replication of TD viruses has so far not been investigated.

The work described in this study is the first use of cardiac myocyte cultures to assess
the consequences of enterovirus genomic RNA deletions, detected in patients with
chronic cardiomyopathy, on CVB3 translation and RNA replication. Transfection of
deleted and nondeleted luciferase replicons in two types of heart cells demonstrated
that at 2 h posttransfection, equivalent levels of luciferase activity were detected,
corresponding to the translation of input RNA prior to the onset of genome amplifi-
cation by RNA replication. These results were confirmed by in vitro translation reactions
in Hela cell S10 extracts, which showed nearly equivalent levels of protein synthesis
among deleted and wild-type CVB3 RNAs. Taken together, our cell culture reporter
transfection experiments and in vitro assays demonstrated the ability of TD RNAs
harboring deletions of up to 49 nucleotides to synthesize viral proteins.

CVB protein expression could, in part, be involved in DCM pathophysiology due to
the expression of the viral 2A proteinase in infected cardiomyocytes (23). In cardiomy-
ocytes, this viral protein has been shown to cleave the host cell protein dystrophin,

FIG 7 Electrophoretic mobility shift assays with CVB3 5’ probes. Radiolabeled transcripts that included stem-loop | (approximately 175 to 225
nucleotides in length) corresponding to the 5’ end of coxsackievirus B3 positive-strand RNA were used in electrophoretic mobility shift assays to
determine the ability of the 5'-terminally deleted RNAs (TD7, TD21, TD30, and TD49) to form RNP complexes with PCBP2 and 3CDr, alone or in
combination. Full-length (wild-type) S-L I-containing RNA from CVB3 28 was used as a positive control. (A) [32P]JUTP-radiolabeled CVB3 S-L I-containing
RNA was incubated alone (lanes 1, 5, 10, 13, and 17) or with increasing concentrations of recombinant purified PCBP2 ranging from 2.5 uM (lanes 2,
6,10, 14,and 18) to 5 uM (lanes 3,7, 11, 15, and 19) and 7.5 uM (lanes 4, 8, 12, 16, and 20). Note that samples from WT, TD7, and TD21 RNP complexes
were analyzed on a gel separate from the one used to analyze TD30 and TD49, indicated by the white space between the two sets of lanes. (B)
[32P]JUTP-radiolabeled CVB3 S-L I-containing RNA was incubated without (lanes 1, 8, 15, 22, and 29) or with increasing concentrations of a proteolytically
active form of recombinant purified CVB3 3CDrP that is incapable of self-cleavage at the 3C-3D junction (3CD[r10]) ranging from 0.05 uM (lanes 2,
9, 16, 23, and 30) to 1 uM (lanes 3, 10, 17, 24, and 31), 2.5 uM (lanes 4, 11, 18, 25, and 32), 5 uM (lanes 5, 12, 19, 26, and 33), 7.5 uM (lanes 6, 13, 20,
27, and 34), and 10 uM (lanes 6, 14, 21, 28, and 35). Note that samples from WT and TD7 RNP complexes, TD21 RNP complexes, TD30 RNP complexes,
and TD49 RNP complexes were analyzed on separate gels, indicated by the black vertical lines between the four sets of lanes. (C) To analyze
supershifted ternary-complex formation, increasing amounts of 3CDP' ranging from 0 (lanes 2, 6, 10, 14, and 18) to 2.5 uM (lanes 3, 7, 11, 15, and 19)
and 5 uM (lanes 4, 8, 12, 16, and 20) were added to a fixed concentration of PCBP2 (5 uM). Lanes 1, 5, 9, 13, and 17 contained S-L I-containing probes
alone. Note that samples from WT, TD7, and TD21 RNP complexes were analyzed on a gel separate from the one used to analyze TD30 and TD49,
indicated by the white space between the two sets of lanes. Following incubation, RNP complexes were resolved on a native 4% polyacrylamide gel.
The arrows and brackets on the right of the gels indicate probe alone (free probe), RNP complex formation, and ternary complex formation. The results
shown are representative of three independent sets of experiments. The signals detected on polyacrylamide gels for RNP complex formation were
quantified using ImageJ software. (A and C) The values were calculated by dividing the value of the complex signal by the value of free probes in the
“RNA only” lanes incubated without proteins. Final amounts were obtained by subtracting the RNA only values from the calculated amounts. (B) The
values represent the signal of free probe subtracted from the value of free probe in the RNA only lane (arbitrarily set at 1).
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which links actin filaments to the plasma membrane (26, 27). Cleavage occurs in the
hinge 3 region of dystrophin and is sufficient to induce cardiomyopathy with disruption
of the sarcolemmal membrane and loss of normal localization of dystrophin in the heart
(27). Dystrophin cleavage also promotes viral propagation by allowing mature virions
to exit the infected myocyte and infect adjacent myocytes (24). Moreover, the carboxyl-
terminal fragment of 2A proteinase-mediated dystrophin cleavage by itself can cause
marked dystrophic cardiomyopathy through myocardial fibrosis, heightened suscepti-
bility to myocardial ischemic injury, and increased mortality during cardiac stress (28).
It should be noted that overall viral protein expression by TD replicons remained lower
than that of wild-type RNAs, as demonstrated by the luciferase levels at 4 h posttrans-
fection in cardiomyocytes (Fig. 2). This decreased expression would still be sufficient to
cause the onset of DCM, as demonstrated in a murine model expressing 2A via cellular
transcripts driven by the alpha-myosin heavy chain (a-MHC) promoter, which would be
more akin to a chronic pattern of 2A expression in persistently infected cardiomyocytes
than to a fulminant CVB3 infection (23). Nevertheless, additional studies will be required
to determine if dystrophin is cleaved in cardiomyocytes persistently infected with TD
viruses.

