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Retinoic acid-inducible gene I (RIG-I) is a key sensor for recognizing nucleic acids derived from RNA viruses and triggers beta
interferon (IFN-�) production. Because of its important role in antiviral innate immunity, the activity of RIG-I must be tightly
controlled. Here, we used yeast two-hybrid screening to identify a SEC14 family member, SEC14L1, as a RIG-I-associated nega-
tive regulator. Transfected SEC14L1 interacted with RIG-I, and endogenous SEC14L1 associated with RIG-I in a viral infection-
inducible manner. Overexpression of SEC14L1 inhibited transcriptional activity of the IFN-� promoter induced by RIG-I but
not TANK-binding kinase 1 (TBK1) and interferon regulatory factor 3 (IRF3). Knockdown of endogenous SEC14L1 in both
HEK293T cells and HT1080 cells potentiated RIG-I and Sendai virus-triggered IFN-� production as well as attenuated the repli-
cation of Newcastle disease virus. SEC14L1 interacted with the N-terminal domain of RIG-I (RIG-I caspase activation and re-
cruitment domain [RIG-I-CARD]) and competed with VISA/MAVS/IPS-1/Cardif for RIG-I-CARD binding. Domain mapping
further indicated that the PRELI-MSF1 and CRAL-TRIO domains but not the GOLD domain of SEC14L1 are required for inter-
action and inhibitory function. These findings suggest that SEC14L1 functions as a novel negative regulator of RIG-I-mediated
antiviral signaling by preventing RIG-I interaction with the downstream effector.

Cellular antiviral innate immunity involves host pattern recog-
nition receptors (PRRs), which recognize invading viruses

and initiate a series of signaling events leading to the production of
type I interferons (IFNs) and proinflammatory cytokines. Four
subfamilies of PRRs have been identified: membrane-bound Toll-
like receptors, C-type lectin receptors, and cytoplasmic proteins
such as NOD-like receptors and retinoic acid-inducible gene I
(RIG-I)-like receptors (RLRs) (1).

Among the PRRs, at least two distinct families can recognize
viral RNA (2). One is the Toll-like receptors; for example, Toll-
like receptor 3 (TLR3), TLR7, and TLR8 recognize double-
stranded RNA (dsRNA) or single-stranded RNA (ssRNA) at the
membrane of endosomes. Another family is RLRs such as RIG-I
(also called DDX58), MDA5 (melanoma differentiation-associ-
ated gene 5), and LGP2 (laboratory of genetics and physiology 2).
They are localized in the cytoplasm and recognize the genomic
RNA of dsRNA viruses and dsRNA generated as the replication
intermediate of ssRNA viruses (3–7). The expression of RLRs is
greatly enhanced in response to type I interferon stimulation or
viral infection.

All three members share a highly conserved domain structure
including a DExD-box RNA helicase/ATPase domain and a C-ter-
minal regulatory domain, also termed the repressor domain (RD)
(8, 9). RIG-I and MDA5, but not LGP2, contain two N-terminal
tandem caspase activation and recruitment domains (CARDs),
which mediate signaling to downstream adaptor proteins. Struc-
tural studies of individual RIG-I domains have provided some
insight into the atomic mechanism of recognition of viral dsRNA
and the activation of RIG-I (10). Current models suggest that in
the absence of viral RNA, the basal activity of RIG-I is controlled
by autoinhibition (11). The binding of viral RNA, which contains
5=-triphosphate and certain duplex structures, to the C-terminal
regulatory and helicase domains of RIG-I induces an ATP-depen-
dent conformational change, which exposes the CARDs (12, 13).

Protein modifications also play important roles in regulating

the activity of RIG-I and signal transduction. The exposed CARDs
recruit the ubiquitin E3 ligase TRIM25 to catalyze the synthesis of
Lys63 (K63) polyubiquitin chains (14, 15). These ubiquitin chains
bind to and activate CARDs and induce the oligomerization of
RIG-I in vitro and in virus-infected cells. It has been reported that
REUL/Riplet, an E3 ubiquitin ligase, is also involved in this pro-
cess (16–18). Oligomerized RIG-I molecules are recruited to mi-
tochondria, where the released CARDs interact with the CARD of
the signaling adaptor VISA/MAVS/IPS-1/Cardif (19–22). This in-
teraction promotes the prion-like aggregation of VISA on the mi-
tochondrial membrane and propagates antiviral signaling (23).
VISA then activates the cytosolic protein kinases I�B kinase (IKK)
and TANK-binding kinase 1 (TBK1). TBK1 phosphorylates the
transcription factor interferon regulatory factor 3 (IRF3), which
causes IRF3 to dimerize and translocate to the nucleus, where
IRF3 and other transcriptional factors function together to induce
the expression of type I interferons and other antiviral molecules.

In the present study, we identified a SEC14 family member,
SEC14L1, as a RIG-I-associated protein through yeast two-hybrid
screening. SEC14L1 is reported to be a phospholipid transfer pro-
tein. It interacts with the vesicular acetylcholine transporter,
which suggests a possible involvement in regulating cholinergic
neurotransmission (24). Our data demonstrated that SEC14L1
also plays an important role in innate immunity. Overexpressed
SEC14L1 interacted with RIG-I and inhibited RIG-I-mediated
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downstream signaling and antiviral activity. Knockdown of en-
dogenous SEC14L1 potentiated Sendai virus (SeV)-triggered beta
interferon (IFN-�) production and viral replication. SEC14L1 in-
teracted only with the RIG-I-CARDs and inhibited the formation
of the RIG-I-CARD–VISA complex. These finding suggest that
SEC14L1 inhibits RIG-I-mediated innate antiviral signaling.

