VIRUS-CELL INTERACTIONS

L] amcan  |[Journal of

SOCIETY FOR : ®
microsioLocy | V| rology
Check for
updates

Zinc Finger Protein ZFP36L1 Inhibits Flavivirus Infection by both
5’-3' XRN1 and 3'-5" RNA-Exosome RNA Decay Pathways

Han Chiu,*® Hsin-Ping Chiu,>® Han-Pang Yu,’ Li-Hsiung Lin,? Zih-Ping Chen,® Yi-Ling Lin,>"< {2 Ren-Jye Lin®"

*Graduate Institute of Microbiology, National Taiwan University, Taipei, Taiwan

bInstitute of Biomedical Sciences, Academia Sinica, Taipei, Taiwan

<Genomics Research Center, Academia Sinica, Taipei, Taiwan

dNational Mosquito-Borne Diseases Control Research Center, National Health Research Institute, Taipei, Taiwan
eNational Institute of Infectious Diseases and Vaccinology, National Health Research Institutes, Miaoli, Taiwan
Ph.D. Program in Medical Biotechnology, Taipei Medical University, Taipei, Taiwan

Han Chiu and Hsin-Ping Chiu contributed equally.

ABSTRACT Zinc-finger protein 36, CCCH type-like 1 (ZFP36L1), containing tandem
CCCH-type zinc-finger motifs with an RNA-binding property, plays an important role
in cellular RNA metabolism mainly by RNA decay pathways. Recently, we demon-
strated that human ZFP36L1 has potent antiviral activity against influenza A virus
infection. However, its role in the host defense response against flaviviruses has not
been addressed. Here, we demonstrate that ZFP36L1 functions as a host innate de-
fender against flaviviruses, including Japanese encephalitis virus (JEV) and dengue vi-
rus (DENV). Overexpression of ZFP36L1 reduced JEV and DENV infection, and
ZFP36L1 knockdown enhanced viral replication. ZFP36L1 destabilized the JEV ge-
nome by targeting and degrading viral RNA mediated by both 5’-3" XRN1 and 3'-5’
RNA-exosome RNA decay pathways. Mutation in both zinc-finger motifs of ZFP36L1
disrupted RNA-binding and antiviral activity. Furthermore, the viral RNA sequences
specifically recognized by ZFP36L1 were mapped to the 3’-untranslated region of
the JEV genome with the AU-rich element (AUUUA) motif. We extend the function
of ZFP36L1 to host antiviral defense by directly binding and destabilizing the viral
genome via recruiting cellular mRNA decay machineries.

IMPORTANCE Cellular RNA-binding proteins are among the first lines of defense
against various viruses, particularly RNA viruses. ZFP36L1 belongs to the CCCH-type
zinc-finger protein family and has RNA-binding activity; it has been reported to bind
directly to the AU-rich elements (AREs) of a subset of cellular mRNAs and then lead
to mRNA decay by recruiting mRNA-degrading enzymes. However, the antiviral
potential of ZFP36L1 against flaviviruses has not yet been fully demonstrated. Here,
we reveal the antiviral potential of human ZFP36L1 against Japanese encephalitis vi-
rus (JEV) and dengue virus (DENV). ZFP36L1 specifically targeted the ARE motif
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as tristetraprolin (5), monocyte chemoattractant protein 1 (MCP-1)-induced protein 1
(MCPIP1) (6-8), ZF antiviral protein (ZAP) (9-15), tetrachlorodibenzo-p-dioxin-inducible
poly(ADP ribose) polymerase (TIPARP) (16), target of Egr1 (17), and the PARP family
proteins (18). MCPIP1, ZAP, and TIPARP bind directly to and degrade viral RNA by itself
or recruit the cellular mRNA decay machineries. MCPIP1 acts as a host innate defender
against virus infection by directly binding and degrading viral RNA transcripts (6-8).
ZAP binds to viral RNA via its ZF motifs and then recruits cellular mRNA decay enzymes—
5'-3" exoribonuclease XRN1 and 3’-5" RNA processing exosome—to degrade RNA mol-
ecules from the 5’ end and 3’ end, respectively (11, 12, 15). TIPARP, whose functions
are similar to the antiviral activity of ZAP, inhibits Sindbis virus replication by binding
viral RNA via its ZF motifs and recruits the 3'-5" exosome complex for RNA degradation
(16).

