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NOD?2 plays an important role in the innate immunity of
the intestinal tract. By sensing the muramyl dipeptide (MDP),
a bacterial wall component, NOD2 triggers the NF-kB signal-
ing pathway and promotes the release of proinflammatory
cytokines such as interleukin-8. Mutations in Nod2 (1007FS,
R702W, G908R) impinge on NOD2 functions and are associ-
ated with the pathogenesis of Crohn disease, a chronic
inflammatory bowel disease. Although NOD2 is usually
described as a cytosolic receptor for MDP, the protein is also
localized at the plasma membrane, and the 1007FS mutation
delocalizes NOD2 to the cytoplasm (Barnich, N., Aguirre,
J. E., Reinecker, H. C., Xavier, R., and Podolsky, D. K. (2005)
J. Cell Biol. 170, 21-26; McDonald, C., Chen, F. F., Ollendorff,
V., Ogura, Y., Marchetto, S., Lecine, P., Borg, J. P., and Nunez,
G. (2005) J. Biol. Chem. 280, 40301-40309). In this study, we
demonstrate that membrane-bound versions of NOD2 and
Crohn disease-associated mutants R702W and G908R are
capable of responding to MDP and activating the NF-«kB
pathway from this location. In contrast, the 1007FS mutant
remains unable to respond to MDP from the plasma mem-
brane. We also show that NOD2 promotes the membrane
recruitment of RICK, a serine-threonine kinase involved in
NF-kB activation downstream of NOD2. Furthermore, the
artificial attachment of RICK at the plasma membrane pro-
vokes a constitutive and strong activation of the NF-kB path-
way and secretion of interleukin-8 showing that optimal
RICK activity depends upon its subcellular localization.
Finally, we show that endogenous RICK localizes at the
plasma membrane in the THP1 cell line. Thus, our data sug-
gest that NOD2 is responsible for the membrane recruitment
of RICK to induce a regulated NF-kB signaling and produc-
tion of proinflammatory cytokines.

* The costs of publication of this article were defrayed in part by the payment
of page charges. This article must therefore be hereby marked “advertise-
ment” in accordance with 18 U.S.C. Section 1734 solely to indicate this fact.

51 The on-line version of this article (available at http://www.jbc.org) contains
supplemental Figs. S1-S3.

' Both authors contributed equally to this work.

2 Supported by a MESR fellowship.

3 Present address: Hematology Branch, NHLBI, National Institutes of Health,
Bldg. 10 CRC, Rm. 3-3216, 9000 Rockville Pike, Bethesda, MD 20892.

“To whom correspondence should be addressed. Tel.: 33-491-28-28-66;
E-mail: vincent.ollendorff@univ-cezanne.fr.

MAY 18, 2007 -VOLUME 282+NUMBER 20

Resistance to infectious diseases relies on the ability of the
organism to prevent the invasion of pathogens and to mount
efficient and sustainable immune responses. Epithelial cells act
as a fence against external aggressions by forming a barrier
between the interior and the exterior of the body. When inva-
sion of pathogens occurs despite this, innate and adaptative
immune responses prepare to eradicate the intruders. Inflam-
matory bowel diseases (IBD)® are due to concomitant genetic,
epigenetic, and environmental factors that preclude the
mounting of an adequate innate and adaptative immunity
toward intestinal pathogens and/or commensal bacteria (3, 4).
Crohn disease (CD) is one of the two major forms of IBD affect-
ing Western countries (5). Candidate gene analysis has revealed
Nod?2 as the first gene associated with CD susceptibility (6, 7),
and multiple Nod2 variants (more than 60) have been described
so far, in particular the mutations R702W, G908R, and 1007FS
have been identified in the genome of 30—40% of CD patients
(8). NOD2 contains two amino-terminal caspase recruitment
domains (CARDs), a central nucleotide oligomerization
domain (NOD), and carboxyl-terminal leucine-rich repeats
(LRRs) (9, 10). NOD2 is a general sensor for Gram-positive and
Gram-negative bacteria because it is able to respond to
MDP, a component of bacterial peptidoglycans (11, 12). The
NOD2R792¥ NOD2%%R and NOD2'%°”* mutations are lying
in proximity to or within the LRRs of NOD2 thought to be
involved in MDP recognition (13). The CARDs are required for
the binding to RICK (also called Ripk2), a serine-threonine
kinase involved in the activation of the NF-«B pathway through
ubiquitinylation of IKKy and phosphorylation of the I«kB
kinases, which promotes the production of proinflammatory
cytokines (10, 14, 15).

In CD patients, increased amounts of activated NF-«B are
evidenced in the inflamed epithelial tissues as well as increased

