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ABSTRACT

Retinoic acid-inducible gene I (RIG-I) and melanoma differentiation-associated gene 5 (MDA5) are essential intracellular detec-
tors of viral RNA. They contribute to the type I interferon (IFN) response that is crucial for host defense against viral infections.
Given the potent antiviral and proinflammatory activities elicited by the type I IFNs, induction of the type I IFN response is
tightly regulated. Members of the tripartite motif (TRIM) family of proteins have recently emerged as key regulators of antiviral
immunity. We show that TRIM13, an E3 ubiquitin ligase, is expressed in immune cells and is upregulated in bone marrow-de-
rived macrophages upon stimulation with inducers of type I IFN. TRIM13 interacts with MDA5 and negatively regulates MDA5-
mediated type I IFN production in vitro, acting upstream of IFN regulatory factor 3. We generated Trim13�/� mice and show
that upon lethal challenge with encephalomyocarditis virus (EMCV), which is sensed by MDA5, Trim13�/� mice produce in-
creased amounts of type I IFNs and survive longer than wild-type mice. Trim13�/� murine embryonic fibroblasts (MEFs) chal-
lenged with EMCV or poly(I·C) also show a significant increase in beta IFN (IFN-�) levels, but, in contrast, IFN-� responses to
the RIG-I-detected Sendai virus were diminished, suggesting that TRIM13 may play a role in positively regulating RIG-I func-
tion. Together, these results demonstrate that TRIM13 regulates the type I IFN response through inhibition of MDA5 activity
and that it functions nonredundantly to modulate MDA5 during EMCV infection.

IMPORTANCE

The type I interferon (IFN) response is crucial for host defense against viral infections, and proper regulation of this pathway
contributes to maintaining immune homeostasis. Retinoic acid-inducible gene I (RIG-I) and melanoma differentiation-associ-
ated gene 5 (MDA5) are intracellular detectors of viral RNA that induce the type I IFN response. In this study, we show that ex-
pression of the gene tripartite motif 13 (Trim13) is upregulated in response to inducers of type I IFN and that TRIM13 interacts
with both MDA5 and RIG-I in vitro. Through the use of multiple in vitro and in vivo model systems, we show that TRIM13 is a
negative regulator of MDA5-mediated type I IFN production and may also impact RIG-I-mediated type I IFN production by en-
hancing RIG-I activity. This places TRIM13 at a key junction within the viral response pathway and identifies it as one of the few
known modulators of MDA5 activity.

Acrucial component of the host defense against viral infections
is the activation of the type I interferon (IFN) response, which

is initiated by detection of viral RNA or DNA by host pattern
recognition receptors (PRRs). The cytosolic proteins retinoic ac-
id-inducible gene I (RIG-I; encoded by Ddx58) and melanoma
differentiation-associated gene 5 (MDA5; encoded by Ifih1) are
essential intracellular sensors of viral RNA that discriminate be-
tween different classes of RNA viruses. For example, RIG-I is re-
sponsible for detection of Newcastle disease virus, vesicular sto-
matitis virus (VSV), influenza A virus (IAV), and Sendai virus
(SeV), while MDA5 is important for recognition of picornavi-
ruses, including encephalomyocarditis virus (EMCV) (1). The
importance of the type I IFN pathway is underscored by the nu-
merous viral immune evasion strategies that target and interfere
with components of the pathway. Tight control of type I IFN pro-
duction is crucial to the host, as is evident from studies which link
dysregulation of the IFN response to autoimmune diseases, such
as systemic lupus erythematosus (2). Excessive levels of type I IFN
can also lead to defects, such as the loss of CD4 T cells in chronic
disease states (3) and defective CD8�-positive dendritic cell (DC)
development (4).

Several members of the tripartite motif (TRIM) family of pro-

teins have emerged as central regulators of antiviral immunity.
Many TRIM proteins, including TRIM5� and TRIM19 (PML),
inhibit the activity of numerous viruses, including HIV and mu-
rine leukemia virus (5). In addition to direct interference with
viral entry and replication, several TRIM family members are in-
volved in regulating the type I IFN response. Interestingly, two
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TRIM proteins specifically target the RIG-I pathway: TRIM23 acts
as a positive regulator of RIG-I and Toll-like receptor (TLR) 3
activity by polyubiquitinating nuclear factor kappa B (NF-�B)
essential modulator (NEMO) (6), and TRIM25 was shown to
ubiquitinate RIG-I at K63, a key modification necessary for RIG-I
activation (7). In addition, TRIM44 was recently shown to interact
with mitochondrial antiviral signaling (MAVS) to positively reg-
ulate type I IFN production (8). The expression of many TRIM
proteins is upregulated in innate immune cells treated with type I
IFNs (9, 10), indicating that additional TRIM proteins are also
likely to play important roles in the immune response to viruses.
Indeed, recent systematic analyses of human TRIM proteins in
vitro have raised the possibility that most are positive modulators
of several PRRs (11, 12). However, the in vivo functional relevance
for the vast majority of TRIM proteins is yet to be established.

In addition to functioning in antiviral immunity and protein
modifications, TRIM proteins are involved in a wide array of cel-
lular processes, such as transcription, microRNA activation, cell
cycle regulation, apoptosis, and oncogenesis (13, 14). The TRIM
family contains over 60 proteins and is defined by N-terminal
domains that are conserved in their spacing, consisting of a RING
domain, one or two B-box domains, and a coiled-coil domain.
The more varied C termini of TRIM proteins can be used to cluster
the family into 11 subgroups on the basis of domain structure and
homology (15).

A unique subgroup of TRIM proteins that contain a trans-
membrane domain in the C-terminal region consists of only two
proteins: TRIM13 and TRIM59. TRIM13 is an E3 ubiquitin ligase
with autopolyubiquitination properties. It localizes to the nuclear
and endoplasmic reticulum (ER) membranes and may play a role
in ER-associated degradation, a process that removes unfolded
and misfolded proteins from the ER (16). Trim13 was recently
shown to negatively regulate the initiation of autophagy, a process
by which cells degrade their cellular components, during ER stress
(17). Human TRIM13 was found to be a positive regulator of
NF-�B activation and the type I IFN response in association with
RIG-I in vitro (11, 12). Trim59 and Ift80 encode a joint transcript
termed Ift80L, the mutation of which may be associated with some
cases of Jeune syndrome, a developmental disease in humans (18).
TRIM59 has also been implicated in cancer as a target of c-Myc
repression and a biomarker of tumorigenesis (19, 20).

