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Infection of mammalian cells by picornaviruses results in the nucleocytoplasmic redistribution of certain host cell pro-
teins. These viruses interfere with import-export pathways, allowing for the cytoplasmic accumulation of nuclear proteins
that are then available to function in viral processes. We recently described the cytoplasmic relocalization of cellular splic-
ing factor SRp20 during poliovirus infection. SRp20 is an important internal ribosome entry site (IRES) trans-acting factor
(ITAF) for poliovirus IRES-mediated translation; however, it is not known whether other picornaviruses utilize SRp20 as
an ITAF and direct its cytoplasmic relocalization. Also, the mechanism by which poliovirus directs the accumulation of
SRp20 in the cytoplasm of the infected cell is currently unknown. Work described in this report demonstrated that infec-
tion by another picornavirus (coxsackievirus B3) causes SRp20 to relocalize from the nucleus to the cytoplasm of HeLa
cells, similar to poliovirus infection; however, SRp20 is relocalized to a somewhat lesser extent in the cytoplasm of HeLa
cells during infection by yet another picornavirus (human rhinovirus 16). We show that expression of poliovirus 2A pro-
teinase is sufficient to cause the nucleocytoplasmic redistribution of SRp20. Following expression of poliovirus 2A protei-
nase in HeLa cells, we detect cleavage of specific nuclear pore proteins known to be cleaved during poliovirus infection. We
also find that expression of human rhinovirus 16 2A proteinase alone can cause efficient cytoplasmic relocalization of
SRp20, despite the lower levels of SRp20 relocalization observed during rhinovirus infection compared to poliovirus.
Taken together, these results further define the mechanism of SRp20 cellular redistribution during picornavirus infec-
tions, and they provide additional insight into some of the differences observed between human rhinovirus and other en-
terovirus infections.

Members of the Picornaviridae family of viruses cause a range
of diseases in humans, including poliomyelitis, myocarditis,

and the common cold. Picornaviruses are small single-stranded,
positive-sense RNA viruses that include the enteroviruses polio-
virus and coxsackievirus, as well as human rhinoviruses (HRVs).
They contain a �7.0-kb-to-8.5-kb genome that consists of a single
open reading frame, which is translated to generate a polyprotein
that is proteolytically processed by viral proteinases into structural
and nonstructural proteins. Instead of a 7-methyl guanosine cap
structure, picornaviruses contain a small viral protein, VPg, cova-
lently linked to the 5= end of the RNA. This unique protein-RNA
linkage serves as a primer for viral RNA synthesis. Viral translation
occurs via a cap-independent mechanism and is driven by an in-
ternal ribosome entry site (IRES) located in the long, highly struc-
tured 5= noncoding region (5= NCR).

In addition to proteolytic processing of the viral polyprotein,
the viral proteinases 2A and 3C/3CD cleave several cellular pro-
teins, including eukaryotic initiation factor 4G (eIF4G), to down-
regulate host cell translation during poliovirus, human rhinovi-
rus, or coxsackievirus infection. Other work has shown that
poliovirus and coxsackievirus proteinases cleave poly(A) binding
protein (PABP), and this cleavage correlates with shutoff of host
cell translation (1–6). Viral proteinases also play roles in the shut-
off of cellular transcription during poliovirus infection (7–11).
For enteroviruses and human rhinoviruses, the 2A proteinase cat-
alyzes cleavage of viral and host proteins and may also play a role
in protection against the cellular immune response (for a review,
see reference 12). Incorporation of mutations in the 2A coding
region of poliovirus has shown that this viral protein is required

for replication of the virus, but it is not clear exactly what role 2A
plays in viral RNA synthesis (13). Expression of poliovirus 2A
proteinase in uninfected cells causes the cytoplasmic relocaliza-
tion of some host nuclear factors, initially suggesting that 2A may
be responsible for the degradation of nuclear pore complex pro-
teins (or Nups) during infection (14). Specific Nups are cleaved
during poliovirus or human rhinovirus infection, which results in
the disruption of certain import/export pathways (15–20). More
recent work has demonstrated that poliovirus and human rhino-
virus 2A proteinases can directly cleave specific Nups (17, 18, 20,
21). Interestingly, human rhinovirus 2A proteinases from differ-
ent species and serotypes show differential processing of nuclear
pore complex proteins (20).

Viral protein 3CD is a precursor polypeptide containing the
amino acid sequences of the 3C proteinase and the RNA-depen-
dent RNA polymerase 3D. A major role of 3CD proteinase for
enteroviruses and human rhinoviruses is the proteolytic process-
ing of viral capsid precursors as well as the precursors leading to
the production of mature nonstructural proteins (22, 23). In ad-
dition, 3C/3CD cleaves the cellular RNA binding protein poly(rC)
binding protein 2 (PCBP2), which is thought to contribute to a
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switch from viral translation to RNA replication during poliovirus
infection (24). Both the full-length and cleaved versions of PCBP2
can interact with stem-loop I RNA to form a ternary complex with
3CD. This complex is required for poliovirus RNA synthesis (24,
25). Protein 3CD interacts with other cellular proteins, including
heterogeneous ribonucleoprotein C1/C2 (hnRNP C1/C2), which
may be required for poliovirus positive-strand RNA synthesis
(26, 27).

