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Significance

 Sensing double-stranded RNA 
(dsRNA) is an important antiviral 
defense mechanism, as dsRNAs 
are commonly generated during 
viral infection and trigger 
different innate immune 
responses. The OAS3-RNase L 
pathway quickly detects dsRNA in 
virus-infected cells and degrades 
host and viral RNAs to block viral 
replication and propagation to 
other cells. However, how cells 
regulate OAS3 and RNase L 
during viral infection is still poorly 
understood. We developed a 
CRISPR-Cas9 knockout screening 
method and identified IRF2 as a 
critical regulator of OAS3. We 
showed that IRF2-deficient cells 
failed to properly activate RNase 
L in response to viral infection, 
leading to a significant increase 
in virus replication and infectivity. 
This underscores IRF2's crucial 
role in innate immunity to protect 
cells against viruses.
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OAS- RNase L is a double- stranded RNA- induced antiviral pathway triggered in response 
to diverse viral infections. Upon activation, OAS- RNase L suppresses virus replication 
by promoting the decay of host and viral RNAs and inducing translational shutdown. 
However, whether OASs and RNase L are the only factors involved in this pathway 
remains unclear. Here, we develop CRISPR- Translate, a FACS- based genome- wide 
CRISPR- Cas9 knockout screening method that uses translation levels as a readout and 
identifies IRF2 as a key regulator of OAS3. Mechanistically, we demonstrate that IRF2 
promotes basal expression of OAS3 in unstressed cells, allowing a rapid activation of 
RNase L following viral infection. Furthermore, IRF2 works in concert with the inter-
feron response through STAT2 to further enhance OAS3 expression. We propose that 
IRF2- induced RNase L is critical in enabling cells to mount a rapid antiviral response 
immediately after viral infection, serving as the initial line of defense. This rapid response 
provides host cells the necessary time to activate additional antiviral signaling pathways, 
forming secondary defense waves.

innate immunity | RNase L | RNA decay | CRISPR screen | virus

 The innate immune system is the primary line of defense against viruses after they gain 
entry into cells ( 1 ,  2 ). The first step of the innate immune response relies on the host cell’s 
ability to recognize conserved features of pathogens that are not present in the host ( 3   – 5 ). 
Virus-associated molecules such as genomic DNA and RNA or double-stranded RNA 
(dsRNA) produced in virally infected cells are recognized by pattern-recognition receptors 
(PRRs) expressed in the host cells ( 3   – 5 ). Upon detection, PRR-mediated signaling path-
ways are activated and trigger different types of responses to suppress viral replication and 
subsequent rounds of infections ( 6 ,  7 ).

 The 2′,5′-oligoadenylate (2-5As) synthase (OAS)-RNase L is one of the antiviral sign-
aling systems that effectively limits viral replication upon detection of cytoplasmic dsRNAs 
produced during viral replication and transcription ( 8 ). Viral dsRNAs are recognized by 
OAS enzymes, which produce 2-5As from ATP and act as a secondary messenger to trigger 
homodimerization and activation of RNase L, a latent cytoplasmic endonuclease ( 9     – 12 ). 
Once activated, RNase L promotes rapid and widespread degradation of viral and cellular 
RNAs, including tRNAs, rRNAs, and mRNAs, leading to translation arrest in host 
cells to inhibit viral replication ( 13         – 18 ). Human cells encode three catalytically active 
OAS genes (OAS1, OAS2, and OAS3), which are structurally homologous to cGAS, 
a cytoplasmic double-stranded DNA (dsDNA) sensor involved in the stimulation of 
interferon gene expression ( 19   – 21 ). Although all three OASs have the ability to syn-
thesize 2-5As, OAS3 is the primary enzyme responsible for activating the RNase L 
pathway in response to viral infections ( 22 ,  23 ). OAS3 is a 120 kDa protein with a 
high affinity for dsRNA of 50 base pairs or more ( 24 ,  25 ). Once bound to dsRNA, 
OAS3 undergoes a conformational change, allowing for ATP binding and the synthesis 
of 2-5A chains required for RNase L dimerization in cells ( 12 ,  26 ). However, it is still 
unclear whether additional factors other than OAS3 and RNase L are involved in the 
regulation of this pathway.

 Since its first discovery, the RNase L pathway has been studied for its role in restricting 
various viruses, including West Nile virus (WNV), SARS-CoV-2, dengue virus (DENV), 
and Sindbis virus (SINV) ( 23 ,  27 ,  28 ). However, many other viruses have developed 
strategies to counteract the activation of RNase L ( 29 ). Influenza A virus (IAV) and vaccinia 
virus (VACV) code for NS1 proteins and E3L RNA-binding proteins, respectively, which 
bind and sequester dsRNA to prevent OAS3 activation ( 23 ,  29   – 31 ) Poliovirus transcribes 
a highly structured competitive inhibitor RNA (ciRNA) within its open reading frame 
that functions as an RNase L inhibitor ( 32 ,  33 ). Moreover, MERS-CoV expresses NS4b, 
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which degrades 2-5A ( 34 ). On the other hand, Zika virus (ZIKV) 
exploits the RNase L protein from the host cells independently of 
RNase L’s catalytic activity to enhance its replication factories and 
increase infectious virus production ( 35 ,  36 ). Therefore, charac-
terizing the mechanism by which cells regulate the activation of 
RNase L is crucial to a better understanding of how viruses antag-
onize different steps of the pathway to propagate in cells.

 In this study, we developed an unbiased approach using a 
FACS-based genome-wide CRISPR library screening method to 
identify novel regulators of RNase L. Using RNase L-driven trans-
lation arrest as a readout, we identified IRF2 as a mediator of the 
RNase L pathway. IRF2 promotes OAS3 basal expression in 
unstressed cells, allowing rapid activation of OAS3, followed by 
RNase L when a virus gains entry into the cells. Importantly, we 
demonstrated that OAS3/RNase L regulation by IRF2 in host 
cells directly impacts viral replication. Moreover, we found that 
IRF2 cooperates with the interferon response to enhance OAS3 
expression at a later time during the infection, and when IRF2 is 
not functional, the interferon pathway acts as an alternative path-
way to promote RNase L activity. We propose that IRF2 plays a 
critical role in enabling cells to mount a rapid response immedi-
ately following viral infection, serving as the initial line of defense 
to impede viral replication. This early suppression of viral repli-
cation provides host cells with the necessary time to activate other 
PRR-mediated responses, constituting a secondary wave of pro-
tective mechanisms. 

