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Arterivirus and Nairovirus Ovarian Tumor Domain-Containing
Deubiquitinases Target Activated RIG-I To Control Innate

Immune Signaling
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The innate immune response constitutes the first line of defense against viral infection and is extensively regulated through
ubiquitination. The removal of ubiquitin from innate immunity signaling factors by deubiquitinating enzymes (DUBs) there-
fore provides a potential opportunity for viruses to evade this host defense system. It was previously found that specific proteases
encoded by the unrelated arteri- and nairoviruses resemble the ovarian tumor domain-containing (OTU) family of DUBs. In
arteriviruses, this domain has been characterized before as a papain-like protease (PLP2) that is also involved in replicase poly-
protein processing. In nairoviruses, the DUB resides in the polymerase protein but is not essential for RNA replication. Using
both in vitro and cell-based assays, we now show that PLP2 DUB activity is conserved in all members of the arterivirus family
and that both arteri- and nairovirus DUBs inhibit RIG-I-mediated innate immune signaling when overexpressed. The potential
relevance of RIG-I-like receptor (RLR) signaling for the innate immune response against arterivirus infection is supported by
our finding that in mouse embryonic fibroblasts, the production of beta interferon primarily depends on the recognition of ar-
terivirus RNA by the pattern-recognition receptor MDAS5. Interestingly, we also found that both arteri- and nairovirus DUBs
inhibit RIG-I ubiquitination upon overexpression, suggesting that both MDA5 and RIG-I have a role in countering infection by
arteriviruses. Taken together, our results support the hypothesis that arteri- and nairoviruses employ their deubiquitinating
potential to inactivate cellular proteins involved in RLR-mediated innate immune signaling, as exemplified by the deubiquitina-

tion of RIG-I.

he first line of defense against viral infection is formed by

the innate immune response. This system relies on a series of
pattern-recognition receptors (PRRs) whose activation by
pathogen-associated molecular patterns (PAMPs) ultimately
leads to the transcription of genes encoding type I interferons
(IFNs) and proinflammatory cytokines. In turn, these cytokines
stimulate the expression of a myriad of effector molecules, the
presence of which results in a cellular microenvironment that is
hostile to viral replication. To date, four families of PRRs have
been implicated in the response to viral infection: the membrane-
bound Toll-like receptors (TLRs) and the cytosolic Nod-like re-
ceptors (NLRs), HIN-200 protein family members, and RIG-I-
like receptors (RLRs) (27, 43).

Upon recognition of viral RNA by the RLRs RIG-I and MDAS,
these sensors bind to the mitochondrially located adaptor protein
MAVS, which is also known as IPS1, VISA, or Cardif. This inter-
action activates two divergent signaling pathways. The first in-
volves the adaptor protein TRAF3 and triggers the activation of
the TBK1-IkB kinase € (IKKe) complex, which then phosphoryl-
ates IRF3. Upon subsequent dimerization, this transcription fac-
tor translocates to the nucleus to initiate transcription of the gene
encoding beta IFN (IFN-f), a type I IFN. The second pathway
downstream of MAVS involves the adaptor protein TRAF6 and
the NEMO-IKKa/3 complex, of which the latter is responsible for
the phosphorylation event preceding the degradation of the
NE-«B inhibitor IkB. With IkB no longer present, NF-«B is free to
translocate to the nucleus and initiate the transcription of genes
encoding proinflammatory cytokines and, together with activated
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IRF3, IFN-B. Through autocrine and paracrine signaling routes,
IFN-B induces the transcription of numerous interferon-
stimulated genes (ISGs), including those encoding the PRRs
RIG-I and MDAD5, and the antiviral effector molecules OAS, PKR,
ISG15, and the Mx proteins, whose concerted action limits the
spread of viral infection (6, 51).

In addition to phosphorylation, the signaling pathways in-
volved in innate immunity are extensively regulated through
ubiquitination (5, 63). Ubiquitin (Ub) is an 8-kDa protein moiety
that can be covalently attached to a lysine in a target protein.
Substrates can be tagged either by a single Ub moiety (monoubiq-
uitination) or by a chain of Ub moieties that are linked by isopep-
tide bonds between their C-terminal glycine residue and an inter-
nal lysine residue (polyubiquitination). The configuration of the
polyubiquitin chain can vary, depending on which one of the
lysines present in the ubiquitin protein is used for conjugation. Of
the possible configurations, those of Lys48- and Lys63-linked
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polyubiquitination have been studied most extensively. Lys48-
linked ubiquitination induces translocation of the target protein
to the proteasome, where degradation follows. In contrast, Lys63-
linked ubiquitination results in activation or relocation of the tar-
get, which, for example, plays a role in signaling cascades.

Innate immune signaling is regulated through ubiquitination
at multiple levels. For example, the IKKa/B-induced degradation
of IkB relies on its Lys48-linked ubiquitination (28). In addition, a
number of proteins involved in signal transduction were recently
shown to be activated by Lys63-linked ubiquitination. This list
includes RIG-I, MAVS, TBK1/IKKe, and TRAF3 and -6 (17, 45,
47, 65). Notably, this ubiquitin-mediated regulation poses an ex-
cellent opportunity for negative feedback and viral immune eva-
sion since ubiquitination is a reversible process, with the decon-
jugation of ubiquitin being performed by deubiquitinating
enzymes (DUBs). For example, the mammalian DUBs OTUBI1
and OTUB2 downregulate the innate immune response through
the deubiquitination of TRAF3 and -6 (35). In addition, Cezanne
(11), DUBA (31), and A20 (45, 57) are mammalian DUBs that
negatively regulate innate immune signaling.

DUBs can be grouped into five subclasses, based on their struc-
tural characteristics (42). Previously, members of two unrelated
groups of RNA viruses, the arteri- and nairoviruses, were found to
encode a protease that resembles the ovarian tumor domain-
containing (OTU) subclass of DUBs (39). Interestingly, all of the
above-mentioned mammalian DUBs that control the innate im-
mune response also belong to this particular subclass. For this
reason, Frias-Staheli et al. (2007) hypothesized that arteri- and
nairoviral OTU DUBs are involved in the negative regulation of
innate immune signaling in order to support viral replication
(15).

