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ABSTRACT

Monocyte chemoattractant protein 1-induced protein
1 (MCPIP1), belonging to the MCPIP family with
highly conserved CCCH-type zinc finger and
Nedd4-BP1, YacP Nuclease domains, has been
implicated in negative regulation of the cellular in-
flammatory responses. In this report, we demon-
strate for the first time that this RNA-binding
nuclease also targets viral RNA and possesses
potent antiviral activities. Overexpression of the
human MCPIP1, but not MCPIP2, MCPIP3 or
MCPIP4, inhibited Japanese encephalitis virus (JEV)
and dengue virus (DEN) replication. The functional
analysis of MCPIP1 revealed that the activities of
RNase, RNA binding and oligomerization, but not
deubiqutinase, are required for its antiviral potential.
Furthermore, infection of other positive-sense RNA
viruses, such as sindbis virus and encephalo-
myocarditis virus, and negative-sense RNA virus,
such as influenza virus, as well as DNA virus, such
as adenovirus, can also be blocked by MCPIP1.
Moreover, the endogenous MCPIP1 gene expression
was induced by JEV and DEN infection, and
knockdown of MCPIP1 expression enhanced the rep-
lication of JEV and DEN in human cells. Thus,
MCPIP1 can act as a host innate defense via RNase
activity for targeting and degrading viral RNA.

INTRODUCTION

Control of RNA processing such as accumulation and
degradation can have an important role in host defense

against viral infection. Zinc finger antiviral protein
(ZAP), a CCCH-type zinc finger protein, prevents the ac-
cumulation of viral mRNA by directly binding and recruit-
ing the exosome to degrade the target RNA (1-3). The
CCCH-type zinc finger proteins are characterized by
three cysteine residues and one histidine residue that
coordinate zinc ion binding (4,5). Tristetraprolin (TTP),
the first identified CCCH-type zinc finger protein, binds
to Adenylate-uridylate-rich (AU-rich) elements (AREs)
in mRNA, removes the poly(A) tail and increases RNA
turnover (6-8). A genome-wide survey revealed 58 and
55 CCCH-type zinc finger genes in the human and mouse
genome, respectively (9). Gene expression profiling
suggested that these CCCH-type zinc finger genes are asso-
ciated with macrophage activation (9). A novel CCCH-
type zinc finger protein found to be induced by monocyte
chemoattractant protein 1 (MCP-1, also known as CCL-2)
was named MCP-1-induced protein 1 (MCPIP1) (10).
MCPIP1 (also known as zinc finger CCCH-type con-
taining 12A; ZC3HI12A) belongs to MCPIP protein
family, which contains other three members, MCPIP2,
MCPIP3 and MCPIP4 (also known as ZC3HI2B,
ZC3H12C and ZC3HI12D) (9,11). MCPIP proteins all
contain a single CCCH-type zinc finger domain with
RNA-binding potential at the middle region and a
highly conserved Nedd4-BP1, YacP Nuclease (NYN)
domain with RNase activity at the N-terminus (12-14).
The CCCH-type zinc finger domain of MCPIP1 is
characterized by three Cys (C306, C312 and C318) and
one His (H322), which coordinate zinc ion binding for
RNA-binding capacity (11). MCPIP1 is an Mg”>'- or
Mn*"-dependent RNase, and the crystal structure of the
N-terminal MCPIP1 RNase domain revealed a catalytic
pocket composed of several conserved acidic residues such
as D141, D225, D226 and D244 involved in Mg”" binding
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(14). MCPIPI acts as an RNase to degrade certain mRNA
of inflammatory cytokines such as interleukin 6 (IL-6),
IL-12p40 and IL-1PB (12,15). MCPIPI also functions as a
deubiquitinase (DUB) to inhibit lipopolysaccharide
(LPS)-, IL-1B- and tumour necrosis factor alpha
(TNF-o)-mediated NF-kB and c-Jun N-terminal kinase
(JNK) signalling pathways by removing the ubiquitin
moieties of TNF receptor-associated factors (TRAFs),
including TRAF2, TRAF3 and TRAF6 (16). MCPIP4,
originally identified as a potential tumour suppressor
gene (17,18), has recently been shown to inhibit TLR
signalling and macrophage activation, mainly through its
deubiquitination activity (19). MCPIP1, but not MCPIP2,
MCPIP3 and MCPIP4, could suppress miRNA biosyn-
thesis and activity via cleavage of the terminal loops of
precursor miRNAs (pre-miRNAs) (13). Thus, MCPIP
family negatively regulates cellular inflammatory re-
sponses and maintains cellular immune homeostasis by
distinct functions and diverse molecular mechanisms.

