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Abstract

A disintegrin and metalloproteinases (ADAMs) are a family of cell surface proteases that regulate
diverse cellular functions, including cell adhesion, migration, cellular signaling, and proteolysis.
Proteolytically active ADAMSs are responsible for ectodomain shedding of membrane-associated
proteins. ADAMs rapidly modulate key cell signaling pathways in response to changes in the
extracellular environment (e.g., inflammation) and play a central role in coordinating intercellular
communication within the local microenvironment. ADAM10 and ADAM17 are the most studied
members of the ADAM family in the gastrointestinal tract. ADAMSs regulate many cellular
processes associated with intestinal development, cell fate specification, and the maintenance of
intestinal stem cell/progenitor populations. Several signaling pathway molecules that undergo
ectodomain shedding by ADAMs [e.g., ligands and receptors from epidermal growth factor
receptor (EGFR)/ErbB and tumor necrosis factor a (TNFa) receptor (TNFR) families] help drive
and control intestinal inflammation and injury/repair responses. Dysregulation of these processes
through aberrant ADAM expression or sustained ADAM activity is linked to chronic
inflammation, inflammation-associated cancer, and tumorigenesis.
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INTRODUCTION

A disintegrin and metalloproteinases (ADAMSs) are a family of multidomain transmembrane

proteins with functions in cell adhesion, migration, cellular signaling, and proteolysis.
Proteolytically active ADAMs cleave extracellular domains from type | and type Il
transmembrane proteins and some glycosylphosphatidylinositol-anchored proteins in a
process known as ectodomain shedding. This cleavage event represents an irreversible

posttranslational protein modification that defines a protein’s function. ADAM substrates are

DISCLOSURE STATEMENT
The authors are not aware of any affiliations, memberships, funding, or financial holdings that might be perceived as affecting the
objectivity of this review.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Jones et al.

Page 2

diverse and include growth factors, cytokines and chemokines, their receptors, cell adhesion
molecules, and proteins of the extracellular matrix. For several ADAM substrates,
ectodomain shedding is also an initiating and rate-limiting step for sequential cleavage
events. This process is called regulated intramembrane proteolysis (RIP) and releases
intracellular domains that translocate to the nucleus and regulate gene transcription. The
best-studied example of RIP is the sequential processing of Notch receptors, in which
ADAMLI0 is the a-secretase responsible for S2 cleavage and release of the Notch receptor
ectodomain. ADAMs are also involved in signaling events associated with IL-6 trans-
signaling and exosomes (1-6).

ADAM s can rapidly modulate key cell signaling pathways in response to changes in their
extracellular environment. They may act as cellular sensors, providing a mechanism for cells
to respond quickly and generate the appropriate responses to different environmental stimuli
(e.g., inflammation or cellular stress). ADAM10, ADAM17, and many other ADAMs are
ubiquitously expressed in the gastrointestinal tract, which allows different ADAMs to
regulate and coordinate cellular communication between different cell types. For example,
ADAM-mediated shedding events are thought to be involved in signaling cross talk between
intestinal epithelial cells (IECs) and stromal cells in the lamina propria of the gastrointestinal
tract. ADAM signaling is fundamental for regulating many cellular processes during
intestinal development and homeostasis. Dysregulation of these processes is linked to
pathological states, including inflammation and cancer. Analysis of ADAM loss-of-function
mouse models has contributed to our initial understanding of the role of ADAMs in these
events. This review provides an overview of our current knowledge of proteolytically active
ADAMs within the gastrointestinal tract. Given the many potential substrates for ADAMs,
only those with direct links to observed phenotypes in gastrointestinal pathophysiology are
discussed. Several excellent ADAM reviews provide more detailed descriptions of ADAM
biology, activity, and substrate specificity (1-6).

PROTEOLYTICALLY ACTIVE ADAMs

ADAMs: Domain Structure and Biosynthesis

ADAMs belong to the adamalysin subfamily of metzincin metalloproteinases, which
includes the snake venom metalloproteinases and ADAMSs containing thrombospondin
motifs (ADAMTSS) (1, 2, 7). The ADAM family of type | transmembrane proteins is
defined by a distinct modular structure, distinguishing them from other adamalysins (Figure
14). In humans, 22 functional ADAMs have been identified, but only 12 of these family
members have proteolytic activity (ADAMS, 9, 10, 12, 15, 17, 19, 20, 21, 28, 30, and 33).
The functional roles of mammalian proteolytically active ADAMs are reflected, in part, by
their relative amino acid sequence homology (Figure 15) and by their tissue distribution. In
the gastrointestinal tract, the ubiquitously expressed ADAMs, especially ADAM10 and 17,
are the most biologically relevant; however, the expression of other broadly distributed
ADAMs can be upregulated or misexpressed in disease states including inflammation and
cancer.

The ADAM domain structure includes a prodomain, a metalloproteinase domain, a
disintegrin domain, a cysteine-rich domain, an EGF-like (or membrane-proximal) domain, a
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transmembrane domain, and a cytoplasmic domain. Each domain has distinct functions,
briefly summarized in Figure 1c. The biosynthesis, trafficking, and posttranslational
modifications of ADAMSs through the secretory pathway are highly regulated events that can
impact the production and activity of mature proteolytically active ADAMs on multiple
levels. In particular, the metalloproteinase domain of catalytically active ADAMSs contains a
conserved active site sequence within a globular structure, which, together with the
disintegrin and cysteine-rich domains, forms a C-shaped structure. The hypervariable region
of the cysteine-rich domain is juxtaposed and in close contact with the catalytic site of the
metalloproteinase domain (1, 2). Recent studies have demonstrated that the hypervariable
region is important for substrate recognition and the regulation of catalytic activity. The
extensive molecular surface of this region may be involved in controlling other protein-
protein interactions important for ADAM activity. Investigations into the regulation of
ADAM activity are ongoing.

As type | transmembrane proteins, ADAMSs contain an N-terminal signal sequence that
directs newly synthesized protein into the endoplasmic reticulum (ER);maturation in the
Golgi apparatus follows. Recently, researchers discovered that ER resident proteins iRhom1
and iRhom2 regulate the trafficking of immature ADAM17 [also termed TNFa-converting
enzyme (TACE)] from the ER into the Golgi apparatus (8-11). iRhom loss of function
inhibits the maturation of ADAM17, blocking its proteolytic activity. This iRhom-dependent
mechanism of regulated ER trafficking appears specific to ADAM17. In the gastrointestinal
tract, ADAML17 activity is probably regulated by different iRhom isoforms in a cell context—
dependent manner (12). Interestingly, ADAM10 contains other ER-retention and basolateral
sorting signals within its cytoplasmic domain, and the protein was recently shown to interact
with specific TspanC8 proteins that regulate its trafficking and maturation (13-15).

Proteolytically Active ADAMs: Mechanisms of Action

For cell surface molecules susceptible to ADAM-mediated processing, the extracellular
domain of the molecule is cleaved at a site in close proximity to the outer face of the
transmembrane domain. The cleaved ectodomain is released into the extracellular
environment. The membrane-anchored remnant contains a short residual extracellular stalk
attached to the transmembrane and cytoplasmic domains, which is retained in the plasma
membrane. Most ADAM substrates are signaling molecules that act as growth factors,
cytokines/chemokines, receptors, and cell adhesion molecules. Ectodomain shedding not
only alters the cell surface fate of a candidate substrate but also, more importantly, directly
modulates cell function and signaling potential through juxtacrine, autocrine, and paracrine
pathways (Figure 24,5). Ectodomain shedding can also deplete signaling molecules, such as
receptors, from the plasma membrane and thereby reduce functional cell surface receptor
signaling. Soluble receptor ectodomains released from the surface of cells can also act as
decoy receptors (Figure 24,5). By contrast, ectodomain cleavage of the I1L-6 receptor (IL-6R)
produces soluble IL-6R (SIL-6R), which, in complex with IL-6, has agonistic properties.
This mode of IL-6/sIL-6R signaling has been termed IL-6 trans-signaling and mediates
proinflammatory responses (Figure 2¢) (16). Another important function of ADAM-
mediated ectodomain shedding is the regulation of cell adhesion molecules involved in
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homotypic (e.g., E-cadherin) and heterotypic (e.g., VCAM1) cell-cell interactions (Figure
24).

In addition to direct ectodomain-shedding events, ADAMSs play an important role in cell
surface ligand—induced cleavage events. The best-documented example of this is ADAM10-
mediated Notch signaling, in which Notch ligand, expressed on the sending cell, binds to a
Notch receptor on the receiving cell (Figure 2¢). Another variation on ligand-induced
shedding has been described in cell-based assays for Ephrin-Eph signaling. Upon Ephrin
ligand binding, a conformational change releases steric hindrance between ADAM10 and
the Eph receptor. This generates a new exosite interaction between the Eph/Ephrin complex
and permits ADAM10-mediated ephrin cleavage in frans (17, 18). Similar to ADAM10-
mediated Notch processing, this is a ligand-mediated conformational switch that provides
precise control of ADAM10 sheddase activity. ADAM10-mediated Notch signaling is also
the prototypic example for RIP (Figure 2¢). For most RIP substrates, ADAMs are the a-
secretases responsible for ectodomain processing and generation of small membrane-bound
remnants. These remnants are susceptible to intramembrane proteolysis by a y-secretase
complex or other signal peptide peptidase—like proteases. The released intracellular domain
may have signaling activity, but, for many ADAM substrates, the function of further
sequential processing is to promote the removal of membrane-anchored remnants from the
cell surface via endocytosis and lysosomal degradation (1, 2).

