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 Recognition of viral RNA structures by the cytosolic sensor retinoic acid-inducible gene-I (RIG-I) results in 
the activation of signaling cascades that culminate with the generation of the type I interferon (IFN) antiviral 
response. Onset of antiviral and inflammatory responses to viral pathogens necessitates the regulated spatiotemporal 
recruitment of signaling adapters, kinases and transcriptional proteins to the mitochondrial antiviral signaling 
protein (MAVS). We previously demonstrated that the serine/threonine kinase IKKε is recruited to the C-terminal 
region of MAVS following Sendai or vesicular stomatitis virus (VSV) infection, mediated by Lys63-linked 
polyubiquitination of MAVS at Lys500, resulting in inhibition of downstream IFN signaling (Paz et al, Mol Cell Biol, 
2009). In this study, we demonstrate that C-terminus of MAVS harbors a novel TRAF3-binding site in the aa450-
468 region of MAVS. A consensus TRAF-interacting motif (TIM), 455-PEENEY-460, within this site is required for 
TRAF3 binding and activation of IFN antiviral response genes, whereas mutation of the TIM eliminates TRAF3 
binding and the downstream IFN response. Reconstitution of MAVS−/− mouse embryo fibroblasts with a construct 
expressing a TIM-mutated version of MAVS failed to restore the antiviral response or block VSV replication, 
whereas wild-type MAVS reconstituted antiviral inhibition of VSV replication. Furthermore, recruitment of IKKε to 
an adjacent C-terminal site (aa 468-540) in MAVS via Lys500 ubiquitination decreased TRAF3 binding and protein 
stability, thus contributing to IKKε-mediated shutdown of the IFN response. This study demonstrates that MAVS 
harbors a functional C-terminal TRAF3-binding site that participates in positive and negative regulation of the IFN 
antiviral response. 
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Introduction

To mount an effective antiviral response, the immune 
system must trigger multiple signaling pathways to 
promote the production of cytokines and other antiviral 
factors that collectively suppress viral replication and 

assembly [1]. The most robust antiviral response can be 
attributed to the induction of type I interferons (IFN) 
– IFNα and IFNβ. On immunological assault, cellular 
pattern recognition receptors are rapidly stimulated fol-
lowing the recognition of specific molecular signatures 
of pathogens, which are often referred to as pathogen-
associated molecular patterns [2, 3]. In the case of an 
infection by RNA viruses and some DNA viruses, both 
the membrane-bound Toll-like receptors (TLRs) and 
cytosolic sensors, such as retinoic acid-inducible gene-I 
(RIG-I)-like receptors (RLRs), have been clearly shown 
to detect 5′ triphosphate-containing viral RNA structures, 
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generated as a consequence of early virus transcription 
and/or replication [3, 4]. Consequently, detection of viral 
RNA triggers the rapid activation of various transcription 
factors, such as NF-κB, AP-1 and members of the IFN 
regulatory factor (IRF) family (IRF1/3/7), that specifi-
cally bind to the IFNβ promoter to stimulate gene expres-
sion. Following production, IFNβ engages its cognate 
receptor and induces a complex intracellular signaling 
process to specifically activate the expression of multiple 
IFN-stimulated genes (ISGs), all of which contain a vari-
ation of the DNA sequence referred to as IFN-stimulated 
response element [5].

RLRs including RIG-I, melanoma differentiation fac-
tor 5 (MDA5) and laboratory of genetics and physiology 
2 (LGP2) reside in the cellular cytoplasm, whereas TLRs 
are located on the plasma membrane or at the endosomal 
surface [2, 6-9]. Structurally, all three RLRs contain a 
DExD-box RNA helicase domain for RNA binding and 
with the exception of LGP2, also possess a caspase re-
cruitment domain (CARD) that mediates downstream 
protein-protein interactions. Upon viral RNA recogni-
tion, activation of RIG-I promotes self-dimerization and 
other structural modifications that permit CARD-CARD 
interaction with the downstream adapter molecule mito-
chondrial antiviral signaling protein (MAVS; also known 
as IPS-1/Cardif/VISA) [10-13]. MAVS is composed of 
multiple motifs including: a C-terminal transmembrane 
domain (TM), which is essential for targeting to the outer 
mitochondrial membrane, three TRAF-interacting motifs 
(TIM), two included in the N-terminal proline-rich re-
gion (Pro), and an N-terminal CARD domain. Function-
ally, the CARD and TM domains appear to be critical 
for MAVS dimerization and for relaying the signal from 
RIG-I to downstream adapter molecules [12, 14-17]. 
The Pro region harbors two distinct TIMs, one located 
at aa 143-PVQET-147 that binds TRAF2 and TRAF3, 
and a second TIM located at aa 153-PGENSE-158 that 
exclusively binds TRAF6 [13, 18]. An alternate TRAF6-
binding site is located in the C-terminus of MAVS at aa 
455-PEENEY-460 [13], and both N- and C-terminal sites 
are required for TRAF6-mediated activation of the NF-
κB pathway [13]. Additionally, MAVS interacts with 
multiple proteins, including LGP2, TRADD, FADD, 
RIP1, TRAF5, IKKε, caspase 8/9 and MITA/STING/
MYPS/ERIS, TOM70, NLRX1, PCBP2/AIP4, OPTN, 
PLK1, deubiquitination enzyme A (DUBA), A20, [9-
11, 15, 19-32], all indicating that MAVS functions as a 
molecular scaffold to which key adapter proteins bind to 
orchestrate the RIG-I dependent antiviral response.

TRAF family members are primarily involved in the 
regulation of inflammation, antiviral responses and apop-
tosis, and function downstream of the TNF, CD40 and 

LTβR receptors, to name a few. TRAF proteins play non-
overlapping roles in signaling; e.g., TRAF3 uniquely 
regulates the type I IFN response [33-35], while both 
TRAF2 and TRAF6 activate the NF-κB pathway down-
stream of RIG-I [13]. Thus, the RIG-I pathway bifurcates 
at the level of the TRAFs into two distinct pathways. 
TRAF2 and TRAF6 activate the classical IKKα/β ki-
nases, and induce phosphorylation of IκBα inhibitor, 
resulting its proteasomal degradation. Active p65/p50 
NF-κB dimers are then released and translocate into the 
nucleus to activate NF-κB-dependent target genes [36-
39]. TRAF3 stimulates the non-canonical IKK-related 
kinases, TBK1 and IKKε, which induce C-terminal phos-
phorylation of IRF3/IRF7, leading to IRF3 dimerization, 
nuclear translocation, DNA binding and activation of 
IRF-dependent antiviral genes [26, 40-43]. 

