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SUMMARY

Although the association between Crohn’s disease suscep-
tibility and nucleotide-binding oligomerization domain 2
polymorphisms was shown in 2001, the mechanisms
involved remain largely unknown. In this review, we report
the role of nucleotide-binding oligomerization domain 2 in
epithelial cells in the development of colitis and associated
carcinogenesis.

Nucleotide-binding oligomerization domain 2 (NOD2) is an
intracellular pattern recognition receptor that senses
bacterial peptidoglycan-conserved motifs in cytosol and
stimulates host immune response including epithelial and
immune cells. The association of NOD2 mutations with a
number of inflammatory pathologies including Crohn’s
disease (CD), graft-versus-host diseases, or Blau syndrome,
highlights its pivotal role in inflammatory response and
the associated-carcinogenesis development. Since its
identification in 2001 and its association with CD, the role
of NOD2 in epithelial cells and immune cells has been
investigated extensively but the precise mechanism by
which NOD2 mutations lead to CD and the associated
carcinogenesis development is largely unknown. In this
review, we present and discuss recent developments about
the role of NOD2 inside epithelial cells on the control of the
inflammatory process and its linked carcinogenesis devel-
opment. (Cell Mol Gastroenterol Hepatol 2019;7:357–369;
https://doi.org/10.1016/j.jcmgh.2018.10.009)
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he gastrointestinal mucosa constitutes the largest
Tinterface of the human body between the external
environment and the organism interior milieu. It establishes
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a dynamic barrier that excludes potentially harmful com-
pounds (microbes, toxic ingested molecules) present in the
intestinal lumen, while permitting sampling and absorption
of the luminal content.1 To maintain this barrier, it is
necessary to renew the gut epithelium continuously.

The surface of the intestine is composed of a columnar
epithelial mucosa, within which the crypts are located. At
the base of the crypts are the intestinal stem cells, ensuring
the renewal of the epithelial lining by proliferating, giving
rise to progenitor cells that differentiate into the 7 special-
ized lineages composing the intestinal epithelium: enter-
ocytes, which represent the large majority of the epithelial
cell population and allow absorption of nutrients and water;
goblet cells, which secrete mucus as a protective barrier;
Paneth cells, which are present only in the small intestine
crypts, and secrete antimicrobial peptides (AMPs) and
paracrine molecules, which participate in the stem cell
niche; enteroendocrine cells, which secrete hormones; the
newly identified tuft cells, which are thought to secrete
prostaglandin precursors, with immunologic functions and
interacting with the gut nervous system2; M cells (microfold
cells), which have a pivotal role in antigen presentation from
the luminal content to immune cells1; and, finally, cup cells,
which are involved in the induction of immune response to
luminal bacteria.3 In the intestinal mucosa, these different
cell types interact together to form a continuous epithelium,
isolating the luminal content from the internal milieu.4 This
physical barrier is reinforced by the presence of a mucus
wall, including mucins and AMPs, made by a coordinated
secretion from the intestinal cells. The last element of the
intestinal barrier is achieved by the microbiota, which limits
the pathogen invasion.

In healthy people, interactions between the 3 compart-
ments of the digestive mucosa, namely the immune system,
the epithelial layer, and the microbiota, are characterized by
a homeostatic state. A very large panel of human diseases,
including burns, sepsis, inflammatory bowel disease, celiac
disease, irritable bowel syndrome, intestinal ischemia, graft-
versus-host disease, cirrhosis, graft rejection after
small-bowel transplantation, food intolerance, allergy,
malnutrition, rheumatoid arthritis, obesity, diabetes, and
colorectal cancer, are linked to a loss of gut barrier
homeostasis.

The nucleotide-binding oligomerization domain con-
taining 2 (NOD2, also known as caspase activation and
recruitment domain [CARD]15 and Nod-like receptor-C2)
gene is a member of the evolutionarily conserved Nod-like
receptors family, which sense components of the microbial
cell wall. In the past decade, numerous studies have re-
ported that Nod2 plays a pivotal role in the regulation of
chronic inflammatory conditions.5 NOD2 polymorphisms
were found to be associated with an increased risk of
Crohn’s disease (CD)6 and colorectal cancer (CRC)7 since
2001 and 2004, respectively. The most commonly studied
polymorphisms includes 2 missense mutations and a
frameshift mutation, located within coding regions and
affecting the function of NOD2 by altering its amino acid
sequence. Although an abundant amount of literature since
then has mainly confirmed the link between NOD2
polymorphisms and CD susceptibility, its association with
different cancers, including gastric, colorectal, endometrial,
breast, ovarian, and laryngeal, remains unclear by a lack of
consensus between the different studies reported. Never-
theless, a recent meta-analysis has shown that NOD2
rs2066844 C/T, rs2066845 C/G, and rs2066847 (3020insC)
polymorphisms are associated with an increased cancer
risk, especially in regard to gastrointestinal cancer.8

