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SUMMARY There is currently no knowledge of how the emerging human pathogen
Zika virus (ZIKV) interacts with the antiviral endoribonuclease L (RNase L) pathway
during infection. Since activation of RNase L during infection typically limits virus
production dramatically, we used CRISPR-Cas9 gene editing technology to knockout
(KO) targeted host genes involved in the RNase L pathway to evaluate the effects of
RNase L on ZIKV infection in human A549 cells. RNase L was activated in response
to ZIKV infection, which degraded ZIKV genomic RNA. Surprisingly, despite viral ge-
nome reduction, RNase L activity did not reduce ZIKV infectious titers. In contrast,
both the flavivirus dengue virus and the alphavirus Sindbis virus replicated to signifi-
cantly higher titers in RNase L KO cells compared to wild-type (WT) cells. Using
MAVS/RNase L double KO cells, we demonstrated that the absence of increased ZIKV
production in RNase L KO cells was not due to compensation by enhanced type I in-
terferon transcripts to thus inhibit virus production. Finally, when synthetic double-
stranded RNA was detected by OAS3 to induce RNase L antiviral activity prior to
ZIKV infection, we observed reduced ZIKV replication factory formation, as well as a
42-fold reduction in virus yield in WT but not RNase L KO cells. This study proposes
that ZIKV evades RNase L antiviral activity by generating a viral genome reservoir
protected from RNase L cleavage during early infection, allowing for sufficient virus
production before RNase L activation is detectable.

IMPORTANCE With the onset of the 2015 ZIKV outbreak, ZIKV pathogenesis has
been of extreme global public health interest, and a better understanding of interac-
tions with the host would provide insight into molecular mechanisms driving the se-
vere neurological outcomes of ZIKV disease. Here is the initial report on the relation-
ship between ZIKV and the host oligoadenylate synthetase-RNase L (OAS-RNase L)
system, a potent antiviral pathway effective at restricting replication of diverse vi-
ruses. Our study elucidated a unique mechanism whereby ZIKV production is imper-
vious to antiviral RNase L activity, through a mechanism of viral RNA protection that
is not mimicked during infection with numerous other RNase L-activating viruses,
thus identifying a distinct replication strategy potentially important for ZIKV patho-
genesis.
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The introduction of Zika virus (ZIKV) into the Western hemisphere in 2015 triggered
an epidemic spanning the Americas (1). There were several remarkable character-

istics of this outbreak that had not previously been linked to ZIKV, notably sexual and
vertical transmission of the virus, the latter of which can cause severe neurological
sequelae in the developing fetus (2–4). While many studies have compared character-
istics of recent outbreak strains from the Asian lineage with those of older ZIKV strains
of the African lineage (5), the molecular determinants involved in pathogenesis and
cellular tropism to confer transplacental migration or sexual transmission have yet to be
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mapped. An improved understanding of ZIKV interaction with the host on a molecular
level will provide essential information for development of antiviral strategies not only
against ZIKV infection but also to combat other important human-pathogenic flavivi-
ruses.

In addition to ZIKV, the Flaviviridae family is comprised of other prominent
mosquito-borne human viruses, including West Nile virus, yellow fever virus, Japanese
encephalitis virus, and dengue virus (DENV). After entering the cell by endocytosis, the
viral polyprotein is translated from the positive-sense single-stranded RNA (ssRNA)
genome containing a single open reading frame (ORF), and cleaved into 10 proteins.
The negative-sense antigenome is synthesized from the RNA genome and used as a
template for generation of positive-strand progeny genome (6) in a process that
involves generation of double-stranded RNA (dsRNA) intermediates. Flavivirus replica-
tion occurs within invaginations of the endoplasmic reticulum (ER), deemed replication
factories (RFs), which result from extensive virus-induced ER membrane and cytoskel-
etal remodeling (7–9). After virus particle assembly, also within ER vesicles, virus buds
into the ER lumen and exploits the host secretory pathway for release from the plasma
membrane. Polyprotein translation and processing, and assembly of progeny virus all
occur in close proximity to RFs, for spatial coordination, as well as simultaneous evasion
of host detection throughout the virus replication cycle (10).

Flavivirus subversion of the type I interferon (IFN) pathway is well described (11, 12)
and includes reports of degradation of STAT2 and subsequent reduction of IFN signal-
ing during ZIKV infection of human cells (13–16). The relationship between ZIKV and
the oligoadenylate synthetase-RNase L (OAS-RNase L) pathway has yet to be investi-
gated, although there are reports of other flaviviruses sensitive to this pathway (17, 18).
The OAS-RNase L pathway is initiated by detection of the viral replication intermediate
dsRNA by OAS sensors (Fig. 1). While there are three human OAS isoforms with
enzymatic function, we have previously shown that the OAS3 isoform is the predom-
inant mediator of antiviral effects during infections of human cells with a variety of
viruses (19). OAS3 generates 2=,5=-phosphodiester-linked oligoadenylates (2-5A) from
ATP, which bind RNase L to trigger homodimerization and nucleolytic activation (20).
This results in a milieu of antiviral effects, including protein translation inhibition as a
result of cellular rRNA (rRNA) and mRNA degradation and inhibition of viral replication
and translation due to viral ssRNA cleavage, as well as the induction of inflammation
(21) and apoptosis (22–24). This pathway is highly effective in inhibiting replication of
RNA and DNA viruses, and previous findings from our lab revealed that virus resistance

FIG 1 OAS-RNase L pathway. Viral replication intermediate dsRNA is detected in the cytoplasm of an
infected cell by host OAS3 receptors, which synthesize the small molecule 2-5A. The molecule 2-5A binds
and activates RNase L, which homodimerizes and targets host and viral ssRNA for cleavage, resulting in
the inhibition of viral replication.
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to RNase L activity can dictate cellular tropism (25, 26), valuable information in the
context of ZIKV.

