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All flaviviruses, including Zika virus, produce noncoding subgenomic flaviviral RNA (sfRNA), which plays an im-
portant role in viral pathogenesis. However, the exact mechanism of how sfRNA enables viral evasion of antiviral
response is not well defined. Here, we show that sfRNA is required for transplacental virus dissemination in preg-
nant mice and subsequent fetal brain infection. We also show that sSfRNA promotes apoptosis of neural progenitor
cells in human brain organoids, leading to their disintegration. In infected human placental cells, sSfRNA inhibits
multiple antiviral pathways and promotes apoptosis, with signal transducer and activator of transcription 1 (STAT1)
identified as a key shared factor. We further show that the production of sfRNA leads to reduced phosphorylation
and nuclear translocation of STAT1 via a mechanism that involves sfRNA binding to and stabilizing viral protein
NS5. Our results suggest the cooperation between viral noncoding RNA and a viral protein as a novel strategy for

counteracting antiviral responses.

INTRODUCTION

Flaviviruses are small enveloped viruses with single-stranded posi-
tive sense RNA genomes (I). A unique feature of flavivirus infection
is the production of noncoding RNA derived from viral 3’ untrans-
lated regions (3"UTRs), which accumulates in infected cells in high
abundance (2, 3). Generation of this RNA, termed subgenomic fla-
viviral RNA (sfRNA), is determined by highly conserved RNA ele-
ments in the 3'UTRs that resist degradation by the cellular 5" — 3’
exoribonuclease XRN-1 (4, 5). Previously, sSfRNA was shown to fa-
cilitate replication and pathogenesis of West Nile virus (WNV) (6)
and dengue virus (DENV) (7-9). However, the molecular mechanism
that underpins this activity is currently not well established (10). Fur-
thermore, the role of sfRNA in the pathogenesis of other flaviviruses,
including Zika virus (ZIKV), remains poorly defined.

ZIKV is a mosquito-borne pathogenic flavivirus capable of caus-
ing reoccurring severe outbreaks in human populations (11). Among
flaviviruses, ZIKV is rather unique in its ability to disseminate through
the placenta and establish infection in the fetal brain, resulting in neu-
rodevelopmental abnormalities (12). Infected mothers subsequently
have a high risk of giving birth to infants with microcephaly and other
neurological disorders known collectively as congenital Zika syn-
drome (13). The 3’'UTR of ZIKV contains two XRN-1-resistant RNA
elements (xrRNAs) and is processed into two sfRNAs that differ in
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length (14). To determine the role of these RNAs in ZIKV infection,
we recently generated sfRNA-deficient mutant viruses and used them
to show that sfRNA facilitates ZIKV transmission by mosquitoes with
a mechanism involving the inhibition of apoptosis in mosquito tis-
sues, leading to increased virus dissemination and secretion into saliva
(15). Here, we used this loss-of-function system to investigate the role
of sfRNA during ZIKV infection of the vertebrate host.

Using a combination of in vivo, ex vivo, and in cellulo approaches,
we demonstrated that sfRNA facilitates replication and pathogenesis
of ZIKV and is required for virus-induced cytopathic effects (CPEs).
We also found that sfRNA is crucial for viral dissemination into the
fetal brain and apoptosis of infected neural progenitors. Further-
more, using transcriptome profiling and pathway enrichment anal-
ysis, we found that ZIKV sfRNA inhibits multiple pathways in the
infected placental cells and identified signal transducer and activa-
tor of transcription 1 (STAT1) as a critical shared component. Fur-
ther experiments revealed that the production of sfRNA caused a
marked reduction in STAT1 phosphorylation and thus suppressed
antiviral signaling by type I, II, and III interferons (IFNs). Mecha-
nistically, we showed that inhibition of STAT1 phosphorylation by
sfRNA required cooperation between sfRNA and the viral protein
nonstructural protein 5 (NS5), whereby sfRNA bound to and stabi-
lized NS5, leading to the accumulation of NS5 in the amounts re-
quired for efficient inhibition of STAT1 phosphorylation. Hence,
we concluded that stabilization of NS5 by sfRNA is the key mecha-
nism by which sfRNA exerts its functions in immune evasion and
pathogenesis of ZIKV.

RESULTS

ZIKV sfRNA facilitates virus replication, determines CPE,

and promotes viral pathogenesis

To elucidate the functions of ZIKV sfRNA, we previously intro-
duced point mutations (xrRNA1’ and xrRNA2’) into each and both
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xrRNAs within the 3'UTR of the African ZIKV strain, ZIKV yr766
(15). In mosquito cells, individual mutations in xrRNA1 and xrRNA2
abrogated the production of sSfRNA-1 and sfRNA-2, respectively,
while virus containing mutations in both xrRNAs was not viable (15).
To determine the sfRNA production phenotypes of xrRNA1’ and
xrRNA2’ mutants in a vertebrate host, Vero cells were infected with
wild-type (WT) ZIKV and the two viral mutants. The IFN-deficient
Vero cells (16) were used in this experiment because they support the
replication of all three viruses at comparable levels (15). We found
that, unlike in insect cells (15), the mutation in xrRNA2 not only
abolished the production of sfRNA-2 but also markedly reduced the
accumulation of sSfRNA-1 in mammalian cells (Fig. 1A), although
cells infected with WT and mutant viruses contained similar levels

of viral genomic RNA (Fig. 1B). These results are consistent with a
previous report showing the cooperation between two xrRNAs of
DENYV and the impairment of the production of both sfRNAs when
xrRNAL is disrupted (17). Considering that mutation in xrRNA2 of
ZIKV impaired the production of both sfRNAs in mammalian but
not insect cells (15), we can assume that cooperation between ZIKV
xrRNAs is host specific. As the mutation in xrRNA2 virtually abol-
ishes the production of both sfRNAs in vertebrate cells without com-
promising virus viability, the xrRNA2" ZIKV mutant can be used to
assess the effect of nearly complete sfRNA deficiency on virus rep-
lication and pathogenesis. In turn, the xrRNA1" mutant, which is
deficient in sfRNA-1 only, can be used to study the impact of partial
sfRNA deficiency.
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Fig. 1. ZIKV sfRNA facilitates viral replication, cytotoxicity, and pathogenesis in the mammalian host. (A) Northern blotting showing the production of ZIKV sfRNA
in Vero cells infected with WT, xrRNA1’, and xrRNA2' ZIKV. Bottom displays ribosomal RNA (rRNA) visualized by ethidium brimide staining as a loading control. nt, nucleotide.
(B) The quantitative reverse transcription polymerase chain reaction (qRT-PCR) quantification of viral RNA in samples used in (A). (C) ZIKV plaque morphology on a monolayer of
Vero cells at 72 hours postinfection (hpi). Bottom: Virus replication foci visualized by immunostaining of Vero cells inoculated with the same virus samples. (D) Cytotoxicity
of WT and sfRNA-deficient ZIKV mutants determined using Viral ToxGlo Assay. Vero cells were infected at the indicated multiplicities of infection (MOls), and CPE was
measured at 72 hpi. % CPE is calculated with reference to uninfected cells. (E) Viral growth kinetics in human lung (A549), human placental (BeWo and HTR-8), and mouse
embryonic fibroblast (MEF) cells infected at MOl = 0.1. (F) Replication of WT and sfRNA-deficient ZIKV in AG129 mice inoculated with 10* focus-forming units (FFU) per
mouse. Animals were monitored for disease symptoms for 15 days, and blood was collected daily via tail bleeding. Images in (A) and (C) are representative of three inde-
pendent experiments. Values in (B), (E), and (F) (viremia) are the means from three biological replicates + SD. Statistical analysis is by Student’s t test in (B), regression
analyses in (D) with the P values indicating the differences in means, one-way analysis of variance (ANOVA) in (E), area under the curve method for viremia in (F), and
Gehan-Breslow-Wilcoxon test for survival rates in (F). Titers in (E) and (F) were determined by a foci-forming immunoassay of C6/36 cells. dpi, days postinfection.
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We previously demonstrated that sfRNA facilitated the repli-
cation of WNV and was required for virus-induced CPE (14). To
elucidate whether sfRNA of ZIKV has similar functions, we first
assessed the plaque-forming properties of WT and sfRNA-deficient
ZIKV. We found that WT ZIKV formed large and clear plaques on
Vero cells, whereas plaques formed by xrRNA1’ mutant had reduced
size and were less clear (Fig. 1C, top row). No clearly defined plaques
were visible in cell monolayers infected with xrRNA2" mutant (Fig. 1C,
top row), while the immunoassay clearly showed virally infected cell
foci (Fig. 1C, bottom row), indicative of productive infection. The
quantitative CPE assay revealed significantly higher levels of CPE in
Vero cells infected with WT virus compared to the sSfRNA-deficient
mutants (Fig. 1D and table S2). Together, these results demonstrated
that sfRNAs are required for the CPE induced by ZIKV infection in
vertebrate cells. Given that Vero cells infected with WT and mutant
viruses contained similar levels of viral RNA (Fig. 1B), the reduced
cytopathic properties of sfRNA-deficient ZIKV cannot be attributed
to the lower viral load. Therefore, the sfRNA likely has a specific func-
tion in promoting cell death.

In IFN-competent human cell lines A549, BeWo, and HTR-8
infected at multiplicity of infection (MOI) = 0.1, the xrRNA1’ ZIKV
replicated with efficiency comparable to WT virus, whereas the rep-
lication of xrRNA2’ mutant was highly attenuated (Fig. 1E). In WT
mouse embryonic fibroblasts (MEFs), both mutants were incapable
of productive infection after virus inoculation at MOI = 0.1 (fig. S1).
AtMOI =1, the xrRNA1" mutant established infection, although at
alower level than WT virus, whereas replication of xrRN A2’ was
still barely detectable (Fig. 1E). These results demonstrated that the
production of sSfRNAs is required for efficient replication of ZIKV
in IFN response-competent mammalian cells.

To determine whether sfRNAs contribute to the pathogenesis of
ZIKV infection in vivo, AG129 mice were used as an infection model.
These mice are deficient in receptors for IFN-o/p and IFN-y while
still competent in IFN-A signaling. Unlike WT mice, they support the
replication of ZIKV and develop disease (18). Mice infected with
sfRNA-deficient mutants showed a later onset of disease manifesta-
tions, lower viremia, and a delay in mortality compared to mice in-
fected with WT virus (Fig. 1F, fig. S2, and table S1). This illustrated
that the production of sSfRNAs also promotes the replication and
pathogenesis of ZIKV in vivo. In summary, sfRNAs are required for
optimal virus replication in vertebrate cells and in vivo, thereby in-
creasing CPE and disease, respectively.

Production of sfRNAs is required for ZIKV infection

in the placenta and dissemination into the fetal brain

To determine whether the production of sfRNAs contributes to
ZIKV pathogenesis during pregnancy, an established animal preg-
nancy model (19, 20) with mice deficient in the IFN-a/p receptor
(IFNAR™") was used. IFNAR ™™ mice usually survive infection with
Brazilian (Asian lineage) virus strains but die after infection with
African lineage viruses (18). The xrRNA1’ and xrRNA2" mutants of
the Brazilian ZIKV strain Natal (ZIKVata1) were thus constructed
(fig. S3A), and pregnant dams were inoculated with either WT or
the sSfRNA-deficient ZIKV gt viruses [10* focus-forming units (FFU)
per mouse] at embryonic day 12.5 (E12.5). All three viruses estab-
lished viremias in IFNAR ™~ dams (Fig. 2A), with mutant viruses only
showing significant differences at 2 days postinfection (dpi) for WT
versus xrRNA1" and at 4 dpi for WT versus xrRNA2’ (Fig. 2A and
table S3). The mutant and WT viruses had no significant effect on
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the placental or fetal weights (fig. S3B) or on the proportion of de-
formed fetuses (Fig. 2B). Notably, WT and xrRNA1’ ZIKV estab-
lished productive infections in the placenta, whereas no virus was
detected in the placentas of dams infected with the xrRNA2’ mutant
(Fig. 2, B and C) despite similar viral titers in blood to those seen for
the xrRNA1’ mutant (Fig. 2A). This indicated that the production
of sfRNAs is crucial for ZIKV infection of the placenta. Moreover,
despite the presence of virus in the placenta at levels comparable to
WT, the xrRNA1’ mutant was detected in only 1 fetal head (3% in-
fection rate; Fig. 2, D and E), whereas WT ZIKV was detected in
11 fetal heads (22% infection rate; Fig. 2, D and E). This indicated
that production of sfRNAs is important for dissemination of ZIKV
into fetal brain. All fetal heads were negative in dams infected with
the xrRN A2’ mutant (Fig. 2B), as might be expected since placentas
were also not infected (Fig. 2, B and C).

