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Abstract 1 

Rhinoviruses are prevalent human pathogens that are associated with life threatening 2 

acute asthma exacerbations. The innate immune response to rhinovirus infection, which 3 

may play an important role in virus-induced asthma induction, has not been 4 

comprehensively investigated. We examined the innate immune response in cells infected 5 

with human rhinovirus 1a (HRV1a). IFN-β mRNA was induced in HRV1a-infected cells 6 

at levels significantly lower than in cells infected with Sendai virus (SeV). To understand 7 

the basis for this observation, we determined whether components of the pathway leading 8 

to IFN-β induction were altered during infection. Dimerization of the transcription factor 9 

IRF-3, which is required for synthesis of IFN-β mRNA, is not observed in cells infected 10 

with HRV1a. Beginning at 7 hr post-infection, IPS-1, a protein that is essential for 11 

cytosolic sensing of viral RNA, is degraded in HRV1a-infected cells. Induction of 12 

apoptosis by puromycin led to the cleavage of IPS-1, but treatment of HRV1a-infected 13 

cells with the pan-caspase inhibitor, zVAD, did not block cleavage of IPS-1. IPS-1 is 14 

cleaved in vitro by caspase-3 and by the picornaviral proteinases 2Apro and 3Cpro. 15 

Expression of HRV1a and polioviral 2Apro and 3Cpro lead to degradation of IPS-1 in cells. 16 

These results suggest that IPS-1 is cleaved during HRV1a infection by three different 17 

proteases. Cleavage of IPS-1 may be a mechanism for evasion of the type I interferon 18 

response, leading to a more robust infection.   19 

 at G
A

LT
E

R
 H

E
A

LT
H

 S
C

IE
N

C
E

S
 LIB

R
A

R
Y

 on S
eptem

ber 20, 2009 
jvi.asm

.org
D

ow
nloaded from

 

http://jvi.asm.org


3 

Introduction 20 

Human rhinoviruses, positive-stranded RNA viruses of the Picornaviridae family, 21 

account for greater than 50% of all upper respiratory tract infections (28).  Although 22 

usually mild and self-limiting, viral upper respiratory tract infections are one of the most 23 

common illnesses in humans, with 500 million cases and an economic burden estimated 24 

at $40 billion annually in the United States (8). Furthermore, rhinovirus is implicated in 25 

causing severe exacerbation of other diseases including chronic bronchitis, sinusitis, and 26 

asthma (22).  27 

The innate immune response to rhinovirus infection may play an important role in 28 

rhinovirus-induced asthma induction. Viral infection leads to a signaling cascade that 29 

stimulates the antiviral innate immune response, limiting viral replication and initiating 30 

the adaptive immune system (14).  Two sensors for viral RNA have been described, 31 

retinoic acid-inducible gene (RIG-I) and melanoma differentiation associated gene-5 32 

(MDA-5) (12, 17, 37). Each RNA sensor comprises a DExD/H box RNA helicase 33 

domain and a caspase recruitment and activation domain (CARD) (36). MDA-5 and RIG-34 

I appear to sense infections by different viruses. RIG-I, which detects double-stranded 35 

RNA or single-stranded RNA with a 5’-triphosphate, is responsible for IFNα/β induction 36 

by paramyxoviruses, flaviviruses, influenza viruses, and Japanese encephalitis virus 37 

including Newcastle disease virus and Sendai virus (11, 31, 35-37). MDA-5 recognizes 38 

double-stranded RNA, and is the critical sensor of infection by encephalomyocarditis 39 

virus and mengovirus, two members of the picornavirus family (10, 13).  40 

Both MDA-5 and RIG-I interact with the CARD-containing adaptor protein, IFN-β 41 

promoter stimulator 1 (IPS-1) (also known as MAVS, VISA, or Cardiff) (15, 24, 26, 32). 42 
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IPS-1 is localized to the outer mitochondrial matrix and activates the kinases IΚΚε 43 

(inhibitor of nuclear factor kappaB kinase) and TBΚ1 (TANK-binding kinase), which are 44 

required for the phosphorylation of IFN regulatory factor 3 (IRF-3) (9). Phosphorylated 45 

IRF-3 dimerizes and translocates to the nucleus where it recruits p300/CREB binding 46 

protein (CBP) (20, 33).  IRF-3 cooperatively binds with the transcription factors NF-κB 47 

and AFT-2/c-Jun to form an enhancesome on the IFN-β promoter (23). This complex 48 

leads to the activation of the IFN-β gene and synthesis of type I IFNs.  49 

Numerous mechanisms for circumvention of the innate immune response pathway 50 

have been revealed in virus-infected cells. The study of these strategies has illuminated 51 

the function of innate sensing pathways (reviewed in ref. (21)). For example, the 52 

proteases of hepatitis C, GB, and A viruses cleave IPS-1 (6, 34), and both MDA-5 and 53 

RIG-I are degraded in cells infected with picornaviruses (2, 3). 54 

 The innate response to rhinovirus infection has not been comprehensively 55 

investigated. We therefore examined induction of IFN-β during infection with HRV1a. 56 

IFN-β mRNA was detected in HRV1a-infected cells at levels significantly lower than in 57 

cells infected with Sendai virus (SeV). To understand the basis for this observation, we 58 

determined whether components of the pathway leading to IFN-β induction were altered 59 

during infection. Dimerization of the transcription factor IRF-3, which is required for 60 

synthesis of IFN-β mRNA, is not observed in cells infected with HRV1a. When IRF-3 61 

depleted cells were infected with SeV or HRV1a, small amounts of IFN-β mRNA were 62 

produced. The level of IFN-β mRNA was similar to that observed during HRV1a 63 

infection of the parental HeLa cell line.  IRF-3 depletion did not affect HRV1a growth 64 

kinetics. Beginning at 7 hr post-infection, IPS-1, a protein that is essential for cytosolic 65 
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sensing of viral RNA, was degraded in HRV1a-infected cells. Induction of apoptosis by 66 

puromycin also led to the cleavage of IPS-1, but treatment of HRV1a-infected cells with 67 

the pan-caspase inhibitor, zVAD, did not protect IPS-1 from cleavage. IPS-1 was cleaved 68 

in vitro by caspase-3 and by the picornaviral proteinases 2Apro and 3Cpro. Expression of 69 

picornaviral proteinases 2Apro and 3ABC in cell lines lead to cleavage of IPS-1. These 70 

results suggest that IPS-1 is cleaved during HRV1a infection by viral proteinases 2Apro, 71 

3C, and activated caspase-3. Cleavage of IPS-1 during HRV1a infection may be a 72 

mechanism for evasion of the type I interferon response, leading to a more robust 73 

infection. 74 
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Materials & Methods 75 

Cells, viruses, and plasmids. S3 HeLa and 293T, and BSR T7/5 cells were grown in 76 

Dulbecco’s modified Eagle medium (Invitrogen, Carlsbad, CA), 10% fetal calf serum 77 

(HyClone, Logan, UT), and 1% penicillin-streptomycin (Invitrogen). BSR T7/5 cells, a 78 

BHK-derived cell line stably expressing T7 RNA polymerase, were generously provided 79 

by Dr. Klaus Conzelmann, Ludwig-Maximilians-Universitat Munich, Germany (4). 80 

Selection of BSR T7/5 was maintained by the addition of G418 (1 µg/ml) at every other 81 

passage. Stocks of HRV1a were obtained from the ATCC (Manassas, VA) and were 82 

propagated in HeLa cells. Rhinovirus plaque assays were carried out using HeLa cells 83 

grown in Dulbecco’s modified Eagle medium (Specialty Media, Philipsburg, NJ), 0.05% 84 

NaHCO3, 2% heat-inactivated bovine calf serum, 1% penicillin-streptomycin, and 1% 85 

Type VII low gelling agarose (Sigma-Aldrich, St. Louis, MO).  Cells were incubated for 86 

72 hrs and developed using 10% trichloroacetic acid and crystal violet. The Cantell strain 87 

of Sendai virus (SeV) was a generous gift from Adolfo Garcia-Sastre, Mount Sinai 88 

School of Medicine, New York, NY. pFLAG-IPS-1 was a generous gift from Dr. Zhijian 89 

Chen, University of Texas Southwestern Medical Center, Dallas, Texas.   90 

Generation of stable knockdown cell lines. Depletion of IRF-3 was achieved by 91 

using retroviral vectors encoding microRNAs (miRNA) generously provided by Jeremy 92 

Luban, University of Geneva, Switzerland. Virus stocks were generated in 293T cells by 93 

co-transfection using Fugene 6 (Roche, Indianapolis, IN) with either pAPM-IRF-3 94 

(targeting hIRF-3) or pAPM-L1221 (control miRNA targeting luciferase), psPAX2, and 95 

pMD.G.  Viruses were harvested 24 hrs post-transfection and filtered (0.45-mm filter, 96 

Pall Corp., East Hills, NY). To generate cell lines stabling expressing miRNA, HeLa cells 97 
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were infected with virus stocks and 48 hrs post-transduction cells were subjected to 98 

puromycin selection with increasing dosages of puromycin every two days for 10 days 99 

from 1 µM to 5 µM.  Depletion of IRF-3 was confirmed by western blot analysis. 100 

Reagents. Rabbit polyclonal IRF-3 and mouse monoclonal IRF-3 were purchased 101 

from Sigma-Aldrich.  The mouse monoclonal β-actin antibody was purchased from 102 

Sigma-Aldrich. Rabbit anti-IPS-1 antibody, chicken anti-Sendai virus antibody and 103 

mouse monoclonal anti-PABP were purchased from AbCam (Cambridge, MA). Rabbit 104 

polyclonal anti-PARP was purchased from Cell Signaling Technology, Danvers, MA. 105 

The general caspase inhibitor benzyloxycarbonyl-Val-Ala-Asp-(OMe) 106 

fluoromethylketone (Z-VAD-FMK) was purchased from R&D Systems, Minneapolis, 107 

MN. DNA-mediated transformation of BSR T7/5 cells was performed using 108 

Lipofectamine reagent (Invitrogen) according to the manufacturer’s protocol. Cell 109 

extracts were prepared as described below for western blot analysis. 110 

Virus replication in cultured cells. Adherent cell monolayers were grown in 3.5 cm2 111 

plates and infected with virus at a multiplicity of infection (MOI) of 10 or 0.1 PFU per 112 

cell. Virus was absorbed for 45 minutes at 37°C and then 2mL of culture medium was 113 

added. Cells were incubated at 33°C for the times indicated in the figure legends.  Cells 114 

were then scraped into the medium and subjected to two freeze-thaw cycles, and cellular 115 

debris was removed by centrifugation.  Virus titer was determined by plaque assay as 116 

described above.   117 

Infections and western blot analysis.  Confluent monolayers of HeLa cells were 118 

infected with HRV1a or SeV for the times indicated in the figure legends.  Cells were 119 

scraped into the culture medium and pelleted by centrifugation.  The cell pellet was 120 
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washed once with phosphate-buffered saline (PBS), centrifuged, and lysed for 15 minutes 121 

on ice in NP-40 buffer (50 mM Tris-Cl, pH8.0, 1% Nonidet P-40, 150mM NaCl) 122 

containing complete protease inhibitor cocktail (Roche). Total protein was determined by 123 

Bradford Assay (BioRad, Hercules, CA) and 40 µg of each sample was mixed with SDS 124 

loading dye. Proteins were separated on a 10% SDS-polyacrylamide gel and 125 

electrotransferred overnight at 30V onto PDVF membranes (Millipore, Billerica, MA).  126 

Membranes were incubated in blocking buffer (PBS containing 0.1% Tween and 5% 127 

nonfat milk) for 1 hr at room temperature and subsequently incubated overnight at 4°C 128 

with indicated antibodies diluted in blocking buffer.  Membranes were washed 3 times 129 

for 15 minutes in PBST and incubated for 1 hour with horseradish peroxidase-conjugated 130 

secondary antibody (1:1000 anti-goat and 1:3000 anti-rabbit, Dako, Carpinteria, CA).  131 

Proteins were visualized using the ECL or ECL+ chemiluminescence system (Amersham 132 

Biosciences, Piscataway, NJ). 133 

Native PAGE and western blot analysis was performed as described previously 134 

(25), with the following changes: 10% gels were made with ProSieve 50 Gel Solution 135 

(Cambrex, Rockland, ME).  30 µg of proteins was loaded and wet transferred to PDVF 136 

membrane overnight at 30V.  Membranes were probed for IRF-3 overnight at 4°C with a 137 

rabbit polyclonal antibody, FL-425 (Sigma-Aldrich) or mouse monoclonal SC-12 138 

(Sigma-Aldrich).  Membranes were developed with the ECL+ System (Amersham 139 

Biosciences). 140 

Quantitative real-time PCR.  RNA was harvested from HeLa, mi-L112, or mi-IRF-141 

3 cells infected with HRV1a or SeV virus using an RNeasy mini kit (Qiagen, Valencia, 142 

CA) at the times indicated in the figure legends.  RNA concentrations were determined 143 

 at G
A

LT
E

R
 H

E
A

LT
H

 S
C

IE
N

C
E

S
 LIB

R
A

R
Y

 on S
eptem

ber 20, 2009 
jvi.asm

.org
D

ow
nloaded from

 

http://jvi.asm.org


9 

by the ND-1000 spectrophotometer (NanoDrop Technologies, Wilmington, DE). 144 

Contaminating genomic DNA was removed by treating 8 µg of each sample with the 145 

Turbo DNA-free kit (Ambion, Austin, TX). cDNA was generated using the SuperScript 146 

III First-Strand Synthesis SuperMix for qRT-PCR according to the manufacturer’s 147 

protocol (Invitrogen) and qPCR mix was made with 5X Fast-Start SYBR green master 148 

mix containing Rox (Roche Diagnostics, Indianapolis, IN) with a final concentration of 149 

400 nM of each primer.  Triplicate reactions were performed on the Prism 7500 real-time 150 

PCR system in a 96-well optical plate (Applied Biosystems, Foster City, CA) with a final 151 

volume of 50 µL.  The primers sequence for IFN-β forward: CGA CAC TGT TCG TGT 152 

TGT CA; IFN-β reverse:  GAA GCA CAA CAG GAG AGC AA; porphobilinogen 153 

deaminase (PBDG) forward: CTG GTA ACG GCA ATG CGG CT; and PBDG reverse: 154 

CGA GAT GGC TCC GAT GGT GA. 155 

In vitro translation. Coupled transcription-translation experiments were performed 156 

using the TNT quick-coupled transcription/translation system (Promega Corp, Madison, 157 

WI) in the presence of [35S]-methionine (Amersham BioSciences, Piscataway, NJ). One 158 

microgram of DNA was added to each 50 µL reaction and the manufacturer’s protocol 159 

was followed. The in vitro translated IPS-1 was added to cleavage buffer containing 160 

100mM NaCl2, 5mM MgCl2, and 10mM Hepes-KOH, pH 7.4 in the presence or absence 161 

of poliovirus 3Cpro (provided by B. Semler, University of California, Irvine CA), 162 

Coxsackievirus B3 2Apro (provided by R. Lloyd, Baylor College of Medicine, Houston 163 

TX), or activated human caspase-3 (Calbiochem La Jolla, CA). The cleavage reactions 164 

were incubated at 37°C for 18 hours. The products were separated by 10% SDS-PAGE, 165 
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transferred to a PDVF membrane overnight at 30V, and exposed to a phosphorimager 166 

plate or subjected to western blot analysis. 167 
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Results 168 

HRV1a infection does not induce robust IFN-ββββ transcription.  The results of 169 

previous studies have indicated that members of the Picornaviridae family antagonize the 170 

innate immune system at multiple levels. In a previous investigation we showed that 171 

MDA-5 and RIG-I, innate cytoplasmic sensors of RNA, are dedgraded in cells infected 172 

with picornaviruses (2, 3 ). Furthermore, IPS-1 is cleaved in cells infected with hepatitis 173 

A virus, leading to a block in IFN-β synthesis (34). Therefore, we investigated IFN-β 174 

expression during HRV1a infection. HeLa cells were infected with HRV1a or SeV. We 175 

used the Cantell strain of SeV, which is sensed by RIG-I and induces high levels of IFN-176 

β (27). At different times after infection, total cellular RNA was harvested, reverse 177 

transcribed into cDNA, and IFN-β transcript levels were assessed by quantitative real-178 

time PCR. 179 

SeV induced high levels of IFN-β mRNA as early as 1 hour after infection, peaking 180 

just after 7 hours, and falling slightly by 15 hours (Figure 1A). In contrast, although 181 

HRV1a did induce IFN-β compared to mock treated cells (Figure 1B), induction was 182 

100-1000 fold lower than that observed during SeV infection (Figure 1A). The low level 183 

of IFN-β mRNA suggests that HRV1a infection interferes with innate sensing of viral 184 

RNA. 185 

Dimerization of IRF-3 is blocked during infection with HRV1a. To provide an 186 

explanation for the low levels of IFN-β mRNA observed during HRV1a infection, we 187 

examined dimerization of the transcriptional activator, IRF-3, by native-PAGE. In cells 188 

infected with Sendai virus, IRF-3 dimers were first detected at 3 hours post infection 189 
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(Figure 2). Levels of IRF-3 dimers peaked by 7 hours, and fell slightly by 15 hours. IRF-190 

3 dimers were not observed in HRV1a- infected cells. 191 

Inhibition of SeV-induced IRF-3 activation by HRV1a.  The low levels of IFN-β 192 

observed during HRV1a infection may be a consequence of poor sensing of the viral 193 