ADAM-mediated shedding events have also been reported in exosomes, providing a unique
mechanism for short- and long-range intercellular communication (Figure 27). Exosome
trafficking can alter ADAM substrate specificity, as reported for ADAM10-mediated
constitutive and stimulus-induced L1 and CD44 shedding (19). In addition, a recent analysis
of exosomes produced by TIMPless fibroblasts [fibroblasts lacking all four endogenous
tissue inhibitor of metalloproteinase ( 7/MP) genes] demonstrated that ADAM10-enriched
exosomes promote motility in cancer cells (20). Together, these studies suggest that ADAM-
mediated shedding events from exosomes may be an important intercellular signaling
pathway.

ADAMs: Substrate Specificity and Constitutive Versus Regulated Processing

Numerous type | and 11 transmembrane proteins are susceptible to proteolytic cleavage by
ADAM proteases. Because of the shallow cleavage pocket in the ADAM metalloproteinase
domain, no strong sequence homology has been observed in the substrate cleavage site; this
makes it difficult to predict ADAM substrate specificity. As outlined in Figure 2, a substrate
can be cleaved by one specific ADAM or several different ADAMs. In fact, ADAM
specificity depends on several parameters, including species differences and whether the
substrate undergoes constitutive or stimulated shedding. ADAM substrate specificity may
differ between normal developmental and physiological conditions and those observed in
different disease states. Loss-of-function studies have revealed ADAM redundancy, which
suggests a potential hierarchy in both ADAM usage and substrate selection. A recent
analysis of B cell-specific Adam10-deficient mice demonstrated that defects in secondary
lymphoid organ development result from a compensatory increase in AdamJ17 expression
and TNFa signaling (21). Thus, further analysis of ADAM specificity, redundancy, and
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compensation is required to fully understand the biological functions of different ADAMSs in
Vivo.

ADAM proteolytic activity can be regulated at the level of transcription, via alternative
splicing, and by posttranslational modification. In general, upregulation of Adam expression
is associated with increased ADAM activity. However, the most rapid and efficient way to
modulate ADAM proteolytic activity is at the protein level (1, 2, 4, 5). ADAM activity can
be regulated by various posttranslational modifications; examples include prodomain
cleavage, changes in disulfide bond formation of the ADAM extracellular domain associated
with protein disulfide isomerase interactions and altered redox environment, and
phosphorylation of the cytoplasmic domain. Autocatalysis and ADAM shedding by other
proteases, the regulation of ADAM dimerization/multimerization, interactions with
endogenous TIMPs, protein-protein interactions associated with ADAM intracellular
trafficking (e.g., tetraspanins and iRhoms), and substrate recognition/presentation all affect
ADAM activity (Figure 34) (1, 2, 4, 5).

Although mechanisms to maintain constitutive ADAM shedding are less defined, numerous
stimuli are reported to rapidly activate shedding in an ADAM-specific and cell type—
dependent manner. Many stimuli, such as reactive oxygen species (ROS), may act directly
on the ADAM’s extracellular domain to alter its proteolytic activity without involving the
cytoplasmic domain (22). Generally, stimulated ectodomain shedding provides a mechanism
for cells to rapidly respond to changes in their extracellular environment. In the case of
EGF-like ligands, stimulated ectodomain shedding rapidly enhances the production of
active, soluble ligand. This pulse of active ligand may achieve a functional signaling
threshold not obtainable under basal/constitutive shedding conditions (Figure 35). A major
challenge in the field is to accurately measure changes in the activity of a specific ADAM at
the level of individual cells and in different developmental and pathological states in vivo.

Inhibition of ADAM Activity

TIMPs are small endogenous protein inhibitors of ADAMs, ADAMTSs, and matrix
metalloproteinases. All four 7imp genes (7impl, -2, -3, and -4) encode small proteins that
contain an N-terminal inhibitory domain that binds to the active site of metalloproteinase
domains. TIMP3 can inhibit several ADAMs, although other TIMPs have more limited
inhibitory activity toward ADAMs (23). TIMP3 is a secreted protein that binds to the
extracellular matrix and is proposed to interact with a latent ADAM17 homodimer at the cell
surface (24, 25). Detailed analysis of 7imp3-deficient mice in lipopolysaccharide (LPS)-
induced sepsis, hepatectomy, and Fas-induced hepatitis models has clearly demonstrated that
TIMP3 is critical for regulating ADAM17 activity and limiting perturbations in TNFa
signaling; this role impacts immune responses in vivo (6). Using either small-molecule
inhibitors or recombinant prodomains, researchers have made extensive efforts to develop
specific ADAM inhibitors besides endogenous TIMPs (26). These efforts have had limited
success, however, because candidates’ poor inhibitor specificity and toxicity profiles have
reduced their therapeutic applicability (27-29).

More recent approaches have focused on using antibody phage display to generate
neutralizing antibodies to the ADAM extracellular domain (30, 31). The cross-domain and
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exosite specificity of the human monoclonal antibody ADAM17 inhibitor D1(A12) makes it
a potent and specific ADAM17 inhibitor. A similar antibody phage display approach has
been used to generate antibodies that bind and block substrate shedding. Neutralizing
antibodies specific to NOTCH1 and NOTCH2 have been used to study Notch signaling in
the crypt stem cell niche of the mouse small intestine (32—-34) and in mouse models of liver
cancer (35).

INTESTINAL DEVELOPMENT AND HOMEOSTASIS: A BRIEF OVERVIEW

The epithelium lining the gastrointestinal tract has multiple functions, including digestion,
nutrient absorption, barrier function, and immunity. The intestinal epithelium is organized
into proliferative crypts that undergo constant renewal to replenish differentiated cells along
the crypt-villus axis; this replenishment is required to maintain intestinal homeostasis and
tissue integrity. Many excellent reviews have recently been published on intestinal
development and stem cell homeostasis (36-41). Here, we briefly summarize aspects of
intestinal development, cell lineage specification, and intestinal stem niche homeostasis that
ADAM signaling events are predicted to affect.

The primitive mouse gut tube is established at embryonic day (E)9.5 and is composed of a
central lumen surrounded by pseudostratified, undifferentiated epithelium that progressively
increases in circumference. At E14.5, the epithelium undergoes a wave of cytodifferentiation
and villus morphogenesis, and, concurrently, intestinal stem cell (ISC)/progenitor cell
populations are restricted to intervillus zones. The Wnt and Notch signaling pathways have
essential roles in the proliferation and cytodifferentiation of the developing intestine.
Functional differentiation of the intestine continues postnatally with the appearance of
morphologically distinct Paneth cells at approximately postnatal day 7. The crypts become
monoclonal, and the crypt number expands to match the rapid growth of the intestine.
However, it is only after weaning that the intestine achieves full maturation (36-38, 40, 41).

Adult Intestinal Stem Cell Niche

In the adult small intestine, multipotent Lgr5* (Leu-rich repeat—containing G protein—
coupled receptor 5—-expressing) crypt base columnar stem cells (CBCs), located in the
bottom of the crypt, drive the replenishment of the epithelial cells lining the crypt-villus
axis. Multiple extracellular signaling pathways, including Wnt, Notch, Eph, BMP, and ErbB,
are important for maintaining and regulating the stem and progenitor compartments of the
stem cell niche (Figure 44). Importantly, Paneth cells, other epithelial cells, and stromal cells
within the lamina propria contribute essential signals to maintain the stem cell niche (Figure
45). Complex interactions between Wnt and Notch signaling are critical for ISC
maintenance, stem cell/progenitor proliferation, and cell lineage specification within the
crypt compartment. These signals are precisely integrated to maintain stem cell activity and
to regulate the differentiation required for intestinal homeostasis. Several lines of evidence
indicate that Notch signaling is active in multipotent ISCs (34, 42—44). Recent analysis of
intestine-specific deletion of Notch receptors shows that NOTCHZ1 is the primary receptor
regulating ISC function, but NOTCH1 and NOTCHZ2 regulate cell proliferation, cell fate
specification, and postinjury regeneration (45, 46). Additional Notch inhibitor studies have
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demonstrated that Notch directly targets Lgr5* CBCs and is required for stem cell
proliferation and survival in an Afoh1-independent manner (32, 34, 45).

In a separate signaling event, Notch controls cell fate decisions of short-lived, bipotent
transit-amplifying (TA) progenitors by regulating the key transcription factor Afoh (34, 47).
NOTCH1 and NOTCH2 receptors and DLL1 and DLL4 control these events (45, 46, 48).
Upon Notch activation, Afohl expression is repressed in progenitors, driving differentiation
toward the enterocyte lineage. In the absence of Notch signaling, progenitors express Afohl
and are fated to the secretory lineage. ATOH1 target genes, such as Gfi1, Spdef, and
Neurog3, are responsible for later specification events in the secretory lineage (Figure 4¢).
Some evidence suggests that goblet and Paneth cells belong to a shared lineage, but it is
unclear how multipotent secretory progenitors are allocated and how they give rise to major
secretory cell types (38, 41).