In the immune system, TRIM13, but not TRIM59, is upregu-
lated in human macrophages after stimulation with lipopolysac-
charide (LPS) and gamma IFN (IFN-�), which activates IFN-�
production in macrophages (9, 21). As multiple TRIM proteins
are known to modulate antiviral responses, we sought to deter-
mine the role of TRIM13 in innate immunity and type I IFN
production in vivo. Here we show that Trim13 is expressed in
multiple innate immune subsets and that it is upregulated in ac-
tivated bone marrow-derived macrophages (BMDMs). TRIM13
specifically inhibits MDA5-mediated activation of IFN reporters
in an interferon regulatory factor 3 (IRF3)-dependent, NF-�B-
independent manner. TRIM13 interacts with MDA5 and inhibits
its function in vitro and in vivo. Consistent with a role for TRIM13
in the inactivation of MDA5-mediated innate immune responses,
mice lacking Trim13 show increased production of type I IFNs
and enhanced resistance against a lethal challenge with EMCV.
Trim13�/� murine embryonic fibroblasts (MEFs) infected with
EMCV or poly(I·C) also show significant increases in IFN-� pro-
duction, while infection with SeV, which is detected by RIG-I,

results in decreased IFN-� production. Infection of Trim13�/�

mice with VSV, another virus detected by RIG-I, also shows a
decrease in IFN-� production. Collectively, these results demon-
strate that TRIM13 not only is a negative regulator of MDA5-
mediated IFN-�/� production but also may positively regulate
RIG-I function.

MATERIALS AND METHODS
Mice. Trim13�/� mice were generated as described in Fig. 4. Mice were
backcrossed to C57BL/6 mice for 8 to 10 generations. Testing for single
nucleotide polymorphisms indicated that the mice were 99.9% back-
crossed to C57BL/6 mice (testing was performed by The Jackson Labora-
tory). Mavs�/� mice were obtained from Z. Chen (22) and backcrossed to
C57BL/6 mice for 10 generations. IFN-� and -� receptor 1-deficient
(Ifnar1�/�) mice were originally obtained from J. Sprent (23). All mice
used in these experiments were housed in a specific-pathogen-free rodent
barrier facility. All animal experiments were approved by the University of
Massachusetts Medical School Institutional Animal Care and Use Com-
mittee (Worcester, MA).

Reagents. The luciferase plasmid p125 (a full-length IFN-� enhancer)
and positive regulatory domain III-I (PRDIII-I), PRDII, and PRDIV in
the pLuc-MCS vector have been described previously (24). The IRF3-5D
plasmid was a gift from John Hiscott (McGill University, Montreal, Can-
ada). TRIM13-V5 and TRIM59-V5 were generated by PCR cloning of the
murine coding sequence into the pcDNA3-V5 vector using a pcDNA3.1/
V5-his TOPO TA expression kit (Invitrogen). Plasmids containing the
sequences for MDA5, MAVS, TANK-binding kinase 1 (TBK1), RIG-I,
and AIM2 were described previously (25, 26).

Culture and stimulation of BMDMs. Bone marrow cells were isolated
from C57BL/6 mice and cultured for 8 to 12 days in Dulbecco modified
Eagle medium (DMEM; Cellgro) containing 10% heat-inactivated fetal
calf serum (FCS; HyClone), ciprofloxacin (University of Massachusetts
Medical School Pharmacy), and 20% L929 cell supernatant. The differen-
tiation state of the cells was confirmed by flow cytometric analysis of F4/80
(Caltag) and CD11b (Pharmingen) expression. BMDMs were plated at a
concentration of 1 � 106/ml in 4 ml of medium and treated with LPS (100
ng/ml; purified LPS from Sigma), transfected with poly(dA-dT) (Sigma)
at 2 �g/well (Lipofectamine; Invitrogen), transfected with poly(I·C) (Am-
ersham) at 2 �g/well, infected with SeV at 300 hemagglutination units
(HAU)/ml (Charles River Laboratories), or infected with EMCV-K (a gift
from Michael Diamond) at a multiplicity of infection (MOI) of 20:1 for 6
h. RNA was extracted from BMDMs with an RNeasy kit (Qiagen Inc.)
according to the manufacturer’s instructions. cDNA was synthesized us-
ing an iScript cDNA synthesis kit (Bio-Rad).

Flow cytometry and cell sorting and isolation. Standard culture me-
dium (RPMI 1640 with 10% FCS, 50 �M 2-maercpatoethanol, 2 mM
L-glutamine, 20 mM HEPES, and antibiotics) was used for all experiments
unless otherwise indicated. Monoclonal fluorochrome-conjugated anti-
bodies to the following were used for flow cytometry and were purchased
from eBiosciences or BD Biosciences: CD3 (145-2C11), CD4 (RM4-5),
CD8� (53-6.7), T cell receptor � (TCR�; UC7-135D), TCR� (H57-597),
NK1.1 (PK136), CD25 (7D4), CD44 (IM7), and CD62L (MEL-14). Cells
were sorted from pooled spleens from 5 to 10 C57BL/6 mice (The Jackson
Laboratory). For sorting of �	 T, NKT, and NK cells from the spleen, cells
were first depleted with CD4, CD8, and B220 magnetic beads (Dynal). For
sorting of all other splenic subsets, cells were first depleted with B220
magnetic beads (Dynal). After depletion, cells were stained for surface
markers and sorted with a FACSAria (Becton, Dickinson) or MoFlo
(Dako Cytomation) cytometer. Intraepithelial lymphocytes (IELs) were
prepared using standard protocols. To induce the expansion of CD11c


DCs, B6 mice were subcutaneously injected with the B16-FLT3L mela-
noma cell line (from Ulrich von Adrian, Harvard Medical School, Boston,
MA, and Glen Dranoff, Dana-Farber Cancer Institute, Boston, MA) at
�3 � 106 cells/mouse in 300 �l phosphate-buffered saline. Spleens were
harvested 14 days after injection, and CD11c
 DCs were isolated using a

TRIM13 Negatively Regulates MDA5

September 2014 Volume 88 Number 18 jvi.asm.org 10749

http://jvi.asm.org


CD11c selection kit (Stem Cell Technologies) according to the manufac-
turer’s directions.