Human ZF protein 36, CCCH type-like 1 (ZFP36L1; also named TIS11b/BRF-1/ERF-1)
belongs to the ZFP36 (also known as tristetraprolin) ZF protein family, which contains
two other paralog members, namely, ZFP36 and ZFP36L2 (19). ZFP36 family members
are characterized by two CCCH-type ZF motifs that are responsible for binding to the
AU-rich element (ARE) in the 3’-untranslated region (UTR) of target cellular mRNA (20,
21). ZFP36L1 triggers ARE-dependent mRNA decay by recruiting the CCR4-NOT deade-
nylase complex via shortening the 3’-poly(A) tail of the target mRNA and further asso-
ciation with the 5'-3" XRN1- and 3’-5’ RNA exosome-mediated RNA decay machineries
for degrading target mRNAs (22). ZFP36L1 serves as an RNA-binding protein to desta-
bilize target mRNAs. It specifically targets and destabilizes tumor necrosis factor «
(TNF-a) (23), interleukin 3 (IL-3) (24), granulocyte-macrophage colony-stimulating fac-
tor (25), vascular endothelial growth factor (26, 27), low-density lipoprotein receptor
(28), B cell lymphoma 2 (29), cholesterol 7a-hydroxylase (30), transcription factors inter-
feron regulatory factor 8 and Kriippel-like factor 2 (31), Notch1 (32), and heat shock
protein 70 family members (33).

Japanese encephalitis virus (JEV) and dengue virus (DENV), members of the Flavivirus
genus of the Flaviviridae family, are the major mosquito-borne pathogens that cause
hemorrhagic, febrile, and severe encephalitic illnesses in individuals worldwide (34, 35).
Flaviviruses are enveloped viruses with a single-stranded, positive-sense RNA genome
with a 5’ cap but no 3’ poly(A) tail. Flavivirus RNA flanked with 5’ and 3" UTRs encodes a
polyprotein that is proteolytically processed by cellular and viral proteases into three
structural proteins and seven nonstructural proteins for the whole viral life cycle (36).
The 5" and 3’ UTRs of the flaviviral genome contain conserved complementary sequen-
ces and form highly conserved secondary and tertiary structures required for viral ge-
nome replication and translation (37, 38). We previously showed that the CCCH-type ZF
proteins, including ZAP and MCPIP1, provided an innate host defense against flavivirus
by diverse mechanisms (6, 39). Nevertheless, the antiviral potential and possible mecha-
nisms of ZFP36L1 against flaviviruses have not been studied. Here, we examined the
antiviral potential of human ZFP36L1 and found that ZFP36L1 has potent antiviral activ-
ity against JEV and DENV infection by binding directly to the viral RNA genome and
recruiting both 5’-3" XRN1- and 3’-5" RNA exosome-mediated RNA decay machineries
for degradation. Finally, we further demonstrated that the possible binding site of
ZFP36L1 is located in the ARE region of the JEV 3’ UTR.

RESULTS

Human ZFP36L1 inhibits JEV and DENV infection. To evaluate the antiviral poten-
tial of the human ZFP36L1 protein, A549 cells were transduced with lentiviral vectors to
ectopically express HA-tagged ZFP36L1 (HA-ZFP36L1) and control enhanced green fluo-
rescent protein (EGFP). Cells with ZFP36L1 or EGFP overexpression were infected with a
high multiplicity of infection (MOI) of JEV and DENV (MO, 5); virus replication was then
analyzed for JEV and DENV NS3 protein expression by conducting a Western blot analy-
sis of the viral NS3 protein (Fig. TA and C), determining viral titers by plaque-forming
assay (Fig. 1B and D), and performing an immunofluorescence assay of the viral NS3
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FIG 1 Antiviral activity of human ZFP36L1 against flavivirus infection. A549 cells transduced with
lentiviruses expressing EGFP or HA-tagged ZFP36L1 (HA-ZFP36L1) for 72 h were infected with JEV (A
and B) and DENV (C and D) (MOI, 5). Cell lysates and culture supernatants were harvested at 24 hpi.

(Continued on next page)
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protein (Fig. 1E). At 24 h postinfection, ZFP36L1-overexpressing cells showed a greatly
reduced viral NS3 protein level and viral propagation upon JEV and DENV infection (Fig.
1A to D). On immunofluorescence assay, overexpression of ZFP36L1 but not the EGFP
control rendered the cells resistant to JEV and DENV infection (Fig. 1E). Thus, the human
ZFP36L1 protein has potent antiviral activity against JEV and DENV infection.

The ZF motifs of ZFP36L1 are essential for its antiviral activity. ZFP36L1 has two
CCCH-type ZF motifs that are conserved and shared by members of the ZFP36 family
and are pivotal for their RNA-binding abilities and biological functions (32, 40, 41). To
assess whether the ZF motifs of ZFP36L1 are essential for its anti-flavivirus effects, we
generated three ZF-deleted (AZF1, AZF2, and AZF1 + 2) constructs and one ZF mutant
C135R/C173R (32) construct (Fig. 2A). We first examined the antiviral activities of these
constructs against JEV and DENV infection. By measuring the level of the viral NS3 pro-
tein, ZFP36L1 with deleted or mutant ZF greatly reduced antiviral activity compared
with wild-type (WT) ZFP36L1 (Fig. 2B and D). This finding was further supported by
results of the immunofluorescence assay. Cells with ectopic expression (green signal)
of ZFP36L1 with deleted or mutant ZF but not WT ZFP36L1 showed markedly higher
viral NS3 protein expression (red signals) (Fig. 2C and E), which indicates the role of ZF
motifs of ZFP36L1 against flavivirus infection.

