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ABSTRACT

Cellular non-membranous RNA-granules, P-bodies
(RNA processing bodies, PB) and stress granules
(SG), are important components of the innate im-
mune response to virus invasion. Mechanisms gov-
erning how a virus modulates PB formation remain
elusive. Here, we report the important roles of GW182
and DDX6, but not Dicer, Ago2 and DCP1A, in PB for-
mation, and that Kaposi’s sarcoma-associated her-
pesvirus (KSHV) lytic infection reduces PB formation
through several specific interactions with viral RNA-
binding protein ORF57. The wild-type ORF57, but not
its N-terminal dysfunctional mutant, inhibits PB for-
mation by interacting with the N-terminal GW-domain
of GW182 and the N-terminal domain of Ago2, two
major components of PB. KSHV ORF57 also induces
nuclear Ago2 speckles. Homologous HSV-1 ICP27,
but not EBV EB2, shares this conserved inhibitory
function with KSHV ORF57. By using time-lapse con-
focal microscopy of HeLa cells co-expressing GFP-
tagged GW182, we demonstrated that viral ORF57
inhibits primarily the scaffolding of GW182 at the
initial stage of PB formation. Consistently, KSHV-
infected iSLK/Bac16 cells with reduced GW182 ex-
pression produced far fewer PB and SG, but 100-fold
higher titer of infectious KSHV virions when com-
pared to cells with normal GW182 expression. Alto-
gether, our data provide the first evidence that a DNA
virus evades host innate immunity by encoding an

RNA-binding protein that promotes its replication by
blocking PB formation.

INTRODUCTION

In mammalian systems, mRNA-regulating RNA granules
in somatic cells, which are comprised of both RNA pro-
cessing bodies (PB) and stress granules (SG), have emerged
as important players in the post-transcriptional regula-
tion of gene expression (1–3). GW182 and de-capping/de-
adenylating enzymes (DCP1/Ccr4-Caf1) are specific com-
ponents of PB (4–7) where siRNA- or miRNA-guided
mRNAs are translationally arrested and degraded (8).
RNA-binding proteins, TIA-1 and poly(A)-binding pro-
tein (PABP), are two fundamental components of SG ap-
pearing during stress. In such physically and mechanically
distinct, but spatially and functionally linked cytoplasmic
non-membranous compartments (4), mRNA transcripts
are packaged along with a discrete set of RNA-binding
and scaffold proteins responsible for mRNA turnover and
regulated translation under different cellular conditions.
Notably, the two types of granules share several pro-
teins such as XRN1, Argonaute 2 (Ago2), Fas-activated
serine/threonine phosphoprotein (FAST), tristetraproline
(TTP) and serve to regulate cellular homeostasis and RNA
metabolism (4,9–11). Interestingly, a recent report observed
single mRNAs interacting with SG and PB, with mRNAs
moving bidirectionally between them (12).

Under normal physiological conditions, cytoplasmic PB
are comprised primarily of mRNAs in complex with pro-
teins involved with repressing translation and supporting
5′-to-3′ mRNA decay. Initially discovered over 20 years ago
(13) as the cytoplasmic foci containing the 5′→3′ exori-
bonuclease XRN1, PB were rediscovered in 2002 as discrete
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GW182 bodies by immunostaining of cells with an autoim-
mune serum from a patient with neuropathy (14). Three
GW182 paralogs exist in vertebrates (TNRC6A, TNRC6B
and TNRC6C) (15,16) and are crucial for PB formation and
miRNA-mediated gene silencing (17–21). In addition, var-
ious proteins from each phase of the general mRNA decay
pathway, including mRNA de-adenylating (CCR4-Calf1
complex, PAN2 and PAN3) and RNA de-capping enzymes
(including DCP1/2, HedIs, hEdc3 and RCK/p54) (5,7)
were found in PB along with exonuclease XRN1. Besides
GW182, PB also contain miRNAs and miRNA repres-
sion factors, including components of the RNA-induced
silencing complex (RISC) such as Ago2, dead box heli-
cases (MOV10 and DDX6) (18,22,23), RNA-binding pro-
tein CPEB (cytoplasmic polyadenylation element-binding
protein) (24), AU-rich element binding protein TTP (25)
and mRNA 5′ cap-binding protein eIF4E (26,27). The steps
in mRNA degradation in PB are thought to involve de-
capping of deadenylated mRNA that renders the mRNA
susceptible to 5′-3′ mRNA exonuclease activity or directs
it to non-sense mediated decay (28). Given the list of PB
constituents, PB are regarded as major sites of miRNA-
mediated translational suppression and mRNA degrada-
tion (29). However, recent reports using single-molecule
imaging indicated that mRNA decay might not be enriched
within the PB (30) but rather occur predominantly outside
of PB (31).

Viral manipulation of cellular gene expression is a key as-
pect of virus–host interactions that maintain conditions fa-
vorable for efficient viral replication. Mammalian PB and
SG are important components of the host cell antiviral re-
sponse. Several RNA and DNA viruses have been shown to
evade or co-opt SG for their replication through different
mechanisms (32–34). However, emerging evidence indicates
that PB formation may be disrupted during virus infection,
but the mechanism(s) of PB inhibition by viral machinery
remains unknown. In this study, we demonstrated that B
cells with lytic KSHV infection do not exhibit visible PB,
but B cells with latent KSHV infection display many PB.
A similar result was seen for epithelial Bac36 cells carry-
ing a wild-type (wt) KSHV genome, but not for Bac36 cells
carrying an ORF57-null KSHV genome (�57), suggesting
that viral lytic ORF57, an RNA-binding protein and post-
transcriptional regulator (35), might prevent the PB forma-
tion during KSHV lytic infection. KSHV ORF57 has an in-
trinsically disordered region (IDR) at its N-terminus for in-
teractions with RNA and other RNA-binding proteins and
a C-terminal region for its homodimerization (36,37). Sub-
sequently, we demonstrated that ORF57 inhibits the PB for-
mation by binding both GW182 and Ago2 and prevents the
interaction of GW182 with Ago2. Thus, we provide the first
experimental evidence of a viral protein directly interacting
with host Ago2 and GW182 to disrupt PB formation and
enhance virus production.

MATERIALS AND METHODS

Cell cultures and virus reactivation

Human HEK293T and HeLa cells were cultured in
DMEM, Dicer wt (Dicer+/+) and Dicer knockout (Dicer-/-)
HCT116 cells (38) in McCoy’s 5A, primary effusion

lymphoma BCBL-1 cells (KSHV+) (39) and JSC-1
(KSHV+/EBV+) B-cell line (40) in RPMI-1640. All me-
dia were obtained from Thermo Fisher Scientific and
supplemented with 10% fetal bovine serum (FBS, cat. #
SH30070.03, HyClone, GE Healthcare) and 1× Penicillin-
Streptomycin-Glutamine (cat. # 1037816, Thermo Fisher
Scientific). HEK293T-derived Bac36 cell lines stably har-
boring a wt KSHV genome (Bac36-wt) or an ORF57-null
KSHV genome (Bac36-�57) were established in our labo-
ratory as described (41). KSHV-infected iSLK/Bac16 cells
were cultivated as reported (42). All cultures were grown at
37◦C in a 5% CO2 humidified atmosphere.

KSHV lytic infection in BCBL-1 cells or JSC-1 cells and
Bac36 cells was reactivated by 1 mM sodium valproate (VA,
cat. # P4543, Millipore Sigma) or 3 mM sodium butyrate
(Bu, cat. # B5887, Millipore Sigma) treatment, respectively,
for 24 h. KSHV lytic replication in iSLK/Bac16 was in-
duced by simultaneous treatment with 1 mM sodium bu-
tyrate and 1 �g/ml doxycycline (DOX, cat. # NC0424034,
Fisher Scientific).

Induction of cellular stress

A sodium arsenite (cat. # 38150, Sigma-Aldrich) solution
(0.83 M) was prepared in water to serve as a 1660 × stock
solution. To induce oxidative stress, the cells were cultivated
in fresh culture medium containing 0.5 mM sodium arsenite
for 30 min (43).