Although replicons corresponding to TD viral genomes can synthesize viral proteins,
their RNA synthesis levels are greatly reduced. Our in vitro replication experiments did
not show detectable levels of RNA synthesis for deletions larger than 21 nucleotides.
Moreover, the RNA detected was double stranded without isolated single-stranded,
positive-sense RNA. These in vitro results were confirmed by our data from transfection
of deleted luciferase replicons into cardiomyocytes showing a lack of luciferase signal
amplification from 4 h posttransfection, as well as no effect of GUHCI on luciferase
signals. Our data strongly suggest an RNA replication defect for the TD viral RNAs.
During infection, this defect would likely lead to a positive-strand/negative-strand RNA
ratio closer to 1 than to the asymmetric ratio of 30 to 70 that is normally observed
during acute infections with wild-type enterovirus strains (37, 38).

Our results confirmed those of a previous study in which no replication was
detected following transfection of a CVB3 genome with a 32-nucleotide deletion of the
5’ NCR into Hela cells (49). Other studies have detected very low levels of replication
of TD RNAs in HelLa S10 cell in vitro RNA synthesis reactions or with semi-nested reverse
transcription (RT)-PCR amplification, even for the deletion of 49 nucleotides (32, 34, 48).
The most likely explanation for these differences is that the methods used in our study
were not sufficiently sensitive to detect the very low levels of RNA replication directed
by the TD30 and TD49 RNAs in vitro. However, Bouin and colleagues recently demon-
strated the coexistence of a large majority of TD viral genomes with a minority of
wild-type CVB3 genomic RNAs (less than 0.9% of the viruses sequenced) in cardiac
biopsy specimens from a patient suffering from DCM. This discovery was facilitated by
the use of next-generation sequencing, which enabled the detection of very minor
variants representing less than 1% of the total viral RNA population that could not be
detected by the Sanger sequencing method used in previous studies (29, 31, 32). It is
possible that the replication of this remaining wild-type population of viruses could
generate, by a presently unknown mechanism, a majority of viruses with terminally
deleted genomic RNAs in cardiomyocytes that are unable to replicate by themselves
and a minority of wild-type viruses capable of maintaining a low-level chronic infection.
The wild-type virus could also play the role of helper virus, allowing TD viruses to
replicate by providing, in trans or through genomic recombination events, the ele-
ments necessary for their replication (50-52). Wild-type and TD viruses could reproduce
in vivo by using a mode of viral persistence known to occur in cell culture via defective
interfering (DI) particles (53). In this model, picornavirus DI populations harboring
deletions within the capsid protein-coding region must coexist with the wild-type
population, since DI genomes are packaged using capsid proteins produced by wild-
type viruses (54-56).

