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NA viruses cause a significant majority of acute and chronic human viral infections

(1, 2). The innate immune system has evolved multiple strategies to effectively
control RNA viruses (3-9). Type | interferons (TI-IFNs), potent antiviral proteins induced
by the innate immune system, are critical for controlling viral infections (10-13).

The major antiviral TI-IFNs (e.g., IFN-B and IFN-a) are produced through a signaling
cascade initiated upon the recognition of incoming viruses by several pattern recog-
nition receptors (PRRs) located at different sites within host cells. RIG-I is a prominent
PRR that detects RNA viruses in the cytoplasm and plays critical roles in the control of
infections by several viruses (4-7, 9, 14-16). Upon viral sensing, cytoplasmic RIG-I
interacts with the adaptor protein MAVS, which is localized on mitochondria, the
mitochondrion-associated membrane system, and peroxisomes (17-22). Activated
MAVS polymerizes to form prion-like structures and subsequently activates NEMO, the
regulatory subunit of cytosolic Tank binding kinase 1 (TBK1), leading to phosphoryla-
tion of the latent cytoplasmic transcription factor interferon regulatory factor 3 (IRF3)
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(23, 24). Signals from multiple antiviral PRRs converge at the level of TBK1 activation
(6-8, 25-28). Activated IRF3 dimerizes, migrates to the nucleus, binds to the interferon
gene promoter, and then, along with cofactors such as CBP/p300, initiates TI-IFN gene
transcription (29-34).

Although several molecules and mechanisms involved in the RIG-I-mediated TI-IFN
response are well studied, many aspects of the regulation of this pathway have yet to
be understood. It is of interest to determine how different upstream and downstream
protein modules of RIG-l signaling are assembled, and understanding how these
modules bridge each other and IRF3 needs further studies (35, 36). In particular, how
mitochondrial membrane-bound MAVS transduces its activation to the cytoplasmic
NEMO-TBK1-IRF3 complex and how activation of TBK1 by multiple antiviral PRRs is
integrated with the recruitment and phosphorylation of IRF3 by TBK1 are not com-
pletely understood. Compartmentalized organization of various modules of antiviral
PRRs and their integration at organelle membranes are widespread phenomena, as also
seen in the case of many other antiviral PRRs, such as Toll-like receptors (TLRs) and
cyclic GMP-AMP synthase, among others (4, 37-39). Therefore, it is logical to presume
that several of these components need to be brought into spatial proximity for
interferon gene transcription to initiate and that there may exist a scaffold protein
platform(s) integrating multiple components and modules of PRR signaling and IRF3
activation.

MAVS is localized on membranous platforms, primarily mitochondria, along with
distributions on peroxisomes and the mitochondrion-associated membrane system
(17-22). MAVS is known to be part of a signaling complex involving cytosolic NEMO as
well as TBK1 (39, 40). How activated MAVS that is localized to specific organelles
communicates with cytosolic NEMO and TBK1, leading to IRF3 activation, is unclear. The
role of ubiquitination in transducing signals from MAVS to IRF3 has been studied
extensively (41-45). Some previous studies recorded important redundant roles for
TRAF proteins 2, 5, and 6, as well as for TRAF3, in transducing signals from activated
MAVS and other antiviral PRRs to IRF3, leading to IRF3 phosphorylation (36, 46-49).
Although TRAFs are important in RIG-I signaling, current evidence is inconclusive
regarding whether they directly mediate the association of the NEMO-TBK1 complex
with MAVS as well as IRF3 (36). Recently, TRIM14-based ubiquitination was also deter-
mined to be essential for NEMO recruitment to MAVS (50). Unlike our understanding of
the role of ubiquitination in RIG-I signaling, the identity and role of the scaffolding
protein platforms on which activated membrane-bound MAVS transduces signals to
cytosolic IRF3 are less well understood. Although TANK was determined to interact with
MAVS, NEMO, TBK1, TRAF3, and IRF3, no information is available on whether it mediates
the assembly of these signaling proteins (51, 52). Moreover, TANK was later found to be
dispensable for TLR3-mediated interferon production in vivo (53). Another study re-
ported that Hsp90 associates with TBK1 and IRF3 and that this complex is recruited to
MAVS upon stimulation; however, Hsp90 was not demonstrated to directly bridge
NEMO and TBK1 to MAVS (54). Yet another study identified that the tetratricopeptide
domain-containing protein IFIT3 plays a role in the association of MAVS with TBK1 (40).
A detailed previous study identified MITA, a mitochondrial protein, as playing an
important role in bridging MAVS to TBK1 and IRF3 (37, 39). It was found that a
constitutively formed MITA-IRF3 complex remained localized on the mitochondrial
surface and that viral infection promoted MITA (with bound IRF3)-MAVS interaction.
However, it is unclear how phosphorylation of the bulk of the free IRF3 present in the
cytoplasm is mediated by MITA during RIG-I signaling. MITA was found to be nones-
sential for TRIF/TLR3-induced IRF3 activation, arguing that its role is associated only
with MAVS-requiring pathways. Hence, how IRF3 activation is integrated with the
primed TBK1 complex cannot be explained entirely by MITA. A very recent study
identified that phosphorylated MAVS interacts with IRF3 and proposed that MAVS may
act as a scaffold for bringing TBK1 and IRF3 into close proximity (55). All these studies
indicated that the transduction of signals between the upstream membrane-bound
and downstream cytosolic modules of RIG-I signaling requires complex regulatory
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processes, including specific protein scaffold platforms that may bring various compo-
nents together. Discovery of the mechanisms involved in the coupling of membrane-
anchored MAVS with its downstream cytosolic molecular complex will greatly enhance
our understanding of interferon response regulation.

Another area of antiviral PRR signaling that needs further studies pertains to the
protein(s) involved in mediating the binding of the activated TBK1 complex to IRF3 (56).
Because IRF3 activation drives interferon gene transcription, this step has to be tightly
regulated. Although NAP1 and SINTBAD were previously shown to bind TBK1, whether
they help in the recruitment of IRF3 to TBK1 is not known (57-60). Similarly, whether
TANK can act as a scaffold for TBK1-IRF3 association is unknown (51, 52). Because
multiple antiviral PRRs (e.g., RIG-I and TLR3) converge to activate TBKI, it is likely that
there exist unidentified unifying protein scaffolds that orchestrate the assembly and
integration of TBK1 activation with IRF3.

In this study, we investigated the regulation of integration of different modules of
interferon signaling by using RIG-I signaling as a model pathway. We report the
identification of the protein AfGAP domain-containing protein 2 (ADAP2) as a critical
protein scaffold that couples different modules of RIG-I signaling, leading to interferon
gene transcription.

RESULTS

ADAP2 is a positive regulator of RIG-I-mediated interferon gene transcription.
We previously reported the identification of over 200 proteins as novel regulators of
RIG-1 signaling by use of a human genome-wide RNA interference (RNAi) screen (61).
Because our goal in the present study was to determine the scaffold proteins that
bridge different modules of RIG-I signaling, we investigated whether any of these newly
reported proteins could be candidate molecules serving this function. One of the genes
identified in our published RNAi screen for RIG-I regulators, ADAP2, caught our atten-
tion because a previous proteomics study had reported the ADAP2 protein as an
interacting partner of NEMO (62). In a related context, it is also worth noting another
study which identified ADAP2 as one of the two proteins present in the isolated
minimal cytoplasmic fraction that could support the DNA-mediated interferon response
(63). Although these two earlier studies indirectly hinted at a possible role for ADAP2
in interferon production, neither performed any validation or functional and mecha-
nistic studies on the role of ADAP2 in interferon gene transcription. Because ADAP2 was
already reported to bind to NEMO, we specifically explored in this study whether
ADAP2 could be a scaffolding platform mediating the assembly of the MAVS-NEMO-
TBK1-IRF3 complex.