>The abbreviations used are: IBD, inflammatory bowel diseases; CARD,
caspase activation and recruitment domain; CD, Crohn disease; EGFP,
enhanced green fluorescent protein; ECFP, enhanced cyan fluorescent
protein; EYFP, enhanced yellow fluorescent protein; HEK293T, human
embryonic kidney 293T cells; IL, interleukin; LAP, leucine-rich repeat and
PDZ; MDCK, Madin-Darby canine kidney; MDP, muramyl dipeptide; myr,
myristoylated; NOD, nucleotide oligomerization domain; TLR2, Toll-like
receptor 2; WT, wild type; ELISA, enzyme-linked immunosorbent assay;
FCS, fetal calf serum; PBS, phosphate-buffered saline; GFP, green fluores-
cent protein; MAPK, mitogen-activated protein kinase; LRR, leucine-rich
repeats.
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amounts of proinflammatory cytokines secreted by lamina pro-
pria mononuclear cells such as tumor necrosis factor « and
IL-1p in response to lipopolysaccharide (16, 17). Furthermore,
knock-in mice carrying two 1007fs alleles (2939iC mutant) have
an increased colonic inflammation when treated with dextran
sulfate sodium (18), and stimulation of their bone marrow-de-
rived macrophages with MDP produces a higher NF-«B
response, resulting in enhanced secretion of IL-18. This “gain-
of-function” phenotype is further supported by the fact that
Nod2~"~ mice do not develop an IBD-like phenotype, although
they display innate and adaptative immune defects (19). For
example, Nod2~”~ mice appear to be deficient in a-defensin
production that may affect innate immunity responses and
mucosal homeostasis with the commensal flora (19).

Strikingly, this gain of function hypothesis is in contrast with
other studies indicating that the NOD2'%°”*® mutation leads to
a deficient NOD2 activity. Indeed, peripheral blood mononu-
clear cells from CD patients carrying the NOD2'%7F® mutation
are unable to secrete proinflammatory chemokine IL-8 in
response to MDP or peptidoglycan but are still able to respond
to lipopolysaccharide (20, 21). Accordingly, in transfected cells,
the NOD2-dependent NF-«B activity in response to MDP is
lost when the NOD2'%°”FS mutant is expressed, suggesting that
it acts as a loss-of-function mutant (12). Other common CD-
associated mutants NOD2%"**Y and NOD2%°°*R exhibit an
intermediate phenotype and induce NF-«B to a smaller extent
compared with wild type NOD2 (1, 12, 22).

Further studies performed by Watanabe et al. (23) with sple-
nic macrophages of Nod2~”~ mice have highlighted a possible
negative role of intact NOD2 on a Toll-like receptor 2 (TLR2)
signaling pathway that may explain the increased inflammation
observed with the NOD2'%°7%S mutant. Because of its absence
of response to MDP, NOD2'°7F$ mutant may cause an exces-
sive lymphocyte T helper type 1 (Th1) cytokine production by
enhancing TLR2-mediated -NF-«B activation, particularly
through the c-Rel subunit (23, 24).

Several models have been proposed to explain these numer-
ous and sometimes conflicting experimental results on the bio-
logical effect of CD-associated Nod2 mutations (25). The para-
dox may only be apparent, however, and the consequence of the
CD-associated NOD2'%°”"$ mutation may be either a gain or a
loss of function depending on the cellular or animal model and
on the readout. In any case, a better understanding on the func-
tion of NOD2 at the molecular level within a specific cellular
environment is needed.

Subcellular compartmentalization of signaling molecules at
the plasma membrane is a common theme in signal transduc-
tion and a mean to bring specificity and regulation to signaling
pathways. NOD?2 is expressed in macrophages and epithelial
cells (10, 26) where it binds to several partners, including RICK,
TAK1 (27, 28) and Grim-19, CLAN, and caspase-1 (28, 29).
Recently it has been shown that a pool of NOD2 localizes at the
plasma membrane in HEK293 cells and in a polarized epithelial
cell model (Caco-2 cells), where it is associated with Erbin, a
basolateral protein belonging to the leucine-rich repeat and
PDZ family (1, 2, 30). Furthermore, the activity of NOD2 pro-
teins correlates with their ability to localize to the plasma mem-
brane because the NOD2'%°”* mutant, delocalized to the cyto-
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plasm, is unable to properly activate NF-«B in response to MDP
(1). In this study we have further investigated the activity of
NOD?2 that triggers NF-«B activation at the plasma mem-
brane. We demonstrate that an enforced localization of
NOD?2 at the plasma membrane maintains its NF-kB activ-
ity. We also show that NOD2 recruits RICK at the plasma
membrane, thus promoting NF-«B activation and IL-8
secretion. Taken together, these data emphasize the impor-
tance of membrane localization of NOD2 and RICK to trig-
ger an optimal NF-«B activation.

EXPERIMENTAL PROCEDURES

Cell Culture—HEK293T and MDCKII cells were grown in
Dulbecco’s modified Eagle’s medium containing 10% FCS
decomplemented, 100 units/ml penicillin, and 100 ug/ml
streptomycin sulfate. Caco-2 cells were grown in Dulbecco’s
modified Eagle’s medium containing 20% FCS decomple-
mented, 2 mm glutamine, 100 units/ml penicillin, and 100 mg/ml
streptomycin sulfate. HCT116 were grown in McCoy’s medium
containing penicillin and streptomycin and 10% FCS. THP1
cells were grown in RPMI1640 supplemented with 10% FCS
decomplemented. Cell transfections were performed using
FuGENE 6 (Roche Applied Science) or Lipofectamine 2000
(Invitrogen) according to the manufacturer’s recommendations.