Japanese encephalitis virus (JEV) and dengue virus
(DEN), members of the flavivirus genus of the Flaviviridae
family, are important mosquito-borne human pathogens
causing hemorrhagic, febrile and severe encephalitic
illnesses. DEN infection causes an estimated 50-100
million cases of dengue fever and several hundred
thousand cases of dengue hemorrhagic fever (DHF) and
dengue shock syndrome (DSS) annually around the world
(20). JEV infection causes human epidemic encephalitis,
with an estimated 10 000—15000 deaths annually in South
and Southeast Asia (21). JEV and DEN are enveloped and
contain a single-stranded, positive-sense RNA genome,
which encodes a long polyprotein that is processed into
three structural proteins [core (C), precursor membrane
(prM), envelope (E)] and seven nonstructural proteins
(NS1, NS2A, NS2B, NS3, NS4A, NS4B and NSJ).
Flavivirus genome replication takes place by viral RNA
replicase complex through RNA-dependent RNA poly-
merization (22,23). The positive-sense genomic RNA is
transcribed into a replication-intermediate negative-sense
RNA, which is then used as a template to synthesize
genomic RNAs for translation and assembly of virion
progeny.

MCPIP1 is rapidly induced by proinflammatory
molecules such as TNF-a, MCP-1, IL-1B and LPS
(10-12,24,25). Cytokines and chemokines such as
TNF-o, MCP-1, IL-1B and IL-6 have been implicated in
the development of dengue fever and DHF/DSS (26).
High levels of TNF-o have been found in the serum and
cerebrospinal fluid samples of JE patients with higher
mortality rates (27). Thus, MCPIPI is likely induced
with JEV and DEN infection in humans; however, its
role in viral replication has not been addressed. In this
study, we examined the antiviral potential of human
MCPIP family members and found that overexpression
of MCPIPI1, but not the related MCPIP2, MCPIP3 or
MCPIP4 exhibited potent antiviral activity against JEV
and DEN infection. We also examined the molecular
mechanism of antiviral activity of MCPIP1 by using
various mutants with defects on its RNase, RNA
binding, oligomerization and DUB activity. We then
tested the antiviral spectrum of MCPIP1 against various
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RNA and DNA viruses and found a broad antiviral
activity of MCPIPI1. Finally, we addressed the antiviral
potential of endogenous MCPIP1 by knockdown of the
expression of MCPIP1 gene in human cells. Thus, for the
first time, MCPIP1 is identified as a host antiviral factor
that is able to bind and degrade viral RNA.

MATERIALS AND METHODS
Cell lines, viruses, chemicals and antibodies

Human embryonic kidney (HEK) 293T cells were cultured
in Dulbecco’s modified Eagle’s medium (DMEM) (Sigma)
containing 10% fetal bovine serum (FBS). The tetracyc-
line (Tet)-regulated expression HEK 293 cell line
T-REx-293 (Invitrogen) was cultured in DMEM contain-
ing 10% FBS and 5pg/ml of blasticidin. Baby hamster
kidney BHK-21 cells were grown in RPMI 1640 medium
containing 5% FBS. The human lung epithelial carcinoma
cell line A549 was maintained in F-12 medium
(Invitrogen) supplemented with 10% FBS. JEV strain
RP-9 (28) and DEN-2 strain PL046 (29) were propagated
in the C6/36 mosquito cell line grown in RPMI 1640
medium containing 5% FBS. A recombinant sindbis
virus expressing enhanced green fluorescent protein
(eGFP) was prepared, and the titer was determined as
previously described (30). Vesicular stomatitis virus
(VSV) and encephalomyocarditis virus (EMCV) were
propagated in Vero cells with minimum essential
medium (Eagle) containing 10% FBS. The adenovirus ex-
pressing a GFP (ZsGreenl) was generated and titrated by
using the Adeno-X ViraTrak ZsGreenl-Express
Expression System 2 (Clontech). Vaccinia virus (VV)
growth and viral titration were done in BHK-21 cells.
Hygromycin and blasticidin were from InvivoGen.
Doxycycline (Dox) and puromycin were from Clontech
and Sigma, respectively. Mouse monoclonal antibodies
against HA-tag (Covance), GFP (Roche), influenza A
nucleoprotein (NP) (Abcam) and enterovirus 71 (EV71)
capsid protein VP1 (Chemicon) were used. Rabbit poly-
clonal antibody against ZC3H12A (GeneTex) was used.