Cytokine signal transduction is a transient process that 
is tightly regulated to prevent inappropriate inflammatory 
or autoimmune responses. Dynamic control of the anti-
viral response is coordinated at transcriptional levels, as 
well as by post-translational modifications, such as phos-
phorylation and ubiquitination. Multiple proteins are in-
volved in the coordination of the RIG-I pathway includ-
ing A20, DUBA, CYLD, NLRX1, OPTN, PCBP2-AIP4, 
PSMA7, miR146a, LGP2, NLRC5, gC1qR, FLN29, 
ISG15, RNF125, Pin1, SIKE and TOM70, to name a few 
[19, 27-28, 30, 32, 44-58]. Previously, we demonstrated 
that IKKε, but not TBK1, was recruited to the MAVS 
adapter via a Lys63-linked polyubiquitination on Lys500, 
thus revealing an unexpected function of IKKε in the 
negative regulation of the inflammatory and antiviral re-
sponse [15]. We also identified Triad3A as an E3 ubiquit-
in ligase involved in the termination of the IFN response 
following viral infection, by targeting TRAF3 for K48-
linked ubiquitination and proteasomal degradation [59]. 
Recently, Tseng et al. [60] demonstrated that TRAF3 can 
either positively or negatively control the expression of 
type I IFN and pro-inflammatory cytokines through dis-
tinct types of ubiquitination.

Elucidating the spatiotemporal events involved in the 
recruitment of adapters, kinases and transcription factors 
to MAVS is essential for an understanding of the inflam-
matory and antiviral response. Although TRAF3 is es-
sential for the IFN response, Seth et al. previously dem-
onstrated that removal of the Pro domain from MAVS 
had no effect on IFN signaling, suggesting the presence 
of an alternate functional TRAF3-binding site. In this 
study, we identify a novel TRAF3-binding site in the C-
terminus of MAVS (455-PEENEY-460) that is essential 
for MAVS-mediated antiviral responses. Furthermore, 
IKKε, recruited to MAVS via K63-mediated ubiquitina-
tion of Lys500, decreases the binding and protein stabil-



www.cell-research.com | Cell Research

Suzanne Paz et al.
897

npg

ity of TRAF3, thus contributing to negative regulation of 
the antiviral response. 

Results

TRAF3 binds to a functional site within the C-terminus 
of MAVS

TRAF3 is an essential regulator of type I IFN 
expression following viral infection [35], with TRAF3 

binding thought to be localized within the Pro region of 
MAVS [18]. However, removal of the Pro region had no 
effect on type I IFN production [12], implying the pres-
ence of another site. Therefore, we initially examined the 
ability of TRAF3 to interact with either the N-terminal, 
C-terminal or internal regions of MAVS [12, 13] (Figure 
1A). The N-terminal constructs, 1-155 (MAVS aa 1-155); 
1-400 (MAVS aa 1-400); or internal construct 157-400 
(MAVS aa 157-400) of MAVS were not capable of bind-
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Figure 1 TRAF3 interacts with the C-terminus of MAVS. (A) Schematic representation of full-length MAVS and deletion con-
structs: MAVS aa 1-155, MAVS aa 1-400, MAVS aa 1-508, MAVS aa 157-400, MAVS aa 151-540, MAVS aa 364-540, MAVS 
aa 468-540 and MAVS aa 503-540. The location of the caspase recruitment domain (CARD), proline-rich region (Pro) and 
transmembrane domain (TM) are shown. The star is representative of the C-terminal TRAF-interacting motif (TIM). TRAF3 in-
teraction profile to the various MAVS construct is depicted as plus (+) or minus (--) signs. (B-D) HEK293 cells were transfect-
ed with the indicated MAVS constructs. Co-immunoprecipitation was performed using an anti-MYC antibody (MAVS) followed 
by immunoblot with an anti-FLAG (TRAF3) antibody (top panel). Immunoprecipitated MAVS were revealed by immunoblot 
with anti-MYC antibody (second panel). Input for FLAG-TRAF3 is shown (bottom panel).
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ing TRAF3 when compared with MAVS wt (Figure 1B, 
compare lanes 4, 5 and 6 with lane 3), suggesting that 
the N-terminal or the internal region of MAVS was not 
capable of interacting with TRAF3 (Figure 1B). Deletion 
of the first 150 aa of MAVS, as in MAVS aa 151-540, 
did not reduce TRAF3-MAVS interaction (Figure 1A 
and 1C, compare lane 4 with 3), further suggesting that 
N-terminus of MAVS was dispensable for TRAF3 bind-
ing. Furthermore, removal of region aa 509-540, which 
includes the TM domain of MAVS (as in aa 1-508), did 
not affect binding to TRAF3 (Figure 1C, compare lane 
5 with 3), indicating that the TM is not necessary for 
MAVS-TRAF3 interaction. A series of C-terminal MAVS 
constructs were used to demonstrate that TRAF3 binds 
to the C-terminal domain of MAVS: region aa 364-540 
(Figure 1D, lane 1) but not region aa 468-540 or aa 503-
540 (Figure 1D, lanes 2 and 3) was capable of binding 
MAVS.

To further delineate the site of TRAF3 interaction, two 
different internally deleted MAVS constructs were co-
expressed together with TRAF3 – MAVS ∆aa 101-450 
and MAVS ∆aa 101-480. Both constructs lack the Pro 
region of MAVS, retain the CARD and TM, but differ in 
the size of the internal deletion that removes the C-termi-
nal TIM motif (455-PEENEY-460; Figure 2A). TRAF3 
interacted with MAVS ∆aa 101-450 but not with MAVS 
∆aa 101-480, thus reducing the minimal site of TRAF3 
interaction to aa 450-468 (Figure 2B compare lanes 2 
and 3). To determine if this interaction was important for 
the antiviral response, quantitative PCR (qPCR) analy-
sis of various genes induced following viral infection, 
IFNB1, IFIT1 (ISG56), IP-10, OAS1 and RIG-I, was 
performed. On the basis of the qPCR results, MAVS ∆aa 
101-450 induced IFN response genes similarly to MAVS 
wt, whereas a 50% decrease in gene expression was ob-
served with MAVS ∆aa 101-480 (Figure 2C).

