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Rhinoviruses are prevalent human pathogens that are associated with life-threatening acute asthma exacerba-
tions. The innate immune response to rhinovirus infection, which may play an important role in virus-induced
asthma induction, has not been comprehensively investigated. We examined the innate immune response in cells
infected with human rhinovirus 1a (HRV1a). Beta interferon (IFN-�) mRNA was induced in HRV1a-infected cells
at levels significantly lower than in cells infected with Sendai virus. To understand the basis for this observation,
we determined whether components of the pathway leading to IFN-� induction were altered during infection.
Dimerization of the transcription factor IRF-3, which is required for synthesis of IFN-� mRNA, is not observed in
cells infected with HRV1a. Beginning at 7 h postinfection, IPS-1, a protein that is essential for cytosolic sensing of
viral RNA, is degraded in HRV1a-infected cells. Induction of apoptosis by puromycin led to the cleavage of IPS-1,
but treatment of HRV1a-infected cells with the pan-caspase inhibitor, zVAD, did not block cleavage of IPS-1. IPS-1
is cleaved in vitro by caspase-3 and by the picornaviral proteinases 2Apro and 3Cpro. Expression of HRV1a and
polioviral 2Apro and 3Cpro led to degradation of IPS-1 in cells. These results suggest that IPS-1 is cleaved during
HRV1a infection by three different proteases. Cleavage of IPS-1 may be a mechanism for evasion of the type I IFN
response, leading to a more robust infection.

Human rhinoviruses, positive-stranded RNA viruses of the
Picornaviridae family, account for greater than 50% of all up-
per respiratory tract infections (28). Although usually mild and
self-limiting, viral upper respiratory tract infections are one of
the most common illnesses in humans, with 500 million cases
and an economic burden estimated at $40 billion annually in
the United States (8). Furthermore, rhinovirus is implicated in
causing severe exacerbation of other diseases including chronic
bronchitis, sinusitis, and asthma (22).

The innate immune response to rhinovirus infection may
play an important role in rhinovirus-induced asthma induction.
Viral infection leads to a signaling cascade that stimulates
the antiviral innate immune response, limiting viral replica-
tion and initiating the adaptive immune system (14). Two
sensors for viral RNA have been described, retinoic acid-
inducible gene (RIG-I) and melanoma differentiation asso-
ciated gene-5 (MDA-5) (12, 17, 37). Each RNA sensor com-
prises a DEXD/H box RNA helicase domain and a caspase
recruitment and activation domain (36). MDA-5 and RIG-I
appear to sense infections by different viruses. RIG-I, which
detects double-stranded RNA or single-stranded RNA with a
5�-triphosphate, is responsible for alpha/beta interferon (IFN-
�/�) induction by paramyxoviruses, flaviviruses, influenza vi-
ruses, and Japanese encephalitis virus including Newcastle dis-
ease virus and Sendai virus (SeV) (11, 31, 35–37). MDA-5
recognizes double-stranded RNA and is the critical sensor of
infection by encephalomyocarditis virus and mengovirus, two
members of the picornavirus family (10, 13).

Both MDA-5 and RIG-I interact with the caspase recruit-

ment and activation domain-containing adaptor protein,
IFN-� promoter stimulator 1 (IPS-1) (also known as MAVS,
VISA, or Cardiff) (15, 24, 26, 32). IPS-1 is localized to the
outer mitochondrial matrix and activates the kinases I��ε
(inhibitor of nuclear factor kappa B[NF-�B] kinase) and TB�1
(TANK-binding kinase), which are required for the phosphory-
lation of IFN regulatory factor 3 (IRF-3) (9). Phosphorylated
IRF-3 dimerizes and translocates to the nucleus where it re-
cruits p300/CREB binding protein (20, 33). IRF-3 coopera-
tively binds with the transcription factors NF-�B and AFT-2/
c-Jun to form an enhancesome on the IFN-� promoter (23).
This complex leads to the activation of the IFN-� gene and
synthesis of type I IFNs.

Numerous mechanisms for circumvention of the innate im-
mune response pathway have been revealed in virus-infected
cells. The study of these strategies has illuminated the function
of innate sensing pathways (reviewed in reference 21). For
example, the proteases of hepatitis C, GB, and A viruses cleave
IPS-1 (6, 34), and both MDA-5 and RIG-I are degraded in
cells infected with picornaviruses (2, 3).