In the intestine, NOD2 is expressed by both hematopoi-
etic9 and nonhematopoietic cells forming the intestinal epi-
thelium.10–14 NOD2 senses the muramyl dipeptide (MDP),
which arises from the partial degradation of a bacterial
component (peptidoglycan).15 After stimulation by MDP,
NOD2 promotes host defense through the production of cy-
tokines,16,17 chemokines,16 AMPs,18 mucins,12 and activation
of both innate and adaptive immune responses. Under basal
conditions, NOD2 protein, which has 3 domains including
CARDs, NACHT (or NOD), and leucine-rich repeats (Figure 1),
is auto-inhibited through the interaction between its different
domains. The chaperone protein heat shock protein 90 is
involved in this phenomenon.19 MDP interacts directly with
the leucine-rich repeat domain, allowing activation of the
NACHTdomain and the interaction of the CARDdomainswith
other CARD-containing proteins (Figure 1). As a result, acti-
vation of NOD2 by MDP triggers oligomerization of the re-
ceptors via their NOD domains and the recruitment of
mediators needed to form a signaling complex named nodo-
some,20 enhancing nuclear factor-kB (NF-kB) and mitogen
activated protein kinase (MAPK) pathways.21–23

Since the discovery of its association with CD and CRC,
the role of NOD2 in epithelial cells and immune cells has
been studied extensively. In this review, we present and
discuss recent developments about the role of NOD2 inside
epithelial cells to control the inflammatory process and the
linked carcinogenesis development.

Role of Nod2 in Epithelial Intestinal
Cells

The integrity of the intestinal epithelium is maintained
by the continual renewal of epithelial cells as a result of the
accelerated division of crypt cells that migrate upward from
the base of the crypts. Today, although NOD2 is known to be
expressed by epithelial enterocytes,13,14 goblet cells,12

Paneth cells,10 and intestinal stem cells,11 no information
is available concerning enteroendocrine, tuft, cup, and M
cells. The highest expression of NOD2 has been reported in
Paneth cells and intestinal stem cells. This probably explains
why it initially was described that crypt epithelial cells ex-
press approximately 85-fold more NOD2 messenger RNA
(mRNA) than villus epithelial cells.24 However, no data are
available regarding the level of NOD2 expression in human
small vs large intestine.

Enterocytes
Enterocytes are the most numerous cells of the intestinal

mucosa (Figure 2A). Although their main roles are to ensure
the absorption of nutrients and water, they also have the
ability to synthesize AMPs, cytokines, and chemokines to



Figure 1. Structure and main intracellular pathway induced by NOD2. (A) NOD2 protein shows 3 domains including
CARDs, NOD, and leucine-rich repeats (LRRs). Within the LRR region, Y indicates an amino acid change owing to a CD-
associated polymorphism. (B) The NOD module contains a nucleotide-binding domain (NBD), a winged helix (WH), and 2
helix domains (HD1 and HD2). The interaction between NBD and WH is important to stabilize Nod2 in an inactive form, and is
maintained by adenosine diphosphate-mediated packed conformation. Upon ligand binding, HD2 mediates conformational
changes of the NBD, WH, and HD1 to allow adenosine diphosphate–adenosine triphosphate exchange, self-oligomerization,
and downstream signaling. The effector CARD domains mediate intracellular signaling after interaction between the LRR
domain and MDP. (C) NOD2 oligomerization induces a signaling complex named nodosome. NOD2 attracts receptor-
interacting serine/threonine-protein kinase 2 (RIP2) via a CARD–CARD homotypic interaction followed by transforming
growth factor b-activated kinase 1 (TAK1) and TAK1 binding protein 2 and 3 (TAB2 or 3). This complex induces the activation
of both MAPKs and NF-kB pathways.
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control the stability of the microbiota and to induce the
immune response. Finally, by their abilities to form a ring of
tight junctions at the apical side of cells, enterocyte cells
play an important role in the regulation of the gut para-
cellular permeability. Since 2003, we have known that
enterocyte cells express NOD2 mRNA and protein in human
colonic carcinoma epithelial cell lines and primary intestinal
epithelial cells.13,14 After tumor necrosis factor-a (TNF-a) or
interferon-g (IFN-g) stimulation, NOD2 mRNA and protein
levels are increased in human colonic carcinoma.13,14

Moreover, a synergism between TNF-a and IFN-g strongly
enhances NOD2 expression.14 This NOD2 overexpression is
mediated by the NF-kB pathway.14 Two NF-kB binding sites
are identified in the promoter of NOD2. The deletion of
either site, or the overexpression of a NF-kB dominant
negative, leads to reduced levels of TNF-a/IFN-g.14

Furthermore, this increased expression of NOD2 is associ-
ated with a reduced number of viable internalized Salmo-
nella typhimurium in human epithelial cell lines
compared with epithelial cells weakly expressing NOD2.13

