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Chikungunya Virus nsP3 Blocks Stress Granule Assembly by
Recruitment of G3BP into Cytoplasmic Foci

Jelke J. Fros, Natalia E. Domeradzka, Jim Baggen, Corinne Geertsema, Jacky Flipse, Just M. Vlak, and Gorben P. Pijiman

Laboratory of Virology, Wageningen University, Wageningen, The Netherlands

Chikungunya virus nonstructural protein nsP3 has an essential but unknown role in alphavirus replication and interacts with
Ras-GAP SH3 domain-binding protein (G3BP). Here we describe the first known function of nsP3, to inhibit stress granule as-
sembly by recruiting G3BP into cytoplasmic foci. A conserved SH3 domain-binding motif in nsP3 is essential for both nsP3-
G3BP interactions and viral RNA replication. This study reveals a novel role for nsP3 as a regulator of the cellular stress

response.

hikungunya virus (CHIKV; family Togaviridae, genus Alpha-

virus) can severely affect human health by causing debilitating
disease with symptoms such as high fever, rash, and arthralgia and
sometimes death (21). CHIKV is endemic in parts of Africa, the
Indian Ocean area, and southern Asia (19, 22) and has recently
been transmitted by the Asian tiger mosquito, Aedes albopictus, in
Italy (2007) (20) and France (2010) (8). CHIKV has a positive-
sense, single-stranded RNA genome (gRNA) that encodes two
polyproteins. The first polyprotein is directly translated from the
gRNA and produces nonstructural proteins nsP1 to nsP4, which
are essential for viral replication. The structural proteins are trans-
lated from a subgenomic RNA, which is transcribed later in infec-
tion from the viral 26S promoter. nsP3 is the most enigmatic of all
nsPs, with unclear yet essential roles in alphavirus RNA replica-
tion (11). nsP3 is highly phosphorylated (12, 23), is part of the
viral replication complex (RC) (5), and has been shown to interact
with Ras-GAP SH3 domain-binding proteins (G3BP1 and
G3BP2) in two independent coimmunoprecipitation studies (3,
7). Infection with another Togaviridae family member; rubella
virus, has been shown to alter the distribution of host cell G3BP,
suggesting that G3BP plays an important role in the outcome of
viral infection (16). G3BP is an essential factor in the assembly of
stress granules (SGs) (1), which are nonmembranous cytoplasmic
focal structures (foci) containing cytoplasmic mRNPs. SGs rap-
idly aggregate in response to different types of environmental
stress and lead to the impaired translation of most mRNAs (2).
SGs can have diverse anti- or proviral activities (10, 14, 24).

To investigate the relationship between CHIKV replication
and SG formation, Vero cells were transfected with CHIKV repli-
con RNA in two independent experiments as described previously
(6). Next, at 16 h posttransfection (hpt), cells were either exposed
to oxidative stress by using arsenite to induce SGs or left un-
treated. Cells were immunostained for double-stranded RNA
(dsRNA; a replication intermediate of viral RNA replication)
and/or G3BP (Fig. 1). Cells that were treated with only transfec-
tion reagent (mock transfected) (Fig. 1A) responded to arsenite-
induced stress with the formation of SGs. G3BP readily localized
to these typical SGs, displayed as irregularly shaped granules that
converge around the nucleus and extend from there into the cy-
toplasm and are often smaller when located farther away from the
nucleus (Fig. 1A, right). In contrast to arsenite-induced SGs,
the presence of replicating CHIKV replicon RNA (visualized by
the dsRNA signal) (Fig. 1B) caused G3BP to localize into foci that
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displayed a more punctate morphology and were distributed
throughout the cytoplasm in a seemingly random manner (Fig.
1B, top). Exposing cells that harbor replicating CHIKV replicon
RNA to oxidative stress did not affect the morphology of these
G3BP foci (Fig. 1B, bottom left). Cells from the same sample that
did not harbor replicating CHIKV replicon RNA after transfec-
tion were still able to respond to arsenite with the formation of
SGs (Fig. 1B, bottom right).

To investigate the interaction between G3BP and the viral pro-
tein nsP3, an mCherry reporter protein was incorporated into
nsP3 within the CHIKV replicon in a way similar to that described
for Sindbis virus (3, 13), creating CHIKrep-nsP3mC-FlucEGFP
(where FlucEGFP is firefly luciferase-enhanced green fluorescent
protein) (Fig. 1C) (cloning details are available upon request).
Fluc measurements of two independent experiments indicated
that CHIKrep-nsP3mC-FlucEGFP RNA was still able to replicate,
albeit to lower levels than wild-type CHIKrep-FlucEGFP (Fig.
1D). Immunofluorescence analysis revealed nearly complete co-
localization between nsP3-mCherry and G3BP (Fig. 1E), indica-
tive of a close interaction between nsP3 and G3BP during CHIKV
RNA replication. These nsP3-G3BP foci were indistinguishable
from G3BP foci observed in Fig. 1B in both their morphology and
unresponsiveness to arsenite-induced stress. Note that only un-
transfected cells were able to form typical arsenite-induced SGs
(Fig. 1E).