The innate response to rhinovirus infection has not been
comprehensively investigated. We therefore examined induc-
tion of IFN-� during infection with HRV1a. IFN-� mRNA was
detected in HRV1a-infected cells at levels significantly lower
than in cells infected with SeV. To understand the basis for this
observation, we determined whether components of the path-
way leading to IFN-� induction were altered during infection.
Dimerization of the transcription factor IRF-3, which is re-
quired for synthesis of IFN-� mRNA, is not observed in cells
infected with HRV1a. When IRF-3-depleted cells were in-
fected with SeV or HRV1a, small amounts of IFN-� mRNA
were produced. The level of IFN-� mRNA was similar to that
observed during HRV1a infection of the parental HeLa cell
line. IRF-3 depletion did not affect HRV1a growth kinetics.
Beginning at 7 h postinfection, IPS-1, a protein that is essential
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for cytosolic sensing of viral RNA, was degraded in HRV1a-
infected cells. Induction of apoptosis by puromycin also led to
the cleavage of IPS-1, but treatment of HRV1a-infected cells
with the pan-caspase inhibitor zVAD did not protect IPS-1
from cleavage. IPS-1 was cleaved in vitro by caspase-3 and by
the picornaviral proteinases 2Apro and 3Cpro. Expression of
picornaviral proteinases 2Apro and 3ABC in cell lines led to
cleavage of IPS-1. These results suggest that IPS-1 is cleaved
during HRV1a infection by viral proteinases 2Apro, 3C, and
activated caspase-3. Cleavage of IPS-1 during HRV1a infec-
tion may be a mechanism for evasion of the type I IFN re-
sponse, leading to a more robust infection.

MATERIALS AND METHODS

Cells, viruses, and plasmids. S3 HeLa, 293T, and BSR T7/5 cells were grown
in Dulbecco’s modified Eagle medium (Invitrogen, Carlsbad, CA), 10% fetal calf
serum (HyClone, Logan, UT), and 1% penicillin-streptomycin (Invitrogen). BSR
T7/5 cells, a BHK-derived cell line stably expressing T7 RNA polymerase, were
generously provided by Klaus Conzelmann, Ludwig Maximilians Universitat
Munich, Germany (4). Selection of BSR T7/5 was maintained by the addition of
G418 (1 �g/ml) at every other passage. Stocks of HRV1a were obtained from the
ATCC (Manassas, VA) and were propagated in HeLa cells. Rhinovirus plaque
assays were carried out using HeLa cells grown in Dulbecco’s modified Eagle
medium (Specialty Media, Philipsburg, NJ), 0.05% NaHCO3, 2% heat-inacti-
vated bovine calf serum, 1% penicillin-streptomycin, and 1% type VII low-gelling
temperature agarose (Sigma-Aldrich, St. Louis, MO). Cells were incubated for
72 h and developed using 10% trichloroacetic acid and crystal violet. The Cantell
strain of SeV was a generous gift from Adolfo Garcia-Sastre, Mount Sinai School
of Medicine, New York, NY. pFLAG-IPS-1 was a generous gift from Zhijian
Chen, University of Texas Southwestern Medical Center, Dallas, TX.

Generation of stable knockdown cell lines. Depletion of IRF-3 was achieved
by using retroviral vectors encoding microRNAs (miRNAs) generously provided
by Jeremy Luban, University of Geneva, Switzerland. Virus stocks were gener-
ated in 293T cells by cotransfection using Fugene 6 (Roche, Indianapolis, IN)
with either pAPM-IRF-3 (targeting human IRF-3) or pAPM-L1221 (control
miRNA targeting luciferase), psPAX2, and pMD.G. Viruses were harvested 24 h
posttransfection and filtered (0.45-mm-pore-size filter; Pall Corp., East Hills,
NY). To generate cell lines stably expressing miRNAs, HeLa cells were infected
with virus stocks, and 48 h posttransduction cells were subjected to puromycin
selection with increasing dosages of puromycin every 2 days for 10 days from 1
�M to 5 �M. Depletion of IRF-3 was confirmed by Western blot analysis.

Reagents. Rabbit polyclonal IRF-3 and mouse monoclonal IRF-3 were
purchased from Sigma-Aldrich. The mouse monoclonal �-actin antibody was
purchased from Sigma-Aldrich. Rabbit anti-IPS-1 antibody, chicken anti-SeV
antibody, and mouse monoclonal anti-poly(A)-binding protein (PABP) were
purchased from AbCam (Cambridge, MA). Rabbit polyclonal anti-poly(ADP-
ribose) polymerase (PARP) was purchased from Cell Signaling Technology,
Danvers, MA. The general caspase inhibitor benzyloxycarbonyl-Val-Ala-Asp-
(OMe) fluoromethylketone (Z-VAD-FMK) was purchased from R&D Systems,
Minneapolis, MN. DNA-mediated transformation of BSR T7/5 cells was per-
formed using Lipofectamine reagent (Invitrogen) according to the manufactur-
er’s protocol. Cell extracts were prepared as described below for Western blot
analysis.