In the context of Campylobacter jejuni infection, only
Nod2knockout (KO) mice show a higher intestinal commensal
Escherichia coli load associated with higher levels of IL6,
TNF-a, and IL18, and a reduced IL22 level. This excessive
immune response is probably owing to a reduced number of
proliferating cells involved in the renewal of the intestinal
epithelium.25 Because Nod2 expression is inducible upon
stimulation with bacterial products such as lipopolysac-
charide,26 or after colonization of GF mice,27 it is possible
that Nod2 expression might be induced by the simple con-
tact of epithelial intestinal cells with nonpathogenic
commensal bacterium as E coli K12. Indeed, in vitro ana-
lyses have shown that the simple contact with E coli K12 is
sufficient to induce Nod2 mRNA and protein in human in-
testinal epithelial cells.28 However, this induction is not
observed in human intestinal epithelial cells transfected
with a plasmid encoding dominant-negative Toll-like re-
ceptor (TLR)-5. Furthermore, flagellin-negative E coli mu-
tants failed to induce Nod2.28 Moreover, microbial
metabolites such as butyrate allow the up-regulation of the
NOD2 expression in the intestinal epithelial cells.29 Its
expression in human colonic carcinoma cell line (T84) also
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is increased when cells are stimulated with a noninvasive
E coli plus the hydrogen ionophore dinitrophenol, a dis-
ruptor of mitochondrial adenosine triphosphate synthesis.30

Furthermore, an increased internalization of bacteria by
epithelia presenting dysfunctional mitochondria (treated
with dinitrophenol) is potentiated in NOD2-/- cells.30 This
uptake of bacteria is dependent on reactive oxygen species
and MAPK, and the increased viable intracellular bacteria in
NOD2-/- cells likely reflect a reduced ability to recognize and
kill bacteria.30 Collectively, these studies indicate that Nod2
expression in enterocytes is regulated by commensal bac-
teria or microbial components.

The functional consequences of NOD2 stimulation by
MDP are multiple. In response to MDP, intestinal epithelial
cells synthesize and release at the apical side of AMPs such
as C-C motif chemokine ligand 2028 or human neutrophil
peptide,31 controlling the growth and/or survival of E coli
and S typhimurium, respectively (Figure 1A). This AMP
secretion is lost in NOD2 mutation (F3020insC) condition.
MDP stimulation also induces secretion of chemokine (C-X-C
motif) ligand-8 by intestinal epithelial cells, allowing the
recruitment of neutrophils at the inflammatory site
(Figure 1A). In the context of necrotizing enterocolitis, TLR-
4 activation causes apoptosis in newborn intestine but not
in adult mice.32 TLR-4 expression and activation in intesti-
nal epithelial cells are described to be influenced by
NOD2.33 Indeed, NOD2 activation inhibits TLR-4 expression
and activation in enterocytes, but not in macrophages, and
reverses the effects of TLR-4 on intestinal mucosal injury
and repair33 (Figure 2A). Similar observations have been
reported in the regulation of paracellular permeability of the
intestinal mucosa, which is increased by TLR-2 or TLR-4
stimulations and normalized by Nod2 activation by MDP
(Figure 3A).34 In an inflammatory context, excessive levels
of TNF-a and IFN-g are reported to increase the intestinal
paracellular permeability involving an enhanced long
myosin light-chain kinase (MLCK) expression and activity.35

MLCK overexpression induced by TNF-a and IFN-g is
mediated by an increased expression of the TNF receptor
(TNF-R) 2 receptor, triggering an induction of the NF-kB
pathway35 (Figure 2A). TNF-a, through the TNF-R1 receptor,
have been shown recently to also increase NOD2 expres-
sion.35 Then, activation of NOD2 by MDP is able to suppress
the overexpression of MLCK (Figure 2A).35 Together these
data show a main role for NOD2 in enterocytes cells, to
maintain the intestinal homeostasis by modulating secretion
of AMPs, chemokines, and the paracellular permeability. This
beneficial impact of NOD2 is lost in CD-linked gene muta-
tions, which can impair the enterocyte homeostasis and favor
the development and/or relapses of CD.

Goblet Cells
Goblet cells, the second most numerous cells of the in-

testinal mucosa, are mainly involved in the production of
the mucus layer (Figure 2B). This layer is composed of a
dense, firmly attached inner layer and a removable outer
layer overlying the epithelium. It promotes the elimination
of gut contents and provides defense against injuries caused
by ingested food, toxic particles, and microbes. Most of the
commensal bacteria are trapped in the outer layer and then
eliminated by peristaltic movements.36 The major compo-
nents of the mucus layer are secreted glycoprotein mucins
forming a gel at the surface of the epithelial cells.37 In
addition to mucins, goblet cells synthesize AMPs such as
trefoil factors, resistin-like molecule b, and Fc fragment of
immunoglobulin G (IgG) binding protein.38 Synergism be-
tween mucins and AMPs is required to maintain the ho-
meostasis of the mucus layer.37,39 For example, trefoil factor
3 synergizes with secreted mucin 2 to enhance the protec-
tive properties of the mucus layer by increasing its viscos-
ity.40 Resistin-like molecule b is known to increase the
expression of some mucins.41 Recently, reduced mRNA
mucin 2 (Muc2) expression as well as diminished numbers
of Muc2-positive cells and goblet cells per villi were
described in the small intestine of Nod2KO mice
(Figure 2B).12 Furthermore, Nod2KO mice show fewer mucin
granules per goblet cell, and many of these granules showed
an abnormal fused appearance that was barely detected in
wild-type (WT) mice (Figure 2B).12 By using chimeric mice
for Nod2 expression, it has been shown that Nod2 deficiency
in the hematopoietic compartment is sufficient to reduce the
goblet cell number per villi.12 These goblet cell abnormal-
ities are dependent on the expansion of Bacteroides vulga-
tus, a common member of the gut microbiota, exacerbating
the proinflammatory status of the intestinal mucosa of
Nod2KO mice.12 However, the reduced mRNA and protein
expression of Muc2 as well as the goblet cell numbers in the
small intestine of Nod2KO mice were not observed in other
studies.42,43 This could be explained by an absence of B
vulgatus.42,43 Nevertheless, although mRNA expression of
Muc2 is similar between WT and Nod2KO mice, a reduced
goblet cell number has been observed in colonic mucosa of
Nod2KO mice.42 In addition, mRNA and protein expressions
of Muc2 are not altered in chimeric mice that do not express
Nod2 in their hematopoietic compartments.43 Finally,
treatment with either Nod1 or Nod2 agonist did not modify
the number of periodic acid–Schiff–stained goblet cells and
Muc2-expressing cells at the colonic level in WT mice.44

