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Infection with the flavivirus Zika virus (ZIKV) can result in tissue
tropism, disease outcome, and route of transmission distinct from
those of other flaviviruses; therefore, we aimed to identify host
machinery that exclusively promotes the ZIKV replication cycle, which
can inform on differences at the organismal level. We previously
reported that deletion of the host antiviral ribonuclease L (RNase L)
protein decreases ZIKV production. Canonical RNase L catalytic activity
typically restricts viral infection, including that of the flavivirus
dengue virus (DENV), suggesting an unconventional, proviral RNase
L function during ZIKV infection. In this study, we reveal that an
inactive form of RNase L supports assembly of ZIKV replication
factories (RFs) to enhance infectious virus production. Compared
with the densely concentrated ZIKV RFs generated with RNase L
present, deletion of RNase L induced broader subcellular distribution
of ZIKV replication intermediate double-stranded RNA (dsRNA) and
NS3 protease, two constituents of ZIKV RFs. An inactive form of
RNase L was sufficient to contain ZIKV genome and dsRNA within
a smaller RF area, which subsequently increased infectious ZIKV
release from the cell. Inactive RNase L can interact with cytoskel-
eton, and flaviviruses remodel cytoskeleton to construct RFs. Thus,
we used the microtubule-stabilization drug paclitaxel to demonstrate
that ZIKV repurposes RNase L to facilitate the cytoskeleton rearrange-
ments required for proper generation of RFs. During infection with
flaviviruses DENV or West Nile Kunjin virus, inactive RNase L did not
improve virus production, suggesting that a proviral RNase L role
is not a general feature of all flavivirus infections.

Zika virus | flavivirus | RNase L | replication factories | OAS3

The flavivirus genus contains arthropod-transmitted viruses
with a positive-sense single-stranded RNA (ssRNA) genome,

including Zika virus (ZIKV), dengue virus (DENV), andWest Nile
virus (WNV). These viruses are transmitted by mosquitos and
globally distributed, with high associated morbidity and mortality in
humans (1–3). More recently, ZIKV sexual and vertical trans-
mission has been recognized, the latter involving transplacental
migration of the virus, potentially resulting in fetal microcephaly
(4–9). Due to diversity in ZIKV tissue tropism, disease, and route
of transmission as compared with other flaviviruses, it is possible
that variances in ZIKV infection at the molecular level confer the
observed shifts in clinical outcome at the organismal level. For this
reason, we are interested in host machinery that supports the ZIKV
replication cycle but not that of other flaviviruses, as this may im-
prove our understanding of the molecular determinants of ZIKV
pathogenesis.
After entry into the host cell, the flavivirus genome, which also

serves as the messenger RNA (mRNA), is directly translated at the
endoplasmic reticulum (ER). Proximal to sites of translation, fla-
viviruses create replication factories (RFs) through extensive cy-
toskeletal rearrangements that generate invaginations in the folds
of the ER membrane, within which new genome synthesis occurs
(10–15). These RFs contain ZIKV replication complex proteins,
including the NS3 protease, the replication intermediate double-
stranded RNA (dsRNA), as well as template genomic ssRNA. New
genome is packaged into compartments at opposite ER folds, and

new virions traffic through the transgolgi network and eventually
bud from the plasma membrane (16). RFs therefore enable efficient
throughput of key viral processes as centers of new genome synthesis
linked with viral protein translation as well as new virus assembly. In
addition, RFs serve as a protective barrier to impede cytosolic innate
immune sensing, as flavivirus RNA predominantly resides within
RFs during the bulk of the intracellular replication cycle.
Innate immune sensors within the cytoplasm of the infected

cell detect viral RNA to activate antiviral responses, including the
type I interferon (IFN) and oligoadenylate synthetase/ribonuclease
L (OAS/RNase L) pathways. Extensive research has demonstrated
that flaviviruses, including ZIKV, have evolved strategies for coun-
teracting the type I IFN response (17–22). Since OAS genes are IFN-
stimulated genes and therefore up-regulated by type I IFN signaling,
the OAS/RNase L pathway can also be potentiated by type I IFN
production. However, activation of RNase L can occur in the ab-
sence of type I IFN responses when basal OAS expression is suf-
ficient (23, 24). In either event, OAS sensors detect viral dsRNA
and generate 2’-5’-oligoadenylates (2-5A). RNase L, which is con-
stitutively expressed in an inactive form, homodimerizes upon 2-5A
binding to become catalytically active (25). Active RNase L cleaves
both host and viral ssRNA within the cell (Fig. 1). While there are
three OAS isoforms, we have shown that the OAS3 isoform is the
predominant activator of RNase L during infection with a variety of
viruses including ZIKV (23, 26). Activated RNase L cleavage of host
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ribosomal RNA (rRNA) and mRNA as well as viral ssRNA ul-
timately inhibits virus infection (26–31).
Once activated, RNase L can restrict infection of a diverse range

