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Oligoadenylate synthetase (OAS) protein family is the major 

interferon (IFN)-stimulated genes responsible for the activa-

tion of RNase L pathway upon viral infection. OAS-like (OASL) 

is also required for inhibition of viral growth in human cells, 

but the loss of one of its mouse homolog, OASL1, causes a 

severe defect in termination of type I interferon production. 

To further investigate the antiviral activity of OASL1, we ex-

amined its subcellular localization and regulatory roles in IFN 

production in the early and late stages of viral infection. We 

found OASL1, but not OASL2, formed stress granules trap-

ping viral RNAs and promoted efficient RLR signaling in early 

stages of infection. Stress granule formation was dependent 

on RNA binding activity of OASL1. But in the late stages of 

infection, OASL1 interacted with IRF7 transcripts to inhibit 

translation resulting in down regulation of IFN production. 

These results implicate that OASL1 plays context dependent 

functions in the antiviral response for the clearance and reso-

lution of viral infections. 

 

Keywords: anti-viral response, OASL1, stress granule, type I 

interferon 

 

 

INTRODUCTION 
 

Stress granules (SGs) are dynamic RNA–protein complexes 

composed of stalled translation initiation complexes and 

host RNA-binding proteins, such as T-cell-restricted intracel-

lular antigen-1 (TIA-1), TIA-1-related protein (TIAR), and Ras 

GTPase-activating protein-binding protein-1 (G3BP1) (Ohn 

and Anderson, 2010). SG formation is initiated by phos-

phorylation of eukaryotic translation initiation factor 2α 

(eIF2α), which can be triggered by activation of protein ki-

nases such as protein kinase R (PKR), heme-regulated inhibi-

tor (HRI), general control nondepressible 2 (GCN2), and 

PKR-like endoplasmic reticulum kinase (PERK) (Kedersha et 

al., 2002). When phosphorylated eIF2α inhibits cellular 

mRNA translation, stalled translation initiation complexes 

combine with dispersed SG key components to form SGs 

(Kedersha et al., 1999). Various cellular stresses induce SGs 

as part of the stress response, leading to global translational 

repression. When the stress is resolved, sequestered poly-

somes are released from SGs, and translation of cellular pro-

teins promptly resumes. Therefore, SGs are regarded as 

temporal repositories of silenced cellular mRNAs that promote 
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cellular recovery (Arimoto et al., 2008; Tsai and Wei, 2010). 

Viral infections in eukaryotic cells can also induce assembly 

of SGs (Kedersha et al., 2002). However, inhibition of SG 

formation lead to significant decrease of type I IFN secretion 

following viral infection (Oh et al., 2016b; Onomoto et al., 

2012; Yoo et al., 2014). These observations suggest that 

antiviral SGs (avSGs) play vital roles as immunological plat-

forms for the interactions between antiviral proteins and 

their target RNAs, facilitating the expression of type I IFN and 

downstream interferon-stimulated genes (ISGs). 
The 2′-5′ oligoadenylate synthetase (OAS) is a type I ISG 

that synthesizes short oligomers that activate RNase L to 

cleave cellular and viral RNAs promoting their rapid degrada-

tion. OASL (OAS-like) protein, a member of the OAS family, 

consists of one OAS domain and two ubiquitin-like (UBL) 

repeat domains. Humans have only one type of OASL pro-

tein, whereas mice have two homologs, OASL1 and OASL2, 

which have 74% and 49% amino acid sequence similarity to 

the human homolog, respectively (Eskildsen et al., 2002). 

Despite its lower sequence identity, OASL2 is functionally 

similar to OASL, which promotes RIG-I signaling via a UBL-

caspase-recruitment activation domain (CARD) interaction 

(Zhu et al., 2014). On the contrary, OASL1 negatively regu-

lates type I IFN synthesis by inhibiting translation of IRF7 (in-

terferon-regulating transcription factor 7). This occurs by 

binding of OASL1 to the stem-loop structures in the 5′-
untranslated region (UTR) of IRF7 mRNA (Kim et al., 2014b; 

Lee et al., 2013a). Loss of OASL1 results in elevated antiviral 

responses and prevents chronic viral infection by promoting 

T-cell effector functions (Lee et al., 2013b; Oh et al., 2016a). 

In addition, recent reports showed that OASL1 deficiency 

stimulates anti-cancer immune responses and autoimmune 

disease development by upregulating production of type I 

IFN (Choi et al., 2016; Sim et al., 2016). Taken together, 

these observations suggest that OASL1 has a distinct func-

tion such as downregulation of antiviral immunity. However, 

it remains unclear whether it is also required for stimulation 

of the antiviral immune response, as shown with human 

OASL homologs. 