To determine whether inefficient placental infection by sfRNA-
deficient ZIKV mutants was simply the consequence of lower vire-
mia in the maternal blood compared to WT virus, the effect of a
higher viral inoculation dose was assessed. Dams were infected with
a 100 times higher dose of each virus (10° FFU), which increased
the viremia levels for all the viruses by =1 to 2 logs compared to the
10* FFU infectious dose (fig. S3C). Although the serum titers for the
mutant viruses were significantly lower than those for WT at multi-
ple time points after infection with 10° FFU (Fig. 2F and table $4),
when 10* FFU of WT was compared with 10° FFU of xrRNA1’ virus,
the overall viral load (area under the curve) was significantly higher
for xrRNA1’ (Fig. 2G, fig. S3C, and table S5). There was no si§nifi—
cant difference in viremia between animals inoculated with 10® FFU
of WT ZIKV and 10° FFU of xrRN A2 virus (Fig. 2G, fig. $3D, and
table S6). While higher viremias observed after inoculation with
10° FFU increased the placental infection for the xrRNA1’ mutant
from 47 to 73% compared to 10* FFU, the placental infection for the
xrRNA2’ mutant virus only rose from 0 to 3% (Fig. 2, ] and H). The
latter represented a single placenta, with the follow-up sequencing
of the viral RNA identifying reversion of mutations to the WT se-
quence. The 22% dissemination into fetal heads for the WT virus
after infection with 10* FFU (Fig. 2D) rose to 68% after infection with
a 100-fold higher viral dose (Fig. 2, I and K), and for the xrRNA1’
mutant, this proportion increased from 3 to 10%. However, the in-
fection for the xrRNA2’ mutant virus remained zero (Fig. 2I). Con-
sidering that the 100-fold increase in the viremia in xrRNA2’ mutant
virus-infected dams achieved with the 10° FFU infection dose (which
is higher than WT viremia after 10* FFU infection) did not restore
placental infection and dissemination into fetal brain of this sSfRNA-
deficient virus, we can confidently conclude that this phenotype cannot
be explained simply by the amount of virus in maternal blood. This
indicates that at least one isoform of sfRNA (sfRNA1 or sfRNA?2) is re-
quired to permit ZIKV replication in the placenta and points toward
the functional significance of sfRNAs for viral infection of the placen-
tal tissue. Collectively, the results in pregnant animals demonstrated
that the sfRNAs of ZIKV are required for efficient viral infection
of the placenta, transplacental virus migration, and fetal brain infection.

sfRNA facilitates ZIKV-induced apoptosis of neural
progenitor cells in the developing human brain tissue

To gain insights into the effects of ZIKV sfRNAs on fetal neurovir-
ulence and neuropathogenesis in humans, we used induced pluripo-
tent stem cell (iPSC)-derived human cerebral organoids (hCOs).
This well-established model of human brain development has been
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Fig. 2. ZIKV sfRNA is required for placental infection and viral dissemination into the fetal brain. (A, F, and G) Serum viremia in ZIKV-infected dams. Pregnant IFNAR™~
mice were inoculated with 10% FFU (A) and 10° FFU (F) of WT or sfRNA-deficient ZIKV Natal via subcutaneous injection. (G) Side-by-side comparison of viremia curves in
mice infected with WT ZIKV at 10* FFU and xrRNA2’ ZIKV at 10° FFU. Values in (G) are means + SD. (B to E) Infection rate (B and D) and viral titers (C and E) in fetal tissues
collected from mice infected at 10* FFU. (H to K) Infection rate (1 and J) and viral titers (H and K) in fetal tissues collected from mice infected at 10° FFU. Fetal material was
collected at 5 dpi and weighed. Placentas and fetal heads were separated, homogenized, and used for virus titration. Deformed fetuses (fetal tissue masses) were not used
for virus titration, as placentas and heads could not be separated. Viral titers were normalized to the tissue weight. The only virus-positive placenta sample for xrRNA2'
mutant in (E) contains reverse mutation to the WT sequence. Statistical analyses for differences in viremias in (A) and (F) are shown in tables S2 and S3. Statistical analyses
for differences in viral loads in (G) are shown in tables S4 and S5. Statistical analyses for (B), (D), (J), and (I) were undertaken using Fisher’s exact tests and by Mann-Whitney
Utests for (C), (E), (H), and (K); P values are in comparison to the WT-infected group. All titers were determined by a foci-forming immunoassay on C6/36 cells.

used extensively to study microcephaly and ZIKV infection in the de-
veloping brain tissue [reviewed in (21)]. Typically, 1- to 5-week-old
cerebral organoids are used for ZIKV infections, as they closely mimic
the early first trimester of gestational human brain age, the period
when the fetus is most vulnerable to the virus (22, 23). Neural pro-
genitor cells (NPCs) have been previously identified as the primary
sites of ZIKV replication in the fetal brain (24). Accordingly, hCOs
at 9 to 15 days in vitro (DIV9 to DIV15), consisting primarily of
NPCs, are most permissive to ZIKV infection and associated cyto-
toxicity (20). Consistent with previous reports, we observed overt
shrinkage of DIV15 hCOs and loss of their typical structure by 6 days
after infection with WT and mutant ZIKV yr7es (Fig. 3A). However,
only WT virus caused CPE and complete disintegration of hCOs by
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15 to 18 dpi. In contrast, organoids infected with either of the sfRNA-
deficient mutants survived through the course of the infection, al-
though remaining smaller than uninfected organoids (Fig. 3A). In
DIV15 organoids, viral titers at early time points after infection with
the WT virus were higher than those after infection with the mu-
tant viruses (Fig. 3B and table S7). In organoids infected at DIV30,
xrRNA2’ mutant exhibited significantly reduced replication through
the entire time course and became undetectable at 7 dpi, while
xrRNA1’ mutant showed only slight attenuation compared to the WT
ZIKV (fig. S4A and table S8). No CPE was detected in DIV30 organ-
oids throughout the course of infection with WT or mutant viruses.
Consistent with differences in viral titers, at 3 dpi, WT virus—infected
DIV15 and DIV30 organoids also had significantly more infected
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ments, each containing five to six organoids per group +SD. Statistical analyses are shown in table S7. (C and D) Infection efficiency of WT and sfRNA-deficient ZIKV in
hCOs. (E and F) Localization of ZIKV replication in cells expressing markers of neural progenitors (Sox2) and mature neurons (NeuN). Cerebral organoids at DIV15 and
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cells than organoids infected with the mutant viruses (Fig. 3, Cand D).
Immunostaining of the histological section prepared from DIV15
and DIV30 organoids showed that WT virus and both mutants pri-
marily infected sex determining region Y-box 2 (Sox2)-positive
NPC with very limited infection in neuron-specific nuclear protein
(NeuN)-positive mature neurons (Fig. 3, E and F). This is consistent
with a previously described tropism of ZIKV in neural tissues (24).

In addition, the analysis of ZIKV-infected hCOs stained for the
NPC marker Sox2 demonstrated that WT ZIKV caused a significant
decrease in the number of Sox2-positive cells at 3 dpi, while hCOs
infected with sfRNA-deficient xrRNA2’ ZIKV (which will be fur-
ther referred to as a SfRNA-deficient mutant) had a similar number
of Sox2-positive cells to uninfected control (Fig. 4, A and B, and fig.
S4B). Premature neuron differentiation and apoptosis of immature
neurons and neural progenitors have previously been identified as
the reasons for ZIKV-induced microcephaly (25). Here, we found no
difference in the quantity of NeuN-positive cells between hCOs in-
fected with WT and xrRNA2’ ZIKV or between infected organoids
and mock (Fig. 4, A and B, and fig. S4B). This eliminates premature
differentiation as the possible reason for the observed disappear-
ance of Sox2-positive cells in organoids infected by WT virus. Sub-
sequently, immunohistochemical detection of cleaved caspase 3
(cCasp3) was used to elucidate the effect of sSfRNAs on the induc-
tion of apoptosis in hCOs. Sections of DIV15 and DIV30 organoids
fixed at 3 days after infection with WT or the sSfRNA-deficient ZIKV
mutant demonstrated that WT virus induced caspase cleavage in a
significantly higher proportion of infected cells when compared to
sfRNA-deficient mutant virus (Fig. 4, C to E). In agreement with these
data, a significant increase in the caspase 3/7 activity in response to
infection with WT but not sfRNA-deficient mutant viruses was ob-
served in a homogeneous monolayer culture of the human neural
progenitor ReNcell at 72 hours postinfection (hpi; Fig. 4F), although
the cells infected with either virus had similar viral loads at this time
point (fig. S4C). This provides further evidence for the specific func-
tion of sSfRNAs in virus-induced apoptosis of NPC.

Collectively, the experiments performed in hCOs identified
sfRNAs as an important neurovirulence factor of ZIKV. The sfRNAs
were found to facilitate ZIKV replication in the developing human
brain tissue and to be required for the neuropathic effect of the virus.
Production of sSfRNAs was found to be a prerequisite for the elimi-
nation of ZIKV-infected neural progenitors via apoptotic cell death.

ZIKV sfRNA inhibits signaling pathways that
converge at STAT1
We previously demonstrated that the sSfRNA of WNV acts by inhib-
iting type I IFN response (6). The data for ZIKV presented in Figs. 1F
and 2 argue that sfRNAs facilitate ZIKV pathogenesis in AG129 mice
deficient in receptors for IFN-a/B/y and are required for the infec-
tion of the placenta in mice deficient in IFNAR. This suggests that
sfRNAs may affect other type I/II IFN response-independent anti-
viral pathways. To identify all pathways and processes affected by
ZIKV sfRNA, we performed the transcriptome-wide gene expression
profiling of cells infected with WT and sfRNA-deficient ZIKV. The
human placental cell line BeWo was used for this experiment, as it
is known to support ZIKV replication; is capable of responding to
all three types of IFNs, IFN-a/f, IFN-vy, and IFN-A (26); and has a
placental origin (and thus relevant to ZIKV tropism).

