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ABSTRACT The impact of mosquito-borne flavivirus infections worldwide is signifi-
cant, and many critical aspects of these viruses’ biology, including virus-host interac-
tions, host cell requirements for replication, and how virus-host interactions impact
pathology, remain to be fully understood. The recent reemergence and spread of
flaviviruses, including dengue virus (DENV), West Nile virus (WNV), and Zika virus
(ZIKV), highlight the importance of performing basic research on this important
group of pathogens. MicroRNAs (miRNAs) are small, noncoding RNAs that modulate
gene expression posttranscriptionally and have been demonstrated to regulate a
broad range of cellular processes. Our research is focused on identifying pro- and
antiflaviviral miRNAs as a means of characterizing cellular pathways that support or
limit viral replication. We have screened a library of known human miRNA mimics
for their effect on the replication of three flaviviruses, DENV, WNV, and Japanese en-
cephalitis virus (JEV), using a high-content immunofluorescence screen. Several fami-
lies of miRNAs were identified as inhibiting multiple flaviviruses, including the
miRNA miR-34, miR-15, and miR-517 families. Members of the miR-34 family, which
have been extensively characterized for their ability to repress Wnt/B-catenin signal-
ing, demonstrated strong antiflaviviral effects, and this inhibitory activity extended
to other viruses, including ZIKV, alphaviruses, and herpesviruses. Previous research
suggested a possible link between the Wnt and type | interferon (IFN) signaling
pathways. Therefore, we investigated the role of type | IFN induction in the antiviral
effects of the miR-34 family and confirmed that these miRNAs potentiate interferon
regulatory factor 3 (IRF3) phosphorylation and translocation to the nucleus, the in-
duction of IFN-responsive genes, and the release of type | IFN from transfected cells.
We further demonstrate that the intersection between the Wnt and IFN signaling
pathways occurs at the point of glycogen synthase kinase 33 (GSK3B)-TANK-binding
kinase 1 (TBK1) binding, inducing TBK1 to phosphorylate IRF3 and initiate down-
stream IFN signaling. In this way, we have identified a novel cellular signaling net-
work with a critical role in regulating the replication of multiple virus families. These
findings highlight the opportunities for using miRNAs as tools to discover and char-
acterize unique cellular factors involved in supporting or limiting virus replication,
opening up new avenues for antiviral research.

IMPORTANCE MicroRNAs are a class of small regulatory RNAs that modulate cellular
processes through the posttranscriptional repression of multiple transcripts. We hy-
pothesized that individual miRNAs may be capable of inhibiting viral replication
through their effects on host proteins or pathways. To test this, we performed a
high-content screen for miRNAs that inhibit the replication of three medically rele-
vant members of the flavivirus family: West Nile virus, Japanese encephalitis virus,
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and dengue virus 2. The results of this screen identify multiple miRNAs that inhibit
one or more of these viruses. Extensive follow-up on members of the miR-34 family
of miRNAs, which are active against all three viruses as well as the closely related
Zika virus, demonstrated that miR-34 functions through increasing the infected cell’s
ability to respond to infection through the interferon-based innate immune path-
way. Our results not only add to the knowledge of how viruses interact with cellular
pathways but also provide a basis for more extensive data mining by providing a
comprehensive list of miRNAs capable of inhibiting flavivirus replication. Finally, the
miRNAs themselves or cellular pathways identified as modulating virus infection may
prove to be novel candidates for the development of therapeutic interventions.

KEYWORDS Wnt signaling, flavivirus, interferons, microRNA

laviviruses are small, positive-sense, enveloped viruses that are transmitted by

arthropods such as mosquitoes or ticks. Viruses of this family that infect humans are
a significant cause of morbidity and mortality worldwide and include dengue virus
(DENV), West Nile virus (WNV), yellow fever virus (YFV), and the recently emerging
pathogen Zika virus (ZIKV) (1-4). Due their relatively small genome (10 to 11 kb),
flaviviruses are highly dependent on the host cell to complete their life cycle, and many
aspects of the host-pathogen interface still remain to be elucidated (5-7). Research into
the host functions supporting and limiting flaviviral replication both informs our
understanding of the host-pathogen interface as well as provides promising avenues
toward the discovery of antiviral therapeutics.

MicroRNAs (miRNAs) are small (20- to 23-nucleotide [nt]), noncoding RNAs that play
major roles in regulating a wide range of cellular processes. Through complementarity
between the “seed” sequence (nt 2 to 8) of the miRNA and sequences in the 3’
untranslated regions (UTRs) of target transcripts, cellular mRNAs are targeted to the
RNA-induced silencing complex (RISC), whereby deadenylation, destabilization, and
sometimes direct cleavage result in the repression of the expression of the transcript.
Due to the small region of complementarity dictating miRNA targeting, it is estimated
that a single miRNA can cause the repression of hundreds of transcripts, and many
examples in which a single miRNA acts on multiple factors within a specific cellular
process have been found (8, 9).

