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RNase L is an antiviral endoribonuclease that cleaves viral mRNAs after single-stranded UA and UU
dinucleotides. Poliovirus (PV) mRNA is surprisingly resistant to cleavage by RNase L due to an RNA structure
in the 3CPro open reading frame (ORF). The RNA structure associated with the inhibition of RNase L is
phylogenetically conserved in group C enteroviruses, including PV type 1 (PV1), PV2, PV3, coxsackie A virus
11 (CAV11), CAV13, CAV17, CAV20, CAV21, and CAV24. The RNA structure is not present in other human
enteroviruses (group A, B, or D enteroviruses). Coxsackievirus B3 mRNA and hepatitis C virus mRNA were
fully sensitive to cleavage by RNase L. HeLa cells expressing either wild-type RNase L or a dominant-negative
mutant RNase L were used to examine the effects of RNase L on PV replication. PV replication was not
inhibited by RNase L activity, but rRNA cleavage characteristic of RNase L activity was detected late during
the course of PV infection, after assembly of intracellular virus. Rather than inhibiting PV replication, RNase
L activity was associated with larger plaques and better cell-to-cell spread. Mutations in the RNA structure
associated with the inhibition of RNase L did not affect the magnitude of PV replication in HeLa cells
expressing RNase L, consistent with the absence of observed RNase L activity until after virus assembly. Thus,
PV carries an RNA structure in the 3C protease ORF that potently inhibits the endonuclease activity of RNase
L, but this RNA structure does not prevent RNase L activity late during the course of infection, as virus
assembly nears completion.

RNase L is a latent endoribonuclease in an interferon-reg-
ulated and double-stranded RNA (dsRNA)-activated antiviral
pathway (reviewed in reference 47). Although RNase L is
expressed in most human cells, it becomes active only after
viral dsRNA accumulates and provokes the synthesis of 2�-5�
oligoadenylate (2-5A) by 2�-5� oligoadenylate synthetases (2-5
OAS) (18, 64). 2-5A binds to ankyrin repeats within the N
terminus of monomeric RNase L, provoking conformational
changes which lead to RNase L dimerization and activation of
endoribonuclease activity (20, 21, 57). The endoribonuclease
of RNase L cleaves RNAs predominantly after single-stranded
UA and UU dinucleotides (22, 62). Viral mRNAs like that of
hepatitis C virus (HCV) are exquisitely sensitive to cleavage by
RNase L in vitro (26, 27). Reduced frequencies of UA and UU
dinucleotides within the open reading frames (ORFs) of HCV
mRNAs are consistent with the selective pressure of RNase L.
Activated RNase L also cleaves cellular RNAs, including
rRNA (61). rRNA cleavage characteristic of activated RNase
L is associated with the synthesis and accumulation of viral
dsRNA during the course of infections (6, 16, 52, 55).

RNase L is thought to manifest antiviral activity via two
independent mechanisms, namely, by cleaving viral RNA and
by promoting apoptosis (65). Poliovirus (PV) infection acti-
vates apoptotic pathways; however, PV also delays apoptotic

death to accommodate the time needed for viral replication (1,
2, 49, 58). The mechanisms by which PV activates and delays
apoptotic death are poorly defined.

We report the discovery of an RNA structure in the PV
ORF that potently inhibits the endoribonuclease activity of
RNase L. Furthermore, we report that RNase L activity late
during the course of PV replication did not diminish virus
production. Rather, RNase L activity was associated with
larger plaques and increased cell-to-cell spread. We discuss the
ironic possibility that PV coopts an interferon-regulated and
dsRNA-activated antiviral pathway, perhaps in concert with
other dsRNA-activated pathways, to mediate the cytopathic
effect (CPE) and virus release.