The C-terminal TIM of MAVS has been shown to 
bind TRAF6 [13], and although previous studies dem-
onstrated that TRAF6 did not function in IFN signaling 
[13, 61], we sought to confirm that the activity of MAVS 
∆aa 101-450 was mediated by TRAF3 and not TRAF6. 
In TRAF6+/+ and TRAF6−/− MEFs, the MAVS ∆aa 101-
450 construct induced IFNα4 activity, both in the pres-
ence or absence of TRAF6, whereas MAVS ∆aa 101-480 
did not activate the IFNα4 promoter in either TRAF6+/+ 
or TRAF6−/− MEFs (Figure 2D), thus ruling out the in-
volvement of TRAF6 in MAVS ∆aa 101-450-driven 
activity. In contrast, when IFN induction was examined 
in TRAF3−/− MEFs (p100−/− background), the ability of 
MAVS ∆aa 101-450 to initiate IFN transcription was 
reduced compared with TRAF3+/+ MEFs (Figure 2E). To-
gether, these results demonstrate that MAVS activation 

of IFN signaling is regulated by TRAF3 binding to the 
C-terminal TIM of MAVS and does not require TRAF6 
or the N-terminal Pro domain of MAVS.

TRAF3 association with the C-terminal TIM of MAVS is 
essential for IFN signaling

Next, the TIM site located in the C-terminus of 
MAVS was muta ted f rom 455-PEENEY-460 to 
455-AAANEY-460 (referred to as MAVS-Cterm AAA; 
Figure 3A). Interaction between MAVS wt and TRAF3 
wt was readily detected in co-immunoprecipitation (Fig-
ure 3B, lane 3), whereas the interaction between TRAF3 
and MAVS-Cterm AAA was reduced to undetectable 
levels (Figure 3B, lane 4). Subsequently, the ability of 
MAVS wt and MAVS-Cterm AAA to stimulate mRNA 
expression of various ISGs, IFNB1, IFNA2, IFIT1 
(ISG56), IL6, and IP-10, was evaluated in HeLa cells 
(Figure 3C). Expression of MAVS wt stimulated mRNA 
levels for all ISGs, whereas MAVS-Cterm AAA did not 
induce ISG mRNA, or the activity of IFNα4-, IFNβ-, 
and ISG56- or NF-κB-driven reporter constructs (Figure 
3C and 3D). Furthermore, mutation of TRAF3 at amino 
acids Y440 and Q442 (TRAF3 Y440A/Q442A), residues 
critical for binding to the TIM of MAVS [18, 59], abro-
gated the interaction between TRAF3 Y440A/Q442A and 
MAVS (Figure 3E, lane 5), as well as MAVS-mediated 
IFNα4 promoter activity (Figure 3F). Thus, mutagenesis 
of the C-terminal TIM in MAVS or the TIM-interacting 
motif in TRAF3 eliminated both MAVS-TRAF3 interac-
tion and downstream signaling to IFN response genes.

N-terminal binding of TRAF3 to MAVS is not required 
for IFN activation

To further clarify the discrepancy between N- versus 
C-terminal association of TRAF3, a MAVS expression 
construct was generated that mutated the N-terminal TIM 
at aa 143-PVQET-147 to aa 143-AVAEA-147 (referred 
to as MAVS-Nterm AAA; Supplementary information, 
Figure S1). Strikingly, mutation of the N-terminal TIM 
domain did not affect TRAF3 binding to MAVS (Supple-
mentary information, Figure S1, lanes 3 and 4), and 
furthermore had no effect on IFN signaling, since ISG 
mRNA levels for IFNB1, IFNA2, IFIT1 (ISG56), IL6 
and IP-10 remained similar in cells expressing MAVS or 
MAVS-Nterm AAA (Supplementary information, Figure 
S1). Additionally, MAVS-Nterm AAA retained the same 
functional activity as MAVS wt when monitored for 
IFNβ-, IFNα4-, ISG56- and NF-κB-driven reporter gene 
activity (Supplementary information, Figure S1). Thus, 
mutation of the N-terminal TIM did not affect TRAF3 
binding or functional activity of MAVS, indicating that 
the N-terminal TIM does not have a role in TRAF3-
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Figure 2 TRAF3 interacts with C-terminal region aa 450-468 of MAVS. (A) Schematic representation of full-length MAVS and 
internal deletion constructs: MAVS ∆aa101-450 and MAVS ∆aa101-480. The location of the Caspase recruitment domain 
(CARD), proline-rich region (Pro) and transmembrane domain (TM) are shown. The star is representative of the C-terminal 
TRAF-interacting motif (TIM). TRAF3 interaction profile to the various MAVS construct is depicted as plus (+) or minus (−) 
signs. (B) HEK293 cells were transfected with the indicated MAVS construct and TRAF3. Co-immunoprecipitation of MAVS 
was performed using anti-FLAG antibody followed with immunoblot with anti-MYC (TRAF3) antibody (top panel) or anti-FLAG 
(MAVS) antibody (second panel). Input for MYC-TRAF3 is shown (bottom panel). (C) qPCR analysis of total RNA isolated 
from HeLa cells transfected either with empty vector, MAVS wt, MAVS ∆aa101-450 or MAVS ∆aa101-480. Relative fold ex-
pression levels of IFNB1, IFIT1 (ISG56), IP-10, OAS1, and RIG-I versus ACTIN mRNA are shown. Data is representative of 
at least two experiments run in duplicate. (D-E) TRAF6+/+ and TRAF6−/− MEF cells (D) and TRAF3+/+ and TRAF3−/− MEFs (in a 
p100−/− background) (E) were transfected with IFNα4-Luc + IRF7 along with the expression plasmids encoding either empty 
vector, MAVS ∆aa101-450 or MAVS ∆aa101-480. Luciferase activity was measured at 24 h post transfection by Dual-Lu-
ciferase reporter assay as described by the manufacturer (Promega). Relative luciferase activity was measured as activation 
(n-fold; relative to basal level of reporter gene in the presence of empty vector after normalization with co-transfected renilla 
luciferase activity); values are averages ± standard deviations from three experiments.
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Figure 3 A MAVS C-terminal TRAF3-binding site is essential for the antiviral response. (A) Schematic representation of 
the MAVS wt and MAVS-Cterm AAA. The highly conserved sequence in region 455-PEENEY-460 of MAVS, as well as the 
mutations sites of MAVS-Cterm AAA is shown. The CARD, Pro and TM domains are also shown. (B) HEK293 cells were 
transfected with either: empty vector, FLAG-TRAF3, MYC-MAVS wt or MYC-MAVS-Cterm AAA alone or in co-transfection 
with FLAG-TRAF3. Co-immunoprecipitation was performed using an anti-MYC antibody followed by immunoblot with an 
anti-FLAG to reveal interaction with FLAG-TRAF3 (top panel). Immunoprecipitated MAVS was revealed by immunoblot with 
anti-MYC antibody (second panel). Input for TRAF3 is shown (bottom panel). (C) qPCR analysis of total RNA isolated from 
HeLa cells transfected either with empty vector, MAVS wt or MAVS-Cterm AAA. Relative fold expression levels of IFNB1, 
IFNA2, IFIT1 (ISG56), IL6 and IP-10 versus ACTIN mRNA are shown. Data is representative of at least two experiments run 
in duplicate. (D) HeLa cells were transfected with IFNα4-Luc + IRF7, IFNβ-Luc, ISG56-Luc or NF-κB reporter plasmid, and 
expression plasmids encoding either: empty, MAVS wt or MAVS-Cterm AAA as indicated. Luciferase activity was analyzed at 
24 h post transfection and fold activation was determined compared with empty vector; values represent the average ± S.D. 
Results are representative of at least three experiments run in triplicate. (E) HEK293 cells were transfected with either empty 
vector, FLAG-TRAF3, FLAG-TRAF3 Y440A/Q442A alone or in co-transfection with MYC-MAVS. Co-immunoprecipitation was 
performed using an anti-MYC antibody followed by immunoblot with an anti-FLAG to reveal interaction with FLAG-TRAF3 
(top panel). Immunoprecipitated MAVS was revealed by immunoblot with anti-MYC antibody (second panel). Input for TRAF3 
is shown (bottom panel). (F) IFNα4-Luc + IRF-7 promoter activity is shown for either empty vector, TRAF3 Y440A/Q442A, 
MAVS wt or in combination as indicated. Luciferase activity was analyzed at 24 h post transfection as per manufacturer’s rec-
ommendation (Promega) and fold activation was determined compared to empty vector; values represent the average ± S.D. 
Results are representative of at least three experiments run in triplicate. 
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mediated IFN induction.

