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Abstract
DNA-dependent activator of IFN regulatory factors (IRF; DAI, also known as ZBP1 or DLM-1) is
a cytosolic DNA sensor that initiates IRF3 and NF-κB pathways leading to activation of type I
IFNs (IFNα, IFNβ) and other cytokines. In this study, induction of NF-κB is shown to depend on
the adaptor receptor-interacting protein kinase (RIP)1, acting via a RIP homotypic interaction
motif (RHIM)-dependent interaction with DAI. DAI binds to and colocalizes with endogenous
RIP1 at characteristic cytoplasmic granules. Suppression of RIP1 expression by RNAi abrogates
NF-κB activation as well as IFNβ induction by immunostimulatory DNA. DAI also interacts with
RIP3 and this interaction potentiates DAI-mediated activation of NF-κB, implicating RIP3 in
regulating this RHIM-dependent pathway. The role of DAI in activation of NF-κB in response to
immunostimulatory DNA appears to be analogous to sensing of dsRNA by TLR3 in that both
pathways involve RHIM-dependent signaling that is mediated via RIP1, reinforcing a central role
for this adaptor in innate sensing of intracellular microbes.

Host defense against intracellular microbial and viral pathogens involves surveillance for
nucleic acids in cellular compartments where they do not naturally exist (1, 2). Sensors that
detect such pathogen-associated molecular patterns initiate IFN regulatory factor (IRF)3 3/
IRF7 and NF-κB pathways that drive type I IFN and other cytokine responses (3). Sensors
for single-stranded RNA and dsRNA are known to contribute to innate immune sensing of
viruses (4). With the exception of TLR9 (5), sensors for DNA have not been as thoroughly
evaluated. Endocytosed unmethylated bacterial and viral CpG-containing DNA stimulates
type I IFN responses via TLR9 (5); however, the existence of TLR9-independent, cytosolic
DNA sensing pathways has been supported by the response of a wide variety of cell types to
transfected DNA and/or DNA virus infection (6–11). The IFN inducible protein DAI (11,
12), a DNA binding protein previously denoted DLM-1 (12) or ZBP1 (13), is one recently
identified DNA sensor (11). The induction of type I IFN (IFNα and IFNβ) by
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immunostimulatory DNA acting via DAI involves coordinated action of IRF3 and NF-κB
transcription factors (11), as occurs with other pathogen sensors (1, 2). Type I IFN mediates
a broad host response that restricts virus spread and sculpts the adaptive immune response
(14, 15). DAI contains two N-terminal DNA binding domains, Zα and Zβ, plus a C-terminal
domain that recruits the TNFR-associated factor family member-associated NF-κB activator
(TANK)-binding kinase (TBK), an IκB kinase (IKK) kinase that controls the
phosphorylation-dependent activation of IRF3 (11, 16). The mechanism of DAI-mediated
NF-κB activation has not been resolved.

Receptor-interacting protein kinase (RIP)1, the founding member of a serine-threonine
protein kinase family related to IL-1 receptor-associated kinases, functions as an adaptor in
diverse signaling pathways triggered by death receptors, genotoxic stress, and pathogen
recognition (17, 18). RIP1 is essential to the induction of NF-κB by TLR3- or TLR4-
initiated pathways (19) that act via TIR domain-containing adaptor-inducing IFNβ (TRIF).
RIP1 is required for activation of NF-κB and IRF3 (or IRF7) when retinoic acid-inducible
gene I-like helicase (RLH) sensors respond to cytosolic RNA (20–22) as well as the
induction of NF-κB following death receptor engagement (17, 18, 23). RIP1 carries out this
central role as an adaptor through protein-protein interactions mediated by (1) a C-terminal
death domain (DD), interacting with other DD adaptors like Fas-associated death domain
protein and TNFR-associated death domain protein, (2) a central region that binds TNF-
receptor-associated factors, and (3) a RIP homotypic interaction motif (RHIM) that mediates
binding to two other RHIM-containing proteins, TRIF and RIP3. RIP3 is a serine-threonine
protein kinase closely related to RIP1. TRIF is an adaptor protein acting downstream of
TLR3 or TLR4 to control both RIP1-dependent NF-κB activation as well as TBK1-
dependent IRF3 activation. RIP3 adaptor regulates RIP1-dependent events by binding to and
phosphorylating RIP1 (19). RIP3 suppresses TRIF-dependent NF-κB activation (24) in these
two TLR-dependent pathogen sensing pathways. RHIM interactions direct all known TRIF
and RIP3 effects on RIP1 adaptor function (17, 18). RIP1 also regulates cell survival signals
initiating from pathogen recognition, death receptor engagement or virus infection,
contributing to cell fate via apoptosis, necrosis, and autophagy (17, 18, 23, 25, 26). The
murine CMV (MCMV) M45 gene product was recently identified as a viral RHIM-
containing protein that interacts with RIP1 to block death pathways, including virus-induced
premature infected cell death (27).