The synthesis of even low levels of double-stranded RNA by TD viruses could be
sufficient to induce type | interferon (IFN) secretion by infected cardiomyocytes. Indeed,
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dsRNA, known as the replicative form or replicative intermediate, is recognized by
cellular sensors, including Toll-like receptors 3 and 7 and RNA helicases, in particular
MDAS5, causing the virus-infected cardiomyocytes to produce type 1 IFNs and to promote
the inflammatory response (57-62). As summarized by Althof and colleagues (63), the
local synthesis of type 1 IFNs can be harmful to the myocardium by causing
inflammatory-cell infiltration, including CD8* T cells, macrophages, natural killer cells,
and neutrophils, and inflammatory cytokine secretion, thereby causing immune-
pathological damages (63-65). The prolonged presence of dsRNA in cardiomyocytes
may be associated with long-term morbidity caused by chronic inflammation. Such
inflammation could promote immune-mediated tissue damage known to be involved
in the pathogenesis of enterovirus-related cardiomyopathy. It remains to be seen if
innate immune sensors in cardiomyocytes can detect the very low levels of dsRNA
synthesized by terminally deleted viruses and subsequently stimulate type | interferon
secretion. Persistent CVB strains must find a way to overcome this antiviral host
response, since type | IFNs are efficient effectors of the innate immune response
constraining CVB spread, leading to clearance of the virus from the myocardium
following acute infection. Type | interferon secretion leads to the transcription of
hundreds of interferon-stimulated genes, which display antiviral properties by targeting
almost any step of the virus replication cycle (66). Interestingly, Hyde and colleagues
demonstrated that alphaviruses, which are also single-stranded, positive-strand RNA
viruses, use mutations within the 5’ noncoding region affecting secondary-structural
elements of their RNAs to alter interferon-stimulated protein binding and functions
(67). Their results suggest an evasion mechanism by which a deleted virus with
modified 5" RNA secondary structures could avoid immune restriction, despite type 1
IFN secretion and interferon-stimulated gene transcription, leading to long-term virus
persistence in the heart.

To understand the possible cause(s) of impaired single-stranded RNA synthesis by
TD strains of CVB3, we investigated binding to the 5" ends of deleted positive-strand
viral RNAs of cellular (i.e, PCBP2) and viral (i.e., 3CD) factors involved in viral RNA
replication. These proteins form a ribonucleoprotein complex with stem-loop | RNA that
enables 5'-3" intramolecular interactions resulting in a protein-protein bridge, template
recognition by the polymerase 3D, and RNA replication initiation (68). PCBP2 is primar-
ily a nuclear-resident protein with RNA binding activity that binds stem-loop b of S-L |
at the 5’ end of genomic RNA. This interaction displays increased affinity when the
precursor to the virally encoded RNA-dependent RNA polymerase 3DP°' and the
proteinase 3CPr, 3CDP™©, is also present on stem-loop d of S-L |, forming a ternary
complex that promotes both negative-strand and positive-strand RNA synthesis (7, 10,
40, 69). Loss of the binding sites or modification of RNA secondary structure rendering
interaction with these proteins less stable could explain, in part, the severe deficiency
in positive-strand RNA synthesis of TD viruses. Indeed, we found that deletions of either
30 or 49 nucleotides of the CVB3 5’ NCR had reduced levels of binding by PCBP2 and
3CDPre, corresponding to RNA synthesis defects exhibited in our in vitro RNA replication
assays. In particular, 3CDP° binding efficiency was reduced in accordance with the
deletion size, since the ribonucleoprotein complex required an increased protein
concentration to form. This result suggested that even if primary protein binding sites
are conserved despite genomic deletions, RNP complex formation with specific host or
viral proteins could be less stable and lead to lower levels of RNA synthesis during
infection.

