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Background: Interleukin-8 (IL-8) is a potent proinflammatory cytokine.

Results: We identify many regulators of IL-8 secretion induced by the pattern recognition receptor NOD2.

Conclusion: Many diverse cellular processes, including protein ubiquitination and trafficking, specifically affect IL-8 secretion.
Significance: The identified regulators, particularly those present in inflammatory disease loci, reveal molecular targets for

therapeutic modulation of IL-8.

NOD2 encodes an intracellular multidomain pattern recogni-
tion receptor that is the strongest known genetic risk factor in
the pathogenesis of Crohn disease (CD), a chronic relapsing
inflammatory disorder of the intestinal tract. NOD2 functions
as a sensor for bacterial cell wall components and activates pro-
inflammatory and antimicrobial signaling pathways. Here,
using a genome-wide small interfering RNA (siRNA) screen, we
identify numerous genes that regulate secretion of the proin-
flammatory cytokine IL-8 in response to NOD2 activation.
Moreover, many of the identified IL-8 regulators are linked by
protein-protein interactions, revealing subnetworks of highly
connected IL-8 regulators implicated in processes such as vesi-
cle formation, mRNA stability, and protein ubiquitination and
trafficking. A TNFa counterscreen to induce IL-8 secretion in
an NOD2-independent manner reveals that the majority of the
identified regulators affect IL-8 secretion irrespective of the ini-
tiating stimuli. Using immortalized macrophages, we validate
the ubiquitin protease, USP8, and the endosomal sorting pro-
tein, VPS28, as negative regulators of NOD2-induced cytokine
secretion. Interestingly, several genes that affect NOD2-in-
duced IL-8 secretion are present in loci associated with CD risk
by genome-wide association studies, supporting a role for the
NOD2/IL-8 pathway, and not just NOD2, in the pathogenesis of
CD. Overall, this screen provides a valuable resource in the
advancement of our understanding of the genes that regulate
the secretion of IL-8.

Cytokines are secreted immunoregulators affecting the
recruitment and activation of various immune cell types. Their
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production is tightly controlled and deregulated and is associ-
ated with a variety of human diseases (1). The secretion of cyto-
kines in response to microorganisms plays a critical role in host
defense and is mediated by pattern recognition receptors.
Indeed, polymorphisms in multiple members of the NOD-like
receptor family of intracellular pattern recognition receptors
are associated with various inflammatory diseases (2, 3). The
NOD-like receptor family member NOD2 is one of best char-
acterized genetic risk factors in the pathogenesis of Crohn dis-
ease (CD)? (4, 5). NOD2, which is expressed in a variety of cell
types, including intestinal epithelial cells, macrophages, and
dendritic cells, functions as a sensor for bacterial peptidoglycan
(6, 7). Muramyl-dipeptide (MDP), a synthetic molecule that is
the minimum known component of bacterial peptidoglycan
capable of activating NOD2, leads to the recruitment of the
Ser/Thr/Tyr kinase RIPK2, a critical step in the activation of
downstream signaling pathways (8). Subsequent ubiquitination
of RIPK2 leads to the recruitment of the Ser/Thr kinase TAK1
that mediates the activation of both the MAPK and NF-«B sig-
naling pathways (9-11) that together regulate the production
of effector molecules, such as IL-8.

IL-8 (CXCLB8) is a pleiotropic proinflammatory cytokine pro-
duced by many cell types in response to various stressors. IL-8
was first described as a neutrophil chemo-attractant (12) but
has since been identified as a potent angiogenic factor involved
in tumor growth and metastasis (13, 14) as well as being a bio-
marker for various chronic inflammatory conditions (15-17).
Many cell types secrete IL-8 in response to NOD2 activation
(18), and multiple groups have shown decreased IL-8 secretion
in cells from CD patients with NOD2 polymorphisms (19, 20).
Moreover, NOD2 mutations are associated with Blau syndrome
and early onset sarcoidosis (21, 22), two inflammatory disor-
ders affecting the eyes, skin, and joints. Thus, it is clear that
NOD2 signaling plays an important role in maintaining inflam-
matory homeostasis, prompting us to systematically interro-
gate regulators of NOD2-induced IL-8 secretion.