Quantitative real-time PCR. RNA was prepared from cell subsets us-
ing the TRIzol reagent (Invitrogen), and cDNA was prepared using Sen-
siscript reverse transcriptase (RT; Qiagen). Quantitative real-time RT-
PCR (qPCR) was performed using SYBR green (Applied Biosystems) on a
Bio-Rad iCycler and the following primers: Trim13-51-for (5=-AAC GAA
CTG GCT CTC TCC AC-3=) and Trim13-143-rev (5=-CTT CTT CAA
GCA GCT CCA TTA C-3=), Trim59-179-for (5=-GTC CAG ATC AGG
AGA TTG ACA GAC-3=) and Trim59-292-rev (5=-TGT ATG AGA GCA
TGG TAG TAC ACG G-3=), and �-actin-for (5=-CTA GGC ACC AGG
GTG TGA TGG-3=) and �-actin-rev (5=-TCT CTT TGA TGT CAC GCA
CGA-3=).

Luciferase reporter assays. HEK293T cells were transfected with 40
ng of the luciferase reporter gene indicated below together with 40 ng of a
thymidine kinase-driven Renilla luciferase reporter gene (Promega) and
expression plasmids in the amounts indicated below using the GeneJuice
transfection reagent (Novagen). In all experiments, cell lysates were pre-
pared at 24 h after transfection using 5� lysis buffer (Promega), and
reporter gene activity was measured using luciferase substrate (made at
the University of Massachusetts Medical School) and coelenterazine (Re-
nilla substrate; Biotium).

Immunoprecipitation and Western blotting. HEK293T cells were
transfected with plasmids containing murine TRIM13-V5, MDA5-Flag,
RIG-I–Flag, or AIM2-Flag (1.5 �g each) using the Lipofectamine Plus
reagent (Invitrogen) for 24 h. Lysates were made with radioimmunopre-
cipitation assay (RIPA) lysis buffer (150 mM NaCl, 50 mM Tris-HCl, pH
7.5, 1% Nonidet P-40, 0.25% Na-deoxycholate, 0.1% SDS, 1 mM EDTA)
with protease inhibitors (1 mM Na3VO4, 2 mM N-ethylmaleimide, 1 mM
phenylmethylsulfonyl fluoride, Roche complete protease inhibitor). Ly-
sates were immunoprecipitated overnight with anti-Flag M2 antibody
(Sigma), and complexes were pulled down using protein A agarose beads
(Roche) and washed with RIPA buffer and RIPA buffer containing 0.5 M
NaCl. Samples were resuspended in sample lysis buffer (Bio-Rad). Lysates
were resolved by SDS-polyacrylamide gel electrophoresis and transferred
to nitrocellulose membranes. Membranes were incubated with anti-V5
(Invitrogen) or anti-Flag M2 (Sigma) and the appropriate secondary
horseradish peroxidase antibody. Proteins were detected by chemilumi-
nescence (Pierce). The intensities of the bands in the blots were quantified
by densitometry using the Image Studio Lite program according to the
developer’s instructions.

Infections and IFN bioassay. For survival experiments, Trim13�/�

and wild-type (WT) animals were injected with a lethal dose of 1,000 PFU
of EMCV-K intravenously and monitored for survival. For IFN produc-
tion measurements, Trim13�/� and WT mice were injected with a high
dose of 1 � 107 PFU of EMCV-K intravenously, and serum was collected
5 h after infection and used in type I IFN functional bioassays as described
previously (27). Briefly, mouse sera and control human recombinant
IFN-� (PBL Assay Science) were serially diluted (2-fold) in a 96-well
flat-bottom plate that had been seeded with 2 � 104 L929 cells (NCTC
clone 929). On the following day, cells were infected with 7.5 � 105 PFU
VSV. At 2 days postinfection, cell morphology and cytopathic effects were
monitored, and the amount of functional IFN was measured as the last
dilution of serum or control recombinant IFN-� to provide any protec-
tion from VSV-mediated cytopathic effects (termed the endpoint dilu-
tion). The log2 values of the reciprocal of the endpoint dilutions were
graphed. For IAV infections, Trim13�/�, WT, and Mavs�/� mice were
infected via the intratracheal route with 600 HAU (1.5 �105 PFU) influ-
enza A/PR8 virus (Charles River Laboratories) or saline as a control. After
24 h, mice were sacrificed and lungs were isolated, weighed, and homog-
enized to measure type I IFN levels by bioassay as described above. For
VSV infections, WT, Trim13�/�, and Ifnar1�/� (IFN-�/� receptor�/�)
mice were infected by the intranasal route with 2.5 � 107 PFU VSV strain
Indiana as previously described (28) and monitored daily for signs of
illness.

Culture and stimulation of MEFs. Embryonic fibroblasts were gener-
ated from WT and Trim13�/� mice using standard methods (29) and
cultured in DMEM (Cellgro) containing 10% heat-inactivated fetal calf
serum (HyClone), 1% penicillin-streptomycin (Corning), and 1% L-glu-
tamine (Corning). MEFs were seeded in a 48-well plate at a concentration
of 1 � 105/well in 0.5 ml of medium, transfected with poly(I·C) at 5
�g/well using Lipofectamine (Invitrogen), and infected with Sendai virus
at 80 HAU/ml (Charles River Laboratories) or infected with EMCV-
2887A; EGFP (a gift from L. Bakkali-Kassimi) at an MOI of 0.001. Super-
natants were collected at 6 h or 24 h following challenge and stored at
�80°C. At 6 h and 24 h poststimulation, cell morphology and cytopathic
effects were monitored. IFN-� was quantified by enzyme-linked immu-
nosorbent assay (ELISA; PBL Assay Science).