Virus replication in cultured cells. Adherent cell monolayers were grown in
3.5-cm plates and infected with virus at a multiplicity of infection (MOI) of 10 or
0.1 PFU per cell. Virus was absorbed for 45 min at 37°C, and then 2 ml of culture
medium was added. Cells were incubated at 33°C for the times indicated in the
figure legends. Cells were then scraped into the medium and subjected to two
freeze-thaw cycles, and cellular debris was removed by centrifugation. Virus titer
was determined by plaque assay as described above.

Infections and Western blot analysis. Confluent monolayers of HeLa cells
were infected with HRV1a or SeV for the times indicated in the figure legends.
Cells were scraped into the culture medium and pelleted by centrifugation. The
cell pellet was washed once with phosphate-buffered saline (PBS), centrifuged,
and lysed for 15 min on ice in NP-40 buffer (50 mM Tris-Cl, pH 8.0, 1% Nonidet
P-40, 150 mM NaCl) containing complete protease inhibitor cocktail (Roche).
Total protein was determined by Bradford assay (Bio-Rad, Hercules, CA), and
40 �g of each sample was mixed with sodium dodecyl sulfate (SDS) loading dye.
Proteins were separated on a 10% SDS-polyacrylamide gel and electrotrans-

ferred overnight at 30 V onto polyvinylidene difluoride (PVDF) membranes
(Millipore, Billerica, MA). Membranes were incubated in blocking buffer (PBS
containing 0.1% Tween and 5% nonfat milk) for 1 h at room temperature and
subsequently incubated overnight at 4°C with antibodies diluted in blocking
buffer, as indicated in the figure legends. Membranes were washed three times
for 15 min in PBS–0.1% Tween and incubated for 1 h with horseradish peroxi-
dase-conjugated secondary antibody (1:1,000 anti-goat and 1:3,000 anti-rabbit;
Dako, Carpinteria, CA). Proteins were visualized using the ECL or ECL�
chemiluminescence system (Amersham Biosciences, Piscataway, NJ).

Native polyacrylamide gel electrophoresis (PAGE) and Western blot analysis
were performed as described previously (25), with the following changes: 10%
gels were made with ProSieve 50 gel solution (Cambrex, Rockland, ME). Thirty
micrograms of protein was loaded and wet transferred to PVDF membrane
overnight at 30 V. Membranes were probed for IRF-3 overnight at 4°C with a
rabbit polyclonal antibody, FL-425 (Sigma-Aldrich), or mouse monoclonal SC-12
(Sigma-Aldrich). Membranes were developed with the ECL� system (Amer-
sham Biosciences).

Quantitative real-time PCR. RNA was harvested from HeLa cells or from cell
lines producing miRNAs targeting luciferase or IRF-3 (mi-L1221 or mi-IRF-3,
respectively) infected with HRV1a or SeV using an RNeasy minikit (Qiagen,
Valencia, CA) at the times indicated in the figure legends. RNA concentrations
were determined by an ND-1000 spectrophotometer (NanoDrop Technologies,
Wilmington, DE). Contaminating genomic DNA was removed by treating 8 �g
of each sample with a Turbo DNA-free kit (Ambion, Austin, TX). cDNA was
generated using the SuperScript III First-Strand Synthesis SuperMix for quan-
titative reverse transcription-PCR (qRT-PCR) according to the manufacturer’s
protocol (Invitrogen), and quantitative PCR mix was made with 5� Fast-Start
SYBR green master mix containing 6-carboxy-X-rhodamine (Roche Diagnostics,
Indianapolis, IN) with a final concentration of 400 nM of each primer. Triplicate
reactions were performed on the Prism 7500 real-time PCR system in a 96-well
optical plate (Applied Biosystems, Foster City, CA) with a final volume of 50 �l.
The primer sequences were as follows: for IFN-� forward, CGA CAC TGT TCG
TGT TGT CA; IFN-� reverse, GAA GCA CAA CAG GAG AGC AA; por-
phobilinogen deaminase (PBDG) forward, CTG GTA ACG GCA ATG CGG
CT; and PBDG reverse, CGA GAT GGC TCC GAT GGT GA.

