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Abstract Cells reprogram ongoing translation in

response to viral infection, resulting in formation of stress

granules (SGs), while viruses have evolved a variety of

strategies to antagonize the host SG response. Previous

literature reported that in BHK-1 cells, infection with

dengue virus (DENV) interfered with the SG formation. In

the current study, we further investigated SG formation in

human epithelial A549 cells by detecting subcellular

localization of two SG hallmarks, TIA-1 and G3BP1. In

response to DENV type 2 (DENV2) and type 3 (DENV3)

infection, G3BP1, but not TIA-1, was recruited into cyto-

plasmic granules in some cells, and viral protein synthesis

was significantly impaired in the G3BP1-granule-contain-

ing cells. Knockdown of G3BP1 significantly rescued the

dsRNA-mediated suppression of DENV2 replication. Fur-

thermore, our data showed that the phosphorylation of

protein kinase regulated by dsRNA (PKR) and eIF2a, as
well as accumulation of dsRNA, mainly occurred at the

late stage of viral infection. This work revealed that in

DENV-infected A549 cells, G3BP1 granules were assem-

bled independently of TIA-1 and had a negative impact on

viral replication. This extends our understanding of the

antagonistic relationship between the SG response and

dengue virus infection.

Introduction

Formation of stress granules (SGs) is an important cellular

response to environmental insults, including oxidative

stress, genotoxic stress, hyperosmotic stress, heat shock,

and viral infection [1]. SG formation may be initiated via

phosphorylation of eukaryotic translation initiation factor

2a (eIF2a) or other translational factors, such as eIF4A [2].

The transiently stalled 48S initiation translation complex,

together with RNA-binding proteins, including T cell

intracellular antigen-1 (TIA-1), TIA-1-related protein

(TIAR), and Ras-Gap-SH3 domain binding protein 1

(G3BP1), are assembled into large aggregates called SGs

[3, 4]. SGs play a role in the inhibition of global protein

synthesis and regulation of cell death [5], and their for-

mation has been generally viewed as an antiviral defense

mechanism [6, 7]. However, viruses have developed their

own strategies to survive and evade the host SG response

[8–10]. For example, two members of the family Fla-

viviridae, West Nile virus (WNV) and dengue virus

(DENV), can inhibit SG formation in BHK-1 cells by

interacting with TIA-1 [6].

There are four serotypes of DENV (DENV1-4), which

are transmitted to humans by Aedes aegypti and Aedes

albopictus mosquitoes [11, 12]. DENV infection leads to

different clinical symptoms, ranging from the mild self-
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limiting illness dengue fever (DF) to severe life-threatening

diseases including dengue hemorrhagic fever (DHF) and

dengue shock syndrome (DSS) [12]. Globally, DENVs are

one of the most important arboviruses to cause human

diseases, infecting 50-100 million people annually [11, 13].

DENV has a single-stranded positive RNA genome of

approximately 11 kb; this genome contains an open reading

frame flanked by 50 and 30 untranslated regions (UTRs) and

encodes a polyprotein that is subsequently cleaved by host

and viral proteases into three structural proteins (C, capsid;

prM, premembrane protein; and E, envelope protein) and

seven nonstructural proteins (NS1, NS2A, NS2B, NS3,

NS4A, NS4B, and NS5) [14].

DENV has developed a variety of strategies to evade,

subvert or hijack different host innate responses, including

innate immunity, autophagy, and apoptosis [15, 16]. To

further investigate the relationship between DENV and SG

formation, our study examined SG formation by utilizing

A549, a human cell line that is widely used in DENV

studies. Our data revealed that G3BP1 was recruited into

cytoplasmic granules in some infected cells, and the

abundance of G3BP1 granules was inversely correlated

with the viral replication. Furthermore, our data showed

that the phosphorylation of SG initiators PKR and eIF2a
was mainly enhanced until the late stage of viral infection.

These findings indicate a counteracting relationship

between the host cell and dengue virus and demonstrate an

additional mechanism by which DENV antagonizes the SG

response.