Reconstitution of the MAVS−/− MEFs with MAVS-Cterm 
AAA does not restore IFN response

The next approach to investigate functional conse-
quences of MAVS-TRAF3 interaction was to recon-
stitute MAVS−/− MEFs, which are unable to mount an 
antiviral response against RNA virus infection [62], 
with empty control vector, MAVS wt or MAVS-Cterm 
AAA expression plasmid and determine the magnitude 
of the antiviral response. Reconstitution with MAVS wt 
induced endogenous IFNB1, IFNA4, IFIT1, IL6 and IP-
10 mRNA, whereas reconstitution with MAVS Cterm 
AAA and subsequent vesicular stomatitis virus (VSV) 
infection reduced ISG expression by 50-80% (Figure 
4A). These results were confirmed by monitoring the 
activity of IFNα4, IFNβ, ISG56 and NF-κB promoters in 
reconstituted MAVS−/− MEFs; MAVS-Cterm AAA was a 
poor inducer of all promoters, compared with MAVS wt 
(Figure 4B).

Next, reconstituted MAVS−/− MEFs were infected with 
GFP-expressing VSV (designated as GFP-VSV-∆51) [63, 
64] at a MOI of five and virus replication was directly 
monitored by flow cytometry. MEFs reconstituted with 
empty vector were > 80% GFP positive and thus highly 
permissive for virus replication, whereas cells recon-
stituted with MAVS wt expressed very little GFP (Fig-
ure 4C). In MAVS−/− MEFs reconstituted with MAVS-
Cterm AAA, the cells were also highly permissive for 
VSV with > 60% of cells being GFP positive (Figure 
4C), indicating that MAVS-Cterm AAA was unable to 
restore an antiviral state that blocked VSV replication. 
These results were confirmed by VSV plaque assays with 
the supernatant from VSV-infected MEFs (Figure 4C). 
MEFs reconstituted with MAVS wt did not produce any 
plaques, whereas cells reconstituted with empty vector 
or MAVS-Cterm AAA produced approximately 3 × 105 
p.f.u./ml of VSV (Figure 4D), thus further illustrating the 
importance of the MAVS C-terminal TRAF3-binding site 
in generating an IFN-responsive antiviral state. 

IKKε recruitment to MAVS influences TRAF3 binding to 
MAVS

Because the C-terminal TIM is located adjacent to the 
IKKε interaction site, we were interested to determine 
if IKKε cooperatively influenced TRAF3 association 
with MAVS. MAVS wt and IKKε interaction was read-
ily detected by co-immunoprecipitation (Figure 5A, lane 
2), while IKKε and MAVS-Cterm AAA co-expression 
actually resulted in a modest increase in MAVS-IKKε 
interaction (Figure 5A, lane 3), suggesting that mutation 
of the C-terminal TIM facilitated IKKε-MAVS complex 

formation. To follow this observation, the interaction be-
tween a constant amount of MAVS and TRAF3 was ex-
amined in the presence of increasing amounts of IKKε. A 
dose-dependent reduction in the binding between MAVS 
and TRAF3 was observed with increasing IKKε, sug-
gesting that IKKε binding to MAVS may interfere with 
TRAF3 binding to MAVS (Figure 5B, lanes 3-7). Fur-
thermore, similar results were obtained when the kinase 
dead mutant of IKKε (IKKε K38A) was used in the ex-
periment, indicating that the kinase activity of IKKε was 
not necessary to dislodge TRAF3 from MAVS (Figure 
5C, lanes 3-7). Note, however, that the slower migration 
of MAVS in the presence of IKKε (Figure 5B, lanes 3-7), 
but not in the presence of IKKεK38A (Figure 5C, lanes 
3-7), indicates that MAVS is a target of IKKε-mediated 
phosphorylation, as previously reported [15]. 

To confirm that the displacement of TRAF3 occurred 
via the C-terminus of MAVS, the interaction between a 
constant amount of C-terminal MAVS construct aa 364-
540 and TRAF3 was examined in the presence of in-
creasing amounts of IKKε; a dose-dependent reduction in 
the binding between MAVS aa 364-540 and TRAF3 was 
observed with increasing IKKε (Figure 5D, lanes 4-7), 
indicating that IKKε binding to MAVS disrupted TRAF3 
binding to the TIM domain located in the C-terminus of 
MAVS. Of note, the level of TRAF3 protein was also 
reduced with increasing amounts IKKε or IKKεK38A 
(Figure 5B-5D, input TRAF3), suggesting a role for the 
IKKε-MAVS complex in TRAF3 protein turnover. 