Previous studies have demonstrated that immunostimulatory DNA activates NF-κB via DAI
and this activation promotes the expression of inflammatory cytokines (11); however, the
mechanism by which DAI activates NFκB has not been defined. In this study, we identify
DAI as a fourth mammalian cellular RHIM protein and the first with pathogen sensor
activity. We show that RHIM-dependent signaling dictates immunostimulatory DNA/DAI-
mediated NF-κB activation, controlled by interaction with RIP1 and regulated by RIP3.

Materials and Methods
Cell culture and transfections

293T, HeLa, SVEC4-10, and L929 cells were maintained in DMEM containing 4.5 g/ml
glucose, 10% FBS (Atlanta Biologicals), 2 mM L-glutamine, 100 U/ml penicillin, and 100 U/
ml streptomycin (Invitrogen). Transient transfections were performed using Lipofectamine
2000 according to the manufacturer’s protocol (Invitrogen). A total of 5 µg/ml of Poly(dA-
dT)·poly(dT-dA) (Sigma-Aldrich) transfections included a 1:1 (weight to volume ratio (%))
ratio of Lipofectamine 2000 to DNA.
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Expression vectors and mutagenesis
The human DAI cDNA (IMAGE clone BC131706) was obtained from Open Biosystems.
The open reading frame was PCR amplified and cloned in frame with the N-terminal epitope
tags in p3XFLAG-CMV10 (Sigma-Aldrich) or pcDNA3-6myc plasmid (28). Amino acids
within the RHIM-like repeat (RLR)-A (aa 206–209), RLR-B (aa 264–267), or RLR-C (aa
333–335) were subjected to site-directed mutagenesis and replaced by four alanines
following overlap extension PCR. The RIP3-KD expression vector was generated by
deleting the first 51 amino acids of RIP3 in p3XFLAG-RIP3 (28). The pSIREN-RIP1 short
hairpin (sh)RNA construct targets nt 1675–1696 of the murine RIP1 open reading frame and
was cloned by ligating annealed oligonucleotides
(5′GATCCGCCATCTTTGATAACACCACTATTCAAGAGATAGTGGTGTTATCAAAG
ATGGTTTTTTACGCGTG3′) into the EcoRI/BamHI sites of pSIREN-RetroQ (Clontech).
pSIREN-Luc was generated using previously described oligonucleotides (11). The pLKO.1-
DAI-62 shRNA construct was obtained from Open Biosystems (RMM3981-97065659) and
the pLK0.1-scramble control shRNA vector has been described (29). All other expression
plasmids have been described (28).

Immunoblot (IB), immunoprecipitation (IP), immunofluorescence, and luciferase assays
Electrophoretically separated proteins were transferred to membranes that were
immunoblotted as previously described (28) using one or more of the following primary
Abs: Actin I-19 (Santa Cruz Biotechnology), ZBP1 M-300 (Santa Cruz Biotechnology),
RIP1 clone 38 (BD Biosciences), anti-mouse RIP3 (Imgenex), mouse FLAG (M2)
peroxidase conjugate (Sigma-Aldrich), c-Myc peroxidase conjugate (Sigma-Aldrich, anti-
mouse IgG-HRP (Vector Laboratories), or anti-rabbit IgG-HRP (Vector Laboratories).
Protein IP “pull-down” and dual luciferase assay experiments were performed as previously
described except 293T cells were harvested at 18 h posttransfection (28). At 14–16 h
posttransfection, HeLa grown on coverslips were fixed for 20 min using 4%
paraformaldehyde in PBS. Cells were permeabilized for 10 min in 0.2% Triton X-100
(Sigma-Aldrich) in PBS, blocked for 30 min in blocking buffer (PBS containing 1% goat
serum), and incubated 2 h at room temperature with rabbit polyclonal FLAG Ab (Sigma-
Aldrich) diluted 1/3000 followed by mouse monoclonal RIP1 Ab (BD Biosciences) diluted
1/100 or mouse monoclonal c-Myc 9E10 (Sigma-Aldrich) diluted 1/1000 in blocking buffer.
Cells were washed several times with PBS and then incubated for 1 h at room temperature
with Alexa Fluor 488 (or 594) goat anti-rabbit Ab and Alexa Fluor 594 (or 488) goat anti-
mouse Ab (Invitrogen) diluted 1/1000 in blocking buffer. 4′,6-diamidino-2-phenylindole
(Sigma-Aldrich) was used as a DNA counter stain. Following multiple washes with PBS,
cells were mounted with Gel Mount (Biomeda). Images were acquired on an AxioCam
MRC5 camera attached to a Zeiss Axio Imager. A1 and then processed with AxioVision
Release 4.5 software.

Quantitative RT-PCR analysis
Total RNA isolated using the RNeasy Mini Kit (Qiagen) was reverse transcribed using the
High Capacity cDNA Reverse Transcription Kit (Applied Biosystems) with oligo d(T)8–16
primer (Invitrogen) followed by RNase H (Invitrogen) treatment. Analysis was done using
an aliquot of the reverse transcription reaction on the 7500 Fast Real Time PCR System with
IFNβ (30) and β-actin (31) primers and SYBR Green Master Mix (Applied Biosystems).
Data are presented as relative expression levels normalized to β-actin.