In vitro translation. Coupled transcription-translation experiments were per-
formed using a TNT quick-coupled transcription/translation system (Promega
Corp, Madison, WI) in the presence of [35S]methionine (Amersham Bio-
Sciences, Piscataway, NJ). One microgram of DNA was added to each 50-�l
reaction mixture, and the manufacturer’s protocol was followed. The in vitro
translated IPS-1 was added to cleavage buffer containing 100 mM NaCl2, 5 mM
MgCl2, and 10 mM HEPES-KOH, pH 7.4, in the presence or absence of polio-
virus 3Cpro (provided by B. Semler, University of California, Irvine, CA), cox-
sackievirus B3 2Apro (provided by R. Lloyd, Baylor College of Medicine, Hous-
ton, TX), or activated human caspase-3 (Calbiochem, La Jolla, CA). The
cleavage reaction mixtures were incubated at 37°C for 18 h. The products were
separated by 10% SDS-PAGE, transferred to a PVDF membrane overnight at 30
V, and exposed to a phosphorimager plate or subjected to Western blot analysis.

RESULTS

HRV1a infection does not induce robust IFN-� transcrip-
tion. The results of previous studies have indicated that
members of the Picornaviridae family antagonize the innate
immune system at multiple levels. In a previous investiga-
tion we showed that MDA-5 and RIG-I, innate cytoplasmic
sensors of RNA, are degraded in cells infected with picor-
naviruses (2, 3). Furthermore, IPS-1 is cleaved in cells in-
fected with hepatitis A virus, leading to a block in IFN-�
synthesis (34). Therefore, we investigated IFN-� expression
during HRV1a infection. HeLa cells were infected with
HRV1a or SeV. We used the Cantell strain of SeV, which is
sensed by RIG-I and induces high levels of IFN-� (27). At
different times after infection, total cellular RNA was har-
vested and reverse transcribed into cDNA, and IFN-� tran-
script levels were assessed by quantitative real-time PCR.

SeV induced high levels of IFN-� mRNA as early as 1 h
after infection, peaking just after 7 h and falling slightly by
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15 h (Fig. 1A). In contrast, although HRV1a did induce
IFN-� compared to levels in mock-treated cells (Fig. 1B),
induction was 100- to 1,000-fold lower than that observed
during SeV infection (Fig. 1A). The low level of IFN-�
mRNA suggests that HRV1a infection interferes with innate
sensing of viral RNA.

Dimerization of IRF-3 is blocked during infection with
HRV1a. To provide an explanation for the low levels of IFN-�
mRNA observed during HRV1a infection, we examined di-
merization of the transcriptional activator, IRF-3, by native
PAGE. In cells infected with SeV, IRF-3 dimers were first
detected at 3 h postinfection (Fig. 2). Levels of IRF-3 dimers

peaked by 7 h and fell slightly by 15 h. IRF-3 dimers were not
observed in HRV1a-infected cells.

Inhibition of SeV-induced IRF-3 activation by HRV1a. The
low levels of IFN-� observed during HRV1a infection may be
a consequence of poor sensing of the viral RNA or of virus-
induced cleavage of one or more cell proteins in the sensing
pathway. To address these possibilities, we determined
whether IRF-3 activation induced by SeV was altered during
HRV1a infection. HeLa cells were mock infected or infected
with HRV1a at an MOI of 10 for 3 or 5 h and then superin-
fected with SeV. Cell lysates were harvested at different times
postinfection with SeV, and IRF-3 dimers were examined by
native PAGE. Infection with HRV1a caused a dramatic loss in
the ability of SeV infection to induce dimerization of IRF-3
(Fig. 3). SeV proteins accumulated during HRV1a infection,
indicating that the inability of SeV to induce dimerization of
IRF-3 is not due to inhibition of viral replication by HRV1a
(Fig. 4). These results suggest that HRV1a infection disrupts
the innate immune sensing pathway.