Cells were inoculated with WT ZIKV or xrRNA2’ mutant viruses
at MOI = 1. At 72 hpi, total RNA was isolated from the cells and
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used for RNA sequencing (RNA-seq). Notably, both viruses produced
a similar amount of intracellular viral RNA at this time point (fig.
S5A). Principal components analysis of the library size-normalized
RNA-seq counts showed a clear separation of samples infected with
WT and xrRNA2’ ZIKV (fig. S5B). This indicates the presence of a
gene expression component specifically associated with sfRNA pro-
duction. Differential gene expression analysis demonstrated that
multiple genes, including known IFN-stimulated genes (ISGs) such
as Mx1, Mx2, and ISG15, showed stronger induction in response to
xrRNA2’ mutant virus compared to WT virus (Fig. 5A and table S9).
Subsequently, the gene ontology (GO) and Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathway enrichment analyses iden-
tified type I IFN signaling as the most enriched biological process
inhibited by sfRNA in these cells (Fig. 5B). In addition, the enrichment
analyses revealed that ZIKV sfRNAs inhibited IFN-y, nuclear factor
kB (NF-kB), and tumor necrosis factor (TNF) signaling (Fig. 5B).
While IFN-y was not produced by these cells, STAT2 degradation
by ZIKV (27) is known to skew signaling toward the STAT1/STAT1
pathway, which is the primary factor activated by IFN-y signaling. As
aresult, a prominent signature associated with stimulation of IFN-y
signaling emerges (Fig. 5C). Moreover, sfRNAs appeared to decrease
the activation of “negative regulation of apoptotic processes” (Fig. 5B,
left) and slightly, albeit significantly, induce p53 signaling (Fig. 5B,
right). This provides additional evidence for the proapoptotic func-
tion of stRNAs. Notably, the sfRNA-affected genes related to IFN
responses and antiviral defense were represented by ISGs, receptors
for IFN-0/p and IFN-y, and the components of IFN-a/B/y signaling,
whereas IFNs themselves were not identified as sfRNA-affected genes
at this time point (Fig. 5C and table $9). This suggests that ZIKV
sfRNAs act downstream of IFN-o/B/y receptors while not affecting
IFN-0/B production. The expression of ISGs was significantly higher
in cells infected with xrRNA2’ ZIKV than WT ZIKV. A similar pat-
tern was also observed in the expression of proinflammatory (TNF
signaling pathway) and antiapoptotic genes. Collectively, the results
of gene expression profiling demonstrated that ZIKV sfRNAs in-
hibit type I and II IFN signaling and TNF signaling and promote
apoptosis. Potentially, they also inhibit type III IFN response, which
shares gene expression signatures with the response to type I IFNs.
Therefore, it cannot be distinguished from type I IFN pathway using
current bioinformatic annotations. To validate the results of RNA-
seq, we performed quantitative reverse transcription polymerase
chain reaction (QRT-PCR) for selected differentially expressed genes
in infected BeWo cells at different time points after infection. Con-
sistent with the transcriptomic data, we observed the inhibitory effect
of sfRNAs on the expression of ISGs and the antiapoptotic cytokine
interleukin-6 (IL-6) later in infection (72 hpi), while the expres-
sion of the proapoptotic AKT3 gene was elevated at this time point
(Fig. 5D).

To further dissect the molecular processes affected by ZIKV
sfRNAs, we queried whether the regulatory networks associated
with antiviral response and apoptosis intersect. To this end, we de-
termined the relative weight of each individual gene in these net-
works to indicate their importance in the respective signaling. The
network analysis identified STAT1, adenosine deaminase RNA
specific (ADAR), interferon induced protein with tetratricopep-
tide repeats 3 (IFIT3), and eukaryotic translation initiation fac-
tor 2 alpha kinase 2 (EIF2AK2) also known as protein kinase R
(PKR) as shared components of the antiviral response and negative
regulation of apoptosis (Fig. 5E). Moreover, these genes also have
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infected with WT and sfRNA-deficient ZIKV. (B) Quantification of cells expressing Sox2 and NeuN in ZIKV-infected hCOs. (C and D) Effect of sfRNA production on caspase
3 activation in ZIKV-infected human brain organoids at DIV15 (C) and DIV30 (D). ZIKV E-protein and cCasp3 were visualized by immunofluorescent staining. (E) Image
quantification of (C) and (D). Cells positive for ZIKV E-protein and cCasp3 were counted across sections of multiple organoids from three independent experiments.
(F) Caspase 3/7 activity in immortalized human NPC ReNCell infected with WT and sfRNA-deficient ZIKV. Cells were infected at MOl = 1, and caspase 3/7 activity was
assessed at 72 hpi. Values are the means from three biological replicates + SD. Statistical analysis is one-way ANOVA in (B) and (F) and Mann-Whitney U test in (E). All tests

are two-sided. RLU, relative luciferase units.

the biggest weight in the joint network as indicated by their be-
tweenness centrality, the measure that indicates which node has the
biggest control over the network (Fig. 5E). The involvement of these
genes in antiviral response and negative regulation of apoptosis sug-
gests that their inhibition should simultaneously impair antiviral
response and promote apoptosis. Therefore, we concluded that

Slonchak et al., Sci. Adv. 8, eadd8095 (2022) 30 November 2022

these genes might represent molecular targets of sSfRNAs. Among
these proteins, ADAR, IFIT3, and PKR are the effectors and the most
downstream components of the type I and IIT IFN signaling (28) and
were therefore deemed unlikely candidates for mediating the effect
of sfRNAs on the expression of multiple ISGs. STAT1, however, is a
key regulatory component in all types of IFN signaling. It is also known
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Fig. 5. Effect of sSfRNA production on expression of host genes in infected human placental cells. (A) Differential gene expression in BeWo cells infected with WT and
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(B) Pathways and biological processes affected by the production of ZIKV sfRNA for genes identified in (A). (C) Expression of genes associated with biological processes
affected by the production of sfRNA in BeWo cells. Values are z scores and are the means from three biological replicates. (D) Expression of selected I1SGs and apoptosis-
regulating genes in BeWo cells infected with MOI = 1 of WT (magenta bars) and xrRNA2' (cyan bars) ZIKV and determined by gqRT-PCR. Relative mRNA quantity was deter-
mined using the AACt method and is relative to mock with normalization to GAPDH. Values are the means + SD, n = 3. Statistical analysis is by t test. (E) Network of
interactions between the sfRNA-affected genes involved in antiviral response and apoptosis. Two individual networks were reconstructed from the genes identified in
(C) using the GeneMANIA Cytoscape plug-in and then merged. The resulting network was subjected to Cytoscape network analysis to calculate the betweenness central-
ity values as a measure for the weight of each node in the combined network. Size of the nodes indicates betweenness centrality, and the color of the nodes indicates the
difference in gene expression between the cells infected with WT and xrRNA2' mutant ZIKV. Positions of the nodes are relative to their connectivity within and between

the two subnetworks. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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to antagonize apoptosis in cells exposed to IFN-v (29). In addition,  different time points after infection with WT and sfRNA-deficient
analysis of pathways differentially regulated by WT and sfRNA-  ZIKV using qRT-PCR. Consistent with the results of RNA-seq, we
deficient virus infections using Ingenuity Pathway Analysis software  observed no inhibitory effect of ZIKV sfRNAs on the expression of
identified STAT1 as the most significant direct upstream regulator of ~ these IFN genes at any time point (Fig. 6A). Instead, the expression
the differentially expressed genes affected by sSfRNA (table S10),in-  of IFNB1 and IFNLI1 early in infection (24 hpi) was higher in cells
dicating the key role of ZIKV sfRNAs in inhibiting STAT1-regulated  infected with WT ZIKV compared to cells infected with xrRNA2" mu-
pathways. On the basis of these results, we hypothesized that STAT1  tant virus (Fig. 6A). In addition, replication of sfRNA-deficient ZIKV
represents the key target of ZIKV sfRNAs, which allows them to mod-  mutants was restored in the IFNAR-knockout MEF (Fig. 6B) compared

ulate multiple host response pathways. to the WT MEF (Fig. 1E). This provides additional evidence that
ZIKV sfRNA acts by inhibiting IFN signaling and not IFN expres-
ZIKV sfRNAs inhibit IFN signaling but not IFN production sion. Moreover, we found that in IRF3/7”'~ MEF deficient in intrin-

The sfRNA of DENV2 has been reported to inhibit pattern recogni-  sicIFN production, xrRNA2’ mutant ZIKV replicated at comparable
tion receptor (PRR) signaling and IFN expression (8, 9). However, levels to the WT virus (Fig. 6C) but exhibited significantly higher
this was not the case for other flaviviruses, including other strains of ~ sensitivity to the treatment with exogenous IFN-a (Fig. 6D). This
DENV (7, 30), and our RNA-seq analysis showed no effect of ZIKV  further indicates that compared to WT ZIKV, the sfRNA-deficient
sfRNAs on the expression of IFNs, suggesting that sSfRNA of ZIKV ~ mutant virus has decreased ability to counteract IFN-a/f signaling.
does not target PRRs and IFN production. To validate these findings, =~ Furthermore, the reporter assay with A549 cells expressing green
we first assessed the expression of IFNB1 and IFNL1 in BeWo cellsat  fluorescent protein (GFP) under the control of either IFN-f promoter

A B IFNAR-- MEF (o3 IRF3/7-- MEF
- 10%- IFNB1 - 10° IFNL1 = 8 e = 8 g:g.gzgg
- § 10% E e E P =0.6506 =
© 3 S v ——2 _| =0 e
AL 31 LRl T
L <10 o = 705 = P=01612
= 10 2 D 4- L P=02254 B 44
£ 10 B 5 8
: 8 ZE - 5 RNl
& & = XRNAT' = XRNAT
100- 100 % i e A % . — XRNA2
24 48 72 24 48 72 0 T T 1 T T 1
24 48 72 24 . 48 72
D E hpi hpi
¢, IRF3/77- MEF +IFN A549-IFNb A549-ISRE

7.7
5 O

‘:_“ ]

E T —=_p-0012
2 5 pP-o1sss \
o =0
I;l.’ T~

o

§ 4 P=0.0115 1\ =
o b .
L
= 34 - WT P=0.0019
S = xrRNA2' =
ﬁ ”,

- 1 1 1 1
0.1 1 10 100 1000
F IFN-alpha units

100+ P <0.0001

12}
@ 80+

0] ol
2 60- D
[7]

<3 =z
d 40 x
i P=0.4766 X
N 20

WT xrRNA2' WT xrRNA2'
A549-IFNb A549-ISRE

Fig. 6. ZIKV sfRNA inhibits IFN signaling but not PRR signaling and IFN production. (A) Expression of IFNs in human placental BeWo cells infected with WT (cyan) and
sfRNA-deficient (magenta) ZIKV. Cells were infected at MOl = 1, and total RNA was isolated at the indicated time points and used for qRT-PCR. Relative mRNA quantity was
determined using the AACt method relative to mock with normalization to glyceraldehyde-3-phosphate dehydrogenase (GAPDH). (B and C) Replication of WT and sfRNA-
deficient ZIKV mutants in IFNAR™~ and IRF3/7~/~ MEF. Cells were infected at MOI = 0.1. (D) Effect of IFN treatment on the replication of WT and sfRNA-deficient ZIKV in
IRF3/7~~ MEF incapable of endogenous IFN production. Cells were pretreated with IFN-q, infected at MOl =1, and titers were determined at 48 hpi. (E) Effect of ZIKV
sfRNA on the activity of IFNb and ISRE promoters. IFNb-GFP and ISRE-GFP reporter A549 cells were infected with WT or sfRNA-deficient ZIKV at MOI = 0.1, and GFP fluores-
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(A549-1FND) or IFN-stimulated response element (A549-ISRE)
demonstrated that infection with WT or sfRNA-deficient ZIKV
induced IFNB1 gene promoter at comparable levels, while sSfRNA-
deficient ZIKV caused significantly stronger activation of the ISRE
promoter than WT virus (Fig. 6E). Therefore, we can conclude that
ZIKV sfRNAs inhibit downstream signaling from IFN receptors but
not the expression of IFNs.

Production of ZIKV sfRNAs decreases phosphorylation

and nuclear translocation of STAT1 in infected cells

The network reconstruction analysis identified STAT1 as a potential
key target of ZIKV sfRNA (Fig. 5E). STAT1 plays a central role in signal
transduction from all three types of IFNs. In response to IFNs, it
becomes phosphorylated, dimerizes with STAT2 or another STAT1
subunit, translocates into the nucleus, and activates the expression
of antiviral genes. To elucidate the effect of sSfRNAs on STAT1 acti-
vation, the levels of total and phosphorylated STAT1 were determined
in Vero cells infected with WT or xrRNA2" ZIKV after treatment
with IFN-o. We found that IFN-a induced substantial accumulation of
Tyr’""-phosphorylated STAT1 (pSTAT1) in mock-infected cells and in
cells infected with the sfRNA-deficient ZIKV but not in cells infected
with the WT virus (Fig. 7A). Equal amounts of viral NS3 protein were
detected in both infections, which is consistent with a previous obser-
vation that sfRNA deficiency does not affect viral replication in IFN-
deficient Vero cells (15). The total STAT1 levels were not affected by
the infections with both viruses (Fig. 7A), indicating that sfRNAs
inhibited STAT1 phosphorylation rather than affecting STAT1 expres-
sion. In addition, immunofluorescent microscopy revealed that infec-
tion with WT, but not with xrRNA2’ ZIKV, efficiently prevented the
accumulation of pSTAT1 in the nuclei of infected cells in response to
IFN-o treatment (Fig. 7, B and C), which suggests that transcriptional
activation of STAT1-regulated ISGs would be inhibited by sfRNAs.