Picornaviruses carry out viral translation and RNA replica-
tion in the cytoplasm of the infected cell. Due to their limited
coding capacity, these viruses have evolved to utilize host cell
factors in concert with viral proteins and RNA secondary struc-
tures for viral translation and RNA replication. Several cellular
proteins termed IRES trans-acting factors (or ITAFs) are
known to bind to the 5= NCRs of picornavirus RNAs, and some
have been shown to stimulate viral translation (28–36). These
include both canonical eukaryotic translation initiation factors
(eIFs) as well as other noncanonical proteins. PCBP2 has been
shown to bind to stem-loop IV of poliovirus and coxsackievi-
rus in their respective IRESes, and the presence of this protein
is important for efficient viral translation mediated by the po-
liovirus, coxsackievirus, and human rhinovirus IRESes (29, 30,
37, 38). In poliovirus-infected cells, it has been shown that
PCBP2 interacts with cellular splicing factor SRp20, and these
two proteins function synergistically in IRES-mediated trans-
lation (39, 40). A role for SRp20 in viral translation during
other picornavirus infections has not yet been defined.

We have recently demonstrated the dramatic relocalization of
SRp20 from the nucleus to the cytoplasm of cells during the course
of poliovirus infection (40). In the present study, we examined the
subcellular localization of SRp20 during infection with other pi-
cornaviruses and investigated the mechanism underlying SRp20
cytoplasmic accumulation following poliovirus infection. We de-
termined that infection of HeLa cells with coxsackievirus B3
(CVB3) causes cytoplasmic redistribution of SRp20 similar to
what was observed for poliovirus infection. However, infection
of HeLa cells with human rhinovirus 16 (HRV16) resulted in a
significantly lower level of SRp20 relocalization, highlighting
differences between HRV and other enterovirus infections. In
addition, we demonstrated that ectopic expression of poliovi-
rus 2A proteinase, but not 3CD proteinase, results in the relo-
calization of SRp20 from the nucleus to the cytoplasm of cells.
Using mutated poliovirus 2A proteins, we determined that the
proteinase activity of 2A is required for SRp20 redistribution.
With expression of wild-type poliovirus 2A, we observed cleav-
age of specific nuclear pore complex proteins that are known to
be cleaved during poliovirus infection. Finally, we expressed
HRV16 2A proteinase alone in cells and observed efficient re-
localization of SRp20 from the nucleus to the cytoplasm, in
contrast to what was seen during a HRV16 infection. Taken
together, these results further define the mechanism of the cy-
toplasmic accumulation of SRp20 during poliovirus infection
and provide additional insight into some of the differences
observed in cells infected by HRV compared to those infected
by other enteroviruses.

MATERIALS AND METHODS
Cell culture and DNA constructs. HeLa cells were grown as monolayers
in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 8%
newborn calf serum (NCS). HeLa T-REx cells (Invitrogen) stably express

the tetracycline repressor protein, and were grown in DMEM supple-
mented with 10% fetal calf serum (FCS) and maintained in blasticidin (5
�g/ml). Enhanced green fluorescent protein (EGFP)-SRp20 plasmid
DNA was kindly provided by Roz Sandri-Goldin. The FLAG-3CD�10
construct was generated by cloning the FLAG and 3CD�10 (41) coding
sequences into the pcDNA4/TO tetracycline-inducible vector (Invitro-
gen). The FLAG-3CD wild-type (FLAG-3CDwt) construct was generated
via site-directed mutagenesis of a FLAG-3CD-C147A construct (42), to
change the alanine back to the wild-type cysteine (GCT ¡ TGT). Polio-
virus and HRV16 FLAG-2A constructs were generated via restriction di-
gest of FLAG-3CD�10 to remove the 3CD�10 coding sequence, followed
by PCR amplification and insertion of the 2A coding sequence derived
from full-length cDNAs for either poliovirus or HRV16. cDNAs encoding
full-length poliovirus containing previously characterized 2A mutations
(2A-C109R and 2A-L98P) were generously provided by Karla Kirkegaard
(43). The 2A region from each cDNA was PCR amplified and cloned into
the same vector as for wild-type 2A.

DNA transfection and virus infection. HeLa cells were seeded on
coverslips and allowed to grow to approximately 60% confluence.
Cells were transfected with pEGFP-SRp20 using Fugene 6 transfection
reagent (Roche). Twenty-four hours posttransfection, cells were in-
fected; for poliovirus and coxsackievirus infections, cells were infected
with poliovirus type 1 or coxsackievirus B3 in 8% NCS–DMEM at a
multiplicity of infection (MOI) of 25, following a 30-min adsorption at
room temperature. For HRV infections, cells were infected with
HRV16 (stock virus generated from a cDNA provided by Wai-Ming
Lee [44]) in 8% NCS–DMEM additionally supplemented with 10 mM
MgCl2 and 20 mM HEPES (pH 7.4) at an MOI of 10, following adsorp-
tion for 1 h at room temperature. Coxsackievirus infections were car-
ried out at 37°C; poliovirus and HRV infections were individually
carried out at both 34°C and 37°C. At specific times postinfection (pi),
cells were washed once with 1� phosphate-buffered saline (1� PBS),
and processed for imaging. For HRV16 infections, 100 cells at each
time point were scored to determine the percentage of cells displaying
any detectable SRp20 relocalization. In parallel experiments under the
same conditions described above, mock- or HRV16-infected cells were
harvested at each time point and cytoplasmic lysates were generated.
Cells were lysed in NP-40 lysis buffer (50 mM Tris-HCl [pH 8], 5 mM
EDTA [pH 8], 150 mM NaCl, 0.5% NP-40) on ice for 30 min, clarified,
and subjected to SDS-PAGE and Western blot analysis.