ADAP2 belongs to the ArfGAP (ADP ribosylation factor, GTPase-activating proteins)
family of genes (64-66). We first validated and established the role of ADAP2 in
RIG-I-mediated IFNBT (the gene that encodes type | IFN-B) gene transcription in
HEK293T cells, a model cell line that is widely used to dissect antiviral pathways. For this
purpose, ADAP2 was knocked down by use of small interfering RNAs (siRNAs), and the
RIG-I pathway was stimulated by transfection with the ligand poly(l-C). Silencing of the
positive-control gene MAVS heavily abolished RIG-l-induced human IFN-B promoter-
driven luciferase reporter activity. Similarly, silencing of ADAP2 by two independent
siRNAs also led to significant (up to 9-fold; P < 0.01) reductions of the IFN-B signal.
Gene silencing was confirmed by Western blotting (Fig. 1A). To ascertain the on-target
specificity of ADAP2-targeting siRNAs, we silenced endogenous ADAP2 by using siRNAs
against its 3’ untranslated region (UTR) in HEK293 cells, and we transfected an ADAP2
coding region-containing expression plasmid into the cells to rescue the IFN-B activa-
tion that was lost due to knockdown. As shown in Fig. 1B, this approach confirmed that
the tested siRNAs were indeed targeting ADAP2 and that the observed defect in the
interferon response was due to the lack of ADAP2 expression.

ADAP2 regulates both interferon and NF-«B responses from PRRs. MDAS5 is
another cytosolic antiviral PRR that signals through MAVS and induces IFN-B gene
transcription. It was determined that similar to that of RIG-I, ADAP2 knockdown resulted
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FIG 1 ADAP2 is essential for the interferon response. (A) Knockdown of ADAP2 by use of two independent siRNAs
reduced poly(l-C)-stimulated RIG-I-mediated IFN-B luciferase reporter activity in HEK293T cells. Gene knockdown
efficiencies of the siRNAs as determined by Western blotting are shown in the inset. (B) Rescue of loss of IFN-B
luciferase reporter activity in HEK293T cells caused by 3’'-UTR-targeting siRNA-mediated endogenous ADAP2
silencing. The phenotype was rescued through overexpression of the ADAP2 ORF. (C) Knockdown of ADAP2 by use
of two independent siRNAs reduced MDA5 overexpression-mediated IFN- luciferase reporter activity in HEK293T
cells. (D and E) ADAP2 knockdown reduced poly(l-C)-stimulated RIG-I-mediated IFN-a4 (D) and NF-«B (E) luciferase
reporter activation. (F) ADAP2 knockdown attenuated ISG15 expression in Sendai virus-infected HEK293T cells as
determined by gRT-PCR. (G) Knockdown of ADAP2 in human primary monocytes ablated SeV infection-induced
IFNBT transcript formation as determined by qRT-PCR analysis of viral RNA. (H) Knockdown of ADAP2 in HEK293T
cells increased the VSV infection load as determined by plaque assay at 18 h postinfection. The luciferase values
shown are means and SD for a representative experiment performed in triplicate. Reporter (firefly) luciferase values
were normalized with a renilla luciferase internal control and expressed as fold induction values. RNA transcript
loads were determined using qRT-PCR and expressed as fold changes. The qRT-PCR data were calculated by
determining the relative threshold cycle (C;) values, based on the formula 2~ (C7 of target gene — T of p-actin) The values
for uninfected cells (F and G) were taken as 1. The statistical significance of differences in mean values was analyzed
using unpaired two-tailed Student’s t test, and P values of <0.05 were considered statistically significant (**, P <
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in a reduced IFN-B response driven by MDA5 (Fig. 1C). In addition to IFN-B, RIG-I also
induces transcription of genes encoding another class of interferons, IFN-a1 to -13.
Additionally, proinflammatory pathways are also triggered by RIG-I, through the acti-
vation of NF-kB. To determine whether ADAP2 regulates multiple pathways down-
stream from RIG-I, we stimulated ADAP2-silenced HEK293T cells by use of poly(l-C) and
determined the IFN-a4 promoter- and NF-«B target promoter-driven luciferase activi-
ties. The results identified that ADAP2 was indeed needed for multiple signaling
pathways downstream from RIG-I. ADAP2-silenced cells showed reduced activation of
the IFN-a4-driven (Fig. 1D) (2-fold; P < 0.05) and NF-«B-driven (Fig. 1E) (3.5-fold; P <
0.01) luciferase reporters. These results indicated that ADAP2 is central to several
downstream effects of RIG-I signaling and likely acts at a step upstream of pathway
bifurcation into interferon and NF-kB branches.

ADAP2 is needed to control viral infection. We further proceeded to assess
whether ADAP2 is involved in the host cell IFN-B response and resistance to actual viral
infection of human cells. We used Sendai virus (SeV), a paramyxovirus that activates
RIG-1, as the model virus (67). Consistent with the observed defect in IFN-B promoter-
driven luciferase reporter activity upon RIG-I activation by poly(l-C), Sendai virus-
infected ADAP2-silenced HEK293T cells also showed reduced (up to 2.4-fold; P < 0.01)
expression of ISG15, an interferon-stimulated gene (Fig. 1F). We also investigated
whether ADAP2 has any role in the interferon response in human primary cells during
viral infection. For this purpose, ADAP2-silenced human primary monocytes were
infected with Sendai virus and assessed for IFNB1 transcript formation. As revealed in
Fig. 1G, silencing of ADAP2 attenuated IFNB1 transcript formation (up to 2.4-fold; P <
0.01) induced by SeV infection in primary immune cells.

Next, we assessed whether ADAP2 contributes to host control of viruses by assessing
the effect of altered ADAP2 expression on the infectivity of vesicular stomatitis virus
(VSV), a rhabdovirus known to be sensitive to interferon. The load of VSV as determined
by plaque assay was significantly enhanced (up to 26-fold; P < 0.01) in ADAP2-silenced
HEK293T cells (Fig. 1H).

The ArfGAP domain of ADAP2 regulates the interferon response. Further ex-
periments were performed to determine the structural regions of ADAP2 needed for
RIG-I signaling by using mutagenesis and truncations. Complementing the results
obtained from ADAP2 knockdown experiments, ectopic expression of full-length
ADAP2 notably enhanced IFN-B production (up to 3.5-fold; P < 0.01) in a dose-
dependent manner (Fig. 2A). We also examined which domain(s) of ADAP2 is needed
to augment IFN- reporter activity upon ectopic expression. ADAP2 has an N-terminal
ArfGAP domain and two C-terminal PH domains (PH1 and PH2) (Fig. 2B). Subsequently,
truncation experiments were performed to identify the domains of ADAP2 needed to
modulate the interferon response. Ectopically expressed PH domains (PH1 alone, PH2
alone, or both domains) without the adjoining ArfGAP domain revealed that the PH
domains are dispensable for the IFN-8 response-modulating activity of ADAP2 (Fig. 2Q).
On the other hand, the ectopically expressed ArfGAP domain enhanced the interferon
response comparably to the wild-type (WT) ADAP2 protein, conclusively identifying
that the ArfGAP domain is essential and sufficient for the IFN-B-stimulating activity of
ADAP2 (Fig. 2Q).