of DNA and RNA viruses, including flaviviruses DENV and WNV
(30, 32–34). Many viruses have subsequently developed mecha-
nisms for evading RNase L antiviral effects, most of which target
this pathway upstream of RNase L activation through sequestra-
tion of dsRNA, which prevents OAS activation, or by degradation
of 2-5A (32, 35–40). We recently showed that ZIKV avoids anti-
viral effects of activated RNase L and that this evasion strategy
requires assembly of RFs to protect genome from RNase L cleavage
(23). Despite substantial RNase L–mediated cleavage of intracellu-
lar ZIKV genome, a portion of uncleaved genome was shielded
from activated RNase L within RFs. This genome was sufficient
to produce high levels of infectious virus particles, as infectious
ZIKV released from wild-type (WT) cells was significantly higher
than from RNase L knockout (KO) cells. Unlike ZIKV, infectious
DENV production was decreased by canonical RNase L antiviral
activity (23, 33). These results indicated that RNase L expression
was ultimately proviral during ZIKV infection (Fig. 1). As this was
the initial report of viral resistance to catalytically active RNase L
during infection, we sought to isolate the differences between
ZIKV RFs and those constructed by other flaviviruses, to identify
factors that enable this ZIKV evasion mechanism.

In this study, we focused on elucidating how RNase L increases
ZIKV production. An earlier study reported that an inactive form
of RNase L interacts with the actin cytoskeleton to reorganize
cellular framework during viral infection (41). Since flaviviruses
reorganize the cellular cytoskeletal and organellar network during
infection (11), we investigated the possibility that RNase L was
exploited by ZIKV to assemble protective RFs that dually serve
as a barrier against host sensors in addition to providing sites of
replication.

Results
RNase L Improves RF Function to Increase ZIKV RNA and Protein
Expression at RFs. Since infectious ZIKV production was enhanced
by RNase L expression, we examined whether RNase L was re-
quired for optimal ZIKV replication. We used immunofluorescence
assays (IFAs) for detection of the replication intermediate dsRNA
and the ZIKV NS3 protein as markers for ZIKV RFs, comparing
expression levels in WT and RNase L KO cells. At 20 h postin-
fection (hpi), expression of both ZIKV dsRNA and NS3 was in-
creased inWT cells compared with RNase L KO cells, as measured
by mean dsRNA and NS3 intensity at perinuclear ER sites char-
acteristic of flaviviruses (Fig. 2 A–C). We also observed a change in
localization of ZIKV dsRNA and NS3 in RNase L KO cells, both
of which were more disseminated around the nucleus and into the
cytoplasm. We used circularity and diameter parameters to quan-
tify the spread of viral products throughout the cell at 20 hpi and
determined that RNase L deletion decreased circularity and in-
creased diameter of RFs, distinct from the densely concentrated
RF phenotype observed inWT cells (Fig. 2 A–C). We observed this
trend of viral RF diffusion in RNase L KO cells as early as 16
through 30 hpi in two different RNase L KO clones (SI Appendix,
Fig. S1). We performed all future analyses on cells fixed at 20 hpi,
which provides adequate infected cells for quantification purposes
but is early enough for examination of a uniform stage of the viral
replication cycle across each sample. Additionally, since alterations
in ZIKV dsRNA and NS3 were nearly identical, we proceeded to
measure effects on RFs using either dsRNA or NS3 expression.
Since canonical antiviral RNase L activity restricts flaviviruses

DENV and WNV Kunjin strain (KUNV) (SI Appendix, Fig. S2),
we examined effects of RNase L on DENV and KUNV RFs. In
comparing DENV dsRNA expression and localization in RNase
L KO cells to that of WT cells, we found that dsRNA intensity and
circularity were decreased while diameter was increased without
RNase L, a similar trend as with ZIKV but to a lesser degree
(Fig. 2 D and F). However, RNase L restriction of DENV (SI
Appendix, Fig. S2) suggests slight changes in RF intensity and shape
at the ER do not translate to changes in DENV titers. In contrast,
KUNV dsRNA intensity increased in RNase L KO cells com-
pared to WT, with little or no change in diameter or circularity of
dsRNA, respectively (Fig. 2 E and G). Therefore, RNase L not
only fails to inhibit ZIKV infection but also specifically promotes
ZIKV production and normal RF morphology.

Effects of OAS3 KO on ZIKV RF Assembly and Virus Output. To de-
termine if the proviral effects of RNase L on ZIKV RF structure
involve its nuclease function, we examined ZIKV RFs in A549
OAS3 KO cells where RNase L catalytic activity is undetectable.
To demonstrate RNase L latency, we measured 2-5A, the activator
of RNase L synthesized by OAS enzymes, with a fluorescence
resonance energy transfer assay during ZIKV infection of WT,
RNase L KO, and OAS3 KO cells. We detected 2-5A generation
during ZIKV infection of bothWT and RNase L KO cells; however,
2-5A in ZIKV-infected OAS3 KO cells was not increased over levels
in mock-infected WT cells (Fig. 3A). Additionally, we show that
RNase L activation during ZIKV infection is mediated by the OAS3
isoform specifically using host 28S and 18S rRNA degradation as a
measurement for RNase L activation (SI Appendix, Fig. S3).
These findings corroborated previous results describing OAS3 as