Our present study demonstrates the atypical occurrence of RNase L-mediated
degradation of ZIKV genome in the absence of any restriction of ZIKV production. We
reveal that only under conditions of artificial RNase L activation prior to ZIKV infection
is RNase L capable of facilitating potent antiviral effects on ZIKV production. To
emphasize the uniqueness of ZIKV circumvention of activated RNase L function, we
employ the related flavivirus DENV and the alphavirus Sindbis virus (SINV) as controls
known to exhibit susceptibility to RNase L antiviral activity (17, 19, 27).

RESULTS
ZIKV infection activates the OAS-RNase L pathway. We first assessed the rele-

vance of the host OAS-RNase L pathway (Fig. 1) to ZIKV infection using A549 cells,
which are human lung epithelial cells easily modified using clustered regularly inter-
spaced short palindromic repeat (CRISPR)-Cas9 gene editing technology to knockout
(KO) specific target genes in this pathway. To determine whether the ZIKV replication
intermediate dsRNA was detected by OASs to activate RNase L, we infected wild-type
(WT) A549 cells with ZIKV and at various times postinfection examined rRNA cleavage,
a hallmark of RNase L activation. We initially assessed both MR766 and Puerto Rico 2015
(PR) strains to determine whether there were any discrepancies in activation of this
pathway between the African and Asian lineages, using SINV as a control for strong
RNase L activation (19). At the earlier time point of 16 h postinfection (hpi) rRNA
cleavage was not yet detected; however, at 24 and 40 hpi robust degradation of 28S
and 18S rRNA was observed (Fig. 2A), indicating that ZIKV activated RNase L between
16 and 24 hpi. We did not observe any differences between strains and thus proceeded
with the ZIKV PR strain for all future infections. To confirm rRNA cleavage was a direct
result of RNase L activation, we showed that rRNA remained intact in ZIKV-infected
A549 cells with either OAS3 or RNase L CRISPR-Cas9-mediated gene knockouts (OAS3
KO or RNase L KO), which we also verified using SINV infection as a control (Fig. 2B). In
addition, rRNA cleavage was maintained during ZIKV or SINV infection of A549 cells
with STAT1 or STAT2 gene knockouts (STAT1 KO or STAT2 KO) (Fig. 2B), demonstrating
RNase L activation by both viruses in the absence of type I IFN signaling. Cleavage of
rRNA was also observed in ZIKV-infected MAVS KO cells, but not in RNase L KO or
MAVS/RNase L double KO (DKO) cells, further establishing RNase L catalytic activity as
independent of type I IFN responses during ZIKV infection.

Activated RNase L reduces ZIKV genome levels. In addition to targeting cellular
RNA, RNase L restricts viral replication by cleaving viral ssRNA; therefore, we investi-
gated the effect of activated RNase L on ZIKV genomic RNA levels by Northern blotting
for ZIKV genome. To thoroughly ascertain RNA status, we designed probes that bind
distinct NS2B, NS4a, or NS5 regions of the genome but which should each detect the

FIG 2 ZIKV infection activates the OAS-RNase L pathway. (A) A549 cells were mock infected or infected with ZIKV
MR766, ZIKV PR, or SINV at an MOI of 1, and RNA was harvested at the indicated times postinfection and analyzed
by using an Agilent bioanalyzer for rRNA degradation. (B) A549 cells (WT or KO) were infected with ZIKV PR or SINV
at an MOI of 1, and at 24 hpi RNA was harvested and analyzed by using an Agilent bioanalyzer for rRNA
degradation. DKO, MAVS/RNase L double KO. Two different RNase L KO clones were assessed (representative data
are shown). The data shown are representative of two to three experiments.
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10.8-kb full-length genome. With each probe and at each time postinfection, genomic
RNA levels were reduced in WT cells compared to RNase L KO cells (Fig. 3A). We
compared effects on ZIKV genome levels to those of DENV, another related flavivirus,
and SINV, both of which are sensitive to RNase L antiviral activity. Examining viral
genome over time, we first detected ZIKV RNA at low levels in WT cells at 18 hpi, shortly
before we observed robust RNase L activation during ZIKV infection (Fig. 2A), after
which genome diminished and was barely visible by 32 hpi (Fig. 3B). In RNase L KO cells,
genome abundance at 18 hpi increased throughout 32 hpi, consistent with RNase L
cleavage of ZIKV genome in the WT cells, resembling that of SINV and DENV at later

FIG 3 Activated RNase L reduces ZIKV genome levels. (A) A549 cells were mock infected or infected with ZIKV at an MOI of 10, and RNA was harvested at 24
or 30 hpi and analyzed by Northern blotting with probes designed to detect the indicated coding regions of the ZIKV genome. (B) A549 cells were infected
with ZIKV, SINV, or DENV at an MOI of 10, and RNA was harvested at the indicated times postinfection for analysis by Northern blotting with virus
genome-specific probes. (C) A549 cells were infected with ZIKV, SINV, or DENV at an MOI of 1, and RNA was harvested at the indicated times postinfection for
qRT-PCR for viral RNA expression. The cycle threshold (CT) values were normalized to 18S rRNA to generate ΔCT values (ΔCT � CT gene of interest – CT 18S rRNA).
Technical triplicates were averaged and displayed using the equation 2–ΔCT. Statistical significance was determined by two-way ANOVA; the means of three
replicates � the SD are shown (**, P � 0.01; ****, P � 0.0001). (D) A549 cells were infected with ZIKV at an MOI of 1, and at the indicated time points the cells
were fixed and stained with a FISH probe detecting positive-strand ZIKV genome (red) before immunofluorescence staining with anti-ZIKV NS3 (green) primary
antibody and anti-mouse Alexa Fluor 488 secondary antibody and DAPI (blue) for nuclei. Scale bar, 50 �m. Two different RNase L KO clones were assessed;
representative images are shown. The data shown are representative of two experiments.
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time points (Fig. 3B). In addition, quantitative reverse transcription-PCR (qRT-PCR)
analysis demonstrated significant increases in RNA levels of ZIKV, SINV, and DENV in
RNase L KO cells compared to WT at 24 and 30 hpi and as early as 18 hpi in
SINV-infected cells (Fig. 3C). To visually confirm effects of RNase L on the ZIKV genome,
we used fluorescence in situ hybridization (FISH) to detect ZIKV genome in infected WT
and RNase L KO cells and immunofluorescent staining of the ZIKV NS3 protease as a
marker for sites of replication. At 16 hpi before RNase L activation, similar levels of
genome were detected during ZIKV infection in WT and RNase L KO cells; however, at
20 and 24 hpi, after which RNase L is activated in WT cells, genomic RNA accumulated
throughout infected RNase L KO cells but not in WT cells (Fig. 3D). Due to poor
sensitivity of RNA detection by Northern blotting compared to qRT-PCR and FISH,
infections for Northern blotting were conducted at a higher MOI (an MOI of 10 for
Northern blotting in Fig. 3A and B versus an MOI of 1 in qRT-PCR and FISH assays in Fig.
3C and D), potentially resulting in variations in RNA temporal expression between the
different assays. However, the pattern of genome expression over time between WT
and RNase L KO cells was consistent among the different assays for each virus
evaluated.