The role of miRNAs during viral infection has been the subject of considerable study
and some controversy. Several studies demonstrated that viral infection results in
significant changes to the expression profiles of cellular miRNAs (10-17). These ob-
served changes in miRNA expression may represent an arm of the host response to viral
infection or manipulation of endogenous host cell pathways by the virus in order to
promote a cellular environment more conducive to viral replication. In agreement with
this possibility, multiple studies have identified miRNAs that inhibit the replication of
various viruses (15, 18-21). In contrast, cells lacking miRNAs due to the genetic ablation
of Dicer have been shown to support the replication of several RNA viruses at levels
equivalent to those in control cells with an intact miRNA population. Furthermore, the
degradation of host miRNAs via the expression of the vaccinia virus gene product VP55
has been shown to have very little effect on the cellular response to double-stranded
RNA (dsRNA) or type | interferon (IFN) (22, 23), although the loss of miRNAs results in
increased cytokine production. Thus, the role of miRNAs in regulating viral replication
may still require further study. Nonetheless, because cellular miRNAs are predicted to
target multiple components of host cell pathways, we hypothesize that miRNAs may
also be used as tools to elucidate host cell functions required for viral replication, even
if the endogenous miRNA does not normally play a role in the replication of the virus
of interest.

In this study, we use a high-content screen to identify miRNAs that inhibit the
replication of three medically important flaviviruses, DENV, WNV, and Japanese en-
cephalitis virus (JEV). We find that some of the most potent inhibitors of these viruses
are members of the miRNA miR-34 family and that this antiviral activity extends to
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other virus families as well. Members of the miR-34 family (miR-34a/c and -449a/c) have
been studied extensively for their role in development and cancer and have been
demonstrated to act as potent tumor suppressors. miR-34a is often deleted or down-
regulated in tumors, and it is induced by p53 (24). This miRNA has been demonstrated
to be a potent antioncogenic treatment in multiple animal models, indicating its
potential for acting against a broad range of cancer types, including prostate and lung
tumors (25-27). miR-34-regulated targets have been identified in multiple growth-
related pathways, including cell proliferation, apoptosis, and the cell cycle. miR-34a has
also been shown to regulate multiple components of Wnt/B-catenin signal transduc-
tion (24, 28), a critical pathway mediating cellular growth, development, and tumori-
genesis. Recently, several groups demonstrated that cross talk between the Wnt
pathway and the cellular innate immune pathways can occur (29-34). Due to previously
reported observations that miR-34 family members regulate Wnt signaling and that
interfacing occurs between IFN and Wnt signaling, we investigate the role of this cross
talk in the antiviral activity of miR-34a and demonstrate that the repression of Wnt
signaling by the miR-34 family potentiates type | IFN signaling in response to viral
infection.

RESULTS

High-content screen of human miRNAs to identify antiflaviviral miRNAs. Given
the requirement of viruses for host physiological processes to complete their life cycle
and the wide range of cellular functions that are regulated by host miRNAs, the
identification of miRNAs that support/limit viral replication has the potential to en-
hance our understanding of cellular pathways that are important for viral infection.
Therefore, we used a high-content immunofluorescence assay to screen known human
miRNAs for their effects on the replication of three different flaviviruses, DENV, WNV,
and JEV. Hela cells transfected with individual miRNAs were infected with each virus
and fixed at various times postinfection (p.i.), and the viral envelope was detected by
using an antiflaviviral antibody. Of the ~1,200 miRNAs screened, 45, 93, and 204 were
found to significantly (P < 0.05) inhibit DENV, WNV, and JEV infection, respectively, by
more than 60% (Fig. 1A, blue). miRNAs that displayed >20% toxicity, as quantified by
the loss of nuclear staining, were eliminated from the analysis. The complete results
from the miRNA library against DENV, WNV, and JEV are provided in Table S1 in the
supplemental material. Although only five miRNAs met the criteria for inhibiting all
three viruses (miR-34c-5p, mMiR-1231, miR-517a, miR-876-3p, and miR-453), several
miRNA families (i.e., miRNAs with the same seed sequence that are predicted to repress
some or all of the same targets) were overrepresented among the lists of miRNAs that
significantly inhibited each of the viruses, including the miR-34, miR-517, miR-15,
miR-148, and miR-573 families (Fig. 1A, right). Confirmation of the activity of the
panflaviviral inhibitors identified was performed by using focus-forming assays to
determine the level of inhibition of the production of infectious virus (Fig. 1B).