DNA transfection and induction of viral proteinase expression.
HeLa T-REx cells were seeded on coverslips and allowed to grow to ap-
proximately 70% confluence. Cells were cotransfected with pEGFP-
SRp20 and a plasmid encoding FLAG-tagged poliovirus 3CD�10, 3CDwt,
2A, 2A-C109R, or 2A-L98P; HRV16 2A; or empty vector. Transfections
were carried out using Lipofectamine transfection reagent (Invitrogen).
Twenty-four hours posttransfection, the media were replaced with fresh
media containing 1 �g/ml tetracycline (Sigma) to induce FLAG-tagged
viral proteinase expression (GFP-SRp20 was constitutively expressed).
Viral proteinase expression was induced for up to 6 h, and at specific times
postinduction the cells were washed once with 1� PBS and processed for
imaging. To investigate nuclear pore protein cleavage, HeLa cells were
transfected with FLAG-2A for constitutive expression of the proteinase.
Cells were harvested at 1, 6, 18, and 24 h posttransfection. Whole-cell
lysates were subjected to SDS-PAGE and Western blot analysis.

Western blot analysis. Rabbit polyclonal antibodies directed against
HRV16 3D polymerase or 2A proteinase (generously provided by Ann
Palmenberg) were used to detect expression of these viral proteins in
cytoplasmic lysates from mock- or HRV16-infected cells. Membranes
were incubated with anti-3D (1:5,000) or anti-2A (1:200) for 1 h, followed
by incubation with goat anti-rabbit horseradish peroxidase (HRP) sec-
ondary antibody (Molecular Probes) for 45 min. Mouse monoclonal
mAb414 (Covance) or rabbit polyclonal anti-Nup98 (Cell Signaling) an-
tibody was used to detect nuclear pore complex proteins Nup153, Nup98,
and Nup62 in whole-cell lysates. Rabbit polyclonal anti-tubulin (Abcam)
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antibody was used as a loading control. Rabbit monoclonal anti-eIF4G
directed at an epitope surrounding Gly 188 of human eIF4G (Cell Signal-
ing) was used to detect full-length eIF4G and its cleavage products. Mouse
monoclonal anti-FLAG (Stratagene) antibody was used to detect expres-
sion of poliovirus FLAG-tagged 2A proteinase. Membranes were incu-
bated with primary antibodies for 1 h, followed by goat anti-mouse HRP
or goat anti-rabbit HRP secondary antibodies (Molecular Probes) for
45 min.

Laser scanning confocal microscopy. Following virus infection or
viral proteinase induction, cells were fixed with 3.7% paraformaldehyde at
room temperature for 20 min. Cells were washed with 1� PBS twice, and
cell membranes were permeabilized with 0.5% NP-40 –PBS for 5 min.
Cells from virus infections were washed with 1% NCS–PBS and incubated
with 4=,6=diamidino-2-phenylindole (DAPI) to stain nuclei. Cells that
were induced for viral proteinase expression were washed with 1% NCS–
PBS and incubated with normal donkey serum (Jackson Immuno-
Research) for 1 h to block nonspecific interactions. Cells were then incu-
bated with anti-FLAG antibody (Stratagene) for 1 h, washed, and
incubated with Alexa Fluor 594 goat anti-mouse secondary antibody
(Molecular Probes) for 45 min. Cells were washed with 1% NCS-PBS and
incubated with DAPI to stain nuclei. All cells following DAPI incubation
were washed with PBS, and coverslips were mounted on microscope slides
with mounting media (Biomeda) and allowed to dry overnight at room
temperature. Coverslips were sealed with nail polish, and cells were im-
aged using a Zeiss LSM 510 or LSM 700 laser scanning confocal micro-
scope. Images were processed using the LSM 510 or Zen (Carl Ziess)
confocal imaging software, respectively.

RESULTS
SRp20 relocalizes from the nucleus to the cytoplasm of the cell
during coxsackievirus B3 infection. We first investigated the sub-
cellular localization of SRp20 during CVB3 infection. Because
coxsackievirus and poliovirus are closely related picornaviruses,
we predicted that we would observe a cytoplasmic redistribution
of SRp20 during coxsackievirus infection, as has been seen during
poliovirus infection (40). While the precise role of SRp20 during
coxsackievirus infection has not yet been determined, we hypoth-
esize that its function is equivalent to the role of this cellular factor
during poliovirus infection, as an ITAF for viral IRES-mediated
translation in the cytoplasm. To visualize SRp20 in the cell, we
transfected a plasmid encoding a GFP-tagged version of the pro-
tein into HeLa cells prior to infection. We then utilized confocal
microscopy to examine the localization of SRp20 in mock- and
CVB3-infected cells during infection. The results are shown in Fig.
1. In the mock-infected cells (Fig. 1A), SRp20 is found predomi-
nantly in the nucleus, consistent with previously published data
for this protein and its role as a cellular splicing factor (45). We
determined that this nuclear localization in mock-infected cells
did not change over the course of incubation (data not shown). At
both 1 and 2 h postinfection (hpi) (Fig. 1B and C), SRp20 re-
mained predominantly nuclear in localization. However, at 3 hpi,
a low level of SRp20 was detected in the cytoplasm of the infected
cells (Fig. 1D). This is somewhat different from what was observed
during poliovirus infection, where low levels of SRp20 could be
detected in the cytoplasm of infected cells at 2 hpi (40). The slight
delay in the kinetics of SRp20 localization may be due to a slight
growth delay observed for coxsackievirus compared to poliovirus,
since poliovirus grows to peak titers at 5 to 6 h postinfection in
HeLa cell monolayers at 37°C (46) compared to CVB3, which
achieves peak titers under similar growth conditions at 7 to 8 h
postinfection (37, 47, 48). Later in infection (4 and 5 hpi, Fig. 1E
and F) a more dramatic relocalization of SRp20 could be observed,

with much of the protein found in the cytoplasm. Therefore, cox-
sackievirus infection, like poliovirus infection, causes the nucleo-
cytoplasmic redistribution of SRp20.

