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The 2′,5′-oligoadenylate (2-5A) synthetase (OAS)–RNase L system
is an IFN-induced antiviral pathway. RNase L activity depends on
2-5A, synthesized by OAS. Although all three enzymatically active
OAS proteins in humans—OAS1, OAS2, and OAS3—synthesize
2-5A upon binding dsRNA, it is unclear which are responsible for
RNase L activation during viral infection. We used clustered regu-
larly interspaced short palindromic repeats (CRISPR)–CRISPR-asso-
ciated protein-9 nuclease (Cas9) technology to engineer human
A549-derived cell lines in which each of the OAS genes or RNase
L is knocked out. Upon transfection with poly(rI):poly(rC), a syn-
thetic surrogate for viral dsRNA, or infection with each of four
viruses from different groups (West Nile virus, Sindbis virus, in-
fluenza virus, or vaccinia virus), OAS1-KO and OAS2-KO cells syn-
thesized amounts of 2-5A similar to those synthesized in parental
wild-type cells, causing RNase L activation as assessed by rRNA deg-
radation. In contrast, OAS3-KO cells synthesized minimal 2-5A, and
rRNA remained intact, similar to infected RNase L-KO cells. All four
viruses replicated to higher titers in OAS3-KO or RNase L-KO A549
cells than in parental, OAS1-KO, or OAS2-KO cells, demonstrating the
antiviral effects of OAS3. OAS3 displayed a higher affinity for dsRNA
in intact cells than either OAS1 or OAS2, consistent with its dominant
role in RNase L activation. Finally, the requirement for OAS3 as the
major OAS isoform responsible for RNase L activation was not re-
stricted to A549 cells, because OAS3-KO cells derived from two other
human cell lines also were deficient in RNase L activation.
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Critically important to understanding antiviral innate immu-
nity is determining which host proteins are responsible for

inhibiting different types of viruses. However, there are signifi-
cant gaps in our knowledge about the specificity of many host
antiviral proteins. The 2′,5′-oligoadenylate (2-5A) synthetase
(OAS)–RNase L system (reviewed in ref. 1) is a case in point.
OASs are pattern-recognition receptors for viral dsRNA, a com-
mon pathogen-associated molecular pattern for many types of
RNA and DNA viruses. In humans, there are four OAS genes, all
stimulated by IFN, but only three of these encode catalytically
active proteins. OAS1, OAS2, and OAS3 contain one, two, and
three core OAS units, respectively, but all three enzymes synthe-
size 2-5A from ATP upon binding dsRNA (2). OASL, containing
one basic unit plus two ubiquitin-like domains, does not synthesize
2-5A but instead activates RIG-I signaling in response to dsRNA
(3). In addition, OASs are structurally homologous to cGAS, a
sensor of cytoplasmic DNA, often of microbial origin, that pro-
duces 2′,5′-cGMP-AMP activators of STING leading to type I IFN
production (4).
The only well-established function of 2-5A is to activate RNase

L, causing endonucleolytic cleavage of viral and cellular ssRNAs,
thereby blocking viral replication. Many viruses encode antago-
nists of the OAS–RNase L pathway, providing evidence that
RNase L is a potent antiviral protein (1, 5, 6). However, far

less clear is which of the catalytically active OAS species are
responsible for suppressing different types of viral infections in
human cells. The main obstacle has been the absence of OAS-
KO models, other than for murine Oasl1 (7) and Oasl2 (8). Also,
although some genetics studies conclude that polymorphisms in
OAS1 are associated with susceptibility to West Nile virus
(WNV) (9), prostate cancer (10), diabetes (11), multiple scle-
rosis (12), and other pathological conditions, there is little, if any,
evidence that this susceptibility is mediated through RNase L.
To study the impact of different OAS species on different

viruses, we used clustered regularly interspaced short palin-
dromic repeats (CRISPR)–CRISPR-associated protein-9 nucle-
ase (Cas9) gene-editing technology, which allows the convenient
and efficient disruption of genes in mammalian cells (13, 14).
Our results provide the surprising conclusion that, among the
catalytically active forms of OAS proteins, OAS3 is mainly re-
sponsible for producing 2-5A activators of RNase L during in-
fections by a wide range of different types of human viruses.