RNA interference
Inhibition of human RIP1 expression in 293T cells used Ontarget Plus RIPK1 (L-00445-00;
Dharmacon) siRNA, in comparison to OnTarget Plus siRNA Control. 293T cells seeded on
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100-mm plates were transfected with 600 pmol of RNA in 10 µl of Lipofectin 2000
according to the manufacturer’s protocol. After 72 h, cells were seeded into 24-well plates
and assayed as described. siRNA knockdown of mouse RIP1 in L929 cells was performed as
described (32). In L929 cells, Dharmacon siControl nontargeting siRNA (D-00120-03) was
used as a negative control. For retroviral transduction studies, plasmids pSiren-Luc or
pSiren-RIP1 together with plasmids LTRVSVG, CMVtat, and JK3 (33) were transfected
into 293T cells to produce retroviral particles to infect SVEC4-10 cells. For lentiviral
transduction, plasmid pLKO.1-Scramble or pLKO.1-DAI-62 together with plasmids
LTRVSVG, CMVtat, and psPAX2 (34) were transfected into 293T cells to produce
lentiviral particles to infect SVEC4-10 cells. Transduced cells were selected using 2 µg/ml
Puromycin (Invitrogen).

Results
DAI interaction with RIP1 is RHIM-dependent

As predicted in the initial reports on DAI (11, 16), when a DAI-expression plasmid was
transfected into L929 fibroblasts, DAI-dependent IFNβ expression was induced without
additional immunostimulatory DNA treatment. This may have been due to the impact of
plasmid DNA as well as the overexpression of the sensor. We used this approach to evaluate
the role of TBK1 and IKKβ in DAI-dependent NF-κB activation in 293T cells. Flag-epitope
tagged DAI induced NF-κB-dependent luciferase reporter expression 12- to 18-fold over
control (Fig. 1A), levels that were also observed when nontagged DAI was transfected into
cells (data not shown). Proinflammatory stimuli should promote the accumulation of the
RelA NF-κB subunit in the nucleus following the phosphorylation of IκBα by IKKβ (35), an
activation that is expected to be blocked by dominant negative IκBα-super repressor (IκBα-
SR), which cannot be phosphorylated by IKKβ (36, 37). Coexpression of IκBα-SR and DAI
prevented NF-κB activation and established the specificity of this response in DAI-
transfected cells. Flag-DAI (or nontagged DAI) also stimulated expression from a second
NF-κB-dependent promoter containing the positive regulatory domain II from the IFNβ gene
(Fig. 1A and data not shown) (38). DAI is known to interact with TBK1 (11, 16), a kinase
related to IKKβ, so we compared NF-κB reporter gene activation by DAI coexpressed with
either dominant negative kinase dead (KD) TBK-1 or KD-IKKβ. As expected, KD-IKKβ
suppressed reporter gene activity while the dominant negative KD-TBK1 did not (Fig. 1A).
Thus, the pathway involved in transfection-dependent DAI-mediated activation of NF-κB
appeared to be independent of TBK-dependent signal transduction pathways controlling
IRF3 activation (11).

To gain insight into potential mechanisms of DAI-dependent NF-κB activation that occur
upstream of IKKβ in this setting, we examined the amino acid sequence of DAI for regions
of homology to known signal transduction and adaptor protein interaction motifs. We
identified three stretches of amino acid common to all mammalian DAI homologues with
sequence similarity to the RHIM of RIP1, RIP3, and TRIF (Fig. 1, B and C). Two of these
RLR (labeled A and B in DAI schematic; Fig. 1B) exhibited greater similarity to a core
motif (I/V)Q(I/L/V)GXXNX(M/L/I) than the third (labeled C in DAI schematic; Fig. 1B).
RLR-A appeared most like a RHIM, with two amino acids (I201 and N203) conserved in
RIP1 and RIP3. RLR-B also shared a complete core motif with RIP1, RIP3, and TRIF.
Similarity was also observed to the RHIM of MCMV protein M45, which interacts with
RIP1 to suppress premature infected cell death (27). Of the three, only RLR-A was located
within a DAI region (D3) previously implicated in DNA-binding and immunostimulatory
DNA-mediated induction of IFNβ expression (11, 16).