Expression Vectors—All cloning experiments were per-
formed using the Gateway™ system (Invitrogen). All cDNAs
were cloned into pDONR™ 201 or pDONR™/Zeo from PCR
products. All cDNAs were fully sequenced in pDONR and
subsequently shuttled into pEGFP-GW, pMyrEGFP-GW,
pRK5myc-GW, pECFP-GW. or pEYFP-GW. pECFP-GW and
pEYFP-GW are described in Ref. 31. pEGFP-GW was con-
structed by subcloning a Gateway cassette into the Xbal and
Sall sites of pEGFPCL. pMyrEGFP-GW was created by cloning
the PCR product (using pEGFP-C1 (Clontech) as a template
and the following primers: Myr-EGFPFW, CGCGCTAGCAC-
CATGGGCTGTGGCTGCAGCTCACACCCGGAAGATGT-
GAGCAAGGGCGAGGAGCTGT, and Myr-EGFP-RV, GTT-
ATCTAGATCCGGTGGATCC) into pEGFP-GW (Nhel and
Xhol). Mutations in NOD2 ¢cDNA were introduced using the
QuikChange™ mutagenesis kit (Stratagene).

Biochemical Procedures—Cells were rinsed twice in cold PBS
and lysed in buffer containing 50 mm HEPES, pH 7.5, 1 mm
EGTA, 150 mm NaCl, 1.5 mm MgCl,, 10% glycerol, 1% Triton
X-100, supplemented with 1 mm phenylmethylsulfonyl fluo-
ride, 1 mm orthovanadate, and Protease Inhibitors Mixture
(Sigma). Triton-soluble proteins were recovered in the super-
natant of a 20-min centrifugation at 13,000 X gand at 4 °C. For
cell fractionation, cells were lysed in hypotonic buffer (10 mm
Tris, pH 7.4, 1 mm MgCl,, 0.1 mm CaCl,, 5 mm KCl) using a
Dounce homogenizer (20 strokes). Sucrose and EDTA were
added to the homogenate to a final concentration of 0.25 M and
1 mw, respectively, and nonhomogenized debris was removed
by centrifugation at 3,500 X g for 10 min at 4 °C. The superna-
tant was termed the hypotonic fraction. The pellet was then
resuspended in lysis buffer for 10 min at 4 °C and centrifuged at
16,000 X g for 10 min at 4 °C. The supernatant and the pellet
were termed Triton X-100-soluble and Triton X-100-insoluble
fractions, respectively.
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Immunofluorescence and Confocal Microscopy—MDCKII
cells were grown on Transwell™ filters, washed twice in PBS,
0.1 mm Ca**, 1 mm Mg>", and fixed for 20 min in 4% paraform-
aldehyde at 4 °C. Cells were permeabilized during 5 min with
0.5% Triton X-100 at room temperature and blocked in 0.25%
gelatin for 1 h at room temperature. Antibodies diluted in the
blocking buffer were incubated overnight at 4 °C. After four
15-min washes, the cells were incubated for 1 h at room tem-
perature with secondary antibodies coupled to fluorescent
probes. Cells were washed and filters were mounted in Dako
(The Jackson Laboratory) for confocal microscopy analyses on
an Olympus IX70 (Fluoview 500). For HEK293T and HCT116
cells, immunofluorescence labeling was done on coverslips
16 —20 h following transfection. Coverslips were washed in PBS,
fixed in 4% paraformaldehyde for 30 min, washed three times in
PBS, permeabilized in Triton 0.2%, blocked in 3% bovine serum
albumin/PBS one time, and incubated with an anti-Myc mono-
clonal antibody (9E10; 0.4 ug/ml). After 1 h of incubation and
five washes in PBS, coverslips were incubated 45 min with a
secondary goat anti-mouse antibody (highly cross-adsorbed)
coupled to Alexa 594 (Molecular Probes). Finally, the cells were
washed extensively and mounted in Dako (The Jackson Labo-
ratory) or Vectashield for microscopic analysis on a Zeiss Axio-
vert 200M microscope. HEK293T or HCT116 expressing
EGFP, ECFP, or EYFP fusion proteins were washed in PBS,
fixed in 4% paraformaldehyde, washed in PBS, and mounted
directly for microscopic analysis.

Antibodies and Reagents—Monoclonal anti-GFP (11814460001)
and anti-Shc (610879) were purchased from Roche Applied Sci-
ence and BD Biosciences, respectively. Monoclonal anti-Myc
(9E10, Sc-40), rabbit polyclonal anti-RICK (H300, Sc-22763),
and goat polyclonal anti-hScribble (C20, SC 11049) are from
Santa Cruz Biotechnology. Rabbit polyclonal anti-Erbin has
already been described (32). Anti-PAD] antibody was kindly
provided by André Le Bivic (Institut de Biologie du Développe-
ment de Marseille Luminy, Marseille, France). Secondary anti-
bodies coupled to horseradish peroxidase and used for Western
blotting are from DakoCytomation and The Jackson Labora-
tory. Secondary antibodies coupled to Alexa fluorophores for
immunofluorescent experiments are from Molecular Probes.
MDP (Sigma) was used at 50500 ng/ml.

NF-kB Activation and ELISAs—HEK293T cells were plated
at 10° cells/well in 24-well plates and transfected 1 day after
with 150 ng of pNF-«kB-luciferase Firefly (Clontech), 15 ng of
pGL4-TK-luciferase Renilla (Promega), and 2—10 ng of NOD2
or RICK pEGFP-expressing plasmid. Transfected cells were
stimulated or not for 20 —24 h with 50 ng/ml MDP, then lysed in
1X reporter lysis buffer (Promega), and assayed for Firefly lucif-
erase (Yelen Corp.) or for Firefly and Renilla luciferase sequen-
tially (Promega). Firefly luciferase values were normalized by
dividing by the amount of protein or by the Renilla luciferase
values. Averages and standard deviations were calculated from
duplicate wells using Microsoft Excel. Each experiment was
done at least three times.

