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Abstract

Viral invasion triggers the activation of the host antiviral response. Besides the innate

immune response, stress granules (SGs) also act as an additional defense response to

combat viral replication. However, many viruses have evolved various strategies to sup-

press SG formation to facilitate their own replication. Here, we show that viral mRNAs

derived from human parainfluenza virus type 3 (HPIV3) infection induce SG formation in an

eIF2α phosphorylation- and PKR-dependent manner in which viral mRNAs are sequestered

and viral replication is inhibited independent of the interferon signaling pathway. Further-

more, we found that inclusion body (IB) formation by the interaction of the nucleoprotein (N)

and phosphoprotein (P) of HPIV3 correlated with SG suppression. In addition, co-expres-

sion of P with NL478A (a point mutant of N, which is unable to form IBs with P) or with NΔN10

(lacking N-terminal 10 amino acids of N, which could form IBs with P but was unable to syn-

thesize or shield viral RNAs) failed to inhibit SG formation, suggesting that inhibition of SG

formation also correlates with the capacity of IBs to synthesize and shield viral RNAs. There-

fore, we provide a model whereby viral IBs escape the antiviral effect of SGs by concealing

their own newly synthesized viral RNAs and offer new insights into the emerging role of IBs

in viral replication.

Author summary

Human parainfluenza virus type 3 (HPIV3) is one of the major causes of acute respiratory

tract diseases such as pneumonia and bronchitis in infants and children. Virus invasion

activates cellular stress responses. One of these responses is the formation of SGs which

counteract viral replication. However, many viruses have evolved various strategies to

suppress SG formation, thus facilitating their own replication. We sought to determine if

(and how) HPIV3 modulates SG formation to facilitate its replication and found that the

viral messenger RNAs (mRNAs) of HPIV3 trigger SG formation in infected cells. As time

increased post-infection, the number of cells containing SGs increased as well. To escape
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this response, HPIV3 forms IBs that shield viral RNAs, thereby preventing SG formation

and allowing the virus to replicate and survive—and potentially invade other cells.

Introduction

Human parainfluenza virus type 3 (HPIV3), a member of the Paramyxoviridae family, can

cause acute respiratory tract diseases such as pneumonia and bronchitis in infants and children

[1]. The genome of HPIV3 contains a non-segmented negative-strand RNA, which encodes 6

proteins: the nucleoprotein (N), phosphoprotein (P), matrix protein (M), fusion protein (F),

hemagglutinin/neuraminidase (HN), and large RNA-dependent RNA polymerase (L) [2]. The

virus enters host cells through a membrane fusion process carried out by HN and F [3]. P brid-

ges L to the N-encapsidated genomic RNA to initiate viral transcription and replication [4–6],

which generates 6 capped and polyadenylated messenger RNAs (polyA+ mRNAs) and a full-

length anti-genomic RNA [7]. The new synthesized viral proteins and genomic RNA assemble

into virions, which are released from the cell through the budding process [8,9].

Viral invasion triggers host antiviral defense responses, including the well-known innate

immune response and the protein kinase R (PKR)-dependent stress response [10,11]. On one

hand, viral RNAs synthesized during the infection are usually regarded as non-self, pathogen-

associated molecular patterns (PAMPs). The PAMPs can be detected by retinoic acid-induc-

ible gene I (RIG-I) and melanoma differentiation-associated protein 5 (MDA5) [12–16], and

this detection activates the interferon (IFN) signaling pathway and results in the expression of

IFN-α/β. Secreted IFN-α/β induces the transcription and expression of IFN-stimulated genes

(ISGs), which play a critical role in restricting viral replication and propagation in host cells

[17–19]. On the other hand, particular RNA species such as double-stranded RNA (dsRNA) or

secondary-structured RNA generated during viral infection can also be detected by PKR

[20,21]. This recognition activates PKR auto-phosphorylation, which results in the phosphory-

lation of eukaryotic initiation factor 2 α subunit (eIF2α). Phosphorylated eIF2α prevents the

assembly of the ternary pre-initiation complex and inactivates global protein synthesis. Stalled

translation initiation complexes are then recruited into the cytoplasmic aggregates, which are

termed SGs [22]. Thus, SGs typically consist of stalled mRNAs, 40S ribosomal subunits, vari-

ous translation initiation factors such as eIF3, eIF4A, eIF4E, and eIF4G, and several SG-nucle-

ating factors, including G3BP [23–25]. As viral protein synthesis must rely on the host

translation machinery, SG-mediated translational arrest usually plays an antagonistic role in

the viral life cycle [26].

Given the inhibitory effect of SGs on viral infection, many viruses have evolved various

strategies to block SG formation to ensure efficient viral replication. Sendai virus (SeV) and

measles virus (MV) encode a C protein to limit the accumulation of dsRNA to inhibit SG for-

mation [27,28]. Influenza A virus (IAV) NS1 protein prevents viral dsRNA from being

detected by PKR, thus resulting in the inhibition of SG formation [29,30]. Poliovirus infection

induces SG formation at the early stage of viral infection; then, SGs gradually disappear due to

the cleavage of G3BP by viral 3C protease [31]. Respiratory syncytial virus (RSV) sequesters

p38 and OGT into viral IBs to suppress SG assembly [32]. Ebola virus (EBOV) IBs sequester

various SG markers and inhibit SG formation during infection [33,34].

In this report, we show that viral mRNAs derived from HPIV3 infection induce eIF2α
phosphorylation and trigger SG formation in a PKR-dependent manner. HPIV3-induced SGs

play an inhibitory role in HPIV3 replication by sequestering viral mRNAs. Disruption of SG

formation by different approaches dramatically increases viral protein expression and virion
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production without influencing IFN production. Furthermore, we show that HPIV3 IBs

formed during infection block SG formation by shielding viral RNAs.

Results

HPIV3 infection induces SG formation

To determine whether HPIV3 infection induces SG formation, we infected HeLa cells with

HPIV3 for up to 36 hour (h) and analyzed the distribution of SG marker proteins TIA-1 and

G3BP at different time points post-infection (pi). An antibody against HPIV3 was used to eval-

uate viral protein expression and viral replication (Fig 1A). In mock-infected cells, TIA-1 was

homogeneously distributed in both the cytoplasm and the nuclei and G3BP was homo-

geneously distributed in the cytoplasm. In contrast, TIA-1 translocated from the nuclei to the

cytoplasm and formed aggregates co-localizing with G3BP during viral infection, which was

similar to the results after sodium arsenite (AS) stimulation (Fig 1A). As infection progressed,

the number of cells containing SGs increased to nearly 80% at 24 hpi and this ratio remained

stable until 36 hpi (Fig 1B). To determine whether HPIV3-induced SGs contain other typical

SG marker proteins, we also examined the distribution of eIF4A, eIF4E, and eIF4G and found

that all these marker proteins were re-distributed into SGs and co-localized with G3BP during

HPIV3 infection (S1A Fig). To determine whether HPIV3-induced SGs are cell-specific, we

also examined the distribution of TIA-1 and G3BP in HEp-2 cells and MK2 cells infected with

HPIV3 and found that both TIA-1 and G3BP were re-distributed into SGs and co-localized

Fig 1. HPIV3 infection induces SG formation. (A, B, and C) HeLa cells were mock-treated, treated with AS (0.5 mM) for 1 h, or infected with HPIV3

(MOI = 1). At the indicated time points pi, (A) cells were analyzed by confocal microscopy after being immunostained for HPIV3 (purple), TIA-1 (green), and

G3BP (red). Nuclei were stained with DAPI (blue). The white scale bar corresponds to 10 μm. (B) The percentage of cells containing SGs was quantified in three

independent experiments. At least 100 cells were counted each time. Data are represented as means ±SD. Student’s t test: � P<0.05, �� P<0.01, ��� P<0.001,

ns = not significant. (C) Cell lysates were analyzed via western blot using anti-HN, anti-phosphorylated eIF2α, anti-eIF2α, and anti-GAPDH antibodies.

https://doi.org/10.1371/journal.ppat.1006948.g001
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with each other, suggesting that SG formation is a general process during HPIV3 infection

(S1B Fig).

Since the phosphorylation of eIF2α is critical for SG formation, we evaluated the phosphory-

lation status of eIF2α in HPIV3-infected cells and found that the level of phosphorylated eIF2α
increased at 12 hpi, peaked at 24 hpi, and remained stable until 36 hpi. (Fig 1C). Furthermore,

we examined the distribution of phosphorylated eIF2α via immunofluorescence and found that

little phosphorylated eIF2α was detected in mock-treated cells. In contrast, both HPIV3 infec-

tion and AS stimulation obviously increased the level of phosphorylated eIF2α, and phosphory-

lated eIF2α was recruited into SGs, which co-localized with G3BP (S1C Fig), suggesting that

HPIV3 infection activates eIF2α phosphorylation and subsequently induces SG formation.