MATERIALS AND METHODS

Viral RNAs. Full-length viral RNAs were synthesized by the use of T7 poly-
merase (Epicentre, Madison, WI) from plasmids carrying cDNAs of PV (5, 51),
coxsackievirus B3 (CVB3) (12), and HCV (36) linearized with the following
restriction enzymes: MluI for PV, ClaI for CVB3, and MluI for HCV. PV M1123,
a virus with nine wobble position mutations, was engineered using the following
primers encoding the mutations: M1123�, 5� GGTACAAGGACCAGGGTTC
GATTACGCAGTGG 3�; and M1123(�), 5� CGAGCAGTTTGGCGCCCAC
CGAGATTTAGATAACCTTGTTCCGTGACTGCCCCCACCGGTAC
ATAC 3�. The PCR product containing the mutations was cut with BglII and
KasI and inserted into the corresponding region of full-length PV cDNA. DNA
sequencing was used to confirm the integrity of PV M1123. Fragments of PV
RNA were synthesized by T7 transcription, using PCR-generated templates
encoding the appropriate portions of PV. When necessary, 32P[CTP] (Amer-
sham) was added to reaction mixtures to make radiolabeled RNA. Viral RNAs
were precipitated with 2.5 M ammonium acetate, pH 7.0, washed with ethanol,
solubilized in water, and quantified by the UV absorption at 260 nm.
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RNA cleavage using purified RNase L and 2-5A. RNase L and 2-5A were
purified as previously described (50, 54), with modifications. Briefly, untagged
recombinant human RNase L in a baculovirus vector was expressed in SF21
insect cells. Suspension cultures of SF21 cells were grown in SFM 900 insect cell
medium (Invitrogen) supplemented with 10% fetal bovine serum to a cell density
of 1.5 � 106 to 2.0 � 106 cells/ml. Cells were infected at a multiplicity of infection
(MOI) of 5 PFU per cell at 27°C for 72 h before being harvested. The cell pellets
were washed with chilled phosphate-buffered saline (PBS), resuspended in lysis
buffer (20 mM HEPES, pH 7.4, 5 mM MgCl2, 50 mM KCl, 1 mM EDTA, 10%
glycerol, 14 mM 2-mercaptoethanol [2-ME], 100 �M ATP, 20 �g/ml leupeptin,
20 �g/ml pepstatin, 50 �M phenylmethylsulfonyl fluoride [PMSF]), and dis-
rupted with a French press. Supernatants were collected after centrifugation at
100,000 � g and incubated for 1 hour at 4°C with CL6B Blue Sepharose affinity
resin (Amersham Bioscience). The protein-bound affinity resin was packed in an
HR16/24 column and washed with buffer A (20 mM HEPES, pH 7.4, 5 mM
MgCl2, 50 mM KCl, 1 mM EDTA, 10% glycerol, 7 mM 2-ME, 100 �M ATP, 2
�g/ml leupeptin, 2 �g/ml pepstatin, 50 �M PMSF). The bound RNase L was
eluted with a 0 to 100% linear gradient of buffer B (20 mM HEPES, pH 7.4, 5
mM MgCl2, 1.0 M KCl, 1 mM EDTA, 10% glycerol, 7 mM 2-ME, 100 �M ATP,
2 �g/ml leupeptin, 2 �g/ml pepstatin, 50 �M PMSF) over a period of 1 h at a flow
rate of 1 ml/min. The peak fractions containing RNase L were pooled, dialyzed
against four changes of buffer A, loaded onto a MonoQ HR 10/10 column, and
eluted with a 0 to 50% buffer B gradient over a period of 60 min at a flow rate
of 1 ml/min. The purity of RNase L was �90%, as judged by sodium dodecyl
sulfate (SDS)-polyacrylamide gel electrophoresis followed by Coomassie blue
staining. 2-5A was synthesized from ATP with recombinant porcine 2-5 OAS (a
generous gift of R. Hartmann, Cleveland Clinic) activated with poly(I) � poly(C)
linked to agarose beads, purified with a fast-performance liquid chromatography
MonoQ column (HR 10/10), and characterized by high-performance liquid chro-
matography on a Dionex P100 analytical column. RNA cleavage reaction mix-
tures (10 to 50 �l) containing 100 nM 32P-labeled viral RNA, 5 to 40 nM RNase
L (as indicated), 5 to 40 nM p3A3 2-5A (as indicated), 25 mM Tris-HCl (pH 7.4),
100 mM KCl, 10 mM MgCl2, 50 �M ATP, and 7 mM 2-ME were incubated at
25 to 30°C. Fragments of PV RNA were included in reaction mixtures to inhibit
RNase L, as indicated in the figure legends. Reactions were terminated by adding
100 to 250 �l SDS buffer (0.5% SDS [Sigma], 10 mM Tris-HCl, pH 7.5, 1 mM
EDTA, 100 mM NaCl). RNAs from the reactions were precipitated with ethanol
and separated by electrophoresis in 1% agarose gels containing MOPS (mor-
pholinepropanesulfonic acid)-formaldehyde buffer and 0.1 mg/ml ethidium bro-
mide. RNAs within gels were visualized using UV light or detected by phosphor-
imaging.

HeLa cells expressing wild-type or DN RNase L. HeLa M cells were stably
transfected with pcDNA3 vectors to establish the following three related cell
lines: a cell line overexpressing wild-type RNase L (W12 HeLa cells), a cell line
overexpressing RNase L with a dominant-negative (DN) R667A mutation (M25
HeLa cells), and control HeLa cells carrying vector alone (V11 HeLa cells). Cells
were grown in Dulbecco’s modified Eagle’s medium (DMEM; Invitrogen) con-
taining 10% fetal bovine serum (HyClone, Logan, UT), 250 �g/ml G418 (Sigma,
St. Louis, MO), 100 U per ml penicillin, and 1,000 U per ml streptomycin
(HyClone, Logan, UT).

PV infections and plaque assays. PV type 1 (Mahoney; PV1) was grown and
titrated in HeLa M cells. An MOI of 5 to 10 was used for one-step growth
experiments. HeLa cells (5 � 105) were seeded in 35-mm plates 18 to 22 h before
infection. Cells were infected with virus diluted in 200 �l DMEM. Following 1 h
of adsorption at 37°C, the inoculum was removed and replaced with 3 ml of
DMEM containing 10% fetal bovine serum, penicillin, and streptomycin. G418
(250 �g/ml) was included in the medium when pcDNA3 vectors were present
within HeLa cells. Total virus was harvested in the medium at the indicated times
after three cycles of freeze-thawing cells. Plaque assays were similar except that
infected cells were overlaid with 2 ml of medium containing 10% fetal bovine
serum, penicillin, streptomycin, and 1.2% methylcellulose (Sigma, St. Louis,
MO). After 2 to 3 days of incubation, methylcellulose overlays were removed,
and cell monolayers were fixed with 5% trichloroacetic acid and stained with a
solution containing 0.2% crystal violet, 2% ethanol, and 0.08% ammonium
oxalate.

Western blotting. Cells were infected as described above. At the indicated
times, cells were rinsed with PBS and solubilized with 250 �l of radioimmuno-
precipitation assay buffer (150 mM NaCl, 1.0% Igepal CA-630, 0.5% sodium
deoxycholate, 0.1% SDS, 50 mM Tris, pH 8.0). Two hundred fifty microliters of
2� Laemmli buffer was added, and samples were boiled at 95°C for 5 min. A
20-�l sample was fractionated by electrophoresis in a 9% SDS-polyacrylamide
gel, and proteins were transferred to a polyvinylidene difluoride membrane
(Amersham). Polyclonal rabbit antibodies against OAS1 (Abgent, San Diego,

CA), a mouse monoclonal antibody against human RNase L (Novus Biologicals),
and a monoclonal antibody to actin (Sigma) were used along with chemilumi-
nescence, as described by the manufacturer (ECL Plus; Amersham), to detect
proteins.

Total cellular RNA and rRNA cleavage in PV-infected cells. Cells were in-
fected as described above. The medium was removed at the indicated times
postinfection. Monolayers were rinsed with PBS and solubilized with 1 ml SDS
buffer (0.5% SDS [Sigma, St. Louis, MO], 10 mM Tris-HCl, pH 7.5, 1 mM
EDTA, 100 mM NaCl). Samples were extracted with phenol-chloroform, ethanol
precipitated, solubilized in 40 �l water, and treated with 2 units of DNase in 1�
DNase buffer (Epicenter, Madison, WI) for 15 min at 37°C. Following DNase
treatment, total cellular RNA was precipitated with ethanol, fractionated by
electrophoresis in 1% agarose-MOPS gels (�250,000 cells per lane), stained with
ethidium bromide, and visualized by UV light.