ZF motifs of ZFP36L1 are required for viral RNA binding. Next, we assessed the
requirement for ZF motifs of ZFP36L1 in viral RNA binding. JEV and DENV-infected
293T/17 cells transfected with HA-tagged WT or C135R/C173R ZFP36L1 and control
HA-tagged LacZ-expressing plasmids were processed for RNA immunoprecipitation
assay. WT ZFP36L1 immunoprecipitated by anti-HA antibody pulled down JEV and
DENV RNA; however, C135R/C173R ZFP36L1 lost its viral RNA binding activity (Fig. 3A
and B), which indicates the requirement for ZF motifs of ZFP36L1 in viral RNA binding.

ZFP36L1 restricts JEV replication and destabilizes viral RNA. To evaluate
whether viral replication was affected by ZFP36L1, we used JEV as a model and moni-
tored the viral RNA level in ZFP36L1- and EGFP-overexpressing cells simultaneously
infected with JEV. Before 3 h postinfection (hpi), viral RNA was not significantly affected
in cells with or without ZFP36L1 overexpression (Fig. 4A), implying that ZFP36L1 might
not interfere with viral entry. However, the reduced viral RNA in cells with ZFP36L1
overexpression was noted after 6 hpi and was proportional to the decrease in viral
titers (Fig. 4A), so the viral replication was affected by ZFP36L1. To further clarify
whether ZFP36L1 influenced JEV RNA stability, we used a replication-dead JEV replicon
RNA transcript transfected into 293T/17-ZFP36L1- and -EGFP-overexpressing cells. The
replicon RNA level was decreased in cells with ZFP36L1 versus EGFP overexpression
(Fig. 4B), which suggests that ZFP36L1 promoted the decrease of JEV viral RNA. We
also used a cytomegalovirus (CMV) promoter-driven, replication-dead JEV infectious
clone to transfect 293T/17 cells with or without ZFP36L1 overexpression. ZFP36L1
overexpression reduced both viral protein level and viral RNA at 24 hpi (Fig. 4C). Thus,
ZFP36L1 can interfere with viral replication by destabilizing viral RNA.

Both 5'-3' and 3’-5' cellular RNA decay pathways are involved in the antiviral
activity of ZFP36L1. ZFP36 family members, including ZFP36, ZFP36L1, and ZFP36L2,
are reported to be recruiters to attract the cellular RNA decay machineries for degrad-
ing target RNAs, such as the 5’-3" exonuclease XRN1 and the 3’-5’" RNA exosome com-
plex (22). To determine whether the 5’-3’ and 3’-5’ RNA decay machineries were
involved in the antiviral activity of ZP36L1, we depleted the 5'-3" exoribonuclease
XRN1 and 3’-5" exosome component EXOSC5 in ZFP36L1- and EGFP-overexpressing

FIG 1 Legend (Continued)

(A and Q) Cell lysates were used to determine protein levels of viral JEV or DENV NS3 protein, HA-
ZFP36L1, and actin by Western blot analysis. (B and D) Culture supernatants were used to determine
viral titers by plaque assay. Representative data are shown as mean *= SD (n = 3), and statistical
significance was analyzed by the two-tailed Student’s t test. **, P = 0.01. (E) Cells were fixed and
permeabilized for an immunofluorescent assay. HA-tagged ZFP36L1 (green)-, viral protein NS3 (red)-,
and 4',6-diamidino-2-phenylindole (DAPI; blue)-stained cells were photographed using a fluorescence
microscope.
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FIG 2 The CCCH-type zinc-finger motifs of ZFP36L1 are required for its antiviral activity. (A) Schematic representation of wild-
type (WT) and zinc-finger motif deletion/mutation constructs of ZFP36L1. The two zinc-finger motifs within ZFP36L1 are shown
as solid black and gray boxes. Deletion of the zinc-finger motifs is represented by a dashed line. Point mutations from cysteine
(C) to arginine (R) at amino acid (aa) 135 and 173 of ZFP36L1. (B to E) A549 cells overexpressing EGFP, WT ZFP36L1, ZF-deleted
(AZF1, AZF2, and AZF1 + 2), ZFP36L1, and ZF-mutated (C135R/C173R) ZFP36L1 by lentiviral transduction were infected with
JEV and DENV (MOI, 5) for 24 h. (B and D) Western blot analysis of the expression of viral NS3 protein, HA-ZFP36L1, and actin.
(C and E) Immunofluorescence assay of HA-ZFP36L1 and viral NS3 protein stained with anti-HA and anti-JEV/DENV NS3
antibodies. Overlapping red and green signals were quantified by using ImageJ. Data are presented as mean * SD from two

