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Zika virus noncoding sfRNAs sequester multiple host-derived
RNA-binding proteins and modulate mRNA decay and

splicing during infection
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Insect-borne flaviviruses produce a 300 —500 — base long non-
coding RNA, termed subgenomic flavivirus RNA (sfRNA), by
stalling the cellular 5'-3’-exoribonuclease 1 (XRN1) via struc-
tures located in their 3" UTRs. In this study, we demonstrate that
sfRNA production by Zika virus represses XRN1 analogous to
what we have previously shown for other flaviviruses. Using
protein—RNA reconstitution and a stringent RNA pulldown
assay with human choriocarcinoma (JAR) cells, we demonstrate
that the sfRNAs from both dengue type 2 and Zika viruses inter-
act with a common set of 21 RNA-binding proteins that contrib-
ute to the regulation of post-transcriptional processes in the
cell, including splicing, RNA stability, and translation. We
found that four of these sfRNA-interacting host proteins,
DEAD-box helicase 6 (DDX6) and enhancer of mRNA decap-
ping 3 (EDC3) (two RNA decay factors), phosphorylated adaptor
for RNA export (a regulator of the biogenesis of the splicing
machinery), and apolipoprotein B mRNA-editing enzyme cata-
lytic subunit 3C (APOBEC3C, a nucleic acid-editing deami-
nase), inherently restrict Zika virus infection. Furthermore, we
demonstrate that the regulations of cellular mRNA decay and
RNA splicing are compromised by Zika virus infection as well as
by sfRNA alone. Collectively, these results reveal the large
extent to which Zika virus— derived sfRNAs interact with cellu-
lar RNA-binding proteins and highlight the potential for wide-
spread dysregulation of post-transcriptional control that likely
limits the effective response of these cells to viral infection.

Post-transcriptional regulation of gene expression is a mul-
tifaceted and complex cellular process that is critically impor-
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tant for maintaining cellular homeostasis. Therefore, it is not
surprising that many aspects of post-transcriptional control are
targeted and disrupted by RNA viruses during infection (1).
RNA splicing, for instance, is a highly-regulated post-transcrip-
tional process that relies on the proper localization of the spli-
ceosome to avoid aberrant splicing events within the cell. For
instance, mutations in the splicing factor SF3B1, a component
of the U2 snRNP,* induce the usages of alternative splice sites in
a subset of targeted host cell genes (2, 3). A recent transcrip-
tome analysis of Zika virus (ZIKV)-infected human neural pro-
genitor cells identified a variety of alternative splicing events in
more than 200 different RNAs (4). Precisely how a cytoplasmic
virus like ZIKV induces such significant mis-splicing inside the
nucleus of infected cells remains unclear.

Other aspects of post-transcriptional control can be im-
pacted by RNA virus infections. The cellular mRNA decay
machinery, a fundamental regulator of both the quantity and
quality of gene expression, can also be targeted. The decay of
most mRNAs generally begins with the deadenylation of the
transcript followed by the removal of the 7-methylguanosine 5’
cap. The mono-phosphorylated transcript is then reduced to
single nucleotides via the action of the highly-processive cyto-
plasmic 5'-3'-exoribonuclease XRN1 (5). Considerable evi-
dence has revealed that transcripts of RNA viruses are also
actively targeted by the cellular RNA decay machinery (6).
Additionally, RNA stability has been shown to regulate the
expression of many mRNAs encoding immune mediators (7),
further highlighting the critical role of RNA stability during
infection. Thus, any perturbations in the ability of the cell to
regulate RNA decay can have dramatic effects on the outcome
and pathogenesis associated with viral infection.

RNA editing, which can greatly expand the coding capacity
of the transcriptome (8), can also have an impact on virus infec-
tions. The process consists of the deamination of adenosine to
inosine (A-to-I) or cytosine to uracil (C-to-U) and is catalyzed,
respectively, by two classes of deaminases: the ADAR and AID/

“The abbreviations used are: snRNP, small nuclear ribonucleoprotein; sfRNA,
subgenomic flavivirus RNA; PHAX, phosphorylated adaptor for RNA
export; ZIKV, Zika virus; DENV, Dengue virus; nt, nucleotide; dd, digital
droplet; hpi, hours post-infection; GAPDH, glyceraldehyde-3-phosphate
dehydrogenase; RBP, RNA-binding protein; PMSF, phenylmethylsulfonyl
fluoride; KINV, Kunjin virus; 4SU, 4-thiouridine; DM, double mutant; m.o.i.,
multiplicity of infection; HCV, hepatitis C virus; xrRNA, XRN 1-resistant RNA.
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APOBEC proteins (9). RNA-editing activity has been reported
in APOBEC1, APOBEC3A (10), and APOBEC3G (11), but not
for other members of the family to date. APOBEC3G has been
implicated as a major restriction factor for retroviruses (12).
There is also evidence that APOBEC3G has antiviral functions
against hepatitis C virus (HCV), a member of the Flaviviridae
(13, 14). The goal of this study was to expand upon this previous
work and to assess in an unbiased fashion the interaction
between a major noncoding transcript made by all insect-borne
flaviviruses and the cellular post-transcriptional control
machinery.

Flaviviruses are single-stranded positive-sense RNA viruses
that are responsible for a variety of significant human diseases.
It has been estimated that ~2/3rd of the world population is at
risk for infection by one or more of the 35 flaviviruses known to
cause human disease (15). The most well-known members of
this virus family are arboviruses: Dengue viruses (DENV), West
Nile virus, Japanese encephalitis virus, and ZIKV, which utilize
arthropod vectors as a key part of their transmission cycles. The
flavivirus genomic RNA is typically between 10 and 11 kb and
contains a single large polyprotein-encoding open reading
frame (ORF) flanked by untranslated regions (UTRs). A key
characteristic common to all arthropod-borne flavivirus infec-
tions tested to date is the generation and accumulation of a
small 300-500-base subgenomic flavivirus RNA (sfRNA),
which represents the majority of the 3" UTR of the viral
genomic RNA (16). Interestingly, flaviviral sfRNAs are not gen-
erated using a subgenomic promoter but rather by stalling of
the cellular 5'-3'-exoribonuclease XRNI1 as it attempts to
degrade viral positive-sense transcripts inside infected cells
(17-21). All insect-borne flaviviruses tested to date contain a
knot-like three-helix junction structure in the proximal portion
of their 3" UTR that stalls XRN1. The activity of XRN1 is also
repressed by sfRNA generation in DENV and Kunjin virus
(KUNV) infections, presumably due to slow release of the
enzyme from the knot-like RNA structure (22, 23). The sfRNA-
mediated repression of XRN1 apparently feeds back and also
shuts down upstream functions of the decay pathway (6, 24).
This results in stabilization of cellular mRNAs and dysregula-
tion of their expression, which can be particularly dramatic for
short-lived mRNAs (e.g. cytokines and innate immune factors).
In addition, the high levels of sfRNA that are generated can
serve as a sponge for cellular RNA-binding proteins and repress
their function. To date, targeted functions include interferon,
innate immunity, and RNAi (25-32).