MATERIALS AND METHODS
Reagents and cell lines. Mouse or rabbit antibodies against Flag and hem-
agglutinin (HA) epitopes (Sigma-Aldrich, USA), IRDye800-conjugated
anti-mouse antibody (Rockland Immunochemicals, USA), mouse mono-
clonal antibody to RIG-I (Alexis Biochemicals, Switzerland), rabbit poly-
clonal antibodies against IRF3 (SC-9082), goat polyclonal antibodies
against SEC14L1 (SC-1654444), mouse anti-VISA antibody and SeV
(Hong-Bing Shu, Wuhan University, China), Newcastle disease virus
(NDV)-enhanced green fluorescent protein (eGFP) (Cheng Wang, Insti-
tute of Biochemistry and Cell Biology, Shanghai, China), and the 2fTGH
cell line (Zheng-Fan Jiang, Peking University, China) were obtained from
the indicated sources. HEK293T, HT1080, and HeLa cells were grown in
Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10%
fetal bovine serum.

Yeast two-hybrid screens. The human fetal kidney cDNA library
(Clontech, USA) was screened with full-length RIG-I as bait, according to
protocols recommended by the manufacturer.

Constructs. Mammalian expression plasmids for Flag- or HA-tagged
SEC14L1, RIG-I, REUL, TRIM25, and their deletion mutants were
constructed by standard molecular biology techniques. Mammalian
expression plasmids for Flag-VISA, -TBK1, -IRF3, and -IRF3-5D and
interferon-stimulated release element (ISRE) and IFN-� promoter
luciferase reporter plasmids were kindly provided by Hong-Bing Shu
(Wuhan University, China).

Transfection and luciferase assays. HEK293T cells (�1 � 105) were
seeded onto 24-well dishes and transfected the next day by standard cal-
cium phosphate precipitation. To normalize for transfection efficiency,
100 ng of the pRL-TK (Renilla luciferase) reporter plasmid was added to
each transfection mixture. Luciferase assays were performed with a dual-
specific luciferase assay kit (Promega, USA). Firefly luciferase activity was
normalized to the Renilla luciferase activity. All reporter assays were re-
peated at least three times. Data shown are average values � standard
deviations (SD) from three independent experiments.

Immunofluorescent staining. Cells were fixed in ice-cold methanol
for 10 min at �20°C, rehydrated three times with phosphate-buffered
saline (PBS), and blocked in 5% bovine serum albumin–PBS for 10 min.
The cells were stained with primary antibody in blocking buffer for 1 h at
37°C, rinsed with PBS, and stained again with fluorescein isothiocyanate
(FITC)-labeled rabbit anti-mouse IgG or Texas Red-labeled goat anti-
rabbit IgG (Kirkegaard & Perry Laboratories) for 1 h at 37°C. The cells
were then rinsed with PBS containing 4=,6-diamidino-2-phenylindole
(DAPI) and mounted. The cells were observed under an Olympus BX51
immunofluorescence microscope using a 100� plan objective.

Coimmunoprecipitation and Western blot analysis. For transient-
transfection and immunoprecipitation experiments, HEK293T cells
(�2 � 105) were transfected with the indicated plasmids for 20 h. The
transfected cells were lysed in 0.5 ml of lysis buffer (20 mM Tris [pH 7.5],
150 mM NaCl, 1% Triton X-100, 1 mM EDTA, 10 mg/ml aprotinin, 10
mg/ml leupeptin, and 1 mM phenylmethylsulfonyl fluoride). For each
immunoprecipitation, a 0.4-ml aliquot of lysate was incubated with 0.5 �g
of the indicated antibody and 25 �l of a 1:1 slurry of protein A-Sepharose
(GE Healthcare, USA) for 2 h. The Sepharose beads were washed three
times with 1 ml of lysis buffer. The precipitates were analyzed by Western
blotting with the indicated antibodies and visualized by incubation with
IRDye800-conjugated secondary antibodies (diluted 1:10,000), using an
Odyssey infrared imaging system (Licor Inc., Germany).

Native PAGE. A native PAGE gel (8%) was prerun for 30 min at 40 mA
with native running buffer (25 mM Tris and 192 mM glycine [pH 8.4])

and with 0.5% deoxycholate in the cathode chamber. Samples were pre-
pared in native sample buffer (62.5 mM Tris-HCl [pH 6.8], 40% glycerol,
and 0.01% bromophenol blue).

Semiquantitative RT-PCR. Total RNA was isolated from cells by us-
ing TRIzol reagent (Transgen Biotech Co., Beijing, China) and subjected
to semiquantitative reverse transcription-PCR (RT-PCR) analysis to mea-
sure the expression levels of IFN-�, SEC14L1, �-actin, and RIG-I. The
gene-specific primer sequences were 5=-CCAACAAGTGTCTCCTCCA
A-3= for the IFN-� sense primer and 5=-ATAGTCTCATTCCAGCCAG
T-3= for the IFN-� antisense primer, 5=-CTGCTACACCGTTCACCCTG
A-3= for the SEC14L1 sense primer and 5=-GGGGCACAAAGGTTATGC
CTT-3= for the SEC14L1 antisense primer, 5=-ACGTGGACATCCGCAA
AGAC-3= for the �-actin sense primer and 5=-CAAGAAAGGGTGTAAC
GCAACTA-3= for the �-actin antisense primer, and 5=-GGGCTGACTG
CCTCGGTTGG-3= for the RIG-I sense primer and 5=-TGTGCCGGGAG
GGTCATTCCT-3= for the RIG-I antisense primer.