Plasmid constructs and establishment of stable cell lines

The cDNAs encoding human MCPIP1 and MCPIP3 were
amplified from RNA of LPS-treated K562 cells with the
primer pairs for MCPIP1, Y- ATGAGTGGCCCCTGTG
GAG-3 and 5-TTACTCACTGGGGTGCTGGG-3;
and MCPIP3, 5-ATGCCGGGTGGCGGC-3" and 5-TC
AATAACCCAGCTGGGATTTCTCCACTAAAATGG
CTG-3. The c¢cDNAs encoding human MCPIP2 and
MCPIP4 were amplified from RNA of K562 cells with
primer pairs for MCPIP2, 5-ATGGAGAAGAGTGCC
TCCAAGG-3 and 5-TCAACGTGCAGCCCTAAG
CTT AGC-3; and MCPIP4, 5-ATGGAGCACCCCAG
CAAGATG-3 and 5-TTAGGGCTTGCCCAGGGGCG
CCC-3'. The cDNA was cloned to HA-tagged pcDNA3
vector to create an in-frame-fused HA-tag at the N
terminus. The sequences were checked and were as
reported in GenBank NM_025079, NM_001010888,
NM_033390 and NM_207360 for MCPIP1, MCPIP2,
MCPIP3 and MCPIP4, respectively.
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The HA-tagged mutant forms of MCPIP1 (DI141N,
C157A and D225/226A) were generated by single-primer
mutagenesis as described (31) by use of the following
primers annealing to MCPIP1 ¢cDNA with the mutated
codons underlined: 5-CGACCTGAGACCAGTGGT
CATCAACGGGAGCAACGTGGCCAT-3, 5-GGAA
CAAGGAGGTCTTCTCCGCCCGGGGCATCCTGCT
GGCAGT-3 and 5¥-AAGCGGGTGGTGTGCTATGCC
GCCAGATTCATTGTGAAGCTGGC-3', respectively.
HA-tagged truncated constructs of MCPIP1, A305-325
and A458-536, were generated by single-primer mutagen-
esis. The truncated MCPIP1 constructs were generated by
using the single-primer method (31) by designing the
primer annealing to the flanking sequences of the deleted
region. The primer used to generate A305-325 construct:
S-CTTTGGAGCACAGGAAGCAGCCAAGCTGCCC
CCAGCG-3 anneals to nt. 893-912 (underlined with thin
line) and nt 976-992 (underlined with thick line) of
MCPIP1 mRNA. For MCPIP1 A458-536 construct, the
primer (5-GGGGGTTCGAGGAGGAGGCGGGGCT
GGCAGGAGCC-3) anneals to nt 1353-1371 and nt
1609-1624 of MCPIP1 mRNA underlined with thin and
thick lines, respectively. The ¢cDNA fragments with an
N-terminal HA-tag were subcloned into a pcDNAS5/TO
vector (Invitrogen) for inducible expression.

To generate stable Tet-regulated expressing cells,
T-REx-293 cells were transfected with various pcDNAS/
TO plasmids and selected with hygromycin (250 pg/ml)
and blasticidin (5pg/ml) for 8 days. Individual colony
was picked and expanded in DMEM containing 10%
FBS, hygromycin and blasticidin.

Establishment of short-hairpin RNA (shRNNA)-expressing
stable cell lines

To generate human MCPIP1- and control-knockdown
cells, we used the shMCPIP lentiviral particles (Santa
Cruz Biotechnology, sc-78944-V) that express three
shRNAs targeting human MCPIP1 mRNA (5-CTTCGT
CAATGACAAGTTT-3; 5-GTGTCCCTATGGAAGG
AAA-3; 5-CGATCACCCTGTTGATACA-3) and the
control shRNA lentiviral particles (sc-108080), respect-
ively. Briefly, A549 cells were transduced with lenti-
virus for 24h and selected with puromycin (2.5 pg/ml)
for 72 h.

Western immunoblotting

Cell lysates were prepared and analysed as previously
described (32). Briefly, equivalent amounts of proteins
determined by Bio-Rad DC Protein Assay Kit were
separated by sodium dodecyl sulphate-polyacrylamide gel
electrophoresis (SDS-PAGE) and transferred to a nitrocel-
lulose membrane. Membranes were blocked with 5% skim
milk and incubated with primary antibodies. The blots
were then incubated with a horseradish peroxidase-
conjugated secondary antibody and developed with an
enhanced chemiluminescence system (PerkinElmer). For
re-blotting, the membrane was washed with 1x ReBlot
plus strong antibody stripping solution (Chemicon) for
15min at room temperature and re-probed with the
primary antibody.

Immunofluorescence assay

Cells were fixed with 4% formaldehyde and permeabilized
with phosphate buffered saline containing 0.5% Triton
X-100, then incubated in blocking solution (3% skim
milk in phosphate buffered saline) for 1h. Viral protein
expression was detected with a primary antibody for the
indicated viral protein and Alexa-fluor 488 goat
anti-mouse secondary antibody (Molecular Probes). The
nuclei were stained with 4',6’-diamidino-2-phenylindole
(DAPI; Molecular Probes). Cells were observed under
an Olympus fluorescence microscope.

Reverse transcriptase polymerase chain reaction

Total cellular RNA was extracted with the RNeasy Total
RNA kit (Qiagen), and then cDNA was synthesized with
the ThermoScript reverse transcriptase polymerase chain
reaction (RT-PCR) system (Invitrogen) by using
oligo(dT),o as a primer. Quantitative real-time PCR was
performed by TagMan Master Mix with TagMan probes
for ~ MCPIP1  (Hs00962356_ml) and GAPDH
(Hs02758991 ¢gl) on an ABI-Prism 7500 real-time PCR
system (Applied Biosystems). The relative mRNA levels
were assessed by the comparative threshold cycle (ACt)
method and normalized with GAPDH internal control.
For viral RNA detection, RT-PCR was carried out by
using random hexamer as RT primer and the specific
primers for PCR (5-ACCATGACTAAAAAACCAGG
AGG-3" and 5-TCAGATGACCCTGTCTTCCTG-3' for
JEV; 5-TGATGAATAACCAACGAA-3 and 5-CTACC
ACAGGACTCCTGCCTCTTCC-3 for DEN-2; and 5'-T
CCTGT GGCATCCACGAAACT-3 and 5-GAAGCAT
TTGCGGTGGACGAT-3" for B-actin). The amplified
PCR products were analysed by 0.8% agarose gel
electrophoresis.