IPS-1 is degraded in HRV1a-infected cells. The dimerization
of IRF-3 requires phosphorylation by the kinases TBK and
TANK-1, which are selectively activated through IPS-1 (9).
Because IPS-1 is an essential protein of the pathway leading to
IFN-� induction, we determined if it was altered during rhi-
novirus infection. HeLa cells were infected with HRV1a, and
at different times after infection, IPS-1 protein was visualized
by Western blot analysis. By 15 h postinfection, IPS-1 protein
was barely detectable (Fig. 5A). Degradation of IPS-1 was also
observed by 5 h after infection with another member of the
picornavirus family, poliovirus. IPS-1 remained intact in SeV-

FIG. 1. Induction of IFN-� mRNA during HRV1a infection. HeLa
cells were infected with HRV1a or SeV, total cellular RNA was har-
vested at the times indicated, and IFN-� mRNA was detected by
SYBR green qRT-PCR. Results were normalized to PBDG mRNA
copy number and displayed as the change in induction relative to
uninfected cells using the 		CT (where CT is threshold cycle) method.
(Top) Induction of IFN-� in cells infected with either HRV1a or SeV.
(Bottom) Induction of IFN-� during HRV1a infection. The HRV1a
results were plotted separately in panel B to highlight the induction of
IFN-� mRNA synthesis.

FIG. 2. HRV1a infection does not induce IRF-3 homodimers.
HeLa cells were infected with either SeV or HRV1a and harvested at
the times indicated. Cell extracts were prepared and fractionated by
native PAGE, and IRF-3 was detected by Western blot analysis using
polyclonal rabbit antiserum against IRF-3, which strongly recognizes
both the monomeric and dimeric forms of the protein. Monomeric and
dimeric forms of IRF-3 are labeled. p.i., postinfection.

FIG. 3. HRV1a infection inhibits SeV-induced homodimerization
of IRF-3. HeLa cells were either mock treated or infected with HRV1a
for 3 h or 5 h and then superinfected with SeV for the times indicated.
Cell extracts were prepared and fractionated by native PAGE, and
IRF-3 was detected by Western blot analysis using a mouse monoclo-
nal antibody. Monomeric and dimeric forms of IRF-3 are labeled. (-),
no SeV added.

FIG. 4. Accumulation of SeV proteins during coinfection with
HRV1a. HeLa cells were infected with HRV1a for 8 h (lane 1); with
SeV for 3, 5, 7, or 15 h (lanes 3 to 5); or with HRV1a for 5 h followed
by SeV for 3 or 5 h (lanes 7 and 8). No sample was loaded in lane 6.
Cell extracts were prepared and fractionated by SDS-PAGE, and SeV
proteins were detected by Western blot analysis using anti-SeV anti-
serum. �, anti.
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infected cells (Fig. 5B), demonstrating that degradation of the
protein is not a general cellular response to viral infection.

Picornavirus infection can lead to the inhibition of host cell
translation (19, 29). To ensure that IPS-1 degradation was not
due to aggregate cell protein shutoff, cells were treated with
cycloheximide (5 �g/ml) or infected with HRV1a, and IPS-1
levels were determined by Western blot analysis. IPS-1 levels
remained stable during treatment with cycloheximide for 24 h,
whereas HRV1a infection led to the degradation of IPS-1
(unpublished data). This observation suggests that the de-
crease in IPS-1 during an HRV1a infection is not a conse-
quence of the rapid turnover of the protein.

Induction of IFN-� during rhinovirus infection in cells de-
pleted of IRF-3. If cleavage of IPS-1 accounts for the low level
of IFN-� observed during HRV1a infection, then infected cells
depleted of IRF-3 should exhibit similar levels of the cytokine.
Efficient knockdown of IRF-3 was achieved in stable cell lines
that express an IRF-3-specific miRNA (mi-L1221), compared
with control stable cell lines expressing a luciferase-specific
miRNA (mi-IRF-3) (Fig. 6A). As expected, IRF-3 dimers were
observed during SeV but not HRV1a infection in the control
cell line (Fig. 6B). Absence of IRF-3 did not affect replication
of HRV1a at low or high MOI (Fig. 7). Induction of IFN-� by
SeV or HRV1a in the control and parental HeLa cell lines was
similar (Fig. 1 and 7). Low levels of IFN-� were observed after
SeV and HRV1a infection of cells depleted of IRF-3 (Fig. 8).
The amounts of IFN-� mRNA resembled those observed dur-
ing HRV1a infection of HeLa cells (Fig. 1).