independent experiments.
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FIG 3 The CCCH-type zinc-finger motifs of human ZFP36L1 are required for its RNA-binding property.
293T/17 cells were infected with JEV (MOI, 5) for 16 h or DENV (MOI, 5) for 36 h and then transfected
with the indicated plasmids expressing HA-ZFP36L1 (WT or C135R/C173R) or HA-LacZ for 16 h. The
viral RNA bound to HA-ZFP36L1 and HA-LacZ was pulled down with anti-HA beads and amplified by
RT-PCR with JEV or DENV 3’ UTR-specific primers (middle panel). Input RT-PCR shown for RNA levels
of JEV or DENV 3" UTR in virus-infected cells (bottom panel). Western blot analysis of HA-ZFP36L1
(WT and C135R/C173R) and HA-LacZ expression in cell lysates is shown (top panel).

cells by lentiviral transduction. Compared with shLacZ cells, cells with XRN1 or EXOSC5
knockdown (shXRN1 or shEXOSC5) did not show the anti-JEV effects of ZFP36L1 on vi-
ral RNA and viral titers (Fig. 5A to F). However, with ZFP36L1 overexpression, the antivi-
ral activity of ZFP36L1 was lost in XRN1 and EXOSC5 double-knockdown cells (Fig. 5G
to I). Therefore, both XRN1- and exosome-mediated RNA decay were involved in the
antiviral activity of ZFP36L1.

ZFP36L1 targets the AU-rich elements (AREs) in JEV 3’ UTR. ZFP36 family pro-
teins recognize the AREs containing overlapping sequences (5’-UUAUUUAUU-3’)
within the target transcripts (21, 40, 42, 43). By searching for the minimal ARE pen-
tameric unit AUUUA, the JEV genome is predicted to have two AUUUA sequences
located in NS5 (nucleotide [nt.] position 9319 to 9323) and the 3’ UTR (nt. position
10399 to 10403) (Fig. 6A). To examine the potential of the two possible AREs targeted
by ZFP36L1, we constructed the reporter plasmid pRL-TK/JNS5 expressing renilla lucif-
erase (Rluc) flanked by the JEV NS5 fragment at the 3" end. The in vitro-transcribed 5'-
capped Rluc/JNS5 plus control Firefly luciferase (Fluc) RNA or 5'-capped Fluc/J3'-UTR
RNA (39) plus control Rluc RNA were cotransfected into 293T/17 cells with ZFP36L1
and EGFP overexpression for the dual-luciferase reporter assay. Compared with EGFP-
overexpressing cells, ZFP36L1-overexpressing cells did not show reduced luciferase ac-
tivity of the Rluc reporter RNA with NS5 (Fig. 6B), whereas ZFP36L1-overexpressing
cells showed significantly decreased luciferase activity of Fluc reporter RNA with the 3’
UTR (Fig. 6C). These results imply that the ARE recognized by ZFP36L1 was located in
the 3’ UTR of the JEV genome. To validate the AUUUA sequence in the JEV 3" UTR re-
sponsible for ZFP36L1 targeting, we generated an ARE mutant Fluc/J3’-UTR reporter
(AUUUA—AGGGA). Wild-type ZFP36L1 but not the deleted/mutant (AZF2 and C135R/
C173R) decreased the luciferase activity of the reporter RNA-containing (AUUUA) ARE
in ZFP36L1-overexpressing cells (Fig. 6D). Conversely, wild-type ZFP36L1 had no signifi-
cant effect on the luciferase activity of the reporter RNA-containing mutant (AGGGA)
ARE (Fig. 6D). These results suggest that the ARE in the JEV 3’ UTR is recognized by
ZFP36L1 via its ZF motifs.