Intestinal Stem Cell Plasticity

Although Lgr5* CBCs are required for normal intestinal homeostasis, analysis of novel stem
cell markers and recent advances in lineage tracing suggest that, upon CBC injury/ablation,
other facultative or reserve stem cell populations within the crypt can restore the Lgr5* CBC
stem cell pool and repopulate the stem cell niche. The exact identity of these facultative stem
cell populations remains elusive, but secretory progenitors, including label-retaining Paneth
cell progenitors, DLL1* TA cells, and other +4 presumptive quiescent stem cell populations
(Bmil*, Lrigl*, Hopx™), are proposed to function in this role (38). Stem cell plasticity can
be explained, in part, by broadly permissive chromatin found in different stem cell/
progenitor cell populations (49), but the extracellular signals that regulate plasticity events
are poorly defined.

ADAMs AND THE GASTROINTESTINAL TRACT
ADAM10 Function and the Intestine

ADAMLI0 is expressed in all intestinal cell types, including epithelial cells, lamina propria
cells (pericryptal myofibroblasts, immune cells, and endothelial cells), smooth muscle cells,
and enteric neurons. During development, ADAM10 is robustly expressed in E13.5
epithelium prior to cytodifferentiation, which indicates that it may have other, undefined
role(s) in early versus late intestinal development (50). In the adult intestine, ADAM10 is
abundantly expressed on the basolateral cell surface of all IECs (50). Under normal
physiological conditions, ADAM10 specificity is therefore restricted to substrates expressed
on the basolateral cell surface and can only interact with the contents of the gut lumen when
barrier function is perturbed. As discussed below, the expression of ADAM10 in distinct
IEC populations within the crypt compartment (e.g., Lgr5* CBCs and TA progenitors) and
in all differentiated, postmitotic IECs suggests that ADAM10may have unique functions in
these different cell populations.
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Phenotypic analysis of global Adam10-deficient mice provided the first evidence that
ADAM10 is the a-secretase responsible for regulating Notch signaling. Specifically,
Adam10-deficient embryos die at E9.5 as a result of developmental defects in
somitogenesis, neurogenesis, and vasculogenesis; these features are similar to those
observed in Nofch-deficient mice (51). Data from conditional Adam10-deficient mice and
biochemical studies have confirmed that ADAM10 is required for ligand-induced Notch
activation in several different developmental settings (52-54). However, because global
Adam10-deficient mice die prior to intestinal development, our current understanding of the
role of ADAM10 in the developing and adult mouse intestine comes from analysis of
different IEC-specific Adam10-deficient mouse models (Table 1). Analysis of Villin-

Cre, Adam10 0X/flox mice (a model of constitutive ADAM10 inactivation in IECs that
begins at approximately E15) and tamoxifen-inducible Villin-CreER: Adam10 0x/floX mice
(a model that efficiently induces ADAM10 inactivation in adult IECs) has revealed that
ADAM10 deficiency in immature and adult IECs reduces viability, decreases proliferation,
and increases apoptosis; these effects lead to crypt degeneration. The conversion of the stem/
progenitor compartments into postmitotic secretory cell populations points to an essential
role of ADAM10 in regulating Notch and cell fate specification (50). In addition, decreased
expression of the Notch target genes HesZ and Heyl and a parallel increase in expression of
genes encoding transcription factors involved in secretory fate specification (Afohl, Gfil,
Spedef, Neurog3, and Sox9) was observed. Furthermore, lineage analysis using Atoh1-3cZ
reporter mice has revealed that stem cell/progenitor compartments in both the immature and
adult intestine are completely converted to postmitotic ATOH1* secretory cells. Genetic
complementation studies using the Notch gain-of-function allele Rosa26V/C demonstrate
that activated Notch can override Adam10 deficiency (50). This shows that Notch is the
dominant pathway regulated by ADAMZ10 in the developing and adult intestine.

Active Notch signaling is present in Lgr5* CBCs and is required for their maintenance (32,
34, 43-45, 55). Long-term lineage tracing of Adam1(-deficient 1ISCs, performed under
conditions of mosaic recombination in the Lgr5-EGFP-ires-CreER line or produced by
reduced tamoxifen dosing in the Villin-CreER line, has shown that Adam10-deficient ISCs
do not survive (50). However, activated Notch rescues Adam10-deficient ISCs and restores
their capacity to populate the crypt-villus axis. Growth failure and the downregulation of the
stem cell markers Lgr5and O/fm4in Adam10-deficient intestinal organoids is also rescued
by activated Notch (50). Thus, cell autonomous, ADAM10-mediated Notch signaling is
crucial for the survival and maintenance of Lgr5* CBCs. Overall, ADAM10 acts iteratively
to regulate Notch signaling associated with maintenance of Lgr5* CBCs in the stem cell
niche (Figure 54) and cell lineage specification within the TA compartment (Figure 56). No
other ADAM can compensate for the loss of ADAM10, which is required for Notch
signaling in development and normal adult crypt homeostasis (50).

ADAM10-Mediated Notch Signaling and Insights into Intestinal Stem Cell Plasticity

Following injury or ablation of Lgr5* CBCs, several reserve stem cell populations can
repopulate the Lgr5* stem cell compartment and reestablish intestinal homeostasis (38, 56—
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59). In an analogous manner, Adam10deletion in Lgr5* CBCs may lead to an imbalance
within the stem cell niche that promotes permissive signals for stem cell plasticity, in which
facultative stem cell populations can be mobilized to reestablish ISC homeostasis. Lineage
tracing has shown that, in the absence of Adam10-deficient Lgr5* CBCs, Notch signaling
competent stem cells have a competitive advantage in replenishing the ISC compartment.
Although the mechanism for this enhanced compensation has not been defined, it has been
proposed that the reexpression of activated Notch permits the immediate progeny of
Adami10-deficient Lgr5™ CBCs to revert to an undifferentiated stem cell phenotype capable
of fulfilling the function of facultative stem cells (50). This model is consistent with the
ability of secretory progenitors to revert to a stem cell state (56, 59). It will be interesting to
test whether this compensatory mechanism works in other models of ISC injury/ablation.
Recent lineage tracing experiments using Bmil-CreER: Adam10 0X/floX mice have revealed
that activated Notch can also rescue AdamI0-deficient Bmil* ISCs (60; Y-H. Tsai & P.J.
Dempsey, unpublished observation). In this case, activated Notch rescue occurred in a
stochastic manner, highlighting the functional differences in Cre-mediated Adam10
deficiency between Bmil™ cells and Lgr5" CBCs. Further studies are needed to dissect out
the precise roles of ADAM10-mediated Notch signaling associated with plasticity of the ISC
niche.

Other ADAM10 Substrates in Intestinal Homeostasis

ADAMLI0 is probably involved in proteolytic processing of substrates other than Notch in
the intestine, particularly in postmitotic IECs that do not possess functional Notch signaling.
However, the severe and dominant Notch loss-of-function phenotype observed in Adam10-
deficient mice has prevented direct analysis of other potential ADAM10 substrates in vivo.
Nonetheless, several ADAM10 substrates (e.g., E-cadherin, EPHRIN B1, and EGF)
implicated in crypt homeostasis have been identified with cell-based assays (Figure 5¢).
Previous experiments with global and conditional skin Adam10-deficient mice demonstrated
the importance of ADAM10-mediated E-cadherin cleavage in the regulation of cell-cell
adhesion, cell migration, and skin barrier function (54, 61, 62). A recent in vitro study
showed that EphB signaling can regulate the formation of E-cadherin—based adhesions in
polarized epithelial cells to control cell migration (63). A complex between ADAM10,
EPHB2, and E-cadherin is proposed to initiate E-cadherin shedding in frans at sites of EphB/
EPHRIN B1 interactions. In the crypt compartment, EphB signaling is also required for cell-
cell repulsive signals that restrict Paneth cells to the crypt base. Deficiency in either Eph2/3
or ephrin B1 leads to mislocalization of Paneth cells (Figure 4). A similar, but milder, Paneth
cell phenotype has been reported in mice constitutively expressing a mutant form of
ADAMLI0 that lacks the prodomain and metalloproteinase domain and is controlled by the
cryptdin-2 promoter (63). This is consistent with the results of in vitro experiments on other
Eph/Ephrin interactions, in which ADAM10 cleaves Ephrin ligand in #rans (17, 63).
However, in Paneth cells, constitutive loss of ADAM10, under the control of the a-
Defensin4 promoter-driven Cre line, does not result in a Paneth cell phenotype (Table 1) (P.J.
Dempsey, M. Rajala & M.J. Myers Jr., unpublished observation). This discrepancy
underscores the need for further investigation into ADAM10 signaling in postmitotic IECs in
vivo. Such studies will require novel cell type—specific promoters that allow selective gene
inactivation in different postmitotic cell types.

