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Zika virus (ZIKV) is an arthropod-borne flavivirus predominantly
transmitted by Aedes aegypti mosquitoes and poses a global hu-
man health threat. All flaviviruses, including those that exclusively
replicate in mosquitoes, produce a highly abundant, noncoding
subgenomic flavivirus RNA (sfRNA) in infected cells, which implies
an important function of sfRNA during mosquito infection. Cur-
rently, the role of sfRNA in flavivirus transmission by mosquitoes
is not well understood. Here, we demonstrate that an sfRNA-
deficient ZIKV (ZIKVASF1) replicates similar to wild-type ZIKV in
mosquito cell culture but is severely attenuated in transmission
by Ae. aegypti after an infectious blood meal, with 5% saliva-
positive mosquitoes for ZIKVASF1 vs. 31% for ZIKV. Furthermore,
viral titers in the mosquito saliva were lower for ZIKVASF1 as com-
pared to ZIKV. Comparison of mosquito infection via infectious
blood meals and intrathoracic injections showed that sfRNA is im-
portant for ZIKV to overcome the mosquito midgut barrier and to
promote virus accumulation in the saliva. Next-generation sequenc-
ing of infected mosquitoes showed that viral small-interfering RNAs
were elevated upon ZIKVASF1 as compared to ZIKV infection. RNA-
affinity purification followed by mass spectrometry analysis uncov-
ered that sfRNA specifically interacts with a specific set of Ae.
aegypti proteins that are normally associated with RNA turnover
and protein translation. The DEAD/H-box helicase ME31B showed
the highest affinity for sfRNA and displayed antiviral activity against
ZIKV in Ae. aegypti cells. Based on these results, we present a mech-
anistic model in which sfRNA sequesters ME31B to promote flavivi-
rus replication and virion production to facilitate transmission by
mosquitoes.
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laviviruses (family Flaviviridae), such as Zika virus (ZIKV),

dengue virus (DENV), and West Nile virus (WNV) are arthropod-
borne viruses (arboviruses) of serious concern for human health
(1, 2). Annually, arboviruses are responsible for over 400 million
cases of human infection, and, with rising global temperatures
and increased trade and travel, this number is expected to fur-
ther increase (3-8). Flaviviruses have a single-stranded positive-
sense RNA genome that contains 1 open reading frame (ORF)
which is flanked by highly structured 5’ and 3’ untranslated re-
gions (UTRs), that are essential for virus replication (9, 10).
During flavivirus infection, the viral genomic RNA (vgRNA) is
degraded by host 5’ — 3’ exoribonucleases (XRNs), including
XRN1 in mammalian hosts and its homolog Pacman in insects
(11). However, when these XRNs encounter the highly struc-
tured 3" UTR, they stall on XRN-resistant RNA structures. In
vitro XRN1 digestion assays and X-ray crystallography have
revealed that XRNs stall on tightly folded RNA structures, that
form a so-called XRN-resistant “molecular knot” (12, 13). The
stalling produces a residual RNA molecule of 0.4 to 0.6 kb
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referred to as subgenomic flavivirus RNA (sfRNA), that is very
abundant in infected cells of mosquitoes and vertebrate hosts
(11, 13-15). The 3" UTR of ZIKV contains several secondary
and tertiary RNA structures: duplicated stem-loop (SL) struc-
tures SL-I and SL-II, 2 dumbbell (DB)-like structures W-DB and
DB-1, and a terminal 3" SL (16) (SI Appendix, Fig. S1). ZIKV
produces at least 2 species of sfRNA (sfRNA1 and sfRNAZ2) in
infected cells through stalling of XRNs on SL-I and SL-II, re-
spectively (13, 16, 17).

Significant functions of sSfRNA have been implicated in mam-
malian hosts, such as the induction of pathogenicity in mice and
cytopathicity in cell culture (11, 18), evasion of the type I/II IFN
response (19-21), decreased mRNA turnover (22), and enhanced
virus replication in mammalian cells (11, 23). Lately, the impor-
tance of sfRNA formation for the infection and subsequent
transmission by the mosquito vector has been suggested. We
showed that sfRNA is important for WNV transmission by Culex
pipiens mosquitoes (24). Moreover, it was recently demonstrated
in Aedes aegypti that DENV-2 strains which produce lower
amounts of sfRNA display decreased transmission efficiencies,
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suggesting that sSfRNA may also have important functions during
infection of Ae. aegypti (25). Currently, evidence for sfRNA-
mediated flavivirus infection of and transmission by Ae. aegypti
mosquitoes is lacking, and a molecular mechanism by which sfRNA
may mediate the infection of mosquitoes remains enigmatic.
Here, we investigated the importance of ZIKV sfRNA for
infection of and transmission by Ae. aegypti using an sfRNA-
deficient ZIKV mutant (ZIKVASF1). Through comparison of
mosquito infection via blood feeding and intrathoracic injec-
tions, we investigated the relative contribution of ZIKV sfRNA
in overcoming the mosquito midgut barrier. We applied a small
RNA sequencing approach to assess the role of sfRNA as
an RNA interference (RNAIi) suppressor in vivo in Ae. aegypti. By
RNA-affinity purification, we identified mosquito proteins that
interact with sfRNA of both ZIKV and WNV, and we mapped
the RNA structures in sfRNA required for protein binding.
Through RNAi-based silencing of these sfRNA-interacting
mosquito proteins, we investigated the significance of these in-
teractions for ZIKV and WNYV replication in Ae. aegypti cells.
Our findings establish sfRNA as a key determinant of flavivirus
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transmission by mosquitoes and lead to a mechanistic model that
describes how this noncoding viral RNA mediates flavivirus
transmission.