The Arterivirus family, together with the Corona- and Ronivirus
families, belongs to the order Nidovirales and currently comprises
four species: Equine arteritis virus (EAV), Porcine respiratory and
reproductive syndrome virus (PRRSV), Lactate dehydrogenase-
elevating virus (LDV), and Simian hemorrhagic fever virus (SHEV).
Of these pathogens, PRRSV poses the greatest burden on society,
with regular outbreaks in pigs causing major economic losses,
especially in North America and Southeast Asia (41, 75). PRRSV
isolates are divided into two quite distant genotypes: European
(type I) and North American (type II). Arteriviruses are positive-
sense RNA viruses with a 13- to 16-kb nonsegmented genome.
Their cytoplasmic replication starts with the translation of the
genomic RNA to produce two large replicase polyproteins, ppla
and pplab. In the case of EAV, the proteolytic maturation of these
polyproteins, which is directed by three internal proteinases, re-
leases at least 13 nonstructural proteins, most of which assemble
into a membrane-bound replication complex (66, 76). Eight
structural proteins which are produced by synthesis and transla-
tion of a nested set of subgenomic mRNAs have been identified in
arteriviruses (12, 46, 54).

The arterivirus DUB domain resides in the N-terminal region
of nonstructural protein 2 (nsp2) and was previously shown to
direct the proteolytic processing of the nsp2/3 site (22, 60). In
addition to its resemblance to OTU DUBEs, the nsp2 protease be-
longs to the papain-like protease (PLP) family and will therefore
be referred to as PLP2-DUB in this paper. Interestingly, the (pre-
dicted) nsp2/3 junction in most arteriviruses only moderately re-
sembles the LXGG |, consensus motif commonly recognized by
DUBs. In fact, only the EAV nsp2/3 site (LIGG) contains the con-
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sensus Leu residue at position P4, whereas PRRSV type I
(PRRSV-I) (TTGG), PRRSV-II (PSGG), LDV (VSGG), and SHFV
(VVGG) merely share the double glycine motif occupying the P1
and P2 positions of the cleavage site. This observation suggests
that the arterivirus-encoded PLP2-DUBs constitute a unique pro-
tease subgroup that has evolved an intriguing specificity toward
both viral and cellular substrates.

The Nairovirus genus of the Bunyavirus family currently con-
sists of seven species, including the prototypic Dugbe virus
(DUGV) and Crimean-Congo hemorrhagic fever virus (CCHFV),
the causative agent of a severe hemorrhagic fever with case fatality
rates of up to 30% in humans (70). CCHFV is one of the most
widespread medically relevant arboviruses, being surpassed in
geographical distribution only by dengue virus (18). CCHFV in-
fections occur sporadically throughout Africa, Asia, the Middle
East, and southeastern Europe and are correlated with the natural
distribution of its preferred vector, ticks of the genus Hyalomma
(70). Nairoviruses have a tripartite RNA genome of negative po-
larity, with the largest segment encoding the L protein, which
harbors the RNA-dependent RNA polymerase (RdRp). The nai-
rovirus DUB domain is situated in the N-terminal region of the L
protein, but in contrast to its arteriviral counterpart, it is not in-
volved in autoproteolysis and its catalytic activity is dispensable
for RdRp activity (4).

In line with their hypothesis about a role in immune evasion,
Frias-Staheli et al. (2007) showed that expression of DUBs from
two arteriviruses (EAV and PRRSV) and two nairoviruses (DUGV
and CCHFV) negatively affected the tumor necrosis factor alpha-
induced activation of NF-«B. Furthermore, transgenic mice ex-
pressing the N-terminal part of the CCHFV L protein displayed an
increased susceptibility to Sindbis virus infection (15). They also
showed that these viral DUBs, unlike their mammalian counter-
parts, have the ability to target both ubiquitin and ISG15, a 15-kDa
interferon-stimulated Ub-like modifier that plays an important
role in antiviral defense (59). The recently solved crystal structure
of the CCHFV DUB domain provided a structural basis for this
observed catalytic promiscuity (1, 7, 26). In the arterivirus family,
overexpression of the PRRSV PLP2-DUB was found to inhibit the
Sendai virus-induced innate immune response (33, 64). Based on
in vitro assays, Sun et al. (2010) proposed that this effect at least
partially relies on the deubiquitination of IkBa, which would pre-
vent the degradation of IkB and the subsequent nuclear translo-
cation of NF-kB (64).

Here we report the characterization of the immune evasive
properties of arteri- and nairovirus DUBs. We show for the first
time that the DUB activity of the PLP2 domain is a conserved
feature of all members of the arterivirus family and that it can
inhibit the RLR-mediated immune response. We investigated the
role of this pathway in the sensing of arteriviral RNA and found
that in mouse embryonic fibroblasts (MEFs) the induction of
IFN-B by EAV RNA is MAVS dependent and that the recognition
of EAV RNA relies primarily on the PRR MDAS5. Interestingly, we
were able to show that overexpression of both arteri- and nairo-
virus DUBs inhibits RIG-I ubiquitination, suggesting that RIG-1is
also likely involved in the response to arterivirus infection. Taken
together, our data support the concept that the DUB-mediated
immune evasion in arteri- and nairoviruses is, at least in part, the
result of the removal of ubiquitin from RIG-I and likely also from
other innate immune signaling factors in the RLR pathway.
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MATERIALS AND METHODS

Plasmids. nsp2 of the EAV Bucyrus strain (NCBI accession number
NC_002532) comprises residues Gly261 to Gly832 of the EAV ppla/
pplab replicase polyproteins. Polyprotein amino acid numbers will be
used throughout this paper. For bacterial expression of EAV nsp2y, a
cDNA fragment encoding amino acids (aa) 261 to 427 was cloned down-
stream of the maltose-binding protein (MBP) fusion partner into the
pMalT vector (New England BioLabs). Active-site mutations C270A,
H332A, and C270A/H332A, the last one of which is referred to from here
on as C/H>A, were engineered by site-directed mutagenesis using Pfu
DNA polymerase (Fermentas). Primer sequences are available upon re-
quest.

Mammalian expression constructs encoding the PLP2-DUB domains
of all arteriviruses were made by cloning the following sequences encod-
ing the indicated amino acids of the respective replicase polyproteins and
placing them in frame with an N-terminal hemagglutinin (HA) tag in the
pcDNA3.1 vector (Invitrogen): aa 261 to 1064 for EAV nsp2-3, aa 261 to
435 for EAV nsp2 ), aa 385 to 578 for PRRSV-I nsp2,y, aa 383 to 782 for
PRRSV-II nsp2 y, aa 381 to 576 for LDV nsp2y, and aa 480 to 829 for
SHFV nsp2 . The last two inserts were synthesized by the GeneArt gene
synthesis service (Invitrogen) and were based on the sequences with NCBI
accession numbers NC_001639 and NC_003092, respectively. For
PRRSV-I nsp2y, a sequence from the European SD-01-08 strain which
was amplified from pCAGGS-nsp2 was used (64). The PRRSV-II nsp2
construct encodes the North American prototype VR-2332 strain. For the
mammalian expression constructs of the CCHFV DUB domain, a frag-
ment encodingaa 1 to 169 of the L protein was transferred from pCAGGS-
HA-L(1-169) wild type and C40A/H151A (15) to the pcDNA3.1 vector.
An insert containing the enhanced green fluorescent protein (EGFP) gene
from pEGFP-N1 (Clontech) was placed into the multiple-cloning site of
pcDNA3.1 to generate plasmid pcDNA-eGFP. All constructs were verified
by sequence analysis.