Antibodies and peptides

The antibodies used for this work and their respective
working dilutions in Western blotting (WB) or indirect
immunofluorescence assay (IFA) are as following. Rabbit
polyclonal (1:2000, WB and 1:250, IFA) and mouse mono-
clonal anti-ORF57 (1:1000, WB and 1:250, IFA) antibod-
ies were described earlier (41). Mouse monoclonal anti-
RTA antibody (1:250, IFA) was obtained as a gift from
Dr Koichi Yamanishi (Osaka University, Osaka, Japan).
GW182-specific antiserum (1:1000, WB; 1:50, IFA) was an
autoimmune serum from a patient with motor and sen-
sory neuropathy (14). Mouse monoclonal anti-GW182 an-
tibody (4B6) (https://www.kerafast.com/product/2282/anti-
gw182tnrc6a-4b6-antibody) was purified and concentrated
to 5–10 times more than the hybridoma supernatant. Anti-
Flag M2 (1:1000, WB and 1:250, IFA; cat. # F1804), rab-
bit polyclonal anti-Flag antibody (1: 1000, WB; cat. #
F7425) and rabbit polyclonal anti-HA (1:1000, WB, cat.
# H6908) were obtained from Millipore Sigma. Mouse
monoclonal anti-�-actin (1:2000, WB; cat. # sc-69879),
rabbit polyclonal anti-Dicer (1:100, WB; cat. # sc-30226)
and goat polyclonal anti-TIA-1 (1:1000, WB; 1:50, IFA;
cat. # sc-1751) were purchased from Santa Cruz Biotech-
nology. Other antibodies used were rabbit polyclonal
anti-Ago2 (1:1000, cat. # 07-590, EMD Millipore), anti-
DDX6 (1:3000, WB; cat. # NB200-191, Novus Biolog-
icals), anti-RHA (1:500, WB; cat. # ab26271, Abcam)
and anti-PABP-C1 (1:1000, WB; cat. #ab21060, Abcam);
rabbit monoclonal anti-DCP1A (1:2000, WB, 1:250, IFA;
cat. # ab183709, Abcam), anti-CTCF (1:500, WB; clone
D31H2, cat. #3418S, Cell Signaling) and anti-GAPDH
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(1:2000, WB; clone 14C10, cat # 2118, Cell Signaling);
mouse monoclonal anti-Ago2/eIF2C2 (1:50, IFA; cat. #
ab57113, Abcam), anti-eIF2AK2 (PKR) (1:1000, WB; cat.
# H000005610-M01, Abnova) and hnRNP C1+C2 (1:250,
WB; clone 4B4, cat. # ab10294, Abcam). All peroxidase-
conjugated secondary antibodies used in WB (1:10000)
were obtained from Millipore Sigma and all AlexaFluor-
conjugated secondary antibodies (1:500) used in IFA were
purchased from Thermo Fisher Scientific. TNRC6B-1-
derived peptides (44) were synthesized by Peptide 2.0
(Chantilly, VA). Six peptides used in the study were E11
(DLDPRVLSNTGWGQTQIKQD), E12 (VLSNTGWG
QTQIKQDTVWDI), G2 (KPVSGWGEGGQNEIGTWG
NG), G3 (WGEGGQNEIGTWGNGGNASL), D3 (SW
DNNNRSTGGSWNFGPQDS), A1(SNYANSTWGSGA
SSNNGTSP).

Plasmids

The following expression vectors were used in our stud-
ies: KSHV ORF57-Flag (wt, pVM7; mt NLS 2+3,
pVM89), KSHV ORF59-Flag (pVM18) were described
(41,45,46). Plasmid pCMV-FLAG 5.1 (Millipore Sigma)
served as a negative control vector. The vector express-
ing FLAG/hemagglutinin (HA)-human Ago2 (hAgo2)
(pIRESneo-Flag/HA Ago2, cat. # 10822) and the GFP-
hAgo2 (pGFP-hAgo2, cat. # 11590) were obtained from
Addgene. PCR-based mutagenesis approaches were used to
create the Ago2 domain deleted mutants from the parent
plasmid pIRESneo-Flag/HA Ago2: Ago2-�NL1 (removal
of aa 1-226), Ago2-�N (removal of aa 53-135), Ago2-
�PAZ (removal of aa 227-353) and Ago2-�PIWI (removal
of aa 581-859). Plasmids for expression of GW182 (cat.
# 41999) and its deletion mutants GW1�5 (cat. # 36440)
or GW1�10 (cat. # 21517) were obtained from Addgene.
To subclone ORF57 in pcDNA3-mRuby2, ORF57 was di-
gested from pVM8 (46) using EcoRI and BamHI and first
swapped to pVM24 (46) after its digestion with same set
of enzymes. The resulting plasmid was again digested with
NotI and BamHI to take out ORF57 and this fragment was
ligated to pCDNA3-mRuby2 after its digestion with NotI
and BamHI to obtain pcDNA3 ORF57-mRuby2. The ac-
curacy of all plasmid was verified by sequencing. Plasmid
expressing ORF57 homologues Herpes Simplex Virus Type
1 (HSV-1) ICP27-Flag (pKY15 derived from p320, gift from
Dr Rozanne Sandri-Goldin) and Epstein Barr Virus (EBV)
myc-EBV EB2 (pGS113, gift of Dr S. Swaminathan) were
described (46).

Plasmid transfections

All plasmid transfections were performed using LipoD293
In vitro DNA Transfection Reagent (cat. # SL100668, Sig-
naGen Laboratories) according to the manufacturer’s in-
struction. Unless indicated, for IFA and Western blot anal-
ysis, HeLa (2.5 × 105) and HEK293T (5 × 105) cells were
plated in a six-well plate a day prior DNA transfection
with 1 �g of plasmid DNA/well. For IP, HeLa (2 × 106)
and HEK293T (5 × 106) cells were plated in a 10-cm Petri
dish a day prior transfection with 5 �g plasmid DNA/dish.
The cells were harvested either by direct lysis in 2× SDS

protein sample buffer containing 5% 2-mercaptoethanol (2-
ME) (350 �l/six-well plate) or used for IP.

Immunoprecipitation (IP)

IP was performed as described earlier (47). Briefly, the in-
dividual proteins were ectopically expressed in HeLa or
HEK293T cells grown in a 10-cm dish. Twenty-four hours
after transfection, the cells were washed with 1× PBS
(phosphate-buffered saline, [pH 7.4]) and lysed in 500 �l 1×
RSB-200 lysis buffer (10 mM Tris-HCl [pH 7.5], 200 mM
NaCl, 2.5 mM MgCl2, 0.1% NP-40 and (Nonidet P-40, a
mild non-ionic detergent), 1 × cOmplete EDTA-free pro-
tease inhibitor cocktail [cat. # 11873580001, Roche]), briefly
sonicated and cleared by centrifugation at 11500 × g for
10 min at 4◦C. In the assays designed to detect the inter-
action of multiple independently expressed proteins, equal
amount of each individual cell extract was mixed on ice.
Before IP, all cell lysates were incubated with RNase A/T1
mixture (1.25 U RNase A/50U RNase T1 at final concen-
tration, Thermo Fisher Scientific) for 10 min at RT followed
by pre-cleaning with 80 �l pre-washed Sepharose CL-4B
beads (cat. # CL4B200, Millipore Sigma). The pre-cleaned
cell lysates were mixed with 80 �l (50% slurry) of antibody-
coated protein A beads ([cat. # 16-125, Millipore Sigma],
coated either with EZview anti-FLAG M2 [cat. # F2426,
Millipore Sigma] or EZview anti-HA [cat. #. E6779, Milli-
pore Sigma]) in 1 ml of IP buffer (50 mM HEPES [pH 7.5],
200 mM NaCl, 1 mM EDTA, 2.5 mM EGTA, 10% glyc-
erol and 0.1% NP-40, 1 × EDTA-free cOmplete protease
inhibitor cocktail [Roche]) and incubated overnight at 4◦C
followed by extensive wash with IP buffer. IP complexes on
the beads were dissolved in 70 �l of 2× SDS protein sam-
ple buffer containing 50 mM dithiothreitol (DTT). Alterna-
tively, the IP complexes were eluted with 50 �l of 100 �g/ml
3 × Flag (cat. # F4799, Millipore Sigma) or 100 �g/ml HA
peptides (cat. # I2179, Millipore Sigma) in IP buffer for
2 h at 4◦C. The eluant was mixed with 20 �l of 5× SDS
protein buffer containing 50 mM DTT. Finally, 3–5% input
lysates and 30–50% immunoprecipitated proteins were used
for Western blot.

Electrophoresis and Western blot (WB)

For WB, all samples were heat-denatured at 95◦C for 5–
10 min before loading on NuPAGE Bis-Tris 4–12% gels
(Thermo Fisher Scientific) followed by the electrophoresis
in 1× MOPS SDS buffer (cat. # NP0001, Thermo Fisher
Scientific). Separated proteins were transferred onto a nitro-
cellulose membrane and blocked for 1 h with 5% skimmed
milk in 1× TBS (Tris-buffered saline) containing 0.05%
Tween (TTBS). The incubation with primary antibodies di-
luted in TTBS was performed overnight at 4◦C followed
by 1 h at room temperature incubation with corresponding
secondary peroxidase-conjugated antibodies diluted in 2%
milk/TTBS. The specific signal generated with SuperSignal
West Pico (cat. # 34080) or Femto Chemiluminescent Sub-
strate (cat. # 34096, Thermo Fisher Scientific). Densitomet-
ric quantification of the individual protein band intensity
was performed using ImageJ software (NIH).

