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Retinoic acid-inducible gene I (RIG-I) recognizes RNA virus-
derived nucleic acids, which leads to the production of type I
interferon (IFN) in most cell types. Tight regulation of RIG-I
activity is important to prevent ultra-immune responses. In this
study, we identified an ARF-like (ARL) family member, ARL16,
as a protein that interactswithRIG-I.Overexpression ofARL16,
but not its homologous proteins ARL1 and ARF1, inhibited
RIG-I-mediated downstream signaling and antiviral activity.
Knockdown of endogenous ARL16 by RNAi potentiated Sendai
virus-induced IFN-� expression and vesicular stomatitis virus
replication. ARL16 interacted with the C-terminal domain
(CTD) of RIG-I to suppress the association between RIG-I and
RNA. ARL16 (T37N) and ARL16�45–54, which were restricted
to the GTP-disassociated form, did not interact with RIG-I and
also lost the inhibitory function. Furthermore, we suggest that
endogenous ARL16 changes to GTP binding status upon viral
infection and binds with the RIG-I CTD to negatively control its
signaling activity. These findings suggested a novel innate
immune function for anARL familymember, and aGTP-depen-
dent model in which RIG-I is regulated.

The first line of defense against infections is mediated by
innate pattern recognition receptors, which include Toll-like
receptors, RIG-I-like receptors (RLRs), NOD-like receptors,
and C-type lectin receptors (1). RIG-I (retinoic acid-inducible
gene I)2 is the prototype of the RLR family that also includes
MDA5 (melanomadifferentiation-associated gene 5) andLGP2
(laboratory of genetics and physiology 2). In the cytoplasm,
RIG-I and MDA5 detect different species of viral RNAs in var-
ious cells, leading to activation of the transcription factors IRF3
and NF-�B, which collaborate to induce type I interferons
(IFNs) and inflammatory cytokines to trigger the host antiviral
program, whereas LGP2 plays a regulatory role in the signaling
pathway of RIG-I and MDA5 (2). RIG-I responds to in vitro-
transcribed dsRNA and RNA viruses, including vesicular sto-
matitis virus (VSV), Newcastle disease virus (NDV), Sendai
virus (SV), Japanese encephalitis virus, and hepatitis C virus. It

has been shown that RIG-I preferentially recognizes the
5�-triphosphate moiety of viral RNA (3, 4).

RIG-I belongs to the DExD/H box RNA helicase family, and
contains two CARDmodules at the N terminus, a DexD/H-box
helicase domain in the middle, and a C-terminal domain
(CTD). The CTD was recently identified as the RNA recogni-
tion domain of RIG-I (5, 6). The recognition of ligand RNA by
the CTD induces a conformational change and dimerization of
RIG-I, and allows theN-terminalCARD to interactwith amito-
chondrial adaptor, VISA/MAVS/IPS-1/Cardif, which in turn
activates TAK1 and TBK1 kinases, leading to activation of
NF-�B and IRF-3 and induction of type I IFNs (7, 8, 9–13, 14).
Recently the adaptor protein MITA/STING was identified to
links virus-sensing receptors to IRF3 activation (15, 16).
To prevent ultra-immune responses, the activity of RIG-I is

tightly regulated by several mechanisms (17). The 5�-triphos-
phate binding C-terminal region of RIG-I was initially referred
to as a repressor domain (RD), through which RIG-I controls
its basal activity by auto-inhibition (13). RNA ligand binding
induces RIG-I structural alteration to expose the CARD to a
downstream signaling adaptor (13, 14). Key regulators of the
autophagy process, Atg5 and Atg12, associate directly with the
CARD domain of RIG-I and this leads to an inactive status (18).
Protein modifications are also implied in the regulation of
RIG-I activity. E3 ubiquitin ligase TRIM25 and Riplet/REUL
conjugate Lys-63-linked ubiquitins independently and posi-
tively regulate RIG-I (19–21). It was recently reported that
RIG-I binds specifically to unanchored K63-polyubiquitin
chains through its tandem CARD domains (22); E3-ubiquitin
ligase RNF125 specifies proteosomal degradation of RIG-I (23);
and the deubiquitinating enzymes CYLD and USP17 play neg-
ative and positive roles respectively in regulation of RIG-I-
mediated signaling (24, 25). Other post-translational modi-
fications, such as phosphorylation, ISG15 conjugation and
SUMOylation are also reported to associated with the regula-
tion of RIG-I activity (26–31).
In the present study, we identified an ARF-like (ARL) family

member, ARL16, as a novel RIG-I regulator. ADP-ribosylation
factor (ARF) GTP-binding proteins, which have well-charac-
terized roles in membrane trafficking and cytoskeletal reorga-
nization, are members of the Ras superfamily of GTPases. Data
base mining and phylogenetic analysis of the ARF family
revealed the presence of three different groups of proteins:
ARFs, ARF-like (ARLs), and Secretion associated and Ras-
related(SARs), which share the characteristic structural fea-
tures of the family (32, 33). ARLs were first identified as ARF-
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related GTP-binding proteins in Drosophila. More than ten
genes encoding ARL proteins have been identified in the
human genome. Many ARL proteins are highly conserved
throughout eukaryotic evolution, indicating that they have
important roles; however, the roles of most ARLs, including
ARL16, are completely unknown (32).
Our data demonstrate that overexpression of ARL16, but not

its homologous proteins ARL1 and ARF1, inhibited RIG-I-me-
diated downstream signaling and antiviral activity. Knockdown
of endogenous ARL16 by RNAi potentiated SV-induced IFN-�
expression and VSV replication. ARL16 interacted with the
CTD of RIG-I and suppressed the association between RIG-I
and RNA. ARL16 (T37N) and ARL16�45–54, which were
restricted to the GTP-disassociated form, did not interact with
RIG-I and also lost the inhibitory function. Furthermore, we
suggested that endogenous ARL16 changes to GTP-binding
status upon SV infection and binds with the RIG-I CTD to
negatively control its signaling activity. These findings suggest
that ARL16 functions as an inhibitor of RIG-I in a GTP-depen-
dent manner.