HEK293T cells were plated at 10° cells/well in 24-well plates,
transfected the following day, and then stimulated with MDP
ligand for 20-24 h. Cell culture supernatants were collected
kept at —20 °C, and IL-8 levels were assayed by ELISA accord-
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ing to the manufacturer’s instructions (R&D Biosystems or Cli-
nisciences). Supernatants of transiently transfected HEK293T
were also analyzed on a Proteoplex 16-well human cytokine
array kit (Novagen) to detect in parallel 12 human cytokines.
Proteoplex slide was treated and scanned as recommended by
the manufacturer.

RESULTS

NOD?2 Localizes at the Plasma Membrane of Epithelial Cells—
NOD?2 is a multimodular protein containing two amino-termi-
nal CARD domains, a central NOD, and a carboxyl-terminal
LRR domain (Fig. 14). To evaluate the subcellular localization
of NOD?2 in epithelial cells, we expressed EGFP fused to the
amino terminus of NOD2 or NOD2 mutants in HEK293T cells
and evaluated their expression. Comparable amounts of pro-
teins were detected by Western blot using anti-GFP antibody
(Fig. 1A). Activity of EGFP-NOD2 was next assessed by tran-
scriptional assays and ELISAs. Expression of EGFP-NOD2 in
HEK293T cells results in an increase of NF-kB activity meas-
ured by a kB-luciferase reporter gene in an MDP-dependent
manner (Fig. 1B). As expected from previous studies, introduc-
tion of the 1007FS, R702W, and G908R mutations within the
EGFP-NOD2sequenceimpaired with various degrees the MDP-
dependent NF-kB transcriptional activity of the protein (Fig.
1B). Although EGFP-NOD2'%7F%, a mutant unable to respond
to MDP, had basal NF-«B activity, EGFP-NOD2*"**¥ and
EGFP-NOD2%°°*R maintained their inducible NF-«B activity
following MDP stimulation, as reported elsewhere (12), albeit
with a small decrease in intensity (Fig. 1B). In contrast, no dif-
ference is observed in IL-8 secretion between the EGFP-
NOD28792¥ and EGFP-NOD2%°°®% mutants and the wild type
construct (Fig. 1B). As a control, we also expressed EGFP-
NOD2"® that encompasses the LRRs of NOD2 (Fig. 14). No
NE-kB activity was detected with this construct (data not
shown). To correlate the NF-«kB transcriptional activity with a
biological response, we analyzed the level of different cytokines
secreted in the medium of HEK293T cells transfected with
EGFP-NOD2 and EGFP-NOD2'%7"S, Out of 12 cytokines
tested, we only observed a significant increase of IL-8 (supple-
mental Fig. S1). Therefore, in this cellular model, the NF-«B
transcriptional activity of EGFP-NOD2 and its mutants was
correlated to the amount of the secreted proinflammatory che-
mokine interleukine-8 (IL-8) in the supernatants of transfected
cells (Fig. 1B). As expected, the release of IL-8 from HEK293T
cells transfected with EGFP-NOD2'%°”"* was not increased fol-
lowing MDP stimulation. Inspection of the localization of the
proteins in these cells reveals that EGFP-NOD2 is a membrane-
associated protein as shown previously (1). Interestingly,
EGFP-NOD2'°7F8 js no longer found at the plasma membrane
and has a cytoplasmic distribution (Fig. 1C), whereas the EGFP-
NOD2*92¥ and EGFP-NOD29®R mutants are still found at
the plasma membrane (data not shown and see Ref. 1). Thus,
the loss of inducible NF-«B activity upon MDP treatment of
NOD2'%°7FS js correlated to its loss of membrane localization.

The 1007FS Mutation Impairs the Basolateral Localization of
NOD2—W:e have already shown that NOD?2 is localized baso-
laterally in polarized Caco-2 cells (2). We confirm here by using
another well recognized model of polarized epithelial cells
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FIGURE 1. EGFP-NOD2 WT but not EGFP-NOD2"°°7"5 |ocalized to the plasma membrane in HEK293T cells. Expression, IL-8 secretion, NF-«B activity, and
localization of EGFP-NOD2 WT and CD-associated mutants are shown. A, protein expression analysis by immunoblotting (IB) of whole cell lysates from HEK293T
cells transiently transfected with EGFP-NOD2 WT (lane 2), EGFP-NOD2 CD-associated mutants (lanes 3-5), or the LRRs alone (lane 6). A schematic representation
of NOD2 shows the localization of the CD-associated mutations within the protein. B, NF-«B activation (top) and IL-8 secretion (bottom) in HEK293T cells
transiently transfected with EGFP-NOD2 wild type or CD-associated EGFP-NOD?2 variants with or without MDP stimulation. C, fluorescence of HEK293T cells
transiently transfected with wild type EGFP-NOD2 or EGFP-NOD2'%°”%* plasmids. Arrows indicate the membrane-bound NOD?2 protein.