ADAP2 is needed for IRF3 phosphorylation. After establishing the role of ADAP2
as a positive regulator of the antiviral response, we attempted to identify the precise
stage of RIG-I signaling that is regulated by ADAP2. Ectopic expression of wild-type
RIG-I, MAVS, and TBK1 and a constitutively active phosphomimetic /IRF3 mutant (IRF3-
D5) can induce IFN-B gene transcription without any ligand stimulation (61). By
combining ADAP2 silencing with pathway component ectopic expression-based IFN-8

FIG 1 Legend (Continued)

0.01). si, siRNA; si-NT, nontargeting negative-control siRNA; EV, empty vector; UTR, untranslated region; ORF, open
reading frame; VSV, vesicular stomatitis virus; SeV, Sendai virus; GAPDH, glyceraldehyde-3-phosphate dehydroge-
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FIG 2 The ArfGAP domain of ADAP2 is needed for the antiviral response. (A) Ectopic expression of ADAP2
enhanced RIG-I overexpression-mediated IFN-f3 luciferase reporter activity in HEK293T cells. (B) Schematic
showing the domain organization of the ADAP2 protein. (C) Effects of ectopic expression of different
truncations of ADAP2 on RIG-| overexpression-mediated IFN-B luciferase reporter activity. The inset shows
expression levels of truncation proteins determined by Western blotting (IB). Reporter (firefly) luciferase
values were normalized with a renilla luciferase internal control and expressed as fold induction values. The
values shown are means and SD for a representative experiment performed in triplicate. The statistical
significance of differences in mean values was analyzed using unpaired two-tailed Student’s t test, and P
values of <0.05 were considered statistically significant (*, P < 0.05; **, P < 0.01). EV, empty vector; WT, wild
type; Mut, truncation mutant; PH, pleckstrin homology domain; none, only the IFN-B promoter-driven
luciferase reporter was present within the cells; GAPDH, glyceraldehyde-3-phosphate dehydrogenase
(cytoplasmic internal control marker).

activation, we identified that knockdown of ADAP2 attenuated IFN- activation induced
by ectopic expression of RIG-I, MAVS, and TBKT but not IRF3-D5 (Fig. 3A). These data
indicated that ADAP2 affects IFN-B gene transcription by regulating a step upstream of
IRF3 activation. Accordingly, coexpressed ADAP2 was found to enhance IFN-B gene
transcription induced by overexpression of MAVS and TBK1 (Fig. 3B). The detection of
viruses by PRRs initiates a signaling event that activates the cytosolic latent transcrip-
tion factor IRF3 through phosphorylation by the kinase TBK1. To further confirm that
ADAP2 regulates RIG-I signaling upstream of IRF3 activation, we investigated whether
the phosphorylation of IRF3 is intact within ADAP2-silenced cells. For this purpose,
ADAP2-silenced HEK293T cells were stimulated with SeV, and phosphorylation of IRF3
was detected by Western blotting. The level of phosphorylated IRF3 within ADAP2
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FIG 3 ADAP2 is needed for IRF3 phosphorylation. (A) Knockdown of ADAP2 reduced IFN-B promoter-driven
luciferase reporter activity induced by ectopic expression of MAVS, TBK1, and IRF3-D5 in HEK293T cells. (B)
Coexpression of ADAP2 increased IFN-B promoter-driven luciferase reporter activity induced by overexpression of
MAVS and TBK1. (C) ADAP2 silencing reduced SeV infection-induced IRF3 phosphorylation in HEK293T cells. (D) A
cell-free in vitro RIG-I-mediated IRF3 phosphorylation assay established ADAP2 as a regulator of the interferon
response. Western blotting was used to detect pIRF3 formation after stimulation of uninfected HEK293T cellular
cytoplasm with mitochondria from infected HEK293T cells. The ADAP2-silenced cytoplasm was supplemented with
either vehicle only or recombinant ADAP2 (full length, Mut1, and/or Mut3). Reporter (firefly) luciferase values were
normalized with a renilla luciferase internal control and expressed as fold induction values. The values shown are
means and SD for a representative experiment performed in triplicate. The statistical significance of differences in
mean values was analyzed using unpaired two-tailed Student’s t test, and P values of <0.05 were considered
statistically significant (**, P < 0.01). Si, siRNA; Si-NT, nontargeting negative-control siRNA; EV, empty vector; ORF,
open reading frame; h, hours postinfection; none, only the IFN-B promoter-driven luciferase reporter was present
within the cells; mito, mitochondrial fraction; cyto, cytoplasmic fraction; rADAP2, purified recombinant ADAP2
protein; WT, wild-type full-length ADAP2; GAPDH, glyceraldehyde-3-phosphate dehydrogenase (cytoplasmic inter-
nal control marker); siNT Sev (Mito), mitochondrial fraction of siNT-treated Sendai virus-infected cells; siNT (Cyto),
cytoplasmic fraction of siNT-treated uninfected cells; siADAP2 Sev (Mito), mitochondrial fraction of siADAP2-treated
Sendai virus-infected cells; siADAP2 (Cyto), cytoplasmic fraction of siADAP2-treated uninfected cells.

knockdown cells was found to be notably less than that in negative-control siRNA
(siNT)-transfected cells (Fig. 3C). This experiment further confirmed that ADAP2 regu-
lates RIG-I signaling upstream of IRF3 activation.

Recombinant ADAP2 supports IRF3 phosphorylation in a cell-free IRF3 activa-
tion assay. We recently reported the use of a cell-free IRF3 activation assay to
characterize the regulation of RIG-I signaling, based on earlier studies (44, 61). As
another approach to establish the critical requirement for ADAP2 in IRF3 activation, we
used the cell-free IRF3 activation assay. In this assay, the purified mitochondrial fraction
from Sendai virus-infected wild-type 293T cells was able to induce phosphorylation of
IRF3 in the cytoplasm from unstimulated wild-type cells. Consistent with the cell-based
assay results, it was found that cytoplasm from ADAP2-silenced cells was unable to
support IRF3 phosphorylation when stimulated with the mitochondrial fraction from
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either negative-control siRNA (siNT)-treated or ADAP2 siRNA-treated Sendai virus-
infected 293T cells (Fig. 3D). Addition of recombinant full-length ADAP2 (expressed and
purified from HEK293T cells) to the cytoplasmic extract from ADAP2-silenced cells
rescued IRF3 phosphorylation induced by the SeV-stimulated mitochondrial fraction
(Fig. 3D). Using the cell-free assay, we also investigated the specific domain of ADAP2
needed for RIG-I signaling. It was observed that addition of the purified recombinant
ArfGAP domain alone compensated for the defect in IRF3 phosphorylation in the
endogenous ADAP2-deficient cytoplasm (Fig. 3D). On the other hand, the purified
recombinant PH1 domain of ADAP2 did not rescue the defect in IRF3 phosphorylation
in the cytoplasm of ADAP2-silenced cells (Fig. 3D). This result was also consistent with
the data obtained from the mutagenesis studies described for Fig. 2C. These data
provided direct evidence to definitively demonstrate that the ArfGAP domain of ADAP2
is sufficient and essential for RIG-l-induced IRF3 activation.

ADAP2 interacts with multiple proteins of the RIG-I signaling pathway. Addi-
tional experiments were performed to delineate how ADAP2 regulates IRF3 activation.
Because ADAP2 is not a catalytic protein, we reasoned that it might serve a scaffolding
function. As ADAP2 was previously reported to interact with NEMO in a proteomics
screen (62), our initial investigations were focused on assessing whether ADAP2
physically interacts with RIG-I pathway signaling component proteins, such as MAVS,
NEMO, TBK1, and IRF3. For the assay, HEK293T cells were stimulated with Sendai virus
(SeV) for different periods, and potential interactions of endogenous ADAP2 with
endogenous RIG-I, MAVS, NEMO, TBK1, and IRF3 were analyzed by coimmunoprecipi-
tation (co-IP) using antibodies detecting the respective proteins (Fig. 4A). There was no
significant interaction between ADAP2 and MAVS, NEMO, TBK1, or IRF3 prior to SeV
challenge. However, upon infection with SeV, strong interactions were observed be-
tween ADAP2 and MAVS, NEMO, TBK1, and IRF3. We also investigated whether ADAP2
interacts with RIG-I signaling complex proteins in human primary monocytes. ADAP2
was also found to interact with MAVS, NEMO, TBK1, and IRF3 in human primary
monocytes during SeV challenge (Fig. 4B).