Statistical analysis. Data were analyzed using the Student t test or the
Gehan-Breslow-Wilcoxon test (for survival curves). A P value of less than
0.05 was considered significant.

RESULTS
Trim13 expression is increased in BMDMs upon stimulation
with inducers of type I IFNs. Given the similarity in the sequence
and structure of TRIM13 and TRIM59, we sought to determine
whether these genes are coordinately regulated and possibly re-
dundant in immune cells or whether they have different expres-
sion patterns suggestive of distinct functions. We first investigated
the expression of Trim13 and Trim59 in sorted murine immune
cell subsets by quantitative real-time RT-PCR (qPCR). The ex-
pression patterns of Trim13 and Trim59 were distinct in the sec-
ondary lymphoid tissues (Fig. 1a). Most notably, Trim13 was ex-
pressed in �	 T cells and other peripheral innate immune cell and
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FIG 1 Trim13 and Trim59 have distinct patterns of expression in immune
cells. (a) IELs and purified subsets of lymphocytes from the spleen were ana-
lyzed for Trim13 and Trim59 mRNA expression by qPCR, and their levels of
expression were normalized to the level of �-actin expression. CD4
, CD4


CD8� CD25� CD44� CD62L
 cells; CD8
, CD4� CD8
 CD44� CD62L


cells; �	, TCR	
 CD3
 cells; NK, NK1.1
 TCR�� CD3� cells; IELs, total
intraepithelial lymphocytes. (b) BMDMs were stimulated with various induc-
ers of type I IFN for 6 h and analyzed for Trim13 and Trim59 mRNA expression
by qPCR, and their levels of expression were normalized to the level of �-actin
expression. DCs, CD11c
 DCs. Data shown are expressed as the mean � SD
from duplicate qPCR analyses and are representative of those from two inde-
pendent experiments.
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innate immune cell-like subsets, including NK cells and intraepi-
thelial lymphocytes (IELs), while expression was low in adaptive
�� T cells. In contrast, Trim59 expression was negligible in all
peripheral lymphocyte subsets tested except �	 T cells (Fig. 1a).

To determine the expression of Trim13 and Trim59 in cells of
the myeloid lineage, we generated BMDMs and treated the cells
with various inducers of type I IFN. Analysis by qPCR showed that
Trim13 and Trim59 have the opposite pattern of expression in
macrophages (Fig. 1b). Trim13 was expressed in unstimulated
macrophages, and its expression was increased upon stimulation
with LPS, poly(dA-dT), and poly(I·C) but was only marginally
increased following SeV challenge and was unchanged following
EMCV challenge. In contrast, Trim59 expression was the highest
in unstimulated BMDMs, and its expression decreased after stim-
ulation with each of these agents. Expression of both genes was
low in ex vivo dendritic cells. These results suggest that TRIM13
and TRIM59 may have unique roles during the development
and/or function of macrophages and innate lymphocytes.

TRIM13 and TRIM59 inhibit MDA5-mediated type I IFN in-
duction. Several E3 ubiquitin ligases, including TRIM25, RNF135

(REUL), Triad3A, and RNF125, have been shown to directly reg-
ulate type I IFN production in innate immune cells by activating
(7, 30) or inhibiting (31, 32) RIG-I function. In contrast, RNF125
is the only E3 ubiquitin ligase shown to also modify MDA5, which
it does by ubiquitin conjugation that targets MDA5 for degrada-
tion (31). Given that TRIM13 is an E3 ubiquitin ligase that is
upregulated in human macrophages (9, 21) and murine BMDMs
under type I IFN-stimulating conditions (Fig. 1b), we investigated
whether TRIM13 also modulates type I IFN production through
the RIG-I or MDA5 pathway. First, we performed luciferase re-
porter assays in HEK293T cells using a reporter plasmid regulated
by the IFN-� enhancer (p125). Expression of TRIM13 alone in
HEK293T cells did not activate the IFN-� luciferase reporter (Fig.
2a). Transfection of expression plasmids containing either MDA5,
RIG-I, mitochondrial antiviral signaling (MAVS; which is down-
stream of MDA5 and RIG-I in the type I IFN pathway), or TANK-
binding kinase 1 (TBK1; which is downstream of TLR- and RLR-
induced type IFN signaling) activated IFN-� luciferase reporters
in HEK293T cells, as expected (Fig. 2a and b). TRIM13 and
TRIM59 inhibited MDA5-dependent activation of the IFN-� re-

FIG 2 TRIM13 inhibits MDA5-mediated induction of type I IFN through an IRF3-dependent mechanism. (a) HEK293T cells were transfected with 40 ng of
empty vector, MDA5, MAVS, or TBK1 in the presence of increasing amounts of TRIM13 or TRIM59 plasmid (4, 40, or 80 ng), and activation of full-length p125
IFN-� luciferase reporters was monitored. (b) HEK293T cells were transfected with 40 ng empty vector or RIG-I in the presence of increasing amounts of
TRIM13 (20, 40, or 60 ng) (left) or TRIM59 (20, 40, or 60 ng) (right) plasmid, and activation of full-length p125 IFN-� luciferase reporters was monitored. (c)
HEK293T cells were transfected with 40 ng of empty vector, MDA5, or IRF3-5D in the presence of increasing amounts of TRIM13 plasmid, and activation of the
PRDIII-I luciferase reporter was monitored. (d, e) HEK293T cells were transfected with increasing amounts of TRIM13 plasmid in the presence or absence of
MDA5, and activation of the PRDII (d) or PRDIV (e) luciferase reporters was monitored. (f) HEK293T cells were transfected with increasing amounts of TRIM13
or TRIM59 plasmid, and induction of NF-�B luciferase reporters was monitored. (g) HEK293T cells were transfected with 40 ng of empty vector, the NF-�B
inhibitor I�B-SP, and/or MDA5 plasmids in the presence of increasing amounts of TRIM13 plasmid, and activation of PRDIII-I luciferase reporters was
monitored. Numbers above the bars show the percentage of PRDIII-I activation, with the level of activation observed with 20 ng of TRIM13 set at 100%. All data
shown are expressed as the mean � SD for triplicate samples and are normalized to the results for Renilla luciferase. The data are representative of the results from
at least three independent experiments. ND, not detected; vector, empty vector.
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porter in a dose-dependent manner (Fig. 2a). However, TRIM13
and TRIM59 did not inhibit the ability of TBK1 or MAVS to
activate the IFN-� reporter (Fig. 2a and b). Interestingly, TRIM13,
but not TRIM59, enhanced RIG-I-mediated induction of the
IFN-� reporter in a dose-dependent manner. This finding is con-
sistent with the observed activities of human TRIM13, which was
also reported to enhance RIG-I activity in vitro (12). In that study,
however, the effect of TRIM13 on MDA5 was not assayed. These
data suggest that murine TRIM13 regulates type I IFN production
by selectively inhibiting and enhancing the MDA5- and RIG-I-
mediated pathways, respectively.

