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Abstract

The cytoplasmic receptor NOD2 (nucleotide-binding oligomerization domain 2) senses
peptidoglycan fragments and triggers host defense pathways that lead to inflammatory immune
responses. Dysregulation of NOD2 signaling is associated with inflammatory diseases, such as
Crohn’s disease and Blau syndrome. We used a genome-wide, small interfering RNA (siRNA)
screen to identify regulators of the NOD?2 signaling pathway. Several genes associated with
Crohn’s disease risk were identified in the screen, supporting a role for NOD2 and nuclear factor
kB (NF-xB) pathways in the pathogenesis of Crohn’s disease. A comparison of hits from this
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screen with other “omics” data sets revealed interconnected networks of genes implicated in NF-
kB signaling. Secondary assays, including the measurement of interleukin-8 secretion, served to
validate many of the regulators. Knockdown of putative regulators in HEK293 cells followed by
stimulation with tumor necrosis factor a revealed that most of the genes identified were general
regulators of NF-xB signaling. Overall, the genes identified here provide a resource to facilitate
the elucidation of the molecular mechanisms that regulate NOD2- and NF-xB-mediated
inflammation.

INTRODUCTION

To combat microbial infections, mammals mount a sophisticated immune response. Initial
recognition of microorganisms by the innate immune system is mediated by various
hostencoded pattern recognition receptors (PRRS). In many cases, PRRs stimulate both
antimicrobial and pro-inflammatory responses. The nucleotide-binding oligomerization
domain (NOD)-like receptor family of intracellular PRRs consists of multidomain
scaffolding proteins, many of which are dysregulated in inflammatory diseases (1). NOD2 is
found in various cell types, including monocytes and intestinal epithelial cells, and it is
capable of sensing bacterial peptidoglycan fragments containing muramyl dipeptide (MDP)
(2, 3). Upon sensing MDP, NOD2 undergoes a conformational change that leads to the
recruitment of receptor-interacting protein serine-threonine kinase 2 (RIPK2), a step that is
essential for the activation of downstream signaling (4). Subsequently, Lys53-linked poly-
ubiquitination of RIPK2 and nuclear factor kB (NF-xB) essential modulator (NEMO), a
regulatory subunit of the inhibitor of B (IxB) kinase (IKK) complex, leads to the
recruitment of transforming growth factor—p (TGF-f)-activating kinase 1 (TAK1), a kinase
that is required for the activation of mitogen-activated protein kinases (MAPKS) and NF-xB
signaling (5-7). Together, these pathways trigger a potent antimicrobial and inflammatory
host response.

The role of NOD2 in maintaining inflammatory homeostasis is underscored by the
association of loss-of-function NOD2 mutations with increased susceptibility to Crohn’s
disease, an inflammatory disease of the gastrointestinal tract (8, 9). Conversely, gain-of-
function mutations in NOD2 are associated with Blau syndrome and early onset sarcoidosis,
two relatively rare disorders characterized by inflammation of the eyes, skin, and joints (10,
11). Genetic variation in the gene encoding NOD?2 is, of all of the loci identified, the
strongest known genetic risk factor in the development of Crohn’s disease. Because more
than 70 loci have been identified that predispose to Crohn’s disease (12), it is possible that
some of the genes associated with Crohn’s disease are involved in the regulation of the
NOD?2 signaling pathway. Thus, increased understanding of the NOD?2 signaling pathway
may provide insight into the pathogenesis of Crohn’s disease.

Genomewide, small interfering RNA (siRNA) screens are effective tools for identifying
previously uncharacterized modulators of biological processes. Using a human cell line
expressing human NOD2 and an NF-xB-responsive luciferase reporter, we performed a
genome-wide siRNA screen aimed at identifying regulators of the NOD?2 signaling pathway.
Our screen revealed many regulators of the NOD2 and NF-xB signaling pathways, including
previously uncharacterized networks of positive and negative regulators. Additionally, we
linked several genes associated with Crohn’s disease risk to the NOD?2 signaling pathway.
Together, our results provide a framework for understanding how gene networks contribute
to the regulation of NOD2-mediated inflammatory signaling and provide insight into the
genetic mechanisms of Crohn’s disease pathogenesis.
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Genome-wide siRNA screen identifies regulators of NOD2 signaling
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To identify regulators of the NOD2 signaling pathway, we performed a genome-wide
siRNA screen. We engineered a luciferase-based reporter cell line derived from highly
transfectable human embryonic kidney (HEK) 293 cells, and used this line to quantitatively
measure NOD2-dependent signaling (Fig. 1A). HEK 293 cells are a well-established model
for interrogating NOD2 signaling because they do not naturally have detectable amounts of
NOD?2 and they are normally unresponsive to stimulation with MDP (2). However,
stimulation of HEK 293 cells stably expressing NOD2 with MDP resulted in NF-xB
activation, phosphorylation of p38 MAPK, and secretion of the pro-inflammatory
chemokine interleukin-8 (IL-8) (fig. S1). We developed a bioluminescence assay to monitor
NF-kB activation with a stably incorporated luciferase reporter gene downstream of tandem
copies of a consensus NF-kB-binding site. The screen was performed in triplicate with a
commercially available siRNA library targeting 18,110 genes (Fig. 1B). The extent of
luciferase activity after stimulation of cells with MDP was measured and displayed relative
to that of cells transfected with control sSiRNAs present on each plate (table S1). On average,
across all of the assay plates used in the screen, cells transfected with non-targeting (NT)
SiRNA and stimulated with MDP resulted in ~50-fold induction in luciferase activity. In
comparison, the extent of luciferase induction upon silencing RIPK2, a serine and threonine
protein kinase required for NOD2-dependent NF-xB activation (4) was on average ~7 fold,
representing an 86% reduction in the extent of NOD2 signaling.