RNA, or virus-induced cleavage of one or more cell proteins in the sensing pathway. To 194 

address these possibilities, we determined whether IRF-3 activation induced by SeV was 195 

altered during HRV1a infection. HeLa cells were mock infected or infected with HRV1a 196 

at an MOI of 10 for 3 or 5 hours and then superinfected with SeV.  Cell lysates were 197 

harvested at different times post-infection with SeV and IRF-3 dimers were examined by 198 

native-PAGE gel electrophoresis. Infection with HRV1a caused a dramatic loss in the 199 

ability of SeV infection to induce dimerization of IRF-3 (Figure 3). SeV proteins 200 

accumulated during HRV1a infection, indicating that the inability of SeV to induce 201 

dimerization of IRF-3 is not due to inhibition of viral replication by HRV1a (Figure 4). 202 

These results suggest that HRV1a infection disrupts the innate immune sensing pathway. 203 

IPS-1 is degraded in HRV1a-infected cells. The dimerization of IRF-3 requires 204 

phosphorylation by the kinases TBK and TANK-1, which are selectively activated 205 

through IPS-1 (9). Because IPS-1 is an essential protein of the pathway leading to IFN-β 206 

induction, we determined if it was altered during rhinovirus infection.  HeLa cells were 207 

infected with HRV1a, and at different times after infection, IPS-1 protein was visualized 208 

by western blot analysis. By 15 hours post-infection IPS-1 protein was barely detectable 209 

(Figure 5A).  Degradation of IPS-1 was also observed by 5 hours after infection with 210 

another member of the picornavirus family, poliovirus. IPS-1 remained intact in SeV-211 
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infected cells (Figure 5B), demonstrating that degradation of the protein is not a general 212 

cellular response to viral infection. 213 

Picornavirus infection can lead to the inhibition of host cell translation (19, 29).  To 214 

ensure that IPS-1 degradation was not due to aggregate cell protein shut-off, cells were 215 

treated with cycloheximide (5µg/mL) or infected with HRV1a, and IPS-1 levels were 216 

determined by western blot analysis.  IPS-1 levels remained stable during treatment with 217 

cycloheximide for 24 hours, whereas HRV1a infection led to the degradation of IPS-1 218 

(unpublished data). This observation suggests that the decrease in IPS-1 during an 219 

HRV1a infection is not a consequence of the rapid turnover of the protein. 220 

Induction of IFN-ββββ during rhinovirus infection in cells depleted of IRF-3. If 221 

cleavage of IPS-1 accounts for the low level of IFN-β observed during HRV1a infection, 222 

then infection of cells depleted for IRF-3 should exhibit similar levels of the cytokine. 223 

Efficient knockdown of IRF-3 was achieved in stable cell lines that express an IRF-3 224 

specific miRNA, compared with control stable cell lines expressing a luciferase specific 225 

miRNA (Figure 6A). As expected, IRF-3 dimers were observed during SeV but not 226 

HRV1a infection in the control cell line (Figure 6B). Absence of IRF-3 did not affect 227 

replication of HRV1a at low or high MOI (Figure 7). Induction of IFN-β by SeV or 228 

HRV1a in the control and parental HeLa cell lines was similar (Figures 1 and 7). Low 229 

levels of IFN-β were observed after SeV and HRV1a infection of cells depleted of IRF-3 230 

(Figure 6). The amounts of IFN-β mRNA resembled those observed during HRV1a 231 

infection of HeLa cells (Figure 1). 232 

Cleavage of IPS-1 during apoptosis.  The genomes of HRV1a and poliovirus 233 

encode two viral proteinases, 2Apro and 3Cpro that process the viral polyprotein and also 234 

 at G
A

LT
E

R
 H

E
A

LT
H

 S
C

IE
N

C
E

S
 LIB

R
A

R
Y

 on S
eptem

ber 20, 2009 
jvi.asm

.org
D

ow
nloaded from

 

http://jvi.asm.org


14 

degrade cellular proteins. Picornaviral proteinases are known to induce apoptosis, a 235 

process that occurs in cells infected with certain rhinoviruses (5, 7, 30). Caspases are 236 

activated during apoptosis, leading to cleavage of cellular proteins such as poly(ADP)-237 

ribose polymerase (PARP).  In cells infected with HRV1a, PARP cleavage is observed 238 

starting at 5 hr post-infection, suggesting that HRV1a induces apoptosis (Figure 9A). 239 

Furthermore, activated caspase-3 was observed in cells infected with HRV1a by 5 hr 240 

post-infection (unpublished data). To address whether induction of apoptosis leads to 241 

cleavage of IPS-1, cells were treated with puromycin and IPS-1 was examined by western 242 

blot analysis.  Puromycin treatment for 3 and 5 hr induced apoptosis, as shown by 243 

cleavage of PARP (Figure 9B).  In the same cells IPS-1 was degraded, and a ~50kDa 244 

putative cleavage product was observed (Figure 9B).  245 

Activated caspases are not necessary for the HRV1a-induced IPS-1 246 

degradation. If caspases are the only mediators of IPS-1 cleavage during an HRV1a 247 

infection, then inhibiting activated caspases should prevent IPS-1 degradation.  To test 248 

this hypothesis the effect of zVAD, a pan-caspase inhibitor, on IPS-1 cleavage was 249 

determined.  HeLa cells were infected with HRV1a in the presence or absence of 250 

inhibitor.  The levels of IPS-1 at different times after infection were determined by 251 

western blot analysis. Degradation of IPS-1 was not affected by zVAD (Figure 9C).  As 252 

expected, the inhibitor prevented PARP cleavage (Figure 9C). Furthermore, the yield of 253 

HRV1a was not altered by zVAD treatment, indicating that the drug does not inhibit viral 254 

proteinases 2Apro or 3Cpro (unpublished data). Taken together these results suggest that 255 

HRV1a-induced degradation of IPS-1 is mediated not only by caspases but by other 256 

cellular or even viral proteases. 257 
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IPS-1 is cleaved by 3C
pro

, 2A
pro

, and caspase-3. We determined whether IPS-1 258 

could be cleaved in vitro by purified poliovirus 3Cpro, coxsackievirus 2Apro, or activated 259 

human caspase-3. The poliovirus and coxsackievirus enzymes were used because the 260 

HRV1a proteins were not available. IPS-1was produced by in vitro translation in a 261 

reticulocyte lysate in the presence of [35S]-methionine, and incubated with each enzyme. 262 

Both viral proteinases were active in the reticulocyte lysate, as shown by cleavage of 263 

PABP (Figure 10). IPS-1 was cleaved into fragments of different sizes by all three 264 

enzymes (Figure 10).  265 

To determine if 2Apro and 3Cpro proteins of HRV1a can cleave IPS-1 in cells, 266 

plasmids encoding the proteins were introduced into cells by DNA mediated 267 

transformation. It has been shown that the hepatitis A virus proteinase 3Cpro must be 268 

synthesized as part of the precursor protein 3ABC to properly target the proteinase to 269 

mitochondria (34). Therefore plasmids encoding epitope-tagged 3ABC of HRV1 and 270 

poliovirus were produced. However we failed to detect the proteinases by western blot 271 

analysis when these plasmids were introduced into different cell lines by a variety of 272 

methods.  273 

To increase the expression levels of the viral proteinases, plasmids were introduced 274 

into a BHK cell line (BSR T7/5) which stably produces T7 RNA polymerase. BSR cells 275 

were co-transformed with a plasmid encoding IPS-1 and either eGFP or a viral 276 

proteinase. Twenty-four hours later cells were harvested for western blot analysis. As 277 

expected, synthesis of hepatitis A virus 3ABC protein lead to cleavage of IPS-1 (Figure 278 

11). Expression of 2Apro and 3ABC proteins of HRV1a and poliovirus 3ABC lead to 279 

degradation of IPS-1 (Figure 11). These results show that degradation of IPS-1 observed 280 
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during HRV1a and poliovirus infection is likely a consequence of the activity of both 281 

viral proteinases and caspases. 282 
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Discussion 283 

Human rhinovirus 1a induced expression of IFN-β mRNA in HeLa cells, but at levels 284 

far lower than those observed during infection with SeV. Consistent with this 285 

observation, we found that IRF-3 dimers did not form during HRV1a infection. 286 

Phosphorylation of IRF-3 is mediated by protein kinases whose activation depends upon 287 

signals received from IPS-1 and, in turn, MDA-5 or RIG-I. IPS-1 is cleaved in cells 288 

infected with HRV1a, which could explain the absence of IRF-3 dimers. It also possible 289 

that the kinases IΚΚε and TBΚ1 are also modified during infection, but degradation of 290 

IPS-1 would be sufficient to prevent dimerization of IRF-3. MDA-5 is cleaved in 291 

HRV1a-infected cells (3), but the kinetics and extent of cleavage are not consistent with 292 

the complete absence of IRF-3 dimers observed here. To prove that cleavage of IPS-1 is a 293 

mechanism to abrogate IFN-β synthesis will require production of IPS-1 that is not 294 

cleaved in HRV1a infected cells.   295 

Our results show that cleavage of IPS-1 during HRV1a infection may be carried out 296 

by either of the two viral proteinases, 2Apro or 3Cpro. These proteinases process the viral 297 

polyprotein, and for some picornaviruses, have been shown to cleave a variety of cell 298 

proteins such as eIF4G (18) (cleaved by 2Apro) and PABP (19) (cleaved by both 299 

proteinases). Previously it had not been demonstrated that 2Apro and 3Cpro of HRV1a 300 

cleaved any cellular proteins. In cells infected with hepatitis A virus, IPS-1 is cleaved by 301 

3Cpro produced from a 3ABC precursor (34).  302 

Our findings also imply that cellular caspases are involved in cleavage of IPS-1 303 

during HRV1a infection. It was previously demonstrated that apoptosis is induced during 304 

infection with certain rhinoviruses. HeLa cells infected with human rhinovirus 14, a 305 
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major group rhinovirus, exhibited typical apoptotic cellular alterations including cell 306 

contraction, nuclear condensation, and activation of caspase-9 and caspase-3 (7). 307 

Induction of apoptosis has also been demonstrated in cells infected with the minor group 308 

rhinovirus 1B, which is highly related to the serotype used in these studies, HRV1a (30). 309 

We have found that apoptosis is also induced in HRV1a- infected cells as indicated by 310 

activation of caspase-3 and cleavage of PARP, a known capsase-3 substrate, within 5 311 

hours of infection. Activated caspase-3 can cleave IPS-1 in vitro to yield a ~50 kDa 312 

protein. Induction of apoptosis during HRV1a- infection may be a unique viral strategy to 313 

cleave IPS-1 and limit IFN-β mRNA levels. 314 

Induction of apoptosis by puromycin treatment of cells caused cleavage of IPS-1. The 315 

~50 kDa putative cleavage product is similar in size to the fragment produced when IPS-316 

1 is cleaved by caspase-3 in vitro. However, treating cells with the pan-caspase-inhibitor, 317 

zVAD, did not block IPS-1 degradation. This observation indicates that other proteases 318 

are involved in the degradation of the protein. Surprisingly, IPS-1 was cleaved in a rabbit 319 

reticulocyte lysate by poliovirus 3Cpro and coxsackievirus B3 2Apro, and specific products 320 

were formed. In contrast, no cleavage products of IPS-1 are observed in HRV1a-infected 321 

cells, or in cells producing 3ABC from plasmid vectors. The combined action of the viral 322 

proteinases and caspase-3 on IPS-1 in vivo may make the cleavage products unstable.  323 

Although IPS-1 is degraded in cells upon expression of 3ABC or 2Apro, it is not 324 

known if IPS-1 is a direct substrate of the viral proteinases. Synthesis of picornaviral 325 

2Apro or 3Cpro in cells induces apoptosis (5, 7, 30) which may lead to degradation of IPS-326 

1 through activated caspase-3. However, two of our observations suggest a role for the 327 

viral proteinases in direct cleavage of the protein: the failure to block degradation of IPS-328 
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1 by treatment of HRV1a infected cells with the caspase inhibitor zVAD and the direct 329 

cleavage of IPS-1 by purified viral proteinases in vitro.  330 

There are two predicted caspase-3 cleavage sites in IPS-1 protein, at amino acids 86 331 

and 429. Cleavage only at amino acid 429 would produce the ~50 kDa putative cleavage 332 

product observed in cells treated with puromycin, in reticulocyte lysates incubated with 333 

caspase-3, and in cells expressing HRV1a and poliovirus 2Apro. There are several 334 

potential cleavage sites for 2Apro and 3Cpro within IPS-1 that would, if utilized, produce 335 

the putative cleavage products observed in vitro. Experiments are currently in progress to 336 

identify the cleavage sites for each protease.  337 

IPS-1 undergoes lysine 48-linked polyubiquitination by the E3 ubiquitin ligase 338 

RNF125 and is likely subject to proteasomal degradation (1). Degradation of IPS-1 339 

during HRV1a infection could be due in part to proteasome degradation. To test this 340 

hypothesis, we treated cells with the proteasome inhibitor MG132 and infected cells with 341 

HRV1a. IPS-1 protein levels decreased within 15 hours post-infection; however the 342 

protein was partially protected from degradation when protein levels were compared to 343 

cells not treated with MG132 (data not shown). These data suggests a role for the 344 

proteasome in IPS-1 degradation. We also observed some inhibition of the viral 345 

proteinases in cells treated with MG132, which could lead to protection of IPS-1. 346 

Additional experiments are needed to determine the role of the proteasome in IPS-1 347 

degradation during HRV1a infection. 348 

Induction of IFN-β mRNA was examined in a stable cell line depleted of IRF-3. After 349 

infection with SeV, cytokine levels were significantly reduced as expected. However, 350 

during HRV1a infection, IFN-β levels were similar whether or not IRF-3 was present. 351 
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This observation suggests that other transcription factors, such as IRF-7 and NF-ΚB, may 352 

allow synthesis of IFN-β when IRF-3 is not present or inactive.  353 

Infection by the major group rhinovirus HRV14 leads to very low levels of IFN-β 354 

mRNA, which correlated with impairment of IRF-3 activation (16). This observation is 355 

consistent with our finding that IFN-β mRNA synthesis is impaired during HRV1a 356 

infection, concomitant with IPS-1 cleavage and inhibition of IRF-3 activation. Cleavage 357 

of IPS-1 by both viral proteases and cellular caspase-3 may be a strategy to ensure 358 

effective abrogation of the innate antiviral response. 359 
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Figure Legends 

Figure 1. Induction of IFN-ββββ mRNA during HRV1a infection. HeLa cells were 

infected with HRV1a or SeV, total cellular RNA was harvested at the times indicated, 

and IFN-β mRNA was detected by Sybergreen RT-qPCR. Results were normalized to 

PBDG mRNA copy number and displayed as fold induction to uninfected cells using the 

∆∆CT method. (A). Induction of IFN-β in cells infected with either HRV1a or SeV. (B) 

Induction of IFN-β during HRV1a infection. The HRV1a results were plotted separately 

(B) to highlight the induction of IFN-β mRNA synthesis.  

 

Figure 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, 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.  

 

Figure 3.  HRV1a infection inhibits SeV-induced homodimerization of IRF-3.  HeLa 

cells were either mock treated or infected with HRV1a for 3 hr or 5 hr, and then super-

infected with Sendai virus for the times indicated.  Cell extracts were prepared, 

fractionated by native-PAGE, and IRF-3 was detected by western blot analysis using a 

mouse monoclonal antibody. Monomeric and dimeric forms of IRF-3 are labeled.    
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Figure 4. Accumulation of Sendai viral proteins during coinfection with HRV1a. 

HeLa cells were infected with HRV1a for 8 hr (lane 1), SeV for 3, 5, 7, or 15 hr (lanes 3-

5), or with HRV1a for 5 hr followed by SeV for 3 or 5 hr (lanes 7, 8). No sample was 

loaded in lane 6. Cell extracts were prepared, fractionated by SDS-PAGE, and SeV 

proteins were detected by western blot analysis using anti-Sendai virus antiserum. 

 

Figure 5. Cleavage of IPS-1 in cells infected with HRV1a or poliovirus. Monolayers 

of HeLa cells were infected with HRV1a, poliovirus, or SeV.  Cell extracts were prepared 

after infection at the times indicated, fractionated by SDS-PAGE, and IPS-1 was detected 

by western blot analysis. ( - ), mock-infected cells. A separate bottom panel shows 

detection of β-actin (A) or GAPDH (B) to ensure that equal amounts of protein were 

applied to each lane. 

 

Figure 6.  Knockdown of IRF-3 in HeLa cells. Stable cells lines were produced that 

produce miRNA targeting IRF-3 (mi-IRF-3) or luciferase as a control (mi-L1221). 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).  

 

Figure 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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Figure 8. Induction of IFN-ββββ 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-β mRNA was detected by 

Sybergreen RT-quantitative real-time PCR. Results were normalized to PBDG mRNA 

copy number and displayed as fold induction to uninfected cells using the ∆∆CT method.  

 

Figure 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 µM) (B) to 

induce apoptosis, or infected with HRV1a (MOI of 10) and treated with zVAD (20 µM) 

(C). At different times after infection, or after addition of puromycin or zVAD to the 

culture medium, cell extracts were prepared, fractionated by SDS-PAGE, and PARP and 

IPS-1 were detected by western blot analysis. Separate bottom panels shows detection of 

β-actin or GAPDH to ensure that equal amounts of protein were applied to each lane. 