miR-34 family members are potent inhibitors of flavivirus replication. Further
confirmation of the inhibitory effect of miR-34a against DENV, WNV, and JEV was carried
out by examining the effect of miR-34a transfection on flaviviral replication in multistep
growth curves. miR-34a transfection potently inhibited infection by all three flaviviruses
compared to control miRNA (miR-Ct) transfection (Fig. 2A). Inhibition of WNV infection
by miR-34a was also examined in primary human foreskin fibroblasts (HFFs) (Fig. 2C)
and murine bone marrow-derived dendritic cells (BM-DCs) (Fig. 2D) to confirm antiviral
activity in primary cell types with relevance to flavivirus infection. To determine the
breadth of antiviral activity, miR-34a transfections were carried out, followed by infec-
tion by multiple virus types, including ZIKV (strain PRVABC059), chikungunya virus
(CHIKV), Sindbis virus (SINV), herpes simplex virus 1 (HSV-1), and vaccinia virus (VACV).
As shown in Fig. 2B and G, miR-34a exhibited significant inhibitory activity against ZIKV,
SINV, CHIKV, and HSV-1, while VACV replication was unaffected. The effect of the
inhibition of MiRNA activity was investigated by using miR-34a-targeting locked nucleic
acid (LNA) as well. Transfection of a miR-34a-targeting LNA resulted in a modest but
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FIG 1 High-content microRNA screen against three flaviviruses, DENV, WNV, and JEV. (A) Hela cells were
transfected with miRNAs from the Dharmacon/Thermo Scientific v16.0 library and infected with DENV, WNV, or JEV
(MOI = 0.5 FFU/cell) at 48 h posttransfection in 96-well plates in triplicate. At 24 h (WNV and JEV) or 48 h (DENV)
posttransfection, cells were fixed and immunostained with antiflavivirus envelope antibody/AF488-anti-mouse IgG
and DAPI to visualize nuclei. Total AF488 and DAPI signals were quantitated and normalized to those for miRNA
control-transfected wells. miRNAs causing >20% toxicity were eliminated from the analysis. Volcano plots indicate
the performance of miRNAs against DENV, WNV, and JEV infections. Active miRNAs (>60% inhibition; P value
of <0.05) are denoted in blue. Highly represented miRNA families with activity against all three flaviviruses are
shown at the right. (B) HeLa cells were reverse transfected with the indicated miRNAs and infected with DENV,
WNYV, and JEV at an MOI of 0.5 FFU/cell at 48 h posttransfection. Supernatants were collected at 48 h, and infectious
virus was quantitated by a focus-forming assay.
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significant enhancement of DENV replication (Fig. 2E), suggesting that endogenous
miR-34a plays a role in suppressing flaviviral replication. Interestingly, miR-34a levels
were unaffected by DENV infection (Fig. 2F). Other miRNAs with the same seed
sequence as those of miR-34a, miR34c¢, and miR-449a/b (GCAGUG) were also examined
and found to repress DENV infection as well (Fig. 2H). Interestingly, miR-34b, whose
seed sequence is offset by a single nucleotide, did not inhibit DENV infection, demon-
strating the specificity of this antiviral activity for miR-34 family-targeted transcripts.
These results suggest a relatively broad range of antiviral activity, indicating a possible
involvement of the cellular innate response pathways in the antiviral activity of the
miR-34 family.

Repression of Wnt signaling controls miR-34a antiviral activity. Extensive re-
search on the role of miR-34 family members in cancer has characterized these miRNAs
as tumor suppressors and identified miR-34-repressed targets in multiple oncogenic
pathways, including Wnt/B-catenin signaling, the cell cycle, and apoptosis (reviewed in
reference 24). Initiation of Wnt signaling occurs through the binding of soluble Wnt
factors to the low-density lipoprotein receptor-related protein (LRP)/Frizzled receptor at
the cell surface. The activation of this receptor complex leads to a downstream cascade
that culminates in the repression of glycogen synthase kinase 33 (GSK3p) activity.
GSK3p exists at steady state in a complex that includes Axin, adenomatous polyposis
coli protein (APC), and B-catenin. GSK33 constitutively phosphorylates B-catenin, tar-
geting it for degradation through the ubiquitin-proteasome system. The activation of
the Wnt pathway and the subsequent inhibition of GSK3p activity release B-catenin
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FIG 2 miR-34 family members are broadly acting antiviral miRNAs. (A) HeLa cells were reverse transfected with a control miRNA (miR-Ct) or miR-34a and infected
with DENV, WNV, and JEV at an MOI of 0.1 FFU/cell at 48 h posttransfection. Supernatants were collected at the indicated times postinfection and assayed for
viral titers by a focus-forming assay. (B) ZIKV (strain PRVABC59) infections were carried out as described above for panel A at an MOI of 5 FFU/cell. (C) HFFs
were transfected with miR-Ct or miR-34a and infected with WNV at an MOI of 3 FFU/cell at 48 h posttransfection. (D) Primary BM-DCs were electroporated with
miR-Ct or miR-34a as described in Materials and Methods. At 48 h postelectroporation, cells were infected with WNV at an MOI of 0.01 FFU/cell. (E) HelLa cells
were transfected with control or miR-34a LNAs and then infected with DENV at an MOI of 0.5 particles/cell. Supernatants were collected at the indicated times
postinfection and assayed by a focus-forming assay. (F) Hela cells were mock treated, infected with DENV at an MOI of 5 FFU/cell, or transfected with
miR-Ct/miR-34a. At the indicated times postinfection or at 48 h posttransfection, total RNA was isolated, and the miR-34a expression level was quantitated by
RT-qPCR (normalized to the U6 snRNP small RNA). (G) Hela cells transfected with miR-Ct or miR-34a were infected with CHIKV, SINV, HSV-1, or VACV at an MOI
of 0.5 particles/cell. Supernatants were collected at 24 to 48 h postinfection, and infectious units were quantitated by a plaque assay (CHIKV, HSV-1, and VACV)
or a TCID,, assay (SINV) (results are representative of data from >3 independent experiments) (*, P value of <0.05; **, P value of <0.01; ***, P value of <0.005).
(H) HelLa cells were transfected with miR-34 family members (miR-34a/c and miR-449a/b), miR-Ct, or miR-34b and infected with DENV at an MOI of 5 FFU/cell
at 48 h posttransfection. Cells were fixed at 48 h postinfection and immunostained with antienvelope/DAPI.

from degradation, allowing it to translocate to the nucleus and initiate the transcription
of Wnt-responsive transcripts (e.g., c-jun and c-myc) (reviewed in references 35 and 36).