In this study, we investigated OASL1 functions in cells sub-

jected to immunological challenge and explored in detail the 

mechanisms underlying the antiviral response. Synthetic poly 

(I:C), the viral dsRNA analog, was transfected to investigate 

subcellular localization of OASL1 and anti-viral proteins ex-

amined at different time-points to investigate OASL1 func-

tion at both early and late stages of virus infection. We 

found that OASL1 translocated into avSGs quickly upon viral 

infection or treatment with poly(I:C) and interacted with 

MDA5, a cytosolic viral sensor, within avSGs promoting type 

I IFN signaling. These results suggested that OASL1 pro-

motes antiviral response via stress granules at the early stage, 

but eventually inhibit the translation of IRF7 as its transcripts 

accumulates in the late stage of infection. 

 

MATERIALS AND METHODS 
 

Cell culture, primary cell preparation, and in vitro 
treatment 
NIH-3T3 cells were maintained in Dulbecco’s modified Ea-

gle’s medium (DMEM, Gibco) with 10% fetal bovine serum 

(FBS, Gibco) and 100 U/ml penicillin-streptomycin (pen-strep, 

Gibco). Bone marrow-derived macrophages were obtained 

from primary bone marrow cells cultured for 7 days in 

DMEM supplemented with 20% L929 culture supernatant, 

10% FBS, and 100 U/ml pen-strep. We tried to use mini-

mum mice to obtain bone marrow cells and protocol was 

approved by the Institutional Animal Care and Use Commit-

tee of the Yonsei Laboratory Animal Research Center at Yon-

sei University. 

For OASL1 overexpression, plasmids were mixed with 

Lipofectamine 2000 (Invitrogen) and incuated at 37℃ in 5% 

CO2 for 24 h. For stimulation, cells were treated with 10 

μg/ml poly(I:C) (GE Healthcare), 100 ng/ml LPS (InvivoGen), 

100 ng/ml Pam3CSK4 (InvivoGen), 10 μg/ml poly(dA:dT) 

(InvivoGen), and 1 μg/ml 5′ppp-dsRNA (InvivoGen) for the 

indicated times. For cytoskeleton inhibition experiments, cells 

were pre-treated with 10 ng/ml cytochalasin D (Sigma) and 

100 μM colchicine (Tocris) for 30 min before poly(I:C) stimu-

lation. To prevent autophagy assembly, cells were treated 

with 100 nM Bafilomycin A (Sigma), 5 mM 3-MA (3-

methyladenine) (Sigma), and 50 μM CQ (chloroquine di-

phosphate salt) (Sigma) along with poly(I:C). 

 

Virus infection 
NIH-3T3 cells were infected with H1N1 influenza virus (New 

Caledonia/20/99) at a MOI of 10 for 2 h. After two washes 

in phosphate-buffered saline (PBS), fresh culture media was 

added, and the cells were cultured for an additional 16 h 

before preparation for immunocytochemistry (ICC). 

 

Construction of plasmids for protein overexpression 
EGFP-OASL1 (Oasl1, NP_660210.1) and EGFP-OASL2 

(Oasl2, NP_035984.2) were generated by inserting the 

Oasl1 and Oasl2 DNA fragments from pCS4 3xFLAG OASL1 

and pCS4 3xFLAG OASL2 into plasmid EGFP-C1 using ap-

propriate restriction sites. Construction of OASL1 mutants 

was described previously (Lee et al., 2013a). 

 

Immunofluorescence staining and microscopy 
Cells grown on glass coverslips in 24-well plates were fixed 