Results

ZIKV sfRNA Is Required to Overcome the Mosquito Midgut and
Salivary Gland Barriers and Determines ZIKV Transmission by Ae.
aegypti. Arbovirus transmission by mosquitoes largely depends
on the ability of the virus to overcome the midgut and salivary
gland barriers of the mosquito (2, 26). To investigate the role of
ZIKV sfRNA in virus transmission by Ae. aegypti, an sfRNA1-
deficient ZIKV-mutant (ZIKVASF1) was generated using a
ZIKV infectious clone (27) (SI Appendix, Fig. S14). This mutant
is deficient in sSfRNA1 formation in mosquito cells (SI Appendix,
Fig. S1B) but replicates similarly to wild-type ZIKV in Ae. aegypti
Aag? cells (SI Appendix, Fig. S1C). Female Ae. aegypti were fed
with an infectious blood meal containing ZIKV or ZIKVASF1
(Fig. 1A4). Titration of the prepared infectious blood meals
confirmed that equal titers of ZIKV and ZIKVASF1 were ad-
ministered (Fig. 1B). At 14 d postexposure, ZIKV reached an
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Fig. 1. Infectious blood meals and intrathoracic injections of Ae. aegypti with ZIKV or ZIKVASF1 indicate that sfRNA1 determines virus transmission. (A)

Schematic overview of the experimental setups. (B) ZIKV titers of the infectious blood meals used in the 3 replicate experiments were determined by end-
point dilution assay (EPDA). Shown is the mean titer + SEM. Statistics were performed by unpaired t test. (C) Female Ae. aegypti were fed with an infectious
blood meal containing 3.0 x 10° TCIDs¢/mL ZIKV or ZIKVASF1. Engorged females were incubated for 14 d at 28 °C, and infection and transmission rates were
determined by infectivity assay on Vero cells. Shown are the mean infection and transmission rates + SEM. Statistics were performed by Fisher’s exact test on
cumulative data. (D) Viral titers in the bodies of mosquitoes with ZIKV-positive [Saliva (+)] and ZIKV-negative [Saliva ()] saliva and titers of ZIKV-positive
saliva samples were determined by EPDA. Shown are the median titers, and statistics were performed by Mann-Whitney U test. (E) Female Ae. aegypti were
intrathoracically injected with ~400 TCIDsy of ZIKV or ZIKVASF1. At 7 d postinjection, infection and transmission rates were determined. Statistics were
performed by Fisher’s exact test on cumulative data. (F) Viral titers in the bodies of virus-positive bodies and saliva samples were determined by EPDA. Shown
are the median titers, and statistics were performed by Mann-Whitney U test. Dotted lines indicate the EPDA detection limit. *P < 0.05; **P < 0.01; ***P <
0.001; ns, not significant; WT, wild type.
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infection rate of 66% while a significantly lower infection rate of
44% (P < 0.001) was observed for ZIKVASF1 (Fig. 1C), dem-
onstrating that sSfRNAI1 is important for efficient ZIKV infection
in Ae. aegypti. Furthermore, ZIKV reached a transmission rate of
31%, versus only 5% for the ZIKVASF1-exposed mosquitoes
(P < 0.001). Viral titers of ZIKV and ZIKVASF1 were similar in
the bodies of both saliva-positive (Fig. 1D) (3.6 to 4.6 x 10° tissue
culture infectious dose 50% [TCIDsp]/mL; P = 1.00) and saliva-
negative mosquitoes (Fig. 1D) (1.8-2.2 x 10° TCIDsy/mL; P =
0.63), but the mean titer in the saliva of ZIKVASF1-infected
mosquitoes was lower than in the ZIKV-infected mosquitoes
(Fig. 1D) (4.1 x 10* vs. 6.3 x 10* TCIDsy/mL; P = 0.002). It
should also be noted that none of the virus-positive saliva sam-
ples from ZIKVASF1-infected mosquitoes had saliva titers ex-
ceeding the end-point dilution assay (EPDA) detection limit.
To investigate whether full-length sfRNA is important for
ZIKV to cross the midgut barrier, we intrathoracically injected
female Ae. aegypti with ZIKV or ZIKVASF1, which bypasses the
midgut barrier (Fig. 1E). All injected mosquitoes (100%) were
infected, and similar transmission rates were observed for ZIKV
and ZIKVASF1 (55% vs. 68%; P = 0.32). Furthermore, these
results confirm our earlier observations that Ae. aegypti has a
salivary gland barrier for ZIKV (28) as both ZIKV and
ZIKVASF1 do not reach transmission rates of >70%. Titration
of the bodies and saliva samples that were virus-positive in the
infectivity assay demonstrated that ZIKV and ZIKVASF1
reached similar titers in the bodies of Ae. aegypti (Fig. 1F) (1.1 to
12 x 107 TCIDsymL; P = 0.49). This demonstrates that
sfRNA1 is not essential for replication of ZIKV in the mosquito
body after passing the Ae. aegypti midgut barrier. However, the
titers of the mosquito salivas were significantbr lower for
ZIKVASF1 compared to ZIKV (3.6 x 10° vs. 6.3 x 10 TCIDsy/mL;
P = 0.01), indicating that sSfRNA1 promotes efficient virus dis-
semination through the salivary gland barrier and subsequent
virus accumulation in the saliva of Ae. aegypti. Since the Ae.
aegypti Rockefeller strain is highly laboratory adapted, we have
confirmed our observations in 2 recently colonized Ae. aegypti
strains from French Guiana and Kenya (SI Appendix, Fig. S2).