3 The abbreviations used are: CD, Crohn disease; MDP, muramyl-dipeptide;
NT, non-targeting; PPI, protein-protein interaction; GWAS, genome-wide
association studies.
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In this paper, we report the results of a genome-wide siRNA
screen identifying numerous genes that regulate NOD2-in-
duced IL-8 secretion. Many of the identified IL-8 regulators
affect both NF-«B induction and IL-8 secretion, validating our
previously reported regulators of NOD2-induced NF-«B acti-
vation (23). Here, however, we focus our analysis on genes that
specifically affect IL-8 secretion independent of NF-«kB activa-
tion. Interestingly, many of the identified IL-8 regulators are
present in loci associated with CD risk. Overall, the identified
IL-8 regulators provide a molecular framework for understand-
ing how NOD2-induced IL-8 secretion is controlled and offers
insight into the molecular mechanisms that may be deregulated
in inflammatory diseases, such as Crohn disease.

EXPERIMENTAL PROCEDURES

Genome-wide siRNA Screen—IL-8 levels from frozen cell
supernatants stored from our previously described siRNA
screen (23) were measured by ELISA. Briefly, HEK293 cells sta-
bly expressing human NOD2 (HEK293-NOD2) were cultured
on 384-well plates (Greiner Bio-One) in Dulbecco’s modified
Eagle’s medium with 10% fetal bovine serum, 2 mm glutamine, 1
mwm sodium pyruvate, and 1X penicillin/streptomycin (Invitro-
gen). Pools of four distinct siGENOME siRNAs (Thermo Sci-
entific) were reverse transfected at a concentration of 20 nm
with Lipofectamine 2000 (Invitrogen) diluted in Opti-MEM
(Invitrogen). After 48 h, to allow for gene silencing, cells were
stimulated with the NOD2 agonist MDP (20 ng/ml; Bachem)
using a Thermo Labsystems Multidrop plate dispenser. Cell
supernatants were collected 18 h later using a Biomek FX pro-
grammable robot (Beckman), sealed, and frozen at —20 °C.
Experimental conditions were chosen based on initial optimi-
zation experiments testing different siRNA transfection proto-
cols and varying the length and dose of MDP to achieve an
~10-fold increase in IL-8 secretion after MDP stimulation rel-
ative to unstimulated cells. The concentration of human IL-8
was measured by sandwich ELISA (R&D Systems) according to
the manufacturer’s recommended protocol adapted to a 384-
well plate format. Cell supernatants were thawed and diluted
1:1 in assay buffer (Tris-buffered casein; Surmodics) and devel-
oped with TMB substrate (Surmodics). Concentrations of IL-8
were determined by comparison with an eight-point standard
curve (in quadruplicate) prepared on each plate.

Secondary Validation—Reporter cells were reverse trans-
fected with 40 nm ON-TARGETplus siRNA pools (Thermo Sci-
entific) for 48 h, followed by stimulation with either MDP (20
ng/ml) or human TNFa (10 ng/ml, R&D Biosystems) for 18 h.
IL-8 levels were determined as described above, and NF-«B
luciferase and viability assays were carried out as described pre-
viously (23).

Data Analysis—A custom-built database (MScreen) was
used for data storage, display, and analysis. In order to compare
IL-8 levels across assay plates, IL-8 values were normalized rel-
ative to RIPK2-specific and non-targeting (NT) siRNA present
on each assay plate. The average amount of IL-8 (in pg/ml) from
multiple wells receiving RIPK2-specific siRNA was considered
as 100% inhibition, whereas the average amount of IL-8 in wells
that received NT siRNA was considered as 0% inhibition.
Therefore, test siRNA that resulted in decreased IL-8 secretion
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(relative to those receiving NT siRNA) resulted in values
greater than 0, whereas test siRNAs 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
TNFa, IL-8 levels were normalized against wells receiving
RELA-specific siRNA, which was considered as 100%
inhibition.

Reagents—]JAK Inhibitors were purchased from EMD Milli-
pore (pan JAK inh (catalog no. 420099) and JAK2 inh (catalog
no. 420139)).

Quantitative Real-time PCR—Total RNA was isolated using
an EZNA Omega Biotek kit as directed by the manufacturer.
c¢DNA was synthesized using the High Capacity RNA-to-cDNA
Kit (Applied Biosystems) according to the manufacturer’s
instructions. Quantitative real-time PCR was performed using
predesigned gene-specific Tagman primers and probes, PCR
master mix, and the StepOne Plus™ real-time PCR system
(Applied Biosystems). Expression was normalized to that of
GAPDH, and expression levels were analyzed by the 2744
method.

Transfection of Immortalized Macrophages—Bone marrow-
derived macrophages from B6 mice were immortalized as
described previously (24) and were transfected using the
INTERFERIn™ polyplus transfection reagent (VWR) as
described by the manufacturer.