Assembly of SGs is a highly dynamic process, and phosphorylation of eIF2α inhibits trans-

lational initiation, allowing mRNA transcripts release from the elongating ribosomes and

accumulate at SGs under environmental stress. Drugs that stabilize polysomes inhibit the

assembly of SGs, whereas drugs that destabilize polysomes promote the assembly of SGs. cyclo-

heximide (CHX) stabilize polysomes by freezing ribosomes on translating mRNAs and inhibit

SG formation[35]. Previous studies reported that some viruses trigger the formation of atypical

SGs that do not disassemble in the presence of CHX [36,37]. We next sought to determine

whether HPIV3 infection- triggered SGs disassemble in response to CHX. CHX was added to

cells in the presence of AS or HPIV3 infection. SGs induced by AS were cleared via incubation

with CHX for 1 h (Fig 2A and 2B). Similarly, after incubation with CHX for 3 h, HPIV3-in-

duced SGs completely disappeared (Fig 2C and 2D). CHX treatment results in global inhibi-

tion of protein synthesis. We examined the viral HN protein level via western blotting and

found that HN protein expression was inhibited by incubation with CHX (Fig 2E and 2F). To

rule out possible effect of CHX on viral RNA synthesis, we also examined the viral RNA level

after treatment with CHX, and found that neither viral genomic RNA nor mRNA synthesis

was significantly affected in the presence of CHX (Fig 2G and 2H). These data suggest that

HPIV3 infection induces the formation of canonical SGs.

mRNAs of HPIV3 trigger SG formation

HPIV3 infection induces SG formation, suggesting that either the viral RNAs or the viral pro-

teins or both of them induce SG formation. N, P, M, F, and HN were separately expressed, but

G3BP was always homogeneously distributed in the cytoplasm (S2A Fig), suggesting that none

of them triggered SG formation. Furthermore, over-expression of HPIV3 viral proteins could

not induce the phosphorylation of eIF2α either (S2B Fig), suggesting that SGs triggered by

HPIV3 infection is not due to the accumulation of viral proteins. Then, we speculated that

viral RNAs generated from viral replication and transcription might be the critical factors for

inducing SG formation in host cells. We extracted RNAs from mock- or HPIV3-infected cells.

These RNAs were subsequently transfected into HeLa cells that were immunostained with

antibodies against TIA1 and G3BP to detect SG formation. We found that RNAs extracted

from mock-infected MK2 cells failed to induce TIA-1 and G3BP aggregation into SGs. In con-

trast, RNAs extracted from HPIV3-infected MK2 cells induced the formation of a large num-

ber of SGs (Fig 3A, compare panel “-HPIV3 MK2 RNA” to “+HPIV3 MK2 RNA”). As a

positive control, Poly I:C (pIC) also stimulated SG formation (Fig 3A), suggesting that RNAs

derived from HPIV3-infected cells trigger SG formation. The time course experiment showed

that small SGs appeared at 4 h post-transfection. As time extended, the SGs gradually became

larger and reached the maximum at 12 h post-transfection (S2C and S2D Fig).

Several RNA viruses have been reported to activate eIF2α phosphorylation through activa-

tion of the upstream kinase PKR [20]. Having found that HPIV3 infection activated eIF2α
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phosphorylation, we sought to determine whether RNAs derived from HPIV3-infected cells

could activate PKR/eIF2α phosphorylation. pIC transfection induced PKR and eIF2α phos-

phorylation (Fig 3B). Similarly, RNAs extracted from HPIV3-infected cells also activated PKR/

eIF2α phosphorylation. In contrast, PKR/eIF2α phosphorylation was not detected using RNAs

extracted from mock-infected cells (Fig 3B). As expected, AS treatment failed to activate PKR

phosphorylation, but significantly activated eIF2α phosphorylation (Fig 3B), which is consis-

tent with previous research results showing that AS induces SG formation in a PKR-indepen-

dent manner [38,39]. Taken together, these results show that HPIV3 viral RNAs activate PKR/

eIF2α phosphorylation, thus inducing SG formation.

Because viral replication and transcription generate genome RNAs, anti-genome RNAs,

mRNAs and dsRNA, we sought to determine which RNAs play a critical role in inducing SG

formation. For this purpose, we isolated PolyA+ RNAs (viral mRNAs) from RNAs derived

from HPIV3-infected cells, and the remaining fraction was termed as PolyA- RNAs. Both frac-

tions were evaluated for the induction of SG formation. PolyA+ RNAs had a much greater abil-

ity to induce SG formation than PolyA- RNAs (Fig 3C and 3D). Furthermore, we also found

that in vitro transcribed HPIV3 N mRNA could also induce SG formation (S2E Fig). There-

fore, we concluded that mRNAs of HPIV3 trigger SG formation.

Next, we sought to know whether the SGs induced by transfection of PolyA+ RNAs shares

the same property with the SGs induced by HPIV3 infection. CHX were added to cells trans-

fected with PolyA+ RNAs derived from HPIV3-infected cells, and results showed that SGs

induced by PolyA+ RNAs from HPIV3-infected cells also gradually disassembled in the pres-

ence of CHX (Fig 3E and 3F), which is in accordance with the result of HPIV3 infection.

HPIV3 triggers SG formation in a PKR-dependent manner

We next sought to confirm whether HPIV3 infection induces SG formation in a PKR-depen-

dent manner. We created cell lines to induce stable knockdown of PKR expression by trans-

ducing HeLa cells with lentiviral shRNA transduction vector. HPIV3 infection obviously

induced SG formation in mock-knockdown cells (Fig 4A, panel “sh-ctrl,” and 4B). In contrast,

PKR-knockdown cells failed to form SGs upon HPIV3 infection (Fig 4A, panel “sh-PKR,” and

4B). Similarly, neither RNAs from HPIV3-infected cells nor pIC induced SG formation in

PKR-knockdown cells (Fig 4C and 4D; S3A and S3B Fig), suggesting that HPIV3 induced SG

formation in a PKR-dependent manner. Because SGs were still able to form upon AS treat-

ment in PKR-knockdown cells (S3C and S3D Fig), the inhibition of SG formation in PKR-

knockdown cells during HPIV3 infection or pIC treatment was not due to an intrinsic defect

of cells in response to stress.

Next, we detected the phosphorylation level of PKR and eIF2α in both mock- and PKR-

knockdown cells during HPIV3 infection. In mock-knockdown cells, HPIV3 infection obvi-

ously induced PKR/eIF2α phosphorylation, whereas in PKR-knockdown cells, phosphorylated

PKR/eIF2α was not detected (Fig 4E), suggesting that HPIV3-induced eIF2α phosphorylation

Fig 2. CHX treatment induces HPIV3-triggered SG disassembly. (A and B) HeLa cells were treated with AS (0.5 mM) for 30 min and

subsequently treated with or without CHX in the presence of AS for another 1 h. (A) Cells were immunostained for TIA-1 (green) and G3BP

(red). Nuclei were stained with DAPI (blue). The white scale bar corresponds to 10 μm. (B) The percentage of cells containing SGs was

quantified in three independent experiments. (C-H) HeLa cells were mock-infected or infected with HPIV3 (MOI = 1) for 24 h and

subsequently mock-treated or treated with CHX for another 1 h, 2 h, or 3 h. (C) Cells were immnostained for HPIV3 (purple), TIA-1 (green),

and G3BP (red). Nuclei were stained with DAPI (blue). The white scale bar corresponds to 10 μm. (D) The percentage of cells containing SGs

was quantified in three independent experiments. (E) Cell lysates were analyzed via western blot using anti-HN and anti-GAPDH antibodies.

(F) Western blots from three independent experiments were quantified and normalized with respect to the amount of GAPDH. (G and H)

Total RNA were isolated for qPCR analysis to measure the indicated RNA abundance and normalized to that of GAPDH. Data are

represented as means ±SD. Student’s t test: � P<0.05, �� P<0.01, ��� P<0.001, ns = not significant.

https://doi.org/10.1371/journal.ppat.1006948.g002
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depends on PKR phosphorylation. Interestingly, knockdown of PKR expression significantly

increased viral HN protein expression and viral titers (Fig 4E and 4F), indicating that HPI-

V3-induced SGs may play an inhibitory role in viral replication.