RESULTS

PV RNA is resistant to cleavage by RNase L. PV RNA has
112 UA and UU dinucleotides per kb of ORF, while HCV 1a
RNA has only 73 UA and UU dinucleotides per kb of ORF.
Because RNase L cleaves viral RNAs at single-stranded UA
and UU dinucleotides, we predicted that PV RNA would be
cleaved by RNase L more readily than HCV RNA.

Contrary to our prediction, PV RNA was quite resistant to
cleavage by RNase L (Fig. 1). We used purified RNase L,
purified 2-5A, and viral RNAs made from cDNA clones to
assay viral RNA cleavage by RNase L (Fig. 1). HCV and PV
RNAs were perfectly stable in reaction mixtures containing
purified RNase L without 2-5A (Fig. 1A, lanes 1 to 4 and 9 to
12). This result is consistent with the requirement of 2-5A for

FIG. 1. PV RNA resists cleavage by RNase L. 32P-labeled HCV
and PV RNAs (100 nM) were incubated for 0 to 30 min at 25°C in
reaction mixtures containing RNase L (10 nM) in the absence or
presence of 2-5A (10 nM), as indicated. RNAs separated by electro-
phoresis in 1% agarose were detected by phosphorimaging (A), and
relative amounts of intact RNA were plotted versus time (B). PI units,
phosphorimaging units.

5562 HAN ET AL. J. VIROL.



activation of RNase L and demonstrated that other 2-5A-
independent nucleases were not present in the reaction mixes.
In the presence of 2-5A, RNase L cleaved HCV RNA into
fragments of 200 to 1,000 nucleotides (nt) (Fig. 1A, lanes 5 to
8). Surprisingly, PV RNA was not cleaved by RNase L more
readily than HCV RNA was (Fig. 1A, compare lanes 5 to 8
with lanes 13 to 16). Less than 50% of the 7.5-kb PV RNA
molecules were cleaved at all during the 30-min incubation
(Fig. 1B). This result was striking because PV RNA has hun-
dreds of UA and UU dinucleotides as potential RNase L
cleavage sites.

A phylogenetically conserved RNA structure in the 3CPro

ORF inhibits 2-5A-activated RNase L. Based on the results
presented in Fig. 1, we speculated that PV RNA might contain
an RNA sequence or structure capable of inhibiting RNase L.
We further speculated that such a sequence or structure would
most likely reside in the 5�- and/or 3�-nontranslated regions
(NTRs) of PV RNA rather than the viral ORF because the 5�
and 3� NTRs contain phylogenetically conserved cis-active
RNA structures (60). As illustrated in Fig. 2A, PV RNA con-
tains a 5� NTR, one long ORF, a 3� NTR, and a poly(A) tail.
DJB14 RNA is an engineered subgenomic PV RNA from
which most of the viral ORF has been deleted (Fig. 2A) (41).
The RNA2 ORF is the ORF from a PV RNA replicon (Fig.
2A) (41). The RNA2 ORF does not possess the 5� NTR, capsid
coding region, or 3� NTR (Fig. 2A). ORF1 and ORF2 are two
halves of the RNA2 ORF (Fig. 2A). In contrast to our predic-
tions, the RNA2 ORF was resistant to cleavage by RNase L,
while DJB14 RNA was readily cleaved by RNase L (Fig. 2B
and C). These results indicated that the 5� and 3� NTRs
present in DJB14 RNA were not capable of inhibiting RNase
L. Likewise, these results indicated that for some reason, the
RNA2 ORF was resistant to cleavage by RNase L. Because the
RNA2 ORF was resistant to cleavage by RNase L, we exam-
ined two equal portions of the RNA2 ORF, i.e., ORF1 and
ORF2. ORF1 was sensitive to cleavage by RNase L, while
ORF2 was not (Fig. 2B and C). From these results, we spec-
ulated that a portion of the PV ORF contained in ORF2 (and
the RNA2 ORF) was capable of inhibiting RNase L.

To identify the portion of PV RNA responsible for the
inhibition of RNase L, we continued to test smaller and smaller
subfragments of the PV ORF to identify regions of PV RNA
which were resistant to cleavage by RNase L (Fig. 2D to G).
ORF 2122 RNA, a 303-base fragment of PV RNA represent-
ing nt 5720 to 6023 of the 3CPro ORF, was resistant to cleavage
by RNase L (Fig. 2F and G). PV RNAs containing ORF 2122
sequences were resistant to cleavage by RNase L, while PV
RNAs without this region of the PV ORF were sensitive to
cleavage by RNase L.

ORF 2122, a portion of the PV ORF encompassing nt
5720 to 6023, is predicted to fold into an extended RNA
structure composed of several stem-loops (Fig. 3A) (46, 66).
To confirm whether ORF 2122 RNA was capable of inhib-
iting RNase L, we assayed the ability of PV RNA to protect
HCV RNA from cleavage by RNase L (Fig. 3). Increasing
amounts of ORF 2122 RNA protected HCV RNA from
cleavage by RNase L (Fig. 3B, lanes 2 to 4). In contrast,
increasing amounts of PV ORF 2123, a fragment of PV
RNA which is sensitive to cleavage by RNase L (Fig. 2F and
G), did not protect HCV RNA from cleavage by RNase L

(Fig. 3B, lanes 5 to 7). It is important that a molar excess of
PV ORF 2122 RNA relative to 2-5A and RNase L was
required for inhibition. The portions of PV RNA that re-
sisted cleavage by RNase L were also able to protect HCV

FIG. 2. Mapping of PV RNA fragments resistant to cleavage by
RNase L. Fragments of PV RNA were generated by T7 transcription
(A). 32P-labeled PV RNAs (100 nM) were incubated for 0 to 20 min at
30°C in reaction mixtures containing purified RNase L and 2-5A (5 nM
[each]). RNAs separated by electrophoresis in 1% agarose were de-
tected by phosphorimaging (B, D, and F), and the relative amounts of
intact RNA were plotted versus time of incubation (C, E, and G).
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RNA from cleavage by RNase L. These data indicate that
PV ORF 2122 RNA inhibited 2-5A-activated RNase L.