The importance of RHIM-mediated protein-protein interactions in pathways controlled by
RIP1, RIP3, and TRIF prompted us to evaluate interactions in IP/IB experiments performed

Kaiser et al. Page 4

J Immunol. Author manuscript; available in PMC 2011 May 31.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



with lysates of 293T cells transfected with Flag epitope tagged DAI and c-Myc epitope
tagged RIP kinases 1, 2, 3, and 4 (Fig. 2A). In this overexpression setting, DAI interacted
with RHIM-containing members RIP1 and RIP3, but not the others in this family. We
detected a similar pattern of interactions when epitope tags were swapped and the
experiment was performed with Flag-RIP1 or Flag-RIP3 and c-Myc-DAI (Fig. 2B). In
addition to the behavior in dually transfected cells, Flag-DAI immunoprecipitated
endogenous RIP1 in 293T cells (Fig. 2C) and colocalized with endogenous RIP1 (Fig. 2D)
when immunofluorescence analysis was applied to Flag-DAI-transfected HeLa cells.
Endogenous RIP1 was diffusely dispersed throughout the cytoplasm in nontransfected cells;
however, RIP1 appeared in a perinuclear, granular pattern colocalized with Flag-DAI in
transfected cells (Fig. 2D). This DAI localization pattern has been observed previously (39,
40) and confirmed in recent studies implicating this protein as a DNA sensor (11, 16). We
suspect that DAI recruits RIP1 into this cytoplasmic localization pattern as a component of
signaling.

To assess the importance of the putative DAI RLRs in interactions with RIP1 and RIP3, we
used alanine substitution mutations in core conserved amino acid (V/I)QIG in RLR-A (DAI-
mutRLR-A) or RLR-B (DAI-mutRLR-B) and amino acid QIG in RLR-C (DAI-mutRLR-C)
(Fig. 3A). This clustered mutation should disrupt RHIM-dependent protein interactions and
signaling based on previous studies (19, 24, 27, 28). To test the interaction of Flag-epitope
tagged DAI mutants with RIP1, we transfected 293T cells with plasmids expressing c-Myc-
epitope tagged RIP1 and Flag-epitope tagged DAI, and evaluated association by
coimmunoprecipitation (Fig. 3C). Only DAI-mutRLR-A showed a reduced interaction with
RIP1 in this assay; DAI-mutRLR-B and DAI-mutRLR-C immunoprecipitated RIP1 as
efficiently as wild-type DAI. RIP1 and all of the DAI-derived proteins were expressed at
similar levels in all samples that were compared. Additionally, DAI RLR-A was found to be
necessary for interaction (data not shown) as well as colocalization (Fig. 3B) with
endogenous RIP1 protein. To assess the importance of the RIP1 RHIM in this interaction,
we evaluated the ability of Flag-epitope tagged RIP1 or RHIM mutant RIP1 (RIP1-mRHIM)
to immunoprecipitate c-Myc-epitope tagged DAI (Fig. 3D). RIP1 associated with DAI, but
not with RIP1-mRHIM, demonstrating that DAI RLR-A was critical for the RHIM-
dependent interaction with RIP1. This data implicates RIP1 as an essential adaptor for DAI-
mediated activation and suggests that RHIM-dependent interactions may be necessary for
activation via this DNA sensor. Although we relied on overexpression, these data are
consistent with the hypothesis that DAI may use RHIM-mediated interaction with the
adaptor protein RIP1 to activate the NF-κB signaling pathway.

DAI activates NF-κB via RIP1
To determine whether DAI-dependent NF-κB activation is controlled by RIP1 in a manner
analogous to a pathway that has been defined for responses mediated by TNFR, TLR3/
TLR4, RLH, and DNA damage (19–23, 41), we performed NF-κB-Luc reporter assays and
found that DAI induction of NF-κB-dependent gene expression was highly dependent on
RLR-A (Fig. 3E). The small dose-dependent increase in reporter activity was eliminated
when we tested DAI with mutated RLR-A and RLR-B, suggesting that the RLR-B motif
may contribute to NF-κB activation (data not shown) despite the lack of any independent
impact on RIP1 binding (see Fig. 3B). Overall, RLR-A was most critical in mediating RIP1
interaction as well as for biological activity.