ZIKV sfRNA as Modulator of Mosquito Innate Imnmune Responses. For
DENV in Ae. aegypti mosquitoes, it was recently demonstrated
that sSfRNA slightly modulates the expression of genes involved
in the Toll pathway (29), which correlated with enhanced DENV
transmission (25). However, analysis of gene expression for Toll
and Janus kinase/signal transducers and activators of transcrip-
tion (JAK/STAT)-regulated genes after ZIKV, ZIKVASFI1,
WNV, or WNVASF1+2 infection of Ae. aegypti Aag2 cells did
not indicate that sfRNA suppresses the induction of a Toll or
JAK/STAT signaling response (SI Appendix, Fig. S3). Previous
research has also implicated sfRNA as a putative suppressor of
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the RNAI response (24, 30, 31). The antiviral RNAi response in
mosquitoes is mediated by 21-nucleotide (nt) small-interfering
RNAs (siRNAs) that are produced through cleavage of viral
double-strand RNA (dsRNA) intermediates by the endonuclease
Dicer (32). We sequenced the small RNAs from female Ae.
aegypti with fully disseminated ZIKV and ZIKVASF1 infections,
which were established by infectious blood meal or by intratho-
racic injection (3 pools of 5 to 6 mosquitoes for each treatment).
After normalizing the number of reads to the number of reads
per library and the viral titer of the mosquito pools that were
used for next-generation sequencing of small RNAs, the results
demonstrated an elevated siRNA response for ZIKVASF1 in-
fections compared to infections with wild-type ZIKV (Fig. 2 4
and B) although this difference was not apparent before nor-
malizing for viral titer (SI Appendix, Fig. S4 A and B). The cor-
relation between sfRNA production and a decreased number of
viral siRNAs suggests that ZIKV sfRNA may suppress the Ae.
aegypti RNAI response. However, there was no noticeable effect
of sfRNA on the genome distribution of 21-nt small RNAs on
the (+) or (—) strand after infection via infectious blood meal or
intrathoracic injection (SI Appendix, Fig. S4 C-F). Furthermore,
no clear 25- to 30-nt PIWI-interacting (pi) RNAs were observed
in our data from fully disseminated ZIKV-infected Ae. aegypti
mosquitoes (SI Appendix, Fig. S4 A and B), and the limited
population of 25- to 30-nt small RNA reads did not display a
ping-pong piRNA signature (SI Appendix, Fig. S5).

Identification of ZIKV and WNV sfRNA Binding Proteins in Ae. aegypti
Cells Using Streptavidin Aptamer-Based sfRNA-Affinity Purification.
We performed sfRNA-affinity purification using the 4XS1m
aptamer, which has high affinity for streptavidin (SA) (33), to
identify ZIKV and WNV sfRNA-binding proteins (SI Appendix,
Fig. S64). We included WNV sfRNA in this experiment since we
previously demonstrated its importance for WNV transmission
by C. pipiens mosquitoes (24). Incorporation of 4 sequential
(4XS1m) aptamers led to the most efficient RNA-to-bead cou-
pling (SI Appendix, Fig. S6B). We therefore produced in vitro
transcribed RNA corresponding to the sequences of 4XS1m-
ZIKV-sfRNA, 4XS1m-WNV-sfRNA, and 4XS1m-Control and
verified the folding of ZIKV and WNV sfRNA in complex with
the aptamers by in vitro XRN1-stalling assay (SI Appendix, Fig.
S6C). As anticipated, addition of in vitro XRNI resulted in
the accumulation of ZIKV-sfRNA1 for 4XS1m-ZIKV-sfRNA,
WNV-sfRNA1 for 4XS1m-WNV-sfRNA, and no RNA product
for 4XS1m-Control (SI Appendix, Fig. S6C). This indicates that
ZIKV and WNV sfRNA have retained their functionality to stall
XRNT1 in vitro in the presence of the 4XS1m sequence.

To determine which mosquito proteins interact with ZIKV
and WNV sfRNA, we employed the sfRNA-affinity purification in
combination with a mass spectrometry approach in 3 independent
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Fig. 2. Small RNA responses in ZIKV and ZIKVASF1-infected Ae. aegypti. Small RNAs were sequenced at 14 d postexposure from 3 individual pools of 5 to
6 fully-disseminated Ae. aegypti mosquitoes infected with ZIKV or ZIKVASF1 via either a blood meal (A4) or intrathoracic injections (B). Shown are size dis-
tributions of small RNAs that mapped to the ZIKV genome. Small RNA reads were normalized as percentage of reads from the total number of reads in the
library and additionally normalized to the ZIKV titer in the pool of sequenced mosquitoes.

19138 | www.pnas.org/cgi/doi/10.1073/pnas.1905617116

Goertz et al.


https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1905617116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1905617116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1905617116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1905617116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1905617116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1905617116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1905617116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1905617116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1905617116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1905617116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1905617116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1905617116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1905617116/-/DCSupplemental
https://www.pnas.org/cgi/doi/10.1073/pnas.1905617116

[/

pa

2 I\

biological replicates (see SI Appendix, Fig. S6A for a schematic
overview). Volcano plots were generated for both ZIKV and
WNV sfRNA where proteins with a >10-fold relative enrichment
in the sSfRNA samples and a P value of <0.05 were considered as
significant (Fig. 3 4 and B). A complete list of detected proteins
is included in SI Appendix, Table S2 (ZIKV) and SI Appendix,
Table S3 (WNV). The ZIKV (Fig. 34) and WNV (Fig. 3B)
sfRNA samples were significantly enriched for ME31B (ortholog
of human DDXG6), Ataxin-2 (ATX2), and AAEL018126 (~17%
sequence conservation with Drosophila protein twenty-four [TYF]).
Additionally, 3 and 14 proteins were >10-fold enriched with lower
significance in the ZIKV and WNV samples, respectively (Fig. 3 4
and B, Insets), of which Lingerer (Lig) and LSM12 were >10-fold
enriched in both datasets.