Results

CRISPR- Translate: A CRISPR- Cas9 Library Screening Method to 
Identify Factors Regulating Translation. To identify unknown 
essential factors regulating RNase L- driven RNA decay and global 
translation arrest in virally infected cells, we developed CRISPR- 
Translate, a FACS- based CRISPR- Cas9 screening strategy that 
exploits ongoing translation levels as a readout (Fig. 1A). In addition 
to activating RNase L, dsRNAs produced during viral replication 
and transcription are detected by protein kinase R (PKR), which 
in turn phosphorylates eIF2α to stop translation initiation. Cells 
depleted of both PKR and RNase L fully suppressed poly(I:C)- 
induced translation shutdown, indicating that these two factors 
are solely responsible for modulating translation in response to 
poly(I:C) (13, 37). Therefore, to exclusively monitor translation 
regulation by RNase L, we knocked out (KO) PKR from U2OS 
cells (SI Appendix, Fig. S1A). We transduced U2OS PKR KO cells 
with the genome- wide Brunello CRISPR library targeting 19,114 
genes at a multiplicity of infection (MOI) of ~0.3, and uninfected 
cells were removed with puromycin selection (Fig. 1A, steps 1 
and 2). We then transfected the in- cell library covering 97.33% 
of the Brunello library gRNAs with poly(I:C) (polyinosinic- 
polycytidylic acid), a synthetic analog of dsRNA that is used to 
mimic infections by RNA viruses (Fig. 1A, step 3). For the screen, 
we selected U2OS cells that showed a higher efficiency of poly(I:C) 
transfection compared to other cell lines, including A549. To 
measure translation levels in poly(I:C) transfected cells, we treated 
them with azidohomoalanine (AHA), an analog of methionine 
that is incorporated into newly synthesized polypeptide chains 
and then labeled with a 488- tagged alkyne probe using click- It 
reaction (Fig. 1A, step 4). Cells were subsequently FACS sorted 
into two populations: cells with positive 488 fluorescence signals 
and those with negative 488 fluorescence signals, representing cells 
undergoing active translation and translation arrest, respectively 
(Fig. 1A, step 5). Genomic DNA was next extracted from both 
cell populations, and gRNA sequences were amplified by PCR for 
deep sequencing analysis and quantification to determine which 

genes are essential to promote translation arrest after poly(I:C) 
transfection (Fig. 1A, step 6).

CRISPR- Translate Uncovers IRF2 as a Regulator of the RNase 
L Pathway. Following gRNA sequencing, we used MAGeCK 
(Model- based Analysis of Genome- wide CRISPR- Cas9 Knockout) 
analysis (38) to identify which gRNAs were specifically enriched 
in the cell population with ongoing translation after poly(I:C) 
transfection and thus promote translation shutdown caused by 
RNase L. As expected, both RNase L and OAS3 were the top two 
targets found in the screen based on fold enrichment (Fig. 1B and 
Dataset S1). This result validates CRISPR- Translate as a method 
for identifying factors that modulate translation. Additionally, we 
identified SLC38A6, ADSL, IRF2, and NOP14 as potential genes 
involved in promoting RNase L activity and translation shutdown 
post- poly(I:C) (Fig. 1B). We first confirmed these potential targets 
by knocking out each of these genes individually and monitoring 
translation level after poly(I:C) transfection, this time using 
puromycin, a structural analog of aminoacyl tRNAs that is 
incorporated into nascent peptides by translating ribosomes, as a 
marker of translation levels (39). We selected puromycin rather 
than AHA to eliminate potential off- target effects that might affect 
AHA incorporation itself in cells. From this secondary screen, we 
found that only IRF2 KO cells significantly restored translation 
levels post- poly(I:C), similar to RNase L and OAS3 KO cells 
(Fig. 1 C and D). We then asked whether IRF2 is important for 
promoting RNase L after poly(I:C) transfection by monitoring 
18S and 28S ribosomal RNA degradation (23). IRF2 KO in 
both U2OS and A549 cells showed a strong decrease in RNase 
L- mediated ribosomal RNA cleavage (Fig. 1E and SI Appendix, 
Fig. S1 B–D), demonstrating that IRF2 directly regulates RNase 
L activity in cells. In addition to promoting RNA decay in cells, 
RNase L induces the formation of a unique ribonucleoprotein 
complex termed RNase L- dependent bodies (RLBs) that are 
small punctate G3BP1- positive foci present in the cell cytoplasm 
and are distinct from stress granules (40, 41). To monitor RLBs 
and not stress granules, we knocked down PKR, which mediates 
stress granule formation following poly(I:C) transfection (13, 
40, 41). The formation of RLBs was significantly decreased 
posttransfection with poly(I:C) in IRF2 KO cells, reaching levels 
nearly similar to those observed in RNase L KO cells (Fig. 1 F 
and G and SI Appendix, Fig. S1E), further demonstrating that 
IRF2 regulates RNase L activity. Finally, we infected wild- type or 
IRF2 KO cells with SINV, a virus known to stimulate RNase L in 
host cells (23). In the absence of IRF2, consistent with the results 
obtained after poly(I:C) transfection, cells infected with SINV did 
not induce ribosomal RNA cleavage (Fig. 1H). Together, these 
results establish IRF2 as a factor essential for promoting RNase 
L during viral infection.

IRF2 Regulates OAS3 Basal Expression. IRF2 is a transcription 
factor that belongs to the family of interferon regulatory 
transcription factors (IRFs) involved in regulating interferon- 
related genes. IRF2 acts as a dual- function transcription factor. 
IRF2 negatively regulates gene expression by competing with IRF1 
for binding to the same promoter elements (42–46). On the other 
hand, IRF2 promotes the transcription of a few specific genes (47), 
including TAP1 (48), histone H4 (49), FAM111A (50), caspase 1/4 
(47), and major histocompatibility class II genes (51). We showed 
that IRF2 was highly expressed in unstressed cells (cancer cells or 
noncancerous cells) and localized in the nucleus independently 
of the presence of dsRNA in cells (SI Appendix, Fig. S2 A and 
B). To investigate the mechanism by which IRF2 controls RNase 
L activity, we first asked whether IRF2 regulates OAS3 and/or 
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RNase L expression in cells. We monitored OAS3 and RNase L 
levels in IRF2 KO cells compared to wild- type cells. Strikingly, 
OAS3 expression in U2OS and A549 cells was strongly suppressed 
at the protein and mRNA levels without IRF2, while RNase L 
expression levels were not significantly affected (Fig.  2 A–C).  
To further validate our IRF2 KO clones, we monitored several 

known human targets of IRF2 (including CASP1 and FAM111A) 
(47, 50). Consistent with previous studies, both FAM111A and 
CASP1 mRNA levels were down- regulated in IRF2 KO U2OS 
and A549 cells (SI  Appendix, Fig.  S2 C and D). Finally, we 
further confirmed IRF2 regulation of OAS3 mRNA expression 
by knocking down IRF2 in RPE- 1, HeLa, and TOV21G cell 