 

Figure 10. Effect of 3C
pro

, 2A
pro

, 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, fractionated 

by SDS-PAGE, and [35S]-methionine labeled proteins were detected by phosporimaging. 

PABP (to confirm enzyme activity) and β-actin (loading control, not shown) were 

detected by western blot analysis. Asterisks indicate putative cleavage products of IPS-1. 

 

Figure 11. Expression of viral proteinases in cells. BSR T7/5 cells were co-

transformed with plasmids encoding IPS-1 and either eGFP or proteinases of human 
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rhinovirus type 1a (HRV1a), poliovirus (PV1), or hepatitis A virus (HAV). After 24 hr 

cell extracts were prepared, fractionated by SDS-PAGE, and IPS-1 was detected by 

western blot analysis. Separate bottom panel shows detection of β-actin to ensure that 

equal amounts of protein were applied to each lane. 
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SUMMARY

HIV-1 Nef is a key factor in AIDS pathogenesis. Here,
we report that Nef potently inhibits motility of fibro-
blasts and chemotaxis of HIV-1-infected primary
human T lymphocytes toward the chemokines SDF-
1a, CCL-19, and CCL-21 ex vivo. Furthermore, Nef
inhibits guided motility of zebrafish primordial germ
cells toward endogenous SDF-1a in vivo. These
migration defects result from Nef-mediated inhibition
of the actin remodeling normally triggered by migra-
tory stimuli. Nef strongly induces phosphorylation
of cofilin, inactivating this evolutionarily conserved
actin-depolymerizing factor that promotes cell
motility when unphosphorylated. Nef-dependent
cofilin deregulation requires association of Nef with
the cellular kinase Pak2. Disruption of Nef-Pak2
association restores the cofilin phosphorylation
levels and actin remodeling that facilitate cell motility.
We conclude that HIV-1 Nef alters Pak2 function,
which directly or indirectly inactivates cofilin, thereby
restricting migration of infected T lymphocytes as
part of a strategy to optimize immune evasion and
HIV-1 replication.

INTRODUCTION

The host cell cytoskeleton plays a key role in the life cycle of viral

pathogens whose propagation depends on mandatory intracel-

lular steps. Viruses have consequently evolved strategies to

modulate actin as well as microtubule filament systems to facil-

itate cell entry, intracellular transport, and egress of new viral

progeny. Such strategies were also adopted by human retrovi-

ruses, such as the human immunodeficiency virus type 1 (HIV-

1), that rely on actin remodeling for early entry and postentry

steps during productive infection (Bukrinskaya et al., 1998; Jimé-

nez-Baranda et al., 2007; McDonald et al., 2002; Yoder et al.,

2008). Which cytoskeleton machineries are specifically targeted

and by which mechanism HIV-1 affects host cell cytoskeleton

remodeling, however, have remained unclear.

Remodeling of the cytoskeleton is also essential for directed

movement of host cells themselves (Fackler and Grosse, 2008;
174 Cell Host & Microbe 6, 174–186, August 20, 2009 ª2009 Elsevie
Pollard and Borisy, 2003). While individual cell types exhibit

motility in response to different exogenous triggers and use

distinct types of cell movement depending on their physiological

environment, core principles of cell motility probably apply to

most scenarios (Rafelski and Theriot, 2004). One central aspect

of directed cell motility is polarization of the moving cell,

including translocation of the microtubule organizing center

(MTOC) and the Golgi apparatus toward the direction of cell

movement (Nabi, 1999). Also, the actin cytoskeleton undergoes

dynamic changes in response to a migratory stimulus, typically

leading to pronounced actin polymerization and depolymeriza-

tion events that critically determine a cell’s motile capacity.

Such actin remodeling is subject to tight control, primarily by

de novo nucleation of actin filaments (Chhabra and Higgs,

2007). In addition, F-actin disassembly via depolymerization

factors such as cofilin also contributes to actin remodeling by

providing F-actin fragments as substrate for new filaments

(Bamburg and Bernstein, 2008).

The Nef protein of HIV-1 is a 25–35 kDa myristoylated protein

that is expressed abundantly already at early stages of HIV-1

infection. Importantly, Nef expression is a prerequisite for effi-

cient HIV-1 replication in the infected host. The absence of

Nef, therefore, significantly slows down or completely abolishes

development of acquired immunodeficiency syndrome (AIDS)

(Deacon et al., 1995; Kestler et al., 1991). Moreover, isolated

Nef expression in transgenic mice is sufficient to establish

AIDS-like depletion of CD4+ T lymphocytes (Hanna et al.,

1998). While these results clearly established Nef as a critical

viral factor in AIDS pathogenesis, the molecular basis for this

activity still remains unclear. Nef is a versatile manipulator of

host cell vesicular transport and signal transduction processes,

effects that are mediated by a plethora of protein interactions

with host cell factors such as components of the endocytic sort-

ing and T cell receptor (TCR) signaling machineries (Malim and

Emerman, 2008). Many of these interactions were mapped to

defined protein interaction surfaces of Nef. However, which of

the proposed ligands are functionally relevant remains elusive

(Geyer et al., 2001). While effects of Nef in receptor transport

are relatively well defined (Roeth and Collins, 2006), Nef’s effects

on signal transduction are not well understood. In T lympho-

cytes, one of the main target cell populations of HIV, Nef

predominantly affects signal transduction via the TCR. While

Nef generally elevates the basal state of T cell activation, multiple

effects of HIV-1 Nef in response to TCR engagement leading to
r Inc.
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selective activation or inhibition, respectively, of distinct down-

stream signaling events have been observed (Haller et al.,

2006; Iafrate et al., 1997; Schindler et al., 2006; Schrager and

Marsh, 1999). By the combination of these effects, Nef may

prevent premature activation-induced death of infected cells

while simultaneously increasing their permissivity for HIV-1 repli-

cation (Fackler et al., 2007). In addition, Nef prevents T lympho-

cyte chemotaxis toward the chemoattractant SDF-1a (Choe

et al., 2002), but the mechanism and in vivo relevance of this

activity are unclear.

Several protein assemblies have been described to interact

with select surfaces on Nef and mediate individual downstream

effects on T lymphocyte homeostasis. These include the kinase

complex NAK-C, which facilitates transcription of the viral

genome (Witte et al., 2004) and association of Nef with

DOCK2-ELMO1, a complex implied in Nef’s effect on T lympho-

cyte chemotaxis (Janardhan et al., 2004). In addition, Nef asso-

ciates with a highly active population of the cellular kinase Pak2

in the context of a labile multiprotein complex (Nunn and Marsh,

1996; Rauch et al., 2008; Renkema et al., 1999). Pak2 is

a member of the group I family of p21-activated kinases that

act as downstream effectors of the activated Rho GTPases

Cdc42 and Rac1 to modulate various processes such as cyto-

skeletal organization, transcription, and cell survival (Bokoch,

2003). In line with these functions of Pak2, Nef was suggested

to modulate such cellular processes via its association with

Pak2 (Haller et al., 2006; Lu et al., 1996; Wolf et al., 2001), but

without establishing a direct role of Pak2 in these effects or

addressing their mechanism or physiological relevance. To

address these issues, we analyze here the effects of HIV-1 Nef

on host cell motility. The results of these analyses unravel that

the pathogenicity factor, via its Pak2 association, prevents actin

remodeling to impair host cell motility in vitro and in vivo and

define deregulation of cofilin as an underlying mechanism.

RESULTS

Inhibition of Fibroblast Wound Closure by Nef
To address whether Nef generally affects cell migration, we

expressed the HIV protein in the hamster fibroblast cell line

CHO, a cell type that supports key biological activities of Nef

(Keppler et al., 2005). Stable cell lines were generated that

express a control GFP or a GFP fusion protein of wild-type

(WT) HIV-1SF2 Nef, a functional homolog of nonfusion Nef, in a

doxycycline (Dox)-inducible manner. Cells were grown to conflu-

ence, and cell motility was analyzed after scratch wounding of

the monolayer (Figure 1). GFP-expressing control cells rapidly

migrated into the scratch wound, resulting in wound closure

approximately after 15–20 hr (Figures 1A and 1B, Movie S1). In

contrast, expression of WT Nef in the two independent CHO

clones analyzed (WT12, used in all subsequent experiments,

and WT17) caused a marked reduction in cell migration, resulting

in incomplete wound closure even after 24 hr (Figures 1A and 1B,

Movie S2). Kinetic analysis of the wound width over time identi-

fied the 20 hr postwounding time point as a robust parameter to

quantify differences between GFP- and Nef-expressing cells

(Figures 1B and 1C) and revealed a more than 8-fold reduction

in motility of Nef-expressing cells as compared to control cells.

This deficit was specific for the expression of Nef, as cells in
Cell Ho
which Nef expression had not been induced (�Dox) displayed

normal wound healing.

To map the molecular determinants of Nef that are responsible

for the inhibition of wound closure, various inducible cell lines

were generated for the expression of Nef mutants. Dox concen-

trations were titrated by flow cytometry to result in levels of

Nef.GFP expression that in all cell clones were comparable or

higher than for WT Nef.GFP (Figures S1A and S1B). All mutant

Nef proteins displayed the expected subcellular localization

(intracellular membranes, plasma membrane, and cytoplasm),

and Nef expression had no impact on cell proliferation (Figures

S1C and S1D). The LLAA Nef variant (leucine 168 and 169

mutated to alanine to disrupt Nef’s interaction with the clathrin

endocytosis machinery) interfered with wound healing as effi-

ciently as WT Nef (Figures 1D and S2). In contrast, several Nef

mutants were impaired in inhibiting wound-healing motility

even when expressed at higher levels than WT Nef: G2A (a non-

myristoylated Nef with reduced membrane association), E4A4

(glutamic acid 66–69 mutated to alanine to disrupt association

with the PACS sorting adaptor), and AxxA (proline 76 and 79

mutated to alanine to disrupt interaction with SH3 domain-con-

taining ligands). In contrast to these mutants that are deficient

in several biological properties of Nef, a single point mutation,

F195A/I, which specifically interrupts the association of Nef

with the cellular kinase Pak2 without affecting other Nef activities

(O’Neill et al., 2006; Rauch et al., 2008), even more potently abro-

gated the Nef-mediated inhibition of cell motility 20 hr after

wounding. Kinetic analysis revealed that Nef F195A-expressing

cells exhibit an initial motility defect after scratch wounding,

but then accelerate to result in wound closure indistinguishable

from GFP-expressing control cells (Figure S2F).

Nef Affects Actin Turnover in Migrating Cells
To determine the mechanism by which Nef interferes with wound

healing, cell polarization and cytoskeletal organization was

compared in GFP- and WT Nef.GFP-expressing CHO cells.

While WT Nef-expressing cells displayed a slight defect in polar-

ization of the Golgi apparatus toward the wound (Figures S3A

and S3B), analysis of Nef mutants ruled out that this phenom-

enon is required for the migration defect of Nef-expressing cells

(data not shown). Polarization of the MTOC toward the wound

was unaffected by Nef expression (Figures S3C and S3D), and

organization of total as well as detyrosinated, stable microtu-

bules, which are required for wound healing (Cook et al.,

1998), was normal in the presence of Nef (Figures S3E and

S3F). In contrast, analysis of F-actin organization revealed

pronounced effects of Nef expression. While all cells displayed

low levels of F-actin directly after wounding (t = 0 hr), GFP-

expressing control cells showed pronounced filament assembly

after 4 hr (Figures 1E and S4A). This induction of actin filaments

was fully inhibited in the presence of WT Nef that, in turn, induced

the formation of small punctuate F-actin aggregates in the cyto-

plasm instead. While Nef mutants LLAA or G2A, E4A4, and AxxA

showed WT or intermediate activity in blocking filament

assembly, respectively, Nef F195A was entirely deficient and

allowed for pronounced formation of actin filaments (Figures 1F

and S4A). Across this panel of CHO cell lines, we observed a

strong correlation between inhibition of wound closure and fila-

ment assembly by Nef (Figure S4B). Since the pivotal role of
st & Microbe 6, 174–186, August 20, 2009 ª2009 Elsevier Inc. 175
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Figure 1. HIV-1 Nef Interferes with Wound Healing Cell Motility and Wound-Induced Actin Filament Assembly

(A) Representative micrographs of wound closure kinetics of the indicated cell lines. CHO cells stably transduced with expression constructs for GFP or WT

Nef.GFP were induced for transgene expression (+Dox) or left untreated (�Dox) and grown to confluency. After introduction of a wound by a pipette tip, cell migra-

tion into the wound was monitored over 24 hr. Scale bar = 100 mm.

(B) Wound closure time course of GFP-expressing CHO cells versus the WT Nef.GFP-expressing CHO clones 12 and 17. Depicted are mean values ± SEM of 7–9

independent experiments.

(C and D) Quantification of relative wound width at 20 hr after wounding of the indicated cell clones (P, parental) as indicated by the dotted line in (B). Shown is the

mean ± SEM of 3–9 independent experiments. P values are calculated relative to the GFP control.

(E) Representative confocal micrographs of the indicated CHO cell clones at the wound edge 4 hr after wounding. Cells were fixed and stained with phalloidin to

reveal F-actin. Bold white lines indicate the trajectory of the wound. Scale bar = 10 mm. Pictures of additional Nef mutants and cells directly after wounding are

shown in Figure S4A.

(F) Quantification of actin filament assembly. Shown are mean values ± SD from three independent experiments of cells displaying actin stress fibers near the

wound, with at least 100 cells counted per experiment.

(G) Nef-associated Pak2 activity. CHO cells expressing the indicated GFP/Nef.GFP proteins were transfected with a Pak2 expression construct and subjected to

anti-GFP immunoprecipitation and subsequent in vitro kinase assay (IVKA). Phosphorylated endogenous and overexpressed Pak2 (p-PAK2) or immunoisolated

GFP/Nef.GFP present in the IVKA were detected by autoradiography and western blotting, respectively (IVKA and WB panels). p72 designates an unidentified

Pak2 substrate.
the F195 residue for Nef-Pak2 association has thus far only been

investigated in human cells, we next tested whether this muta-

tion also disrupts the interaction in CHO cells. In vitro kinase

analysis (IVKA) of immunoisolated Nef indeed revealed the

specific association of WT, but not G2A, AxxA, and F195A Nef

with autophosphorylated Pak2 (Figure 1G), indicating that Pak2

association might be involved in the Nef-mediated inhibition of

actin remodeling and wound closure.
176 Cell Host & Microbe 6, 174–186, August 20, 2009 ª2009 Elsevi
Nef Prevents SDF-1a-Induced T Lymphocyte Membrane
Ruffling and Chemotaxis
We next asked whether Nef also interferes with actin remodeling

and cell motility in natural target cells of HIV-1 infection such as T

lymphocytes. Chemotaxis was used as an experimental system,

since incubation of T lymphocytes with chemoattractants such

as SDF-1a results in pronounced actin remodeling that is

required for directional movement toward chemokine gradients
er Inc.
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Figure 2. Nef Inhibits SDF-1a-Induced Actin Ruffling and Chemotaxis in T Lymphocytes

(A) Representative maximum projections of confocal Z stacks of Jurkat T lymphocytes (Jurkat TAg) transiently expressing the indicated GFP fusion proteins. Cells

were fixed 20 min after treatment with 200 ng/ml SDF-1a and stained for F-actin. Arrows indicate transfected cells; GFP signals and additional Nef mutants are

shown in Figure S4D. Scale bar = 10 mm.

(B) Frequency of the cells shown in (A) and Figure S4D that display membrane ruffling in response to treatment with SDF-1a or a solvent control (ctrl). Depicted are

mean values from four independent experiments ± SD with at least 100 cells analyzed per condition. P values are calculated relative to the GFP control.

(C) Chemotaxis toward SDF-1a. Jurkat T lymphocytes (Jurkat E6-1) expressing the indicated proteins were subjected to a transwell chemotaxis assay. Depicted

is the percentage of GFP-positive cells that migrated toward 10 ng/ml SDF-1a over 2 hr. Values are the mean with SEM from four experiments performed in

triplicates. P values are calculated relative to the GFP control.

(D) Still images of the time-lapse Movies S3, S4, and S5. Jurkat T lymphocytes (Jurkat-CCR7) were cotransfected with RFP, WT, or F195A Nef.RFP and

lifeact.GFP to reveal F-actin. Shown are maximum intensity projections of the GFP signal every 30 s. The first and the last panel show single confocal pictures

of the RFP signal before and after acquisition of the movie.