RNA binding assay

We used coimmunoprecipitation and RT-PCR to detect
the association of MCPIP! with viral RNA in virus-
infected cells. Briefly, T-REx-293/MCPIP1 cells were
infected with DEN-2 or JEV (multiplicity of infection
[MOI] of 1) for 18 h and then cultured in medium with
or without Dox (1 pg/ml) for 18 h. The cell extracts (con-
taining protease inhibitor and RNasin) were mixed with
prewashed HA-beads (Sigma) and incubated at 4°C for
overnight. The complex of HA-tagged MCPIP1 protein
and viral RNA was washed three times with HA lysis
buffer (50 mM Tris—HCIL, pH 7.5, 150mM NaCl, 1 mM
EDTA and 1% Triton X-100), and viral RNA was ex-
tracted by use of the RNeasy Total RNA kit (Qiagen).
RT-PCR was performed by using the primers for
DEN-2 3’-untranslated region (UTR) (5-TAGAAGGC
AAAACTAACATGAAACAAGG-3, and 5-AGAACC
TGTTGATTCAACAGC-3') or JEV 3-UTR (5-TAGT
GTGATTTAAGGTAGAAAAGTAGACT-3 and 5-A
GATCCTGTGTTCTTCCTCAC-3).

In vitro RNA cleavage assay

The recombinant HA-tagged MCPIP1 and its D141IN
mutant were pulled down by use of HA-beads from



T-REx-293 cells treated with Dox (1 pg/ml). The full-
length viral RNA was in vitro synthesized from
SP6-driven DEN-2 and JEV infectious clones (33-35) by
use of MEGAscript high-yield transcription kit (Applied
Biosystems). Viral RNA (1.5 pg) and purified HA-tagged
MCPIPI proteins (wild-type or D141N) (~100ng) were
incubated in RNA cleavage buffer (25mM HEPES,
S0mM potassium acetate, SmM DTT and 0.5 unit
RNasin) with or without 5mM Mg>" at 30°C for 1h.
RNA integrity was analysed by 0.8% agarose gel electro-
phoresis and detected by ethidium bromide staining.

Oligomerization assay of MCPIP1

T-REx-293/MCPIP1 cells were cultured in medium with
Dox (1 pg/ml) for 24h, and then cell lysates were har-
vested in conjugation buffer (0.5% Triton X-100, 20 mM
HEPES, 150mM NaCl) containing protease inhibitor
(Roche). Cell extracts were incubated with a final concen-
tration of ImM disuccinimidyl suberate (Thermo
Scientific) at room temperature for 30min. The
cross-linking reaction was stopped by adding quenching
buffer Tris—=HCI (pH 7.5) to a final concentration of
50mM for 30 min at room temperature. The cell extracts
were mixed with pre-washed HA-beads (Sigma) and
incubated at 4°C for overnight. HA-tagged MCPIP1
proteins were washed three times with conjugation
buffer (0.5% Triton X-100, 20mM HEPES, 150 mM
NaCl) containing protease inhibitor and eluted by HA
peptides (Sigma). Samples were separated by SDS-
PAGE and immunoblotted with anti-HA antibody.

RESULTS

Human MCPIP1, but not the other three MCPIP
proteins, blocks JEV and DEN-2 infection

The human MCPIP protein family consists of four
members: MCPIPI, MCPIP2, MCPIP3 and MCPIP4
(9,11); all contain homologous NYN and CCCH-type
zinc finger domains (Figure 1A). The NYN domain with
four conserved negative-charged Asp residues (D141,
D225, D226 and D244) for Mg®" binding and the
CCCH-type zinc finger domain characterized by three
Cys (C306, C312 and C318) and one His (H322) for
Zn*>" binding, function in RNase and RNA-binding
activities, respectively (Figure 1B) (9,14). We cloned the
human cDNAs encoding these MCPIP proteins and estab-
lished inducible cell lines expressing the MCPIP proteins
with an N-terminal HA-tag in HEK T-REx-293 cells.
With Dox induction, these cells expressed the correspond-
ing MCPIP proteins with the expected molecular sizes
recognized by antibody against the HA-tag (Figure 1C
and E). To assess the antiviral potential of these human
MCPIP proteins, we infected cells with JEV or DEN
serotype 2 (DEN-2) and measured viral NS3 protein ex-
pression by western blotting and viral production by
plaque-forming assays. The replication of JEV and
DEN-2 was greatly reduced in cells with MCPIP1, but
not with the other three MCPIP proteins (Figure 1C-F),
which indicates a unique antiviral potential of MCPIPI.
As overexpression of MCPIP1 induced apoptosis in
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monocytes and cardiac myocytes (10), we determined
whether the antiviral effect of MCPIP1 was owing to
cellular toxicity. In our T-REx-293 cells cultured in high
density, the cell survival measured by trypan-blue exclu-
sion and cytotoxicity measured by Lactate dehydrogenase
release showed no significant difference between cells
with or without MCPIP1 expression (Supplementary
Figure S1). However, we noticed that MCPIP1 over-
expression caused growth arrest when the cells were
cultured in low density. Thus, the human MCPIPI
exhibits potent antiviral effects without causing cytotox-
icity by itself.