RNase L activation does not impair ZIKV replication. We next assessed how RNase
L activation and its cleavage of cellular and viral RNAs during ZIKV infection would
affect ZIKV infectious particle production over time by measuring viral titers from
supernatants of A549 cells infected with ZIKV at a low MOI to permit examination of
multiple rounds of replication over a 72-h period. Surprisingly, despite a reduction in
ZIKV genome levels in WT cells compared to RNase L KO (Fig. 3), viral titers were not
increased in RNase L KO cells. Instead, ZIKV titers were significantly decreased, albeit
modestly, in RNase L KO cells compared to WT (Fig. 4A). These results were consistently
observed at different MOIs as well as in two clones of RNase L KO cells (representative
data for one clone shown). Due to the remarkably contradictory effect of activated

FIG 4 RNase L activation does not impair ZIKV replication. Supernatants were collected from infected cells at the indicated times
postinfection and titrated on Vero cells for determination of the viral titer in PFU/ml over time postinfection. (A) A549 cells were infected
with ZIKV PR at MOIs of 0.01 and 0.1. Two different RNase L KO clones were assessed, and representative titers from one clone are shown.
(B) HT1080 cells infected with ZIKV PR at an MOI of 0.1. (C) A549 cells infected with DENV at MOIs of 0.01 and 0.1. (D) A549 cells infected
with SINV at an MOI of 0.1. Statistical significance was determined by two-way ANOVA; the means of three replicates � the SD are shown
(**, P � 0.01; ***, P � 0.001; ****, P � 0.0001). The data shown are representative of two to three experiments.
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RNase L on ZIKV replication levels in comparison to any other RNase L-activating virus
we have evaluated (19, 25), we confirmed the lack of RNase L-mediated inhibition of
ZIKV replication in HT1080 cells, another human cell line, and again observed a failure
of RNase L to limit ZIKV replication (Fig. 4B). In contrast to ZIKV infection, SINV and
DENV titers were significantly increased in RNase L KO cells compared to WT by 8 or 48
hpi, respectively (Fig. 4C and D), consistent with previous findings (17, 19).

Since activated RNase L targets host mRNAs for cleavage in addition to viral RNA, we
considered that lower than expected ZIKV titers in RNase L KO cells may be the result
of increased type I IFN transcript levels in the absence of RNase L cleavage (28).
Increased type I IFN responses could subsequently dampen any increases in ZIKV titers
that KO of RNase L may provide. However, we found that in A549 cells with targeted
KO of key components of the type I IFN production or signaling pathways, namely
STAT1, STAT2, or MAVS, as well as in MAVS/RNase L DKO cells, ZIKV titers were not
enhanced over those of WT cells (Fig. 5), demonstrating that type I IFN is effectively
antagonized by ZIKV and not responsible for lagging viral titers in RNase L KO cells.

RNase L activation does not inhibit ZIKV protein synthesis. Since degradation of
host and viral RNA had no effect on ZIKV infectious particle production, we investigated
protein translation arrest, another consequence of RNase L activation, as potentially
antagonized by ZIKV to block RNase L antiviral activity. Degradation of cellular RNA by
RNase L inhibits global protein translation to limit viral infection, although many viruses
that induce cellular protein translation arrest have found ways to concurrently maintain
viral protein synthesis (29, 30). Inhibition of protein translation during ZIKV infection
has been previously described (29, 31); we therefore investigated whether translation
arrest was mediated by RNase L, and, if so, whether ZIKV nascent protein synthesis was
affected by activation of RNase L. We infected WT or RNase L KO A549 cells with ZIKV,
and at different time points postinfection treated cells with puromycin, which is
incorporated into nascent protein, before harvesting whole-cell lysate. Coomassie blue
staining for preexisting total cellular and viral protein, as well as Western blotting for
GAPDH (glyceraldehyde-3-phosphate dehydrogenase) protein, from both WT and
RNase L KO cells over time confirmed equal amounts of total protein abundance in
each sample (Fig. 6) (32, 33). Western blotting for puromycin expression revealed a
decline in de novo cellular protein over time in ZIKV-infected WT and RNase L KO cells
(Fig. 6). However, expression of the viral protease NS3, a component of the viral
replication complex, increased over time in both cell types, indicating that protein
translation arrest during ZIKV infection is independent of RNase L activity and has no
effect on viral protein expression.