The following expression plasmids were described elsewhere: pLuc-
IFN-B (13), pRL-TK (Promega), pEBG-RIG-I(,carpy (17), pcDNA-
FLAG-MAVS (56), pEGFP-CI-IRF3 5, (36), and pRBG4-CW7-myc-
ubiquitin (69).

Viruses, cells, and antibodies. The Bucyrus strain of EAV was prop-
agated and concentrated by polyethylene glycol precipitation essentially
as described previously (10). Propagation of mengovirus, derived from
the pM16.1 full-length cDNA clone, was described before (23). Recombi-
nant Newcastle disease virus (NDV), derived from the Hitchner B1 vac-
cine strain and containing a GFP insertion, was described elsewhere (49).

MEFs isolated from transgenic MAVS~/~, MDA5/~, or RIG-I"/~
mice and their respective wild-type littermate controls were described
previously (29, 30, 62). MEFs, HEK293T cells, and Vero-E6 cells were all
cultured in Dulbecco’s modified Eagle medium (Lonza) supplemented
with 10% fetal bovine serum (Bodinco BV), 100 units/ml each of penicil-
lin/streptomycin (Lonza), and 2 mM L-glutamine (Lonza).

The antibodies used were anti-glutathione S-transferase (GST; sc459;
Santa Cruz), anti-HA (ab18181; Abcam), anti-c-myc (9E10; Roche), anti-
transferrin receptor (TFR; H68.4; Invitrogen), and anti-GFP from rabbits
immunized with purified recombinant GFP.

In vitro DUB activity assay. Escherichia coli strain BL21(DE3) trans-
formed with wild-type or mutant pMalT-EAV-nsp2 \, was grown to an
optical density at 600 nm of 0.6 in standard LB broth. Protein expression
was then induced by the addition of isopropyl--p-thiogalactopyranoside to
a final concentration of I mM. After 3 h at 37°C, bacteria were resuspended in
buffer A (20 mM Tris, 200 mM NaCl, 1 mM EDTA, pH 7.5) and lysed by
sonication. After removal of cellular debris by centrifugation, the supernatant
was incubated for 2 h with amylose resin (New England BioLabs). Resin was
then washed 4 times with buffer A and protein was eluted using buffer B (20
mM Tris, 200 mM NaCl, 1 mM EDTA, 10 mM maltose, pH 7.5). Protein
concentration and purity were determined using Bradford reagent (Bio-Rad)
and SDS-PAGE analysis, respectively.

For an in vitro DUB activity assay, 1 pg of purified recombinant EAV
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nsp2y, was incubated with 2.5 ug Lys48- or Lys63-linked polyubiquitin
chains (Boston Biochem) in a final volume of 10 ul assay buffer (50 mM
Tris, 5 mM MgCl,, 2 mM dithiothreitol [DTT], pH 7.5) for 2 h at 37°C.
For nsp2y, dilution series, a range of 2-fold dilutions starting at 0.5 pg
per reaction was used. As a positive control, isopeptidase T (Boston
Biochem) was included. The reaction was terminated by the addition of
3.5 ul 4X Laemmli sample buffer (4X LSB; 500 mM Tris, 4% SDS, 40%
glycerol, 0.02% bromophenol blue, 2 mM DTT, pH 6.8). Proteins were
separated in a 15% SDS-polyacrylamide gel and visualized using Coomas-
sie brilliant blue staining. Gels were scanned using a GS-800 calibrated
densitometer (Bio-Rad).

DUB activity assay in HEK293T cells. HEK293T cells, grown to 80%
confluence in 12-well plates, were transfected with a combination of plas-
mids encoding myc-ubiquitin (0.25 ng), GFP (0.25 ug), and the different
viral proteins (1.5 pg) using the CaPO, transfection method (19). Total
DNA amounts were kept constant by the addition of empty vector. After
16 h at 37°C, cells were lysed in 250 ul 2X LSB (250 mM Tris, 2% SDS,
20% glycerol, 0.01% bromophenol blue, 1 mM DTT, pH 6.8). Samples
were loaded on SDS-polyacrylamide gels, which were blotted to
Hybond-P polyvinylidene difluoride membranes (GE Healthcare) usinga
semidry transfer cell (Bio-Rad). After incubation with the appropriate
antibodies, protein bands were visualized using the Amersham ECL Plus
detection reagent (GE Healthcare).

Quantitative real-time PCR. Vero-E6 cells, grown to 90% confluence
in 6-well plates, were infected at a multiplicity of infection of 10 with EAV,
mengovirus, or NDV or were mock infected. Total RNA was isolated at 16
h postinfection using TRIzol reagent (Invitrogen). Subsequently, MEFs
lacking MAVS, MDAS, or RIG-I and their respective wild-type controls,
seeded at a density of 200,000 cells per well in 6-well plates on the previous
day, were transfected with 4 ug of the aforementioned total RNA using
Lipofectamine 2000 (Invitrogen). At 3 h posttransfection (p.t.), total RNA
was isolated from these cells using a Nucleospin RNA II kit (Machery-
Nagel) and used as a template for cDNA synthesis using Moloney murine
leukemia virus reverse transcriptase (Fermentas) and oligo(dT),, primer.
Finally, samples were assayed by quantitative real-time PCR analysis
(qQRT-PCR) using commercially available gene expression assays for
mouse IFN-B and glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
(Mm00439552_s1 and Mm99999915_gl, respectively; Applied Biosys-
tems). PCR was performed using a 7900HT Fast real-time PCR system
and analyzed with SDS2.4 software (both from Applied Biosystems). PCR
efficiencies were determined to be 86 and 93% for IFN-B and GAPDH,
respectively, which allowed analysis using the comparative threshold cycle
(Cp) method (55). In addition, it was established that GAPDH expression
did not differ between MEFs transfected with total RNA from infected or
mock-infected Vero cells.