Given evidence that the DNA sensor DAI physically interacts with RIP1 via RLR-A to
induce NF-κB, we next tested whether RIP1 was necessary for immunostimulatory dsDNA-
induced activation of the innate immune response. Given the fact that DAI has been shown
to be necessary for dsDNA-induced IFNβ expression in L929 fibroblast cell line (11), we
used RNAi to inhibit RIP1 expression to evaluate the role of natural DAI and RIP1 upon
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delivery of immunostimulatory poly(dA:dT) DNA delivered by liposome-mediated
transfection into L929 cells. Following transfection, IFNβ transcript levels were assessed by
quantitative real-time PCR (Fig. 4A). Immunostimulatory DNA-dependent IFNβ expression
was suppressed when RIP1 was knocked down in L929 cells line but not in L929 cells
transfected with a nontargeting siRNA, consistent with previous reports (11, 16). As
discussed in this published work as well as with observations suggesting that DAI is not the
only DNA sensor in L929 cells (16), RIP1 siRNA did not completely suppress the response
to DNA. Thus, the residual IFNβ induction is likely to be due to a DAI- and RIP1-
independent DNA sensor pathway in these cells. To assess immunostimulatory DNA
sensing pathways in another cell type, we evaluated murine endothelial cell SVEC4-10 cells
stably expressing a scrambled shRNA or a shRNA-targeting DAI. RNAi-mediated knock
down of DAI in SVEC4-10 cells suppressed IFNβ induction following delivery of
poly(dA:dT) (Fig. 4B) much more dramatically than has been shown in L929 cells (11, 16).
Consistent with the impact of RNAi directed at DAI, the SVEC4-10 cellular response to
dsDNA was also highly dependent on RIP1. In contrast to control shRNA luciferase
expressing cells, RIP1-specific shRNA completely blocked poly(dA:dT)-mediated IFNβ
induction. Thus, DAI may be a more critical DNA sensor in endothelial cells than in
fibroblasts. In SVEC4-10, DAI-mediated signaling via RIP1 predominates IFNβ activation.
This evidence is consistent with RIP1 controlling the cellular NF-κB response that
contributes to IFNβ activation following DAI-mediated detection of cytosolic dsDNA. RIP1
may also participate in DAI-independent DNA sensing pathways or affect IRF3/IRF7
activation as has been shown with cytosolic RNA sensors (20–22). Regardless, our evidence
clearly demonstrates that RIP1 plays a central role in the cellular response to
immunostimulatory cytosolic DNA and suggests that cell type may dictate the relative
importance of DAI over other, uncharacterized DNA sensors.

DAI and RIP3 synergize to activate NF-κB via RIP1
The ability of DAI to interact with RIP3 as well as RIP1 prompted us to investigate RHIM-
dependent interaction of DAI with RIP3. Consistent with the RIP1 studies, RLR-A was the
only DAI RLR that was required for interaction with RIP3. Thus, based on the behavior of
mutRLR-A, RIP1 and RIP3 appear to bind to the same region of DAI (Fig. 5A).
Furthermore, the interaction between RIP3 and DAI depended on the RIP3 RHIM (Fig. 5B).
Flag-tagged RIP3 containing a mutated RHIM (RIP3-mRHIM) failed to immunoprecipitate
c-Myc-DAI. This interaction was further supported by the colocalization of epitope tagged
DAI and RIP3 in HeLa cells (Fig. 5C).

The binding of RIP1 and RIP3 to DAI is reminiscent of the ability of both to interact with
the TLR3/TLR4 adaptor protein TRIF through RHIM-dependent interactions (19). RIP3 is
not responsible for direct signaling but has been reported to negatively regulate TRIF-
mediated, RIP1-dependent activation of NF-κB (19). We evaluated the impact of RIP3 on
DAI-dependent activation of NF-κB by coexpressing DAI and RIP3 in the presence of a NF-
κB reporter gene (Fig. 5D). DAI or RIP3 alone induced modest (20- to 50-fold) NF-κB-
dependent expression, and coexpression induced NF-κB-Luc reporter gene expression over
200-fold. For comparison, control transfections with a truncated constitutively active form
of TRIF (TRIF-C) that activates NF-κB in an RHIM-dependent manner, confirmed the
previously reported (19) RIP3-dependent suppression of TRIF-dependent NF-κB activation
(Fig. 5E). Thus, DAI and RIP3 together activated NF-κB to higher levels, an impact that is
opposite the RIP3-dependent down-regulation of NF-κB in TLR3/TLR4 signaling pathways
(19). MyD88-induced NF-κB-dependent expression, also an RHIM-independent process,
was not affected by coexpression of RIP3 (Fig. 5D). Coexpression of nonfunctional DAI-
mutRLR-A and RIP3 induced NF-κB-dependent luciferase activity at levels comparable to
RIP3 alone (Fig. 5E), demonstrating the importance of RHIM-dependent interactions with
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RIP3. Likewise, an intact DAI RLR-A as well as an intact RIP3 RHIM was required for NF-
κB activation via RIP1 in this setting (Fig. 5E). Interestingly, maximal activation of NF-κB
required RIP3 kinase activity. A kinase-deficient RIP3 (KD-RIP3) activated expression
comparable to DAI alone, raising the possibility that RIP3 kinase is responsible for
phosphorylation of components within the DAI-induced NF-κB activation pathway,
potentially RIP1 or DAI.

To determine whether RIP1 plays a central role in NF-κB reporter gene expression induced
by DAI and RIP3, we inhibited RIP1 expression using siRNA (Fig. 5G) and found a reduced
activation by DAI as well as by DAI-RIP3 but not by RIP3 alone (Fig. 5F). Thus,
endogenous RIP1 mediates the DAI-dependent components of this pathway. The precise
pathway of RIP1-independent RIP3-dependent NF-κB activation will require further
investigation. As expected, MyD88-dependent activation of NF-κB remained unaffected by
inhibition of RIP1 expression. Thus, NF-κB signaling induced by DAI alone or by DAI plus
RIP3 proceeds through the RIP1 adaptor.