IKKε-mediated disruption of the MAVS-TRAF3 complex 
requires Lys500

As demonstrated previously, mutation of MAVS 
Lys500 to Arg500 abrogated IKKε recruitment to MAVS 
[15]; therefore, we next compared MAVS(K500R)-
TRAF3 association in the presence or absence of IKKε. 
As expected, a fivefold decrease in TRAF3-MAVS 
binding was observed when IKKε was co-expressed, as 
compared with MAVS-TRAF3 interaction in the absence 
of IKKε (Figure 6A, lanes 1, 2). Strikingly, the associa-
tion between TRAF3-MAVS(K500R) was not affected 
by increasing amounts of IKKε (Figure 6A, lanes 3, 
4), indicating that in the absence of IKKε binding to 
MAVS(K500R), the MAVS-TRAF3 interaction was not 
disrupted. This result implies that the recruitment of 
IKKε to MAVS may disrupt the tethering of the TRAF3-
containing IFN signaling complex to the TIM domain.

To address the issue of TRAF3 turnover, total protein 
immunoblots were performed in cells co-expressing 
TRAF3 and increasing amounts of IKKε or IKKε K38A 
in the presence of either MAVS wt or MAVS(K500R) 
(Figure 6B-6E). A dose-dependent decrease in TRAF3 
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Figure 4 Reconstitution of MAVS−/− MEFs with MAVS-Cterm AAA does not lead to a proper antiviral response. (A) qPCR 
analysis of total RNA isolated from MAVS−/− MEF cells reconstituted with either: empty vector, MAVS wt or MAVS-Cterm AAA. 
Relative fold expression levels of IFNB, IFNA4, IFIT1 (ISG56), IL6 and IP-10 versus ACTIN mRNA are shown. Data is repre-
sentative of at least two experiments run in duplicate. (B) MAVS−/− MEF cells were reconstituted with IFNα4-Luc (IRF7), IFNβ-
Luc, ISG56-Luc or NF-κB reporter plasmid and expression plasmids encoding either empty, MAVS wt or MAVS-Cterm AAA 
as indicated. Luciferase activity was analyzed at 24 h post transfection and fold activation was determined compared with 
empty vector; values represent the average ±S.D. Results are representative of at least three experiments run in triplicate. 
(C) MAVS−/− MEFs were reconstituted with either: empty vector, MAVS wt or MAVS-Cterm AAA for 24 h followed by VSV-∆51-
GFP infection at an m.o.i. of 5. Samples were collected at 48 h post infection. VSV replication was determined by flow cytom-
etry for GFP expression. Results are shown as an average GFP percentage for two independent experiments. (D) Virus titers 
determined by standard plaque assay using supernatant from (C). Images of the assay plate are also shown. 
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levels was detected with increasing amounts of IKKε ex-
pression (Figure 6B); however, no change in TRAF3 pro-
tein level was observed in the presence of MAVS(K500R) 
(Figure 6C), thus demonstrating that IKKε recruitment 
to MAVS contributes to the turnover of TRAF3 protein. 
Furthermore, IKKε kinase activity was not required for 
TRAF3 turnover, since increasing the amounts of IKKε 
K38A also diminished TRAF3 levels (Figure 6D). To 
reinforce that IKKε binding was required for TRAF3 
turnover, IKKεK38A was also expressed in the pres-
ence of MAVS(K500R); without IKKεK38A binding to 
MAVS, the level of TRAF3 remained constant (Figure 
6E). Altogether, these experiments argue that the forma-

tion of a MAVS-IKKε-TRAF3 tripartite complex leads to 
a disruption in TRAF3 binding and increased turnover of 
TRAF3 protein, as previously described [62].

Identification of the MAVS-IKKε-TRAF3 complex in 
Sendai-virus-infected cells

To confirm the spatiotemporal events described above 
in a physiologically relevant context, a kinetic analysis 
of the MAVS-IKKε-TRAF3 complex was performed in 
A549 cells infected with SeV (50 HAU/ml; Figure 7). 
Following immunoprecipitation of endogenous MAVS, 
RIG-I was detected in the immunoprecipitate as early as 
4 h post infection and RIG-I association with MAVS in-
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Figure 5 IKKε influences TRAF3-binding to the C-terminal TIM of MAVS. (A) HEK293 cells were transfected with either: emp-
ty vector, FLAG-IKKε or in combination with either MYC-MAVS or MYC-MAVS-Cterm AAA. Interaction between MAVS wt and 
MAVS-Cterm AAA with IKKε was revealed using an anti-MYC antibody following immunoprecipitation with anti-FLAG antibody 
(upper panel). Immunoprecipitated IKKε was determined using and anti-FLAG antibody (second panel). Input of transfected 
MAVS is also shown using an anti-MYC antibody (bottom panel). (B-D) Where indicated, FLAG-TRAF3 and MYC-MAVS (A, 
B), MYC-MAVS aa 364-540 (D) were transfected at the same amount either alone or in combination with FLAG-IKKε (B, D) 
or FLAG-IKKεK38A (C) in increasing amounts. TRAF3 and IKKε or IKKεK38A interaction were uncovered using an anti-FLAG 
antibody. Immunoprecipitated MAVS wt (B, C) or MAVS aa 364-540 (D) using an anti-MYC antibody is shown. Input for IKKε 
and TRAF3 and MAVS wt are shown using an anti-FLAG or anti-MYC antibody. 

creased to a constant level between 6-24 h. Concomitant 
with the MAVS-RIG-I interaction, TRAF3 binding was 
detected, including a TRAF3 band at ~100 kDa, corre-
sponding to a K63-linked ubiquitinated form of TRAF3, 
as previously described [59] (Figure 7). IKKε was also 
detected in the immunoprecipitate at 4-8 h (Figure 7, 
lanes 3-5) [15]. Concomitant with IKKε dissociation 
from MAVS at 10 h was the disappearance of the ~100 
kDa TRAF3 band (Figure 7, lane 6). As a measure of 
IFN signaling activity, the formation of the RIG-I-MA-
VS-TRAF3 interactome resulted in IRF3 phosphoryla-
tion at 4-12 h, as detected by the Ser396 phospho-specif-
ic Ab [40, 65]. As TRAF3 binding to MAVS decreased, 

both TRAF3 and IRF3 protein levels also decreased, 
thus, confirming previous observations that TRAF3 and 
IRF3 undergo proteasomal degradation following virus 
infection (Figure 7, lane 8) [66, 67], both of which are 
hallmarks of the termination of the IFN response.