The IFN-� enhancer contains four positive regulatory do-
mains (PRDs) where transcription factors bind. PRDIII-I con-
tains the binding sites for IRF3 and IRF7, while PRD regions II and
IV contain sites for NF-�B and ATF-2/c-Jun, respectively. In or-
der to examine the exact effects of TRIM13 on each regulatory
domain of the IFN-� enhancer, we transfected HEK293T cells
with luciferase reporter constructs containing each PRD along
with TRIM13. TRIM13 inhibited MDA5-mediated activation of
the full IFN-� promoter construct (Fig. 2a) and the PRDIII-I con-
struct (Fig. 2c) but did not inhibit MDA5-mediated activation of
the PRDII or PRDIV construct (Fig. 2d and e). These results sug-
gest that TRIM13 specifically modulates the activities of IRF3/
IRF7. TRIM13 was not able to inhibit PRDIII-I activation in the
presence of a constitutively active form of IRF3 (IRF3-5D) (Fig.
2c), implying that TRIM13 interferes with the MDA5 pathway
upstream of IRF3.

TRIM13, but not TRIM59, activated PRDII constructs (Fig. 2d
and unpublished data) and NF-�B luciferase reporters on its own
in this assay (Fig. 2f). Hence, we tested whether the mechanism by
which TRIM13 was inhibiting MDA5-mediated IFN-� produc-
tion required NF-�B activation. Transfection of a mutant form of
an inhibitor of NF-�B kinase (I�B�) which acts as a potent inhib-
itor of NF-�B activation (called the I�B� superrepressor [I�B-
SP]) had no effect on the ability of TRIM13 to inhibit MDA5-
driven IFN-� responses (Fig. 2g), as the extent of the decrease in
PRDIII-I activation caused by TRIM13 was equivalent in the pres-
ence and absence of the NF-�B superrepressor. Thus, inhibition of
MDA5-mediated type I IFN production by TRIM13 involves in-
hibition of IRF3 activation and is not dependent on the ability of
TRIM13 to drive NF-�B activation.

TRIM13 interacts with MDA5 and RIG-I. Many of the E3
ubiquitin ligases that regulate the activity of RIG-I have been
shown to directly interact with the protein (7, 30, 31). To deter-
mine whether TRIM13 binds to or indirectly regulates the intra-
cellular viral sensors to affect type I IFN production, we generated
a V5-tagged version of TRIM13 and performed coimmunopre-
cipitation experiments in HEK293T cells. TRIM13 coimmuno-
precipitated with MDA5 and RIG-I but not with AIM2, a cytosolic
sensor of double-stranded DNA that is part of the inflammasome
response (Fig. 3). This result suggests that TRIM13 negatively reg-
ulates MDA5 either through a direct, physical association or as
part of a multiprotein complex that involves intermediaries.
Given that TRIM13 appears to enhance the RIG-I function (Fig.
2b) (12), the physical interaction per se is unlikely to be sufficient
for the specificity of TRIM13 activity, raising the likelihood that
additional cofactors are involved.

Trim13�/� mice exhibit improved resistance to EMCV infec-
tion. The results from in vitro assays of TRIM13 function sug-
gested that TRIM13 may be a specific negative regulator of MDA5.

Trim13�/� (C57BL/6) mice were generated (Fig. 4a to d) to deter-
mine whether TRIM13 nonredundantly regulates MDA5 activity
in vivo. Trim13�/� mice are viable and fertile, and no gross abnor-
malities were observed. In humans, Trim13 is located in chromo-
some 13q14.3, a region that is lost in a number of cancers, and
TRIM13 is a candidate tumor suppressor (33). However, no inci-
dence of spontaneous tumorigenesis has been observed in unma-
nipulated Trim13�/� mice up to 1 year of age.

Trim59 expression was relatively unaltered in Trim13�/�

BMDMs under various stimulation conditions (Fig. 4e and f),
indicating that the expression of Trim13 and Trim59 is indepen-
dently regulated. As the expression of TRIM13 inhibited MDA5-
dependent type I IFN production in vitro, we investigated whether
a lack of Trim13 in vivo would result in enhanced type I IFN
production and in improved protection from viral infection. The
response to the picornavirus EMCV has been shown to be strictly
dependent on MDA5, but not RIG-I (34). Ifih1�/� mice chal-
lenged with EMCV died within 3 days of infection, while WT mice
survived 2 to 3 days longer (34). Serum IFN-� production from
Ifih1�/� mice at 4 h after infection with a high dose of EMCV was
completely absent. In contrast, there was no survival difference
between Ddx58�/� (RIG-I-deficient) and WT mice upon EMCV
infection (34). If Trim13 acts as a negative regulator of MDA5 in
vivo, Trim13�/� mice infected with EMCV should exhibit a sur-
vival advantage. To test this, we infected WT and Trim13�/�

mice with a lethal dose of EMCV intravenously and monitored
their survival. Trim13�/� mice survived significantly longer