A

B

E F G H

C D

Fig. 1.   CRISPR- Translate identifies IRF2 as a regulator of the RNase L pathway. (A) Schematic of the CRISPR- Translate screening strategy. (B) Dot plots graph 
representative of the genes enriched in the 488- positive FACS- sorted cell population and analyzed using MAGeCK computational tool. Each dot represents a 
unique gene. Genes found to be highly significantly enriched in the 488- positive cell population and thus promoting translation arrest after poly(I:C) transfection 
in U2OS PKR KO cells are highlighted in the green box. (C) Representative immunofluorescence for puromycin in U2OS PKR KO and PKR/IRF2 dKO cells transfected 
with poly(I:C) (1 μg/mL, 4 h). (D) Quantification of puromycin- positive cells (%) in the indicated cell lines transfected with poly(I:C) for 4 h (1 μg/mL). (E) Total RNAs 
were isolated from A549 cells or indicated A549 KO cell lines after transfection with poly(I:C) (10 ng/mL; 4 h) and monitored for integrity by a bioanalyzer. The 
red arrows indicated ribosomal RNA cleavage products. (F) Representative immunofluorescence for G3BP1 in A549 cells knocked down with PKR siRNA and 
transfected with poly(I:C) (25 ng/mL, 4 h). (G) Quantification of the number of G3BP1 foci by cells in the indicated A549 cell lines knocked down with PKR siRNA 
followed by poly(I:C) transfection (25 ng/mL, 4 h). Top: percentage of cells with RLB foci. (H) Total RNAs were isolated from indicated U2OS cell lines infected with 
SINV [MOI = 1, 24 h postinfection (hpi)] and monitored for integrity by a bioanalyzer. The red arrows indicated ribosomal RNA cleavage products.

http://www.pnas.org/lookup/doi/10.1073/pnas.2412725121#supplementary-materials
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Fig. 2.   IRF2 promotes OAS3 expression in unstressed cells. (A and B) The levels of OAS3, IRF2, RNase L, and GAPDH were analyzed in the indicated U2OS (A) or 
A549 (B) cell lines by western blot. (C) The OAS3 mRNA levels were monitored by RT- qPCR in indicated U2OS (Left) or A549 (Right) cell lines. Mean values ± SD  
(n = 3). ****P < 0.0001 (two- tailed t test). (D) The levels of OAS3 were analyzed by western blot using indicated antibodies in A549 IRF2 KO cells expressing either 
wild- type IRF2 or DNA binding mutant IRF2K78R. (E and F) Total RNAs were isolated from A549 WT or IRF2 KO cells expressing wild- type IRF2, IRF2K78R, or OAS3 
and monitored for integrity by a bioanalyzer after transfection with poly(I:C) (10 ng/mL, 4 h). The red arrows indicated ribosomal RNA cleavage products. (G) IgG 
and IRF2 ChIP- sequencing in A549 cells. Analysis of ChIP- sequencing data focuses on the promoter region of OAS3. (H) IRF2 ChIP was performed in A549 WT and IRF2 
KO cells. IRF2 binding on the OAS3 promoter was determined by qPCR. Mean values ± SD. ***P < 0.001 (two- tailed t test). (I) Schematic of pGL3- OAS3- luciferase 
constructs harboring OAS3 WT promotor region (−1 to −900 bp upstream of transcription start site [TSS]) and IRF2 binding motif region deleted (Δ−1 to −200 
bp). (J) The relative luciferase activity (ratio of Firefly:Renilla) was measured in U2OS cells transiently transfected with the empty pGL3 and pGL3 vector harboring 
either WT and Δ200 bp OAS3 promoter region. (K) The relative luciferase activity was monitored U2OS WT or IRF2 KO cells 24 h following transfection with the 
pGL3- OAS3 vector.
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lines (SI Appendix, Fig. S2E). Together, these results suggest that 
RNase L regulation by IRF2 is mediated through the regulation 
of OAS3 expression.

 To determine the role of IRF2 in regulating OAS3-induced 
RNase L activation, we complemented IRF2 KO cells with IRF2 
wild-type (IRF2WT ) or a DNA binding mutant (IRF2K78R ) and 
monitored OAS3 expression levels and RNA ribosomal cleavage. 
While IRF2WT  fully restored both OAS3 protein levels and RNase 
L activity, IRF2K78R  failed to induce either OAS3 expression and 
RNA decay post-poly(I:C) ( Fig. 2 D and E ). This result demon-
strates that IRF2 DNA binding is critical for its function in reg-
ulating RNase L in cells. We then ectopically expressed OAS3 in 
IRF2 KO cells. We found that OAS3 expression was sufficient to 
restore ribosomal RNA cleavage in the absence of IRF2 ( Fig. 2F   
and SI Appendix, Fig. S2F  ), suggesting that IRF2's control of the 
RNase L pathway is solely orchestrated via the regulation of OAS3.

 Next, we examined whether IRF2 directly binds to the OAS3 
promoter. We performed IRF2 chromatin immunoprecipitation 
sequencing (ChIP-seq) and revealed that IRF2 was constitutively 
present on the promoter of OAS3 in unstressed cells ( Fig. 2G  ). 
We confirmed these data by performing ChIP-qPCR using prim-
ers targeting the region bound by IRF2. We showed a strong 
enrichment of IRF2 on the OAS3 promoter in unstimulated WT 
cells but not in IRF2 KO cells ( Fig. 2H  ), further suggesting that 
IRF2 directly controls OAS3 expression in cells. To better char-
acterize the transcriptional role of IRF2 in regulating OAS3, we 
constructed a pGL3 luciferase reporter plasmid controlled by the 
OAS3 promoter region ( Fig. 2I  ). Luciferase activity was only 
detected when the promoter of OAS3 was present, and deletion 
of the IRF2 binding site on the OAS3 promoter abrogated lucif-
erase luminescence ( Fig. 2 I  and J  ). Importantly, luciferase activity 
significantly decreased in IRF2 KO cells compared to wild-type 
cells transfected with the pGL-OAS3 luciferase reporter ( Fig. 2K  ), 
confirming that IRF2 directly drives OAS3 expression. Altogether, 
these results reveal the critical role of IRF2 in maintaining the 
constitutive expression of OAS3 by directly promoting its expres-
sion in unstressed cells.  

IRF2 Drives Rapid Activation of RNase L. To further investigate the 
role of IRF2 in regulating OAS3 expression, we quantified mRNA 
and protein levels of OAS3 in wild- type A549 cells compared to 
IRF2 KO cells following poly(I:C) transfection. We found that 
both OAS3 mRNA and protein levels increased starting at 8 h 
posttransfection with poly(I:C) (Fig. 3 A and B). Although OAS3 
was not expressed in the absence of IRF2 in unstressed cells, OAS3 
expression becomes induced after poly(I:C) in IRF2 KO cells 
at the same time as wild- type cells but at lower levels (Fig. 3 A 
and B), suggesting that OAS3 expression after poly(I:C) is driven 
independently of IRF2. Similar results were obtained with U2OS 
cells and in IRF2 KO cells infected with SINV (Fig.  3C and 
SI  Appendix, Fig.  S3 A and B). Next, we monitored RNase L 
activation over time after poly(I:C) transfection. In A549 wild- 
type cells, RNase L activation showed a gradual increase from 
2 to 16 h. However, in IRF2 KO cells, only very weak RNA 
ribosomal degradation mediated by RNase L was detected at a 
later time (8 to 16 h) when OAS3 was expressed back (Fig. 3D). 
Although OAS3 protein levels were restored to similar levels as 
in WT cells at 16 h, RNase L activity remained low, possibly 
due to the clearance of poly(I:C) from the cells preventing OAS3 
activation. Alternatively, poly(I:C) may be masked by the binding 
of other PRRs or RNA binding proteins in the cells over time, 
preventing OAS3 activation. Therefore, to demonstrate that OAS3 
expression after poly(I:C) was sufficient to promote RNase L 
activity, we treated cells with IFNα to induce OAS3 in IRF2 

KO cells prior to transfection with poly(I:C) or SINV infection 
(Fig. 3E). IFNα- mediated OAS3 expression was enough to restore 
RNase L activity in IRF2 KO cells treated with poly(I:C) (Fig. 3F) 
or infected by SINV (SI Appendix, Fig. S3C), demonstrating that 
the reexpression of OAS3 during viral infection can stimulate 
RNase L activity.