Cleavage of IPS-1 during apoptosis. The genomes of
HRV1a and poliovirus encode two viral proteinases, 2Apro and
3Cpro, that process the viral polyprotein and also degrade cel-
lular proteins. Picornaviral proteinases are known to induce
apoptosis, a process that occurs in cells infected with certain
rhinoviruses (5, 7, 30). Caspases are activated during apoptosis,

leading to cleavage of cellular proteins such as PARP. In cells
infected with HRV1a, PARP cleavage is observed starting at
5 h postinfection, suggesting that HRV1a induces apoptosis
(Fig. 9A). Furthermore, activated caspase-3 was observed in
cells infected with HRV1a by 5 h postinfection (unpublished
data). To address whether induction of apoptosis leads to
cleavage of IPS-1, cells were treated with puromycin, and IPS-1
was examined by Western blot analysis. Puromycin treatment
for 3 and 5 h induced apoptosis, as shown by cleavage of PARP
(Fig. 9B). In the same cells IPS-1 was degraded, and a 
50-
kDa putative cleavage product was observed (Fig. 9B).

Activated caspases are not necessary for the HRV1a-in-
duced IPS-1 degradation. If caspases are the only mediators of
IPS-1 cleavage during an HRV1a infection, then inhibiting

FIG. 5. Cleavage of IPS-1 in cells infected with HRV1a or polio-
virus. Monolayers of HeLa cells were infected with HRV1a, poliovirus,
or SeV. Cell extracts were prepared after infection at the times indi-
cated and fractionated by SDS-PAGE, and IPS-1 was detected by
Western blot analysis. �, mock-infected cells. A separate bottom panel
shows detection of �-actin (A) or glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH) (B) to ensure that equal amounts of protein
were applied to each lane. p.i., postinfection.

FIG. 6. Knockdown of IRF-3 in HeLa cells. Stable cells lines mi-
IRF-3 and mi-L1221 were produced. Cell extracts were prepared and
analyzed for IRF-3 protein levels by SDS-PAGE and Western blot
analysis (A). Dimerization of IRF-3 was examined by native PAGE in
cells infected with HRV1a or SeV (B). p.i., postinfection.

FIG. 7. Effect of IRF-3 knockdown on HRV1a replication. HeLa,
mi-IRF-3, and mi-L1221 cells were infected with HRV1a at an MOI of
0.1 or 10. At the indicated times after infection, virus titers were
determined by plaque assay on HeLa cell monolayers.
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activated caspases should prevent IPS-1 degradation. To test
this hypothesis, the effect of zVAD, a pan-caspase inhibitor, on
IPS-1 cleavage was determined. HeLa cells were infected with
HRV1a in the presence or absence of inhibitor. The levels of
IPS-1 at different times after infection were determined by
Western blot analysis. Degradation of IPS-1 was not affected
by zVAD (Fig. 9C). As expected, the inhibitor prevented
PARP cleavage (Fig. 9C). Furthermore, the yield of HRV1a
was not altered by zVAD treatment, indicating that the drug
does not inhibit viral proteinases 2Apro or 3Cpro (unpublished
data). Taken together, these results suggest that HRV1a-in-
duced degradation of IPS-1 is mediated not only by caspases
but also by other cellular or even viral proteases.

IPS-1 is cleaved by 3Cpro, 2Apro, and caspase-3. We deter-
mined whether IPS-1 could be cleaved in vitro by purified
poliovirus 3Cpro, coxsackievirus 2Apro, or activated human
caspase-3. The poliovirus and coxsackievirus enzymes were
used because the HRV1a proteins were not available. IPS-1
was produced by in vitro translation in a reticulocyte lysate in
the presence of [35S]methionine and incubated with each en-
zyme. Both viral proteinases were active in the reticulocyte
lysate, as shown by cleavage of PABP (Fig. 10). IPS-1 was
cleaved into fragments of different sizes by all three enzymes
(Fig. 10).

To determine if 2Apro and 3Cpro proteins of HRV1a can
cleave IPS-1 in cells, plasmids encoding the proteins were
introduced into cells by DNA-mediated transformation. It
has been shown that the hepatitis A virus proteinase 3Cpro

must be synthesized as part of the precursor protein 3ABC
to properly target the proteinase to mitochondria (34).

Therefore, plasmids encoding epitope-tagged 3ABC pro-
teins of HRV1 and poliovirus were produced. However, we
failed to detect the proteinases by Western blot analysis
when these plasmids were introduced into different cell lines
by a variety of methods.

To increase the expression levels of the viral proteinases,
plasmids were introduced into a BHK cell line (BSR T7/5)
which stably produces T7 RNA polymerase. BSR cells were
cotransformed with a plasmid encoding IPS-1 and either en-
hanced green fluorescent protein or a viral proteinase. Twenty-
four hours later cells were harvested for Western blot analysis.
As expected, synthesis of hepatitis A virus 3ABC protein led to
cleavage of IPS-1 (Fig. 11). Expression of 2Apro and 3ABC
proteins of HRV1a and poliovirus 3ABC led to degradation of
IPS-1 (Fig. 11). These results show that degradation of IPS-1
observed during HRV1a and poliovirus infection is likely a
consequence of the activity of both viral proteinases and
caspases.