with 4% paraformaldehyde (PFA) for 10 min at room tem-

perature (RT) and washed twice with PBS (pH 7.4). The fixed 

cells were permeabilized for 5 min at RT with 0.1% Triton X-

100 solution or 1X BD Perm/Wash (BD Bioscience) diluted in 

triple distilled water (TDW), and then washed twice with PBS 

containing 0.5% Tween-20 (PBST). Blocking was performed 

with 3% bovine serum albumin (BSA) in PBST (blocking 

solution) for 1 h at RT, and the cells were then incubated 

with a primary antibody [rabbit α-KDEL (NOVUS Biologicals), 

rabbit α-RCAS (Cell Signaling), rabbit α-LAMP1 (Sigma), 

rabbit α-PMP70 (Abcam), goat α-TIAR (Santa Cruz Biotech-

nology), rabbit α-eIF4E (Cell Signaling), rabbit α-S6 (Cell 

Signaling), rabbit α-G3BP1 (Santa Cruz Biotechnology), rab-

bit α-MDA5 (Abcam), MitoTracker
®

 Red (Invitrogen), rabbit 

α-LC3b (MBL International), or rabbit α-p62 (MBL Interna-

tional)] for 1 h at RT or overnight at 4℃. All primary antibod-

ies were diluted in blocking solution. Next, cells were 

washed twice with PBST, and incubated for 1 h at RT with a 
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secondary antibody [donkey α-goat Alexa 594 (Invitrogen), 

goat α-rabbit FITC (Sigma), or goat α-rabbit TRITC (Sigma)] 

diluted in blocking solution. Nuclei were stained with 4.6-

diamidino-2-phenylindole (DAPI, Sigma) for 1 min at RT. 

After two washes, coverslips were mounted with mounting 

solution (Dako) on slide glass. To visualize intracellular 

poly(I:C), 1 μg/ml poly(I:C) (HMW) Rhodamine (InvivoGen) 

was used. Samples were examined by confocal microscopy 

on a LSM 510 or 700 and analyzed using the Carl Zeiss ZEN 

2.3 lite software. 

 

Fluorescence in situ hybridization (FISH) assay 
RNA-protein double labeling was performed as described by 

Kim et al. (2014a) with a slight modification. The probe for 

visualization of endogenous Irf7 mRNA was designed to 

detect the 1218–2018 bp and 1668–2467 bp region of the 

Irf7 transcript. Cells were permeabilized with 80% acetone 

for 10 min at -20℃. A mixture of Irf7 mRNA probes (diluted 

1:1000) was added, and the samples were incubated for 22 

h at 37℃. ICC was performed to investigate intracellular 

localization of TIAR using goat α-TIAR and Alexa Fluor 647–

conjugated donkey α-goat antibody (Invitrogen). Cells were 

examined by LSM 700 confocal microscopy. 

 

Immunoprecipitation and western blotting 
NIH-3T3 cells expressing 3xFLAG and SBP-tagged constructs 

were collected by centrifugation at 2000 g for 3 min at 4℃. 

After two washes with cold PBS followed by centrifugation, 

whole-cell lysate was obtained using lysis buffer [50 mM Tris 

HCl (pH 7.4), 150 mM NaCl, 1 mM EDTA, and 1% Triton X-

100] containing freshly added protease inhibitor (Roche). 

Cell debris was removed by centrifugation at 14000 g for 10 

min at 4℃, and the resultant supernatant was used for im-

munoprecipitation. Total cellular proteins were sequentially 

pulled down with streptavidin–Sepharose high performance 

beads (GE Healthcare) and anti-FLAG M2 affinity gel (Sig-

ma). TBS (50 mM Tris HCl, with 300 mM NaCl, pH 7.4) was 

used for a harsh wash between each step, and the precipi-

tated proteins were eluted with 3x FLAG peptide (Sigma). 

Equal amounts of immunoprecipitated proteins were sub-

jected to SDS-PAGE, and then transferred to nitrocellulose 

membranes using a wet transfer system (Bio-Rad). The 

membranes were blocked with 5% w/v skim milk in TBS 

with 0.1% Tween-20 (TBST) for 1 h at RT, and then probed 

with primary antibodies diluted in blocking solution: rabbit 

α-OASL1 (Lee et al., 2013a), rabbit α-PKR (Santa Cruz), 

mouse α-HSP70 (Enzo Life Sciences), rabbit α-eIF4E (Cell 

Signaling), rabbit α-IRF7 (Invitrogen), or rabbit α-GAPDH 

(Santa Cruz). The blots were then rinsed with TBST, followed 

by incubation for 1–2 h at RT with horseradish peroxidase 

(HRP)-conjugated secondary antibodies. The membranes 

were developed with Amersham ECL reagents (GE 

Healthcare), and signals were detected on a LAS 4000 sys-

tem. Signal intensity was measured using ImageJ software. 

 

Design and synthesis of small double-stranded RNA 
The small double-stranded RNA (dsRNA) used in this study, 

which contained 60% G/C base pairs, had the sequence 

GGAGUCCACGACUUCGCAGGCUCGUUACGU; this dsRNA 

was originally described by Szymanski et al. (2011). Oligori-

bonucleotides were synthesized by ST PHARM, Korea. For 

annealing, the strands were incubated at 95℃ for 2 min, 

and then slowly cooled to 25℃ over 45 min in a thermal 

cycler. 