Inhibition of SG formation facilitates HPIV3 replication

Several viruses have been reported to trigger the formation of SGs that capture viral RNAs and

suppress viral replication [26]. We next sought to evaluate the distribution of viral RNAs in

HPIV3-infected cells. A cell line stably expressing GFP-G3BP was used to perform the RNA

fluorescent in situ hybridization (RNA-FISH) assay. GFP-G3BP in HPIV3-infected cells was

recruited into SGs (Fig 5A). Viral positive-strand RNAs (+vRNAs, including the mRNA, the

most abundant viral RNA and the antigenome RNA) and genomic RNAs (-vRNAs) were

detected with specific probes in HPIV3-infected cells (Fig 5A). Clearly, +vRNAs co-localized

well with SGs, but -vRNAs were enriched adjacent to and encircle the SGs (Fig 5A), suggesting

that HPIV3-induced SGs can capture +vRNAs. Since viral mRNAs are the major component

of +vRNAs, we hypothesized that SGs sequester viral mRNAs to suppress viral protein transla-

tion, thereby inhibiting viral replication.

Having established that knockdown of PKR expression significantly increases HN expression

and HPIV3 titers, and HPIV3-induced SGs capture viral mRNAs, we sought to determine

whether SG formation inhibits HPIV3 replication. Because G3BP is a core factor in SG forma-

tion, we first knocked down G3BP expression by shRNA and found that minimal G3BP could be

observed in G3BP-knockdown cells, while TIA-1 expression was substantial (Fig 5B). The per-

centage of G3BP-knockdown cells containing SGs decreased markedly upon HPIV3 infection

(Fig 5B and 5C) or AS treatment (S3E and S3F Fig), suggesting that knockdown of G3BP expres-

sion significantly impairs SG formation. We then detected HN expression and HPIV3 titers and

found that inhibition of SG formation significantly enhanced HN expression (Fig 5D) and viral

production (Fig 5E), indicating that SGs play an antiviral role. To exclude the possibility that the

antiviral activity of G3BP is inherent, we over-expressed an HA-tagged non-phosphorylatable

mutant of eIF2α, eIF2α-S51A (HA-eIF2α-S51A), in HeLa cells, and found that eIF2α-S51A

expression resulted in deficient SG formation, but eIF2α expression had no effect on SG forma-

tion upon HPIV3 infection (Fig 5F and 5G) or AS stimulation (S3G and S3H Fig). Similarly,

inhibition of SG formation caused by eIF2α-S51A expression significantly enhanced HN expres-

sion and viral production, but eIF2α expression had no effect on either HN expression or viral

production (Fig 5H and 5I). Taken together, these data suggest that HPIV3-induced SG forma-

tion has an antiviral effect, and inhibition of SG formation enhances HPIV3 replication.

IFN induction is independent on SG formation in HPIV3-infected cells

HPIV3 infection generates various viral RNAs in which dsRNA, the 5’-triphosphate of genome

and the anti-genome RNA are generally considered as an inducer of IFN production [13,40].

Fig 3. HPIV3 viral RNA triggers SG formation. (A and B) HeLa cells were transfected with the indicated RNA samples from mock-infected or

HPIV3-infected MK2 cells, treated with pIC for 12 h or AS for 1 h. (A) Cells were immunostained for TIA-1 (green) and G3BP (red). Nuclei were

stained with DAPI (blue). The white scale bar corresponds to 10 μm. (B) Cell lysates were analyzed via western blot using anti-phosphorylated PKR,

anti-PKR, anti-phosphorylated eIF2α, anti-eIF2α, and anti-GAPDH antibodies. (C and D) HeLa cells were transfected with the RNA from

HPIV3-infected MK2 cells, the respective PolyA+ RNA fraction, or the respective PolyA- RNA fraction for 12 h. (C) Cells were immunostained for

TIA-1 (green) and G3BP (red). Nuclei were stained with DAPI (blue). The white scale bar corresponds to 10 μm. (D) The percentage of cells

containing SGs was quantified in three independent experiments. (E and F) HeLa cells were transfected with the respective PolyA+ RNA fraction

from HPIV3-infected MK2 cells for 12 h and subsequently mock-treated or treated with CHX for another 1 h, 2 h, or 3 h. (E) Cells were

immunostained for TIA-1 (green) and G3BP (red). Nuclei were stained with DAPI (blue). The white scale bar corresponds to 10 μm. (F) The

percentage of cells containing SGs was quantified in three independent experiments. Data are represented as means ±SD. Student’s t test: � P<0.05,
�� P<0.01, ��� P<0.001, ns = not significant.

https://doi.org/10.1371/journal.ppat.1006948.g003
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We confirmed that HPIV3 infection and RNAs extracted from HPIV3-infected cells indeed

efficiently induced IFN expression (Fig 6A and 6B), suggesting that viral RNAs derived from

HPIV3 infection can not only induce SG formation but also activate IFN production. Next, we

Fig 4. HPIV3 triggers SG formation in a PKR-dependent manner. (A and B) HeLa cells with or without PKR

knockdown were infected with HPIV3 (MOI = 1) for 24 h. (A) Cells were immunostained for HPIV3 (green) and

G3BP (red). Nuclei were stained with DAPI (blue). The white scale bar corresponds to 10 μm. (B) The percentage of

cells containing SGs was quantified in three independent experiments. (C and D) HeLa cells with or without PKR

knockdown were transfected with RNA from HPIV3-infected MK2 cells for 12 h. (C) Cells were immunostained for

TIA-1 (green) and G3BP (red). Nuclei were stained with DAPI (blue). The white scale bar corresponds to 10 μm. (D)

The percentage of cells containing SGs was quantified in three independent experiments. (E and F) HeLa cells with or

without PKR knockdown were mock-infected or infected with HPIV3 (MOI = 1) for 24 h. (E) Cell lysates were

analyzed via western blot using anti-HN, anti-phosphorylated PKR, anti-PKR, anti-phosphorylated eIF2α, anti-eIF2α,

and anti-GAPDH antibodies. (F) The supernatants were collected for a plaque assay to determine the viral titer. Data

are represented as means ±SD. Student’s t test: � P<0.05, �� P<0.01, ��� P<0.001, ns = not significant.

https://doi.org/10.1371/journal.ppat.1006948.g004
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Fig 5. Inhibition of SG formation facilitates HPIV3 replication. (A) HeLa-GFP-G3BP cells were mock-infected or infected with HPIV3 (MOI = 1) for 24 h. HPIV3

-vRNA (purple) and +vRNA (red) were detected via RNA-FISH. Nuclei were stained with DAPI (blue). The white scale bar corresponds to 10 μm. (B-E) Wild type or

G3BP-deficient HeLa cells were infected with HPIV3 (MOI = 1) for 24 h. (B) Cells were immunostained for HPIV3 (purple), TIA-1 (green), and G3BP (red). Nuclei

were stained with DAPI (blue). The white scale bar corresponds to 10 μm. (C) The percentage of cells containing SGs was quantified in three independent experiments.

(D) Cell lysates were analyzed via western blot using anti-HN, anti-G3BP, and anti-GAPDH antibodies. (E) The supernatants were collected for a plaque assay to

determine the viral titer. (F-I) HeLa cells were transfected with an empty plasmid or plasmids encoding eIF2α or the nonphosphorylatable mutant, eIF2α-S51A, for 24 h,

then infected with HPIV3 (MOI = 1) for additional 24 h. (F) Cells were immunostained for HPIV3 (purple), G3BP (green), and HA tag (red). Nuclei were stained with

DAPI (blue). The white scale bar corresponds to 10 μm. (G) The percentage of cells containing SGs was quantified in three independent experiments. (H) Cell lysates

were analyzed via western blot using anti-HN, anti-HA, and anti-GAPDH antibodies. (I) The supernatants were collected for a plaque assay to determine the viral titer.

Data are represented as means ±SD. Student’s t test: � P<0.05, �� P<0.01, ��� P<0.001, ns = not significant.

https://doi.org/10.1371/journal.ppat.1006948.g005

Fig 6. Relationship between SG formation and innate immune response. (A) HEK293T cells were transfected with 50 ng IFNβ-Luc reporter and 20 ng

TK-Luc reporter for 12 h, then mock-infected or infected with HPIV3 (MOI = 1 or 10) for 24 h. Cells were harvested for a luciferase assay. (B) HEK293T

cells were transfected with 50 ng IFNβ-Luc reporter and 20 ng TK-Luc reporter together with the indicated RNA samples for 24 h. Cells were harvested

for a luciferase assay. (C) HEK293T cells were transfected with 50 ng IFNβ-Luc reporter and 20 ng TK-Luc reporter together with the indicated plasmid

encoding eIF2α and eIF20078-S51A for 24 h, then mock-infected or infected with HPIV3 (MOI = 1) for another 24h. Cells were harvested for a luciferase

assay. (D) HEK293T cells with or without G3BP knockdown were transfected with 50 ng IFNβ-Luc reporter and 20 ng TK-Luc reporter for 12 h, then

mock-infected or infected with HPIV3 (MOI = 1) for 24 h. Cells were harvested for a luciferase assay. (E) HEK293T cells with or without G3BP

knockdown were mock-infected or infected with HPIV3 (MOI = 1) for 24 h. Cells were harvested to extract the nuclei fraction and the cytosol fraction.