Annu Rev Physiol. Author manuscript; available in PMC 2016 June 29.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Jones et al. Page 10

ADAM17 and the Intestine

Like ADAM10, ADAML17 is ubiquitously expressed throughout the gastrointestinal tract.
However, the accumulation of immature ADAM17 in the ER, combined with the lack of
specific antibodies for mature ADAM17 (especially mouse ADAM17), makes it difficult to
study ADAM17 expression in vivo. One study has demonstrated that ADAMA17 is restricted
to the basolateral surface of polarized epithelial cells in human colon cancer cell lines and
normal human colonic mucosa (64). This suggests that ADAM17, like ADAM10, is
involved in selective signaling at the basolateral cell surface of IECs. In contrast to the
detailed information we possess about the cellular distribution of ADAM10, it is not known
how mature ADAM17 is distributed along the crypt-villus axis or whether epithelial cells
express different levels of ADAM17 to nonepithelial cell types in the lamina propria. These
questions await further investigation.

ADAM17 and Intestinal Development

ADAM17 was originally identified as the proteinase responsible for the ectodomain
processing of membrane-anchored TNFa to generate soluble TNFa (65, 66). The ability of
ADAML17 to regulate ectodomain processing of other substrates besides TNFa has been
clearly demonstrated: Global Adam1 7-deficient ( 7TaceA2"22m) mice display perinatal
lethality, whereas Tnfa-deficient mice and mice lacking 7nfr1/2are viable and fertile (67,
68). The developmental defects observed in 7aceA<AZ mice are characteristic of epidermal
growth factor receptor (Egff)-deficient (Egfr'~) mice (69-71). Defects in skin, heart, and
mammary gland development are directly attributable to the inability of these mutants to
process and activate specific EGFR ligands (72). Initial characterization of 7aceA<vAZn
mice, combined with genetic complementation studies using hypomorphic £gfr42 mice,
confirms that ADAML7 is a critical upstream regulator of EGFR signaling (72, 73). Thisis a
seminal observation in EGFR/ErbB biology, as it directly shows that many EGF-like ligand
precursors (e.g., TGFa) must undergo ectodomain shedding to achieve full biological
activity. Phenotypic variation and the timing of lethality in Egfr-deficient mice strongly
depend on strain background (74). Strain background also influences the timing of lethality
in 7aceAZVAZn mice; this finding emphasizes that phenotypes observed upon inactivation of
Adam17or other genes in the EGFR/ErbB signaling axis should be compared with
phenotypes in the same strain background (75).

Because of perinatal lethality (67, 76), a comprehensive analysis of the intestinal phenotype
of TaceA2"AZn mice on a mixed background has not been performed. The intestine from
E17.5 Tace?AZn embryos shows evidence of villus blunting and delayed epithelial
maturation. Interestingly, no overt colonic phenotype has been observed in adult 7aced<AZn
mice on a different (S129S3) background (76; P.J. Dempsey, unpublished observation)
(Table 2). This discrepancy is similar to the varying intestinal phenotypes reported in Egfr-
null mice with different strain backgrounds. For example, Egfr-deficient mice on a CD-1
background survive past weaning, and overall gut architecture appears normal (70).
However, Egfr-deficient mice on a mixed background display reduced postnatal viability and
amore variable intestinal phenotype, and some mice exhibit features of necrotizing
enterocolitis (71).
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ADAML1Y7 is also implicated in regulating TNFa signaling during development. Analysis of
TaceAZAZn mice and RAGI™~ recipients of 7ace2AZN hone marrow has demonstrated
that nonlymphocyte expression of ADAM17 is required for normal T cell development,
peripheral B cell maturation, and lymphoid organ structure formation (76). Impaired B cell
follicle organization and germinal center formation in secondary lymphoid organs, including
Peyer’s patches, indicates a loss of TNFa signaling. Phenotypically, this overlaps with 7nfa-
deficient mice and the developmental role of TNFa signaling in nonepithelial cells during
germinal center formation (68, 76).

Recently, two sibling pediatric patients lacking ADAM17 because of an autosomal recessive
mutation in the Adam17 coding region were identified (77). Similar to 7acedZ"AZn pyl|
mice, these patients displayed defects in hair, skin, and heart development. In addition,
severe skin inflammation and persistent and recurrent skin infections have been linked to a
loss of EGFR signaling, altered keratinocyte differentiation, and defective barrier function
(77, 78). Early onset diarrhea and intestinal inflammation associated with villus blunting and
increased mononuclear infiltrates were also observed, but these symptoms were variable and
resolved over time. Although the mechanism underlying the intestinal inflammation has not
been determined, the extent of intestinal inflammation parallels the severity of recurrent skin
and gastrointestinal infections, which suggests the inflammation is systemic (77). Similar to
the variations in postnatal lethality observed in Adam1 7-deficient mice and Egfr-deficient
mice on different strain backgrounds, the differences in survival among patients lacking
ADAML17 are most likely associated with differences in genetic background within the
human population.

ADAML17 Is Not Essential for Maintenance of Normal Crypt Homeostasis

A more detailed analysis of ADAM17’s role in crypt homeostasis comes from studies using
hypomorphic Adam27mice and /EC-Adam17%C (Villin-Cre;Adam1770X/f10X) mice (Table
2). Two independent groups have generated hypomorphic Adam17mice (79, 80). These
mice are viable but have developmental abnormalities of the eyes, skin, and heart that are
reminiscent of 7aceA<"AZn mice (79, 80). However, these mice have no overt intestinal
phenotype; they possess normal crypt villus architecture and display normal crypt
proliferation and differentiation. A slight increase in proinflammatory cytokine expression
has been observed in the colonic mucosa of Adam1 72¥eX mice, which suggests sensitization
to inflammatory stimuli (79, 80). Similarly, /EC-Adam175© mice on a C57BL/6J
background do not have an intestinal phenotype (81, 82) (Table 2). No defects in the
development and number of Peyer’s patches, in small intestinal barrier function, or in
cytokine gene signatures have been observed (81, 82). The normal intestinal secretory
differentiation in hypomorphic Adam17mice and /EC-Adam175© mice indicates that
ADAML17 is not required for Notch signaling in the crypt compartment (50). Consistent with
the lack of intestinal phenotype reported in different IEC-specific £rbB-deficient mice (83—
86), the above observations indicate that ADAM17 signaling within IECs is not essential for
maintaining intestinal homeostasis under normal physiological conditions.

Why isn’t IEC-specific ADAML17 signaling essential for normal crypt homeostasis?
Exogenous EGF can readily stimulate crypt proliferation in vivo and is essential for the
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growth of ISC organoids in culture (87). Recently, it was discovered that the stem cell
marker LRIG1 negatively regulates EGFR/ErbB signaling and that its inactivation can
increase crypt cell proliferation and tumor formation. This suggests that a significant reserve
capacity of EGFR/ErbB signaling exists in the crypt compartment (88, 89). A degree of
EGFR/ErbB signaling redundancy is implied by the overlapping and complementary
functions of the four distinct EGFR/ErbB receptors (87) and the diverse range of ErbB
ligands produced by different cell populations in the ISC niche. For example, Paneth cells
express high levels of EGF (an ADAM10 substrate), although nonepithelial cells of the stem
cell niche, such as pericryptal myofibroblasts, express AREG and EREG (ADAM17
substrates) (Figure 6). Thus, the lack of an intestinal phenotype, particularly in /EC-
Adam17€9 mice, is probably a result of redundant ligands from multiple sources; this
redundancy can supplant the loss of autocrine ADAM17-dependent EGFR/ErbB signaling in
IECs.

ADAMs AND THE GUT MICROBIOME

The epithelium lining the gut lumen plays an essential role in maintaining the integrity of the
mucosal barrier between the host and its external environment. Mucosal defense and innate
immune responses protect the host from commensal and pathogenic microbes in the
intestinal lumen. ADAMSs play an important role in the dynamic cross talk between luminal
microorganisms and the host. Microbes and their byproducts (e.g., toxins, bacterial proteins)
directly or indirectly interact with ADAMs to regulate signaling events in epithelial, stromal,
and macrophage/dendritic cell populations of the intestine. In addition, ADAMSs and their
substrates can be intimately involved in the pathogenesis of various infectious agents.

LPS is a classic example of a Gram-negative bacterial product that can regulate ADAM
activity. LPS-induced Toll-like receptor 4 (TLR4) signaling activates ADAM17-dependent
TNFa shedding (62, 90), whereas nonepithelial TLR signaling confers protection against
dextran sodium sulfate (DSS)-induced colitis via increased EGFR signaling (79). Recently,
Yan et al. (81, 85) demonstrated that a Lactobacillus rhamnosus GG—derived soluble protein,
p40, improves IEC homeostasis in /EC-Adam1 7€ mice by increasing ADAM17-mediated
HB-EGF shedding and transactivation of EGFR (Table 2). Increased EGFR signaling is
implicated in the marked gastric epithelial hyperplasia observed upon Helicobacter pylori
infection. H. pylorican stimulate EGFR transactivation through multiple pathways,
including rapid upregulation of ADAM17-mediated HB-EGF shedding (81, 91).