Results
Ablation of Different OAS Species Reveals a Role for OAS3 in the
Cellular Response to dsRNA. To investigate the relative antiviral
activities of different OAS species, we used CRISPR-Cas9
technology to construct human lung carcinoma A549 cell lines
individually lacking OAS1, OAS2, OAS3, or RNase L (13, 14).
We selected two cell lines for each genotype, verified the
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interruption of each gene in each cell line by DNA sequencing
(Tables S1–S3), and then verified the absence of protein ex-
pression by Western blot (Fig. 1A). Because each pair of cell
lines had the same phenotypes, we show data for only one. We
initially used poly(rI):poly(rC) (pIC) as a surrogate for viral
dsRNA to induce activation of the OAS–RNase L pathway by
monitoring rRNA degradation as an index of RNase L activation
(15, 16). As expected, following the transfection of cells with
250 ng/mL of pIC, rRNA was degraded in parental A549 cells
[RNA integrity number (RIN) = 5.8] but remained intact in cells
lacking expression of RNase L (RIN = 10) (Fig. 1B). Surpris-
ingly, the 18S and 28S rRNAs also remained intact in pIC-
transfected cells lacking OAS3. In contrast rRNA degradation in
pIC-transfected OAS1-KO and OAS2-KO cells was similar to
that in pIC-transfected WT cells. As a control, cleavage of rRNA
was restored by stable expression of Flag-tagged OAS3 in the
OAS3-KO cells (Fig. S1 A and B). We next determined the
minimal amount of pIC required to induce enough 2-5A for
RNase L-mediated degradation of rRNA (Fig. 1C). At very high
concentrations (5–20 μg/mL) of pIC, rRNA degradation was
barely detectable in OAS3-KO cells (at 20 μg; RIN = 8.1). In
contrast, WT cells showed much higher levels of rRNA degra-
dation at pIC concentrations as low as 250 ng/mL (RIN = 5.8).
These results indicate that OAS3 is largely responsible for the
RNase L-mediated degradation of rRNA in response to pIC,
whereas OAS1 and/or OAS2 have only a minimal effect.

Role for OAS3 in the Activation of RNase L During Infection by Diverse
RNA and DNA Viruses. We next investigated which OAS genes are
responsible for virus induction of RNase L activity. Initially, we
infected both parental A549 and RNase L-KO cells with a va-
riety of viruses representing diverse viral groups. Many viruses
encode inhibitors of the OAS–RNase L pathway and do not acti-
vate RNase L, at least in some cell types. Among the viruses we
tested were the picornaviruses Theiler murine encephalomyocar-
ditis virus (TMEV) and encephalomyocarditis virus (EMCV), the
bunyavirus La Crosse virus (LACV), the rhabdovirus vesicular

stomatitis virus (VSV), the paramyxovirus Sendai virus (SeV), and
the arenavirus lymphocytic choriomeningitis virus (LCMV). All
failed to generate detectable levels of RNase L-mediated rRNA
cleavage in A549 cells, indicating minimal or no activation of
RNase L (Fig. S2). Thus, we were unable to use these viruses to
probe the activation of RNase L. However, four other viruses from
diverse groups, including three RNA viruses and one DNA virus,
were able to activate RNase L in A549 cells and were used for
further studies.
Parental A549 and OAS-KO cells were infected with Sindbis