We then proceeded to map the domains of ADAP2 needed for binding to MAVS,
NEMO, TBK1, and IRF3. The PH1 and PH2 domains were dispensable for ADAP2 to
interact with all of these proteins. Interestingly, it was found that only the ArfGAP
domain (Mut1) was needed and sufficient for ADAP2 to interact with NEMO, TBK1, IRF3,
and MAVS (Fig. 4C to F). Intriguingly, although the ArfGAP domain alone interacted
strongly with the pathway proteins, we observed that the ArfGAP-PH1 fragment (Mut2)
did not show consistent interactions (or showed only a barely detectable weak inter-
action) with NEMO, TBKT1, IRF3, and MAVS at lower expression levels, as shown in Fig.
4C to F. This anomaly may be due to instability or conformational alterations of the
ArfGAP-PH1 fragment.

Furthermore, we designed experiments to identify the specific domains of MAVS,
NEMO, TBK1, and IRF3 that interact with ADAP2. We identified that deletion of the
N-terminal 150 amino acids of NEMO abolished its ability to interact with ADAP2 (Fig.
5A). Truncation experiments identified that the amino acids between residues 300 and
385 of TBK1 mediated its association with ADAP2 (Fig. 5B). This region corresponds to
the ubiquitin-like domain (ULD) of TBK1. Using truncated IRF3, we determined that the
N-terminal 131 amino acids were not essential for its interaction with ADAP2 (Fig. 5C).
The domains of IRF3 between amino acids 253 and 325 enabled it to interact weakly
with ADAP2. The region of IRF3 between amino acids 325 and 390 was needed for it
to strongly interact with ADAP2. The N-terminal first 100 amino acids of MAVS were
found to be essential and sufficient for interaction with ADAP2 (Fig. 5D). As this region
corresponds to the caspase activation and recruitment domain (CARD), we reasoned
that the CARD of MAVS is critical for its interaction with ADAP2.

Collectively, these studies indicated that ADAP2 interacts with MAVS, TBK1, NEMO,
and IRF3 at specific domains of these target proteins. This interaction was triggered by
viral infection. Strikingly, the ArfGAP domain of ADAP2 was determined to be critical
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FIG 4 The ArfGAP domain of ADAP2 interacts with RIG-I pathway proteins. Cells were infected with SeV, and endogenous protein
interactions were detected using coimmunoprecipitation and Western blotting. (A) Immunoprecipitated ADAP2 from HEK293T cells
showed interactions with MAVS, NEMO, TBK1, and IRF3 upon SeV infection. (B) Immunoprecipitated ADAP2 from human primary
monocytes showed interactions with MAVS, NEMO, TBK1, and IRF3 upon SeV infection. (C to F) Coimmunoprecipitation of ectopically
expressed full-length NEMO (C), TBK1 (D), IRF3 (E), and MAVS (F) in cells transfected with various truncation plasmids of ADAP2
identified that the ArfGAP domain interacts with RIG-I pathway proteins. hpi, hours postinfection; FL, full length; Mut, truncation
mutant of ADAP2; SeV, Sendai virus; WCL, whole-cell lysate; IP, immunoprecipitation; IB, immunoblot; HA, hemagglutinin tag; GAPDH,
glyceraldehyde-3-phosphate dehydrogenase (cytoplasmic internal control marker).

and sufficient for interacting with RIG-I pathway components; this is consistent with the
results obtained from the IFN-B promoter activity assays and the in vitro reconstituted
IRF3 activation assay, in which the isolated ArfGAP domain alone was found to support
pathway activation.

ADAP2 mediates the interaction of MAVS with the downstream NEMO-TBK1
signaling complex. The above-described experiments identified that ADAP2 interacts
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FIG 5 ADAP2 interacts with specific domains of RIG-I pathway proteins. Cells were transfected with plasmids for full-length
HA-ADAP2 and various truncations of NEMO, TBK1, IRF3, and MAVS, and coimmunoprecipitation was performed using an
antibody detecting the HA tag. (A) The N-terminal 150 amino acids of NEMO were needed to interact with ADAP2. (B)
Amino acids between positions 300 and 385 of TBK1 were needed for its association with ADAP2. (C) The region of IRF3
between amino acids 325 and 390 was needed for strong interaction with ADAP2. (D) MAVS interacted with ADAP2
through its N-terminal 100 amino acids. FL, full length; SeV, Sendai virus; WCL, whole-cell lysate; IP, immunoprecipitation;
1B, immunoblot; HA, hemagglutinin tag; GAPDH, glyceraldehyde-3-phosphate dehydrogenase (cytoplasmic internal control
marker).

with multiple components of the RIG-I pathway, leading to interferon production. The
critical question that now needs to be answered is the precise mechanism by which
ADAP2 regulates RIG-I signaling. A key event in RIG-I signaling involves transduction of
signals from membrane-bound MAVS to cytosolic NEMO and TBKI1, leading to phos-
phorylation of IRF3. Activated MAVS is established as a component of a complex
containing NEMO and TBK1. Because ADAP2 interacted with both MAVS and several
downstream components (e.g., TBK1, NEMO, and IRF3), we first asked whether ADAP2
functions by linking MAVS to its downstream cytosolic components. To test this, we
immunoprecipitated endogenous MAVS from SeV-infected 293T cells silenced for
ADAP2 and assessed the status of the interaction of MAVS with various downstream
proteins. Strikingly, it was observed that the ability of MAVS to interact with endoge-
nous NEMO and TBK1 was notably attenuated in the absence of ADAP2 expression (Fig.
6A). Conversely, immunoprecipitated TBK1 was unable to bind efficiently to MAVS and
to form a complex with NEMO in ADAP2-silenced cells (Fig. 6B). Similarly, ADAP2
silencing was found to impair the association of MAVS with NEMO and TBK1 in human
primary monocytes challenged with SeV (Fig. 6C). These results demonstrated that
ADAP2 is essential for MAVS to interact with the downstream cytosolic components
NEMO and TBK1.

ADAP2 is a scaffolding platform orchestrating the interaction between TBK1,
NEMO, and IRF3. The above-described data demonstrated that ADAP2 expression is
needed for the interaction of activated MAVS with the NEMO and TBK1 complex.
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FIG 6 ADAP2 mediates assembly of two modules of antiviral signaling pathway components. (A to C)
ADAP2 silencing abolished interaction of MAVS with TBK1 and NEMO. (A) ADAP2 was silenced in HEK293T
cells, endogenous MAVS was immunoprecipitated, and interactions with endogenous TBK1 and NEMO
were probed by Western blotting. (B) ADAP2 was silenced in HEK293T cells, endogenous TBK1 was
immunoprecipitated, and interactions with endogenous MAVS and NEMO were probed by Western
blotting. (C) ADAP2 was silenced in human primary monocytes, endogenous MAVS was immunoprecipi-
tated, and interactions with endogenous TBK1 and NEMO were probed by Western blotting. (D) ADAP2-
mediated assembly of TBK1 with NEMO and IRF3. Overexpressed Myc-TBK1 was immunoprecipitated from
ADAP2-silenced HEK293T cells, and interactions with endogenous NEMO and IRF3 were probed by Western
blotting. (E) ADAP2 silencing attenuated TLR3-mediated IFN-B promoter-driven luciferase reporter activity.
ADAP2-silenced TLR3-expressing HEK293T cells were stimulated by poly(l-C) added to the medium. *, P <
0.05. (F) ADAP2 silencing abolished TLR3 activation-induced interaction of endogenous TBK1 with NEMO
and IRF3. Endogenous TBK1 was immunoprecipitated after poly(l-C) stimulation of TLR3, and interactions
with endogenous NEMO and IRF3 were probed by Western blotting. Reporter (firefly) luciferase values were
normalized with a renilla luciferase internal control and expressed as fold induction values. The values
shown are means and SD for a representative experiment performed in triplicate. The statistical significance
of differences was calculated by comparing the value for each test condition (gene silencing) with that for
the corresponding stimulated siNT-treated control samples. si, siRNA; siNT, nontargeting negative-control
siRNA; EV, empty vector; hpi, hours postinfection; SeV, Sendai virus; WCL, whole-cell lysate; IP, immuno-
precipitation; 1B, immunoblot; p-IRF3, phosphorylated IRF3; GAPDH, glyceraldehyde-3-phosphate dehydro-
genase (cytoplasmic internal control marker).