Several stem-loop structures within the ORF 2122 RNA frag-
ment were deleted to determine their importance in the inhibition
of RNase L. �1 2122 deleted PV nt 5771 to 5813 from ORF
2122 (Fig. 3A), �2 2122 deleted PV nt 5825 to 5850 from ORF
2122 (Fig. 3A), �3 2122 deleted PV nt 5861 to 5896 from
ORF 2122 (Fig. 3A), and �4 2122 deleted PV nt 5939 to 5959
from ORF 2122 RNA. These deletions were designed using
mfold to maintain the remaining structures of ORF 2122 be-
yond the deletion (46, 66; data not shown). When increasing
amounts of �1 2122 were added to reaction mixtures contain-
ing 32P-labeled HCV RNA and 2-5A-activated RNase L, HCV
RNA was not protected from cleavage (Fig. 3B, lanes 8 to 10).
In contrast, increasing amounts of �2 2122 and �3 2122 pro-
tected HCV RNA from cleavage by RNase L (Fig. 3B, lanes 11
to 13 and 14 to 16, respectively). Increasing amounts of �4
2122 were unable to protect HCV RNA from cleavage by
RNase L. These results indicated that the stem-loops removed
by the �1 and �4 mutations of ORF 2122 RNA are both
necessary for the inhibition of RNase L, while the stem-loop

RNAs deleted from the �2 and �3 RNAs are not required for
the inhibition of RNase L.

PV1, the virus used in our investigations, is most closely
related to type 2 and 3 PVs and several group C enteroviruses,
including coxsackieviruses A11 (CA11), A17 (CA17), A20
(CA20), A13 (CA13), A21 (CA21), and A24 (CA24) (9, 30).
Conserved RNA structures are not common within the ORFs
of positive-strand RNA viruses (60). CRE(2C), a stem-loop
RNA structure within the 2CATPase gene, is the only phyloge-
netically conserved RNA structure ascribed a function in the
PV ORF (24, 25). Alignment of PV ORF 2122 RNA sequences
with those of other PVs and group C enteroviruses revealed
that the ORF 2122 RNA sequences and structures were phy-
logenetically conserved (Fig. 4). ORF 2122 RNA stem-loops 1
and 4, identified as being required for inhibition of RNase L
(Fig. 3), are well conserved (Fig. 4A). Although the conserva-
tion of amino acid sequence can lead to some conservation of
RNA sequence, the redundancy of codons for individual amino
acids provides an opportunity for nucleotide variation at wob-
ble positions of codons. The amino acid sequence of this por-
tion of 3C protease and the wobble positions of codons (indi-
cated by asterisks) are presented at the top of Fig. 4A. While
some variation in sequence is evident at wobble positions of
codons in stem-loops 1 and 4, most variation in sequence is
accommodated by alternate base pairing (i.e., G-C versus G-U
and A-U versus G-U) (Fig. 4A). Only 9 nt among the se-
quences of nine viruses aligned in Fig. 4A are not consistent
with base pairing in stem-loops 1 and 4 (indicated with gray
circles). Notably, the RNA sequences in the loops of stem-
loops 1 and 4 are conserved and complementary (Fig. 4A, note
the potential kissing interaction via complementary sequences
in loops 1 and 4).

The ORF 2122 RNA sequence and structure between stem-
loops 1 and 4 are also highly conserved (Fig. 4B). Only one
nucleotide (in PV3) is inconsistent with this RNA structure
(Fig. 4B, PV3, nt 5920). Sequence variation of the bulged
nucleotide at residue 5926 does not alter the secondary struc-
ture (Fig. 4B, note the U, A, or C at residue 5926). Other
sequence variations in this region, i.e., C/U changes at wobble
positions, are accommodated via base pairing with G residues
(Fig. 4B).

The ORF 2122 RNA sequences and structures outside the
regions described above and shown in Fig. 4A and B are less
conserved (data not shown) and are unnecessary for inhibition
of RNase L (see below).

Functional boundaries and structural features of PV RNA
associated with the inhibition of RNase L. Based on our phy-
logenetic analyses of sequence and structure, we designed ad-
ditional mutations within ORF 2122 RNA to help define the
boundaries of the important RNA elements required for inhi-
bition of RNase L. Deletions �5, �6, �7, and �8 were engi-
neered into ORF 2122 RNA (Fig. 5A). mfold predictions sup-
ported the illustrated structures (Fig. 5A). Based on the
phylogenetic analyses and our previous data (Fig. 4), we pre-
dicted that ORF 2122 RNAs in trans with �5, �6, and �8
deletions would inhibit RNase L and that RNA with the �7
deletion would not inhibit RNase L. These predictions were
confirmed by experimental data (Fig. 5B). As seen before,
increasing amounts of ORF 2122 RNA protected 32P-labeled
HCV RNA from cleavage by RNase L (Fig. 5B, lanes 3 and 4).

FIG. 3. PV RNA inhibits HCV RNA cleavage by RNase L, and
specific deletions in ORF 2122 RNA abrogate inhibition of RNase L.
(A) The structure of ORF 2122 RNA was predicted using mfold, and
regions targeted for deletion are shaded in gray. (B) 32P-labeled HCV
RNA (100 nM) was incubated at 25°C for 0 (lane 1) or 15 (lanes 2 to
19) min in reaction mixtures containing RNase L and 2-5A (40 nM
[each]). The following unlabeled PV RNAs (0, 100, or 500 nM) were
included in the reaction mixtures: ORF 2122 (lanes 2 to 4), ORF 2123
(lanes 5 to 7), �1 ORF 2122 (lanes 8 to 10), �2 ORF 2122 (lanes 11 to
13), �3 ORF 2122 (lanes 14 to 16), and �4 ORF 2122 (lanes 17 to 19).
32P-labeled HCV RNAs were separated by electrophoresis in 1% aga-
rose and detected by phosphorimaging.
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ORF 2121 RNA, a PV RNA fragment susceptible to RNase L
cleavage (Fig. 2F and G), was unable to protect HCV RNA
from cleavage by RNase L. Increasing amounts of �5, �6, and
�8 2122 RNAs protected HCV RNA from cleavage by RNase
L (Fig. 5B), while �7 2122 RNA was unable to protect HCV
RNA from cleavage by RNase L (Fig. 5B).