To confirm the repression of Wnt signaling by miR-34a in our system, the effect of
transfection on transcript levels of characterized factors of the Wnt pathway was
examined by reverse transcriptase quantitative PCR (RT-qPCR). Consistent with previ-
ously reported results (28), miR-34a transfection significantly inhibited the production
of CTTNB1, LEF1, WNT1, WNT2, and WNT3 (Fig. 3A). Additionally, the effect on Wnt
signaling was quantified by using a previously characterized reporter system (pTOP-
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FIG 3 Repression of Wnt pathway factors by miR-34a dictates antiviral activity. (A) Total RNA isolated from miR-Ct- and miR-34a-
transfected cells was assayed for transcript levels of the indicated Wnt pathway factors by RT-gPCR (*, P value of <0.05; **, P value
of <0.01; ***, P value of <0.005). (B) HelLa cells were transfected with miR-Ct or miR-34a, followed by transfection 24 h later with
pTOP-FLASH, a plasmid that expresses luciferase under the control of a Wnt-responsive promoter. Cells were treated at 24 h
post-plasmid transfection with 2.5 uM and 25 uM Wnt agonist Il to induce the Wnt/B-catenin pathway for 24 h. The luciferase level
was quantitated by using the OneGlo luciferase system. (C) HeLa cells were transfected with siRNAs targeting the indicated transcripts
or miR-Ct and -34a for 48 h, followed by infection with DENV at an MOI of 0.1 FFU/cell. Quantitation of infectious virus in supernatants
collected at 3 days postinfection was performed by a focus-forming assay. (D) HeLa cells were transfected with the indicated siRNAs

for 48 h. Total RNA was assayed for transcript levels of the indicated Wnt pathway factors by RT-qPCR.

FLASH) (37). As expected, miR-34a transfection repressed Wnt signaling in both the
absence and the presence of the activation of this pathway by a Wnt agonist (Fig. 3B).
These results confirm the suppressive effects of miR-34a on Wnt activation in our model
system. To determine whether these effects are responsible for the antiflaviviral effects
of the miR-34 family, small interfering RNA (siRNA) knockdown of CTNNB1, LEF1, WNT1,
WNT2, and WNT3 was performed, followed by DENV infection. Only the knockdown of
WNT2 or WNT3 displayed significant inhibition of DENV infection, although this inhi-
bition did not reach the level of that with miR-34a transfection (Fig. 3C), indicating a
role for both WNT2 and WNT3 in miR-34-mediated inhibition of viral infection. The
cotransfection of siRNAs targeting WNT2 and WNT3 displayed no additive effect on
replication. Significant levels of knockdown by each siRNA were confirmed by RT-qPCR
(Fig. 3D). These results implicate WNT2 and WNT3 in the antiviral effects of miR-34a but
suggest that other targets are contributing to its activity.

miR-34a inhibits flavivirus infection through activation of type | interferon
signaling. Although the Wnt/B-catenin signaling pathway has been extensively char-
acterized as being critical for the regulation of development, cell-cell interactions,
cancer progression, and stem cell control, recent research has implicated this signaling
pathway in the modulation of the type I IFN response as well (29-31, 33, 34, 38). To
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FIG 4 miR-34a transfection potentiates type | interferon signaling. (A) miR-Ct/-34a-transfected Hela cells were
treated with the indicated stimuli [DENV at an MOI of 5 FFU/cell for 30 h, poly(l:C) transfected at 5 ug/ml for 18
h, and SeV at a 1:1,000 dilution for 6 h], and total RNA was isolated. Relative I1SG56 levels were quantified by
RT-gPCR and normalized to B-actin levels (¥, P value of <0.01; **, P value of <0.005; ***, P value of <0.001; ns, not
significant). (B) miR-Ct/-34a-transfected cells were treated with SeV for the indicated times, and total protein was
analyzed by Western blotting for phosphorylated and total IRF3 levels. Results are representative of data from at
least three independent experiments. Fold changes were calculated by measuring the integrated density by using
ImageJ software and normalized to values for the control. (C) miR-Ct/-34a-transfected cells were treated with SeV
for 6 h. Cytoplasmic (C) and nuclear (N) fractions were collected and analyzed by Western blotting for total IRF3,
p84 (nuclear marker), and GAPDH (cytoplasmic marker). Results are representative of data from at least three
independent experiments. (D) Supernatants from miR-Ct/-34a-transfected, SeV-treated cells were collected at 6 h
and placed onto ISRE-luciferase-expressing telomerized human fibroblasts. At 18 h posttreatment, cells were lysed,
and luciferase levels were quantified by using the OneGlo assay reagent. (E) Hela cells were treated with SeV for
18 h. Total RNA was isolated and assayed for the Wnt-responsive transcript LEF1 or B-actin by TagMan RT-qPCR.
(Left) Fold changes were calculated by using the AAC; method. Hela cells were transfected with the pTOP-FLASH
reporter plasmid and then treated at 48 h posttransfection with Wnt agonist Il or SeV. (Right) Cells were lysed and
assayed for luciferase activity at 18 h posttreatment.

determine whether miR-34a is affecting the IFN pathway in our system, miR-34a-
transfected Hela cells were treated with various stimuli, and the induction of IFN
signaling was quantitated by RT-qPCR of interferon-stimulated gene 56 (ISG56) (also
known as IFIT1). miR-34a transfection was found to enhance the induction of the IFN
response when cells were treated with DENV, poly(l:C), or Sendai virus (SeV) but not
IFN-B (Fig. 4A). Notably, ISG56 induction was not observed in miR-34a-transfected cells
in the absence of a stimulus, demonstrating that it does not act as a direct inducer of
ISG56 gene expression but rather potentiates the response to exogenous stimuli. The
lack of potentiation of IFN-B-induced transcription, downstream of the IFN-o/B recep-
tor, suggests that the effects observed are being carried out during the initial phase of
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FIG 5 Repression of flavivirus infection occurs through IRF3-mediated interferon signaling. (A) miR-Ct/-34a- or siRNA-transfected cells
were treated with SeV for 6 h. Total RNA was analyzed for ISG56 levels as described in the text. (B) Parental and IRF3KO Hela cells were
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reactivity to SeV treatment by 1SG56 RT-qPCR.