Those proteins that were >3-fold up-regulated for both ZIKV
and WNV sfRNA were further analyzed using the STRING
database with high confidence level (>0.7) based on their Dro-
sophila orthologs (SI Appendix, Fig. S7). These sfRNA-binding
proteins were significantly enriched in protein—protein interac-
tions among each other (P = 2 x 10™"), indicating that these
proteins are likely biologically connected and involved in similar
processes. Moreover, 2 main interaction networks were impli-
cated (SI Appendix, Fig. S7), and protein function analysis using
the Panther Gene Ontology server implicated their involvement
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in posttranscriptional regulation of gene expression (P = 6.4 x
107°) and cytoplasmic translation (P = 3.9 x 107%).

sfRNA Has Specific Affinity for the DEAD-Box Helicase ME31B. To
confirm the observed interaction of the 3 most significant sSfRNA-
interacting proteins (ME31B, ATX2, and AAEL018126), we
attempted to clone their complementary DNAs (cDNAs) from Ae.
aegypti Aag2 cells into a mosquito polyubiquitin (PUB) promoter-
driven plasmid and N-terminally fused to EGFP-2A-3XFLAG
(3F) or EGFP (Fig. 4 A, Top). We also included the 60s ribo-
somal protein (60sRp) as a positive control that binds equally to
ZIKV stRNA, WNV sfRNA, and the control RNA (S Appendix,
Tables S2 and S3). Expression vectors for ME31B and ATX2 were
successfully constructed, but we were unable to clone the entire
AAFIL 018126 ORF. Next, Aag2 cells were transfected with
pPUB-3F-ME31B, pPUB-3F-ATX2, or pPUB-3F-60sRp, and ly-
sates were subjected to RNA-affinity purification and input and
eluted proteins were analyzed by Western blot with a-FLAG an-
tibodies (Fig. 4 A, Bottom). As expected, the 60sRp control bound
equally to both sfRNAs and the control RNA while ME31B was
highly enriched in the RNA-affinity purification for WNV and
ZIKV sfRNA, but not for the control RNA (Fig. 44), confirming
that sfRNA has specific affinity for ME31B. Surprisingly,
ATX2 was not enriched for WNV nor ZIKV sfRNA (Fig. 44). As
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Fig. 3. Identification of ZIKV and WNV sfRNA-binding proteins in Ae. aegypti cells using a streptavidin-binding aptamer approach and nano LC-MS/MS.
4XS1m-aptamer bound RNAs were bound to streptavidin beads and used to purify Ae. aegypti proteins with affinity for the bait RNA. Streptavidin beads
were incubated with in vitro transcribed RNA of 4XS1m-ZIKV-sfRNA, 4XS1m-WNV-sfRNA, or 4XS1m-control. RNA-bound proteins were eluted by RNase A
digestion of the bait RNA and identified and quantified by mass spectrometry. (A and B) Volcano plots of eluted proteins detected by mass spectrometry. The
x axis shows the mean '’Log difference in protein abundance between the ZIKV sfRNA (A) or WNV sfRNA (B) and control samples from 3 independent bi-
ological replicates. The y axis shows the '°Log of the P value by Student’s t test from comparison of the protein abundance in the ZIKV sfRNA (A) or WNV
sfRNA (B) with the control samples. Significantly enriched proteins are shown as diamonds. Insets below show proteins that are >10-fold enriched in the

sfRNA samples but not observed significantly different from the control.
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Fig. 4. Ae. aegypti ME31B binds to the second dumbbell RNA structure of ZIKV and WNV sfRNA. (4, Top) Schematic overview of the used plasmid constructs.
The genes of interest (GOI) were expressed fused N-terminally to EGFP followed by a foot-and-mouth disease virus 2A ribosome skipping sequence and a
triple FLAG (3F)-tag which allows the expression of separate EGFP-2A and 3F-GOI. (A, Bottom) RNA-affinity purification to confirm ZIKV and WNV sfRNA
binding proteins. Lysates of Aag2 cells transfected with pPUB-3F-ME31B, pPUB-3F-ATX2, pPUB-3F-LSM12, or pPUB-3F-60sRp were prepared. Lysates were
subjected to RNA-affinity purification using streptavidin beads coated with in vitro transcribed RNA of 4XS1m-ZIKV-sfRNA, 4XS1m-WNV-sfRNA, or 4XS1m-
control. RNA-bound proteins were eluted with RNase A and detected by Western blot with a-Flag antibodies. (B) Lysates of Aag2 cells transfected with pPUB-
3F-ME31B were subjected to RNA-affinity purification with 4XS1m-aptamer fused 3’-truncated sfRNAs of ZIKV and WNV. A schematic overview of the used
truncations is included in the figure. RNA-bound proteins were eluted with RNase A and detected by Western blot with o-Flag antibodies.

ATX?2 is predicted to interact directly with ME31B (SI Appendix,
Fig. S7), we hypothesized that ATX2 could indirectly interact with
sfRNA via ME31B. We therefore performed a similar RNA-
affinity purification using cell lysates of Aag2 cells cotransfected
with both pPUB-EGFP-ME31B and pPUB-3F-ATX2 (SI Ap-
pendix, Fig. S8). Interestingly, for cotransfected cell lysates, both
3F-ATX-2 and EGFP-ME31B were enriched for WNV and ZIKV
sfRNA, but not the control RNA, confirming that, indeed, sfRNA
indirectly interacts with ATX2 via ME31B.