EXPERIMENTAL PROCEDURES

Reagents and Cell Lines—Mouse or rabbit antibodies against
Flag and HA epitopes (Sigma-Aldrich), mouse IgG (Sigma-
Aldrich), poly(I:C) (Amersham Biosciences), mouse monoclonal
anti-GAPDH (California Bioscience), IRDye800-conjugated
anti-mouse and anti-rabbit IgG (Rockland Immunochemicals),
SV (Hong-Bing Shu,WuhanUniversity,Wuhan, China), NDV-
eGFP (ChengWang, Institute of Biochemistry andCell Biology,
Shanghai, China), VSV (Hong-Kui Deng, Peking University,
Beijing, China), EMCV (Xin Guo, China Agriculture Univer-
sity, Beijing, China) were obtained from the indicated sources.
Mouse anti-ARL16 antibody was prepared with recombinant
protein by the Experimental Animal Center, Institute of Genet-
ics and Developmental Biology, Chinese Academy of Sciences.
293T, HeLa, HUVEC, HT1080, and HuH-7 cells were grown in
DMEM supplemented with 10% fetal bovine serum. U937 and
K562 cells were grown in RPMI 1640 supplemented with 10%
fetal bovine serum.
Yeast Two-hybrid Screens—The mixtures of human fetal

kidney cDNA and leukocyte cDNA libraries (Clontech) were
screenedwith full-length RIG-I as bait, following protocols rec-
ommended by the manufacturer.
Constructs—Mammalian expression plasmids for Flag- or

HA-taggedARL16, ARL1,ARF1, RIG-I, and theirmutantswere
constructed by standard molecular biology techniques. Mam-
malian expression plasmids for Flag-VISA, -MDA5, -TBK1,
-TRIF, -TLR3, and ISRE, NF-�B, and IFN-� promoter lucifer-
ase reporter plasmids were provided by Dr. Hong-Bing Shu
(Wuhan University, Wuhan, China).
Transfection and Luciferase Assays—293T cells were seeded

on 24-well dishes and transfected the next day by standard cal-
cium phosphate precipitation. In the same experiment, we
added empty control plasmid to ensure that each transfection
received the same amount of total DNA. To normalize for
transfection efficiency, 0.05 �g of pRL-TK (Renilla luciferase)
reporter plasmid was added to each transfection. Luciferase
assays were performed using a dual-specific luciferase assay kit

(Promega). Firefly luciferase activity was normalized based on
Renilla luciferase activity. All reporter assays were repeated at
least three times. Data shown are average values � S.D. from
one representative experiment.
Immunofluorescent Staining—Cells were fixed in ice-cold

methanol for 10 min at �20 °C, rehydrated three times with
PBS, and blocked in 5% bovine serum albumin/PBS for 10 min.
The cells were stainedwith primary antibody in blocking buffer
for 1 h at 37 °C, rinsed with PBS, and stained again with FITC-
labeled Affinipure rabbit anti-mouse IgG or Texas Red-labeled
Affinipure goat anti-rabbit IgG (Kirkegaard & Perry Laborato-
ries) for 1 h at 37 °C. The cells were then rinsed with PBS con-
taining DAPI and mounted. The cells were observed under an
Olympus BX51 immunofluorescencemicroscope using a�100
plan objective.
RT-PCR—Total RNA was isolated from 293T cells using

TRIzol reagent (Tianwei Co., Beijing, China) and subjected to
RT-PCR analysis to measure the expression of IFN-�, RANTES
and �-actin. The gene-specific primer sequences were: IFN-�,
sense: 5�-CCAACAAGTGTCTCCTCCAA-3�, antisense: 5�-ATA-
GTCTCATTCCAGCCAGT-3�; RANTES, sense: 5�-CCTCGCT-
GTCATCCTCATTG-3�, antisense: 5�-TACTCCCGAACCCAT-
TTCTT-3�; �-actin, sense: 5�-ACGTGGACATCCGCAAAGAC-
3�, antisense: 5�-CAAGAAAGGGTGTAACGCAACTA-3�.
RNAi Experiments—Double-stranded oligonucleotides corre-

sponding to the target sequences were cloned into the pSuper.
retro RNAi plasmid (Oligoengine). In this study, the target
sequences for human ARL16 cDNA were 1: 5�-AACAACT-
TGCAGAAGCATCGG-3�; 2: 5�-ACGGAGGAGATGAAG-
TCATTA-3�; 3: 5�-AACATCACCACGGCAGAAATC-3�;
positive control VISA RNAi target sequence 5�-GTA-
TATCTGCCGCAATTTC-3�.
VSV Plaque Assay—293T cells (�1 � 105) were transfected

with the indicated plasmids for 24 h prior to VSV infection. At
1 h post-infection, cells were washed with PBS, and then fresh
medium was added. The supernatant was harvested at the
indicated times and used to infect confluent BHK21 cells cul-
tured on 24-well plates. At 1 h post-infection, supernatant was
removed and culture medium containing 2% methylcellulose
was overlaid. At 60 h post-infection, the overlaid medium was
removed; cells were fixed in 0.5% glutaraldehyde for 30min and
stained with 1% crystal violet dissolved in 70% ethanol. Plaques
were counted, averaged, andmultiplied by the dilution factor to
determine viral titer as Pfu/ml. The experiments were repeated
three times, and each experiment was performed in duplicate.
Data shown are average values � S.D. from one representative
experiment.
Coimmunoprecipitation and Western Blot Analysis—293T