We next tested the ability of sfRNAs to inhibit STAT1 phosphoryl-
ation in response to IFN-A in human placental HTR-8 cells that
have functional IFN-A signaling (26). To achieve comparable viral
loads in cells infected with WT and sfRNA-deficient ZIKV, a high
MOI (MOI = 5) was used in this experiment (fig. S7). The results
demonstrated that sfRNAs decreased IFN-A-induced phosphoryl-
ation of STAT1 while having no effect on the total STAT]1 levels
(Fig. 7D). ZIKV sfRNA thus also disrupts type III IFN signaling by
inhibiting the phosphorylation of STAT1.

Type I1 IFN signaling is exclusively regulated by STAT1; hence,
the effect of sSfRNA on IFN-y signaling was also examined. Vero cells
capable of responding to IFN-y were used for this experiment. The
results showed that although the total STAT1 level rose after IFN-y
treatment in cells containing either virus, the level of phosphorylated
STAT1 was lower in cells infected with WT virus than in cells in-
fected with xrRNA2’ mutant ZIKV (Fig. 7E), illustrating inhibition
of IFN-y signaling by sfRNA.

Hence, we demonstrated that sfRNAs play a key role in the in-
hibition of STAT1 phosphorylation in response to all three types of
IFNs. In addition, replication of the xrRNA2" mutant ZIKV was sim-
ilar to that of the WT virus in STAT1-deficient U3A cells (Fig. 7F).
The difference in CPE between WT and sfRNA-deficient viruses was
also diminished in STAT1™~ cells (fig. S8). These results identify
STATT1 as the host factor responsible for the attenuated phenotype
of sSfRNA-deficient ZIKV mutants and demonstrate the functional
significance of sSfRNA-mediated inhibition of STAT1 signaling in
ZIKV-host interactions.

Slonchak et al., Sci. Adv. 8, eadd8095 (2022) 30 November 2022

ZIKV sfRNA interacts with viral protein NS5 to inhibit

STAT1 phosphorylation

To further characterize the inhibitory activity of ZIKV sfRNAs on
STAT1 phosphorylation and nuclear translocation, Vero cells were
transfected with in vitro generated ZIKV sfRNA or GFP RNA frag-
ment (control; fig. S9A), followed by treatment with IFN-o. The
sfRNA-transfected cells showed substantial accumulation of pSTAT1
in the nuclei, similar to the levels in cells transfected with con-
trol RNA (fig. S9B). As only phosphorylated STAT1 translocates
to the nuclei following IFN stimulation, these results imply that
sfRNA requires other viral or virus-induced host factors to execute
this activity.

The activities of sfRNA in flaviviruses have previously been asso-
ciated with interactions between sfRNA and host proteins (8, 9, 30).
These interactions are usually identified by an RNA affinity pull-
down experiment in which lysates of uninfected cells are used with
in vitro transcribed sfRNA (31, 32). However, given the lack of in-
hibitory activity of stRNA alone on STAT1 phosphorylation and nu-
clear translocation in uninfected cells (fig. S9B), functional interactions
of sfRNAs affecting STAT1 phosphorylation need to be studied in
the context of virus infection. Because in vitro transcribed sfRNA
used as a bait in pulldowns would compete with sSfRNAs produced
in cells infected with the WT virus, lysates of cells infected with the
sfRNA-deficient virus were used for sfRNA affinity pulldown as-
says. Streptavidin-binding aptamer-tagged ZIKV sfRNA and con-
trol GFP RNA (fig. S10) were generated by in vitro transcription and
used in RNA affinity pulldowns with the lysate of cells infected with
xrRNA2’" mutant virus to identify sfRNA-interacting proteins. Label-
free quantitative sequential window acquisition of all theoretical
fragment ion spectra mass spectrometry (SWATH-MS) was then
used to identify proteins enriched in sfRNA pulldowns compared
to GFP RNA pulldown. This approach revealed ZIKV NS5 as the
most significantly enriched sfRNA-interacting protein (Fig. 8A).
NS5 of WNV (33) and Japanese encephalitis virus (JEV) (34)
were previously shown to inhibit STAT1 phosphorylation. How-
ever, NS5 ectopically expressed from plasmids was unable to in-
hibit STAT1 phosphorylation to the same extent as NS5 produced
during infection, suggesting the requirement of another viral fac-
tor for this activity (35). Considering the identified sfRNA-NS5
interaction, we hypothesized that sfRNA is the viral factor that
acts in conjunction with NS5 to provide efficient inhibition of
STAT1 phosphorylation.

To test this hypothesis, expression plasmids producing ZIKV NS5
and sfRNA (NS5-3'UTR-WT), ZIKV NS5 alone (NS5-3"'UTR-Mut),
GFP and ZIKV sfRNA (GFP-3'UTR-WT), and GFP alone (GFP-
3"UTR-Mut) were generated (Fig. 8B). To recapitulate the biogenesis
of viral protein and sfRNA in infection, they were designed to encode
a single transcript consisting of NS5 open reading frame (ORF) (or
GFP in control) followed by ZIKV 3’UTR. These transcripts were
expected to be translated and undergo decapping, thus becoming the
accessible substrate for XRN-1 for further conversion into sfRNA in
a similar manner to viral RNA during infection. Hepatitis virus
delta ribozyme (HDVR) was added immediately downstream of
the 3’ end of the encoded mRNA to remove the polyadenylate
tail and produce an authentic 3’-OH terminus present in viral
RNA and sfRNAs. The mutations were then introduced into both
xrRNAs to create constructs deficient in sfRNA production yet
encoding respective proteins (Fig. 8B). The constructs were con-
firmed to either produce (3'UTR-WT constructs) or not produce
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Fig. 7. ZIKV sfRNA inhibits type | and Il IFN signaling by suppressing phosphorylation and nuclear translocation of STAT1. (A) Effect of ZIKV sfRNA on the phos-
phorylation of STAT1 in response to type | IFN. (B) Immunofluorescent detection of Tyr’®'-phosphorylated STAT1 in ZIKV-infected Vero cells treated with IFN-a1. The image
is representative of three independent experiments that showed similar results. DAPI, 4',6-diamidino-2-phenylindole. (C) Image quantification for (B). The pSTAT1-positive
nuclei were quantified in ZIKV-positive cells in three independent experiments. (D and E) Effect of ZIKV sfRNA on the phosphorylation of STAT1 in response to type Il (E)
and type Ill (D) IFN. The band in mock after probing for NS3 in (E) represents nonspecific antibody binding and has different NS3 molecular weight. (F) Replication of WT
and sfRNA-deficient ZIKV in STAT1-deficient U3A cells. Cells were infected at MOI = 0.1; titers were determined by a foci-forming assay of C6/36 cells. In (A) to (E), Vero (A to
Cand E) or HTR-8 cells (D) were infected with WT or xrRNA2' ZIKV or left uninfected (mock). At 48 hpi, cells were treated with human IFN-a.1 (A to C), IFN-A1 (D), or IFN-y
(E) for 20 (A to C and E) or 60 min (D). Levels of Tyr’®'-phosphorylated STAT1 (pSTAT1) and total STAT1 indicate phosphorylation and expression of STAT1, respectively.
Levels of ZIKV NS3 indicate viral loads in the infected cells. GAPDH levels indicate the total protein input. In (C) and (F), the values are the means from three independent
experiments + SD. The statistical analysis is by Student’s t test in (C) and one-way ANOVA in (F). All tests are two-sided.

(3'UTR-MUT constructs) both sfRNAs in cells transfected with
plasmid DNA using Northern blotting (Fig. 8C). In addition to
the expected sfRNA bands, the band with a slightly higher electro-
phoretic mobility than sfRNA-2 (appeared as lower-molecular weight
band) was evident in the samples from transfected cells (Fig. 8C),
which can be explained by incomplete denaturation of highly struc-
tured sfRNA. Human embryonic kidney (HEK) 293T cells were then
transfected with each plasmid, treated with IFN-o, and analyzed by
Western blot for pSTAT1 (Fig. 8D). Consistent with the results of stRNA
transfection (fig. S9), similarly robust levels of pSTAT1 were observed
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in cells expressing only sfRNA (GFP-3'UTR-WT) and in cells trans-
fected with a control construct producing neither sfRNA nor NS5
(GFP-3'UTR-mut; Fig. 8D). Cells expressing NS5 without sfRNA
(NS5-3'UTR-Mut) exhibited slightly decreased accumulation of
pSTAT1 (Fig. 8D), which illustrated that NS5 alone could inhibit STAT1
phosphorylation only to a limited extent. In contrast, accumulation of
pSTAT1 was markedly reduced in cells transfected with the construct
expressing both ZIKV NS5 and sfRNA (NS5-3'UTR-WT; Fig. 8D).
These results show that the cooperative action of NS5 and sfRNA
is required to inhibit STAT1 phosphorylation efficiently.
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Fig. 8. ZIKV sfRNA inhibits STAT1 phosphorylation by stabilizing NS5 via direct binding. (A) The sfRNAzky-binding proteins identified by RNA affinity pulldown. Top 10
most significant sSfRNA-interacting proteins are highlighted. The values are the means from three independent experiments. (B) Schematics of the reporter constructs for the
production of ZIKV sfRNA and NS5 alone and in combination. The mutations leading to sfRNA deficiency are shown in red. CMV, cytomegalovirus; poly(A), polyadenylate.
(€) Production of sfRNA in HEK293T cells transfected with the constructs shown in (B). Bottom: 5.85 rRNA. (D) Detection of pSTAT1, total STAT1, NS5, and GAPDH (loading
control) in HEK293T cells transfected with the plasmids shown in (B) and treated with IFN at 48 hours posttransfection (hpt). (E) Quantification of NS5 levels in (D) by
densitometry. (F) Western blot for GFP expression in HEK293T cells transfected with the plasmids expressing GFP with and without sfRNAzky. (G) Detection of structural
(E-protein) and nonstructural (NS5, NS3, and NS1) proteins in Vero cells infected with WT and xrRNA2' ZIKV. (H) Effect of the proteasome inhibitor MG132 on the accumulation

of ZIKV NS5 in HEK293T cells 24 hours after transfection with indicated constructs. Right panels in (D) and (F) to
on three independent experiments. Values are normalized to GAPDH or actin and expressed as a percentage relative to control. The blots in (C), (D), and (F) to

(H) shows image densitometry for the respective blots based
(H) are repre-

sentative of three independent experiments. Error bars in (D) to (H) represent SD. Statistical analysis was performed by one-way ANOVA (E) or t test (E to H).

ZIKV sfRNA stabilizes NS5 protein

While analyzing the levels of phosphorylated and total STAT1 in cells
transfected with the expression constructs, we also assessed intra-
cellular levels of NS5 and GFP. Notably, cells coexpressing NS5 and
ZIKV sfRNA had significantly higher levels of NS5 compared to cells
expressing NS5 alone (Fig. 8, D and E), while expression of GFP was
not affected by sfRNA production (Fig. 8F). This indicates that sSfRNA
specifically facilitates the accumulation of NS5. The lack of differ-
ence in GFP expression also suggests that the introduction of viral
3"UTR with or without xrRNA 1’2" mutations into mRNAs does not
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affect the transcription or translation of mRNAs produced from
these constructs. Instead, this demonstrates a specific posttransla-
tional effect of ZIKV sfRNA on NS5, which we hypothesized is likely
due to protein stabilization.