Fig. 1. Noncanonical RNase L function promotes infectious ZIKV produc-
tion. (Left) Canonical RNase L antiviral activity. Viral dsRNA is detected by
OAS3, which produces the small molecule 2-5A that binds inactive RNase L,
inducing its homodimerization and catalytic activation, resulting in cleavage
of host and viral ssRNA, leading to inhibition of viral infection. (Right) RNase
L activity during ZIKV infection. ZIKV dsRNA is recognized by OAS3, which
activates RNase L resulting in ssRNA cleavage; however, ZIKV production is
improved with RNase L expression.
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Fig. 2. RNase L improves RF function to increase ZIKV RNA and protein expression at RFs. A549 WT and RNase L cells were infected at a multiplicity of
infection of 1, cells were fixed at 20 hpi for IFA. (A) ZIKV-infected cells were stained for dsRNA (green) and ZIKV NS3 (red) with 4′,6-diamidino-2-phenylindole
(DAPI, blue) staining of nuclei. Quantification of ZIKV (B) dsRNA and (C) NS3 mean intensity, circularity, and diameter of staining shown in A. (D) DENV- or (E)
KUNV-infected cells were stained for dsRNA (green) and ER (PDI, red) with DAPI (blue) staining of nuclei. Quantification of (F) DENV or (G) KUNV dsRNA mean
intensity, circularity, and diameter of staining shown in D and E, respectively. The data are representative of at least two independent experiments. Statistical
significance was determined by Student’s t test. The black bars represent the mean. ns = not significant, *P < 0.05, and ****P < 0.0001. (Imaged at 100×
magnification.) RFU = relative fluorescence units, AU = arbitrary units. See also SI Appendix, Figs. S1 and S2.
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the primary human OAS isoform required for 2-5A synthesis
during viral infection (23, 26) and verified that other OAS isoforms
did not compensate for loss of OAS3 expression during ZIKV
infections. OAS3 KO cells thus provide a useful system for in-
vestigating RNase L function independent of its catalytic activity
during viral infection.
We compared dsRNA expression levels and localization in

ZIKV-infected OAS3 KO cells to that of infected WT and RNase
L KO cells. We used protein disulfide isomerase (PDI) as a marker
for the ER, where RFs reside. At 20 hpi, ZIKV dsRNA intensity in
the OAS3 KO cells was rescued to WT levels from that of RNase L
KO cells (Fig. 3 B and C). RFs in OAS3 KO cells were more
circular and smaller in diameter than in both RNase L KO and
WT cells, suggesting enhanced RF formation supported by inactive
RNase L. We also performed western blotting and RT-qPCR to
measure changes in total intracellular ZIKV protein and genomic
RNA, respectively. We found inactive RNase L in OAS3 KO cells
increased expression of ZIKV NS3 and genome compared to
WT cells (SI Appendix, Fig. S4). While some changes in DENV
and KUNV dsRNA expression in OAS3 KO cells displayed a
similar trend as that of ZIKV dsRNA, changes were minimal in
comparison with alterations in ZIKV dsRNA observed in OAS3
KO cells (SI Appendix, Fig. S5). Additionally, we did not detect
any changes in total intracellular NS3 or genomic RNA levels in
DENV- or KUNV-infected OAS3 KO cells compared to WT (SI
Appendix, Fig. S4). Importantly, OAS3-dependent rRNA deg-
radation was detected during KUNV infection, but we could not
detect any rRNA degradation during DENV infection (SI Ap-
pendix, Fig. S3). However, rRNA degradation during infection is
not the sole marker of RNase L activation, as both viruses were
restricted by RNase L activity in WT cells (SI Appendix, Fig. S2).
We found that by 48 hpi, inactive RNase L in the absence of

OAS3 restored infectious ZIKV production from reduced levels
in RNase L KO cells to that observed during WT cell infection
(Fig. 3D). DENV production was not improved by OAS3 KO,
suggesting possible OAS3-independent RNase L–mediated inhibi-
tion of DENV infection in WT cells (Fig. 3D). In contrast, KUNV
production improved in OAS3 KO cells (Fig. 3D). As we observed
that RNase L activation during KUNV infection was OAS3-
dependent (SI Appendix, Fig. S3), canonical RNase L antiviral
activity that restricts KUNV inWT cells is likely absent under these
conditions. These results suggest that ZIKV infection may utilize
an inactive form of RNase L in a unique manner that results in
higher virus production than with RNase L absent.

RNase L Maintains ZIKV RF Structure in the Absence of OAS3 to
Enhance Virus Replication. Viral dsRNA expression and localiza-
tion informs on replication levels and RF location in the cell, re-
spectively, but does not directly reflect changes in viral genome
generated by RFs. While dsRNA activates the OAS/RNase L path-
way, ssRNA including viral genome is the target of RNase L nucle-
olytic activity. Using fluorescence in situ hybridization (FISH) to
visualize ZIKV genome, we have described an RNase L–dependent
absence of ZIKV genome outside of RFs as early as 20 hpi, which
we attributed to RNase L cleavage of genome (23). To understand
RNase L noncatalytic effects on viral genome, we examined ZIKV
genome in OAS3 KO cells using PDI staining of ER as a marker for
RF sites. At 20 hpi, ZIKV genomic RNA in WT cells was only
detectable at or near the ER. Genome in RNase L KO cells was at
the ER but also dispersed throughout the cell. In OAS3 KO cells,
genome remained at or proximal to the ER as observed in WT cells,
despite the absence of activated RNase L (Fig. 4A). While some
genome was detected outside of the ER in OAS3 KO cells, it was
minimal compared to that of RNase L KO cells and possibly ge-
nome otherwise cleaved by activated RNase L in WT cells (Fig. 4A).
Quantification of total genome staining within infected cells revealed
that deletion of RNase L did not alter intensity of genome expres-
sion at RFs when compared to WT cells. Since genome staining was