Zika virus (ZIKV) is a flavivirus that was discovered in 1947
in the forests of Uganda, and its transmission is mediated pri-
marily by Aeges aegypti and possibly Aedes albopictus mosqui-
toes (33). Most ZIKV infections are asymptomatic, and those
that do show symptoms typically have mild fever, rash, arthral-
gia, and/or conjunctivitis (34). Notably, however, ZIKV infec-
tion during pregnancy can lead to fetal loss, microencephaly,
and brain/eye abnormalities. ZIKV causes a spectrum of neu-
rological damage in the developing fetus and can lead to Guil-
lain-Barre syndrome, a condition in which the immune system
damages neuronal cells. The mechanisms underlying flavivirus-
associated pathogenesis are still largely unclear (35). Thus, it is
very important to understand how these viruses interface with
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host-cell factors. The purpose of this study was to catalog the
major cellular RNA-binding proteins that interact with the
sfRNA generated during ZIKV infection and to provide foun-
dational data for potential molecular mechanisms of sfRNA-
associated cytopathology.

In this study, we show that ZIKV infection in human cells
leads to the accumulation of two sfRNA species that are asso-
ciated with an increase in both the abundance and stability of
normally short-lived host cellular mRNAs, mirroring previous
reports of other sfRNA-generating members of the Flaviviridae.
ZIKV sfRNA selectively associated with over 20 RNA-binding
proteins that affect a multitude of post-transcriptional cellular
processes. Two of these factors, DDX6 and EDC3, are known
RNA-decay factors that represent viral restriction factors. Like-
wise, we found that sfRNA-associated host cell splicing factors
PHAX and SF3B1 were also viral restriction factors. Both
SF3B1-mediated RNA splicing and DDX6/EDC3-mediated
RNA decay were shown to be significantly dysregulated during
ZIKV infection. Thus, the generation of sfRNA during ZIKV
infection appears to have two major functional roles inside the
host cell: 1) XRN1 repression and the resulting stabilization of
normally short-lived host mRNAs, and 2) that of a protein
sponge for host RNA-binding proteins to disrupt aspects of
cellular gene expression that may limit the ability of the cell to
effectively respond to the viral infection.

Results

Accumulation of sfRNAs in ZIKV-infected cells is associated
with a significant increase in the abundance and stability of
normally short-lived host cell nRNAs

A number of previous studies on arthropod-borne members
of the Flaviviridae indicate that the major 5'-3'-cytoplasmic
exoribonuclease XRNT1 stalls on specific structures near the
proximal portion of the viral 3’ UTR sequence (17, 19, 21, 22,
36). This gives rise to a stable decay intermediate known as
sfRNA. The accumulation of these sfRNAs in KUNV and
DENV-2 infections has been shown to repress XRN1 function
and dysregulate host cell mnRNA stability (22). Being a member
of the Flaviviridae, we hypothesized that ZIKV infection would
also result in significant sfRNA accumulation and dysregula-
tion of normally short-lived host mRNAs. To test this hypoth-
esis, we performed a time course of ZIKV infection in human
choriocarcinoma cells (JAR cells). As seen in Fig. 14, sSfRNAs of
415 and 330 nts accumulated to high levels in ZIKV-infected
JAR cells between 48 and 72 h post infection. To determine the
impact of ZIKV infection on cellular mRNA half-lives, infected
cells were metabolically labeled with 4-thiouridine (4SU) for 60
min. Purified total RNA was then fractionated into unlabeled
“pre-existing” and 4SU-labeled “nascent” RNA populations and
subjected to quantitative ddRT-PCR analysis using primers to
the FOS and JUN cellular mRNAs. As seen in Fig. 1B, both the
abundance and stability of the FOS and JUN mRNAs were sig-
nificantly increased at 72 hpi. Thus, we conclude that the gen-
eration of ZIKV sfRNA, as has been previously shown for two
other insect-borne flaviviruses (22), is associated with a signif-
icant increase in the abundance and stability of short-lived cel-
lular mRNAs.
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Figure 1. Accumulation of two sfRNA decay intermediates in ZIKV infection coincides with an increase in both the stability and abundance of normally
short-lived host cell mRNAs. A, representative Northern blotting of total RNA from ZIKV-infected JAR cells isolated at the indicated time post-infection. RNAs were
separated on a 5% denaturing acrylamide gel, probed with a radiolabeled probe complementary to the first 77 nt of the ZIKV 3'-UTR, and visualized by phosphorim-
aging. The position of size markers on the gel is indicated on the right. B, newly synthesized RNAs from mock-infected or ZIKV-infected JAR cells were metabolically
labeled with 4SU at the indicated times post-infection. RNAs were separated into unlabeled and 4SU-labeled populations and subjected to quantitative ddRT-PCR
analysis using primers to the FOS and JUN cellular mRNAs. The top graphs depict the abundance changes of the indicated mRNA relative to mock-infected cells, and
the bottom graphs depict the mRNA stability relative to infected cells as determined by half-life calculations. Results are shown as the mean = S.D. determined from
three independent infections. Significance was determined using a Student's t test with * = p < 0.05.

Next, we used a biochemical reconstitution approach to
provide direct evidence that the stalling of XRN1 on estab-
lished structures in the ZIKV 3" UTR represses enzymatic
activity. As seen in Fig. 24, the incubation of purified recom-
binant XRN1 with RNAs containing the WT ZIKV 3’ UTR
resulted in the generation of two sfRNA species consistent in
size with the two sfRNAs generated in infected cells (Fig.
1A). Mutations that were shown previously to disrupt the
first XRN1-resistant (xr)RNA structure (MUT1) or second
xrRNA structure (MUT?2) (36) showed dramatic reductions
in the generation of the respective sfRNA species (Fig. 24,
lanes MUTI and MUT2). RNAs containing mutations in
both ZIKV xrRNA structures (double mutant (DM lanes))
resulted in the complete loss of XRN1 stalling and no gener-
ation of sfRNA species. Similar results were obtained using
human (HeLa) or mosquito (C6/36) cytoplasmic extracts
under conditions that promote XRN1 activity (Fig. 24, lower
panels).

XRNT1 stalling in the 3" UTR of two other flaviviruses tested
to date (DENV and KUNYV) also results in a reversible repres-
sion of enzymatic activity presumably due to the slow release
of the stalled enzyme from the RNA substrate (22-23). To
determine whether the ZIKV 3’ UTR can also repress XRN1
activity, cold competitor RNAs containing sequences from
control plasmid, DENV-2 3" UTR, ZIKV-3' UTR, or the
ZIKV double mutant (DM) 3’ UTR (that cannot stall XRN1/
form sfRNAs) were generated and incubated along with a
radiolabeled reporter RNA and XRN1. RNA reaction prod-
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ucts were analyzed on an acrylamide gel at various time
points post-XRN1 incubation to assess relative exonuclease
activity in the presence of each competitor RNA. As seen in
Fig. 2B, the inclusion of a 20-fold molar excess of monophos-
phorylated unlabeled DENV competitor RNA relative to
radiolabeled RNA substrate effectively reduced XRN1 activ-
ity during the time course. Interestingly, the ZIKV 3’ UTR
competitor RNA also repressed XRN1 to a similar level as
DENV, whereas neither the control RNA nor the ZIKV dou-
ble sfRNA mutant (DM) RNA affected XRN1 activity (Fig.
2B). Therefore, we conclude that the ZIKV 3’ UTR, similar to
other flavivirus 3" UTRs, can both stall and repress the cel-
lular XRN1 enzyme.