RNAi experiments. Double-stranded oligonucleotides corresponding
to the target sequences were cloned into the pSuper.retro RNA interfer-
ence (RNAi) plasmid (Oligoengine, USA). In this study, the target se-
quences for human SEC14L1 cDNA were 1# (5=-AAAGCCAGAGAGAT
CATGTGT-3=), 2# (5=-AAAGCAGCATCAGGTAGACTA-3=), 3# (5=-AA
AGAGATTATTCCAGA-3=), and 4# (5=-AACAATGTGCAGCTCATAG
AC-3=).

Plasmids encoding lentiviruses expressing short hairpin RNAs
(shRNAs) were obtained from the library of the RNAi Consortium
(Sigma-Aldrich). Plasmids were purified and then transfected into
HEK293T cells with a three-plasmid system to produce lentivirus. The
following shRNAs were produced: SEC14L1sh1# (target sequence CC
GGGCAGGAGTTGATTATGTTTATCTCGAGATAAACATAATCAAC
TCCTGCTTTTTG), SEC14L1sh2# (target sequence CCGGGTTCCTCA
TTTATGCAGGAAACTCGAGTTTCCTGCATAAATGAGGAACTTTT
TG), and the control hairpin GFPsh (a scrambled sequence against GFP).
HT1080 cells were plated onto a 6-well plate at �5 � 105 cells per well
with 2 ml complete medium. One milliliter of the indicated lentivirus was
added. The plates were incubated for 48 h, and the cells were selected with
1 mg/ml puromycin. Cells were collected for analysis 72 h after selection.

Virus infection and flow cytometry analyses. The percentage of cells
infected with NDV-eGFP was determined based on GFP expression.
HEK293T cells were transfected with plasmids 24 h before NDV-eGFP
infection. Cells were then analyzed on a flow cytometer (BD FACSCalibur).
Cell population analysis was done by using Cell Quest.

Type I IFN bioassays. Type I IFN activity was measured with a 2fTGH
cell line stably transfected with an interferon-sensitive (ISRE) luciferase
construct. The supernatants collected from HT1080 cells with stimuli
were added to the 2fTGH cell line. After 4 h, 2fTGH cells were lysed, and
firefly luciferase activity was measured. HT1080 cells were stained with
3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT)
to assess viability after the stated time interval.

RESULTS
SEC14L1 interacts with RIG-I. It is well known that RIG-I is an
important cytosolic sensor for the antiviral innate immune re-
sponse. To identify proteins that interact with RIG-I and regulate
its signaling, we performed a yeast two-hybrid screen of the hu-
man fetal kidney cDNA library using full-length RIG-I as bait. We
screened 3 � 106 independent clones, and 1 of 19 positive clones
encoded the C-terminal region of SEC14L1 (amino acids [aa] 287
to 715). SEC14L1 is a poorly characterized member of the SEC14
family in mammals with the potential to control the local phos-
pholipid content in membranes (25–27). Because SEC14L1 inter-
acted with RIG-I in the yeast two-hybrid system, we determined
whether this interaction also occurs in mammalian cells. We
transfected HEK293T cells with expression plasmids for hemag-
glutinin (HA)-tagged SEC14L1 and Flag-tagged RIG-I and per-
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formed coimmunoprecipitation experiments. The results showed
that SEC14L1 associated with RIG-I in mammalian cells (Fig. 1A),
and this interaction was relatively specific because in the same
experiment, SEC14L1 had a weak interaction with the adaptor
protein VISA but not with TBK1 and IRF3, which are downstream
signaling proteins of RIG-I (Fig. 1A).

SEC14L1 has been reported to be localized predominantly in
the cytosol, with little or none in defined organelles (24). We
found that SEC14L1 colocalized with RIG-I in cotransfected
HEK293T and HeLa cells. Double-immunofluorescent staining
showed that overexpressed SEC14L1 had a similar distribution
pattern and overlapped RIG-I (Fig. 1B). These observations sub-
stantiated the outcome of the yeast two-hybrid assay and con-
firmed a direct interaction between RIG-I and SEC14L1.

We further confirmed the physiological association of
SEC14L1 with RIG-I and the effects of viral infection on the inter-
action by performing coimmunoprecipitation with anti-SEC14L1
antibody in HEK293T cells with or without SeV infection. The
results showed that endogenous RIG-I interacted extremely
weakly with endogenous SEC14L1 in the absence of SeV infection.
However, a distinct interaction appeared 4 h after SeV infection,
and the interaction was markedly enhanced with time due to the

inducible expression of RIG-I (Fig. 1C). We also performed a time
course experiment to detect whether SEC14L1 expression is in-
duced by virus infection. RT-PCR results showed that the mRNA
level of SEC14L1 had not changed after SeV infection in HEK293T
cells (Fig. 1D). These results suggested that SEC14L1 associates
with RIG-I in a viral infection-inducible manner.