 Next, we compared RNase L activation kinetics to other innate 
immune response pathways induced by dsRNAs in cells. The 
interferon response was stimulated at 16 h following poly(I:C) 
transfection as evidenced by STAT1/2 phosphorylation and by 
the induction of interferon-stimulated genes (IFNβ, DDX60, 
IFIT2, and ISG15) ( Fig. 3 G  and H  ). Likewise, we detected PKR 
autophosphorylation 16 h post-poly(I:C) transfection ( Fig. 3G  ). 
However, at 2 h posttransfection with poly(I:C), neither PKR nor 
the interferon pathway had yet been activated, despite the detec-
tion of RNase L-induced ribosomal RNA degradation ( Fig. 3G  ). 
These results suggest that RNase L acts very quickly in response 
to foreign dsRNAs in cells and prior to other dsRNA-mediated 
innate immune responses. They also support previous studies 
reporting that RNase L activation precedes PKR activation ( 13 ,  52 ). 
Therefore, we propose that IRF2-mediated OAS3 basal expression 
is critical for RNase L’s quick response to viral infection by ensur-
ing the availability of OAS3. This gives host cells the necessary time 
to build an interferon response and activate PKR as a secondary 
wave of defense against viruses ( Fig. 3I  ).  

Interplay between IRF2 and STAT2 to Promote OAS3 Expression 
During Viral Infections. We next asked which factors drive 
OAS3 expression post- poly(I:C) or SINV infection. Transfected 
poly(I:C) in cells is detected by RIG- I/MDA- 5/MAVS dsRNA 
sensors that trigger an IFN response and the expression of 
hundreds of ISGs, including OAS enzymes (53). We found that 
RIG- I knockdown or the inhibition of the IFN response using 
the JAK kinase inhibitor ruxolitinib suppressed OAS3 expression 
16 h post- poly(I:C) (Fig. 4 A and B and SI Appendix, Fig. S4A). 
Consistently, IRF2 KO cells infected with SINV failed to express 
OAS3 at 24 h postinfection (hpi) when treated with ruxolitinib 
(Fig. 4C). We then knocked down STAT1 or STAT2, the main 
transcription factors phosphorylated by JAK kinases, which 
drive ISG expression during the IFN response. Knockdown 
of STAT2 but not STAT1 strongly decreased OAS3 levels in 
poly(I:C) transfected cells and SINV- infected cells (Fig. 4 D–F 
and SI Appendix, Fig. S4 B and C). Notably, STAT2 knockdown 
did not affect OAS3 expression in unstressed cells (Fig. 4D and 
SI Appendix, Fig. S4C), indicating that STAT2 is only required for 
IFN- induced OAS3 expression. Moreover, we confirmed STAT2- 
mediated OAS3 expression after poly(I:C) transfection in U2OS 
cells (SI Appendix, Fig. S4D). To further establish that STAT2 
directly promotes OAS3 expression in response to viral infection, 
we performed STAT2 ChIP- seq and ChIP- qPCR. STAT2 was 
detected on the OAS3 promoter in cells treated with poly(I:C) for 
16 h, whereas IRF2 was present regardless of the treatment status 
(Fig.  4 G–I), demonstrating that STAT2 only regulates OAS3 
expression in response to viral infections. Together, these results 
reveal that OAS3 expression is independently controlled by both 
IRF2 and STAT2. IRF2 maintains a constitutive basal expression 
of OAS3 in unstressed cells, while STAT2 promotes OAS3 levels 
following viral infection- mediated IFN response.

 To further investigate the role of the interplay between IRF2-  
and STAT2-mediated OAS3 expression, we first knocked down 
STAT2 in wild-type cells transfected with poly(I:C) for 16 h. In 
the absence of STAT2, RNase L activity was not impacted 
( Fig. 4J  ). Similar results were obtained after ruxolitinib treatment 
in cells transfected with poly(I:C) or infected with SINV 
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http://www.pnas.org/lookup/doi/10.1073/pnas.2412725121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2412725121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2412725121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2412725121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2412725121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2412725121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2412725121#supplementary-materials
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(SI Appendix, Fig. S4 E  and F ), further suggesting that IRF2 is the 
main driver of RNase L in response to dsRNAs. We next induced 
the interferon response by treating IRF2 KO cells with INFα to 
trigger STAT2-mediated OAS3 expression prior poly(I:C) trans-
fection or SINV infection. IFNα-mediated OAS3 expression and 
RNase L activity were strictly STAT2 dependent ( Fig. 4 K  and L   
and SI Appendix, Fig. S4G  ), demonstrating the role of STAT2 in 
promoting RNase L activity in the absence of IRF2 in cells during 
viral infection. Thus, these results suggest that interferon-induced 
OAS3 through STAT2 acts as a secondary pathway to promote 
RNase L when IRF2 is lacking.  

IRF2 Suppresses SINV Replication through the Regulation of 
RNase L. To assess the impact of IRF2- mediated rapid activation 
of RNase L on viral replication, we infected cells with SINV and 
monitored its replication by plaque assays. Both IRF2 KO and 
RNase L KO cells infected with SINV produced a significantly 

increased yield of infectious virus particles in the cell supernatants, 
which were quantified by plaque assays on culture media at 24 hpi 
(Fig. 5 A and B and SI Appendix, Fig. S5). The increase in viral 
titers was comparable to those reported in cells KO for OAS3 
and RNase L in previous studies (23, 54). Complementation 
with wild- type IRF2, but not IRF2K78R, restored the suppression 
of viral replication by host cells to levels that were not statistically 
different (Fig.  5 C and D). We then asked whether the 
suppression of SINV replication by IRF2 was mediated through 
the regulation of RNase L. We ectopically expressed OAS3 in 
IRF2 KO cells, which we previously showed to be sufficient for 
restoring RNase L activity in the absence of IRF2 (Fig. 2F), and 
monitored SINV titers at 24 hpi. Strikingly, OAS3 expression 
in IRF2 KO cells was enough to reduce SINV infectious viral 
particle production (Fig.  5E), demonstrating that IRF2’s 
protective role against SINV infection in host cells was primarily 
mediated through activation of the RNase L pathway. Finally, we 