Activation of RNase L prior to ZIKV infection impairs viral replication and
infectious particle production. ZIKV genome is synthesized within RFs at perinuclear

FIG 5 Type I IFN production and signaling does not impair ZIKV replication. Supernatants were collected
from infected cells at the indicated times postinfection and titrated on Vero cells for determination of
viral titer in PFU/ml over time postinfection. (A) A549 WT, STAT1 KO, or STAT2 KO cells infected with ZIKV
PR at an MOI of 0.1. (B) A549 WT, MAVS KO, RNase L KO, or MAVS/RNase L DKO infected with ZIKV PR
at an MOI of 0.1. The statistical significance was determined by two-way ANOVA; the means of three
replicates � the SD are shown. No significance found from 24 to 72 hpi between titers from WT and any
KO cells is displayed. The data shown are representative of two experiments.
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ER membrane invaginations, which are proximal to virus assembly sites also within ER
folds. We sought to determine whether RFs protect genome from cleavage by activated
RNase L. To evaluate the importance of RF formation in resistance to RNase L activation,
we transfected cells with the synthetic dsRNA poly(rI)-poly(rC) [pIC] for 2 h to induce
RNase L activation prior to infection with ZIKV. At the indicated times postinfection, we
compared RF assembly and viral titers in pIC-treated cells to those without pIC
treatment, the latter of which activate RNase L by 22 hpi as measured by rRNA
degradation (Fig. 7A and B). We were unable to detect any transfected pIC with the
anti-dsRNA J2 antibody (Scicons) by immunofluorescent staining, likely due to a
combination of the low concentration of pIC used (250 ng/ml) and the length of time
posttransfection of pIC at which we were evaluating dsRNA expression. Using ZIKV
dsRNA as a marker for RFs and protein disulfide isomerase (PDI) to label the ER, at 16
hpi dsRNA ER localization characteristic of ZIKV RFs was detectable in both WT and
RNase L KO cells without pIC treatment, whereas in pIC-treated cells RFs were detect-
able in the RNase L KO cells but not in WT cells (Fig. 7C). By 24 hpi, after which RNase
L is activated by ZIKV alone, we again detected dsRNA in both WT and RNase L KO cells
without pIC; however, once more only in the RNase L KO cells could RF assembly
overcome pIC pretreatment, indicating that impaired RF formation at both time points
was a result of early RNase L activation and not due to RNase L-independent host
responses induced by pIC (Fig. 7C). This correlates with the absence of any antiviral
effects of type I IFN production and signaling on ZIKV infectious particle production
(Fig. 5A and B). In addition, dsRNA expression was only absent in WT cells where RNase
L was activated prior to ZIKV infection and not in WT cells with RNase L activation
induced naturally by virus infection, indicating that RF assembly is required to occur
prior to RNase L activation during ZIKV infection to preserve genome replication (Fig.
7C). In agreement with dsRNA staining, viral titers in WT cells pretreated with pIC were
significantly reduced (42-fold at 28 hpi) compared to those in WT cells without pIC (Fig.
7D). ZIKV titers in RNase L KO cells were unaffected by pIC treatment and only displayed
the slight attenuation consistently observed between RNase L KO cells and WT cells
independent of pIC pretreatment (Fig. 7D). To further ascertain absence of any type I
IFN-mediated reduction in viral titers in the WT cells, pIC treatment of MAVS KO cells
before ZIKV infection significantly decreased ZIKV production, whereas pIC treatment of
MAVS/RNase L DKO cells had no effect on ZIKV titer, confirming RNase L as the sole
mediator of ZIKV restriction (Fig. 7E).

FIG 6 RNase L activation does not inhibit ZIKV protein synthesis. A549 cells were seeded onto six-well
plates and mock infected or infected with ZIKV at an MOI of 5 for 14, 20, or 28 h; 10 �g/ml puromycin
was then added to the cells for incorporation into de novo-synthesized protein for 10 min before whole
protein lysates were harvested. Next, 30 �g of protein was loaded onto SDS-PAGE gels for Western
blotting, followed by probing with anti-puromycin at 1:6,000 (Millipore, MABE342) for cellular and viral
nascent protein and anti-ZIKV NS3 1:1,000 (GeneTex, GTX133309) for changes in viral protein expression.
Loading controls were provided by Coomassie blue staining for preexisting total protein, as well as by
staining for anti-GAPDH (1:1,000; Thermo Fisher MA5-15738). The data shown are representative of two
experiments.
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DISCUSSION

Numerous studies with diverse viruses have established the paradigm that activated
RNase L degrades viral ssRNA, as well as host rRNA and mRNA, leading to restriction of
viral replication and spread (34). Indeed, as demonstrated here, SINV and DENV