FIG 3 TRIM13 interacts with MDA5 and RIG-I. HEK293T cells were trans-
fected with 1.5 �g of MDA5-Flag, RIG-I–Flag, AIM2-Flag, and/or TRIM13-V5
for 24 h, and lysates were immunoprecipitated (IP) with anti-Flag antibodies
and immunoblotted (IB) with anti-Flag and anti-V5 antibodies. Quantifica-
tion of the immunoprecipitate by densitometry is shown below the blot. Rel-
ative band intensities for immunoprecipitated TRIM13 were determined by
densitometry and normalized to the TRIM13 levels in whole-cell lysate (WCL)
for each immunoprecipitate. The data shown are representative of the results
of three independent experiments. hc, Ig heavy chain.
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than WT mice (Fig. 5a, left) with a mean survival time of 143.3
h after EMCV infection, whereas the mean survival time was
101.4 h for WT mice (Fig. 5a, right). This improved protection
was restricted to the female mice, as there was no significant
survival advantage in male mice (data not shown). This differ-
ence reflects the reported disparities in the susceptibility of
male and female mice to EMCV that occur in a virus dose-
dependent manner (35–37). The underlying cause of the sex
difference is unknown, but hormones and commensal bacteria
are possible contributors (38).

We next determined whether the enhanced protective re-
sponse to EMCV in Trim13�/� mice correlated with increased
type I IFN production. Type I IFN is central to the host immune
response against EMCV, as evidenced by the significantly in-
creased kinetics of mortality of EMCV-infected Ifnar1�/� mice
compared to WT mice. Ifnar1�/� mice die within 2 days of lethal
EMCV infection, succumbing to infection even more quickly than
Ifih1�/� mice (34). We injected Trim13�/� mice with a high dose
of EMCV by the intravenous route and measured functional se-
rum IFN levels at 5 h postinfection using a conventional bioassay.
Consistent with our survival data, female Trim13�/� mice showed
significantly increased levels of type I IFN compared to WT female
mice (Fig. 5b, left), while there was no difference in type I IFN
production among male mice (Fig. 5b, right). Together, these re-
sults show that female mice lacking Trim13 produce more type I
IFN upon EMCV infection, which likely contributes to the im-
proved survival of female Trim13�/� mice. These results support
the conclusion that TRIM13 negatively regulates MDA5 in vitro
and in vivo. To determine whether the protection of Trim13�/�

mice against viral infection was specific to MDA5, we measured
type I IFN levels after challenge with IAV, to which IFN responses
are predominately mediated by RIG-I (34). Trim13�/� mice in-
fected with IAV showed no significant change in the levels of type
I IFN produced, whereas Mavs�/� mice, as expected, were severely
impaired in their ability to produce type I IFNs (Fig. 5c). These
results further support our in vitro and in vivo data indicating that
TRIM13 is a specific negative regulator of MDA5-mediated type I
IFN production.

FIG 4 Generation and characterization of Trim13�/� mice. (a) The Trim13-
targeting construct was generated by PCR cloning from genomic DNA ex-
tracted from an embryonic stem (ES) cell line (AB2.2). A schematic of the

Trim13 endogenous locus and targeting construct (not to scale) is shown.
Black boxes, protein-coding exons; white boxes, non-protein-coding exons;
black triangles, LoxP sites; neo, neomycin resistance gene; TK, thymidine ki-
nase gene; KO, knockout. (b) Representative Southern blot and PCR to iden-
tify Trim13
/
, Trim13
/�, and Trim13�/� mice. Tail DNA was digested with
BamHI and subjected to Southern blotting using a probe located in the 5=
homology region (WT allele, �16.1 kb; knockout allele, �2.6 kb). (c) Repre-
sentative PCR of genomic tail DNA from Trim13
/
, Trim13
/�, and
Trim13�/� mice. The primers used were Trim13-for-5706 (3=-TCC TCT AGT
CAA GGT TGA CCT ACA-3=) Trim13-for-7561 (5=-CTT GAT GGG ATT
GTT GGA GAA C-3=), and Trim13-rev-104 (5=-CAG CTC ATG TGT CGT
AGT TGG T-3=). (d) Semiquantitative RT-PCR to detect the expression of
Trim13 in cDNA from the thymuses of embryonic day 18 fetuses of WT and
Trim13�/� mice. cDNA was serially diluted 4-fold. The primers used were
Trim13-e8-for (5=-GCA TAT ACT TGC CTG GAA CA-3=) and Trim13-594-
rev (5=-CGG CGC CAA GTC TCG AAA C-3=). (e, f) Trim13 deficiency does
not affect the levels of Trim59 in BMDMs. BMDMs were generated from WT
and Trim13�/� mice, cultured in the presence of medium alone or various
stimuli for 6 h, and analyzed for Trim13 (e) and Trim59 (f) mRNA expression
by qPCR. Data shown are normalized to those for �-actin, are expressed as the
mean � SD from duplicate qPCR analyses, and are representative of those
from two independent experiments. Data for expression from WT BMDMs
shown in Fig. 1 were regraphed here for comparison with data for samples
from Trim13�/� mice. ND, not detected.
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Trim13�/� MEFs produce higher levels of type I IFNs in re-
sponse to MDA5 agonists. To validate the observed functional
role of TRIM13, we examined the in vitro responses of WT and
Trim13�/� MEFs to EMCV (MOI, 0.001), poly(I·C) (5 �g/well),
and SeV (80 HAU/ml) at 24 h poststimulation. Administration of
the long form of poly(I·C) and EMCV led to the strong induction
of IFN-� in Trim13�/� MEFs, and the induction was significantly
stronger than that in control WT MEFs (Fig. 6). The cytopathic

effect was minimal for EMCV in both WT and Trim13�/� MEFs at
this MOI. In contrast, Trim13�/� MEFs exhibited a significantly
reduced level of IFN-� in response to challenge with SeV (Fig. 6,
right). These results further support the conclusion that TRIM13
specifically inhibits MDA5 and the subsequent MDA5-mediated
production of IFN-�.