A B C

FED

G H I

Fig. 3.   IRF2- independent expression of OAS3 in response to dsRNAs. (A) A549 WT and IRF2 KO cells were transfected with poly(I:C) (10 ng/mL). The level of OAS3 
mRNA was monitored at indicated time points by RT- qPCR. Mean values ± SD. (B) A549 WT and IRF2 KO cells were transfected with poly(I:C) (10 ng/mL). The 
protein levels of OAS3, IRF2, and GAPDH were monitored at indicated time points by western blot. (C) A549 WT or IRF2 KO cells infected with SINV (MOI = 10) 
were collected at 24 hpi, and the protein levels of OAS3, IRF2, and GAPDH were analyzed by western blot. (D) A549 WT and IRF2 KO cells were transfected with 
poly(I:C) (10 ng/mL), and total RNAs were isolated at the indicated time points and analyzed for integrity by a bioanalyzer. The red arrows indicated ribosomal 
RNA cleavage products. (E) A549 IRF2 KO cells were treated with IFN- α (1,000 U/mL) for 16 h, and the protein levels of OAS3, IRF2, and GAPDH were analyzed by 
western blot. (F) A549 WT and IRF2 KO cells were pretreated with IFN- α (1,000 U/mL) for 8 h and transfected with poly(I:C) (10 ng/mL) for 16 h. Total RNA was 
isolated and analyzed for ribosomal integrity by a bioanalyzer. The red arrows indicated ribosomal RNA cleavage products. (G) A549 WT cells were transfected 
with poly(I:C) (10 ng/mL), and cell lysates were collected at 2 or 16 h time points. Total RNAs were analyzed for ribosomal degradation by a bioanalyzer, and 
the phosphorylation levels of STAT1- pY701, STAT2- pY690, and PKR- pT446 were monitored by western blot. The red arrows indicated ribosomal RNA cleavage 
products. (H) Quantification of mRNA levels of IFN genes (IFNβ, DDX60, IFIT2, and ISG15) at indicated time points post- poly(I:C) transfection (10 ng/mL) in A549 
cells. (I) Proposed model of the role of IRF2 promoting RNase L during viral infection. IRF2 induces rapid activation of the OAS3/RNase L pathway immediately 
after viral infection, while IRF2 deficient cells result in a delayed response in the activation of the RNase L pathway.

http://www.pnas.org/lookup/doi/10.1073/pnas.2412725121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2412725121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2412725121#supplementary-materials
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Fig. 4.   STAT2 drives IFN- induced OAS3 expression during viral infection. (A) A549 IRF2 KO cells knocked down with RIG- I siRNA for 40 h were transfected with 
poly(I:C) (10 ng/mL; 16 h), and the levels of the indicated proteins were analyzed by western blot. (B and C) A549 WT and IRF2 KO cells were treated with ruxolitinib 
(2 μM), followed by transfection with poly(I:C) (10 ng/mL, 16 h) (B) or infection with SINV (MOI =10, 24 hpi) (C). The protein levels of OAS3, STAT2- pY690, IRF2, and 
GAPDH were analyzed by western blot. (D) The OAS3 mRNA levels were analyzed by RT- qPCR in A549 cells knocked down with the indicated siRNAs, followed by 
transfection with poly(I:C) (10 ng/mL, 16 h). Mean values ± SD. ****P < 0.0001 (two- tailed t test). (E) A549 WT or IRF2 KO cells knocked down with STAT1 or STAT2 
siRNAs were transfected with poly(I:C) (10 ng/mL, 16 h). The protein levels of the indicated proteins were analyzed by western blot. (F) A549 IRF2 KO cells were 
knocked down with siCTL or siSTAT2 and infected with SINV (MOI = 10, 24 hpi). The cell lysates were analyzed for the protein levels of OAS3, STAT2- pY690, IRF2, 
and GAPDH by western blot. (G) STAT2 ChIP- sequencing in A549 cells transfected with poly(I:C) (1 μg/mL, 16 h). Analysis of STAT2 ChIP- sequencing data shows 
the region upstream of the OAS3 TSS (transcription starting site). (H) STAT2 ChIP- qPCR was performed in A549 cells transfected with poly(I:C) for 2 or 16 h. STAT2 
binding on the OAS3 promoter was determined by qPCR. Mean values ± SD. ****P < 0.0001 (two- tailed t test). (I) IRF2 ChIP- qPCR was performed in A549 cells 
transfected with poly(I:C) (1 μg/mL, 16 h). IRF2 binding on the OAS3 promoter was analyzed by qPCR. Mean values ± SD. (J) A549 cells knocked down with either 
siCTL or siSTAT2 were transfected with poly(I:C) (10 ng/mL) for 16 h and analyzed for RNA integrity by a bioanalyzer. The red arrows indicated ribosomal RNA 
cleavage products. (K) A549 IRF2 KO cells transfected with either siCTL or siSTAT2 were treated with IFNα (1,000 U/mL) for 16 h. Cell lysates were then analyzed for 
the protein level of OAS3, STAT2- pY690, IRF2, and GAPDH by western blot. (L) A549 WT or IRF2 KO cells transfected with either siCTL or siSTAT2 were pretreated 
with IFNα (1,000 U/mL) for 8 h and transfected with poly(I:C) (10 ng/mL) for 16 h. Total RNAs were isolated and analyzed for RNA integrity by a bioanalyzer. The 
red arrows indicated ribosomal RNA cleavage products.
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treated wild- type and IRF2 KO cells with ruxolitinib to suppress 
the IFN response and then monitored SINV replication by the 
plaque assay. Ruxolitinib treatment further enhanced SINV 
titer in both cell lines (Fig. 5F), suggesting that IRF2- induced 
RNase L pathway and the IFN pathway are both essential for 
suppressing SINV replication in host cells. Taken together, these 
results reveal that IRF2’s regulation of RNase L through the 
control of OAS3 expression levels is critical for preventing viral 
replication in host cells.

Discussion

 The activation of the OAS3/RNase L pathway in response to viral 
infection is highly detrimental to the replication of many viruses, 
including WNV, SARS-CoV-2, DENV, and SINV ( 23 ,  27 ,  28 ), 
by promoting RNA decay and translation arrest. This underscores 
the importance of understanding how cells regulate the RNase L 
pathway in response to viral infection. In this study, we identified 
IRF2 as a key factor in the rapid activation of RNase L by ensuring 
appropriate expression levels of OAS3 in cells. We found that cells 
lacking IRF2 failed to activate RNase L in response to viral infec-
tions. Moreover, we showed that the absence of rapid RNase L 

activation mediated by IRF2 promotes viral replication, highlight-
ing the importance of a timely stimulation of RNase L immedi-
ately following virus infection. We propose that the quick 
activation of RNase L following viral infections is critical for lim-
iting virus levels and giving cells the necessary time to mount 
additional antiviral immune responses.