Protein samples were analyzed via western blot using anti-IRF3, anti-G3BP, anti-HN, anti-GAPDH, and anti-LMNB1 antibodies. Data are represented as

means±SD. Student’s t test: � P<0.05, �� P<0.01, ��� P<0.001, ns = not significant.

https://doi.org/10.1371/journal.ppat.1006948.g006
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sought to know whether there is a link between IFN induction and SG formation. First, we

over-expressed the caspase activation and recruitment domain (CARD) of RIG-I (RIG-I-N) or

VISA (also known as MAVS, IPS-1 or cardif) to activate the RLR pathway, and found that

over-expression of RIG-I-N or VISA induced potently IFN expression, but failed to induce SG

formation (S4A and S4B Fig). Furthermore, to rule out the possibility that activation of RLR

pathway is required for SG formation, MEF cells-knocked out RIG-I or VISA were infected

with HPIV3. The results showed that HPIV3 infection induced SG formation in MEF cells-

knocked out RIG-I or VISA as efficiently as in wild-type MEF cells (S4C–S4E Fig). Taken

together, these data suggest that IFN induction is not required for SG formation which is con-

sistent with previous results that activation of the RLR pathway does not induce and is not

required for SG formation[38]. Several studies have suggested that SGs may serve as a platform

for IFN production [41–43], while others have pointed out that SGs are dispensable for the

induction of innate immune response [38,44]. To determine whether HPIV3-induced SGs are

involved in IFN response, we measured IFN response when SG formation was disrupted. We

found that HPIV3 infection still potently induced IFN expression in spite of the inhibition of

SG formation by over-expression of eIF2α-S51A (Fig 6C) or knockdown of G3BP expression

(Fig 6D). Furthermore, HPIV3 infection equally induced IRF3 translocation into the nucleus

in both mock-knockdown and G3BP-knockdown cells (Fig 6E), suggesting that SG formation

is dispensable for the activation of IFN response.

HPIV3 IBs inhibit SG formation

Since SG formation plays an antiviral role in HPIV3 infection, we next sought to determine

whether viral proteins can inhibit SG formation to escape the antiviral response of SGs. First,

we found that over-expression of M, F, or HN separately had no effect on SG formation in

HPIV3-infected cells (S5A and S5B Fig).

We also expressed N or P individually in HPIV3-infected cells (S5C Fig) and examined

distribution of N or P (Fig 7A). We found that there was no significant difference for HPI-

V3-induced SG formation in the presence or absence of N or P, and over-expressed N or P dis-

tributed homogeneously in >90% of HPIV3-infected cells (Fig 7A–7C), but, to our surprise,

we did find that ~8% of cells over-expressing N or ~3% of cells over-expressing P formed IBs

in HPIV3-infected cells (due to over-expressed N interaction with P derived from HPIV3

infection or over-expressed P interaction with N derived from HPIV3 infection), and all the

cells containing IBs appear to have no SGs (Fig 7A–7C; “+”implies a cell forming IBs), indi-

cating that over-expression of N or P does not inhibit HPIV3-induced SG formation unless N

or P form IBs, which also implies that IBs may play an inhibitory function on SG formation.

We previously reported that when co-expressed N and P of HPIV3 could form IBs, which

were the center of HPIV3 viral RNA synthesis [7]. To confirm that IBs indeed inhibit SG for-

mation, we over-expressed N and P of HPIV3 to force the formation ability of IBs in HPI-

V3-infected cells. We found that ~60% cells formed IBs, all the IBs-containing cells had no

SGs and the percentage of cells containing SGs decreased from ~80% to ~20%. (Fig 7D, panel

“GFP-P+N-Myc” and Fig 7E and 7F). However, co-expression of GFP-P with NL478A-Myc, a

point mutant of N (we previously showed that NL478A was unable to form IBs with P [7]), failed

to inhibit SG formation in HPIV3-infected cells (Fig 7D, panel “GFP-P+NL478A-Myc” and Fig

7E and 7F), suggesting that the formation of IBs by over-expression of N and P indeed effi-

ciently inhibit SG formation, and disruption of IB formation abolishes the inhibitory effect on

SG formation in HPIV3-infected cells.

We previously showed that N and P were the critical components of IB formation of

HPIV3 [7]. Because it is hard to reveal the formation of IBs during wild type HPIV3 infection

Stress granule formation in HPIV3

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1006948 March 8, 2018 12 / 27

https://doi.org/10.1371/journal.ppat.1006948


Fig 7. HPIV3 IBs inhibit HPIV3-induced SG formation. (A-C) HeLa cells were transfected with an empty plasmid or plasmid encoding N or P for 24 h, then

infected with HPIV3 (MOI = 1) for another 24 h. (A) Cells were immunostained for HPIV3 (purple), G3BP (green), and Myc/HA tag (viral protein, red). Nuclei were

stained with DAPI (blue). “+” indicates the cells containing IBs. The white scale bar corresponds to 10 μm. (B and C) The percentage of cells containing IBs or SGs

was quantified in three independent experiments. (D-F) HeLa cells were transfected with an empty plasmid or co-transfected with plasmids encoding GFP-P and
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due to lack of specific antibody against N or P, we used a recombinant virus HPIV3HA-P, (a

HA tag fused to the N-terminal of P) to detect the expression of P and the formation of IBs in

HPIV3HA-P-infected cells [45]. At 24–36 hpi, HA-P homogeneously distributed throughout

the cytoplasm, and ~80% of cells formed SGs. (Fig 7G, panel 24 h and 36 h). As the time

increased pi, HA-P gradually formed IBs, and staining with the antibody against HPIV3 also

showed the IBs structures (Fig 7G, panel at 48 h and 60 h, cells marked with “+” represent the

cells that form IBs). At 48 hpi, ~20% cells form IBs and SGs are always excluded in these

IBs-containing cells; at 60 hpi, the number of IBs-containing cells increased up to ~40% and

simultaneously, the number of SGs-containing cells decreased to ~20% (Fig 7G–7I). Similar

results were also obtained when HEp-2 and MK2 cells were infected with HPIV3HA-P (S6A

and S6B Fig), suggesting that IBs have an inhibitory effect on SG formation. To confirm that

HPIV3HA-P has similar replication behavior, we also performed a complementary experiment

in wild type HPIV3-infected cells and did find wild type HPIV3 induced IB formation in

~20% of cells at 48 hpi and ~40% of cells at 60 hpi (S6C Fig, cells marked with “+” represent

the cells that form IBs, and S6D and S6E Fig). Similarly, SGs decreased along with the increase

of IBs and all the cells containing IBs were deficient in SG formation. Taken together, these

data show the inhibitory effect of IBs on SGs formation.

Having established that IB formation can inhibit SG formation during HPIV3 infection, we

next sought to determine whether the IBs formed by N and P of HPIV3 could inhibit SG for-

mation induced by other stress stimuli. We over-expressed N and P of HPIV3 as well as AS or

pIC stimuli and found that IB formation failed to inhibit AS- and pIC-induced SG formation

(Fig 8A and 8C). The percentage of cells containing SGs was not affected in the presence of

HPIV3 IBs (Fig 8B and 8D), suggesting that HPIV3 IBs do not disrupt typical stress response

pathways of SG formation and inhibition of HPIV3-induced SG formation by HPIV3 IBs is

specific.

HPIV3 IBs inhibit SG formation by shielding newly synthesized viral RNAs

Our previous results have showed that IBs are the center of RNA synthesis [7]. Having found

that mRNAs of HPIV3 induced the formation of SGs, which subsequently sequestered viral

mRNAs to restrict viral replication, and that IBs inhibited SG formation in an HPIV3-infec-

tion specific manner, we sought to determine whether HPIV3 IBs could shield newly synthe-

sized viral RNAs of HPIV3 to escape the inhibitory effect of SGs on viral replication.