FIG 7 Activation of RNase L prior to ZIKV infection impairs viral replication and infectious particle production. (A) Overview of panels B, C, D, and E. A549 WT
and RNase L KO cells and (in panel E) MAVS KO and RNase L/MAVS DKO cells were transfected with or without pIC for 2 h before infection at an MOI of 1 with
ZIKV PR or mock infected. Downstream assays included rRNA cleavage assay, immunofluorescence staining, and analysis of viral replication kinetics by plaque
assay, all at the indicated times postinfection. (B) RNA was harvested at 2, 16, and 22 hpi for rRNA cleavage analysis by using an Agilent bioanalyzer. (C) Cells
were fixed at either 16 or 24 hpi for staining with anti-dsRNA (green) and anti-PDI ER marker (red) primary antibodies and then anti-mouse Alexa Fluor 488
and anti-rabbit Alexa Fluor 594 secondary antibodies and DAPI (blue) for nuclei. Scale bar, 50 �m. (D) Supernatants were titrated on Vero cells to determine
viral titers in PFU/ml over time postinfection; the statistical significance displayed was determined by two-way ANOVA comparing WT with or without pIC (**,
P � 0.01; ****, P � 0.0001) or RNase L KO with or without pIC (ns). The means of three replicates � the SD are shown. (Results for 28 hpi, WT without pIC versus
RNase L KO without pIC [****, P � 0.001] and WT with pIC versus RNase L KO with pIC [**, P � 0.01] are not displayed.) (E) Supernatants from 28 hpi were titrated
on Vero cells to determine viral titers in PFU/ml over time postinfection; the statistical significance displayed was determined by using a Student t test (**, P �
0.01). The means of three replicates � the SD are shown. DKO, MAVS/RNase L double KO. The data shown are representative of two to three experiments.
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undergo RNase L-mediated genome cleavage and are significantly limited in replica-
tion. We detected decreased ZIKV genome in infected WT cells compared to RNase L KO
cells by Northern blotting, FISH staining, and qRT-PCR analysis for ZIKV RNA (Fig. 3). We
were therefore surprised to discover that infectious ZIKV release into the supernatant
of infected WT cells was unrestricted despite RNase L-mediated cleavage of viral
genome. Instead, WT cells produced slightly higher levels of virus compared to RNase
L KO cells (Fig. 4A and B), suggesting that ZIKV assembly and exit from the cell were not
only unaffected by RNase L activation, but even slightly defective without RNase L
expressed. Our data suggest that ZIKV genome synthesized within perinuclear RFs was
protected from cleavage by activated RNase L (Fig. 3D), thereby permitting the efficient
virion production exhibited by viral replication curves (Fig. 4), while extraneous ZIKV
RNA outside RFs is accessible to activated RNase L and thus degraded (Fig. 3).
Interestingly, the related flavivirus DENV also establishes RFs at ER invaginations upon
infection (7). However, our data suggest that these RFs may not provide equal protec-
tion as those in ZIKV infection, since we observe a reduction of replication during DENV
infection of WT cells compared to RNase L KO cells (Fig. 4C), indicative of sensitivity to
RNase L activity and suggestive of a unique mechanism of ZIKV tolerance to RNase L
antiviral activity.

All positive-strand RNA viruses form RFs for the basic purpose of maximizing a
confined concentration of viral proteins and genome to complete the replication cycle
efficiently. ZIKV and other flaviviruses likely form RFs not only for the productive
coupling of replication, translation, and assembly at the ER and eventual ease of
secretory pathway appropriating for trafficking to the plasma membrane but also as a
protective compartment for all aforementioned activities to transpire undetected by
host antiviral sensors (10). Recent structural characterization of ZIKV RFs identified
narrow pores in the RF open to the ER lumen (8). This provides explanation for the
eventual availability of dsRNA in the cytoplasm where it must at some point be
detected by OAS3 to activate RNase L, as well as how excess ZIKV genome “escapes”
into RNase L-accessible cytoplasmic compartments for subsequent cleavage (Fig. 3, WT
versus RNase L KO). The aforementioned study also described differences between the
composition of cytoskeletal proteins remodeled to generate RFs during infection with
ZIKV and DENV, in particular in the perinuclear region, offering explanation for discrep-
ancies between RFs formed by ZIKV that shield genome from RNase L cleavage and
those formed by DENV that are not as protective from RNase L (8). Indeed, only after
pIC treatment to activate RNase L before ZIKV infection did we observe the expected
difference in ZIKV titers between WT and RNase L KO cells (Fig. 7D, dotted lines),
indicating ZIKV evasion of early RNase L activation as crucial for productive infection in
WT cells. It is likely that RF formation and associated localization of dsRNA and viral
genome throughout different stages of the virus replication cycle are determinants for
how effective the OAS/RNase L pathway is at limiting virus infection. Future studies will
focus on the variation in RF composition and formation between ZIKV and other
flaviviruses to enable protection of dsRNA and genome from OAS3 and RNase L,
respectively, to allow for productive virus assembly.

Many viruses have evolved specific mechanisms and in some cases specific proteins
(coronaviruses, rotaviruses, and Theiler’s virus) to evade the antiviral effects of RNase L
(35–39), which we suggest is at least in part because RNase L can be activated even
while IFN signaling is antagonized (Fig. 2B) (40). Indeed, many diverse RNA (influenza
virus, coronaviruses, and hepatitis C virus [HCV]) and DNA (vaccinia virus and herpes-
virus) viruses antagonize the OAS-RNase L system (41), the majority of viruses targeting
upstream of RNase L homodimerization and activation as effects on genome down-
stream of that are typically devastating to virus production. In the present study, we
detected protein translation arrest during ZIKV infection and, although it was indepen-
dent of RNase L, there was no inhibition of viral protein translation (Fig. 6). Some HCV
strains have evolved resistance to activated RNase L by removal of RNase L cleavage
sites from the viral genome (42–44). In addition, one study suggests that some reovirus
strains replicate more efficiently in the presence of RNase L due to RNase L-mediated
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inhibition of host protein translation to provide a more suitable environment for
reovirus replication (45), although further studies are required to assess RNase L
activation and function in reovirus-infected cells (46). Thus, to our knowledge, ZIKV is
the only virus to date that robustly activates RNase L during infection but subsequently
avoids its antiviral effects at the protein level despite degradation of genome.

We identified OAS3 as the required isoform for mediating RNase L activation during
ZIKV infection (Fig. 2B), which is in agreement with our preceding study establishing
the importance of the OAS3 isoform in particular in detection of viral dsRNA from
diverse virus families (19). While OAS proteins can be upregulated by type I IFN
production and signaling, we established here that RNase L activation during ZIKV
infection occurs independent of type I IFN production and signaling, revealed by the
presence of rRNA degradation in infected STAT1 KO, STAT2 KO, and MAVS KO cells (Fig.
2B), which is consistent with our previous findings in primary murine cells (40). KO of
STAT1, STAT2, or MAVS from A549 cells also had no effect on ZIKV replication compared
to WT cells (Fig. 5A and B), and pIC-induced IFN responses caused only a transient delay
in ZIKV replication in RNase L KO cells (Fig. 7D), all of which combined with previously
published studies indicate strong antagonism of the type I IFN pathway by ZIKV
(13–16). Thus, these findings suggest that basal OAS3 levels in ZIKV-infected A549 cells
are sufficient for detection of ZIKV dsRNA and subsequent activation of RNase L even
when the type I IFN pathway is antagonized during viral infection.