not circular in shape, we instead used total area to measure in-
creased dissemination of genome throughout the infected cell
without RNase L (Fig. 4D). Inactive RNase L in OAS3 KO cells
restored the area of genome expression from that of RNase L
KO cells back to the area measured in WT cells (Fig. 4D). Fur-
thermore, genome confined to RFs in OAS3 KO cells correlated
with higher mean intensity of genome compared to WT and RNase
L KO cells (Fig. 4D), suggesting that genome location within the
cell dictates new virus release (Fig. 3D). This is corroborated by
similar levels of total intracellular ZIKV genome in OAS3 KO and
RNase L KO cells, both increased over that in WT cells, suggesting
disseminated localization of ZIKV genome outside of RFs in
RNase L KO cells results in defective virus assembly and/or release
(SI Appendix, Fig. S4B). Enhanced genome intensity in OAS3 KO
cells over that of WT cells is thus possibly due to inactive RNase
L availability for RF support as opposed to in WT cells wherein
RNase L is activated and performs other functions, namely degrading
RNA.
In contrast to ZIKV, DENV, and KUNV, genome staining and

cellular localization was similar in WT, RNase L KO, and OAS3
KO cells, with genome residing at the ER regardless of RNase L
presence or activation status (Fig. 4 B and C). Quantification of
DENV total genome staining determined that RNase L deletion
increased the area and intensity of genome expression over that
in cells lacking OAS3-dependent RNase L activity (Fig. 4E), sug-
gesting OAS3-independent antiviral effects of RNase L on DENV
new genome synthesis, which correlates with increased DENV ti-
ters in RNase L KO cells but not OAS3 KO cells (Fig. 3D).
Quantification of KUNV genome staining exhibited only minor
alterations in intensity, with genome in OAS3 KO cells only in-
creased over that in RNase L KO cells but not increased over
that in WT cells as was observed for ZIKV (Fig. 4F). Similarly,
both DENV and KUNV total intracellular genome was unchanged
in OAS3 KO cells compared to in WT cells (SI Appendix, Fig. S4B).
Since KUNV does not activate RNase L until 48 hpi by rRNA
degradation assay (SI Appendix, Fig. S3), we had not expected a
change in genome expression between cell lines at 20 hpi. Addi-
tionally, the area of KUNV genome expression was increased in
RNase L KO cells compared to both WT and OAS3 KO cells but
to a lesser degree than during ZIKV infection (Fig. 4F). Overall,
absence of OAS3-dependent RNase L activity had a greater impact
on ZIKV genome localization and expression compared to that of
DENV and KUNV, which agrees with its minimal effects on DENV
and KUNV RFs and viral titers.

ZIKV RFs Are Unaffected by pIC Treatment in the Absence of OAS3.
The lack of rRNA degradation (SI Appendix, Fig. S3) and 2-5A
production (Fig. 3A) during ZIKV infection of OAS3 KO cells
indicated that OAS1 and OAS2 did not activate RNase L in the
absence of OAS3. We wanted to further investigate whether ZIKV
genome localization during infection of OAS3 KO cells (Fig. 4 A
and D) was due to noncatalytic, proviral effects of RNase L on RF
structure and not a result of activated RNase L cleavage of ZIKV
genome residing outside of RFs. As an alternative assay for RNase
L activation during ZIKV infection, we used the synthetic dsRNA
poly(rI):poly(rC) (pIC) to artificially activate RNase L prior to ZIKV
infection, which induces RNase L–mediated cleavage of viral ge-
nome prior to RF assembly during infection. Thus, we can use
dsRNA expression as a readout for RF assembly, which would be
reduced after pIC treatment in cells where RNase L is active. We
examined RFs at 24 hpi when RNase L is activated by ZIKV
infection alone (23). Since we transfect cells with pIC 2 h before
infection, we can no longer detect pIC 26 h post-transfection when
examining viral dsRNA expression with an anti-dsRNA antibody.
In WT cells, pIC treatment before ZIKV infection resulted in less
detectable dsRNA compared with WT cells transfected with lip-
ofectamine only (Fig. 5A). In RNase L KO cells, dsRNA expres-
sion was unaffected by pIC. Since pIC robustly activates multiple
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Fig. 3. Effects of OAS3 KO on ZIKV RF assembly and virus output. (A) A549 WT, RNase L KO, or OAS3 KO cells were mock infected or infected with ZIKV at a
multiplicity of infection (MOI) of 5, 24 hpi lysates were harvested for 2-5A fluorescence resonance energy transfer assay. (B) A549 WT, RNase L KO, or OAS3 KO
cells were infected with ZIKV at an MOI of 1, fixed at 20 hpi, and stained for dsRNA (green) and ER (PDI, red) with 4′,6-diamidino-2-phenylindole (blue)
staining of nuclei. (C) Quantification of ZIKV mean intensity, circularity, and diameter of staining shown in B. (D) A549 WT, RNase L KO, or OAS3 KO cells were
infected with ZIKV, DENV, or KUNV at an MOI of 0.1, supernatants were harvested at 48 hpi for measurement of viral titers by plaque assay, shown as plaque
forming units (PFU)/mL virus. The data are representative of at least two independent experiments. Statistical significance was determined by one-way
ANOVA. Displayed is the mean of three replicates ± SD for replication assays. ns = not significant, *P < 0.05, **P < 0.01, and ****P < 0.0001. (Imaged at 100×
magnification.) RFU = relative fluorescence units, AU = arbitrary units. See also SI Appendix, Figs. S3–S5.