SRp20 is relocalized to a lesser extent in the cytoplasm of cells
infected with human rhinovirus 16. We next determined the
subcellular localization of SRp20 during infection of HeLa cells
with HRV serotype 16. HRV16 is a picornavirus that has similar-
ities to poliovirus and coxsackievirus, but also some significant
differences; namely, the virus growth cycle is greatly protracted
compared to that of poliovirus, with peak virus titers reached at
later times (8 to 9 h postinfection) than poliovirus (49) (A. J.
Chase and B. L. Semler, unpublished observations). Also, the peak
titers reached for HRV infection are 1 to 2 log10 units lower than
titers reached for poliovirus in HeLa cell monolayers (for example,
refer to reference 50). Additionally, the optimal temperature for
HRV16 infection is 34°C, compared to 37°C for poliovirus. Taking
these differences into account, we investigated the localization of
SRp20 in HeLa cells during HRV16 infection at 34°C from 0 to 12

FIG 1 SRp20 relocalizes from the nucleus to the cytoplasm of HeLa cells
during coxsackievirus B3 infection. Cells were transfected with GFP-SRp20
and either mock infected (A) or infected with CVB3 (B to F) at an MOI of 25.
Infection was carried out at 37°C. Cells were fixed every hour postinfection
(from 1 to 5 h [B to F]) and imaged. SRp20 localization was determined using
confocal microscopy; nuclei were identified by DAPI staining.
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hpi. The results of these experiments are shown in Fig. 2. SRp20
remained nuclear at 2 and 4 hpi (Fig. 2B and C). We observed
relocalization of SRp20 to the cytoplasm of infected cells begin-
ning about 6 h postinfection (Fig. 2D). The amount of SRp20
observed in the cytoplasm of infected cells continued to increase at
later times postinfection (Fig. 2E to G). The cytoplasmic accumu-
lation of SRp20 was somewhat asynchronous among the infected
cells, despite a high multiplicity of infection (MOI, 10). A gradual
increase in the percentage of cells displaying SRp20 relocalization
during the course of infection was observed, as summarized in
Table 1. It should be noted that under the conditions of these
experiments (i.e., transfection of plasmid DNA expressing GFP-
SRp20 followed by HRV16 infection), total cytopathic effects were

not observed until after the final time point (12 hpi) used for
confocal imaging. Additionally, the relocalization of SRp20 dur-
ing HRV16 infection occurred to a lesser extent than relocaliza-
tion during poliovirus infection. To verify efficient viral infection
of our transfected HeLa cells, parallel experiments were carried
out in which SRp20-transfected, HRV16-infected cells were har-
vested at the same times after infection to examine viral protein
production. Cytoplasmic lysates were generated from mock- and
HRV16-infected cells and subjected to SDS-PAGE and Western
blot analysis (shown in Fig. 3). Viral polymerase 3D (top) was
produced at high levels by 6 h postinfection. We also detected low
levels of the proteinase 2A (bottom) at 6 h postinfection, increas-
ing significantly by 8 h postinfection.

We next considered the possibility that SRp20 relocalization
may somehow be affected and/or significantly delayed simply by
the lower temperature of infection, and also carried out the infec-
tion at 37°C (data not shown). Notably, we have not observed
significant differences in the growth kinetics or peak titers of
HRV16 when HeLa cells are infected at either 34°C or 37°C (Chase
and Semler, unpublished), and human rhinoviruses have been
shown to replicate effectively at 37°C (51). As was observed at the
lower temperature, SRp20 remained localized in the nucleus at 2
and 4 hpi. Interestingly, nucleocytoplasmic relocalization of
SRp20 was also detected beginning around 6 hpi at 37°C. The
asynchronous accumulation of cytoplasmic SRp20 among the in-
fected cells was observed at the higher temperature as well (refer to
Table 1), although the percentage of cells displaying cytoplasmic
SRp20 increased more rapidly at 37°C than at 34°C.

SRp20 displays a dramatic nucleocytoplasmic relocalization
during poliovirus infection at 34°C. We also examined the relo-
calization of SRp20 during poliovirus infection at 34°C. While the
kinetics of SRp20 relocalization have already been reported for
poliovirus infection at 37°C (40), we wanted to compare these
results with infection carried out at a lower than optimal temper-
ature for poliovirus to determine whether the temperature of in-
fection affects the relocalization of SRp20. The results of these
experiments are shown in Fig. 4. We have previously demon-
strated that SRp20 relocalizes to the cytoplasm of poliovirus-in-

TABLE 1 SRp20 relocalization during human rhinovirus 16 infection at
34°C and 37°Ca

HRV16 infection
time (hpi)

% cells displaying any detectable
SRp20 nucleocytoplasmic
relocalization

34°C 37°C

Mock 0 0
2 0 0
4 0 0
6 25 31
8 38 65
10 53 86
12 72 92
a Cells fixed for imaging as described in the legend for Fig. 2 (and data not shown) were
additionally scored for the percentage of cells displaying any detectable SRp20
nucleocytoplasmic relocalization. At each time point, 100 cells were counted and
categorized as either displaying strictly nuclear SRp20 or displaying some detectable
level of SRp20 cytoplasmic accumulation. At both temperatures of infection, there was
no detectable cytoplasmic redistribution of SRp20 at 2 or 4 hpi. Relocalization could be
visualized beginning at 6 hpi. The percentage of cells displaying SRp20 relocalization
increased more rapidly during infection at 37°C than during infection at 34°C.

FIG 2 SRp20 is relocalized to a lesser extent in the cytoplasm of HeLa cells
during human rhinovirus 16 infection. Cells were transfected with GFP-SRp20
and either mock infected (A) or infected with HRV16 (B to G) at an MOI of 10.
Infection was carried out at 34°C; cells were fixed every 2 hpi (from 2 to 12 h [B
to G]) and imaged. SRp20 localization was determined using confocal micros-
copy; DAPI staining indicated nuclei.
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fected cells at 37°C beginning about 2 hpi, with a more dramatic
relocalization observed over the course of infection (40). When
poliovirus infection was carried out at 34°C, SRp20 was also ob-
served to relocalize to the cytoplasm at about 2 hpi (Fig. 4B). This
cytoplasmic redistribution became more apparent as infection
progressed (Fig. 4C to E), although it did appear that slightly less
total SRp20 was relocalized at earlier times postinfection than was
observed during infection at 37°C (Fig. 4C and data not shown).