IFN signaling, upstream of IRF activation and prior to IFN-a/B release. Given that the
miR-34a-associated ISG induction differential was highest with SeV infection, we used
this stimulus for subsequent experiments.

IRF3 is a key player in the IFN induction process. IRF3 activation is triggered by
various pattern recognition receptors, resulting in its phosphorylation and nuclear
localization and the subsequent expression of IFN-B. In the presence of miR-34a, SeV
infection was found to induce early and potent activation of IRF3 phosphorylation (Fig.
4B). Accordingly, nuclear translocation of IRF3 also occurred to a high degree in
miR-34a-transfected Hela cells following SeV treatment (Fig. 4C). To quantitate the
secretion of type | IFNs, supernatants from miRNA-transfected, SeV-treated cells were
collected and used to treat IFN-stimulated responsive element (ISRE)-luciferase human
reporter cells (39). In agreement with the observed effects of miR-34a on IRF3 activa-
tion, high levels of type | IFNs were detected in the supernatants of miR-34a-transfected
cells (Fig. 4D). These results indicate that miR-34a is a potent enhancer of IFN induction
and that this activation may be responsible for the observed antiviral activity of this
miRNA family.

To further dissect the role of the Wnt pathway in the cellular response to a viral
stimulus, the effect of SeV treatment on Wnt signaling was examined by the quantifi-
cation of the level of a Wnt-responsive transcript (Fig. 4E, left) or activation of the
pTOP-FLASH reporter vector (Fig. 4E, right) following treatment with SeV for 18 h. In
both readouts, activation of Wnt signaling by SeV was observed. These data suggest
that the initiation of the innate immune response triggers a corresponding response
through Wnt signaling to act as a damper to prevent the overstimulation of interferon
signaling.

To confirm the role of the specific miR-34a targets previously identified to inhibit
DENYV infection (Fig. 3C), siRNA knockdown of CTNNB1, LEF1, WNT1, WNT2, and WNTS3,
or the simultaneous knockdown of both WNT2 and WNT3, was performed, followed by
SeV treatment. As expected, the knockdown of either of WNT2 or WNT3 had an
enhancing effect on ISG56 transcription (Fig. 5A), demonstrating that the repressive
function of miR-34a on WNT2 and WNTS3 is directly related to its observed induction of
IFN signaling.

To examine whether IRF3-dependent induction of the IFN response is required for
the antiviral role of miR-34a, IRF3 knockout (IRF3KO) Hela cells were produced by using
clustered regularly interspaced short palindromic repeat (CRISPR)-Cas9 genome editing
(39). IRF3 protein levels (Fig. 5C, inset) and the responsiveness of the cells to SeV
stimulation were tested to ensure complete knockdown (Fig. 5C). The requirement of
IRF3 for the miR-34a-mediated inhibition of DENV replication was then tested by miRNA
transfection of either parental cells or IRF3KO cells, followed by DENV infection.
Surprisingly, IRF3KO cells did not support a higher level of viral replication, which is
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FIG 6 Interferon and Wnt pathways intersect through direct GSK3B/TBK1 interaction. (A) miR-Ct/-34a-transfected Hela
cells were mock or SeV treated for 6 h. Total protein was assessed for phosphorylated TBK1 and B-actin levels by Western
blotting. Results are representative of data from at least three independent experiments. (B) miR-Ct/-34a-transfected cells
were transfected with a plasmid encoding Flag-tagged TBK1 at 24 h post-miRNA transfection. At 24 h post-plasmid
transfection, cells were treated with SeV for 6 h, lysed, and subjected to immunoprecipitation with Flag-Sepharose beads.
Immunoprecipitated and total fractions were analyzed by Western blotting for GSK38 levels. IB, immunoblotting. (C)
miR-Ct/-34a-transfected cells were treated with SeV as described above, with or without the GSK3p inhibitor SB216763 (5
uM). Phosphorylated and total IRF3 levels were assessed by Western blotting. Results are representative of data from at
least three independent experiments. Fold changes were calculated by measuring the integrated density using Image)
software and normalized to the values for the control.

likely due to the various mechanisms of innate signaling antagonism employed by
DENV (40-42). Nonetheless, in contrast to the potent inhibition observed in miR-34a-
transfected wild-type cells, replication in IRF3KO cells was unaffected by the presence
of miR-34a (Fig. 5B), demonstrating a direct role for IRF3 in the antiviral activity
associated with miR-34a.