To further elucidate the effect of ZIKV sfRNA on NS5 accumu-
lation, the levels of nonstructural (NS5, NS3, and NS1) and struc-
tural (E) ZIKV proteins were assessed in Vero cells infected with
WT and sfRNA-deficient ZIKV mutant xrRNA2'. Cells infected with
the sfRNA-deficient ZIKV contained less NS5 than cells infected
with the WT virus (Fig. 8G) while containing comparable levels of
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other viral proteins (Fig. 8G). Considering that all viral proteins are
produced by the proteolytic cleavage of a single polyprotein precur-
sor, this further indicates that sSfRNA selectively stabilizes NS5 pro-
tein and does not affect transcription or translation. To validate
this hypothesis, the levels of NS5 were assessed in HEK293 cells
transfected with plasmid constructs expressing NS5 with sfRNA
(NS5-3'UTR-WT) or without sfRNA (NS5-3’UTR-Mut) followed
by the treatment with the inhibitor of proteasomal protein degrada-
tion N-carbobenzyloxy-1-leucyl-L-leucyl-L-leucinal (MG132). Expectedly,
MG132 increased NS5 levels in cells transfected with both con-
structs, indicating for the efficient inhibition of proteasomal activity
(Fig. 8H). Upon suppression of protein degradation by the drug, the
difference in the levels of NS5 in cells transfected with NS5-3"UTR-
WT and NS5-3'UTR-Mut constructs observed in untreated cells was
no longer present (Fig. 8H). Together, the data in Fig. 8 demonstrate
that sfRNA binds to and stabilizes NS5 protein, which results in en-
hanced inhibition of STAT1 phosphorylation.

ZIKV NS5 was previously shown to induce STAT2 degradation
(27), and a recent study demonstrated that sSfRNA-deficient ZIKV
mutant was also capable of this activity (36), thereby excluding a role
for ZIKV sfRNA in STAT2 degradation. Consistent with these re-
sults, we also showed that deficiency in sfRNA production and asso-
ciated decrease in NS5 level did not affect STAT2 degradation in cells
either infected with viruses or transfected with expression constructs
(fig. S11). This suggests that STAT2 degradation can be efficient-
ly induced by a relatively small amount of NS5, while inhibition of
STAT1 phosphorylation likely requires higher amounts of NS5
achieved via stabilization by sfRNA.

DISCUSSION
The production of sfRNA is an evolutionarily conserved feature of
all flaviviruses. The sfRNA is so important for virus propagation that
flaviviruses have evolved functional redundancy in their 3'UTRs to
enable robust sfRNA generation and protect it from adverse mutations
(37). Multiple studies by us and others have established the import-
ance of sfRNA for the replication of diverse flaviviruses in insect
and vertebrate hosts [reviewed in (10)]. Until recently, WNV and DENV
were the main focus of these studies. The sfRNA of WNV was previ-
ously shown to facilitate viral replication in mammalian (4, 6, 14)
and insect (4, 14, 38, 39) cells and to be required for WNV pathogenesis
in mice (4, 14), CPE in cell culture (4, 14) and virus transmission
by mosquitoes (39). We previously found that in the mammalian
host, sSfRNA of WNV acts by inhibiting signal transduction from IFNAR
but not the production of type I IEN, although the molecular mech-
anism of this function remains to be identified (6). On the contrary,
the sSfRNA of some but not all DENV2 strains was shown to inhibit
PRR signaling and IFN production by binding to the proteins Carpin
and guanylate Binding Protein 3 (G3BP) (9) or tripartite motif-
containing protein 25 (TRIM25) (8). Hence, it is currently unclear
whether the molecular function of sfRNA is conserved between differ-
ent flaviviruses, is virus specific, or is a combination of both. The pheno-
typical and biochemical analyses of sSfRNA functions in other members
of the genus Flavivirus are therefore required to resolve this matter.
In this study, we focused on the functions of sfRNA of the latest
pandemic flavivirus, ZIKV. The sfRNA of ZIKV has been previously
shown to promote virus replication in the insect host and is required
for viral transmission (15, 32). In the mammalian host, deletion of
the entire stem-loop elements from dengue viral 3'UTR inhibited

Slonchak et al., Sci. Adv. 8, eadd8095 (2022) 30 November 2022

viral replication (17). However, as this deletion causes major struc-
tural disruption in viral 3"UTR, which is also required for viral repli-
cation (40), this model does not allow separation of the effects caused
by sfRNA deficiency from the effect of compromised genome integ-
rity. Another study used partially sfRNA-deficient ZIKV (still pro-
ducing sfRNA2, equivalent to our xrRNA1’ mutant) and found that
the mutation did not affect viral replication in cell lines while caus-
ing reduced maternal blood viremia and placental viral loads in a
mouse pregnancy model (41). However, this study could not assess
the effect of sfRNA on transplacental virus dissemination and fetal
brain infection, as even WT ZIKV in these experiments was not de-
tected in fetal heads (41).

Here, we used a ZIKV mutant with nearly complete sSfRNA defi-
ciency (lacking both sfRNA1 and sfRNA2) and a combination of ex-
perimental models and approaches to overcome the limitations of
the previous studies and identify the biological functions of ZIKV
sfRNAs at the molecular level. We demonstrated that stRNAs are
required for efficient replication of ZIKV and that deficiency in the
production of sfRNAs results in significant attenuation of virus rep-
lication in human cells and in a mouse model in vivo. We found that
deficiency in sSfRNAs prevented the virus from infecting the mouse
placenta and disseminating into the fetal brain. We also demon-
strated that ZIKV sfRNAs promote virus-induced CPE in cultured
cells and apoptosis of neural progenitors in the infected developing
human brain tissue. We found that sfRNAs exert these functions by
inhibiting the phosphorylation of STAT1 enabled by sfRNA binding
to and stabilizing the viral IFN antagonist, NS5 protein. This pro-
vides a fundamental understanding of the role of sfRNAs in the sub-
version of host responses during ZIKV infection.

Mammalian cells produce three types of IFNs, of which type I
IFN signaling is the most ubiquitous antiviral mechanism active
against flaviviruses (42). Type III IFNs are also involved in defense
against flaviviruses but function in a tissue-specific manner. In par-
ticular, IFN-A pathway is active in the placenta and the female re-
productive tract and plays a crucial role in protecting these tissues
from ZIKV infection (26). Type II IFN is produced by natural killer
cells as part of the innate immune response and subsequently by
T cells as adaptive immunity develops (43). Many cells, including pla-
cental trophoblasts, express IFN-y receptors and mount antiviral
responses after exposure to IFN-y (44). To date, IFN-y has been dem-
onstrated to act against WNV and DENV to prevent systemic virus
spread (45, 46). In addition, treatment with IFN-y was shown to re-
duce ZIKV replication in human cells (47). Here, we showed that
ZIKV sfRNAs play a significant role in inhibiting the responses to
IFN-y, IFN-0, and IEN-A by preventing the phosphorylation of STAT1.

Signal transduction from type I and III IENs relies on Tyr’"! phos-
phorylation of STAT1, which then associates with phosphorylated
STAT?2 and interferon regulatory factor 9 (IRF9) to form the tran-
scription complex ISGF3, which translocates into the nucleus and
up-regulates the expression of ISGs (48). In addition, phosphorylated
STAT1 can form homodimers that mediate signal transduction from
type II IFN and act as a noncanonical signaling pathway in response
to type I IFN (49). Moreover, STAT1 plays a rather complex role in
the regulation of apoptosis, being able to exert pro- and antiapop-
totic functions depending on the type of phosphorylation and cellular
context. In particular, STAT1 protects cells exposed to IFN-y from
apoptosis by activating the transcription of genes that encode the
suppressors of apoptosis (29). Here, using transcriptomic data anal-
ysis of human placental cells infected with WT and stRNA-deficient
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viruses, we identified STAT1 as a common link between major anti-
viral pathways affected by sfRNAs, IFN signaling and the negative
regulation of apoptosis.

Inhibition of STAT1 phosphorylation in flavivirus-infected cells
was previously linked to the activity of the viral protein NS5 (33).
However, this activity of ectopically expressed NS5 in the absence of
infection was found to be significantly lower than in infected cells,
suggesting a requirement for another viral factor (35). Here, we iden-
tified sfRNA as this viral factor by showing that it binds to and sta-
bilizes NS5, which results in NS5 accumulation to the levels required
for inhibition of STAT1 phosphorylation. To the best of our knowl-
edge, this is the first report of a noncoding viral RNA binding to a
viral protein to inhibit host antiviral responses. ZIKV NS5 is also
known to trigger proteolytic cleavage of STAT2 (27). Consistent with
a recent report (36), we demonstrate that sfRNA is not required for
this activity and that the small amounts of NS5 present in cells infected
with a sfRNA-deficient virus were sufficient to degrade STAT?2.

The concentration-dependent requirement for NS5 in the inhi-
bition of STAT1 phosphorylation and concentration-independent
requirement for NS5 in STAT2 degradation can be mechanistically
explained on the basis of our data and existing knowledge (fig. S12).
WNYV and ZIKV NS5 were previously shown to inhibit STAT1 phos-
phorylation. They were also found to bind heat shock protein 90
(Hsp90), which is required to fold tyrosine kinase 2 (Tyk2), the up-
stream kinase that phosphorylates STAT1. Therefore, it was suggested
that suppression of STAT1 phosphorylation by flavivirus NS5 could be
due to this direct protein-protein interaction (35). It was proposed
that binding of NS5 causes inactivation of Hsp90, resulting in incorrect
folding and subsequent proteasomal degradation of Tyk2, thereby
preventing downstream STAT1 phosphorylation in response to IFN
receptor signaling (35). Assuming that NS5-Hsp90 binding is a re-
versible reaction, high levels of NS5 would be required to suppress
the activity of abundantly expressed Hsp90. This is likely achieved
by stabilization of NS5 by sfRNA, as we showed here, which would
then allow efficient inhibition of STAT1 phosphorylation. In con-
trast, the effect of NS5 on STAT2 is irreversible, as it triggers the
energy-dependent ubiquitination of STAT2, followed by its proteasomal
degradation with NS5 being recycled. NS5 thereby acts as a catalyst
(27) with small amounts of NS5 sufficient for STAT2 degradation.

A previous study indicated that NS5-induced STAT?2 degradation
switches signaling from STAT1/STAT2-driven responses to STAT1/
STAT1-driven responses (50) in ZIKV-infected cells. Here, we pro-
pose that ZIKV counteracts type I and IIT IFN responses by using a
small amount of available NS5 to induce STAT2 degradation and pre-
vent the formation of STAT1/STAT2 heterodimers. Removal of STAT2
switches signaling to the STAT1/STAT1 homodimer pathway, which
is used primarily by type II IFN response. sfRNA inhibits this path-
way by binding to and stabilizing NS5, thus enabling NS5 to counter-
act STAT1 phosphorylation. Thus, the sfRNA-mediated inhibition
of all three types of IFN response allows ZIKV to spread systemical-
ly, reach and replicate in the placenta, and eventually reach the fetal
brain, where it induces apoptosis and neuropathogenicity.

MATERIALS AND METHODS

Cells

Female African green monkey (Cercopithecus aethiops) kidney fibro-
blast cells [Vero, American Type Culture Collection (ATCC), CCL-81],
male human alveolar carcinoma A549 cells (ATCC, CCL-185), male
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human placental trophoblast BeWo cells (ATCC, CCL-98), human
placental trophoblast HTR-8 cells (ATCC, CRL-3271), HEK293T
cells (ATCC, CRL-3216), and Aedes albopictus larvae C6/36 cells
(ATCC, CRL-1660) were obtained from ATCC. WT, IFNAR ™", and
IRF3/7"'~ MEFs have been generated previously (6). U3A STATI-
deficient 2fTGH cells (51) were obtained from CellBank Australia.
ReNcell human NPCs were provided by B. Day and U. Baumgartner
from QIMR Berghofer Medical Research Institute (QIMRB), QLD,
Australia. Reporter cell lines A459-IFNb and A549-ISRE were pro-
vided by R. Randall from the University of St Andrews, UK and de-
scribed previously (52). Vero, MEF, HEK293T, and HTR-8 cells were
cultured in Dulbecco’s modified Eagle’s medium (DMEM) supple-
mented with 10% (v/v) fetal bovine serum (FBS). A459 and BeWo
cells were maintained in Ham’s F-12K (Kaighn’s) medium supple-
mented with 10% (v/v) FBS. ReNcells were cultured in KnockOut
DMEM/F-12 supplemented with 2% StemPro Neural Supplement,
10 pg of epidermal growth factor recombinant human protein, 5 pg of
fibroblast growth factor-basic (FGFb) recombinant human protein,
and 1% GlutaMAX (Gibco) in flasks coated with Matrigel matrix
basement membrane [1:100 dilution in phosphate-buffered saline
(PBS); Corning]. C6/36 cells were cultured in RPMI 1640 supple-
mented with 10% (v/v) FBS and 10 mM Hepes (pH 7.4). All vertebrate
cells were incubated at 37°C with 5% CO,. Insect C6/36 cells were
cultured at 28°C in sealed containers. All cell culture media and
reagents were from Gibco, USA unless specified otherwise.