Whelan et al. PNAS | 5 of 12
Zika virus employs the host antiviral RNase L protein to support replication factory assembly https://doi.org/10.1073/pnas.2101713118

M
IC
RO

BI
O
LO

G
Y

https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2101713118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2101713118/-/DCSupplemental
https://doi.org/10.1073/pnas.2101713118


innate immune pathways in addition to RNase L, these results
indicate that limited dsRNA expression in pIC-treated WT cells
was due to RNase L specifically and not other antiviral responses
induced by pIC. In OAS3 KO cells, pIC transfection before ZIKV
infection had no effect on dsRNA expression, further demon-
strating that RNase L was not active in the absence of OAS3.
Interestingly, pIC treatment diminished viral genome expression
in both WT and RNase L KO cells, in contrast to limited dsRNA
expression in pIC-treated WT cells only, suggesting that RNase
L–independent degradation of ZIKV genome outside of RFs does
not affect replication within RFs. Furthermore, ZIKV genome

was not altered by pIC pretreatment in OAS3 KO cells (Fig. 5A),
suggesting that inactive RNase L enhances ZIKV RF protection
of RNA.
To corroborate these results quantitatively, we demonstrated

that pIC treatment before ZIKV infection of OAS3 KO cells had
no effect on infectious ZIKV production. After transfecting cells for
2 h with pIC, cells were infected with ZIKV for 24 hpi, and viral
titers were measured by plaque assay. Without pIC, ZIKV titers in
all three cell lines were similar at 24 hpi, which agrees with previous
data showing decreased ZIKV from RNase L KO cells only after
24 hpi (Fig. 5B). In WT cells with pIC-induced activation of RNase

Fig. 4. RNase L maintains ZIKV RF structure in the absence of OAS3 to enhance virus replication. A549 WT, RNase L KO, or OAS3 KO cells were infected at a
multiplicity of infection of 1 with (A) ZIKV, (B) DENV, or (C) KUNV. Cells were fixed at 20 hpi and stained with a virus genome–specific probe (red) using FISH
before staining ER (PDI, green) and nuclei with 4′,6-diamidino-2-phenylindole (blue) by IFA. Quantification of the mean intensity and area of (D) ZIKV, (E)
DENV, or (F) KUNV genome staining. The data are representative of at least two independent experiments. Statistical significance was determined by one-
way ANOVA. ns = not significant, **P < 0.01, ***P < 0.001, and ****P < 0.0001. (Imaged at 100× magnification.) RFU = relative fluorescence units. See
SI Appendix, Fig. S4B.
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L, infectious ZIKV production was restricted. In RNase L KO and
OAS3 KO cells, pIC only slightly inhibited ZIKV production,
indicating that restriction of viral titers in WT cells was predomi-
nantly due to RNase L antiviral activity. These results correlate
with reduced dsRNA detection in only WT cells after pIC trans-
fection (Fig. 5A) and establish that RNase L is not catalytically
active in OAS3 KO cells. This also maintains that decreased ZIKV
from RNase L KO cells compared to WT and OAS3 KO cells
(Fig. 3D) is not due to RNase L–independent antiviral responses
that subsequently limit virus production, as responses unrelated to
RNase L induced by pIC in RNase L KO or OAS3 KO cells had
little to no effect on ZIKV production or replication, respectively
(Fig. 5). Finally, these results suggest that inactive RNase L retains
ZIKV genome in smaller, more efficient RFs.

Expression of RNase L R667A Catalytic Mutant in A549 HILO Cells
Enhances ZIKV RF Function and Virus Production. We next directly
investigated whether an inactive form of RNase L can enhance ZIKV
RF function to augment infectious virus production. We generated
A549 HILO cells in which endogenous RNase L is deleted (A549
HILO RL KO), and doxycycline-inducible flag-tagged RNase L WT
(+RLWT) or R667A catalytic mutant (+RLmut) are expressed (SI
Appendix, Fig. S6) (23, 42). We evaluated effects of RNase L ex-
pression on ZIKV RF function and localization compared to that of
RNase L KO cells at 20 hpi, using ZIKV NS3 staining to denote
RFs. We found that expression of both RNase L WT or mutant

increased ZIKV NS3 intensity; however, only the RNase L mutant
increased circularity of RFs in comparison to those of RNase L
KO cells (Fig. 6 A and B). To determine RNase L effect on infec-
tious ZIKV titer, we measured virus from infected cells at 48 hpi and
detected a significant increase in ZIKV from both RL WT– and RL
mut–expressing cells compared to RNase L KO cells (Fig. 6C). To
verify these results in a different cell line, we infected HeLa M cells,
which have undetectable levels of endogenous RNase L, that express
either the empty pcDNA3 vector (vector control, VC), +RLWT, or
+RL mut and again show that catalytically inactive RNase L can
enhance ZIKV RF function and infectious virus production (43)
(SI Appendix, Fig. S7).