FIG. 8. Induction of IFN-� mRNA during HRV1a infection in
cells with reduced IRF-3. mi-L1221 or mi-IRF-3 cells were infected
with HRV1a or SeV, total cellular RNA was harvested at the times
indicated, and IFN-� mRNA was detected by SYBR green qRT-PCR.
Results were normalized to PBDG mRNA copy number and are dis-
played as the change in induction relative to uninfected cells using the
		CT method (where CT is threshold cycle). p.i., postinfection.

FIG. 9. Cleavage of IPS-1 and PARP during apoptosis. Monolayers
of HeLa cells were infected with HRV1a (MOI of 10) (A), treated with
puromycin (20 �M) to induce apoptosis (B), or infected with HRV1a
(MOI of 10) and treated with zVAD (20 �M) (C). At different times
after infection or after the addition of puromycin or zVAD to the
culture medium, cell extracts were prepared and fractionated by SDS-
PAGE, and PARP and IPS-1 were detected by Western blot analysis.
Separate bottom panels show detection of �-actin or glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) to ensure that equal amounts
of protein were applied to each lane. p.i., postinfection; p.t., posttreat-
ment; �, no treatment.
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DISCUSSION

HRV1a induced expression of IFN-� mRNA in HeLa cells
but at levels far lower than those observed during infection
with SeV. Consistent with this observation, we found that
IRF-3 dimers did not form during HRV1a infection. Phos-
phorylation of IRF-3 is mediated by protein kinases whose
activation depends upon signals received from IPS-1 and, in
turn, MDA-5 or RIG-I. IPS-1 is cleaved in cells infected with
HRV1a, which could explain the absence of IRF-3 dimers. It is
also possible that the kinases I��ε and TB�1 are also modi-
fied during infection, but degradation of IPS-1 would be suf-
ficient to prevent dimerization of IRF-3. MDA-5 is cleaved in
HRV1a-infected cells (3), but the kinetics and extent of cleav-
age are not consistent with the complete absence of IRF-3
dimers observed here. To prove that cleavage of IPS-1 is a
mechanism to abrogate IFN-� synthesis will require produc-
tion of IPS-1 that is not cleaved in HRV1a-infected cells.

Our results show that cleavage of IPS-1 during HRV1a in-
fection may be carried out by either of the two viral protein-
ases, 2Apro or 3Cpro. These proteinases process the viral
polyprotein and, for some picornaviruses, have been shown to
cleave a variety of cell proteins such as eukaryotic initiation
factor 4G (18) (cleaved by 2Apro) and PABP (19) (cleaved by
both proteinases). Previously, it had not been demonstrated
that 2Apro and 3Cpro of HRV1a cleaved any cellular proteins.
In cells infected with hepatitis A virus, IPS-1 is cleaved by
3Cpro produced from a 3ABC precursor (34).

Our findings also imply that cellular caspases are involved in
cleavage of IPS-1 during HRV1a infection. It was previously
demonstrated that apoptosis is induced during infection with
certain rhinoviruses. HeLa cells infected with human rhinovi-
rus 14, a major group rhinovirus, exhibited typical apoptotic
cellular alterations including cell contraction, nuclear conden-
sation, and activation of caspase-9 and caspase-3 (7). Induction
of apoptosis has also been demonstrated in cells infected with
the minor group rhinovirus 1B, which is highly related to the
serotype used in these studies, HRV1a (30). We have found
that apoptosis is also induced in HRV1a-infected cells, as in-
dicated by activation of caspase-3 and cleavage of PARP, a
known capsase-3 substrate, within 5 h of infection. Activated

caspase-3 can cleave IPS-1 in vitro to yield a 
50-kDa protein.
Induction of apoptosis during HRV1a infection may be a unique
viral strategy to cleave IPS-1 and limit IFN-� mRNA levels.