 The functional read-out of RNase L activation relied on mon-
itoring ribosomal cleavage, formation of RLBs, and translation 
arrest. Herein, we exploited RNase L-mediated translation shut-
down and developed the method CRISPR-Translate to identify 
previously uncharacterized factors regulating the RNase L pathway. 
CRISPR-Translate is a FACS-based genome-wide CRISPR-Cas9 
knockout screening technique that uses translation levels as 
read-out through labeling of cells by incorporation of AHA in 
nascent peptides of actively translating cells and detection in cells 
using Click-It chemistry ( Fig. 1A  ). CRISPR-Translate not only 
confirmed the critical role of OAS3 and RNase L in shutting down 
translation in cells exposed to foreign dsRNA but also uncovered 
IRF2 as a third essential player of the pathway. Therefore, 
CRISPR-Translate is a powerful method to identify new factors 
regulating translation. However, several top target genes identified 
in our CRISPR screen were not confirmed as regulating translation 

A B
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Fig. 5.   IRF2 suppresses SINV replication through the regulation of RNase L. 
(A) A549 WT, RNase L KO, or IRF2 KO cells were infected with SINV (MOI =10, 
24 hpi), and the titer of infectious virus from the supernatant was determined 
by the plaque assay in Vero cells. Representative images of the plaque- forming 
assay were shown. (B) Quantification of viral titer (log10 PFU/mL) shown in A 
was determined by the plaque assay from three biological replicates. Mean 
values ± SD. *P < 0.05. (C) A549 WT or IRF2 KO cells complemented with the 
indicated construct were infected with SINV (MOI = 10, 24 hpi), and the titer of 
infectious virus from the supernatant was determined by the plaque assay in 
Vero cells. Representative images of the plaque- forming assay were shown. (D) 
Quantification of viral titer (log10 PFU/mL) shown in C was determined by the 
plaque assay from three biological replicates. Mean values ± SD. ***P < 0.001. 
(E) A549 WT or IRF2 KO cells complemented with OAS3 were infected with 
SINV (MOI = 10, 24 hpi), and the titer of infectious virus from the supernatant 
was determined by the plaque assay in Vero cells to determine the viral titer 
(log10 PFU/mL) from three biological replicates. Mean values ± SD. *P < 0.05. 
(F) A549 WT or IRF2 KO cells treated with ruxolitinib (2 μM) were infected with 
SINV (MOI = 10, 24 hpi), and the titer of infectious virus from the supernatant 
was determined by the plaque assay in Vero cells to determine the viral titer 
(log10 PFU/mL) from three biological replicates. Mean values ± SD. *P < 0.05; 
***P < 0.001; ****P < 0.0001.
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arrest after poly(I:C) transfection. Thus, it is essential to perform 
secondary validation experiments to eliminate potential false pos-
itive gene candidates. Furthermore, the use of CRISPR-Translate 
could be extended far beyond the identification of new players 
involved in the regulation of RNase L. Indeed, this method can 
be easily adapted to study any stressors affecting translation levels 
in cells. The integrated stress response (ISR) is a signaling pathway 
stimulated in response to various stimuli and coordinated by four 
kinases (PKR, HRI, GCN2, and PERK) promoting the phospho-
rylation of eIF2α to block translation initiation ( 55 ). Hence, 
applying CRISPR-Translate to investigate ISR regulation would 
yield deeper insights into the mechanisms by which cells modulate 
these kinases in response to specific stressors.

 Mechanistically, we revealed that IRF2 controls RNase L 
through the regulation of OAS3 expression. In unstressed cells, 
OAS3 expression is highly dependent on the presence of IRF2 
binding to its promoter. This ensures basal OAS3 expression in 
cells, priming them to respond to any viral infection rapidly. 
Previous studies reported that RNase L-mediated RNA decay 
occurs very early in response to foreign dsRNA in cells ( 13 ,  52 ). 
This is in contrast to other innate immune pathways, such as the 
IFN response or the PKR pathway, which are also triggered by 
dsRNAs but at a later time following infection ( Fig. 3 G –I  ) ( 13 ). 
Thus, we propose that IRF2-driven rapid RNase L activation is 
essential to delay virus-induced cell toxicity and provide the cells 
with the opportunity to mount additional defense mechanisms 
to eliminate viruses. Without early RNase L activation, our data 
revealed a strong increase in viral titer, demonstrating that other 
innate immune defense systems were not sufficient to compensate 
for the loss of rapid RNase L activity. This suggests that it is critical 
for cells to limit viral replication levels while building additional 
innate immune defense mechanisms. In the absence of rapid acti-
vation of RNase L, the higher levels of viral RNAs and viral pro-
teins in cells may overwhelm the cell’s defense mechanisms, 
allowing the viruses to escape immune surveillance and clearing. 
Furthermore, it is tempting to speculate that IRF2-driven rapid 
activation is particularly important to protect cells infected with 
fast-replicating viruses. Indeed, other defense mechanisms may 
be activated too late to efficiently protect the cells after the virus 
has altered the cell biology to its advantage, including innate 
immunity downregulation, or has already replicated and been 
released from the cells.

 In addition to IRF2, we showed that the IFN pathway further 
induces OAS3 expression through the phosphorylation of the 
transcription factor STAT2 in response to foreign dsRNAs. This 
result is consistent with previous studies showing that OAS3 is 
an interferon-stimulated gene (ISG) ( 56 ). Based on ChIP-seq 
data, both STAT2 and IRF2 bind to the same region of the 
OAS3 promoter. However, it remains unclear whether IRF2 and 
STAT2 occupy the promoter simultaneously. It is possible that 
IRF2 and STAT2 either cooperate to enhance OAS3 expression 
in response to viral infection or act independently, being mutu-
ally exclusive on the promoter. Since STAT2- and IRF2-mediated 
OAS3 expression occurs independently of each other, this sug-
gests that cooperation between these transcription factors is not 
necessary. OAS3 expression was also reported to be regulated by 
STAT1 in response to enterovirus-A71 infection ( 57 ). It is con-
ceivable that akin to STAT2, STAT1 may promote OAS3 in 
certain viral infection contexts. Alternatively, siRNA targeting 
STAT1 used in this study could potentially target STAT2 as well, 
given their shared homologous sequences ( 58 ). Nevertheless, our 
findings obtained from CRISPR-Translate along with cell treat-
ment with JAK inhibitor showed minimal or no effect of the 
interferon response on RNase L activity in response to poly(I:C) 

or SINV infection when IRF2 is present in cells ( Figs. 1B   and 
 4J   and SI Appendix, Fig. S4 E  and F ). These results strongly 
support that IRF2 is the main driver of OAS3-mediated RNase 
L activation during viral infection and that STAT2-promoting 
OAS3 expression acts as an alternative pathway for the cells. 
Many viruses have developed resistance mechanisms to suppress 
RNase L activation. It is possible that cells have evolved two 
distinct pathways promoting OAS3 expression to counteract 
potential viral factors blocking RNase L through the downreg-
ulation of OAS3. However, future studies will be required to 
characterize possible resistance mechanisms employed by viruses 
blocking OAS3 expression.