Nuclear and cytoplasmic fractionation of HeLa cells
were obtained using a nuclei isolation kit from Millipore
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Sigma (cat. # NUC101) according to the protocol provided
by the company, with slight modification. Briefly, cells grow-
ing in a 60-mm dish were scraped in 1× PBS and lysed using
400 �l of Nuclei EZ lysis buffer. Nuclei were pelleted by cen-
trifugation (500 × g) for 5 min at 4◦C. The supernatant was
collected as the cytoplasmic fraction and the obtained nu-
clear pellet was resuspended/washed gently once with 1×
PBS and then resuspended in 400 �l of lysis buffer. Equal
volumes of nuclear and cytoplasmic extracts or total pro-
tein samples were examined by a standard WB protocol af-
ter solubilizing in SDS protein sample buffer supplemented
with 5% (vol/vol) 2-ME.

Indirect immunofluorescent assay (IFA) and confocal mi-
croscopy

Adherent HeLa and HEK293T cells were grown directly
on glass coverslips. The non-adherent BCBL-1 cells were
immobilized by spotting onto poly-D-lysine-treated (cat.
# P4707, Millipore Sigma) glass coverslips. IFA was per-
formed as described (46,47). Briefly, cells washed with PBS,
fixed with 4% paraformaldehyde (cat. # 50-980-487, Fisher
Scientific), permeabilized with 0.5% Triton X-100 (cat.
# H5142, Promega) and blocked with 2% bovine serum al-
bumin (cat. # W384A, Promega) dissolved in PBS contain-
ing 0.05% of Tween-20 (TPBS). Primary antibodies were di-
luted in blocking buffer and incubated with slides overnight
at 4◦C. AlexaFluor-conjugated secondary antibodies (1:
500, ThermoFisher Scientific) were diluted in blocking so-
lution and incubated with slides at 37◦C for 1 h in a humidi-
fied chamber. The slides were washed with TPBS and nuclei
were counterstained with Hoechst 33342 dye (cat. # B2261,
Millipore Sigma) or DAPI (cat. # D1306, Thermo Fisher
Scientific) for 5 min before mounting in Prolong Gold An-
tifade mounting medium (cat. # P36934, Thermo Fisher
Scientific). Confocal images were collected with a Zeiss
LSM780 laser-scanning microscope (Carl Zeiss) equipped
with 20 × Plan-Apochromat (N.A. 0.8) and 63 × Plan-
Apochromat (N.A. 1.4) objective lenses. The x–y pixel sizes
of 0.4 and 0.07 �m and optical slice thicknesses of 1.5 and
0.9 �m were used to acquire confocal images with the 20×
and 63× objectives lenses, respectively. Confocal z-stacks
were generated using the Imaris (version 8.0.2) image pro-
cessing software (Bitplane).

Time-lapse microscopy

HeLa cells were growing in phenol red-free DMEM
medium containing 10% FBS in a glass bottom dish and
co-transfected with a vector expressing GFP/myc-GW182
along with a vector expressing either mRuby (negative con-
trol) or ORF57-mRuby. After transfection and 4 h incuba-
tion in a CO2 incubator, the glass bottom dish was trans-
ferred to a cultivation chamber attached to a confocal mi-
croscope. Live cell images of subcellular expression and
localization of GFP-GW182 and mRuby/ORF57-mRuby
were collected using a Zeiss LSM780 confocal microscope
equipped with a 20× plan-apochromat objective lens (0.8
N.A.). Z-stack images covering 10 �m in the z-axis were
collected every 45 min over 22 h.

GW182-derived peptide inhibition assay

ORF57-Flag and HA-Ago2 were ectopically expressed
in HEK293T cells by transfection of 5 �g of plasmid
DNA/10-cm dish. Twenty-four hours after transfection,
the cells were lysed in 500 �l of ice-cold 1× RSB-200 ly-
sis buffer/dish, briefly sonicated and cleared by centrifuga-
tion as described in IP section. The individual cell lysates
of Ago2 (1000 �l) and ORF57 (500 �l) were separately
incubated with RNase A/T1 mixture (containing 1.25 U
RNase A/50U RNase T1 at final concentration, Ambion)
for 10 min at room temperature and were used for two inde-
pendent IP pulldown experiments. In the first IP pulldown,
HA-Ago2 cell extract (1000 �l) was precleaned with 200 �l
Sepharose CL-4B beads (cat. # CL4B200, Millipore Sigma)
and incubated with 200 �l of EZview anti-HA-coated beads
(cat. # E6779, Millipore Sigma) overnight at 4◦C. After ex-
tensive washes with IP buffer, the HA-Ago2-coated beads
were resuspended in 700 �l IP buffer. In parallel, 35 �l cell
lysate containing ORF57 diluted in 500 �l of IP buffer was
mixed with 5 or 10 nM of individual GW182 peptides and
incubated at 4◦C for 2 h. The peptide-ORF57 lysate mix-
ture was then added to 50 �l of HA-Ago2-coated beads
and incubated overnight at 4◦C. After extensive washes with
IP buffer, the HA-Ago2-associated protein complexes were
eluted by incubation with 50 �l of IP buffer containing 100
�g/ml HA peptide (cat. # I2149, Millipore Sigma) for 2 h
at 4◦C. The eluant was mixed with 20 �l of 5× SDS pro-
tein buffer containing 5% 2-ME and used for WB. In the
second IP pulldown, ORF57-containing extract was pre-
cleaned with Sepharose CL-4B beads and then incubated
with 350 �l of polyclonal anti-ORF57-coated protein G-
beads overnight at 4◦C. After the extensive wash with IP
buffer, the remaining beads were resuspended in 700 �l IP
buffer. In parallel, 70 �l of HA-Ago2 lysate diluted in 500
�l of IP buffer was mixed with 5 or 10 nM of individ-
ual GW182 peptides and incubated overnight at 4◦C. The
peptide-HA-Ago2 mixture was then incubated with 50 �l of
ORF57 coated beads and followed by overnight incubation
at 4◦C. After extensive washes with IP buffer, the ORF57-
associated protein complexes on the beads were eluted di-
rectly in 70 �l of 2× SDS protein sample buffer containing
5% 2-ME for WB.

Knockdown of host factor expression by siRNA and KSHV
virus production

The siRNA knockdown of host factors was performed
as described (48). Briefly, HeLa or KSHV-infected
iSLK/Bac16 cells (42) growing in a six-well plate (2.5 ×
105 cells/well) were transfected twice at a 24-h interval with
40 nM of ON-TARGETplus SMART-pools (Dharmacon)
targeting human PKR/EIF2AK2 (L-003527-00-0005),
TNRC6A/GW182 (L-014107-00-0005), CTCF (L-020165-
00-0005), EIF2C2/Ago2 (L-004639-00-0005), DCP1A
(L021242-00-0005), DDX6 (L-006371-00-0005) or Dicer
duplex (P002010-01-05). ON-TARGETplus Non-targeting
siRNA #1 was used as a negative control (D-001810-01).
All siRNA transfections were carried out using LipoJet In
Vitro Transfection Reagent (cat. # SL100468, SignaGen
Laboratories). The knockdown efficiency was confirmed
by WB using total cell extract that was collected 24 h
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after the second siRNA transfection. In the same time, the
HeLa cells were fixed and co-stained with anti-GW182
and -DCP1A antibodies for the presence of PB. The
iSLK/Bac16 were treated with a combination of 1 mM
sodium butyrate and 1 �g/ml doxycycline to induce KSHV
lytic replication as described (48). The amount of cell-free
KSHV-GFP viruses in the culture media from siRNA-
treated cells was determined by inoculation of freshly
plated HEK293T cells. The amount of KSHV-infected
GFP+ HEK293T cells were determined 48 h after infection
by a direct fluorescent microscopy and analyzed by flow
cytometry. The iSLK/Bac16 cells with or without gene-
specific siRNA knockdown or lytic KSHV induction, but
under arsenite-induced stress condition, were also stained
for the presence of PB (GW182 staining) and SG (TIA-1
staining).