We engineered additional mutations into ORF 2122 RNA to
test whether the predicted kissing interaction mediated by the
complementarity of loops 1 and 4 was necessary for inhibition
of RNase L (Fig. 6). Three base changes were engineered into
loop 1 and loop 4 individually (loop 1 mutant and loop 4
mutant) and in combination (loop 1/4 compensatory mutant)
(Fig. 6). mfold was used to confirm that these mutations would
not have unintended effects on the folding of ORF 2122 RNA
(data not shown). As seen before, increasing amounts of ORF
2122 RNA protected 32P-labeled HCV RNA from cleavage by
RNase L (Fig. 6, lanes 3 and 4), while ORF 2123 RNA, a PV
RNA fragment susceptible to RNase L cleavage (Fig. 2F and
G), was unable to protect HCV RNA from cleavage by RNase
L. Individually, the mutations in loop 1 and loop 4 diminished
the ability of ORF 2122 RNA to protect HCV RNA but did
not completely debilitate ORF 2122 RNA (Fig. 6, lanes 8 to 10

and 11 to 13, respectively). In combination, these compensa-
tory loop 1 and loop 4 mutations restored the ability of ORF
2122 RNA to protect HCV RNA from cleavage by RNase L to
wild-type levels (Fig. 6, compare lanes 14 to 16 with lanes 2 to
4). These results indicate that the highly conserved RNA se-
quences of loops 1 and 4 are not required for inhibition of
RNase L but that the complementarity of sequences in loops 1
and 4 is important in forming a functional RNA structure.

CVB3 RNA, representative of group B enteroviruses, does
not resist or inhibit RNase L. Additional phylogenetic analyses
and mfold analyses indicated that the conserved RNA struc-
ture of group C enteroviruses defined above was not conserved
in group B enteroviruses, such as CVB3 (data not shown).
Consistent with these observations, full-length infectious CVB3
RNA (12, 59) was not resistant to cleavage by RNase L like PV
RNA was (Fig. 7A), and the corresponding ORF 2122 RNA
region of CVB3 RNA did not protect HCV RNA from cleav-
age by RNase L like the ORF 2122 RNA region from PV RNA
did (Fig. 7B). ORF 2122 RNA was stable in the reaction and
was detected in the agarose gel by ethidium bromide staining
and UV light (Fig. 7B, asterisks). Thus, the RNA-mediated
inhibition of RNase L observed for group C enteroviruses

FIG. 4. Phylogenetically conserved RNA structure in the 3CPro ORF associated with the inhibition of RNase L. PV RNA sequences
corresponding to ORF 2122 were aligned with RNA sequences of related group C enteroviruses. (A) Stem-loop 1 and stem-loop 4. (B) “Con-
nector” region. Asterisks indicate wobble positions of codons. Nucleotides highlighted with gray circles are inconsistent with base pairing in PV
ORF 2122. Viruses and nucleotide accession numbers are as follows: PV1, NC 002058; PV2, M12197; PV3, K01392; CA11, AF499636; CA17,
AF499639; CA20, AF499642; CA13, AF499637; CA21, AF546702; and CA24, D90457.
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(such as PV) was not observed for CVB3, a group B entero-
virus.

RNase L and PV replication in HeLa cells. HeLa cells stably
expressing either wild-type RNase L (W12 HeLa cells) or a DN
mutant RNase L (M25 HeLa cells) were used to examine the
effects of RNase L on PV replication (Fig. 8). Vesicular sto-
matitis virus (VSV), previously reported to be unaffected by
RNase L (65), was used as a control. PV and VSV grew well in
both cell lines, reaching maximum titers at 6 to 8 h postad-
sorption (Fig. 8A). Maximum PV titers were 5.6 � 109 PFU
per ml, a yield of 3,100 PFU per cell. Maximum VSV titers
were 1.8 � 108 PFU per ml, a yield of 100 PFU per cell.

To determine whether RNase L was activated during the
course of PV replication, we examined both the expression of
RNase L (Fig. 8B) and the integrity of rRNA (Fig. 8C) in
infected cells. Both wild-type RNase L (Fig. 8B, W12 HeLa
cells, lanes 1 to 8) and DN RNase L (Fig. 8B, M25 HeLa cells,
lanes 9 to 16) were stable throughout the course of PV infec-
tion. Two rRNA fragments characteristic of RNase L activity
were clearly evident at 6 and 8 h postadsorption in PV-infected
W12 HeLa cells (Fig. 8C, lanes 5 and 6, asterisks). In contrast,
rRNA fragments characteristic of RNase L activity were not
detected at any time in PV-infected M25 HeLa cells (Fig. 8C,
lanes 7 to 11). These results are consistent with the overex-
pression of wild-type and DN RNase L in the respective cell

lines. Because PV replicates so robustly in these cells, accu-
mulating PV RNA was detected by ethidium bromide staining
and was most noticeable at 6 h postadsorption in both W12 and
M25 HeLa cells (Fig. 8C, lanes 5 and 10, arrows).

RNase L activity is correlated with larger PV plaques. PV
and VSV plaque-forming efficiencies and plaque phenotypes
were examined on V11 HeLa cells, W12 HeLa cells, and M25
HeLa cells (Fig. 9) (cells were fixed and stained at 3 days

FIG. 5. Boundaries of PV RNA that inhibits RNase L activity.
(A) Predicted structures of ORF 2122 RNA and regions targeted for
deletion (shaded in gray). (B) 32P-labeled HCV RNA (100 nM) was
incubated at 30°C for 0 (lane 1) or 10 (lanes 2 to 19) min in reaction
mixtures containing RNase L and 2-5A (20 nM [each]). The following
unlabeled PV RNAs (0, 100, or 500 nM) were included in the reaction
mixes: ORF 2122 (lanes 2 to 4), ORF 2121 (lanes 5 to 7), �5 ORF 2122
(lanes 8 to 10), �6 ORF 2122 (lanes 11 to 13), �7 ORF 2122 (lanes 14
to 16), and �8 ORF 2122 (lanes 17 to 19). 32P-labeled HCV RNAs
were separated by electrophoresis in 1% agarose and detected by
phosphorimaging.