Bacterial Stimulation—Staphylococcus aureus (strain 8325-4, a
gift from Timothy Foster, Trinity College, Dublin, Ireland) was
inoculated into brain heart infusion medium and incubated
overnight at 30 °C with shaking. Overnight cultures were sub-
cultured into fresh media and incubated at 37 °C with shaking
for ~2 h until reaching an A, 0of 0.6. The bacteria were washed
and diluted in sterile phosphate-buffered saline (PBS). 40,000
bacteria were added to each well, giving a bacterium/HEK293-
NOD?2 cell ratio of ~1:1. After a 1-h infection, gentamicin (50
ng/ul; Invitrogen) was added to the media. Supernatants were
collected after 18 h.

RESULTS

SiRNA Screening Reveals Regulators of NOD2-induced IL-8
Secretion—We previously reported a genome-wide siRNA
screen targeting 18,100 human genes to identify regulators of
NOD2-induced NF-«B activation (23). To further examine the
relationship between NOD2 signaling and IL-8 secretion
downstream of NF-«B activation, we measured the levels
of IL-8 present in cell supernatants by ELISA (Fig. 1A and
supplemental Fig. S1). Genes whose silencing decreases IL-8
secretion were classified as positive regulators, whereas genes
whose knockdown increased IL-8 secretion were categorized as
negative regulators (Fig. 1B). Relative IL-8 levels were normal-
ized against multiple positive (RIPK2) and negative siRNA con-
trols on each assay plate (supplemental Fig. S2) and are
reported in supplemental Table S1. Histogram analysis reveals
a non-normal distribution skewed toward negative regulators
(supplemental Fig. S3). Duplicate IL-8 measurements from
independent replica plates were collected, and linear correla-
tion analysis shows a high degree of reproducibility (supple-
mental Fig. S4). As previously reported, the effect of gene
silencing on cell viability was quantified to control for nonspe-
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FIGURE 1. A genome-wide siRNA screen for regulators of NOD2-induced IL-8. A, schematic of the genome-wide siRNA screen highlighting the collection of
cell supernatants for analysis of IL-8 secretion by ELISA (purple). B, a rank order plot summarizing the measured IL-8 protein levels for each of the 18,110 genes
tested along with the average (Ave) and median (Med) IL-8 values across all genes. Selected genes known to affect NOD2 signaling are labeled for reference. C,
a Venn diagram summarizing the overlap in positive and negative regulators revealed by the previously reported NF-«kB screen and this IL-8 screen. The
number of concordant (supplemental Table S2) and IL-8-specific (supplemental Table S3) regulators are shown along with examples of previously reported
regulators of IL-8 secretion. D, a heat map comparing the effect of gene silencing on NF-«B induction and IL-8 secretion. Gene silencing resulted in increased
(blue) or decreased (red) levels of IL-8. Genes with nonspecific effects on cell viability were removed, and only the top 500 for each of the positive and negative
regulators genes were included in this analysis.

(>120%) or decreases both IL-8 secretion and viability (<70%)
were considered inconclusive with respect to their effect on

cific effects on cell number (23). As expected, genes whose
knockdown significantly reduces cell viability tend to have

decreased levels of IL-8 secretion, whereas gene knockdown
resulting in increased viability tends to result in increased IL-8
levels (supplemental Fig. S5). Therefore, to reduce false posi-
tives related to nonspecific effects on cell number, genes whose
silencing either enhances IL-8 secretion and increases viability
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NOD2-induced IL-8 secretion.

Numerous genes known to affect IL-8 production are iden-
tified as hits in the screen, thereby validating our experimental
approach (Fig. 1C). For example, it is well known that IL-8 pro-
duction is strongly regulated at the transcriptional level by
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FIGURE 2. Numerous proteins that interact with core components of the NOD2 and MAPK signaling pathways were identified as regulators of IL-8
secretion. Positive (red) or negative (blue) regulators of IL-8 secretion known to interact with core components of the NOD2 signaling pathway, as determined
using STRING and/or BIOGRID PPI databases, are shown. NOD2, RIPK2, RELA, and the indicated MAPKs were selected as core components and are highlighted
by large circles. Gray shading indicates genes whose knockdown did not significantly affect IL-8 protein levels. The knockdown of underlined genes affected
both IL-8 secretion and NF-«B activation. Genes in boldface type were validated using independent siRNA pools. Normalized IL-8 data is included in supple-

mental Fig. S6.