However, the data shown in Fig. 3A also showed that ADAP2 silencing attenuated IFN-33
promoter-driven reporter activity induced by TBK1 overexpression. In addition, the data
shown in Fig. 6B revealed that ADAP2 silencing reduced the interaction of TBK1 with
NEMO. It is unclear how ADAP2 with an upstream role would also regulate the
downstream TBK1-NEMO interaction. One potential explanation is that ADAP2 may
serve another independent and parallel role, besides bridging from MAVS to NEMO and
TBK1, by acting as a major scaffolding protein. Since TBK1 is known to interact with
NEMO and IRF3 during RIG-I stimulation, we investigated whether ADAP2 is also
needed for TBK1 to interact with NEMO and IRF3. Co-IP experiments in ADAP2-silenced,
TBK1-overexpressing cells (for specifically activating the downstream steps of the
pathway without any virus infection-based signals from upstream MAVS) revealed that
the absence of ADAP2 caused a substantial reduction in the ability of TBK1 to interact
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with both NEMO and IRF3 (Fig. 6D). These data indicated that ADAP2 also has a role
independent of MAVS, in which it also mediates the association of TBK1 with NEMO and
IRF3. To further establish conclusively whether ADAP2 has a role in the interferon
response separate from regulating MAVS, we investigated the potential contribution of
ADAP2 to MAVS-independent antiviral pathways. We hypothesized that if ADAP2 has a
MAVS-independent role in the antiviral response, then ADAP2 silencing will attenuate
the IFN-B response from TLR3, an antiviral PRR that does not require MAVS. In fact, we
found that ADAP2 knockdown caused a significant reduction of the IFN-B response
from TLR3 stimulated with poly(I-C) (up to 6-fold; P < 0.01) (Fig. 6E). Consistent with
this, ADAP2 silencing led to a prominent reduction in the interaction of TBK1 with
NEMO and IRF3 during TLR3 signaling (Fig. 6F). These data demonstrate that ADAP2
also mediates the interaction between TBK1, NEMO, and IRF3 independently of its role
in mediating the association of MAVS with TBK1 and NEMO.

TRAF3 is needed for ADAP2 to interact with RIG-I pathway proteins. While the
data described so far successfully established the interaction of ADAP2 with key
proteins of the RIG-I-mediated interferon production pathway, the kinetics and inter-
dependence of these interactions are not yet clear. We therefore investigated the
temporal dynamics of the protein interactions happening during RIG-I signaling in
relation to ADAP2. First, we investigated whether the ability of ADAP2 to bind NEMO,
TBK1, and IRF3 is dependent on virus infection-induced signaling through MAVS. For
this purpose, we silenced MAVS and investigated whether ADAP2 could interact with
NEMO, TBK1, and IRF3 when cells were stimulated with SeV. We found that in the
absence of MAVS expression, ADAP2 was still able to interact with NEMO, TBK1, and
IRF3, similarly to the case in wild-type cells (Fig. 7A). These data were consistent with
the results shown in Fig. 6F, where ADAP2 silencing attenuated MAVS-independent
TLR3-induced IFN production. We further enquired whether the interactions of ADAP2
with other proteins (NEMO, TBK1, and IRF3) are interrelated (Fig. 7A). When NEMO was
silenced, ADAP2 was able to interact with MAVS, TBK1, and IRF3 at levels comparable
to those in wild-type cells in the context of viral infection. In TBK1-silenced cells, ADAP2
interacted with MAVS, NEMO, and IRF3 without any change. These experiments indi-
cated that individual binding interactions of ADAP2 with MAVS, NEMO, and TBK1 are
independent of each other during pathway activation.

We next investigated the potential signals that trigger ADAP2 to recruit various
proteins of the RIG-I pathway. To address this, we first queried whether the signals
originating from some of the key known signal transducers acting downstream of
MAVS during antiviral signaling exhibit cross talk with ADAP2. Recently, TRAFs 2, 5, and
6 were identified as important proteins functioning redundantly to relay signals from
MAVS to IRF3 activation (36). MAVS was previously established to interact with TRAFs
2, 5, and 6 (36). TRAF3 is another molecule previously reported to play roles in
interferon gene transcription (48). Given that both ADAP2 and TRAFs regulate RIG-I
signaling at overlapping sites in the signaling cascade, we asked whether ADAP2 and
TRAFs exhibit cross talk in regulating the interferon response. We first investigated
whether ADAP2 interacts with these TRAFs, and it was determined that TRAF3, but
none of the other TRAFs, interacts with ADAP2 (Fig. 7B). We then asked whether the
expression of these TRAF proteins is needed for ADAP2 to bind to MAVS, NEMO, TBK1,
and IRF3. Simultaneous silencing of TRAFs 2, 5, and 6 was previously reported to
attenuate RIG-I signaling-induced interferon gene transcription (36). We observed that
simultaneous knockdown of TRAFs 2, 5, and 6 did not affect the binding of ADAP2 to
MAVS, NEMO, TBK1, and IRF3 (Fig. 7C). However, silencing of TRAF3 alone led to a
notable reduction in the ability of ADAP2 to bind MAVS, NEMO, TBK1, and IRF3 (Fig. 7D).
These results highlighted that the ability of ADAP2 to bind to the components of the
RIG-I signaling pathway is dependent on TRAF3. Conversely, we also asked whether
ADAP2 is involved in the binding of MAVS to TRAFs 2, 3, 5, and 6. Interestingly, ADAP2
expression was found to be needed for TRAF3, but not TRAFs 2, 5, and 6, to interact
with MAVS (Fig. 7E). Because TRAF3 is a ubiquitin ligase, we also investigated the
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FIG 7 ADAP2 regulates the RIG-I pathway in concert with TRAF3. (A) Interactions of ADAP2 with MAVS, NEMO, and TBK1 are
independent of each other. Coimmunoprecipitation was used to detect interactions of ADAP2 with various proteins at their
endogenous levels after silencing of the indicated genes individually. (B) ADAP2 interacted with endogenous TRAF3 but not
with TRAFs 2, 5, and 6. (C) Simultaneous silencing of TRAFs 2, 5, and 6 did not affect the interactions of ADAP2 with MAVS,
NEMO, TBK1, and IRF3. The genes encoding TRAFs 2, 5, and 6 were simultaneously silenced using siRNAs, ADAP2 was
immunoprecipitated, and interactions were probed by Western blotting. (D) TRAF3 silencing abolished the interactions of
ADAP2 with MAVS, NEMO, TBK1, and IRF3. (E) ADAP2 silencing reduced the interaction of MAVS with TRAF3. All experiments
were performed with SeV infection. (F) ADAP2 undergoes ubiquitination during SeV infection independently of TRAF3.
Ubiquitination of ADAP2 was monitored by siNT or siTRAF3 treatment. si, siRNA; siNT, nontargeting negative-control siRNA;
hpi, hours postinfection; SeV, Sendai virus; WCL, whole-cell lysate; IP, immunoprecipitation; IB, immunoblot; GAPDH,

glyceraldehyde-3-phosphate dehydrogenase (cytoplasmic internal control marker); Ubi, ubiquitin.

possibility that TRAF3 regulates ADAP2 by ubiquitination. It was found that ADAP2
undergoes prominent ubiquitination upon SeV infection (Fig. 7F). However, this was
independent of TRAF3 (Fig. 7F). These results showed that TRAF3 is a trigger needed for
ADAP2 to recruit MAVS, NEMO, TBK1, and IRF3 during the antiviral response to
infection.