We co-expressed GFP-P and N-Myc in HPIV3-infected cells and examined viral RNAs via

RNA-FISH assay. The results revealed that both–vRNAs and +vRNAs obviously co-localized

with IBs (Fig 9A and 9B, panel “GFP-P+ N-Myc”). To further demonstrate that the accumula-

tion of viral RNAs in IBs is essential for the inhibition of SG formation, we identified a trun-

cated mutant of N, NΔN10 (lacking N-terminal 10 amino acids of N), that could still form IBs

when co-expressed with P, but was function-defective and failed to support viral RNA synthe-

sis (Fig 9C). We found that neither -vRNAs nor +vRNAs co-localized with these function-

defective IBs (Fig 9A and 9B, panel “GFP-P+ NΔN10-Myc”). Subsequently, IBs formed by

GFP-P and NΔN10-Myc also failed to inhibit SG formation in HPIV3-infected cells (Fig 9D,

panel “GFP-P+ NΔN10-Myc”), suggesting that viral RNAs which are synthesized and shielded

N-Myc or the mutant NL478A-Myc for 24h, then infected with HPIV3 (MOI = 1) for another 24 h. (D) Cells were immunostained for TIA-1 (purple) and Myc (red).

Nuclei were stained with DAPI (blue). The white scale bar corresponds to 10μm. (E and F) The percentage of cells containing IBs or SGs was quantified in three

independent experiments. (G-I) HeLa cells were either mock-infected or infected with HPIV3HA-P (MOI = 10). At the indicated time points post-infection, (G) cells

were immunostained for HPIV3 (purple), HA tag (green), and G3BP (red). Nuclei were stained with DAPI (blue). The white scale bar corresponds to 10 μm. (H and

I) The percentage of cells containing IBs or SGs was quantified in three independent experiments. Data are represented as means ±SD. Student’s t test: � P<0.05, ��

P<0.01, ��� P<0.001, ns = not significant.

https://doi.org/10.1371/journal.ppat.1006948.g007
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in IBs are critical to avoid the induction of SG formation. Furthermore, previous research

showed that co-expression of N and P of RSV can also form IBs [45]. Thus, we co-expressed

GFP-PRSV and Myc-NRSV to form RSV IBs in HPIV3-infected cells and found that neither

-vRNAs nor +vRNAs co-localized with RSV IBs (Fig 9A and 9B, panel “GFP-PRSV+ Myc-

NRSV”). Again, RSV IBs were unable to inhibit HPIV3-induced SG formation (Fig 9D, panel

“GFP-PRSV+ Myc-NRSV” and 9E). Taken together, these data show that HPIV3 IBs synthesized

viral RNAs and simultaneously shielded viral RNAs to avoid the formation of SGs.

Since transfection of RNAs derived from HPIV3-infected cells was sufficient to induce SG

formation, we next sought to determine whether HPIV3 IBs could inhibit the SG formation

induced by the transfection of viral RNAs. We co-expressed N and P of HPIV3 as well as viral

RNAs extracted from HPIV3-infected cells. As shown in the RNA-FISH assay, HPIV3 IBs nei-

ther captured +vRNAs of HPIV3 transfected into HeLa cells (Fig 10A, panel “+HPIV3 MK2

RNA”) nor suppressed SG formation induced by viral RNAs from HPIV3-infected cells (Fig

10B and 10C), suggesting that HPIV3 IBs specifically shield newly synthesized HPIV3 viral

RNAs, thus resulting in the inhibition of HPIV3-induced SG formation.

Discussion

In this study, we showed that mRNAs of HPIV3 induced SG formation in a PKR and eIF2α
phosphorylation-dependent manner and found that HPIV3-induced SG formation is a general

phenomenon in at least two cell types. Furthermore, we demonstrated that HPIV3 IBs effi-

ciently suppressed the SG formation by shielding newly synthesized viral RNAs to escape

Fig 8. HPIV3 IBs do not inhibit SG formation induced by AS or pIC. (A-D) HeLa cells were transfected with an

empty plasmid or co-transfected with plasmids encoding GFP-P and N-Myc for 24 h, then (A and B) treated with AS

for another 1 h, or (C and D) transfected with pIC for another 12 h. (A and C) Cells were immunostained for G3BP

(red). Nuclei were stained with DAPI (blue). The white scale bar corresponds to 10 μm. (B and D) The percentage of

cells containing SGs was quantified in three independent experiments. Data are represented as means ±SD. Student’s t

test: � P<0.05, �� P<0.01, ��� P<0.001, ns = not significant.

https://doi.org/10.1371/journal.ppat.1006948.g008
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Fig 9. The inhibitory effect of HPIV3 IBs on SG formation is associated with the viral RNAs-holding capacity of the IBs. (A and B) HeLa cells were co-transfected

with plasmids encoding GFP-P and N-Myc, GFP-P and NΔN10-Myc, or GFP-PRSV and Myc-NRSV for 24 h, then infected with HPIV3 for another 24 h. HPIV3 (A)

+vRNAs (red) and (B)–vRNAs (red) were detected via RNA-FISH. The white scale bar corresponds to 10 μm. (C) HPIV3 mini-genome replicon system assay was
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recognition of PKR. Previous studies reported that some viruses-induced SGs were distinct

from canonical SGs in both composition and function. Such as vesicular stomatitis virus

(VSV) and rabies virus (RABV), two members of the Rhabdoviridae family, can trigger nonca-

nonical SG formation in infected cells [36,37]. These SGs do not disassemble in the presence

of CHX, a polysome-stabilizing drug that traps stalled mRNAs in polysomes, and VSV-

induced pseudo-SGs lack several SG markers such as eIF3 and eIF4A. In our study, we

observed that multiple canonical SG markers such as TIA-1, G3BP, eIF4A, eIF4E, and eIF4G,

were all recruited into HPIV3-induced SGs (Fig 1 and S1 Fig). CHX treatment resulted in the

disassembly of HPIV3- and AS-induced SGs (Fig 2), suggesting that HPIV3 infection induces

canonical SG formation. But the disassembly of HPIV3-induced SGs in response to CHX is

somewhat delayed compared to AS-induced SGs. Three possibilities may contribute to delayed

disassembly of HPIV3-induced SGs. 1) HPIV3-induced SG formation is PKR dependent, but

AS-induced SG formation is not (Fig 4A and 4B; S3C and S3D Fig); 2) HPIV3-induced SGs

are rich of viral mRNAs, while AS-induced SGs are not (Fig 5A); 3) HPIV3-induced SGs go

through a longer period of time during infection (24 h) than AS treatment (1.5 h) (Fig 2A–

performed and cell lysates were analyzed via western blot using anti-Myc and anti-GAPDH antibodies. (D and E) HeLa cells were transfected with an empty plasmid or

co-transfected with plasmids encoding GFP-P and N-Myc, GFP-P and NΔN10-Myc, or GFP-PRSV and Myc-NRSV for 24 h, then infected with HPIV3 for another 24 h.

(D) Cells were immunostained for HPIV3 (purple) and G3BP (red). Nuclei were stained with DAPI (blue). The white scale bar corresponds to 10 μm. (E) The

percentage of cells containing IBs or SGs was quantified in three independent experiments. Cell lysates were analyzed via western blot using anti-HN, anti-Myc, anti-

GFP and anti-GAPDH antibodies. Data are represented as means ±SD. Student’s t test: � P<0.05, �� P<0.01, ��� P<0.001, ns = not significant.

https://doi.org/10.1371/journal.ppat.1006948.g009

Fig 10. HPIV3 IBs do not inhibit the SG formation induced by transfection of HPIV3 viral RNAs. (A) HeLa cells

were transfected with plasmids encoding GFP-P and N-Myc for 24 h, then transfected with RNA from HPIV3-infected

MK2 cells for another 12 h. Cells were harvested, and HPIV3 +vRNA (red) was detected via RNA-FISH. The white

scale bar corresponds to 10 μm. (B and C) HeLa cells were transfected with an empty plasmid or co-transfected with

plasmids encoding GFP-P and N-Myc for 24 h, then transfected with RNA from HPIV3-infected MK2 cells for

another 12 h. (B) Cells were immunostained for G3BP (red). Nuclei were stained with DAPI (blue). The white scale bar

corresponds to 10 μm. (C) The percentage of cells containing SGs was quantified in three independent experiments.

Data are represented as means ±SD. Student’s t test: � P<0.05, �� P<0.01, ��� P<0.001, ns = not significant.

https://doi.org/10.1371/journal.ppat.1006948.g010
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2D). Taken together, these differences may delay the disassembly of HPIV3-induced SGs in

response to CHX.