NEF-kB- and AP-1-responsive elements in the /L-8 promoter
(25). Indeed, knockdown of the NF-kB transcription factor
RELA or its binding partner RNF31 diminishes both NF-«B
activation and IL-8 secretion, consistent with their previously
reported roles in NOD2 signaling (23, 26). Furthermore, silenc-
ing the NOD2 binding protein, CAD, which has previously
been implicated in the negative regulation of NOD?2 signaling
(27), increases both NF-«B activation and IL-8 secretion. By
comparing our previously reported regulators of NOD2-in-
duced NF-«B activation with this IL-8 data set, we were able to
identify 87 positive and 100 negative regulators that concor-
dantly increase or decrease both NF-«B activity and IL-8 secre-
tion, respectively (Fig. 1D and supplemental Table S2). Of
greater interest, we were able to identify many genes that spe-
cifically influenced IL-8 secretion without affecting NF-«B
induction. These genes, which we refer to as IL-8-specific reg-
ulators, probably influence IL-8 secretion either downstream of
NE-kB or via parallel pathways. For example, silencing SFPQ,
an IL-8 mRNA-binding protein that negatively regulates IL-8
expression by sequestering IL-8 mRNA into nuclear paraspeck-
les (28), enhances IL-8 secretion without affecting NF-«B activ-
ity. Furthermore, many groups have shown a role for the MAPK
pathway in the regulation of IL-8 secretion (29), and, although
siRNAs targeting individual MAPKs did not significantly affect
IL-8 secretion in our screen, presumably due to genetic redun-
dancy, knockdown of the MAPK substrate, ATF-2 (activating
transcription factor-2), which binds to and activates the IL-8
promoter (30, 31), was identified as an IL-8-specific positive
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regulator. In another case, DUSP1, a MAPK phosphatase that
down-regulates MAPK activity, was identified as an IL-8-spe-
cific negative regulator, consistent with previous reports (32,
33). Furthermore, knockdown of either ITCH (34) or BSG (35),
two NOD2-binding proteins known to negatively regulate
NOD?2 signaling, increases IL-8 secretion. In total, 218 IL-8-
specific positive regulators and 391 IL-8-specific negative reg-
ulators were identified that either decrease or increase IL-8
secretion, respectively, without major effects on NF-«B activa-
tion (Fig. 1D and supplemental Table S3). These results high-
light the utility of monitoring IL-8 at the protein level, thereby
allowing us to interrogate genes that influence either parallel
pathways (i.e. the MAPK pathway) or pathways downstream of
NF-kB induction that are specific to IL-8 secretion, thereby
providing additional insight into the molecular mechanisms
that control NOD2 signaling.

Orthologonal Data Sets Support Numerous IL-8 Regulators—
Given that protein-protein interactions (PPIs) mediate the
assembly and regulation of signal transduction pathways, we
examined proteins that interact with known core components
of the NOD2/IL-8 signaling pathway using the STRING (36)
and BIOGRID (37) PPI databases. Many NOD2-, RIPK2-,
RELA-, and MAPK-associated proteins affect IL-8 secretion
(Fig. 2 and supplemental Fig. S6). In addition, we asked whether
gene knockdown of proteins reported to interact with NOD2 in
the literature (supplemental Table S4) influenced IL-8 secre-
tion. Under the conditions used in the screen, 8 of 44 reported
NOD2-interacting proteins affect IL-8 secretion, and numer-
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ous other proteins that interact with these known NOD2-asso-
ciated proteins affect IL-8 secretion (supplemental Fig. S7).
Finally, using various sources, including recently reported
NOD1 (39), NOD2 (40), and NF-«B (41) siRNA screens (sup-
plemental Table S5), we were able to identify supporting evi-
dence in the literature for many of the identified IL-8 regula-
tors. Overall, the supporting evidence provided by overlaying
information from PPI networks and other relevant “omics” data
sets increases the confidence in the validity of the identified
IL-8 regulators.

Secondary Validation and TNFa Counterscreening—To min-
imize false positives due to off-target effects, a secondary vali-
dation screen was performed using alternative siRNA pools. In
total, 554 genes whose silencing affected MDP-induced IL-8
secretion in the primary screen were assessed in triplicate, val-
idating 53 positive and 83 negative regulators (supplemental
Table S6). For example, RIPK2, RELA, and ELF4, which encodes
a transcription factor that binds to the IL-8 promoter (42), were
each confirmed as positive regulators of IL-8 secretion, whereas
silencing TNFAIP3, a known negative regulator of NOD?2 sig-
naling (43), enhanced IL-8 secretion. In addition, knockdown of
MKNK1 (MAPK-interacting Ser/Thr kinase 1), which acts
downstream of p38 to increase protein translation (44, 45),
decreased IL-8 secretion, whereas ARRB2 silencing increased
IL-8 secretion, consistent with previous reports implicating it
as a negative regulator of other proinflammatory cytokines (46,
47). In summary, the use of independent siRNA reagents con-
firmed several known regulators, highlighted above, and pro-
vides a list of dozens of high confidence IL-8 regulators for
future in vivo characterization.