To enable comparisons to be made between plates, we normalized both luciferase and
viability data sets with multiple positive and negative control wells present on each assay
plate (figs. S2 and S3). For both the luciferase and viability assays, the data gave a normal
distribution (fig. S4). Linear correlation analysis of the viability and luciferase assays
indicated a high degree of reproducibility across replicas (fig. S5). Most of the Z’ factor
scores, a measure of assay quality (13), for each assay plate were above 0.5 for both the
luciferase and viability data sets, indicating a signal-to-noise ratio sufficient for performing
robust high-throughput screens (fig. S6).

We classified genes as NOD?2 regulators if their silencing reproducibly decreased the
induction of the NF-xB luciferase reporter (positive regulators) or increased luciferase
activity (negative regulators) relative to that of controls treated with NT siRNA (Fig. 1C and
fig. S4). To avoid nonspecific effects of gene silencing on cell number, we used a
fluorescence-based viability assay (14). Control wells present on each assay plate were used
to calculate the percentage of viable cells (Fig. 1D and table S1). The luciferase signal
weakly correlated with cell viability, especially for genes whose knockdown resulted in
reduced viability, which most likely reflected a lack of sufficient cell numbers to produce
luciferase (fig. S7). Therefore, we considered those genes whose silencing resulted in either
(i) enhanced luciferase signal and increased viability (>120%) or (ii) decreased luciferase
signal and decreased cell viability (<70%) to be inconclusive with respect to their effect on
NOD?2 signaling because of their nonspecific effects on cell viability. For example,
knockdown of genes involved in core house-keeping functions, such as transcription and
translation (fig. SBA) and cell survival (fig. S8B), resulted in decreases in both cell viability
and luciferase activity. Together, these results demonstrate the importance of using a cell
viability control to avoid false positives and to provide increased confidence in the ability of
our screen to properly identify genes involved in the regulation of the NOD2-NF-«xB
signaling pathway.
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Numerous NOD2 regulators interact with core components of the NF-kB pathway

To confirm the validity of our experimental approach, we examined how known components
of the NOD2 signaling pathway behaved in the screen. Indeed, knockdown of RIPK2 and
other core components of the NF-xB signaling pathway, such as NEMO, NF-kxB1, and avian
reticuloendotheliosis viral oncogene homolog A (RelA) substantially diminished NOD2-
dependent luciferase activity (Fig. 1E), thereby validating our approach. In addition, two
serine and threonine kinases involved in NF-kB activation, protein kinase C  (PRKCD)
(15) and casein kinase 2 alpha’ (CSNK2AZ2) (16), were both classified as positive regulators
in the screen (Fig. 1E). Notably, Klotho (KL), an anti-inflammatory protein that suppresses
NF-xB signaling (17), and PDZ and LIM domain protein 2 (PDLIM2), a RelA-binding
protein that inhibits NF-«xB signaling through its E3 ubiquitin ligase activity against RelA
(18), were each classified as negative regulators in the screen (Fig. 1E). Consistently, many
proteins known to interact with core components of the NOD2 and NF-kB signaling
pathways were categorized as positive and negative regulators in the screen (Fig. 2 and table
S2). For example, the NOD2-interacting protein carbamoyl phosphate synthetase/aspartate
transcarbamylase/dihydroorotase (CAD) was revealed as a negative regulator in the screen,
consistent with previous reports (19, 20). Furthermore, PPP2R5E (protein phosphatase 2,
regulatory subunit B', epsilon isoform), another NOD2-interacting protein (21), was
categorized as a positive regulator of NOD2 signaling. Similarly, numerous RIPK2-,
NEMO-, and RelA-interacting proteins were identified as either positive or negative
regulators (Fig. 2, A and B). Furthermore, enrichment analysis of the top 700 positive
regulators from the screen (table S3) revealed components of the proteasome (Fig. 2C) and
nuclear pore complex (Fig. 2D) present significantly more often than what would be
expected by chance consistent with the respective roles of these complexes in mediating NF-
kB signaling via inhibitor of B (IxB) degradation and translocation of NF-xB to the
nucleus. Overall, the ability of our screen to identify many proteins already implicated in the
regulation of the NOD2 and NF-xB signaling pathways validated our screening approach
and provided increased confidence in our discovery of the many putative regulators not
previously connected with NOD2 signaling.