We then investigated which structure(s) of WNV and ZIKV
sfRNA are essential for ME31B binding via an RNA-affinity
purification using 3’ truncated sfRNAs (Fig. 4B). As expected,
ME31B was enriched for full-length sfRNA of ZIKV and WNV,
but not the control RNA. When the highly conserved 3’ SL was
deleted (sfRNAA3’SL), the interaction with ME31B was main-
tained. However, when the second DB was deleted (ZIKV:
sfRNAADB1; WNV: sfRNAADB?2) this enrichment was lost,
implicating that ME31B binds at least to the second DB struc-
ture of ZIKV and WNV sfRNA.

ME31B Is an Antiviral Gene Inhibiting ZIKV and WNV Replication in Ae.
aegypti Cells. As the interaction of sSfRNA with ME31B, indirectly
with ATX2 and possibly with AAEL018126, implicates a putative
role of these mosquito proteins during flavivirus infection, we
investigated the role of these proteins for ZIKV and WNV
replication in Ae. aegypti Aag2 cells. Gene silencing of 75% to
90% was achieved by dsRNA transfections targeting ME31B,
ATX2, AAEL018126, or luciferase (Luc) (SI Appendix, Fig. S9).
The silenced cells were infected with ZIKV, ZIKVASF1, WNV,
or WNVASF1+2 at a multiplicity of infection (MOI) of 0.1. At
48 h postinfection (hpi), total RNA was extracted from the cell
monolayers and subjected to qRT-PCR to quantify the viral
genomic RNA (vg RNA) copies. Silencing of ME31B resulted in
significantly higher vgRNA levels for ZIKV, ZIKVASF1 (Fig. 54),
WNV, and WNVASF1+2 (Fig. 5B) while silencing of ATX2 and
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AAELO018126 did not affect ZIKV or WNV replication (Fig. 5 4
and B). To further investigate the effect of ME31B silencing on
virus production, the viral titers were determined in ME31B-
silenced and control cells (Fig. 5 C and D). For ZIKV, silencing
of ME31B resulted in a significant increase in viral titer (~1 log,
similar to the increase in vgRNA copies), suggesting that ME31B
acts antiviral during ZIKV infection. For ZIKVASF1, WNV, and
WNVASF1+2, silencing of ME31B slightly, but not significantly,
increased the viral titers. Together, these results suggest that
ME31B inhibits ZIKV and WNYV viral RNA replication and virion
production in Aag2 cells.

Discussion

The molecular determinants of arbovirus transmission by mos-
quitoes are largely unknown, and few interactions between arbo-
viruses and their vectors have been described in molecular detail.
Here, we demonstrate that the noncoding, viral sfRNA is crucial
for ZIKV to overcome the mosquito midgut barrier and efficiently
accumulate in the mosquito saliva. Moreover, we uncover that
sfRNA interacts with specific mosquito proteins and indicate that
ZIKV sfRNA expression correlates with a weakened RNAI re-
sponse in Ae. aegypti. Furthermore, we show that the most potent
sfRNA-interacting protein of Ae. aegypti, ME31B, has an antiviral
function during flavivirus replication in mosquito cells. The com-
bined effect of sequestering the antiviral mosquito protein ME31B
and the suppression of the RNAI response may enable ZIKV to
overcome the midgut and salivary gland barriers to ultimately
become transmissible to the vertebrate host. Together, these re-
sults establish sfRNA as a key determinant of ZIKV transmission
by Ae. aegypti and provide leads to understand the underlying
molecular mechanism.

While several molecular mechanisms have been proposed of
how sfRNA mediates flavivirus transmission by mosquitoes have
been proposed (16, 24, 25, 31, 34), none of these had previously
been confirmed convincingly. SFRNA is not efficiently packaged

Goertz et al.


https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1905617116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1905617116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1905617116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1905617116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1905617116/-/DCSupplemental
https://www.pnas.org/cgi/doi/10.1073/pnas.1905617116

o9)

w [ ZIKV 207

[ z21KvASF1

I WAV
5 « [ WNVASF1+2

*k

10

Relative vgRNA copies
'S
1

Relative vgRNA copies

o
2
$
S
uc

dsRNA — §

ME31B
ATX2
AAEL
Luc
ME31B
ATX2
AAEL
ME31B
ATX2
AAEL
Luc
ME31B
ATX2
AAEL

O
O

1 WNV
[ WNVASF1+2

-

o
3

ul

3 2KV
[ zIKvASF1

=
o
=
al
=
o
2
l

-

o
]

ul

ZIKV titer (TCID5g/ml)
2
*
WNV titer (TCIDso/ml)
> >
ulm -Im

1044 104

3] o o

dsRNA — 3 5 dsRNA — 3
= =

E31B
Luc
ME31B
Luc
ME31B

Fig. 5. Depletion of ME31B increases ZIKV and WNV replication in Ae.
aegypti cells. (A and B) Effect of ME31B, ATX2, and AAEL018126 (AAEL) si-
lencing on viral RNA replication of ZIKV and WNV. At 6 h post-second
dsRNA transfection, cells were infected with (A) ZIKV, ZIKVASF1, (B)
WNV, or WNVASF1+2 at a multiplicity of infection (MOI) of 0.1. Viral ge-
nomic RNA (vgRNA) copies were determined at 48 h postinfection (hpi) by
gRT-PCR normalized to the rpS7 reference gene and computed relative to
the dsLuc transfected control. Statistics were performed by one-way ANOVA
with Tukey post hoc test. (C and D) Effect of ME31B silencing on the virus
growth kinetics of ZIKV and WNV. At 4 h post-second dsRNA transfection,
cells were infected with (C) ZIKV, ZIKVASF1, (D) WNV, or WNVASF1+2 at an
MOI of 0.1. Viral titers were determined at 48 hpi by end-point dilution assay
on Vero cells. Mann-Whitney U tests were used to compare viral titers and
relative vgRNA copies. *P < 0.05; **P < 0.01.