Although many different stimuli are capable of inducing IL-8
secretion, we were interested in distinguishing IL-8 regulators
that specifically affect NOD2-induced IL-8 secretion from
those that affect IL-8 secretion in response to other stimuli.
Therefore, IL-8 production in response to TNFa stimulation
was measured using the same set of 554 genes described above.
As expected, knockdown of RELA inhibited IL-8 production in
response to stimulation with either MDP or TNF«, whereas
RIPK2 silencing specifically inhibited MDP-induced IL-8, and
RIPKI knockdown specifically inhibited TNFa-induced IL-8
(supplemental Fig. S8). Overall, the vast majority of the genes
tested affected both MDP- and TNFa-induced IL-8 secretion
(supplemental Table S6), suggesting that most of the identified
regulators function downstream of RIPK2 and act as general
regulators of IL-8 secretion independent of the activating
signal.

Subnetworks of Interacting Proteins Regulate IL-8 Secretion—
PPIs taken from publically available databases reveal highly
connected complexes of the IL-8 regulators, many of which
could be linked to NOD2 (Fig. 3). These interactions provide
biochemical support for and mechanistic insight into how these
gene products might affect IL-8 secretion. The COP1 complex
represents one notable example because multiple members of
this complex were identified and validated as negative regula-
tors of IL-8 secretion. The COP1 complex plays arole in coating
intracellular vesicles that function in retrograde transport from
the Golgi to the endoplasmic reticulum (48). Interestingly, the
COP1 complex can be linked to NOD2 via PPIs with other
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FIGURE 3. Genome-wide screen identifies networks of positive and neg-
ative regulators of NOD2 induced IL-8 secretion. PPIs among hits from the
siRNA screen (circles) from publically available databases, such as STRING and
BIOGRID, are depicted by black lines. Arrows point from a kinase to its sub-
strate. Underlined genes also affect NOD2 dependent NF-«B activity. Genes in
boldface type were validated using independent siRNA pools. *, genes identi-
fied as regulators of NOD1-induced /L-8 mRNA (39). Superscript numbers indi-
cate other figures to refer to for additional interacting proteins, not shown for
simplicity. The COP1 complex, mentioned under “Results,” is highlighted in
the dashed gray box.

identified IL-8 regulators also involved in vesicle transport
(STXS8, VTI1A, and the CD risk factor VAMP3). A second PPI
subnetwork implicated in vesicle fusion and protein trafficking
contained two 14-3-3 proteins, YWHAZ and YWHAG. Addi-
tional subnetworks of interacting IL-8 regulators were also
revealed using PPI data (supplemental Figs. S9 and S10). For
instance, six components of the integrator complex, a group of
proteins implicated in the production of small nuclear RNAs
and splicing (49), were identified as IL-8-specific negative reg-
ulators, whereas multiple components of the Mediator com-
plex, a multiprotein complex that functions as a transcriptional
co-activator (50), affected IL-8 secretion. Also of note, knock-
down of multiple genes associated with Hermansky-Pudlak
syndrome, a rare disorder associated with defects in protein
trafficking (51), affected IL-8 secretion. Interestingly, a subset
of Hermansky-Pudlak syndrome patients exhibit intestinal
granulomas and inflammation similar to CD, supporting an
overlap in the pathways underlying these conditions (52).
Together, these data indicate that NOD2-induced IL-8 secre-
tion is regulated by many distinct complexes of genes involved
in a variety of cellular processes, such as RNA processing and
protein trafficking.

USP8 and VPS28 Negatively Regulate IL-8 Secretion—Several
groups have reported an important role for protein ubiquitina-
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FIGURE 4. USP8 negatively regulates NOD2-induced IL-8 secretion. A, PPIs (lines) between identified IL-8 regulators (circles) revealed a subnetwork of highly
connected proteins centered around USP8. Gene knockdown either decreased (red) or increased (blue) IL-8 secretion. Genes in boldface type were validated
using independent siRNA pools. Underlined proteins also affected NOD2 dependent NF-«B activity. B, the normalized effect of silencing each gene in the
subnetwork on IL-8 secretion in the primary screen is shown. C, gene silencing of USP8 and VPS28 in NOD2-expressing HEK293 cells using independent siRNA
pools enhanced IL-8 secretion in response to stimulation with either the NOD2 agonist MDP or TNFa. D, mRNA levels of USP8 and VPS28 were assessed by
quantitative real-time PCR to confirm knockdown. E, knockdown of USP8 or VPS28 enhances IL-8 secretion in response to bacterial exposure. NOD2-expressing
HEK293 cells were transiently transfected with NT, USP8, or VPS28 siRNAs and 48 h later infected with S. aureus. Gentamycin was used to kill extracellular
bacteria after 30 min, and IL-8 levels in the supernatant were measured by ELISA 17 h later. F, immortalized mouse macrophages were stimulated with MDP
with or without LPS priming 48 h after transfection with the indicated siRNAs. Levels of the proinflammatory cytokine IL-6 were measured by ELISA 18 h after
stimulation. C-F, knockdown experiments were performed in triplicate. Error bars, S.D. * and #, p values of <0.05 using Student’s t tests against stimulation-
specific NT siRNA controls.