SEC14L1 inhibits RIG-I-mediated signaling. Because SEC14L1
associated with RIG-I, we then determined whether SEC14L1 is
involved in the regulation of RIG-I signaling. In reporter assays,
overexpression of SEC14L1 alone had no apparent effects on the
activation of the interferon-stimulated release element (ISRE) and
IFN-� promoters. However, in cotransfection experiments in
HEK293T cells, the induction of IFN-� and ISRE promoter activ-
ity by RIG-I and the N-terminal CARD of RIG-I (RIG-I-CARD),
which potently activate downstream signaling, was dose-depend-
ently inhibited by SEC14L1 (Fig. 2A and B). We further tested
whether SEC14L1 targets downstream components in the RIG-I
signaling pathway. We found that SEC14L1 partly inhibited the
VISA-induced IFN-� and ISRE promoters but not TBK1 and con-
stitutively activated IRF3 (S396D, S398D, S402D, T404D, and
S405D, referred to as IRF3-5D) (28) (Fig. 2C). In RT-PCR exper-
iments, cotransfection of SEC14L1 apparently reduced the mRNA

FIG 1 SEC14L1 associates with RIG-I. (A) SEC14L1 interacted with RIG-I but not TBK1 and IRF3. HEK293T cells (1 � 106) were transfected with HA-SEC14L1
(HA-S14) alone or together with Flag–RIG-I (F-RIG-I), Flag-VISA, Flag-TBK1, or Flag-IRF3 plasmids (6 �g each). Cell lysates were immunoprecipitated (IP)
with anti-HA (�HA). The immunoprecipitates were analyzed by Western blotting (immunoblotting [IB]) with anti-Flag (�F). Whole-cell lysates (WCL)
were analyzed by Western blotting with anti-HA, anti-Flag, and anti-glyceraldehyde-3-phosphate dehydrogenase (GAPDH). (B) HEK293T or HeLa cells were
transfected with HA-SEC14L1 and Flag–RIG-I. Immunofluorescent staining was performed with anti-HA (red) and anti-Flag (green). (Top) HEK293T cells were
transfected with HA-SEC14L1 (stained red) and Flag–RIG-I (stained green). (Bottom) HeLa cells were transfected and stained as in the top panels. The
experiments were repeated twice, and similar results were obtained. (C) Endogenous interaction of SEC14L1 and RIG-I. HEK293T cells were treated with SeV
for 4 h and 12 h or left untreated (�). Cell lysates were immunoprecipitated with goat anti-SEC14L1 antiserum or control IgG. The immunoprecipitates were
analyzed by Western blotting with mouse anti-RIG-I antibody. The expression levels of the endogenous proteins were analyzed by Western blotting with
anti-RIG-I and anti-SEC14L1 antibodies. (D) mRNA level of SEC14L1 after SeV infection. HEK293T cells (2 � 105) infected with SeV were treated for the
indicated times. Total RNA was isolated, and RT-PCR was performed by using the indicated primers.
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level of IFN-� induced by RIG-I-CARD but not VISA and TBK1
(Fig. 2D). Biochemically, SEC14L1 selectively inhibited the
dimerization of IRF3 induced by RIG-I-CARD but not VISA and
TBK1 (Fig. 2E), which is a hallmark of IRF3 activation (29). Taken
together, these results suggested that SEC14L1 specifically inhibits
RIG-I but not IFN-� promoter activation mediated by down-
stream effectors.

Knockdown of SEC14L1 potentiates RIG-I signaling. To val-
idate the repressive effect of endogenous SEC14L1 on RIG-I, we
used two systems to knock down endogenous SEC14L1 in differ-
ent cell types. First, we constructed four SEC14L1-RNAi pSuper
plasmids targeting different sites in human SEC14L1 mRNA.
Transient transfection in HEK293T cells and Western blot analy-
sis showed that one of these RNAi plasmids (4#) markedly inhib-
ited the expression of transfected SEC14L1 (Fig. 3A). SEC14L1
suppression correlated with the activation of the IFN-� and ISRE
promoters potentiated by RIG-I and RIG-I-CARD but not that
induced by VISA, TBK1, and IRF3-5D, compared with the control
RNAi plasmids 1#, 2#, and 3# (Fig. 3B). Consistent with this, RT-

PCR showed that transfection with RNAi plasmid 4# enhanced
the expression of endogenous IFN-� induced by RIG-I and RIG-
I-CARD (Fig. 3C). These results further confirmed the conclusion
that SEC14L1 specifically inhibits RIG-I.

SEC14L1 plays a role in regulating the cellular antiviral re-
sponse mediated by RIG-I. It is known that SeV and Newcastle
disease virus (NDV) infections trigger IFN-� production in a
RIG-I-dependent manner. Therefore, we further determined
whether SEC14L1 played roles in the virus-triggered IFN signaling
mediated by RIG-I. In reporter gene assays, overexpression of
SEC14L1 dose-dependently inhibited the activation of the IFN-�
and ISRE promoters induced by SeV infection (Fig. 4A). Consis-
tently, RT-PCR showed that transfection with SEC14L1 inhibited
the SeV-induced expression of endogenous IFN-� (Fig. 4B) and
the dimerization of IRF3 (Fig. 4C).