Transfection of RNAs extracted from HPIV3-infected cells instead of the expression of

each viral protein could induce PKR/eIF2α phosphorylation, thus resulting in SG formation in

host cells (Fig 3A and 3B and S2A and S2B Fig), suggesting that vRNAs are the major factors

triggering SG formation. Three major categories of vRNAs are generated during HPIV3 infec-

tion: viral genomic RNAs, anti-genomic RNAs and a series of PolyA+ RNAs. We isolated

PolyA+ RNAs from the vRNAs and found that PolyA+ RNAs had a greater ability to induce SG

formation than PolyA- RNAs (Fig 3C and 3D). Since most PolyA+ RNAs within the vRNAs

are viral mRNAs, we concluded that the mRNAs of HPIV3 are the major factors that induce

SG formation during HPIV3 infection. But the exact mechanism how viral mRNAs activate

phosphorylation of PKR and induce SG formation remains to be further explored.

Since SGs usually play inherent antiviral activity, what is the relationship between SGs and

vRNAs during viral infection? In RABV- and Newcastle disease virus (NDV)-infected cells,

vRNAs are synthesized in viral replication complexes (VRC), then +vRNAs, including viral

mRNAs or/and anti-genomic RNAs, are selectively transported from VRC to SGs, whereas the

viral genomic RNAs are excluded [37,43]; in IAV-infected cells, viral genomic RNAs localized

within SGs [42], while in encephalomyocarditis virus (EMCV)-infected cells, viral dsRNAs are

sequestered into SGs [41], suggesting that the vRNAs in SGs differ with viruses types. In this

study, +vRNAs of HPIV3 were sequestered into HPIV3-induced SGs, while–vRNAs were

enriched adjacent to and encircle the SGs (Fig 5A). Since SGs are considered storage sites of

translational initiation trapped mRNAs, and viral mRNAs are the major component of +-

vRNAs, it is easy to understand that +vRNAs are selectively recruited into the core of HPI-

V3-induced SGs. Because in the process of HPIV3 replication, -vRNAs serve as the template

for the synthesis of +vRNAs (include viral anti-genome RNA and mRNA),–vRNAs are closely

coupling with +vRNAs and encircle SGs, suggesting that HPIV3-induced SGs can capture

viral mRNAs and may restrict viral replication through inhibition of viral translation.

HPIV3 infection induces SG formation in a PKR-dependent manner. Knockdown of PKR

expression significantly inhibits eIF2α phosphorylation, thus blocking SG formation (Fig 4),

which is in accordance with the critical role of PKR in SG formation triggered by many viruses

[20,28,42,46]. Furthermore, knockdown of PKR expression increases HPIV3 protein expres-

sion and viral production (Fig 4E and 4F), implying that HPIV3-induced SGs have an antiviral

role. We further disrupted SG formation via knockdown of G3BP expression and over-

Inhibition of SG formation via expression of an eIF2α non-phosphorylatable mutant,

eIF2α-S51A, dramatically increased viral protein expression and viral production of HPIV3

(Fig 5), but had no effect on the production of IFN (Figs 5 and 6), suggesting that HPIV3-in-

duced SGs indeed play an antiviral role in spite of the IFN induction. These results are consis-

tent with previous findings that SGs are dispensable for induction of innate immune response

[38,44].

How does HPIV3 escape from antiviral activity of SGs? Some viruses appear to inhibit SG

formation during infection [31,34,47–56], and some viruses may tolerate or exploit SGs to

facilitate their own replication [37,57,58]. In our study, we showed that N or P expressed indi-

vidually could form viral IBs in some HPIV3-infected cells, and all these IB-containing cells

were devoid of SG formation (Fig 7A–7C), suggesting that HPIV3 IBs have a novel inhibitory

effect on SG formation. Our previous work showed that over-expression of HPIV3 N and P

proteins can form IBs, while a point mutant of N, NL478A, failed to interact with P, thus, result-

ing in failure to form IBs when co-expressed with P [7]. Therefore, we co-expressed P with N

or NL478A to detect their inhibitory effect on SG formation. Our results showed that N and P

formed large numbers of IBs which efficiently inhibited SG formation, while NL478A failed to
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form IBs with P and did not inhibit SG formation (Fig 7D–7F). We confirmed this result by

infecting cells with HPIV3HA-P and found that all the HPIV3HA-P-infected cells containing IBs

were deficient in SG formation (Fig 7G–7I and S6A–S6B Fig), suggesting that HPIV3 IBs

inhibit SG formation during HPIV3 infection. It should be noted that IB formation was not

observed prior to approximately 48 hpi in HPIV3HA-P-infected cells, which is later than IB for-

mation prior to 24 hpi as described in our previous studies [45]. The possible reason for the

difference is that a new batch of cell lines were used in this assay.

Previous studies showed that interplay between viral IBs and SGs is complicated, and there

is no common conclusion of how viral IBs influence SG formation. RABV-induced SGs

located closely to viral factories which are IB-like structures, termed as Negri bodies (NBs),

and viral RNAs are synthesized in NBs and viral mRNAs are specially transported from NBs to

SGs [37]; VSV-induced SG-like structures co-localize or even share the same structure with

viral cytoplasmic IBs [36]; IBs of RSV sequester p38 and OGT into viral IBs to suppress SG

assembly [32,57]; EBOV sequesters many SG maker proteins to form SG-like structures inside

viral IBs, probably resulting in the inhibition of antiviral role of SGs [34].

How do HPIV3 IBs inhibit SG formation during HPIV3 infection? We found that SGs still

robustly formed in IB-containing cells once the cells were treated with AS or pIC (Fig 8), sug-

gesting that HPIV3 IBs do not inhibit AS- or pIC-induced SG formation and the inhibition of

HPIV3-induced SG formation by IBs is virus-specific. Since IBs are the sites for RNA synthe-

sis, we then sought to determine whether HPIV3 IBs could shield viral RNAs of HPIV3 to

inhibit SG formation. Heinrich BS, et al. showed that VSV synthesizes its primary viral RNA

throughout the cell cytoplasm by input RNP in the absence of viral IBs. Accumulation of viral

proteins results in the formation of viral IBs that contain the RNA synthesis machine and

become the predominant sites of viral RNA synthesis[59]. It is likely that this model also

applies to HPIV3 infection in which the synthesis of viral RNA is prior to the formation of IBs

and is initially unrestricted, but subsequently is shielded to avoid the SG formation. We then

evaluated the vRNA-holding capacity of HPIV3 IBs and found that IBs formed by HPIV3 N

and P redirect viral RNA synthesis from cytoplasm into IBs which shield viral RNAs and avoid

the formation of SGs (Fig 9). However, IBs formed by RSV N and P failed to shield viral RNAs

of HPIV3 and were therefore unable to inhibit HPIV3-induced SG formation (Fig 9). Simi-

larly, IBs formed by NΔN10 and P of HPIV3 were replication-deficient and unable to shield

viral RNAs or inhibit HPIV3-induced SG formation (Fig 9), suggesting that the vRNAs-hold-

ing capacity is rather critical for HPIV3 IBs to inhibit SG formation. Furthermore, to our sur-

prise, we found that HPIV3 IBs also failed to capture the transfected vRNAs extracted from

HPIV3-infected cells, suggesting that IBs of HPIV3 only specifically shield newly synthesized

viral RNAs to inhibit SG formation (Fig 10). It is conceivable that HPIV3 IBs synthesize and

hold viral mRNAs temporarily, then release viral mRNAs slowly or in an unknown way, which

avoid accumulation of mRNAs instantly and SG formation. However, the exact mechanism

how IBs shield newly synthesized viral RNAs and escape from recognition of PKR need to be

further explored.

To our knowledge, this is first report to describe a novel inhibitory effect of IBs on virus-

induced SG formation by specifically capturing its own newly synthesized viral RNAs, thus

helping the virus to escape antiviral SG formation and facilitate its own replication.

Materials and methods

Cells, viruses, and reagents

HeLa (Human cervical cancer epithelial cells and were obtained from China Center for Type

Culture Collection), HeLa-GFP-G3BP (stable GFP-G3BP expression, derived from HeLa),
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LLC-MK2 (monkey kidney cell line and were obtained from China Center for Type Culture

Collection), HEp-2 (Human laryngeal carcinoma epithelial cells and were originally obtained

from American Type Culture Collection), HEK293T (Human embryonic kidney 293 cells and

were obtained from China Center for Type Culture Collection), RIG-I-/- and VISA-/- MEF

(mouse embryonic fibroblast cells and obtained from Shu HB lab, Wuhan university, China)

cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM, Gibco) supplemented

with 10% fetal bovine serum (FBS, Gibco) and 1% penicillin-streptomycin (Gibco). PKR or

G3BP stable knockdown cells were made via transduction with lentiviral shRNA transduction

particles. Knockdown cells were cultured in DMEM maintenance media with puromycin (1

ug/ml, Sigma). Recombinant HPIV3 carrying an HA tag fused with the N-terminal of viral P

(HPIV3HA-P) was constructed by our laboratory as described previously [45]. Both HPIV3 and

recombinant HPIV3HA-P were propagated in LLC-MK2 cells by inoculation at a multiplicity of

infection (MOI) of 0.1. AS (Sigma) and CHX (MCE) were used at concentrations of 0.5 mM

and 100ug/ml, respectively, for the indicated times. pIC was purchased from InvivoGen.