To determine whether nsP3 expressed alone also localizes into
foci and which domain(s) in nsP3 is required for its specific sub-
cellular localization, several expression plasmids with an N-termi-
nal EGFP tag fused to nsP3 (Fig. 2A) were constructed (cloning
details are available upon request) and transfected into Vero cells.
Expression of EGFP-nsP3 resulted in foci that were indistinguish-
able from those generated during CHIKV replicon RNA replica-
tion, indicating that subcellular localization in cytoplasmic foci is
an intrinsic property of nsP3 (Fig. 2B, top). Deletion of the N-ter-
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FIG 1 During CHIKV RNA replication, nsP3 localizes to punctate cytoplasmic foci concurrently with G3BP. (A) Mock-transfected Vero cells were left untreated or were
treated with sodium arsenite (AsNaQ,). Cells were fixed in 4% paraformaldehyde in phosphate-buffered saline for 10 min at room temperature and permeabilized with
ice-cold acetone-methanol (1:1) for 10 min at —20°C. SGs were stained with G3BP antibody (G6046; Sigma). (B, top) Vero cells transfected with in vitro-transcribed
CHIK replicon RNA (CHIKrep) and stained with J2 anti-dsRNA and G3BP antibodies. (B, bottom) CHIKrep-transfected cells (left) and cells from the same sample that
remained untransfected (right). (C) Schematic representation of the CHIKrep-nsP3mC-FlucEGFP replicon expressing nsP3 with an internal mCherry (mC) fusion and
an FlucEGFP fusion protein from the subgenomic promoter. (D) Vero cells were transfected with a pRL-TK plasmid constitutively expressing Renilla luciferase (Rluc)
together with either CHIKrep-FlucEGFP or CHIKrep-nsP3mC-FlucEGFP in vitro-transcribed RNA. Cells were lysed at 16 hpt, and Fluc/Rluc activities were measured.
Luciferase activity in mock-transfected cells was also measured. The Fluc measurements were normalized to Rluc to compensate for differences in transfection efficiency.
The values depicted are averages of triplicate samples and are expressed as the percentage of normalized Fluc activity relative to that of CHIKrep-FlucEGFP. Error bars
represent standard deviations. (E) CHIKrep-nsP3mC-FlucEGFP in vitro-transcribed RNA was transfected into Vero cells, and at 16 hpt, cells were fixed and stained with
G3BP antibodies. Where indicated, samples were treated with sodium arsenite (0.5 mM) for 30 min at 16 hpt.
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FIG 2 Individually expressed CHIKV nsP3 localizes to small punctate cytoplasmic foci that are juxtaposed with PBs. (A) Schematic representation of N-terminal
EGFP-nsP3 fusion proteins expressing either full-length nsP3 (EGFP-nsP3) or truncated forms of nsP3 missing only the macrodomain (EGFP-nsP3.7), both the
macrodomain and the variable domain (EGFP-nsP3.8), or only the variable domain (EGFP-nsP3.2). (B) Plasmids expressing these nsP3 variants from a
cytomegalovirus promoter were transfected into Vero cells. Cells were fixed at 20 hpt, and nuclei were visualized by Hoechst staining. (C) Vero cells transfected
with EGFP-nsP3.8 were fixed at 20 hpt and stained for tubulin (14-4502; eBioscience). Vero cells expressing EGFP-nsP3 were fixed and stained with either SG
marker G3BP (D) or PB marker XRN1 (A300-443A; Bethyl Laboratories) (E) antibodies. Arrowheads indicate juxtaposed SGs and PBs.