Viruses and infection of cells

ZIKV strain MR766 was obtained from the Victorian Infectious Dis-
eases Reference Laboratory. Natal strain of ZIKV was previously
assembled from synthetic DNA fragments (53). The viruses were
passaged once in C6/36 cells, and viral titers were determined by a
foci-forming assay on Vero76 cells. The viral genomes were sequenced
and confirmed to match GeneBank reference sequences MK105975
for ZIKVur76s and KU955594 for ZIKVyatal. All infections were
performed at the indicated MOI by incubating cells with 50 ul of
inoculum per square centimeter of growth area for 1 hour at 37°C. In-
oculated cells were then maintained in the growth medium contain-
ing a reduced amount of FBS (2%) to prevent overgrowth.

RNA isolation

Viral RNA was isolated from cell culture fluids using the NucleoSpin
RNA Virus Kit (Macherey-Nagel, Germany). Total RNA from cells
was isolated using TRI Reagent (Sigma-Aldrich, USA). RNA from
pulldown samples was isolated using TRI Reagent LS (Sigma-Aldrich,
USA). All RNA isolation procedures were conducted according to
the manufacturer’s instructions.

Generation of sfRNA-deficient ZIKV mutants

The sfRNA-deficient mutants of ZIKVyr7e6s XrRNA1" and xrRNA2’
were generated previously (15). To generate xrRNA1" and xrRNA2’
mutants of ZIK Vg1, the pUC19 plasmid containing the fragment
of ZIKV ¢cDNA with full-length 3'UTR (54) was used as a template
for PCR-directed site-specific mutagenesis. The primers ZIKV_
xrRNA1'F and ZIKV_xrRNA1'R or ZIKV-xrRNA2'F and xrRNA2'R
(table S12) were used to introduce C to G substitution into the po-
sition of each of the xrRNAs critical for XRN-1 resistance (5, 15).
Mutagenesis was performed using the Q5 Site-Directed Mutagenesis
Kit (NEB, USA) according to the manufacturer’s instructions.
Fragments containing the mutations were then amplified from the
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plasmid using primers Natal 7F and Natal 7R (table S11) and used
to assemble infectious cDNA via circular polymerase extension
reaction, which was performed as described previously (55).

Reverse transcription polymerase chain reaction

To confirm the retention of mutations in PO and P1 viruses, viral
RNA was isolated from culture fluid samples, and ZIKV 3'UTR was
amplified using primers Natal 3'UTR F and Natal 3'UTR R (table S11).
RT-PCR was performed using the SuperScript III One-Step RT-PCR
Kit with Platinum Taq (Invitrogen, USA) according to the manufac-
turer’s recommendations and the following cycling conditions: 60°C
for 15 min, 94°C for 2 min followed by 30 cycles of 94°C for 15 s, 55°C
for 30 s, and 68°C for 1 min with a final extension at 68°C for 5 min.

Foci-forming immunoassay
Viral titers were determined by a foci-forming assay on C6/36 cells as
described previously (15).

Plaque assay

Ten-fold serial dilutions of virus samples were prepared, and 200 pl
of each was used to inoculate Vero cells grown in six-well plates by
incubation for 1 hour. Cells were then overlaid with DMEM contain-
ing 0.5% low-melting point agarose (Bio-Rad, USA) and 2% FBS.
At 72 hpi, cells were fixed with 4% PBS-buffered formaldehyde for
1 hour, stained with 0.1% crystal violet for 30 min, and washed
with water.

Northern blotting
Detection of sfRNA was performed by Northern blotting as described
previously (15, 37).

Viral cytotoxicity assay

Vero cells were seeded into 96-well plates at a density of 10* cells per
well. At 24 hours after seeding, serial three-fold dilutions of virus sam-
ples were prepared, and 100 pl of each dilution was used to infect
the cells. Eight wells on each plate were left uninfected (mock) to be
used as a control. Infection was performed by incubation with the
inocula for 24 hours, which were then replaced with 100 ul of DMEM
supplemented with 2% FBS. At 3 dpi, CPEs were determined on the
basis of cellular adenosine triphosphate levels using Viral ToxGlo
Assay (Promega, USA) according to the manufacturer’s instructions.
Luminescence was measured on a DTX880 multimode detector
(Beckman Coulter). Percentage survival was determined as the per-
centage of luciferase activity (luminescence value) in infected cells
compared to uninfected control, and the CPE was calculated as
100% — (% survival). The experiment was performed in duplicate.
Data were fitted into sigmoidal curves using GraphPad Prism v8.0.

Virus growth kinetics

Cells were seeded at 10° cells per well in six-well plates and inoculated
with WT or mutated ZIKV at indicated MOIs by incubating for
1 hour with 200 ul of virus inoculum. Incubations were performed
at 37°C; then, inoculum was removed, and cells were washed three
times with PBS and overlaid with 2 ml of their relevant culture me-
dium supplemented with 2% FBS. At time point zero, 100 pl of culture
medium was immediately collected from the wells, and infected cells
were then incubated for 3 days. Culture fluid samples (100 ul) were
then harvested at 24, 48, and 72 hpi and subjected to a focus-forming
assay to determine the virus titers from which growth curves were plotted.
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Animal experiments

AG129 mice, which lack receptors for IFN-a/f and IFN-y, were ob-
tained from the animal facility at the Australian Institute for Bio-
engineering and Nanotechnology of The University of Queensland.
The 5- to 6-week-old AG129 mice (mix gender) were injected via
intraperitoneal route with 10’ FFU per mouse of WT or sfRNA-
deficient ZIKV \rye6. Signs of encephalitis were monitored and scored
as previously described (56). Mice were monitored two times a day for
signs of neurological disease. All mice with a clinical score of three or
more were immediately euthanized within 30 min by CO, suffoca-
tion and cervical dislocation. Blood specimens were collected from
the caudal vein at indicated days after infection, incubated at room
temperature for 30 min, and centrifuged at 10,000g at 4°C for 20 min
to separate the serum. For the pregnancy experiment, approximately
10-week-old pregnant IFNAR1™~ dams [C57BL/6] background (53)]
were infected via subcutaneous injection with WT, xrRNA1’, or
xrRNA2’ mutant of ZIK Vi at the dose of 10* or 10° FFU per mouse
via subcutaneous injection. Pregnant IFNAR ™'~ dams were infected
at E12.5 as described. Mice were then monitored for 5 days, and blood
samples were collected daily as described above. At 5 days after in-
fection (E17.5), dams were euthanized, and fetuses were weighed and
photographed. Fetal heads and placenta were then processed for the
determination of tissue titers. One-half of each tissue sample was
homogenized in 1 ml of DMEM containing 2% FBS supplemented
with penicillin-streptomycin (Gibco, USA) for 5 min at 30 Hz using a
TissueLyser II (QIAGEN, USA). Homogenates were then centrifuged
at 10,000¢ for 5 min at 4°C, and supernatants were collected for virus
titration. Viral loads in mouse serum and tissue homogenates were
determined by a focus-forming assay on C6/36 cells using a human
recombinant monoclonal antibody against ZIKV E-protein (hZ67).

Human embryonic stem cell culture and generation

of iPSC-derived human brain organoids

Human embryonic stem cells, GENEA022 (provided by Genea Bio-
cells), were cultured on extracellular matrix gel from Engelbreth-
Holm-Swarm murine sarcoma (Sigma-Aldrich Pty Ltd., catalog no.
E1270-5X10ML) in mTeSR medium (STEMCELL Technologies,
catalog no. 85851). Cortical organoids were generated by an opti-
mized protocol (57) where patterned embryoid bodies were expanded
for 4 days in N2 medium: DMEM/F12 (Gibco, catalog no. 11320-33),
1% N-2 supplement (Gibco, catalog no. 17502-048), 2% B-27 supple-
ment (Gibco, catalog no. 17504044), 1% MEM nonessential amino
acids (Gibco, catalog no. 11140-050), 1% penicillin-streptomycin
(Gibco, catalog no. 15140148), and 0.1% B-mercaptoethanol (Gibco,
catalog no. 21985-023) with daily supplementation of basic fibro-
blast growth factor (20 ng/ml; R&D, catalog no. 233-FB-01M). Em-
bryoid bodies were then embedded in 15 ul of Matrigel (STEMCELL
Technologies, catalog no. 354277), and the media were changed to a
1:1 mixture of Neurobasal medium (Invitrogen, catalog no. 21103049)
and DMEM/F12 medium supplemented with 1:200 MEM-NEAA,
1:100 GlutaMAX (Invitrogen, catalog no. 35050-038), 1:100 N2 sup-
plement, 1:50 B-27 supplement, 1% penicillin-streptomycin, 50 uM
2-mercaptoethanol, and 0.25% insulin solution (Sigma-Aldrich,
catalog no. 19278). Fresh medium was replaced thrice a week.

Infection of iPSC-derived human brain organoids

Cerebral organoids on day 15 were used for viral infection. A virus in-
oculum titer of 10* FFU per 50 ul of each virus was added to a single
organoid-containing well of a round-bottom, ultralow-attachment
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96-well plate and incubated at 37°C overnight. Each ZIKV-infected
organoid was then transferred to a single well of a 24-well plate con-
taining 500 ul of ND medium. To determine viral growth kinetics
in infected organoids, 160 pl of culture supernatant was harvested
from each well at the indicated time points and then replaced by
the same amount of fresh culture medium. Harvested culture fluids
were titered by a focus-forming assay. Three biologically inde-
pendent organoids per virus were used. Infected organoids were
imaged by dark-field microscopy with x4 magnification using a
Nikon Eclipse TE200 inverted microscope.

Immunohistological analysis of iPSC-derived human

brain organoids

Organoids were fixed in 4% paraformaldehyde for 1 hour at room
temperature and washed three times with 1x PBS at room tempera-
ture. Fixed organoids were then immersed in 30% sucrose in PBS at
4°C. Organoids were allowed to sink before embedding in a solution
containing a 3:2 ratio of optimal cutting temperature compound and
30% sucrose. Embedded organoids were sectioned at a thickness of
12 pm with a Thermo Scientific CryoStar NX70 cryostat. Organoid
sections were air-dried and washed three times for 10 min at room
temperature followed by blocking and permeabilizing for 60 min
with a solution containing 3% bovine serum albumin (Sigma-Aldrich,
catalog no. A9418-50G) and 0.1% Triton X-100 in 1x PBS. Afterward,
sections were incubated with primary antibodies overnight at 4°C
and washed three times with 1x PBS for 10 min each at room tem-
perature. Primary antibodies were anti-ZIKV E-protein 4G2 antibody
used at 1:100 dilution, anti-NeuN (1:500; Millipore, ABN78), anti-
cCasp3 (1:500; Cell Signaling Technology, 9661), and anti-Sox2 (1:500;
Cell Signaling Technology, D9B8N). Secondary fluorophore-conjugated
antibodies were then added for 1 hour at room temperature. All sections
were incubated with Hoechst 33342 (Invitrogen, catalog no. H3570) for
nuclei detection. Images were acquired using a Zeiss Axioscan Z1
based in the School of Biomedical Sciences Imaging Facilities at The
University of Queensland. The number of positive cells per organoid for
the indicated markers was analyzed by the imaging software CellProfiler
using the same pipeline for each sample in the same experiment.

