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K63 polyubiquitin chains spatially and temporally link innate immune signaling effectors such that cytokine
release can be coordinated. Crohn’s disease is a prototypical inflammatory disorder in which this process may
be faulty as the major Crohn’s disease-associated protein, NOD2 (nucleotide oligomerization domain 2),
regulates the formation of K63-linked polyubiquitin chains on the I kappa kinase (IKK) scaffolding protein,
NEMO (NF-kB essential modifier). In this work, we study these K63-linked ubiquitin networks to begin to
understand the biochemical basis for the signaling cross talk between extracellular pathogen Toll-like recep-
tors (TLRs) and intracellular pathogen NOD receptors. This work shows that TLR signaling requires the same
ubiquitination event on NEMO to properly signal through NF-kB. This ubiquitination is partially accom-
plished through the E3 ubiquitin ligase TRAF6. TRAFG6 is activated by NOD2, and this activation is lost with
a major Crohn’s disease-associated NOD2 allele, L1007insC. We further show that TRAF6 and NOD2/RIP2
share the same biochemical machinery (transforming growth factor B-activated kinase 1 [TAK1]/TAB/Ubc13)
to activate NF-kB, allowing TLR signaling and NOD2 signaling to synergistically augment cytokine release.
These findings suggest a biochemical mechanism for the faulty cytokine balance seen in Crohn’s disease.

Upon pathogen exposure, the innate immune system tailors
the initial cytokine response such that the pathogen can be
eradicated. While innate immune signaling pathways are es-
sential for an effective immune response, dysregulation of
these pathways can lead to immunologic and inflammatory
diseases (23, 24, 29). As such, it is important to understand the
biochemical mechanisms that regulate the strength and dura-
tion of the innate immune response.

Innate immune signaling initiates both extracellularly and
intracellularly. Toll-like receptors (TLRs) are major extracel-
lular pathogen receptors. Each TLR recognizes a component
of a pathogen such as lipopolysaccharide (LPS) from gram-
negative bacteria or lipoteichoic acid from gram-positive bac-
teria (23, 29). As a general mechanism, upon exposure to a
pathogen, TLRs activate the IRAK kinases to activate the E3
ubiquitin ligase TRAF6. TRAF6 nucleates the transforming
growth factor B-activated kinase 1 (TAKI1) kinase complex
such that it can phosphorylate and activate the I kappa kinase
(IKK) signalosome (IKKa, IKKB, and NF-«B essential modi-
fier [NEMOJ]). This active IKK signalosome then induces
NF-kB activation such that NF-kB-regulated cytokines can be
transcriptionally regulated (12, 29).

One of the better-studied intracellular innate immune signaling
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pathways is the nuclear oligomerization domain 2 (NOD2) sig-
naling system. Polymorphisms in NOD2 are responsible for ap-
proximately 15 to 30% of genetic Crohn’s disease (7, 14, 27), an
inflammatory disorder of the gastrointestinal (GI) tract that is
characterized by a dysfunctional immune response to normal GI
bacterial flora (24). NOD?2 is activated by cytosolic exposure to a
breakdown product of peptidoglycan (muramyl dipeptide
[MDP]) (10, 13, 19). Upon activation, NOD2 binds to the
scaffolding kinase, receptor interacting kinase 2 (RIP2
[RICK, CARDIAK]) to affect NF-kB signaling (27).

Both the TLR signaling pathway and the NOD signaling path-
way are dependent on ubiquitination to affect NF-kB. TLR sig-
naling utilizes TRAF6, a K63-specific E3 ubiquitin ligase, to
activate NF-«kB (17, 23, 29). Both the ubiquitin ligase activity of
TRAF6 and its E2 ubiquitin ligase partners (Uevla and Ubcl3)
are essential for TAKI to phosphorylate and activate IKKB (15,
28, 33). The NOD?2 signaling pathway also requires ubiquitina-
tion. NOD2 activation stimulates the K63-linked ubiquitination of
NEMO, and this ubiquitination event is required for optimal
NF-kB signaling downstream of NOD?2 activation. NOD2’s in-
duction of NEMO ubiquitination is dependent on the scaffolding
kinase RIP2. Crohn’s disease-associated polymorphisms of
NOD2 both fail to induce ubiquitination of NEMO and fail to
effectively bind to RIP2. RIP2 itself strongly induces the K63-
linked ubiquitination of NEMO, and RIP2 expression is neces-
sary for NOD2 to induce NEMO ubiquitination (1).

K63-linked ubiquitination is increasingly important in signal
transduction pathways. Ubiquitin forms a C-terminal peptide
linkage with a lysine of the target protein. Ubiquitin contains
seven lysines, which can be targets of further ubiquitination to
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form a polyubiquitin chain. The ubiquitinated lysine forming the
linkage for this chain helps to determine its function. Linkages on
lysine 48 of ubiquitin target a protein for proteosomal degrada-
tion, while linkages on lysine 63 of ubiquitin are essential for
NF-kB signaling (3, 9). Thus, both the ubiquitination of a target
protein and the lysine specificity of the ubiquitin linkage help to
determine the function of this posttranslational modification.

Synergy between TLR agonists and NOD2 agonists in both
inflammatory and anti-inflammatory cytokine release has been
demonstrated (20, 21, 31, 32, 34, 36, 37, 40); however, the
biochemical basis for this synergy is not known. Given that
K63-linked ubiquitination is required for effective TLR and
NOD signaling, it is possible that ubiquitination of NEMO
mediates cross talk between these signaling pathways. In this
work, we investigate this possibility. We show that activation of
the TLR4 pathway induces ubiquitination of lysine 285 (K285)
on the IKK scaffolding protein, NEMO, and we show that this
ubiquitination event as well as a second, inflammatory ubiq-
uitination event on lysine 399 (K399) is required for optimal
TLR-initiated NF-«B signaling. We show that a TLR-induced
E3 ubiquitin ligase, TRAF6, causes ubiquitination of both
K285 and K399 on NEMO and that NOD2 activation can
cause activation of TRAF6. While NOD?2 can activate TRAF6,
small interfering RNA (siRNA) experiments indicate that
there are additional E3 ligases that can substitute for TRAF6
in NOD2/RIP2-induced NEMO ubiquitination. This implies
that joint activation of the TLR pathway and the NOD2/RIP2
pathway, a scenario that may occur during a cytosolically in-
vasive bacterial infection, requires the utilization of common
ubiquitin-dependent signaling machinery downstream of TRAF6
to synergistically enhance cytokine release. We present evi-
dence for this hypothesis as purification of RIP2-induced
NEMO complexes and TRAF6-induced NEMO complexes
both contain the ubiquitin-activated TAK1/TAB kinase com-
plex. TAKI1 kinase activity is required for optimal RIP2-in-
duced IKK activation, and the K63-specific E2s, Ubc13 and
Uevla, are required both for NEMO ubiquitination and for
MDP-induced NF-kB activity. Finally, we show that TLR and
NOD?2 signaling is synergistic to affect cytokine release. Con-
sistent with this finding, joint activation of the TLR and NOD2
pathways causes increased NF-«kB activity and prolonged
NEMO ubiquitination. Collectively, these findings suggest a
biochemical mechanism to explain the synergy between the
TLR and NOD signaling pathways.