cells (1 � 106) were transfected with the indicated plasmids for
20 h. The transfected cells were lysed in 0.5ml of lysis buffer (20
mM Tris, pH 7.5, 150 mMNaCl, 1% Triton X-100, 1 mM EDTA,
10 �g/ml aprotinin, 10 �g/ml leupeptin, 1 mM phenylmethyl-
sulfonyl fluoride). For each immunoprecipitation, a 0.4-ml ali-
quot of lysate was incubated with 0.5 �g of the indicated anti-
body and 25 �l of a 1:1 slurry of protein A-Sepharose (GE
Healthcare) for 2 h at 4 °C. The Sepharose beads were washed
three times with 1 ml of lysis buffer. The precipitates were ana-
lyzed byWestern blot with the indicated antibodies and visual-
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ized by incubation with IRDye800-conjugated secondary anti-
bodies (diluted 1:10,000) using an Odyssey infrared imaging
system (LICOR Inc.).
RNAPull-downExperiments—Template ssDNAwasgenerated

by PCR using plasmid pPOLi-NA(-)-RT (provided by Ying-Fang
Liu, Institute of Biological Physics, Chinese Academy of Sciences)
as template and T7 primers. Biotinylated 5�-triphosphate RNA
was transcribed from the template ssDNA described above using
the Riboprobe System-T7 Kit (Promega) and biotin-11-cytosine-
5�-triphosphate (Roche, Germany), following protocols recom-

mended by the manufacturer. The DNA template was then
removed by DNase I treatment, and RNA was purified using
NucleoSpin RNA Clean-up Columns (Macherey-Nagel, Ger-
many). RNA pull-down was performed as described (13). Cyto-
plasmic extracts were prepared from 3 � 107 HEK293T cells
transfected with Flag-RIG-I, Flag-RIG-I-CTD, or Flag-RIG-I-
�CTD plasmids. The extracts were incubated with biotinylated
5�-triphosphate RNA and subjected to pull-down with streptavi-
din-agarose beads (Sigma-Aldrich), followed by SDS-PAGE anal-
ysis and immunoblotting with anti-Flag antibody.

FIGURE 1. Sequence, expression, and location of ARL16. A, alignment of human, mouse, Xenopus, and Drosophila ARL16 amino acid sequences. B, alignment
of human ARL16 with ARF1 and ARL1 amino acid sequences. C, mouse anti-ARL16 serum specifically recognizes Flag-ARL16 and endogenous ARL16, but not
Flag-tagged ARF1 and ARL1. D, expression of ARL16 in mammalian cells. Lysates of the indicated cells were analyzed by Western blot with anti-ARL16 serum.
E, ARL16 localization in HEK293 and HeLa cells. Upper panels: HEK293 cells transfected with an expression plasmid for Flag-tagged ARL16; immunofluorescent
staining was performed with anti-Flag (�Flag) or mouse IgG; untransfected HEK293 cells stained with preimmune serum (preserum) or anti-ARL16 serum
(�ARL16); lower panels: transfected and untransfected HeLa cells stained as in the upper panels. The experiments were repeated three times, and similar results
were obtained.
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GTPOverlay Experiments—Escherichia coli cells were trans-
formed with the particular constructs pET30c-ARL16, -ARL16
mutations, -ARL1, or -ARF1, and then incubated with 1 mM

isopropyl-�-D-thiogalactopyranoside (IPTG). After 4 h of
induction cells were harvested and lysed in Laemmli sample
buffer (4% SDS, 20% glycerol, 10% �-mercaptoethanol, 0.004%
bromphenol blue, 0.125 M Tris HCl, pH 6.8). The relative

amounts of recombinant proteins were estimated by Western
blot analysis. The GTP overlay experiment was performed as
described (34). Protein lysates containing equivalent amounts
of recombinant proteins were separated by 12% SDS-PAGE. The
gel was then soaked in 50mMTris-HCl (pH 7.5, 20% glycerol) for
30 min and transferred onto nitrocellulose filters using transfer
buffer (10mMNaHCO3,3mMNa2CO3,pH9.8).After transfer, the

FIGURE 2. ARL16 negatively regulates RIG-I signaling. A–C, ARL16 inhibits RIG-I, but not RIG-I-N-terminal CARD- (RIG-I-NT)-mediated activation of ISRE (A),
NF-�B (B), and IFN-� (C) promoter in a dose-dependent manner. D, ARL16 has no effect on VISA-, TBK1-, and TRIF-mediated activation of IFN-� promoter. 293T
cells (2 � 105) were transfected with the indicated reporter plasmid (50 ng), pRL-TK Renilla luciferase plasmid (50 ng), expression plasmid for RIG-I, RIG-I-NT,
VISA, TBK1, or TRIF (100 ng each) together with an empty vector and ARL16 construct (5, 10, and 50 ng). Luciferase assays were performed 24 h after
transfection. E, ARL16 inhibits RIG-I-, but not VISA-, TBK1-, and TRIF-mediated gene expression. 293T cells (2 � 105) were transfected with indicated plasmids.
Twenty-four hours after transfection, total RNA was isolated and RT-PCR was performed using indicated primers. F, ARL1 and ARF1 do not inhibit RIG-I-
mediated activation of IFN-�. Transfection and luciferase assay were performed as in A–D. G, ARL16 suppresses SV-induced, but not TLR3-mediated activation
of IFN-� promoter in a dose-dependent manner. Transfection and luciferase assay were performed as in A–D. For poly I:C treatment, cells were also transfected
with expression plasmids for TLR3 (100 ng). At 20 h after transfection, cells were infected with SV, treated with polyI:C (2 �g/ml) or left untreated for 12 h before
reporter assay. H, ARL16 inhibits SV-induced, but not TLR3-mediated gene expression. The transfection and treatment were as in G, total RNA was isolated and
RT-PCR was performed using indicated primers. I, ARL16 inhibits the RIG-I-mediated anti-VSV response. 293T cells (2 � 105) were transfected with indicated
plasmids (0.5 �g each). At 30 h after transfection, cells were infected with VSV (MOI � 0.01), and supernatants were harvested at 12, 18, 24, and 30 h
post-infection. Supernatants were analyzed for VSV production using standard plaque assays. Plaques were counted and titers calculated as plaque-forming
units (pfu/ml).
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filters were rinsed twice for 10min each in binding buffer (50mM