Cross talk between the Wnt and IFN pathways occurs through direct binding of
TBK1 and GSK3f3. Previous research implicated several different mechanisms through
which the Wnt and IFN pathways interact. Examples include the B-catenin-mediated
activation of IFN-responsive transcription, GSK3a/B nuclear translocation and repres-
sion of IRFs, and direct interactions between GSK3 and IRF3 or TANK-binding kinase 1
(TBK1) (the IRF3-directed kinase) (29, 31-34, 43, 44). Notably, this cross talk between
pathways was suggested to have both positive and negative impacts on the induction
of the IFN response. To investigate the specific mechanism in this system through
which we observe an inverse relationship between Wnt activation and IFN signaling,
the phosphorylation status of TBK1 was determined, and we observed increased TBK1
phosphorylation at Ser172 following miR-34a/SeV treatment (Fig. 6A), suggesting that
the activation of GSK3B induced by Wnt pathway inhibition indeed promotes the
GSK3B/TBK1 interaction, as was previously reported (44). Additionally, using immuno-
precipitation of Flag-tagged TBK1 and subsequent immunoblotting for GSK3 (Fig. 6B),
we found that miR-34a transfection followed by SeV infection promotes direct inter-
actions between these two factors. Finally, the requirement of GSK3pB activity for
miR-34a-mediated IRF3 phosphorylation was determined by using a GSK3p inhibitor
(SB216763). We found that GSK3p kinase activity is required for the observed effects on
the IRF3 phosphorylation of miR-34a (Fig. 6C). These results collectively demonstrate
that the cross talk between the Wnt and IFN pathways occurs at the point of GSK3 -
TBK1 binding and that this interaction promotes the proinflammatory, antiviral activity
of miR-34a.

DISCUSSION

In this study, we use a high-content screen of a human miRNA library to identify
miRNAs that have an inhibitory effect on the replication of three flaviviruses, DENV,
WNV, and JEV. The identification of the miR-34 family as potent antiflaviviral miRNAs
with some inhibitory effects that extend beyond the flavivirus family led us to inves-
tigate this well-characterized miRNA family for its role in influencing the host-pathogen
interface.

Viruses are highly dependent on cellular processes to complete their life cycles.
Although a great deal has been discovered about host-virus interactions, much remains
to be learned regarding host pathways that support and limit virus replication. Because
of the low level of complementarity between a miRNA seed sequence and a transcript
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3’ UTR required to mediate repression, a single miRNA has the capacity to regulate a
large number of factors and can culminate in the repression of an entire signaling
pathway. This study complements previous siRNA-based screens in which the knock-
down of individual proteins has been used to identify host factors that influence virus
replication (45-48). Thus, we believe that this approach has great potential for facili-
tating the discovery of novel host pathways that modulate virus replication, which
could lead to the description of novel therapeutic targets.

We have focused on the miR-34 family, which has been shown to target more than
a dozen transcripts within the Wnt/B-catenin signaling pathway, and the transfection of
these miRNAs results in the potent repression of Wnt signaling (24). We found that this
network intersects the IRF3 terminal signaling pathway and that its repression results
in the induction of the IRF3-mediated antiviral response when cells are exposed to
pathogen-associated molecular patterns (PAMPs) (e.g., viral double-stranded RNA).
These results suggest that under constitutive conditions, factors in the Wnt pathway are
functioning to control inflammatory responses and that the release of this repression
through increased miR-34 expression is the mechanism by which these miRNAs exert
their antiviral properties.

Previous studies also implicated the Wnt pathway as being important for viral
infection. A recent genome-wide siRNA screen identified multiple components of the
Wnt pathway as positively acting upon Rift Valley fever virus as well as other members
of the bunyavirus family (49). The activation of aspects of Wnt signaling and stabiliza-
tion of B-catenin have also been observed in cells latently infected with the gamma-
herpesviruses Kaposi's sarcoma-associated herpesvirus and Epstein-Barr virus (50). The
role of the Wnt pathway during the replication of these viruses has been hypothesized
to involve cell replication or differentiation (49, 51), but the role of the modulation of
innate immunity may also be considered in light of our results. Multiple studies (29-34,
38, 52) described a relationship between Wnt signaling and the innate response, with
differing hypotheses about the specific relationship of these pathways. Purported
intersections include B-catenin-mediated activation of IFN-responsive transcription,
repression of IRFs by GSK3a/B, and direct interactions between GSK3 and IRF3 or TBK1,
resulting in the promotion of IRF- and NF-kB-responsive transcription. Our results
indicate that the binding of TBK1 to GSK3B and the activation of its kinase activity are
the primary aspects of the cross talk between the pathways that dictates the antiviral
effects of miR-34a within this model system. The work presented here suggests that the
Wnt pathway can function to modulate the host inflammatory response, perhaps as a
means of dampening innate signaling and preventing toxic effects on the cell. These
data provide a clearer understanding of the intersection between these two critical host
pathways, Wnt signaling and interferon induction.

We also show that the inhibition of endogenous miR-34a results in a modest
increase in DENV replication (Fig. 2E), suggesting that miR-34a normally serves to
dampen Wnt signaling, allowing TBK1-mediated phosphorylation of IRF3 in response to
PAMP detection. High levels of exogenously introduced miR-34a, as used in the screen
and experiments described above, make the cells exquisitely sensitive to PAMP recog-
nition, resulting in a temporal and quantitative increase in IFN signaling and rendering
the cells more resistant to virus infection. Our model, in which miR-34 and Wnt act
antagonistically to fine-tune the IFN response, is shown in Fig. 7. In this model, the
induction of the innate response by virus infection or other stimuli through pattern
recognition/RIG-I-like receptors occurs in concert with the activation of the Wnt path-
way (Fig. 7a and d). Innate signaling culminates in the phosphorylation of TBK1, which
acts on IRF3 to promote the transcription of IFN-B and ISGs (Fig. 7b). Our data and those
reported previously by others (38, 44) suggest a role for phosphorylated GSK3p in
regulating the activation of TBK1 (Fig. 7f). miR-34a repression of Wnt signaling (Fig. 7g),
which suppresses the phosphorylation of GSK38 (e), results in a GSK3B/TBK1 interac-
tion that promotes IRF3 phosphorylation and the subsequent transcriptional activation
of IFN-B and other ISGs, promoting an antiviral response (c). We note that this model
is consistent with previously suggested roles for miRNAs as regulators of inflammatory
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FIG 7 Model of the Wnt-IFN signaling intersection. Innate activation by viral infection or dsRNA treatment (via Toll-like or RIG-I-like receptors) induces TBK1
phosphorylation (a), subsequent IRF3 phosphorylation/homodimerization (b), and translocation into the nucleus, where it induces the transcription of type |
IFNs and interferon-stimulated genes (c). Simultaneous activation of the Wnt signaling pathway by viral infection (d) culminates in the repression of GSK3b
phosphorylation (e), which feeds back positively into the IFN signaling pathway through interactions with TBK1 (f). The intersection between these two
pathways suggests that the Wnt pathway can function to modulate the host inflammatory response as a way of controlling innate signaling. Inhibition of Wnt
signaling by miR-34 (g) results in enhanced signaling through IRF3, promoting an antiviral state in the cell. IKK, IkB kinase.