The virulence of specific microorganisms can depend upon direct binding to ADAMS or
their substrates. For example, the Staphylococcus aureus a-hemolysin, a pore-forming
cytotoxin, plays an important role in the virulence of this organism. ADAM10 is the
functional cellular receptor for a-hemolysin. Direct binding of a-hemolysin to ADAM10 is
proposed to upregulate ADAM10 activity, which results in increased E-cadherin cleavage
and disruption of epithelial barrier function. This is critical for the pathogenesis of S. aureus
(92, 93). In a different scenario, a protease toxin produced by enterotoxigenic Bacteroides
fragilis binds to an unknown intestinal cell surface receptor to induce ADAM10-independent
cleavage of E-cadherin (94). Alternatively, ADAM substrates can serve as host cell surface
receptors for different microorganisms. E-cadherin is a functional cellular receptor for the
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InlA protein of the Gram-positive bacterium Listeria monocytogenes, and proHB-EGF is a
receptor for the B fragment toxin of Corynebacterium diphtheria (95, 96). In the intestine,
most of these interactions occur at the basolateral surface of IECs. This implies that barrier
integrity must be compromised for these interactions to occur. More research is needed to
further delineate the complex interactions between ADAMSs, the microbiome, and mucosal
defense.

INTESTINAL INJURY, AND INFLAMMATORY BOWEL DISEASE

Crohn’s disease and ulcerative colitis are the main forms of inflammatory bowel disease
(IBD) in humans. IBD is a chronic relapsing condition in which high levels of inflammatory
cytokines, such as TNFa, play a major role in tissue-damaging immune responses, loss of
mucosal integrity, and barrier dysfunction. TNFa has pleiotropic effects during intestinal
homeostasis and can induce both proinflammatory and anti-inflammatory responses in a
dose- and cell context—dependent manner (97, 98). Although ADAM17 is a critical upstream
regulator of TNFa signaling, limited data are currently available about its role in the
pathogenesis of IBD. Previous studies have reported that Adam.17expression is upregulated
in the intestinal mucosa of patients with IBD and in several mouse models of experimental
colitis (99-103). Adam19expression is also elevated in IBD (104). Apart from these reports,
however, limited information exists on the role of these or other ADAMs in intestinal
inflammation.

Intestinal Epithelial Cell Responses Are Differentially Regulated by ADAM17 in Different
Intestinal Injury/Repair Models

Although ADAM17 activity is not required in IECs during normal intestinal homeostasis,
ADAML17 signaling is critical for IEC cytoprotection and restitution/regeneration in several
experimental injury/inflammation models. IEC proliferation is crucial for adaptive growth
after injury/inflammation, and EGFR/ErbB is a major mediator of these responses (87). In
older studies of the acute DSS colitis model, hypomorphic £gf*2 mice and £rbB ligand—
deficient mice displayed exacerbated intestinal inflammation (105, 106). More recent
studies, using different /EC-Egfr/ErbBXC mice, show that all four ErbB receptors protect, in
varying degrees, against DSS-induced colitis (85, 86, 107). Direct evidence that ADAM17 is
an upstream regulator of EGFR/ErbB signaling in the DSS colitis model comes from an
analysis of hypomorphic Adam7 mice under long-term exposure to low-dose DSS (79, 80).
Hypomorphic Adam17mice are more susceptible to DSS-induced colitis than wild-type
mice, but treatment with exogenous ErbB ligands is protective (79, 80). Brandl et al. (79)
have shown that DSS-induced colitis activates TLR-mediated MyD88 signaling, which
dramatically increases expression of the genes encoding two ErbB ligands, Aregand Ereg.
AREG and EREG are ADAM17 substrates (108), and it is postulated that ADAM17-
dependent production of these soluble ligands is critical for activating ErbB signaling under
these experimental conditions (79). Although the cellular source of these ErbB ligands was
assigned to nonepithelial cell populations in these studies, more recent studies have
highlighted the contribution of the ErbB ligand/EGFR signaling axis from specific
nonepithelial cell types, including myeloid/immune cells and pericryptal myofibroblasts
found in the lamina propria (87, 109, 110).
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In an alternative pathway, TNFa-induced ErbB receptor expression and transactivation is
reported to promote intestinal cell survival (97, 98). ERBB4 receptor expression is elevated
in the mucosa of IBD patients, and TNFa-induced ERBB4 activation prevents colon cell
apoptosis and is protective in mouse models of colitis. Mechanistically, Hilliard et al. (111)
have demonstrated that TNFa-induced transactivation of ERBB4 depends on ADAM17-
mediated ErbB ligand shedding in these colon cells. The ability of specific ERBB4 isoforms
expressed in IECs to undergo ADAM17-mediated shedding may add another level of
complexity to this event (112, 113). Our own preliminary experiments with /EC-Adam17<C
mice demonstrate that ADAM17 signaling in IECs plays an important cytoprotective role in
the acute DSS colitis model (114) (Table 2). In hypomorphic Adam17mice and /EC-
Adam17€9 mice, loss of TNFa-induced ErbB receptor transactivation may, therefore,
contribute to the exacerbated DSS-induced injury observed. These results illustrate the
complex interactions between ADAM17 and the TNFR and EGFR/ErbB signaling pathways
in acute colitis models (87, 97).

The mouse model of total parenteral nutrition (TPN) is an excellent system with which to
study signal transduction pathways that contribute to mucosal atrophy in the absence of
acute inflammatory changes or IEC cell destruction. Removal of enteral nutrition is
associated with decreased crypt proliferation, increased IEC apoptosis, a loss of epithelial
barrier function, and altered enteric microbiota; these changes result in a mild
proinflammatory state and mucosal atrophy (115). Previous studies showed that upregulation
of TNFa and its receptor, TNFR1, plays a central role in mediating TPN-induced mucosal
atrophy. Improved IEC responses observed in TPN-treated 77#774° mice depend, in part, on
the maintenance of functional EGFR signaling in IECs. Exogenous EGF treatment can
attenuate mucosal atrophy in TPN-treated mice (116). Ongoing studies with /£C-£gf<C and
IEC-ErbB4X0 mice indicate that ErbB signaling in IECs is required for protection against
TPN-induced mucosal atrophy (87, 114, 117; Y. Feng, D.H. Teitelbaum & P.J. Dempsey,
unpublished observations). In addition, extensive analysis of TPN-treated 77/71X0, Tnfr2KO,
and 7nfr1/2PK0 mice has revealed that both TNFR1 and TNFR2 signaling contribute to
TPN-induced epithelial barrier dysfunction (118).

Recent studies using TPN-treated /EC-Adam1 7€ mice have shown that ADAM17 deletion
attenuates mucosal atrophy, with improved crypt proliferation, decreased IEC apoptosis, and
reduced proinflammatory cytokine expression evident (82, 114, 117). Mechanistically, this
protective effect results from a loss of IEC-specific TNFa signaling and the concomitant
maintenance of functional EGFR signaling in IECs. In TPN-treated wild-type mice, the
results of a TNFa blockade have confirmed that TNFa signaling is responsible for
downregulation of EGFR signaling in IECs (82). Paradoxically, in light of the role of
ADAML17 in activating different EGFR/ErbB ligands, TPN-treated /EC-Adam17<C mice
show partial restoration of EGFR protein levels and signaling in IECs. EGFR kinase
inhibitor studies have confirmed that the beneficial effects observed in TPN-treated /EC-
Adam17€9 mice depend on functional EGFR signaling (82, 114, 117). In contrast to the
cytoprotective role of ADAML1Y7 signaling in an acute DSS colitis model, ADAM17-
mediated TNFa signaling within IECs has a significant and deleterious role in the
development of TPN-induced mucosal atrophy.
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IECs are critical for regulating intestinal immune responses to inflammation and injury, and
recent studies have demonstrated the importance of cytokines/chemokines produced by IECs
in inflammatory responses (98, 119-121). Roulis et al. (119) have shown that TNFa
overexpression in 1ECs is responsible for Crohn’s-like symptoms in 77AARE* mice.
Surprisingly, the intestinal inflammation observed in this model did not require direct
autocrine TNFa/TNFR1 signaling within IECs but instead was triggered by paracrine TNFa
signaling and myofibroblast activation. Similarly, in LPS-induced liver injury, ADAM17
expressed in hepatocytes and myeloid cells contributes to LPS-induced TNFa shedding
(122). Overall, these observations implicate ADAM17 in complex intercellular
communication involving TNFR and EGFR/ErbB signaling within multiple cell types; this
communication allows cells to maintain intestinal homeostasis in a cell context—dependent
manner when faced with intestinal stress and inflammation (87, 97). Further delineation of
the cross talk between ADAM17-mediated TNFR and EGFR/ErbB signaling requires
detailed analysis of conditional and cell type—specific knockouts in different injury/
inflammation models.

Other ADAMs and Intestinal Inflammation

Information on other ADAM s in intestinal inflammation and IBD is limited. In previous
studies, we showed that ADAM10 is rate limiting for Notch activation in crypt homeostasis
and that ROS are potent stimulators of ADAM10 activity (50, 123). In the mouse intestine,
deletion of NADPH oxidase 1, a major producer of ROS, decreases Notch signaling and
increases secretory differentiation (124). Conversely, patients with ulcerative colitis display
significantly decreased goblet cell differentiation, which is directly associated with increased
Hes1 and decreased Atohl expression, indicative of increased NOTCH activity (125, 126).
Assessing ADAM10 function in intestinal homeostasis is technically challenging, but these
observations raise the possibility that ADAM10 is an important, and possibly rate-limiting,
regulator of NOTCH signaling during intestinal inflammation and the development of
colitis-associated cancer (CAC).