NaH2PO4, pH7.5, 10�MMgCl2, 2mMdithiothreitol, 0.3%Tween
20, 4 �M ATP) and then incubated for 2 h in binding buffer con-

taining 1 �Ci/ml [�-32P]GTP (Beijing Furui Bioengineering). The
filters were subsequently washed twice for 3min in binding buffer
and exposed to x-ray film (Kodak Rochester).
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RESULTS

Identification of ARL16—It iswell established that RIG-I is an
essential cytosolic sensor for the innate immune response to
RNA viruses. However, the regulatory mechanisms of RIG-I-
mediated signaling have not been adequately characterized. To
identify proteins that potentially interact with RIG-I and regu-
late its signaling, we performed yeast two-hybrid screens of a
mixture of human fetal kidney and leukocyte cDNA libraries
using full-length RIG-I as bait. These efforts led to the identifi-
cation of REUL (also known as Riplet/RNF135) as an E3 ligase
and stimulator of RIG-I, which we reported in 2009 (21). We
also identified a protein of unknown function, ARL family
member ARL16 (NM_001177.3). From 22 independent posi-
tive clones, 3 clones encoded almost the full-length (Aa 5–197)
of ARL16. We amplified full-length ARL16 cDNA from the
human fetal kidney cDNA library using PCR. Human ARL16
contains 197 amino acid residues and shares 86.5% sequence
identity at the amino acid level with its mouse ortholog, and
61.1%with its zebrafish ortholog (Fig. 1A). This gene belongs to
the ARL group of the ARF family. Structural analysis with sev-
eral programs showed that human ARL16 shares 25% identity
and 43.4% similarity with ARF1, and 28.2% identity and 48.1%
similarity with ARL1 (Fig. 1B).
To identify ARL16 expression inmammalian cells at the pro-

tein level, we raised mouse antiserum against human ARL16
and tested its specificity (Fig. 1C).Western blot analysis showed
that ARL16 was expressed as a 30 kDa protein in all human cell
lines examined: HeLa, U937, HUVEC, HT1080, K562, 293T,
and Huh7 cells. The endogenous ARL16 protein was slightly
smaller than the Flag-tagged ARL16 overexpressed in 293T
cells (Fig. 1D). These data suggest that ARL16 is expressed at
the protein level.
We next identified the cellular localization of ARL16. ARL

family proteins occur in different locations, such as intracellu-
larmembranes, cytosol, nucleus, mitochondria, lysosomes, and
cytoskeleton (32, 35). Using immunofluorescence, we showed
that overexpressed and endogenous ARL16 were localized in
the cytoplasm of 293T and HeLa cells (Fig. 1E). It was reported
that at position �2 of most ARF family GTPases is a myristoy-
lated glycine that helps to interact with membrane lipids and
anchor the GTPase to organelle membranes. However, the
sequence of ARL16 does not contain a myristoylation site.
These findings suggested that the intracellular targeting of

ARL16 differs from those of the myristoylated ARF proteins
like ARF1 and ARL1 (32).
ARL16 Inhibits RIG-I Signaling—We next determined

whether ARL16 is involved in the regulation of RIG-I mediated
signaling. In reporter assays, overexpression of ARL16 alone
had no apparent effects on the activation of ISRE, NF-�B, and
IFN-� promoter, while in cotransfection experiments, RIG-I-
mediated induction of ISRE, NF-�B, and IFN-� promoter
activity was considerably inhibited by ARL16 expression in a
dose-dependent manner (Fig. 2, A–C). Overexpression of the
N-terminal CARD domain of RIG-I (RIG-I NT) alone potently
activates downstream signaling. However, in these assays,
ARL16 did not inhibit the overexpression of RIG-I NT-induced
activation of ISRE, NF-�B, and IFN-� promoter (Fig. 3, A–C).
We further tested whether ARL16 targets the downstream
components in the RIG-I signaling pathway. We found that
ARL16 had no effect on VISA and the TBK1-induced IFN-�
promoter (Fig. 2D), suggesting that ARL16 specifically inhibits
RIG-I, but not downstream effectors induced IFN-� activation.

In RT-PCR experiments, cotransfection of ARL16 appar-
ently inhibited RIG-I, but not VISA- and TBK1-induced
expression of the endogenous antiviral and pro-inflammatory
genes IFN-� and RANTES (Fig. 2E), suggesting that ARL16
inhibits RIG-I-mediated gene expression.
We also investigated whether proteins homologous to

ARL16, ARF1, and ARL1, inhibited RIG-I signaling. Reporter
gene assays indicated that ARF1 and ARL1 had no effects on
RIG-I-induced IFN-� promoter (Fig. 2F), indicating that RIG-I
activity is specifically inhibited by ARL16.
Previously, it was demonstrated that SV/VSV/NDV infec-

tions trigger IFN-� production in a RIG-I dependent manner.
We further determined whether ARL16 played roles in the cel-
lular antiviral responses mediated by RIG-I. In reporter gene
assays, overexpression of ARL16 markedly inhibited SV infec-
tion-induced activation of IFN-� promoter in a dose-depen-
dent manner (Fig. 2G). As a control, ARL16 had no effect on
TLR3-mediated activation of IFN-� promoter. Consistent with
this, ARL16 did not inhibit IFN-� promoter activation induced
by TRIF, the key adaptor of the TLR3 signaling pathway (Fig.
2D). We also found that transfection with ARL16 markedly
inhibited SV-induced, but not TLR3-mediated expression of
endogenous IFN-� and RANTES in RT-PCR experiments
(Fig. 2H).