Therefore, independent of whether poliovirus infection of HeLa
cells is carried out at 34°C or 37°C, SRp20 relocalizes from the
nucleus to the cytoplasm of the infected cells beginning about
2 hpi.

Poliovirus 3CD proteinase expression alone does not cause
the cytoplasmic redistribution of SRp20. The mechanism of
SRp20 relocalization during poliovirus infection is still unknown.
We hypothesized that a viral proteinase may cause SRp20 to re-
distribute to the cytoplasm of the cell, and we first investigated
whether expression of poliovirus 3CD resulted in a change in
SRp20 subcellular localization. The 3CD proteinase is found at
higher concentrations in the cell during infection than 3C protei-
nase, and has self-cleavage properties to generate 3C proteinase
and 3D polymerase. To prevent self-cleavage and assess only 3CD
activity, we utilized a mutated version of 3CD, containing an
amino acid insertion adjacent to the cleavage site to render the
protein deficient in self-cleavage while retaining proteolytic activ-
ity (3CD�10) (41). FLAG-3CD�10 (or empty vector) and GFP-
SRp20 plasmids were cotransfected into cells, and 3CD�10 ex-
pression was controlled using an inducible promoter (described
in Materials and Methods). 3CD�10 expression was induced over
a 6-h time course, and at specific times postinduction cells were
fixed and processed for confocal imaging. The results of these
experiments are shown in Fig. 5. Figure 5A and B show that SRp20
localization was unaffected by transfection of empty vector or by
mock induction of 3CD�10 expression (respectively), and no de-
tectable 3CD�10 was observed when cells were mock induced
(Fig. 5B). At 1 h postinduction, none of the cells observed con-
tained any detectable 3CD�10 (see Fig. 5C); therefore, the cells
imaged at this time point were expressing either no or very low
levels of 3CD�10, were untransfected, or were refractory to induc-
tion. At 3 and 6 h postinduction, however, 3CD�10 could be
detected in the cytoplasm of the transfected/induced cells (see Fig.
5D and E). Even with high levels of expression, 3CD�10 did not
cause any detectable relocalization of SRp20. We also carried out
the time course to 12 h postinduction and did not observe any
redistribution of SRp20 to the cytoplasm of the cells with 3CD�10
expression (data not shown). Thus, 3CD expression alone is not
sufficient to cause the nucleocytoplasmic relocalization of SRp20.

To address the issue of whether the �10 mutation has any effect
on the activity of 3CD to potentially cause a change in SRp20
localization, we also expressed wild-type 3CD in cells. In these
experiments, we would expect 3CD as well as the 3C and 3D pro-
teins to be expressed following induction, due to the self-cleavage
activity of 3CD. However, because the FLAG tag is at the N termi-

FIG 3 Expression of human rhinovirus 16 viral proteins 3D and 2A can be detected beginning at 6 h postinfection. HeLa cell cytoplasmic lysates generated from
SRp20-transfected and subsequently mock- or HRV16-infected cells were analyzed for viral proteins by Western blotting, probing with polyclonal antibodies
against 3D or 2A. When probed with anti-3D (top panel), the viral RNA polymerase could be detected at high levels by 6 hpi. When probed with anti-2A (bottom
panel), a small amount of the viral proteinase could be detected at 6 hpi, with greater levels present by 8 hpi.

FIG 4 SRp20 relocalizes from the nucleus to the cytoplasm of HeLa cells
during poliovirus infection at 34°C. Cells were transfected with GFP-SRp20
and either mock-infected (A) or infected with poliovirus (PV; B to E) at an
MOI of 25. Infection was carried out at 34°C. Cells were fixed every hour
postinfection from 1 to 8 h and imaged; shown are cells at 2, 4, 6, and 8 hpi (B
to E). SRp20 localization was determined using confocal microscopy; nuclei
were identified with DAPI staining.
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nus of the protein, only 3CD and 3C would be labeled for imaging.
The results of this experiment are shown in Fig. 6. Transfection of
the empty vector or mock induction of 3CD had no effect on
SRp20 localization (shown in Fig. 6A and B). No detectable 3C/
3CD was observed in any of the cells after 1 h of induction (Fig.
6C), although detectable levels of 3C/3CD could be observed at 3
and 6 h postinduction (Fig. 6D and E). Even with the self-cleavage
activity of 3CD intact and the additional production of the 3C and
3D proteins, there was no effect on SRp20 localization. We con-
clude that expression of 3CD (or 3C/3CD) alone cannot cause the
cytoplasmic relocalization of SRp20.

Poliovirus 2A proteinase expression alone is sufficient to
cause SRp20 relocalization from the nucleus to the cytoplasm of
cells. We next addressed the ability of poliovirus 2A proteinase to
cause the redistribution of SRp20 to the cytoplasm of cells. Polio-
virus 2A is known to cleave a number of cellular proteins during
infection, including several nuclear pore proteins, which is
thought to interfere with nucleocytoplasmic transport (14–17).
We investigated whether these properties of 2A could contribute
to the cytoplasmic relocalization of SRp20 by expression of the
proteinase alone. The results of these experiments are shown in
Fig. 7. Similar to the experiments described in the previous sec-
tion, FLAG-2A (or empty vector) and GFP-SRp20 plasmids were

cotransfected into cells, and 2A expression was controlled by in-
duction. Transfection of empty vector or mock induction of 2A
did not affect SRp20 localization, and it remained predominantly
in the nucleus (shown in Fig. 7A and B). None of the cells ex-
pressed any detectable levels of 2A at 1 h postinduction (Fig. 7C),
but 2A expression was readily detectable at 3 and 6 h postinduc-
tion (Fig. 7D and E). Correlating with 2A proteinase expression,
SRp20 was observed to dramatically relocalize to the cytoplasm of
cells. Therefore, poliovirus 2A expression alone is sufficient to
cause the nucleocytoplasmic redistribution of SRp20.