Analysis of intersecting data sets reveals networks of putative NOD2 regulators

Next, we used additional lines of biochemical and functional data from the literature to
identify experimental evidence supporting connections among hits from the screen. In one
approach, we used the Search Tool for the Retrieval of Interacting Genes (STRING)
database (22) to reveal numerous protein-protein interactions (PPIs) among hits from the
screen (Fig. 3). For example, PPIs between two members of the endosomal sorting complex
required for transport (ESCRT)-1 complex, tumor susceptibility gene 101 (TSG101) and
vacuolar protein sorting 28 (VPS28), and three proteins involved in autophagy, ATG4A,
ATG4B, and y-aminobutyric acid receptorassociated protein (GABARAP), were identified
among putative NOD2 negative regulators. In addition, multiple components of the
nicotinamide adenine dinucleotide phosphate (NADPH) oxidase complex, including
neutrophil cytosolic factor (NCF1), cytochrome b-245 beta (CYBB), and NADPH oxidase
activator 1 (NOXA1), were each classified as positive regulators in the screen. Furthermore,
two NOD2-interacting proteins identified by mass spectrometry, WW domain binding
protein 11 (WBP11) and fused in sarcoma (FUS) (fig. S9), were identified as regulators of
NOD?2 signaling. We went on to identify numerous genes classified as hits in our screen
with those potentially implicated in the NOD2 signaling pathway by microarray (table S4)
or proteomic (table S5) studies. Similarly, we identified numerous hits from our screen that
regulate NF-xB signaling (table S6). Together, these types of analysis with orthologonal
data sets provide additional experimental support for a number of putative regulators and
offer potential mechanistic insight into the level at which these regulators may act to
regulate NOD?2 signaling.
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Given the link between NOD2 and Crohn’s disease, we compared genes categorized as hits
in our screen with those associated with Crohn’s disease risk by genome-wide association
studies (GWAS). Fifteen genes associated with Crohn’s disease risk were identified as hits
in our screen (Fig. 4 and table S7). In addition, multiple genes whose products interact with
these Crohn’s disease risk factors were also categorized as hits in our screen. These results
not only support a role for these gene products in NOD?2 signaling, but they also suggest that
these regulators of the NOD2 and NF-xB signaling pathways may play a role in the
pathogenesis of Crohn’s disease.

Multiple NOD2 regulators were confirmed in secondary validation assays

To verify that the hits identified in our primary screen were bona fide regulators of NOD2
signaling, we carried out a series of secondary validation experiments with alternative
SiRNA pools that targeted 313 genes from our primary screen (Fig. 5A and table S8). In
addition to measuring the induction of NF-xB—dependent luciferase activity, we used
enzyme-linked immunosorbent assay (ELISA) analysis to measure IL-8 secretion, whose
production is partially dependent on NF-xB activation (23). We found that 25% of the
putative positive regulators and 33% of the putative negative regulators tested were
concordant between the primary and secondary screens, a confirmation rate similar to those
reported for other genome-wide siRNA screens (Fig. 5B and table S9) (19, 24). For
example, siRNA-mediated knockdown of NCF1, a critical component of the NADPH
complex that regulates the generation of reactive oxygen species, diminished NOD2-
dependent NF-xB activity in both the primary and secondary screens (fig. S10, A and B).
Given that many molecules that interact with NCF1 were identified as positive regulators in
the primary screen (Fig. 3A and table S3), we continued to validate these results with
primary bone marrow—derived macrophages (BMDMs) from Ncf1-deficient (Ncf1~/~) mice
stimulated with MDP and analyzed for activation of the NOD2 pathway by Western
blotting. BMDMs from Ncf1~/~ mice exhibited impaired degradation of 1B compared to
those from wild-type control mice (fig. S10C); however, p38 MAPK activation was not
affected (fig. S10D). Moreover, the accumulation of phosphorylated 1xB (plxB) in Ncf1-
deficient cells (fig. S10C) further supports an inability to properly degrade 1xB, which is
consistent with a role for NCF1 in mediating MDP-induced NF-«xB activation.

Stimulation of cells with TNF-a identifies general regulators of NF-kB signaling

Because NOD?2 signals through NF-xB, we were interested in separating candidate
regulators that specifically regulate NODZ2 signaling from those that are more general
regulators of NF-xB signaling. To distinguish between these two possibilities, we measured
NF-xB activation in response to stimulation with either MDP or TNF-a. As predicted,
knockdown of RIPK2 inhibited MDP-induced, but not TNF-a—induced, NF-xB-dependent
luciferase activity, whereas knockdown of RIPK1 inhibited TNF-a—induced, but not MDP-
induced, NF-xB-dependent luciferase activity (Fig. 5C and table S9). Comparison of the
responses to MDP and TNFa for each gene revealed that most of the tested genes affected
both MDP- and TNF-a—induced NF-xB signaling, suggesting that most of the validated hits
are likely downstream of RIPK2 and act as general regulators of the NF-xB pathway.

Apart from RIPK1 and RIPK2, we did not observe genes exhibiting robust specificity for
either MDP or TNF-a. However, knockdown of ring finger protein 31 (RNF31) and zinc
finger, DHHC-type containing 2 (ZDHHC?2) exhibited more substantial inhibition of MDP-
induced luciferase activity than of TNF-a—induced luciferase activity (Fig. 5C and table S9).
To explore the level at which ZDHHC2 and RNF31 regulated NOD2 signaling, we
performed epistasis analysis with various constructs that stimulate NF-«xB signaling from
different points in the pathway (Fig. 5D and fig. S11). We used a constitutively active (CA)
version of NOD2 that lacks the inhibitory C-terminal leucine-rich repeats, as well as the
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inducibly active (1A) fusion proteins RIPK2-ACARD-Fpk3 (RIPK2 IA) and RIPK1-
ACARD-Fpk3 (RIPK1 IA) whose CARD domains are replaced by tandem FK506 binding
protein (FKBP)-related dimerization domains. Previous studies showed that enforced
oligomerization of RIPK2 or RIPK1 induces NF-xB activation that is dependent on the
FKBP-specific dimerization agent AP1510 (25). Using this approach, we showed that
siRNA-mediated knockdown of RIPK2 inhibited activation of NF-xB signaling when
stimulated with CA NOD2 or IA RIPK2, but not with IA RIPK1 alone, consistent with a
specific requirement for RIPK2 in NOD2 signaling (Fig. 5D). However, knockdown of
RNF31 (Fig. 5D) and ZDHHC2 (fig. S11) inhibited NF-xB signaling induced by all three
constructs, indicating that both RNF31 and ZDHHC?2 are capable of affecting NF-«xB
signaling downstream of RIPK1 and RIPK2.