However, simultaneous treatment of WT mice with Nod1
and Nod2 agonists increase the number of goblet cells.44

Moreover, Nod1 and 2 agonists up-regulate the b1,3-N-
acetylglucosaminyltransferase, an important enzyme
involved in the synthesis of mucin 2.44

In conclusion, these data support a role for Nod2 in
goblet cells to maintain intestinal homeostasis by modu-
lating mucin secretion. This beneficial impact of Nod2 is
lost in case of deletion, which could impair the mucus
homeostasis and favor the development and/or relapse
of CD.

Paneth Cells
Paneth cells are secretory epithelial cells that reside at

the base of the small intestinal crypts, in close proximity to
intestinal stem cells (Figure 2C). These cells express a
collection of antimicrobial substances, stored in cytoplasmic
granules, which are released into the crypt lumen,45 and
they also secrete molecules for the stem cell environment.
Paneth cells, by secreting AMPs, are key players of the



Figure 2. Role of Nod2 in the homeostasis of the main cell types of the intestinal epithelium. (A) Enterocytes. Intestinal
enterocyte cells express NOD2 and its expression is up-regulated by inflammatory cytokines. In response to MDP, intestinal
epithelial cells synthesize AMPs, controlling the growth of pathogenic bacteria. This AMP secretion is lost in case of NOD2
mutation or deficiency. MDP stimulation also is able to induce the secretion of CXCL-8 to recruit neutrophil cells. Nod2
stimulation blocks the apoptosis induced by TLR-4 and the increased paracellular permeability induced by TLR-2, TLR-4, or by
TNF-a and IFN-g. (B) Goblet cells. A reduced mucin 2 expression as well as a diminished number of goblet cells have been
described in the small intestine of Nod2KO mice. Nod2KO mice also showed fewer mucin granules per goblet cell than in WT
mice. (C) Paneth cells. They express NOD2, and NOD2 expression is up-regulated in Paneth cells of CD patients. In these cells,
NOD2 activation by MDP enhances the expression of a-human defensin-5 and -6 through induction of the NF-kB pathway. (D)
Intestinal stem cells. In the gut, Lgr5þ stem cells strongly expressed Nod2. NOD2 stimulation by MDP promotes colonic
epithelial cell growth and protection against apoptosis. NOD2 depletion results in a reduced ability to grow cells and increased
levels of apoptosis by conferring cytoprotection against oxidative stress–mediated cell death. CCL20, Chemokine (C-C motif)
ligand 20; CXCL-8, C-X-C motif chemokine ligand 8; DMBT-1, deleted in malignant brain tumors 1; GALNT2, Polypeptide
N-Acetylgalactosaminyltransferase 2; HNP-1, Human Neutrophil peptide-1; Lyz, lysosome; ROS, reactive oxygen species.
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innate mucosal immunity to maintain the intestinal ho-
meostasis between a host and its colonizing microbes.46 In
human Paneth cells, the most expressed AMPs are as fol-
lows: a-defensin 5 and 6 (human defensin [HD]5 and HD6),
lysozyme, and the secretory phospholipase A2.45 These
AMPs have not only an antibacterial function against gram-
positive and gram-negative bacteria, but also show antimi-
crobial activity against viruses, fungi, and protozoa.46,47

Given their important involvement within the intestinal
crypts, several studies have linked defective Paneth cells to
CD pathogenesis. Expression of a-defensins has been shown
to be diminished in CD patients, correlating with altered gut
microbiota.48 Furthermore, CD patients with ATG16L1 mu-
tations show abnormal Paneth cell morphology character-
ized by malformed disordered granules.49 Mice carrying this
mutation and mice expressing hypomorphic Atg16l1 alleles
have similar malformed disordered granules in Paneth cells,
which is associated with an increased risk of intestinal
inflammation.50 Finally, it recently was shown that endo-
plasmic reticulum stress exacerbated by autophagy
dysfunction, more specifically within Paneth cells, initiates
gut inflammation.51