MATERIALS AND METHODS

Cell culture, transfection, IPs, and Western blotting. HEK-293 cells, NEMO-
null mouse embryonic fibroblasts (MEFs), and THP-1 cells were grown in
Dulbecco’s modified Eagle’s medium containing 10% fetal bovine serum (FBS)
(Invitrogen) with antibiotic/antimycotic solution or in RPMI containing 10%
FBS. RAW 264.7 cells were grown in Dulbecco’s modified Eagle’s medium
containing 10% heat-inactivated FBS (Invitrogen). Calcium phosphate precipi-
tation was utilized for transfection as described previously (1). For immunopre-
cipitation (IP)-ubiquitination assays, cell lysates were prepared using high-
stringency radioimmunoprecipitation assay (RIPA) buffer (50 mM Tris [pH 7.5],
150 mM to 1 M NacCl, 0.25% deoxycholate, 1% NP-40, 0.1% sodium dodecyl
sulfate [SDS], 1 mM B-glycerophosphate, 2.5 mM sodium pyrophosphate, 1 mM
EDTA, 1 mM EGTA, 1 mM sodium fluoride, 1 mM iodoacetimide, 5 mM
N-ethylmaleimide, 0.5 WM calyculin, and protease inhibitor cocktail (Sigma) with
fresh 1 mM phenylmethlysulfonyl fluoride. IPs were performed as described
previously (1). For polyubiquitin pulldown assays, where indicated, THP-1 cells
were treated with MDP (Invivogen) or with Pam;Cys, (PC) (Invivogen) as
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indicated in the figure legends. Highly purified LPS from Escherichia coli (Invi-
vogen) was used to stimulate TLR4 in MEFs or RAW macrophages (as indicated
in the text). Polyubiquitin binding columns were obtained from Pierce Biotech-
nology, and assays were performed according to the manufacturer’s specifica-
tions. Western blotting and SDS-polyacrylamide gel electrophoresis (SDS-
PAGE) were performed as described previously (1).

Antibodies, plasmids, and r ts. Anti-myc (9E10), antihemagglutinin
(anti-HA) (rabbit), anti-TRAF2 (mouse), anti-TRAF6 (mouse), anti-RIP2 (rab-
bit), and anti-Omni (rabbit) antibodies were obtained from Santa Cruz Biotechnol-
ogy. Anti-myc, anti-NEMO, anti-phospho-IKK, anti-IKK, anti-phospho-IkB, anti
-IkB, anti-phospho-p38, and anti-total p38 were obtained from Cell Signaling
Technology. To immunoprecipitate NEMO, monoclonal antibody clone C73-764
(BD Biosciences) was used. Omni-RIP2, HA-ubiquitin, myc-NEMO, myc-
K399R NEMO, and myc-K285/399R were used as previously described. Omni-
TRAF6 was generated from standard PCR cloning of IMAGE clone 5272008.
The K285R NEMO site-directed mutant was generated by a modification of the
QuikChange (Stratagene) protocol and was sequenced to verify identity. Wild-
type (wt) TAK1 was obtained from the Harvard Institute of Proteomics and was
subcloned into a FLAG-tagged expression vector (pcDNA3-FLAG). Site-
directed mutagenesis was performed to generate the kinase-dead/dominant-
negative TAKI. siRNA directed against TRAF6 and a control siRNA oligonu-
cleotide were obtained from either Ambion or Dharmacon. siRNA directed
against RIP2 was described previously (1).

Reporter assays. Six-well dishes of NEMO-null MEFs (25, 26) or 293 cells
were transfected using polyethyleneimine. All transfections contained the same
amount of total DNA. Western blotting showed that all Omni-tagged constructs
and NEMO constructs were expressed appropriately (data not shown). Trans-
fection efficiency was standardized using the Renilla luciferase, and luciferase
assays were performed according to the manufacturer’s instructions (Promega).

Cytokine assays. THP-1 cells were either left untreated or were treated with 10
png/ml MDP, 1 pg/ml PC, or 10 pg/ml MDP plus 1 pg/ml PC for 16 h. A cytokine
array (Ray Biotech, Inc.) was exposed to the conditioned medium, and the assay
was then performed according to the manufacturer’s instructions. For TagMan
quantitative reverse transcription-PCR (RT-PCR), total RNA was extracted
from THP-1 cells 2 h after stimulation. Each PCR cycle was internally standard-
ized to 18S RNA PCR.

RESULTS

Intracellular and extracellular innate immune signaling sys-
tems must be cross-regulated to allow appropriate cytokine
responses. We previously found that activation of the NOD2/
RIP2 intracellular innate immune signaling pathway causes the
K63-linked ubiquitination of a novel site (K285) on the IKK
scaffolding protein, NEMO (1). Given this, we wanted to de-
termine the effect of extracellular innate immune signaling
pathways on K285 NEMO ubiquitination and the role of this
ubiquitination event in mediating NF-kB signaling. To deter-
mine this ubiquitination site’s effect on TLR signaling, NEMO-
null MEFs (18, 25) were transduced with retrovirus expressing
either empty vector, wt NEMO, or a form of NEMO that
cannot be ubiquitinated on lysine 285 (K285R NEMO). Be-
cause MEFs have a well-described LPS/TLR4 response, se-
lected pooled clones were exposed to 100 ng/ml of highly
purified LPS (Invivogen) for 0, 15, 30, or 60 min. Western
blotting showed that both K285R NEMO and wt NEMO were
expressed in these stably transduced clones (Fig. 1A). Both
active phospho-IKK and phospho-IkB were detected in wt
NEMO-expressing MEFs weakly at 30 min and more strongly
at 60 min. Neither the vector-only cell line nor the K285R
NEMO cell line showed any activation of IKK or phosphor-
ylation of IkB (Fig. 1A). As a control for LPS activity, phos-
pho-p38 blotting showed similar activation between all three
cell lines (Fig. 1A, bottom 2 panels). In contrast to these
results, when the same cells were treated with TNF, both the
wt NEMO-reconstituted cells and the K285R NEMO-recon-
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FIG. 1. NEMO ubiquitination at lysine 285 is required for optimal TLR4 signaling but not for optimal TNF signaling. (A) NEMO-null MEFs
were infected with pBABE retrovirus expressing either vector alone, wt NEMO, or K285R NEMO. After 2 weeks of puromycin selection, clones
(>1,000) were pooled and selected for an additional week. Each of these reconstituted cell lines was treated with 100 ng/ml of highly purified E.
coli LPS (Invivogen) for the indicated time. Lysates were generated, and Western blots were performed using the indicated antibodies. As a control
for LPS activity and as control for equivalent loading, phospho-p38 and total p38 Western blots were performed (bottom panels). (B) The
vector-only NEMO-null MEFS, wt-NEMO reconstituted NEMO-null MEFs, and the K285R-reconstituted NEMO-null MEFs were treated with
TNF for the indicated times. Lysates were generated, and Western blots were performed using the indicated antibodies. Again, as a loading control,
a total p38 Western blot was performed (bottom panel). (C) LPS treatment causes K285 to be ubiquitinated. The wt and K285R-reconstituted
NEMO-null MEF lines were either left untreated or were treated with LPS (100 ng/ml) for 45 min. NEMO IPs were performed under stringent
conditions (RIPA buffer plus 0.1% SDS and 1 M NaCl). Western blots were then performed using either an antiubiquitin antibody (P4D1) or an
anti-NEMO (rabbit) antibody. The asterisk indicates a cross-reactive band. No NEMO ubiquitination is present in the K285R-reconstituted cell
line despite an approximate twofold increase in the amount of K285R NEMO immunoprecipitated (lower blot).