RESULTS

KSHV lytic infection inhibits PB formation in correlation
with ORF57 expression

Previously, KSHV ORF57 was reported to prevent RNA-
induced silencing complex (RISC) loading and miRNA-
mediated inhibition of IL-6 mRNA to enhance IL-6 pro-
tein expression (45,49). Given that both miRNA-mediated
RNA translation inhibition and RNA degradation occur
in the PB (17–21), we used GW182-specific and DCP1A-
specific antibodies to probe for PB by immunofluorescence
in KSHV-infected BCBL-1 cells (39). The uninduced, la-
tently infected BCBL-1 (Figure 1A) showed the presence
of typical cytoplasmic GW182+ puncta that also contain
DCP1A, typical for PB. During KSHV lytic infection and
when ORF57 expression is induced in BCBL-1 cells by
valproic acid (VA) (41), a dramatic reduction in the num-
ber of PB (∼2 PB/cell) occurs when compared to BCBL-1
cells with latent KSHV infection (no VA treatment) (10–
12 PB/cell) (Figure 1B and C; Supplementary Figure S1).
Similarly, the reduced number of PB was observed upon
butyrate-treatment of HEK293T-derived Bac36 cells con-
taining a wt KSHV genome (Bac36-wt) with ORF57 ex-
pression, but not in butyrate-treated Bac36 cells containing
an ORF57-null KSHV genome (Bac36-�57) that only has
viral RTA expression (Figure 1D and E). These data high-
light the importance of viral ORF57 or lytic gene expression
in suppressing PB formation during viral lytic infection.

Viral ORF57 alone is enough to inhibit miRISC-independent
PB formation

ORF57 has three nuclear localization signals (NLS) in
its N-terminal IDR region that are involved in numer-
ous ORF57 functions both in the nucleus and the cyto-
plasm (Figure 2A). Mutation in any two of these NLSs dis-
rupts protein–protein interactions and renders ORF57 dys-
functional (46) (Figure 2A). To determine whether ORF57
alone is enough to block PB formation in the absence of
other viral proteins, we transfected HeLa cells with a vec-
tor expressing a Flag-tagged wt ORF57, NLS2+3 mutant
ORF57 (ORF57 mt), viral ORF59 (a viral nuclear DNA
polymerase processivity factor) or an empty vector (con-
trol). Immunostaining with GW182 revealed a dramatic re-

duction in the number of PB (∼2–3 PB/cell) in ∼80% of
ORF57-expressing cells over the cells expressing ORF57-
mt, ORF59 or no ORF57 (∼15–20 PB/cell) (Figure 2B and
D), indicating that only wt ORF57 can block the formation
of PB. We also demonstrated that ORF57, but not ORF59,
inhibited PB formation in arsenite-treated HeLa cells (Fig-
ure 2C and D) where more PB were induced by arsenite
treatment (Figure 2D) (4). Together, these data demonstrate
that ORF57 alone acts as a robust inhibitor of PB forma-
tion.

PB have been proposed to be the sites of mRNA
decay and miRNA-mediated translational repression
(8,28,29,50). Subsequently, we performed indirect im-
munofluorescence assay (IFA) for GW182 and DCP1A
staining and examined the formation of PB in HCT116 cells
with Dicer (for mature miRNA production) or without
Dicer expression (no mature miRNA production) (38) (Fig-
ure 2E). As expected, many GW182-positive granules were
found in Dicer-wt HCT116 cells. Surprisingly, HCT116
cells without Dicer (Dicer-KO) also displayed almost
equally well in PB formation (Figure 2F). Consistently,
both Dicer-wt and Dicer-KO cells showed no difference
in arsenite-induced SG formation, as shown by positive
TIA-1 staining (Supplementary Figure S2A). In addition,
ectopic ORF57 was found to suppress PB formation in
Dicer-wt HCT116 cells (Figure 2G) as seen in suppression
of SG formation in both cell types (Supplementary Figure
S2B and C). These data suggest that miRISC does not play
an essential role in the PB formation, and therefore is not a
target of ORF57 suppressive function.

Although distinct combinations of proteins are found in
PB and SG, they are dynamically linked RNA granules (1,4)
and contain a subset of common protein components in-
cluding Ago2, CPEB, eIF4E, TTP and other related RNA-
binding proteins (51). To identify roles of the known pro-
teins in PB formation, we further performed IFA analy-
ses using HeLa cells with or without gene-specific siRNA
knockdown of DCP1A, Dicer, Ago2, GW182 and DDX6,
with CTCF and PKR as two unrelated protein controls,
and examined the formation of PB by GW182 and DCP1A
staining. As shown in Figure 3, only the knockdown of
GW182 or DDX6 was found to block PB formation in
HeLa cells and as expected, knockdown of CTCF and PKR
had no effect on PB formation. Interestingly, we found that
knockdown of DCP1A also did not show any effect on PB
formation as seen in the knockdown of Dicer and Ago2,
two major components of the miRNA pathway.