Figure 3. Mechanisms by which Nod2, in epithelial cells, participates in the development of inflammation and
inflammatory-associated carcinogenesis. (A) Nod2 deficiency or mutations have been described to alter gut epithelial
permeability, AMP, and mucin expression; to increase CD4 T cells expressing proinflammatory cytokines; and to induce a
microbial dysbiosis favoring the development of inflammation and CRC. Antibiotics suppressed the excessive permeability
and the alteration of the immune compartment of Nod2KO mice. (B) Transfer of gut microbiota dysbiosis linked to Nod2
deficiency to WT mice alters the expression of both AMPs and mucins secreted by epithelial cells and increases colitis and
colorectal cancer susceptibility. Transfer of bone marrow stem cells show that Nod2 expression in the hematopoietic
compartment increases CD4 T cells and regulates gut epithelial permeability. However, bone marrow transfer does not change
the gut microbiota, showing that Nod2 expression in the immune system plays a pivotal role in the regulation of colitis,
independently of microbiota composition. (C) This notion was highlighted recently by the study by Udden et al,77 reporting the
development of colonic inflammation and linked colorectal carcinogenesis in Nod2KO mice independently of gut microbiota
dysbiosis but resulting from an absence of TLR down-regulation by Nod2.
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NOD2 gene mutations initially described to affect Paneth
cell function are strongly linked to CD.52 Paneth cells actu-
ally express NOD2, and this expression is up-regulated in CD
patients.24 Moreover, exposure of isolated intestinal crypts
to MDP induced a release of granules from Paneth cells into
the crypt lumen.53 Likewise, Nod2 stimulation has been
reported to play a role in lysozyme secretion by Paneth cells
within the crypt via the Receptor-interacting serine/threo-
nine-protein kinase 2 pathway.54,55 Thus, because CD mu-
tations in the NOD2 gene result in defective sensing of MDP,
the Nod2–Paneth cell axis is thought to play a role in CD
pathogenesis. Indeed, Stappenbeck’s laboratory has shown
that the proportion of abnormal Paneth cells (with disor-
dered, diminished, diffuse, or excluded granule phenotypes)
is associated with the number of CD-associated NOD2 risk
alleles.56 Thus, the number of disordered and diminished
granules containing lysozyme are strongly increased in
Paneth cells from CD patients carrying at least 2 NOD2
mutations.56 Moreover, the cumulative number of NOD2 and
ATG16L1 risk alleles had an additive effect on the propor-
tion of abnormal Paneth cells.56 However, although muta-
tions in NOD2 are highly correlated with the incidence of
CD,6 Simms et al57 reported that the reduced expression of
a-defensins in the ileum of CD patients appeared to be
related to the inflammatory status of the mucosa, but not to
NOD2 polymorphisms. Similarly, although initial studies
established a link between Nod2 deficiency and reduced
secretion of a-defensins by Paneth cells,18,52,58 recent data
clearly have shown that small intestines from Nod2KO mice
do not present a default in defensin expression in Paneth
cells.42,43,59–61 In contrast, a reduced expression of secretory
phospholipase A2 from intestinal epithelial cells has been
described in the context of Nod2 deficiency in the non-
hematopoietic compartment.35 Organoids from small intes-
tine of Nod2KO mice also are not impaired in a-defensin
expression or antibacterial activity.61 Likewise, stimulation
of murine miniguts with bacterial products, including MDP,
does not induce the secretion of granules from Paneth
cells.62 In a new in vitro model of Paneth cells, using Caco-2
cells (human colonic carcinoma) treated with fibroblast
growth factor 9, Tan et al63 investigated the role of NOD2 in
the synthesis of a-defensins. During the differentiation
period (treatment with fibroblast growth factor 9), MDP
stimulation reduced the expression of HD5 and HD6, while
in differentiated Paneth cells, MDP treatment increased the
expression of HD5 and HD6 through induction of the NF-kB
pathway.63

In conclusion, no report clearly has shown that in Paneth
cells either NOD2 mutations or deletions are linked to
reduced a-defensin expression of Paneth cells, or that MDP
is able to stimulate a-defensin release. Our opinion is that
altered expression of a-defensins in CD patients is
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independent of NOD2 mutations, and that MDP stimulation
is unable to trigger the secretion of a-defensins. However,
recent studies have shown that Nod2 might control other
functions in Paneth cells. For example, on one hand, mRNA
expression of IL23 by Paneth cells is up-regulated by MDP
stimulation,64 while on the other hand, this increased
expression is decreased in Paneth cells from Nod2KO mice.64

Similarly, in mice carrying a Nod2 deletion in Paneth cells,
treated with an anti-CD3 antibody to induce small intestinal
inflammation, an increased number of apoptotic epithelial
cells and higher expression of TNF-a and IL22 were
observed.65 Thus, although NOD2 involvement in a-defensin
expression in Paneth cells remains debated, its involvement
in IL23 secretion by Paneth cells is clearly shown. However,
no study has reported a possible role of NOD2 in the stem
cell nursing function of the Paneth cells.
Intestinal Stem Cells
Intestinal stem cell progeny undergo lineage differentia-

tion into the different intestinal epithelial cell types
(Figure 2D). To achieve this, stem cells must divide to give rise
to a daughter stem cell and a committed daughter cell, which
will differentiate toward a fully differentiated epithelial cell.
Two types of intestinal cells with stem cell–like properties
have been identified in the intestinal crypts: the crypt-based
columnar cells66 and the þ4 label-retaining cells.66 Markers
used to identify these stem cells are Lgr5þ for crypt-based
columnar cells66 and Bmi1 for þ4 label-retaining cells.67