Materials and methods

Cell culture and stress granule induction

Human lung epithelial cells A549 (ATCC, CCL-185) and

mosquito cell line C6/36 (ATCC, CRL-1660) were main-

tained in DMEM complemented with 5 % (v/v) fetal

bovine serum (FBS) (Gibco, CA, USA), 1 % sodium

pyruvate, and 100 lg of penicillin and 100 units of strep-

tomycin (Invitrogen, CA, USA) per ml. For stress induc-

tion, cells were transfected with 2 ng of poly (I:C)

(InvivoGen, MO, USA) per ll using Lipofectamine 2000

(Invitrogen, CA, USA) for 6 h, or they were incubated with

1 lM hippuristanol (kindly provided by J. Tanaka) [17] for

1 h.

Virus and viral titration

The dengue 2 virus (DENV2) New Guinea C (NGC) strain

and DENV3 H87 strain were provided by Guangzhou

Centers for Disease Control and propagated in C6/36 cells

as described previously [18]. Viral stocks were stored at

-80 �C. A549 cells were infected with DENV2 at a mul-

tiplicity of infection (MOI) of 1 for the indicated times.

Viral titers in cell supernatants were determined by

50 % tissue culture infective dose (TCID50) assay as

described previously [19]. Viral samples were serially

diluted and inoculated into C6/36 cells. After a 5-day

incubation at 35 �C, cells were examined for cytopathic

effect (CPE) under a light microscope. The virus titer

(TCID50/ml) was calculated using the Reed–Muench

method. One TCID50/ml was equivalent to 0.69 PFU/ml.

RNA interference (RNAi)

siRNAs were prepared by Invitrogen with dTdT overhangs

and introduced into cells as described previously [18]. The

siRNA sequence targeting G3BP1 was GAGCCA

GUAUUAGAAGAAA. A negative siRNA with a scram-

bled sequence (Dharmacon) was used as a negative control

(siNC).

Antibodies

Anti-TIA-1 and anti-PKR were purchased from Santa Cruz

Inc. (CA, USA). Antibodies for detection of P-PKR and

P-eIF2a were purchased from Cell Signaling Technology

(CA, USA). Anti-NS4B, anti-NS5, anti-G3BP1 and anti-

actin were purchased from Sigma (CA, USA). Anti-dsRNA

(J2) was obtained from English and Scientific Consulting

Kft. (Hungary). Anti-prM was purchased from Abcam

(CA, USA). Anti-NS1 monoclonal antibody was gener-

ously provided by Prof. Trai-Ming Yeh at National Cheng

Kung University [20]. Alexa-Fluor-488-conjugated anti-

goat-IgG and anti-mouse-IgG were obtained from Invitro-

gen (CA, USA), and Cy3-conjugated goat anti-rabbit-IgG

was purchased from Millipore (MA, USA). IRDye 800

CW–conjugated anti-rabbit IgG or IRDye 680 CW–con-

jugated anti-mouse IgG secondary antibody were obtained

from LI-COR (NE, USA).

Indirect immunofluorescence microscopy (IFM)

IFM was conducted as described previously [21]. Cells

were permeabilized in 0.2 % Triton-X-100 for 15 min and

blocked in blocking buffer for 1 h, followed by incubation

of indicated primary antibodies and secondary antibodies.

The secondary antibodies were Cy3-conjugated goat anti-

rabbit IgG (Millipore, MA, USA) and Alexa Fluor 488–

conjugated anti-goat (Invitrogen, CA, USA). Cells were

stained with 0.2 mg of DAPI (Invitrogen, CA, USA) per

mL and visualized using a Zeiss fluorescence microscope

or a Zeiss LSM710 confocal microscope. The number of

positive staining cells was calculated using PicCnt 100x

software.
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Western blot

Whole-cell extracts were prepared in the presence of 1 mM

PMSF and 1 % (v/v) protease inhibitor cocktail (Sigma,

MO, USA) as described previously [21]. Proteins were

fractionated by electrophoresis on sodium dodecyl sulfate-

10 % polyacrylamide gels, transferred to nitrocellulose

membranes, blocked, and then probed with an appropriate

dilution of primary antibody in PBS containing 3 % (w/v)

skim milk. Membranes were incubated with the indicated

primary antibodies at 4 �C overnight. Detection was per-

formed with IRDye 800 CW–conjugated anti-rabbit IgG or

IRDye 680 CW–conjugated anti-mouse IgG secondary

antibody according to the manufacturer’s protocols (LI-

COR, NE, USA). Immunoreactive bands were visualized

using an Odyssey infrared imaging system.