Discussion
The innate immune system defends the host against microbial invasion by using multiple
sensing systems that activate NF-κB and IRF family transcription factors (1–3). RIP1 was
initially identified as a crucial adaptor protein in death receptor signaling (42), but
accumulating evidence has implicated this adaptor in relaying signals from a number of
pathogen recognition receptors, including sensors that detect immunostimulatory nucleic
acids (19–22). Following dsRNA stimulation, RIP1 is recruited by TLR3/TRIF to activate
NF-κB (19). Stimulation of RLH by cytosolic RNA depends on a complex of RIP1, Cardif/
MAVS, and either TNFR-associated death domain protein or Fas-associated death domain
protein, activating NF-κB as well as IRF3 (or IRF7) (20–22). In the present study, we reveal
for the first time that RIP1 plays a central role in the signal transduction pathways activated
by cytosolic DNA and have characterized the steps that RIP1 controls to bridge the DNA
sensor DAI to downstream signaling networks.

DAI is likely to respond to cytosolic viral, microbial, or host DNA, stimulating NF-κB
activation that drives subsequent proinflammatory and antiviral cytokine production in the
cell-intrinsic innate immune response (11, 16). DAI contains three domains that have the
sequence elements reminiscent of a RHIM. Only the most N-terminal of these (RLR-A) is
critical for RHIM-dependent interactions with RIP1 and RIP3. Although interactions with
other RHIM proteins, cellular TRIF and viral M45, remain to be studied, our current
evidence strongly implicates DAI in direct induction of NF-κB via RIP1 and downstream
IKKβ but independent of TBK-1. The location of RLR-A within the D3 region of DAI is
consistent with previous mapping of regions important for induction of IFNβ as well as in
DNA recognition (16) and raises the potential that this RHIM is closely associated with
DNA binding as well as interaction with RIP1. A more extensive series of amino acid
substitution mutants will be needed to fully address these issues. DAI also contains two
additional conserved regions, RLR-B and RLR-C, that appear dispensable for interactions
with RIP1 or RIP3, although RLR-B may work together with RLR-A for maximal activation
of NF-κB. RLR-C maps to the region of DAI that recruits TBK-1 (11) and thus may play a
regulatory role influencing IRF3 activation. We are currently evaluating the importance of
these additional RHIM-like domains in regulating DAI function.

RIP3 is known to bind RIP1 in a RHIM-dependent interaction that suppresses NF-κB
activation in response to either TNF-α or the TLR3/TLR4 adaptor protein TRIF (19, 24).
DAI also interacts with RIP3 via a RHIM, and this interaction apparently enhances DAI-
mediated NF-κB activation. This synergistic NF-κB response required an intact RIP3 kinase
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domain and was mediated through RIP1, raising the interesting and speculative possibility
that RIP3 differentially regulates dsRNA sensing by TLR3 and cytosolic dsDNA sensing by
DAI. This would enable a cell to fine-tune the cellular response and differentiate between
various immunostimulatory nucleic acids. No phenotype has yet been reported for RIP3-
deficient mice (43), but, based on the data we present here, DAI-mediated signaling should
be attenuated in some cell types in these animals.

DAI stimulates IFNβ expression through pathways that activate IRF3 and NF-κB much like
other sensors, and may play a more important role in certain cell types such as endothelial
cells. In addition to adding clarity to the pathway leading to NF-κB activation, our data
broadens the role for RIP1 in pathogen recognition. RHIM-dependent pathways have been
shown to be critical for sensing Gram-negative bacteria in Drosophila, via the
immunodeficiency pathway (44), as well as in mammals, via a MyD88-independent signal
transduction pathway that is activated by TLR3 and TLR4. An ortholog of RIP1 has
therefore been implicated across a broad evolutionary landscape in host defense to microbes.
The importance of RHIM interactions in relaying signals from DAI in response to
immunostimulatory DNA is analogous to the role of TLR4 in sensing LPS or TLR3 in
sensing dsRNA and signaling via the TRIF adaptor to activate NF-κB and IRF3 (Fig. 6).
Other parallels may emerge with regard to the cell type-specific importance of DAI in
activation of the type I IFN response. Our data expand the range of RHIM-dependent
interactions in innate sensing of intracellular bacterial and viral pathogens, and open new
avenues by which pathogens may modulate sensing, suppress cell death, reduce activation of
type I IFN, and counteract IFN-induced antiviral activities (45–48).
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FIGURE 1.
DAI-mediated activation of NF-κB. A, 293T cells were transfected with 100 ng firefly
luciferase reporter plasmid carrying five tandem NF-κB sites (left panel; NF-κB-Luc;
Stratagene) or carrying two tandem NF-κB sites from the IFNβ promoter (middle panel;
positive regulatory domain II-Luc) (28), together with 20, 100, or 500 ng (denoted by
triangle) of Flag-DAI and 5 ng of a control noninducible Renilla luciferase expression
vector, phRL-TK. IκBα-SR-mediated (400 ng) inhibition of DAI-dependent (100 ng) NF-
κB-Luc activation is also shown in the left panel. 293T cells were transfected with 100 or
400 ng of plasmid expressing TBK1-KD or IKKβ-KD (28) together with 100 ng Flag-DAI
(right panel). In all experiments, the total DNA transfected was held constant (605 ng) by
adding empty vector (EV). Firefly and Renilla luciferase activities were assayed 18 h
posttransfection. Firefly luciferase activity was divided by Renilla luciferase activity to
normalize for transfection efficiency. Data shown are expressed as the mean relative
stimulation in cells receiving DAI compared with the constitutive level present in cells
transfected with EV ± SD (n = 3) from one representative experiment of a total of three
performed. B, Schematic representation showing domains of RHIM-containing proteins.
DAI contains an N-terminal Zα and Zβ domain and three RLR (labeled A, B, and C). The
RLR-A motif in DAI is most similar to the RHIM (red oval). RIP1 and RIP3 each have an
N-terminal kinase domain (KD), and RIP1 also contains a C-terminal DD. TRIF encodes a
TIR domain, and M45 has a region of homology to a ribonucleotide reductase (RR1). C, The
RHIM of human (Hs) and mouse (Mm) RIP1, RIP3, and TRIF and the MCMV protein M45
is aligned with each of the RLR motifs of DAI. The alignment was shaded with the
BLOSUM62 matrix at a 60% identity threshold. The number adjacent to each sequence in
the alignment indicates the starting amino acid within each full-length protein.