The intestinal crypt is a site of interactions between micro-
biota products, stem cells, and other cell types found in this
niche such as Paneth cells, and thus offers a potential for
commensal microbes to influence the host epithelium. In the
colonic mucosa, the highest levels of NOD2 expression were
detected in proliferating crypt epithelial cells (Figure 2D).68

In vitro, NOD2 stimulation by MDP promotes colonic epithe-
lial cell (CEC) growth, although this growth is impaired inCECs
from Nod2KO mice (Figure 2D).68 In vivo, CEC proliferation
also is reduced and apoptosis is increased in the intestinal
epithelium from Nod2KO mice (Figure 2D).68 Similarly, deple-
tion of NOD2 expression in human colonic carcinoma results
in decreased survival owing to an increased level of
apoptosis.68 These data were confirmed only partially by a
recent study showing that the number of Ki67-positive cells
was reduced in the intestine, but not in the colon, of Nod2KO

mice compared with WT mice.25 Currently, the high Nod2
expression in Lgr5þ stem cells was confirmed by Nigro
et al11 (Figure 2D). Nod2 stimulation by MDP also has been
described to promote stem cell survival.11 Indeed, Nod2
stimulation promotes a strong cytoprotection against
oxidative stress-mediated cell death (Figure 2D).11 Thus, gut
epithelial restitution is Nod2-dependent and triggered by
the presence of microbiota-derived molecules. Taken
together, these data show that Nod2 affords stem cell pro-
tection and links microbes to gut epithelial regeneration.
Thus, under NOD2 mutations, the lack of NOD2 stimulation
byMDP could play a pivotal role in the altered renewal of the
intestinal mucosa.
Involvement of Nod2 Epithelial
Expression in Initiation or Chronicity of
Intestinal Inflammation and its
Associated Carcinogenesis

The constant exposure of the intestinal tissue to gut
microorganisms maintains the mucosa in a state of physio-
logical inflammation, which balances tolerogenic and
proinflammatory-type responses to maintain homeostasis.
Since the discovery of the association between NOD2 poly-
morphisms and diseases susceptibilities (CD, CRC, and
others), studies have investigated the impact of NOD2
deletion or mutation on the homeostasis of the intestinal
mucosa, as well as the development of the inflammatory
process and the associated carcinogenesis.69–72 Thus, Nod2
deficiency or mutation in all cell types of mice have been
described to alter the major elements forming the intestinal
barrier function, including microbiota,5,73 the mucus layer43

including AMPs,18,43 and the sealing of the intestinal
epithelium74 favoring the development of inflamma-
tion,69,71,74 and CRC (Figure 3A).69 However, recent studies
using bone marrow transplantation or specific deletion of
Nod2 in epithelial or immune cells allowed us to understand
the specific role of Nod2 in each cell type (Figure 3A and B).
Over the past decade, increasing evidence has allowed
consideration of different molecular and cellular mecha-
nisms involved in Nod2 control of intestinal homeostasis.

Role of Nod2 in the Hematopoietic Compartment
In 2010, using bone marrow chimeras in an experi-

mental trinitrobenzene sulfonic acid (TNBS) colitis model,
Penack et al9 observed that Nod2 deficiency in hematopoi-
etic cells results in increased intestinal inflammation.
Furthermore, they showed that Nod2 regulates graft-versus-
host disease development through its inhibitory effect on
host antigen-presenting cell function.9 Likewise, transfer of
bone marrow hematopoietic cells that express Nod2 to
Nod2KO mice reduce the paracellular permeability in Peyer’s
patches (PPs) and ileum linked to Nod2 deficiency in the
epithelial compartment.43 Reciprocally, transfer of bone
marrow cells that do not express Nod2 to WT mice
increased the paracellular permeability in PPs and ileum
expressing Nod2.16,43 However, transfer of bone marrow
cells expressing Nod2 to Nod2KO mice (or inversely Nod2KO

to WT mice) did not modify the expression of mucin and
antimicrobial peptides, or the composition of gut micro-
biota.43 Similar conclusions have been obtained in chimera
axenic mice reconstituted with normal microbiota, or
microbiota from gut dysbiosis linked to Nod2 deficiency.43

Finally, the deficiency of Nod2 in hematopoietic cells is
enough to reproduce all the immune alterations observed in
PPs of full Nod2KO mice.43 Taken together, these data sup-
port that Nod2 in hematopoietic cells controls the homeo-
stasis of the gut-associated lymphoid tissue as well as the
permeability of the intestinal epithelium, and the increased
susceptibility of the gut mucosa to develop inflammation
(Figure 3A and B).
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Role of Nod2 in the Nonhematopoietic
Compartment