into virions and is only formed after sufficient vgRNA replication
has occurred (11). Therefore, functions of sfRNA are inherently
executed at a later stage of replication in infected cells, and in
case of a mosquito infection after entry into the midgut epithelial
cells and the establishment of early virus replication. SFRNA
could act as a viral suppressor of mosquito innate immune re-
sponses: e.g., the RNAI response, Toll pathway, or JAK/STAT
pathway (32, 35), thereby facilitating virus transmission. In vitro
cell culture studies and in vivo experiments with Culex mosqui-
toes showed that sSfRNA suppresses Dicer-2 activity, possibly by
acting as an RNA decoy (30, 31). Here, we demonstrate that Ae.
aegypti produces higher siRNA levels relative to the viral titer
during infection with ZIKVASF1 compared to wild-type ZIKV
infection. However, as considerable numbers of siRNAs
(>45,000) were still produced in response to wild-type ZIKV
infection, it remains to be investigated to which extent the ob-
served RNAI suppression contributes directly to increased virus
transmission. Furthermore, in our previous study with WNV-
infected Culex mosquitoes, no significant difference in the
abundance of viral small interfering RNAs was observed be-
tween wild-type and sfRNA1-deficient WNV (24). Of note, a
recent study indicated that the midgut of Ae. aegypti mosquitoes
does not express the protein Loquacious 2, which is essential for
siRNA-mediated silencing (36). This finding questions the role
of the RNAI response in infection of the Ae. aegypti midgut and
might indicate that RNAI suppression by sfRNA is likely more
important to facilitate systemic ZIKV infection. Indeed, we did
observe functional activity of sSfRNA beyond the midgut, since
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ZIKV accumulated to higher titers than ZIKVASF1 in the
mosquito saliva, even after intrathoracic injections.

Besides small RNA responses, the JAK/STAT and Toll sig-
naling pathways (35) were previously implicated as antiviral during
flavivirus infection (29, 37-40). In a study on DENV-2-infected Ae.
aegypti, higher levels of sfRNA correlated with suppression of Toll-
regulated genes while JAK/STAT-regulated genes were not sup-
pressed (25). However, the differences in mRNA expression in these
studies were not large (<2 fold), which makes it uncertain whether
sfRNA may sufficiently down-regulate the protein levels of these
immune regulatory pathways to affect virus transmission. In our
present study, we did not find an induction of Toll- or JAK/STAT-
regulated gene expression after ZIKV or WNV infection of Ae.
aegypti cells; therefore, this does not logically invite further research
on sfRNA as an antagonist of these innate immune pathways to
mediate ZIKV transmission by Ae. aegypti mosquitoes.

In addition to suppression of innate immune responses,
sfRNA could act as a “molecular sponge” that interacts with
mosquito RNA-binding proteins to antagonize or redirect their
functionality, as previously hypothesized (41). This sponging ef-
fect is often observed for host and viral noncoding RNAs due to
their high abundance and ability to sequester proteins, small
RNAs, and mRNA transcripts (reviewed in ref. 42). In mam-
malian cells, sSfRNA has been demonstrated to sequester G3BP1,
G3BP2, and Caprin, which prevents induction of the IFN re-
sponse (43). By RNA-affinity purification and mass spectrometry
analysis, we uncovered that the Ae. aegypti proteins ME31B,
ATX2, and AAEL018126 (a possible TYF homolog) significantly
bind to ZIKV and WNV sfRNA, and additionally LSM12 and Lig
were enriched in both sfRNA samples, albeit not significantly.

ME31B is involved in mRNA decapping, translation in-
hibition, mRNA storage, and miRNA-mediated mRNA decay
(44, 45). ME31B localizes to processing bodies (PBs), which are
nucleoprotein granules that are constitutively present, contain
several proteins involved in mRNA turnover, and function as a
storage hub for mRNAs that are translationally repressed (46).
Many viruses interfere with PB assembly (47), including mem-
bers of the Flaviviridae family (48-50). In our study, silencing of
ME31B resulted in increased ZIKV and WNV RNA replication,
suggesting that ME31B acts antiviral during flavivirus infection.
Given that silencing of ME31B is known to result in the disas-
sembly of PBs (50), it is also possible that PBs, and not ME31B
per se, display antiviral activity in Ae. aegypti cells. Attempts to
silence ME31B via dsRNA injection in vivo resulted in high
mortality rates in the first 2 d postinjection, combined with poor
silencing efficiency in the surviving mosquitoes at day 5, which
may suggest that ME31B is important for mosquito homeostasis.

ATX2, which we demonstrated to indirectly bind to sfRNA via
ME31B, is known to interact with TYF, ME31B, and poly(A)-
binding protein (PABP) in Drosophila and acts as a regulator of
protein translation (51-53) while a complex of ATX2, LSM12,
and TYF regulates cap-dependent translation in Drosophila
neurons (53). Thus, sequestration of (a complex of) these pro-
teins by sSfRNA may remodel the host cell mRNA and protein
translation landscape to favor virus replication and translation.
Indeed, sfRNA expression correlates with decreased mRNA
turnover in mammalian cells (22), supporting a role of sSfRNA in
the regulation of host mRNAs.