ZIKV and DENV sfRNAs bind to a common set of RNA-binding
proteins that influence an array of post-transcriptional
processes

The stalling of XRN1 by flavivirus xrRNA structures results
in the generation of copious amounts of sSfRNA in infected cells.
These sfRNAs may serve as a sponge for a number of cellular
RNA-binding proteins that may have a significant influence on
cellular physiology and host—virus interactions. Previous work
has indeed indicated that flavivirus sfRNAs can interact with
proteins involved in RNAI, innate immunity, interferon
responses, and translational regulation (25-32). To build upon
these studies, we performed RNA pulldown assays using either
a control RNA, DENV-2 sfRNA, or ZIKV sfRNA in HeLa cyto-
plasmic extracts under relatively stringent conditions followed

SASBMB
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Figure 2. ZIKV 3’-UTR stalls and represses the activity of the host cell 5'-3’-exoribonuclease XRN1. A, radiolabeled, 5'-monophosphorylated control
(CTRL) RNA or RNAs containing the intact ZIKV 3’-UTR or with mutations that debilitate the first (MUTT1), second (MUT2), or both (DM) structures that lead to the
formation of sSfRNAs in cells were incubated with either recombinant XRN1, C6/36 mosquito cytoplasmic extract, or HeLa cytoplasmic extract for the indicated
amount of time. Reaction products were analyzed on a 5% denaturing acrylamide gel and quantified by phosphorimaging. The position of size markers is
indicated on the left. B, 61 base-radiolabeled reporter RNA derived from pGEM4 was incubated with XRN1 (derived from Hela extract) in the presence of a 20X
excess of a cold competitor RNA derived from either pGEM4 (control RNA lanes), the DENV-2 3’ UTR (DENV 3’ UTR lanes), the ZIKV 3" UTR (ZIKV 3" UTR lanes), or
the ZIKV 3’ UTR containing mutations that prohibit sSfRNA formation (ZIKV DM lanes) for the times indicated. Radiolabeled reaction products derived from XRN1
acting on the reporter RNA were resolved on a 5% acrylamide gel containing urea and visualized by phosphorimaging. Gels from three independent experi-
ments were quantified, and results are shown graphically in the lower panel. The asterisk represents a p value of <0.001 at both time points for viral 3’
UTR/fragments compared with the control as determined using Tukey’s multiple comparisons test as a post hoc test. The gel in the top portion is representative

data from these same experiments.

by the identification and analysis of associated proteins by MS.
Peptide thresholds (95%) were set to achieve a negligible false
discovery rate, and protein identifications were accepted if they
could be established at greater than 95.0% probability and con-
tained at least two identified peptides. Using these parameters,
the MS analysis revealed a total of 222 proteins associated with
all three RNAs. As seen in Fig. 34 (and Tables S1-S3), 28 pro-
teins specifically associated with both the DENV-2 and ZIKV
sfRNA, but not with the size-matched control RNA. The direct
pulldown of a representative set of four of these proteins from
cytoplasmic extracts by biotinylated flavivirus 3" UTRs is
shown in Fig. 3D for further validation. Because these proteins
interacted with both flavivirus sfRNAs, they are more likely to
represent biologically relevant interactions and thus were the
focus of subsequent analyses. As seen in Fig. 3B, 21 of these
proteins were associated with RNA-related biological pro-
cesses. To validate the interactions, we chose five representa-
tive proteins involved in RNA decay, splicing, or editing and
performed immunoprecipitation experiments from ZIKV-in-
fected cell extracts. As seen in Fig. 3C, all five of these proteins
co-precipitated virus-made sfRNA significantly above the IgG
control background. Not surprisingly, given that the sfRNAs
represent the 3’ UTR of the viral genomic RNA, full-length viral
RNAs are also co-precipitated with the proteins (data not
shown). Therefore, we conclude that both DENV-2 and ZIKV
sfRNAs interact with these five proteins in a specific fashion
during infection and may sequester them in an effort to dys-
regulate post-transcriptional processes.

SASBMB

ZIKV sfRNA sequesters two viral restriction factors that are
involved in aspects of cellular RNA decay

We next set out to determine the relevance of these five
sfRNA-binding proteins to ZIKV infections. We first focused
on two proteins (DDX6 and EDC3) involved in aspects of RNA
decay. DDXG6 is a helicase that plays a role in translation sup-
pression and RNA decay (37), and EDC3 is an enhancer of RNA
decapping (38). We used siRNAs to effectively knock down
these proteins in HEK293 cells (Fig. 4A4). As seen in Fig. 4B,
reduction of the level of either DDX6 or EDC3 protein resulted
in a significant increase in the abundance of ZIKV RNAs in
infected cells. In the case of DDX6 knockdown, this resulted in
a significant increase in mature virus released from cells (Fig.
4C). Knockdown of EDC3 did not result in a substantial
increase in infectious virus released from cells (Fig. 4C), per-
haps due to the smaller effects that the knockdown had on
ZIKV RNA abundance in infected cells relative to DDX6
knockdown. In addition, the sfRNA naturally present in the
infection may already be effectively sequestering a great deal of
the EDC3 protein, thereby muting the effects of knocking down
the factor during infection. To confirm and complement these
results, we also overexpressed DDX6 or EDC3 in HEK293 cells
(Fig. 4D) and determined the effect on ZIKV RNA and virus
production. Overexpression of either DDX6 or EDC3 signifi-
cantly reduced both ZIKA RNA abundance (Fig. 4E) and virus
particle production (Fig. 4F). Therefore, we conclude that both
DDX6 and EDC3 cellular proteins are viral restriction factors

J. Biol. Chem. (2019) 294(44) 16282-16296 16285
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Figure 3. ZIKV and DENV-2 sfRNAs interact with a common set of 28 proteins that impact a variety of aspects of cellular post-transcriptional gene
regulation. A, biotinylated RNAs containing the DENV-2 3’ UTR, ZIKV 3’ UTR, or a size-matched control transcript were incubated with HelLa cytoplasmic
extracts. Proteins that co-purified with the RNAs on streptavidin beads were identified by MS. A, Venn diagram depicting the number and commonality of
human host-cell RNA-binding proteins identified via MS for each RNA. B shows a grouping of proteins that bound to both the ZIKV 3'-UTRand DENV 3’-UTRinto
the post-transcriptional process associated with each protein. C, ZIKV sfRNA directly binds to a variety of cellular RNA-binding proteinsin infected cells. Left side,
Western blotting documenting the specificity of the antibodies used in the panel. Right side, 293T cells were infected with ZIKV for 48 h; formaldehyde was
added to the cultures to stabilize RNA-protein complexes, and total cell extracts were prepared. Antibodies to RNA decay factors DDX6 and EDC3, RNA-splicing
factors PHAX and SF3B1, and the RNA-editing factor APOBEC3C or normal rabbit IgG were added to immunoprecipitated RNA-protein complexes. Co-puri-
fying RNAs were analyzed by digital droplet RT-PCR using primers to the Zika virus sSfRNA/3’-UTR. The abundance of ZIKV RNA co-precipitated using the various
antibodies was determined relative to the amount pulled down in the normal rabbit IgG control. Results are shown as the average = S.D. from three
independentinfections. D, biotinylated RNAs containing the 3' UTRs of DENV-2 or ZIKV, as well as a size-matched control RNA, were incubated with cytoplasmic
extracts. Associated proteins were eluted, separated on a 10% SDS-acrylamide gel, and probed with the antibodies indicated on the left by Western blotting.

whose activity may be partially suppressed by interactions with
sfRNA during ZIKV infection.