Expression of mutated poliovirus 2A proteins that lack pro-
teinase activity no longer causes the nucleocytoplasmic redistri-
bution of SRp20. To determine if the proteinase activity of polio-
virus 2A protein is required for SRp20 cytoplasmic accumulation,
we examined the effect of expressing two different mutated ver-
sions of 2A lacking proteinase activity on SRp20 localization. The
two mutated 2A proteins (2A-C109R and 2A-L98P) have been
previously characterized (43, 52), and the sequences encoding
these proteins were each inserted into the inducible vector. Figure
8 shows the results of expression of 2A-C109R with respect to
SRp20 localization. While detectable levels of the mutated 2A pro-
tein were observed at 3 and 6 h postinduction, no effect on SRp20
localization was seen (see Fig. 8D and E). Expression of the other
2A mutated protein, 2A-L98P, resulted in very similar findings
(data not shown). We conclude that the proteinase activity of
poliovirus 2A is required for the relocalization of SRp20 to the
cytoplasm of cells.

FIG 5 Expression of poliovirus 3CD�10 proteinase in HeLa T-REx cells does
not cause SRp20 relocalization. Cells were cotransfected with GFP-SRp20 and
FLAG-3CD�10 (or empty vector). Cells were either mock induced (B) or
induced with 1 �g/ml tetracycline (A and C to E) at 37°C for 3CD�10 expres-
sion. At 1, 3, and 6 h postinduction (C to E), cells were fixed; cells that were
mock induced (B) and cells transfected with empty vector (A) were fixed at 6 h
postinduction. Cells were incubated with an anti-FLAG mouse monoclonal
antibody and, subsequently, Alexa Fluor 594 goat anti-mouse secondary anti-
body. 3CD�10 expression and SRp20 localization were determined using con-
focal microscopy; DAPI staining identified nuclei.

FIG 6 Poliovirus 3CDwt proteinase expression does not result in SRp20 relo-
calization. Cells were cotransfected with GFP-SRp20 and FLAG-3CDwt (or
empty vector). Cells were either mock induced (B) or induced with 1 �g/ml
tetracycline (A and C to E) at 37°C for 3CDwt expression and processed as
described in the legend for Fig. 5.
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Expression of poliovirus wild-type 2A proteinase results in
the cleavage of nuclear pore complex proteins Nup153, Nup98,
and Nup62. It has been previously demonstrated that specific nu-
clear pore complex proteins (Nups) are cleaved during poliovirus
infection, resulting in the disruption of certain nuclear import/
export pathways (15–17). More recent work has demonstrated
that poliovirus 2A proteinase can directly cleave specific Nups (17,
21). We determined whether expression of poliovirus wild-type
2A (using the expression vectors and transfection protocols em-
ployed in this study) resulted in the cleavage of Nup153, Nup98,
and Nup62, possibly contributing to the cytoplasmic accumula-
tion of SRp20. HeLa cells were transfected with a plasmid encod-
ing FLAG-tagged 2A (or transfected with empty vector), and 2A
was constitutively expressed. Whole-cell lysates were generated
from cells harvested at specific times posttransfection. The results
are shown in Fig. 9. Nup98 was the most dramatically affected by
2A expression (Fig. 9A); its levels were reduced at 18 h posttrans-
fection compared to the vector control, and Nup98 was virtually
undetectable at 24 h posttransfection. Nup153 levels were also
reduced at 18 h and 24 h posttransfection, and a smaller reduction
in Nup62 levels was observed at the same time points. There was a
slight decrease in the loading control (tubulin) as a result of some
cell death due to the toxicity of 2A proteinase. We were also able to

detect cleavage of eIF4G with 2A expression as early as 6 h post-
transfection (Fig. 9B). These results verify that following expres-
sion in our assays, 2A has catalytic activity and recognizes specific
cellular targets (e.g., eIF4G), in agreement with known functions
of this proteinase in mammalian cells. Our findings are consistent
with previously published data indicating that expression of po-
liovirus 2A proteinase results in the cleavage of Nup153, Nup98,
and Nup62, albeit to differing extents.

Expression of human rhinovirus 16 2A proteinase is suffi-
cient to cause relocalization of SRp20 from the nucleus to the
cytoplasm of cells. While poliovirus and coxsackievirus infections
were found to cause the efficient nucleocytoplasmic redistribution
of SRp20, this relocalization was not observed to the same extent
when cells were infected with HRV16. Because expression of po-
liovirus 2A proteinase alone could cause efficient SRp20 relocal-
ization, we examined whether the same effect was observed with
expression of HRV16 2A proteinase. The results are shown in Fig.
10. HRV16 2A expression could be detected at 3 and 6 h postin-
duction (see Fig. 10D and E). Interestingly, expression of the
HRV16 2A proteinase alone caused the efficient cytoplasmic ac-
cumulation of SRp20, despite the fact that the viral infection re-
sulted in lower detectable levels of SRp20 relocalization than po-
liovirus infection. Thus, the 2A proteinase of HRV16 can function
in the nucleocytoplasmic relocalization of SRp20. When ex-
pressed alone the proteinase is sufficient for directing the redistri-
bution of SRp20, although the extent of this effect is different from
what is observed during the course of a HRV16 infection.