FIG. 6. Complementarity of RNA sequences in loops 1 and 4 con-
tributes to inhibition of RNase L activity. The complementarity of loop
sequences and mutations are illustrated. 32P-labeled HCV RNA (100
nM) was incubated at 25°C for 0 (lane 1) or 15 (lanes 2 to 16) min in
reaction mixtures containing RNase L and 2-5A (40 nM [each]). The
following unlabeled PV RNAs (0, 100, or 500 nM) were included in the
reaction mixes: ORF 2122 (lanes 2 to 4), ORF 2123 (lanes 5 to 7), loop
1 mutant in the context of ORF 2122 RNA (lanes 8 to 10), loop 4
mutant in the context of ORF 2122 RNA (lanes 11 to 13), and loop 1/4
compensatory mutant in the context of ORF 2122 RNA (lanes 14 to
16). 32P-labeled HCV RNAs were separated by electrophoresis in 1%
agarose and detected by phosphorimaging.
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postinfection). V11 HeLa cells express relatively small amounts of
endogenous RNase L (20). V11 HeLa cells are stably trans-
fected with empty vector rather than a vector overexpressing
wild-type or mutant RNase L, as in W12 and M25 HeLa cells,
respectively (see “HeLa cells expressing wild-type or DN RNase
L” in Materials and Methods). PV plaques were small but
easily visible in V11 HeLa cells (0.6-mm plaques), the parental
HeLa cell line (Fig. 9). Expression of excess wild-type RNase L
in W12 HeLa cells correlated with an increased size of PV
plaques, while expression of excess DN RNase L correlated
with a decreased size of PV plaques relative to those in V11
HeLa cells (Fig. 9). PV and VSV plaque-forming efficiencies
were identical for the three cell lines (Fig. 9A) (an equal
number of plaques was found on each cell line for a common
inoculum of VSV and PV, including the extremely small PV
plaques in M25 cells [Fig. 9B]). Although PV grew efficiently in
both W12 and M25 HeLa cells (Fig. 8A), PV plaques were very
small in M25 HeLa cells relative to those in W12 HeLa cells
(Fig. 9B, see the 1-mm yellow bar for reference). These results
indicate that RNase L activity may play an important role in
the CPE and spread of PV from cell to cell.

PV with mutations in the RNA structure associated with
inhibition of RNase L. The RNA structure associated with the
inhibition of RNase L has a large number of mutable wobble
positions (Fig. 10A). Mutations at the wobble positions of
codons can be used to debilitate the RNA structure associated
with the inhibition of RNase L without changing the amino
acids encoded in this portion of the ORF. Nine wobble posi-

FIG. 7. CVB3 RNA does not resist or inhibit RNase L activity.
(A) 32P-labeled viral RNAs were assayed as described in the legend to
Fig. 1. 32P-labeled PV (lanes 1 to 4), HCV (lanes 5 to 8), and CVB3
(lanes 9 to 12) RNAs (100 nM) were incubated for 0, 5, 10, or 15 min
at 30°C in reaction mixtures containing RNase L and 2-5A (10 nM
[each]). RNAs were separated by electrophoresis in 1% agarose and
detected by phosphorimaging. (B) 32P-labeled HCV RNA (100 nM)
was incubated at 30°C for 0 (lane 2) or 5 (lanes 3 to 11) min in reaction
mixtures containing RNase L and 2-5A (10 nM [each]). The following
unlabeled RNAs (0, 100, or 500 nM) were included in the reaction
mixtures: PV ORF 2122 (lanes 3 to 5), PV ORF 2121 (lanes 6 to 8),
and CVB3 ORF 2122 (lanes 9 to 11). RNA size markers were frac-
tionated in lanes 1 and 12. RNAs from the reactions were separated by
electrophoresis in 1% agarose and detected by ethidium bromide
staining and UV light or phosphorimaging. The mobility of ORF
fragments is indicated with asterisks. FIG. 8. One-step growth reveals activation of RNase L late during

the course of PV replication. HeLa M cells overexpressing wild-type
RNase L (W12) or a DN mutant RNase L (M25) were infected with
wild-type PV or VSV at an MOI of 5. (A) Virus titers were determined
at 0, 2, 4, 6, 8, 10, and 22 h postadsorption by plaque assay after
freeze-thawing to release intracellular virus. (B) OAS1 and RNase L
expression was examined by Western blotting with chemiluminescence,
as described in Materials and Methods. Proteins from uninfected cells
(lanes 1 and 9) and cells at 0, 1, 2, 3, 4, 5, and 6 h postadsorption (lanes
2 to 8, W12 HeLa cells; lanes 10 to 16, M25 HeLa cells) were exam-
ined. Western blotting of actin in each sample was determined as a
loading control. (C) Total cellular RNA was isolated at 0, 2, 4, 6, and
8 h postadsorption (hpa) from PV-infected W12 cells (lanes 2 to 6) or
PV-infected M25 cells (lanes 7 to 11). RNA size markers were frac-
tionated in lanes 1 and 12. RNAs were separated by electrophoresis in
1% agarose, stained with ethidium bromide, and visualized with UV
light. Asterisks highlight the mobility of rRNA fragments characteristic
of RNase L cleavage. Arrows indicate the mobility of PV RNA.
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tion mutations (Fig. 10A) were engineered into ORF 2122
RNA to make ORF M1123. The same mutations were engi-
neered into an infectious clone of PV to make the M1123 virus.
ORF M1123 was not able to inhibit RNase L activity (Fig. 10B,
compare lanes 8 to 10 with lanes 2 to 4). M1123 virus contain-
ing the nine wobble position mutations grew in W12 HeLa cells
over several passages (Fig. 10C). Sequencing revealed that the
mutations engineered into the RNA structure were maintained
during replication in cells. The plaque phenotype of M1123
virus was identical to that of wild-type PV in various cell lines
(HeLa M, W12 HeLa, M25 HeLa, and BSC40 cells) (data not
shown). A one-step growth experiment demonstrated that
M1123 PV, containing mutations in the RNA structure asso-
ciated with the inhibition of RNase L, grew as efficiently as
wild-type PV (Fig. 10D), consistent with the lack of observed
RNase L activity in W12 HeLa cells until after virus assembly
(Fig. 10E).