ZIKV sfRNA sequesters restriction factors that are involved in
RNA splicing and nucleic acid editing

We next focused on determining the effect of two proteins
involved in splicing (SF3B1 and PHAX) and one nucleic acid
deaminase (APOBEC3C). SF3B1 is part of the U2 snRNP com-
plex involved in the basic cellular splicing machinery (2), and
PHAX is involved in U small nuclear RNA nuclear export for its
maturation in the cytoplasm (39). APOBEC3C is a cytidine
deaminase that is localized to both the nucleus and cytoplasm
and has been implicated in deamination of C to T residues in
DNA (40). A close relative of this protein, APOBECI, has been
implicated in the post-transcriptional editing of C residues to U
in RNA (40). We obtained siRNAs to target the expression of
each of these proteins and obtained successful knockdown (Fig.
5A). Unfortunately, knockdown of SF3B1 in our experiments
resulted in cells with poor growth characteristics and thus were
excluded from further analyses. As seen in Fig. 5, B and C,
knockdown of either PHAX or APOBEC3C resulted in a signif-
icant increase in ZIKV viral RNA in infected cells as well as an
increase in virus production. In complementary experiments,
overexpression of either PHAX or APOBEC3C (Fig. 5D) re-
sulted in a significant decrease in ZIKV RNA abundance (Fig. 5E)

16286 U Biol Chem. (2019) 294(44) 16282-16296

as well as virus particle production (Fig. 5F). Based on these
results, we conclude that both the splicing-associated factor
PHAX and the nucleic acid deaminase APOBEC3C are viral
restriction factors whose activity may be partially suppressed by
interaction with sfRNA during ZIKV infection.

Nuclear splicing is significantly disrupted during ZIKV infection

We next wanted to establish whether nuclear splicing that is
mediated by factors that interact with ZIKV sfRNA is indeed
dysregulated as we would predict. The splicing of SRSF7, a gene
that encodes a member of the family of SR proteins, was previ-
ously shown to be a direct target of SF3B1 (2, 3), a splicing factor
that interacts with ZIKV sfRNA (Fig. 3). Thus, we chose to
evaluate the splicing of exons 2—8 of SRSF7 in HEK293T cells
during ZIKV infection (Fig. 64). In uninfected cells, exons 2—8
are consecutively joined together, as reported previously (Fig.
6B, lane C) (2, 3). However, 48 h after infection with ZIKV
(when a substantial amount of sfRNA has accumulated in the
cell (Fig. 1A4)), a number of aberrantly spliced mRNA products
appear (Fig. 6B, lane ZIKV). Sequencing of these two aberrantly
spliced products indicated that they resulted from the use of
cryptic 5" and 3’ splice sites. Aberrantly spliced product #1
had a truncated exon 3, and the retention of a portion of
intron sequence attached to exon 4 (Fig. 6C, top). Aberrantly
spliced product #2 resulted from skipping of exon 3, and the
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Figure 4. Host RNA decay factors DDX6 and EDC3 function to inhibit ZIKV replication and limit infectious virus production. A, representative
Western blotting depicting endogenous DDX6 and EDC3 protein levels in ZIKV-infected 293T cells treated with either a control siRNA, a siRNA targeting
DDX®6, or a siRNA targeting EDC3. B, effects of siRNA-mediated knockdown of RNA decay factors DDX6 and EDC3 on ZIKV sfRNA production in infected
293T cells compared with siRNA Control knockdown is as determined via ddPCR. The average fold-change = S.D. from three independent infections is
shown. G, focus forming assay: Vero cells infected with the viral supernatant from the siRNA knockdown samples described in B. The average number of
foci per ml = S.D. from three independent infections is depicted. D-F, effects of overexpressing 3 XFLAG-tagged DDX6 and EDC3 from a transfected
plasmid in 293T cells during ZIKV infection. The average fold-change = S.D. from three independent infections is represented on the graph. D,
representative Western blotting showing 3 XFLAG-tagged overexpression of DDX6 and EDC3 in 293T cells. Total protein from cells that were transfected
as indicated above the three lanes was electrophoresed on a 10% SDS-acrylamide gel, blotted, and probed with anti-FLAG antibody. E, effects of
overexpressing 3 XFLAG-tagged DDX6 and EDC3 on ZIKV sfRNA production in infected 293T cells compared with an empty control vector as determined
via ddPCR. The average fold-change *+ S.D. was from three independent infections. F, focus-forming assay: Vero cells infected with the viral supernatant
from the overexpression samples described in D. The average number of foci per ml = S.D. from three independent infections is depicted. Significance

in B, G, E, and F was determined by t test with * = p =< 0.05.

retention of a portion of intron sequence attached to exon 4
(Fig. 6C, bottom). Therefore, we conclude that nuclear splic-
ing is dysregulated in ZIKV infection in a manner that would
be consistent with sfRNA-mediated sponging of splicing
factors.

Next, we investigated potential changes in RNA editing
that could be associated with the sponging of APOBEC3C by
ZIKV sfRNA. Global RNA-Seq experiments comparing early
(12 hpi) and late (72 hpi) times post-infection failed to dem-
onstrate any difference in RNA editing as discerned from the
analysis of base conversion ratios (e.g. 0.22% adenosine to
guanine (A to G) at 12 hpi versus 0.23% at 72 hpi with all
other base changes at comparable levels). Additionally,
sequencing of the 3" UTR from 10 ZIKV isolates obtained
from cells with overexpressed levels of APOBEC3C failed to
show any evidence of increased RNA editing compared with
control cells (no mutations were found in any of the isolates).
Thus, we conclude that the interaction of ZIKV sfRNA with
APOBEC3C does not appear to alter C—U RNA editing in
infected cells. APOPBEC3C may be playing other roles (41),
including altering protein—protein interactions or DNA
editing, which may impact viral replication efficiency.
Efforts to elucidate the role of APOBEC3C during ZIKV will
be addressed in future studies.
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Flavivirus sfRNA alone is sufficient to cause changes in cellular
mRNA abundance and splicing

Finally, we wished to determine whether flavivirus sfRNA
alone was sufficient to mediate the changes in cellular RNA
stability and processing noted above. Therefore, in the absence
of viral infection we transfected RNAs containing either the
DENV-2 or ZIKV 3’ UTR, as well as a size-matched control
RNA, into HEK293T cells and evaluated the impact of the RNA
on cellular mRNA abundance and splicing. As seen in Fig. 74,
both the DENV-2 as well as ZIKV sfRNAs on their own medi-
ated a significant increase in the abundance of the normally
short-lived JUN and FOS mRNAs. This effect is similar to the
pattern of increased JUN and FOS mRNA abundance observed
during viral infection (Fig. 1B) (22). As seen in Fig. 7B, splicing
of the SRSF7 was also specifically impacted by transfection of
sfRNA alone, generating the aberrantly spliced product #2 that
was observed in viral infection (Fig. 6B). Therefore, these data
indicate that sfRNA is directly dysregulating cellular gene
expression at the post-transcriptional level.