stituted cells showed activation of IkB (Fig. 1B). Surprisingly,
the TNF response was consistently stronger in the K285R
NEMO-reconstituted cells. This finding suggests that NEMO
ubiquitination may determine a level of specificity to NF-«xB
activation in response to inflammatory agonists. To correlate
these findings with the ubiquitination of NEMO, the wt
NEMO cell line and the K285R cell line were either left un-
treated or were treated with 100 ng/ml LPS for 45 min. NEMO
was immunoprecipitated under stringent washing conditions
(RIPA buffer with 0.1% SDS and 1 M NaCl) and Western
blotting was performed. The wt NEMO cell line showed in-
creased NEMO ubiquitination in the LPS-treated cells; how-
ever, the K285R NEMO cell line failed to show any NEMO
ubiquitination despite consistently larger amounts of NEMO
immunoprecipitated (Fig. 1C). While the LPS used in these
experiments is commercially available as “highly purified” (In-

vivogen), we could not rule out contamination by the NOD2
agonist MDP. For this reason, we treated the same MEFs with
MDP and did not see IKK activation or NEMO ubiquitination
(data not shown). In addition, we transduced these MEFs with
NOD?2 retrovirus (cell line generation shown in Fig. S1 in the
supplemental material) and saw only a very minimal response
to MDP stimulation (data not shown). These findings suggest
that in addition to limited (if any) NOD?2 present in the MEFs,
the MEFs used in this study lack the ability to transport MDP
into the cytoplasm. Thus, our LPS response is unlikely to be
due to contaminating MDP. Taken together, these findings
suggest that the TLR4 agonist, LPS, requires ubiquitination of
NEMO at lysine 285 to optimally activate NF-«kB signaling.
TLR signaling involves the activation of the K63 E3 ligase
TRAF6 to ultimately help activate the NF-«B signaling path-
way (3, 17). Given that TRAF6 is a K63-specific E3 ligase in



Vou. 27, 2007 K63-LINKED UBIQUITINATION AND TLR AND NOD2 SIGNALING 6015

A B

HA-ubiquitin

Myc - wt NEMO

Myc -K285R NEMO
Myc -K399R NEMO
Myc -K285/399R NEMO
Flag-TRAF2
Omni-TRAF6

+

D T T

B wt NEMO

Ed k285R NEMO

[ k399R NEMO

[ K285/399R NEMO

L T A
L T T T T
LR S T I
[ T
T T

[

IP: Myc (mouse)

Ubiquitinated NEMO
Blot: HA (rabbit) quinane

Modified NEMO

N W e 00 N @B ©

IP: Myc (mouse)
Blot: Myc (rabbit)

Fold NF-kB activation

Unmodified NEMO 14
n B
sasa —TRAF2

Total cell lysate Y - “-d“-'l TRAF6G

Blot: Omni (rabbit)
C 160 -

140 -

Total cell lysate
Blot: Flag (rabbit)

NEMO only

NEMO + TRAFG6

M .t NEmo

K285R NEMO

[] kag9r NEMO

[ «eesrik3sor NEMO

i

120

100

% Maximal Activation

40 4

20 4

0

LPS TNF

Pam;Cys,

FIG. 2. TRAF®6 ubiquitinates lysine 285 of NEMO, and this ubiquitination is required for optimal TRAF6-indued NF-«kB activation. (A) myc-
tagged wt NEMO or myc-tagged mutant NEMOs containing the conservative Lys-Arg mutations at two major NEMO ubiquitination sites (K285R,
K399R, or K285/399R) were transfected into the cell with HA-tagged ubiquitin either alone or with TRAF2 or TRAF6. Transfected NEMO was
immunoprecipitated and stringently washed. Western blotting was performed on the immunoprecipitate using either an anti-HA antibody (to
detect ubiquitinated species) or an anti-NEMO antibody (upper two blots). To control for TRAF2 and TRAF6 expression, total cell lysates were
Western blotted using antibodies directed against tagged TRAF2 (FLAG) or tagged TRAF6 (Omni) (lower two blots). (B) NEMO-null MEFs
were transiently transfected with wt NEMO, K285R NEMO, K399R NEMO, or K285/399R NEMO as well as an NF-kB reporter construct, a
cytomegalovirus (CMV)-driven Renilla luciferase construct (to control for transfection efficiency), and TRAF6 (as indicated). After 2 days,
luciferase assays were performed. TRAF6 caused an approximate eightfold activation of the NF-kB reporter in the presence of wt NEMO, and
this decreased approximately 40% in the presence of K285R NEMO. The combined K285R/K399R NEMO mutant caused TRAF6-induced NF-«xB
activity to decrease almost 70%. Each experiment was performed four times with similar results each time. Error bars are standard errors of the
mean. (C) NEMO-null MEFs reconstituted with either wt NEMO, K285R NEMO, K399R NEMO, or K285/399R NEMO were transfected with
and NF-«kB reporter constructs and a CMV-driven Renilla luciferase contruct (to normalize transfection efficiency). Twenty-four hours after
transfection, cells were treated with LPS (100 ng/ml), TNF (10 ng/ml), or PC (100 ng/ml) for 6 h. Luciferase assays were then performed. In both
the LPS- and the PC-treated cells, diminished NF-kB activity was seen when cells were reconstituted with K285R or K399R NEMO with a greater
effect with the double mutant. TNF-stimulated NF-«kB activity was greatly diminished in the K399R NEMO-reconstituted cells but not in the
K285R reconstituted cells. Error bars are SEM.

the TLR4 system, we wanted to determine if TRAF6 induced
the ubiquitination of K285 on NEMO. Because lysine 399
(K399) is also ubiquitinated on NEMO in response to inflam-
matory stimuli (30, 42), we generated NEMO mutants with the
conservative (lysine to arginine) mutations at lysine 285
(K285R), lysine 399 (K399R), or both lysine 285 and lysine 399
(K285/399R). These mutations allow the conservation of
charge but do not allow these sites to ubiquitinated. These
forms of NEMO were transfected into 293 cells along with

HA-tagged ubiquitin and either TRAF2 (as a negative control)
or TRAF®6. IPs were performed under stringent washing con-
ditions, and Western blotting was performed. TRAF6 strongly
induced the ubiquitination of NEMO, and the pattern of ubig-
uitination shifted substantially in every case in which lysine 285
was mutated to an arginine (Fig. 2A). Mutation of K399 alone
had little effect on ubiquitination, but mutation of both sites
resulted in both decreased intensity and a shift in the pattern
of the ubiquitination species of NEMO. These results indicate
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that, when overexpressed, TRAF6 can enhance ubiquitination
of NEMO at multiple sites, including K285 and K399.