By using bone marrow chimeras in an experimental
TNBS colitis model, it was shown that Nod2 deficiency in
nonhematopoietic cells does not modify colitis severity.9

Similarly, Nod2 deficiency in nonhematopoietic cells does
not alter the homeostasis of the gut-associated lymphoid
tissue as well as the paracellular permeability of the ileum
and the follicle-associated epithelium.16,43 In contrast,
Nod2 deficiency in nonhematopoietic cells is sufficient to
alter the expression of mucins and antimicrobial peptides
and the associated gut microbiota.43 Thus, these data
support that Nod2 in nonhematopoietic cells controls the
homeostasis of mucins and antimicrobial peptide expres-
sion and the associated gut microbiota. As discussed
earlier, other studies did not support a role of Nod2 in the
regulation of mucins and AMP expression in nonchimeric
mice models. However, given that Nod2 deletion leads to
bacterial dysbiosis, and that this bacterial dysbiosis alters
the secretion of mucins and AMP by epithelial cells, it re-
mains important to consider the impact of bacterial dys-
biosis and the intrinsic role of Nod2 on epithelial function.
Thus, as we have shown recently, gut microbiota dysbiosis
linked to Nod2 deficiency is dominant and transmissible
into WT mice, altering the epithelial expression of some
mucins and AMP.42 In conclusion, Nod2 in non-
hematopoietic cells and/or the associated gut microbiota
dysbiosis controls the expressions of mucins and antimi-
crobial peptides from epithelial cells.
Impact of Nod2-Deficiency–Mediated Intestinal
Homeostasis

The increase of paracellular permeability in Nod2KO mice
is abolished after antibiotic exposure, highlighting the role
of microbiota in the regulation of epithelial barrier function
(Figure 3A).34 Changes in intestinal microbial composition
have been observed in Nod2KO mice. Although this dysbiosis
was associated with an alteration of mucins and AMP
expression in Nod2 deficiency in nonhematopoietic cells, it
was not the case in hematopoietic lineages.43,69,73,75

Furthermore, transmission of bacterial dysbiosis linked to
Nod2 deficiency to WT mice alters mucins and AMP ex-
pressions without altered permeability and homeostasis of
the gut-associated lymphoid follicle (Figure 3A and B).42

Similarly, the susceptibility of colitis and associated
epithelial dysplasia induced by DSS in Nod2KO or Rip2KO

mice is dependent on the microbiota dysbiosis, which is
transmissible through the microbiota to WT mice (Figure 3A
and B).69 Given that gut epithelial restitution is Nod2
dependent and triggered by the presence of microbiota-
derived molecules, it is plausible that enhanced epithelial
dysplasia in Nod2KO mice is linked to survival and regen-
eration of stem cells.11 An acceptable rationale to explain
these findings may involve an imbalance between proin-
flammatory and anti-inflammatory cytokines, leading to the
loss of autophagy and apoptosis stimuli. This eventually
could induce an increased risk of infection, chronic inflam-
mation, and cancer. Nevertheless, microbial composition
may play an important role in the determination of colitis or
colitis-associated cancer susceptibility. Indeed, Amendola
et al76 found that Nod2 deficiency was associated with
decreased TNBS-induced colitis. This colitis is associated
with gut dysbiosis, resulting in the development of a
microbiome supporting the development of regulatory cells
that suppressed inflammation in these mice. However, it
should be noted that this study was the only one showing
that Nod2 deficiency does not increase colitis susceptibility
in an animal model.76

In contrast with the fact that gut microbiota dysbiosis is
linked to Nod2 deficiency and is a key element in the
development of colonic inflammation and its linked colo-
rectal carcinogenesis, it recently was shown that Nod2KO

mice are highly susceptible to experimental colorectal
tumorigenesis independently of gut microbiota dysbiosis
(Figure 3C).77 Thus, the relationship of Nod2-
deficiency–associated dysbiosis and colitis is more ambig-
uous and complex. However, this study was performed in
full Nod2KO mice, and whether the high susceptibility to
develop inflammation and tumorigenesis was mediated by
Nod2 deficiency in hematopoietic and/or nonhematopoietic
compartments remains unclear. Nevertheless, expression of
inflammatory genes and activation of inflammatory path-
ways, including NF-kB, extracellular signal–regulated kinase,
and signal transducer and activator of transcription 3, are
up-regulated in colons from Nod2KO mice during colitis and
colorectal tumorigenesis.77 Consistent with increased
inflammation, a greater proliferation of epithelial cells is
found in hyperplastic regions of colon from Nod2KO mice.77

Exploring the role of Nod2 in the regulation of intestinal
homeostasis, in vitro studies performed on bone
marrow–derived macrophages from WT and Nod2KO mice
showed that although NOD2 activates the NF-kB and MAPK
pathways in response to MDP, it inhibited TLR-mediated
activation of NF-kB and MAPK.77 Moreover, NOD2-
mediated down-regulation of NF-kB and MAPK was associ-
ated with the induction of interferon regulatory factor 4
(IRF4).71,77 Furthermore, NOD2 deficiency, leading to
increased tumorigenesis, can be attributed to failure of
NOD2 immunoregulation via IRF4.77 On the other hand, it is
interesting to note that NOD2-induced activation of IRF4 has
effects outside of the mucosal immune system because it
can regulate insulin resistance and obesity.78