Discussion

This study provides several novel insights into the function of
ZIKV sfRNA. First, the generation of ZIKV sfRNA represses
XRNT1 activity similar to several other viral RNA structures that
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Figure 5. Splicing factor PHAX and the nucleic acid deaminase APOBEC3C are restriction factors for ZIKV replication. A, siRNAs targeting PHAX or
APOBEC3C or a nonspecific control siRNA were transfected into HEK293 cells. The levels of the indicated proteins were determined by Western blotting. The
blots shown are representative of three independent experiments. B, relative levels of ZIKV RNA in cells transfected with either control, PHAX, or APOBEC3C
targeting siRNAs were determined at 48 hpi. The data are presented as fold-change relative to the ZIKV levels present in cells transfected with the control siRNA.
C, focus-forming assay: Vero cells infected with the viral supernatant from the siRNA knockdown samples described in B. The average number of foci per ml =
S.D.from three independent infections is depicted. D, FLAG-tagged versions of APOBEC3C and PHAX were constructed on expression vectors and transfected
into HEK293 cells. The levels of the indicated proteins were determined by Western blotting. E, relative levels of ZIKV RNA in cells transfected with either empty
vector, FLAG-PHAX, or FLAG-APOBEC3C expression plasmids were determined at 48 hpi. The data are presented as fold-change relative to the ZIKV levels
present in cells transfected with the empty vector. F, focus-forming assay: Vero cells infected with the viral supernatant from the overexpression samples
described in D. The average number of foci per ml = S.D. is depicted. All data are the results of three independent biological experiments. * = p < 0.05 as

determined by a Student’s t test.

stall the enzyme (22, 23, 42, 43). As seen in Fig. 1, this has
significant biological ramifications for the expression of nor-
mally short-lived mRNAs in ZIKV-infected cells. Second, ZIKV
and DENV-2 sfRNAs both interact with two other RNA decay
factors, DDX6 and EDC3. Sequestration of these proteins could
perhaps explain why sfRNA generation in flavivirus-infected
cells influences not just 5'—3'-exonuclease activity, but also
reduces decapping and deadenylation of transcripts (22, 23).
Interestingly, a recently published sfRNA pulldown dataset
indicates additional RNA decay factors may also interact with
sfRNAs, including the deadenylase component CNOT1 (44).
Third, sfRNAs interact with a variety of RNA-binding proteins
that influence other post-transcriptional processes in the cell,
including splicing and translation (Fig. 3). Knockdown and
overexpression studies reported here on four of these sfRNA-
interacting factors demonstrate that they have significant
impact on the outcome of infection. Therefore, we conclude
that the generation of sfRNA has broad implications for the
RNA biology of the infected cell and illustrates the depth in
which flaviviruses can dysregulate this important aspect of gene
expression (Fig. 8).

XRNT1 stalling and repression through the generation of
sfRNAs appears to be a key characteristic common among
members of the Flaviviridae that has evolved as a part of the
molecular arms race to help the infecting virus usurp the innate
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immune response of the host. Notably, the strategy of targeting
XRN1 is not unique to flaviviruses, but rather it appears to have
evolved independently by other families of mammalian viruses
as well. Indeed, recent studies from our lab and others demon-
strate that the 3" UTRs of several phleboviruses and arenavi-
ruses contain RNA regions that effectively stall and repress
XRN1 (43). Additionally, at least two segmented RNA plant
viruses, red clover necrotic mosaic virus of the dianthoviruses
of the Tombusviridae and beet necrotic yellow vein virus of the
Benyviridae, also produce RNAs with the capability of stalling
XRNT1 (24, 42, 45, 46). Thus, XRN1 targeting appears to be a
general strategy employed by RNA viruses from diverse evolu-
tionary backgrounds to interface with the cytoplasmic RNA
decay machinery.

There are a variety of reasons why RNA viruses might want to
target the cytoplasmic 5'—3’-exoribonuclease XRN1. For one,
XRNI1 plays a major role in a key pathway of RNA decay that is
responsible for regulating 20 -50% of gene expression (47-49).
Thus, the stalling and repression of this enzyme can signifi-
cantly alter the regulation of host cell gene expression, as well as
potentially limit the cell’s ability to mount an active response to
the virus infection. Additionally, there are reports suggesting
that XRN1 is responsible for mediating the apparent cross-talk
that occurs between the transcriptional machinery and the
RNA decay machinery of the cell to maintain appropriate cel-
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Figure 6. Splicing of SF3B1 target gene is dysregulated during ZIKV infection. A, diagrammatic representation of the SRSF7 gene exon-intron organization
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by the diagrams.

lular gene expression (50, 51). The act of targeting and repress-
ing XRN1 by an RNA virus could therefore disrupt two distinct
yet linked biological processes in the cell: RNA decay and tran-
scription. Finally, XRN1 is a cytoplasmic enzyme readily acces-
sible to RNA viruses that replicate in the cytoplasm. This
arrangement greatly simplifies the dynamics of the viral infec-
tion as there is no need for the virus to transport targeting
factors into the nucleus, which can require the assembly of spe-
cialized complexes (52).

Repression of cellular RNA decay, which results in the stabi-
lization of normally short-lived cellular mRNAs (Fig. 1) (23),
has broad implication for the cell. Short-lived mRNAs include
many innate immune mediators and cytokines (53). Although
overexpression of these immune factors seems at first to be
counterproductive for a virus infection, overexpression can
substantially dysregulate immune responses in the infected
host as too much cytokine and chemokine production can inap-
propriately stimulate cells and wreak havoc for an effective
immune response (54, 55). In addition, many cell cycle regula-
tors and differentiation components are encoded by short-lived
mRNAs (16). Repression of cellular RNA decay may therefore
contribute in a significant fashion to the rewiring of cellular
networks observed in flavivirus infections (56).

With roughly 94% of all human genes being alternatively
spliced (57), it is perhaps not surprising that pathogens often
target the splicing machinery to gain an upper hand during an
infection (58). Transcriptome-wide analyses of ZIKV infec-
tions, for example, indicate that the virus affects RNA splicing
in neural progenitor cells (4). Previous work has indicated that
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one way DENV-2 influences cellular RNA splicing is through
the interaction of the viral NS5 protein with U5 snRNP core
components CD2BP2 and DDX23 (59). The data presented
here (Figs. 3 and 6) indicate that sSfRNA sequestration of a num-
ber of splicing factors may also significantly contribute to the
mis-regulation of cellular RNA splicing during infection. The
PHAX and SF3B1 proteins found sequestered on both ZIKV
and DENV sfRNAs are both attractive and available cellular
protein targets for a cytoplasmic virus like Zika or dengue due
to their dependence on nuclear/cytoplasmic shuttling (60, 61).
Furthermore, SF3B1 has recently also been suggested to play a
role in regulating transcription and chromatin modification
(61, 62). SF3B1 inhibition results in complex splicing outcomes,
including increased intron retention (63) and/or exon skipping
(3). The results of our study indicate that both intron inclusion
and exon skipping result from ZIKV infection, possibly due to
SF3B1 sequestration on flaviviral sSfRNAs (Fig. 6C).

The AID/APOBEC family of enzymes catalyze C-to-U
deamination on single-stranded DNA or RNA. The APOBEC
family members are evolutionarily conserved and share the
structural and catalytic backbone of the zinc-dependent deami-
nase superfamily (9). APOBEC1 DNA-editing activity has also
been shown to occur on herpes and hepatitis viral genomes (64,
65). Human APOBEC3G has a well-characterized defensive
function in cells infected with HIV type 1 (HIV-1) (66). Inter-
estingly APOBEC3G has been shown to be a cellular restriction
factor against HCV replication (13). Instead of promoting edit-
ing of HCV RNAs, APOBEC3G appears to function instead by
binding to the viral NS3 protein and decreasing its helicase
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activity (14). Thus, because there is precedence in the literature
for APOBEC-mediated restriction of RNA virus replication in a
nonediting-based fashion, we hypothesize that the APOBEC3C
enzyme is restricting ZIKV infection (Fig. 5) in a nonenzymatic
way, perhaps through protein—protein and/or protein—-RNA
interactions.