To show the functional significance of these ubiquitination
events, we transiently transfected each of the forms of NEMO
into NEMO-null MEFs and determined their effect on
TRAF6-induced NF-kB activity. In the presence of wt NEMO,
TRAF6 caused an approximately eightfold activation of NF-kB.
Both K399R NEMO and K285R NEMO were impaired in
their ability to mediate TRAF6-induced NF-«kB activity. This
K399R effect is in accordance with previously published results
(42). The mutation of both K285R and K399R (K285 399R)
substantially diminished TRAF6-induced NF-«B activity (Fig.
2B). The observation that mutation of K285 to arginine on
NEMO completely blocks IkBa phosphorylation in response
to LPS (Fig. 1A), but only partially blocks the NF-«kB reporter
response to TRAF6 overexpression (Fig. 2B), may be a con-
sequence of nonphysiological ubiquitination events due to
overexpression of TRAF6. Given this concern and to broaden
the coverage of TLRs, we transfected the reconstituted NEMO
cell lines with an NF-«kB reporter construct and treated them
with highly purified LPS, TNF, or the chemically synthesized
TLR2 agonist PC. NF-kB activation was severely diminished
under TLR4 or TLR2 stimulation with both K285R NEMO
and K399R NEMO or the double mutant (Fig. 2C). In con-
trast, while TNF stimulation was reduced with K399R, it in-
creased slightly in the presence of K285R and close-to-normal
activity was seen in the presence of the K285R K399R double
mutant (Fig. 2C). These findings closely mirror those seen in
the signaling experiments of Fig. 1B, in which a higher TNF
signal is seen in the K285R NEMO-reconstituted cells. In
addition, because the recombinant (bacterially produced) TNF
and the chemically synthesized PC show different results and
because the PC and LPS agonists show similar NEMO ubig-
uitination dependence, it is unlikely that the effect that we see
is due to a contaminant in the preparation of these agonists.

These experiments suggest that TRAF6 can cause NEMO
ubiquitination on the same residue of NEMO (K285) as that
induced by the NOD2/RIP2 complex. To determine whether
activation of NOD2 could activate TRAF6, NOD2 was trans-
fected into cells with myc-tagged TRAF6 and HA-tagged ubig-
uitin. TRAF6 was immunoprecipitated under stringent condi-
tions, and Western blotting was performed. TRAF6 shows
greatly enhanced ubiquitination in the presence of coexpressed
NOD2 (Fig. 3A). To determine if this effect was due to
NOD?2’s binding partner, RIP2, RIP2 expression was inhibited
by siRNA and TRAF6 ubiquitination experiments were per-
formed. Upon transfection of TRAF6 and NOD2 into control
siRNA-transfected cells, NOD2 continued to cause activation
of TRAF6, while in the RIP2 siRNA-transfected cells, activa-
tion was greatly diminished (Fig. 3B). These results suggest
that NOD?2 activation can induce TRAF6 activation and that
this activation is dependent on RIP2.

Since we have previously shown that NOD2-induced NEMO
ubiquitination is dependent on RIP2 and that this is lost with
the Crohn’s disease-associated polymorphisms of NOD2 (1),
we sought to determine whether the major Crohn’s disease-
associated polymorphism of NOD2 (L1007insC) lost the ability
to activate TRAF6. Cells were transfected with myc-TRAF6,
HA-ubiquitin, and either wt NOD2 or L1007insC NOD?2.
TRAF6 was immunoprecipitated, and Western blotting was
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performed using the indicated antibodies. Again, NOD?2
strongly induced the ubiquitination of TRAF6, while this ac-
tivity was greatly diminished in the L1007insC NOD2-trans-
fected cells (Fig. 4A). In addition, when TRAF6 was cotrans-
fected into cells with either NOD2 or L1007insC and NF-«B
promoter activity was assayed, the additive effect on NF-xB
activation was greatly diminished in the presence of L1007insC
NOD2 (Fig. 4B). To determine the effect of an additional
Crohn’s disease-associated allele, D291N, on TRAF6’s activa-
tion and as a control for a more general effect on the TRAF
family of proteins, ubiquitination assays were performed using
TRAF6 in the presence of wt NOD2, L1007insC NOD2, or
D291IN NOD2 or using TRAF2 in the presence of the same
NOD2 variants. Again, NOD2 caused the strong ubiquitina-
tion of TRAF6, and this was lost when either the L1007insC
allele or the D291N allele was used. NOD2 did cause minor
ubiquitination of TRAF2; however, this was unaffected by the
Crohn’s disease-associated alleles (see Fig. S2 in the supple-
mental material). These findings suggest that NOD2 can acti-
vate TRAF6 in a disease-allele specific manner and suggest
that the protein kinase RIP2 is required for this activity.