In macrophage populations, NOTCH is essential for macrophage polarization of
inflammatory (M1) and regenerative (M2) macrophages and for the functional
differentiation of dendritic cell populations in the intestine (127). Using myeloid-specific
Adam10€9 mice, researchers recently observed that ADAM10-dependent Notch signaling is
required for LPS-induced M1-macrophage—associated gene expression (128). Our own
preliminary studies of the acute DSS colitis model in myeloid-specific Adam10<C mice
demonstrate that DSS causes profound, unremitting intestinal inflammation that can be
rescued by active Notch signaling (129; Y-H. Tsai & P.J. Dempsey, unpublished
observation). These results suggest a critical role for ADAM10 signaling in immune cell
populations during intestinal inflammation, but they also caution against overinterpreting
data from cell type—specific Adam10-deficient mice. In these mice, defective NOTCH
signaling may alter cellular programming and function.
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ADAMs AND GASTROINTESTINAL CANCER

Overexpression of proteolytically active ADAMSs in human gastrointestinal tumors is
correlated with cancer progression and invasiveness and poor clinical outcomes (130, 131).
ADAMs can regulate many signaling pathways (Notch, EGFR/ErbB, IL-6/Stat3) involved in
the pathogenesis of colorectal cancer (CRC), and they likely play a central role in cellular
communication between cancer and stromal cells (e.g., fibroblasts, macrophages, and
endothelial cells) within the tumor microenvironment. In conditions of chronic
inflammation, such as ulcerative colitis, dysregulated ADAM signaling may increase the risk
of CAC (130, 131). However, only recently have insights into the importance of ADAM10
and ADAM17 been obtained from experimental tumor models.

Activated Notch signaling is protumorigenic in CRC. Notch and Wnt signaling act
cooperatively to control cell proliferation and tumorigenesis in the intestine, and many
components of the Notch pathway are upregulated in CRC (132). Mechanistic insights into
the intricate interactions between Notch and Wnt signaling in intestinal tumorigenesis come
from studies using different APC mutant mouse models. Pharmacological inhibition of
Notch with y-secretase inhibitors blocks proliferation and induces secretory differentiation

in established APCViN* adenomas, whereas overexpression of activated Notch increases
adenoma formation and decreases survival in another APC*~ mutant mouse model (47,
133). However, in a model of biallelic APC loss, RBP-Jk deletion does not reduce short-term
adenoma formation (134). By contrast, Adam10 deletion during biallelic APCloss in the
Lgr5-CreER, APCToX/flox mouse tumor model dramatically reduces adenoma formation and
improves survival. No ADAM10-deficient adenomas have been detected in this model, but
activated Notch rescues ADAM10-deficient tumor formation (135; P.J. Dempsey,
unpublished observations) (Table 1). One explanation for this result is that Adam10-deficient
Lgr5* CBCs do not survive to undergo APC-mediated transformation. It will be important to
examine the effects of ADAM10 loss of function in both established mouse adenomas and
colitis-associated tumor models.

The Notch pathway is also involved in CRC progression and metastasis. Concurrent Notch
activation and p53 deletion triggers epithelial-to-mesenchymal transition and metastasis
(136), whereas Notch-dependent local invasion and the intravasation of CRC cells can be
triggered by Notch ligands expressed on endothelial cells (137). Although the importance of
ADAMs has not been examined in the above models, a recent study defined a noncanonical
role for JAG-1 expressed on endothelial cells in the CRC tumor microenvironment (138). In
this experimental tumor model, ADAM17-dependent cleavage of JAG-1 from endothelial
cells was responsible for the release of soluble JAG-1 ligand, which activated Notch on CRC
cells and promoted a cancer stem cell phenotype.

Because the EGFR/ErbB signaling axis is an established therapeutic target in CRC (139), it
is not surprising that ADAM-dependent ErbB signaling is involved in CRC tumorigenesis.
Initial studies using autocrine EGFR-dependent colon cancer cell lines demonstrated that a
combination of EGFR and ADAM17 inhibition resulted in cooperative growth inhibition,
increased apoptosis, and reduced mitogen-activated protein kinase pathway activation (64,
140). The APCMin model has been extensively used to demonstrate the importance of
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EGFR/ErbB signaling in adenoma formation and intestinal tumorigenesis (139). In
preliminary studies from the Chalaris lab (S. Schmidt & A. Chalaris, unpublished
observation), hypomorphic Adam1 72X mice bred to the APCMi" model show markedly
reduced adenoma formation and tumor burden (Table 2). Another recent study has identified
tumor-associated fibroblasts as key producers of EREG in experimental colitis—associated
neoplasms and in patients with CAC (110). It is predicted that ADAM17 is responsible for
EREG shedding in this CAC model. Comprehensive analysis of different cell type—specific
Adam17-deficient mice is required to further delineate the cellular contributions of
ADAM17 signaling to tumor formation in the APCY" and other CAC models. Direct
evidence for the role of ADAM17/EGFR signaling in inflammation-associated
tumorigenesis has been reported in an experimental pancreatic ductal adenocarcinoma
(PDAC) mouse model. In KRAS-induced pancreatic tumorigenesis and pancreatitis-induced
acinar-to-ductal metaplasia mouse models, Adam17 ablation blocks ligand-dependent EGFR
activation, preventing acinar-to-ductal metaplasia and KRAS-driven tumorigenesis (141)
(Table 2). Oncogenic KRAS mutations are also common in CRC but are resistant to EGFR/
MEK-targeted therapies, as a result of JAK1/2-dependent STAT3 activation. MEK inhibitors
block ADAM17-dependent shedding of the c-met receptor, which prevents production of the
c-met decoy receptor that normally suppresses c-met-activated JAK1/2-STAT3 signaling
(142).

Proinflammatory IL-6/STAT3 signaling is important in the pathogenesis of IBD and is
directly involved in tumor growth and survival in human CRC and several murine CRC
models (143). Multiple cell types produce IL-6 during intestinal inflammation and CAC
development in a cell context—dependent manner. IL-6 has diverse protumorigenic actions,
ranging from promoting tumorigenic immune responses to stimulating tumor cells directly,
via STAT3 signaling. Soluble GP130-Fc protein, which suppresses the action of the IL-6/
sIL-6R complex, is used to investigate IL-6 frans-signaling in vivo. Soluble GP130-Fc
attenuates intestinal inflammation and tumor formation in several experimental models of
colitis and CAC. Although ADAM17-dependent IL-6R shedding is responsible for the
generation of sIL-6R, the cellular sites of sIL-6R production and IL-6 frans-signaling action
(e.g., T cells, dendritic cells, macrophages, and IECs) diverge depending on the experimental
model (144-147).

ADAMS is an example of an ADAM that is expressed at very low levels in normal tissues
but is aberrantly expressed in many solid tumors; overexpression is commonly associated
with poor prognosis. In tumor cells, ADAMS is implicated in interactions with f1-integrin
and ADAMS- dependent FAK and ERK1/2 activation. In a mouse model of PDAC, recent
studies using an ADAMBS inhibitor have demonstrated a marked reduction in tumor load,
infiltration, and metastasis in vivo (148).

CONCLUDING REMARKS

ADAMs play a central role in the homeostasis of the gastrointestinal tract and in controlling
cellular responses to intestinal injury and inflammation. Importantly, ADAM10 acts
iteratively to regulate Notch signaling associated with the maintenance of ISCs and for cell
lineage specification of the TA cells within the crypt compartment. Aberrant ADAM activity
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is associated with chronic inflammation, inflammation-associated cancer, and tumor
progression. Further studies are needed to understand the role of ADAMs in intercellular
communication and the hierarchy of ADAM-mediated signaling events in a context- and cell
type—dependent manner. Identification of key ADAM substrates involved in different
gastrointestinal disease states may lead to new therapeutic interventions. The development of
novel and highly specific antibodies to target ADAMs and their substrates (e.g., Notch) is
one such approach.
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SUMMARY POINTS

ADAM10 and ADAML17 are ubiquitously expressed in all cell types of the
gastrointestinal tract. Other ADAMS, such as ADAMS, are expressed at low
levels in normal tissues but are aberrantly expressed in gastrointestinal
cancers.

ADAM10 is the a-secretase responsible for Notch activation in IECs. Notch
is the dominant pathway regulated by ADAMZ10 in the intestine. ADAM10-
dependent Notch signaling is required for maintenance and survival of
Lgr5* CBCs and specifies the fate of TA cells. ADAMZ10’s function in
differentiated postmitotic IECs has not been defined.

ADAML17 signaling in IECs is not required for maintaining normal
intestinal homeostasis.

In different experimental models of intestinal inflammation, ADAM17
signaling in IECs has essential but divergent functions. In an acute colitis
model, for example, ADAM17 expression is protective because it maintains
EGFR/ErbB signaling. In a TPN model, by contrast, ADAM17 exacerbates
mucosal atrophy because of enhanced TNFa signaling from IECs.