(MDCKII) that EGFP-NOD?2 is localized at the basolateral
membrane compartment and that the NOD2'°°”"S mutation
abrogates this membrane localization (supplemental Fig. S2).
Activity of myr-EGFP-NOD?2 and myr-EGFP-NOD2FS—Bar-
nich et al. (1) have proposed that the presence of NOD?2 at the
plasma membrane is a prerequisite of its NF-kB activity. If so,
targeting of NOD?2 at the plasma membrane should provide a
maximal activation of the protein. We thus constructed a myr-
istoylated version of EGFP-NOD?2 by fusing the first 11 amino
acids of Lck to EGFP (myr-EGFP-NOD2) and transfected
HEK293T cells to study the localization and the activity of the
myristoylated protein. This construct strongly localizes at the
plasma membrane in cells in contrast to EGFP-NOD2, which is
more weakly found at the cell periphery and more abundant in
the cytosol (Fig. 2A and data not shown). However, overexpres-
sion of myr-EGFP-NOD?2 exhibits NF-«B activity comparable
with the nonmyristoylated form as indicated by the luciferase
NF-kB reporter assay and IL-8 secretion (Fig. 2, B and C).
Because enforcing the plasma membrane localization of NOD2
has only a slight effect on basal NF-«kB activity and induction
upon MDP stimulation, we can conclude that a limiting factor
prevents a further increased activity of the myristoylated EGFP-
NOD2 at the plasma membrane. Because EGFP-NOD2'%°7Fs
does not localize at the plasma membrane, we ask the question
whether enforcing EGFP-NOD2'%°”"S Jocalization to the
plasma membrane may rescue its MDP response. The myris-
toylated EGFP-NOD2'°7FS  protein was expressed in
HEK293T cells, and NF-«kB transcriptional activity as well as
IL-8 secretion were measured (Fig. 2, C and D). Although myr-
EGFP-NOD2'%°7** s readily found at the plasma membrane
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(Fig. 2A4), it is unable to induce NF-«B transcriptional activity or
IL-8 secretion in response to MDP (Fig. 2, C and D). Therefore,
the impaired NF-«B transcriptional activity of EGEFP-
NOD2'7$ in response to MDP is not linked to its cytosolic
localization but rather to its inability to recognize MDP. Sur-
prisingly, the ability of the myr-EGFP-NOD2'%°”*S mutant to
induce NF-kB and mostly to produce IL-8 is decreased com-
pared with the nonmyristoylated protein (Fig. 2, B and C). This
suggests that membrane localization of NOD2'%7"S may have a
negative effect on IL-8 production through a signaling pathway
different from the NF-«B signaling. Membrane targeting of the
other different CD-associated mutants (R702W and G908R)
and the Blau mutant (R334Q) of NOD2 by myristoylation has
little if any effect on NF-«B transcriptional activity and IL-8
production (Fig. 2D and data not shown). From these experi-
ments we can conclude that membrane targeting of EGFP-
NOD2 and the CD-associated mutants R702W and G908R
does not modify their activities (NF-«B transcriptional activity
and IL-8 secretion). In contrast, targeting EGFP-NOD'°%7*S to
the plasma membrane decreases its ability to induce NF-«B
activity and mostly IL-8 secretion.

Recruitment of RICK at the Plasma Membrane Enhances the
NF-kB Transcriptional Activity—The lack of increased NF-«B
activity by expression of myr-EGFP-NOD?2 could be explained
by the limited amount of an endogenous factor required for
NOD2-dependent NF-«B activation at the plasma membrane.
RICK is a good candidate because NOD2 activity is dependent
on its interaction with this serine-threonine kinase via a
homophilic CARD-CARD interaction (10). We therefore
expressed a myr-EGFP-tagged version of RICK in HEK293T
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FIGURE 2. Enforced localization of EGFP-NOD2 WT to the plasma membrane does not modify its NF-«B activity or IL-8 secretion. A, fluorescence analysis
of HEK293T cells transiently transfected with EGFP constructs targeted or not to the plasma membrane by a myristoylation site (myr). The white arrowheads
indicate plasma membrane localization. Band C, NF-«B activity and IL-8 secretion of EGFP-NOD2 WT and EGFP-NOD2'%°7* myristoylated or not with or without
MDP stimulation (50 ng/ml). Transient transfections were performed with 2 and 10 ng of each EGFP plasmid. D, NF-«B activity of HEK293T cells transiently
expressing EGFP-NOD2 WT, CD-associated mutants R702W, G908R, and Blau mutant R334Q myristoylated or not with or without MDP stimulation. Transient
transfections were done with 5 ng of each EGFP plasmid.
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cells and verified its subcellular localization (Fig. 24). Although
EGFP-RICK protein tends to accumulate in aggregates in the
cytoplasm and is not detected at the plasma membrane, the
myristoylated form expressed in HEK293T cells is readily local-
ized at the plasma membrane (Fig. 24). Expression of myr-
EGFP-RICK results in a strong NF-kB activation compared
with the basal activity of the nonmyristoylated form (EGFP-
RICK) (Fig. 3A). Increased IL-8 secretion is also observed when
targeting RICK to the plasma membrane. However, the differ-
ence between myr-EGFP-RICK and EGFP-RICK is much more
pronounced when considering IL-8 secretion (Fig. 3B). An
increase in NF-«B transcriptional activity and IL-8 secretion is
also observed when coexpressing NOD2 and RICK, although
NE-«B activity is less pronounced than when RICK is targeted
to the plasma membrane by myristoylation, suggesting that
membrane recruitment is an important step in RICK activation.
The synergy of activation between NOD2 and RICK is observed
with two different tagged versions of NOD2 (EGFP or Myc) and
required a NOD2-RICK interaction because it did not occur
with the ECFP-RICK ACARD (Fig. 3, A and B). NF-«B activity
and IL-8 secretion induced by myr-EGFP-NOD2 are inhibited
by coexpressing an ECFP-RICK ACARD construct but not by
coexpressing a myr-EGFP-NOD2'%°"*S showing that, unlike
RICK ACARD, myr-EGFP-NOD2'°"** does not function as a
dominant negative protein for myr-EGFP-NOD2 (supplemen-
tal Fig. S3). In addition, myr-EGFP-RICK activity is insensitive
to the coexpression of either RICK ACARD or myr-EGFP-
NOD2'°7FS (supplemental Fig. S3). Altogether these results
show that localizing RICK at the plasma membrane by myr-
istoylation induces a very efficient NF-«B signaling trigger-
ing a large IL-8 secretion. As a pool of NOD?2 is localized at
the plasma membrane, these data also suggest that the func-
tion of NOD2 could be to recruit RICK at the plasma mem-
brane to form an active complex able to activate part of the
NF-«B pathway.