To test these findings in an endogenous manner, both
THP-1 cells and RAW 264.7 macrophages were utilized.
THP-1 cells were treated with the NOD2 agonist MDP. Ly-
sates were generated and polyubiquitinated proteins were iso-
lated using antiubiquitin columns (Pierce Biotechnology).
Western blotting showed that both MDP and the TLR2 agonist
PC could cause ubiquitination of TRAF6 (Fig. 4A, upper blot).
The reverse experiment could also be performed in a separate
cell line and in a time-dependent manner. RAW 264.7 cells
were treated with MDP for the indicated times. Lysates were
generated, and TRAF6 IPs were performed. Western blotting
was performed using either an anti-TRAF6 or an antiubiquitin
antibody. MDP induced TRAF6 ubiquitination in a time-de-
pendent manner (Fig. 4B). These results could be due to an
autocrine/paracrine effect whereby NOD2 activation (either by
transfection in 293 cells or by MDP stimulation in monocytes/
macrophages) induces the release of cytokine, which then
causes activation of TRAF6. Because the time course of
TRAF®6 activation is relatively acute in the monocytes/macro-
phages (see Fig. 4B and Fig. 7E and F), this scenario is more
likely in the transfected 293 cells. To test this possibility, 293
cells were transfected with NOD2 or with L1007insC. The next
day, the medium was harvested from these cells and 1 ml of the
medium was exposed to a cytokine array designed to test the
cytokines present in the medium. In the NOD2-transfected
cells, interleukin-8 (IL-8), macrophage chemoattractant pro-
tein 1 (MCP-1), angiopoietin, and vascular endothelial growth
factor (VEGF) were at high levels (Fig. 4C, bottom blot; for
the relative position of each cytokine see Fig. S3 in the sup-
plemental material). None of these cytokines has been shown
to signal through TRAFG6. Because we could not rule out levels
of IL-1 below our detection limits, we applied the remaining
conditioned medium from either NOD2- or L1007insC-trans-
fected cells to 293 cells which had been previously transfected
with myc-tagged TRAF6 and HA-ubiquitin for 30 min. Weak,
but detectable TRAF6 ubiquitination was present; however,
the levels of this ubiquitination were similar between cells
treated with medium from NOD2-transfected cells and cells
treated with medium from L.1007insC-transfected cells (Fig. 4C).
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FIG. 3. NOD?2 overexpression activates TRAF6 in a manner dependent on RIP2, and this activity is lost with Crohn’s disease-associated alleles of
NOD2. (A) HEK 293 cells were transfected with HA-tagged ubiquitin, myc-tagged TRAF6 (1 pg) or wt NOD2 (3 pg). TRAF6 was immunopurified
under stringent washing conditions (RIPA buffer plus 1 M NaCl). The immunoprecipitate was Western blotted using an HA polyclonal antibody (upper
blot) to detect ubiquitin-conjugated species or a myc polyclonal antibody to ensure equivalent IP of transfected TRAF6 (middle blot). To control for
NOD?2 transfection, total cell lysates were subjected to Western blotting using an Omni antibody (lower blot). (B) 293 cells were transfected with an
siRNA targeting RIP2 or a control siRNA 2 days before transfection with HA-ubiquitin, limiting amounts of NOD2 (0.5 pg) and/or myc-TRAF6 (1 pg).
TRAF6 was immunopurified under stringent conditions, and Western blotting was performed using an HA-polyclonal antibody (upper blot) or a TRAF6
polyclonal antibody (2nd blot from the top). To control for NOD2 expression and endogenous RIP2 knockdown, total cell lysates were subjected to
Western blotting using an Omni or a RIP2 antibody (bottom two blots). (C) myc-TRAF6 (1 pg) was transfected into cells with either Omni-tagged wt
NOD2 (3 pg) or Omni-tagged L1007insC NOD2 (3 pg) in the presence of HA-ubiquitin. TRAF6 was immunoprecipitated under stringent washing
conditions and was subjected to Western blotting with either an HA polyclonal antibody to detect ubiquitinated species (upper blot) or with a myc
polyclonal antibody to ensure equivalent TRAF6 IP (middle blot). To control for equivalent NOD2 and L1007insC expression, total cell lysates were
Western blotted using an antibody against the Omni tag. (D) An NF-kB reporter was transfected into 293 cells with a Renilla luciferase reporter to control
for transfection efficiency. Cells were transfected with either 75 ng TRAF6, 75 or 150 ng wt NOD2, and/or 75 or 150 ng L1007insC NOD?2. Twenty-four
hours after transfection, luciferase assays were performed. The experiment was performed four times with similar results each time. Activation (n-fold)
of the NF-«kB reporter (with standard errors of the mean in parentheses) are as follows: TRAF6 (150 ng), 13.83 (1.24); NOD2 (150 ng), 17.48 (3.39);
L1007insC (150 ng), 11.83 (2.08); TRAF6 (150 ng) plus NOD2 (75 ng), 32.3 (6.72); TRAF6 (150 ng) plus NOD2 (150 ng), 35.1 (8.48); TRAF6 (150 ng)
plus L1007insC (75 ng), 21.76 (3.23); and TRAF6 (150 ng) plus L1007insC, 19.65 (5.51).

In addition, to compare the levels of TRAF6 ubiquitination in myc-TRAF6, L1007insC NOD2, and HA-ubiquitin and the levels
cells exposed to NOD2-transfected medium to TRAF6 ubiquiti- of these transfectants of TRAF6 ubiquitination were compared to
nation in cells expressing both TRAF6 and NOD?2, cells were also those of the medium-treated cells. In this overexposed blot (Fig.
cotransfected with myc-TRAF6, wt NOD2 and HA-ubiquitin, or 4C), cells in which TRAF6 and NOD2 were cotransfected showed
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FIG. 4. MDP causes the activation of endogenous TRAF6. (A) THP-1 cells were stimulated with either MDP (10 wg/ml) or PC (1 pg/ml) or
were left untreated. Cells were lysed in RIPA buffer and were immunopurified using antiubiquitin-Sepharose beads (Pierce Biotech.). These
antiubiquitin beads bind to polyubiquitin chains containing more than four ubiquitin molecules. The immunoprecipitated polyubiquitin proteins
were subjected to SDS-PAGE, and Western blotting was performed using an anti-TRAF6 antibody (upper blot). The total cell lysates was also
probed for TRAF6 expression as a control for equivalent starting amounts of TRAF6 (middle blot) and for equivalent amounts of precipitated
ubiquitinated proteins (lower blot). (B) MDP stimulates the autoubiquitination of endogenous TRAF6. The mouse macrophage cell line
RAW264.7 was left untreated or stimulated with MDP (10 wg/ml) or purified LPS (10 ng/ml) for the time periods indicated. Cells were lysed in
RIPA buffer and were immunoprecipitated using anti-TRAF6 antibody (Santa Cruz). The immunoprecipitated polyubiquitinated proteins were
subjected to SDS-PAGE, and Western blotting was performed using an antiubiquitin antibody (clone P4D1). The immunoprecipitates were also
probed with an anti-TRAF6 antibody to ensure that equivalent amounts of TRAF6 were immunoprecipitated. (C) To determine if NOD2 caused
TRAFG activation indirectly through a paracrine or autocrine loop, NOD2 and the Crohn’s disease-associated allele, L.1007insC, were transfected
into HEK293 cells. One millilter of the medium from these transfectants was subjected to cytokine array analysis (Ray Biotech; bottom panel)
showing high levels of IL-8, MCP-1, angiopoietin, and VEGF. The relative positions of the cytokines are shown in Fig. S3 in the supplemental
material. Three milliliters of this medium was then added to cells transfected with mouse myc-tagged TRAF6 and rabbit (rbt) HA-tagged ubiquitin.
After 30 min, the cells were lysed and TRAF6 was immunoprecipitated. As a positive and negative control, TRAF6 was also cotransfected with
wt NOD2 and L1007insC NOD2. Western blotting again showed a strong TRAF6 ubiquitination when wt NOD2 was cotransfected; however, a
much weaker TRAF6 ubiquitination was seen when the cells were exposed to medium from cells transfected with wt NOD?2. The overexposed blot
is shown to highlight the difference. In addition, no change in TRAF6 ubiquitination was identified between cells exposed to media from cells
transfected with wt NOD2 or L1007insC NOD?2. sup., supernatant.

much higher levels of TRAF6 ubiquitination than cells exposed to
conditioned medium from NOD2-transfected cells (Fig. 4C).
While we cannot conclusively rule out an autocrine/paracrine
effect, our results suggest that NOD2’s effect on TRAF6 is more
likely to be direct.