virus (SINV) a human alphavirus with a positive-stranded RNA
genome, at a multiplicity of infection (MOI) of 1 pfu per cell,
and at 24 h post infection (hpi) were assessed for rRNA degra-
dation (Fig. 2A). Similar to the findings with pIC-induced RNase
L activation, rRNA degradation was not observed in OAS3-KO
cells or in RNase L-KO cells but was robust in infected cells
lacking OAS1 or OAS2 expression and in WT A549 cells. The
levels of 2-5A present in infected cells were measured by RNase
L activation in an in vitro FRET-based assay (17). During SINV
infections 2-5A accumulated to similar levels in OAS1-KO, OAS2-
KO, RNase L-KO, and WT cells (Fig. 2B). However, consistent
with the rRNA degradation results, 2-5A failed to accumulate in
OAS3-KO cells, suggesting minimal OAS activity during infection
in cells lacking OAS3 (Fig. 2 A and B). It is important to note that
OAS1 and OAS2 mRNA and proteins were induced by SINV
infection in OAS3-KO cells (Fig. S3 A and B) but were unable to
compensate for loss of OAS3 and produce detectable 2-5A to
promote RNA degradation (Fig. 2). Starting at 12 hpi, viral titers in
cells lacking OAS1, OAS3, or RNase L were higher than in pa-
rental A549 or OAS2-KO cells. Interestingly, at 36 hpi viral titers
were 30-fold higher in OAS3-KO cells than in parental A549 cells,
and titers in OAS1-KO cells were significantly lower than in OAS3-
KO cells (Fig. 2C).
Infections of WT and OAS3-KO cells were carried out with

another human positive-stranded RNA virus, a flavivirus, the
Kunjin strain of WNV (MOI = 5 pfu per cell), and at 24 hpi cells
were assessed for rRNA degradation (Fig. 3A). The results were

Fig. 1. Activation of RNase L by pIC in A549 cells
requires OAS3 expression. (A) OAS1-, OAS2-, OAS3-,
and RNase L-KO A549 cells were mock-treated or
treated with IFN-β (1,000 U/mL) overnight. Cells
were lysed, and proteins were analyzed by immu-
noblotting with antibodies against OAS1, OAS2,
OAS3, RNase L, and GAPDH. (B and C ) WT and KO
cells were transfected with 0.25 μg/mL of pIC (B) or
OAS3-KO cells were transfected with increasing
doses of pIC (0–20 μg/mL) (C ), and RNase L-KO and WT A549 cells were transfected with 20 μg/mL and 0.25 μg/mL of pIC, respectively. At 4 hpi cells were
lysed, and RNA integrity was assessed with a Bioanalyzer. The positions of 18S and 28S rRNA are indicated.

Fig. 2. Activation of RNase L during SINV infection of A549 cells requires OAS3 expression. (A) WT A549 and KO cells were infected with SINV (MOI = 1 pfu
per cell), and at 24 hpi cells were lysed and RNA integrity was assessed. The positions of 18S and 28S rRNA are indicated. (B) Cells were infected with SINV (MOI =
1 pfu per cell), and at 24 hpi intracellular levels of 2-5A were quantified by FRET assay. (C) Cells were infected with SINV (MOI = 1 pfu per cell), and at the
indicated time points infectious virus in the supernatant was titered by plaque assay on Vero cells. The data are from three biological replicates and are
expressed as means ± SD; *P < 0.05, **P < 0.01, ***P < 0.001.
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similar to those obtained with SINV, in that rRNAs were intact
in cells lacking OAS3 as well as in RNase L-KO cells at 24 hpi.
Consistent with this observation, intracellular 2-5A levels
increased in infected WT, OAS1-KO, OAS2-KO, and RNase
L-KO cells but not in infected OAS3-KO cells (Fig. 3B). Rep-
lication of WNV was assessed at several times post infection in
each cell type. At 24 and 36 hpi, viral titers in RNase L-KO cells
were about 100-fold higher than in parental (WT) cells, and
OAS3-KO cells had titers 20-fold higher than in parental cells at
36 hpi. Titers in OAS1- and OAS2-KO cells at 36 hpi also were
higher than in parental cells but were significantly lower than in
OAS3-KO cells (Discussion). Thus, a dependence on OAS3 ex-
pression for RNase L activation was observed for both WNV and
SINV virus.
We carried out similar infections with two viruses from different