GW182 inhibits infectious KSHV production

Mammalian PB have been viewed as an important com-
ponent of host innate immunity to prevent virus replica-
tion. Several RNA viruses counteract PB formation for
their productive infection (33,34). KSHV ORF57 is essen-
tial for KSHV replication and virus production (41,52).
Therefore, we hypothesized that ORF57 functions to pro-
mote KSHV production by blocking PB formation in ad-
dition to blocking SG formation (48). To test this hy-
pothesis, we first examined whether ORF57 could inhibit
both PB and SG formation in KSHV-carrying iSLK/Bac16
cells (42) (Figure 4A). Subsequently, we knocked down
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Figure 1. KSHV lytic infection inhibits PB formation by expression of viral ORF57. (A) GW182 and DCP1A are co-stained in the PB in BCBL-1 cells
with no KSHV reactivation. BCBL-1 cells with latent KSHV infection were co-stained for GW182 (red) and DCP1A (green) using the corresponding
antibodies and imaged by confocal microscopy. The nuclei were counterstained with Hoechst DNA stain. Arrows indicate the PB positively co-stained
for both GW182 and DCP1A; bar = 5 �m. (B and C) Detection of PB during KSHV latent and lytic infection. (B) KSHV-infected BCBL-1 cells were
induced with 1 mM valproic acid (VA, 1 mM) for lytic infection. Twenty-four hours after induction, BCBL-1 cells with (+VA) or without (-VA) virus lytic
reactivation were co-immunostained for PB formation using a specific PB marker GW182 and for viral lytic protein ORF57 expression. The nuclei were
counterstained with Hoechst dye. Images were captured by confocal microscopy; bar = 10 �m. (C) Number of PB in BCBL-1 cells during latent and lytic
KSHV infection in the presence or absence of viral ORF57. Total of 50 cells in each group were counted in each experiment. The error bars represent
SD from three independent experiments; **P < 0.01 in Student’s t-test. (D and E) ORF57, but not KSHV replication and transcription activator (RTA),
suppresses PB formation during KSHV lytic infection in Bac36 cells. (D) Bac36 cells harboring a wild-type (wt) or ORF57-null KSHV genome (�57) (41)
were induced by sodium butyrate (Bu, 3 mM). The cells with Bu induction for 24 h were then co-immunostained for the PB-specific marker GW182 and
viral lytic protein ORF57 (Bac36-wt cells) or RTA (Bac36-�57 cells). The nuclei were counterstained with Hoechst dye. Images were obtained by confocal
microscopy; bar = 10 �m. (E) Number of PB in Bac36-wt cells or Bac36-�57 cells during latent and lytic KSHV infection. Total of 50 cells in each group,
including ORF57-positive Bac36-wt cells versus RTA-positive Bac36-�57 cells after lytic reactivation, were counted in each experiment. The error bars
represent SD from three independent experiments; **P < 0.01 in Student’s t-test.
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Figure 2. ORF57 alone is enough to suppress PB formation. (A) Schematic diagrams of wild-type (wt) and mutant (mt) ORF57 protein structures. ORF57
protein composes of 455 amino acid residues and can be divided into a highly disordered N-terminal domain (light blue) and a highly structured C-terminal
domain (red). The N-terminal ORF57 contains three nuclear localization signal motifs (NLS) diagrammed as NLS1, 2 and 3. The mt ORF57 contains
the disrupted (x) NLS2 and NLS3 by introduction of point mutations and acts as a dysfunctional nuclear protein (46). (B) Inhibition of PB formation by
ORF57 in HeLa cells. HeLa cells expressing ORF57-Flag (ORF57 wt or ORF57 mt) or ORF59-Flag for 24 h were co-immunostained with anti-human
GW182 (red) and anti-Flag antibodies (green) to detect PB and viral proteins, respectively. HeLa cells transfected with an empty vector for 24 h served as
control cells. The nuclei were counterstained with Hoechst; bar = 10 �m. (C) Inhibition of PB formation by ORF57 during stress. HeLa cells expressing
ORF57-Flag or ORF59-Flag or an empty vector (control) for 24 h were treated with arsenite for 30 min and co-immunostained with anti-human GW182
(red) and anti-Flag (green) antibodies. The nuclei were stained with Hoechst; bar = 10 �m. (D) Quantification of PB/cell in untreated or arsenite-treated
HeLa cells with or without ORF57-wt, ORF57-mt or ORF59. Total of 50 cells in each experiment were counted in three independent experiments. The
error bar indicates mean ± SD. **P < 0.01 in Student’s t-test. (E and F) PB formation is independent on mature miRNAs. HCT116 cells with Dicer (wt)
or without Dicer (KO) (E) as shown by Western blot were visualized by immunofluorescent staining using human GW182-specific antiserum and DCP1A
antibody (F). The nuclei were stained with Hoechst; bar = 20 �m. (G) ORF57 expressed in wt HCT116 cells inhibits PB formation. HCT116 Dicer wt
cells were transfected with an ORF57-Flag expression vector and 24 h after transfection co-stained with anti-GW182 antibody for the presence of PB and
anti-Flag for ORF57 expression.
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Figure 3. Contribution of individual cellular factors to the formation of PB in HeLa cells that were treated with 40 nM of a gene-specific (GS-siRNA) or
non-targeting (si-NT) siRNA. Twenty-four hours after transfection, the cells in each well were split into two wells and treated with the second round of 40
nM siRNA. The cells at 24 h after the second transfection were harvested in either 2× SDS/2-ME protein sample buffer or fixed with 4% paraformaldehyde.
The knockdown efficiency of GS-siRNA (+) over si-NT (-) was determined by Western blot using corresponding antibodies with cellular �-tubulin served
as a loading control. The standard IFA was carried out on fixed cells on coverslips to visualize the presence of PB using GW182 and DCP1A as the specific
markers. The cells treated with si-NT served as control. The cell nuclei were counterstained with Hoechst dye. The number in a zoomed cell on the right is
the number of PB per cell in a single plane image, averaged from 10 cells; bar = 20 �m.
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Figure 4. GW182 inhibits the production of infectious KSHV virions. (A) Inhibition of PB and SG formation by KSHV ORF57 in iSLK/Bac16 cells.
The cells were cultivated 24 h in the presence of 1 mM sodium butyrate and 1 �g/ml doxycycline to reactivate KSHV lytic cycle before treated with
0.5 mM sodium arsenate for 30 min. The cells were co-stained for ORF57 together with the markers of PB (GW182) or SG (TIA-1); bar = 20 �m. (B)
KSHV-infected iSLK/Bac16 cells were transfected twice with 40 nM of either a non-targeting siRNA (si-NT) or a siRNA specific for a transcriptional
repressor CTCF (si-CTCF), SG regulator PKR (si-PKR) or PB co-factor GW182 (si-GW182) at an interval of 24 h. A fraction of cells from respective
siRNA knockdown were compared for protein levels of CTCF, PKR or GW182 by immunoblotting with rabbit monoclonal anti-CTCF antibody (upper
panel), mouse anti-PKR antibody (middle panel) or human anti-GW182 antiserum (bottom panel). Blots were stripped and re-probed with an anti-�-actin
antibody as a loading control in each panel. (C and D) Increase of infectious KSHV virus production after siRNA knockdown of CTCF, PKR and GW182
expression in iSLK/Bac16 cells. KSHV lytic replication in iSLK/Bac16 cells with the specific siRNA knockdown (B) was induced by treatment with 1
mM sodium butyrate and 1 �g/ml doxycycline for 5 days. Supernatants containing the GFP-KSHV virus obtained from the induced cells were used to
infect HEK293T cells. The infected cells after 48 h were observed for GFP expression as an indication of KSHV infection. Representative images of GFP+
cells are shown (C). Virus infected, GFP-positive HEK293T cells were quantitated by flow cytometry (D). Each transfection/induction was performed in
triplicate and three replicate infections were performed with each supernatant. (E) iSLK/Bac16 cells were treated twice with 40 nM of a gene-specific or
non-targeting (NT) siRNA at an interval of 24 h. The cells at 24 h after the second siRNA transfection were treated with 0.5 mM sodium arsenite for 30
min to induce stress granule formation. The fixed cells were then co-stained for GW182 and TIA-1 as markers of PB and SG, respectively, and imaged with
confocal microscopy; bar = 20 �m.
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the expression of GW182 in iSLK/Bac16 cells to disrupt
host PB formation and then examined KSHV virion pro-
duction from KSHV-reactivated iSLK/Bac16 cells with or
without siRNA-mediated GW182 knockdown. The effect
of GW182 knockdown in iSLK/Bac16 cells on infectious
KSHV virion production was also compared with the ef-
fect of knocking down CTCF (a transcriptional repressor)
and PKR (a protein kinase phosphorylating eIF2� to trig-
ger SG formation), two reported regulatory host factors of
KSHV replication (48,53) but not for PB formation (Fig-
ure 3). As shown in Figure 4B–D, we found that knock-
ing down the expression of GW182, CTCF and PKR in
iSLK/Bac16 cells (Figure 4B) significantly increased pro-
duction of KSHV virions and led to iSLK/Bac16 culture
supernatants to be highly infectious for HEK293T cells
(Figure 4C). Quantitative analyses by flow cytometry in-
dicated that siRNA knockdown of GW182 expression in
the KSHV-reactivated iSLK/Bac16 cells led to a ∼100-fold
increase in KSHV virion production compared to control
(si-NT control), CTCF-knockdown (20-fold increase) and
PKR-knockdown (64-fold increase) cells, all that have nor-
mal levels of GW182 (Figure 4D).

To determine whether the increased production of infec-
tious KSHV resulted from the gene-specific knockdown ef-
fect on PB formation in iSLK/Bac16 cells, we examined
the cells with knockdown of individual genes by standard
IFA staining for the formation of GW182-specific PB and
TIA-1-specific SG. To our surprise, the majority of GW182-
specific PB also contained SG-specific TIA-1 and knock-
down of GW182 greatly reduced the formation of both
GW182+ PB and TIA-1+ SG (Figure 4E). In contrast,
knockdown of CTCF, PKR and Ago2 had no effect on PB
formation as seen in control si-NT treated cells (Figure 4E
and Supplementary Figure S3). Together, these data provide
direct evidence that blockade of host RNA granule forma-
tion by the interaction of KSHV ORF57 with GW182 is
an important viral molecular strategy to inhibit host innate
immunity and allow progression of KSHV replication and
productive infection.

ORF57 affects the subcellular distribution of Ago2 and in-
duces nuclear Ago2 speckles

Given that ORF57 inhibits the formation of both PB and
SG, two major cellular repositories for RNA granules, we
next investigated whether ORF57 affects the recruitment of
components common to both PB and SG. Notably, Ago2
is a common constituent of both PB and SG and has been
proposed to be involved in miRNA-mediated RNA degra-
dation in PB and RNA translation control in SG (4,9,54).
First, we confirmed that transiently expressed GFP-hAgo2
colocalized in GFP-Ago2 granules with both GW182 (spe-
cific for PB) and TIA-1 (specific for SG) (Figure 5A). To ad-
dress whether ORF57 directly influences Ago2 recruitment,
we overexpressed GFP-hAgo2 in two cell lines, HEK293T
(Figure 5B) and HeLa cells (Supplementary Figure S4A),
in the absence or presence of ORF57. We found that, re-
gardless of cell type, the GFP-hAgo2-positive granules were
dramatically reduced in the presence of ORF57 expres-
sion, with GFP-hAgo2 exhibiting a homogenous cytoplas-
mic distribution (Figure 5B and C; Supplementary Figure

S4A). Interestingly, ORF57 expression was found to induce
the formation of endogenous Ago2 nuclear speckles (Fig-
ure 5D and Supplementary Figure S4B), whereas a viral
DNA-binding protein ORF59 did not (Supplementary Fig-
ure S4B). The same result was observed for ORF57 in HeLa
cells under arsenite-induced stress condition where ORF57
blocks SG formation (Figure 5D). Of note, ORF57 did
not induce the nuclear speckles with GFP-hAgo2 (Figure
5B and Supplementary Figure S4A). Altogether, these data
indicate that KSHV ORF57 interferes with distribution
of both endogenous Ago2 and exogenous GFP-hAgo2 in
mammalian cells. However, the distribution of the chimeric
GFP-hAgo2 ectopically expressed differs from endogenous
Ago2 in response to viral ORF57.

ORF57 interacts with Ago2 and GW182, two major compo-
nents of PB

To further understand how ORF57 interferes with Ago2
distribution and PB formation, we first determined whether
the presence of ORF57 influenced the expression of Ago2,
GW182 and DCP1A in HeLa, BCBL-1 and iSLK/Bac16
cells, and found that it did not (Supplementary Figure S5A–
C). Then, we examined the interaction of ORF57 with Ago2
to determine how it might influence the required Ago2–
GW182 binding for reported Ago2 functions (17,18,55).
An immunoprecipitation (IP) pulldown of ORF57 in JSC-
1 cells with KSHV lytic infection followed by Western
blot analyses of ORF57-associated proteins showed the
interaction of ORF57 with Ago2 and RNA helicase A
(RHA), another PB component (56,57) (Supplementary
Figure S5D). An anti-RHA IP also showed RHA inter-
action with Ago2 and viral ORF57 in the KSHV-infected
cells (Supplementary Figure S5D). Further co-IP studies
revealed that the interaction of ORF57 and Ago2 was in-
dependent of RNA and not affected by RNase digestion
(Supplementary Figure S5E).