FIGURE 3. ARL16 siRNA results in an enhanced antiviral response. A, effects of ARL16 RNAi plasmids on the expression of transfected ARL16. 293T cells (2 �
105) were transfected with expression plasmids for Flag-ARL16, with Flag-MITA as control (0.5 �g each), and the indicated RNAi plasmids (1 �g). At 48 h after
transfection, cell lysates were analyzed by Western blot with anti-Flag and anti-GAPDH antibodies. B and C, ARL16 RNAi plasmid potentiates RIG-I, but not
RIG-I-NT and VISA-, TBK1-, and TRIF-induced activation of IFN-� promoter. 293T cells (2 � 105) were transfected with the indicated reporter plasmid (50 ng),
pRL-TK Renilla luciferase plasmid (50 ng), and the indicated ARL16 RNAi (1 �g). At 40 h after transfection, luciferase assays were performed. D, ARL16 RNAi
enhances RIG-I, but not and VISA-, TBK1-, and TRIF-mediated gene expression. 293T cells (2 � 105) were transfected with indicated plasmids. Twenty-four hours
after transfection, total RNA was isolated and RT-PCR was performed using indicated primers. E, ARL16 RNAi plasmid potentiates SV-induced, but not
TLR3-mediated activation of IFN-� promoter. Experiments were carried out as in A and B. For polyI:C treatment, cells were also transfected with expression
plasmids for TLR3 (100 ng). At 40 h after transfection, cells were infected with SV, treated with polyI:C (2 �g/ml) or left untreated for 12 h before reporter assay.
F, ARL16 RNAi enhances SV-induced, but not TLR3-mediated gene expression. The transfection and treatment were carried out as in E, total RNA was isolated,
and RT-PCR was performed using indicated primers. G, ARL16 RNAi enhances NDV-eGFP replication. 293T cells (2 � 105) were transfected with the indicated
plasmids. At 20 h after transfection, cells were infected with NDV-eGFP at MOI 0.001. At 40 h after infection, virus replication was determined by GFP expression
visualized by fluorescence microscopy. The GFP-positive cells were counted, and the percentage was calculated. H, knockdown of ARL16 potentiates the
RIG-I-mediated anti-VSV response. 293T cells (2 � 105) were transfected with indicated plasmids (0.5 �g each). At 30 h after transfection, cells were infected
with VSV (MOI � 0.01), and supernatants were harvested at 12, 18, 24, and 30 h post-infection. Supernatants were analyzed for VSV production using standard
plaque assays. Plaques were counted and titers calculated as plaque-forming units (pfu/ml).
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Using plaque assays, we found that cotransfection with
ARL16 efficiently suppressed the inhibitory effect on VSV rep-
lication mediated by overexpression of RIG-I (Fig. 2I), showing
that ARL16 plays an inhibitory role in the cellular antiviral

response mediated by RIG-I. These data suggest that ARL16
inhibits RIG-I-mediated signaling and antiviral activity.
Knockdown of ARL16 Potentiates RIG-I Signaling—We next

determined whether endogenous ARL16 is involved in RIG-I-
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mediated signaling. We used three ARL16-RNAi plasmids tar-
geting different sites of humanARL16mRNA. Transient trans-
fection and Western blot analysis showed that one of these
RNAi plasmids (#3)markedly inhibited the expression of trans-
fected ARL16 in 293T cells, whereas the #1 and #2 RNAi plas-
mids had little effect onARL16 expression (Fig. 3A). In reporter
gene assays, knockdown of ARL16 by #3 potentiated RIG-I- but
not RIG-I NT-, VISA-, TBK1-, and TRIF-induced activation of
IFN-� promoter, whereas the #1 and #2 RNAi plasmids had
little effect (Fig. 3, B andC). Consistent with this, we found that
transfectionwith #3 evidently potentiated RIG-I, but not VISA-
and TBK1-induced expression of endogenous IFN-� and
RANTES in RT-PCR experiments (Fig. 3D).
We also found that overexpression of ARL16 RNAi plasmid

#3 markedly potentiated SV-induced activation of IFN-� pro-
moter, but had no effect on TLR3-mediated IFN-� promoter
activation (Fig. 3E). Consistent with this, transfection with
ARL16 enhanced SV-induced, but not TLR3-mediated expres-
sion of endogenous IFN-� and RANTES in RT-PCR experi-
ments (Fig. 3F).
We further determinedwhether endogenousARL16 plays an

inhibitory role in the cellular antiviral response. On infection
with NDV-eGFP (Newcastle disease virus-enhanced green
fluorescent protein), we found that knockdown of endogenous
ARL16 in 293T rendered cells remarkably resistant to viral
infection and reduced the levels of NDV-eGFP-positive cells
(Fig. 3G). Using plaque assays, we found that knockdown of
VISA markedly improved VSV replication, whereas ARL16
RNAi had the opposite effect, inhibiting it (Fig. 3H). These
results indicated that antiviral activity was stronger when
endogenous ARL16 was decreased. We concluded that ARL16
knockdown greatly increases innate cytokine production and
antiviral immunity against NDV and VSV infection. Collec-
tively, these data suggest that ARL16 plays an inhibitory role in
the efficient cellular antiviral response mediated by RIG-I.
ARL16 Associates with the CTD of RIG-I—Because ARL16