In addition to targeting viral RNA and host machinery utilized by the virus to limit
replication, RNase L has also been shown to cleave abundant host mRNAs, which can
include type I IFN transcript, therefore KO of RNase L may increase the abundance of
these transcripts to thereby boost activation of innate immune pathways (28). Despite
the strong evidence for ZIKV antagonism of type I IFN responses, we considered the
possibility that in the absence of RNase L cleavage of RNA, increases in type I IFN mRNA
to subsequently enhance type I IFN production and downstream antiviral responses
could potentially reduce ZIKV titers in RNase L KO cells to those of WT cells. In particular,
we were interested determining the cause of the consistently observed minor, yet
significant, decrease in ZIKV titers in the absence of RNase L compared to in WT cells,
which contradicted the canonical outcome of RNase L activation on virus production.
However, using both MAVS KO and MAVS/RNase L DKO cells, we confirmed that MAVS
signaling had no detectable effect on ZIKV titers in the presence or absence of RNase
L activity (Fig. 5B), correlating with the aforementioned data indicating ZIKV evasion of
type I IFN responses. These findings are also in agreement with a recently published
study indicating that production of type I, as well as type III, IFNs are spared from RNase
L-mediated translation inhibition, providing additional explanation for the lack of
difference in ZIKV titers between infected RNase L KO and MAVS/RNase L DKO cells (47).

A mechanism for a possible proviral role of RNase L during ZIKV infection is therefore
focus of ongoing investigation, specifically its involvement in assembly of RFs during
early infection, prior to its catalytic activation around 20 hpi (Fig. 2A). While RNase L
antiviral nuclease activity is well understood, fewer efforts have focused on RNase L
noncatalytic function, although there have been several accounts of RNase L interaction
with the cytoskeleton. Latent RNase L interaction with the actin cytoskeleton, namely
the scaffolding protein Filamin A, inhibits viral entry, and this interaction is disrupted by
activation of RNase L (48). In the context of ZIKV infection, a potential latent RNase
L-cytoskeletal interaction could improve replication by aiding in RF formation rather
than prevent it, consistent with other viruses that engage cytoskeletal components to
enable viral life cycle events (49, 50).

This study reveals a striking inconsistency between intracellular ZIKV genome levels
and infectious virus production in the context of RNase L activity. Our data suggest that
during ZIKV infection, the formation of replication factories is essential for replication
and optimal virus production. In addition to providing a center for coordinated RNA
synthesis, translation, and virus assembly, RFs establish a physical barrier shielding viral
products from host innate immune sensors, thereby limiting antiviral activity. This
presently unique feature of ZIKV permits efficient virus assembly and release from
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infected cells despite RNase L activation and cleavage of viral genome. It is likely that
RNase L cleaves accessible, excess viral genome disseminated throughout the cyto-
plasm, while an essential genome reservoir is protected within the perinuclear repli-
cation and assembly sites. Further efforts will evaluate the importance of ZIKV assembly
of RFs to protect against activated RNase L and other host RNA sensors in primary
human cells.

MATERIALS AND METHODS
Cell culture. A549 cells were grown in Roswell Park Memorial Institute medium 1640 (Gibco, 11875)

supplemented with L-glutamine, 100 U/ml penicillin, 100 �g/ml streptomycin (Gibco), and 10% (vol/vol)
fetal bovine serum (FBS; HyClone). Vero cells were grown in Dulbecco modified Eagle medium (DMEM;
Gibco, 11965) supplemented with 4.5 g/liter D-glucose, 10% FBS, 10 mM HEPES, 1 mM sodium pyruvate,
and 50 �g/ml gentamicin (Gibco). HEK 293T cells were cultured in DMEM supplemented with 10% FBS
and 1 mM sodium pyruvate. HT1080 cells were cultured in DMEM supplemented with 10% FBS.

Viruses. Zika virus isolate MR766 (GenBank accession no. KX377335) was obtained from Robert Tesh,
University of Texas Medical Branch, Galveston, TX, and propagated in Vero cells. Zika virus 2015 Puerto
Rico isolate PRVABC59 (KX377337) and Dengue virus type 2 (DENV2; New Guinea C, BEI Resources) were
obtained from Scott Hensley, University of Pennsylvania, Philadelphia, and were propagated in Vero cells.
Sindbis virus Girdwood (G100) was obtained from Mark Heise, University of North Carolina, Chapel Hill,
and was prepared as previously described (51).

rRNA cleavage assay. A549 cells were infected with the indicated virus at a multiplicity of infection
(MOI) of 1 or 5 for the indicated number of hours. Cells were harvested in RLT buffer (RNeasy minikit;
Qiagen) and lysed through a QIAshredder (Qiagen). Total RNA was extracted and analyzed on RNA
microchips using an Agilent 2100 BioAnalyzer (25, 52).