groups, influenza A virus (IAV), a negative-stranded RNA virus
with a segmented genome, and vaccinia virus (VACV), a poxvirus
with a large DNA genome. WT IAV encodes the NS1 protein, an
RNA-binding protein that inhibits the OAS–RNase L pathway
(18); thus for these experiments we used an NS1 mutant of IAV
(the mouse-adapted H1N1 strain A/PR/8/34), which activates the
OAS–RNase L pathway in A549 cells (19, 20). Similar to our ob-
servations with WNV and SINV, cleavage of rRNA by RNase L
occurred only in IAVΔNS1-infected parental A549, OAS1-KO,
and OAS2-KO cells, whereas rRNA remained intact in IAV-
infected OAS3-KO and RNase L-KO cells (Fig. 4A). Furthermore,
there was no 2-5A accumulation in IAVΔNS1-infected cells lack-
ing OAS3 (Fig. 4B). After 24 h of infection with IAVΔNS1, cells
lacking OAS3 or RNase L had viral titers ∼10-fold higher than
those in parental cells or in cells lacking OAS1 or OAS2 (Fig. 4C).
WT VACV inhibits OAS activation through the E3L RNA-

binding proteins (21, 22). As with the other three viruses, following
infection with VACVΔE3L the cleavage of rRNA by RNase L as
well as the accumulation of intracellular 2-5A depended on the
presence of OAS3 but not on OAS1 or OAS2 (Figs. 5 A and B).
Viral titers were 12-fold higher in the absence of OAS3 or RNase L
(Fig. 5C), indicating that OAS3-dependent activation of RNase L
restricts VACV replication. The overexpression of OAS3 in OAS3-
KO cells restores RNA degradation and 2-5A production (Fig. S1)
during IAV and VACV infections as well as following pIC trans-
fections, as is consistent with our findings that 2-5A production and

rRNA degradation are dependent on OAS3 expression in A549
cells and that the OAS3-KO cells are competent to activate
RNase L.

Activation of RNase L in HT1080 Cells That Express OAS1 p46 Is Also
Dependent on OAS3. OAS1 has a polymorphism causing the syn-
thesis of splice variants to produce either p42 or p46 isoforms of
OAS1 (23). A549 cells are homozygous for the gene that encodes
the OAS1 p42 splice variant. We wanted to determine if the p46
isoform of OAS1 was similar to the OAS1 p42 in its relative lack
of effect as compared with OAS3 during viral infections. Thus,
we used the CRISPR-Cas9 techniques and the same guide RNAs
to construct a similar set of cells with ablation of expression of
OAS1, OAS2, OAS3, and RNase L in HT1080 cells, a human
fibrosarcoma-derived cell line that is heterozygous for OAS1
genes that encode the splice variants p42 and p46 (23, 24). Se-
quencing of cellular DNA in the HT1080 cell lines indicated
insertion or deletion mutations in the targeted genes (Table S3),
and the OAS1, OAS2, OAS3 and RNase L knockouts were
confirmed at the protein-expression level by Western blots. Ex-
pression of OAS1 p46 is greater than that of OAS1 p42 in
HT1080 cells (Fig. 6A). We transfected the HT1080 cells with
pIC (Fig. S4A) or infected the cells with WNV (Fig. 6B) and
found that the levels of rRNA degradation in cells lacking OAS1
or OAS2 were similar to those in parental HT1080 cells, whereas
rRNA remained intact in cells lacking OAS3. The viral titers
from OAS3-KO HT1080 cells were ninefold higher than those
from parental HT1080 cells (Fig. 6C). Thus, as with A549 cells,
after infection with WNV, the loss of OAS1 or OAS2 had no
detectable effects on the activation of RNase L, but OAS3 was
required for the activation of RNase L. Similar results were
obtained using pIC transfection in human mammary epithelial
(HME) cells (p42 only) (Fig. S4B) and in VACVΔE3L infections
(Fig. S4C). Thus the requirement for OAS3 expression was common
to the three cell lines tested (A549, HT1080, and HME).