Survival of Trim13�/� mice following challenge with VSV.
To further study the role of TRIM13 on type I IFN signaling, we
infected WT, Trim13�/�, and Ifnar1�/� mice with VSV, which is
recognized by RIG-I and is unaffected by the loss of MDA5 (34).
VSV infection did not significantly alter the mortality of
Trim13�/� mice compared to that of WT mice up to 8 days
postinfection (Fig. 7a). In contrast, Ifnar1�/� mice rapidly suc-
cumbed to VSV infection, dying within 2 days of infection, which
was significantly different from the time to death for WT mice and
consistent with previous reports (28). Importantly, VSV-infected
Trim13�/� mice had significantly lower levels of circulating type I
IFN than WT mice at 20 h after intranasal infection (Fig. 7b).
These data suggest that the early type I IFN response is reduced
due to the lack of TRIM13 enhancement of RIG-I, an interpreta-

FIG 5 Trim13�/� female mice have extended survival and produce higher
levels of type I IFN than WT mice following challenge with EMCV. (a) WT and
Trim13�/� mice were infected with 1,000 PFU of EMCV intravenously and
monitored for survival (left). One female WT mouse in the infected cohort was
removed from the analysis, as it was determined that no virus was injected. The
results shown are representative of those from three independent experiments
(for WT female mice, n 
 9; for Trim13�/� female mice, n 
 9; for WT male
mice, n 
 8; for Trim13�/� male mice, n 
 8). P was �0.02 (Gehan-Breslow-
Wilcoxon test) for WT female mice versus Trim13�/� female mice. (Right)
The mean time to death was calculated for female WT and Trim13�/� mice. P
was �0.02 (Student’s t test) for WT female mice versus Trim13�/� female
mice. (b) WT and Trim13�/� mice were infected with 1 � 107 PFU of EMCV
intravenously. Serum was collected at 5 h postinfection, and IFN levels were
measured by bioassay for female (left) and male (right) mice. The results
shown are the results from two independent experiments combined (for WT
female mice, n 
 10; for Trim13�/� female mice, n 
 10; P � 0.05 [Student’s
t test] for WT female mice versus Trim13�/� female mice; for WT male mice,
n 
 5; for Trim13�/� male, n 
 5; P was not significant [NS] for WT male mice
versus Trim13�/� male mice). (c) WT, Trim13�/�, and Mavs�/�mice were
infected via the intratracheal route with 600 HAU (1.5 � 105 PFU) of influenza
A/PR8 virus or saline as a control. After 24 h, the mice were sacrificed and lungs
were isolated, weighed, and homogenized to measure type I IFN levels by
bioassay. A mixture of male and female mice was used (for infected WT mice,
n 
 8; for Trim13�/� mice, n 
 7; for Mavs�/� mice, n 
 6). The results shown
are representative of those from one of two independent experiments. P
was �0.0001 (Student’s t test) for WT versus Mavs�/� mice.

FIG 6 Trim13�/� MEFs produce significantly larger amounts of IFN-� fol-
lowing challenge with poly(I·C) and EMCV but not with SeV. (Left) WT and
Trim13�/� MEFs were transfected with poly(I·C) (10 �g/ml) using Lipo-
fectamine (lipo 
 poly I:C) or treated with Lipofectamine (lipo) or medium
alone (medium) for 6 h. Supernatants were collected, and IFN-� levels were
quantified by ELISA. (Right) WT and Trim13�/� MEFs were infected with
EMCV (MOI, 0.001) or SeV (80 HAU/ml) or treated with medium only for 24
h. Supernatants were collected, and IFN-� levels were quantified by ELISA.
Cell cytopathic effects for WT and Trim13�/� MEFs were matched with the
doses of virus administered. P values were calculated using Student’s t test.
Representative data from one of two experiments, each with similar results, are
shown.

FIG 7 Trim13�/� mice produce smaller amounts of IFN-� than WT mice
following infection with VSV. (a) WT, Trim13�/�, and Ifnar1�/� mice were
infected with 2.5 � 107 PFU of VSV intranasally and monitored daily for
survival. WT and Trim13�/� mice were females, and Ifnar1�/� mice were a
mixture of males and females (for WT C57BL/6 mice, n 
 10; for Trim13�/�

mice, n 
 6; for Ifnar1�/� mice, n 
 4). P was �0.001 (Gehan-Breslow-
Wilcoxon test). (b) WT and Trim13�/� mice were infected intranasally with
2.5 � 107 PFU of VSV, and serum was collected at 20 h postinfection and
analyzed for IFN-� by ELISA (for uninfected WT C57BL/6 mice, n 
 3; for
infected WT C57BL/6 mice, n 
 10; for infected Trim13�/� mice, n 
 6). P
was �0.01 (Student’s t test).
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tion consistent with the data obtained in Trim13 overexpression
studies and with SeV infection of Trim13�/� MEFs.

DISCUSSION

TRIM13 is an ER- and nuclear membrane-resident E3 ubiquitin
ligase that belongs to a family of proteins that are gaining promi-
nence as central regulators of innate and adaptive immune sensors
to viruses. RIG-I and MDA5 are the major sensors that detect
virus-specific nucleic acid motifs in the cytoplasm of infected cells.
While the absolute requirement for posttranslational modifica-
tions of RIG-I by accessory factors such as TRIM25 is well estab-
lished, the identity of the regulatory networks specifically control-
ling MDA5 activity was unknown. Here we demonstrate that
TRIM13 and its closest relative, TRIM59, specifically inhibit
MDA5 activity in vitro. TRIM13 and TRIM59 inhibited type I IFN
production in the presence of MDA5, whereas TRIM13 appeared
to have the opposite effect on RIG-I function (Fig. 2a and b).
TRIM13 could physically interact with both MDA5 and RIG-I
when overexpressed in HEK293T cells (Fig. 3). Determination of
whether TRIM13 is an obligate modifier of RIG-I function will
require further studies, as the loss of Trim13 significantly reduced
RIG-I-dependent type I IFN production in vitro after SeV stimu-
lation (Fig. 6, right) and in vivo during VSV infection (Fig. 7b).
However, the loss of TRIM13 did not significantly impact type I
IFN production during influenza virus infection (Fig. 5c).