We also used lentivirus-delivered short hairpin RNAs (shRNAs)
to knock down endogenous SEC14L1 expression in HT1080 cells.
We obtained stable HT1080 cell lines with GFPsh, SEC14L1sh1#,
and SEC14L1sh2# by selection with puromycin. As shown by the

FIG 2 SEC14L1 inhibits RIG-I-mediated signaling. (A and B) SEC14L1 inhibits RIG-I (A)- and RIG-I-CARD (B)-mediated activation of ISRE and IFN-�
promoters in a dose-dependent manner. Gene induction in HEK293T cells transfected with luciferase reporter constructs driven by promoters of genes encoding
the IFN-� or interferon-stimulated response element (ISRE) plus 100 ng of various plasmids (horizontal axes) and 0, 100, 200, or 400 ng (wedges) of SEC14L1,
assessed as luciferase activity after 24 h, is shown; results are presented relative to the luciferase activity in control cells (transfected with the luciferase reporter and
empty vector). (C) SEC14L1 has effects on the activation of the IFN-� and ISRE promoters mediated by RIG-I-CARD and VISA but not by TBK1 and IRF3-5D.
HEK293T cells (1 � 105) were transfected with the indicated reporter plasmid (100 ng) and expression plasmids (400 ng of each). Reporter assays were performed
20 h after transfection. (D) SEC14L1 inhibits RIG-I- but not VISA- and TBK1-mediated IFN-� expression. HEK293T cells (2 � 105) were transfected with the
indicated plasmids. Twenty-four hours after transfection, total RNA was isolated, and RT-PCR was performed by using the indicated primers. (E) SEC14L1
inhibits RIG-I-CARD- but not VISA- and TBK1-mediated IRF3 dimerization. HEK293T cells (2 � 105) were transfected with the indicated plasmids. Twenty-
four hours after transfection, cell lysates were separated by native PAGE (top) or SDS-PAGE (bottom) and analyzed by immunoblotting with the indicated
antibodies. For panels A to C, data show means � SD of triplicate values and are from three independent experiments. ���, P 	 0.001; ns, not significant.
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mRNA levels, one shRNA (SEC14Lsh1#) inhibited SEC14L1 ex-
pression compared to the shRNA control (GFPsh) (Fig. 4D).
SEC14L1 knockdown resulted in a boosted expression of endog-
enous IFN-� in RT-PCR experiments at 12 h after SeV infection
(Fig. 4E). Consistently, enhanced dimerization of IRF3 occurred
at 6 h after SeV stimulation and was most evident at 12 h after
stimulation in SEC14L1 knockdown cells (Fig. 4F). In type I IFN
bioassays, we found that SEC14L1 depletion prompted an increase in
IFN-� production in HT1080 cells at 6 h after SeV infection and a
significant increase after 6 h of SeV stimulation. Also, SeV-triggered
IFN-� production in knockdown SEC14L1 cells occurred much ear-
lier and lasted longer than in shRNA controls (Fig. 4G).

Next, we determined whether endogenous SEC14L1 plays
an inhibitory role in the cellular antiviral response. Upon in-
fection by NDV-enhanced green fluorescent protein (NDV-
eGFP), overexpressed SEC14L1 enhanced NDV-eGFP replica-
tion in HEK293T cells. We further found that overexpression of
SEC14L1 obviously reduced the inhibitory effect on viral replica-
tion mediated by RIG-I-CARD (Fig. 4H). Consistently, SEC14L1
RNAi rendered cells remarkably resistant to viral replication and re-

duced the numbers of NDV-eGFP-positive cells. Depletion of
SEC14L1 also dramatically reduced viral infection mediated by RIG-I
(Fig. 4H). By flow cytometry analysis, overexpressed SEC14L1 en-
hanced the percentage of NDV-eGFP-positive cells mediated by RIG-
I-CARD. SEC14L1 RNAi made cells resistant to viral infection, and
NDV-eGFP infectivity was reduced from 21% to 12%, about a 1.75-
times reduction mediated by RIG-I-CARD (Fig. 4I). Collectively,
these data suggested that SEC14L1 is a physiological suppressor of the
RIG-I-mediated cellular antiviral response.

SEC14L1 competes with VISA for RIG-I-CARD binding. In
order to determine which domain of RIG-I is responsible for the
interaction, we cotransfected full-length RIG-I (RIG-I-FL) (resi-
dues 1 to 925), RIG-I-CARD (residues 1 to 218), RIG-I-helicase
(residues 219 to 791), RIG-I-RD (residues 792 to 925), and RIG-
I-
CARD (residues 220 to 925) with SEC14L1 and performed
coimmunoprecipitation assays. We found that SEC14L1 inter-
acted only with the RIG-I-CARD independently as well as RIG-I-
FL, whereas it did not interact with CARD deletion mutations
(Fig. 5A). It was shown that RIG-I-CARD interacts with VISA
through a CARD-CARD interaction. The finding that SEC14L1