Antiviral potential of endogenous ZFP36L1 against JEV and DENV infection. To
address the role of endogenous ZFP36L1 in JEV and DENV infection, A549 cells were
infected with JEV and DENV (MO, 5) at the indicated times, and the protein expression of
endogenous ZFP36L1T was determined. The expression of endogenous ZFP36L1 was
mainly downregulated in JEV- and DENV-infected cells (Fig. 7A). To further investigate the
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FIG 4 ZFP36L1 represses JEV replication by impairing viral RNA stability. (A) A549 cells overexpressing EGFP and HA-ZFP36L1
were absorbed with JEV (MOI, 10) on ice for 2 h and then incubated at 37°C. Total RNA was harvested at the indicated times for
RT-qPCR. Relative JEV RNA levels were normalized to that of GAPDH and shown as mean = SD (n = 3). (B) A549 cells were
cotransfected with 5’-capped RdRP-dead JEV replicon RNA and control Firefly luciferase RNA for the indicated hours, and total
RNA was harvested for RT-gPCR. The relative RNA levels of replicon were normalized to that of Firefly luciferase and shown as
mean = SD (n = 3). Statistical significance was analyzed by the two-tailed Student’s t test. **, P = 0.01; ***, P = 0.001. (C) 2937/
17 cells were cotransfected with a CMV promoter-driven, RARP-dead JEV infectious clone plus HA-ZFP36L1/pcDNA5/TO plasmid or
control pcDNA5/TO vector. After 24 h of transfection, cell lysates and total RNA were assayed for viral NS3 protein level and viral
genome level by Western blot and RT-PCR analysis, respectively. The relative quantification of JEV NS3 proteins normalized by

actin was quantified by using ImageJ.

physiological role of ZFP36L1 upon virus infection, we infected control and ZFP36L1-
knockdown A549 cells established by transduction with lentiviral vectors expressing LacZ
or ZFP36L1 shRNA (Fig. 7B) with JEV or DENV (MO, 5) for 24 h. Compared with control
shLacZ cells, shZFP36L1 cells with JEV (Fig. 7C and D) and DENV (Fig. 7E and F) infection
showed increased viral RNA and viral progeny level, respectively. Furthermore, rescue of
the ZFP36L1 knockdown by transduction with a lentiviral vector overexpressing ZFP36L1
significantly decreased the infectious JEV and DENV production (Fig. 7G). These results
reveal the intrinsic antiviral potential of human ZFP36L1 against flaviviruses.

DISCUSSION
ZFP36L1 is a multifunctional protein involved in a broad range of physiological
processes, such as the regulation of inflammatory responses (23, 24, 44), angiogenesis
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FIG 5 The cellular RNA decay pathways are involved in the antiviral activity of ZFP36L1. A549 cells with stable
knockdown of LacZ, XRN1, and EXOSC5 by specific ShRNA were transduced with lentiviruses expressing EGFP
or HA-ZFP36L1. After 24 h of JEV infection (MOI, 5), cell lysates were examined by Western blot analysis for the
indicated proteins (A, D, and G). Total RNA and culture supernatants were collected for measuring viral RNA by
RT-qPCR (B, E, and H) and determining viral titers by plaque assay (C, F, and I). Relative JEV RNA levels were
normalized to that of GAPDH and shown as mean = SD (n = 3). Representative data analyzed by two-tailed
Student’s t test are shown as mean = SD (n = 3). **, P = 0.01; ***, P < 0.001; ns, not significant.

(45), senescence (46), quiescence during B cell development (47), maintenance of mar-
ginal zone B cells (31), chorioallantoic fusion (48), skeletal muscle myogenesis (49),
osteoarthritis pathogenesis (33), perturbation of thymic development (32), and tumor
suppression (29, 32). Recently, we demonstrated that human ZFP36L1 had potent anti-
viral activity against influenza A virus infection by blocking the translational process of
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FIG 6 Mapping of the ZFP36L1-targeting regions/sequences in the JEV genome. (A) Basic ARE units (AUUUA) in
the JEV genome. (B and C) Schematic diagram of the reporter RNAs (top panel). 293T/17 cells overexpressing
EGFP and HA-ZFP36L1 were cotransfected with 5'-capped renilla luciferase (Rluc) flanked by JEV NS5 RNA and
control Firefly luciferase (Fluc) RNA (bottom panel) (B) or 5'-capped Fluc fused with JEV 3'-UTR RNA and
control Rluc RNA bottom panel) (C) for 24 h. Relative luciferase activity was measured by a dual-luciferase
reporter assay. (D) The reporter RNAs containing WT or mutant AREs are shown. A solid box indicates wild-type
ARE (AUUUA) and open box mutant ARE (AGGGA) of JEV 3’ UTR. 293T/17 cells expressing EGFP, WT, and
different zinc-finger-defective forms of ZFP36L1 were cotransfected with 5’-capped Fluc JEV 3" UTR RNA (WT
and mutant) and control Rluc RNA. Relative luciferase activity was measured by a dual-luciferase reporter assay.
Data are from three repeated experiments and shown as mean =+ SD. Statistical significance was analyzed by a
two-tailed Student’s t test. **, P < 0.01; ***, P =< 0.001.

influenza A virus mRNA (50). In this report, we further extend the functions of ZFP36L1
to host defense against flavivirus infection. Overexpression of human ZFP36L1 inhib-
ited JEV and DENYV infection, and depletion of endogenous ZFP36L1 enhanced JEV and
DENV replication, which shows the intrinsic antiviral potential of ZFP36L1. Different
from the related family member ZFP36, which acts as a restriction factor against HIV-1
infection by directly binding and dysregulating HIV-1 viral RNA splicing (5), ZFP36L1
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serves as a recruiter and uses cellular mRNA decay machineries and enzymes, either
the 5'-3' exoribonuclease XRN1 or the 3’-5' RNA exosome complex, to impair the accu-
mulation of target viral RNA.