OAS3 Has a Higher Affinity for dsRNA than Do OAS1 and OAS2. To
investigate why OAS3 was required for activation of RNase L
and why OAS1 and OAS2 were insufficient, we compared the
interactions of each protein with pIC in intact cells. Thus, A549
cells were transfected with plasmids expressing Flag-tagged
versions of OAS1 p42, OAS1 p46, OAS2, or OAS3 and 48 h

Fig. 3. Activation of RNase L during WNV infection
of A549 cells requires OAS3 expression. (A) WT A549
and KO cells were infected with WNV (MOI = 5 pfu
per cell), and at 24 hpi RNA integrity was assessed.
(B) WT A549 and KO cells were infected with WNV
(MOI = 5 pfu per cell), and at 24 hpi 2-5A intracellular
levels were quantified by FRET assay. (C) Cells were
infected with WNV (MOI = 1 pfu per cell), and at the
indicated time points infectious virus in the super-
natant was titered by plaque assay. The data are
from three biological replicates and are expressed as
means ± SD; *P < 0.05, **P < 0.01, ***P < 0.001.

Fig. 4. Activation of RNase L during IAVΔNS1 in-
fection of A549 cells requires OAS3 expression.
(A) WT A549 and KO cells were infected with
IAVΔNS1 (MOI = 10), and at 24 hpi RNA integrity
was assessed. (B) Cells were infected with IAVΔNS1
(MOI = 1 pfu per cell), and at 24 hpi 2-5A intracellular
levels were quantified by FRET assay. (C) Cells were
infected with IAVΔNS1 (MOI = 1 pfu per cell), and at 24
hpi infectious virus in the supernatants was titered by
plaque assays. The data are from three biological rep-
licates and are expressed as means ± SD; **P < 0.01.
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were later were transfected with biotinylated pIC. Three hours
after pIC transfection, cells were lysed, and complexes were
purified on streptavidin-coupled beads. The bound proteins
were separated by denaturing PAGE and were probed in
Western blots with antibodies directed against the Flag epi-
tope. Although OAS1 and OAS2 were barely detected after
20-min exposure, OAS3 was clearly present in pIC-bound
complexes after only 5 min of exposure (Fig. 7A). These data
suggest that OAS3 has a higher affinity for synthetic dsRNA
than do OAS1 p42, OAS p46, or OAS2 and are consistent with
a prior report (25). A similar experiment was carried out using
IFN treatment to up-regulate endogenous OAS proteins. After
transfection with biotinylated pIC and purification, proteins in
complexes were separated by denaturing gel electrophoresis
and were immunoblotted with antisera directed against each
OAS. Although all species of OAS were detected in the
unfractionated cell lysate (input), OAS3 was the predominant
protein detected in the pIC-bound fraction; a trace amount of
OAS1 also was evident. Therefore, similar to the overex-
pressed OASs, endogenous OAS3 displayed a higher affinity
for pIC than did OAS1 or OAS2 (Fig. 7B).

Discussion
We used CRISPR-Cas9 technology to construct human cell lines
lacking expression of OAS1, -2, and -3 genes to determine which
OAS proteins are required for RNase L-dependent antiviral ac-
tivities. Using a diverse group of viruses as well as pIC, a synthetic
surrogate for viral dsRNA, we found that OAS3 expression is
necessary for activation of RNase L, as assessed by an rRNA
degradation assay. Upon infection or pIC transfection, cells
lacking OAS3 failed to synthesize detectable levels of 2-5A,
whereas cells lacking OAS1 or OAS2 were able to produce
amounts of 2-5A similar to those in the parental A549 cells. The
FRET-based assay that we used for 2-5A quantification is an in-
direct assay based on the ability of 2-5A to activate RNase L (17).
We conclude that OAS1 and OAS2 may be minimally activated,
if at all, during these viral infections, although the expression
levels of OAS1, OAS2, and OAS3 are up-regulated during IAV