A systematic analysis of 75 human TRIM proteins in vitro has
suggested that at least half are involved in enhancing various in-
nate PRRs at multiple points in the intracellular signaling path-
ways (12). In this study, human TRIM13, but not TRIM59, was
identified to be a positive regulator of innate responses by differ-
ent type I IFN inducers. However, we observed that Trim13�/�

BMDMs treated with a similar set of inducers did not produce
antiviral cytokines whose amounts were consistently altered com-
pared to the amounts produced by WT BMDMs (unpublished
data). Several explanations for this discrepancy are possible. First,
human and mouse TRIM13 may function distinctly. Second, in-
nate immune cells from Trim13�/� mice may have acquired com-
pensatory circuits to retain relatively normal sensing of a patho-
gen-associated molecular pattern. Third, TRIM13 function may
be highly cell type dependent. We currently favor the last expla-
nation, given the precedent of TRIM21, which exhibits a similar
context-dependent function: TRIM21 is essential for type I IFN
production in embryonic fibroblasts but appears to be redundant
in BMDMs (39). In bone marrow-derived dendritic cells, how-
ever, it has been shown to negatively regulate the IFN response to
double-stranded DNA viruses (40). If the cell type-specific func-
tion of TRIM21 and TRIM13 is a general feature of TRIM pro-
teins, caution in the interpretation of results obtained with cell
lines is warranted, and where possible, the in vivo impact of each
TRIM in a setting of infection should be determined.

Using Trim13�/� mice, we demonstrated that TRIM13 per-
forms a nonredundant function in modulating the MDA5-medi-
ated response to EMCV infection in vivo (Fig. 5a and b) and has a
limited effect on the response to infection with IAV (Fig. 5c), a
virus not detected by MDA5. Consistent with our in vivo data, we
observed that Trim13�/� MEFs exhibited elevated levels of IFN-�
in response to the synthetic MDA5 agonist poly(I·C) and EMCV
(Fig. 6), further implicating TRIM13 as a negative regulator of
MDA5. In vivo, the type I IFN responses of Trim13�/� and WT
mice following intravenous challenge with the long form of

poly(I·C) were comparable in WT and Trim13�/� mice in serum
at 4 h postinjection. However, multiple sensors can detect
poly(I·C) in vivo (41), and the IFN-producing cell populations
that respond to poly(I·C) may be distinct from those that respond
to EMCV in vivo. Hence, the relative contribution of TRIM13 in
these particular pathways and populations remains to be deter-
mined.

TRIM13 has been characterized as a positive regulator of RIG-I
signaling, as it has been demonstrated that overexpression of
TRIM13 and RIG-I leads to the increased production of IFN-�-
and NF-�B-driven luciferase (12). Using an overexpression sys-
tem in HEK293T cells, we confirmed the TRIM13 enhancement of
RIG-I-dependent type I IFN production (Fig. 2b). We further
showed that Trim13�/� MEFs produced significantly less IFN-�
in response to SeV stimulation (Fig. 6, right), thereby supporting
the suggestion that TRIM13 is a positive regulator of RIG-I in a
loss-of-function system. In addition, we infected Trim13�/� mice
with VSV and showed that Trim13�/� mice had significantly
lower serum IFN-� levels than WT mice (Fig. 7b). Trim13�/�

mice did not have significantly altered mortality after VSV infec-
tion (Fig. 7a). The lack of a mortality phenotype could be due to
either redundant PRRs, or it could occur because the level of re-
duction in systemic IFN is insufficient to alter the kinetics of viral
clearance, resulting in no gross survival difference. We also ob-
served a marginal decrease in type I IFN in the lungs of Trim13�/�

mice following infection with IAV (Fig. 5c), another virus recog-
nized by RIG-I. However, this decrease was not statistically signif-
icant, which was most likely due to influenza virus’s ability to
antagonize the RIG-I pathway at multiple steps and specifically
block induction of RIG-I-dependent type I IFN (42).

Whether TRIM59 performs a function similar to that of
TRIM13 in vivo was not tested, as Trim59�/� mice have not yet
been generated. However, given the rapid downmodulation of
Trim59 expression in BMDMs after stimulation (Fig. 1b), this
possibility appears to be unlikely. Another TRIM protein,
TRIM22, also controls EMCV resistance in HeLa cells, but this
pathway involves the ubiquitination of a viral protease (43).
Hence, different TRIM proteins are predicted to regulate diverse
host defensive strategies against a single pathogenic agent. Fur-
ther, TRIM59 was shown to interact with ECSIT, an adaptor pro-
tein in the TLR pathway (44). In agreement with our results (Fig.
2a), TRIM59 was found to inhibit type I IFN production in vitro,
possibly by inhibition of phosphorylation or dimerization of IRF3
and IRF7. While TRIM59 was shown to inhibit NF-�B in vitro
(44), we and others demonstrated that TRIM13 can enhance
NF-�B promoter activity (Fig. 2f) (11, 12). Inhibition of type I IFN
production downstream of MDA5 by TRIM13 is, however, inde-
pendent of the modulation of NF-�B activity. Our results indicate
that TRIM13 acts specifically in the MDA5 pathway upstream of
IRF3 activity, as TRIM13 could not inhibit MDA5-induced type I
IFN in the presence of expression of a constitutively active version
of IRF3 (Fig. 2c). In aggregate, it is likely that both TRIM13 and
TRIM59 are important for the regulation of the host response to
viruses and context-dependent type I IFN activity, although their
mechanisms of action are predicted to be distinct.

Over the past several years, it has emerged that the ER is an
important site of immune regulation. The ER-resident protein
stimulator of interferon genes (STING) has been shown to inter-
act with RIG-I and MAVS to positively regulate type I IFN pro-
duction and is an important part of the signaling cascade activated
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in response to cytosolic nucleic acid ligands (45). STING, in turn,
is positively regulated by TRIM56 (46). These data link the ER
pathway with that of type I IFN induction and, in combination
with the ER-resident TRIM13 regulation of MDA5, identify the
ER to be a crucial regulatory site and TRIM proteins to be the key
modulators of viral RNA sensing and activation of downstream
innate effectors. Elucidation of the mechanism of the function of
TRIM13 in controlling MDA5 in specific cellular compartments
should reveal new facets of the regulatory circuit in innate im-
mune responses.
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