RICK Is Recruited at the Plasma Membrane in a NOD2-de-
pendent Manner—To test this hypothesis, we evaluated the
subcellular localization of RICK by immunofluorescence in the
presence or absence of NOD2. Expression of Myc-NOD2, but
not of a Myc-CblA protein control, induces the recruitment of
RICK at the plasma membrane in HEK293T cells suggesting
that NOD2 may act as an anchor for the serine-threonine
kinase (Fig. 4A4). To confirm this hypothesis, HCT116 colonic
epithelial cells were transfected with ECFP-RICK alone or with
Myc-NOD2 (Fig. 4B) providing the same recruitment of RICK
at the plasma membrane.

To confirm that NOD?2 is able to recruit RICK at the plasma
membrane, biochemical fractionation experiments were per-
formed in HEK293T cells transfected with various NOD2 GFP-
tagged constructs (Fig. 5). Immunoblot analysis showed that
EGFP-NOD2 and mostly myr-EGFP-NOD2, a plasma mem-

Membrane Signaling of NOD2 and RICK

Myc-NOD2WT EGFP-RICK

Myc-CBLA EGFP-RICK

ECFP-RICK

ECFP-RICK

Myc-NOD2WT MERGE

IR P Y

FIGURE 4. Myc-NOD?2 is able to recruit ECFP-RICK to the plasma mem-
brane in HEK293T cells and in HCT116. A, immunofluorescence analysis of
HEK293T cells coexpressing either Myc-NOD2 WT and EGFP-RICK (top) or
Myc-CBLA and EGFP-RICK (bottom). White arrowhead denotes plasma mem-
brane localization. The scale bar is 10 um long. B, immunofluorescence anal-
ysis of HCT116 colonic cells expressing ECFP-RICK (top right) or coexpressing
Myc-NOD2 WT and ECFP-RICK (bottom). Images of cells coexpressing Myc-
NOD2 WT and ECFP-RICK were deconvoluted with Imaris software (Bitplane)
and are displayed in the XY and XZ field. From left to right are shown the
labeling of NOD2, RICK, and merge.

brane targeted NOD?2 protein (Fig. 2), are present in a Triton
X-100-insoluble fraction (Fig. 5A, left panel, lanes 6 and 12).
Similarly, myr-EGFP-RICK, which is localized at the plasma
membrane by immunofluorescence (Fig. 2), is enriched in this
Triton X-100-insoluble fraction compared with a nonmyristoy-
lated RICK version (Fig. 54, right panel, compare lanes 3 and 6).
These results indicate that this Triton X-100-insoluble fraction
is enriched in plasma membrane-localized proteins. An enrich-
ment of endogenous RICK is observed in this Triton X-100-

FIGURE 3. Enforced localization of EGFP-RICK to the plasma membrane increased its NF-«B activity and IL-8 secretion. A, NF-«B activity of EGFP-RICK or
myristoylated EGFP-RICK in HEK293T cells transiently transfected with the indicated amount of expressing vectors. As a comparison, NF-«B activities of
HEK293T cells expressing EGFP-NOD2 WT or coexpressing EGFP-NOD2WT and EGFP-RICK or EGFP-RICK ACARD are shown. Myc-tagged NOD2 expression
vectors are also used to show that the epitope tag does not modify the NF-«B response. B, IL-8 secretion (top) analysis of HEK293T supernatants transiently
transfected by the indicated expression vector showing that the synergy observed when coexpressing NOD2 WT and RICK is dependent upon the presence of
the RICK CARD domain. IL-8 ELISA (bottom) analysis highlights the increase of IL-8 secretion of HEK293T cells expressing Myr EGFP-RICK compared with

EGFP-RICK.
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biochemical results are consistent
with our immunofluorescence data
showing that overexpressing NOD2
leads to a membrane recruitment of
RICK.