Kaiser et al. Page 11

J Immunol. Author manuscript; available in PMC 2011 May 31.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



FIGURE 2.
DAI interaction with the RHIM-containing RIP kinases, RIP1 and RIP3. A, Autoradiogram
of IB and IP of 293T cell extracts following transfection of myc epitope-tagged RIP1, RIP2,
RIP3, or RIP4 together with Flag epitope-tagged DAI vectors. B, Autoradiogram of IB and
IP of 293T cell extracts following transfection of Flag epitope-tagged RIP1, RIP2, RIP3, and
RIP4, or an EV together with myc epitope-tagged DAI vector. Cellular lysates were
subjected to anti-Flag IP and analyzed by IB with anti-myc Ab. IB analysis of total cell
lysate showed the relative expression of Flag and myc epitope-tagged proteins. C,
Demonstration that Flag-DAI binds endogenous RIP1 via IB of 293T cells following
transfection with Flag epitope-tagged DAI or an EV. IP was with anti-FLAG M2 beads and
IB was with anti-RIP1 Ab. Total cell lysates were examined for the expression of RIP1 and
Flag-DAI. D, Immunofluorescent localization of Flag-DAI with endogenous RIP1. HeLa
cells were transfected with Flag-tagged DAI and then stained with rabbit anti-Flag Ab and
with monoclonal anti-RIP1 Ab for endogenous RIP1. Flag-DAI was detected by an anti-
rabbit Alexa-488-conjugated secondary Ab and RIP1 was detected by an anti-mouse
Alexa-594-conjugated secondary Ab. Stained cells were examined by epifluorescent
microscopy (×1000).
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FIGURE 3.
DAI-mediated, RIP1 RHIM-dependent activation of NF-κB. A, Diagram of RHIM mutations
made by alanine substitution of the indicated aa (AAAA above the sequence alignment). B,
Immunofluorescence analysis of Flag-DAI and Flag-DAI-mutRLR-A colocalization with
endogenous RIP1. HeLa cells were transfected with Flag-tagged DAI or mutRLR-A and
then stained with rabbit anti-Flag Ab and with monoclonal anti-RIP1 Ab for endogenous
RIP1. Flag-DAI was revealed by an anti-rabbit Alexa-594-conjugated secondary Ab and
RIP1 by an anti-mouse Alexa-488-conjugated secondary Ab. Stained cells were examined
by microscopy (×1000). C, Autoradiogram following IP and IB to detect RHIM-dependent
DAI interaction with RIP1. 293T cells were transfected with c-myc epitope-tagged RIP1 and
Flag epitope-tagged DAI, DAI-mutRLR-A, DAI-mutRLR-B, DAI-mutRLR-C, or an EV. IP
of cellular lysates was with anti-FLAG M2 beads and IB was with anti-myc Ab. IB analysis
of total cell lysate determined the expression of myc-RIP1 and Flag-tagged proteins. D,
Autoradiograph following IP and IB analysis to detect DAI-RIP1 interaction. 293T cells
were transfected with myc epitope-tagged DAI and Flag epitope-tagged RIP1, RIP1-
mRHIM, or an EV. IP of cellular lysates was followed by IB with anti-myc Ab. Anti-Flag
Ab revealed the relative expression of epitope-tagged proteins in original lysates. E,
Luciferase expression assay in 293T cells transfected with 100 ng of NF-κB-Luc together
with 50 ng (black bar), 150 ng (hatched bar), or 450 ng (gray bar) of the indicated Flag-DAI
expression vector containing either DAI or mutRLR-A DAI and 5 ng of the Renilla
luciferase expression vector. In all samples, the amount of transfected DNA was kept
constant with addition of EV plasmid DNA. Luciferase activity was evaluated as described
in the legend to Fig. 1.
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FIGURE 4.
A, RIP1 knockdown attenuates B-DNA-mediated IFNβ gene induction in L929 and
SVEC4-10 cells. Top, Autoradiogram of an IB for RIP1 protein in L929 cells 96 h following
transfection with nontargeting (NT) siRNA or RIP1-specific siRNA. Actin expression
control is shown below. Bottom, IFNβ gene induction in L929 cells assessed by quantitative
RT-PCR 9 h after treatment with Lipofectamine 2000 (Lipo) alone or Lipo plus B-DNA (5
µg/ml). B, top left, Autoradiogram of an IB for DAI and actin control in SVEC4–10 cells
stably expressing a scramble (Sc) shRNA or a shRNA to DAI. Top right, Autoradiogram of
an IB for RIP1 and RIP3 protein in SVEC4–10 cells stably expressing a shRNA to luciferase
(Luc) or to RIP1. Bottom, IFNβ gene induction in DAI shRNA (left) and RIP1 shRNA
(right) SVEC4–10 cells was assessed by quantative RT-PCR following 5 h of Lipofectamine
2000 (Lipo) or Lipo plus B-DNA (5 µg/ml) stimulation.
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FIGURE 5.
DAI RHIM-dependent interaction with RIP3. A, Autoradiograph following IP and IB to
detect mutant DAI interaction with RIP3. 293T cells were transfected with myc epitope-
tagged RIP3 and Flag epitope-tagged DAI, DAI-mutRLR-A, DAI-mutRLR-B, DAI-
mutRLR-C, or an EV. IP was with anti-Flag M2 beads and IB was with anti-myc Ab. IB
analysis of total cell lysate confirmed the expression of myc-RIP3 and Flag-tagged proteins.
The asterisk denotes residual signal of myc-RIP3. B, Autoradiograph following IP and IB to
detect interaction of DAI and RIP3. 293T cells were transfected with myc epitope-tagged
DAI and Flag epitope-tagged RIP3, RIP3-mRHIM, or an EV. IP used anti-Flag Ab and IB
used anti-myc Ab. IB analysis of total cell lysate showed the relative expression of epitope-