interacted with RIG-I in the yeast two-hybrid system, we fur-
ther determinedwhether this interaction occurs inmammalian
cells. Coimmunoprecipitation experiments in 293T cells indi-
cated thatHA-taggedRIG-I associatedwith Flag-taggedARL16
in co-transfection experiments (Fig. 4A). The interaction be-
tween ARL16 and RIG-I was specific because ARL1 and ARF1
did not interact with RIG-I under the same conditions (Fig. 4A).
ARL16 was subsequently shown to colocalize with RIG-I in

co-transfected 293T and HeLa cells (Fig. 4B). Double immuno-
fluorescent staining showed that overexpressed ARL16 had a
similar distribution pattern and overlapped with RIG-I. As a

control, there was no overlap between ARL16 and VISA. These
observations substantiated the yeast 2-hybrid results and estab-
lished a direct interaction between RIG-I and ARL16.
To further define this interaction under physiological condi-

tions, and the effects of viral infection on the interaction, we
performed immunoprecipitation with anti-ARL16 serum with
or without SV infection. The results indicated that overex-
pressed RIG-I interactedweakly with endogenous ARL16with-
out SV stimulation; however the association was markedly
improved upon SV infection (Fig. 4C). These results suggest
that ARL16 associates with RIG-I in a viral infection-inducible
manner.
The CTD is the RNA sensor region of RIG-I and is essential

for RIG-I activity (6, 27, 44). The crystal structure of the CTD
reveals a zinc-binding domain that is structurally related to
GDP/GTP exchange factors of Rab-like GTPases (14), indicat-
ing that CTD could bind with GTPase family proteins. We
found that ARL16 interacted with the CTD-(792–925) inde-
pendently, as with the full-length RIG-I, whereas ARL16 did
not interactwith theCTDdeletionmutant�CTD-(1–792) (Fig.
4D). These data suggested that the CTDof RIG-I is required for
interaction with ARL16, consistent with the findings that
ARL16 inhibited IFN-� activation induced by full-length RIG-I
but not by RIG-I NT.
We next investigated whether the interaction of ARL16 with

the CTD interfered with RIG-I sensing and binding to viral
RNA. Using the biotin-labeled virus RNA transcript, we did
RNA-binding protein pull-down experiments to detect interac-
tions between full-length RIG-I, the CTD and 5�-triphosphate
RNA with or without ARL16 expression. We found that co-ex-
pression of ARL16 decreased the association between full-
length RIG-I, the CTD and RNA transcript; as control, no RNA
was detectably associated with �CTD (Fig. 4E). These results
suggested that ARL16 interacts with the CTD of RIG-I and
suppresses the RNA sensing activity of RIG-I.
ARL16 Functions in a GTP-dependent Manner—ARF pro-

teins contain highly conserved guanine nucleotide-binding
domains involved in GDP/GTP exchange. Much has been
learned about how nucleotide-dependent conformational
changes inARFsmodulate these cellular activities (36). Because
ARL16 is anARF familymember, we tested whether GTP bind-
ing affected ARL16 functions. Study of other ARF proteins has
identified amino acid sites that are involved in GTP binding
(34). We made the analogous point mutations in ARL16 and
assessed their functions. Reporter assay results indicated that
T37N lost its inhibitory activity on RIG-I-mediated and SV-
induced IFN-� promoter activation. As control, the other point

FIGURE 4. ARL16 associates with the CTD of RIG-I. A, ARL16 but not ARF1 and ARL1 interacts with RIG-I. 293T cells (1 � 106) were transfected with indicated
plasmid (5 �g each). Cell lysates were immunoprecipitated (IP) with anti-Flag (�F) or anti-HA (�HA). The immunoprecipitates and whole-cell lysates (WCL) were
analyzed by Western blot (IB) with anti-HA and anti-Flag antibody. B, ARL16 colocalizes with RIG-I but not VISA in 293T and HeLa cells. Upper panels: HeLa cells
were transfected with Flag-ARL16, HA-RIG-I, or HA-VISA. Immunofluorescent staining was performed with anti-HA (green) and anti-Flag (red); lower panels: 293T
cells were transfected and stained as in the upper panels. The experiments were repeated twice, and similar results were obtained. C, endogenous ARL16
interacts with RIG-I upon SV infection. 293T (3 � 106) cells were treated with SV or left untreated for 12 h before lysis. Cell lysates were immunoprecipitated for
Western blot by indicated antibodies. D, identification of domains of RIG-I mediating the interaction with ARL16. 293T cells (1 � 106) were transfected with
expression plasmids for Flag-ARL16, together with HA-RIG-I or its mutants (5 �g each). Cell lysates were immunoprecipitated with indicated antibodies. The
immunoprecipitates were analyzed by Western blots with anti-HA or anti-Flag antibody. E, ARL16 decreases the binding of RIG-I or CTD with RNA. The lysates
of cells transfected with Flag-RIG-I, RIG-I-CTD, or RIG-I-�CTD were incubated with biotinylated 5�pppRNA transcripts. RNA-protein complexes were pulled
down using streptavidin affinity beads. Input and pull-down samples were analyzed by SDS-PAGE and immunoblotting using anti-Flag antibody (one repre-
sentative of three experiments is shown).
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mutations Q44L, T61N, R62G, T64N, N68I, Q75L, R81G,
C86L, Y94G, and Q112L had inhibitory activity similar to the
wild type ARL16 (Fig. 5A). These results suggested that Thr-37
is the key site for ARL16 function.
Sequence analysis showed thatThr37 is a conserved site inARF

family members. The T31N mutation of ARF1/ARL1 and the
T37N mutation of ARL18 lose their GTP binding activity and

constitutively bind to GDP (34, 38, 41). We set out to address
whether the same occurs with ARL16. We expressed ARL16 in
vitro and did GTP overlay experiments. The results showed
that, like ARF1 and ARL1, wild type of ARL16, T61N, and
C81L expressed in vitro bound to P32-labeled GTP, but T37N
did not (Fig. 5B), suggesting that T37N lost its GTP binding
activity.