Luciferase-based IFN-f3 reporter assay. HEK293T cells, grown to
80% confluence in 24-well plates, were transfected in quadruplicate with
a combination of plasmids encoding firefly luciferase under the control of
the IFN-f promoter (50 ng), Renilla luciferase (5 ng), RIG-I,carp)
MAVS, or IRF3 5, (25 ng) and the various viral proteins (1,000 ng) using
Lipofectamine 2000. For dose range experiments, 2-fold serial dilutions of
viral protein-encoding plasmids were used, starting at 1,000 ng of DNA.
Total DNA amounts were kept equal by the addition of empty vector. At
12 h p.t., three out of four wells were lysed in 100 ul passive lysis buffer
(Promega), and samples were assayed for luciferase activity using the
Dual-Luciferase reporter assay system (Promega) on a Mithras LB 940
multimode reader (Berthold Technologies). The remaining well was lysed
in 150 ul 2X LSB, and these samples were loaded onto SDS-
polyacrylamide gels and analyzed by Western blotting as described above.

An unpaired two-tailed Student’s t test was used to determine the
statistical significance of the results obtained with the luciferase assays. P
values of <0.05 were considered to be statistically significant.

RIG-I ubiquitination assay. HEK293T cells, grown to 80% conflu-
ence in 6-well plates, were transfected with a combination of plasmids
encoding myc-ubiquitin (0.5 ug), GFP (0.5 pg), GST-RIG-I ,cprp) (1.5
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pg), and the various viral proteins (1.5 pg) using the CaPO, transfection
method. Total DNA amounts were kept constant by the addition of empty
vector. At 16 h p.t., cells were lysed for 1 h in buffer C [50 mM Tris, 5 mM
MgCl,, 0.5% NP-40, 25 mM N-ethylmaleimide, I mM 4-(2-aminoethyl)-
benzenesulfonyl fluoride, 5 wg/ml leupeptin, pH 7.5]. After removal of
cellular debris by centrifugation, 1/10 of the lysate was mixed 1:1 with 2X
LSB. The remaining lysate was incubated at 4°C for 3 h with glutathione
Sepharose 4B resin (GE Healthcare). The resin was subsequently washed 3
times with buffer C, and proteins were eluted by addition of 2X LSB and
incubation at 96°C for 5 min. Samples were then loaded on an SDS-
polyacrylamide gel and analyzed by Western blotting as described above.

RESULTS

Recombinant EAV PLP2-DUB exhibits in vitro DUB activity,
which is abolished by mutagenesis of active-site residues. It was
previously shown by Frias-Staheli et al. (2007) that overexpression
of EAV and PRRSV nsp2 in mammalian cells resulted in a general
decrease of the level of ubiquitinated proteins (15). In addition,
Sun et al. (2010) showed that PRRSV-I PLP2, when immunopre-
cipitated from mammalian cells, cleaved Lys48-linked poly-
ubiquitin chains (64). To confirm that the observed activities of
nsp2 derive from the bona fide DUB activity of its protease and to
exclude the possibility that these observations were caused by an
indirect effect on cellular ubiquitination processes, a recombinant
N-terminal fragment of EAV nsp2 containing the predicted PLP2-
DUB domain [nsp2y,] was purified from E. coli and tested in an
in vitro activity assay. To this end, a dose range of purified recom-
binant protein was incubated with Lys48- or Lys63-linked poly-
ubiquitin chains. Figure 1A shows that EAV nsp2 y, efficiently
cleaved both types of substrates, while showing a slight preference
for Lys63-linked chains in this assay. In addition, mutagenesis to
Ala of the putative catalytic residues Cys270 and His332 (60) com-
pletely abolished the cleavage of ubiquitin chains of both linkage
types (Fig. 1B). These results clearly establish that the PLP2-DUB
domain present in EAV nsp2 possesses genuine DUB activity in
the absence of other viral or cellular proteins.

All arterivirus nsp2 proteins show DUB activity when over-
expressed in HEK293T cells. Comparative sequence analysis pre-
viously showed that all arterivirus nsp2 proteins contain se-
quences resembling the EAV PLP2-DUB domain (39, 60). To
confirm that these proteins indeed possess DUB activity, mamma-
lian expression constructs were made for the PLP2-DUB domains
of all known arteriviruses. It soon became clear, however, that
expression of the conserved core PLP2-DUB domain did not suf-
fice for catalytic activity in the case of the PRRSV-II, LDV, and
SHEV proteins. Therefore, expression constructs of variable
length were designed, starting at the predicted N-terminal residue
of nsp2 and gradually extending downstream of the C-terminal
border of the PLP2-DUB core domain (Fig. 2C). The different
nsp2, proteins were subsequently assayed for DUB activity by
cotransfecting the expression plasmids encoding them together
with a myc-ubiquitin expression vector into HEK293T cells. Fig-
ure 2A illustrates that in the case of LDV and SHFV, the nsp2 y,
proteins displayed catalytic activity toward ubiquitinated cellular
substrates only upon inclusion of a minimal stretch of residues
flanking the core PLP2-DUB domain, while Fig. 2B shows that, at
least for PRRSV-II, inclusion of the minimal required flanking
sequence did not guarantee catalytic activity per se. Since all con-
structs expressed similar levels of protein, the observed lack of
activity represented the expression of an inactive enzyme (data not
shown).

776 jviasm.org

A Lys48 polyubiquitin Lys63 polyubiquitin
IsoT EAV nspZ(N) - - EAV nspZ(N) IsoT
ISOT|  w— s |IsoT
nsp2, — — — nsp2,
Ub,
Ubs L
—— — Ubs
T — — Ub4 - e
Ub3 - -
T —— — sz — -
- Ub, e - - -
1 2 3 4 5 6 7 8 9 10 11 12
Lys48 polyubiquitin Lys63 polyubiquitin
IsoT EAV nspZ(N) - - EAV nspZ(N) IsoT
g g
1§83 £33 %
I 8 ] 2 2 K 8 I
O I O 3 S O I O
I1SOT| e |IsoT
nsp2,, — - e - —— — — nsp2,,
e e S Ub, -
oo Y e - Ub,
—_—— — e | Ub,
— —— — — Ub4
Ub, | e —_——
— — — s [ Ub,
— - (U = —
1 2 3 4 5 6 7 8 9 10 11 12

FIG 1 The EAV PLP2-DUB cleaves both Lys63- and Lys48-linked polyubiq-
uitin chains. (A) To establish the bona fide DUB activity of the EAV/PLP2-
DUB, an in vitro activity assay was developed using polyubiquitin chains as a
substrate. To this end, a dose range consisting of 2-fold serial dilutions starting
at 0.5 g of purified recombinant wild-type EAV nsp2y, per reaction was
incubated with Lys48- or Lys63-linked polyubiquitin chains for 2 h at 37°C.
The established DUB isopeptidase T (IsoT; 0.5 ug per reaction) was included
as a positive control (21). (B) The effect of mutagenesis of the putative active-
site residues (Cys270 and His332) of EAV PLP2-DUB was investigated by
incubating Lys48- and Lys63-linked polyubiquitin chains with 1 ug of purified
recombinant wild-type EAV nsp2, or mutant proteins in which one or both
of these residues were replaced by Ala.