It is known that the host protein hnRNP C can bind both the 3’ and 5’ termini of
poliovirus negative-strand RNA intermediates, an interaction proposed to promote the
synthesis of positive-strand enterovirus RNA molecules (12, 70, 71). Thus, the 5'-
terminal deletions of positive-strand RNAs would lead to deletions in the 3’ ends of
negative-strand RNAs, possibly reducing the binding of hnRNP C to these replication
intermediates. Loss of such binding might also contribute to the reduction of positive-
strand RNA synthesis observed with TD viruses. Moreover, low levels of hnRNP C
expression in the cytoplasm of quiescent and differentiated cells (like cardiomyocytes)

August 2017 Volume 91 Issue 16 e00423-17

Journal of Virology

jviasm.org 13

ANIAYI VINYOLITVD 40 AINN Ag 2T0zZ ‘T€ AInC uo /Bio wse’IAl/:dny woly papeojumoq


http://jvi.asm.org
http://jvi.asm.org/

Lévéque et al.

have been suggested to give putative hnRNP C-independent TD genomes an evolu-
tionary advantage over hnRNP C-dependent wild-type enterovirus RNA, thereby en-
abling them to become the dominant virus population in persistent infections (31, 72).
Our future studies of RNP complexes formed with the 3’ ends of negative-strand CVB3
RNAs will address the possible roles of hnRNP C, as well as other host and viral proteins,
in TD viral replication and their possible link to persistent infections. Overall, to better
understand the mechanisms by which genomic deletions impact the synthesis effi-
ciency of negative- and positive-strand viral RNAs, a complete identification of the
replication complexes used by wild-type and terminally deleted CVB3 RNAs in cardio-
myocytes will be required. This identification could help in designing new therapeutic
strategies either targeting viral proteins or inhibiting host protein activities involved in
viral RNA replication to treat persistent enterovirus cardiac infections mediated by TD
strains.

MATERIALS AND METHODS

Coxsackievirus cDNA clones. Six previously described cDNA clones of coxsackievirus B3 strains were
used in this study. Two of the cDNAs contain full-length wild-type CVB3 RNA genomes. pCVB3-28
contains the cDNA genome of the cardiovirulent CVB3 strain 28 (GenBank accession no. AY752944.2)
with a ribozyme designed to cleave T7 RNA polymerase transcripts at nucleotide 1 of the genome (73,
74). pCVB3-0 contains the cDNA of the noncardiovirulent CVB3 strain 0 (GenBank accession no.
AY752945.1), initially described by Charles Gauntt and differing in only 1 nucleotide at position 234 (U
in CVB3/28; C in CVB/0) from CVB3 strain 28 (74-76). Four of the cDNAs contain terminally deleted CVB3
genomes. pCVB3-TD7, pCVB3-TD30, and pCVB3-TD49 are variants of pCVB3-28 in which 5’-terminal
deletions of 7, 30, and 49 nucleotides, respectively, were engineered into the pCVB3-28 genome with a
ribozyme to ensure cleavage at the authentic 5’-terminal nucleotide of each genome (32). pCVB3-TD21
contains the 5’-terminal sequence of a virus detected in the heart in a fatal human case of CVB2 infection
engineered into pCVB3-28 as described above but with a ribozyme designed to ensure cleavage at the
22nd nucleotide to generate a deletion of 21 nucleotides relative to wild-type RNA (30).