Members of LUBAC positively mediate NOD2 signaling

The ubiquitin conjugation machinery plays a critical role in the regulation of NF-xB
signaling (as reviewed by 26). Linear ubiquitination mediated by the linear ubiquitin chain
assembly complex (LUBAC) plays a role in the regulation of canonical NF-xB signaling in
response to various stimuli, such as TNF-a, interleukin-1f (IL-1B), and lipopolysaccharide
(LPS) (reviewed by 27). LUBAC is composed of three components: RanBP-type and
C3HC4-type zinc finger containing 1 (RBCK1), SHANK-associated RH domain—interacting
protein (SHARPIN), and RNF31, the latter two of which were identified as positive
regulators of NF-xB in our screen. Analysis of protein-protein interaction databases
identified a network of LUBAC-interacting proteins among hits from our primary screen
linking LUBAC to core components of the NF-xB signaling pathway (Fig. 6, A and B). For
example, two of the proteins in this network, RNF31 and ubiquitin-conjugating enzyme E2
D3 (UBE2D3), are known to be involved in the degradation of IxB (28) and the
ubiquitination of NEMO (29), and both were validated in our secondary assays (Fig. 6C).
Knockdown of RNF31 resulted in diminished MDP-induced NF-xB luciferase activity and
IL-8 secretion but had only a weak effect on TNF-a—induced NF-xB luciferase activity and
IL-8 secretion, whereas UBE2D3 was a positive regulator of MDP-induced NF-xB
luciferase activity, but had no effect on MDP-induced IL-8 secretion or TNF-a—induced
signaling.

To further examine roles for RNF31 and UBE2D3 in stimulating NF-«xB activation, we
treated our reporter cells with two different Gram positive bacteria that activate NOD2
signaling. We chose the common intestinal commensal bacterium Entercoccus faecalis,
given the required role of NOD2 in mediating a cytokine response (30), and Staphylococcus
aureus, another commensal organism that triggers a NOD2-mediated cytokine response both
in vitro (31) and in vivo (32). We found that RNF31 was a positive regulator of bacterially-
induced NF-xB luciferase activity and I1L-8 secretion in response to S. aureus, whereas
UBE2D3 positively regulated S. aureusinduced NF-xB luciferase activity and IL-8
secretion, as well as E. faecalis-induced NF-kB luciferase activity, but not IL-8 secretion
(Fig. 6D). Together, these results support a critical role for LUBAC as a general regulator of
NF-xB signaling and specifically in the modulation of NF-xB signaling downstream of
NOD2.

DISCUSSION

Coordination of the inflammatory response is mediated by a wide range of effectors, and
proper balance of responses is required for the maintenance of health (33). NOD?2 signaling
is capable of activating the NF-xB pathway, leading to an inflammatory response to bacteria
that is dysregulated in human diseases such as Crohn’s disease (34). In the quiescent state,
NF-xB family members reside within the cytoplasm where they are kept inactive because of
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physical associations with kB family members. Degradation of 1xB by the proteasome
exposes a nuclear localization signal in NF-xB, which mediates its relocalization to the
nucleus where it can bind to DNA and regulate the transcription of various target genes.
Multiple core components of NOD2 and NF-xB signaling pathways including RIPK2,
NEMO, NF-xB1, RelA, and subunits of the proteasome and the nuclear pore complex were
classified as hits in our screen, providing evidence that our screen accurately detected bona
fide NOD2 regulators. In addition, our genome-wide siRNA screen expanded the number of
genes implicated in the regulation of the NOD2 and NF-«B signaling pathways.