In addition to the four factors pursued in this study, there
were 15+ additional RNA-binding proteins identified with
high confidence in our RNA pulldown/MS experiment that we
have yet to explore in greater depth (Fig. 3B). This includes
multiple host RNA-splicing factors in addition to PHAX and
SE3B1 that could prove to play pivotal roles in mediating the
significant degree of aberrant RNA splicing that is induced via
flavivirus infection in human host cells. The interaction of
sfRNA with translation factors (Fig. 3B) could of course play a
significant role during infection in reprogramming protein syn-
thesis to favor viral gene expression. Finally, RTCB, the catalytic
component of the tRNA-splicing ligase complex, was also iden-
tified. RTCB also ligates RNA species besides spliced tRNAs,
including fragments of the XBPI mRNA during endoplasmic
reticulum stress/the unfolded protein response (67, 68). Given
the impact of tRNA levels/codon optimality on gene expression
(69) as well as the impact of the unfolded protein response on
viral infections (70), it will be interesting to see if sSfRNA-RTCB
interactions are substantially impacting flavivirus infections.

Soto-Acosta et al. (77) recently reported the results of cellu-
lar proteins that associate with sfRNA from both the Asian and
African lineages of ZIKV. Interestingly, they identified another
RNA-binding protein that acts as a viral restriction factor
(FMRP) and five other proteins, including the DDX6 protein
discussed above. The differences in sfRNA protein association
between this study and the one reported here likely reflect the
stringency of the washing step in the pulldown, the differences
in the set of RNAs used for the pulldown, and the exclusion
parameters applied to determine hits. Nevertheless, the results
of both studies lead to the conclusion that flavivirus sfRNAs are
serving as biologically relevant sponges of cellular proteins dur-
ing infection.

In closing, the detailed molecular mechanisms responsible
for flavivirus-mediated cytopathology and pathogenesis remain
relatively uncharacterized. Evidence is clearly accumulating
that the noncoding sfRNA impacts virus—host interactions
in a major fashion and thus is likely to impact disease pro-
cesses. Therefore, minimizing the generation, accumulation,
and/or function of sfRNAs could prove to be a viable target
for therapeutics.

Experimental procedures
Northern blotting

For the detection of stable decay intermediates (sfRNAs)
from ZIKV-infected cells, 1 ug of total cellular RNA was sepa-
rated on a 5% polyacrylamide gel containing 7 M urea. The
RNAs were transferred onto a nylon membrane (Hybond-XL;
GE Healthcare) using a tank transfer unit. The blots were UV
cross-linked and pre-washed with high stringency buffer (0.1 X
saline sodium citrate (SSC) buffer, 0.1% SDS) for 1 h at 60 °C
with rotation. Blots were then prehybridized for 1 h at 60 °C in
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hybridization buffer (50% formamide, 1 mg/ml BSA, 750 mm
NaCl, 75 mm sodium citrate, 0.1 mg/ml salmon sperm DNA, 1%
SDS, 1 mg/ml polyvinylpyrrolidone, 1 mg/ml Ficoll). An in vitro
transcribed, internally radiolabeled 428-base RNA probe com-
plementary to the 3" UTR of ZIKV (PRVABC59 strain) was
gel-purified and incubated with the blot in hybridization buffer
overnight at 60 °C. Blots were rinsed three times with low-strin-
gency wash solution (2X SSC, 0.1% SDS) and three times with
high-stringency wash solution (0.2 X SSC, 0.1% SDS) for 15 min
each at 60 °C. Hybridized RNAs were visualized by phosphor-
imaging on a Typhoon Trio Imager (GE Healthcare).

PCR and cloning

Cloning for XRN1 decay assays—The 3" UTR sequences of
ZIKV (PRVABC59-NCBI accession number KX377337) and
DENV-2 (Jamaica/N.1409-NCBI accession number M20558)
were used in this study. Four GeneArt String Fragments com-
prising the Zika virus 3" UTR were obtained from Thermo
Fisher Scientific as follows: WT ZIKV 3’ UTR (nucleotides
10,380 to 10,807); MUT1 (ZIKV 3’ UTR with a C— G transver-
sion at position 10,416); MUT2- (ZIKV 3" UTR with a C—G
transversion at position 10,496); and DM- (ZIKV 3’ UTR with
C— G transversions at positions 10,416 and 10.496). All viral 3’
UTR sequences were cloned into the polylinker region of the
pGEM-4 vector (NCBI accession number X65303.1).

The reporter RNA (CTRL lanes in Fig. 2) for XRN1 biochem-
ical assays was derived from pGem4 digested with Earl as
described previously (22, 23). The nonspecific competitor RNA
(control) was derived from pGem4 templates digested with
Smll. Preparation of the DENV-2 3" UTR competitor RNA
involved the PCR amplification of the proximal half of the
DENV-2 3" UTR (5'-AAGGCAAAACUAACAUGAAACAA-
GGCUAAAAGUCAGGUCGGAUCAAGCCAUAGUACGG-
AAAAAACUAUGCUACCUGUGAGCCCCGUCCAAGGA-
CGUUAAAAGAAGUCAGGCCAUCACAAAUGCCACAG-
CUUGAGUAAACUGUGCAGCCUGUAGCUCCACCUGA-
GAAGGUGUAAAAAAUCUGGGAGGCCACAAACCAUG-
GAAGCUGUACGCAUGGCGUAG), which contains both
XRNT1 stalling three helix junction structures (18, 19). The
amplified PCR product was cloned into pGem4 at the Xbal and
HindlIII sites, and the plasmid DNA was linearized with Earl.

Cloning for FLAG-tagged protein overexpression—cDNA
from HEK293T cells was used as template for the PCR-based
amplification of select open reading frames using sequence-
specific primers engineered with restriction sites at their
5" ends to allow for ligation into the polylinker region of
p3XFLAG-CMV™.10 (Sigma). The primers used for this
study were DDX6 Notl forward (5'-GATCGCGGCCGC-
GGAGCACGGCCAGAACAGAGAACC) and DDX6 BamHI
reverse (5'-TCGCGGATCCTTAAGGTTTCTCATCTTCTA-
CAGG); EDC3 EcoRI forward (5'-GATCGAATTCAGCTAC-
AGATTGGCTGGGAAGTATTG) and EDC3 BamHI reverse
(5'-TCGCGGATCCCTAAGCAGAGTGCAGTGGGATA-
AC); APOBEC3C EcoRI forward (5'-GATCGAATTCAAATC-
CACAGATCAGAAACCC) and APOBEC3C BamHI reverse
(5'"-TCGCGGATCCTCACTGGAGACTCTCCCGTA); and
PHAX EcoRI- forward (5'-GATCGAATTCAGCGTTGGAG-
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GTCGGCGATATG) and PHAX BamHI reverse (5'-TCGCG-
GATCCTTAAAAGATCTCCAAATCAT).

Cloning for splicing assays—cDNA from mock-infected or
ZIKV-infected (48 hpi) HEK293T cells was used as template for
the PCR-based amplification of the human SRSF7 gene region
spanning exons 2— 8 using the following primers: SRSF7 Exon
2 forward, 5'-GAACTATCGACAGGCATGCC, and Exon 8
reverse, 5'-CTTCTGCGAGGACTTCCTGAT. PCR products
were separated via agarose gel electrophoresis, and PCR prod-
ucts of interest were excised from the gel, purified using the
Wizard SV gel, and the PCR extraction kit (Promega), and
sequenced via Sanger sequencing. Sequencing reads were
aligned using Serial Cloner software (version 2.6.1).