The above data suggest that NOD2 can activate TRAF6 to
affect NEMO ubiquitination. TRAF6 is a member of a family
(currently containing seven members) of K63-specific E3 ubig-
uitin ligases that help coordinate inflammatory signaling, not
only via TLRs, but also via TNF, CD40L, TRAIL, and other
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FIG. 5. TRAF®6 is not the only E3 ubiquitin ligase responsible for NOD2/RIP2-induced NEMO ubiquitination. (A) TRAF6 expression was
inhibited by siRNA (second blot from bottom) using two siRNAs designed to be unique to TRAF6, and RIP2-induced NEMO ubiquitination
assays were performed as described previously (1). (B) TRAF6 or RIP2 expression was inhibited by siRNA, and NOD2-induced NF-«B activation
was assayed (300 ng NOD2, 200 ng NF-kB reporter, 200 ng Renilla luciferase).

agonists (4). Because of this complexity, we sought to deter-
mine whether TRAF6 was the only E3 ubiquitin ligase respon-
sible for NOD2/RIP2-induced NEMO ubiquitination. To this
end, we inhibited the expression of TRAF6 using two separate
siRNAs. RIP2, K399R NEMO, and HA-tagged ubiquitin were
transfected into cells previously transfected with either control
siRNA or with TRAF6 siRNA. In these sets of experiments,
K399R NEMO was utilized due to greatly decreased basal
ubiquitination of NEMO (shown previously in reference 1).
TRAFG6 expression was greatly inhibited (Fig. 5A), but RIP2-
induced NEMO ubiquitination continued to be strong. To
determine whether TRAF6 was required for NOD2-indued
NF-kB activation, TRAF6 was again inhibited by siRNA. Ei-
ther NOD2 or the active Blau syndrome form of NOD2
(R334W) was transfected into cells, and NF-«B activation was
assayed. Inhibition of TRAF6 expression did not significantly
affect NF-kB activation, while inhibition of RIP2 expression
greatly decreased NOD2-induced NF-«kB activation (Fig. 5B).
Given that there are now seven published TRAF proteins and
given that other E3 ligases have been reported to induce ubig-
uitination of NEMO (25, 29), it is not unexpected that while
NOD?2 can activate TRAF6, TRAF6 loss can be compensated
for by other E3 ligases.

Because TRAF6 was not absolutely required for NOD2/
RIP2-dependent NEMO ubiquitination, we considered a
model in which the NOD2/RIP2 complex and TRAF6 utilize
the same ubiquitin-dependent signaling components to acti-
vate IKK. To determine this, we took a biochemical approach.
NEMO was immunopurified from cells transfected with either
TRAF6 or RIP2. NEMO was eluted from the anti-myc-
coupled protein G beads, and the eluate was subjected to
SDS-PAGE followed by Coomassie staining. Stained bands
were excised and subjected to mass spectrometry analysis. In

both the TRAFG6-transfected cells (Fig. 6A) and the RIP2-
transfected cells (Fig. 6B), the TAK1/TAB kinase complex was
present in the NEMO purification. This complex is activated by
K63-linked ubiquitin chains (33), and the binding to ubiquiti-
nated NEMO would represent a mechanism by which TAK1
would have proximity to IKK such that it could phosphorylate
IKK’s activation loop. To test RIP2’s dependence on TAK1 to
activate IKK, HA-tagged IKK was transfected into cells with
RIP2 and/or kinase-dead TAK1 (K63A). As a control for ubig-
uitin dependence, the transfection was also performed with the
K63 deubiquitinase, CYLD, an inhibitor of RIP2-induced IKK
activation (1). IKK was immunoprecipitated, and Western
blotting was performed utilizing an antibody that recognizes
the phosphorylated activation loop of IKK. Figure 6C shows
that RIP2 activates IKK and that this activation is strongly
inhibited by coexpression of kinase-dead TAKI1. This set of
experiments suggests that while TRAF6 is not the only E3
ligase downstream of the NOD2/RIP2 complex, TRAF6 and
NOD2/RIP2 share a common ubiquitin-dependent signaling
complex (TAKI1/TAB) to activate IKK.

Given NOD2/RIP2’s dependence on the TAK1/TAB com-
plex and given that TRAF6 and TAKI also require the K63-
specific E2s Ubc13 and Uevla to activate NF-«B (5, 8, 38, 39),
we sought to determine whether the NOD2/RIP2 complex also
required Ubc13 to signal to NF-kB. To this end, we transfected
K399R NEMO (again to minimize background NEMO ubig-
uitination) with RIP2, HA-tagged ubiquitin, and/or dominant-
negative Ubcl3 (C87A). K399R NEMO was immunoprecipi-
tated, and Western blotting was performed. RIP2 induced the
ubiquitination of NEMO, and expression of dominant-negative
Ubc13 strongly inhibited this ubiquitination (Fig. 7A). To de-
termine the in vivo effect of loss of Ubcl3 on NOD2/RIP2-
induced NF-kB activation, two cell lines (RAW 264.7) stably
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FIG. 6. RIP2 and TRAF®6 utilize the TAK1/TAB complex of proteins to induce NEMO ubiquitination and IKK activation. (A) myc-tagged wt
NEMO and Omni-tagged TRAF6 were transfected into cells. wt NEMO was immunopurified via four washes with modified RIPA buffer, four
washes with modified RIPA buffer containing 1 M NaCl, four washes with phosphate-buffered saline, and four washes with modified RIPA buffer.
The immunoprecipitate was eluted from the beads using 1% SDS at 60°C. SDS-PAGE was performed followed by Coomassie staining (left panel).
Stained bands were excised and subjected to mass spectrometry analysis. In addition to modified forms of NEMO, the TAK1/TAB complex was
present in the NEMO binding complexes. MW, molecular mass markers. (B) myc-tagged wt NEMO and Omni-tagged RIP2 were transfected into
cells. The experiment was performed as described for panel A. Again, in addition to modified forms of NEMO, the TAK1/TAB complex was
present in the NEMO binding complex. (C) To determine TAK1’s role in RIP2-induced IKK activation, HA-tagged IKK was transfected into
293 cells with Omni-tagged RIP2, FLAG-tagged kinase-dead TAK1 (K63A), or, as a control, Omni-tagged CYLD. IKK was immunoprecipitated,
and Western blotting was performed using the indicated antibodies. Kinase-dead TAKI reduced RIP2-induced IKK activation to essentially

undetectable levels.

expressing separate short hairpin RNAs (shRNAs) designed to
inhibit the expression of Ubcl3 were generated. These cells
were treated with the NOD2 agonist MDP for the indicated
times, and lysates were generated. Western blotting was per-
formed with the indicated antibodies. Figure 7B shows that
both of these cell lines have limited expression of endogenous
Ubcl13. In both of these cell lines, MDP-induced NF-kB activ-
ity was substantially lower as judged by phospho-IkB in the
Ubcl3-knockdown cells (Fig. 7B). The same cell lines were
then treated with MDP for 0, 30, 45, and 60 min. NEMO was
immunoprecipitated under stringent washing conditions, and
Western blotting was performed to determine whether Ubc13
loss correlated with lack of NEMO ubiquitination. In both of
the Ubcl3-knockdown cell lines, NEMO ubiquitination was
substantially decreased, while NEMO ubiquitination was intact
in the control cell line (Fig. 7C). Collectively, these results
suggest that TRAF6 and NOD2/RIP2 share a common E2
complex to ubiquitinate NEMO and activate NF-«B.