Most importantly, we found that only the wild-type
(wt) ORF57, but not its N-terminal dysfunctional mutant
(mt), was highly interactive with both ectopic Ago2 (Fig-
ure 6A, compare lanes 6 to 8) and endogenous Ago2 and
GW182 (Figure 6B, compare lanes 6 to 5). Given that
the N-terminal IDR of ORF57 interacts with both Ago2
and GW182, we then examined whether wt ORF57 might
interfere with the Ago2–GW182 interaction as reported
(17,18,55). As shown in Figure 6C and D, further co-IP ex-
periments demonstrated that the Ago2–GW182 interaction
is sensitive to viral ORF57. We showed that ectopic HA-
Ago2 and viral ORF57 separately bind endogenous GW182
as shown by co-IP with anti-HA antibody (Figure 6C, lane
4) and anti-ORF57 antibody (Figure 6D, lane 5), but this
HA-Ago2–GW182 interaction could be easily blocked in
the presence of ORF57 as shown in anti-HA antibody (Fig-
ure 6C, lane 6) and anti-ORF57 co-IP experiments (Figure
6D, lane 6).

ORF57 interacts with the N-terminal domain of Ago2 to pre-
vent Ago2–GW182 interaction

Ago2 has four major functional domains (N, PAZ, MID
and PIWI) and two structural linker domains (L1 and L2)
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Figure 5. Ago2 granules are positive for GW182 and TIA-1 co-staining and ORF57 interferes with Ago2 distribution. (A) Ago2 granules can be co-stained
with GW182 and TIA-1. GFP-hAgo2-transfected HeLa cells were stained for PB using GW182-specific antiserum (top row) or treated with arsenite (0.5
mM for 30 min) to induce SG before staining with anti-TIA-1 (a SG-specific marker) antibody (lower row). The nuclei were stained with Hoechst dye. Images
were acquired by confocal microscopy; bar = 10 �M. (B and C) ORF57 prevents the formation of GFP-hAgo2 granules in HEK293T cells. HEK293T cells
were co-transfected by a vector expressing GFP-hAgo2 with an empty vector (control) or an ORF57-Flag vector. The subcellular localization of GFP-
hAgo2 was examined by fluorescence microscopy, and ORF57-Flag was immunostained using anti-ORF57 antibodies (red) (B). Images were captured
using confocal microscopy; bar = 10 �m. (C) Quantitative analysis of number of GFP-hAgo2 granules per cell. Total of 50 cells in (B) were counted from
each experiment and the average number of GFP-hAgo2 granules per cell is shown in bar graph as a mean ± SD from three independent experiments.
**P < 0.01 in Student’s t-test. (D) ORF57 induces the formation of nuclear Ago2 granules in HeLa cells with or without stress. HeLa cells transfected
with a vector expressing ORF57 or an empty vector (control) were left untreated or treated with 0.5 mM sodium arsenite for 30 min. Fixed cells were
co-immunostained with anti-TIA-1 (for SG), anti-Ago2 and anti-ORF57 antibodies. The nuclei were stained with Hoechst dye. Images were captured by
confocal microscopy. Each image is representative of three independent experiments; bar = 10 �m.
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Figure 6. Viral ORF57 interacts with GW182 and Ago2 and affects their binding activity. (A and B) ORF57-wt, but not its dysfunctional mutant (ORF57-
mt), interacts with Ago2 and GW182. HEK293T cells were transfected separately with an empty vector (-) or a vector expressing Flag-tagged ORF57-wt
or ORF57-mt or Flag/HA-tagged Ago2. Total cell lysate at 24 h after each transfection was mixed as indicated and digested with RNase A/T1 before
co-immunoprecipitation for ORF57-associated proteins using an anti-HA antibody (A) or the cell lysates from transfection of an empty vector, Flag-
ORF57-wt or Flag-ORF57-mt were digested with RNase A/T1 and co-immunoprecipitated for ORF57-associated endogenous GW182 and Ago2 using
an anti-Flag antibody (B). The proteins in the co-IP were blotted for Ago2 and ORF57 by an anti-Flag antibody (A) or for GW182, Ago2 and ORF57
by the corresponding antibodies (B). (C and D) ORF57 disrupts Ago2–GW182 interaction. Total cell extract from HEK293T cells transfected by a vector
expressing Flag/HA-Ago2, ORF57-Flag or an empty vector was mixed each other as indicated and then digested with RNase A/T1. The resulting protein
complexes were co-immunoprecipitated by anti-HA (C) or anti-ORF57 (D) antibody-immobilized beads. The proteins in the co-IP were blotted for GW182,
Flag/HA-Ago2 and ORF57 by the corresponding antibodies.(E–G) ORF57 interacts with the N-terminal domain of Ago2 and prevents Ago2 interaction
with GW182. (E) Schematic diagrams (not in scale) of full-length (FL) Ago2 and its deletion mutants with the deleted region indicated by a solid line shows
six characteristic domains of Ago2 (N, L1, PAZ, L2, MID and PIWI). (F and G) Mapping of ORF57-Ago2 interacting domains and their effect on Ago2–
GW182 binding. HEK293T cell extract containing HA/Flag-Ago2 or its deletion mutant �NL1, �N, �PAZ or �PIWI was separately mixed with the
cell extract containing untagged ORF57. The individual mixture was then digested with RNase A/T1 and immunoprecipitated using anti-Flag antibody
for Ago2 (F) or anti-ORF57 antibody (G). The proteins in the co-IP were blotted for Ago2-associated ORF57 and endogenous GW182 (F) or ORF57-
associated Flag/HA-Ago2 and endogenous GW182 (G) with the corresponding antibodies. A smaller band of ORF57 is the caspase-7 cleaved ORF57
(82). (H) The PIWI domain, not PAZ, of Ago2 is required to interact with GW182. HEK293T cell extract containing Flag/HA-Ago2 or its deletion mutant
�PAZ or �PIWI were digested with RNase A/T1 and immunoprecipitated overnight using anti-HA-coated beads. The immunoprecipitated complexes
were eluted by HA peptides and analyzed by Western blot using an anti-Flag antibody to detect Ago2 and anti-GW182 human serum to detect the
endogenous GW182.

(58,59) (Figure 6E). The N-terminal domain mediates the
unwinding of RNA inside Ago2 in RISC, PAZ domain
binds to the miRNA 3′ overhang nucleotides, the MID do-
main binds to the 5′ overhang and the PIWI domain exerts
endonuclease activity in addition to its important role of en-
gaging GW182 (58,60,61). To determine the specific domain
of Ago2 that interacts with ORF57, four domain-specific
deletion mutants of Ago2 �NL1, �N, �PAZ or �PIWI
(Figure 6E) as well as the full-length (FL) Ago2 each bear-
ing a chimeric Flag-HA tag were individually expressed sep-
arately from untagged ORF57.

By mixing the individual Ago2 cell extract with the
ORF57-containing cell extract, followed by RNase A/T1
treatment, anti-Flag (Figure 6F) or anti-ORF57 (Figure
6G) co-IP experiments showed that the full-length Ago2,
�PAZ and �PIWI interacted with ORF57 (lanes 8, 11 and
12 in Figure 6F and lanes 10, 13 and 14 in Figure 6G), but
the �NL1 and �N did not (lanes 9 and 10 in Figure 6F
and lanes 11 and 12 in Figure 6G). Further studies showed
that this ORF57–Ago2 interaction led to reduced Ago2–
GW182 binding and could be confirmed by reblotting with
an anti-GW182 antibody (see the corresponding lanes in
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Figure 6F and G). Although full-length Ago2 (Figure 6C,
lane 4 and Figure 6H, lane 6), �NL1 and �N (Figure 6F,
lanes 9 and 10), and �PAZ (Figure 6H, lane 8) interact with
endogenous GW182, the �PIWI, as expected, was unable
to interact Ago2 in a separate co-IP (Figure 6H, compare
lane 7 to lanes 6 and 8). Thus, these data provide the ev-
idence that ORF57 binding to the N-terminal domain of
Ago2 prevents the Ago2–GW182 interaction, a hypotheti-
cal prerequisite for PB formation (19,55).

ORF57 interacts with the N-terminal GW-rich domain of
GW182

Like Ago2, human GW182 is also primarily a cytoplasmic
RNA-binding protein in many continuous cell lines (54)
(Supplementary Figure S5F). GW182 (TNRC6A-2) pro-
tein is a 182-kDa autoantigen composed of 1709 amino
acids (16) (Supplementary Figure S6). GW182 (TNRC6A-
2), TNRC6A-1 and TNRC6B-1 (Supplementary Figure
S6) have also been shown to be essential for microRNA-
mediated gene silencing and PB formation and contain
three non-overlapping glycine and tryptophan (GW)-rich
domains at the N-terminal (N), Middle (M) and C-terminal
(C) regions, a glutamine/asparagine (QN)-rich domain and
a RNA-recognition motif (RRM) (14,44,55,62) (Figure
7A). It is known that the PIWI domain of Ago2 (Figure
6H) interacts with GW182 at multiple GW-rich domains
(19,55).