 

Reverse transcription and quantitative real-time PCR 
(qRT-PCR) 
Total RNA from cells was isolated using the TRIzol reagent 

(Invitrogen). cDNA was synthesized from 2 μg of total RNA 

using SuperScript II reverse transcriptase (Invitrogen) with 

oligo-dT primers. cDNA was diluted 1:10 with TDW, and 3 μl 

aliquots were subjected to quantitative real-time PCR (qRT-

PCR) on a Bio-Rad CFX instrument. Levels of individual genes 

were measured using gene-specific primers, and then nor-

malized against the level of the housekeeping gene Gapdh 
by the ∆∆CT method. 

 

Statistical analysis 
Statistical analysis was performed using the GraphPad PRISM 

6 software. Data shown in the figures represent means ± SD. 

 

RESULTS 
 
OASL1 associates with cytosolic speckles upon poly(I:C) 
treatment 
To determine whether mouse OASL1 has additional func-

tions during the antiviral response, we examined the intra-

cellular localization of enhanced green fluorescent protein 

(EGFP)-tagged OASL1 (EGFP-OASL1) expressed in NIH-3T3 

cells following various types of immune-related stimulation. 

When the cells were stimulated with Pam3CSK4, LPS, 5′ppp-

dsRNA, or poly (dA:dT), which activate Toll-like receptors 

(TLRs) or RLRs, EGFP-OASL1 was evenly distributed in the 

cytosol, similar to the pattern observed in unstimulated cells. 

However, intracellular poly(I:C) treatment stimulated the 

formation of EGFP-OASL1 speckles in the cytosol, which 

persisted for over 12 h after stimulation (Fig. 1A and Sup-

plementary Fig. S1A). To investigate the specificity of speckle 

formation, we tested whether OASL2, the other mouse 

homolog of OASL, could induce speckles in a poly(I:C)-

dependent manner. In contrast to EGFP-OASL1, EGFP-

OASL2 did not form a speckle pattern following poly(I:C) 

treatment (Fig. 1B). These results suggested that OASL1, but 

not OASL2, plays a specific role in speckle formation during 

antiviral responses. 

To determine the nature of the EGFP-OASL1 speckles, we 

investigated the colocalization of EGFP-OASL1 with various 

organelle-specific markers. We first tested components of 

the protein post-translational translocation system, such as 

the ER, Golgi, and lysosome, using the KDEL motif, RCAS1, 

and LAMP1 as markers, respectively. Immunostaining of 

EGFP-OASL1–expressing cells with antibodies against these 

marker proteins did not reveal any colocalization (Fig. 1C). In 

light of the role of the peroxisome in production of type III 

IFN, we also examined the PMP70 peroxisomal marker protein 

(Dixit et al., 2010; Wack et al., 2015), but again observed no 

colocalization with EGFP-OASL1 speckles. Recent work 

showed that SGs are immune-related complexes required
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Fig. 1. OASL1 associates with stress granules 

upon poly(I:C) treatment. (A) OASL1 associat-

ed with cytoplasmic speckles specifically upon 

poly(I:C) treatment. NIH-3T3 cells expressing 

EGFP-OASL1 are shown following stimulation 

with various TLRs (indicated at the top) for 6 h 

(top panel) or 12 h (lower panel). (B) OASL2 

did not associate with speckles upon poly(I:C) 

stimulation. EGFP-OASL2–overexpressing NIH-

3T3 cells were stimulated with poly(I:C) for 6 

h. (C) OASL1-containing speckles do not over-

lap with secretory vesicles. EGFP-OASL1–

overexpressing NIH-3T3 cells were stained 

with specific antibodies against the indicated 

markers (KDEL, RCAS, LAMP1, and PMP70; 

shown in red). (D) OASL1-containing speckles 

colocalized with SG markers. EGFP-OASL1–

expressing cells were stained with the indicat-

ed SG markers (TIAR, S6, eIF4E, and G3BP1) 

after stimulation with poly(I:C) for 6 h. (E) 