(E) Kymographs from the white lines of the cells shown in (D).
(Nishita et al., 2005). Transient expression of WT Nef in Jurkat T

lymphocytes caused a marked inhibition of SDF-1a-induced

actin rearrangement and membrane ruffling (see Figures 2A

and S4D for analysis of fixed cells). The activity pattern of Nef

mutants correlated well with the previous results in CHO cells,

with the F195 residue being one essential determinant for this

phenotype (Figure 2B). This was particularly apparent in real-

time confocal analysis, which revealed dynamic protrusion and

retraction of actin-rich lamellododia and filopodia in the presence

of RFP or Nef F195A.RFP, while WT Nef.RFP-expressing cells

failed to undergo such dynamic plasma membrane reorganiza-
Cell Ho
tion (Figures 2D and 2E, Movies S3, S4, and S5). Moreover, Nef

caused a marked reduction of T lymphocyte chemotaxis toward

SDF-1a (Figure 2C) (Choe et al., 2002). This inhibition in T lympho-

cyte chemotaxis was significantly impaired, but not entirely abro-

gated for the Nef F195A mutant. WT and F195A Nef proteins both

induced comparable, moderate downregulation of the SDF-1a

receptor CXCR4 from the cell surface (Schindler et al., 2007

and data not shown) and associated to a similar extent with

DOCK2-ELMO1 (Figure S5). Inhibition of SDF-1a-induced

membrane ruffling and chemotaxis was observed, albeit with

varying efficiency, with different nef alleles from HIV-1, HIV-2,
st & Microbe 6, 174–186, August 20, 2009 ª2009 Elsevier Inc. 177
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and simian immunodeficiency virus (SIV), demonstrating that

they represent conserved activities of lentiviral Nef proteins

(Figures S6A–S6C). Notably, a strong correlation was observed

between the ability of Nef variants and mutants to interfere with

SDF-1a-induced membrane ruffling and chemotaxis (Figures

S4C and S6D). To extend these findings to the context of HIV-1

infection, primary human peripheral blood lymphocytes (PBLs)

were infected with HIV-1 WT, HIV-1DNef lacking Nef expression,

or an isogenic virus expressing the F195I Nef mutant and

analyzed for their ability to undergo membrane ruffling and

chemotaxis upon treatment with the CXCR4 ligand SDF-1a or

the CCR7 ligands CCL-19 or CCL-21, respectively (Figure 3).

Infection with WT, but not DNef HIV-1, potently blocked the

formation of large polarized membrane ruffles in the presence

of any of the three chemokines and impaired lymphocyte chemo-

taxis (Figures 3A–3C and S7A, Movies S6 and S7). These Nef

effects depended again on F195 and Nef effects on T lymphocyte

chemotaxis and membrane ruffling correlated with each other.

Effects of Nef on SDF-1a-Mediated Zebrafish Primordial
Germ Cell Migration In Vivo
We sought to explore whether Nef can also affect migration of

cells in the context of an intact organism at physiological SDF-

1a concentrations. The lack of an HIV-1-permissive small animal

and limited transduction rates of primary mouse T lymphocytes

prevented us from performing such experiments in mice in the

context of HIV-1 infection or upon adoptive transfer of Nef-

expressing T lymphocytes. To address functions of Nef in vivo,

we studied primordial germ cell (PGC) migration in zebrafish

embryos. Migration of the CXCR4b-expressing PGCs toward

cells expressing SDF-1a, a zebrafish ortholog of mammalian

SDF-1a, represents a well-established model for an SDF-1-

guided migration process that typically culminates in clustering

of PGCs at the site of gonad development in 24 hr old zebrafish

embryos (Doitsidou et al., 2002) (Figure 4A, left panel). When

PGCs expressed WT Nef.GFP, arrival of these cells at the target

site in 24 hr old embryos was dramatically disrupted, such that

91% of the embryos showed PGCs to be distributed in ectopic

positions throughout the embryo (average of 62% ectopic

PGCs in 106 embryos) (Figure 4A). This severe migration pheno-

type was virtually reversed upon expression of the Nef mutant

F195A protein fused to GFP: In the majority (80%, n = 48) of these

embryos, PGCs arrived at the target site in a manner indistin-

guishable from that observed in control embryos (Figure 4A).

To analyze the basis for the compromised ability of WT Nef-

expressing PGCs to reach the target, cells expressing either

WT or F195A Nef were monitored by time-lapse microscopy,

and their tracks of migration were delineated. Similar to normal

PGCs (Reichman-Fried et al., 2004), F195A-expressing cells dis-

played long and directional tracks (Figures 4B and 4C, Movie

S8). Tracks of WT Nef-expressing PGCs, however, were signifi-

cantly shorter and coiled, reflecting severe inhibition of motility

(Figures 4B and 4C, Movie S9). Furthermore, direct examination

of the frequency of motile cells in each experimental group

revealed that while 75% of the F195A-expressing cells were

motile and exhibited normal directed migration (211 cells analyzed

in 16 embryos), the majority of cells expressing WT Nef (77%)

were nonmotile and largely remained on the spot when compared

to somatic cells (160 cells analyzed in 12 embryos) (Figure 4D,
178 Cell Host & Microbe 6, 174–186, August 20, 2009 ª2009 Elsevie
Movies S8 and S9). Together, expression of WT Nef potently

inhibits PGC motility in vivo in a manner that is dependent on

F195, the site that enables its association with Pak2.

Nef Inactivates Cofilin by Inducing Its
Hyperphosphorylation via Association with Pak2 Activity
To address whether the association of Nef with Pak2 is instru-

mental for the inhibition of actin remodeling and cell motility by

the viral protein, we tested if signaling events downstream of

Pak2 were altered in the presence of Nef. Indeed, cofilin, a key

regulator of actin depolymerization that is inactivated by phos-

phorylation of serine at position 3 downstream of p21-activated

kinases Pak1 and Pak2 (Edwards et al., 1999; Misra et al.,

2005), was markedly hyperphosphorylated in the presence of

WT Nef in CHO cells directly or 4 hr after wounding (Figure 5A).

In most experiments, a reduction in levels of phosphorylated cofi-

lin (p-cofilin) 4 hrpostwounding was observed inGFP control cells.

In contrast, WT Nef-expressing cells never displayed a similar

reduction in cofilin phosphorylation after scratch wounding. Phos-

phorylation of Src and Merlin was unaffected by Nef expression.

Similar to the results obtained for cell migration and actin remod-

eling, the F195 residue and the PxxP motif of Nefwere essential for

cofilin phosphorylation (Figures 5B and 5C). Cofilin hyperphos-

phorylation in Nef-expressing cells was sustained for at least

24 hr after scratch wounding (Figure 5D). In contrast to the Pak

effector cofilin, GTPase activity of the Rac1 and Cdc42 upstream

regulators of Pak activity was unaffected in cells expressing WT or

F195A Nef (Figure 5E). In addition to Pak-dependent pathways,

cofilin phosphorylation can also be regulated via the Rho-ROCK

pathway (Maekawa et al., 1999). Inhibition of ROCK activity by

the specific inhibitor Y27632, however, did not reverse Nef-

induced hyperphosphorylation of cofilin (Figure 5F). Cofilin inacti-

vation was also observed in Jurkat T lymphocytes expressing WT

Nef.GFP or HIV-1-infected PBLs (Figures 6A–6E, S7B, and S7C).

Quantification on a single-cell level revealed that, even in the

absence of any stimulation, significantly more Nef-expressing

cells displayed elevated p-cofilin levels in comparison to the

controls (Figures 6B and 6E). Based on pixel quantifications of

confocal Z stacks of individual cells, Nef expression caused

a more than4-fold increase in levels ofp-cofilinpercell (Figure6C).

To test the contribution of Pak2 to Nef’s effects on cofilin deregu-

lation directly, we used RNAi-mediated knockdown of Pak2

expression to analyze the role of the kinase for Nef’s inhibitory

effects in Jurkat T lymphocytes (Figures6F–6I and S7D).We previ-

ously established that potent reduction of Pak2 protein levels

in these cells causes a marked, but incomplete, decrease in

Nef-associated Pak2 activity, by 35% (Rauch et al., 2008). Basal

p-cofilin levels were not affected by Pak2 RNAi in the absence

of Nef. In contrast, Pak2 knockdown significantly reduced the

frequency and magnitude of cofilin hyperphosphorylation in the

presence of Nef (see also Figure S8F). We conclude that Nef

induces the accumulation of phosphorylated, inactive cofilin and

that Pak2 is critical for this deregulation of cofilin.

Nef-Associated Pak2 Determines Inhibition of Cell
Motility by Nef, Possibly by Direct Phosphorylation
of Cofilin
We next determined the role of Pak2 for the effects of Nef

on actin remodeling and cell motility. Analysis of F-actin
r Inc.
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Figure 3. Nef Inhibits Chemokine-Induced Actin Remodeling and Chemotaxis in HIV-1-Infected Primary Human T Lymphocytes

(A) Representative maximum projections of confocal Z stacks of PBLs infected with WT HIV-1 (HIV-1 WT), its nef-deleted counterpart HIV-1DNef, or the isogenic

virus HIV-1 Nef F195I. Cells were treated with 200 ng/ml SDF-1a, CCL-19, or CCL-21 for 20 min or left untreated (ctrl); fixed; and stained for intracellular p24CA

and F-actin. Arrows indicate infected cells; p24CA signals are shown in Figure S7A. Scale bar = 10 mm.

(B) Frequency of the cells shown in (A) with membrane ruffling. Depicted are mean values from quadruplicate infections ± SD for two independent donors with at

least 100 cells analyzed per condition.

(C) Chemotaxis toward SDF-1a, CCL-19, or CCL-21 of two independent donors. PBLs infected with the indicated viruses were subjected to a transwell chemo-

taxis assay. Depicted is the percentage of p24CA-positive cells that migrated toward 10 ng/ml SDF-1a or 25 ng/ml CCL-19 or CCL-21 over 2 hr. Values are the

mean with SD from triplicate infections.
Cell Host & Microbe 6, 174–186, August 20, 2009 ª2009 Elsevier Inc. 179
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reorganization revealed that treatment of cells with control or

Pak2-specific RNAi had no effect on cell morphology prior to

stimulation with SDF-1a and did not affect membrane ruffle

formation of GFP-expressing cells in response to the chemokine

(Figures 7A, 7B, and S7E). Thus, Pak2 does not control actin

remodeling, chemotaxis, and cofilin phosphorylation in our cells

in the absence of Nef. In turn, knockdown of Pak2 markedly

diminished Nef’s ability to block actin remodeling. This rescue

was partial, but correlated well with the 35% reduction in

Nef-associated Pak2 activity observed under these conditions.

Consistently, expression of a dominant-negative Pak signifi-

cantly enhanced SDF-1a-mediated membrane ruffling in the

presence of Nef (Figure S9). Pak2 knockdown also significantly

improved the migratory response of Nef-expressing cells toward

SDF-1a, however less efficiently than in the actin remodeling

assay (Figure 7D). Similarly in CHO fibroblasts, Pak2 RNAi almost

completely rescued Nef-mediated disruption of actin filament

assembly without appreciable effects in the absence of Nef and

partially released the block of wound closure and cofilin

hyperphosphorylation imposed by the viral protein (Figure S8).

In an attempt to define the mechanism by which Nef-associated

Figure 4. Nef Inhibits Motility of Zebrafish

PGCs

(A) Images of representative zebrafish embryos, at

24 hr after fertilization, whose PGCs express GFP

alone (left panel) or GFP fusion of either WT Nef

(middle panel) or F195A Nef mutant (right panel).

White arrows point at PGCs found at abnormal

(ectopic) positions.

(B) Snapshots from the time-lapse Movies S8 and

S9. The migration of PGCs expressing F195A or

WT Nef.GFP was followed for 72 min. PGCs

(circled in black) are tracked as indicated by the

white line in comparison to a black track generated

by a moving somatic cell (whitened cell marked

with an ‘‘s’’).

(C) Examples for 72 min migration tracks of PGCs

expressing F195A or WT Nef.GFP as indicated in

(B). The migration of PGCs was followed in time-

lapse movies and subtracted for somatic cell

movement. Short tracks reflect inhibition of

motility and are the basis for the inability of many

PGCs to reach their target at 24 hr of development.

(D) Average frequency of motile and nonmotile

PGCs expressing F195A or WT Nef.GFP. The

results are presented as average percentage of

motile and nonmotile PGCs per embryo. Error

bars represent SEM of at least 80 cells in eight

embryos.

Pak2 targets cofilin, we failed to over-

come the Nef-dependent inhibition of

actin ruffle formation and cofilin deregula-

tion in T lymphocytes by coexpression of

dominant-negative variants of kinases

(LIMK, TESK) or phosphatases (slingshot,

chronophin) with known roles in cofilin

regulation (Edwards et al., 1999; Huang

et al., 2006; Misra et al., 2005; data not

shown). This prompted us to test whether

Pak2 might phosphorylate cofilin directly. Indeed, recombinant

Pak2 was able to phosphorylate cofilin in vitro, a reaction that

was not affected by the presence of Nef (Figures 7E and 7F).

Importantly, cofilin also served as efficient substrate of Nef-

Pak2 complexes isolated from T lymphocytes with WT, but not

F195A Nef (Figure 7G). While these results do not exclude the

involvement of other components of the Nef-Pak2 complex,

they suggest that Nef-associated Pak2 itself mediates phosphor-

ylation of cofilin. Nef may thus impair actin remodeling and direc-

tional cell motility by hijacking Pak2 via a physical association that

retargets the biological activity of the kinase toward direct phos-

phorylation of cofilin.

DISCUSSION

This study reveals that the HIV-1 pathogenicity factor Nef inter-

feres with cell motility by blocking chemoattractant-triggered

actin remodeling. The effect of Nef on cell motility occurs inde-

pendently of the cellular context ex vivo in Nef-expressing fibro-

blasts and HIV-1-infected primary T lymphocytes, as well as in

zebrafish PGCs in vivo, and represents a conserved activity of
180 Cell Host & Microbe 6, 174–186, August 20, 2009 ª2009 Elsevier Inc.
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Figure 5. Nef Induces Cofilin Hyperphosphorylation

(A–D) Multiple wounds were introduced to confluent CHO cells expressing GFP or WT Nef.GFP (A and D) or the indicated Nef mutants (B). Cells were harvested at

the indicated time points after wounding and analyzed by western blotting using the indicated antibodies. �Dox indicates that expression of Nef has not been

induced. Note that quantification of the merlin/p-merlin ratio (A) from five independent experiments did not reveal statistically significant differences between GFP

and Nef.GFP-expressing cells and that in (D), 33 more protein was loaded per lane for GFP than for Nef.GFP-expressing cells in order to detect a p-cofilin signal.

Representative confocal micrographs of the cells analyzed in (A) and (B) following staining for p-cofilin are shown in (C). Bold white lines indicate the trajectory of

the wound. Scale bar = 10 mm.

(E) Rac1 and Cdc42 activity levels of CHO cells expressing the indicated proteins determined by western blotting following pulldown by the GST-CRIB peptide of

Pak1 (In, input; PD, pulldown).

(F) Levels of p-cofilin in CHO cells expressing GFP or WT Nef.GFP in the absence or presence of ROCK inhibitor Y27632.
Nef proteins from various HIV-1, HIV-2, and SIV strains. Mecha-

nistic analyses demonstrate that inhibition of actin remodeling is

mediated by Nef via its ability to associate with the cellular kinase

Pak2, resulting in hyperphosphorylation and thereby inactivation

of the evolutionary conserved actin depolymerization factor,

cofilin. This is achieved by retargeting Pak2 toward cofilin, which

can serve as direct Pak2 substrate in the presence of Nef. HIV,
Cell Ho
thus, has evolved the viral factor Nef to hijack the host cell cyto-

skeleton for impairment of cell motility.

While alterations in actin organization in the presence of Nef

were reported from several cell systems (Campbell et al.,

2004; Haller et al., 2006; Lu et al., 2008; Quaranta et al., 2003),

mechanism and functional consequence of this phenomenon

have remained largely unclear. Addressing these issues by the
st & Microbe 6, 174–186, August 20, 2009 ª2009 Elsevier Inc. 181
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Figure 6. Nef-Induced Cofilin Hyperphosphorylation in Infected Primary Human T Lymphocytes Depends on Pak2

(A) Representative sum-intensity projections of confocal Z stacks of Jurkat T lymphocytes (Jurkat TAg) transiently expressing the indicated GFP fusion proteins.

Cells were plated onto cover glasses, fixed, and stained for p-cofilin. Arrows indicate transfected cells; the GFP signal is shown in Figure S7B. Scale bar = 10 mm.

(B) Frequency of the cells shown in (A) with high p-cofilin levels. Depicted are mean values ± SD from three independent experiments with at least 100 cells

analyzed per transfection, with cells scored as containing high p-cofilin levels when they were apparently brighter than untransfected neighboring cells. P values

are calculated relative to the GFP-transfected cells.

(C) Relative mean pixel intensity of the cells in (A). Depicted are mean values ± SD from at least ten representative cells. P values are calculated relative to the

GFP-transfected cells.

(D) P-cofilin levels in PBLs infected with HIV-1 WT, HIV-1DNef, or HIV-1 Nef F195I. Cells were analyzed as in (A) with an additional stain for p24CA (shown in

Figure S7C). Arrows indicated infected cells. Scale bar = 10 mm.

(E) Frequency of the cells shown in (D) with high p-cofilin levels. Depicted are mean values ± SD from quadruplicate infections of two independent donors with at

least 100 cells analyzed per infection. P values are calculated relative to the WT HIV-1-infected cells.

(F) P-cofilin levels of Jurkat T lymphocytes (Jurkat TAg) transiently transfected with siRNA oligos specific for Pak2 or a nonspecific scrambled siRNA (scr.)

together with an expression plasmid for GFP or Nef.GFP. Arrows indicate transfected cells; the GFP signal is shown in Figure S7D. Scale bar = 10 mm.

(G) Western blot analysis of the cells used in (F).

(H) Frequency of the cells shown in (F) with high p-cofilin levels. Depicted are mean values ± SD from three independent experiments with at least 100 cells

analyzed per transfection.

(I) Relative mean pixel intensities of the cells in (F). Depicted are mean values ± SD from at least ten representative cells per condition.
use of Nef mutants and Pak2-specific RNAi revealed, first, that

the association of Nef with Pak2 activity is essential for the

interference with chemoattractant-induced actin remodeling.