RNase activity of MCPIP1 is required for its antiviral
potential

The NYN domain of MCPIP1 shows RNase activity, but
the D141N mutation in the NYN domain abolishes its
RNase activity (12). To determine whether the RNase
activity of MCPIPI is involved in its antiviral effects, we
established T-REx-293 cells inducibly expressing the
D141N nuclease-dead mutant of MCPIP1. As compared
with the wild-type MCPIP1, the D141N mutant showed
no anti-JEV or anti-DEN-2 effects as measured by
western blot analysis of viral NS3 protein (Figure 2A
and B), by immunofluorescence assay of viral NSI
protein (Supplementary Figure S2) and viral titration
determined by plaque-forming assay (Figure 2C and D
and Supplementary Figure S2). The viral RNAs
determined by RT-PCR were also greatly reduced in
cells expressing wild-type, but not the D141N-mutated
MCPIP1 (Figure 2E and F). Thus, the RNase activity of
MCPIP1 appears to be essential for its antiviral activities.

We examined whether MCPIP1 could directly degrade
viral RNA by in vitro assay. Immunoprecipitated
wild-type and MCPIP1-D141N mutant were incubated
with in vitro-transcribed full-length JEV or DEN-2 viral
RNA with or without Mg>" for 1 h, and then viral RNA
integrity was analysed by agarose gel electrophoresis and
ethidium bromide staining. JEV and DEN-2 viral RNA
level was reduced after incubation with wild-type
MCPIP1, but not the DI14IN-mutant or buffer alone
(Figure 2G), through an Mg*"-dependent mechanism
(Figure 2H). We further used replicon system to address
whether MCPIP1 also degrades viral RNA in vivo. We
measured the replicon reporter expression, which depend
on the replicon RNA levels, in cells with wild-type or
MCPIP1-D141N expression. As shown in Supplementary
Figure S3, the luciferase activities derived from JEV and
DEN-2 replicons were much lower in cells expressing
wild-type  MCPIP1, but not in cells with
MCPIP1-D141IN mutant. Thus, human MCPIP1 may
function as an RNase to target viral RNA during JEV
and DEN-2 infection.

CCCH-type zinc finger domain is essential for viral RNA
binding and antiviral activities of MCPIP1

To verify whether the CCCH-type zinc finger domain of
MCPIP1 is involved in viral RNA binding and is essential
for its antiviral activity, we established T-REx-293 cells
inducibly expressing an HA-tagged CCCH-type zinc
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30°C for 1 h. RNA was separated by 0.8% agarose gel electrophoresis and stained with ethidium bromide. The photos are shown as inverse images.
(H) In vitro cleavage of human MCPIPI degrading viral RNA was analysed without (=) or with (+) Mg>".

finger-deleted mutant of MCPIP1 (A305-325). The viral
RNA-binding ability of MCPIP1 was analysed by immu-
noprecipitation with antibody against HA-tag, then
RT-PCR of JEV and DEN-2 RNA. Both the wild-type

and MCPIPI-D141IN mutant pulled down JEV and
DEN-2 viral RNA, but the MCPIP1-A305-325 mutant
lost its viral RNA-binding activity (Figure 3A and B).
Furthermore, cells expressing MCPIP1-A305-325
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Figure 3. The CCCH-type zinc finger domain of human MCPIP1 is required for viral RNA binding and antiviral activity against JEV and DEN-2
infection. (A, B) Human T-REx-293 cells with WT or MCPIP1-D141IN or —A305 to 325 mutant were infected with JEV or DEN-2 (MOI 5) for 18 h,
then cultured in medium without (—) or with (+) Dox (1 pg/ml) for 18h. The viral RNA bound with MCPIP1 protein was pulled down with
HA-beads and amplified by RT-PCR with JEV or DEN-2 3'-UTR specific primers (middle panels). RT-PCR of mRNA levels of JEV or DEN-2
3’-UTR in virus-infected cells (bottom panels). Western blot analysis of HA-tagged MCPIP1 protein expression in cell lysates (top panels). (C, D)
Human T-REx-293 cells with vector, MCPIP1 or MCPIP1-A305-325 mutant were cultured without (—) or with (+) Dox (I pg/ml) for 12h and then
infected with JEV or DEN-2 (MOI 5) for 24 h. Virus titers of JEV (C) and DEN-2 (D) were determined by plaque-forming assays on BHK-21 cells.
Results are means and standard deviations of two independent experiments. The titers of the indicated groups were compared by two-tailed Student’s

t-tests. *P <0.05; **P <0.01; NS: not significant.

mutant no longer showed anti-JEV and anti-DEN-2
activities of MCPIP1 (Figure 3C and D), indicating that
CCCH-type zinc finger domain of human MCPIP1 is
essential for viral RNA-binding and antiviral activity
against JEV and DEN-2 infection.