ADAM10 and ADAM17 are implicated in tumor initiation and tumor
progression in APC mutant mouse models.

ADAM s are responsible for controlling intercellular communication during
normal intestinal homeostasis, injury/inflammation, and tumorigenesis in
vivo. Detailed analysis of ADAM-mediated signaling events will be
required at a cell type—specific level to further dissect out the complex
cellular responses involved.
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Figurel.
Proteolytically active A disintegrin and metalloproteinases (ADAMS): structure and

function. (4) ADAMs are members of the adamalysin subfamily of metzincin
metalloproteinases, which also includes ADAMs containing thrombospondin motifs
(ADAMTSs) and snake venom metalloproteinases (SVMPs). Different ADAMTSs contain
variable numbers of thrombospondin-like motifs (represented by the 6/ack X) and other
functional domains at the C terminus (not shown). Most ADAMs are synthesized as
transmembrane (TM) proteins, whereas all ADAMTSs and SVMPs are secreted proteins.
Another important difference between the proteins is that all SVMPs and ADAMTSs are
predicted to be catalytically active, but only ~60% of ADAMSs have intact metalloproteinase
domains capable of proteolytic activity. (6) Phylogenetic tree built from aligned full-length
amino acid sequences (/eft, tree adapted from References 2 and 7) and the tissue distribution
of all human proteolytically active ADAMs (righf). (¢) ADAM domain structure and
function. (Lef?) Color representation of structural domains: prodomain, metalloproteinase
domain, disintegrin domain, cysteine-rich domain, EGF-like/proximal membrane domain,
transmembrane domain, and cytoplasmic domain. Putative furin-like cleavage sites between
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the prodomain and metalloproteinase domain are shown by an asterisk. (Righf) Summary of
domain functions. Many ADAMs display broad tissue distribution, but detailed analysis of
their cellular expression in different tissues is lacking.
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Diverse extracellular signaling pathways are regulated by A disintegrin and
metalloproteinase (ADAM)-mediated shedding events. (4 TNFa/TNFR signaling pathway.
ADAMLY7 is the principal protease responsible for the cleavage of the TNFaligand and both
TNFR1 and TNFR2 receptors, all of which are type Il transmembrane proteins. (/)
Membrane-anchored TNFa (mMTNFa) precursors engage in juxtacrine signaling with cell
surface TNFRs, particularly high-affinity TNFR2 receptors. (//) ADAML17 cleaves
mTNFato release soluble TNFaligand (STNFa) that can bind to cell surface TNFRs in an
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autocrine or paracrine manner. (///) ADAM17 can also cleave TNFRs, reducing the level of
functional TNFR signaling at the cell surface. Soluble TNFRs (STNFRs) can act as decoy
receptors by sequestering STNFa. (6) ErbB ligand/ErbB receptor signaling pathway.
Multiple ADAMs, particularly ADAM10 and ADAM17, are responsible for cleaving
different ErbB ligands and ErbB receptors, which are all type | transmembrane proteins.
Both ADAM10 and ADAM17 cleave several ErbB ligands, such as HB-EGF and neuregulin
(NRG1), under different experimental conditions. Mouse genetic loss-of-function studies
have implicated other ADAMs (e.g., ADAM9 and ADAM19) in the processing of ErbB
ligands (not shown). (/) Membrane-anchored ErbB ligand precursors, such as HB-EGF,
engage in juxtacrine signaling with cell surface ErbB receptors. (#/) ADAM10 and
ADAML17 cleave different membrane-anchored ErbB ligands, releasing soluble ligands that
function in an autocrine or paracrine manner. (/7/) ADAM10 and ADAM17 can cleave
ERBB2 and ERBB4 receptors, respectively, reducing functional ErbB receptor signaling at
the cell surface. Soluble ErbB receptors can act as decoy receptors, and soluble ERBB2
(sERBBZ2) can reduce the therapeutic efficacy of neutralizing antibodies against ERBB2
receptors. (¢) IL-6 trans-signaling. The IL-6 receptor (IL-6R) can be cleaved by ADAM10
and ADAM17, but ADAM specificity is species dependent. In classical IL-6 signaling, IL-6
binds to cell surface IL-6R, which recruits two molecules of GP130 into a functional ligand/
receptor signaling complex. However, in IL-6 #rans-signaling, IL-6R is cleaved by either
ADAM10 or 17 to release soluble IL-6R (sIL-6R) that can bind to soluble IL-6 ligand. The
IL-6/sIL-6R complex has high affinity for cells expressing GP130 receptor and activates
them. Classic IL-6 signaling mediates the activation of anti-inflammatory and regenerative
pathways, whereas IL-6 frans-signaling is primarily observed in inflammatory and stress
conditions. (d) Cell adhesion. ADAM10 and ADAM17 cleave different cell adhesion
molecules that alter cell-cell interactions. (/) Homotypic E-cadherin protein interactions are
involved in maintaining adherens junction formation between epithelial cells. ADAM10
cleaves E-cadherin, resulting in (//') decreased cell-cell interaction and altered epithelial cell
migration. (/ii’) L-selectin and VCAML1 are examples of cell adhesion molecules involved in
leukocyte rolling and adhesion to endothelial cells (not shown). (&) Canonical Notch
signaling. ADAM10 initiates the processing and activation of the Notch receptors. (/) Notch
ligand expressed on the signal-sending cell engages the Notch receptor on the signal-
receiving cell. (7/) Normally, the negative regulatory region (NRR) within the Notch
receptor masks the a-secretase (S2) cleavage site close to the transmembrane domain. Notch
ligand binding to its receptor is proposed to confer a conformational change in the NRR
domain, allowing ADAM10 to access the Notch S2 cleavage site. ADAM10 is responsible
for cleavage of the NOTCHL1, -2, and -3 receptors. (/#//) The Notch remnant is subject to
intramembrane proteolysis, in which the y-secretase complex cleaves within the
intramembrane domain at the S3 cleavage site to release the Notch intracellular domain
(NICD) into the cytoplasm. After translocation into the nucleus, the NICD associates with
other transcriptional cofactors and activates expression of Notch-responsive genes such as
Hes1. (/v) Under certain experimental conditions, Notch ligands can be subject to
extracellular cleavage by ADAM proteases, such as ADAM17. Notch ligand processing may
limit active ligand availability, or it may be involved in ligand sequential processing or
bidirectional signaling by the ligand intracellular domain. Alternatively, soluble Notch
ligand may bind to and activate Notch receptors via a noncanonical pathway. ( f) Exosome
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signaling. ADAM10 and substrates such as L1, CD44, and Notch are enriched in exosomes,
providing a mechanism for short- and long-range cellular communication. ADAM10 and its
substrates on the cell surface are trafficked through the endosomal compartment and then
enriched in intraluminal vesicles (ILVs) produced within multivesicular bodies (MVBS).
Upon MVB fusion with the plasma membrane (PM), IV Ls are released as exosomes into the
extracellular environment. (/) L1 and CD44 can be shed from ADAM10-expressing
exosomes into the extracellular space (not shown). (/7)) Exosomes can also interact with cells
at distant cellular sites. In addition, ADAMs may be expressed on ectosomes generated by
outward budding of the PM (not shown).
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Figure 3.
ADAM proteolytic activity can be regulated at multiple levels. (8) Constitutive and stimulus-

induced ADAM-mediated substrate shedding can be regulated at multiple levels. Although
constitutive shedding may require functional interactions with the ADAM cytoplasmic
domain, it is generally accepted that rapid, stimulus-induced ADAM shedding events result
from posttranslational modifications of the ADAM extracellular domain and act
independently of the ADAM cytoplasmic domain. (/) Extracellular stimuli such as ROS can
directly interact with the ADAM extracellular domain to regulate proteolytic activity and
substrate recognition (22). (/7)) Cell surface receptor activation via signaling intermediates
may generate signals (e.g., ROS) that are released into the extracellular environment and act
directly on the ADAM extracellular domain. (//7) Alternatively, cell surface receptor
signaling or other extracellular signals can regulate ADAM transcription, trafficking, and
protein-protein interactions, in addition to posttranslational modifications of the ADAM
intracellular domain. Many of these same signaling pathways are also likely to act on
substrates directly, regulating their presentation to and recognition by ADAMs. (6)
Schematic of signaling activity generated by a substrate shed under constitutive and
stimulus-induced shedding conditions. The ability to rapidly stimulate substrate shedding
(e.g., of ErbB ligands) provides a mechanism to reach a signaling threshold, or signaling
pulse, that can produce a distinct stimulus-induced cellular response. However, stimulus-
induced shedding can rapidly reduce the reservoir of substrate that is available to be shed
from the cell surface. If substrate levels are not replenished at the cell surface, signaling
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activity is predicted to decrease (possibly below constitutive levels), and time may be
required before sufficient substrate is available to repeat this process. Abbreviations:
ADAM, A disintegrin and metalloproteinase; ECD, ADAM extracellular domain; ER,
endoplasmic reticulum; GFs, growth factors; GPCRs, G-protein coupled receptors; ICD,
ADAM intracellular domain; PDI, protein disulfide isomerase; LPS, lipopolysaccharide;
RA, retinoic acid; ROS, reactive oxygen species; TIMP, tissue inhibitor of
metalloproteinase.
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Figure 4.
Overview of intestinal homeostasis: regulation of the intestinal stem cell (ISC) niche and cell