If extracellular innate immune signaling (via TRAF6) and
intracellular innate immune signaling (via NOD2/RIP2) utilize
common ubiquitin-dependent molecular scaffolds to regulate

cytokine release, then these two innate immune pathways
could synergize to coordinate cytokine release. To test this, we
utilized the chemically synthesized TLR2 agonist PC for ex-
periments in THP-1 monocytes (a human cell line with high
expression of NOD2) (11). PC has the advantage of being
chemically synthesized such that there is no contamination
with MDP. We stimulated THP-1 cells with PC and/or the
NOD?2 agonist MDP. After exposure to these agonists, me-
dium was collected and subjected to cytokine array analysis.
Each of the 40 cytokines and their relative positions on the
array are shown in Fig. S3 in the supplemental material. With
no treatment, there was little cytokine release from the THP-1
cells. MDP caused only minor IL-8 release (Fig. 8A, right top
panel). This result is consistent with previous studies that have
shown that MDP only causes slight cytokine release (19, 30, 36,
39). PC caused IL-8 and RANTES to be strongly upregulated,
while treatment with both PC and MDP caused release of
GRO, IL-6, MCP-1, and, to a lesser extent, TNF (Fig. 8A,
lower panels). Because we were concerned about the linearity
of cytokine array analysis, these findings were further quanti-
fied by IL-6 enzyme-linked immunosorbent assays (ELISAs),
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FIG. 7. RIP2 utilizes the same E2 as TRAF6 to cause NEMO ubiquitination. (A) RIP2 was transfected into 293 cells with the dominant-negative E2
ligase Ubc13 with myc-tagged K399R NEMO and HA-tagged ubiquitin. NEMO was immunoprecipitated, and Western blotting was performed using the
indicated antibodies. (B) MDP-induced NF-kB activation is dependent on the expression of the E2-conjugating enzyme Ubc13. The mouse macrophage
cell line RAW 264.7 was infected with lentiviruses containing two separate shRNA sequences specific for Ubc13 (Open Biosystems) or green fluorescent
protein (GFP) as a control, and stable lines were selected. These lines were left untreated or stimulated with MDP (10 pg/ml) for the time periods
indicated, and NF-«B activation was measured by probing with a phospho-IkBa antibody (Cell Signaling). Ubc13 and B-actin levels were determined by
immunoblotting with anti-Ubc13 or anti-B-actin (Sigma) antibodies. (C) To determine whether NEMO ubiquitination was also decreased in these
Ubc13-knockdown cell lines, either the control sShRNA line or the two Ubcl3 cell lines were treated with MDP for 0, 30, 45, or 60 min. NEMO was
immunoprecipitated under stringent washing conditions, and Western blotting was performed using either an anti-NEMO antibody or an antiubiquitin
antibody. NEMO ubiquitination was significantly decreased in the Ubc13-knockdown cell lines. rbt, rabbit.

which also showed an additive effect of PC and MDP (Fig. 8B),
and by TagMan real-time RT-PCR, which showed additive and
synergistic increases of MCP-1 and IL-8 mRNA (Fig. 8C and
D). To correlate these findings with NF-«kB activation, macro-
phages were treated with 500 ng/ml PC, 10 pg/ml MDP, or
both PC and MDP for 15, 30, or 60 min. NF-kB activation was
monitored by IkB degradation and subsequent transcriptional
activation. By itself, MDP caused a small amount of IkB deg-
radation that peaked at 60 min. PC caused IkB degradation at
15 min, with undetectable IkB at 30 min. When both MDP and
PC were added, there was no detectable IkB 15 min after
treatment and there was increased IkB at 60 min (Fig. 8E).
The phospho-IkB blot was consistent with these results. MDP
alone caused phosphorylation of IkB at 30 and 60 min, the
time when total IkB begins to decrease. PC caused earlier
phosphorylation of IkB. When MDP and PC were added at the
same time, there was no detectable phospho-IkB at 15 min due
to the enhanced IkB degradation. In addition, the amount of
IkB transcriptionally upregulated by 60 min was higher, as was
the residual IKK activity (reflected by phospho-IkB) (Fig. 8E).
To correlate these findings with NEMO ubiquitination, cells

were treated with MDP, PC, or both MDP and PC for 0, 15, 30,
and 60 min. Lysates were generated, and NEMO was immu-
noprecipitated. MDP alone caused NEMO ubiquitination at
30 and 60 min, while PC treatment caused a large degree of
NEMO ubiquitination at 15 min but more limited NEMO
ubiquitination at later time points (Fig. 8F). When MDP and
PC were added together, NEMO ubiquitination occurred ear-
lier (relative to MDP treatment alone) and was significantly
prolonged (Fig. 8F). The results of these signaling experiments
(Fig. 8E and F) correlate very well with the cytokine expression
results of Fig. 8A to D and suggest that rather than serving
solely as a driver of an inflammatory response, MDP may be
serving to modulate TLR signaling. These findings also provide
further evidence for cross talk between extracellular and intra-
cellular bacterial sensing systems.