minal macrodomain (nsP3.7, Fig. 2A), which is conserved among
the Togaviridae, Coronaviridae, and hepatitis E virus (15), did not
result in a change in localization (Fig. 2B, middle). In contrast,
deletion of the highly variable, C-terminal domain (nsP3.8 and
nsP3.2, Fig. 2A) resulted in the formation of filaments instead of
foci (Fig. 2B, bottom; data not shown). Since these filaments re-
sembled the cytoskeleton, cells expressing nsP3.8 were stained for
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tubulin (Fig. 2C). No colocalization of nsP3.8 and the cytoskele-
ton was observed, indicating that multimerization is an intrinsic
property of the conserved central domain of alphavirus nsP3.
Next, EGFP-nsP3-transfected cells were stained for the SG
marker G3BP (Fig. 2D) or a marker for processing bodies (PBs),
XRNI1 (Fig. 2E). PBs are small cytoplasmic foci and have been
shown to be modulated by various RNA viruses (4, 10, 14, 17).
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FIG 3 nsP3/G3BP foci do not disassemble upon CHX treatment and do not colocalize with eIF3. (A to C) Vero cells were mock transfected (A) or transfected
with either EGFP-nsP3 (B) or EGFP-nsP3.8 (C). After 16 h, samples were left untreated (top), treated with arsenite for 30 min (middle), or treated with arsenite
for 30 min prior to CHX (10 pg/ml) treatment for 30 min (bottom). After treatment, samples were fixed and stained for G3BP. Arrowheads show bona fide SGs
in cells transfected with EGFP-nsP3 variants. (D) Untransfected Vero cells were mock treated or treated with sodium arsenite, fixed, and stained for G3BP and
elF3 (sc-16377; Santa Cruz). (E) Vero cells were either mock transfected (top) or transfected with EGFP-nsP3 (bottom), and at 16 hpt, all samples were treated
with arsenite for 30 min before being fixed and stained for eIF3. (F) Vero cells were transfected with CHIKrep-FlucEGFP in vitro-transcribed RNA, and at 16 hpt,
cells were either left untreated (top) or treated with arsenite for 30 min (bottom) before being fixed and stained with anti-eIF3 antibodies.
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FIG 4 The SH3 domain-binding motif is necessary for CHIKV replicon RNA replication and the formation of nsP3/G3BP foci. (A) Schematic representation of the SH3
domain-binding motif deletion constructs CHIKrep-nsP3%**¥4°°_FlucEGFP (top) and EGFP-nsP3%***%% (middle). The schematic representation of the deleted se-
quence (bottom) depicts both the deleted amino acid sequence and the corresponding nucleotides. The numbers indicate the amino acid positions within CHIKV nsP3.
(B) Vero cells were transfected with plasmid pRL-TK constitutively expressing Renilla luciferase (Rluc) together with in vitro-transcribed RNA from CHIKrep-
FlucEGFP, CHIKrep-nsP3%***°°_FlucEGFP, CHIKrep-FlucEGFP together with CHIKrep-mCherry, or CHIKrep-nsP3***4°°_FlucEGFP together with CHIKrep-
mCherry. Cells were lysed at 16 hpt, and Fluc/Rluc activities were measured. Luciferase activity in mock-transfected cells was also measured. The Fluc measurements were
normalized to Rluc to compensate for differences in transfection efficiency. The values depicted are averages of triplicate samples and are expressed as percentages of
normalized Fluc activity relative to that of CHIKrep-FlucEGEP. Error bars represent standard deviations. (C, D) Vero cells were transfected with EGFP-nsP3939%/4%¢ and
at 16 hpt, cells were either left untreated (top) or treated with arsenite for 30 min (bottom) before being fixed and stained with anti-G3BP (C) or anti-eIF3 (D) antibodies.
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Here we show for the first time that individually expressed nsP3
displays complete colocalization with G3BP in Vero (Fig. 2D) and
HEK293T (not shown) cells in the absence of viral RNA replica-
tion and other CHIKV proteins. XRN1 showed a punctate local-
ization in untransfected cells similar to that in nsP3-transfected
cells (Fig. 2E). Interestingly, the PBs observed did not colocalize
but were sometimes juxtaposed to nsP3 foci (Fig. 2E, arrowheads).
Juxtaposition of PBs and SGs is a well-known phenomenon (9).
The observations that nsP3 foci include G3BP and are often jux-
taposed to PBs suggest that nsP3/G3BP foci might be SGs.

Since nsP3/G3BP foci have a morphology different from that
of bona fide, arsenite-induced SGs, we set out to elucidate whether
or not CHIKV nsP3/G3BP foci are indistinguishable from true
SGs. In three independent experiments, cells expressing EGFP-
nsP3 or EGFPns-P3.8 were treated with arsenite and subsequently
treated with cycloheximide (CHX) before being immunostained
for G3BP (Fig. 3A to C). CHX has been shown to disassemble
arsenite-induced, bona fide SGs (Fig. 3A) (1). Cells that remained
untransfected in the field (Fig. 3B) behaved similarly to mock-
transfected cells (Fig. 3A), no longer displaying any bona fide SGs
after CHX treatment. Cells transfected with EGFP-nsP3 displayed
typical nsP3/G3BP foci, which were unaffected by either arsenite
or CHX treatment and are therefore different from SGs (Fig. 3B).
In contrast, when the same experiment was performed with
EGFP-nsP3.8, arsenite induction resulted in G3BP-containing
granules with typical SG morphology (described above) (Fig. 3C,
arrowheads) and CHX treatment led to SG disassembly. This ex-
periment indicated an essential role for the nsP3 C-terminal vari-
able region in inhibiting bona fide SG assembly.