infection (Fig. S3C). Furthermore, all three OAS mRNAs are
induced during SINV infection of A549 cells, and corresponding
proteins are detectable by immunoblotting at 24 hpi in WT or
OAS3-KO A549 cells (except that, as expected, OAS3 is not
expressed in OAS3-KO cells) (Fig. S3 A and B). Alternatively, it is
possible that OAS1 or OAS2 can synthesize forms of 2-5A that fail
to activate RNase L. For instance, the FRET assay will detect the
triadenylate 2′,5′-p3A3 but not the diadenylate 2′,5′-p3A2 because
only the former of these two compounds activates RNase L (17).
Thus, OAS3 was the dominant factor in the activation of RNase L
during infection with all four viruses tested, i.e., two positive-
stranded RNA viruses (WNV, a flavivirus, and SINV, an alphavi-
rus), a negative-stranded RNA orthomyxovirus (IAV), and a
DNA poxvirus (VACV). This finding was not restricted to
A549 cells, because a similar dependence on OAS3 expression
was observed in two other human cell types, HT1080 and HME
cells (Fig. S4).
The antiviral effects of the OAS–RNase L pathway were

clearly demonstrated by comparing WT to RNase L- and OAS3-
KO cells for all four viruses (WNV, SINV, IAV, and VACV).
There was at least a 10-fold increase in viral titer in cells lacking
either RNase L or OAS3 as compared with parental A549 cells.
However, WNV also replicated to higher titers in cells lacking
OAS1 expression and to a lesser extent in OAS2-KO cells as
compared with parental A549 cells. Similarly, SINV virus also
replicated to higher titers in cells lacking OAS1 expression,
suggesting that OAS1 has antiviral activities, although 2-5A
or RNase L-mediated rRNA cleavage could not be detected in
virus-infected OAS3-KO cells, which produce both OAS1 and
OAS2. Thus, OAS1 and OAS2 may be less effective than OAS3
in producing 2-5A during viral infections, or viral countermea-
sures against OAS1 and OAS2 may be more effective than viral
antagonism of OAS3. The latter explanation seems less likely,
because as the same results were obtained using four diverse viruses
that might be expected to have different antagonism patterns.
Interestingly, in overexpression studies OAS1 and OAS3, but

not OAS2, were able to inhibit Dengue virus infection in A549
cells by an RNase L-dependent pathway (26). Similarly porcine

Fig. 5. Activation of RNase L during VACVΔE3L
infection of A549 cells requires OAS3 expression.
(A) WT A549 cells and KO cells were infected with
VACVΔE3L (MOI = 10 pfu per cell), and at 24 hpi RNA
integrity was assessed. (B) Cells were infected with
VACVΔE3L (MOI = 1 pfu per cell), and at 24 hpi 2-5A
intracellular levels were quantified by FRET assay.
(C) Cells were infected with VACVΔE3L (MOI = 1 pfu
per cell), and at 24 hpi infectious virus in the super-
natants was titered by plaque assays on BHK21 cells.
The data are from three biological replicates and are
expressed as means ± SD; **P < 0.01.