Caspase 3/7 activity assay

ReNcell human NPCs were seeded at the density of 5 x 10° cells per
well in six-well plates coated with Matrigel matrix basement mem-
brane (Corning, USA) diluted 1:100 in PBS. The next day, cells were
infected at MOI = 1. At 72 hpi, culture medium was removed, and
cells were washed twice with PBS and dislodged by incubation with
200 pl per well of Accutase Cell Detachment Solution (Innovative Cell
Technologies, USA). Incubation was performed for 5 min at 37°C. Then,
digestion was terminated by the addition of 200 pl of 0.1% trypsin
inhibitor solution (Sigma-Aldrich, USA), and cells were resuspended
in 1 ml of PBS and then pelleted by centrifugation at 400g for 5 min.
Cells were resuspended in 500 pl of PBS, and 50 pl of suspension was
transferred into an opaque 96-well plate for caspase assay. Caspase
3/7 activity was then assessed using the Caspase-Glo 3/7 Assay System
(Promega, USA) according to the manufacturer’s recommendations.
Luminescence was measured using a CLARIOstar Plus microplate
reader (BMG Labtech, Germany).

Next-generation sequencing and bioinformatic analysis
For the analysis of BeWo cells, RNA enrichment and library prepa-
ration were performed using the TruSeq 2 Library Preparation Kit
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(Ilumina, USA). All sample groups used for the analysis contained
biological triplicates. Libraries were sequenced on an Illumina NextSeq
500 instrument using NextSeq 500/550 High Output Kit v2.5, for 1 x
75 cycles (Illumina, USA). Image analysis was performed in real time
by the NextSeq Control Software and Real Time Analysis. Quality
control of raw sequencing data was performed using FastQC software
v.0.72. Data were then trimmed to remove PCR primers, adapters, and
short reads using TRIMMOMATIC v.0.36.6 (with the following settings:
ILLUMINACLIP: TruSeq2-SE:2:30:10 LEADING:32 TRAILING:32
SLIDINGWINDOW?:4:20 MINLEN:25) and subjected to another
quality analysis with FastQC. Trimmed reads were mapped to the
human genome assembly hg38 using HISAT2 v.2.1.0, allowing one
mismatch. Feature counting was performed using featureCounts
v1.6.4 with counting mode set to “union” and strand to “unstranded”;
feature type was “exon,” and ID attribute was Gene_ID. Genome
FASTA and GFFS3 files were obtained from the National Center for
Biotechnology Information GenBank. Differential gene expression
analysis was performed using edgeR v.3.24.0. Low-abundance reads
(<1 cpm) were removed from the dataset, and data were normalized
to library sizes and composition bias using the trimmed mean of M
values method. Normalized data were subjected to the multidimen-
sional scaling analysis and used to build a quasi-likelihood negative
binomial generalized log-linear model. The quasi-likelihood F test
(glmQLFTest) was then applied to the contrasts WT-Mock, xrRNA2'-
Mock, and (WT-Mock)-(xrRNA2'-Mock). Genes were considered
differentially expressed if false discovery rate-corrected P values
were <0.05. Gene expression data were plotted using ggplot2 v.3.3.2.
GO and KEGG pathway enrichment analyses were performed using
Database for Annotation, Visualization and Integrated Discovery
v6.8. Enrichment data were then combined with expression values,
and z scores were calculated using the R package GOplot v.1.0.2 and
plotted using ggplot2 v.3.3.2. Heatmaps were generated using heat-
map.2 function of R package gplots v3.1.1. Gene interaction networks
were reconstructed using Cytoscape v3.8.0. Genetic interactions were
identified using the GeneMANIA Cytoscape plug-in. Betweenness
centrality values represent the numbers of the shortest paths that
pass through each node in the network and were calculated using
the “analyze network” function of Cytoscape.

Quantitative RT-PCR

First-strand cDNA synthesis was performed using qScript cDNA
SuperMix (Quantabio, USA) according to the manufacturer’s instruc-
tions. Quantitative PCR was then conducted using QuantStudio
6 Flex Real Time PCR Instrument (Applied Biosystems, USA) ac-
cording to the manufacturer’s instructions. Gene expression levels
were determined by AACt method relative to mock and normalized
to TBP. Viral genomic RNA levels were determined using a stan-
dard curve approach by comparing the Ct values of the samples to
the Ct values observed in the amplification of serial dilutions (10* to
10® copies per reaction) of a PCR-amplified and purified ZIKV ge-
nomic fragment. For each experiment, RNA from three biological
replicates was used, and PCR amplification of each cDNA sample
was performed in triplicate. Negative controls were included for
each set of primers.

IFN treatment

To examine STAT1 phosphorylation in infected cells, Vero or HTR-8
cells were seeded in 24-well plates at a density of 2 x 10° cells per
well. The next day, cells were infected with WT or the xrRNA2’
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mutant of ZIKVrzes at MOI = 5. At 48 hours posttransfection (hpt),
cell culture medium was replaced with 1 ml of fresh medium
containing 10* U of human IFN-02 (Abcam, UK) or human IFN-A1
(100 ng/ml; PeproTech, USA). Vero cells were incubated with IFN-02
for 20 min, and HTR-8 cells were incubated with IFN-A1 for 1 hour.
Immediately after incubations, cells were lysed for Western blotting
or fixed for immunofluorescent protein detection. For IFN resistance
assay, IRF3/7"'~ MEFs were seeded in 24-well plates and pretreated
with mouse IFN-a (#HC1040A, Hycult Biotech, USA) at indicated
concentrations for 6 hours. Then, cells were infected at MOI = 0.1 by
incubation with inoculum for 1 hour. After the inoculum was re-
moved, cells were washed with PBS and maintained in the media
containing the same concentrations of IFN. Culture fluids were col-
lected for analysis at 44 hpi.

Western blotting

Cells were lysed in 100 pul per well of a 24-well plate of Bolt LDS
sample buffer (Thermo Fisher Scientific, USA) supplemented with
Bolt sample reducing agent (Thermo Fisher Scientific, USA) and pro-
tease inhibitor cocktail (Sigma-Aldrich, USA). Lysates were sonicated
using a Branson Digital Sonifier 450 (Marshall Scientific) at 10% out-
put for 15 s with a pulse on for 3 s and off for 1 s. Lysates were then
incubated at 95°C for 5 min, cooled on ice, and loaded into the Bolt
4 to 2% bis-tris gels (Thermo Fisher Scientific, USA). Electrophoresis
was performed for 1 hour at 170 V in Bolt MES SDS running buffer
(Thermo Fisher Scientific, USA). Proteins were then electroblotted
onto a nitrocellulose membrane using iBlot2 Dry Blotting System
(Thermo Fisher Scientific, USA) and iBlot 2 Transfer Stack (Ther-
mo Fisher Scientific, USA). Membranes were blocked in clear milk
blocking buffer (Pierce, USA) for 1 hour, incubated with primary
antibodies overnight at 4°C, then washed four times for 5 min with
Tris-buffered saline pH=7.4 with 0.05% Tween 20 (TBS-T), incubated
with horseradish peroxidase (HRP)-conjugated secondary anti-
bodies for 1 hour at room temperature, and washed four times for
5 min with TBS-T. Detection of HRP activity was performed using
SuperSignal West Pico PLUS chemiluminescence substrate (Pierce,
USA), and signal was visualized using Amersham Imager 600. Blot
densitometry was conducted using Image] Fiji v.2.1.0. The primary
and secondary antibodies and their dilutions are listed in table S12.

Immunofluorescence assay

Cells for immunofluorescence assay (IFA) were seeded on glass cover-
slips contained in a 24-well plate. After IFN treatment, cells were
washed once with PBS and fixed with ice-cold 100% methanol (500 ul
per well) at —20°C for 20 min. Fixed cells were rinsed twice with 500 pl
of TBS and incubated with 500 pl of 50 mM glycine for 30 min at
room temperature to quench autofluorescence. Cells were then washed
three times for 5 min with 500 ul of TBS, blocked for 1 hour at room
temperature with 500 ul of 1% bovine serum albumin in TBS, and
incubated at 37°C for 1 hour with 250 ul of primary antibodies diluted
in blocking solution. The mixture of antibodies contained rabbit
monoclonal antibody against phosphory701-STAT1 (#9167, Cell Sig-
naling Technology, USA) diluted 1:200 and mouse monoclonal anti-
body 4G2 against flavivirus E-protein diluted 1:50. Cells were then
washed three times for 5 min with TBS (500 pl per well) and incubated
at 37°C for 1 hour with 250 ul of a mixture containing goat anti-rabbit
immunoglobulin G (IgG) (H+L) highly cross-adsorbed secondary
antibody conjugated with Alexa Fluor plus 488 (Invitrogen, USA)
and goat anti-mouse IgG (H+L) highly cross-adsorbed secondary
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antibody conjugated with Alexa Fluor 594 (Invitrogen, USA), each
diluted 1:500 in blocking solution. After the incubation, cells were
washed three times for 5 min with 500 pl of TBS per well, and cov-
erslips were mounted using ProLong Gold Antifade reagent with 4',6-
diamidino-2-phenylindole (Invitrogen, USA). Imaging was performed
using a Zeiss LSM710 confocal microscope.

In vitro transcription and transfection of RNA

For in vitro transcription, plasmids containing the sequence of in-
terest under the control of the T7 promoter were linearized by re-
striction digest, and 1 ug of purified digested DNA was used as a
template for the reaction performed using the MEGAscript T7 Tran-
scription Kit (Ambion, USA) as specified by the manufacturer and
purified by LiCl precipitation. For the generation of ZIKV sfRNA
and GFP RNA fragment, fluorescein-labeled RNA was prepared in
parallel using Fluorescein RNA Labeling Mix (Roche, Switzerland)
and mixed with unlabeled RNA in 1:10 ratio to serve as a tracer. RNA
was then incubated with 10 U of RppH (NEB, USA) and 1 U of XRN-1
(NEB, USA) in NEB3 buffer for 1 hour at 37°C. RNA was then
purified by phenol:chloroform extraction. All in vitro transcribed
RNAs were analyzed by electrophoresis in 1.5% formaldehyde aga-
rose gel, and RNA concentration was determined on a NanoDrop
ND-1000 spectrophotometer (Thermo Fisher Scientific, USA). RNA
was transfected into cells using an in-suspension protocol (58).

RNA affinity pulldown
To generate the plasmids for in vitro transcription of sfRNA and neg-
ative control RNA fused with four streptavidin affinity tags (4xS1m),
the aptamer sequences followed by ZIKV sfRNA sequence or GFP
gene fragment were inserted under the T7 promoter into the
pUC19 vector. The DNA fragments containing the T7 promoter
with 2xS1m and 2xS1m alone (T7_2xS1m_Sacl_BamHI_F/R and
2xS1m_BamHI_Xbal_F/R in table S12) were obtained as two sets of
complementary single-stranded Ultramer DNA oligos (IDT, USA).
These oligos were designed to form terminal overhangs compatible
with restriction enzyme cleavage sites within the pUC19 vector upon
annealing. Before cloning, 2 nmol of each complementary oligonu-
cleotide was annealed by incubation at 95°C for 5 min, followed
by gradual cooling to room temperature in 50 pl of Duplex buffer
(IDT, USA). Annealed oligos were gel-purified from 2% agarose gel,
and T7_2xS1m_Sacl_BamHI DNA fragment was ligated with SacI +
Bam HI-digested pUC19 plasmid using T4 DNA ligase (NEB, USA).
The resultant plasmid was digested with Bam HI and Xba I and ligated
with 2xS1m_BamHI_Xbal dsDNA oligo to generate pUC19-T7-4xS1m
construct. The ZIKV sfRNA sequence and GFP gene fragment were
PCR-amplified from pUC19-ZIKV-F4 (15) and pMYC-GFP (Addgene,
#42142) plasmids, respectively, using primers HindIII_ZIKV_sfRNA
and Xbal_GFP (table S11) and PrimeSTAR GXL polymerase (Takara,
Japan). Cycling conditions were as follows: 35 cycles of 98°C for 10s,
55°C for 30 s, and 68°C for 3 min and 30 s, followed by a final exten-
sion at 68°C for 5 min. PCR products were gel-purified, digested with
Xba I and Hind III (NEB, USA), and ligated into pUC19_4xS1m
plasmid digested with the same enzymes. The resulting constructs
pUC19_sfRNA_4xS1m and pUC19_GFP_4xS1m and all interme-
diate plasmids were Sanger sequenced and shown to conform to the
desired design and sequence.