Virus infection and plaque assay

Cells were cultured in 6-well or 24-well plates at a density of 70%-80% at 37˚C overnight and

incubated with HPIV3 at an MOI of 1 plaque-forming unit/cell for 2h at 37˚C and 5% CO2.

Then the medium was replaced with fresh medium with 10% FBS. For the plaque assay, virus

stock was serially diluted 10-fold up to 105, and MK2 cells grown in 24-well plates were

infected with 400 ul of the dilutions for 2h at 37˚C and 5% CO2. Then, the medium was

replaced with methylcellulose, and the cell plates were incubated at 37˚C and 5% CO2 for an

additional 3–4 days until visible viral plaque was detected. After being stained with crystal vio-

let, the plaques were counted to calculate the viral titers.

Western blot analysis

Cells were harvested and lysed with lysis buffer (150 mM NaCl, 50 mM Tris-HCl [pH 7.4], 1%

Triton X-100, 1 mM EDTA [pH 8.0] and 0.1% sodium dodecyl sulfate [SDS]) for 30 min on

ice. The supernatants were collected via centrifugation at 12000 g at 4˚C for 30 min. The pro-

tein concentration was determined using the Bradford assay method (Bio-Rad). Samples were

boiled with SDS-PAGE loading buffer at 100˚C for 10min and resolved via 10% SDS polyacryl-

amide gel electrophoresis (SDS-PAGE). Proteins were then transferred to nitrocellulose mem-

branes. The membrane was blocked with 5% milk in phosphate buffered saline (PBS) with

0.1% Tween 20 (PBST) for 1h before being incubated with primary antibodies overnight and

then incubated with secondary antibodies for another 1h. The primary antibodies used were as

follows: mouse anti-HN (1:1000, Abcam), mouse anti-GAPDH (1:2500, Santa Cruz), rabbit

anti-eIF2α (1:1000, CST), rabbit anti-phosphorylated eIF2α (1:1000, CST), rabbit anti-PKR

(1:1000, Abcam), rabbit anti-phosphorylated PKR (1:1000, Abcam), mouse anti-G3BP (1:1000,

BD Biosciences), mouse anti-HA tag (1:10000, Sigma), rabbit anti-IRF3 (1:1000, Abcam), and

mouse anti-LMNB1 (1:1000, Applygen). HRP-conjugated goat anti-mouse immunoglobulin

(IgG) (1:5000) and goat anti-rabbit IgG (1:5000) were used as secondary antibodies.

Immunofluorescence analysis

HeLa cells were cultured on coverslips in 24-well plates overnight. After transfection or/and

infection, cells were harvested at the indicated times. Cells were fixed with 4% paraformalde-

hyde and permeabilized with 0.2% Triton X-100 for 20min at room temperature. After being

blocked with 3% bovine serum albumin (BSA) for 30min, cells were incubated with primary

antibodies diluted in 1% BSA at 4˚C overnight and secondary antibodies diluted in 1% BSA at
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room temperature for another 1h. Cells were mounted with Fluoroshield (Sigma) and exam-

ined by using a Leica confocal microscope after staining with 1 mg/ml 4’,6-diamidino-2-phe-

nylindole (DAPI) in PBS. The primary antibodies used were as follows: goat anti-TIA-1 (1:200,

Santa Cruz), goat anti-HPIV3 (1:1000, Abcam), rabbit anti-TIA-1 (1:500, ABclonal), rabbit

anti-G3BP (1:500, ABclonal), rabbit anti-eIF4A (1:500, ABclonal), rabbit anti-eIF4E (1:500,

ABclonal), rabbit anti-eIF4G (1:200, CST), rabbit anti-phosphorylated eIF2α (1:200, CST),

mouse anti-G3BP (1:500, BD Bioscience), mouse anti-HA tag (1:2000, Sigma), mouse anti-

Flag tag (1:1000, Sigma), and mouse anti-Myc tag (1:200, Santa Cruz). The secondary antibod-

ies used were as follows: Alexa Fluor 647 donkey anti-goat IgG (1:1000, Invitrogen), Alexa

Fluor 488 donkey anti-rabbit IgG (1:1000, Invitrogen), and Alexa Fluor 594 donkey anti-

mouse IgG (1:1000, Invitrogen).

RNA-FISH

The RNA-FISH assay was performed according to the manufacturer’s instructions for the

QuantiGene ViewRNA ISH Cell Assay kit (Affymetrix). Cells were fixed in 4% paraformalde-

hyde solution at room temperature for 30 min and permeabilized with detergent solution at

room temperature for 5 min. Protease solution was added to the cells at a suitable dilution

(1:1000–1:4000) in PBS, and the cells were incubated at room temperature for 10 min. After

being washed with PBS, the cells were incubated with a special probe set at a 1:100 dilutions at

40˚C for 3 h. Then a pre-amplifier, amplifier, and label probe were sequentially added to the

cells all at a 1:25 dilution, and the cells were incubated at 40˚C for 30 min. Cells were mounted

with Fluoroshield (Sigma) and examined by using a Leica confocal microscope after being

stained with 1 mg/ml DAPI in PBS. The probe sets targeted to HPIV3 +vRNA and HPIV3 –

vRNA were purchased from Affymetrix.

RNA preparation and transfection

Total RNA from mock- or HPIV3-infected cells was solated using TRIzol reagent and precipi-

tated by isopropanol. PolyA+ RNA was subsequently isolated from the total RNA according to

the manufacturer’s instructions for the GenElute mRNA Miniprep Kit (Sigma). We added 15

ul oligo (dT) polystyrene beads to 500 ug total RNA samples. The mixture was incubated at

70˚C for 10 min and at room temperature for another 10 min. After centrifugation, superna-

tants were subjected to ethanol precipitation to obtain a concentrated PolyA- RNA fraction.

The beads were washed twice with 500 ul wash solution through a GenElute spin filter. The

PolyA+ RNA fraction was subsequently eluted and collected. Purification was repeated twice

to yield a pure PolyA+ RNA fraction. cDNA of HPIV3 N was constructed into PBS vector

downstream of T7 promoter and template was linearized and purified by phenol: chloroform

and ethanol precipitation. mRNA was transcribed in vitro according to the manufacturer’s

instructions for the Transcript Aid T7 High Yield Transcription Kit (Thermo Scientific) and

purified using the RNeasy Mini Kit (QIGEN). We transfected 0.5 ug of the RNA samples into

HeLa cells in 24 wells using Lipofectamine 2000 reagent (invitrogen). At 12 h post-transfec-

tion, the cells were harvested and subjected to immunofluorescence analysis.

Lentiviral transduction of exogenous gene

HEK293T cells were transfected with pWPI-GFP-G3BP and the package plasmids

pCMV-VSV-G, pCMV-Tat and pCMV-R8.91. At 48 h post-transfection, supernatants con-

taining lentiviruses were collected to infect HeLa cells. Then the HeLa cells stably expressing

GFP-G3BP were passaged. The shRNA lentiviruses were packaged via transfection of PKR

shRNA or G3BP shRNA with the package plasmids psPAX2 and pMD2.G into HEK293T
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cells. At 48 h post-transfection, lentiviruses were collected to infect HeLa cells to induce stable

knockdown of PKR or G3BP expression.

Nuclear-cytosol extraction

Cells were harvested, and then the nuclei fraction and the cytosol fraction were separated and

extracted according to the manufacturer’s instructions for the Nuclear-Cytosol Extraction kit

(Applygen). Samples were boiled with SDS-PAGE loading buffer for western blot analysis.