Results

G3BP1, but not TIA-1, is recruited into cytoplasmic

granules in response to DENV infection in A549 cells

A previous study has shown that DENV infection interferes

with SG formation in BHK-1 cells [6]. As humans are the

major host of dengue virus, we further examined SG for-

mation in human cells by utilizing a widely-used model,

human lung epithelial A549 cells. SGs were detected by

immunofluorescence staining microscopy (IFM) using

antibodies against TIA-1 or G3BP1, two indicators of SG.

As shown in Figure 1A and Supplementary Figure S1A,

the TIA-1 protein was predominantly present at 6 h

postinfection (p.i.) in the nuclei of mock-infected cells and

cells that were infected with DENV2. At 12 h p.i., TIA-1

was redistributed into the cytoplasm and was mainly

localized in the perinuclear region at 24 h p.i. Accumula-

tion of viral NS1 protein was detected from 12 h p.i., and

this protein colocalized with TIA-1. These images indi-

cated that in human A549 cells, TIA-1 was not recruited

into cytoplasmic granules, which is consistent with a pre-

vious observation obtained with BHK-1 cells [6].

The G3BP1 protein mainly resided in the cytoplasm in

mock-infected cells (Fig. 1B and Fig. S1B). Unexpectedly,

G3BP1 granules were visualized in the cytoplasm of some

A549 cells starting from 12 h p.i., and the percentages of

G3BP1-granule-containing cells increased with time

(13.6 %, 30.2 %, and 53.7 % at 12, 18, and 24 h p.i.,

respectively; Fig. 1C). Notably, the signals of viral prM in

the G3BP1-granule-containing cells were significantly

weaker than those in cells lacking G3BP1-granules

(Fig. 1B, bottom panels). The percentage of cells that were

positive for both prM and G3BP1 granules was only

Fig. 1 Time course of subcellular localization of TIA-1 and G3BP1

in DENV2-infected cells. A549 cells were mock infected or infected

with DENV2 at an MOI of 1. Cells were harvested at the indicated

times and processed for IFM using anti-TIA-1 (green) and anti-NS1

(red) (A) or anti-G3BP1 (green) and anti-prM (red) (B). At least 100

cells from each culture in three independent experiments were

examined. PicCnt 100x was used to determine the percentages of cells

in panel B containing G3BP1 granules or NS1 protein (C). Data are

shown as mean ± s.e.m. White arrowheads indicate cells containing

G3BP1 granules, and red arrowheads indicate cells expressing viral

prM. Scale bars: 10 lm
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15.4 % (Fig. 1C). In addition, we examined the formation

of TIA-1 and G3BP1 graunles in DENV3-infected A549

cells (24 h p.i.). Likewise, the TIA-1 protein did not form

conspicuous granule in the DENV3-infected cells

(Fig. 2A). In contrast, G3BP1 granules were observed in

some infected cells, and the signal of viral prM protein in

G3BP1-granule-containing cells was weaker than in those

without G3BP1 granules (Fig. 2B). These data suggest

that, in A549 cells, G3BP1 granules can be assembled in

response to DENV infection and have a negative impact on

viral replication.