Figure 3A presents an overview of the arterivirus PLP2-DUB
constructs used throughout the rest of the paper. For each arteri-
virus, overexpression of nsp2 ., proteins of sufficient length de-
creased the level of ubiquitinated proteins in transfected cell cul-
tures (Fig. 3B lanes 3 and 5 to 8). It is clear from Fig. 3B that the
PLP2-DUB domains of the various arteriviruses do not show the
same level of DUB activity. Since these domains were taken out of
their natural full-length-protein context for this experiment, this
assay cannot be used to judge whether these differences are due to,
for example, the use of suboptimal domain borders in these con-
structs or, alternatively, whether they might reflect an intrinsic
property of the respective PLP2-DUBs. As expected, overexpres-
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sion of a catalytically inactive double mutant (C/H>A) of EAV
nsp2 y did not result in a decrease in ubiquitinated protein levels
(Fig. 3B, compare lanes 3 and 4). Although these experiments do
not formally exclude the possibility that the observed effects are
due to indirect effects on cellular ubiquitination events, they
strongly suggest that all arterivirus nsp2 proteins are genuine
DUBs, especially when taking the in vitro activity observed for
recombinant EAV nsp2 , into account (Fig. 1).

In the infected cell, the arterivirus PLP2-DUB domain resides
in a membrane-anchored viral replication and transcription com-
plex which is associated with double-membrane structures in the
perinuclear area of the cell (48, 67). However, the C-terminally
truncated nsp2, proteins used as described above did not con-
tain the transmembrane domain of nsp2 and therefore localized to
the cytosol (data not shown). To mimic the natural situation more
closely, the DUB activity assays described above were repeated
using a self-cleaving, full-length EAV nsp2-3 polyprotein. A cata-
Iytically inactive derivative (C/H>A) of this protein, which does
not process the nsp2/3 site, served as a negative control. Figure 3C
shows that overexpression of both the wild-type and C/H>A
forms of EAV nsp2-3 decreased the expression of the GFP trans-
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fection control. This suggested a general adverse effect on protein
expression in this particular assay, which may also have affected
the abundance of myc-ubiquitin. Nonetheless, a clear difference
between the wild-type and C/H>A nsp2-3 proteins with regard to
their effect on protein ubiquitination was observed (Fig. 3C, top;
compare lanes 3 and 4), suggesting that at least part of the ob-
served decrease in ubiquitination is due to the protease activity of
EAV nsp2.

Finally, the DUB domain present in the L protein of the nairo-
virus CCHFV and a catalytically inactive mutant of this protein
were included in this experiment (Fig. 3C). As was expected on the
basis of previous work (15), overexpression of wild-type CCHFV
L) decreased ubiquitinated protein levels, while overexpression
of the C/H>A mutant did not (Fig. 3C, top, lanes 7 and 8).

The induction of IFN- by EAV RNA in MEFs is MAVS de-
pendent, and the recognition of EAV RNA relies primarily on
MDAS5. Since arteriviruses target a variety of tissues (61), it is likely
that in vivo many of the infected cells have an operational RLR
pathway that will trigger an antiviral response. To investigate the
involvement of the RLR pathway in sensing EAV infection, we

used MEFs isolated from transgenic mice lacking MAVS, MDAS,
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or RIG-I. Using qRT-PCR, we compared the IFN-f response in
these MEFs with that in control cells derived from their respective
wild-type littermates. MEFs are permissive to EAV infection, al-
though the number of cells that can be infected is generally low,
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possibly due to differential expression of suitable receptors (data
not shown). Moreover, low induction of IFN-B was observed
upon infection, probably also due to innate immune-suppressing
activities of the virus. Therefore, the IFN- 3 response was induced
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by transfecting these cells with total RNA isolated from EAV-
infected Vero cells. As positive controls we employed total RNA
isolated from Vero cells infected with mengovirus or NDV. Using
the comparative C; method (55), IFN- expression levels were
normalized to those of GAPDH as an internal standard and com-
pared to the IFN-f3 expression levels in MEFs transfected with
total RNA from mock-infected Vero cells.

Our results show that transfecting wild-type MEFs with total
RNA isolated from EAV-infected Vero cells induced a 100- to
300-fold increase of IFN-f3 expression compared to that by cells
transfected with RNA from mock-infected cells (Fig. 4A). The
absence of MAVS almost completely abolished this IFN- re-
sponse, indicating that, at least in MEFs, the RLR pathway is in-
deed involved in sensing EAV RNA. In addition, while a lack of
RIG-I had no significant effect, the absence of MDAS5 had a pro-
found negative effect on the IFN- response (Fig. 4A). However,
in MDA5-knockout cells, the IFN- 3 response was not completely
suppressed, unlike what was observed when RNA from
mengovirus-infected cells was used (Fig. 4B), suggesting that ei-
ther RIG-I or an as yet unidentified MAVS-dependent PRR can
trigger an IFN-f3 response in the absence of MDAS5. Consistent
with the published literature, Fig. 4B and C clearly show that men-
govirus RNA was exclusively recognized by MDAS5, while NDV
RNA was solely recognized by RIG-I (30).

Arteri- and nairovirus DUBs inhibit the RIG-I-mediated
IFN- response. After establishing that the RLR pathway is in-
deed involved in the recognition of arteriviral RNA, we continued
to investigate the immune evasive properties of the arteri- and
nairoviral DUBs in more detail. To this end, we designed a
luciferase-based reporter assay to investigate inhibition of RLR
signaling by the various viral proteins. Plasmids encoding consti-
tutively active RIG-I(,carp), Wild-type MAVS, or constitutively
active IRF3 5, were transfected to induce IFN-S expression. In
addition, cells were cotransfected with a reporter plasmid en-
coding firefly luciferase under the control of the IFN-B pro-
moter, and Renilla luciferase was included as a transfection
control. As anticipated, expression of either RIG-I,carpy
MAVS, or IRF3 5, strongly induced reporter gene expression,
which was set to 100% (Fig. 5A to C and 6A and B, leftmost bar
of each graph). Western blots were included for all experiments
to confirm correct transfection and expression of viral proteins
(Fig. 5D to F and 6C and D).