W12 HeLa cells were treated with interferon before infec-
tion with wild-type and mutant PVs to determine whether
M1123 PV was more sensitive to interferon than wild-type PV
(Fig. 11). Increasing concentrations of interferon inhibited the

magnitude of PV replication, with �1-log inhibition at 1,000 U
per ml (Fig. 11, wt). M1123 PV was similarly sensitive to the
inhibitory effects of interferon (Fig. 11, M1123). Thus, the
inhibition of M1123 replication by interferon was not notably
greater than the inhibition of wild-type PV.

DISCUSSION

Our biochemical experiments demonstrate that a previously
undiscovered RNA structure in the PV ORF potently inhibits
the antiviral endoribonuclease RNase L. The RNA structure is
phylogenetically conserved among group C enteroviruses, as
most nucleotide polymorphisms in group C enterovirus se-
quences are consistent with the predicted mfold structure. The
only group C enteroviruses without this RNA structure, cox-
sackie A virus 1 (CAV1), CAV19, and CAV22, are evolution-
arily distinct from the remainder of group C enteroviruses and
may need to be reclassified (9). The RNA structure associated
with the inhibition of RNase L is composed of two contiguous
RNA sequences (PV nt 5741 to 5824 and 5906 to 5969) sepa-
rated by an intervening RNA sequence (PV nt 5825 to 5905)
(Fig. 3A and 10A). The intervening RNA sequence can be
deleted without affecting the inhibitory action of the RNA
(Fig. 5, �8 RNA). A notable feature of the RNA structure is
the complementarity of sequences in the loops of the two
stem-loops (Fig. 4A). A kissing interaction between these
loops appears to be involved in the formation of a functional
RNA structure (Fig. 6).

rRNA cleavage characteristic of activated RNase L was de-
tected at relatively late times during the course of PV replica-
tion, immediately following virus assembly (Fig. 8, W12 HeLa
cells at 6 h postadsorption; also see Fig. 10E). At this point in
the PV replication cycle, virion RNA within virus particles
would be protected from activated RNase L. RNase L activity
in W12 HeLa cells did not diminish the magnitude of virus
assembly, consistent with the assembly of infectious virus be-
fore the activation of RNase L (Fig. 8). Likewise, PV with
mutations in the RNA structure associated with the inhibition
of RNase L was not attenuated in W12 HeLa cells (Fig. 10D),
consistent with the lack of rRNA cleavage characteristic of
RNase L activity until after virus assembly (Fig. 10E). While
rRNA cleavage is a well-defined characteristic of RNase L
activity within cells, viral mRNAs are more sensitive to cleav-
age by RNase L than is rRNA (27). Therefore, it remains
possible that RNase L activity was present in PV-infected cells
at times before rRNA cleavage became apparent.

The kinetics of RNase L activation during the course of PV
infection could be affected by several interrelated variables,
including the amounts of OAS, viral dsRNA, and RNase L
within cells. Western blots indicated that OAS and RNase L
were present within HeLa cells before PV infection and that
the amounts of OAS and RNase L did not change during the
course of PV infection (Fig. 8B). In contrast, the amounts of
viral dsRNA are expected to increase during the course of PV
infection. In a typical one-step growth experiment, terminal
dsRNA replicative-form (RF) products should accumulate be-
tween 1 and 5 h postadsorption, going from several dozen RFs
at 1 to 2 h postinfection to 40,000 or more RFs at 4 to 6 h
postinfection (35). PV dsRNA replication intermediates, like
those of other viruses, are sequestered within RNA replication

FIG. 9. Plaque phenotypes associated with RNase L. Three HeLa
M cell lines stably expressing wild-type RNase L (W12), DN mutant
RNase L (M25), or an empty vector (V11), as described in Materials
and Methods, were infected with VSV or PV. Cells were fixed and
stained with crystal violet at 3 days postinfection. (A) Monolayers
without magnification. (B) Plaques observed with magnification. Yel-
low bars, 1 mm.
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FIG. 10. PV with mutations in the RNA structure associated with the inhibition of RNase L. (A) Mutations were engineered into both ORF
2122 RNA and an infectious clone of PV at nine wobble positions within the RNA structure associated with the inhibition of RNase L. (B) HCV
RNA protection assay as described in the legend to Fig. 3. 32P-labeled HCV RNA (100 nM) was incubated at 30°C for 0 (lane 1) or 5 (lanes 2 to
10) min in reaction mixtures containing RNase L and 2-5A (10 nM [each]). The following unlabeled RNAs (0, 100, or 500 nM) were included in
the reaction mixtures: PV ORF 2122 (lanes 2 to 4), PV ORF 2121 (lanes 5 to 7), and M1123 ORF with nine wobble position mutations in the
context of ORF 2122 RNA (lanes 8 to 10). 32P-labeled HCV RNAs were separated by electrophoresis and detected by phosphorimaging.
(C) Wild-type PV RNA and M1123 PV RNA containing nine wobble position mutations, as illustrated, were transfected into W12 HeLa cells.
Viruses obtained at 24 h posttransfection were titrated (P0) and passaged seven times at an MOI of 0.01 in W12 HeLa cells. The P5 virus was
sequenced and found to have maintained the nine mutations engineered into wobble positions. (D) One-step growth of wild-type PV and PV
M1123 in W12 HeLa cells. W12 HeLa M cells overexpressing wild-type RNase L were infected with wild-type PV or PV M1123 at an MOI of 5.
Virus titers were determined at 0, 1, 2, 3, 4, 5, 6, 7, and 8 h postadsorption by plaque assay after freeze-thawing cells three times to release
intracellular virus. (E) Total cellular RNA was isolated from uninfected W12 cells (lanes 1 and 7), PV M1123-infected W12 cells at 0, 2, 4, 6, and
8 h postadsorption (lanes 2 to 6), or PV wild-type-infected cells at 0, 2, 4, 6, and 8 h postadsorption (lanes 8 to 12). RNAs were separated by
electrophoresis in 1% agarose, stained with ethidium bromide, and visualized with UV light. Asterisks highlight the mobility of rRNA fragments
characteristic of RNase L cleavage.
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complexes early during infection, potentially precluding acti-
vation of 2-5 OASs until the release of the dsRNAs from
replication complexes (3, 8). Over time, as membranous RNA
replication complexes disassemble or decay, viral dsRNAs
within the replication complexes would be released and accu-
mulate in the cytoplasm (35). The kinetics by which PV
dsRNAs are released from membranous RNA replication
complexes have not been reported. Our results suggest that PV
dsRNAs/RFs do not activate OAS until virus assembly is
reaching completion (at �6 h postadsorption/7 h postinfec-
tion) (Fig. 8).