Many steps in the NF-xB signaling pathway are regulated by protein ubiquitination (26). For
example, Lys83-linked poly-ubiquitination of NEMO, an IKK scaffolding and regulatory
protein, mediates the recruitment of the IKK-activating kinase TAK1. Consistent with this,
our screen identified protein phosphatase magnesium-dependent 1 like (PPM1L), a
phosphatase that binds to and dephosphorylates TAK1 (35), as an inhibitor of NOD2
signaling analogous to its previously reported role as an inhibitor of NF-xB activation
downstream of TNF-a (36). Furthermore, we observed decreased NOD2 signaling upon
knockdown of two components of LUBAC (RNF31 and SHARPIN), which is consistent
with reports showing a role for LUBAC in the regulation of NOD?2 signaling (37). Our
results extend these observations by showing a role for RNF31 in the activation of the
NOD2 pathway in response to bacterial stimulation. In vivo, sharpin deficient mice exhibit
excessive inflammation (38), impaired secretion of pro-inflammatory cytokines, and a
reduction in NF-xB activation (39-41), features that are somewhat analogous to the
symptoms of Crohn’s disease. Biochemically, SHARPIN interacts with RNF31, and
together they play a role in NF-xB activation by acting as an E3 ubiquitin ligase to catalyze
the linear ubiquitination of NEMO (42-45), which agreeswith our secondary validation data
showing a positive role for RNF31 in TNF-a—induced NF-xB activation. Although RBCK1,
the third known component of the LUBAC complex, was not individually identified as a hit
in our screen, Parkinson protein 2 (PARK?2), a protein with the same domain structure as
RBCK?1 and that was previously implicated in NF-xB signaling (46), was classified as a
positive regulator of NOD2 signaling. Notably, PARK2, like NOD2 and RIPK2, is linked to
susceptibility to leprosy (47, 48). Furthermore, UBE2D3, an E2 ubiquitin conjugating
enzyme that interacts with RBCK1 (49) was validated as a stimulator of NOD?2 signaling in
our screen. In addition, two ubiquitin-specific proteases (USP), USP2 and USP36,
previously associated with TNF-a—induced NF-«B signaling (50), were classified as
positive regulators of NOD?2 signaling. Together, these data show a role for protein
ubiquitination and, in particular, LUBAC, in NOD2 signaling.

Given that protein-protein interactions mediate the assembly and regulation of signal
transduction pathways, we were pleased to identify numerous proteins known to interact
with NOD2 and other core components of the NF-xB signaling pathway as hits in our
screen. In addition, our screen implicated several additional protein complexes in the
regulation of NOD2 signaling. For example, our identification of ESCRT-1 as having a role
in the inhibition of NOD2 signaling is supported by the enhanced IL-8 secretion in response
to NOD1 signaling that was observed upon knockdown of the ESCRT-I complex subunit
tumor susceptibility gene 101 (TSG101) (51). In addition, several genes associated with
Crohn’s disease appear to regulate oxidative stress (52), consistent with our identification of
several components of the NADPH oxidase complex as regulators of NOD?2 signaling.
Finally, multiple interacting components of autophagy, an evolutionarily conserved process
required for the degradation and recycling of cellular contents that can limit infection by
certain intracellular pathogens, were identified as inhibitors of NOD2 signaling in our
screen, the relevance of which is increased given evidence of their biochemical links to
NOD2 (53, 54) coupled with the observation that multiple components of the autophagy
network are associated with an increased risk of Crohn’s disease (reviewed by 55).

Sci Sgnal. Author manuscript; available in PMC 2014 January 10.
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Together, these examples illustrate the use of overlaying siRNA screening data with protein-
protein interaction networks to provide insight into the regulatory mechanisms by which
these proteins may influence NOD2 signaling, and to generate models worth pursuing by
more traditional hypothesis-based research.

Biologically, activation of the NOD2 and NF-«xB signaling pathways is critical for host
defense against pathogens (reviewed by 56). Tight control of both the strength and duration
of this response is necessary to achieve a balance between uncontrolled infection and tissue
damage associated with chronic inflammation (57). Our screen identified many inhibitors of
the NF-«xB pathway. For example, MDP-induced activation of NF-xB was enhanced upon
silencing PDLIMZ2, a protein that interacts with RelA and mediates its degradation (18).
Furthermore, we validated the RNA-binding protein FUS and its interacting partner FUSIP1
as inhibitors of NOD2 signaling in our siRNA screen, the relevance of which is further
supported by the identification of FUS as a NOD2-interacting protein by mass spectrometry.
The systematic identification of genes whose products inhibit NF-kB signaling will improve
our understanding of how this critical pathway is inhibited and may provide new avenues for
therapeutic intervention.

Systems-level approaches are rapidly increasing our understanding of the complex feedback
loops and crosstalk mechanisms that regulate NF-xB signaling. By comparing data from
different approaches, we can get additional information to help comprehend these processes.
To this end, we searched the literature for regulators of NF-xB signaling, including three
published siRNA screens that examined (i) the translocation of RelA to the nucleus in
response to TNF-a (19); (ii) the induction of NF-xB activation in response to Toll-like
receptor (TLR) stimulation (24); and (iii) genes whose products are involved in NOD1-
induced secretion of 1L-8 (51), each of which identified largely distinct sets of genes whose
products influence NF-xB signaling. In total, we found 96 hits from our primary screen that
overlapped with genes identified in these previous studies. For example, eighteen hits from
our screen were consistent with the NOD1 siRNA screen. NOD1 shares a similar domain
structure with NOD?2, it acts as a cytosolic receptor for bacterial peptidoglycan (PGN), and it
is thought to share many downstream signaling components with NOD2, including RIPK2
(reviewed by 58). The siRNA library used in the NOD1 screen was much smaller than our
library, and it used a transfection-based method to deliver NOD1 agonist into the cells. In
contrast, our screen used a whole-genome approach and relied upon endogenous routes of
entry of a more physiologically relevant amount of PGN agonist. Additionally, our use of a
reporter gene enabled us to make a more direct measurement of NF-xB activity rather than
having to rely on the induction of IL-8 production. As the number of published siRNA
screens grows, key regulatory factors will emerge from the comparison of these types of
data sets.