Luciferase assay

HEK 293T cells were transfected with 50 ng IFNβ-Luc reporter and 20 ng TK-Luc reporter for

12 h and then infected with HPIV3 for another 24 h. The firefly luciferase activity was assayed

and normalized by that of Renilla luciferase. Experiments were performed in triplicate.

qPCR assay

Total RNA were isolated for qPCR analysis to measure the indicated RNA abundance. Data

shown are the relative abundance of the indicated RNA normalized to that of GAPDH. The

following Primers were used:

HPIV3 M protein forward: 5’-AGAAGAACAGTCAAAGCGAAAG-3’;

HPIV3 M protein reverse: 5’-CTCCAACTAATCCCAAAG-3’;

Human GAPDH forward: 5’-GAGTCAACGGATTTGGTCGT-3’;

Human GAPDH reverse: 5’-GACAAGCTTCCCGTTCTCAG-3’;

Mouse IFNB1 forward: 5’-AGTTACACTGCCTTTGCC-3’;

Mouse IFNB1 reverse: 5’-TGAGGACATCTCCCACGT-3’;

Mouse GAPDH forward: 5’-GCATTGTGGAAGGGCTCA-3’;

Mouse GAPDH reverse: 5’-AGGCGGCACGTCAGATC-3’.

HPIV3 mini-genome replicon system assay

HeLa cells were infected with vTF7-3 for 1h, then transfected with pGADT7-P (125ng),

pGEM4-L (100ng), HPIV3 minigenome plasmid carrying the luciferase reporter gene (50ng)

together with pCDNA3.0-N-Myc (100ng) or pCDNA3.0-NΔN10-Myc (100ng, 200ng or

400ng) for 24h. Cell lysates were collected to determine the luciferase activity or analyzed via

western blot.

Supporting information

S1 Fig. HPIV3-triggered SG formation is a general process. (A) HeLa cells were infected

with HPIV3 (MOI = 1) for 24 h. Cells were immunostained for HPIV3 (purple), eIF4A/4E/4G

(green), and G3BP (red). Nuclei were stained with DAPI (blue). The white scale bar corre-

sponds to 10μm. (B) HEp-2 cells were infected with HPIV3 (MOI = 1), and MK2 cells were

infected with HPIV3 (MOI = 0.1) for 24h. Cells were immunostained for HPIV3 (purple),

TIA-1 (green), and G3BP (red). Nuclei were stained with DAPI (blue). The white scale bar cor-

responds to 10μm. (C) HeLa cells were mock-treated, infected with HPIV3 (MOI = 1) for 24h,

or treated with AS (0.5 mM) for 1h. Cells were immunostained for HPIV3 (purple), phosphor-

ylated eIF2α (green), and G3BP (red). Nuclei were stained with DAPI (blue). The white scale

bar corresponds to 10μm.

(TIF)

S2 Fig. Over-expression of HPIV3 viral proteins fails to induce SG formation and the time

course of SG formation induced by RNA transfection. (A and B) HeLa cells were transfected
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with an empty plasmid or plasmids encoding N, P, M, F, or HN for 24 h or treated with AS for

1 h. (A) Cells were immunostained for G3BP (green) and Myc/HA/Flag tag (viral protein,

red). Nuclei were stained with DAPI (blue). The white scale bar corresponds to 10μm. (B) Cell

lysates were analyzed via western bot using anti-Myc, anti-HA, anti-Flag, anti-phosphorylated

eIF2α, anti-eIF2α, and anti-GAPDH antibodies. (C and D) HeLa cells were transfected with

the indicated RNA samples from HPIV3 infected MK2 cells. (C) Cells were immunostained

for TIA-1 (green) and G3BP (red). Nuclei were stained with DAPI (blue). The white scale bar

corresponds to 10μm. (D) The percentage of cells containing SGs was quantified in three inde-

pendent experiments. (E) In vitro transcribed HPIV3 N mRNA was transfected into HeLa

cells. Cells were immunostained for TIA-1 (green) and G3BP (red). Nuclei were stained with

DAPI (blue).

Data are represented as means ±SD. Student’s t test: � P<0.05, �� P<0.01, ��� P<0.001,

ns = not significant.

(TIF)

S3 Fig. Inhibition of SG formation induced by pIC or AS. (A-D) HeLa cells with or without

PKR knockdown were transfected with pIC for 12 h or treated with AS (0.5 mM) for 1 h. (A

and C) Cells were immunostained for TIA-1 (green) and G3BP (red). Nuclei were stained with

DAPI (blue). The white scale bar corresponds to 10μm. (B and D) The percentage of cells con-

taining SGs was quantified in three independent experiments. (E and F) HeLa cells with or

without G3BP knockdown were treated with AS (0.5 mM) for 1 h. (E) Cells were immunos-

tained for TIA-1 (green) and G3BP (red). Nuclei were stained with DAPI (blue). The white

scale bar corresponds to 10μm. (F) The percentage of cells containing SGs was quantified in

three independent experiments. (G and H) HeLa cells were transfected with an empty plasmid

or plasmids encoding eIF2α or the nonophosphorylatable mutant eIF2α-S51A for 24 h, then

treated with AS (0.5 mM) for another 1 h. (G) Cells were immunostained for G3BP (green)

and HA (red). Nuclei were stained with DAPI (blue). The white scale bar corresponds to

10μm. (H) The percentage of cells containing SGs was quantified in three independent experi-

ments. Data are represented as means ±SD. Student’s t test: � P<0.05, �� P<0.01, ��� P<0.001,

ns = not significant.

(TIF)

S4 Fig. IFN induction is not required for SG formation. (A) HeLa cells were transfected with

an empty plasmid or plasmids encoding RIG-I-N or VISA for 24 h or pIC for 12 h. Cells were

immunostained for TIA-1 (purple), G3BP (green) and Flag (red). Nuclei were stained with

DAPI (blue). The white scale bar corresponds to 10 μm. (B) HEK293T cells were transfected

with 50 ng IFNβ-Luc reporter and 20 ng TK-Luc reporter together with the indicated plasmid

encoding Flag-RIG-I-N or Flag-VISA or pIC for 24 h. Cells were harvested for a luciferase

assay. Cell lysates were analyzed via western blot using anti-Flag and anti-GAPDH antibodies.

(C-E) Wide type, RIG-I-/- or VISA-/- MEF cells were infected with HPIV3 (MOI = 1) for 24 h.

(C) Cells were immunostained for HPIV3 (purple), TIA-1 (green) and G3BP (red). Nuclei

were stained with DAPI (blue). The white scale bar corresponds to 10 μm. (D) The percentage

of cells containing SGs was quantified in three independent experiments. (E) Total RNA were

isolated for qPCR to determine the IFNβ mRNA abundance and normalized to that of

GAPDH. Data are represented as means ±SD. Student’s t test: � P<0.05, �� P<0.01, ���

P<0.001, ns = not significant.

(TIF)

S5 Fig. Over-expression of viral proteins fails to inhibit HPIV3-triggered SG formation. (A

and B) HeLa cells were transfected with an empty plasmid or plasmids encoding M, F, or HN
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for 24 h, then infected with HPIV3 (MOI = 1) for another 24h. (A) Cells were immunostained

for HPIV3 (purple), G3BP (green), and Myc/HA/Flag tag (viral protein, red). Nuclei were

stained with DAPI (blue). The white scale bar corresponds to 10 μm. (B) The percentage of

cells containing SGs was quantified in three independent experiments. Cell lysates were ana-

lyzed via western blot using anti-Myc, anti-Flag, anti-HA and anti-GAPDH antibodies. (C and

D) HeLa cells were transfected with an empty plasmid or plasmids encoding N-Myc or HA-P

or co-transfected with plasmids encoding GFP-P together with N-Myc or NL478A-Myc for 24

h, then mock infected or infected with HPIV3 (MOI = 1) for another 24 h. Cells lysates were

analyzed using anti-HN, anti-Myc, anti-HA, anti-GFP and anti-GAPDH antibodies. Data are

represented as means ±SD. Student’s t test: � P<0.05, �� P<0.01, ��� P<0.001, ns = not signifi-

cant.

(TIF)

S6 Fig. HPIV3 IBs inhibit SG formation. (A) HEp-2 cells were infected with HPIV3HA-P

(MOI = 10), and (B) MK2 cells were infected with HPIV3HA-P (MOI = 1). At the indicated

time points pi, cells were immunostained for HPIV3 (purple), HA (green), and G3BP (red).

Nuclei were stained with DAPI (blue). The white scale bar corresponds to 10 μm. (C-E) HeLa

cells were infected with HPIV3 (MOI = 1). (C) At the indicated time points pi, cells were

immunostained for HPIV3 (purple), TIA-1 (green), and G3BP (red). Nuclei were stained with

DAPI (blue). The white scale bar corresponds to 10 μm. (D and E) The percentage of cells con-

taining IBs or SGs was quantified in three independent experiments. Data are represented as

means ±SD. Student’s t test: � P<0.05, �� P<0.01, ��� P<0.001, ns = not significant.

(TIF)
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