Actin and microtubules are required for for-

mation of OASL1-containing speckles. EGFP-

OASL1–expressing cells were stained for β-

actin after pre-treatment with Cytochalasin D 

or colchicine treatment followed by poly(I:C) 

stimulation. Nuclei were stained with DAPI 

(blue). Scale bars correspond to 10 μm. Imag-

es are representative of at least two inde-

pendent experiments. 
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for type I IFN regulation (Kedersha et al., 2013; Onomoto et 

al., 2012; Yoo et al., 2014). Therefore, we tested whether 

poly(I:C)-specific EGFP-OASL1 speckles localized at SGs dur-

ing the antiviral response. Indeed, TIAR, a marker of SGs, 

colocalized with EGFP-OASL1 in most speckles, along with 

other SG components, including eukaryotic translation initia-

tion factor 4E (eIF4E), ribosomal protein S6, and G3BP1, 

upon intracellular poly(I:C) stimulation (Fig. 1D). Next, we 

wondered whether OASL1 is required for SG formation fol-

lowing immune response. We investigated level of SG for-

mation in Oasl1+/+ and Oasl1-/-
 bone marrow–derived mac-

rophages (BMM), but there was no difference between the 

level of SG formation in both type of cells (Supplementary 

Fig. S1B). Because SG formation is dependent on the cyto-

skeleton (Chernov et al., 2009; Loschi et al., 2009), we ex-

amined the effects of the cytoskeleton inhibitors cytochalasin 

D and colchicine, which inhibit actin filaments and microtu-

bule assemblies, respectively, on poly(I:C)-dependent EGFP-

OASL1 speckle formation. Both inhibitors dramatically inhib-

ited OASL1 speckle formation (Fig. 1E and Supplement Fig. 

S1C). These data indicated that the speckles were SGs, and 

that OASL1 translocates specifically into SGs during immune 

responses triggered by poly(I:C) treatment. 

 

SGs are the major working platform for OASL1 
Viral RNA is recruited to virally induced avSGs (Onomoto et 

al., 2012), promoting expression of type I IFN (Oh et al., 

2016b; Yoneyama et al., 2016; Yoo et al., 2014). To 

determine whether the association with SGs is related to 

upregulation of RLR signaling, we analyzed the subcellular 

localizations of transfected dsRNAs and their cellular 

recognition components, such as MDA5, along with OASL1 

upon poly(I:C) stimulation. To this end, we transfected rho-

damine-conjugated poly(I:C), a mimic of viral RNAs, into 

OASL1-EGFP–expressing NIH-3T3 cells, and then monitored 

colocalization with EGFP-OASL1 and SGs. At approximately 
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Fig. 2. OASL1 interacts with RLR complex

proteins in SGs along with its target RNAs.

(A) OASL1 associated with MDA5 and

poly(I:C) at SGs. Images show colocalization

of the indicated markers in OASL1-EGFP–

expressing cells after poly(I:C) stimulation.

Co-localization intensity was quantified using

ZEN 2.3 software. White line indicates the

quantified region. Fluorescence intensity

graph shows the level of co-localization and

each line indicates corresponding fluores-

cence. (B) OASL1 colocalized with Irf7 RNA

at several SGs. In cells stimulated with

poly(I:C), endogenous Irf7 transcripts were

visualized by FISH (red), followed by staining

for TIAR (blue). Scale bars correspond to 10

μm. Images are representative of at least

three independent experiments. 
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1.5 h post-transfection, EGFP-OASL1 began to colocalize 

with intracellularly introduced rhodamine-poly(I:C) and 3 h 

post-transfection of poly (I:C), they started to interact with 

MDA5 and TIAR at SGs, indicating that OASL1 recognizes 

foreign RNAs and then interacts with the dsRNA recognition 

machinery at SGs (Fig. 2A). It is well known that MAVS-

mediated RLR signaling is important for stimulating antiviral 

immune response genes (Lee et al., 2015; Seth et al., 2005; 

Yoneyama et al., 2015). And Several recent studies reported 

that intracellular RNA recognition by RIG-I and MDA5 at SGs 

promotes aggregation with MAVS in mitochondria, thereby 

activating type I IFN signaling (Yoneyama et al., 2016; 2015; 

Zhang et al., 2014). Consistent with this, MitoTracker
®

 Red 

staining of poly(I:C)-treated cells revealed that EGFP-OASL1 

speckles colocalized with mitochondria (Fig. 2A and Sup-

plementary Fig. S2). This result suggested that OASL1 plays a 

role in the recognition of viral RNAs by RLRs at SGs. 