Subcellular localization and expression of ADAP2 are modulated by viral
infection. We also investigated whether the subcellular localization of ADAP2 is
sensitive to viral infection. Although plasma membrane localization of ADAP2 was
reported earlier, we revisited this in our experimental system by adopting a highly
sensitive approach involving the fractionation of various subcellular components
through differential centrifugation and probing for the endogenous ADAP2 protein by
Western blotting (64). Our results showed that ADAP2 was present in both the
cytoplasmic and membrane fractions (Fig. 8A). In addition, infection led to the accu-
mulation of a small amount of ADAP2 in the mitochondrial fraction. The data in Fig. 4A
showed that viral infection induces interaction of ADAP2 with MAVS. Based on this, we
predicted that the observed accumulation of ADAP2 in the isolated mitochondrial
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FIG 8 Subcellular distribution of ADAP2 during infection. (A) Subcellular distribution of ADAP2. Immu-
noblot of subcellular fractions for the presence of the indicated proteins are shown; (B) MAVS silencing
abolished the mitochondrial localization of ADAP2 during SeV infection. Subcellular fractionation iden-
tifies a distribution of ADAP2 in cytosolic, plasma membrane and mitochondrial fractions of Sendai virus
infected cells; (C) Sendai virus infection upregulated expression of ADAP2 protein in HEK293Tcells. si,
siRNA; NT-si, nontargeting negative-control siRNA; h, hours; SeV, Sendai virus; Mt, mitochondrial fraction;
M, membrane fraction; C, cytosolic fraction; AIF, apoptosis-inducing factor, a mitochondrial marker;
tubulin, cytosolic marker; N-cadherin, plasma membrane marker.

fraction during infection is most likely because of its association with MAVS. Consistent
with this, we found that ADAP2 was unable to localize with mitochondria of cells in
which MAVS gene expression was silenced upon virus infection (Fig. 8B).

Viral infection and interferon pathway stimulation are known to modulate the
expression of several genes involved in innate immune pathways. To test whether
immune activation alters the expression of ADAP2, HEK293T cells were infected with
SeV for 24 h, and ADAP2 expression was detected by Western blotting. SeV infection
was found to induce upregulation of ADAP2 protein expression (Fig. 8C).

DISCUSSION

We identified the ArfGAP domain-containing protein ADAP2 as an important posi-
tive regulator of RIG-I, MDA5-, and TLR3-mediated interferon gene transcription.
Specifically, our data identified the following two functions for ADAP2 in the interferon
response: as a protein linking MAVS with its downstream key signaling molecules
NEMO and TBK1 and as a scaffolding platform on which the crucial interaction of TBK1
with NEMO and IRF3 occurs. The latter function makes ADAP2 a positive regulator of
multiple antiviral PRR signaling cascades that converge to TBK1-mediated IRF3 phos-
phorylation. Both gene knockdown and ectopic expression data, along with protein-
protein interaction analyses, confirmed the role of ADAP2 in interferon production.

The ArfGAP family is less understood for its role in antiviral immune responses (65,
68). CENTB1, an ACAP subfamily ArfGAP, was previously shown to function as a
negative regulator of bacterial immune receptor NOD1-mediated NF-«B signaling (69).
There are about 31 members of the ArfGAP family, which is divided into 10 subfamilies
(65). Among these, our recently published human genome-wide RNAi screen identified
only ADAP2 as a novel regulator of the RIG-I-mediated interferon response (61). While
these data potentially exclude other members from having any role in regulating the
interferon response, it should be kept in mind that the RNAi screening study did not
validate the silencing efficiency and on-target specificity of the siRNAs used against
other members of the ArfGAP family. Other known functions of ADAP2 include regu-
lation of heart development and stabilization of microtubules (66, 70, 71). Collectively,
all the evidence provides an increased appreciation of the roles of ArfGAP family
proteins in host-pathogen interactions.

The evidence generated in this study predicts that ADAP2 is a major scaffolding
platform on which a RIG-I pathway-specific module (the MAVS-NEMO-TBK1 complex) is
assembled. A key paradigm of RIG-I signaling is the need for a mechanism to bridge the
spatial parity between the organizations of different modules of the RIG-I pathway.
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While both RIG-I and MAVS are found in association with organelles and membrane
structures upon activation, their key downstream effectors, such as NEMO, TBK1, and
IRF3, are present in the cytoplasm. Our identification of ADAP2 as an essential protein
linking the transduction of signals from activated MAVS to NEMO and TBK1 to phos-
phorylate IRF3 thus has notable significance. The redundant contributions of TRAFs 2,
5, and 6 were recently identified as key requirements for RIG-I signaling (36). Our
observation that the interaction of ADAP2 with MAVS, TBK1, and NEMO was indepen-
dent of the expression of TRAFs 2, 5, and 6 hints at the existence of complex regulatory
mechanisms underlying RIG-I signaling. It is possible that TRAFs 2, 5, and 6 and ADAP2
operate as parallel regulatory modules to transduce signals from MAVS to the down-
stream NEMO-TBK1-IRF3 complex. While ADAP2 plays a scaffolding role in bringing
components spatially closer, TRAFs 2, 5, and 6 may regulate the RIG-I pathway through
their ubiquitin ligase activity-mediated, posttranslational modification-based signals
(36).

Determining the exact sequence of events by which ADAP2 regulates the
interferon response needs further studies. Our interaction analyses coupled with
gene silencing revealed that ADAP2 could bind to NEMO, TBK1, and IRF3 even in the
absence of expression of MAVS. This indicated that the signal triggering the binding
of ADAP2 to NEMO-TBK1-IRF3 acts independently of MAVS. This conclusion also fits
well with the observed role of ADAP2 in the MAVS-independent TLR3 pathway. It is
possible that MAVS binds to ADAP2 that is already in a complex with NEMO, TBK1,
and IRF3. Moreover, individual silencing of NEMO and TBK1 did not affect the ability
of ADAP2 to bind to any one of these proteins as well as MAVS. This observation
also argues that there is a separate signal (signal 1), triggered by viral infection,
which activates and readies ADAP2 for binding to these proteins. In the unstimu-
lated state, ADAP2 did not show notable binding to MAVS, TBK1, NEMO, and IRF3.
However, infection induced robust binding of ADAP2 to these proteins. This further
indicates that specific signals that originate from PRR pathways are needed for
ADAP2 to interact with the signaling component proteins needed for the interferon
response. The observation that TRAF3 silencing abrogated the ability of ADAP2 to
bind to MAVS, TBK1, NEMO, and IRF3 hinted that TRARF3 is either signal 1 or part
of signal 1. However, the mechanism by which TRAF3 regulates ADAP2 functioning
has yet to be discovered. Although we observed that ADAP2 undergoes ubiquiti-
nation upon RIG-I pathway stimulation, TRAF3 was found to be nonessential for this.
It is also possible that physical interaction with TRAF3 alone drives ADAP2 to recruit
other proteins of the interferon pathway.