After binding to target mRNA, mRNA decay mediated by ZFP36 family proteins
involves recruiting cellular proteins or complexes, including the deadenylase CCR4-
NOT complex, 3'-5" RNA exosome complex, decapping enzyme Dcp1/2, and 5’-3" exor-
ibonuclease XRN1 (22, 51). Depletion of XRN1 or the component of RNA exosome
(EXOSC5) did not hamper the antiviral activity of ZFP36L1 against flaviviruses (Fig. 5A
to F), but knockdown of both XRN1 and EXOSC5 rescued JEV replication in cells with
ZFP36L1 overexpression (Fig. 5G to I). These results indicate that ZFP36L1-mediated vi-
ral RNA decay can occur in 5'-3" or 3'-5" ways, which suggests the complementary
cooperation between 5’-3" XRN1-mediated and 3’-5’" RNA exosome-mediated RNA
degradation in the antiviral activity of ZFP36L1.

Posttranscriptional regulation of cellular mRNA by ZFP36L1 plays a pivotal role in
controlling gene expression. ZFP36L1 regulates vascular endothelial growth factor
expression via mRNA degradation and also translation inhibition (45, 52). Recently, we
demonstrated that ZAP specifically targets JEV viral RNA and restricts JEV infection by
both translation inhibition and RNA degradation (39). Nevertheless, ZFP36L1 sup-
presses JEV infection mainly via RNA decay but not translation inhibition. We found
that ZFP36L1 exhibits potent antiviral activity against influenza A virus by translational
repression of HA, M, and NS mRNA transcripts (50), which suggests that ZFP36L1 can
exert antiviral activity by diverse antiviral mechanisms.

The RNA sequence and structure of the mRNA target are important for specific recogni-
tion by CCCH-type ZF proteins. For example, ZAP preferentially binds to mRNA targets con-
taining a high frequency of CG dinucleotide plus predicted stem-loop structures (53-55).
MCPIP1 preferentially recognizes and cleaves the unpaired regions of microRNAs (miRNAs)
around the structure of the terminal loop in a stem-loop (56, 57). ZFP36 family proteins are
considered to preferentially recognize the RNA target sequence, a 5'-UUAUUUAUU-3’ non-
amer, located in AREs (42, 43). In this study, we screened the RNA sequences of the JEV ge-
nome and found two core sequences of AUUUA located in NS5 and 3’ UTR regions.
However, ZFP36L1 appeared to target the AUUUA sequence in the 3’ UTR but not the NS5
region of the JEV genome (Fig. 7). Thus, besides a core sequence of AUUUA, whether a spe-
cific RNA structure is required for recognition of ZFP36L1 remains to be elucidated.

ZFP36 family proteins are well known to control inflammatory responses. ZFP36,
ZFP36L1, and ZFP36L2 are negative regulators of granulocyte-macrophage colony-
stimulating factor, TNF-¢, IL-2, IL-3, and IL-6 (58). Patients with severe dengue disease
and those with acute Japanese encephalitis showed an excessive level of proinflamma-
tory cytokines (i.e., “cytokine storm”), such as TNF-¢, IL-6, IL-13, and MCP-1 (59-61).
Therefore, the benefits of host defense by ZFP36L1 are counteracting flavivirus infec-
tion but also controlling virus-induced inflammation. Taken together, we first showed
ZFP36L1 as an anti-flavivirus cellular factor and provide insight into the molecular anti-
viral mechanism of ZFP36L1 via its authentic features in RNA binding and decay.

MATERIALS AND METHODS

Viruses, cell lines, and chemicals. JEV PR-9 strain (GenBank accession AF014161) (62) and DENV
serotype 2 (DENV-2) PL046 strain (GenBank accession KJ734727) (63) were propagated in mosquito C6/
36 cells (ATCC; CRL-1660) maintained in RPMI 1640 medium supplemented with 5% fetal bovine serum