As OASL1 binding to Irf7 mRNA has been reported, we 

examined whether Irf7 mRNA is also located within EGFP-

OASL1 speckles. We performed RNA fluorescence in situ 

hybridization (RNA FISH) followed by ICC to visualize Irf7 

mRNA, EGFP-OASL1, and SGs. Six hours after transfection 

with poly(I:C), several Irf7 mRNA–containing speckles were 

colocalized with EGFP-OASL1 and TIAR in many SGs (Fig. 

2B). These results indicate that SGs are the major sites for 

the proposed functions of OASL1 in antiviral responses.  

 

The RNA-binding affinity of the OAS domain is critical for 
OASL1 recruitment to SGs 
Because the OAS domain binds viral dsRNAs, we suspected 

that the poly(I:C) interacts with the OASL1 dsRNA-binding 

domain during translocation into SGs. To test this hypothesis, 

we used a series of OASL1 mutant constructs inserted into a 

3xFLAG-containing vector: WT (OASL1), a UBL domain dele-

tion mutant (OASL1-∆UBL), an N-terminal 150–amino acid 

deletion mutant (OASL1-∆150), an OAS domain deletion 

mutant (OASL1-∆300), and an RNA binding–defective mu-

tant containing the R192E, K196E, and K201E substitutions 

in the OAS domain (OASL1-RKK) (Fig. 3A) (Lee et al., 

2013a). Following poly(I:C) treatment, the OAS domain 

deletion mutants (OASL1-∆150 and OASL1-∆300) were 

significantly reduced in colocalization at SGs (Fig. 3B and 

Supplementary Figs. S3A and S3B). However, the UBL do-

main deletion mutants (OASL1-∆UBL) colocalized with TIAR 
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Fig. 3. RNA-binding affinity of the OAS do-

main is required for OASL1 translocation into

stress granules. (A) Schematic diagram of

full-length and mutant OASL1 constructs

used in fluorescence imaging of cells and

immunoprecipitation assays. The location of

each domain is marked with amino acid

position numbers (top). Point mutations that

disrupt the RNA-binding activity of the OAS

domain are indicated in red. (B) Localization

of OASL1 mutant derivatives described in (A)

along with the SG component TIAR (red) in

cells stimulated with poly(I:C) for 6 h. (C)

Immunoprecipitation of wild-type and RNA

binding–defective OASL1. Cells expressing

the indicated construct (top) were stimulated

with poly(I:C) and analyzed by co-

immunoprecipitation assay with the antibod-

ies indicated at the left. This immunoblot is

representative of two independent experi-

ments. (D) OASL1 associated with SG upon

viral infection. EGFP-OASL1–overexpressing

cells were infected with H1N1 influenza virus

(MOI=10) for 16 h. After infection, cells

were stained with TIAR (red), and nuclei

were stained with DAPI (blue). (B, D) Co-

localization intensity was quantified by ZEN

2.3 software. White line indicates the quanti-

fied region. Fluorescence intensity graph

shows the level of co-localization and each

line indicates corresponding fluorescence.

Scale bars correspond to 10 μm. Images are

representative of at least two independent

experiments. 
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at levels comparable to that of WT OASL1, suggesting that 

OASL1 association with SGs is dependent on RNA binding 

by OAS domains. In addition, the RNA binding–defective 

mutant (OASL1-RKK) completely failed to colocalize with 

OASL1 at SGs. Therefore, the RNA-binding affinity of OASL1 

is a key determinant of proper translocation into SGs, and 

might also be important for interactions with other SG com-

ponents. 

We further confirmed the requirement of RNA-binding ac-

tivity for the association of OASL1 with SGs using immuno-

precipitation assays. FLAG and streptavidin-binding peptide 

(SBP) double-tagged WT OASL1 and RNA binding–defective 

OASL1 mutant (RKK) constructs were expressed in NIH-3T3 

cells, and SG formation was induced by intracellular poly(I:C) 

treatment for 6 h. Sequential pulldown with SBP and anti-

FLAG antibody coprecipitated components of SGs, including 

HSP70, eIF4E, and key antiviral responsive mediator, PKR 

(Onomoto et al., 2012; Park et al., 2011; Yoo et al., 2014). 

However, RNA binding–defective OASL1 (RKK) failed to in-

teract with PKR and exhibited significantly weaker interac-

tions with other SG components (Fig. 3C). These results 

indicated that the RNA-binding ability of OASL1 is critical for 

its association with SGs, and in particular with another anti-

viral dsRNA-binding protein, PKR. 

Next, we investigated whether similar SG formation is in-

duced during viral infection. To this end, we infected EGFP-

OASL1–overexpressing cells with H1N1 influenza A virus. 