In addition to the factors described above, there are several
other factors that contribute to the regulation of RNase L
activity in cells. 2-5 OAS has a weak RNA binding domain, so
relatively large amounts of dsRNA are required for activation
relative to those for other dsRNA-activated antiviral proteins,
such as protein kinase R (PKR) (28). 5�-Phosphorylated 2-5A
trimers must accumulate to functional levels following activa-
tion of OAS. 5�-Phosphatase and 2�-phosphodiesterase are
enzymes that inactivate and degrade 2-5A, negatively affecting
2-5A accumulation (33, 37). An RNase L inhibitor may also
affect the kinetics of RNase L activation (45). Finally, packag-
ing of nascent viral RNAs late during the course of infection
would preclude their contribution to inhibition of RNase L
because virion RNAs sequestered within capsid proteins could
not bind RNase L. Thus, a series of events could lead to the
activation of RNase L late during the course of PV infection.

Activation of RNase L as virus assembly reaches completion,
perhaps in concert with other dsRNA-activated pathways,
could be an important, normal aspect of PV replication. Nas-
cent PV assembles within the cytoplasm of infected cells. CPE
associated with dsRNA accumulation and other viral insults to
the cell may lead to a loss of membrane integrity and to virus
release (35). Uptake of trypan blue by apoptotic HeLa cells
late during PV infection (after 10 h postinfection) is consistent
with this possibility (49). Vadim Agol et al. developed a helpful
theoretical framework regarding cell death associated with PV

infection (1, 58). When PV replication is robust (as in HeLa
cells), cells die predominantly via delayed apoptotic death (49).
Alternatively, when PV replication is less robust, due to infec-
tion under less permissive conditions, cells die earlier via apop-
totic pathways (2). This general framework holds true in most
circumstances, including PV infection of primary mouse em-
bryo fibroblasts and primary neurons from human poliovirus
receptor transgenic mice (17). RNase L, which was activated as
virus assembly neared completion, is known to be proapoptotic
(39, 65). Furthermore, RNase L contributes to the apoptotic
death of PV-infected cells (10), consistent with increased
plaque sizes associated with RNase L activation following virus
assembly (Fig. 8 and 9). Thus, rather than inhibiting PV rep-
lication, as concluded by Castelli et al. (10), RNase L-mediated
apoptotic death may be a feature of cellular metabolism
coopted by PV to facilitate CPE and virus release.

Interferon, which activates the expression of 2-5 OASs,
would be expected to increase the antiviral activity of RNase L
during infection (55). We tested this possibility in HeLa cells
(Fig. 11). Although interferon inhibited PV replication in a
dose-dependent manner, the magnitude of inhibition was not
notably higher for the mutant PV M1123 than for wild-type PV
(Fig. 11). Interferon is clearly important in the pathogenesis of
PV infections in vivo (31). Antiviral states regulated by alpha/
beta interferon receptors regulate tissue tropism and appear to
be more active in vivo than in tissue culture (63). Because PV
M1123 grew as well as wild-type PV under the conditions
examined, it remains to be determined how the RNA structure
associated with the inhibition of RNase L contributes to PV
replication and pathogenesis.

Intriguingly, RNA-mediated countermeasures of innate im-
munity have been described for two DNA viruses, namely,
Epstein-Barr virus and adenoviruses. Epstein-Barr virus ex-
presses EBER1 RNA and EBER2 RNA. EBER RNAs appear
to counteract PKR (14, 15, 53), an interferon-regulated and
dsRNA-activated antiviral protein, and may also affect host
proteins other than PKR (38). VAI and VAII RNAs are abun-
dantly expressed adenovirus RNAs that appear to counteract
both PKR (13, 32, 42, 48) and RNA interference (4, 40).
EBER RNAs may functionally substitute for adenovirus VA
RNAs (7). We have not observed any similarity of sequence or
structure between EBER RNAs (23) or VA RNAs (42–44)
and the PV RNA structure that inhibits RNase L.

PV is targeted for eradication by the World Health Organi-
zation, but social, economic, political, and scientific problems
have made this goal elusive (11, 29, 56; www.polioeradication
.org). It will be important to determine whether mutations in
the RNA structure associated with the inhibition of RNase L
attenuate PV or other group C enteroviruses in vivo. Muta-
tions within viral RNA structures that counteract innate im-
mune pathways, such as RNase L, could prove advantageous in
vaccines, especially if such mutations attenuate virus replica-
tion preferentially in vivo rather than in tissue culture. Se-
quence analyses indicate that the RNA structure associated
with the inhibition of RNase L is intact in the attenuated Sabin
vaccine strains (data not shown). New PV vaccines may need to
be considered, especially if circulating Sabin vaccine-derived
PVs prove problematic in the eradication campaign, as pre-
dicted (19, 34).

FIG. 11. Interferon inhibits the magnitude of wild-type and mutant
PV replication. W12 HeLa cells were treated for 18 h with the indi-
cated concentrations of universal type 1 interferon (PBL Biomedical
Laboratories). Following interferon treatment, cells were infected with
wild-type or M1123 mutant PV at an MOI of 0.01 PFU per cell. Virus
titers were determined at 20 h postinfection by plaque assay after
freeze-thawing cells three times to release intracellular virus.
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