Discussion

This study characterizes a novel functional TRAF3-
binding site located at the C-terminus of MAVS – the 
TRAF-interacting motif 455-PEENEY-460. Several lines 
of evidence support the importance of this site in medi-
ating TRAF3-dependent IFN signaling: (1) binding of 
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Figure 6 Recruitment of IKKε to MAVS increases TRAF3 turnover. (A) HEK293 cells were transfected with the following ex-
pression plasmids: FLAG-TRAF3, MYC-MAVS or MYC-MAVS(K500R). Where indicated, GFP-IKKε was also co-transfected. 
Interaction between MAVS and TRAF3 was observed following immunoprecipitation of MAVS using an anti-MYC antibody 
and immunoblot for TRAF3 using a FLAG antibody (upper panel). Equal amounts of MAVS and its mutant K500R is demon-
strated using an anti-MYC antibody following immunoprecipitation with anti-MYC (second panel). Inputs for IKKε (anti-GFP), 
MAVS (anti-MYC) and TRAF3 (anti-FLAG) are also shown (bottom panel). (B-E) HEK293 cells were transfected with either: (B) 
equal amounts of FLAG-TRAF3, MYC-MAVS or increasing amounts of FLAG-IKKε; (C) MYC-MAVS(K500R) was transfected 
with equal amounts of FLAG-TRAF3 with increasing amounts of FLAG-IKKε; (D) equal amounts of FLAG-TRAF3, MYC-
MAVS or increasing amounts of FLAG-IKKε(K38A); (E) MYC-MAVS(K500R) was transfected with equal amounts of FLAG-
TRAF3 with increasing amounts of FLAG-IKKε(K38A). Western blot analysis was used to detect the protein levels of TRAF3, 
IKKε and IKKε(K38A) using an anti-FLAG antibody, and detection of MAVS and MAVS(K500R) was revealed using an anti-
MYC antibody. Actin antibody was used as a loading control.
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contains multiple regulatory domains and it is likely 
that the N-terminus of MAVS may also contribute to 
the stability of TRAF3. These results thus highlight the 
interplay of C-terminal binding of TRAF3 and IKKε in 
the shutdown of the IFN response.

In the context of several recent studies, the current 
observations support a multistep model of regulation of 
the IFN antiviral response, mediated via TRAF3 interac-
tions with the MAVS scaffold (Figure 8). Sensing of viral 
RNA structures by RIG-I results in Lys63 ubiquitina-
tion of RIG-I by TRIM25, leading to a conformational 
change in RIG-I that facilitates CARD-CARD domain 
interactions with MAVS [68] (reviewed in [26]). MAVS 
dimerizes [15-17] and recruits TRAF3 as an essential 
step in the activation of the antiviral response (Figure 
8A) [12, 18, 35]. This study demonstrates the critical role 
of the C-terminal 455-PEENEY-460 TIM in recruiting 
TRAF3; and the recruitment requires Lys63-polyubquit-
ination of TRAF3 by an unidentified E3 ubiquitin ligase, 
or possibly by auto-ubiquitination [26, 59]. The interac-
tion of the TRAF3-containing signaling complex (Figure 
8, panel A) activates downstream kinases TBK1/IKKε 
that phosphorylate C-terminal serine residues of latent 
cytoplasmic IRF3 and IRF7 [40-42]. IRF3 and/or IRF7 
then dimerize, translocate into the nucleus and bind to 
specific IRF-response elements in the IFNβ promoter, as 
well as other type I IFN genes [69]. Subsequently, Lys63 
polyubiquitination of MAVS at Lys500 leads to the re-
cruitment of IKKε to the C-terminus of MAVS [15], and 
initiates a termination of the IFN response, by disrupting 
TRAF3 binding to MAVS (Figure 8, panel B). Kayagaki 
et al. [31] discovered, through small interfering RNA 
screen, that the DUBA specifically removed Lys63-
linked polyubiquitin chains from TRAF3, resulting in its 
dissociation from the IFN signaling complex, contribut-
ing to the negative regulation of type I IFN response 
(Figure 8, panel C). De-ubiquitinated TRAF3 is then tar-
geted for Lys48 ubiquitination mediated by the E3 ubiq-
uitin ligase TRIAD3A [59]; finally TRAF3 is degraded 
by a proteasome-dependent mechanism, thus removing 
an essential adapter involved in the tethering of the IFN 
signaling complex to MAVS (Figure 8, panel C). TRAF3 
undergoes biphasic ubiquitination following viral infec-
tion: early after infection, Lys63-linked polyubiquitina-
tion contributes to IFN signaling complex formation, 
while at later times after infection, TRAF3 undergoes 
Lys48-linked polyubiquitination mediated by TRIAD3A 
that targets TRAF3 for proteasomal degradation (Figure 8, 
panel C) [59].

The complexity of the regulatory interactions at the 
MAVS scaffold is highlighted further by the identifica-
tion of several other proteins that interact with MAVS, 

Figure 7 Endogenous tripartite interaction amongst MAVS, 
TRAF3 and IKKε. Lung carcinoma cell line A549 were infected 
with SeV (50 HAU/ml) for the indicated times. Endogenous 
MAVS was immunoprecipitated using an anti-MAVS antibody 
and interaction with RIG-I, TRAF3 and IKKε were revealed us-
ing an anti-RIG-I (top panel), anti-TRAF3 (second panel), anti-
IKKε antibody (third panel). Equal amounts of immunoprecipi-
tated MAVS was revealed using an anti-MAVS antibody (fourth 
panel). Input for RIG-1, TRAF3, IKKε, IRF3 (ps396 IRF3 and 
TOTAL IRF3), MAVS and Actin are shown (last seven panels).
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TRAF3 was abrogated using MAVS-Cterm AAA mutant 
(455-AAANEY-460), and TRAF3 binding to the C-ter-
minal TIM was essential for the IFN antiviral response; 
(2) mutation of the previously characterized N-terminal 
TIM (143-PVQET-147) did not affect TRAF3 binding or 
downstream IFN signaling; (3) a non-binding mutant of 
TRAF3, mutated at amino acids Y440 and Q442 did not 
interact with the TIM or induce IFN signaling; (4) MA-
VS-Cterm AAA was unable to reconstitute an antiviral 
state in MAVS−/− MEFs; and (5) TRAF3 was displaced 
from MAVS when IKKε was present, a mechanism in-
dependent of its kinase activity but dependent on K63 
linked ubiquitination of MAVS at Lys500. Interestingly, 
the stability of TRAF3 was minimally affected when 
MAVS 364-540 and IKKε were present in our system, 
although the displacement of TRAF3 from MAVS was 
readily detected with increasing IKKε. MAVS protein 
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including: TRAF2/5/6, caspase-8/10, RIP1, FADD, 
TRADD, MITA/STING/MYPS/ERIS, RNF125, REUL, 
A20, CYLD, Atg5-Atg12, NLRX1, NLRC5, LGP2 (re-
viewed in [19]), proteins that may further contribute to 
positive or negative regulation of the RIG-I/MAVS path-
way. To further add to the complexity of MAVS regula-
tion of signaling, Dixit et al. [70] recently demonstrated 
that MAVS can localize to cytosolic peroxisome struc-
tures, which are formed from the endoplasmic reticulum 
and are usually involved in cellular metabolism [71]. 
MAVS localization to the peroxisome establishes a dis-

tinct population of MAVS involved in the early, transient 
response against viral pathogens, while mitochondrial 
MAVS produces a sustained robust antiviral response. 
Interestingly, peroxisomal MAVS and mitochondrial 
MAVS may not utilize the same transcription factors to 
induce antiviral genes. It will be interesting to determine 
if the adapters tethered to peroxisomal MAVS differ from 
those associated with mitochondrial MAVS. Recently, 
Zeng et al. [72] established a cell-free system that will 
permit further dissection of the pathway and contribute 
to a better understanding of events leading to the host 