Second, we identify cofilin as a downstream target of the Nef-

Pak2 complex that causes a marked and sustained enrichment

of the phosphorylated, inactive form of cofilin, even prior to

migratory stimulation. Third, cofilin deregulation was demon-

strated to be directly involved in Nef-mediated inhibition of actin

remodeling and cell motility. This identification of cofilin as

a target for the regulation of cell motility is consistent with cofi-
182 Cell Host & Microbe 6, 174–186, August 20, 2009 ª2009 Elsevie
lin’s well-characterized role as master switch of actin remodeling

in motile cells. Severing of actin filaments by active cofilin results

in depolymerization of F-actin and generation of F-actin frag-

ments that serve as substrate for nucleation of new filaments

(Bamburg and Bernstein, 2008). This activity is essential for the

directionality of cell movement during, e.g., lymphocyte chemo-

taxis or tumor cell invasion (Nishita et al., 2005; Wang et al.,

2007). Cofilin is tightly regulated in migrating cells by phosphor-

ylation of serine at position 3. It is therefore conceivable that

Nef-induced inactivation of cofilin results in a net reduction of
r Inc.
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Figure 7. Nef-Associated Pak2 Is Involved in the Interference of Nef with Ruffle Formation and Chemotaxis in T Lymphocytes and Phosphor-

ylates Cofilin

(A) Membrane ruffling analysis as in Figure 2A of Jurkat T lymphocytes (Jurkat CCR7) transfected with siRNA oligos specific for Pak2 or a nonspecific scrambled

siRNA (scr.) together with an expression plasmid for GFP or WT Nef.GFP. Arrows indicate transfected cells; the GFP signal is shown in Figure S7E. Scale

bar = 10 mm.

(B) Frequency of the cells shown in (A) that display membrane ruffling. Depicted is the mean ± SD of 3–8 independent experiments with at least 100 cells analyzed

per condition.

(C) Western blot analysis of lysates of the cells used in (A).

(D) Chemotaxis toward SDF-1a. Cells shown in (A) were subjected to a transwell chemotaxis assay. Depicted is the percentage of GFP-positive cells that

migrated toward 10 ng/ml SDF-1a over 2 hr. Values are the mean with SEM from four experiments performed in triplicates.

(E) Pak2 phosphorylates cofilin in vitro. Recombinant GST-Pak2 and cofilin were subjected to an in vitro kinase assay (IVKA), separated by SDS-PAGE, and

analyzed by silver stain and autoradiography.

(F) Experiment as in (E) in the presence of recombinant myristoylated Nef. Pak2 phosphorylates cofilin in vitro in the presence of Nef.

(G) Nef-associated Pak2 phosphorylates cofilin. Jurkat TAg cells expressing WT or F195A Nef.GFP were subjected to anti-GFP immunoprecipitation and subse-

quent in vitro kinase assay (IVKA) in the presence of recombinant cofilin or HIV-1 CA as substrate. Phosphorylated Pak2 (p-PAK2) and p-cofilin present in the IVKA

were detected by autoradiography. Nef in the input was detected by western blot; recombinant cofilin and p24CA by Coomassie stain.
actin turnover and subsequent cell motility. Interestingly, cofilin

was also identified recently as regulator of HIV-1 entry (Yoder

et al., 2008) and thus emerges as an important player in

HIV-1’s host cell interactions.

However, rescue of cofilin deregulation in Nef-expressing cells

by Pak2-specific RNAi improved but did not fully restore their
Cell Ho
motility. This reflects, at least in part, the presence of residual

Nef-Pak2 association in the RNAi experiments due to incomplete

knockdown of Pak2 expression (Rauch et al., 2008), but may

also indicate the involvement of additional cytoskeleton regula-

tion downstream of Nef-Pak2. However, the Nef F195A mutant,

which lacks any detectable Pak2 kinase association and cofilin
st & Microbe 6, 174–186, August 20, 2009 ª2009 Elsevier Inc. 183
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deregulation, maintained some inhibitory activity despite normal

actin remodeling. Thus, Nef likely exerts effects on cell motility

via a second, actin-independent mechanism. With DOCK2-

ELMO1 and Lck, Nef functionally interacts with at least two addi-

tional host cell factors implicated in cell motility control (Fukui

et al., 2001; Janardhan et al., 2004; Okabe et al., 2005; Thou-

louze et al., 2006). While both factors appear dispensable for

effects on actin via Nef-Pak2 (Rauch et al., 2008) (Figures S5

and S10), their intrinsic requirement for cell motility precludes

direct analysis of their contribution to cell motility restriction by

Nef. In addition, Nef disturbs a variety of intracellular sorting

processes (Roeth and Collins, 2006) and might affect cell motility

via such mechanisms.

The results of this study provide important insight into the

mechanism of cofilin deregulation by Nef. Notably, reduction

of Pak2 expression had no major effects on actin remodeling,

cofilin phosphorylation, and cell motility in the absence of Nef.

Endogenous Pak2 therefore does not control these parame-

ters in our cell systems. Our results are thus most consistent

with a scenario in which Nef subverts intrinsic properties of

Pak2. This might have included alterations in known pathways

that govern cofilin phosphorylation; however, we failed to

detect a role of such factors for Nef action (data not shown).

Instead, we discovered that cofilin can be phosphorylated in

the presence of Nef-Pak2 complexes, suggesting that the

association with the viral protein alters the substrate specific-

ities of Pak2 to retarget its activity toward cofilin. Consistent

with such a scenario, the subcellular localization of phosphor-

ylated Pak was altered by the presence of Nef in motile cells

(Figure S11). The presence of another cofilin kinase in the Nef-

associated protein complex, however, cannot be excluded.

Efforts to unravel the molecular details of the retargeting

mechanism, including attempts to determine the full composi-

tion of the labile and short-lived Nef-Pak2 complex, are

currently ongoing.

We consider the introduction of zebrafish PGC migration as

an experimental system for in vivo studies on Nef function to

be an important aspect of this work. Zebrafish are readily

accessible to specific expression of genes in germ cells and

real-time imaging analyses. These features allowed us to quan-

tify, in a physiological context, cell motility events analogous to

T lymphocyte chemotaxis that are, upon transient expression of

genes of interest, exceedingly difficult to assess in other in vivo

experimental systems. Although limited to processes that are

conserved between the natural target cells of a given pathogen

and zebrafish germ cells, zebrafish PGC migration is likely to

further serve as a useful model for the functional analysis of

pathogen-host interactions in the case of HIV-1, but also other

viral pathogens, such as Epstein-Barr virus (Ehlin-Henriksson

et al., 2006) or human T lymphotropic virus type I (Arai et al.,

1998).

For HIV-1 Nef, the high degree of evolutionary conservation of

the mechanism by which HIV-1 hijacks an endogenous cellular

pathway to affect host cell actin remodeling and motility implies

that this provides the virus with significant benefits in the in-

fected host. In newly infected individuals, HIV-1-loaded

dendritic cells transport virus from mucosal surfaces to lymph

nodes, where virus is efficiently transmitted to T lymphocytes

(Wu and KewalRamani, 2006). Subsequent intra-lymph node
184 Cell Host & Microbe 6, 174–186, August 20, 2009 ª2009 Elsevie
motility of productively infected T lymphocytes ensures

mounting of an appropriate humoral immune response by

providing B lymphocyte stimulation, induction of germinal

centers for specialized production of high-affinity antibodies,

and surveillance of overall architecture and de novo genesis of

lymph nodes as well as tertiary lymphatic tissue (Friedl and Wei-

gelin, 2008; Stein and Nombela-Arrieta, 2005). Lymph node

homing and intra-lymph node motility of T lymphocytes rely on

sensing of chemokine gradients and chemotaxis toward SDF-

1a, CCL-19, and CCL-21 (Wei et al., 2003). Thus, our results

predict that Nef interferes with such motile events in infected

individuals. Intriguingly, B lymphocyte dysfunction as conse-

quence of disruption of germinal center formation is increasingly

recognized as an important parameter in the symptom-complex

AIDS (De Milito, 2004; Moir et al., 2008), a phenotype that is

readily reflected in Nef-transgenic mice (Poudrier et al., 2001).

Moreover, histological analysis of lymph nodes from macaques

2 weeks after infection with WT or DNef SIV detected DNef SIV-

infected cells in germinal centers that were dramatically

enlarged due to infiltration of infected cells. In stark contrast,

WT SIV-infected cells were predominantly located in the para-

cortex, and B cell follicle displayed a normal architecture (Sugi-

moto et al., 2003). Together with the in vivo analyses presented

here, these findings strongly suggest that Nef, by interfering with

membrane ruffling and thus chemotaxis, prevents intra-lymph

node migration of HIV-1/SIV-infected T lymphocytes to under-

mine the humoral immune response to virus infection. Simulta-

neously, reduced motility of HIV-1-infected T lymphocytes

may result in the generation of microenvironments that are

particularly prone to virus transmission to uninfected cells.

Modulation of cell motility may thus emerge as an unexpected

strategy to optimize immune evasion and replication of HIV-1

in the infected host.

EXPERIMENTAL PROCEDURES

Lymphocyte Ruffling and Chemotaxis Assay

Jurkat T lymphocytes (1 3 107) were electroporated (30–60 mg of plasmid DNA;

960 mF for Jurkat TAg, 850 mF for Jurkat E6-1 and Jurkat CCR7, 250 V, Biorad

Genepulser; Munich) with GFP or Nef.GFP expression plasmids. For micros-

copy, cover glasses were incubated for 30 min at 37�C with 0.01% poly-L-

lysine, washed two times with water, and kept in PBS at 4�C until usage.

Twenty-four hours after transfection, cells were seeded onto treated cover

glasses for 5 min at 37�C and either fixed directly for staining of p-cofilin or

incubated with 200 ng/ml SDF-1a or solvent control for another 20 min at

37�C for the analysis of membrane ruffling before fixation. Chemotaxis assays

were performed with three independent transfections per experiment. Twenty-

four hours after transfection, cells were starved in medium containing 0.5%

FCS and incubated for another 24 hr. Transwell inserts (5 mm pores, 24-well

plates, Costar3421, Corning; Kaiserslautern, Germany) were equilibrated

overnight. The bottom chamber of the transwell was filled with 450 ml starving

medium containing 10 ng/ml or no SDF-1a; 1 3 106 transfected cells resus-

pended in 100 ml starving medium were loaded to the upper side of each trans-

well. Total cell numbers and transfection efficiencies were determined from

another 100 ml aliquot of the identical cell suspension. Cells were allowed to

chemotax for 2 hr at 37�C before cells in the lower chamber were collected

and analyzed by FACS (FACScalibur, BD; Heidelberg, Germany) for 1 min

monitoring GFP-expressing cells. In the absence of a stimulus, 1%–5% of

the input cells migrated into the lower chamber of the transwell, whereas in

the presence of SDF-1a, typically 30%–60% of the cells chemotaxed.

Percentage of GFP-positive cells migrated relative to transfection efficiency

was calculated to address inhibitory effects.
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Expression and Analysis of WT and F195A Nef in PGCs

of Zebrafish Embryos

Directing expression of various genes specifically to PGCs is facilitated by

fusing the gene of interest to the 30 untranslated region of nanos-1 (nos30UTR),

a zebrafish germ cell-specific gene (Köprunner et al., 2001). Capped sense RNA

of WT or F195A nef fused to gfp and to nos30UTR or of gfp alone fused to

nos30UTR was synthesized with the MessageMachine kit (Ambion; Darmstadt,

Germany) and microinjected into zebrafish embryos (450 pg per embryo) at one-

cell stage. Fish used are of the AB background. Epifluorescence images of 24 hr

embryos were captured with a 53 objective using the Axioplan2 microscope

(Zeiss; Göttingen, Germany) controlled by MetaMorph software (Universal

Imaging; Sunnyvale, CA). Time-lapse movies for track and motility analysis

were generated with a 103 objective. Frames were captured at 1 min intervals,

and for tracking of migrating germ cells, the ‘‘Track Objects’’ software module of

MetaMorph was used. Tracks delineating active migration of PGCs were cor-

rected for movement originating in the surrounding cells that passively drag

PGCs along. For better visualization of PGCs in this analysis, gfp- nos30UTR

RNA was injected (150 pg per embryo) along with WT or F195A nef RNA.

Statistical Evaluation

Statistical significance was calculated by performing a Student’s t test

(***, p < 0.0005; **, p < 0.005; *, p < 0.05).

SUPPLEMENTAL DATA

Supplemental Data include Supplemental Experimental Procedures, Supple-

mental References, 12 figures, and nine movies and can be found online at

http://www.cell.com/cell-host-microbe/supplemental/S1931-3128(09)00216-9.
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The innate immune system senses RNA virus infections through membrane-bound Toll-like receptors or the
cytoplasmic proteins RIG-I and MDA-5. RIG-I is believed to recognize the 5′-triphosphate present on many
viral RNAs, and hence is important for sensing infections by paramyxoviruses, influenza viruses,
rhabdoviruses, and flaviviruses. MDA-5 recognizes dsRNA, and senses infection with picornaviruses, whose
RNA 5′-ends are linked to a viral protein, VPg, not a 5′-triphosphate. We previously showed that MDA-5 is
degraded in cells infected with different picornaviruses, and suggested that such cleavage might be a
mechanism to antagonize production of type I IFN in response to viral infection. Here we examined the state
of RIG-I during picornavirus infection. RIG-I is degraded in cells infected with poliovirus, rhinoviruses,
echovirus, and encephalomyocarditis virus. In contrast to MDA-5, cleavage of RIG-I is not accomplished by
cellular caspases or the proteasome. Rather, the viral proteinase 3Cpro cleaves RIG-I, both in vitro and in cells.
Cleavage of RIG-I during picornavirus infection may constitute another mechanism for attenuating the innate
response to viral infection.
© 2009 Elsevier Inc. All rights reserved.
Introduction

When viruses infect cells, intrinsic defensive actions are initiated
almost immediately. These defenses include the innate immune
system, which provides cytokines to halt virus infection, andmodulate
the adaptive immune response should the infectionproceedunchecked
(Janeway and Medzhitov, 2002). The innate immune system is
activated when microbial products, such as lipopolysaccharide or
viral nucleic acids, are detected. RNA viruses are recognized as foreign
by cellular sensors that are activated by viral proteins or nucleic acids,
leading to the production of the critical antiviral type I interferons.

Sensing of RNA virus infection by the innate immune system is
carried out by membrane-bound Toll-like receptors, or by cytoplasmic
sensors such as PKR, RIG-I, and MDA-5 (reviewed in Kato et al., 2005;
Yoneyama and Fujita, 2007; Yoneyama et al., 2004). RIG-I and MDA-5
proteins comprise an amino-terminal caspase recruitment domain
(CARD) and an RNA helicase domain (Kang et al., 2002). Results of a
recent study on the evolution of RIG-I and MDA-5 indicate that the
unique protein domain arrangement evolved independently by
domain grafting and not by a simple gene duplication event of the
entire four-domain arrangement, which may have been initiated by
differential sensitivity of these proteins to viral infection (Sarkar et al.,
2008). Additionally, MDA-5, but not RIG-I, orthologs are found in fish
.

ll rights reserved.
indicating that MDA-5 might have evolved before RIG-I (Sarkar et al.,
2008). After binding viral RNA, these sensors interact with a CARD-
containing adaptor protein, IPS-1, located in the outer membrane of
mitochondria (Kawai et al., 2005; Meylan et al., 2005; Seth et al.,
2005; Xu et al., 2005). This interaction mediates recruitment and
activation of protein kinases that phosphorylate the transcription
protein IFN-regulatory factor 3, leading to synthesis of type I IFN.

An important question is how RIG-I and MDA-5 distinguish viral
from cellular RNAs. It was originally believed that these proteins
recognize dsRNA, which is rarely found in the cytoplasm of cells but is
abundant in virus-infected cells (Yoneyama et al., 2004). More
recently it has become clear that RIG-I recognizes RNA with a 5′-
triphosphate (Hornung et al., 2006; Pichlmair et al., 2006). Because
most cellular cytoplasmic RNAs bear a 5′-cap structure, this observa-
tion seems to explain the ability of RIG-I to discriminate between host
and viral RNA. This substrate specificity is supported by observations
that suggest that RIG-I and MDA-5 specialize in recognition of
different viruses. Infection of mice lacking the gene encoding either
protein reveals that RIG-I is essential for detecting infection by
rhabdoviruses, influenza viruses, paramyxoviruses, and flaviviruses
(Kato et al., 2006). Replication of these viruses leads to production of
RNAs with a 5′-triphosphate. In contrast, MDA-5 senses infectionwith
picornaviruses, whose RNA 5′-ends are linked to a viral protein, VPg,
not a 5′-triphosphate (Gitlin et al., 2006; Kato et al., 2006). It has been
suggested that dsRNAs produced during picornavirus replication are
the substrates for MDA-5 recognition.
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Despite these elegant innate mechanisms, virus infections still
occur because their genomes encode proteins that antagonize this
and every other step of host defense. Examples include inhibition of
RIG-I function by binding of the influenza virus NS1 protein (Guo
et al., 2007; Mibayashi et al., 2007; Opitz et al., 2007), and cleavage of
IPS-1 by proteases encoded in the genomes of picornaviruses and
hepatitis C virus (Li et al., 2005, 2006) (J. Drahos and V. Racaniello,
unpublished data). We previously showed that MDA-5 is degraded in
cells infected with different picornaviruses, and suggested that such
cleavage might be a mechanism to antagonize production of type I
IFN in response to viral infection (Barral et al., 2007). Here we
examine the state of RIG-I during picornavirus infection. We found
that RIG-I is degraded in cells infected with poliovirus, rhinoviruses,
echovirus, and encephalomyocarditis virus. In contrast to MDA-5,
cleavage of RIG-I is not accomplished by cellular caspases or the
proteasome (Barral et al., 2007). Rather, the viral proteinase 3Cpro

cleaves RIG-I, both in vitro and in cells. Cleavage of RIG-I during
picornavirus infection may constitute another mechanism for
attenuating the innate response to viral infection.