Fig. 6. Activation of RNase L during WNV infection of HT1080 cells requires OAS3 expression. (A) OAS1-, OAS2-, OAS3-, and RNase L-KO HT1080 cells were
mock-treated or were treated with IFN-α (2,000 U/mL) overnight. Proteins were analyzed by immunoblotting with antibodies against OAS1, OAS2, OAS3, and
RNase L. (B) Cells were infected with WNV (MOI = 20 pfu per cell), and at 24 hpi RNA integrity was assessed. (C) Cells were infected WNV (MOI = 1 pfu per cell),
and at the indicated time points infectious virus from the supernatant was titered by plaque assay. The data are from three biological replicates and are
expressed as means ± SD; *P < 0.05, ***P < 0.001.
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OAS1 overexpression was more able to restrict Japanese en-
cephalitis virus replication than porcine OAS2 (27). Over-
expression of OAS3 restricted replication of Chikungunya virus
(like SINV, an alphavirus) in HeLa cells (28), consistent with our
finding that SINV replicated to a higher titer in OAS3-KO cells
than in WT A549 cells (Fig. 3C). All these studies are consistent
with our results and suggest that, although endogenous levels of
OAS1 are not sufficient to activate RNase L, at least not as
monitored by rRNA cleavage, overexpressed OAS1 may produce
enough 2-5A to activate RNase L during virus infection.
A polymorphism in the OAS1 gene (rs10774671 SNP) results

in the synthesis of splice variants, p42 or p46. Cells may be of the
AA genotype, synthesizing p42, GG synthesizing p46, or AG,
synthesizing both proteins (23). It has been reported that the AA
genotype is associated with higher susceptibility to WNV in-
fection and with progressive hepatitis C virus disease and that
p46, when overexpressed, inhibits the replication of several fla-
viviruses in cell culture (9). Because A549 cells have the AA
genotype and produced only OAS p42, we constructed similar
knockout cells lines using parental HT1080 cells with the AG
genotype. The phenotype of this series of cells was similar to that
in corresponding A549-KO cells. Following transfection with
pIC or viral infection, OAS3 expression was required for the
activation of RNase L, but OAS1 and OAS2 were insufficient.
Similar data were obtained with HME cells (encoding OAS1
p42). Thus, OAS3, a protein originally identified more than 30 y
ago through protein purification efforts (29), was the dominant
enzyme for the activation of RNase L in three cell types tested.
During infections in vivo, when some infected cells may pro-

duce large amounts of IFN, the level of expression of OAS
genes, like other IFN-stimulated genes, is induced as shown in

Western blots (Figs. 1A and 6A and Fig. S3). Thus, it is possible
that later in infection the levels of OAS1 and OAS2 might be high
enough to produce enough 2-5A to activate RNase L even in the
absence of OAS3. However, when OAS3-KO cells were pretreated
with IFN before infection with WNV, there was no detectable
RNase L activation (Fig. S5A), despite the up-regulation of OAS1
and OAS2 during viral infection (Fig. S3). Although virus repli-
cated to a higher titer in OAS3-KO cells than in WT cells, IFN
treatment reduced titers to the same level in WT and OAS3-KO
cells (Fig. S5B). Therefore, although RNase L was activated in
IFN-treated WT cells, other IFN-induced antiviral proteins com-
pensated for the loss of OAS3 in OAS3-KO cells.
In previous studies comparing murine cell types, we found that

RNase L is activated primarily in myeloid cells during infection
with a murine coronavirus mutant. Similar to our current find-
ings in human epithelial cells, pretreatment with IFN reduced
the titer of infectious virus in all cell types regardless of whether
RNase L was activated. In the murine system, IFN was not
necessary to up-regulate OAS gene-expression levels to activate
RNase L. Indeed, high basal levels of OAS expression were crucial
to RNase activation L (30). Little is known about the basal levels of
OAS gene expression in human cells and whether activation of
RNase L is cell type-dependent, as it is in the murine system.
Two recent reports (31, 32) and an older one (33) have sug-

gested that OAS3 is more active than OAS1 in synthesizing 2-5A.
Recombinant OAS3 is activated at a lower concentration of
dsRNA than is OAS1, and on average the 2-5As synthesized by
OAS3 are longer than those synthesized by OAS1 and clearly are
of sufficient length to activate RNase L (31). An early study of the
enzymatic activity of purified OAS1 and OAS3 (then referred to as
“33-kDa” and “110-kDa” OASs, respectively) also concluded that
OAS3 is activated at lower RNA concentrations and that the two
enzymes have different pH optima, suggesting that they may func-
tion under different conditions within cells (33). Differential sub-
cellular localization has been reported among the OAS proteins
(23, 26) and could influence their relative contributions to RNase L
activation. In addition, a study that included the crystal structure of
the N-terminal enzymatically inactive 2-5A synthetase domain of
OAS3 (hOAS3.DI) in complex with 19-bp dsRNA indicated that