tion in the control of NOD2 signaling. Therefore, we chose to  cantly affected IL-8 secretion after stimulation with MDP (Fig.
examine a subnetwork of interacting IL-8 regulators centered 4B). Among the IL-8 regulators present in the PPI network,
around the ubiquitin-specific protease USP8 (Fig. 44). Knock-  both USP8 and VPS28 (vacuolar protein sorting 28) were vali-
down of USP8 and several of its interacting proteins signifi- dated as negative regulators of IL-8 secretion using independ-
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ent siRNAs (Fig. 4, C and D). We went on to test the effect of
silencing these two genes on IL-8 secretion in a cell-based bac-
terial infection assay using NOD2-expressing HEK293 cells
exposed to S. aureus, a Gram-positive bacteria known to acti-
vate NOD2 signaling (53-55). Knockdown of either U/SP8 or
VPS28 significantly enhanced IL-8 secretion in response to bac-
teria, consistent with a role for these two genes in the negative
regulation of IL-8 secretion (Fig. 4E). Given that USPS8 is
strongly expressed in monocytes and macrophages (56), we
went on to assess whether USP8 and VPS28 silencing affects
cytokine secretion, using an immortalized murine macrophage
assay. Because mice lack /L-8, we examined the production of
the proinflammatory cytokine IL-6, which is secreted by LPS
primed macrophages after MDP stimulation in a NOD2-de-
pendent manner (53). Knockdown of either USP8 or VPS28
increased secretion of IL-6 relative to NT siRNA controls (Fig.
4F). Together, these data support a role for UUSP8 and VPS28 in
the negative regulation of cytokine secretion.

Multiple IL-8 Regulators Are Located in CD Risk Loci—Given
the strong association between NOD2 polymorphisms and CD
risk, we investigated whether genes that affect NOD2-induced
IL-8 secretion are associated with CD. To begin, we surveyed
genes present in the 140 loci linked to CD by genome-wide
association studies (GWAS) (57). 42 genes identified in our
screen as IL-8 regulators are located within these CD loci, 17 of
which were validated using independent siRNAs (Fig. 5 and
supplemental Fig. S11). Interestingly, several of the IL-8 regu-
lators present in CD risk loci can be linked to NOD2 via PPIs.
Furthermore, many of the IL-8 regulators present in CD risk
loci interact with other IL-8 regulators identified in the screen,
building up biochemical and genetic evidence for a role for
these genes in NOD2 signaling and CD pathogenesis. One par-
ticularly well connected subnetwork revolves around the tyro-
sine kinase JAK2 (Fig. 6, A-D). Interestingly, small molecule
inhibitors of JAK2 further validate JAK2 as a positive regulator
of NOD2-dependent MDP-induced IL-8 secretion (Fig. 6E).
Furthermore, numerous genes implicated in either the NOD2
signaling pathway or CD by microarray (supplemental Table
S7) or proteomic (supplemental Table S8) studies affect IL-8
secretion. Together, these analyses reveal that many putative
NOD2/IL-8 pathway components can be linked to CD and sug-
gest a possible role for multiple members of the NOD2/IL-8
pathway, and not just NOD2, in the pathogenesis of CD.