This study also revealed that ADAP2 is a major protein scaffold required for assembly
of the conserved core IRF3 activation machinery (NEMO-TBK1-IRF3 complex) of antiviral
signaling pathways. Such scaffold proteins can serve to bring pathway-specific up-
stream components (e.g., adaptors of PRRs) in close proximity to downstream NEMO,
TBK1, and IRF3. In the case of the RIG-I pathway, because ADAP2 can bind to both
MAVS and the NEMO-TBK1-IRF3 complex, it is possible that ADAP2 brings all key
components of RIG-I signaling (MAVS, NEMO, TBK1, and IRF3) together so that TBK1 can
be activated and phosphorylate IRF3. However, the mechanism by which TLR3 signal-
ing connects with ADAP2 to bridge that pathway to the NEMO-TBK1-IRF3 axis remains
to be determined.

The mapping of the domains of ADAP2 and its interacting partners revealed
several interesting insights. One finding was that ADAP2 requires only the ArfGAP
domain to interact with many RIG-I pathway component proteins. Interestingly,
mutation of the key amino acids required for the GTPase-activating function of
ADAP2 reduced its ability to support the interferon response. Whether this was
specifically because of the loss of the GTPase-activating function or due to
mutation-induced structural changes of ADAP2 rendering it unable to physically
associate with its interacting proteins is unclear. The ArfGAP domain of ADAP2 is
approximately 131 amino acids long and is located at the N terminus. How multiple
proteins converge to bind to a stretch of 131 amino acids can be revealed only
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through structural studies of protein complexes. ADAP2 interacted within the
N-terminal 100-amino-acid CARD of MAVS, which is located adjacent to the sites for
binding of TRAF proteins. TRAF2 and -5 bind to amino acids 143 to 147 of MAVS,
while TRAF6 binds to amino acids 153 to 158 of MAVS (22, 48, 72). The N-terminal
150 amino acids of NEMO were needed for its interaction with ADAP2. This region
of NEMO was reported as the kinase binding domain (44). Interestingly, ADAP2 was
found to bind to the ubiquitin-like domain (ULD) of TBK1. This observation is
notable because a previous study identified that ULD-deficient TBK1 was unable to
activate IRF3 and interferon gene transcription (73, 74). Based on the truncation
results, it can be concluded that ADAP2 binds to the C-terminal half of the IRF
association domain (IAD) of IRF3. Whether ADAP2 also brings the IADs of multiple
IRF3 molecules close together to promote its dimer formation upon phosphoryla-
tion is currently unknown. The binding of NEMO, TBK1, and a region of IRF3
between amino acids 253 and 390 to the short ArffGAP domain may bring the target
phosphorylation sites of IRF3 (Ser396/Ser386) (29, 33) spatially closer to TBKIT,
facilitating the catalysis.

Based on our experimental evidence, we generated a model for the role played by
ADAP2 in the interferon gene transcription from pattern recognition receptors (Fig. 9).
In the resting state, there is no appreciable interaction of ADAP2 with MAVS, NEMO,
TBK1, and IRF3. During viral infection, a TRAF3-dependent signal (signal 1) activates
ADAP2 to interact with MAVS, NEMO, TBK1, and IRF3 to form a complex. This brings
IRF3 into close proximity with TBK1. Subsequently, in the case of RIG-I signaling, ADAP2
that is likely in complex with NEMO, TBK1, and IRF3 binds to activated MAVS. This step
activates TBK1 to phosphorylate IRF3. The recently reported phosphorylation of MAVS
by TBK1 may also happen at this stage (55). Whether the binding of the ADAP2-NEMO-
TBK1-IRF3 complex to MAVS requires a second signal is unclear. Thus, ADAP2 functions
as a pivotal scaffold where different modules of PRR signaling are assembled and
functionally integrated, resulting in IRF3 phosphorylation.

In summary, this study provided important mechanistic insights into how different
modules of antiviral pattern recognition signaling pathways are assembled, leading to
the activation of IRF3 and to interferon gene transcription. We anticipate that system-
atic profiling of the regulation of PRR signaling would enable the generation of a
comprehensive functional understanding of antiviral innate immune responses during
viral infections.

MATERIALS AND METHODS

Cells, antibodies, and reagents. The human embryonic kidney cell line 293T (HEK293T; ATCC
CRL-3216) and human primary monocytes (Stemcell Technologies) were used for the studies.

The antibodies and other reagents used were as follows: anti-pIRF3 (serine 396), -IRF3, -TBK1, -NEMO,
-hemagglutinin (anti-HA) tag, and -pancadherin (all from Cell Signaling Technology); antiubiquitin,
-TRAFS5, -TRAF6, -TRAF2, -TRAF3, -MAVS, -RIG-I, -tubulin, and -NEMO (all from Santa Cruz Biotechnology);
anti-ADAP2 antibody (Abcam and Sigma); anti-FLAG, anti-glyceraldehyde-3-phosphate dehydrogenase
(anti-GAPDH), and anti-FLAG affinity gel (all from Sigma); protein G-agarose (Pierce); poly(l-C) (Invivogen);
Halt protease and phosphatase inhibitors (Pierce); and iQ SYBR green supermix (Bio-Rad).

The expression plasmids for epitope-tagged RIG, MAVS, TBK1, IRF3, and IRF3-D5 and promoter-
luciferase reporter plasmids for IFN-B and NF-«kB were described previously (61). Various mutants of
NEMO, MAVS, and IRF3 were expressed from epitope-tagged mammalian expression vectors. TBK1
truncation was described earlier (74). The ADAP2 open reading frame (ORF) was purchased from the
Dana Farber Cancer Institute and subcloned into pCDNA3.1-FLAG or pCMV-HA. Truncations of
ADAP2 were generated by designing primers for various regions and subcloning the DNA regions
into the pCDNA3.1-FLAG vector. The primers used for construction of the N-terminal truncations
were as follows: Mut1F, 5'-ATAGGATCCGGCGATCGCGAGCGCAAC; Mut1R, 5'-ATACTCGAGTCAGAGC
GAGATGGTTTCCCC; Mut2F, 5'-ATAGGATCCGGCGATCGCGAGCGCAAC; Mut2R, 5'-ATACTCGAGTCACC
TGGTGAGGAATGGCAC; Mut3F, 5'-ATAGGATCCCCAGGTAACCGAGAAGGA; Mut3R, 5'-ATACTCGAGTC
ACCTGGTGAGGAATGGCAC; Mut4F, 5'-ATACTCGAGTCACCTGCTGCTGCGGC; Mut4R, 5'-ATAGGATCCC
CAGGTAACCGAGAAGGA; Mut5F, 5'-ATAGGATCCAGGAACTACCTCAAACAA; and Mut5R, 5'-ATACTCG
AGTCACCTGCTGCTGCGGCC. Site-directed mutagenesis was performed using a QuikChange kit
(Stratagene, Agilent Technologies).