 IRF2 is a transcription factor constitutively expressed in cells 
with dual functions. On the one hand, IRF2 negatively regulates 
IFN signaling by antagonizing IRF1 through competitive binding 
to the same promoter elements of IFNs and IFN-inducible genes 
( 59 ). On the other hand, IRF2 drives the expression of a few 
specific genes in cells, including RNase L, TAP1 ( 48 ), histone H4 
( 49 ), FAM111A ( 50 ), caspase 1/4 ( 47 ), and MHC-II ( 51 ). IRF2 
induces FAM111A, which has been shown to be important in 
inhibiting ZIKV replication ( 50 ), suggesting that IRF2 antiviral 
functions go beyond regulating RNase L for certain types of viral 
infections. IRF2 protects mice from lethal viral neuroinvasion 
caused by SINV ( 60 ). While mice deficient for IRF2 showed a 
clear increase in viral titer and pathologies associated with SINV 
infections, the dysregulation of type I IFN signaling did not cause 
accelerated disease and death in Irf2−/−  mice infected with SINV 
( 60 ). Our data revealed that ectopic expression of OAS3 was suf-
ficient to rescue IRF2-deficient cells infected with SINV ( Fig. 5E  ), 
further suggesting that IRF2’s protective role against SINV is 
mainly mediated through the regulation of RNase L. However, it 
is still unclear how IRF2 determines its pro- versus anti- 
transcriptional activity in cells. It is possible that different types 
of IRF2 DNA binding motifs or the presence of other specific 
transcription factors in close proximity govern IRF2’s ability to 
promote or suppress gene expression. However, future studies will 
be necessary to establish the mechanisms behind IRF2 pro- and 
anti-transcriptional activity.  

Methods

Plasmids. IRF2 and OAS3 cDNAs were synthesized by Gene Universal with 
either HA (IRF2) or Flag (OAS3) tag in the C terminus. The plasmids expressing 
IRF2- HA, IRF2K78R- HA, and OAS3- Flag were generated by inserting the cDNAs 
into a modified pBABE vector using the Gateway Cloning System (Thermo Fisher 
Scientific). IRF2- K78R mutant was constructed by site- directed mutagenesis. The 
OAS3 luciferase reporter plasmid was generated by cloning the OAS3 promoter 
region (TSS −1 to −900) into pGL3 basic luciferase reporter (Addgene #128046). 
IRF2 binding site deletion mutant (pGL3- OAS3Δ1–200) was constructed by site- 
directed mutagenesis.

Cell Culture. U2OS, HEK- 293FT, and Vero cells were cultured in DMEM sup-
plemented with 10% FBS, 1% L- glutamine, and 1% penicillin/streptomycin. 
A549 cells were maintained in DMEM/F12 GlutaMAX™- I supplemented with 
10 % FBS and 1 % penicillin/streptomycin. Cell lines were purchased from either 
ATCC or Sigma- Aldrich. A549- derived cell lines were generated by infecting A549 
cells with retrovirus expressing IRF2 or OAS3 (pBABE- puro retroviral vector) and 
selected with puromycin (0.5 µg/mL) for 72 h.

Viruses. SINV Ar- 339 strain was purchased from ATCC (#VR- 1585). Viral titer 
was determined by the plaque assay using Vero cells. Cells were plated into six 
wells, and the adsorption of the virus was performed for 1 h at 37 °C in 200 µL 
of virus diluted serum free DMEM. Then, Vero cells were overlaid with agarose 
(2 % in culture media), stained with crystal violet (0.2% crystal violet/25% EtOH), 
and counted to determine viral titer.

http://www.pnas.org/lookup/doi/10.1073/pnas.2412725121#supplementary-materials
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Viral Infection. U2OS or A549 cells were infected with SINV in serum- free 
medium at indicated MOI at 37 °C for 1 h for adsorption. Culture medium supple-
mented with 10% FBS and 1% penicillin/streptomycin was added postadsorption.

Cell Treatment. Poly(I:C)- LMW was purchased from InvivoGen (#tlrl- picw) and 
was transfected by forward transfection with Lipofectamine 2000 (Thermo Fisher 
Scientific, #11668019) at the indicated concentration and time according to the 
manufacturer’s instructions. For Surface sensing of translation (SUnSET) Assay 
(39), U2OS or A549 cells were treated with puromycin (10 μg/mL, MP Biomedicals 
#ICN10055210) for 10 min before fixation for analysis by immunofluorescence 
with an antibody against puromycin. Ruxolitinib (MedChemExpress # HY- 50856) 
and purified human Interferon- αA/D (Sigma- Aldrich #I4401) were added directly 
to the cells at the indicated concentration and time.

CRISPR- Translate. The CRISPR Knockout screening using the Brunello library (61) 
was performed following protocols provided by Addgene (Catalog #73179) and Dr. 
Feng Zhang lab (62) with adaptations. For Brunello library lentiviral pool production, 
293FT cells (Thermo Fisher Scientific, # R70007) were seeded in 150- cm2 culture 
dishes to have 70% confluency on the day of the transfection. The day after cell seed-
ing, 15 µg of Brunello library plasmid (Addgene, #73179) and lentivirus packaging 
vectors (8 µg of pRSV- Rev, 8 µg of pMDL/pRRE, and 3 µg of pMD2.6) were transfected 
using calcium phosphate transfection method (63). 48 h following transfection, cell 
supernatants were collected, filtered with 0.45 µm syringe filters (Genesee Scientific, 
#25- 246), and frozen in 1.5 mL aliquots at −80 °C.

The genome- wide CRISPR libraries were generated by transducing 140 million 
U2OS PKR KO cells with Brunello lentiviral pool at MOI of 0.3 to maintain at least 
500× library coverage after puromycin selection. The cells were split once after reach-
ing confluency during puromycin selection. Following 7 d of puromycin selection 
(0.75 µg/mL), 200 million cells were plated in 15 cm tissue culture dishes. The next 
day, the Brunello library harboring cells were transfected with poly(I:C) at 5 µg/mL 
using lipofectamine 2000 for 4 h. The cells were shifted to methionine- free media 
for 30 min followed by treatment with L- azidohomoalanine (AHA) (Vector Laboratory, 
#CCT- 1066) at 25 µM for 30 min. The cells were collected and fixed with ice- cold 
70% ethanol overnight. Next, the cells were labeled with a 488- tagged alkyne probe 
(Vector Laboratories, #CCT- 1277- 1) using click- It reaction (Vector Laboratories, #CCT- 
1263) according to the manufacturer’s protocol. The cells were then sorted on a FACS 
Aria Fusion into two populations: 488 positive cells and 30% of bottom 488 negative 
cells. 488 positive cells were subjected to a second round of sorting to eliminate any 
false 488- positive cells. Genomic DNA was isolated from both sorted cell populations 
using phenol–chloroform extraction method. Next sgRNA sequences were amplified 
using P5 primers with different numbers of stagger regions pooled together (for 
sequencing diversity) and P7 primers with unique barcode sequences using Q5 
High- Fidelity DNA Polymerase (New England Biolabs, #M0491) under the following 
PCR condition: an initial denaturation at 98°C for 30 s, followed by 10 s at 98 °C,  
30 s at 65 °C, 30 s at 72 °C for 32 cycles, and a final extension at 72 °C for 10 min. PCR 
products were gel extracted (Qiagen, #28706) and sequenced on a NovaSeq 6000 
platform [UCI Genomics High- Throughput Facility (GHTF)]. MAGeCK analysis was 
performed to find enriched gRNAs in the 488- positive population relative to the 
488- negative population (38). The sequences of the PCR primers used in this study 
are listed in SI Appendix, Table S1.