To strengthen this result we car-
ried out an additional fluorescent
microscopic analysis of HCT116
cells coexpressing other fluores-
cent forms of NOD2 and RICK, i.e.
EYFPNOD2 and ECFPRICK (Fig.
6). These two different fluorescent
GFPs were selected by virtue of
their strictly nonoverlapping emis-
El\égp sion spectra to obtain an unambig-

uous analysis of NOD2 and RICK
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FIGURE 5. Biochemical fractionation of HEK293T cells confirms the plasma membrane recruitment of
RICK by NOD2. A, HEK293T cells transiently transfected with EGFP-NOD?2 (lanes 4-6), myr-EGFP-NOD?2 (lanes
10-12), or control plasmids EGFP (lanes 1-3) and myr-EGFP (lanes 7-9) (left panel) and with EGFP-RICK (lanes
1-3) and myr-EGFP-RICK (lanes 4-6) (right panel) were used for biochemical fractionation. Immunoblot (/B)
analysis with anti-GFP, anti-RICK, anti-hScribble and anti-Shc antibodies were realized on the hypotonic (H),
Triton X-100 soluble (S), and Triton X-100-insoluble (/) fractions. B, biochemical cell fractionation experiment
was performed with HEK293T cells as in A with EGFP or EGFP-NOD2 (left panel) and myr-EGFP, myr-EGFP NOD2,
and myr-EGFP-NOD2" (right panel). Immunoblot analysis with anti-GFP, anti-RICK, anti-hScribble, and anti-Shc
were realized on the hypotonic (H), Triton X-100-soluble (S) and Triton X-100- insoluble (/) fractions.

insoluble fraction following EGFP-NOD?2 expression (Fig. 5, 4,
left panel, compare lanes 3 and 6, and B, left panel, compare
lanes 3 and 6), and this phenomenon is enhanced with myr-
EGFP-NOD2 expression (Fig. 5, A, left panel, compare lanes 9
and 12, and B). In contrast, little amount of endogenous RICK is
seen in this insoluble fraction from cells overexpressing EGFP
(Fig. 5, A, left panel, lanes 3 and 9, and B, left panel, lanes 3 and
6) or myr-EGFP control proteins (Fig. 5B, right panel compare
lanes 3 and 9). Other endogenous proteins Scribble and Shc are,
respectively, either not enriched or are not detected in the Tri-
ton X-100-insoluble fraction indicating that the recruitment of
endogenous RICK by NOD?2 into this fraction is specific. The
recruitment of endogenous RICK is also seen with a plasma
membrane-targeted NOD2"* protein, myr-EGFP-NOD2°7*5,
although less strongly than with myr-EGFP-NOD2, which con-
firms the work of Abbott et al. (15) showing that NOD2*® inter-
acts less strongly with RICK than NOD2WT. Altogether these
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NOD2 WT

localization. Furthermore, cells
transfected with only GFP-derived
plasmids do not require permeabi-
lization or specific treatment that
may result in labeling artifacts.
HCT116 cells were cotransfected
with various combinations of
EYFP-NOD2 and ECFP-RICK
constructs encoding full-length or
deleted versions of these proteins.
Membrane recruitment of ECFP-
RICK by EYFP-NOD2 is readily
observed when both full-length
proteins are expressed in the same
HCT116 cell (Fig. 6, arrows). A
reconstituted image in the XZ plan
shows that EYFP-NOD2 and ECE-
PRICK colocalize in membrane
notably at the junction between
two cells (Fig. 6). Furthermore,
this recruitment is dependent
upon a specific CARD-CARD
interaction because an ECFP-
RICK ACARD mutant is not
recruited to the plasma membrane
by EYFP-NOD?2 contrasting with an ECFP-RICK AKINASE
(containing the CARD domain) that is efficiently recruited at
the plasma membrane by EYFP-NOD2. Conversely, we dem-
onstrate that the CARDs domains of NOD2 do not localize at
the plasma membrane and do not induce a membrane
recruitment of RICK (Fig. 6).

Localization of Endogenous RICK at the Plasma Membrane of
THPI Cells—Because of low level of expression, endogenous
NOD2 is difficult to detect by immunofluorescence. Neverthe-
less, NOD2 has been observed at the plasma membrane of the
colonic HT29 cell line (1, 30). To our knowledge, however, no
studies have yet been reported concerning the localization of
endogenous RICK protein. To reinforce our in vitro data, we
investigated the subcellular localization of RICK in the mono-
cytic cell line THP1. MDP stimulation induces an efficient
secretion of IL-8 in THP1 cells, and we confirm that these cells
express NOD2 (data not shown) (33). We show by immunoblot
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ECFP-RICKWT

EYFP-NOD2WT/
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FIGURE 6. Plasma membrane recruitment of RICK by NOD2 depends upon the presence of its CARD
domain. Top, immunofluorescence analysis of HCT116 colonic cells coexpressing EYFP-NOD2 and ECFP-RICK.
Images of cells coexpressing EYFP-NOD2WT and ECFP-RICK were deconvoluted with Imaris software (Bitplane)
and are displayed in the XY and XZfield. From left to right are shown the labeling of NOD2, RICK, and merge. The
scale bar represents 10 um. Bottom, fluorescence analysis showing EYFP (left), ECFP (middle), and merge images
(right) of HCT116 colonic cells coexpressing various combinations of EYFP-NOD2 and ECFP-RICK constructs. ECFP-
RICK is recruited at the plasma membrane in cells coexpressing EYFP-NOD2 (white arrowheads), whereas cells
expressing only ECFP-RICK display no membrane staining (white arrows). The scale bar represents 10 um.

that RICK is also expressed in THP1 cells (Fig. 7). Immunoflu-
orescence analysis revealed that endogenous RICK is indeed
detected at the plasma membrane of THP1 cells (Fig. 7).