Figure 8 Schematic representation of TRAF3-mediated positive and negative regulation of IFN signaling. Sensing of dsRNA 
and Lys63 ubiquitination of RIG-I by TRIM25 leads to a conformational change that allows the CARD domain to interact with 
downstream adaptor MAVS. MAVS in turn dimerizes and recruits TRAF3 to the C-terminal 455-PEENEY-460 consensus site, 
a process requiring Lys63-polyubquitination of TRAF3. The MAVS-TRAF3 interaction leads to the recruitment and activation 
of downstream kinases TBK1/IKKε to phosphorylate IRF3 and IRF7 in the cytoplasm. IRF3 and IRF7 will dimerize, trans-
locate into the nucleus where they will bind specific ISGs and induce type I IFN. K63-linked polyubiquitination at Lys500 of 
MAVS recruits IKKε to the C-terminus of MAVS. The recruitment of IKKε to the mitochondria will release TRAF3 from the mi-
tochondria and initiate the signal to shutdown the IFN response by either activating or recruiting DUBA to remove the Lys63-
polyubiquitin chains on TRAF3. De-ubiquitinated TRAF3 is then targeted to the proteasome by Lys48 ubiquitination mediated 
by the action of TRIAD3A and thus shutting down any further activation of the IFN pathway. 
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antiviral and inflammatory responses. In conclusion, we 
provide evidence that the C-terminal regulatory region 
of MAVS is involved in positive and negative regulation 
of the antiviral response through regulatory interactions 
with TRAF3 and IKKε. 

Materials and Methods

Plasmid construction and mutagenesis
Plasmids encoding FLAG-IKKε, FLAG-IKKεK38A, GFP-

IKKε, FLAG-TRAF3, MYC-TRAF3, MYC-MAVS, MYC-MAVS 
(aa 1-155, aa 1-400, aa 1-580, aa 157-400, aa 151-540, aa 364-
540, aa 468-540 and aa 503-540), MYC-MAVS(K500R), FLAG-
MAVS ∆aa 101-450, FLAG-MAVS ∆aa 101-480 have been previ-
ously described [14-15, 29, 40, 59]. MAVS multisite point mutants 
at proline 455 (P), glutamic acid 456 (E), glutamic acid 457 (E) 
to alanine (A) (MYC-MAVS-Cterm AAA) and proline 143, glu-
tamine 145, threonine 147 to alanine (MYC-MAVS-Nterm AAA), 
were generated by multisite directed mutagenesis as per manu-
facturer’s instructions (Stratagene, La Jolla, CA, USA). All point 
mutants were verified by sequencing.

Tissue culture, transfection techniques and virus infection
HEK293, Vero and HeLa cells were grown in DMEM supple-

mented with 10% FBS (Wisent, St-Bruno, Quebec, Canada). A549 
cells were cultured in F12K media supplemented with 10% FBS 
(Wisent). MAVS−/− MEFS (kind gift from Dr Zhijian Chen) and 
TRAF3−/− MEFs (kind gift from Dr Genhong Cheng) were cultured 
DMEM 10% FBS (Invitrogen, Carlsbad, CA, USA), supplemented 
with 1% non-essential amino acids and 1% l-glutamine. Culture 
media and supplements were purchased from Wisent. Where in-
dicated, A549 cells were infected with Sendai virus at 50 HAU/
ml (Charles River Lab) in serum free condition supplemented with 
serum 1 h post infection. Transient transfections were carried out 
in subconfluent HEK293 cells by calcium phosphate, by Fugene6 
(Roche Diagnostics, Mannheim, Germany), in HeLa cells or Lipo-
fectamine 2000 in knockout MEFs (Invitrogen) when indicated, as 
per manufacturer’s recommendations. 

VSV infection and viral replication
Where indicated MAVS−/− cells were infected with 5 m.o.i of 

VSV (strain ∆51; kind gift from Dr John Bell) in serum free condi-
tion supplemented with serum 1 h post infection. Flow cytometry (1 
× 104 cells per measurement) was performed with a FACS Calibur 
(Becton-Dickinson, Mississauga, Ontario, Canada) and analyzed 
with Cell Quest software and FCS Express version 3 (De Novo 
Software, Los Angeles, CA) for GFP expression. Plaque assay was 
done using confluent monolayers of Vero cells in six-well plates 
were infected with 0.1 ml of serially diluted samples; after 1 h of 
infection, at 37 °C, medium was removed and replaced with com-
plete medium containing 0.5% methyl cellulose (Sigma-Aldrich, 
Oakville, Ontario, Canada) for 48 h. Vero cells were fixed in 4% 
formaldehyde and stained with crystal violet. 

Reporter gene assay
Subconfluent HeLa or confluent MAVS−/− MEFs cells were 

transfected with 20 ng of pRLnull reporter (Renilla luciferase, in-

ternal control), 100 ng of pGL3-IFNα4, pGL3-IFNβ, pGL3-ISG56, 
pGL3-NF-κB, and 100 ng of MYC-MAVS (wt or its mutated or 
truncated forms) as indicated. As previously described, IFNα4 pro-
moter activity was measured in the presence of exogenous IRF7 
at 100 ng [40]. At 24 h post transfection, reporter gene activity 
was measured by Dual-Luciferase reporter assay according to the 
manufacturer’s instructions using GLIOMAX 20/20 luminometer 
(Promega Corporation, Madison, WI, USA). Three independent 
experiments were carried out in triplicate. Error bars represent the 
mean standard deviation for triplicates and analyzed using Prism 5 
software.