Results

Cleavage of RIG-I in cells infected with picornaviruses

Consistent with the suggestion that picornavirus infections are
detected by MDA-5 (Kato et al., 2006) is the observation that this
protein is degraded during infection with poliovirus, rhinovirus type
1a, and EMCV (Barral et al., 2007). It was therefore of interest to
determine the state of RIG-I during picornavirus infection. HeLa cells
were infected with poliovirus, and at different times after infection,
RIG-I protein was examined by western blot analysis. Beginning at 4 h
post-infection, levels of RIG-I protein declined, and a protein of
∼70 kDa appeared which might be a cleavage product (Fig. 1A).
Cleavage of RIG-I protein was also observed during poliovirus
infection of the neuroblastoma cell line SH-SY-5Y (Fig. 1B).

Cleavage of RIG-I was also observed in cells infected with other
picornaviruses. In cells infected with echovirus type 1 (Fig. 1C) or
Fig. 1. Degradation of RIG-I during picornavirus infection. Monolayers of HeLa cells (A, C–
rhinovirus type 16 (D), rhinovirus type 1A (E) or EMCV (F). At the indicated times after infe
western blot analysis. Positions of RIG-I and a putative cleavage product are indicated. Separ
applied to each lane.
EMCV (Fig. 1F), an ∼70 kDa putative cleavage product was first
detected at 6 h post-infection. When cells were infected with
rhinovirus type 16 at 33 °C, a temperature at which viral replication
is more efficient, only the ∼70 kDa protein was observed at 14 h post-
infection and later (Fig. 1D). Slight cleavage of RIG-I was detected in
cells infected with rhinovirus type 1A at 37 °C (Fig. 1E).

Effect of proteasome and caspase inhibitors on poliovirus-induced
cleavage of RIG-I

Poliovirus-induced cleavage of MDA-5 is carried out by the
proteasome and caspases (Barral et al., 2007). The effect of inhibitors
of the proteasome (MG132) and caspases (Z-VAD) on RIG-I cleavage
was therefore determined. HeLa cells were infected with poliovirus,
and culture mediumwas added with or without inhibitor. The level of
RIG-I at different times after infectionwas determined bywestern blot
analysis. In the absence of inhibitor, cleavage of RIG-I was observed
beginning at 4 h post-infection and was complete by 8 h (Fig. 2A). In
the presence of Z-VAD or MG132, degradation of RIG-I was first
observed at 6 h post-infection, and was complete by 8 h post-infection
(Figs. 2B, C). In contrast, poliovirus-induced degradation of MDA-5 is
completely inhibited by MG132 and Z-VAD, even though neither drug
impairs viral yields (Barral et al., 2007). These results indicate that, in
contrast to poliovirus-induced degradation ofMDA-5, cleavage of RIG-I
during poliovirus infection occurs by a process that is independent of
caspases and the cellular proteasome.

Effect of amino acid changes in poliovirus proteinases on cleavage of RIG-I

The two polioviral proteinases, 2Apro and 3Cpro, not only process the
viral polyprotein to produce the functional viral proteins, but also
degrade cellular proteins such as eIF4G (Krausslich et al., 1987) and
cellular transcription proteins (Weidman et al., 2003). Polioviruses
with single amino acid changes in either 2Apro or 3Cpro have been
isolated which prevent cleavage of cellular proteins. These viral
mutants were used to determine whether either viral proteinase
plays a role in poliovirus-induced cleavage of RIG-I. Poliovirus mutant
F) or SH-SY-5Y cells (B) were infected (MOI 10) with poliovirus (A, B), echovirus (C),
ction, cell extracts were prepared, fractionated by SDS-PAGE, and RIG-I was detected by
ate bottom panels show detection of EF1α to ensure that equal amounts of protein were



Fig. 2. Effect of protease inhibitors on poliovirus-induced cleavage of RIG-I. Monolayers
of HeLa cells were infected with poliovirus (MOI 10) in the absence (A) or presence of
Z-VAD-FMK (100 μM) (B) or MG132 (20 μM) (C). At the indicated times after infection,
cell extracts were prepared, fractionated by SDS-PAGE, and RIG-I was detected by
western blot analysis. Positions of RIG-I and a putative cleavage product are indicated.
Separate bottom panels show detection of EF1α to ensure that equal amounts of
protein were applied to each lane.
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2Apro Y88L contains a single amino acid change in 2Apro that abolishes
cleavage of eIF4G, but does not affect cleavage of the viral polyprotein
(Yu et al., 1995). Poliovirus mutant Se1-3C-02 contains a single amino
acid change in 3Cpro that has been reported to block cleavage of host cell
transcriptionproteins, but not processingof the viral polyprotein (Clark
et al., 1991; Dewalt and Semler, 1987). RIG-I cleavage was observed
starting at 6 h post-infection in cells infected with either 2Apro Y88L or
Se1-3C-02 (Figs. 3B, C). The delay in cleavage is likely a consequence of
the slower replication kinetics of these viruses (unpublished data).
Fig. 3. Effect of amino acid changes in polioviral proteinases 2Apro and 3Cpro on cleavage
of RIG-I. Monolayers of HeLa cells were infected with wild-type poliovirus (A), mutant
2AproY88L (B) or mutant Se1-3C-02 (C) (MOI 10). At the indicated times after infection,
cell extracts were prepared, fractionated by SDS-PAGE, and RIG-I was detected by
western blot analysis. Positions of RIG-I and a putative cleavage product are indicated.
Separate bottom panels showdetection of EF1α to ensure that equal amounts of protein
were applied to each lane.
Cleavage of RIG-I by 3Cpro in a cell extract

To further explore the identity of the viral proteinase that cleaves
RIG-I, we determined whether RIG-I could be directly cleaved in vitro
by either viral proteinase. Purified Poliovirus 3CDpro or coxsackievirus
B3 2Apro was added to a cytoplasmic extract produced from HeLa cells,
and after incubation, RIG-I protein was detected by western blot
analysis. Coxsackievirus B3 2Apro was used in these experiments
because it has not been possible to purify Poliovirus 2Apro. Poliovirus
3CDpro is the precursor to 3Cpro and is believed to carry out the
majority of protein processing during infection. Degradation of RIG-I
and production of the putative ∼70 kDa cleavage product was
observed after incubation with 3CDpro, but not with 2Apro (Fig. 4A)
or incubationwithout enzyme (unpublished data). Proteinase activity
of 2Apro was confirmed by demonstrating cleavage of the known
substrates PABP (Fig. 4B) and eIF4GI (Fig. 4C). Although PABP is
known to be cleaved by 3CDpro, for unknown reasons the protein
remained intact in this assay (Fig. 5B).

Cleavage of RIG-I by 3Cpro in cultured cells

To determine whether either poliovirus proteinase cleaves RIG-I in
cells, plasmids encoding these proteins linked to a FLAG epitope were
introduced into 293A cells by DNA-mediated transformation. Twenty-
four hours later, cell extracts were prepared and RIG-I was detected by
western blot analysis. Cleavage of RIG-I and production of the ∼70 kDa
protein was observed in cells transformed with plasmids encoding
3Cpro, but not 2Apro (Fig. 5). Synthesis of both proteinases in 293A cells
was verified by western blot analysis using anti-FLAG antibody.
Furthermore, activity of 2Aprowas confirmedbyobservation of cleavage
of its known substrate, eIF4G1. We conclude that 3Cpro is the poliovirus
proteinase responsible for cleavage of RIG-I during infection.
Fig. 4. Effect of 2Apro and 3CDpro on RIG-I in vitro. A cytoplasmic extract from HeLa cells
was incubated with purified 2Apro or 3CDpro for 6 or 8 h, fractionated by SDS-PAGE, and
RIG-I was detected by western blot analysis. Cytoplasmic extracts from mock-infected
HeLa cells (m) and from cells 6 h after poliovirus infection (pv 6)were included to show
the location of uncleaved and cleaved RIG-I, respectively. eIF4GI and PABP (to confirm
enzyme activity of 2Apro and 3CDpro) and EF1α (loading control) were detected by
western blot analysis.



Fig. 5. Effect of 2Apro and 3Cpro on RIG-I in vivo. Plasmids encoding poliovirus 2Apro or
3Cpro (each with an N-terminal FLAG epitope) or vector alone (v) were introduced into
HeLa cells by transformation. At 0 and 24 after DNA-mediated transformation, cell
extracts were prepared, fractionated by SDS-PAGE, and RIG-I was detected by western
blot analysis. Production of each viral proteinase was confirmed by western analysis
using anti-FLAG antibody. eIF4GI (to confirm enzyme activity of 2Apro) and EF1α
(loading control) were detected by western blot analysis.
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Discussion

Cleavage of RIG-I was observed in cells infected with all
picornaviruses examined, including poliovirus, rhinovirus types 1a
and 16, echovirus type 1, and encephalomyocarditis virus. We
previously showed that another cytoplasmic RNA sensor, MDA-5, is
degraded during picornavirus infection in a proteasome- and
caspase-dependent manner (Barral et al., 2007). However, inhibitors
of these cellular proteases had no effect on poliovirus-induced
cleavage of RIG-I. The results of in vitro cleavage assays, and
expression of DNAs encoding viral proteinases in cultured cells,
showed that RIG-I is cleaved by poliovirus 3Cpro. The 3Cpro proteinase
of the other picornaviruses examined is also likely to cleave RIG-I.
The second enterovirus proteinase, 2Apro, is not encoded by the
genome of encephalomyocarditis virus and therefore could not
explain the cleavage of RIG-I observed in these experiments.

Although the kinetics of cleavage induced by different picorna-
viruses varied, an ∼70 kDa putative cleavage product was always
observed. This cleavage product represents the carboxy-terminal
portion of RIG-I, because the antibody used to detect it bywestern blot
analysis is directed against a peptide from the last 17 amino acids of
the protein. It was therefore possible to predict 3Cpro cleavage sites in
RIG-I that would yield the ∼70 kDa cleavage product. We introduced
amino acid changes at 12 of these cleavage sites, but none altered
processing of RIG-I during poliovirus infection (unpublished data).
Therefore either the correct 3Cpro cleavage site has not yet been
identified, or the amino acid changes made were not sufficient to
block cleavage.
It is believed that MDA-5, not RIG-I, is crucial for sensing infections
with picornaviruses. Mice lacking the gene encoding MDA-5 are more
susceptible to infectionwith encephalomyocarditis virus, and produce
less IFN after infection compared with wild-type littermates (Gitlin
etal., 2006; Kato et al., 2006). Mice lacking the gene encoding RIG-I
were no more susceptible to infection with encephalomyocarditis
virus and showed no difference in IFN production (Kato et al., 2006).
The cleavage ofMDA-5 during picornavirus infection is consistentwith
a role for this protein in detecting infectionwithmembers of this virus
family (Barral et al., 2007). It is not clear why RIG-I would be cleaved
during picornavirus infection if this sensor plays no role in innate
responses against these viruses. RIG-I is known to be activated by short
(∼1 kb) stretches of dsRNA (Hornung et al., 2006; Pichlmair et al.,
2006) that are certainly found in picornavirus infected cells. A U-rich
sequence in the genome of hepatitis C virus has been shown to activate
RIG-I (Saito et al., 2008). Similar sequences are present in the genomes
of picornaviruses and might serve as substrates for RIG-I. Perhaps the
results obtained by infecting rig-I−/−micewith encephalomyocarditis
virus are not representative of all picornaviruses. Understanding the
role of RIG-I cleavage during enterovirus infection will require
synthesis in cell cultures and in mice of non-cleavable forms of the
protein.

IPS-1 is also cleaved during infection with poliovirus and
rhinovirus (J. Drahos and V. Racaniello, unpublished data) as well as
hepatitis A virus (Yang et al., 2007). Therefore, infection with certain
picornaviruses leads to cleavage of not only both cytoplasmic RNA
sensors, but also the mitochondrial membrane protein that is crucial
in transmitting the signal from RIG-I and MDA-5 that leads to
induction of IFN transcription. It seems unlikely that the cleavage of
three members of this sensing pathway is coincidental. It is possible
that these cleavages target unknown functions of RIG-I, MDA-5, and
IPS-1 unrelated to sensing RNA. Further experiments are clearly
required to understand why these components of the innate RNA
sensing pathway are cleaved during picornavirus infection.

Materials and methods

Cells and viruses

S3 HeLa and SH-SY5Y cells were grown in Dulbecco's modified
Eagle medium (Invitrogen, Carlsbad, California USA), 10% bovine calf
serum (Hyclone, Logan, Utah USA), and 1% penicillin/streptomycin
(Invitrogen). For plaque assays HeLa cells were grown in Dulbecco's
modified Eagle medium (Specialty Media, Philipsburg, New Jersey,
USA), 0.2% NaHCO3, 5% bovine calf serum, 1% penicillin/streptomycin,
and 0.9% bacto-agar (Difco, Franklin Lakes, New Jersey, USA).

Stocks of poliovirus strain P1/Mahoney, rhinovirus type 16, and
encephalomyocarditis virus (EMCV) were produced by transfecting
HeLa cells with RNA transcripts derived by in vitro transcription of
plasmids harboring complete DNA copies of the viral genomes (Duke
and Palmenberg, 1989; Lee et al., 1995; Racaniello and Baltimore,
1981a). Stocks of echovirus type 1 and rhinovirus type 1a were
obtained from the American Type Culture Collection, Manassas, VA,
and were propagated in HeLa cells. poliovirus mutant Se1-3C-02,
which contains the single amino acid change V54A in 3Cpro (Dewalt
and Semler, 1987), was obtained from B. Semler, University of
California, Irvine. A poliovirus mutant with a single amino acid
change, Y88L (Yu et al., 1995), in 2Apro was constructed by site-
directed mutagenesis of a full length DNA copy of the genome of
poliovirus strain P1/Mahoney.

In vitro cleavage reaction

A cytoplasmic extract was prepared from HeLa cells as described
(Todd, Towner, and Semler, 1997). Briefly, 1×108 HeLa cells were
centrifuged, washed with phosphate-buffered saline, resuspended in
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hypotonic buffer (20 mM Hepes KOH pH 7.4, 10 mM KCl, 1.5 mM
MgOAc, 1 mM dithiothreitol), and lysed with a Dounce homogenizer.
The extract was then centrifuged at 10,000 ×g and the supernatant
was stored. For proteinase cleavage, 25 μl of cytoplasmic extract was
incubated for 6 h with 0.5 μg purified 2Apro or 3CDpro (gift of Bert
Semler, University of California, Irvine) in a 100 μl reaction containing
50 mM NaCl, 5 mM MgCl2. Cleavage of RIG-I was assessed by western
blot analysis as described below.

Synthesis of 2Apro and 3Cpro in cells

Primers were designed to place a FLAG epitope at the amino
terminus of 2Apro and 3Cpro, using a DNA copy of the genome of
poliovirus type 1 Mahoney as the template (Racaniello and Baltimore,
1981b). DNAs encoding the proteinases were cloned in the vector
pcDNA3 (Invitrogen). DNA-mediated transformation of 293A cells
was done using Lipofectamine reagent (Invitrogen) according to the
manufacturer's protocol. Cell extracts were prepared 24 h later as
described below for western blot analysis.

Reagents

Rabbit antibody against a peptide comprising amino acids 909–925
of RIG-I was purchased from Abgent, Inc., San Diego, CA. Mouse
monoclonal anti-EF1αwaspurchased fromUpstateUSA Inc., Chicago, IL.
Mouse monoclonal anti-PABP was purchased from Abcam, Cambridge,
MA. The proteasome inhibitorMG132was purchased from Calbiochem,
San Diego, CA. The general caspase inhibitor benzyloxycarbonyl-Val-
Ala-Asp-(OMe) fluoromethylketone (Z-VAD-FMK)was purchased from
R&DSystems,Minneapolis,MN. Purifiedpoliovirus proteinase 3Cpro and
purified coxsackievirus B3 2Apro were gifts of Richard Lloyd, Baylor
College of Medicine (Joachims et al., 1999).