FIGURE 5. ARL16 functions in a GTP-dependent manner. A, Thr-37 is the essential site for ARL16 inhibitory function. 293T cells (2 � 105) were transfected with
the IFN� reporter plasmid (50 ng) and pRL-TK Renilla luciferase plasmid (50 ng), together with an empty vector and ARL16 wild type and mutations (100 ng
each). Cells were infected with SV for 12 h or cotransfected with plasmid for RIG-I (100 ng). Lower panel: expression of RIG-I wild type (WT) and mutations. B, T37N
lost GTP binding activity. Bacterial cells were transformed with indicated expression constructs and induced with IPTG or left untreated. Total cellar proteins
were separated by SDS-PAGE, transferred to nitrocellulose filters and after renaturation allowed to bind [�-32P]GTP. Bound [�-32P]GTP was visualized by
autoradiography. Upper panels: SDS-PAGE stained with Coomassie brilliant blue to assess protein concentration. C, T37N and deletion-45–54 mutants do not
interact with RIG-I. 293T cells (1 � 106) were transfected with expression plasmids for Flag-ARL16 wild-type or mutations with HA-RIG-I (5 �g each). Immuno-
precipitation and Western blot were performed as in Fig. 4A. D, three-dimensional models of ARL16 (left), ARL1 (middle), and ARF1 (right) shown as cartoons by
the program Pymol. Switch I, Interswitch, and Switch II are indicated in purple, green, and red, respectively. The excess loop 45–54 in the three-dimensional
model of ARL16 is colored orange.

ARL16 Inhibits CTD of RIG-I

10576 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 286 • NUMBER 12 • MARCH 25, 2011



Wefurther determinedwhetherGTPbinding played a role in
the interaction betweenARL16 andRIG-I. Co-immunoprecipi-
tation results showed that in contrast to wild-type ARL16 and
mutations of T61NandC81L, T37Ndid not interactwithRIG-I
(Fig. 5C), indicating again that Thr37 is the key site for GTP
binding of ARL16, and ARL16 associates with and inhibits
RIG-I in a GTP-dependent manner.
We also investigated why ARL1 and ARF1 did not interact

with and inhibit RIG-I. We constructed a three-dimensional
model of ARL16 in the SWISS-MODEL server (42–44) using
the crystal structure ofARL1 as a template (PDB ID1UPT) (45).
According to the model, the main structural feature of ARL16
shares a common subunit fold within the ARF family (Fig. 5D).
However, we found that ARL16 departs from other ARFs by a
unique structural device. ARL16 has an excess 10 amino acid
loop region (Aa 45–54) that is close to the functional switch I.
Without this loop, ARL16 is very similar in structure to ARF1
(PDB ID 1R8Q) and ARL1 (Fig. 5D). To test the function of
the excess loop region, we constructed the deletion mu-
tant ARL16�45–54. We found that, in vitro expressed
ARL16�45–54 lost GTP binding activity. Like ARF1 andARL1,
ARL16�45–54 did not interact with RIG-I (Fig. 5C), and also
did not inhibit RIG-I-mediated IFN-� promoter activation (Fig.

5A). These results indicated that Aa45–54 is a critical region for
ARL16 function.
Functional Model of ARL16 during Infection—Because

ARL16 inhibited RIG-I activity in a GTP-dependent manner,
we further assessed the GTP binding status of endogenous
ARL16 during infection. GTP overlay results showed that with-
out stimulation, endogenous ARL16 hardly bound to GTP,
however, its GTP binding status changed over a 12-h period of
SV infection, while the expression ofARL16was not induced by
SV infection (Fig. 6A). These results are consistent with the
hypothesis that viral infection induces ARL16 binding with
RIG-I (Fig. 4C). Based on the available evidence, we proposed a
functional model of ARL16 (Fig. 6B). Normally, ARL16 is local-
ized to the cytosol in its GTP-disassociated and inactive state.
Upon viral stimulation, it changes into a GTP binding and
active state and interacts with the CTD of RIG-I, sequesters
RIG-I to sense viral RNA, and finally inhibits RIG-I-mediated
downstream signaling events.

DISCUSSION

As with other cytokine systems, production of type I IFN is a
transient process, and can be hazardous to the host if unregu-
lated, resulting in inflammatory and autoimmune diseases.

FIGURE 6. ARL16 working model. A, endogenous ARL16 binds with GTP during infection. 293T cells (1 � 106) were infected with SV or left untreated for 12 h
before lysis. Cell lysates were immunoprecipitated with ARL16 antiserum. The immunoprecipitates were separated by SDS-PAGE, transferred to nitrocellulose
filters and after renaturation allowed to bind [�-32P]GTP as in Fig. 5C. B, in the absence of viral infection, ARL16 is in its GTP-disassociated and inactive state. With
virus stimulation, it changes into the GTP binding active state and sequesters the CTD of RIG-I, finally inhibiting RIG-I-mediated downstream signaling events.
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Various molecules, including LGP2, Atg5-Atg12, A20, DUBA,
CYLD, RNF125, RBCK1, NLRX1, SIKE, DAK, RNF5, ISG56,
OTUB1/OTUB2, TRIAD3A, and Optineurin casein kinase II
etc. have been shown to negatively regulate induction of type I
IFNs by targeting distinct components of the virus-triggered
signaling pathways (18, 23, 25, 29, 46–57). In this study, we
identified an ARF-like family member, ARL16, as a novel neg-
ative regulator of RIG-I. Overexpression of ARL16 inhibited
RIG-I-mediated downstream signaling and antiviral activity.
Knockdown of endogenous ARL16 by RNAi potentiated SV-
induced IFN-� expression and VSV replication. These results
indicated that ARL16 is a physiological suppressor of RIG-I.
The 5�-triphosphate-binding CTD of RIG-I has been shown