We now present a mechanistic working model in which sSfRNA
enhances flavivirus replication in mosquitoes to ultimately in-
crease the efficiency of virus transmission, by sequestering a
complex of PB components, consisting at least of ME31B,
ATX2, LSM12, and AAEL018126 (Fig. 6, step 1). It is important
to realize that, as the 3’ UTR of the vgRNA is identical in se-
quence and highly similar in RNA structure to sfRNA, the
sfRNA binding proteins likely also interact with the 3' UTR of
the vgRNA (Fig. 6, step 1). As PB components are heavily involved
in mRNA degradation, their recruitment by the 3 UTR of the
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vgRNA likely induces the degradation of vgRNA, including the
5" — 3’ degradation by XRN1. Stalling of XRN1 on specific
RNA stem loop structures in the viral 3’ UTR results in the
formation of sfRNA (Fig. 6, step 2).

The initial recruitment of such PB components to replication
complexes can be beneficial for flavivirus replication since fla-
viviruses lack a poly-(A) tail and rely on the recruitment of viral
and host proteins to their structured 5’ and 3" UTRs for the
assembly of translation initiation complexes (9, 54-56). For ex-
ample, PABP binds to the DB region in the DENV 3’ UTR (54),
and eukaryotic elongation factor (eEF)-1a binds to the 3’ SL of
WNV and DENV (57, 58). Further, the mammalian ME31B
ortholog DDX6 is recruited to WNV and hepatitis C virus
(HCV) replication sites (48, 49) and promotes efficient DENV
and ZIKV replication in mammalian cells (59, 60).

When flavivirus infection progresses, the accumulating sfRNA
molecules will start to compete with protein binding to the 3’
UTR of the vgRNA and will sequester PB components and
translation factors (Fig. 6, step 3). Since ME31B and ATX2 have
been implicated in small RNA-mediated silencing (44, 45, 61), it
is possible that the sfRNA-ME31B interaction modulates the
RNAI response through remodeling of PBs and associated small
RNA silencing complexes (Fig. 6, step 4). While uncovering
additional details of how these virus—-mosquito interactions
promote flavivirus transmission by mosquitoes remains the focus
of ongoing research, the presented findings have revealed im-
portant molecular function(s) of this intriguing noncoding RNA
during flavivirus infection of the mosquito vector.

Materials and Methods

Cell Lines and Viruses. African green monkey kidney Vero E6 cells (ATCC CRL-
1586), Ae. aegypti Aag2, Aedes pseudoscutellaris AP-61 cells, and Aedes
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Fig. 6. Mechanistic model of sfRNA during flavivirus infection of mosqui-
toes. (Step 1) In the early stage of replication, (+) strand vgRNA molecules
bind ME31B (ortholog of human DDX6) via the 3’ untranslated region (UTR)
to recruit processing-body (PB) components to viral replication complexes.
(Step 2) Recruitment of PB components involved in decapping and mRNA
degradation, including decapping enzymes (DCPs) and the exoribonuclease
Pacman (ortholog of human XRN1), induces decapping of free (+) viral ge-
nomic RNA followed by degradation by Pacman. Pacman stalls on resistant
stem-loop RNA structures in the 3’ untranslated region (UTR), leading to the
formation of sSfRNA. (Step 3) SfRNA competes with the 3" UTR for binding of
PB-associated proteins and sequesters these proteins into cytoplasmic foci.
(Step 4) SfRNA suppresses the RNAi response either directly by acting as a
decoy substrate for Dcr2, or indirectly by remodeling PBs and associated RNA
silencing complexes. PBs, processing bodies; Dcr2, Dicer2; PABP, poly-(A)
binding protein; DCP, decapping enzyme; SL, stem-loop; DB, dumbbell;
AAEL, AAELO18126.

Viral dsRNA
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albopictus C6/36 (ATCC CRL-1660) and U4.4 cells were cultured as described
previously (28, 62) (details in S/ Appendix). To generate infectious clone-
derived ZIKV, a pCC1-BAC-based and SP6 promoter-driven infectious clone
of the BeH819015 ZIKV isolate from Brazil (GenBank KU365778.1) was re-
trieved from Andres Merits, University of Tartu, Tartu, Estonia (27), hereafter
named pZIKVc. Site-directed mutagenesis was used to introduce 4-nucleotide
substitution in the pseudoknot of SL-I, to generate the sfRNA1-deficient mu-
tant ZIKVASF1 and an additional 3-nucleotide substitution in the pseu-
doknot of SL-Il to generate ZIKVASF1+2 (SI Appendix, Fig. S1A) (details in S/
Appendix). pZIKV,c, pZIKVASF1, or pZIKVASF1+2-derived, in vitro tran-
scribed, capped RNA was transfected into a preseeded monolayer of Vero
cells in 6-well plates using Lipofectamine 2000 (Invitrogen). Six days post-
transfection, the supernatant was harvested and passaged once on Vero
cells before P2 and P3 stocks were generated on Ap-61 cells and stored at
—80 °C until further use. Infectious clone-derived WNV GR;, strain (WNV,c)
(GenBank KC496015.1) and sfRNA-deficient mutants WNVASF1 and WNVASF1+2
were reported previously (24) and were used as a P2 from C6/36 cells. Virus titers
of stocks were determined after 1 freeze-thaw cycle by end-point dilution assay
(EPDA) on Vero cells (24).