FIG 7 Legend (Continued)

relative quantification of the ZFP36L1 protein level normalized to actin level was quantified by using ImagelJ. (B) A549 cells were transduced by
lentiviruses containing shRNA targeting LacZ or ZFP36L1. Western blot analysis of protein levels of ZFP36L1 and actin. (C to F) A549-shLacZ and
-shZFP36L1 cells were infected with JEV or DENV (MOI, 5) for 24 h and then total RNA and culture supernatants were harvested. (C and E)
Relative viral RNA levels normalized to that of GAPDH determined by RT-qPCR. (D and F) Viral titers determined by plaque assay. (G) A549-
shLacZ, -shZFP36L1, or -shZFP36L1 cells transduced with a lentiviral vector expressing HA-tagged ZFP36L1 (wobble mutant) were infected with
JEV or DENV-2 (MO, 5) for 24 h and then cell lysates and culture supernatants were harvested. Cell lysates were examined for ZFP36L1 and actin
protein levels by Western blot analysis. Viral titers from culture supernatants were determined by plaque assay. Data from three repeated
experiments are shown as mean = SD. Statistical significance was analyzed by two-tailed Student’s t test. *, P = 0.05; **, P = 0.01; ***,
P < 0.001.
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(FBS). JEV and DENV titers was determined by plaque assay in baby hamster kidney (BHK-21) cells (ATCC;
CCL-10) grown in RPMI 1640 medium supplemented with 5% FBS, 2 mM L-glutamine, and 1% penicillin-
streptomycin (P/S). Human lung carcinoma A549 cells (ATCC; CCL-185) were cultured in F-12 medium
supplemented with 10% FBS, 2 mM L-glutamine, and 1% P/S. Human embryonic kidney 293T/17 cells
(ATCC; CRL-11268) were cultured in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with
10% FBS, 2 mM L-glutamine, and 1% P/S. Lipofectamine 2000 (Invitrogen) was used for DNA and RNA
transfection and puromycin (InvivoGen) for stable cell line establishment.

Plasmid constructs, lentivirus generation, and establishment of shRNA-expressing stable cell
lines. The cDNA of human ZFP36L1 (GenBank accession NM_004926) was amplified from A549 cells with
the primers 5'-ATGACCACCACCCTCGTGTC-3" and 5'-TTAGTCATCTGAGATGGAAAGTCTGC-3’ and cloned into
the self-inactivating lentiviral vector (pSIN) with an N-terminal hemagglutinin (HA) tag, with the expression
of an inserted gene under the control of a constitutive spleen focus-forming virus (SFFV) promoter (64). The
lentiviral vector (pSIN) overexpressing ZFP36L1 with wobble position are shown below: GGC AAT AAA ATG
CTC AAT TAC at its cDNA (nt. position 58 to 78) (mutation underlined), that encodes an altered mRNA and is
resistant to short hairpin RNA (shRNA) silencing in knockdown cells. The CMV promoter-driven, replication-
dead JEV infectious clone containing NS5 mutations (GDD—AAG) was generated from a replication-compe-
tent JEV infectious clone (65) by single-primer mutagenesis (66) with primers described previously (67). The
ZF-deleted ZFP36L1 (AZF1, AZF2, and AZF1 + 2) was generated by single-primer mutagenesis with the
AZF1 primer (5’-CAGGTCAACTCCAGCCGC/CACGAGCTCCGCAGCC-3') and AZF2 primer (5'-ACCCGCCACCC
CAAG/GAAGAGCGCCGTGCCC-3'). The ZF mutant ZFP36L1 (C135R/C173R) was generated by single-primer
mutagenesis with the C135R primer (5'-CTACGGGCCCCGCCGCCACTTCATCCACAACGC-3') and C173R primer
(5'-GGAAGCCTGTAAGTACGGGGACAAGCGCCAGTTCGCACACGGEC-3') (mutation underlined). The JEV 5’ + 3’
UTR/pGL3-promoter plasmid for the RNA-based reporter assay was described previously (39). The JEV NS5/
PRL-TK plasmid for the RNA-based reporter assay consisted of a renilla luciferase gene flanked by the NS5
sequence (nt. position 7677 to 10391) at its 3’ end downstream of a herpes simplex virus thymidine kinase
(HSV TK) promoter. From the National RNAi Core Facility, Taiwan, we obtained lentiviral vectors containing
short hairpin RNA (shRNA) targeting specific genes, human ZFP36L1 (TRCN0000013620; 5'-GTAACAAGATG
CTCAACTATA-3'), human XRN1 (TRCN0000296739; 5'-GTTACTCACAGGTCGTAAATA-3’), human EXOSC5
(TRCN0000050621; 5'-GTGAAGGTCAGCAAAGAGATT-3’), and LacZ (TRCN0000072223; 5'-CGCGATCGTAATCA
CCCGAGT-3'). The lentivirus preparation for the expression of the protein or shRNA was as described (68).
The knockdown cells were established by transduction with lentiviruses expressing specific shRNAs and
were selected with puromycin (10 wg/ml) (68).