Effects of RNase L Deletion on ZIKV RFs Resemble Antiviral Effects of
Microtubule Stabilization on ZIKV RFs. There have been multiple
reports of RNase L interaction with the host cytoskeleton, some of
which are contingent upon RNase L catalytic latency (41, 44). Since
ZIKV rearrangement of the host cytoskeleton to form RFs within
ER invaginations is crucial to ZIKV infection, we hypothesized that
inactive RNase L association with the cytoskeleton is exploited by
ZIKV to form RFs. To demonstrate that proviral RNase L function
in ZIKV RF formation depends on cytoskeletal associations, we
treated ZIKV-infected cells with paclitaxel, a microtubule-stabilizing
drug, and compared its effects on ZIKV RFs with effects of RNase
L deletion. Paclitaxel has been shown to inhibit ZIKV titers (12),
likely by blocking ZIKV-induced microtubule rearrangements

Fig. 5. ZIKV RFs are unaffected by pIC treatment in the absence of OAS3. A549 WT, RNase L KO, or OAS3 KO cells were transfected with lipofectamine only
or with pIC for 2 h before infection with ZIKV at a multiplicity of infection of 1. (A) Cells were fixed at 24 hpi and stained with a ZIKV positive–strand genome
probe (red) using FISH before staining dsRNA (green) and nuclei with 4′,6-diamidino-2-phenylindole (blue) by IFA. (B) Supernatants from infected cells were
harvested at 2 or 24 hpi for measurement of viral titers over time by plaque assay, shown as plaque forming units (PFU)/mL virus. The data are representative
of at least two independent experiments. Statistical significance was determined by one-way ANOVA. Displayed is comparison of WT ± pIC (****) and the
mean of three replicates ± SD; ****P < 0.0001. (Imaged at 60× magnification.)
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Fig. 6. Expression of RNase L R667A catalytic mutant in A549 HILO cells enhances ZIKV RF function and virus production. (A) A549 HILO Rnase L KO (RL KO)
cells, or RL KO cells expressing doxycycline-inducible RNase L WT (+RL WT), or RNase L R667A nuclease dead mutant (+RL mut) were mock infected or infected
with ZIKV at a multiplicity of infection (MOI) of 10. At 20 hpi, cells were fixed and stained for ZIKV NS3 (red) and flag-RNase L (green) with 4′,6-diamidino-2-
phenylindole (blue) staining of nuclei. (B) Quantification of ZIKV NS3 mean intensity and circularity shown in A. (C) A549 HILO RL KO cells, +RL WT, and +RL
mut were infected with ZIKV at an MOI of 0.1, supernatants were harvested at 48 hpi for measurement of viral titers by plaque assay, shown as plaque
forming units (PFU)/mL virus. The data are representative of at least two independent experiments. Statistical significance was determined by one-way
ANOVA. Displayed is the mean of three replicates ± SD for replication assays. ns = not significant, *P < 0.05, and ****P < 0.0001. (Imaged at 100× mag-
nification.) RFU = relative fluorescence units, AU = arbitrary units. See also SI Appendix, Figs. S6 and S7.
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for establishing RFs, although the mechanism by which paclitaxel
inhibits ZIKV infection has not been shown. Microtubule sta-
bilization mediated by paclitaxel would prohibit rearrangements
necessary for forming ZIKV RFs. We predicted that RNase L de-
letion similarly impaired ZIKV-stimulated cytoskeletal rearrange-
ments for RF assembly, thereby reducing virus production.
A549 cells were treated with paclitaxel or vehicle dimethyl

sulfoxide (DMSO) 3 h after infection with ZIKV. Cells were fixed
at 20 hpi and stained for ZIKV dsRNA and NS3 by IFA. Ex-
pression of ZIKV dsRNA and NS3 in DMSO-treated RNase L
KO cells was again dimmer and more dispersed throughout the cell
compared to in WT cells (Fig. 7A). Quantification confirmed that
the absence of RNase L lowered ZIKV dsRNA expression and
concentration, as measured by intensity and circularity of dsRNA
staining, respectively (Fig. 7C). In paclitaxel-treated WT cells,
ZIKV dsRNA and NS3 staining resembled that of RNase L KO
with or without paclitaxel (Fig. 7B). Quantification maintained a
decrease in dsRNA intensity and circularity in WT cells treated
with paclitaxel, closer to levels of RNase L KO cells, compared
to DMSO-treated WT cells. Additionally, paclitaxel had no effect
on dsRNA intensity and minimal impact on circularity in RNase L
KO cells (Fig. 7C). We validated effects of paclitaxel treatment on
microtubule stability by staining β-tubulin, which together with
α-tubulin makes up microtubules. In ZIKV-infected WT cells,
β-tubulin localized to dsRNA staining, which agrees with previ-
ous findings of ZIKV-induced microtubule rearrangements sur-
rounding RFs (Fig. 7D and SI Appendix, Fig. S8) (12). In RNase
L KO cells, β-tubulin was no longer concentrated around RFs,
similar to dissemination of ZIKV dsRNA or NS3 without RNase
L expressed (Fig. 7D and SI Appendix, Fig. S8). Paclitaxel treat-
ment of both ZIKV-infectedWT and RNase L KO cells resulted in
β-tubulin aggregation due to inhibition of microtubule tractability
(Fig. 7E). Finally, we treated cells with paclitaxel 3 h after infecting
with ZIKV to measure changes in infectious virus production at
24 hpi as a result of microtubule stabilization in WT and RNase L
KO cells. Paclitaxel in WT cells reduced infectious ZIKV titers to
the level of RNase L KO cells (Fig. 7F). Moreover, the reduction in
ZIKV titers caused by RNase L deletion is lost in cells treated with
paclitaxel (Fig. 7F). This suggests that the means by which RNase L
aids in ZIKV production is absent in paclitaxel-treated cells where
microtubule networks are stabilized. Together with the effects of
paclitaxel on dsRNA expression, these results offer a mechanism
for RNase L–mediated increased ZIKV production through ZIKV
employment of RNase L–cytoskeleton interactions during forma-
tion of RFs.