Knowing that ORF57 interacts with endogenous GW182
(Figure 6B, lane 6; Figure 6D, lane 5; and Figure 6G, lane
9), we set out to map the interacting domain of GW182.
Flag-tagged ORF57 was expressed in HEK293T cells ei-
ther separately from or co-expressed with a truncated HA-
tagged GW182 containing the middle and C-terminal GW-
rich domains (GW1�5, aa 1417-1709) or a N-terminal GW-
rich (N-GW) domain plus part of the QN-rich domain
(GW1�10, aa 313-1090). The HA-GW182 containing cell
extracts were mixed with the Flag-ORF57 containing ex-
tracts in different combinations (ORF57 plus GW1�5 or
GW1�10) and then immunoprecipitated by using anti-HA
coated beads. As shown in Figure 7B, ORF57 was found to
interact with GW1�10, but not with GW1�5 either in the
mixture from the separate expression (left panel, compare
lanes 6 to 5) or co-expression (right panel, compare lanes
12 to 11) conditions. These results provide the first evidence
that ORF57 interacts with the N-GW domain of GW182,
the same domain responsible for interacting with the Ago2
PIWI domain.

A 25-aa region in the N-GW domain of GW182 is responsible
for competitive interaction with ORF57 and Ago2

Given the fact that the GW1�10 bearing more than 700
aa residues contains an Ago2-PIWI interacting domain
(44) and the N-terminal IDR of ORF57 interaction with
GW182 (Figure 6B) could be reduced in the presence of
Flag/HA-Ago2 (Figure 6D, compare lanes 5 to 6; Fig-
ure 6G, compare lanes 9 to 10), we further determined
that part of the N-GW domain of GW182 was responsi-
ble for ORF57 interaction by using TNRC6B-derived pep-
tides that interact with Ago2 with high affinity (44) (Fig-

ure 7C, Supplementary Figure S6) in a co-IP based com-
petitive binding assay. Here, HA-tagged Ago2 on the anti-
HA-coated beads was incubated with a cell extract contain-
ing ORF57 already pre-mixed with individual GW182 pep-
tides or DMSO as a control. A peptide A1 derived from
TNRC6B (Figure 7C and Supplementary Figure S6) and
known to not interact with Ago2 (44) served as a pep-
tide control. We expected reduced ORF57–Ago2 interac-
tion if a competitive GW182 peptide bound ORF57 in the
pre-mixed reaction. The Ago2-associated ORF57 in the
pulldowns was then blotted with anti-ORF57 antibody for
ORF57 or anti-HA antibody for Ago2.

As expected, the carrier solvent (1%) DMSO and control
peptide A1 had no effect on the interaction of Ago2 with
ORF57 (Figure 7D top panel, lanes 11–13). However, pep-
tides E11 and E12, when pre-mixed with ORF57, decreased
the ORF57–Ago2 interaction by ∼10% at 5 nM to almost
50% at 10 nM (Figure 7D top panel, compare lanes 1–4 to
lane 13). Other peptides G2, G3 and D3 that exhibit high
affinity for Ago2 binding (44) did not show any obvious in-
fluence on the ORF57–Ago2 interaction at 5 nM (Figure
7D top panel, lanes 5, 7 and 9) and only weak inhibition
(10–20%) at 10 nM (Figure 7D top panel, compare lanes 6
and 8 to lane 13) in this competitive binding assay.

Convincingly, in experiments where the GW182 peptides
were pre-mixed with Ago2 in a cell extract before incuba-
tion with ORF57 immobilized on the anti-ORF57 beads,
showed a similar 40–50% inhibitory effect of the peptides
E11 and E12 at 10 nM on ORF57-Ago2 interaction (Figure
7D lower panel, compare lanes 2 and 4 to lane 13), whereas
the peptide G3 at 10 nM or D3 at 5 nM displayed only
∼20% reduction (Figure 7D lower panel, compare lanes 8
and 9 to lane 13) and D3 at 10 nM exhibited no effect (Fig-
ure 7D lower panel, lane 10). These results clearly indicate
that ORF57 interacts with the N-GW domain of GW182
through an aa 459–483 domain, the same GW182 region
that has high binding affinity to Ago2.

ORF57 alters the scaffolding activity of GW182 at the initial
stage of PB formation

GW182 is a scaffolding protein and this activity is essen-
tial for PB formation (63). Therefore, we set out to deter-
mine the dynamics of PB formation by observing the scaf-
folding activity of GW182 in the presence or absence of
ORF57. Time-lapse confocal microscopy of the HeLa cells
co-expressing GFP-tagged GW182 (16) with an empty con-
trol vector expressing mRuby only showed that GW182 ex-
pression is localized in small puncta that can aggregate to
form bigger puncta (21). As shown in Figure 8A and Sup-
plementary Figure S7A and B, the formation of these small
puncta increased over the time (60–80/per cell) and their
aggregation resulted in a heterogeneous mixture of small
to larger GW182-positive bodies. Interestingly, the number
of these bodies was dramatically reduced to ∼10–15/cell
in the presence of ORF57. A careful examination of these
bodies both in living cells at 22 h post-transfection (Fig-
ure 8B) and in fixed cells at 24 h post-transfection (Fig-
ure 8C) showed that ORF57 did block the formation of the
smaller puncta, but had little influence on the larger puncta
that had already formed (Supplementary Videos S1 and 2).
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Figure 7. ORF57 interacts with the N-terminal GW-rich domain (N-GW) of GW182 to disrupt GW182 interaction with Ago2. (A) Schematic diagram
(not in scale) of GW182 (TNRC6A-2, 1709-aa) domains and two GW182 deletion mutants. (B) Mapping of ORF57–GW182 interacting domains. Total
cell extract from HEK293T cells transfected with a vector expressing the HA-tagged N-terminal half of GW182 (GW1�10) or the C-terminal half of
GW182 (GW1�5) or an empty vector (control) was mixed with the cell extract containing Flag-tagged ORF57 (B, left panel). Alternatively, Flag-tagged
ORF57 was co-expressed in HEK293T cells with HA-tagged GW1�10, GW1�5, or an empty vector as a control (B, right panel). The cell extracts were
then digested with RNase A/T1 before immunoprecipitation with an anti-HA antibody. The proteins pulled down by the co-IP were blotted for GW182-
associated ORF57 by an anti-ORF57 antibody or by an anti-HA antibody for GW182. (C) Schematic illustration (not in scale) of ORF57-interacting
GW1�10 (aa 313-1090) and its derived peptides previously shown to bind Ago2. The sequence and deduced position of each peptide (E11, E12, G2,
G3 and D3) in GW182 are originated from a reported study on TNRC6B-1 (1723-aa) (44). A control peptide (A1) not binding to Ago2 (44) served as
a control. (D) GW182-derived peptide competitive binding assays. HA-tagged Ago2 from HEK293T cells was immobilized on anti-HA antibody-coated
beads (top panel). The HEK293T cell extract containing ORF57 was pre-mixed with individual GW182 peptides for 2 h at room temperature. This mixture
was then added to the Ago2-immobilized beads and was incubated overnight at 4◦C. The ORF57 protein associated with HA-ago2 beads in the pulldown
assays was blotted by using an anti-ORF57 antibody and an anti-HA antibody for the constant Ago2 level (top panel). The binding of ORF57 (%) to
HA-Ago2 in the presence of a GW182 peptide was measured based on the band intensity after normalized to the ORF57 level bound to HA-Ago2 in the
presence of DMSO, which set as 100%. Alternatively, ORF57 from HEK293T cells was immobilized on polyclonal anti-ORF57 antibody-coated beads
(lower panel). HA-Ago2 expressed in HEK293T cells was pre-mixed with the individual GW182 peptides for 2 h at room temperature. The mixture was then
added to the ORF57-immobilized beads and incubated overnight at 4◦C. The HA-Ago2 protein associated with ORF57 in the presence of GW182 peptides
in the pulldown assays was blotted using an anti-HA antibody and the constant ORF57 level in each sample was blotted with anti-ORF57 antibody for
the pulldown efficiency (lower panel). The binding of HA-Ago2 (%) to ORF57 in the presence of a GW182 peptide was measured as described above.

Altogether, these results indicate that, by interacting with
Ago2 and GW182 and blocking Ago2–GW182 interaction
(Figure 8D), ORF57 inhibits primarily the scaffolding of
GW182 at the initial stage of PB formation.