DUB activity is not required for the antiviral effect of
MCPIP1

MCPIPI can function as a DUB to remove the ubiquitin
moieties of TRAFs (16). As cellular ubiquitinating/
deubiquitinating enzymes have been implicated in virus
replication (36,37), we further assessed whether the DUB
activity of human MCPIP1 is involved in the inhibition of
JEV and DEN-2 replication. The MCPIP1-CI157A
mutation abolishes DUB, but not RNase activity,
whereas the MCPIP1-D225/226A mutant retains DUB,
but not RNase activity (16,38). We thus established
T-REx-293 cells inducibly expressing MCPIP1-C157A
and -D225/226A mutants. The replication of JEV
and DEN-2 detected by viral NS3 protein expression
(Figure 4A and C) and viral production (Figure 4B and
D) were reduced with the RNase-positive MCPIP1-C157A
mutant, but not the DUB-positive MCPIP1-D225/226A

mutant, to levels similar to that of wild-type, suggesting
that RNase, but not DUB activity of MCPIPI, is required
for its antiviral effect.

Oligomerization of MCPIP1 is required for anti-JEV and
anti-DEN-2 activities

A unique C-terminal proline-rich domain noted in
MCPIPI, but not in other MCPIP proteins, can trigger
oligomerization and is involved in miRNA silencing
activity of MCPIP1 (13). To examine whether the oligo-
merization of MCPIP1 is involved in its antiviral activity,
we established T-REx-293 cells inducibly expressing an
HA-tagged proline-rich domain-deleted mutant of
MCPIP1 (A458-536). The wild-type and MCPIPI1-
A458-536 mutant were subjected to oligomerization
analysis by chemical cross-linking, then immunopre-
cipitation and immunoblotting with anti-HA-tag
antibody. High molecular-weight oligomers noted in
wild-type were greatly lost in MCPIP1-A458-536 mutant
(Figure 5A). The antiviral effect of MCPIP1 was lost in
MCPIP1-A458-536 mutant as measured by immunoblot-
ting for the viral NS3 protein (Figure 5B and C) and viral
titration with plaque-forming assays (Supplementary
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Figure S4), indicating that oligomerization of MCPIP1 is
required for its antiviral activity.

The antiviral potential of MCPIP1 against a variety of
RNA and DNA viruses

To assess whether the antiviral potential of MCPIP1 is
unique to JEV and DEN-2, which are flaviviruses with
positive-sense single-stranded RNA genome, we tested
the effect of MCPIP] on a variety of viruses ranging
from RNA viruses with positive- or negative-sense
genome, as well as DNA viruses. Among the other three
RNA viruses with a positive-sense RNA genome, sindbis
virus, an alphavirus, showed hampered replication by
MCPIPI1 as determined by western blot analysis of the
eGFP reporter and progeny production by plaque-
forming assay (Figure 6A). However, EMCV and EV71,
two members of Picornaviridae, responded differently to
MCPIPI. EMCV replication was blocked in cells with
MCPIPI expression (Figure 6B), whereas EV71 replica-
tion was not affected (Figure 6C). MCPIP1 expression
had distinct antiviral potential against members of the
negative-sense RNA viruses: it blocked the replication of
influenza A virus (Figure 6D), an orthomyxovirus, but not
that of VSV (Figure 6E), a rhabdovirus.

Interestingly, the antiviral potential of MCPIP1 was not
limited to RNA viruses, as replication of a recombinant
adenovirus carrying ZsGreenl, a bright GFP, was blocked
in cells with MCPIP1 by western blot analysis of adeno-
viral hexon and fiber proteins and immunofluorescence
assay of ZsGreenl reporter expression (Figure OF).
However, replication of another DNA virus, VV, was
not hindered by MCPIP1 expression (Figure 6G). Thus,
human MCPIP1 shows a broad-spectrum, but not promis-
cuous, antiviral activity against various RNA and DNA
viruses.

The antiviral potential of endogenous MCPIP1 in
human cells

To address the role of endogenous MCPIP1, we examined
whether MCPIP1 gene expression is induced by viral in-
fection in human cells. By measuring the RNA and
protein expression levels with real-time RT-PCR and
western blotting, MCPIP1 was readily induced by JEV
and DEN-2 infection (Figure 7A). To reduce the endogen-
ous MCPIP1 expression, we transduced A549 cells with
lentivirus expressing shRNA targeting three different
regions of MCPIP1 gene transcript (shMCPIP1) and
evaluated the knockdown effect at RNA and protein
levels (Figure 7B). Even though the knockdown effect
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with WT or MCPIP1-A458-536 mutant were cultured with Dox (1 pg/
ml) for 24h. The cell proteins were cross-linked with disuccinimidyl
suberate, and HA-tagged MCPIP1 proteins were pulled down with
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PAGE and immunoblotted with anti-HA antibody. (B, C) Human
T-REx-293 cells with vector, WT or MCPIP1-A458-536 mutant were
cultured without (—) or with (+) Dox (1pg/ml) for 12h and then
infected with JEV or DEN-2 (MOI 5) for 24h. The cell lysates were
harvested for western blotting with the indicated antibodies.

was <50% (Figure 7C), higher viral replication of JEV
and DEN-2 was noted in cells with reduced MCPIP1 ex-
pression (Figure 7D and E). These results thus suggest
that MCPIPI1 can be induced by viral infection and may
play a role in host antiviral immunity.