DISCUSSION

IL-8 levels are typically very low in healthy tissues but can be
rapidly and transiently induced in response to various stressors
(58). Elaborate signaling networks have evolved to control IL-8
secretion and are critical in maintaining immune homeostasis
necessary to balance host defense against excessive tissue dam-
age associated with chronic inflammation. Here, we describe a
genome-wide siRNA screen that identifies numerous genes
that regulate NOD2-induced IL-8 secretion. Orthogonal data
sets, such as PPI networks, offer additional biochemical evi-
dence supporting roles for many of the identified IL-8 regula-
tors and also provide mechanistic insight into the level at which
these regulators may function. For instance, by comparing
genes that influence NOD2-induced NF-«B activity with those
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FIGURE 5. Many genes associated with Crohn disease risk affect NOD2
induced IL-8 secretion. Genes whose silencing either diminished (red) or
enhanced (blue) NOD2-induced IL-8 secretion that are also present in loci
associated with Crohn disease risk by GWAS are labeled in boldface type and
organized into two columns, as indicated. Solid black lines, published PPIs,
taken from the STRING and BIOGRID databases, between NOD2 regulators
identified in the primary siRNA screen. In several cases, we highlight PPIs that
link NOD2 with genes present in CD risk loci via a single step intermediate
with a gene that was not a hit in our screen (gray). Boldface circles, genes
supported by secondary validation experiments using independent siRNA
pools. Knockdown of underlined genes affected both NF-«B induction and
IL-8 production. *, “key genes” as nominated previously (57).

that also regulate IL-8 secretion, we were able to distinguish
concordant regulators from those that specifically affect IL-8
secretion. For example, silencing ZFP36L2 increased IL-8
secretion without affecting NF-«kB induction. ZFP36L2
encodes a homolog of TTP (tristetraprolin), an RNA-binding
protein known to bind to AU-rich elements in the 3'-UTR of
IL-8 and negatively regulate its translation at a post-transcrip-
tional level by destabilizing /L-8 mRNA (59). Notably, TTP
knockdown did not influence IL-8 levels in our screen, presum-
ably because it is not expressed in HEK cells (60). Similarly,
silencing the RNA-binding protein SAMD4 enhanced IL-8
secretion, consistent with its published role in binding and
destabilizing mRNA (61) and the presence of six consensus
SAMD4 recognition elements in the 3’-UTR of IL-8 (62).
Increasing our understanding of the various cellular mecha-
nisms that influence IL-8 production and secretion is an impor-
tant step forward in developing strategies to manipulate IL-8
levels for potential therapeutic applications.

Other IL-8-specific regulatory mechanisms acting down-
stream of NF-«B-induced transcriptional activation are likely
to influence processes such as IL-8 translation, storage, stabil-
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ity, and/or trafficking. Indeed, our screen revealed a number of
genes implicated in the regulation of vesicle formation and traf-
ficking as potential regulators of IL-8 secretion. In particular,
we provide evidence that the ubiquitin-specific protease USP8
negatively regulates IL-8 secretion, consistent with studies
demonstrating an important role for ubiquitin-mediated post-
translational modification in the regulation of NOD2 signaling
(63). Furthermore, our observation that USP8 negatively regu-
lates IL-6 in BMDMs is intriguing because it suggests that some
of the genes identified in our screen may play a more general
role in regulating cytokine secretion beyond just IL-8.

Although the signaling pathways that lead to acute inflam-
mation have become increasingly well characterized, less is
known regarding the molecular mechanisms that mediate the
resolution of inflammation. Negative regulators play a critical
role in restoring homeostasis following pathogen clearance and
in preventing chronic inflammation by maintaining the tran-
sient and self-limiting nature of the inflammatory response.
Our screen has revealed many positive and negative regulators
downstream of NF-kB activation, whose inhibition may pro-
vide new targets for the therapeutic modulation of the inflam-
matory response. Indeed, many of the validated hits are drug-
gable enzymes (i.e. JAK2) for which small molecule inhibitors
already exist.

Given that the NOD?2 signaling pathway is just one of many
pathways that culminate in the release of IL-8, we tested the
effect of silencing a subset of hits from our primary screen on
TNFa-induced IL-8 secretion, which occurs independently of
NOD2. This counterscreen revealed that most of the hits iden-
tified were independent of the stimulus, supporting the idea
that different receptors of the innate immune system use a rel-
atively small number of specific components before converging
on a more general and shared core pathway of cytokine release.
This also suggests that, although we used MDP to induce the
NOD2-dependent up-regulation of IL-8, many of the genes
identified may be relevant in the regulation of other proinflam-
matory pathways.

siRNA screening is increasingly being used to identify genes
that modulate a given biological process and help place previ-
ously unannotated genes into functional pathways (64). To
date, only a limited number of RNAi screens have been used to
study protein secretion. Two of these studies used Drosophila
cells (65, 66), whereas the only reported screen using mamma-
lian cells (67) examined the plasma membrane localization of a
tagged viral protein. Our screen also complements several
recently reported siRNA screens examining TLR-induced (68),
LMP1-induced (41), or NOD2-induced (40) NF-«B activation
or the induction of IL-8 mRNA upon activation of the related