FIG 7 Expression of poliovirus 2A proteinase in HeLa T-REx cells results in
the cytoplasmic accumulation of SRp20. Cells were cotransfected with GFP-
SRp20 and poliovirus FLAG-2A (or empty vector). Cells were either mock
induced (B) or induced with 1 �g/ml tetracycline (A and C to E) at 37°C for 2A
expression. At 1, 3, and 6 h postinduction (C to E), cells were fixed; cells that
were mock induced (B) and cells transfected with empty vector (A) were fixed
at 6 h postinduction. Cells were incubated with an anti-FLAG mouse mono-
clonal antibody and, subsequently, Alexa Fluor 594 goat anti-mouse secondary
antibody. 2A expression and SRp20 localization were determined using con-
focal microscopy; nuclei were stained with DAPI.

FIG 8 SRp20 remains nuclear in localization following expression of poliovi-
rus 2A-C109R. Cells were cotransfected with GFP-SRp20 and poliovirus
FLAG-2A-C109R (or empty vector). Cells were either mock induced (B) or
induced with 1 �g/ml tetracycline (A and C to E) at 37°C for 2A-C109R ex-
pression and processed as described in the legend for Fig. 7.
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DISCUSSION

The results obtained in this study provide important new in-
sights into some of the similarities and differences among pi-
cornaviruses and the functions of their encoded proteins. Due
to their small genome size, picornaviruses take advantage of
host cell factors in addition to their viral proteins for the pro-
cesses of viral translation and RNA replication. Poliovirus di-
rects the relocalization of different nuclear proteins, including
splicing factor SRp20, for utilization during viral infection.
SRp20 has been shown to be an important ITAF for poliovirus
IRES-mediated translation (39), and we predict that the related
picornavirus CVB3 also requires the function of this host fac-
tor. Indeed, our experiments show that CVB3 infection causes
nucleocytoplasmic relocalization of SRp20 similar to what is
seen for poliovirus infection. Additional studies are needed to
define the predicted role of SRp20 in CVB3 translation, as well
as to examine any significance in the slight delay in the kinetics
of SRp20 relocalization compared to poliovirus infection.

We further investigated the molecular mechanism(s) re-
sponsible for SRp20 relocalization by separately expressing the
poliovirus proteinases 3CD and 2A and found that poliovirus
2A alone is sufficient to cause SRp20 cytoplasmic accumula-
tion. We also determined that the proteinase activity of 2A was
required for the relocalization of SRp20. It was not surprising

that expression of poliovirus 3CD (wild type or �10) protei-
nase alone resulted in a purely cytoplasmic distribution of la-
beled proteins, as it has been shown that poliovirus 2A is re-
sponsible for inducing the nuclear translocation of 3CD and
3C= (53). Poliovirus 2A proteinase is known to cleave several
nuclear pore complex proteins (Nups) and disrupt some, but
not all, nucleocytoplasmic trafficking during infection (17, 21,
54). We found that expression of poliovirus 2A proteinase
alone results in the cleavage of nuclear pore complex proteins
Nup153, Nup98, and Nup62, which is consistent with other
published work (21). We predict that the cleavage of certain
Nups likely contributes to the accumulation of SRp20 in the
cytoplasm of poliovirus-infected cells, where it can function in
viral translation. Additional studies will be required to examine
a direct link between specific Nup cleavage and SRp20 cyto-
plasmic relocalization.

Human rhinoviruses are picornaviruses with similarities to the
enteroviruses poliovirus and coxsackievirus, but there are also
some significant differences. Ongoing studies are aimed at eluci-
dating the cause of some of these differences; namely, HRV RNA
replication is less efficient than poliovirus RNA replication in vitro
and in infected cells, although levels of viral translation in vitro are
similar (50). Our work has revealed that while poliovirus and cox-
sackievirus direct the efficient cytoplasmic relocalization of

FIG 9 Wild-type poliovirus 2A proteinase expression in HeLa cells results in the cleavage of nuclear pore proteins Nup153, Nup98, and Nup62. HeLa cells were
transfected with poliovirus FLAG-2A (or empty vector) for constitutive expression. Whole-cell lysates were generated from cells harvested at 1, 6, 18, or 24 h
posttransfection. Lysates were subjected to SDS-PAGE and Western blot analysis. (A) mAb414 monoclonal antibody detected Nup153 and Nup62; anti-Nup98
polyclonal antibody detected Nup98. Cleavage of Nups following 2A proteinase expression resulted in loss of the full-length proteins. Tubulin was used as a
loading control. (B) Utilizing a monoclonal anti-eIF4G antibody, cleavage of eIF4G could be observed beginning as early as 6 h posttransfection with FLAG-2A.
A monoclonal anti-FLAG antibody determined expression of 2A proteinase, which could also be detected beginning about 6 h posttransfection. Tubulin was used
as a loading control. Twice the volume of lysate was loaded as described for panel A, in order to detect FLAG-2A.
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SRp20, HRV16 infection causes SRp20 relocalization to a lesser
extent. We considered the possibility that the temperature of in-
fection may contribute to SRp20 localization in the cell during
infection, and carried out poliovirus and HRV16 infections in
parallel, at both 34°C and 37°C for each virus. HRV16 has been
shown to replicate efficiently at both temperatures in vivo, with
slightly lower titers reached at 37°C (51). In addition, a minor
delay in poliovirus growth kinetics is observed when infection is
carried out at 34°C compared to 37°C, although the virus grows to
similar titers at both temperatures (A. J. Chase, J. H. Nguyen, and
B. L. Semler, unpublished data). Surprisingly, poliovirus directed
the relocalization of SRp20 at both temperatures of infection with
similar kinetics. It was somewhat unexpected that the cytoplasmic
redistribution of SRp20 was observed at the same time postinfec-
tion at a lower, suboptimal temperature of infection. We pre-
dicted that we would detect a delay in relocalization, due to the
general delay in virus growth observed at 34°C and/or a reduction
in the activities of the viral proteins produced. Thus, the slight
delay in poliovirus growth seen at the lower temperature does not
correlate with the relocalization of SRp20. HRV16 infection of
HeLa cells resulted in small amounts of SRp20 relocalization be-
ginning at 6 h postinfection at both 34°C and 37°C, with a gradual
increase in the percentage of cells showing detectable cytoplasmic