qRT-PCR. A549 cells were seeded into 12-well plates and the next day infected with the indicated
virus at an MOI of 1 for the indicated number of hours. Cells were harvested in RLT buffer (RNeasy
Plus minikit; Qiagen), lysed through a QIAshredder (Qiagen), and DNase treated. Total RNA was
extracted, and 200 ng of RNA was reverse transcribed into cDNA with SuperScript III 4 (Invitrogen).
cDNA was amplified using virus-specific qRT-PCR primers, iQ SYBR Green Supermix (Bio-Rad), and the
QuantStudio 3 PCR system (Thermo Fisher). The ZIKV NS5 gene was amplified with the forward
(5=–3=) primer ACTTGGTGGTGCAGCTTATC and the reverse (3=–5=) primer CACTTTCTCTGGCTTCCT
CAA. The SINV nsP4 gene was amplified with the forward primer CACTGAGCGACTGCTTTCAGG and
the reverse primer TAGTTCGCCGGTACACTGCTGG. The DENV NS5 gene was amplified with the
forward primer GTCCTCTGCGTGACTCAAGTGTTG and the reverse primer AAACCTCCCTGGATTTCCTT
CCCAC. The 18S rRNA gene was amplified with the forward primer TTCGATGGTAGTCGCTGTGC and
the reverse primer CTGCTGCCTTCCTTGAATGTGGTA. Cycle threshold (CT) values were normalized to
18S rRNA to generate ΔCT values (ΔCT � CT gene of interest – CT 18S rRNA). Technical triplicates were
averaged and displayed using equation 2–ΔCT.

Northern blotting. A549 cells were seeded into six-well plates and the next day infected with the
indicated virus at an MOI of 10 for the indicated number of hours. Cells were harvested in RLT buffer
(RNeasy minikit; Qiagen) and lysed through a QIAshredder (Qiagen). Total RNA was extracted, and 5 to
12 �g of RNA was resolved on a formaldehyde gel. Before transfer, the gel was stained with ethidium
bromide (EtBr) to visualize 28S and 18S rRNA bands using UV light in a Bio-Rad Gel Doc to ensure equal
loading of all RNA samples. The gel was then incubated in 50 mM NaOH–10 mM NaCl for 20 min at room
temperature and transferred to a nylon membrane (Hybond-N�; Amersham) using capillary transfer
overnight. Probes were generated against viral RNA of interest and horseradish peroxidase (HRP)-
conjugated with an enhanced chemiluminescence (ECL) direct nucleic acid labeling and detection
system (GE, RPN 3001). RNA was UV cross-linked to the nylon membrane and hybridized with the
indicated probes overnight at 40°C. Probes for detection of ZIKV were generated by labeling restriction
enzyme-digested plasmids expressing ZIKV protein NS2b, NS4a, or NS5. These plasmids—
pLV_Zika_NS2B_Flag, pLV_Zika_Flag_NS4a, and pLV_Zika_NS5_Flag—were gifts from Vaithi Arumugas-
wami (Addgene, catalog numbers 79637, 79636, and 79639, respectively). Probes for detection of SINV
and DENV were made by labeling PCR product after gel isolation. The SINV nsP4 gene was amplified with
the forward (5=–3=) primer CATGATCGATCTCGACACGTCGAAAGAG and the reverse (3=–5=) primer TAAG
CATCGTACTCGTCGCTCGAGTATC. The DENV NS5 gene was amplified with the forward primer ATGCTC
CTAGTCCTCTGCGTGAC and the reverse primer AGTATGACCAGCCTCCTCTGCC. The hybridized RNA was
visualized by chemiluminescence using the ECL direct nucleic acid labeling and detection system and an
Amersham Imager (GE). RNA band of interest size was determined by alignment of the chemiluminescent
image of the nylon membrane with a UV light image of the same nylon membrane to visualize prior EtBr
staining of the RNA transferred from the gel, using the known sizes of the 28S and 18S rRNAs as size
markers.

RNA fluorescence in situ hybridization. A549 cells were seeded onto eight-well chamber slides
(EMD Millipore) and the next day infected with ZIKV PR at an MOI of 1 for the indicated number of hours.
Cells were fixed with 10% formalin for 30 min at room temperature, dehydrated, rehydrated, treated with
protease, and stained with fluorescent labels specific to positive-strand ZIKV genome (catalog no.
521511) using an RNAscope fluorescent multiplex reagent kit (Advanced Cell Diagnostics, Inc.). After FISH
staining, the slides were rinsed with water and then phosphate-buffered saline (PBS) before blocking
with bovine serum albumin (BSA) for immunofluorescent staining (see “Immunofluorescence Assays”
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below). ZIKV genomic RNA was imaged with the Amp 4 Alt B fluorescence option with excitation at
550 nm and emission at 580 nm at �60 magnification on a Nikon Ti2E fluorescence microscope.

Generation of KO cell lines using CRISPR-Cas9 gene editing. Single guide RNAs (sgRNA) were
generated by designing oligonucleotide sequences (IDT) targeting human STAT1 or STAT2 genes. The
STAT1 forward (5=–3=) primer sequence was CACCGGCAGCTTGACTCAAAATTCC, and the reverse (3=–5=)
primer was AAACGGAATTTTGAGTCAAGCTGCC, targeting exon 3. The STAT2 forward primer was CACC
GGGTGCAGCTGATCCTGAAAG, and the reverse primer was AAACCTTTCAGGATCAGCTGCACCC, targeting
exon 2 (53). Oligonucleotides were annealed, phosphorylated, and inserted into BsmBI-digested pLenti-
CRISPR v1 (Addgene) (53). pLenti-CRISPR-sgSTAT1 and pLenti-CRISPR-sgSTAT2 plasmids were confirmed
by sequencing. Pseudolentiviruses were packaged in HEK 293T cells using psPAX2 and pCMV-VSV-G
plasmids, as previously described (19). Supernatants harvested 48 h later were used to generate STAT1
and STAT2 KO single cell clones by limited dilution in A549 cells. Knockout of STAT1 or STAT2 protein
expression was confirmed by Western blotting and DNA sequencing. STAT1 sequencing from WT cells
generated sequence for the 82.72-kDa full-length amino acid product with sequence “. . .QLDSKFLEQV
HQL. . .,” while the STAT1 KO product was 2.64 kDa with the amino acid sequence “. . .QLDSKFPGAGS
PAL” before termination, the bolded letters indicating the altered sequence. The STAT2 sequencing from
WT cells generated the 93.17-kDa full-length product with amino acid sequence “MAQWEMLQNLDSPF
QDQLHQLYSHSLLPVDIRQYLAVWIEDQNWQEAALGSDDSKATMLF. . .,” whereas sequencing from STAT2 KO
cells generated the product “MAQWEMLQNLDSPSFTRTASCLWTFDSTWLSGLKTRTGRKLHLGVMIPRLPC
YSSTSWIS” of only 6.6 kDa before early termination. OAS3 KO, RNase L KO (two clones), and MAVS/RNase
L DKO A549 cells, as well as HT1080 KO cells, were generated as previously described (19, 22).