Induction of apoptosis by puromycin treatment of cells
caused cleavage of IPS-1. The 
50-kDa putative cleavage
product is similar in size to the fragment produced when IPS-1
is cleaved by caspase-3 in vitro. However, treating cells with the
pan-caspase inhibitor zVAD did not block IPS-1 degradation.
This observation indicates that other proteases are involved in
the degradation of the protein. Surprisingly, IPS-1 was cleaved
in a rabbit reticulocyte lysate by poliovirus 3Cpro and coxsack-
ievirus B3 2Apro, and specific products were formed. In con-
trast, no cleavage products of IPS-1 are observed in HRV1a-
infected cells or in cells producing 3ABC from plasmid vectors.
The combined action of the viral proteinases and caspase-3 on
IPS-1 in vivo may make the cleavage products unstable.

Although IPS-1 is degraded in cells upon expression of
3ABC or 2Apro, it is not known if IPS-1 is a direct substrate of
the viral proteinases. Synthesis of picornaviral 2Apro or 3Cpro

in cells induces apoptosis (5, 7, 30), which may lead to degra-
dation of IPS-1 through activated caspase-3. However, two of
our observations suggest a role for the viral proteinases in
direct cleavage of the protein: the failure to block degradation
of IPS-1 by treatment of HRV1a-infected cells with the
caspase inhibitor zVAD and the direct cleavage of IPS-1 by
purified viral proteinases in vitro.

There are two predicted caspase-3 cleavage sites in IPS-1
protein, at amino acids 86 and 429. Cleavage only at amino
acid 429 would produce the 
50-kDa putative cleavage
product observed in cells treated with puromycin, in reticu-
locyte lysates incubated with caspase-3, and in cells express-
ing HRV1a and poliovirus 2Apro. There are several potential
cleavage sites for 2Apro and 3Cpro within IPS-1 that would, if
utilized, produce the putative cleavage products observed in
vitro. Experiments are currently in progress to identify the
cleavage sites for each protease.

IPS-1 undergoes lysine 48-linked polyubiquitination by the E3
ubiquitin ligase RNF125 and is likely subject to proteasomal deg-
radation (1). Degradation of IPS-1 during HRV1a infection could
be due in part to proteasome degradation. To test this hypothesis,
we treated cells with the proteasome inhibitor MG132 and in-
fected cells with HRV1a. IPS-1 protein levels decreased within

FIG. 10. Effect of 3Cpro, 2Apro, and caspase-3 on IPS-1 in vitro. IPS-1
was produced by in vitro translation in a reticulocyte lysate in the presence
of [35S]methionine. The lysate was subsequently incubated with purified
3CDpro, 2Apro, or caspase-3 and fractionated by SDS-PAGE, and
[35S]methionine-labeled proteins were detected by phosphorimaging.
PABP (to confirm enzyme activity) and �-actin (loading control [data not
shown]) were detected by Western blot analysis. Asterisks indicate puta-
tive cleavage products of IPS-1. �, no treatment.

FIG. 11. Expression of viral proteinases in cells. BSR T7/5 cells
were cotransformed with plasmids encoding IPS-1 and either en-
hanced green fluorescent protein (GFP) or proteinases of HRV1a,
poliovirus (PV1), or hepatitis A virus (HAV). After 24 h cell extracts
were prepared and fractionated by SDS-PAGE, and IPS-1 was de-
tected by Western blot analysis. The separate bottom panel shows
detection of �-actin to ensure that equal amounts of protein were
applied to each lane.
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15 h postinfection; however, the protein was partially protected
from degradation when protein levels were compared to cells not
treated with MG132 (data not shown). These data suggest a role
for the proteasome in IPS-1 degradation. We also observed some
inhibition of the viral proteinases in cells treated with MG132,
which could lead to protection of IPS-1. Additional experiments
are needed to determine the role of the proteasome in IPS-1
degradation during HRV1a infection.

Induction of IFN-� mRNA was examined in a stable cell
line depleted of IRF-3. After infection with SeV, cytokine
levels were significantly reduced as expected. However, dur-
ing HRV1a infection, IFN-� levels were similar whether IRF-3
was present or not. This observation suggests that other tran-
scription factors, such as IRF-7 and NF-�B, may allow synthe-
sis of IFN-� when IRF-3 is not present or inactive.

Infection by the major group rhinovirus HRV14 leads to
very low levels of IFN-� mRNA, which correlated with impair-
ment of IRF-3 activation (16). This observation is consistent
with our finding that IFN-� mRNA synthesis is impaired dur-
ing HRV1a infection, concomitant with IPS-1 cleavage and
inhibition of IRF-3 activation. Cleavage of IPS-1 by both viral
proteases and cellular caspase-3 may be a strategy to ensure
effective abrogation of the innate antiviral response.
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