Fig. 7. OAS3 binds to dsRNA with higher affinity than do OAS1 or OAS2 in
intact cells. (A) A549 cells were transfected with empty vector (mock) or
plasmids encoding Flag-tagged OAS1 p42, OAS1 p46, OAS2, or OAS3 and
then were transfected with pIC-biotin. Streptavidin bead pull downs or
proteins were carried out and were analyzed by immunoblotting with anti-
Flag antibody. The blot was exposed for 5 or 20 min. Immunoblots without
pull down show input levels of OAS proteins and GAPDH loading and
transfer control. The additional, faster-migrating band in the p46 lanes is
most likely a breakdown product of p46. (B) A549 cells were treated with
IFN-β (1,000 U/mL) and then were transfected with pIC-biotin. Streptavidin
bead pull down of pIC-biotin bound proteins was carried out and probed by
immunoblotting with antibodies against OAS1, OAS2, and OAS3. Input
levels of proteins are also shown. Thirty-fold more protein was used for pull
down compared with input protein on the immunoblot.

Fig. 8. The OAS–RNase L pathway. Upon detection of viral dsRNA during
infection with diverse human viruses (WNV, SINV, IAVΔNS1, VACVΔE3L), OAS3
produces 2-5A, which activates RNase L. RNase L degrades cellular and viral
RNA, leading to the restriction of virus replication. [Modified with permission
from ref. 25 and with permission from ref. 36; http://www.sciencedirect.com/
science/journal/10972765.]
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this domain I (DI) subunit has high affinity for the binding of long
(>50 bp) dsRNA, which then is presented to the enzymatically
active C-terminal domain III (DIII) of OAS3 that produces 2-5A
from ATP. In contrast, OAS1 can bind short or long dsRNA
equally well but with lower affinity than OAS3 (25).
Our data demonstrate that OAS3 is the primary protein syn-

thesizing 2-5A to activate RNase L during infections with four
diverse viruses and in different cell types. Furthermore, our
studies using viral infections in cells deficient in different OAS
proteins validate a previous model for OAS activation (Fig. 8)
(25). Viral dsRNA is sensed primarily by OAS3 as it binds ini-
tially to DI, spanning the subunits, and activates DIII to syn-
thesize 2-5A, which in turn activates RNase L. RNase L restricts
virus replication and spread directly by cleaving viral RNA and
indirectly by its effects on host mRNA and subsequently on
protein synthesis and its promotion of apoptosis (34, 35). The
conservation of the catalytic domains in OAS1 and OAS2 during
mammalian evolution suggests important biological functions
that have yet to be defined fully, possibly including minor or
supporting roles in restricting viral infections. Indeed WNV and
SINV show enhanced replication in OAS1-KO and OAS2-KO
cells at some time points, and there may be similar or additional

effects in other cell types. Further investigation of the RNase
L-dependent and possible RNase L-independent activities of
OAS1 and OAS2 as well as differences among cell types in rel-
ative levels of OAS1, OAS2, and OAS3 gene expression and
activity are important aims for future studies.

Materials and Methods
OAS and RNase L-KO cell lines were constructed with CRISPR-Cas9 gene editing
using A549, HT1080, and HME cells. Parental and KO cells lines were assessed by
Western immunoblots for OAS and RNase L protein expression with or without
pIC transfection or infection. Parental and KO cells were transfected with pIC
and with a group of diverse viruses and were assessed for activation of RNase L,
intracellular levels of 2-5A, and virus replication. All these techniques are de-
scribed in SI Materials and Methods. Primer sequences for Fig. S3A are listed
in Table S4.
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