SG formation is inversely correlated with the level

of DENV2 replication

To examine whether the SG response plays an antiviral role

in DENV replication, cells were infected with DENV2,

followed by SG induction by treatment with poly(I:C) or

hippuristanol (HIPP) at 3 h, 6 h, and 12 h p.i. Cell samples

were harvested at 6 h post-stimulation for IFM assay, and

supernatants from infected cells were harvested at 24 h p.i.

for viral titration (Fig. 3A). As shown in Figure 3B,

poly(I:C) treatment for 6 h alone led to formation of TIA-1

granules in 57.9 % of the cells. The percentage of TIA-1-

positive cells induced at 3 h p.i. (black bar) was compa-

rable to that in uninfected cells (white bar), but it gradually

decreased in cells treated at 6 and 12 h p.i., implying that

DENV might actively interfere with the SG response

induced by dsRNA. Moreover, the viral yields in poly(I:C)-

treated cells at 3, 6, and 12 h p.i. were 100-, 13-, and 8-fold

lower, respectively, than in untreated cells (Fig. 3C).

Similarly, DENV2 barely affected the SG formation

induced by HIPP at 3 h p.i., but significantly reduced the

percentages of TIA-1-granule-containing cells treated with

HIPP at 6 h and 12 h p.i. (Fig. 3D). The viral yields in

HIPP-treated cells were significantly decreased in com-

parison to the untreated cells (10000-, 4000-, and 20-fold at

3 h, 6 h and 12 h p.i., respectively). These data suggest that

the extent of SG formation is inversely correlated with the

level of viral replication.

Fig. 2 DENV3 infection leads

to G3BP1 granule formation.

A549 cells were mock infected

or infected with DENV3 at an

MOI of 1. At 24 h p.i., cells

were processed for IFM using

anti-TIA-1 (green) and anti-prM

(red) (A) or anti-G3BP1 (green)

and anti-prM (red) (B). White

arrowheads indicate cells

containing G3BP1 granules, and

red arrowheads indicate cells

expressing viral prM. The

images are representative of

three independent experiments.

Scale bars: 10 lm
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To obtain direct evidence that SG formation con-

tributes to the poly(I:C)- or HIPP-mediated antiviral

effect, we interfered with SG formation by silencing

G3BP1. Western blot data showed that G3BP1 expression

in siG3BP1-transfected cells was largely silenced

(Fig. 4A), and the knockdown of G3BP1 significantly

decreased the percentages of TIA-1-foci-positive cells in

mock-infected and DENV2-infected cells (Fig. 4B). We

next compared the viral yields in the G3BP1-expressing

and G3BP1-deficient cells. In the untreated group, the

depletion of G3BP1 barely affected viral yields, while in

the poly(I:C)-treated group, the G3BP1 knockdown

upregulated the viral yield by 18-fold compared to the

siNC-transfected cells (Fig. 4C). These data indicated that

SG formation plays a role in the dsRNA-mediated

antiviral viral effect.

Fig. 3 SG formation induced by dsRNA or hippuristanol (HIPP)

correlates inversely with viral yield. (A) Schematic diagram showing

the time points of viral infection, stress stimulation, IFM and viral

titration. A549 cells were mock infected or infected with DENV2 at

an MOI of 1, followed by poly(I:C) (B, C) or hippuristanol (HIPP)

stimulation (D, E) at 3, 6, or 12 h postinfection (p.i.). At 6 h post-

stimulation (9, 12, or 18 h p.i.), cells were harvested for IFM using

anti-TIA-1 (B, D). At least 100 cells from each culture in three

independent experiments were examined. PicCnt 100x was used to

determine the percentage of cells containing TIA-1 granules (B, D).

At 24 h after DENV2 infection, the supernatants of infected cells were

collected for virus titration by TCID50 assay (C, E). *, P\ 0.05,

**, P\ 0.01, ***, P\ 0.001
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Phosphorylation of PKR and eIF2a occurs at a late