Antibodies. Mouse monoclonal anti-JEV NS3 and anti-DENV NS3 antibodies were described previ-
ously (63, 69). The following commercial antibodies were used in this study: anti-actin (catalog no.
NB600-501; 1:5,000) and anti-XRN1 (NB500-191; 1:1,000) (Novus Biologicals); anti-HA (C29F4; 1:1,000)
and anti-BRF1/2 (2119; 1:1,000) for ZFP36L1 detection (Cell Signaling Technology); and anti-EXOSC5
(ab168804; 1:1,000) (Abcam).

Immunofluorescence assay (IFA). Cells were fixed by 4% paraformaldehyde in phosphate-buffered
saline (PBS) for 20 min, permeabilized with 0.5% Triton X-100 in PBS for 10 min, and blocked with 5%
skim milk in PBS for 30 min at room temperature. Cells were incubated with the antibody anti-JEV NS3
(1:100) or anti-DENV NS3 (1:1,000) plus anti-HA antibody (catalog no. C29F4; 1:1,000) overnight at 4°C.
After being washed with PBS for three times, cells were incubated with Alexa Fluor 568 goat anti-mouse
1gG (A11031; Molecular Probes) for JEV/DENV NS3 staining and Alexa Fluor 488 goat anti-rabbit 1gG
(A11008; Molecular Probes) for HA-ZFP36L1 (wild-type and deleted/mutant forms) staining for 1 h at
room temperature. Next, 4',6'-diamidino-2-phenylindole (DAPI) (Molecular Probes) was used for nuclei
staining. The signal was photographed by fluorescence microscopy (IX71; Olympus).

RNA immunoprecipitation assay. RNA immunoprecipitation was used to detect the association
between ZFP36L1 and viral RNA. Briefly, cells were lysed by radioimmunoprecipitation assay (RIPA) lysis
buffer (10 mM Tris-HCI [pH 7.5], 150 mM NaCl, 5 mM EDTA, 0.1% SDS, 1% Triton X-100, and 1% sodium
deoxycholate) containing a protease inhibitor cocktail (Roche) and RNasin (Promega) and incubated
with EZview red anti-HA affinity gel (E6779; Sigma-Aldrich) for 16 h at 4°C. The antibody-protein-RNA
complexes were washed three times with PBS, and the pulldown RNA was extracted by an RNeasy mini-
kit (Qiagen). RT-PCR involved using JEV and DENV 3" UTR-specific primers described previously (39), 2%
agarose gel electrophoresis, and ethidium bromide staining.

Real-time quantitative RT-PCR (RT-qPCR). Total RNA was extracted by using the RNeasy minikit
(Qiagen) and reverse transcribed with a random hexamer primer by using the SuperScript Ill first-strand syn-
thesis system (Invitrogen). Real-time PCR (qPCR) involved the TagMan assay and ABI-Prism 7500 system. The
relative RNA levels were normalized to that of GAPDH or Firefly luciferase by the comparative threshold cycle
(AAC,)) method. The TagMan master mix with UNG (Applied Biosystems), commercial probes for human glyc-
eraldehyde-3-phosphate dehydrogenase (GAPDH) (Hs02758991) and firefly luciferase (Mr03987587) (Applied
Biosystems), and JEV and DENV viral RNA primers previously described (70, 71) were used in qPCRs.

In vitro transcription. The RdRP-dead JEV replicon DNA with a SP6 promoter was amplified from the
SP6-JR2A NS5mt/pBR22 plasmid (67) with primers described previously (39). DNA templates of Firefly lucifer-
ase (Fluc), renilla luciferase (Rluc), and Fluc/3" UTR were acquired from the pGL3-promoter vector, pRL-TK
vector, and JEV 5'+3'-UTR/pGL3-promoter plasmid described previously (39). The Rluc/NS5 reporter DNA
containing an SP6 promoter was amplified from the JEV NS5/pRL-TK plasmid with the primers 5'-
ATTTAGGTGACACTATAGATGACTTCGAAAGTTTATGATCCAG-3" and 5'-GATGACCCTGTCTTCCTGGATCAAG-3'
(SP6 promoter sequence underlined). The 5'-capped RNA transcripts were in vitro-synthesized by using the
cap analog [m7G(5')ppp(5')G] (Ambion) and RiboMAX large-scale RNA production system-SP6 (Promega)
according to the manufacturer’s instructions.
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Luciferase assay. After transfection with reporter plasmids, cells were lysed by passive lysis buffer
(E1941; Promega) then underwent a dual-luciferase reporter assay (E1910; Promega). The results are rep-
resented by relative luciferase activity.
Statistical analysis. The two-tailed Student’s t test was used to estimate the statistical significance
between two groups. Representative data from repeated independent experiments are shown as
mean =* standard deviation (SD) from triplicate experiments (n = 3). A P value of =0.05 was considered
statistically significant, as follows: *, P =< 0.05; **, P < 0.01; ***, P < 0.001; and NS, not significant.
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