FIG 3 Knockdown of SEC14L1 potentiates RIG-I signaling. (A) Effects of SEC14L1 pSuper RNAi plasmids on the expression of transfected SEC14L1. HEK293T
cells (2 � 105) were transfected with expression plasmids for HA-SEC14L1, as well as Flag-VISA as a control (0.5 �g each), and the indicated RNAi plasmids (1
g). At 48 h after transfection, cell lysates were analyzed by Western blotting with anti-Flag, anti-HA, and anti-GAPDH antibodies. (B) SEC14L1 RNAi plasmid
potentiates the activation of the IFN-� and ISRE promoters induced by RIG-I and RIG-I-CARD but not by VISA, TBK1, and IRF3-5D. HEK293T cells (2 � 105)
were transfected with the indicated reporter plasmid (100 ng), the pRL-TK Renilla luciferase plasmid (100 ng), and the indicated SEC14L1 RNAi plasmid (500
ng). At 48 h after transfection, luciferase assays were performed. (C) SEC14L1 RNAi enhances RIG-I- and RIG-I-CARD-mediated gene expression. HEK293T
cells (2 � 105) were transfected with the indicated plasmids. Forty-eight hours after transfection, total RNA was isolated, and RT-PCR was performed by using
the indicated primers.
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FIG 4 SEC14L1 plays a role in regulation of the RIG-I-mediated cellular antiviral response. (A) SEC14L1 suppresses SeV-induced activation of the ISRE and
IFN-� promoters in a dose-dependent manner. Gene induction was performed with HEK293T cells transfected for 12 h with the indicated reporter plasmid, and
they were then infected for 18 h with SeV or left uninfected, followed by analysis as described in the legend of Fig. 2A. (B) SEC14L1 inhibits virus-induced IFN-�
expression. HEK293T cells (2 � 105) were transfected with the indicated plasmids for 24 h and then infected for 12 h with SeV. Total RNA was isolated, and
RT-PCR was performed by using the indicated primers. (C) SEC14L1 inhibits SeV-triggered IRF3 dimerization. HEK293T cells (2 � 105) were transfected with
the indicated plasmids for 18 h and then infected with SeV for 12 h. Cell lysates were separated by native PAGE (top) or SDS-PAGE (bottom) and analyzed by
immunoblotting with the indicated antibodies. (D) Effect of shSEC14L1 plasmids on endogenous SEC14L1. RT-PCR was performed after infection with three
lentiviruses encoding an shRNA control (GFPsh) and two shRNAs targeting SEC14L1 (S14sh#1 and S14sh#2) with the indicated primers in HT1080 human
fibrosarcoma cells. (E) Knockdown of SEC14L1 enhances SeV-induced IFN-� expression. HT1080 cells were infected with SeV for 12 h, total RNA was isolated,
and RT-PCR was performed by using the indicated primers. (F) Knockdown of SEC14L1 enhances SeV-triggered IRF3 dimerization. HT1080 cells were infected
with SeV for the indicated times. Cell lysates were separated by native PAGE (top) or SDS-PAGE (bottom) and analyzed by immunoblotting with the indicated
antibodies. (G) SEC14L1 knockdown in HT1080 cells potentiates SeV-induced IFN-� production. HT1080 cells infected with SeV were treated for the indicated
times (horizontal axes). A bioassay of type I interferon in supernatants of HT1080 cells was performed, and results are presented relative to the results of the
bioassay with untreated control cells. Data show means � SD (n � 4) ���, P 	 0.001. (H) SEC14L1 enhances NDV-eGFP replication (top), and SEC14L1 RNAi
suppresses NDV-eGFP replication (bottom). HEK293T cells (1 � 105) were transfected with the indicated plasmids. At 24 h after transfection, cells were infected
with NDV-eGFP at a multiplicity of infection of 0.001. At 40 h after infection, viral replication was determined by GFP expression visualized by fluorescence
microscopy. (I) HEK293T cells were transfected with the indicated plasmids 24 h prior to infection with NDV-eGFP. The percentage of infected cells was
determined by flow cytometry analysis of GFP expression. Numbers in parentheses show the detailed percentages of infected cells after transfection with different
plasmids.
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bound RIG-I-CARD and suppressed the SeV-triggered activation
of IFN-� suggested that SEC14L1 may block RIG-I-CARD signal-
ing to the downstream adaptor. A coimmunoprecipitation analy-
sis was performed to investigate whether SEC14L1 abrogates the
interaction between RIG-I-CARD and VISA. HEK293T cells were
cotransfected with Flag-VISA and HA–RIG-I-CARD along with
Flag-SEC14L1 or an empty vector. SEC14L1 remarkably reduced
the interaction between RIG-I-CARD and VISA (Fig. 5B). In-
creased expression levels of SEC14L1 inhibited the formation of
the RIG-I-CARD–VISA complex in a dose-dependent manner. As a
control, SEC14L1 had no effect on the interaction between RIG-I-
CARD and TRIM25 or REUL (Fig. 5D), which are E3 ligases and
known to bind with RIG-I-CARD. Consistently, the endogenous

binding between RIG-I and VISA was also dose-dependently reduced
by overexpression of SEC14L1 in SeV-infected cells (Fig. 5E).

PRELI-MSF1 and CRAL-TRIO domains of SEC14L1 are re-
quired for negative regulation. SEC14L1 contains three domains:
the N-terminal-region PRELI-MSF1 domain, the CRAL-TRIO
(cellular retinaldehyde and TRIO) domain, and the GOLD do-
main that is found in SEC14-like proteins (24) (Fig. 6A). To de-
termine which domains are responsible for inhibitory regulation,
we made SEC14L1 deletion mutants. Coimmunoprecipitation
analysis showed that mutants carrying the first two domains
(residues 1 to 300, 301 to 510, and 1 to 510) interacted with
RIG-I-CARD, while the mutant carrying the GOLD domain
(residues 511 to 719) did not (Fig. 6B). In reporter assays, the