DISCUSSION

MCPIPI1 is a multifunctional protein involved in various
biological and physiological functions such as negative
regulation of cellular inflammatory response (12,15,16),
glial differentiation of neuroprogenitor cells (39), cell
death of cardiomyocytes (10), adipogenesis and angiogen-
esis (40), as well as inhibition of miRNA biogenesis (13).

Here, we extend the function of MCPIP1 to host antiviral
defense. The potent antiviral activity of wild-type
MCPIP1 was diminished in four mutants, DI41IN,
A305-325, D225/226A and A458-536, but not in
C157A-mutant. Three of the mutants involve RNase or
DUB activity of MCPIP1: D141N is RNase (—)/DUB (—),
D225/226A is RNase (—)/DUB (+) and C157A is RNase
(+)/DUB (—) (38). As MCPIP1’s antiviral activity was
noted in C157A, but not in D141N and D225/226A, the
activity of RNase, but not DUB, is required in the anti-
viral action of MCPIP1. Different from the other
members of the CCCH-type zinc finger family, such as
TTP (6-8,41,42) and ZAP (43), which recruit cellular
mRNA decay machinery exosome to degrade RNA mol-
ecules, MCPIP1 appears to function as an antiviral RNase
by itself. The A305-325 mutant lacking the RNA binding
CCCH-type zinc finger (12) failed to block viral replica-
tion; therefore, MCPIP1 likely binds to and degrades viral
RNA directly.

The CCCH-type zinc finger domain of human MCPIP1
located within amino acid residue 305-325 is characterized
by three Cys (C306, C312 and C318) and one His (H322),
which coordinate zinc ion binding for RNA-binding
capacity. Both MCPIP1-A305-325 and MCPIP1-C306R
mutants have been used to demonstrate the importance of
this CCCH domain in previous studies on IL-6 mRNA
and pre-miRNA (12,13). We also have constructed a
single-point mutant MCPIP1-C306R and established
stable T-REx-293 cells with inducible expression of
C306R mutant. To our surprise, MCPIP1-C306R was
still able to bind with viral RNA and showed antiviral
activities, although to a lesser extent when compared
with the wild-type MCPIP1 (Supplementary Figure S5).
The different binding properties of MCPIP1 with cellular
and viral RNAs remain elusive.

Replication of several viruses, including positive-sense
RNA viruses (JEV, DEN-2, sindbis virus, and EMCYV),
negative-sense RNA virus (influenza A virus) and DNA
virus (adenovirus), was reduced in cells with MCPIP1
overexpression. However, not all viruses tested are sensi-
tive to the antiviral activity of MCPIPI: replication of
EV71, VSV and VV was not suppressed by MCPIPI
overexpression. Similarly, MCPIP1 can destabilize the
mRNA of IL-6, IL-12p40 and IL-1pB, but not TNF-a or
CXCLI1 (12,15), and MCPIP1 appears to target the
3’-UTR of 1L-6 and IL-1p mRNA (12,13,15). The RNA
sequences recognized by CCCH-type zinc finger proteins
are critical in determining their targets. TTP has a prefer-
ential RNA target sequence, a 5-UUAUUUAUU-3
nonamer, located in AREs (44), but ZAP does not recog-
nize any of the three types of AREs (45). The viral
sequences sensitive to ZAP have been mapped to the 3’
long terminal repeat of Moloney murine leukemia virus
and to multiple fragments in the sindbis virus genome (45).
We used an in vitro cleavage assay to determine the viral
RNA recognized by MCPIP1. Similar to the result for the
full-length JEV RNA (Figure 2E), four different JEV
RNA subfragments with deletions of nucleotides 2520—
7116, 290-5863, 6965-10910 and 2811-10044 could still
be degraded by the wild-type, but not by the D141N
nuclease-dead MCPIP1 (Supplementary Figure S6).
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Figure 6. The antiviral potential of human MCPIPI against several viruses. Human T-REx-293 cells with MCPIP1 or vector control were cultured
without (—) or with (+) Dox (1 pg/ml) for 12h and then infected with the indicated viruses for 24h. (A) Western blot analysis of the indicated
proteins in cells with sindbis-eGFP infection (MOI 20) (upper panel). Virus titers of sindbis-eGFP were determined by plaque-forming assays on
BHK-21 cells (lower panel). (B) For EMCV infection (MOI 1), virus titers were determined by plaque-forming assays on Vero cells. (C) Western blot
analysis of levels of indicated proteins with EV71 infection (MOI 5) (upper panels). Immunofluorescence assay of EV71 viral protein VP1 (green) and
DAPI (blue) was photographed by fluorescent microscopy (lower panels). (D) Western blot analysis of levels of indicated proteins to detect influenza
virus infection (MOI 1) (upper panels). Immunofluorescence assay of influenza viral protein NP (green) and DAPI (blue) (lower panels). (E) For VSV
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DEN-2 (MOI 5 for 48 h). The relative MCPIP1 mRNA levels were analysed by quantitative real-time RT-PCR and normalized to that of GAPDH
mRNA. The MCPIP1 protein levels were assessed by western blotting with MCPIP1-specific antibody. (B) A549 cells were transduced with MCPIP
shRINA lentiviral particles (shMCPIP1) or control shRNA lentiviral particles (shCtrl). The knockdown effect was evaluated by real-time RT-PCR
and western blotting as described in panel A. (C) The MCPIP1 expression levels in A549-shCtrl and A549-shMCPIP1 cells infected with JEV (MOI 5
for 24 h) or DEN-2 (MOI 5 for 48 h) were analysed by real-time RT-PCR. A549-shCtrl and A549-shMCPIPI cells infected with (D) JEV (MOI 5 for
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Data are shown as means and standard deviations of three independent experiments. The data of the indicated groups were compared by two-tailed
Student’s z-tests. *P <0.05; ***P <0.001.