Cardiomyocytes. Two types of cardiac cell lines were used in this study. Primary HCM (ScienCell
Research Laboratories) isolated from human heart were maintained in cardiac myocyte medium (Scien-
Cell Research Laboratories) in tissue culture flasks coated with poly-L-lysine. Primary cell cultures were
used between passages 4 and 15. HL-1 cells are a cardiac myocyte line that can be repeatedly passaged
and yet maintain a cardiac-specific phenotype. The HL-1 cell line was established from an AT-1
subcutaneous tumor excised from an adult female Jackson Laboratory C57BL/6J mouse. The cells were
maintained in Claycomb medium (Sigma) and plated in tissue culture flasks coated overnight with
gelatin (0.02% [wt/vol]) and fibronectin (0.5% [vol/vol]) (77).

RNA transcript preparation. Plasmids corresponding to full-length wild-type and terminally deleted
forms of CVB RNAs were linearized with the restriction enzyme Clal. Transcription reactions were
performed with T7 RNA polymerase using a Megascript T7 transcription kit (Ambion). Fifty-microliter
transcription reaction mixtures were incubated for 4 h at 37°C and terminated by treatment with DNase
| for 15 min at 37°C. RNAs were purified using an RNeasy minikit (Qiagen). For in vitro translation-
replication reactions, RNAs were additionally purified by phenol-chloroform extractions and precipitated
with ethanol.

In vitro translation and RNA replication reactions. The coupled in vitro translation and RNA
replication assays were carried out as described previously (78). Briefly, translation-replication mixtures
(50 wl total) contained 60% (vol/vol) macrococcal nuclease-treated Hela S10 cytoplasmic extract, 3 ug
in vitro-transcribed CVB3 RNA, and all-4 buffer containing reduced levels of CTP (1 mM ATP, 0.25 mM GTP,
0.25 mM UTP, 0.01 mM CTP [GE Healthcare Life Sciences], 60 mM potassium acetate, 30 mM creatine
phosphate, 0.4 mg/ml creatine kinase, 20 mM HEPES-KOH [pH 7.4]). The reaction mixtures were then split
into two portions, with 10 ul for translation and the remaining 40 wl for RNA replication. Ten uCi
[35SImethionine (PerkinElmer) was added to the translation reaction mixture, which was incubated for 6
h at 30°C, supplemented with 2X Laemmli sample buffer (LSB), and boiled. The translation products were
resolved by SDS-PAGE (12.5% resolving gel; 5% stacking gel), followed by fluorography. The RNA
replication mixture was incubated at 30°C for 4.5 h before 25 uCi [32P]CTP (PerkinEImer) was added, and
the reaction mixture was incubated for an additional 2 h at 34°C. The RNA replication product was then
purified using an RNeasy minikit (Qiagen) and separated on a 1.1% agarose gel. The levels of 18S and 28S
rRNA in each lane, as determined by examination of ethidium bromide-stained gels under UV light, were
used to confirm equal loading of samples in the gel. Both translation and RNA replication gels were
subjected to autoradiography on phosphor screens, performed using a Personal Molecular Imager FX
(Bio-Rad) and analyzed with Quantity One software (Bio-Rad).