The NOD?2 signaling pathway is just one of many upstream inputs that converge on the IKK
complex and regulate the evolutionarily conserved NF-«B stress response pathway. These
branches are unlikely to function in isolation in vivo. Therefore, we suggest that the
relatively large number of genes identified to influence NOD?2 signaling by our screen likely
includes direct regulators as well as gene products in parallel pathways that indirectly affect
NF-xB signaling. Indeed, our TNF-a counter screen revealed that apart from RIPK2, most
of the hits identified are general regulators of NF-xB signaling. This lack of NOD2-specific
components supports the idea that different danger-sensing receptors of the innate immune
system likely use a small number of specific components before converging on a more
general core NF-xB response.

Given the genetic link between NOD2 and Crohn’s disease, the identification by our screen
of numerous genes associated with Crohn’s disease risk by GWAS as being putative NOD2
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regulators supports a role for members of the NOD2 signaling pathway, beyond just NOD2,
in the pathogenesis of Crohn’s disease. This idea is further supported by the identification of
Crohn’s disease patients with impaired MDP responses in the absence of mutations in NOD2
(59). One potential application of our data set is in the analysis of large-scale GWAS and
next-generation DNA sequencing efforts currently underway to explore the genetic basis of
Crohn’s disease. For example, having a list of genes whose products influence NOD2
signaling provides candidates to explore among Crohn’s disease patients. In the absence of
such a list, the search space for potentially causative variants is extremely large given the
extent of sequence variation across individuals, which makes it very difficult to identify rare
variants of modest effect that may underlie a given disease. Similarly, our data set should
assist in the selection of candidate genes within gene-dense Crohn’s disease risk loci
identified by GWAS.

In conclusion, we have identified numerous genes that regulate the NOD2 and NF-xB
signaling pathways, providing a resource for future hypothesis-based studies aimed at
understanding the detailed molecular mechanisms that regulate these pathways. It is
becoming increasingly clear that complex networks of interacting proteins, and not simple
linear pathways, are involved in the regulation of innate immunity. Our study offers a
systems-level glimpse of the NOD?2 signaling pathway, which will increase our
understanding of how this pathway regulates inflammatory homeostasis and provides insight
into the genetic basis for Crohn’s disease.

MATERIALS AND METHODS

Primary siRNA screen

The screen was carried out using a Bio-Tek ELx405 plate aspirator and Thermo Labsystems
Multidrop liquid dispensers at the University of Michigan Center for Chemical Genomics.

HEK 293 cells stably expressing human NOD2 (HEK293-NOD2) and an NF-«xB luciferase
reporter were cultured on 384-well plates (Greiner Bio-One) in Dulbecco's modified eagle
medium with 10% fetal bovine serum, 2 mM glutamine, 1 mM sodium pyruvate, and 1X
Pen Strep (Gibco). Pools of four distinct SiIGENOME siRNAs (Thermo Scientific) were
reverse transfected at a concentration of 20 nM with Lipofectamine 2000 (Invitrogen)
diluted in Opti-MEM (Invitrogen) for 48 hours followed by stimulation with MDP (20 ng/
ml, Bachem) for 18 hours. A PHERAstar plate reader (BMG Labs) was used to quantify
both the cell viability assays (Cell Titre Fluor, Promega) and the NF-xB luciferase assays
(Steady Glo, Promega).

Normalization

All cell viability values were calculated relative to multiple control wells of cells that
received either non-targeting (NT) siRNA or Passive Lysis Buffer (PLB, Promega); such
controls were present on each assay plate. The average value of the wells receiving NT
SiRNA was considered as 100%, and the average value of wells receiving PLB was
considered as 0%. Therefore, wells with increased cell number had values greater than
100%, whereas those with decreased cell numbers relative to those of controls treated with
NT siRNA had values less than 100%. Similarly, the average relative luminescence values
for each well of the NF-«xB luciferase reporter assay were calculated relative to multiple
control wells present on each plate. RIPK2-specific sSiRNA was used as a positive control
and NT siRNA was used as a negative control. For each plate, the average value of wells
receiving RIPK2-specific SiRNA was considered as 100% inhibition, and the average value
of wells receiving NT siRNA was considered as 0%. Therefore, test SiRNA that resulted in
decreased luciferase (relative to that of wells receiving NT siRNA) resulted in values greater
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than O, whereas test SiRNA that resulted in increased luciferase (relative to that of wells
receiving NT siRNA) resulted in values less than 0.

Secondary validation assays

Reporter cells were reverse transfected with 40 nM ON-TARGETplus siRNA pools
(Thermo Scientific) for 48 hours, followed by stimulation with either MDP (20 ng/ml) or
human TNF-a (10 ng/ml, R&D Biosystems). Culture supernatants were collected using a
Biomek FX (Beckman) liquid handling robot and frozen at —20°C for subsequent ELISA
analysis. Luciferase and cell viability assay on the remaining cells were analyzed as
described above. For assay plates stimulated with TNF-a, wells transfected with Rel A-
specific sSiRNA were used as the positive control.