These results suggest that MCPIP1 may target multiple around the terminal loops of pre-miRNA; therefore, the
sites of the JEV RNA, or it may target the 5 and 3’ se- structure of terminal loop in a stem-loop might act as a
quences present in all of these RNA subfragments. platform for MCPIP1 recognition (13). Thus, whether
MCPIP1 preferentially cleaves the unpaired regions specific viral RNA sequences and/or structures are

Figure 6. Continued

infection (MOI 0.01), virus titers were determined by plaque-forming assays on Vero cells. (F) Western blot analysis of the protein expression of
adenovirus hexon and fiber proteins to detect adenovirus-ZsGreenl infection (MOI 20) (upper panels). Immunofluorescence assay of adenovirus
expression of ZsGreenl (green) and DAPI (blue) (lower panels). (G) Western blot analysis of level of vaccinia viral protein H3L to detect VV
infection (MOI 5) (upper panels). Immunofluorescence assay of mature vaccinia virus (MV) (green) and DAPI (blue) (lower panels). The results are
means and standard deviations of two independent experiments. The viral titers were compared by two-tailed Student’s z-tests. *P <0.05; **P <0.01.
NS: not significant.



required for recognition and cleavage of MCPIP1 remains
unclear.

Four members of the human MCPIP family share a
highly conserved NYN nuclease and CCCH-type zinc
finger domains. However, only MCPIP1 exhibits antiviral
activity. Similarly, a recent study showed that MCPIPI,
but not the other MCPIP 2/3/4 proteins, cleaves
pre-miRNA and suppresses miRNA biosynthesis (13). A
unique proline-rich domain at the C terminus of MCPIP1,
showing little similarity to the C termini of MCPIP2/3/4,
contributes to MCPIP1 oligomerization and efficient
interaction with pre-miRNA. We found that the A458-
536 mutant, lacking the proline-rich domain of
MCPIPI1, lost its oligomeric potential and antiviral
activity, suggesting that oligomerization of MCPIP1 is
also involved in its antiviral action. Because MCPIP1 is
a broad suppressor of the miRNA pathway, the potential
involvement of miRNA in the antiviral activity of
MCPIP1 cannot be excluded. However, our in vitro
cleavage data suggests that MCPIP1 per se can cleave
viral RNA, regardless of miRNA machinery, in an
Mg**-dependent manner, as was previously reported for
cellular mRNA and pre-miRNA (12,13).

MCPIPI is rapidly induced in macrophages by proin-
flammatory molecules such as TNF-a, MCP-1, IL-1p and
LPS (11,12,24,25). Here, we find that MCPIP1 could also
be induced by viral infection (Figure 7). As high levels of
TNF-a, and to a lesser for IL-1p and MCP-1, could be
detected in cells with JEV and DEN-2 infection
(Supplementary Figure S7), the virus-triggered MCPIPI
induction might result from the action of proinflammatory
cytokines. However, the induction of MCPIP1 by IL-1P
has been reported to be mediated via NF-xB and extra-
cellular signal-regulated kinases (ERK) pathways (15,24).
As JEV and DEN-2 infection could also activate NF-xB
and ERK pathways (46-48), the possibility that MCPIP1
is induced by virus-triggered NF-kB and ERK activation
cannot be excluded. Furthermore, different from IL-1j,
interferon (IFN)-a readily induced IFN-stimulated genes
such as Statl and IRF-9, but failed to induce MCPIP1
(Supplementary Figure S8), indicating that human
MCPIPI is not induced by type-I IFN.

Induction of MCPIP1 functions in cellular modulation
and helps to control the inflammatory response and
immune homeostasis (12,16). MCPIP1 is a negative regu-
lator controlling the stability of a set of inflammatory gene
transcripts; Zc3h12a/MCPIP1-deficient mice showed
severe immune disorders and spontaneously died within
12 weeks of birth (12). Elevated proinflammatory cyto-
kines such as TNF-o, IL-1B and MCP-1 have been
implicated in the development of DHF/DSS in severe
dengue patients and viral encephalitis in JE patients
(26,27). Although MCPIP1 expression has not been docu-
mented in patients with DEN or JEV infection, MCPIP1
induction may benefit the host in two ways: providing host
defense against viral infection by degrading the viral RNA
and controlling excess immune activation by negatively
regulating the inflammatory response. Thus, assessing
the role of MCPIPI1 in viral pathogenesis and its thera-
peutic potential for viral diseases will be of interest.
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