Homologous HSV-1 ICP27, but not EBV EB2, exerts a sim-
ilar function as KSHV ORF57 in the inhibition of PB forma-
tion

Given that HSV ICP27 and EBV EB2 (SM) proteins are
homologues to KSHV ORF57, we reasoned that the ability

to block PB formation by KSHV ORF57 might be a con-
served function in other herpesviruses. To investigate this
possibility, we expressed HSV-1 ICP27 and EBV EB2 in
HeLa cells and examined their influence on PB formation.
As shown in Supplementary Figure S8A and B, both ICP27
and KSHV ORF57, but not EB2 protein, inhibited PB for-
mation. Quantitative analysis of PB counts in 50 cells with
each viral protein expression indicated that both ORF57
and ICP27 expressing cells appeared an average of only ∼2
GW182-positive granules per cell, whereas the cells with
EB2 expression or no viral protein expression displayed ∼20
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Figure 8. ORF57 prevents the early stages of PB formation by disturbing the scaffolding activity of GW182. (A) ORF57 prevents the early stages of dynamic
PB formation. HeLa cells were co-transfected with a vector expressing GFP-myc-GW182 along with a vector expressing either mRuby or ORF57-mRuby.
The subcellular expression of GFP-myc-GW182 (for PB), mRuby or ORF57-mRuby in alive cells was monitored every 45-min starting from 4 h to 22 h
after transfection for appearance of GFP (green)- or mRuby (red)-mediated fluorescence (Supplementary Figure S7). Images were captured at each time
point using a confocal time-lapse microscope attached to a CO2 incubator (Supplementary Figure S7). GW182 bodies per cell in five cells at each time point
in each experiment were counted and plotted in bar graphs. The error bar indicates mean ± SD from a total of 10 cells from two successful experiments.
*P < 0.05 in Student’s t-test. (B) A representative image from mRuby or ORF57-mRuby co-expression with GFP-myc-GW182 in HeLa cells was selected
at 22 h after transfection; bar = 10 �m. (C) Quantification of GFP-myc-GW182-positive PB per cell in the presence of mRuby or ORF57-mRuby 24 h
after co-transfection. The error bar in each group indicates mean ± SD in 50 fixed cells double positive for both mRuby and GFP from three independent
experiments. **P < 0.01 in Student’s t-test. (D) A schematic model depicting the inhibitory steps of KSHV ORF57 toward the formation of PB and SG.
ORF57 interacts with Ago2 and GW182 and blocks Ago2 and GW182 interaction and GW182 scaffolding activity, or interacts with PACT and PKR and
blocks PACT and PKR interaction and PKR activation (48), thus suppressing the formation of both PB and SG that are interchangeable in mammalian
cells. The stalled mRNAs in SG could be released for protein translation after stress relief.
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GW182-positive granules per cell (Supplementary Figure
S8B). These data indicate that ORF57 and ICP27 expres-
sion leads to at least a ∼90% reduction of PB formation and
that HSV-1 ICP27, but not EBV EB2, shares this conserved
function with KSHV ORF57 in blocking PB formation.

DISCUSSION

PB are constitutively present in cells and increase in
sizes and numbers when translational arrest occurs. Var-
ious studies indicate that PB play important roles in
RNA surveillance, RNA decay, miRNA-mediated silenc-
ing and translational control (3,64). In this report, the
miRISC-dependent PB formation could not be further con-
firmed either by using Dicer-KO HCT116 cells or siRNA
knockdown of Dicer and Ago2 expression in HeLa and
iSLK/Bac16 cells. We showed that HCT116 Dicer-KO cells
deficient in production of mature miRNAs (38) exhibit no
difference from the wt Dicer cells in PB formation. Knock-
down of Dicer, Ago2 and DCP1A expression in HeLa cells
and Ago2 expression in iSLK/Bac16 cells also exhibited no
effect on PB formation. In contrast, we found that GW182
and DDX6 are critical and knockdown of GW182 and
DDX6 expression led to severe reduction in PB formation.
Our time-lapse confocal microscopy showed that GW182 is
essential for PB formation by acting as a scaffolding pro-
tein, as reported (63).

Despite that Ago2 and DCP1A appear non-essential in
PB formation, the interaction of GW182 with Ago2 is
considered to dock miRNA-bound Ago2, stabilize Ago2-
miRNA interactions and thereby maintain the presence of
Ago2 in the cytoplasmic PB (63). This takes place through
the N-GW domain of GW182 binding to the three evenly
spaced tryptophan-binding pockets in the PIWI domain of
Ago2 (44,65). We confirmed that deletion of the PIWI do-
main from Ago2 prevents Ago2 interaction with GW182.
Moreover, we found that the N-terminal IDR region of
KSHV ORF57 binds to both the N-terminal domain of
Ago2 and the N-GW region (aa 459–483) of GW182 in the
context of other domains, thereby preventing the GW182–
Ago2 interaction and the scaffold activity of GW182 (Fig-
ure 8D). This viral strategy to disrupt PB formation is sim-
ilar to KSHV inhibition of SG formation by viral ORF57
interacting with PKR and PACT (48) (Figure 8D).

Host PB have been viewed as macromolecular machin-
ery used by the innate immune system to protect against
virus infection (66). Disruption of PB formation by RNA
viruses has been reported for poliovirus through viral 3C
proteinase-mediated degradation of host DCP1A (67), han-
tavirus by viral N protein binding to DCP1A (68), rotavirus
by its NSP1-mediated degradation of PAN3 (69), West Nile
virus through recruitment of GW182 and DCP1A to viral
replication site (70), and hepatitis C virus by relocation of
PB components to lipid droplet (71–74). The finding that
DCP1A appears non-essential for PB formation in our re-
port indicates that more studies are needed on how virus-
induced degradation of DCP1A could inhibit PB forma-
tion. Moreover, PB formation was also found to be unre-
lated to DCP2 protein level (75).

In this report, KSHV was discovered to inhibit PB for-
mation for its replication by encoding a viral ORF57 to

block GW182’s scaffolding activities. By analogy, disrup-
tion of PB formation by knocking down GW182 expres-
sion in KSHV-infected cells was found to increase KSHV
production by ∼100-fold, further signifying the important
roles of host RNA granules restricting productive KSHV
infection (48). We noticed that knockdown of GW182 ex-
pression affects not only the formation of PB, but also SG
in iSLK/Bac16 cells expressing only a minimal amount
of GW182. Interestingly, we found that ORF57 homolog
HSV-1 ICP27, but not EBV EB2, exerts a similar function
to ORF57 in the inhibition of PB formation. The molecu-
lar mechanism by which three homologs in the herpesvirus
family exhibit a functional disparity on PB inhibition re-
mains to be determined.

Both GW182 and Ago2 are nuclear-cytoplasmic shut-
tling proteins (54,76). Ago2 could be primarily nuclear or
cytoplasmic, depending on types of cells and tissues (43).
The subcellular localization of GW182 is executed by a nu-
clear export signal (NES) and a nuclear localization signal
(NLS) (54), whereas Ago2 lacks a NLS and can be also
transported into the nucleus by importin 8 when loaded
with miRNA (76,77). In this study, we found that ORF57
interacts with Ago2 to promote accumulation of endoge-
nous Ago2, but not the ectopic GFP-hAgo2 or Flag/HA-
Ago2, in the nucleoplasm as speckles in HeLa cells. A simi-
lar finding to Ago2 was reported for the TNRC6A, by which
TNRC6A transports Ago2 protein into the nucleus through
its Ago2-interacting motif(s) (21). The induction and func-
tions of these nuclear Ago2 speckles by KSHV ORF57 re-
main to be investigated.

By following the liquid–liquid phase separation model
for RNP granule assembly (78), a recent report (65) in-
dicated that miRNA-bound Ago2 and GW182 could be
condensed into phase-separated droplets. The condensa-
tion of miRISC droplets led to RNP granule assembly
(79,80). However, our results that both Ago2 and Dicer
are non-essential for PB formation support a miRISC-
independent model of PB formation. KSHV ORF57 bound
to its RNA targets and interacts with RNA-binding pro-
teins through its N-terminal IDR domain (35,36). By ex-
trapolation, ORF57 inhibits the early stage of GW182 gran-
ule formation primarily by its IDR domain interacting with
GW182 and thus probably by preventing droplet formation
in the absence of miRNA. Once the droplet is formed or at
the late stage of PB assembly, it may escape from ORF57’s
inhibitory activity. Whether these escaped GW182-granules
are a separate class of RNA granules as described (23,81)
remain to be determined.

In conclusion, this study shows that PB assembly in
mammalian cells is miRISC-independent. KSHV inhibits
PB formation by viral ORF57 interacting with Ago2 and
GW182 in lytic infection, leading to virus multiplication.
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