Kaiser et al. Page 15

J Immunol. Author manuscript; available in PMC 2011 May 31.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



tagged proteins. C, Immunofluorescent localization of Flag-DAI with Myc-RIP3.
Transfected HeLa cells were stained with rabbit anti-Flag Ab and with monoclonal 9E10
anti-myc Ab. Flag-DAI (red) was detected by an anti-rabbit Alexa-594-conjugated
secondary Ab and Myc-RIP3 (green) was detected by an anti-mouse Alexa-488-conjugated
secondary Ab. Stained cells were examined by epifluorescent microscopy (×1000). D, 293T
cells were transfected with 100 ng of the pNF-κB luciferase reporter plasmid and 100 ng of
Flag-DAI, Flag-TRIF, or Flag-MyD88 together with the indicated amount of Flag-RIP3 and
35 ng of the Renilla luciferase expression vectors. E, 293T cells were transfected with pNF-
κB firefly luciferase reporter plasmid and 100 ng of the indicated Flag-DAI construct and/or
Flag-RIP3 construct phRL-TK Renilla luciferase expression vector. F, RIP1 siRNA
suppresses DAI-induced NF-κB activation. Nontargeting (NT) siRNA or RIP1 siRNA was
transfected into 293T cells. At 72 h, cells were transfected with 100 ng of the pNF-κB
luciferase reporter plasmid and 100 ng of Flag-DAI and/or Flag-RIP3, or Flag-MyD88
expression vector together with 5 ng of the Renilla luciferase expression vector. D–F, total
DNA was held constant by adding EV. Luciferase activity assayed as described in the
legend to Fig. 1. G, IB for RIP1 expression is shown using 293T cell extracts 72 h following
transfection with the indicated siRNA.
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FIGURE 6.
Schematic diagram of RHIM-dependent signaling. Common steps in RHIM-dependent
interactions are shown for TLR3/TLR4 signaling via TRIF (left), as summarized in (19), as
well as for DAI (right), described in this report. When triggered, DAI and TRIF recruit RIP1
in a pathway that activates NF-κB by release of RelA from the IKK complex. TRIF and DAI
also induce TBK1-mediated activation of IRF3. Together, RelA (NF-κB) and IRF3 promote
Type I IFN gene expression. RIP3 regulates RIP1-dependent NF-κB activation in opposite
ways, depressing RHIM-dependent TRIF-mediated events, but stimulating RHIM-dependent
DAI-mediated events. Red circles indicate the RHIM of DAI, TRIF, RIP1, and RIP3. White
circles on DAI indicate RLR-B and -C.
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