Western blot and co-immunoprecipitation
Whole-cell extracts (WCE, 30-50 µg) were separated in 7.5 or 

10% acrylamide gel by SDS-PAGE and transferred to a nitrocel-
lulose membrane (BioRad, Mississauga, ON, Canada). Membra-
nes were blocked for 1 h at room temperature in 5% (v/v) dried 
milk/0.1% (v/v) Tween-20 in PBS and then were probed with pri-
mary antibodies: for 1 h at room temperature or overnight at 4 °C. 
After washes, membranes were incubated with horse-radish perox-
idase-coupled secondary antibody solutions (1 : 3 000 in 5% milk/
PBS, KPL, Gaithersburg, MD, USA) for 1 h at room temperature, 
washed and revealed using ECL reagent (Perkin-Elmer, Waltham, 
MA, USA) according to manufacturer’s instructions.

HEK293 cells were transiently transfected with the indicated 
expression plasmids. Cells were harvested and immediately 
lysed in a 1% Triton X-100 lysis buffer (20 mM Tris-HCl, pH 
7.5, 150 mM NaCl, 1% Triton X-100, 10% glycerol, 40 mM 
β-glycerophosphate, 0.1% protease inhibitor cocktail, 1 mM 
PMSF, 1 mM Na3VO4, 5 mM NaF, 1 mM DTT, 10 mM NEM). 
Immunoprecipitation was carried out in WCE (500 µg) with 1 µg 
of anti-MYC (9E10; Santa Cruz Biotechnology, Santa Cruz, CA, 
USA) or anti-FLAG (Sigma-Aldrich, St Louis, MO, USA) cou-
pled to 50 µl of A/G PLUS-Agarose beads (Santa Cruz Biotechno-
logy) at 4 °C with constant agitation. Following five washes with 
supplemented lysis buffer, samples were denatured in 2% SDS-
loading dye, separated by SDS-PAGE and transferred to a nitrocel-
lulose membrane (BioRad). Co-immunoprecipitated TRAF3 or 
IKKε was detected by anti-FLAG antibody (Sigma-Aldrich) or by 
anti-GFP antibody (Roche Diagnostics).

For endogenous protein interactions, A549 cells were infected 
or not with SeV as described. At 2, 4, 6 and 8, 10, 12 and 24 h 
post-infection cells were harvested and lysed as above. Immuno-
precipitation was carried out on WCE (1 mg) using an anti-MAVS 
antibody raised against the C-terminal (rabbit polyclonal, in col-
laboration with Millipore Corporation Cat: 06-1044; Temecula, 
CA, USA) for 16 h at 4 °C with constant agitation. Following 
washes, samples were analyzed by immunoblot. Co-immunopre-
cipitated RIG-I was detected using an anti-RIG-I antibody raised 
against the N-terminal (rabbit polyclonal, in collaboration with 
Millipore Corporation Cat: 06-1040; Temecula, CA, USA) TRAF3 
(Santa-Cruz, G-6), IKKε was detected using an anti-IKKε mouse 
monoclonal antibody (in collaboration with BD Biosciences, San 
Jose, CA, USA). Other antibodies used in this study include IRF3 
ps396 (Millipore Corporation; Temecula, CA, USA); anti-IRF3 
antibody raised against the C-terminal (Rabbit polyclonal, in col-
laboration with Millipore Corporation Cat:06-1045; Temecula, 
CA, USA); anti-actin (Millipore Corporation; Temecula, CA, 
USA).
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Quantitative real-time PCR
DNase-treated total RNA from HeLa cells and MAVS−/− cells 

transfected with MYC-MAVS wt, internal deletion constructs or 
mutated AAA was prepared using the RNeasy kit (Qiagen, Mis-
sissauga, ON, Canada). RNA concentration was determined by 
absorption at 260 nm, and RNA quality was ensured by a 260/280 
ratio ≥ 2.0. Total RNA was reverse transcribed with 100 U of Su-
perscript II Plus RNAse H reverse transcriptase using oligo AnCT 
primers (Gibco BRL Life Technologies, CA, USA). qPCR assays 
were performed using the SYBR Green I on a Light Cycler appa-
ratus (Roche Diagnostics). Human primers sequences used in this 
study are as follows: IFNB1 forward: 5′-TTGTGCTTCTCCACTA-
CAGC-3′, IFNB1 reverse: 5′-ATCTGAGGTGCCCATGCTAC-3′; 
IFNA2 forward: 5′-CCTGATGAAGGAGGACTCCAT-3′, IFNA2 
reverse: 5′-AAAAAGGTGAGCTGGCATACG-3′; IFIT1 forward: 
5′-CAACCAAGCAAATGTGAGGA-3′, IFIT1 reverse: 5′-AG-
GGGAAGCAAAGAAAATGG-3′; IL-6 forward: 5′-GGAGACT-
TGCCTGGTGAAAA-3′, IL-6 reverse: 5′-ATCTGAGGTGCCCA-
TGCTAC; IP-10 forward: 5′-TCTTCTCACCCTTCTTTTTCAT-
TGT-3′, IP-10 reverse: 5′-TTCCTGCAAGCCAATTTTGTC-3′; 
OAS1 forward: 5′-CCTGGTTGTCTTCCTCAGTCC-3′, OAS1 
reverse: 5′-GTGGAGAACTCGCCCTCTTT-3′; RIG-I forward: 
5′-GCAGAGGCCGGCATGAC-3′, RIG-I reverse: 5′-TGTAGG-
TAGGGTCCAGGGTCTTC-3′; ACTIN forward: 5′-ACTGG-
GACGACATGGAGAAAA-3′, ACTIN reverse: 5′-GCCACACG-
CAGCTC-3′. Murine primers sequences used in this study are as 
follows: IFNB forward: 5′-CACAGCCCTCTCCATCAACT-3′, 
IFNB reverse: 5′-TCCCACGTCAATCTTTCCTC-3′; IFNA4 
forward: 5′-GAAGGACAGGAAGGATTTTGGA-3′, IFNA4 
reverse: 5′-TGAGCCTTCTGGBATCTGTTGGT-3′; IFIT1 
forward: 5′-CTCTGAAAGTGGAGCCAGAAAAC-3′, IFIT1 re-
verse: 5′-AAATCTTGGCGATAGGCTACGA-3′; IP-10 forward: 
5′-AAGTGCTGCCGTCATTTTCT-3′, IP-10 reverse: 5′-CAC-
TGGGTAAAGGGGAGTGA-3′; ACTIN forward: 5′-CAC-
CAGTTCGCCATGGAT-3′, ACTIN reverse: 5′-CCTCGTCACC-
CACATAGGAG-3′. Murine IL-6 primers were obtained from Ori-
gene (catalog number: MP206798). PCR efficiency results were 
obtained from duplicate measurements of two individual cDNA 
samples. Experiments were performed at least twice. All data are 
presented as a relative quantification, based on the relative expres-
sion of target genes versus ACTIN as reference gene and analyzed 
using Prism 5 software.
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