stage of viral infection

As G3BP1 was recruited into cytoplasmic granules in some

of DENV-infected cells, we investigated the initiation of

the SG response by measuring the phosphorylation levels

of PKR and its substrate eIF2a. Mock- or DENV2-infected

A549 cells were harvested at the indicated time points for

Western blot analysis using antibodies that recognize the

phosphorylated forms of PKR and eIF2a. As shown in

Figure 5, the phosphorylation of PKR was slightly

increased at 12 and 18 h p.i. and reached a significantly

higher level at 24 h p.i. Accordingly, the phosphorylation

of eIF2a was slightly increased at 12 and 18 h p.i. and

peaked at 24 h p.i. As a control, the total amounts of PKR

and eIF2a remained constant in all tested samples. In

addition, the expression levels of viral NS5 protein pro-

gressively increased over time, indicating that the expres-

sion of viral proteins was not significantly affected. These

data suggested that PKR and eIF2a were mainly phos-

phorylated at a late stage of viral replication.

dsRNA accumulation was detected at a late stage

of viral infection

Considering that dsRNA is the major stimulus that initiates

PKR activation in virus-infected cells, we further moni-

tored the kinetics of accumulation of viral dsRNA by IFM

using a specific antibody against dsRNA (J2) and a viral

NS4B antibody. As shown in Figure 6, viral NS4B accu-

mulation in infected cells was readily detected from 12 h

p.i (top panels). In contrast, the dsRNA signal was not

observed at 12 h p.i. and became detectable at 18 h p.i.,

peaking at 24 h p.i. (Fig. 6), coinciding with the time of

PKR and eIF2a phosphorylation. These data suggest that

the viral dsRNA was largely produced at a late stage of

viral replication.

Fig. 4 Knockdown of G3BP1 restores the dsRNA-mediated sup-

pression of DENV2 replication. A549 cells were transfected with

siNC or siG3BP1 and harvested for Western blot analysis at 48 h (A).

A549 cells were transfected with siNC or siG3BP1, followed by

infection with DENV2 at an MOI of 1. Stimulation with poly(I:C) or

mock stimulation was carried out at 3 h p.i. At 6 h post-stimulation,

cells were processed for IFM using anti-TIA-1; the percentage of

TIA-1-granule-containing cells was determined by PicCnt 100x (B).

At 24 h p.i., the supernatants were collected for titration by TCID50

assay (C). At least 100 cells were counted in three independent

experiments. Data are shown as the mean ± SEM. *, P\ 0.05, **,

P\ 0.01, ***, P\ 0.001

Fig. 5 The phosphorylation of PKR and eIF2a mainly occurs at a

late stage of DENV2 replication. A549 cells were mock infected or

infected with DENV2 for 12, 18 or 24 h and harvested for Western

blot analysis using antibodies against P-PKR, PKR, P-eIF2a, eIF2a,
DENV2 NS5 protein and b-actin. The ratios of P-PKR/ PKR,

P-eIF2a, eIF2a, and NS5 protein/actin were calculated using Quantity

One analysis software as shown below the representative blot of at

least three independent experiments
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Discussion

SG formation constitutes an important defense against viral

replication by halting viral protein synthesis, while viruses

have developed various strategies to subvert the host SG

response. The current study further investigated SG for-

mation in the human cell line A549 and examined the role

of SG formation in DENV replication. Several important

points emerged from our findings.

First, we found that in response to infection with

DENV2 or DENV3, cytoplasmic granules containing

G3BP1, but not TIA-1, were assembled in A549 cells. TIA-

1 was redistributed to the perinuclear region, in keeping

with previous finding showing that TIA-1/TIAR were

recruited by viral components [6]. In both A549 and BHK-

1 cells, TIA-1 and viral proteins were colocalized, further

indicating that TIA-1 is an important host factor involved

in viral replication. On the other hand, while Brinton’s

group did not examine the subcellular localization of

G3BP1 in infected BHK-1 cells, our data showed that

G3BP1 was incorporated into cytoplasmic granules of

some cells upon DENV2 infection. We would predict that

in other human-derived cells, G3BP1 can also be recruited

into cytoplasmic granules in response to DENV2 infection,

although these granules might not be conventional stress

granules because TIA-1 is absent. Nevertheless, this pre-

diction needs to be further validated.