Sixteen hours after infection with influenza A virus, EGFP-

OASL1 was associated specifically with SGs (Fig. 3D and 

Supplementary Fig. S3C), indicating that association of 

OASL1 with SGs may have a specific function in the promo-

tion of antiviral immune responses.
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Fig. 4. OASL1-containing SGs promote type I

IFN production. (A) Small dsRNA does not

induce SG formation. EGFP-OASL1–

expressing cells stimulated under the condi-

tions indicated at the left [no stimulation,

poly(I:C), or sdsRNA] were stained for SG

with anti-TIAR antibody (red). Nuclei were

stained with DAPI (blue). Scale bars corre-

spond to 10 μm. (B) Reduced induction of

cytokines by short double-strand RNA (sdsR-

NA). Wild-type BMMs were transfected with

1 μg/ml poly(I:C) or 100 nM sdsRNA for 3 or

9 h. Levels of Oasl1, Ifnα, Ifnβ, and Tnfα
mRNAs were measured by qRT-PCR and

normalized against the level of Gapdh

mRNA in the same sample. Data represent

means ± SD. Statistical significance was de-

termined with the Student’s t-test. *P < 0.05,

**P < 0.01. (C) Protein levels of OASL1 and

IRF7 in Oasl1+/+
 and Oasl1-/-

 BMMs stimulat-

ed with either poly(I:C) or sdsRNA. (D) The

signal was measured by ImageJ software for

each individual experiments and the graph

represents the ratio of IRF7 signal intensity

over OASL1 signal intensity. Each experiment

was performed at least three times. Equal

amounts of cytoplasmic extracts were ana-

lyzed by western analysis using the antibod-

ies indicated at the left. 
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OASL1-containing SGs promote type I IFN expression 
The association of most OASL1 molecules with SGs prompt-

ed us to examine the effect of SG formation on the pro-

posed functions of OASL1, i.e., activation of the MAVS 

pathway and inhibition of IRF7 translation. Treatment of 

poly(I:C) caused dose-dependent increases in the levels of 

inflammatory cytokines (OASL1, IFNα, IFNβ, and TNFα) and 

formation of OASL1-containing SGs (Supplementary Fig. S4). 

Small dsRNAs (sdsRNAs) induce proinflammatory cytokines 

and ISGs via RIG-I pathways (Kato et al., 2008), but are una-

ble to induce SGs (Szymanski et al., 2011). We compared 

cytokine production between cells treated with sdsRNAs (30 

nucleotides) or poly(I:C) (2-8 kb in average), and found that 

the mRNA levels of Tnfα and other ISGs (type I Ifn genes and 

Oasl1) were lower in cells treated with sdsRNA, even at high 

doses (Figs. 4A and 4B). This result indicates that OASL1-

containing SG formation is required for activation of the 

MAVS pathway in NIH-3T3 cells. Similarly, treatment of 

BMMs with sdsRNA induced less productions of OASL1 and 

IRF7 than poly(I:C) treatment. However, the efficiency of 

IRF7 translational inhibition by OASL1 under sdsRNAs treat-

ment condition was comparable to that of poly(I:C) treat-

ment condition (Figs. 4C and 4D); indicating that inhibition 

of IRF7 translation by OASL1 was not affected in the ab-

sence of SGs (Figs. 4C and 4D). Therefore, stress granule 

formation was dispensable for inhibition of ribosome as-

sembly by OASL1, but appears to play an important role in 

stimulating the MDA5–MAVS pathway. 

 

OASL1-containing SGs are cleared via a SG-autophagy 
clearance pathway 
In eukaryotic cells, cytosolic SGs are often cleared by activa-
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Fig. 5. OASL1-containing SGs colocalize with autophagy markers. (A) Colocalization of OASL1-containing speckles with LC3 and p62. 

EGFP-OASL1–expressing cells were stained for LC3b and p62 (red) after 6 h of stimulation with poly(I:C). Nuclei were stained with DAPI 

(blue). Scale bars correspond to 10 μm. Images are representative of at least three independent experiments. (B) Number of puncta per 

cell from at least 5 different fields of images. (C) qRT-PCR analysis of type I IFN transcripts in Oasl1+/+
 (WT) and Oasl1-/-

 (KO) BMMs stim-

ulated with poly(I:C) in the presence of an autophagy inhibitor. Data represent means ± SD. Statistical significance was determined with 

the Student’s t-test. *P < 0.05, **P < 0.01. 