Measurement of IL-8 by ELISA

The concentration of human IL-8 in frozen culture supernatant was measured by Joel
Whitfield at the University of Michigan immunology core facility using a sandwich ELISA
(R&D Systems) according to the manufacturer’s recommended protocol adapted to a 384-
well plate format. Cell supernatants were diluted 1:1 in assay buffer (Tris-buffered casein,
Surmodics) and developed with TMB substrate (Surmodics). Concentrations of IL-8 (in pg/
ml) were determined by comparison to an eight-point standard curve (in quadruplicate)
prepared on each plate. Normalized amounts of IL-8 were calculated using the average
amount of IL-8 in wells receiving RIPK2-specific siRNA set at 100% inhibition, whereas
the average amount of IL-8 in wells that received NT siRNA was considered as 0%
inhibition. Therefore, test sSiRNA that resulted in decreased IL-8 secretion (relative to that of
cells that received NT siRNA) resulted in values greater than 0, whereas test sSiRNA that
resulted in increased IL-8 secretion (relative to that of cells treated with NT siRNA) resulted
in values less than 0. For assay plates stimulated with TNF-a, the average value of IL-8
secreted by cells that received RelA-specific SiRNA was considered as 100% inhibition.

Bacterial Inoculation

Epistasis

E. faecalis (ATCC 47077) or S. aureus (strain 8325-4, a gift from Timothy Foster, Trinity
College, Dublin, Ireland) were inoculated into Brain Heart Infusion media and incubated
overnight at 37°C (for E. faecalis) or 30°C (for S. aureus) with shaking. Overnight cultures
were sub-cultured into fresh media and incubated at 37°C with shaking for approximately 2
hours until reaching an ODggg of 0.6. The bacteria were washed and diluted in sterile
phosphatebuffered saline (PBS). 40,000 bacteria were added to each well giving a bacterium
to HEK293-NOD2 cell ratio of approximately 1:1. After a 1 hour infection, gentamicin (50
ng/ul, Gibco) was added to the media. Supernatants were collected after 17 hours.
Luciferase and viability assays were carried as described for the primary screen.

HEK 293 cells were reverse transfected with 20 nM siRNA (siGENOME) as described
earlier. After 48 hours, cells were transfected with pcDNA3, pcDNA3-NOD2ALRR,
pcDNA3-RIPK2ACT-FPKS3, or pcDNA3-RIPK1ACT-FPK3 together with NF-xB luciferase
and Renilla luciferase reporter plasmids. After 6 hours, some wells received 100 nM
AP1510 (ARIAD) to induce dimerization. Eighteen hours later, cells were lysed in passive
lysis buffer (Promega) and analyzed with the Dual Luciferase Reporter Assay System
(Promega) according to the manufacturer’s instructions.

Preparation of BMDMs

B6(Cg)-Ncf1™J/J mice (ncf1 mutant mice) were obtained from the Jackson Laboratory.
Mice were housed in a pathogen-free facility, and all animal studies were conducted under
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protocols approved by the University of Michigan Committee on Use and Care of Animals.
BMDMs were isolated as previously described (60). Briefly, femurs and tibia were removed
from euthanized mice after sterilization with 70% ethanol. Bone marrow cells were
resuspended in L-cellconditioned complete Iscove's Modified Dulbecco’s media (Gibco) and
cultured for 5 to 6 days before overnight stimulation with MDP (10 pug/m) and subsequent
analysis of 1xB and MAPK proteins by Western blotting (Cell Signaling Technology Inc.).

Bioinformatics and statistical analysis

A custom-built relational database (M-screen) was developed and used for data storage,
display, analysis, and queries (available at: http://mscreen.Isi.umich.edu/index.php). Assay
quality was determined by calculating mean, standard deviation, coefficient of variation, and
Z' factor (13) values for each plate. After initial normalization to positive and negative
controls on each plate, an additional normalization step was performed to normalize the
percentage knockdown luciferase values to those for viability. Because the normalized
knockdown luciferase values ranged from negative values to >100%, to convert to the
luciferase scale, we first subtracted the values from their maximum rather than from 100.
After normalization with the percentage viability, we then converted back to the percentage
knockdown scale. The specific formula used was: max(L) — (100(max(L)- L) / V), where L =
the normalized percentage knockdown of luciferase activity, and V = the percentage
viability. Values were then normalized to the median of each plate, because substantial shifts
in plate-to-plate medians were observed, and then global median normalization was used as
a final step to make the samples comparable. To calculate P values, we tested for normalized
knockdown luciferase values that were statistically significantly higher or lower than the
overall median. We used an empirical Bayes method (a moderated t-test) that takes into
account the relationship between the percentage knockdown of luciferase activity and
variance to calculate P values (61), enabling more accurate sample variation estimates for
each gene. P values were adjusted for multiple testing with the Bonferroni correction.
Secondary validation analyses were performed in triplicate on 313 hits from the primary
screen spread over two separate assay plates. For each of these plates, we analyzed both
luciferase and IL-8 data by following the same steps as described earlier, except that no
plate-to-plate normalization was performed.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

A genome-wide siRNA screen identifies regulators of NOD2 signaling. (A) Schematic
representation of the reporter cell line engineered to quantitatively assess MDP-induced
NOD?2 signaling together with known components of the NOD?2 signaling pathway. (B) The
screen was carried out in triplicate with pools of four distinct sSiRNAs specific for each gene.
Pie charts summarize the percentages of genes whose silencing affected cell viability and the
percentages of genes not affecting viability that either decreased (red) or increased (blue)
luminescence. (C) Rank order plot of the average normalized NF-xB luciferase reporter
activity displayed relative to positive (RIPK2) and negative (non-targeting, NT) SiRNA
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controls present on each assay plate. (D) Rank order plot of the average percentage cell
viability displayed relative to NT siRNA and lysed cell controls present on each assay plate.
(E) siRNA-mediated silencing of known components of the NOD2 signaling pathway led to
decreased (red) or increased (blue) NF-xB luciferase activity relative to that of NT control
SiRNA cells (upper panel) without major effects on cell viability (lower panel). All
luminescence values were statistically significant with | < 0.001. The asterisk indicates
viability measurements with P < 0.001.
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Fig. 2.