FIG 5 SEC14L1 competes with VISA for RIG-I-CARD binding. (A) SEC14L1 interacts with RIG-I-CARD. HEK293T cells (1 � 106) were transfected with expression
plasmids for HA-SEC14L1 alone or together with Flag–RIG-I or its mutants (6 �g each). Cell lysates were immunoprecipitated with anti-HA. The immunoprecipitates
were analyzed by Western blotting with anti-HA or anti-Flag antibody. Whole-cell lysates were analyzed by Western blotting with anti-Flag and anti-HA to determine
the expression levels of transfected plasmids and with anti-GAPDH as a loading control. (B) SEC14L1 competes with VISA for RIG-I binding. HEK293T cells (1 � 106)
were transfected with expression plasmids for HA–RIG-I-CARD alone or together with Flag-VISA or with Flag-VISA and Flag-SEC14L1 (6 �g each). Coimmunopre-
cipitation was performed as described above for panel A. Whole-cell lysates were analyzed by Western blotting with anti-Flag and anti-HA to determine the expression
levels of transfected plasmids and with anti-GAPDH as a loading control. (C) SEC14L1 competes with VISA for RIG-I binding in a dose-dependent manner. HEK293T
cells (1 � 106) were transfected with expression plasmids for HA–RIG-I-CARD alone or together with Flag-VISA (6 �g each) and increasing amounts of SEC14L1.
Coimmunoprecipitation was performed as described above for panel A. Whole-cell lysates were analyzed by Western blotting with anti-Flag and anti-HA to determine
the expression levels of transfected plasmids and with anti-GAPDH as a loading control. (D) SEC14L1 does not compete with TRIM25 and REUL for RIG-I binding.
HEK293T cells (1 � 106) were transfected with expression plasmids, as indicated (6 �g each). Coimmunoprecipitation was performed as described above for panel A.
Whole-cell lysates were analyzed by Western blotting with anti-Flag and anti-HA to determine the expression levels of transfected plasmids and with anti-GAPDH as a
loading control. (E) Overexpression of SEC14L1 abrogates the endogenous interaction between RIG-I and VISA. HEK293T cells (1 � 106) were transfected with
expression plasmids for increasing amounts of Flag-SEC14L1 for 18 h and then exposed to SeV for 18 h. Cell lysates were immunoprecipitated with IgG (left) and
anti-VISA (right). The immunoprecipitates were analyzed by Western blotting with anti-VISA or anti-RIG-I antibody. Whole-cell lysates were analyzed by Western
blotting with anti-Flag, anti-VISA, anti-RIG-I, and anti-GAPDH as a loading control.
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mutant carrying the first two domains, PRELI-MSF1 or CRAL-
TRIO (residues 1 to 300, 301 to 510, 1 to 510, and 301 to 719),
apparently suppressed the RIG-I-CARD-induced IFN-� and
ISRE promoters, while the GOLD domain slightly inhibited
them (Fig. 6C). In competitive coimmunoprecipitation assays,
the SEC14L1 mutant carrying PRELI-MSF1 and CRAL-TRIO
inhibited the formation of the RIG-I-CARD–VISA complex,
while the GOLD domain did not (Fig. 6D). These data indicate

that the PRELI-MSF1 and CRAL-TRIO domains but not the
GOLD domain of SEC14L1 are required for the interaction and
inhibitory function of SEC14L1.

DISCUSSION

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

FIG 6 PRELI-MSF1 and CRAL-TRIO domains of SEC14L1 are required for negative regulation. (A) Schematic structures of SEC14L1 and the mutants used in this
work. (B) The PRELI-MSF1 and CRAL-TRIO domains of SEC14L1 interact with RIG-I-CARD. HEK293T cells (1 � 106) were transfected with expression plasmids for
Flag–RIG-I-CARD alone or together with HA-SEC14L1 and its mutants (6 �g each). Coimmunoprecipitation was performed as described in the legend of Fig. 5A. (C)
The PRELI-MSF1 and CRAL-TRIO domains are essential for RIG-I-CARD-induced IFN-� and ISRE promoter activation. HEK293T cells (1 � 105) were transfected
with a promoter reporter plasmid (100 ng), the pRL-TK Renilla luciferase plasmid (50 ng), and the indicated expression plasmid of SEC14L1 and its mutants (200 ng)
along with the empty vector or RIG-I-CARD (100 ng). Reporter assays were performed 24 h after transfection. (D) The PRELI-MSF1 and CRAL-TRIO domains of
SEC14L1 but not the GOLD domain compete with VISA for RIG-I binding. HEK293T cells (1 � 106) were transfected with expression plasmids for HA–RIG-I-CARD,
Flag-VISA, Flag-SEC14L1, and its mutants (6 �g each), as indicated. Coimmunoprecipitation was performed as described in the legend of Fig. 5A.
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cules have been shown to regulate the induction of type I IFNs by
targeting RIG-I. TRIM25 and REUL/Riplet bind to RIG-I and medi-
ate lysine 63 (K63) ubiquitin ligation, which is critical to the ability of
RIG-I to interact with VISA and mediate downstream signaling (15–
17), while the E3 ligase ring finger 125 conjugates K48 ubiquitin with
RIG-I to promote the proteasomal degradation of RIG-I (30). The
deubiquitinase enzyme cylindromatosis and USP17 were shown to
mediate the removal of ubiquitin and regulate IFN induction (31,
32). The autophagy conjugate Atg5-Atg12, ISG15, and SUMOylation
were reported to inhibit or improve RIG-I signaling (33–35). RIG-I
serine 8 phosphorylation induced by protein kinase C �/� (PKC-
�/�) and the C-terminal repressor domain (RD) phosphorylated by
casein kinase II are also a critical regulatory mechanism (36–38). Re-
cent research has shown that PP1� and PP1� are the primary phos-
phatases responsible for RIG-I dephosphorylation and lead to its ac-
tivation (39).