Cell lines and virus propagation

Human embryonic kidney 293T (HEK293T) and African
green monkey kidney (Cercopithecus aethiops) (Vero) cells
were maintained in Dulbecco’s modified Eagle’s medium
(Mediatech-Corning) supplemented with 10% newborn calf
serum (Peak Serum), 1% streptomycin/penicillin (Thermo
Fisher Scientific-Hyclone), 0.5% L-glutamine (Thermo Fisher
Scientific—Hyclone) and incubated at 37 °C in the presence of
5% CO,. Human choriocarcinoma (JAR) cells were maintain in
RPMI 1640 medium, 1X with L-glutamine (Corning) supple-
mented with 10% newborn calf serum, 1% streptomycin/peni-
cillin, and 0.5% L-glutamine and incubated at 37 °C in the pres-
ence of 5% CO.,,.

45U metabolic labeling and mRNA half-life analysis

Maintenance media were replaced with fresh media contain-
ing 400 mM uridine analog 4SU as a metabolic label. RNA was
collected 65 min after 4SU addition and fractionated as
described previously (71). Total RNA was isolated using TRIzol
(Invitrogen) and treated with DNase I (Fermentas). Reverse
transcription was done using 1 ug of total RNA with Improm-II
Reverse Transcriptase (Promega) and random hexamer prim-
ers to generate cDNA. The abundance of GAPDH, FOS, and
JUN mRNAs was determined by quantitative digital droplet
PCR using a QX200 Droplet Digital PCR System and QX200
EvaGreen ddPCR Supermix (Bio-Rad) and the following prim-
ers: GAPDH forward 5'-TCTTTTGCGTCGCCAGCCGA and
GAPDH reverse 5'-ACCAGGCGCCCAATACGACC; FOS
forward 5'-GTGGGAATGAAGTTGGCACT and FOS reverse
5'-CTACCACTCACCCGCAGACT; JUN forward 5'-GCCA-
GGTCGGCAGTATAGTC and JUN reverse 5'-TCTGGACA-
TCCCGAAACAC. The data were normalized to GAPDH
across all samples and fold-changes in the target mRNA were
calculated using QuantSoft software. The data shown represent
the mean values from three independent experiments. p values
were determined by a Student’s ¢ test using GraphPad Prism
software.

RNA-protein reconstitution, purification, and MS

pGEM4, or derivatives harboring the ZIKV 3’ UTR, or
DENV-2 3" UTR sequences downstream of a SP6 promoter
sequence were linearized via restriction enzyme digestion, and
in vitro transcription reactions were performed in the presence
of Biotin-14 —CTP (Thermo Fisher Scientific) to generate bioti-
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nylated RNAs capable of downstream isolation via streptavidin
magnetic beads. Newly transcribed RNAs were extracted using
phenol/chloroform/isoamyl alcohol (24:25:1), ethanol-precipi-
tated using 10 M ammonium acetate, and resuspended in dou-
ble-distilled H,O. Biotinylated RNAs were quantified using a
Nanodrop 2000c (Thermo Fisher Scientific). 1 ug of each bioti-
nylated RNA was incubated for 10 min at room temperature
with 100 ul of uMacs streptavidin magnetic beads (Miltenyi
Biotec). uMacs magnetic bead columns were equilibrated and
rinsed two times with Binding buffer (10 mm HEPES, pH 7.0, 50
mm KCl, 10% glycerol, 1 mm EDTA, 1 mm DTT, 0.5% Triton
X-100, and Ribolock RNase inhibitor) (Thermo Fisher Scien-
tific). Pre-cleared Hela cell cytoplasmic extract (prepared as
described in refs. 72, 73) supplemented with 5 ul of protease
inhibitor mixture (Sigma) was added to each reaction tube and
incubated at 4 °C with rotation for 60 min. Columns were
washed four times with 1 ml of Wash buffer (Binding buffer
supplemented with 250 mm KCl). RNA-binding proteins
(RBPs) were eluted from the RNAs via the addition of Binding
buffer supplemented with 1 M NaCl. Equal volumes of eluted
RBPs were electrophoresed into a 10% SDS-PAGE. Proteins
were Coomassie-stained, excised from the gel, and submit-
ted to the Proteomics and Metabolomics Facility at Colorado
State University for trypsin digestion and LC-MS/MS pro-
tein identification.

Tandem mass spectra were extracted, charge state deconvo-
luted, and deisotoped by ProteoWizard MsConvert (version
3.0). Spectra from all samples were searched using Mascot
(Matrix Science, London, UK; version 2.3.01) against the Uni-
prot_Human_rev_071916 database (185,161 entries) assuming
the digestion enzyme trypsin. Mascot was searched with a frag-
ment ion mass tolerance of 0.80 Da and a parent ion tolerance
of 20 ppm. Oxidation of methionine, carbamidomethyl of cys-
teine, and carboxymethyl of cysteine were specified in Mascot
as variable modifications. Search results from all samples were
imported and combined using the probabilistic protein identi-
fication algorithms implemented in Scaffold software (version
4.5.1, Proteome Software Inc., Portland, OR). Peptide thresh-
olds (95%) were set such that a peptide false discovery rate of
0.0% was achieved based on hits to the reverse database. Protein
identifications were accepted if they could be established at
greater than 95.0% probability and contained at least two iden-
tified peptides. Protein probabilities were assigned by the Pro-
tein Prophet algorithm. Proteins that contained similar pep-
tides and could not be differentiated based on MS/MS analysis
alone were grouped to satisfy the principles of parsimony. The
number of missed and/or nonspecific cleavages permitted in
the MS search parameters was three.

The MS proteomics data have been deposited to the
ProteomeXchange Consortium via the PRIDE partner
repository with the dataset identifier PXD014933 and
10.6019/PXD014933.

siRNA knockdown in ZIKV-infected HEK293T cells

HEK293T cells (~30% confluent) were transfected with
either control siRNA or targeting siRNAs using jetPrime trans-
fection reagent (Polyplus) according to the manufacturer’s
instructions. The transfection was repeated 24 h later to ensure
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efficient knockdown. The next day, cells were infected with
ZIKV (m.o.i. = 10) and transfected 1 h later with another round
of siRNAs. After 48 h, media were harvested for the analysis of
infectious virus, and total RNA/protein was generated using
TRIzol and treated with DNase 1. Reverse transcription was
done using 1 ug of total RNA with Improm-II reverse transcrip-
tase and random hexamer primers to generate cDNA. The
abundance levels of GAPDH mRNA, mRNAs targeted via the
siRNAs for knockdown, and ZIKV RNA were determined by
quantitative digital droplet PCR using the Bio-Rad QX200
Droplet Digital PCR System and QX200 EvaGreen ddPCR
Supermix as outlined above. The primers used were as fol-
lows: GAPDH forward 5'-TCTTTTGCGTCGCCAGCCGA
and GAPDH reverse 5'-ACCAGGCGCCCAATACGACC;
and ZIKV RNA forward 5'-AGGATCATAGGTGATGAAG-
AAAAGT and ZIKV RNA reverse 5'-GCACCAATCTTAA-
TGTTGTCAGG. The data shown represent the mean values
from three independent experiments. p values were deter-
mined by a Student’s ¢ test using GraphPad Prism software.