SRp20. Taken together, these results lead us to conclude that the
temperature of infection alone does not account for differences
observed in SRp20 localization between the viruses. It is possible
that HRV16 does not require high levels of SRp20 for viral trans-
lation at early times of infection, or it can utilize other cellular
proteins to provide a similar function. Future experiments will be
required to investigate whether SRp20 plays a role in HRV16
translation and to examine the localization of other nuclear pro-
teins during HRV16 infection that are known to redistribute to the
cytoplasm of poliovirus-infected cells and function in poliovirus
translation.

Finally, we expressed the HRV16 2A proteinase in the same
inducible system as the poliovirus 2A proteinase and found
that expression of HRV16 2A alone could indeed cause the
efficient cytoplasmic redistribution of SRp20 in HeLa T-REx
cells. These data conflict somewhat with what we observed dur-
ing the course of an authentic HRV16 infection, where SRp20 is
relocalized to the cytoplasm of infected cells to a lesser extent
than the relocalization seen during poliovirus infection. The
question remaining is why the HRV16 infection itself does not
result in efficient SRp20 relocalization. We hypothesize that the
levels of 2A proteinase produced during HRV16 infection are
significantly lower than the levels of 2A produced during po-
liovirus infection. With lower levels of 2A present during in-
fection, it is possible that the mechanism by which 2A directs
the relocalization of SRp20 is dramatically impaired. In agree-
ment with this prediction is the observation that the overex-
pression of HRV16 2A from an inducible plasmid resulted in
SRp20 relocalization, possibly because the levels of 2A achieved
via cytomegalovirus (CMV) promoter-driven expression are
sufficient to direct the efficient redistribution of SRp20. Impor-
tantly, our data imply that the HRV16 2A proteinase is not
deficient in its ability to cause SRp20 redistribution, and its
activity does not necessarily differ from that of poliovirus 2A.

It is possible that the HRV IRES may not interact as produc-
tively with the cellular translation machinery as the poliovirus
IRES, or that the HRV RNA itself may be inherently less stable.
Based upon in vitro translation experiments, HRV RNA is trans-
lated slightly less efficiently than that of poliovirus (50). If recapit-
ulated in vivo, this 2-to-3-fold reduction in translation efficiency
compared to poliovirus may result in the production of slightly
lower levels of viral proteins required for RNA synthesis during
infection. A minor reduction in the levels of viral proteins could
have a cumulative effect over the course of infection, potentially
contributing to the significant reduction in HRV RNA replication
that is observed and/or lowering the levels of nucleocytoplasmic
redistribution of host factors, thereby generating or amplifying
other deficiencies for the virus in the infected cell. The accumula-
tion of these events would lead to the overall reduction in viral
titers for HRV via a mass-action effect. In addition, slightly lower
levels of viral translation may require lower levels of SRp20, and
HRV may be able to utilize the SRp20 that is already present in the
cytoplasm of the cell without requiring any additional SRp20 from
the nucleus. Alternatively, HRV infection might result in a low
level of SRp20 relocalization during the early stages of infection
that we are unable to detect by confocal microscopy due to the
abundance of the protein in the nucleus. Finally, we also consider
the possibility that the cell type utilized for infection may contrib-
ute to differences in the subcellular environment generated by
human rhinoviruses versus other enteroviruses. Additional exper-

FIG 10 Expression of human rhinovirus 16 2A proteinase in HeLa T-REx cells
results in the efficient relocalization of SRp20. Cells were cotransfected with
GFP-SRp20 and HRV16 FLAG-2A (or empty vector). Cells were either mock
induced (B) or induced with 1 �g/ml tetracycline (A and C to E) at 37°C for 2A
expression. At 1, 3, and 6 h postinduction (C to E), cells were fixed; cells that
were mock induced (B) and cells transfected with empty vector (A) were fixed
at 6 h postinduction. Cells were incubated with an anti-FLAG mouse mono-
clonal antibody and, subsequently, Alexa Fluor 594 goat anti-mouse secondary
antibody. 2A expression and SRp20 localization were determined using con-
focal microscopy; nuclei were stained with DAPI.
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iments are necessary to address the localization of SRp20 in cell
types other than HeLa cells, for example, in bronchial cell lines,
which could be more relevant for rhinovirus infection.

While there is known overlap in the host cell factors that are
cleaved by 2A between poliovirus and HRV during infection, it is
still unclear what contributes to the overall protracted time course
of infection for HRV compared to poliovirus, and what specific
replication events may be affected. Questions remain regarding
the specific cellular targets and enzymatic activities for poliovirus
versus HRV16 2A proteinases. Indeed, recent work has shown that
the 2A proteinases from several different serotypes of HRV differ-
entially cleave nuclear complex proteins (20). While the catalytic
core of 2A is conserved among poliovirus and human rhinovi-
ruses, there may be other differences between the proteinases
(such as targets of cleavage, or other protein-protein interactions)
that play a role in the subsequent differences observed between the
two virus infections. In addition, there may be certain pathways or
signaling cascades that are activated, or conversely downregu-
lated, differentially by these two picornaviruses. Taken together,
there are likely many yet undiscovered factors contributing to the
overall differences observed between HRV and other enterovirus
infections.
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