Genome-wide screen identifies known regulators of NOD2 and NF-xB signaling pathways.
(A) Numerous positive (red) and negative (blue) regulators identified in the SIRNA screen
interact with core components of the NOD2 and NF-«B signaling pathways (larger circles
labeled in bold). Protein-protein interactions depicted by black lines were taken from
publically available databases, such as STRING, with a confidence score of = 0.4. (B)
siRNA-mediated gene silencing led to decreased (red) or increased (blue) NF-xB luciferase
activity upon stimulation with MDP relative to that of cells treated with NT control siRNA,
without major effects on cell viability. (C to E) In addition, several components of protein
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complexes known to affect NF-xB signaling by mediating the proteasomal degradation of
(C) IxB or (D) the nuclear translocation of RelA were significantly enriched (table S3)
among (E) positive regulators in the screen. All luminescence values were statistically
significant with P < 0.001.
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Fig. 3.

Genome-wide screen identifies networks of positive and negative regulators of the NOD2
and NF-xB signaling pathways. (A) Schematic depiction of selected protein-protein
interactions among hits from the siRNA screen identified with a confidence score of > 0.4
from the STRING database. Published interactions are depicted by black lines, whereas
dashed lines indicate interactions with NOD2 from a NOD2 pull-down (fig. S9). (B) The
relative effect on MDP-induced NF-xB signaling is shown for each gene in the network with
positive and negative regulators shown in red or blue, respectively. All luminescence values
were statistically significant; P < 0.001.
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Fig. 4.

Many genes associated with Crohn’s disease risk affect NOD2 signaling. (A) Fifteen genes
(labeled in bold) whose silencing either diminished (red) or enhanced (blue) NOD2
signaling in our siRNA screen have been identified as risk factors in the development of
Crohn’s disease by GWAS (table S6). Black lines indicate published protein-protein
interactions, taken from the STRING database, with other putative NOD2 regulators
identified in the primary siRNA screen. A putative link between the Crohn’s disease risk
factors VAMP3 and NOD?2 is provided through their mutual interacting protein CENTB1
(62), which was not identified as a hit in our screen (gray). (B) siRNA-mediated silencing
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led to decreased (red) or increased (blue) NOD2-dependent NF-kB luciferase activity
relative to that of cells treated with NT control siRNA, without major effects on cell
viability. All luminescence values were statistically significant; P < 0.001.
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Secondary validation of hits with independent siRNA pools. (A) Workflow summarizing the
secondary validation screen with alternative sets of ON-TARGETplus siRNA pools
consisting of four distinct SiRNA sequences for each gene. (B) Summary of the secondary
validation rate of positive and negative regulators tested for MDP-induced NF-«xB luciferase
activity. (C) Comparison of relative NF-xB luciferase activity after stimulation with MDP or
TNF-a. Positive controls (RIPK2, RIPK1, and RelA) are highlighted along with two
selected validated hits. (D) Epistasis analysis reveals that RNF31 is a general regulator of
NF-xB signaling. HEK 293 cells were transfected with the indicated SiRNA pools. After 48
hours, a second transfection with an NF-xB luciferase reporter and a Renilla reporter (for
normalization) was used to monitor NF-xB pathway activation with (i) a constitutively
active NOD2 construct (NOD2 CA), (ii) an inducibly active (IA) RIPK2 construct (RIPK2-
I1A), and (iii) an inducibly active RIPK1 construct (RIPK1-1A) relative to a pcDNA3 empty
vector (EV) control. The dimerization agent AP1510 (ARIAD) was added as indicated to

induce signaling. Experiments were performed in triplicate, of which one representative

example is shown. *, P < 0.05 by a one way ANOVA and Tukey multiple comparison test

performed using GraphPad Prism software.
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Fig. 6.

Components of the LUBAC complex positively regulate NOD2 signaling. Two components
of the LUBAC complex (RNF31 and SHARPIN) and many of their associated proteins were
revealed as positive components of MDP-induced NOD2 signaling in the primary siRNA
screen. (A) Protein-protein interactions are depicted by black lines, whereas a dashed blue
line shows that PARK?2 is a protein homolog of RBCK1 and that they share a similar
domain structure. Factors required for MDP-induced activation of the NF-xB pathway are
shaded in red, whereas those genes having no statistically significant effect are gray.
Underlined names indicate genes tested by secondary screening, and bold circles indicate
genes that were validated. (B) Induction of MDP-induced NF-xB luciferase activity relative
to that of cells treated with NT siRNA from the primary screen is shown for each component
of the protein-protein interaction network. All luminescence values were statistically
significant; P < 0.001. (C) Induction of NF-«xB luciferase reporter activity (upper panel) or
IL-8 secretion (lower panel) after knockdown with ON-TARGETplus siRNA pools in
response to stimulation with MDP (left) or TNF-a (right) or (D) infection with two gram
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positive bacteria, Enterococcus faecalis (left) or Saphylococcus aureus (right). Bars shaded
in red and blue indicate P < 0.05.
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