Gene silencing and interferon reporter assays. The siRNAs for the ADAP2 coding region (sense
strand) were Si-ADAP2-1 (5'-GGAAGAAGGUCCGCGUUAAdTAT-3’) and Si-ADAP2-2 (5'-GGACUAUGAAAU
CCACGAUdTAT-3’). siRNAs targeting the ADAP2 3'-UTR were Si-ADAP2-UTR-1 (5'-CCAUACACACCUAGG
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FIG 9 Proposed model for the role of ADAP2 in antiviral response. A cartoon showing the proposed model
to explain the mode of action of ADAP2 during RIG-I signaling. The proteins are shown with their domains
labeled. The interactions of ADAP2 with individual protein are specifically marked at their experimentally
identified sites of interaction, except for TRAF3. (A) In uninfected cells, ADAP2 is not in complex with any other
protein of PRR signaling pathway. (B) Upon viral infection, two independent events will happen: (i) sensing of
virus by RIG-I activates and induces polymerization of MAVS, and (ii) ADAP2 forms a complex with TRAF3,
NEMO, TBK1 and IRF3, triggered by signal-1. This will bring IRF3 in proximity to TBK1. (C) In the later stages
of viral infection, ADAP2-NEMO-TBK1-IRF3 complex will bind to polymerized MAVS, likely triggered by an
unidentified signal-2. This will activate TBK1 to phosphorylate IRF3. KBD, kinase binding domain; KD, kinase
domain; CC, coiled coil; ULD, ubiquitin like domain; IAD, IRF association domain; DBD, DNA binding domain;
CARD, caspase activation and recruitment domain.
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CUUGUU-3’) and Si-ADAP2-UTR-2 (5'-GAAAAGGCACCCACAGCAUUU-3’). Other siRNAs included Si-MAVS
(5'-UAGUUGAUCUCGCGGACGAdTAT-3’), Si-TRAF2-1 (5'-CAACCAGAAGGUGACCUUAJTAT-3’), Si-TRAF2-2
(5'-GAAUACGAGAGCUGCCACGTT-3’), Si-TRAF5-1 (5'-GGUCACACCUGUCCCUAUA-3'), Si-TRAF5-2 (5'-
GGAUGUAAUGCCAAGGUUA-3’), Si-TRAF6-1 (5'-CCACGAAGAGAUAAUGGAUCTAT-3’), and Si-TRAF6-2 (5'-
CAUUAAGGAUGAUACAUUATT-3"). The negative-control siRNA was purchased from SA Bio, Singapore.
siRNAs (50 nM) were transfected into HEK293T-RIG-I cells by use of the lipid transfection reagent
Dharmafect 1 (Dharmacon). siRNAs (200 nM) were introduced into human primary blood cells (1 X 106)
by nucleofection methodology, using a 4D-Nucleofector system (Lonza) per the manufacturer’s instruc-
tions.

For the reporter assays, HEK293T cells were transfected with expression plasmids for human PRRs
(RIG-I, TLR3, and MDAS5), pathway proteins (MAVS, NEMO, and TBK1), and IFN-S or IFN-a4 or NF-«B target
promoter-driven luciferase reporters (pGL2 vector; Promega) along with a constitutively transcribed
renilla luciferase reporter (p-RL-TK; Promega) for 24 h, and luciferase readings were performed using a
Dual-Glow assay kit (Promega).

Viral infection and viral load determination. Sendai virus (Cantell strain) was obtained from
Charles River Laboratories. The cells were infected with 30 to 80 HA units of virus for the indicated
treatments. For vesicular stomatitis virus (VSV) in vitro infection studies, ADAP2 siRNA-transfected cells
were infected with VSV at a multiplicity of infection (MOI) of 0.05 for 1 h, unbound virus was removed
by washing in culture medium and allowed to infect cells for 18 h, and the culture supernatant was
collected for plaque assay. Plaque assay was performed on BHK-21 cells.

Co-IP experiments. For co-IP experiments, 1 X 10% HEK293T cells per well in 6-well plates were
harvested in ice-cold phosphate-buffered saline (PBS), washed twice to remove serum components, lysed
in lysis buffer (150 mM NaCl, 1% NP-40, and 50 mM Tris-Cl, pH 7.0) containing protease inhibitors, and
clarified by spinning for 15 min at 12,000 X g. The supernatants were incubated with primary antibodies
(2 ng) overnight at 4°C, and using protein G-agarose, the antibody-antigen complexes were purified,
coupled with stringent washing with lysis buffer. The protein interactions were assayed by Western
blotting. For this purpose, the proteins were separated by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis, transferred to nitrocellulose membranes, and immunodetected with appropriate primary
antibodies by using an infrared detection system (LiCor) with IRDye 800CW- and 680RD-coupled
secondary antibodies.

IRF3 phosphorylation assays. For the detection of IRF3 phosphorylation, 1 X 10 siRNA-treated
HEK293T cells were stimulated by transfection with 4 ug of poly(l-C) for 4 h and then lysed in cold RIPA
buffer (50 mM Tris-HCI [pH 7.4], 150 mM NaCl, 2 mM EDTA, 1% NP-40, 0.1% SDS) containing protease and
phosphatase inhibitors. Following clarification by centrifugation for 15 min at 12,000 X g, the proteins
were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and probed with anti-
pIRF3 and anti-IRF3 antibodies.

Subcellular fractionation. HEK293T cells were lysed in buffer A (10 mM Tris-HCl [pH 7.5], 10 mM KCl,
0.5 mM EGTA, 1.5 mM MgCl,, and protease inhibitor cocktail). The lysate was centrifuged at 1,000 X g
for 5 min, and the supernatant was subjected to further centrifugation at 5,000 X g for 10 min. The pellet
contained the mitochondria. To obtain the cytosolic fraction, the latter supernatant was further centri-
fuged at 100,000 X g for 1 h, and the resultant supernatant contained the cytoplasm. The pellet (plasma
membrane) was washed gently twice with buffer B (20 mM HEPES-KOH [pH 7.4], 10% glycerol, 0.5 mM
EGTA, and protease inhibitor cocktail).

Expression and purification of recombinant ADAP2. Five micrograms each of wild-type (WT)
pcDNA3.1-Flag-ADAP2 and its mutant (MT1 or MT2) was transiently expressed in HEK293T cells for 48 h
and purified using FLAG antibody (M2) beads (Sigma) overnight. The agarose beads were extensively
washed with 10 mM Tris-HCl (pH 7.5), 150 mM NaCl, and 0.1% Triton X-100, and the protein was eluted
with the FLAG peptide (200 wg/ml; Sigma) in a buffer containing 50 mM Tris-HCI (pH 7.5) and 0.1% Triton
X-100. Eluted proteins were stored in a buffer containing 20 mM Tris-HCI (pH 7.5), 150 mM NacCl, 10%
glycerol, and 0.1% Triton X-100.

In vitro reconstituted IRF3 activation assay. The in vitro assay of IRF3 activation was performed as
described previously (44, 61), with some modifications. Briefly, a cytoplasmic preparation (20 wg) isolated
from siRNA-treated uninfected cells was mixed with purified mitochondria (5 ng) from Sendai virus-
challenged cells in the presence or absence of 100 ng of purified full-length ADAP2 or its mutants and
incubated at 30°C for 1 h in a 25-ul mixture containing 20 mM HEPES-KOH (pH 7.0), 2 mM ATP, 5 mM
MgCl,, and 250 mM p-mannitol. After the incubation, the levels of the pIRF3 and IRF3 proteins were
detected by Western blotting.

Ubiquitination assays. Ubiquitination of ADAP2 was monitored in HEK293 cells challenged with
SeV. For this purpose, endogenous ADAP2 was immunoprecipitated from siRNA-treated SeV- or mock-
infected cells. The presence of ubiquitin linkage on ADAP2 was monitored by use of an antibody that
detects ubiquitin (Santa Cruz).

Quantitative PCR. Total RNA was extracted by use of an RNeasy kit (Qiagen), and cDNA was
prepared using an iSCRIPT cDNA synthesis kit (Bio-Rad). Quantitative real-time PCR (qRT-PCR) was
performed in triplicate for each sample. Gene-specific primers and SYBR green (Bio-Rad) were used to
quantify the transcripts. The primers used were as follows (“h” stands for “human”): hIFNB1F, 5'-CTTGG
ATTCCTACAAAGAAGCAGC-3'; hIFNBTR, 5'-TCCTCCTTCTGGAACTGCTGCA-3'; hB-actinF, 5'-CGTCCGCCCC
GCGAGCAC-3'; hB-actinR, 5'-GTTGAATAAAAGTGCACACC-3'; hISG15-F, 5'-CGCAGATCACCCAGAAGAT-3’;
and hISG15-R, 3'-TCCTCACCAGGATGTTCAGA-5'.

Statistics. Quantified data are expressed as means = standard deviations (SD) for a representative
experiment performed in triplicate, and experiments were performed at least three independent times.
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The statistical significance of differences in mean values was analyzed using unpaired two-tailed

Student’s t test, and P values of <0.05 were considered statistically significant.
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