Discussion
In this study, we present findings supporting a proviral role of the
host RNase L protein, which has otherwise been considered
strictly antiviral. RNase L nucleolytic activity is highly effective at
restricting replication of a diverse range of DNA and RNA viruses
(32). However, catalytic activation of RNase L by ZIKV does not
lead to lower virus production, and instead ZIKV titers are para-
doxically increased with RNase L expression. In particular, a cat-
alytically inactive form of RNase L improved ZIKV RF assembly
and function, thereby boosting virus production. Since several
studies report interactions between inactive RNase L and the
cytoskeleton, our findings suggest that ZIKV repurposes the
interaction between RNase L and the cytoskeleton to facilitate
rearrangement of the ER for establishment of ZIKV RFs. While
cytoskeletal arrangements for RF assembly within ER folds are
characteristic of flaviviruses, we found that RNase L expression
during DENV and KUNV infection had only minimal effects on
RF formation. Furthermore, RNase L was ultimately restrictive
of both viruses, operating in its canonical antiviral manner to
decrease DENV and KUNV titers through its nuclease activity.
Therefore, we propose that recruitment of RNase L for enhanced

RF function and virus release is a feature presently observed only
during ZIKV infection.
Interestingly, DENV production in WT cells was limited by

RNase L, as titers increased significantly in RNase L KO cells
(SI Appendix, Fig. S2), although we were unable to detect any
rRNA degradation in DENV-infected WT cells (SI Appendix,
Fig. S3). Unlike other viruses we have examined, RNase L an-
tiviral effects on DENV were not dependent on OAS3, as viral
titers in WT and OAS3 KO cells were similar (Fig. 3D). More-
over, RNase L deletion enhanced DENV genome expression
(Fig. 4E and SI Appendix, Fig. S4B), which correlated with in-
creased titers in RNase L KO cells and suggests that RNase L is
enzymatically active during DENV infection. Indeed, we previ-
ously reported RNase L–mediated degradation of DENV RNA
during infection (23). Another study showed that overexpression
of OAS1 or OAS3 in A549 cells infected with DENV2 resulted in
rRNA degradation, suggesting that higher basal levels of OAS
proteins may be required for detection of rRNA degradation
during DENV-induced RNase L activation (33). While rRNA
degradation is a hallmark of RNase L nucleolytic activity and
therefore a commonly used marker for RNase L activation, an-
other possibility is that host rRNA effectively avoids activated
RNase L while viral genome is primarily targeted during DENV
infection in particular (45–47). Further investigation is required
for elucidation of the mechanism behind RNase L restriction
of DENV.
We used pIC to activate RNase L prior to ZIKV generation of

protective RFs as another measurement confirming RNase L
catalytic inactivity in OAS3 KO cells (Fig. 5) in addition to rRNA
degradation (SI Appendix, Fig. S3) and 2-5A generation (Fig. 3A)
assays. OAS3 KO cells therefore provided an elegant tool for in-
dividually assaying RNase L catalytic and noncatalytic functions
during ZIKV infection (Figs. 3 and 4). We corroborated findings in
OAS3 KO cells demonstrating proviral RNase L activity was in-
dependent of enzymatic function by generating A549 HILO RNase
L KO cells expressing +RL WT or +RL mut (Fig. 6). In addition,
we used HeLa M cells to confirm findings in a different cell line (SI
Appendix, Fig. S7). One caveat we encountered in HeLa M cells
was the variance in RNase L WT and R667A protein levels, which
occurred when overexpressing these constructs in several cell types.
However, HeLa M cells were effective for confirming that non-
catalytic RNase L activity enhances ZIKV production in another
cell line. In addition to rescuing ZIKV RF function and virus
production to A549 WT levels, the flag-tag expressed on RNase
L in A549 HILO +RL WT and +RL mut cells allowed for visu-
alization of RNase L in both active and inactive forms during virus
infection, which had not been previously shown. We found that
RNase L WT was more concentrated near RFs, possibly as a result
of catalytic activation, while inactive RNase L R667A mutant was
dispersed throughout the cell (Fig. 6A). Interestingly, both forms of
RNase L are notably absent in and around ZIKV RFs, indicating
that RNase L does not support RF assembly internally but instead
appears to support a structural network throughout the cytoplasm
that enhances RF assembly and function.
After establishing that inactive RNase L improved ZIKV RF