fate specification in the small intestine. (&) Crypt-villus architecture and signaling gradients
involved in maintaining crypt homeostasis. The mouse small intestine is composed of
repeating crypt-villus units. The replenishment of the entire epithelial lining of the intestine
is a dynamic process that occurs every ~5-7 days. Complex interactions between multiple
signaling pathways are precisely integrated to maintain epithelial cell renewal and crypt
homeostasis. (Lef?) Hematoxylin and eosin staining of the mouse small intestine shows the
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repeating crypt-villus units (/nsef). (Right) Schematic showing the distribution of gradients
for the Wnt, Notch, epidermal growth factor receptor (EGFR)/ErbB, BMP, and Eph/Ephrin
signaling pathways along the crypt-villus axis. (6) Cell types of the intestine (/ef?) and
signaling within the stem cell niche (right). (Lef?}) Schematic showing the cellular
composition of the stem cell niche in the crypt compartment. Leu-rich repeat—containing G
protein—coupled receptor 5—expressing (Lgr5*) crypt base columnar stem cells (CBCs) are
positioned at the crypt base, intercalated between Paneth cells. Lgr5* CBCs are an essential
component of the ISC niche and give rise to rapidly proliferating transit-amplifying (TA)
progenitor cells. *4 cells and DLL1" cells are facultative reserve stem cells located at
positions 4 and 5 from the crypt base. TA cells appear above the stem cell niche and rapidly
migrate toward the crypt-villus junction. Before TA cells exit the crypts, they differentiate
into distinct absorptive and secretory cell lineages. All differentiated postmitotic intestinal
cells emerge from the crypts, migrate along the villus surface, and are eventually shed from
the villus tips into the gut lumen. The one exception is Paneth cells, which first appear above
the stem cell niche but are then retained at the crypt base. Paneth cells have a longer life
span (>30 days) than other differentiated cell types (~5-7 days). (Right) Paneth cells provide
signals required for regulating and maintaining Lgr5* CBCs in the stem cell niche (/nsel).
They produce Wnt ligands (e.g., Wnt3a), which bind to LRP5/6/Frizzled receptor complexes
on Lgr5* CBCs. The binding of R-spondin to LGR4/5 receptors enhances Wnt activity in
Lgr5* CBCs. Paneth cells release EGF (and other ErbB ligands) that bind to EGFR/ErbB
receptors on Lgr5* CBCs. LRIGL, a negative regulator of EGFR/ErbB signaling, can
modulate stem cell/progenitor proliferation. DLL4 and DLL1 on the surface of Paneth cells
bind to and activate Notch receptors on Lgr5* CBCs. Wnt, EGFR/ErbB, and Notch signaling
promotes stem cell survival, proliferation, and renewal. However, BMP ligands bind to
BMPR receptors on Lgr5* CBCs to limit cell proliferation and increase differentiation.
BMPs are produced by myofibroblasts in the lamina propria, whereas the cellular sources of
R-spondins are still under investigation. Other accessory cells within the lamina propria
(e.g., pericryptal myofibroblasts, immune cells, and endothelial cells) contribute paracrine,
and often redundant, signals (both agonistic and antagonistic) that can regulate the stem cell
niche, particularly during tissue regeneration following injury and inflammation (not
shown). (¢) Notch regulates intestinal cell fate specification. Notch signaling is required for
Lgr5* CBC proliferation and survival. Notch also controls cell fate decisions of short-lived
TA progenitors by regulating the key transcription factor Afoh1. NOTCH1 and NOTCH2
receptors and DLL1 and DLL4 control these events (see Figure 5 for more details). Notch*
(Dll-low) TA cells are fated toward the enterocyte lineage. Absorptive progenitors
differentiate into enterocytes, the major cell type lining the villi. DII* (Notch-low) TA cells
are fated toward the secretory lineage. Secretory progenitors undergo further specification
and differentiate into goblet cells, enteroendocrine cells, tuft cells, and Paneth cells. Other
specialized epithelial cell types (e.g., M cells associated with Peyer’s patches and cup cells)
are found in the intestine, but their fate mapping is still poorly understood. Panels aand &
adapted from Reference 149.
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Cell-autonomous A disintegrin and metalloproteinase (ADAM)10 signaling acts iteratively

to regulate Notch signaling in intestinal stem cells (1ISCs) and transit-amplifying (TA)

progenitors during crypt homeostasis. (4) ADAM10-mediated Notch signaling is required
for the survival and maintenance of Leu-rich repeat—containing G protein—coupled receptor

5—expressing (Lgr5™) crypt base columnar stem cells (CBCs). Lgr5* CBCs expressing

NOTCHZ1/2 receptors are intercalated between Paneth cells expressing DLL1 and DLL4
ligands in the small intestinal stem cell niche. High Notch activity in Lgr5* CBCs is required
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for the proliferation and survival of stem cells and maintenance of the stem cell pool. Notch
signaling is activated in Lgr5* CBCs when DIl ligand, found on the surface of Paneth cells,
binds to Notch receptors expressed on the surface of Lgr5+ CBCs. Several studies have
shown that the intestine tolerates Paneth cell depletion, suggesting that Notch ligand is likely
provided by other cells as well. Notch is sequentially cleaved by ADAM10 and y-secretase
to generate the Notch intracellular domain (NICD), which translocates to the nucleus, where
its forms an active transcriptional complex. In Notch-active Lgr5* CBCs, Notch targets
genes including those that encode the Hes/Hey transcription factors, which repress Atoh1
and DI//1/4ligand transcription and enhance expression of the stem cell marker O/fm4. In
DLL™ Paneth cells, low Notch activity, reinforced through Notch lateral inhibition, allows
derepression of Afoh1and DI/1/4ligand expression. ADAM10 is not required in Paneth
cells to maintain the Lgr5* CBC stem cell pool, but it may be involved in other redundant
signaling pathways (e.g., EGF) that contribute to the stem cell niche. (6) ADAM10-mediated
Notch signaling is required for the fate specification of TA cells. Classical Notch lateral
inhibition determines whether a TA cell becomes an absorptive or secretory progenitor. In
Notch-active TA progenitors, Notch targets genes including those that encode the Hes/Hey
transcription factors, which repress Afoh1 and D//1/4 ligand transcription. These cells are
fated to become absorptive progenitors, which undergo several rounds of proliferation before
differentiating into postmitotic enterocytes. In DLL* TA cells, low Notch activity allows
derepression of Afoh1and DI/1/4ligand expression. These cells are fated to become
secretory progenitors, which rapidly exit the cell cycle and differentiate into distinct
secretory cell types. Under certain experimental conditions, Notch ligands can be subject to
extracellular cleavage by ADAM proteases such as ADAM17 (as shown in panels aand 6).
(¢) ADAM10 signaling in postmitotic differentiated intestinal epithelial cells (IECs).
Although Notch signaling is restricted to the crypt compartment, ADAM10 is abundantly
expressed on all differentiated IECs. This implies that ADAM10 is involved in other
shedding events in these postmitotic IECs. Potential ADAM10 substrates include E-
cadherin, EGF, and EPHRIN B1. The profound effects of ADAMZ10-deficiency in the ISC/
progenitor compartment have hindered analysis of other ADAM10 substrates in vivo.
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Figure®6.
A disintegrin and metalloproteinases (ADAMS) play a central role in intercellular

communication during intestinal homeostasis and upon injury/inflammation. (a) A
schematic diagram showing the specific roles of ADAM10 and ADAM17 signaling in cross
talk between different cell types during normal intestinal homeostasis. For simplicity, only
ADAM-mediated signaling between intestinal epithelial cells (IECs), myofibroblasts, and
macrophages/myeloid cells is shown. ADAM activity is required in many other cell types of
the gastrointestinal tract, including other immune cell populations (e.g., dendritic cells, T
cells, and B cells), endothelial cells, and enteric neurons (not shown). For each cell type,
ADAM substrate specificity and hierarchy may be different. For ADAM substrates, direct
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evidence exists for cleavage events in the gastrointestinal tract. For ADAM substrates listed
in parentheses, in vitro data strongly suggest that ADAM-mediated cleavage events occur in
the gastrointestinal tract. TA denotes transit amplifying. () Under conditions of intestinal
inflammation and/or IEC injury, ADAM activity is upregulated. Loss of barrier integrity
allows gut luminal contents to directly interact with ADAMSs expressed on the basolateral
surface of IECs. Numerous proinflammatory stimuli [e.g., lipopolysaccharide (LPS),
reactive oxygen species (ROS), cytokines] will stimulate ADAM expression and proteolytic
activity. Normally, enhanced ADAM activity and signaling cross talk are carefully integrated
to resolve inflammation/injury and promote epithelial restitution and regeneration. However,
under conditions of chronic and relapsing inflammation, these same signals, if sustained,
may increase the risk of inflammation-associated cancer.
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