Regulators of NOD2-induced IL-8 Secretion

NODI1 receptor (39). Moreover, our screen extends these find-
ings by being the first to systematically examine /L-8 induction
in a genome-wide manner at the protein level. Furthermore, the
previously published NOD1 screen used much higher amounts
of NOD1 agonist delivered via a lipid-based transfection
method, whereas our screen relied on endogenous routes of
MDP entry and a more physiologically relevant amount of pep-
tidoglycan agonist. As the number of published siRNA screens
grows, key regulatory factors identified independently in mul-
tiple studies will emerge. Given the diversity of cell types that
colonize the digestive tract, where NOD2 is known to have a
physiologically relevant function, it will be important to exam-
ine the regulation of NOD2 in multiple cellular contexts
because the cell type-specific gene expression patterns and reg-
ulatory mechanisms are likely to contribute to the heterogene-
ity of responses across cell types.

Although the etiology of CD remains elusive, it is thought to
involve a complex interplay between genetic susceptibility, the
immune response, the intestinal microbiome, and other envi-
ronmental risk factors (69). To date, despite extraordinary pro-
gress in mapping genetic loci associated with CD risk (57), indi-
vidual genetic markers are not able to accurately predict disease
progression, severity, or therapeutic response with the one
notable exception of NOD2 polymorphisms, which correlate
with disease location and severity (70, 71). Given the strong
genetic link between NOD2 polymorphisms and CD risk, it
seems reasonable that mutations in other components of the
NOD2 pathway may also affect CD risk. This idea is supported
by the identification of a subset of CD patients with impaired
MDP responses in the absence of mutations in NOD2 (72).
Here, we identify numerous genes that affect MDP-induced
IL-8 secretion present in loci associated with CD risk by GWAS,
reinforcing a role for the NOD2/IL-8 signaling pathway,
beyond just NOD2, in the pathogenesis of CD. Indeed, future
studies may benefit from stratifying CD patients based on the
status of various NOD2 pathway components rather than just
NOD?2 polymorphisms alone. Another potentially interesting
application of our data set is in the prioritization of potentially
causative genes present in loci identified by GWAS. Given that
many CD risk loci identified by GWAS contain multiple genes
and that SNP signals alone are rarely able to confidently predict
the causative gene, the identification of genes in CD loci that
functionally affect NOD2-induced IL-8 levels may help to pri-
oritize candidate genes for future studies. For example, on-go-
ing efforts aimed at exploring the genetic architecture of CD via
deep DNA sequencing approaches (38, 73) would probably
benefit from having a more refined list of candidate genes,
thereby reducing the search space for potential combinatorial

FIGURE 6. A subnetwork of IL-8 regulators, many of which lie in loci associated with Crohn disease, are connected by PPIs. A, PPIs between IL-8 regulators
identified in the siRNA screen were taken from publically available databases, such as STRING and BIOGRID, and are depicted by solid black. Each protein is
depicted as a circle and is colored red or blue to indicate that it either positively or negatively regulates IL-8 secretion, respectively. Genes in boldface type were
validated using independent siRNA, whereas underlined gene names indicate genes whose knockdown concordantly affected NF-«kB activity. ¥, genes present
in loci associated with CD risk by GWAS. B, silencing of the indicated genes increased (blue) or decreased (red) IL-8 levels in the primary screen after MDP
stimulation relative to NT siRNA controls (black). C, JAK2 knockdown using independent siRNAs in a secondary validation screen decreases IL-8 induction in
response to MDP and TNF« stimulation. Knockdown experiments were performed in triplicate. Error bars, S.D. *, p values <0.05 using Student’s t tests against
stimulation-specific NT siRNA controls. D, mRNA levels of JAK2 were assessed by quantitative real-time PCR to confirm knockdown. £, NOD2-expressing HEK293
cells were pretreated for 2 h with the indicated amount of either a pan-JAKinhibitor or the JAK2-specific inhibitor before stimulating with either MDP (20 ng/ml)
or TNFa (10 ng/ml), and IL-8 levels were measured in the supernatant by ELISA 17 h later. Inhibitor experiments were performed in triplicate. Error bars, S.D. *
and #, p values of <0.05 using Student'’s t tests against stimulation-specific vehicle (DMSO) controls.
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interactions among putative causative variants that may be
extremely rare or of modest effect size and therefore difficult to
detect.

In conclusion, the IL-8 regulators identified here provide an
important resource for future hypothesis-based studies aimed
at understanding the molecular mechanisms that regulate this
important cytokine. Given that IL-8 secretion is deregulated in
many inflammatory diseases, an increase in our understanding
of how IL-8 secretion is regulated is critical to identify targets
for potential immunomodulation-based therapeutics.
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