formation, we next sought to link RNase L proviral effects on ZIKV
infection with RNase L–cytoskeleton interactions. Interest in RN-
ase L–cytoskeleton interaction stemmed from an earlier study de-
scribing inactive RNase L interacted with the cytoskeletal protein
Filamin A for inhibition of viral entry. That study determined that
this interaction required RNase L latency and was dissociated upon
catalytic activation of RNase L (41), which correlates with our
proposed function of inactive RNase L during ZIKV infection.
Another study described the cytoskeleton-containing cellular frac-
tion as also comprising a form of RNase L that was unresponsive to
catalytic activation by 2-5A (44). Proteomics analysis in a hu-
man cell line identified IQGAP1 (an IQ [isoleucineglutamine]
motif containing GTPase-activating protein 1), a mediator of
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actin cytoskeleton reorganization, as an RNase L binding partner
(48), and another report revealed 62% of RNase L interactions
in mouse spleens were with cytoskeleton and motor proteins (49).
Additionally, RNase L interacts with a regulator of tight junc-
tions, ligand of nump protein X (50), although none of these
latter findings were in the context of virus infection.
While RNase L function during ZIKV infection is the first

suggestion of a proviral role for inactive RNase L, the inactive

RNase L interaction with Filamin A indicated that RNase L
could actively remodel cytoskeleton during viral infection, which
is consistent with reports of virus manipulation of cytoskeletal
components to facilitate virus replication cycle events (51, 52). It
is known that ZIKV induces extensive cytoskeletal remodeling
during infection to establish RFs within invaginations of the ER
(12). Since we found that RNase L deletion altered the localization
of RF constituents (i.e., ZIKV dsRNA and NS3) and ER proteins

Fig. 7. Effects of RNase L deletion on ZIKV RFs resemble antiviral effects of microtubule stabilization on ZIKV RFs. A549 WT or RNase L KO cells were infected
with ZIKV at a multiplicity of infection of 1, treated with 12.5 μM paclitaxel or DMSO 3 h after infection. For IFA staining, cells were fixed at 20 hpi. Cells
treated with (A) DMSO or (B) paclitaxel were stained for dsRNA (green) and ZIKV NS3 (red) with 4′,6-diamidino-2-phenylindole (DAPI, blue) nuclei staining,
mean dsRNA intensity and circularity was quantified in C. Cells treated with (D) DMSO or (E) paclitaxel were stained for dsRNA (green) and β-tubulin (red) with
DAPI (blue) nuclei staining. (F) For infectious virus production, supernatants were harvested at 24 hpi for measurement of viral titers by plaque assay, shown
as plaque forming units (PFU)/mL virus, displayed are P values. The data are representative of at least two independent experiments. Statistical significance
was determined by one-way ANOVA. Displayed is the mean of three replicates ± SD for replication assays. ns = not significant, *P < 0.05, and ****P < 0.0001.
(Imaged at 100× magnification.) RFU = relative fluorescence units, AU = arbitrary units. See also SI Appendix, Fig. S8.
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to less-concentrated areas that generated less virus, we hypothe-
sized that this was due to defective cytoskeletal remodeling without
RNase L. Indeed, we found that absence of RNase L resulted in
defective remodeling of microtubules for RF support during
ZIKV infection (SI Appendix, Fig. S8). We used the microtubule-
stabilizing drug paclitaxel to recapitulate the ZIKV RF pheno-
type of RNase L KO cells. Paclitaxel-mediated loss of microtu-
bule flexibility disturbed ZIKV RF assembly and function and
consequently reduced virus production, as was observed in RN-
ase L KO cells (Fig. 7). Furthermore, in paclitaxel-treated cells,
deletion of RNase L no longer reduced ZIKV titers as in un-
treated cells (Fig. 7). These results support the model that ZIKV
employs the association of RNase L with cytoskeleton to gen-
erate RFs. Alternatively, as peak effects of RNase L deletion on
ZIKV RFs and infectious virus production occur later on during
infection, RNase L may aid in maintenance of ZIKV RFs rather
than in their initial formation. Distinctions in host protein
composition of ZIKV RFs compared to that of other flaviviruses
have been described (12). Since RNase L improves production of
ZIKV but not DENV or KUNV, it is possible that RNase L is
another ZIKV RF component not shared among all flaviviruses.
Inactive RNase L participation in ZIKV RF formation also implies
lower availability of activated RNase L proximal to ZIKV RFs,
which offers explanation for ZIKV protection from antiviral effects
of RNase L, while DENV and KUNV are sensitive to RNase
L activity.
Despite clear alterations in ZIKV RF shape and function

without RNase L facilitation of cellular remodeling, ZIKV RFs still
form and function to a degree in the absence of RNase L. This

suggests redundancy in host protein manipulation for cellular
remodeling by ZIKV and is supported by the existence of RFs
even after RNase L is activated and cleaving ZIKV genome
outside RF sites. Additionally, the dissemination of ZIKV RFs
in RNase L KO cells occurred in a majority of infected cells but
not in every infected cell, indicating that other host proteins
may compensate for the loss of RNase L. Further investigation
identifying specific host cytoskeletal components that interact
with RNase L or ZIKV proteins will elucidate how RNase L
facilitates assembly of ZIKV RFs.

Materials and Methods
Human A549 cells (and derived knockout cells) were infected with ZIKV
(PRVABC2015 strain) and in some cases with DENV2 or KUNV. Infected cells were
analyzed for infectious virus production or for RNA and protein expression by
immunofluorescence and FISH. All of these techniques are described in SI Ap-
pendix,Materials andMethods. All relevant data are presented in the main text
figures and SI figures. The associated protocols are described in Materials and
Methods and SI Appendix, Materials and Methods. Any materials can be
obtained by contacting the corresponding author.

Data Availability. All study data are included in the article and/or supporting
information.
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