Virus replication curves. Cells were seeded into 24-well plates and infected the next day at the
indicated MOI in triplicate. After 1 h of incubation of cells with virus at 37°C, virus was removed, and cells
were washed three times with PBS before the addition of 1 ml of complete medium. At the indicated
times postinfection, 150 �l of the supernatant was harvested and stored at – 80°C until titration, and
150 �l of complete medium was replaced in each well so that all time points from one replicate
contained supernatant from the same infected well throughout the time course.

Plaque assays. Virus supernatant from infected cells was serially diluted in DMEM supplemented
with 2% FBS and added to Vero cell monolayers in six-well plates. Plates were incubated for 1 h at 37°C
before overlaying infected monolayers with DMEM containing 3% FBS, 8% NaCO3, 10 mM HEPES, 1�
L-glutamine, 250 �g/ml amphotericin B, and 1.4% agarose. Plaques were stained with neutral red after
2 days (SINV) or 4 days (ZIKV, DENV) for 16 to 18 h before plaques were counted. Viral titers for each
triplicate were calculated as PFU per ml of supernatant and as the mean of duplicates. All viral titers are
displayed in log10 scale as the means � the standard deviations (SD).

Immunofluorescence assays. Cells were seeded onto eight-well glass chamber slides (EMD Milli-
pore) and the next day mock infected or infected with ZIKV PR at an MOI of 1. Cells were fixed with 10%
formalin at the indicated time point postinfection, permeabilized with 0.1% Triton X-100 in PBS for 10
min, and blocked with fresh 2% BSA for 1 h. Slides were incubated in primary then secondary antibody
diluted in BSA for 1 h at room temperature, with three PBS washes after each antibody. Mouse
monoclonal J2 anti-dsRNA antibody diluted 1:500 was purchased from Scicons. Rabbit polyclonal
anti-Zika virus NS3 antibody diluted 1:1,000 was purchased from GeneTex (catalog no. GTX133320).
Rabbit monoclonal anti-protein disulfide isomerase (PDI) 3501 was purchased from Cell Signaling
(C81H6). Goat anti-mouse Alexa Fluor 488 (Invitrogen, catalog no. A11029) and goat anti-rabbit Alexa
Fluor 594 (Invitrogen, catalog no. A11037) secondary antibodies were used at 1:400. Coverslips were
cured onto slides using ProLong gold antifade mountant (Life Technologies) overnight before cells were
imaged using a Nikon Ti2E fluorescence microscope at �60 magnification. For immunofluorescence
assay (IFA) staining in combination with FISH staining, standard FISH staining preceded a water rinse and
a PBS rinse, before BSA blocking for IFA staining, with DAPI (4=,6=-diamidino-2-phenylindole) staining
only after IFA staining. All images were processed in ImageJ, applying equivalent, linear brightness/
contrast alterations to all images in their entirety.

pIC transfections. Cells were seeded in 24-well plates, or in eight-well glass chamber slides (EMD
Millipore) if for IFAs, and the next day transfected with or without 250 ng/ml pIC using Lipofectamine
2000 (Invitrogen) for 2 h prior to infection with ZIKV PR at the indicated MOI. Cells not treated with pIC
were transfected with Lipofectamine only. Cells were either fixed (IFA) or supernatant (replication curves)
and RNA (rRNA cleavage assay) were harvested at the indicated time points postinfection for down-
stream analysis.

Western blotting. Whole-cell lysate was boiled for 10 min at 95°C, loaded onto precast 10%
polyacrylamide gels (Bio-Rad), migrated through the gel by SDS-PAGE at 110 V, transferred onto
polyvinylidene difluoride membrane (EMD Millipore) for 3 h at 150 mA, blocked in 5% milk overnight,
incubated in primary and HRP-conjugated secondary antibodies in 5% milk for 1 h each incubation, and
imaged using chemiluminescent HRP substrate (Thermo Scientific SuperSignal West Pico). For evaluation
of de novo protein synthesis, A549 cells were seeded onto six-well plates, mock infected or infected with
ZIKV at an MOI of 5 for 14, 20, or 28 h, after which 10 �g/ml puromycin was added to cells for
incorporation into de novo-synthesized protein for 10 min before whole protein lysates were harvested.
Then, 30 �g of protein was loaded onto SDS-PAGE gels, probing with anti-puromycin at 1:6,000 (Millipore
MABE342) for cellular and viral nascent protein, anti-ZIKV NS3 1:1,000 (GeneTex, GTX133309) for changes
in viral protein expression, and anti-GAPDH (1:1,000, Thermo Fisher MA5-15738) for loading control. For
total protein and an additional loading control, gel was stained with Coomassie dye for 4 h before being
destained for 2 h with a solution containing 7% methanol and 5% acetic acid.
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Statistical analysis. All analyses were performed using GraphPad Prism version 8.1.1. qRT-PCR data
were analyzed by two-way analysis of variance (ANOVA). Plaque assay data obtained from replication
curves compared multiple cell lines across several time points by two-way ANOVA, while comparison of
a single time point in one cell line with or without pIC was done using a Student t test (ns, not significant;
*, P � 0.05; **, P � 0.01; ***, P � 0.001; ****, P � 0.0001).
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