 

 

 

tion of autophagy (Buchan et al., 2013). Accordingly, we 

investigated whether autophagy is involved in the clearance 

of OASL1-containing SGs along with its target RNAs. Immu-

nofluorescence revealed that microtubule-associated protein 

light chain 3b (LC3b) and p62, representative markers of 

autophagy, colocalized with EGFP-OASL1 speckles (Figs. 5A 

and 5B). Therefore, the dsRNA-binding affinity of OASL1 

and its strong association with SGs during viral infection 

must be critically required in the clearance of viral and cellu-

lar dsRNAs from infected cells by autophagy. Together, these 

results indicate that autophagy-medicated clearance of dsR-

NA-OASL1 complex in SGs plays an important role in type I 

IFN response. 

DISCUSSION 
 
SGs promote type I IFN expression by supporting the interac-

tions of RIG-I and MDA5 with their target non-self RNAs 

(Narita et al., 2014; Oh et al., 2016b; Onomoto et al., 2012; 

Yoo et al., 2014). Our results revealed that OASL1 is a com-

ponent of SGs during viral infection and contributes to type I 

IFN expression by trapping viral RNAs in SGs. When poly(I:C) 

was transfected into cells, OASL1 speckles colocalized with 

SGs at early time points. In SGs, OASL1 interacted with 

many components of SGs and the RNA-sensing receptor 

MDA5. The OAS domain, and specifically its RNA-binding 

ability, was required for the interaction with SGs, and the 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6. Proposed model of OASL1 functions 
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known target RNAs of OASL1 such as poly(I:C) and Irf7 

mRNAs colocalized at SGs, which were targeted for removal 

by autophagy. Therefore, OASL1 in SGs appears to increase 

the sensitivity of innate immune receptors involved in dsRNA 

recognition and to promote clearance of the trapped dsR-

NAs (such as viral RNAs). 

OASL and RIG-I localize at SGs upon Sendai virus (SeV) 

infection and stimulate RIG-I-dependent IFN induction (Zhu 

et al., 2014). OASL oligomerizes with RIG-I via its C-terminal 

UBL repeats, which mimic polyubiquitination. On the other 

hand, our results showed that the RNA-binding domain 

makes a more important contribution than the UBL repeats 

to the association with SGs. Furthermore, OASL1 interacted 

with MDA5 in SGs and did not assemble into SGs upon 

5′ppp-dsRNA treatment, a RIG-I agonist. These differences 

could be due to the distinct ligand specificities of the two 

OASL homologs in different species. Antiviral responses 

against Respiratory syncytial virus (RSV), SeV, Herpes simplex 

virus-1 (HSV-1), West Nile virus (WNV), and Newcastle dis-

ease virus (NDV) are RIG-I–dependent and mediated by the 

human OASL and mouse OASL2 signaling pathways (Dhar 

et al., 2015; Zhu et al., 2014). However, picornaviruses, such 

as Mengovirus, EMCV, or poliovirus, are specifically sensed 

by MDA5, and this recognition is affected by Oasl1 mutation 

(Bruns and Horvath, 2015; Kato et al., 2006; Langereis et al., 

2013; Triantafilou et al., 2012). Therefore, antiviral responses 

against these viruses may be mediated by OASL1. Although 

RIG-I and MDA5 share the MAVS-STING-TBK1 antiviral sig-

naling pathway, the details of activation of the two major 

RLR sensors may differ. In addition, the role of MDA5 in SGs 

regarding regulation of type I IFN remains controversial, thus 

further study is needed. 

Here, we propose that OASL1 plays a dual role, regulating 

type I IFN both positively and negatively depending on cellu-

lar circumstances. During the early phase of infection, 

OASL1 proteins are rarely present, but, as the initial type I IFN 

response progresses, more OASL1 proteins are produced, 

and they subsequently translocate into SGs with their target 

RNAs (for example, Irf7 transcripts and viral RNAs). This 

promotes interactions between target RNAs and the cellular 

RNA recognition machinery, resulting in translational arrest 

of Irf7 and elevated synthesis of type I IFN. In addition, the 

eventual activation of autophagy by SGs enables efficient 

clearance of both viral RNAs and abundant Irf7 RNAs from 

the cytosol. Thus, OASL1 plays both positive and negative 

roles in the antiviral response by sequestering target dsRNAs 

in SGs (Fig. 6). 

 

Note: Supplementary information is available on the Mole-
cules and Cells website (www.molcells.org). 
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