Thus, NOD2 plays a critical role in the suppression of
inflammation and tumorigenesis in the colon via down-
regulation of the TLR signaling pathways as shown for
inflammatory cytokine production,71 intestinal perme-
ability,34 and response to some pathogenic bacteria.17,79

Indeed, NOD2 is known to mostly regulate TLR-2, TLR-3,
and TLR-4 responses.70,80,81 Administration of MDP induced
a reduced TLR response in mice carrying a normal NOD2
transgene compared with mice carrying a NOD2 transgene
with a CD-associated frameshift abnormality.70,71

Role of Nod2 on Cancer Development
Given the role of Nod2 on mucosal homeostasis and in

shaping microbiota composition, recent studies have shown
that deficient NOD2 function confers an increased risk of
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inflammatory bowel disease and CRC. Not surprisingly,
many population-based studies have attempted to explore
the association of NOD2 mutations with the pathogenesis of
CRC (see Branquinho et al82). To date, most studies
addressing NOD2 polymorphisms and CRC essentially rely
on a specific country or region. However, considering that
NOD2 polymorphism incidence shows a significant
geographic variability, and that genome-wide association
studies often recur to samples from diverse countries, the
effect of these polymorphisms in a specific population may
go unnoticed.8,83 In 2004, Kurzawski et al7 reported an as-
sociation of the Nod2 frameshift mutation - rs2066847 insC
(3020insC) with the risk of CRC. This observation later was
supported by other clinical studies.84,85 Similar to a NOD2
frameshift mutation, 2 other missense mutations rs2066845
C/G (G908R) and rs2066844 C/T (R702W) also have been
associated with CRC susceptibility.83–88 Recently, 2 meta-
analyses suggested that polymorphisms in NOD2 are
linked with CRC.8,83 Finally, Yazdanyar and Nordestgaard86

showed that only patients carrying 2 NOD2 mutations pre-
sent a risk of gastrointestinal cancer. However, other studies
have failed to identify an increased susceptibility to CRC for
these mutations.89–94 Thus, the findings concerning the as-
sociation between NOD2 variants and the risk of CRC show a
discrepancy among different cohorts (ie, Finnish, German,
Greek, Hungarian, New Zealand, and Polish CRC
patients).7,84,87,89–91 Moreover, the frequency of these vari-
ants also varies among different populations (ie, between
Europeans and Asians).95 Therefore, it is very likely that
reports of a modest genetic association may be the result of
a bias owing to the human cohorts used in the reports, as
found for the majority of candidate gene studies before the
genome-wide association study era.8,83 Thus, for an
adequate analysis, one has to keep in mind the geographic
variability, the source of control, and that NOD2 poly-
morphisms present different prevalences depending on the
studied populations. These reasons may explain why the
routine detection of NOD2 mutations remains weakly used
in the management of CRC patients despite the availability
of a simple and cost-effective genetic screening of CRC that
includes Nod296 and that the 3020insC NOD2 mutation has
been associated with a differential adjuvant chemotherapy
response in CRC patient treatment.85

Experimental evidence supports the role of NOD2 in CRC
pathogenesis. However, the mechanistic understanding of
the functional role of NOD2 in carcinogenesis remains un-
clear. Couturier-Maillard et al69 showed that microbial
dysbiosis linked to Nod2 deficiency can increase colitis-
associated cancer susceptibility. Indeed, Nod2KO mice
showed an increased tumor load in the distal colon
compared with WT animals.69 Interestingly, this suscepti-
bility was shown to be transmittable to WT animals by co-
housing them with the Nod2KO mice, highlighting a role of
bacterial dysbiosis linked to Nod2 deficiency in CRC suc-
septibility.69 An acceptable rationale to these findings may
involve an imbalance between proinflammatory and anti-
inflammatory cytokines and the loss of autophagy and
apoptosis stimuli.97,98 This eventually could lead to an
increased risk of infection and/or chronic inflammation,
promoting cancer development. However, a study by Udden
et al77 reported that inflammation and tumorigenesis can be
associated with Nod2 deficiency in the absence of dysbiosis.
Finally, another study reported that vitamin D supplemen-
tation reduces colitis severity and decreases the number of
inflammation-associated colorectal tumors independently of
Nod2.99 Thus, given the discrepancy of the literature
regarding the involvement, or not, of the microbiota dys-
biosis linked to Nod2 deficiency in the development of
neoplastic lesions in Nod2KO mice, we cannot clearly state
that it is involved in cancer development.

In conclusion, studies presented in this review highlight
the pivotal role played by Nod2 in the homeostasis of the
main epithelial cells of the intestinal epithelium, control-
ling the physiological status of the digestive tract mucosa.
In case of Nod2 malfunctioning, the homeostasis of the
intestinal barrier function is disrupted, favoring the
development of gut microbiota dysbiosis, leading to higher
susceptibility to inflammation and colorectal cancer
development.
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