Figure 5A clearly shows that expression of each of the arterivi-
rus nsp2  constructs, as well as the EAV nsp2-3 and CCHFV Ly,
constructs, significantly decreased reporter gene activation upon
induction by RIG-I ,cagrp). This indicated that each of these pro-
teins is able to inhibit the RLR-mediated immune response at the
level of RIG-I or downstream of RIG-1. Consistent with its lower
general DUB activity upon overexpression in HEK293T cells,
PRRSV-II nsp2 y, showed a significant but relatively low inhibi-
tory activity, which may be due to the use of suboptimal domain
borders in this construct or may reflect an intrinsic property of
this specific arterivirus PLP2-DUB. Figure 5B illustrates a compa-
rable inhibition of MAVS-induced reporter gene activation by all
DUB-containing proteins, which is suggestive of inhibition at the
level of MAVS or downstream of MAVS.

To confirm that the observed effects on reporter gene expres-
sion indeed resulted from the specific inhibition of RLR signaling,
a similar reporter assay in which constitutively active IRF3 55, was
used to activate the reporter gene was set up. Since the expression
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FIG 4 Induction of IFN-B by EAV RNA in MEFs is MAVS dependent, and the
recognition of EAV RNA primarily relies on the PRR MDAS. To investigate the
role of RLR sensors in the recognition of arteriviral RNA, MEFs lacking MAVS,
MDAS5, or RIG-I (black bars) and their respective wild-type controls (white
bars) were transfected with total RNA isolated from Vero cells infected with
EAV (A), mengovirus (B), or NDV (C). At 3 h p.t., total RNA was isolated from
these cells and used as a template for cDNA synthesis. Gene expression levels of
IFN-B and GAPDH were subsequently determined by means of gqRT-PCR.
Using the comparative C;- method, the gene expression levels of IFN-f were
normalized to those of GAPDH, which was used as an internal standard, and
compared to the gene expression levels of IFN-f in MEFs transfected with total
RNA from mock-infected Vero cells. This experiment was performed three
times independently with similar outcomes. Bars represent the mean of PCR
triplicates from one representative experiment = standard deviation.

of constitutively active IRF3 5, results in direct and presumably
ubiquitin-independent reporter gene activation, one would not
expect this induction to be affected by the expression of viral
DUBs. Surprisingly, however, EAV nsp2 y, considerably inhibited
reporter gene activation by IRF3 s, (Fig. 5C), although the inhi-
bition was less pronounced than that observed upon activation by
RIG-Ijscarp) (Fig. 5A) or MAVS (Fig. 5B). Interestingly, EAV
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FIG 5 Overexpression of arteri- and nairoviral DUBs inhibits the RLR-mediated innate immune response. To investigate the effect of overexpression of the
various viral DUBs on RLR-mediated signaling, a luciferase-based reporter assay was designed. To this end, HEK293T cells were transfected with a reporter
plasmid encoding firefly luciferase under the control of the IFN-B promoter. A plasmid encoding Renilla luciferase was included as a transfection control, and
RLR signaling was induced by the cotransfection of plasmids encoding RIG-I(,crpy (A), MAVS (B), or IRF3 5,y (C). Dose ranges in panel C consist of 2-fold
serial dilutions, where the largest amount of DUB-encoding plasmid DNA corresponds with the amounts used for the experiments whose results are presented
in panels A and B. At 12 h p.t., three wells were used to perform a dual luciferase assay, while every fourth well was used for Western blot analysis to verify the
correct expression of viral proteins by probing with the indicated antibodies (D to F). Comparable experiments were performed at least twice with similar results.
Bars represent the mean of triplicates from one representative experiment * standard deviation. NS, not statistically significant.

nsp2-3 only marginally affected reporter gene expression upon
IRF35py-mediated activation (Fig. 5C), while its effect on RIG-I
or MAVS-induced IFN-B expression was comparable to that of
EAV nsp2y, (Fig. 5A and B). This supports the assumption that
the subcellular localization of the PLP2-DUB is an important de-
terminant of the natural range of substrates that is accessible to the
enzyme in the infected cell.

To further investigate the DUB dependency of the observed
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inhibitory effects, the dose-dependent activities of wild-type and
catalytically inactive (C/H>A) mutants of EAV nsp2, and
nsp2-3 were compared (Fig. 6A and B). As expected, wild-type
EAV nsp2y, showed a clear dose-dependent increase in inhibi-
tion of reporter gene activity upon induction by RIG-I,carp)
while EAV nsp2 ) C/H>A did not significantly inhibit with any
of the tested amounts of transfected DNA. In contrast, although
clearly decreased compared to the wild-type control, EAV nsp2-3
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similar results. Bars represent the mean of triplicates from one representative experiment * standard deviation.

C/H> A still significantly inhibited RIG-I-mediated reporter gene
activity, suggesting that this protein harbors one or more addi-
tional immune inhibitory functions that are not strictly depen-
dent on its DUB activity.

Arteri- and nairovirus DUBs can inhibit the ubiquitination
of RIG-I. RIG-I is a key PRR in the RLR pathway, and, unlike
MDAS, its activation depends on ubiquitination (17). In addi-
tion, our data suggested a role for RIG-I in the recognition of
arterivirus RNA and showed that arteri- and nairoviral DUBs
can inhibit the RLR pathway at the level of RIG-I or down-
stream of RIG-I (Fig. 5A). This led us to examine whether these
viral DUBs are capable of inhibiting RIG-I ubiquitination. We
therefore cotransfected HEK293T cells with plasmids encoding
GST-RIG-I(,carpy, myc-ubiquitin, GFP, and the indicated
viral proteins and performed a GST pulldown experiment, fol-
lowed by a Western blot analysis. In the absence of viral pro-
teins, several bands representing (poly)ubiquitinated RIG-
I>carpy could be observed upon overexpression of this protein
in combination with myc-ubiquitin (Fig. 7A and B, top, lane
3). Notably, unlike others, our experiments were performed in
the absence of proteasome inhibitors, which would merely
have resulted in the accumulation of Lys48-linked substrates
rather than the activating Lys63-linked form that we were in-
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terested in (68). Gack et al. (2007) previously used a similar
approach to visualize ubiquitinated RIG-I(,c,grp) and showed
comparable band patterns, which they subsequently confirmed
to be the Lys63-linked polyubiquitinated form using mass
spectrometry analysis (17).