In addition to CHX treatment, another well-known SG
marker, elF3 (1), was used to assess the composition of the nsP3/
G3BP foci. Similar to G3BP, elF3 readily localized to bona fide SGs
and colocalized with G3BP in arsenite-treated cells (Fig. 3D). Cells
were transfected with either EGFP-nsP3 alone (Fig. 3E) or CHIKV
replicon RNA expressing FlucEGFP from its subgenomic pro-
moter (Fig. 3F). Mock-transfected cells (Fig. 3E, top) and cells that
remained untransfected (Fig. 3E, bottom) readily displayed arsen-
ite-induced, elF3-containing SGs. In contrast, cells transfected
with either EGFP-nsP3 (Fig. 3E, bottom) or CHIKrep-FlucEGFP
(Fig. 3F, bottom) did not show any eIF3-positive granules,
strongly suggesting that nsP3/G3BP foci are different from SGs
and that the formation of nsP3/G3BP foci inhibits the assembly of
bona fide, eIF3-positive SGs.

Since deletion of the nsP3 C-terminal variable domain inhib-
ited the formation of foci and restored the ability of the host cell to
form bona fide SGs, we set out to determine the element respon-
sible within this domain. Interestingly, a Src homology 3 (SH3)
domain-binding motif (PxxPxR) is conserved within the variable
domains of many, if not all, alphaviruses. This element was dem-
onstrated to be important for efficient Semliki Forest virus repli-
cation (18). Deletion of this element from a CHIKV replicon
(CHIKrep-nsP3%**¥4°°_FlucEGFP, Fig. 4A) rendered it unable to
replicate (Fig. 4B). Cotransfection with a second (wild-type)
CHIKV replicon in a trans complementation experiment rescued
CHIKrep-nsP3%%¥4%°_FlucEGFP replication (Fig. 4B). This con-
firmed that the RNA of CHIKrep-nsP34****°°_FlucEGFP was un-
able to replicate in the absence of wild-type nsP3. Interestingly,
nsP3 expressed with the SH3 domain-binding motif deleted
(EGFP-nsp39398/400) (Fig. 4A) no longer localized in foci but was
diffusely distributed throughout the cytoplasm and the nucleus in
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two independent experiments. Staining with either anti-G3BP
(Fig. 4C) or anti-eIF3 (Fig. 4D) antibodies did not show appar-
ent colocalization with EGFP-nsP3%°%/4°% Treatment with ar-
senite readily induced SGs in both untransfected and EGFP-
nsP39*9%/4% transfected cells. These results indicate that
deletion of the SH3 domain-binding motif from nsP3 resulted
in the complete loss of association with G3BP.

In conclusion, we show that G3BP localizes to CHIKV nsP3-
containing foci both in the presence and in the absence of CHIKV
RNA replication. Although reminiscent of SGs, these nsP3/G3BP
foci differ from bona fide SGs in four ways; i.e., (i) they are mor-
phologically different, (ii) they do not contain the hallmark SG
marker elF3, (iii) they do not disassemble upon CHX treatment,
and (iv) they render cells that express these nsP3/G3BP foci unable
to form bona fide SGs in response to oxidative stress. The obser-
vation that CHIKV replication inhibits SG assembly may suggest
that SGs have antiviral activity. However, it cannot be completely
ruled out that G3BP is part of the alphavirus RC, although the
limited overlap between viral dsSRNA and G3BP does not support
this possibility. Furthermore, deletion of the SH3 domain-bind-
ing motif from nsP3 restores bona fide SG assembly but abolishes
CHIKYV RNA replication. We propose that nsP3 blocks SG assem-
bly by the sequestration of G3BP into foci via an interaction with
the SH3 domain-binding motif in nsP3. The nature of the binding
(direct versus indirect) between G3BP and nsP3 and the relative
contributions of other nsP3-binding proteins are important ave-
nues for follow-up studies. This study provides new insights into
the function of CHIKV nsP3 at the molecular level and suggests
that its C-terminal variable domain plays an important role in
modulating SG assembly during CHIKV RNA replication.
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