responses. Several studies have shown that cellular stress, including viral infection, can
result in the poly-ADP-ribosylation of proteins of the RISC, relieving the miRNA-
mediated inhibition of mRNA expression (53, 54), leading to the hypothesis that
miRNAs provide a block to the IFN response, which is released upon infection and RISC
inactivation. Additionally, miR-146a has been implicated in a negative-feedback loop
regulating NF-«B-mediated transcription, preventing hyperinflammation in response to
PAMPs (55, 56), while the depletion of the total cellular miRNA population by VACV
VP55 results in increased cytokine expression (23).

In addition to defining novel virus-host interfaces, miRNAs also have therapeutic
potential. The capacity for miRNAs for use in vivo is currently being investigated in the
context of cancer therapies. A number of tumor-suppressive miRNAs are currently in
various stages of development as replacement therapies for a range of human cancers.
miR-34a has demonstrated great promise in animal models of myelomas and hepato-
cellular, lung, and breast cancers and is now being tested in human trials for efficacy
against hepatic and hematologic cancers (reviewed in reference 57). Although chal-
lenges remain in terms of the delivery and targeting of miRNAs as therapeutics, these
studies illustrate the great potential for the in vivo use of these molecules. Furthermore,
our results suggest that small-molecule antagonists of Wnt signaling, which have been
suggested for use as anticancer therapeutics (58), may also be capable of functioning
as antiviral molecules.

In summary, this study not only demonstrates a novel strategy for antiviral discovery
but also reveals the potential for discovering novel host networks involved in viral
replication and antiviral responses.

MATERIALS AND METHODS

Cell culture and reagents. HEK293 cells (Microbix), HeLa cells (ATCC), telomerized human foreskin
fibroblasts (tHFs) (gift from V. DeFilippis, Oregon Health & Science University [OHSU]), and HFFs
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(Clonetics) were maintained in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10%
fetal bovine serum (FBS), 2 mM L-glutamine (Invitrogen), 100 U/ml penicillin G-sodium, and 100 pg/ml
streptomycin sulfate (Invitrogen). Primary murine BM-DCs were prepared as previously described (59).
Briefly, bone marrow cells were aspirated from the femurs and tibias of C57BL/6 mice and cultured in 20
ng/ml granulocyte-macrophage colony-stimulating factor (GM-CSF) and 20 ng/ml interleukin-4 (IL-4)
(Peprotech) for 5 days prior to electroporation. SB216763 was obtained from Sigma (catalog number
S3442), and Wnt agonist Il was obtained from EMD Biosciences (catalog number SKL2001).

Antibodies. In this study, antibodies recognizing the following proteins were obtained from the
indicated sources: IRF3 (Santa Cruz Biotechnology), phospho-IRF3 (Ser386; Epitomics), p84 (Genetex),
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (Abcam), GSK3B (Cell Signaling Technology),
phospho-TBK1 (Ser172; Cell Signaling Technology), and a Flag epitope (Sigma). The hybridoma produc-
ing panflavivirus anti-E antibody 4G2 (60) was obtained from the ATCC. The hybridoma was maintained
and antibody was purified from the culture supernatant by the Vaccine and Gene Therapy Institute
monoclonal antibody core facility (OHSU).

Virus strains. DENV2 (New Guinea C) and Sindbis virus (AR339 strain) were obtained from the ATCC.
JEV (SA-14-2-8) was obtained from Robert Tesh, World Reference Center for Emerging Viruses and
Arboviruses, University of Texas Medical Branch. West Nile virus (385-99) was described previously (61),
and DENV, WNV, and JEV strains were passaged twice on C6/36 cells and purified by centrifugation as
previously described (62). Virus titers were determined by a focus-forming assay (63). Herpes simplex
virus 1 (F1 strain) was a kind gift from A. Hill (Oregon Health & Science University). Vaccinia virus (Western
Reserve strain) was a kind gift from M. Slifka (Oregon Health & Science University). CHIKV was a kind gift
from D. Streblow (Oregon Health & Science University). Zika virus (strain PRVABC59) was obtained from
the Centers for Disease Control and Prevention.