Infectious Blood Meals and Intrathoracic Injections. Infectious blood meals
were performed with Ae. aegypti (Rockefeller strain, obtained from Bayer
AG) that were reared, maintained, and processed as described previously
(28). Mosquitoes were fed for 1 h under light conditions at 24 °C and 70%
relative humidity (RH) and anesthetized with 100% CO,, and fully engorged
females were selected and maintained at 28 °C in a 12:12 light:dark cycle,
70% RH, and provided with 6% glucose solution. After 14 d, mosquitoes
were anesthetized and salivated for ~45 min as described previously (28).
Briefly, mosquitoes were anesthetized with 100% CO, and immobilized by
removal of their legs and wings, and their proboscis was inserted into a 200-uL
pipet tip containing 5 pL of a 50% sugar water, 50% FBS mixture. In-
trathoracic injections were performed as described previously (28) on anes-
thetized Ae. aegypti by injecting 69 nL (~400 tissue culture infectious dose
50% [TCIDso]) of ZIKV or ZIKVASF1 using a Drummond Nanoject Il injector
(Drummond Scientific) with glass capillaries (3.5-inch Drummond no. 3-000-
203-G/X; Drummond Scientific). Injected mosquitoes were maintained at
28 °C for 7 d in a 12:12 light:dark cycle, 70% relative humidity, and provided
with 6% glucose solution. Presence of ZIKV in the mosquito bodies and sa-
livas was determined by infectivity assay based on ZIKV-induced cytopathic
effect (CPE) in Vero cells at 3 to 4 d postinfection (dpi), as described before
(28). For virus titrations, the TCIDs¢/mL was determined by EPDA on Vero
cells as described previously (28). The TCIDso/mL was scored at 3 to 4 dpi by
virus-induced CPE.

Transfections and dsRNA-Mediated Gene Silencing. Transfections of mosquito
cells with DNA plasmids (cloning details in S/ Appendix) were performed with
Fugene HD (Promega) in serum-free media following the manufacturer’s
protocol. Transfections of Vero cells with in vitro transcribed RNA (details in
SI Appendix) were performed using Lipofectamine 2000 (Invitrogen) in Opti-
MEM (Gibco). At 4 h posttransfection, the transfection mix was aspirated
and replaced with fresh culture media. For silencing experiments, dsRNA was
transfected into preseeded Aag2 cell monolayers in 24-well plates using
Fugene HD. After 48 h, the cell monolayers were transfected a second time
with dsRNA to ensure proper silencing efficiency (63). At 5 to 6 h after
second transfection, cells were split into 96-well plates, and a fraction was
stored for RNA isolation and quantification of gene silencing by quantitative
real-time (qRT)-PCR. The 96-well plates of freshly seeded silenced cells were
inoculated with WNV, WNVASF1+2, ZIKV, or ZIKVASF1 at the indicated
multiplicity of infection (MOI). Viral titers in the supernatant were de-
termined by EPDA on Vero cells at the indicate time point postinfection.

qRT-PCR. Total RNA was extracted from cell monolayers with TRIzol reagent,
and RNA yield was quantified by NanoDrop (Thermo). Equal amounts of total
RNA were treated with RQ1-RNase-free DNase (Promega) to remove residual
DNA contamination and subjected to first-strand synthesis using SuperScript Il
reverse transcriptase (Invitrogen) and random hexamers (Roche) according to
the manufacturer’s protocols. The resulting ¢cDNA was diluted 1:5 with
MilliQ-H,0 and subjected to relative quantification by qRT-PCR using SYBR
Select Master mix (Invitrogen) and primer nos. 45 to 62 on a CFX96 Real-
Time PCR system (Bio-Rad). Cycling conditions were 95 °C (2 min), (95 °C
[15 s], 55 °C [30 s], 72 °C [30 s]) x40, 72 °C (30 s), followed by a 55 to 95 °C
melt curve (0.5 °C/5 s) to verify amplicon homogeneity. Data analysis was
performed using Bio-Rad CFX Maestro software with relative quantification
to a standard curve, consisting of 10-fold serial dilutions of Aag2 cells total
RNA-derived cDNA and normalized to the rpS7 reference gene.
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RNA-Affinity Purification. RNA-affinity purification was based on the 4x S1m
optimized streptavidin-binding RNA-aptamer system which has high affinity
for streptavidin (33) (details in S/ Appendix). Briefly, 50% Streptavidin
Sepharose High Performance bead-slurry (SA-beads; GE Healthcare) was
equilibrated by washing thrice with SA-RNP lysis buffer supplemented with
protease inhibitors. Per 100 pL of equilibrated SA-beads, 20 pL of DNase-
treated renatured in vitro transcribed 4x S1m aptamer-containing RNA was
added and coupled to the SA-beads by incubation at 4 °C for 2.5 h with
overhead rotation. RNA-bound beads were incubated with precleared
Aag2 cell lysates (2.7 to 3.0 mg of protein) at 4 °C for 3.5 h under overhead
rotation. Beads were collected and washed 5 times with SA-wash buffer, and
RNA-bound proteins were eluted from the final pellet by addition of 30 pL
of SA-elution buffer containing 0.6 pg of RNase A (Invitrogen) followed by
10-min incubation at 4 °C. Beads were removed, and ~30 pL of eluate was
collected and supplemented with 10 uL of 4x SDS loading buffer. Samples
were stored at —20 °C before protein identification by mass spectrometry or
Western blot (details in S/ Appendix).

Next-Generation Small RNA Sequencing. Total RNA was isolated from triplicate
pools of 5 to 6 virus-positive mosquitoes (blood-fed or injected with ZIKV or
ZIKVASF1) using TRIzol reagent (Invitrogen) following an adjusted version of
the manufacturer’s protocol. Mosquitoes were incubated for 4 h in TRIzol
while shaking, isopropanol precipitation was performed for 1 h at —80 °C,
and an additional 75% ethanol wash step was incorporated. Small RNAs of
18 to 30 nt were sequenced from 2.5 pg of total RNA on a BGISEQ-
500 sequencer (BGl Genomics), as described previously (62). Small RNA se-
quencing reads were uploaded to the NCBI Sequence Read Archive (SRA)
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