Figure 7A shows that coexpression of wild-type EAV,
PRRSV-I, LDV, or SHFV nsp2y, resulted in the nearly com-
plete disappearance of ubiquitinated RIG-I(,carp) (Fig. 7A).
PRRSV-II nsp2 y, exhibited only a modest effect (Fig. 7A, lane
7), in line with the other results obtained with this protein (Fig.
3B and 5A). The inhibitory effect of EAV nsp2 ) was clearly
reduced upon mutagenesis of the catalytic residues (Fig. 7A,
lane 5). Additionally, Fig. 7B shows that wild-type EAV nsp2-3
also completely inhibited RIG-1(,,rp) ubiquitination (Fig. 7B,
top, lane 4). Expression of EAV nsp2-3 C/H>A resulted in an
attenuated but nevertheless clear reduction of ubiquitinated
RIG-I(;carp) levels (Fig. 7B, top; compare lanes 3 to 5). This
observation might, however, be explained by the fact that the
overall amount of RIG-I,cxgrpy appeared to be decreased in the
presence of either wild-type or catalytically inactive EAV
nsp2-3 (Fig. 7B, 2nd and 3rd panels from the top, lanes 4 and
5). Finally, the expression of wild-type CCHFV Ly, also re-
sulted in the complete disappearance of ubiquitinated RIG-I,
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FIG 7 Arteri- and nairovirus DUBs inhibit the ubiquitination of RIG-I upon overexpression. (A and B) The effect of overexpression of the arteri- and nairovirus
DUBs on RIG-I ubiquitination was assessed by cotransfecting HEK293T cells with a combination of plasmids encoding GST-RIG-I, ¢y, myc-ubiquitin, GFP,
and the indicated viral proteins. Following lysis at 16 h p.t., a GST pulldown experiment was performed and ubiquitination of RIG-I was subsequently analyzed
by means of SDS-PAGE and Western blot analysis, using the indicated antibodies. PD, pull-down; WCL, whole-cell lysate.

an effect that was clearly suppressed upon mutagenesis of the
protease’s catalytic residues (Fig. 7B, top; compare lanes 3, 8,
and 9).

DISCUSSION

In this paper, using both in vitro and cell-based assays, we docu-
ment for the first time that the nsp2 replicase subunits of all ar-
teriviruses harbor a DUB activity that is likely used to counter
RLR-mediated innate immune signaling. In addition, we estab-
lished that the DUB domains of both arteri- and nairoviruses are
capable of inhibiting RIG-I ubiquitination, suggesting that the
deconjugation of ubiquitin from this PRR constitutes one of the
mechanisms by which DUB-containing proteins from these vi-
ruses interfere with the innate immune response. The recent find-
ing that a DUB encoded by Kaposi’s sarcoma-associated herpes-
virus, a DNA virus, also reduced IFN-f3 expression by inhibiting
RIG-I ubiquitination highlights the potential benefits of this strat-
egy for viruses at large (25). Since the viral DUBs studied here were
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also capable of inhibiting MAVS-mediated IFN-f induction, it
stands to reason that the deubiquitination of MAVS or other sig-
naling molecules downstream of this factor also plays a role in the
immune evasion mediated by these viral proteins.

To date, our knowledge concerning the role of innate PRRs in
the recognition of arterivirus infection is limited. There is some
evidence to suggest that TLR3 is important (53), but our study
yielded the first indication for the involvement of the RLRs in the
recognition of arteriviral RNA. By transfecting MEFs with total
RNA isolated from EAV-infected Vero cells, we have shown that
the absence of MAVS, a central factor in RLR signaling, almost
completely abrogated IFN- expression, indicating that in these
cells MAVS-mediated signaling is pivotal in the response to EAV
infection (Fig. 4A). In addition, the absence of MDA5 strongly
attenuated IFN-B induction compared to that in wild-type MEFs
(Fig. 4A), suggesting that this sensor is the main RLR responsible
for the recognition of arteriviral RNA. Since arteriviruses infect
numerous different tissues and cell types during infection in vivo
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(61), it is likely that many of these indeed rely on the RLR-
mediated antiviral response, supporting the relevance of our data
acquired in MEFs. Considering our findings, it seems counterin-
tuitive that an arteriviral protein would target RIG-I in order to
evade host immune signaling. However, in contrast to what was
observed for mengovirus, the absence of MDA5 reproducibly
failed to cause a complete loss of EAV-induced IFN-f expression
(compare Fig. 4A and B). This suggests that another PRR, likely
RIG-I, can mount an immune response against EAV infection in
the absence of MDAS. In fact, West Nile virus (14), dengue virus
(40), and the coronavirus murine hepatitis virus (34) were previ-
ously found to be recognized by both MDA5 and RIG-I. Alterna-
tively, not RIG-I but another PRR might be responsible for the
observed residual level of IFN-f expression in the absence of
MDAS5. For example, recent work by Sabbah et al. (2009) showed
that the NLR Nod2 detected viral RNA and that subsequent sig-
naling by this molecule was also MAVS dependent (50). Never-
theless, the fact that both MDAS and RIG-I are ISGs suggests a role
for these proteins during later stages of infection which might be
distinct from their initial activities as PRRs and would explain why
a virus that is not primarily detected by RIG-I would still benefit
from inhibiting its activation. This hypothesis is further supported
by the finding that several picornaviruses induce RIG-I degrada-
tion, despite the fact that they are commonly believed to be rec-
ognized solely by MDAS5 (2, 44).

As in the case of arteriviruses, little is known about the innate
immunity signaling pathways involved in the recognition of nai-
roviruses. Nevertheless, Habjan et al. (2008) showed that CCHFV
and the related bunyavirus Hantaan virus process the 5’ end of
their genomes, likely to prevent recognition by RIG-I (20). In
addition, there is recent evidence that infection with Hantaan vi-
rus can indeed be sensed by RIG-I (32). Since viruses belonging to
the same family are often recognized by the same PRRs, these
findings suggest that CCHFV is also recognized by RIG-I. In nai-
roviruses, the deubiquitination of RIG-I might therefore be an
additional mechanism to further inhibit RLR-mediated signaling.

Notably, our results showed that inhibition of the innate
immune response by EAV nsp2-3, in contrast to EAV nsp2 .,
is not strictly dependent on its DUB activity. Although the
inhibitory activity of EAV nsp2-3 is clearly reduced upon mu-
tagenesis of the protease’s active-site residues, it is not com-
pletely abolished (Fig. 6B). In contrast, mutagenesis of the
same catalytic residues in EAV nsp2y, almost completely ab-
rogated its inhibitory activity (Fig. 6A).