to interact with other domains of RIG-I, leading to RIG-I auto-
inhibition in the absence of viral RNAs. Once the RIG-I CTD
senses viral RNAs, conformational changes are induced, lead-
ing to RIG-I oligomerization and recruitment of the adaptor
protein VISA to activate downstream signaling. The crystal
structure of the CTD reveals the possibility of binding to
GTPase family members (14). Our finding first identified a
“CTD-specific” inhibitor which suppressed its function of sens-
ing viral RNAs.We suggest that in the absence of viral infection,
ARL16 exists in a GTP-disassociated and inactive form, and so
cannot interact with RIG-I; upon viral infection, ARL16
changes into a GTP-binding and active conformation, that
associates with the CTD of RIG-I and sequesters its function.
As RIG-I expression is apparently up-regulated upon viral

infection (58, 59), our results offer an important mechanism
that efficiently prevents overactivation of RIG-I. We also
showed thatARL16 expression is not induced by viral infection,
so compared with traditional feedback inhibition, ARL16 rep-
resents a different type of RIG-I regulation.
Another cytosolic RNA sensor and an RLR family member is

MDA5 which is essential for the antiviral response to the
encephalomyocarditis picornavirus (EMCV) (60, 61). Both
RIG-I and MDA5 belong to the DEXD/H box RNA helicase
family, containing similar molecular motifs. The CTDmotif of
RIG-I is also conserved in MDA5, suggesting a related CTD
domain structure in MDA5 (14). We investigated whether
ARL16 has effects on MDA5-mediated antivirus responce. We
found that ARL16 inhibited EMCV-induced activation of
IFN-� promoter, whereas ARF1 and ARL1 had no effects (Fig.
7A). Knockdown of endogenous ARL16 by RNAi potentiated
EMCV-induced activation of IFN-� promoter (Fig. 7B). Mean-
while we found that, overexpression of ARL16 apparently
decreased the number of adherent cell after EMCV infection,
whereas knockdown of ARL16 by RNAi had opposite role.
These results indicated that ARL16 inhibited the cellular anti-
EMCV response (Fig. 7C). We also found ARL16 interacted
with full-length MDA5 and its CTD (data not shown). Our
results indicated that ARL16 is an inhibitor of MDA5. It would
be interesting to determine whether ARL16 suppresses the
interaction between MDA5 and viral RNA.

FIGURE 7. Function of ARL16 in EMCV infection. A, ARL16, but not ARL1 and ARF1 suppresses EMCV-induced activation of IFN-� promoter. Transfection and
luciferase assay were performed as in Fig. 2. At 18 h after transfection, cells were infected with EMCV (MOI � 10) or left untreated for 24 h before reporter assay.
B, ARL16 RNAi plasmid potentiates EMCV-induced activation of IFN-� promoter. Experiments were carried out as in Fig. 3. At 24 h after transfection, cells were
infected with EMCV (MOI � 10) or left untreated for 24 h before reporter assay. C, function of ARL16 in EMCV infection. 293T cells (2 � 105) were transfected with
indicated plasmids (0.5 �g each). At 18 h after transfection, cells were infected with EMCV (MOI � 10) or left uninfected. At 36 h post-infection, the overlaid
medium was removed; cells were fixed in 0.5% glutaraldehyde for 30 min and stained with 1% crystal violet dissolved in 70% ethanol. Experiments were
repeated three times, one representative is shown.
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ARF GTP-binding proteins are among the best-character-
ized members of the Ras superfamily of GTPases, with well-
established functions in membrane-trafficking pathways. ARF-
related protein ARLs, including ARL1 and ARL2, are also
involved in membrane trafficking or organizing the cytoskele-
ton (38, 62–64). ARL4 may function in the nucleus (65); ARL8
promotes axonal transport (28); while ARL13 and ARL3 coor-
dinate intraflagellar transport and ciliogenesis (40). However,
most ARL proteins are so far relatively poorly characterized. In
this study, we are the first to demonstrate that ARL16 is a neg-
ative regulator of the innate immune response. Our study pro-
vides the basis for expanding the functions of the ARF family
into exciting new areas.
Structures of several ARF family indicated switch I’ switch II

segments and the interswitch segment that connects them par-
ticipate in nucleotide binding (39). Fromour study, ARL16 con-
tained a 10-residue loop (Aa 45–54) not found in the homolo-
gous proteins ARL1 and ARF1. This additional region adjacent
to switch I seems to be important to the inhibitory function of
ARL16, and may explain the difference in functions between
ARL16 and other ARFs, like ARL1 and ARF1. This region is
predicted to form an extensive loop that may influence switch I
and switch II movement. Structural study of ARL16, both alone
and in complex with the RIG-I CTD, will give insights into the
process of RIG-I suppression by ARL16.
Like all small GTP-binding proteins of the Ras superfamily,

ARF proteins cycle between inactive GDP-bound and active
GTP-bound forms that bind selectively to effectors (37). We
found that ARL16 (T37N) was restricted to the GTP-disassoci-
ated form, that it did not associate with RIG-I and also had no
inhibitory activity. Furthermore, we determined that, upon SV
infection, endogenous ARL16 changed to GTP-binding status
and associated with RIG-I. These findings suggest that ARL16
functions as an inhibitor of RIG-I in a GTP-dependentmanner.
As theARF family requires a guanine-nucleotide-exchange fac-
tor (GEF) to facilitate the conformational changes, it remains to
be tested which functions as a GEF for ARL16 (perhaps RIG-I),
and how regulatory molecules convert ARL16 between the
GTP-associated and disassociated forms. The answers to these
questions will help to further identify ARL16 functions and the
regulatory mechanism of the innate immune response.
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