Protein pellets from TRIzol samples were resuspended in a
3:1 mixture of 8 M urea, 1% SDS and concentrations determined
using a Qubit 3.0 fluorometer and Qubit Protein Assay kit
(Thermo Fisher Scientific). Equal weight of protein from each
sample was then separated via SDS-PAGE. Proteins were trans-
ferred to polyvinylidene difluoride membranes (Immobilon-P)
using a semi-dry electrophoretic transfer cell (Bio-Rad). Trans-
ferred blots were blocked in blocking buffer (1X PBS/Tween 20
supplemented with 5% powdered milk) for 60 min at room tem-
perature with rotation. Blots were probed by rotating the blot in
the presence of primary antibodies in fresh blocking buffer.
Blots were washed three times with 1X PBS/Tween 20 and
incubated with secondary antibody in fresh blocking buffer for
60 min at room temperature. Blots were washed three times
with 1X PBS/Tween 20 solution and developed using SuperSig-
nal West Dura extended duration substrate (Thermo Fisher
Scientific). Blots were imaged using the Azure Sapphire Biomo-
lecular Imager. Antibodies used in this study were APOBEC3C
(GeneTex GTX102164), PHAX (Abcam abl57096), SE3B1
(Abcam ab667774), GAPDH (Millipore Sigma clone 6C5),
FLAG (Millipore Sigma F1804-200UG), anti-mouse secondary
(Santa Cruz Biotechnology sc-2005) and anti-rabbit secondary
(Santa Cruz Biotechnology sc-2030).

Protein overexpression in ZIKV-infected HEK293T cells

HEK293T cells (~30% confluent) were transfected with
p3XFLAG-CMV™.10 harboring the protein of interest or no
inserted sequence (empty vector) using jetPrime transfection
reagent. The transfection was repeated 24 h later to optimize
efficient protein expression. The next day, cells were infected
with ZIKV (m.o.i. = 10) and transfected 1 h later with another
round of expression vector. After 48 h, media were harvested
for the analysis of infectious virus and total RNA/protein as
described above.

Virus preparation

Infectious Zika virus (strain PRVABC59) was generated from
infectious cDNA clones (74). Virus was propagated in Vero
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cells and titered via focus-forming assays as described previ-
ously (75).

XRN1 biochemical assays

RNAs were in vitro transcribed using SP6 polymerase in the
presence of a 10X molar excess of 5'-GMP to GTP in the reac-
tion to obtain transcripts with a 5'-monophosphate (22, 23).
Approximately 30 femtomoles of radioactive RNAs was incu-
bated with either recombinant yeast XRN1 protein (New Eng-
land Biolabs), HeLa cytoplasmic extracts, or C6/36 cytoplasmic
S100 extracts prepared as described previously (72-73) under
conditions that promote 5'-3'-exonucleolytic decay (76).
Reaction products were analyzed on 5% polyacrylamide gels
containing 7 M urea and visualized by phosphorimaging.

In vivo formaldehyde cross-linking and RNA
co-immunoprecipitation analysis

ZIKV-infected HEK293T cells were collected at 48 hpi,
washed, and resuspended in 10 ml of 1X PBS. Formaldehyde
was added to the tubes to a final concentration of 0.3% and
incubated at room temperature for 10 min. 2 m glycine, pH 7.0,
was added; cells were washed with PBS, and whole-cell lysates
were generated by resuspending the cells in low-stringency
RIPA buffer (50 mm Tris-HCI, pH 7.5, 1% Nonidet P-40, 0.5%
sodium deoxycholate, 0.05% SDS, 1 mm EDTA, 150 mm NaCl)
supplemented with 0.2 mm PMSF and protease inhibitor mix-
ture (Sigma). The lysate was filtered through a 26-gauge needle,
centrifuged to pellet debris, and pre-cleared by incubating with
protein A magnetic beads (New England Biolabs). Beads were
separated from cleared supernatant, and a portion of the lysate
was set aside as “Input.” The remaining lysate was divided into
two equal portions and diluted with low-stringency RIPA
buffer. Primary antibody or normal rabbit IgG was added, and
the reaction was incubated for 1 h at 4 °C. Protein A magnetic
beads were added, and the mixtures were incubated at 4 °C for
an additional hour. The beads were then washed five times with
high-stringency RIPA buffer (50 mm Tris-HCI, pH 7.5, 1% Non-
idet P-40, 1% sodium deoxycholate, 0.1% SDS, 1 mm EDTA, 1 m
NaCl, 1 M urea) supplemented with 1 mm PMSF and protease
inhibitor mixture. Beads were resuspended in TEDS buffer (50
mMm Tris-HCl, pH 7.0, 5 mM EDTA, 10 mm dithiothreitol (DTT),
and 1% SDS) and incubated at 70 °C for 45 min to reverse cross-
linking. TRIzol was added to each reaction, and RNA was iso-
lated following the manufacturer’s protocol. Reverse transcrip-
tion was performed using 1 ug of total RNA and analyzed by
ddPCR as described above.

RNA transfections

RNAs containing the entire DENV-2 3’ UTR, ZIKV 3’ UTR,
or a size-matched control transcript derived from the pGEM4
plasmid cut with Smll were transcribed using the MEGAscript
SP6 kit (Thermo Fisher Scientific) supplementing the reactions
with 100 mm GMP to generate GMP 5'-end-labeled transcripts
and purified. HEK293T cells were transfected using Lipo-
fectamine 2000 and 5 ug of RNA. Total cellular RNA was iso-
lated using TRIzol at 6 h post-transfection and samples were
analyzed as described above.
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Library preparation and RNA-Seq

Sequencing libraries were prepared from 4SU-labeled,
ZIKV-infected JAR cells at 12 and 72 hpi (see under “4SU met-
abolic labeling and mRNA half-life analysis” and under “siRNA
knockdown in ZIKV-infected HEK293T cells” and “Protein
overexpression in ZIKV-infected HEK293T cells” above).
Libraries were constructed from 500 ng of total RNA. First-
strand cDNA synthesis and PCR amplification were performed
using the SMARTe™ PCR cDNA synthesis kit and Advantage
2 PCR kit (Clontech) in accordance with manufacturer’s proto-
cols. Amplified libraries were tagmented using a Tn5 tagmen-
tation enzyme generously provided by Dr. Mark Stenglein.
Preparation of the enzyme and reactions conditions were per-
formed in accordance with a previously published protocol
(78). Following tagmentation, libraries were evaluated for a
median product size of 200-300 bp using the Agilent Tape-
Station 2200, D1000 ScreenTape, and reagents. Concentrations
were measured fluorometrically via Qubit (Thermo Fisher Sci-
entific), and equal masses, 10 ng, of each sample were pooled
together. Final library quantification was performed by the Col-
orado State University NGS Core using the Illumina library
quantification kit (KAPA Biosystems) per the manufacturer’s
protocols. Sequencing was performed on an Illumina NextSeq
500 instrument using single-end 1 X 75 sequencing from a
NextSeq 500/550 high output kit version 2 (75 cycles) (Illu-
mina). The mean number of reads per sample was 20-30
million.

SLAM-DUNK analysis

FastQC version 0.11.5 was utilized to assess the quality of
sequence reads. Reads were trimmed of adapter sequences and
filtered for low-complexity or low-quality reads using Trimmo-
matic version 0.32. rRNA reads were filtered out using Bowtie2
version 2.3.4.3 and a reference fasta file of mature 5S, 188,
and 28S rRNA sequences obtained from NCBI RefSeq. The
SLAMDUNK package (79) was used to map reads to the hg19
genome, call single-nucleotide polymorphisms, and count rel-
evant statistics for the 3" UTRs of genes. Base conversion ratios
for each sample were calculated using the alleyoop rates com-
mand. Mean base conversion ratios were calculated for 12 and
72 hpi and reported.

Raw and processed RNA-seq data generated in this study, as
well as the 3" UTR reference and rRNA fasta files used, were
uploaded to the NCBI Gene Expression Omnibus (GEO) data-
base under the accession number GSE135413.
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