Western blot analysis

Cells were harvested into the culture medium with a plastic
scraper, collected by centrifugation, washed with phosphate-buffered
saline (PBS, 136.9 mM NaCl, 2.68 mM KCl, 8.1 mM Na2HPO4, 1.47 mM
KH2PO4), and lysed in radio-immunoprecipitation buffer (RIPA, PBS
containing 1% NP40, 0.5% sodium deoxycholate, and 0.1% sodium
dodecyl sulfate). Aliquots containing 50 μg total protein were
fractionated by 10% SDS-PAGE. Proteins were transferred electro-
phoretically to a nitrocellulose membrane, which was then incubated
with antibody in PBS containing 5% nonfat milk for 2 h at room
temperature. The membrane was washed in PBS containing 0.1%
Tween, followed by addition of the appropriate secondary antibody.
Proteins were visualized using the ECL chemiluminescence system
(Amersham BioSciences, Piscataway, NJ).
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RNA helicase-like receptors MDA-5 but not RIG-I has been shown to be essential for triggering innate
immune responses against picornaviruses. However, virus–host co-evolution has selected for viruses capable
of replicating despite host cells antiviral defences. In this report, we demonstrate that RIG-I is degraded
during encephalomyocarditis virus (EMCV) infection. This effect is mediated by both the viral-encoded 3C
protease and caspase proteinase. In addition, we show that RIG-I overexpression confers IFN-β promoter
activation during EMCV infection, in MDA-5 knockout (MDA-5−/−) mouse embryo fibroblasts. This induction
is followed by a strong inhibition reflecting the ability of EMCV to disrupt RIG-I signalling. Taken together,
our data strongly suggest that during evolution RIG-I has been involved for triggering innate immune
response to picornavirus infections.

© 2009 Elsevier Inc. All rights reserved.
Introduction

Viral infections lead to the activationof the innate immune signalling
pathwaycritical for aneffective antiviral immune response (Iwasaki and
Medzhitov, 2004; Krishnan et al., 2007; Loo et al., 2008; Loo and Gale,
2007; Medzhitov, 2007; Noppert et al., 2007). The cytoplasmic
DEx(D/H) box RNA helicase-like receptors RIG-I (retinoic-acid-
inducible protein I, also known as Ddx58) and MDA-5 (melano-
ma-differentiation-associated gene 5) act as sensors in coupling
recognition of RNA virus infections to the type I interferon (IFN)
gene induction (Andrejeva et al., 2004; Takeuchi and Akira, 2007;
Yoneyama and Fujita, 2007; Yoneyama et al., 2005). Experiments
with RIG-I-null mice have revealed that this molecule is required for
the recognition of a subset of ssRNA viruses, including flaviviruses,
paramyxoviruses, orthomyxoviruses and rhabdoviruses (Kato et al.,
2005, 2006). MDA-5-null mice have been used to show that MDA-5
is critical for the recognition of picornavirus infections (Gitlin et al.,
2006; Kato et al., 2006). However, these studies did not address the
ability of viruses to circumvent the innate antiviral defences. Indeed,
the disruption of retinoic acid-inducible gene I (RIG-I) signalling by
2, 15, Avenue Charles Flahault
+33 4 67 66 81 87.
echti).
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the viral NS3/4A protease and HCV non-structural proteins NS4B
provides evidences to the ability of viruses to control innate
antiviral defences (Breiman et al., 2005; Foy et al., 2005; Tasaka
et al., 2007).

Several reports point to the involvement of the picornaviral-
encoded 3C protease (3CPRO) in circumventing fundamental cellular
processes and inhibiting effecter proteins, playing a key role in
innate antiviral mechanisms (Chen and Gerlier, 2006; Ehrenfeld,
1982; Yalamanchili et al., 1996, 1997a, 1997b). For example,
poliovirus 3CPRO has been shown to cleave several transcription
factors including, TBP (Yalamanchili et al., 1996), Oct-1 (Yalaman-
chili et al., 1997b), CREB (Yalamanchili et al., 1997a) and TFIIIC (Shen
et al., 1996), signifying the involvement of this viral protein in the
inhibition of host transcription machinery. The cleavage of poly(A)-
binding protein (PABP) by 3CPRO causes severe translation inhibition
of endogenous mRNAs in poliovirus-infected cells (Ehrenfeld, 1982;
Kuyumcu-Martinez et al., 2004). In addition, 3CPRO can promote virus
dissemination by altering host sensing pathways critical for an
effective innate antiviral immune response (Barral et al., 2007;
Neznanov et al., 2005). Indeed, in the later stage of both poliovirus
and rhinovirus infection, inactivation of NF-kappaB function by
proteolytic cleavage of p65-RelA was proposed as a common
mechanism by which picornaviruses suppress the innate immune
response (Neznanov et al., 2005). In hepatitis A virus-infected cells,
nsor RIG-I is degraded during encephalomyocarditis virus (EMCV)
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the mitochondrial signalling protein IPS-1 involved in the MDA5
pathway that induces protective IFN responses, is cleaved by the
3CPRO activity of the 3ABC precursor viral protein, resulting in the
disruption of the MDA5-mediated innate immunity (Yang et al.,
2007). Recently, the caspase-dependent cleavage of MDA5 was
reported in response to some picornavirus infections (Barral et al.,
2007). These data prompted us to analyze the ability of encephalo-
myocarditis virus (EMCV), the prototype of the cardiovirus subgroup
of picornaviruses, to disrupt RIG-I-mediated antiviral immune
response.

In this report, we demonstrate that RIG-I is degraded during EMCV
infection. This effect is mediated, at least in part, by the viral-encoded
3CPRO and caspase proteinase. In addition, we show that RIG-I
overexpression confers EMCV-mediated induction of IFN-β promoter
activity followed by a strong inhibition. As virus–host co-evolution
has selected for viruses capable of replicating despite host cells
antiviral defences, our data strongly suggest that RIG-I has been
involved for triggering innate immune response to picornavirus
infection.

Results

RIG-I expression is down-regulated during EMCV infection

It has been suggested that picornavirus infections are detected by
MDA-5 and not RIG-I (Gitlin et al., 2006; Kato et al., 2006). However,
the reported picornavirus-mediated degradation the innate immune
response effectors led us to evaluate whether virus-mediated
degradation of RIG-I could explain why RIG-I fails to detect
picornavirus infections. To this end, HeLa cells were infected with
EMCV at a multiplicity of infection (MOI) of 10. Various times after
infection, cell extracts were prepared and analyzed by Western
blotting for the presence of RIG-I, using rabbit polyclonal anti-RIG-I
Fig. 1. RIG-I expression is down-regulated during EMCV infection. (A) HeLa cells were
infected with EMCV at 10 MOI. Various times after infection, whole cell extracts were
prepared and analyzed byWestern blotting (WB) for the presence of endogenous RIG-I,
using rabbit anti-RIG-I antibodies (Imaizumi et al., 2004b). EMCV protein expression
was monitored by detection of EMCV 3CPRO protein accumulations, using anti-3CPRO

antibodies (Lawson et al., 1994). Detection of α-tubulin was used to ensure that equal
amounts of protein were loaded to each lane. (B) HeLa cells were treated with 1000 U/
ml of IFN-α, prior EMCV infection. Then, the cells were analyzed for RIG-I expression, as
described above.
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infection, Virology (2009), doi:10.1016/j.virol.2009.08.009
antibodies (Imaizumi et al., 2004a). As shown Fig. 1A, the level of RIG-I
expression was unchanged during the first 4 h of infection and
decreased 6 h post-infection to remain barely detectable up to 10 h.
Viral protein expression was monitored using antibodies directed
against the viral protease 3CPRO (Lawson et al., 1994). Interestingly,
the decrease of RIG-I expression was concomitant with 3CPRO

accumulation suggesting that RIG-I down-regulation could result, at
least, in part from 3CPRO activity. To determine whether a functional
EMCV viral life cycle is required for RIG-I down-regulation, HeLa cells
were treated for 16 h with IFN-α before infection, conditions that are
known to induce strong antiviral effects against EMCV (Hassel et al.,
1993). As expected, in these experimental conditions the level of RIG-I
protein is more elevated in IFN-α-treated cells (Imaizumi et al.,
2004b), and EMCV protein expression was strongly reduced (Fig. 1B).
Concomitantly, the inhibition of RIG-I expression appeared to bemore
Fig. 2. Flag-RIG-I is degraded during EMCV infection. Flag-RIG-I (A and B), Flag-U1A (C)
and myc-MDA-5 (D)-expressing HeLa cells were infected with EMCV at 10 MOI (A, C
and D) or with heat-inactivated EMCV (B). Various times after infection, whole cell
extracts were prepared and analyzed by Western blotting (WB) for the presence of
Flag-RIG-I, Flag-U1A or myc-MDA-5, using anti-Flag or anti-myc antibodies, respec-
tively. EMCV protein expressions were monitored by detection of EMCV VP1 capsid or
3CPRO protein accumulations, using anti-VP1 and anti-3CPRO antibodies. Detection of α-
tubulin was used to ensure that equal amounts of protein were loaded to each lane.

nsor RIG-I is degraded during encephalomyocarditis virus (EMCV)
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modest indicating that viral protein expression was required for RIG-I
down regulation.

Because very long time exposures of Western Blot have been
necessary to detect the very low level of endogenous RIG-I protein in
HeLa cells, we wanted to exclude the possibility that the observed
variations in the level of RIG-I expression could resulted from the
detection procedure. To this end, we conducted experiments in HeLa
cells overexpressing Flag-RIG-I fusion protein under the control of the
constitutive cytomegalovirus (CMV) promoter. Subsequently, the
cells were infected with EMCV at 10 MOI. Various times after
infection, cell extracts were prepared and analyzed by Western
blotting for the presence of RIG-I using anti-Flag antibodies. The viral
replication was monitored using antibodies directed against EMCV
capsid protein VP1 (Borrego et al., 2002) and 3CPRO. The results of a
typical experiment are presented in Fig. 2A. Consistent with our
previous observations, the level of Flag-RIG-I expression was roughly
reduced 6 h post-infection and correlated with the appearance of the
viral protease. No modulation of Flag-RIG-I expression was observed
with a heat-inactivated EMCV confirming that viral protein expres-
sion is essential for EMCV-mediated RIG-I regulation (Fig. 2B).
Furthermore, EMCV infection had no effect on Flag-U1A fusion
protein expression driven by the CMV promoter (Fig. 2C) demon-
strating that EMCV did not affect CMV promoter expression. For
comparison, the effect of EMCV infection on MDA-5 expression was
conducted in the same experimental conditions in HeLa cells over-
expressing myc-MDA-5 fusion protein (Fig. 2D). Altogether, these
data demonstrate that RIG-I expression is repressed during EMCV
infection presumably, at a post-transcriptional level thought degra-
dation by viral proteases and/or by cellular proteinases.
Fig. 3. RIG-I is cleaved by EMCV 3CPRO in vitro. Whole cell extracts from HeLa cells expressi
submitted to an in vitro cleavage assay with recombinant EMCV 3CPRO as described inMateria
blotting (WB) for the presence of Flag-RIG-I using anti-Flag monoclonal antibodies. The locat
(Flag-RIG-I-CP) are indicated. The same experiment was performed from immuno-purified Fl
assays were preformed from whole cell extracts of Flag-RIG-I-expressing HeLa cells and eith
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RIG-I is a substrate for 3CPRO activity in vitro

To evaluate whether RIG-I down-regulation resulted from its
specific cleavage by the EMCV 3CPRO, whole cell extracts from Flag-
RIG-I-expressing HeLa cells or Flag-RIG-I expressed in HeLa cells and
subsequently immobilized on anti-Flag magnetic beads were incu-
bated with purified bacterially-expressed 3CPRO (Lawson et al., 1994).
The resulting reaction mixtures were analyzed by Western blotting.
Consistent with our hypothesis, a fragment of approximately 49-kDa
was generated from Flag-RIG-I when cleavage reactions were realized
both with whole cell extracts from Flag-RIG-I-expressing HeLa cells
(Fig. 3A) or with immuno-purified Flag-RIG-I (Fig. 3B). Incubations
with increasing concentrations of recombinant 3CPRO resulted in a
dose-dependent cleavage of Flag-RIG-I demonstrating the specificity
of the reaction (Fig. 3C). In addition, the generation of cleavage
product was not observed when extracts were incubated with an
inactive 3CPRO mutant, in which the cysteine 159 was mutated to
alanine (C159A-3CPRO), demonstrating that RIG-I cleavage is depen-
dent upon functional 3CPRO activity (Fig. 3D). These data demonstrate
that RIG-I is a potential substrate for 3CPRO–mediated degradation.
However, the level of RIG-I cleavage appeared modest in our in vitro
assay and could not account for the significant loss of RIG-I observed
in infected cells suggesting that cellular protein degradation pathways
were required for efficient RIG-I degradation. Accordingly, no specific
RIG-I cleavage products were observed in infected cells, probably due
to rapid degradations by cellular proteinases.

The transient association of proteases with potential recognition
sites on their target proteins is a prerequisite for the cleavage reaction
can be initiated. To verify whether 3CPRO interacted with RIG-I, whole
ng Flag-RIG-I (A) or immuno-purified Flag-RIG-I on anti-Flag magnetic beads (B) were
ls andmethods. After 2 h of incubation, the reaction products were analyzed byWestern
ions of the full length Flag-RIG-I and the 49-kDa cleavage product fragment of Flag-RIG-I
ag-RIG-I with increasing concentration of recombinant EMCV 3CPRO (C). In vitro cleavage
er recombinant wild type EMCV 3CPRO or an EMCV 3CPRO inactive mutant (C159A) (D).

nsor RIG-I is degraded during encephalomyocarditis virus (EMCV)
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Fig. 4. RIG-I interacts with EMCV 3CPRO. Whole cell extracts from Flag-RIG-I-expressing
HeLa cells were incubated with 1 μM of purified bacterially-expressed 3CPRO. The
resulting reaction mixtures were subjected to immunoprecipitations using monoclonal
anti-Flag antibodies and the immunoprecipitates were analyzed by Western blotting
for the presence of 3CPRO using anti-3CPRO polyclonal antibodies. Extract from HeLa cells
expressing the human pre-mRNA cleavage factor IM25 (Flag-IM25), a non-3CPRO

substrate protein, was used as negative control. Extract from HeLa cells expressing the
C-terminal domain of the ubiquitin ligase TRIM22 (Flag-TRIM22Cter), previously
shown to tightly interact with 3CPRO (Eldin et al., 2009), was used for comparison. The
blot was reprobed with anti-Flag antibodies to verify Flag-RIG-I, Flag-IM25 and Flag-
TRIM22Cter expressions. (*) indicate the immunoglobulin chains.

Fig. 5. RIG-I degradation during EMCV infection requires caspase proteinase. Flag-RIG-I-
expressing HeLa cells were treated various times with 0.5 μg/ml of puromycin (A) or
20 μg/ml of poly(I:C) (B). Whole cell extracts were prepared and analyzed by Western
blotting for the presence of Flag-RIG-I, using anti-Flag antibodies. In parallel, Flag-RIG-I-
expressing HeLa cells were infected with EMCV at 10 MOI, in the presence of 0.1 %
DMSO (C) or 50 μM of Z-VAD solubilized in DMSO (D). Various times after infection,
whole cell extracts were prepared and analyzed byWestern blotting for the presence of
Flag-RIG-I. EMCV protein expressions were monitored by detection of EMCV VP1 capsid
protein accumulations, using anti-VP1 antibodies. Detection of α-tubulin was used to
ensure that equal amounts of protein were loaded to each lane.
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cell extracts from Flag-RIG-I-expressing HeLa cells were incubated
with 1 μM of purified bacterially expressed 3CPRO. The resulting
reaction mixtures were subjected to immunoprecipitations using
monoclonal anti-Flag antibodies and the immunoprecipitates were
analyzed by Western blotting for the presence of 3CPRO. Extracts from
HeLa cells expressing the human pre-mRNA cleavage factor IM25
(Flag-IM25), a non-3CPRO substrate protein, were used as negative
control. As shown Fig. 4, 3CPRO was strongly co-precipitated with Flag-
RIG-I. No co-precipitation was detectable when immunoprecipita-
tions were performed with either extracts from Flag-IM25-expressing
HeLa cells (Fig. 4) or extracts from cells transfected with the p3XFlag
empty vector (data not shown). The C-terminal domain of the
ubiquitin ligase TRIM22, previously shown to tightly interact with
3CPRO (Eldin et al., 2009), was used for comparison. These data clearly
demonstrate that 3CPRO can bind RIG-I and strengthen our findings
that RIG-I could be a target for 3CPRO-mediated degradation.

RIG-I degradation during EMCV infection requires caspase proteinase

Recently, degradation of MDA-5 in poliovirus-infected cells has
been reported to occur in a viral protease-independent pathway
involving both caspases and the cellular proteasome (Barral et al.,
2007). Interestingly, stimulation of cells with poly(I:C), a synthetic
dsRNA that mimics intracellular dsRNA infection, was reported to
promote RIG-I degradation through a proteasome-independent
pathway, demonstrating the susceptibility of RIG-I to the degradation
by others cellular proteinases (Kim et al., 2008). As the in vitro RIG-I
cleavage by 3CPRO could not account for the level of its degradation in
infected cells, we next evaluated whether caspases or proteasome
might be involved in this process. First, to test the susceptibility of
Please cite this article as: Papon, L., et al., The viral RNA recognition se
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RIG-I to caspase-mediated degradation, Flag-RIG-I-expressing HeLa
cells were treated with puromycin, a known caspase-dependent
inducer of apoptosis. As shown Fig. 5A, puromycin treatment led to a
diminution of Flag-RIG-I expression that remain undetectable after
8 h. The down-regulation of Flag-RIG-I expression in response to poly
(I:C) was also observed (Fig. 5B), as previously described (Kim et al.,
2008). These results indicated that RIG-I is a potential substrate
for cellular proteinase degradation. To evaluate whether caspase-
mediated degradation of RIG-I occurred during EMCV infection, Flag-
RIG-I-expressing HeLa cells were infected with EMCV at a multiplicity
of infection (MOI) of 10, in the presence of 50 μM of Z-VAD, a general
caspase inhibitor that has been reported to not affect picornavirus
infection (Barral et al., 2007). Various times after infection, cell
extracts were prepared and analyzed by Western blotting for the
presence of Flag-RIG-I. As shown Figs. 5C–D, the degradation of Flag-
RIG-I by EMCV was abolished in cells treated with Z-VAD. Unfortu-
nately, wewere unable to evaluate the impact of proteasome pathway
on RIG-I degradation because, in our hands, proteasome inhibitor such
as MG132 strongly inhibited EMCV replication. Altogether, our
findings demonstrate that in addition to 3CPRO cleavage, a caspase-
nsor RIG-I is degraded during encephalomyocarditis virus (EMCV)
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dependent process could in part mediate RIG-I degradation, in EMCV
infected cells.