DISCUSSION

In this study we have investigated the impact of the subcel-
lular localization of NOD2 and RICK on NF-«B signaling and

MAY 18, 2007 -VOLUME 282+NUMBER 20
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MERGE IL-8 secretion. We confirmed that
NOD?2 is associated with the plasma
membrane in HEK293T cells and in
the MDCKII-polarized epithelial
cell line. Recently, a correlation
between plasma membrane local-
ization of NOD2 and efficient
NE-kB activity has been shown (1).
Here we have designed experiments
to test the ability of NOD2 to acti-
vate IL-8 secretion from the plasma
membrane. We demonstrate by
enforcing membrane localization of
NOD2 that this protein is active at
the plasma membrane. Further-
more, we show that NOD2 induces
a membrane recruitment of RICK
that is dependent on a CARD-
CARD interaction.

Activity of Membrane-targeted
NOD2'%°7FS Mutant—Among the
three most common mutants found
in CD, the NOD2'*7FS mutant is
the only one to be unresponsive to
MDP and to be delocalized in the
cytoplasm (this study) (1). Target-
ing the NOD2'°°”*® mutant to the
plasma membrane did not restore
a MDP response and has appar-
ently no effect on basal NF-«B
transcriptional  activity.  IL-8
secretion appears lowered, how-
ever, when expressing the myris-
toylated NOD2'°7F*  compared
with its nonmyristoylated form.
This finding probably reflects a
signaling deficiency of membrane-
bound NOD2!°7FS  Indeed, we
did not observe a dominant nega-
tive activity of myristoylated
NOD2'%7** on NOD2 or RICK
signaling at least when consider-
ing NF-kB luciferase and IL-8
secretion readouts. Our studies
confirm other works using protein
overexpression in HEK293 cells (1,
12, 22) and suggest that the
NOD2'°7F$ protein behaves as a
defective mutant unable to re-
spond to MDP.

NOD?2 Signaling and IL-8 Se-
cretion—IL-8 gene transcription depends on NF-«B activation
in every cell type but also on the complex interplay of other
transcription factors such as AP-1 and CEBP upon stimulation
of MAPKSs (extracellular signal-regulated kinase (ERK), p38
MAPK, and c-Jun NH,-terminal kinase (JNK)) for maximum
induction (34 -37). It is known that AP1 sites in the IL-8 pro-
moter can temporally integrate early positive and delayed neg-
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RICK

10 pim

FIGURE 7. Endogenous RICK proteins localized at the membrane of THP1
monocytic cell line. Inmunofluorescence of THP1 cells revealed with an
anti-RICK rabbit polyclonal antibody (H300; Sc-22763, Santa Cruz Biotechnol-
ogy). Nomarski view and immunofluorescence labeling of the same field are
given side by side. Immunoblot blot analysis of a THP1 Triton cell lysate
revealed with the same anti-RICK rabbit polyclonal antibody was used for
immunofluorescence labeling.

ative effects on /L-8 gene transcription depending on the rela-
tive binding of c-Fos and Fral, respectively (34). The effect of
membrane localization of NOD2 on MAPK-dependent tran-
scription factors awaits further investigation. In this regard, we
and other have shown that Erbin, a basolateral protein known
to be involved in MAPK regulation, interacts with NOD2 and
down-regulates NF-«B activity upon MDP stimulation (2, 30,
38—-40). Moreover, basolateral membrane localization of
NOD?2 is not affected by Erbin short interfering RNA arguing
against a role of Erbin as an anchor for NOD?2 at the plasma
membrane but more likely as a signaling or scaffolding com-
ponent of the NOD2-RICK protein complex in epithelial
cells (data not shown) (30). Because delocalized NOD21907FS
no longer binds to Erbin, it is possible that the cytoplasmic
NOD2'°7F$ mutant is not negatively regulated by Erbin and
induces unregulated signaling from the cytosol.

Activation of RICK at the Plasma Membrane—Our work sug-
gests that RICK activity depends on its membrane localization.
First, the enforced association of RICK with the plasma mem-
brane strongly stimulates NF-«B activity and IL-8 production.
Second, NOD2 is able to recruit RICK at the membrane
through a CARD-CARD interaction. Third, we observe an
endogenous RICK localization at the plasma membrane in
THP1 cells. Therefore, NOD2 may control NF-«B signalization
by regulating the pool of RICK recruited at the plasma mem-
brane. Whether other NOD proteins such as NOD1 are also
able to activate and recruit RICK at the membrane remains to
be evaluated. This membrane compartmentalization mecha-
nism resembles what has been described for integral membrane
TLRs and tumor necrosis factor « receptor to regulate down-
stream signalization (41-43). NOD2 could exert a negative
effect on TLR2 signaling in sequestering a limiting factor of
signaling such as RICK (23, 44). In such a case, by its delocal-
ization and its lack of response to MDP, the NOD2!07Fs
mutant would not be able to properly modulate TLR2 signali-
zation and will instead induce the production of an excess of
proinflammatory cytokines.

15206 JOURNAL OF BIOLOGICAL CHEMISTRY

In conclusion our data highlight novel findings on the modal-
ities of NOD2 activation and reveal a mechanism of membrane
recruitment of RICK depending on NOD2. Elucidating the sig-
naling routes initiated from the plasma membrane by the
NOD2-RICK complex and their coordinated interplay as well
as their cell specificity will be a major challenge to understand
the biological role of NOD2 in normal and pathological
conditions.
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