Our observation that the percentage of G3BP1-granule-

positive cells or viral-prM-positive cells was significantly

higher than that of double positive cells indicates that there

is an antagonizing relationship between G3BP1 granules

and viral replication, and because G3BP1 knockdown

alone did not affect the viral replication (Fig. 4), we

deduced that the formation of G3BP1 granules, rather than

G3BP1 protein, confers antiviral activity. Recently, Garcia-

Blanco and coworkers reported that G3BP1 together with

G3BP2 and CAPRIN1 is required for translation of inter-

feron-stimulated genes, but DENV antagonizes their effect

through its non-coding subgenomic flaviviral RNA

(sfRNA) [22]. These observations reflect an antagonizing

relationship between the host cell and dengue virus: the cell

produces antiviral responses such as SG formation against

viral infection, while DENV attempts to sequester G3BP1

by sfRNA and TIA-1/TIAR via viral products.

Fig. 6 dsRNA accumulation

was detected at a late stage of

DENV2 replication. A549 cells

were mock infected or infected

with DENV2 for 12, 18, or 24 h

and harvested for IFM using

anti-dsRNA (red) and anti-

NS4B (green). The images are

representative of three

independent experiments. White

arrowheads indicate the

colocalization of NS4B and

dsRNA. Scale bars: 10 lm
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Consequently, the outcome of this battle determines the

replication level of DENV2 in an individual cell.

Our data also revealed that conventional SG formation

plays a protective role in combating DENV2, as evidenced

by two observations: 1) the extent of dsRNA- or HIPP-

induced SG formation was inversely correlated with

DENV2 replication, and 2) the reduction of viral yields

mediated by dsRNA could be significantly restored in

G3BP1 knockdown cells. It should be noted that G3BP1

depletion did not completely restore virus production,

implying that, in addition to SG formation, other responses

such as apoptosis or innate immunity induced by dsRNA

also contribute to the reduction of viral replication. Our

observation that TIA-1 was not required for DENV-in-

duced G3BP1 granule formation while G3BP1 depletion

led to less punctate-staining TIA-1 triggered by dsRNA

suggested that G3BP1, but not TIA-1, is an essential

component of SGs.

Stress granules are closely associated with another stress

response, the unfolded protein response UPR [23]. In

response to DENV invasion, the UPR can be induced in the

ER lumen by replication of DENV in a time- and serotype-

dependent manner [24–26], and UPR gene expression

correlates with dengue disease severity [26]. Combined

with our findings, we hypothesized that G3BP1 granules

might also be associated with the production and dissem-

ination of dengue virus, eventually affecting the severity of

dengue diseases.

Finally, the current study illustrated an additional

mechanism by which DENV antagonizes the SG response

in addition to its recruitment and sequestration of the SG

components TIA-1/TIAR [6]. We found that dsRNA

accumulation and PKR activation were not significantly

increased until a late stage of viral infection (18 h p.i.), in

keeping with previous findings that PKR and eIF2a were

phosphorylated at 24 h upon infection with DENV1

(MY10245), DENV2 (TSV01) [25] and Japanese

encephalitis virus [27]. The accumulation of flaviviral

dsRNA at this late stage suggests that these viruses are able

to manipulate dsRNA production or its localization. This is

supported by a recent finding that DENV conceals dsRNA

in intracellular membranes [28]. Alternatively, viral NS

proteins might be able to bind and sequester nascent

dsRNA in the replication complex, like vaccinia virus E3L

[29], and influenza A NS1 [30, 31]. It should be noted that

G3BP1 granules were visualized in some infected cells at

12 h p.i. when dsRNA was absent, which might be caused

by viral single-stranded RNA or viral proteins.

In summary, our work demonstrates that, in response to

DENV2 infection, G3BP1 granules can be induced in

human epithelial cells, independently of TIA-1. Moreover,

our data indicate that the late occurrence of G3BP1 gran-

ules might be the result of late dsRNA production and PKR

activation. This work, together with previous studies [6,

22], illustrates that DENV has evolved sophisticated

strategies to antagonize the host SG response at different

stages.
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