RIG-I expression confers transient IFN-β promoter activation during
EMCV infection

MDA-5 but not RIG-I has been shown essential for triggering
innate immune responses against picornaviruses (Kato et al., 2005,
2006). Although these studies are convincing, the cleavage of RIG-I
during EMCV infection demonstrates the ability of viruses to
Please cite this article as: Papon, L., et al., The viral RNA recognition se
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efficiently disrupt innate immune signalling and throws new light
on the role of RIG-I as potential sensor for picornavirus infections.
These observations prompted us to analyze the contribution of RIG-I
in innate immune IFN-β signalling in response to EMCV infection, in
MDA-5 knockout (MDA-5−/−), RIG-I knockout (RIG-I−/−) and in their
corresponding wild-type (wt) mouse embryo fibroblasts (MEF). The
cells were transfected with an IFN-β-promoter-luciferase construct
for 24 h and then infected with EMCV at an MOI of 10. Various times
after infection, IFN-β-promoter activities were monitored. EMCV
infections of wt and RIG-I−/− MEF triggered similar strong induction
of IFN-β-promoter activities whereas no significant modulation was
observed in MDA-5−/− (Fig. 6A). This is consistent with studies from
knockout mice showing that MDA-5 is involved in the innate immune
response to picornaviruses (Kato et al., 2005, 2006). However, our
findings on the degradation of RIG-I could explain why EMCV fails to
induce IFN-β-promoter in infected-MDA-5−/− cells. To examine this
possibility, Flag-RIG-I was overexpressed in IFN-β-promoter-lucifer-
ase-expressing MDA-5−/− cells. Cells transfected with the p3XFlag
empty vector were used as negative control. After infection with
EMCV at an MOI of 10, IFN-β-promoter activities were monitored as
previously described and viral protein expressions were verified with
EMCV capsid protein VP1. As shown Fig. 6B, Flag-RIG-I expression
confered a strong induction of IFN-β-promoter activity in the first
hours of EMCV infection. This inductionwas transient and followed by
a repression after 4 h of infection. Consistent with our previous
observation on HeLa cells, Flag-RIG-I expression was strongly reduced
6 h post-infection suggesting that a rapid feedback regulation of RIG-I
activity occurs during EMCV infection in MDA-5−/− cells (Fig. 6C).
These results indicate that RIG-I is efficient for triggering rapid and
transient innate immune signalling against EMCV and suggest that it
represents a new sensor for signalling picornaviruses infection.

Discussion

Virus infections are detected by sensor molecules, generally
referred as “pattern recognition receptor” (PRR). PRR play a central
function in innate immunity by detecting pathogen components
leading to production and secretion of type I IFN, critical for virus
dissemination (Abreu et al., 2005; Akira et al., 2006; Medzhitov,
2007). In particular, the cytoplasmic RNA helicase-like receptors RIG-I
and MDA-5 can detect intracellular viral RNAs to signal type I IFN
production through interaction with the IPS-1 (MAVS/VISA/CARDIF)
mitochondrial adaptor (Kawai et al., 2005; Meylan et al., 2005; Seth et
al., 2005; Xu et al., 2005). Although RIG-I and MDA-5 share similar
structural and functional features (Yoneyama et al., 2005), the two
helicases have been reported to discriminate among different ligands
to trigger an innate immune response to RNA viruses. In particular,
picornavirus infections have been reported to be essentially detected
by MDA-5 (Gitlin et al., 2006; Kato et al., 2006).

Here, we report that RIG-I is down regulated during EMCV
infection. The level of RIG-I protein declines after 6 h of infection
concomitantly with the expression of the EMCV 3CPRO, suggesting that
Fig. 6. RIG-I expression confers transient IFN-β promoter activation in EMCV-infected
MDA-5−/− mouse embryo fibroblasts. (A) IFN-β-promoter-luciferase constructs was
transfected in MDA-5−/−, RIG-I−/− and in their corresponding wild-type (wt) mouse
embryo fibroblasts (MEF). Subsequently, the cells were infected with EMCV at an MOI
of 10. IFN-β-promoter activities were monitored various times after infection by
measuring the luciferase activities. (B) Flag-RIG-I-expressing vector or p3XFlag empty
vector were co-transfected with IFN-β-promoter-luciferase constructs in MDA-5−/−

cells. Subsequently, the cells were infected with EMCV at 1 MOI. Various times after
infection IFN-β-promoter activities were monitored as described above. Results of a
typical experiment are presented. Similar results were obtained in several independent
experiments. (C) Whole cell extracts Flag-RIG-I-expressing MDA-5−/− cells were
prepared and analyzed by Western blotting (WB) for the presence of Flag-RIG-I, using
anti-Flag antibodies. EMCV protein expressions were monitored by detection of EMCV
VP1 capsid protein accumulation, using anti-VP1 antibodies. Detection ofα-tubulin was
used to ensure that equal amounts of protein were loaded to each lane.
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the disappearance of RIG-I protein results, at least in part, from its
cleavage by the viral protease. Accordingly, using in vitro 3CPRO

cleavage assays, we show that Flag-RIG-I is specifically cleaved by
purified recombinant EMCV 3CPRO leading to an approximately 49-
kDa cleavage product. However, the weak part of Flag-RIG-I cleaved
by recombinant 3CPRO in these experiments did not reflect the strong
degradation observed in infected cells. In addition, we failed to detect
the 49-kDa cleavage fragment during EMCV infections suggesting that
RIG-I and RIG-I cleavage products could be substrate for cellular
proteinase degradations. Interestingly, the degradation of RIG-I in
poly(I:C) treated cells were reported to occur through a proteasome-
independent pathway, providing evidences that RIG-I can be sensitive
to caspase degradation pathways (Kim et al., 2008). Similarly, we
show that treatment of HeLa cells with puromycin, a known caspase-
dependent inducer of apoptosis, leads to RIG-I down regulation. Using
the general caspase inhibitor Z-VAD, we demonstrate that RIG-I
degradation in EMCV infected cells is in part mediated through a
caspase-dependent process. Recently, cleavage of MDA-5 during
poliovirus infection was described to occur both in a proteasome-
and caspase-dependent manner (Barral et al., 2007), therefore we
cannot exclude the contribution of proteasome pathway in EMCV-
mediated RIG-I degradation. Unfortunately, because proteasome
inhibitor impairs EMCV replication, we were unable to test this
hypothesis.

According to our data, pending submission of our manuscript, RIG-
I has been reported to be cleaved during picornavirus infection with a
more pronounced effect with poliovirus than other picornaviruses
(Barral et al., 2009). Using recombinant poliovirus 3CDPRO precursor,
the authors showed that cleavage of RIG-I occurs in a 3CDPRO-
dependent process. Accordingly, we demonstrated that recombinant
EMCV 3CPRO binds and cleaves RIG-I in an in vitro cleavage assay. In
addition, Barral at al described that cleavage of RIG-I resulted in the
generation of an approximately 70-kDa carboxy-terminal cleavage
product detected in Western blotting with an anti-RIG-I antibody
directed against the C-terminal end of protein (amino acids 909-925).
Using anti-Flag antibodies we observed that, in our in vitro assay, an
approximately 49-kDa NH2-terminal fragment was generated by
3CPRO from a N-ter-tagged Flag-RIG-I fusion protein. Interestingly, the
sum of themolecular weight of the N-ter (49) and C-ter (70) observed
in the two studies are consistent with the 115-kDa molecular weight
of the full length RIG-I protein suggesting that the cleavage of RIG-I by
the different viral proteases occurred at a unique and identical site.
Contrary to Barral et al., we failed to detect a cleavage product in HeLa
cells suggesting that N-ter fragment is more sensitive to cellular
protease degradation than the C-ter. In addition, the fact that RIG-I
appeared to be more efficiently cleaved during poliovirus infection
than EMCV infection (Barral et al., 2009) can explain why the authors
observed only a partial inhibition of RIG-I cleavage by Z-VAD during
poliovirus infection. Altogether, these data strongly strengthen our
finding on a potential role of RIG-I in signalling picornavirus infection.

It has been reported that several picornavirus polyprotein
precursor sustain functional 3CPRO activity involved in viral poly-
protein maturation and cleavage of cellular factors (Whitton et al.,
2005). For example, during hepatitis A infection, the mitochondrial
signalling protein IPS-1 is cleaved by the 3CPRO activity contained in
the 3ABC polyprotein precursor viral protein but not by the 3CPRO

itself (Yang et al., 2007). Thus, it is conceivable that functionally
described 3CPRO-containing 3ABC, 3ABCD, 3BCD or 3CD polyprotein
precursors (Aminev et al., 2003; Hall and Palmenberg, 1996) can be in
the EMCV-infected cells the major source of protease activity for RIG-I
cleavage. Accordingly, Barral et al reported that RIG-I cleavage by
poliovirus 3CD is detectable in an in vitro assay (Barral et al., 2009).
Furthermore, in addition to 3CPRO activity, the viral 2A protease
(2APRO) is responsible for maturation and degradation of viral and
cellular proteins (Blom et al., 1996). Interestingly, both the cleavage
by viral 2A protease (2Apro) and by 3CPRO of eukaryotic translation
Please cite this article as: Papon, L., et al., The viral RNA recognition se
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initiation factor 4GI (eIF4GI) was required to cause severe translation
inhibition in poliovirus-infected cells (Borman et al., 1997; Joachims
et al., 1999; Kempf and Barton, 2008; Kuyumcu-Martinez et al., 2004;
Ziegler et al., 1995). As these two proteases can trigger degradation of
common substrates, it will be very interesting to test whether such
cooperation occurs in RIG-I degradation during EMCV infection,
although, poliovirus 2APRO did not seem able to cleave RIG-I in vitro
(Barral et al., 2009). Additional experiments using recombinant 3CPRO-
containing polyproteins and 2APRO will be required to evaluate these
different hypothesis. Finally, according to previous publications
(Lawson et al., 1994), the fact that recombinant 3CPRO needs to be
refolded after purification leading to only a weak part of functional
protease could explained, in part, the incomplete cleavage and the low
level of in vitro cleavage activity observed. Although we demonstrate
that 3CPRO directly interacts with RIG-I, we cannot strictly exclude the
possibility that 3CPRO can act indirectly to produce the RIG-I cleavage
product.

The caspase-dependent cleavage of MDA5 in poliovirus-infected
cells was recently reported in response to some picornavirus
infections (Barral et al., 2007). No evidence of MDA-5 cleavage was
describedwith rhinovirus type 16 or echovirus type 1whereas a weak
effect was observed for EMCV infections suggesting that MDA-5
signalling is more critical for poliovirus than other picornaviruses
(Barral et al., 2007). These data are very important because they
provide evidences that different pathways can trigger the antiviral
response against members of the same virus family. In this context,
ours findings point to a role of RIG-I, beside MDA-5, as a critical
mediator for innate antiviral immunity against picornaviruses, such as
EMCV. Because evolution has selected viruses for growth despite
antiviral defences, it is not surprising that some viral-encoded
proteins can target and inhibit cellular effectors proteins playing a
key role in innate antiviral mechanisms (Chen and Gerlier, 2006;
Hiscott et al., 2006; Loo and Gale, 2007; Weber et al., 2004). The
preferential degradation of RIG-I in EMCV-infected cells strongly
suggests that RIG-I expression is more detrimental for EMCV
dissemination than MDA-5 expression. Consistent with this hypoth-
esis, we show that the overexpression of Flag-RIG-I sustains a strong
and transient activation of IFN-β signalling in MDA-5−/− mouse
embryo fibroblasts. Interestingly, in these experimental conditions,
IFN-β promoter activities were strongly diminished after 4 h of
infection suggesting that EMCV can efficiently inhibit RIG-I signalling.
However, it seems probable that other mechanism of viral subversion
of RIG-I signalling occur during EMCV infection leading to an efficient
inhibition. Indeed, the fact that MDA-5-null mice failed to produce
type I IFN when infected with EMCV, and have been shown more
susceptible to infection (Gitlin et al., 2006; Kato et al., 2006) probably
reflects the complete disruption of RIG-I signalling by EMCV in the
animal model.

The huge diversity of virus families and the fact that viruses have
developed strategies to circumvent innate antiviral immunity imply
that mammalian cells use various sensor molecules to efficiently
trigger IFNβ signalling in response to a given family of viruses.
However it is still unclear what specific features of picornavirus are
required for activating RIG-I or MDA-5 pathway. It is conceivable that
additional cellular co-factors may be required for efficient pathogen
recognition, depending of the cellular context. In addition, it will be
important to evaluate the susceptibility of both RIG-I and MDA-5
inhibition during infection by other picornaviruses to better under-
stand how RIG-I and MDA-5 can discriminate among these viruses. By
playing a role in innate signalling during picornavirus infection, RIG-I
represent an attractive target for virus control of host defences
and viral strategies to disrupt RIG-I function can provide effective
means of evading the innate immune response. Importantly, because
several picornaviral 3CPRO share sequence homology and have
similar substrate specificities, antagonized RIG-I signalling could
be a general picornaviral-mediated mechanism of innate immune
nsor RIG-I is degraded during encephalomyocarditis virus (EMCV)
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system subversion. The identification of the precise 3CPRO-cleavage
site on RIG-I and generation of a RIG-I mutant resistant to virus-
induced degradation will be necessary to rule definitively on this
point. Altogether, our findings provide the first evidence that RIG-I
signalling activation may play a role in the antiviral innate immune
response against picornavirus infection.

Materials and methods

Cell culture, transfection and virus stocks

Human HeLa cells, MDA-5 knockout (MDA-5−/−), RIG-I knockout
(RIG-I−/−) and in their corresponding wild-type (wt) mouse embryo
fibroblasts (MEF) were cultured at 37 °C in DMEM medium
supplemented with 10% FBS. Transient transfection experiments
were performed in 6-well plates by the Lipofectamine Plus Reagent
method (Invitrogen, France). Twenty-four hours after transfection,
cells were washed twice in phosphate-buffered-saline (PBS) and
infected with EMCV at an MOI of 10 in DMEMmedium supplemented
with 10% FBS. EMCV stocks were prepared from supernatants of virus-
infected L929 cells.

Plasmid constructs

The Flag-RIG-I expression vector was obtained from Dr. E. Meurs.
The IFN-β-promoter-luciferase reporter construct was a gift fromDr. J.
Hiscott. The myc-MDA-5 expression vector was obtained from Dr. S.
Akira.

Antibodies

Polyclonal anti-EMCV-3CPRO antibodies were prepared and puri-
fied as previously described (Lawson et al., 1994). Mouse monoclonal
antibodies directed against EMCV capsid protein VP1 were prepared
as described (Borrego et al., 2002). Anti-Flag monoclonal and
polyclonal antibodies, anti-myc antibody, anti-α-tubulin monoclonal
antibody, peroxidase-conjugated anti-mouse and anti-rabbit IgGs
(whole molecule) secondary antibodies were purchased from Sigma
Aldrich (France).

Immunoprecipitation and protein analysis

The cells were resuspended in a lysis buffer consisting of PBS buffer
containing 1% NP40, 1 mM DTT, 100 mM phenylmethylsulphonyl
fluoride (PMSF), protease inhibitor cocktail (1 tablet/10 ml, Roche
Diagnostics). 10,000-g supernatant was prepared and used for
immunoprecipitation. The extracts were incubated for 1 h at 4 °C
with specific antibodies bound to sheep anti-mouse or anti-rabbit
IgG-coupledmagnetic beads (Dynabeads, Invitrogen). The beadswere
washed 5 times in the lysis buffer. The immunoprecipitated proteins
were resuspended in 20 µl of loading buffer (10 mM Tris–HCl pH 6.8,
1% SDS, 5 mM EDTA, and 50% glycerol), incubated 5 min at 95 °C,
fractionated by SDS-PAGE and transferred onto PVDF membranes.
After a blocking step, the membranes were incubated with the
appropriate antibody and then developed using a chemiluminescent
detection system (ECL+Plus, Amersham Pharmacia Biotech).

In vitro 3CPRO cleavage assays

Whole cell extracts from Flag-RIG-I-expressing HeLa cells were
used as substrate of the 3CPRO. Wild type recombinant EMCV 3CPRO or
an inactive 3CPRO mutant (3CPRO C159A) were produced in Escherichia
coli and purified as previously described (Lawson et al., 1994). The
reactionswere performed in a 50-μl final volume containing: 12.5 μl of
extract, 25 μl of a 2× reaction buffer (consisting of 20 mM Tris–HCl pH
8.0, 2 mM EDTA, 20 mM DTT) and various concentrations of
Please cite this article as: Papon, L., et al., The viral RNA recognition se
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recombinant 3CPRO. The mixtures were incubated 2 h at 37 °C. The
reactions were stopped by the addition of 16.5 μl of a 4× concentrated
gel loading buffer and analyzed by Western blotting.
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