To identify proteins that can interact with RIG-I and regulate its
signaling, we performed a yeast two-hybrid screen using RIG-I as a
bait. These efforts led to the identification of REUL (also known as
Riplet/RNF135) as an E3 ligase and stimulator of RIG-I (16) and
ARF-like protein 16, which inhibits RIG-I by binding with its C-ter-
minal domain in a GTP-dependent manner (40). Here, we report an
interaction also uncovered in this screen with SEC14L1, a member of
the SEC14-like protein family that may function as a phospholipid
transfer protein. Several lines of evidence suggested that SEC14L1
plays a negative role in the RIG-I-mediated pathway. First, endoge-
nous SEC14L1 bound to RIG-I in a viral stimulus-dependent man-
ner, which weakened the RIG-I-mediated antiviral effects. Second,
exogenous SEC14L1 reduced the inhibitory effect on viral replication
mediated by RIG-I. Third, reduced expression of endogenous
SEC14L1 by small interfering RNA (siRNA) and shRNA greatly en-
hanced the antiviral response. Furthermore, we found that the atten-
uation of the antiviral effect caused by SEC14L1 was mediated by its
interaction with the RIG-I-CARD, which impeded the association
between RIG-I and VISA. Notably, the first two domains of SEC14L1
were necessary for its binding to RIG-I and the inhibitory effect.
Based on the available evidences, we proposed a functional model of
SEC14L1: normally, SEC14L1 does not interact with RIG-I as the
autoinhibition structure of RIG-I. Upon viral stimulation, the bind-
ing of viral RNA to the C-terminal regulatory domains of RIG-I in-
duces a conformational change, which exposes the CARDs, and
SEC14L1 interacts with CARDs and inhibits downstream signaling
events.

We confirmed that SEC14L1 specifically interacted with RIG-I,
although it also had a weak interaction with VISA (Fig. 1A), which
was probably caused by the interaction between overexpressed
VISA and endogenous RIG-I. Although in reporter assays, the
overexpression of SEC14L1 partly inhibited the VISA-induced
IFN-� and ISRE promoters (Fig. 2C), cotransfection of SEC14L1
did not inhibit the VISA-induced mRNA level of IFN-� (Fig. 2D)
and the VISA-induced dimerization of IRF3 (Fig. 2E). Most im-
portantly, the endogenous attenuation of SEC14L1 specifically en-
hanced the activation of the IFN-� and ISRE promoters induced
by RIG-I but not VISA, which provided evidences that RIG-I is the
major regulatory target of SEC14L1. Even so, we could not exclude
the possibility that SEC14L1 also acts on VISA.

The RIG-I-CARD is very important for ubiquitin conjugation,
oligomerization, and interaction with VISA to activate downstream
IFN-� production. From extensive studies of RIG-I, we now know
that ubiquitination of RIG-I is required for activation of the RIG-I-

mediated pathway (14). The results shown in Fig. 5D exclude the
possibility that SEC14L1 impeded the interaction between RIG-I-
CARD and TRIM25 or REUL, the two E3s of RIG-I. Also, SEC14L1
had no effect on the ubiquitination of RIG-I (data not shown). We
supposed that SEC14L1 combined with ubiquitinated RIG-I upon
SeV stimulation and inhibited the interaction between RIG-I and
VISA. Recently, it was shown that disruption of RIG-I oligomeriza-
tion impairs the ability to activate IRF3 and induce IFN-� (41). We
did not determine whether SEC14L1 abolishes the tetramerization of
RIG-I. There is a possibility that SEC14L1 and RIG-I-CARD interact
with each other and that this abolishes the oligomerization of RIG-I,
leading to the inhibitory effect on RIG-I signaling.

SEC14L1 is a poorly characterized member of the SEC14 fam-
ily in mammals with the potential to control the local phospho-
lipid content in membranes. It has been reported that the interac-
tion of the vesicular acetylcholine transporter and SEC14L1 may
affect transporter trafficking (24). Our data suggested a novel in-
nate immune function for SEC14L1. We revealed the inhibitory
function of SEC14L1 and the importance of the first two domains,
PRELI-MSF1 and CRAL-TRIO, which are less studied than the
GOLD domain. The GOLD domain is involved in Golgi function
and secretion and interacts with diverse membrane- and lipid-
binding proteins. These proteins are predicted to be double-
headed adaptors that may help in the assembly of protein com-
plexes on membranes or in the packaging of specific cargo
molecules in membranous vesicles (42). In our study, the GOLD
domain was not required for the inhibitory effect, did not even inter-
act with RIG-I, and had little effect on reducing the activation of the
IFN-� and ISRE promoters induced by RIG-I-CARD (Fig. 6C and
D). On the contrary, the PRELI-MSF1 and CRAL-TRIO domains
played important roles in associating with RIG-I and inhibitory func-
tions. Recently, it was shown that TAP (�-tocopherol-associated pro-
tein) containing the CRAL-TRIO domain protein plays a conserved
role in negatively regulating Ras signaling in cancer cell lines (43). We
hypothesize that proteins containing the PRELI-MSF1 and CRAL-
TRIO domains may also contribute to the regulation of the RIG-I-
like receptor signaling pathway. We noticed that the SEC14L1 dele-
tion mutants HA-S14(511-719) and HA-S14(301-510) differ in size
by only 1 amino acid, but they exhibit different apparent molecular
weights (Fig. 6C and D). We supposed that HA-S14(511-719) was
modified, and we plan to analyze it by using mass spectrography.

SEC14L1 is expressed in many types of human cells. We used
two cell lines, HEK293T and HT1080, which have high expression
levels of SEC14L1, to show an enhanced antiviral response after
knockdown of SEC14L1. Both systems led to the same conclusion,
further confirming the inhibitory role of SEC14L1 under physio-
logical conditions. We also need to use knockout techniques to
further study the physiological significance of SEC14L1 in mice.
Although the detailed mechanisms of how RIG-I is inhibited by
SEC14L1 need careful structural studies, the identification of a
specific inhibitor of RIG-I extends its regulator family and reveals
a new function of SEC14L1 in innate immunity.
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