DISCUSSION

In this work, we have found that the TLRs and NOD?2 utilize a
common ubiquitin-dependent signaling complex (TAKI1/TAB/
ubcl3) that centers on ubiquitination of both lysine 285 (K285)
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FIG. 8. MDP, a NOD?2 agonist, and PC, a TLR2 agonist, synergize to increase cytokine release, and this correlates with a prolonged
NF-kB activation and with prolonged NEMO ubiquitination. (A) MDP and PC synergize to increase specific cytokine expression. THP-1 cells
were either left untreated or were treated with 10 pug/ml MDP, 1 wg/ml PC, or 10 pg/ml MDP plus 1 pg/ml PC overnight. The medium was
collected and subjected to cytokine array analysis (Ray Biotech, Inc.). The position of each of the 40 cytokines on the array is indicated in
Fig. S3 in the supplemental material. In this analysis, there was limited cytokine release in either the untreated or the MDP-treated THP-1
cells (upper two panels). PC caused strong upregulation of IL-8 and RANTES and weaker upregulation of GRO (macrophage inhibitory
protein B/y [MIPB/y]) (lower left panel). Cells treated with MDP plus PC showed strong upregulation of IL-8, RANTES, MCP-1, IL-6, and
GRO (MIPB/y) and weaker upregulation of TNF-a (lower right panel). (B) IL-6 ELISA performed under identical conditions shows an
additive effect of PC and MDP. (C and D) Quantitative TagMan RT-PCR was performed on THP-1 cells 2 h after stimulation with 500 ng/ml
PC, 1 pg/ml MDP, or 500 ng/ml PC plus 1 pg/ml MDP. Total RNA from each sample was extracted and equalized. Within the RT-PCR cycle,
each sample was then internally standardized to the 18S RNA present in that sample. Relative expression levels (with standard errors of the
mean) are presented. (E) Macrophages were treated with PC (500 ng/ml), 10 pg/ml MDP, or both PC and MDP for 15, 30, or 60 min. Lysates
were generated, and Western blots were performed. Phospho-IkB is shown in the lower blot. This blot was stripped and reprobed for total
IkB (upper blot). (F) To correlate the synergy seen at the cytokine level with NEMO ubiquitination, macrophages were treated with 10 pg/ml
MDP, 200 ng/ml PC, or both for 15, 30, or 60 min. In addition, one plate of cells was left untreated. At the indicated time, NEMO was
immunopurified under stringent washing conditions and Western blotting was performed. MDP caused a slower and more prolonged NEMO
ubiquitination, while PC caused a stronger, more acute NEMO ubiquitination (upper blot). When both MDP and PC were added, the NEMO
ubiquitination was both more pronounced and more prolonged.
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and lysine 399 (K399) on NEMO. We showed that TLR2 and
TLR4 require ubiquitination of these lysines on NEMO to opti-
mally signal (Fig. 1 and 2C), and we showed that TRAF6 could
cause ubiquitination of this site (Fig. 2). NOD2 activation led to
TRAF6 ubiquitination both in vivo and in vitro (Fig. 3 and 4), and
this activity was lost in the presence of the most common Crohn’s
disease-associated NOD?2 allele, L1007insC (Fig. 4), as well as in
an additional Crohn’s disease-associated allele, D291N (see Fig.
S2 in the supplemental material). While NOD2 activated TRAF6,
TRAF6 was not absolutely required for NOD2/RIP2-induced
NEMO ubiquitination (Fig. 5), suggesting a redundancy among
E3 ligases targeting NEMO. Despite this, biochemical purifica-
tion showed that both TRAF6 and NOD2/RIP2 utilize the
TAKI1/TAB complex to cause IKK activation (Fig. 6) and that
NOD2/RIP2 utilizes the same E2 ligase (Ubc13) to cause NEMO
ubiquitination and NF-«B activation (Fig. 7). The net result is a
synergy between TLR and NOD?2 signaling at the level of NEMO
ubiquitination to influence cellular cytokine release (Fig. 7).
Our findings suggest that while NOD2 activation may play a
role as a driver of the innate immune response, under certain
circumstances NOD2 also helps to coordinate innate immune
signaling from the TLRs (27, 35). This model is attractive, as a
cell would first need to identify and respond to a pathogen in
the extracellular environment via the TLRs. This would allow
the cell to initiate an innate immune response against the
pathogen before intracellular infection. Two scenarios could
then develop. First, the initial TLR innate immune response
may be inadequate, and in the case of an invasive bacterium,
the bacterium could then invade the cell. Once in the cytosol,
it would be detected by the NOD2/RIP2 complex, which would
then augment the TLR response by causing either quantita-

tively more K285 and K399 NEMO ubiquitination or a longer
duration of NEMO ubiquitination. In an alternative model, the
initial TLR response might be adequate and the bacterium
may be phagocytosed. In this scenario, the NOD2/RIP2 com-
plex might react to a dead bacterium to also induce anti-
inflammatory cytokines such as IL-12 (34, 36) to decrease the
innate immune response. In fact, both of these models are
supported by the literature (20, 21, 31, 32, 34, 36, 37, 40),
suggesting that NOD2 modulates the innate immune response
to both increase acute inflammatory cytokines and to also
repress further cytokine release through the release of IL-12 in
an autocrine/paracrine loop (34, 36). This model would suggest
that Crohn’s disease results from a dysregulated coupling of
cytokine release in response to innate immune stimulation.
NOD?2 activation and TLR activation have previously been
shown to be nonredundant in response to the intracellular
pathogen Mycobacterium tuberculosis (6), and RIP2 has been
shown to be nonessential for TLR signaling (22). While the
NOD and TLR signaling systems are separable (6, 22), both
signaling systems respond to bacteria, and as such, their sig-
naling pathways must contain cross talk mechanisms such that
an appropriate cytokine balance is released from an infected
cell. K63-linked polyubiquitination is well situated to couple
these innate immune responses. It is a rapidly occurring post-
translational modification that can serve to initiate binding
between signaling proteins (3, 9). Ubiquitination of NEMO
occurs at low stoichiometry, and as such, a small increase in
NEMO ubiquitination can amplify the downstream NF-«B sig-
nal. In addition, K63-linked ubiquitination is rapidly reversible,
a trait that allows the innate immune response to be down-
regulated once a cytokine response is no longer required. This
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feature is highlighted by the fact that the two known K63
deubiquitinases, A20 and CYLD, both deubiquitinate NEMO
and, when knocked out in vivo, lead to inflammatory bowel
disease (2, 16, 41). These findings, coupled with our own in
vitro work, suggest that K63-linked ubiquitination is a key
feature regulating the strength and duration of the innate
immune response in the GI tract.

Our best signaling model for the integration between the
TLRs and NOD2 is presented in Fig. 9. Extracellular exposure
to a pathogen activates TRAF6, which then ubiquitinates K285
and K399 on NEMO. This ubiquitinated NEMO then is able to
nucleate the TAK1/TAB complex, as this complex has been
shown both to bind directly to polyubiquitin chains and to
require ubiquitin to function as an active kinase (5, 28, 33).
TAKI1 then phosphorylates the activation loop of the IKKs to
induce IkB degradation and NF-kB transcriptional activity.
Should the pathogen become intracellular, NOD2 would then
be activated, increasing TRAF6’s quantitative activity or its
duration of activity, in addition to activating additional E3
ligases to allow greater/longer IKK activation via TAK1 nucle-
ation. Despite our findings, many unknowns remain in this
model. What are the additional NOD2-dependent E3 ligases?
How do A20 and CYLD contribute to the temporal regulation
of NEMO ubiquitination and IKK activation, and are their
activities altered in Crohn’s disease? Does the NOD2/RIP2
complex cause additional posttranslational modifications
(phosphorylation, sumoylation, etc.) on NEMO, and what role
do these play in NF-kB signaling? Finally, our work suggests
that K285 ubiquitination antagonizes TNF-induced NF-kB ac-
tivation. This finding implies that NEMO ubiquitination may
coordinate inflammatory signaling. All of these questions will
be important to answer in the future to help understand the
pathophysiology of Crohn’s disease.
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