RNA affinity purification was performed using optimized SIm
streptavidin RNA aptamer (59) and the previously described pro-
tocol with minor modifications (32). A549 cells were seeded in
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10x T175 flasks at a density of 1 x 107 cells per flask and infected
with ZIKVyr766-xrRNA2" at MOI = 0.5. At 48 hpi, the cells were
washed once with ice-cold diethyl pyrocarbonate (DEPC)-treated
PBS, harvested by scraping in 10 ml of DEPC-PBS per flask, pelleted
by centrifugation at 300g for 5 min, and washed twice in DEPC-PBS.
Cells were then lysed by incubation on ice for 30 min in 2 ml of SA-
RNA lysis buffer [20 mM tris-HCI (pH 7.5), 150 mM NaCl, 1.5 mM
MgCl,, 2 mM dithiothreitol (DTT), and 2 mM vanadyl ribonucleo-
side complex ribonuclease inhibitor; NEB, USA], supplemented
with 1x protease inhibitor cocktail (Sigma-Aldrich), 1x PhosphoSTOP
phosphatase inhibitor cocktail (Sigma-Aldrich, USA), and 1% NP-
40 (Sigma-Aldrich, USA). The cell lysates were then sonicated using
Branson Digital Sonifier 450 (Marshall Scientific) at 10% output for
15 s with a pulse on for 3 s and off for 1 s. Lysates were cleared by
centrifugation at 16,000¢ for 15 min at 4°C and split into halves for
incubation with sfRNA bait and GFP bait.

The in vitro transcribed, aptamer-containing RNA was mixed
with SA-RNA lysis buffer to make up a final volume of 50 ul. RNA
was renatured by incubation at 56°C for 5 min, 37°C for 10 min, and
room temperature for 2 min and then chilled on ice. For RNA-to-
bead coupling, 100 pl of Streptavidin Sepharose High-Performance
bead slurry (GE Healthcare, USA) was first equilibrated by washing
three times with 500 pl of SA-RNP lysis buffer and collected by cen-
trifugation at 100g for 2 min, then resuspended in 100 pl of SA-RNP
lysis buffer supplemented with 80 U RNasin (Promega, USA), and
incubated with 30 pg of renatured RNA with overhead rotation at
4°C for 2.5 hours. The A549 cell lysates were precleared by incuba-
tion with 100 pl of equilibrated SA beads for 2.5 hours at 4°C with
overhead rotation. Beads were then removed by centrifugation at
16,000g for 1 min. Next, lysates were supplemented with 40 U of
RNasin (Promega, USA) and incubated with stRNA_4xSIm or
GFP_4xS1m-coupled SA beads at 4°C for 3.5 hours with overhead
rotation. Then, the protein-bound SA beads were collected by cen-
trifugation at 100g for 2 min and washed five times with SA wash
buffer [20 mM tris-HCl (pH 7.5), 300 mM NaCl, 5 mM MgCl,, 2 mM
DTT, 1x VRC, and 1x protease inhibitor cocktail; Sigma-Aldrich],
followed by a final wash with SA wash buffer supplemented without
supplements. Bound proteins were eluted from the beads by incubation
with 100 ul of 8 M urea/50 mM ammonium bicarbonate (ABC) for
15 min with overhead rotation. Beads were removed by centrifuga-
tion at 3800g for 1 min, and the elutes were collected.

Mass spectrometry

Pulldown elutes were centrifuged at 16,000¢ for 10 min to remove
insoluble materials, and protein concentrations were determined using
the Pierce BCA Protein Assay Kit (Pierce, USA). Samples contain-
ing 10 pg of protein were transferred to an Amicon Ultra 10k 0.5-ml
centrifugal filter column (Amicon, USA) and centrifuged at 14,000g
for 40 min. The column was washed with 500 ul of wash solution
(8 M urea and 50 mM ABC) and centrifuged at 14,000¢ for 4 min.
The on-column reduction of the proteins was then performed in a
200-pl wash solution containing 5 mM DTT at 56°C for 30 min.
Then, iodoacetamide was added to the solution to a final concentra-
tion of 25 mM, and alkylation was performed at room temperature
in the dark for 30 min. The reaction was terminated by adding DTT
to a final concentration of 10 mM, and the reaction solution was re-
moved by centrifugation at 14,000g. Proteins were then resuspended
in 100 ul of 50 mM ABC and digested overnight at 37°C using 0.2 ug
of trypsin per 10 ug of protein. To collect the peptides, the column
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was transferred to another collection tube and centrifuged at 14,000
at room temperature for 40 min. Fifty microliters of 0.5 M NaCl was
added to the column and centrifuged to ensure the complete elution
of the peptides. The elutes were combined, and the peptides were
further purified using C18 ZipTip Pipette Tips (Millipore, USA) as
per the manufacturer’s instructions.

Peptides were separated using reversed-phase chromatography
on a Shimadzu Prominence NanoLC system. Using a flow rate of
30 pl/min, samples were desalted on an Agilent C18 trap (0.3 mm
by 5 mm, 5 um) for 3 min, followed by separation on a Vydac Everest
C18(300 A, 5 um, 150 mm by 150 um) column at a flow rate of 1 ul/min.
A gradient of 10 to 60% buffer B over 45 min, where buffer A = 1%
ACN and 0.1% FA and buffer B = 80% ACN and 0.1% FA, was used
to separate peptides. Eluted peptides were directly analyzed on a
TripleTOF 5600 instrument (AB Sciex) using a NanoSpray III
interface. Gas and voltage settings were adjusted as required. Time-
of-flight mass spectrometry scan across mass/charge ratio (m/z) of
350 to 1800 was performed for 0.5 s, followed by the information-
dependent acquisition of the top 20 peptides across m/z of 40 to
1800 (0.05 s per spectra).

Reference protein sequences for human and ZIKV yr7e6 proteins
were obtained from Swiss-Prot database. Mass spectrometry data
were converted to mgf format and searched using Paragon method
and ProteinPilot software (Sciex, USA). Search settings were as
follows: Trypsin was set as the enzyme; the instrument was set to
TripleTOF 5600, and cys modifications were set to iodoacetamide.
Peak areas were quantified in PeakView (Sciex, USA) using the SWATH
Acquisition MicroApp (Sciex, USA). Protein enrichment analysis was
performed on peak area data using Limma v3.46.0 and R v3.6.3.

Generation of expression plasmids
To generate the expression plasmids that produce ZIKV NS5 with
sfRNA and GFP with ZIKV sfRNA, DNA fragments containing Kozak
sequence followed by the corresponding ORF, ZIKV 3'UTR, and
HDVR were cloned into pcDNA3.1(+) expression vector. The
fragments were obtained as synthetic custom genes cloned in the
pUCIDT vector (IDT, USA). To introduce the restriction sites com-
patible with pcDNA3.1(+), fragments were PCR-amplified from the
plasmids using PrimeSTAR GXL polymerase (Takara, Japan) and
Nhel _IDT_F and EcoRI_ITD_R primers (table S11), which are
complementary to the pUCIDT vector backbone immediately up-
stream and downstream of the insert. The cycling conditions were
as follows: 98°C for 2 min, 35 cycles of 98°C for 10 s, 55°C for 30 s,
and 68°C for 3 min and 30 s, followed by a 5-min extension at 68°C. The
PCR amplicons were gel-purified, digested with Nhe I and Eco RI,
and ligated with pcDNA3.1(+) vector cut with the same enzymes.
To generate the plasmids pcDNA3.1(+)-ZIKV_NS5_3'UTR-Mut
and pcDNA3.1(+)-GFP_ZIKV_3'UTR that respectively produce
ZIKV NS5 without sfRNA and neither NS5 nor sfRNA (negative
control), PCR-directed site-specific mutagenesis was used to intro-
duce point mutations into two xrRNA regions of 3'UTRs within
PcDNA3.1(+)-ZIKV_NS5_3'UTR and pcDNA3.1(+)-GFP_ZIKV_3'UTR
plasmids. Mutagenesis was performed in two steps using a Q5 site-
directed mutagenesis kit (NEB, USA) as per the manufacturer’s
instructions. The first round of PCR mutagenesis was conducted
using xrRNA1_C22G primers (table S11). The cycling conditions
were as follows: 98°C for 30 s, 35 cycles of 98°C for 10 s, 55°C for
30 s, and 72°C for 4 min and 30 s, followed by a 2-min extension
at 72°C. The PCR-amplified plasmids were circularized, propagated
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in Escherichia coli, and used as templates for the second round of PCR
mutagenesis, under the same cycling conditions with xrRNA2_C22G
primers. All expression plasmids were deep-sequenced using the
Oxford Nanopore platform.

Nanopore sequencing

Nanopore sequencing of amplicons was performed as described
previously (60). The regions of the expression plasmids containing
the entire inserts were PCR-amplified using PrimeSTAR GXL Poly-
merase (Takara, Japan) and Nanopore_pCMV_F and Nanopore BGH_R
primers (table S11). The amplicons were gel-purified and subjected
to the preparation of barcoded libraries using the PCR Barcoding
Expansion Kit (EXP-PBC001, Oxford Nanopore Technologies, UK).
Sequencing runs were conducted using the MinION Flongle flow cell
using MinKNOW software (Oxford Nanopore Technologies, UK).
Base calling and adapter trimming of the fast5 files containing se-
quencing reads were conducted using guppy_basecaller v3.3.0+ef22818
(Oxford Nanopore Technologies, UK). The fastq files containing the
reads were used for reads mapping against the reference plasmid se-
quence using the Bowtie2 tool (Galaxy Australia). The binary alignment
file was visualized using Integrative Genomics Viewer 2.8 (Broad
Institute, USA).

Plasmid transfection

HEK293T cells were seeded in a 24-well plate at a density of 1.5 x
10° cells per well and transfected with 0.14 pmol of plasmid DNA
using Lipofectamine 2000 (2.5 ul per well; Invitrogen, USA) accord-
ing to the manufacturer’s instructions. At 48 hpt, cells in each well
were treated with 50 U of human IFN-a2 (Abcam, UK) for 15 min
or left untreated as a control, then washed with PBS, and lysed for
Western blotting.

MG132 treatment

HEK?293 cells were transfected with the plasmids as described above.
At 24 hpt, the cell culture medium was supplemented with 50 pM
MG132, and cells were incubated with the drug for 24 hours and then
lysed for Western blot analysis.

Statistical analysis

Statistical analysis was performed using Graph Pad Prism software
version 8, R Studio version 0.99.893, and IBM SPSS Statistics v23.
Specific statistical treatments are described in the figure legends and
supplementary tables.

Research standards

All mouse work was conducted in accordance with the “Australian
code for the care and use of animals for scientific purposes” as de-
fined by the National Health and Medical Research Council of
Australia. Mouse work was approved by the QIMR Berghofer Medical
Research Institute animal ethics committee (P2195) and The Uni-
versity of Queensland animal ethics committee (AE31401).

All experiments with human stem cells were carried out in ac-
cordance with the ethical guidelines of The University of Queensland
and with the approval by The University of Queensland Human Re-
search Ethics Committee (approval no. 2019000159). A commercially
available human embryonic stem cell (hESC) line was used. The manu-
facturer reported that karyotyped embryo cells were fully consented
to the development of stem cells by all responsible people through
an informed consent process (a signed deidentified consent form
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can be provided upon request). Donors have received no payment
or other benefits for their donation. Donated embryos were originally
created by assisted reproduction technology for the purpose of pro-
creation. Embryos were identified as unsuitable for implantation,
biopsy, or freezing because of abnormal development. Embryonic
outgrowths were developed for consented clinical investigation studies.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.add8095

View/request a protocol for this paper from Bio-protocol.
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