These observations are consistent with results previously ob-
tained by others for coronavirus DUBs (8, 9). Both arteri- and
coronaviruses belong to the order Nidovirales and share a similar
genome organization and expression strategy. Coronavirus nsp3,
which can to a certain extent be considered the functional equiv-
alent of arterivirus nsp2, contains two papain-like protease do-
mains (PLP1 and PLP2). In some coronavirus species, however,
PLP1 has lost its proteolytic activity or the entire PLP1 domain is
missing. In these cases, PLP2 is the only active protease domain in
nsp3 and is therefore referred to as PLpro. PLP2/PLpro of severe
acute respiratory syndrome-associated coronavirus (SARS-CoV),
murine hepatitis virus A59 (MHV-A59), human coronavirus
NL63 (HCoV-NL63), and PLP1 of transmissible gastroenteritis
virus (TGEV) were all shown to possess DUB activity, in addition
to their role in the autoproteolytic maturation of the replicase
polyproteins (3, 8,37, 71, 74). Notably, the coronavirus DUBs are
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of the USP subclass instead of the OTU subclass of DUBs. Like the
arterivirus PLP2-DUB, the PLP2/PLpro domains of various coro-
naviruses were found to inhibit the innate immune response (8, 9,
16, 74). While the immune inhibitory activity of MHV-A59 PLP2
was claimed to be completely dependent on its DUB activity, that
of HCoV-NL63 and SARS-CoV PLP2/PLpro was shown to only
partially depend on its proteolytic activity. These observations
suggest that both arteri- and coronavirus replicase proteins harbor
additional immune evasive features that may be linked to but are
not strictly dependent on the DUB activity present in their nsp2 or
nsp3 subunit, respectively. It is conceivable that a catalytically in-
active DUB would still be able to bind ubiquitin or ubiquitinated
proteins, thereby hindering interactions necessary for signal
transduction. In addition, our results suggest that expression of
both wild-type and catalytically inactive EAV nsp2-3 decreases the
overall amount of RIG-I,cagrpy, which may explain the mutant’s
inhibitory potential (Fig. 7B, 3rd panel from the top, lanes 4 and
5). Further research is needed to elucidate whether these DUB-
containing viral proteins possess additional immune evasive
properties.

Contrary to our expectations, we found that arterivirus
nsp2 .y, which localizes to the cytosol, inhibited the IRF3-
mediated activation of IFN-f expression (Fig. 5C). In contrast,
IRF3-mediated IFN-B induction was hardly affected by the ex-
pression of EAV nsp2-3, which is membrane anchored and local-
izes to the perinuclear region of the cell, while EAV nsp2,, and
nsp2-3 showed comparable inhibitory potential upon activation
of signaling by RIG-I(,carp) or MAVS (compare Fig. 5A to C).
Similar results were previously obtained for SARS-CoV PLpro, of
which a soluble form inhibited IRF3-mediated activation of
IEN-B expression (16), while a membrane-anchored form did not
(9). Taken together, these results suggest that the subcellular lo-
calization of these proteins is an important determinant of the
range of substrates that is accessible to them. Since expression of
the full-length nsp2 protein together with nsp3 more accurately
reflects the situation in the infected cell, it is likely that during
infection inhibition also takes place upstream of IRF3. This would
be consistent with previous observations by Luo et al. (2008), who
showed that inhibition of the RLR pathway during PRRSV infec-
tion occurred at the level of MAVS or upstream of this key factor
(38).

Still, the question of the mechanism, albeit artificial, by which
cytosolic EAV nsp2y, is able to inhibit IRF3 signaling remains,
since to date there is no evidence for activation of this transcrip-
tion factor by Lys63-linked polyubiquitination. On the contrary,
it is well established that IRF3 is negatively regulated by Lys48-
linked polyubiquitination, the removal of which would appear to
be counterproductive in view of controlling IFN signaling (24, 52,
72, 73). Interestingly, Shi et al. (2010) recently showed that ISG-
ylation, i.e., the conjugation of ISG15 to a target protein, of IRF3
positively regulated its activation by preventing Lys48-linked
polyubiquitination (58). In light of previous findings by Frias-
Staheli et al. (2007) that arteri- and nairovirus DUBs can decon-
jugate ISG15 (15), it is tempting to speculate that cytosolic
nsp2 ), in contrast to membrane-anchored full-length nsp2, is
able to de-ISGylate IRF3. However, IRF3 ISGylation per se was
shown not to be activating but merely increased the signaling po-
tential of IRF3 by preventing its proteasomal degradation. Conse-
quently, ifa viral DUB would indeed de-ISGylate IRF3 to promote
its degradation, it would at the same time need to refrain from

jviasm.org 783


http://jvi.asm.org

van Kasteren et al.

removing any Lys48-linked polyubiquitin chains. This problem
emphasizes that viral DUBs are likely able to distinguish between
activating and inactivating Ub(-like) modifications. How viral
DUBs make this distinction and how they would achieve a balance
between the removal of the right and wrong modifiers pose inter-
esting questions for future research.

Another interesting feature of viral DUBs is their apparent ten-
dency to deubiquitinate all cellular proteins in a seemingly ran-
dom fashion (Fig. 3B and C). In this respect, they differ from their
mammalian counterparts, which generally have a more narrow
specificity (15). A possible explanation for this observed promis-
cuity, which is seen for arteri-, nairo-, and coronavirus DUBs (15,
16), is the fact that the enzymes were often studied only as isolated
domains taken out of their natural full-length-protein context.
For this reason, we have also studied PLP2-DUB in the context of
EAV nsp2-3, of which the membrane-associated subcellular local-
ization is similar to that observed during EAV infection. Although
EAV nsp2-3 did seem to be more restricted than nsp2 ., in the
inhibition of IRF3-mediated IFN-B induction (Fig. 5C), PLP2-
DUB also showed general DUB activity when overexpressed as
part of full-length nsp2 (Fig. 3C). This suggests that the observed
promiscuity is indeed an intrinsic property of these viral DUBs,
although on the other hand, it should be noted that most of our
experiments involved systems in which the DUBs were overex-
pressed. Future studies will aim to elucidate the role of viral DUB
activity during the course of infection, for example, by using re-
verse genetics to engineer a virus that lacks this activity. Unfortu-
nately, we have thus far been unable to create a viable mutant with
this phenotype, mainly due to the intimate link between the DUB
activity and polyprotein processing functions of PLP2.

Taken together, our results strongly suggest that arteriviruses
as well as nairoviruses encode DUBs that are used to inactivate
cellular proteins involved in innate immune signaling, as exem-
plified by the deubiquitination of RIG-I documented here. Strik-
ingly, related DUBs from the OTU family seem to have been ac-
quired and adapted for this purpose by apparently unrelated RNA
viruses, the positive-stranded arteriviruses and the negative-
stranded nairoviruses, thereby highlighting the selective advan-
tages that must be linked to OTU DUB acquisition and the general
plasticity of RNA virus genomes.
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