RNA Interference. siRNA transfections were performed by reverse transfection with 
Lipofectamine RNAiMax (Thermo Fisher Scientific, #13778150). siRNAs were pur-
chased from Thermo Fisher Scientific (Silencer Select siRNA). Cells were transfected 
with poly(I:C) or infected with viruses 40 h after siRNA transfection (4 to 8 nM). For effi-
cient knockdown, two siRNA targeting IRF2, STAT1, or STAT2 were transfected together. 
The sequences of the siRNAs used in this study are listed in SI Appendix, Table S2.

Antibodies. The antibodies used in this study are listed in SI Appendix, Table S3.

CRISPR- Cas9 Knockout Cells. PKR and RNase L and CRISPR- Cas9 knockout 
cell lines were performed by transfection with Lipofectamine CRISPRMAX of 
TrueGuide Synthetic CRISPR gRNA (Thermo Fisher Scientific, #CMAX00003) and 
TrueCut Cas9 Protein v2 (Thermo Fisher Scientific, #A36498) according to the 
manufacturer’s instructions. IRF2 KO cells, OAS3 KO cells, and PKR KO cell lines 
were generated by transfecting cells with the pSpCas9(BB)- 2A- Puro (PX458) plas-
mid containing gRNAs targeting each gene with FuGENE 6 Transfection Reagent 
(E2691; Promega). 24 h after transfection, GFP+ cells were sorted and selected. 

IRF2, PKR, RNase L, and OAS3 KO cells were validated by western blot. gRNA 
sequences used in this study are listed in SI Appendix, Table S4.

Immunofluorescence. Cells were fixed with paraformaldehyde (3% paraform-
aldehyde and 2% sucrose in 1×PBS) for 20 min, washed twice with 1×PBS, and 
permeabilized with a permeabilization buffer (1×PBS and 0.2% Triton X- 100) for 
5 min. Subsequently, cells were washed twice with 1×PBS and blocked in PBS- T 
(1×PBS and 0.05% Tween- 20) containing 2% BSA and 10% milk for 1 h. Cells 
were then incubated with the primary antibody diluted in 1×PBS containing 2% 
BSA and 10% milk at room temperature for 2 h. Coverslips were washed three 
times with PBS- T before incubation (1 h) with the appropriate secondary antibod-
ies conjugated to fluorophores (Alexa- 488 or Cy3). After three washes with PBS- T, 
cells were stained with DAPI (5 µg/mL, MilliporeSigma #D9542), and the cover-
slips were mounted using slow- fade mounting media (Thermo Fisher Scientific, 
# S36936). Images were captured using a Leica DMi8 THUNDER microscope.

Plaque Assay. A549 cells were infected with SINV in a serum- free medium at the 
indicated MOI. At 24 hpi, the supernatants were collected, diluted with serum- free 
medium, and used to infect Vero cells. The virus was adsorbed for 1 h at 37 °C, and cells 
were overlaid with agarose (2% in full media). After 2 d, cells were fixed with trichloro-
acetic acid (10 %) for 20 min, stained with crystal violet (0.2% crystal violet/25% EtOH), 
and the number of plaques formed was counted to determine viral titer.

Bioanalyzer. Total RNA was extracted from cells using the Quick- RNA MiniPrep 
Kit (Zymo Research, # R1055) according to the manufacturer’s instructions. The 
amount of total RNA was measured by NanoDrop (Thermo Fisher Scientific) and 
then diluted to 5 ng/μL. RNA samples were run on Bioanalyzer 2100 (Agilent) 
using the Eukaryote Total RNA Pico kit (Agilent, # 5067- 1513).

RT- qPCR. Total RNA was extracted from cells using the Quick- RNA MiniPrep 
Kit (Zymo Research, #R1055) according to the manufacturer’s instructions. 
Following extraction, total RNA was reverse transcribed using the High- Capacity 
cDNA Reverse Transcription Kit (Thermo Fisher Scientific, #4368813). RT products 
were analyzed by RT- qPCR using SYBR Green (PowerUp SYBR Green Master Mix, 
Thermo Fisher Scientific, #A25743 in a QuantStudio 3 Real- Time PCR detection 
system (Thermo Fisher Scientific). For each sample tested, the levels of indicated 
mRNA were normalized to the levels of Actin mRNA. The qPCR primers used in 
this study are listed in SI Appendix, Table S5.

Chromatin Immunoprecipitation. ChIP experiments were performed using 
the SimpleChIP Enzymatic Chromatin IP kit (Cell Signaling, #9003), following 
the Manufacturer’s protocol as previously described (64). In brief, A549 cells 
were fixed with 1% formaldehyde for 10 min at room temperature, followed by 
quenching with glycine for 5 min. The cells were then lysed, and the chromatin 
was fragmented by enzymatic digestion using Micrococcal Nuclease (20 min at 
37 °C). IgG, IRF2, or STAT2 antibodies were incubated with 5 μg of digested and 
cross- linked chromatin for 16 h at 4 °C. Protein G magnetic beads were added for 
an additional 2 h. After immunoprecipitation, chromatin–protein complexes were 
eluted from protein G magnetic beads and reverse cross- linked. Eluted DNA was 
purified and used for qPCR and sequencing. Library generation and sequencing 
were performed by the UCI Genomics High- Throughput Facility (GHTF) on an 
Illumina NovaSeq platform. For ChiP- seq analysis of IRF2 and STAT2, raw reads 
were processed using STAR aligner (65) and aligned to the human genome 
GRCh38/hg19. Visualization was performed using Integrative Genomics Viewer.

The ChiP sequencing data generated in this study have been deposited in the 
NCBI Sequence Read Archive, using the Bioproject Accession: PRJNA1125024. The 
sequences of ChiP- qPCR primers used in this study are listed in SI Appendix, Table S5.

Luciferase Assay. U2OS cells were transfected with pGAL backbone, pGL3- OAS3, 
or pGL3- OAS3Δ1- 200 plasmids using FuGENE 6 Transfection Reagent (Promega, 
# E2691). 24 h after transfection, the cells were collected and lysed to measure 
the activity of Firefly and Renilla luciferase using the Dual- Luciferase® Reporter 
Assay System (Promega, # E1910).

Data, Materials, and Software Availability. Sequencing data have been 
deposited in NCBI (PRJNA1125024) (66).
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