High-content screen. miRNA mimics representing all miRNAs annotated with miRBase v16.0 were
obtained from Dharmacon/Thermo Scientific. Reverse transfection of miRNAs was performed by the
distribution of 2.5 pmol miRNA, 0.2 ul RNAIMAX (Invitrogen), and 20 ul Opti-MEM (Gibco) per well into
96-well plates, followed by an overlay with 1.2 X 104 HeLa cells. At 48 h posttransfection (p.t.), cells were
infected with DENV2 (NGC), WNV (NY99), or JEV (SA-14-2-8) at a multiplicity of infection (MOI) of 0.5
focus-forming units (FFU) per cell. Cells were fixed at 24 h p.i. (WNV and JEV) or 48 h p.i. (DENV) and
stained for the viral envelope (E) protein as previously described (63). Nine fields per well were imaged
for E positivity (Alexa Fluor 488 [AF488]) and nuclear staining (4',6-diamidino-2-phenylindole [DAPI]) by
using an Opera LX high-content imaging system (PerkinElmer) and analyzed with Acapella software
(PerkinElmer) by determining the pixel intensity for each image after background (area of no cells)
subtraction. Screens were performed in triplicate. Following the reading of all replicate plates, the results
were quantile normalized across all plates, and ratios of viral protein expression and cell nuclei were
calculated for each well compared to the control values. Significant effects on viral replication were
determined by fitting a linear model per miRNA, with P values calculated by using a one-sided t test with
null values equaling 1. Wells with <80% DAPI staining were determined to be cytotoxic and eliminated
from the analysis. Significant inhibitors of viral replication were assessed as those that inhibited viral
replication by >60% with raw P values of <0.05.

Viral growth curves. Hela cells were transfected with 10 pmol miR-34a (Dharmacon), miR-Ct
(RISC-free negative control; Dharmacon), or the miRcury LNA inhibitor (miR-34a) (catalog number
4100982; Exiqon) in 24-well plates. At 48 h p.t., cells were infected with DENV, WNV, JEV, or ZIKV at an
MOI of 0.1 FFU/cell. At the indicated times p.i., supernatants were collected, and the amount of virus was
quantitated by a focus-forming assay on Vero cells. CHIKV, SINV, HSV-1, and VACV infections were
performed at an MOI of 0.5 FFU/cell. Supernatants were collected at 48 h postinfection and assayed for
infectious particles by a 50% tissue culture infective dose (TCID,,) assay (SINV) or a plaque assay (CHIKV,
HSV-1, and VACV).

RT-qPCR. Total RNA was isolated by using TRIzol. RT-gPCR was performed with 100 ng RNA by using
the RNA-to-Ct (catalog number 4392653; Life Technologies) assay system with TagMan assays for LEF1
(catalog number Hs01547250_m1), CTNNB1 (catalog number Hs00355049_m1), WNT1 (catalog number
Hs01011247_m1), WNT2 (catalog number Hs00608224_m1), WNT3 (catalog number Hs00902257_m1),
I1SG56 (catalog number Hs03027069_s1), ACTB1 (catalog number Hs99999903_m1), hsa-miR-34a (catalog
number 000426), and U6 snRNP (catalog number 001973). The relative expression level was quantitated
by using the AAC; method relative to values for B-actin.

siRNA transfections. Control, CTNNB1 (catalog number s437), LEF1 (catalog number s27618), WNT1
(catalog number s14863), WNT2 (catalog number s14867), and WNT3 (s14869) siRNAs were obtained
from Life Technologies. Transfections were performed with 10 pmol siRNA and 0.8 ul Lipofectamine
RNAIMAX in 24-well plates. Infections were carried out at 48 h p.t. at 0.1 FFU/cell, and supernatants were
quantitated by a focus-forming assay. For BM-DCs, 500,000 cells were electroporated with 30 pmol
miR-34a or a control miRNA mimic by using the Amaxa mouse dendritic cell Nucleofector kit (Lonza)
according to the manufacturer’s protocol. At 48 h posttransfection, cells were infected with WNV at 0.01
PFU/cell. Supernatants were collected and assayed for infectious virus as described above.

Luciferase assays. Twenty-four hours after transfection with miR-Ct/miR-34a, cells were transfected
with TOP-FLASH (catalog number 12456; Addgene) and then treated with a Wnt agonist (catalog number
681667; Calbiochem) for 24 h before luciferase quantitation using the OneGlo luciferase reagent (catalog
number E6110; Promega) according to the manufacturer’s instructions. Supernatants from miRNA-
transfected, SeV-treated cells were collected at 6 h posttreatment and placed onto tHFs expressing an
ISRE-luciferase reporter plasmid (64). Luciferase levels were quantitated at 24 h posttreatment as
described above.
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IRF3 knockout cell production. IRF3 knockout Hela cells were produced by using CRISPR-Cas9
technology as previously described (39, 65). Hela cells were transduced with lentiviruses expressing
IRF3-targeting guide RNA and Cas9 endonuclease, and positive transductants were selected with 3 ug/ml
puromycin. Monoclonal populations were obtained by limited dilution and assayed for IRF3 knockout by
Western blotting and innate reactivity to SeV treatment.

Immunoprecipitations. At the indicated times posttransfection/posttreatment, cells were harvested
in 1% Triton X-100-containing lysis buffer, and immunoprecipitations were performed by using anti-
Flag-Sepharose beads (catalog number A2220; Sigma) for 1 to 2 h. Samples were eluted from beads with

Journal of Virology

SDS-PAGE loading buffer and analyzed by Western blotting.

SUPPLEMENTAL MATERIAL

Supplemental material for this article may be found at https://doi.org/10.1128/
JVI.02388-16.
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