Luciferase replicons, transfection of cardiomyocytes, and luciferase assays. The CVB3 replicon
(pRib-CVB3-RLuc; kindly provided by Martijn Langereis and Frank van Kuppeveld) contains a CVB3 cDNA
in which the P1 capsid coding region has been replaced by the Renilla luciferase gene. The cDNA was
cloned downstream from a hammerhead ribozyme sequence to remove nonviral nucleotides from the
5' ends of transcript RNAs (79). To generate 5'-terminally deleted CVB3 Renilla luciferase replicons
harboring genomic deletions with sizes identical to those tested using in vitro translation and RNA
replication assays, the pRib-CVB3-RLuc replicon, as well as CVB3 cDNA clones (pCVB3-28, pCVB3-TD7,
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pCVB3-TD21, pCVB3-TD30, and pCVB3-TD49), were doubly digested with Blpl and Xmal restriction
enzymes. A fragment of 330 nucleotides encompassing the ribozyme and the 5’ end of the viral genome
was removed from the wild-type (pCVB3-28) and the four 5'-terminally deleted (pCVB3-TD7, pCVB3-
TD21, pCVB3-TD30, and pCVB3-TD49) CVB3 cDNA constructs and gel purified. In addition, the digested
pRib-CVB3-RLuc replicon vector was isolated and gel purified. The 330-nucleotide fragments removed
from CVB3 cDNA constructs were cloned into the pRib-CVB3-RLuc replicon vector. The CVB3-0 replicon
was generated from the CVB3-28 replicon by site-directed mutagenesis of nucleotide position 234 (T in
CVB3/28; C in CVB/0).

For RNA transfection experiments, ~90% confluent monolayers of cardiac myocytes (HCM or HL-1
cells) grown in six-well plates were rinsed twice with phosphate-buffered saline (PBS). A transfection
mixture consisting of 2 ug of replicon RNA, 250 ul of optiMEM (ThermoFisher Scientific), 5 wl of mMRNA
Boost reagent, and 5 ul of a TransIT mRNA transfection kit (Mirus) was incubated for 5 min at room
temperature and then added to each well. Cultures were incubated at 37°C for 2, 4, 6, or 8 h. Parallel
transfections and subsequent incubations were carried out in the presence of 2 mM guanidine hydro-
chloride to prevent RNA replication and to allow the measurement of luciferase levels at each time point
that resulted solely from the translation of input replicon RNA. At the indicated times posttransfection,
cells were washed twice with PBS. A Renilla luciferase assay (Promega) was used for quantitation of
luciferase activity. Cell monolayers were harvested with 500 ul of lysis buffer added to each well, and cell
lysates were collected in 1.5-ml Eppendorf tubes. A volume of 20 ul of lysate was used in luciferase assays
with the addition of 100 ul of luciferin substrate, and light emission was measured with a Monolight 2010
luminometer (Analytical Luminescence Laboratory). Triplicate samples were analyzed for each time point,
and each time course experiment was performed three times.

Electrophoretic mobility shift assays. RNA mobility shift assays were performed as previously
described (78, 80). Briefly, increasing amounts of purified recombinant PCBP2 (molar concentrations
ranged from 2.5 to 7.5 uM) and/or recombinant purified 3CDPr° [3CD(10)] (molar concentrations ranged
from 0.05 to 10 uM) were incubated in the presence of RNA binding buffer (5 mM HEPES-KOH [pH 7.4],
25 mM KCl, 2.5 mM MgCl,, 20 mM dithiothreitol, 3.8% [vol/vol] glycerol, 1 mg/ml of Escherichia coli tRNA
[Sigma], 8 U of RNasin [Promega] RNase inhibitor, and 0.5 mg/ml of bovine serum albumin [New
England BiolLabs]) with [32PJUTP (PerkinElmer)-radiolabeled wild-type or 5’'-terminally deleted RNA
probe derived from transcription of CVB3 cDNA clones linearized with Xmnl restriction enzyme. The
final concentration of probe was 0.1 nM contained within a total reaction volume of 10 ul. This
reaction mixture was incubated for 10 min at 30°C. Following incubation, 2.5 ul of 50% glycerol was
added, and the resulting complexes were resolved at 4°C on native 4% polyacrylamide gels
containing 5% glycerol in Tris-borate-EDTA (TBE) buffer. Images were generated from scans of
phosphor screens performed using a Personal Molecular Imager FX (Bio-Rad) and analyzed using
Quantity One software.
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