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CHAPTER 7

GENERAL DISCUSSION

Cell adhesion molecules, such as CD44, were once thought to function primarily in tethering
cells to extracellular ligands, thereby simply serving as “molecular glue” . However, it is
now evident that many adhesion molecules provide biochemical and physical signals, which
regulate a range of diverse functions such as cell proliferation, differentiation, apoptosis,
migration and gene expression 2, making these molecules, and in particular CD44, highly
versatile. Various CD44 isoforms are expressed by a wide range of tissues and their expression
pattern can vary widely across different cell types and contexts. The prominent expression of
CDA44 by different types of adult stem cells, including mesenchymal 3, neural * and breast stem
cells 3, strongly suggest a functional role in stem cell biology. In chapter 2, we demonstrate,
by using immunohistochemistry, that crypt base columnar cells in mice, which are pluripotent
intestinal stem cells (ISCs), prominently express CD44. Activating Wnt pathway mutations in
ISCs give rise to intestinal adenomas with a much higher efficacy than in more differentiated
intestinal epithelial cells ¢, thus associating CD44 expression with the oncogenic transformation
of ISCs. By crossing CD44 knock-out mice with tumor-prone Apc™™*mice, we demonstrate that
CD44 is an important regulator of adenoma formation (Chapter 2). Compared to controls,
mice lacking CD44 showed a significant reduction in the number of intestinal adenomas.
This reduction is primarily caused by a decrease in the formation of aberrant crypts. Analysis
of CD44 mRNA species using exon-specific RT-PCR shows that epithelial cells at the crypt
base express a distinct and limited set of CD44 variant isoforms, which includes CD44v6-10,
CD44v7-10, and CD44v8-10. One isoform in particular, CD44v4-10, was exclusively detected in
Lgr5-high ISCs (Chapter 3), suggesting involvement in stem cell functioning. Further support
for a link between CD44v and ISC biology comes from the finding that CD44v mRNA levels were
found to correlate with expression of the ISC signature genes Olfm4 and Ascl2. It is important
to note that this expression pattern is essentially conserved between mouse and human as
neoplastic epithelial cells from early lesions of FAP patients display prominent expression of
CD44v4-10 as well. Compared to expression in ISCs, expression of CD44v mRNA was drastically
decreased in the transit amplifying compartment. Taken together, these findings demonstrate
that CD44v4-v10 is part of the ISC program and indicate a role for this specific isoform in the
malignant transformation of ISCs in both mouse and human. In contrast, expression of the
standard form of CD44 (CD44s) was not observed in mouse ISCs, nor in FAP lesions (chapter
3). Notably, CD44s expression has been reported in a variety of tissues/cell types, including
colorectal cancer cells 7. Furthermore, assessment of CD44 expression in a set of commonly
used human colorectal cancer cell lines, including DLD-1, HCT116 and HT29, has revealed
expression of CD44s, in addition to that of CD44v4-10 (unpublished results). Expression of
CD44s by these cell lines is presumably caused by aberrant regulation of pre-mRNA splicing,
possibly by downregulation of the epithelial cell type-specific regulator of CD44 variant exon
inclusion ESRP1°.
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To dissect the function of the identified variant domains of CD44 in vivo, we crossed knock-
in mice exclusively expressing either CD44v4-10 or CD44s with tumor-prone Apc™™* mice
(chapter 3). This study revealed a critical role for CD44v4-10, but not CD44s, in the malignant
transformation of intestinal epithelial cells. These results demonstrate that ISC-associated
CD44v4-v10 contributes to intestinal tumor formation and imply that the variant domains
of CD44 are involved in oncogenic signaling in intestinal epithelial cells. This is not only
relevant for tumor initiation. The prominent expression of variant isoforms by tumorigenic
colon cancer cells also suggests a functional role at later stages of the disease °. CD44 is
an established surface marker of colon cancer stem cells (CoCSCs) with tumor-initiating
capacity *3 and numerous studies point to a detrimental role for CD44 variant isoforms
in advanced CRC [For a recent review see Ma et al. *]. For example, a study by Merlos-
Sudrez et al. demonstrated that an ISC gene-expression signature in primary tumors predicts
disease relapse in CRC patients. This signature includes CD44 and is specifically associated
with CoCSCs, yet distinct from a proliferative gene signature . We conclude that CD44v
expression, including expression of CD44v4-v10, is a general feature of ISCs and newly
transformed intestinal tumor cells and these variant domains, but not CD44s, promote
oncogenic signaling.

As discussed above, there is a growing body of evidence indicating that CD44v expressing
CRC cells exhibit increased tumorigenicity. A further understanding of the molecular
mechanisms of action is needed in order to advance therapeutic treatment options
involving CD44v. The finding that CD44yv, and in particular variant isoforms containing exon
V6, serve as co-receptor for the receptor tyrosine kinase MET *%7, the principal receptor
involved in HGF signaling, is of great interest for understanding the function of CD44v in
the intestinal mucosa. The interaction between CD44 and MET is vital in mouse embryonic
development, as MET-haploinsufficient CD44 knockout mice die at birth as a result of defects
in the nervous system Y. HGF/MET signaling has been implicated in a variety of biological
responses, including adhesion, motility, proliferation, survival, and morphogenesis, while
uncontrolled activation of MET is oncogenic in several human epithelial tissues, including
kidney and lung. Mouse models that express the receptor or ligand as a transgene develop
various types of tumor [Reviewed by Gherardi *®]. Intestinal epithelial cells express MET %9,
whereas HGF is produced by mesenchymal cells in the stroma adjacent to the epithelium 192,
Importantly, both MET and CD44 are targets of Wnt signaling in human intestinal epithelial
cells 821, suggesting a functional collaboration already at the initiation stage of CRC. Further
evidence for a functional relation between CD44v and HGF/MET signaling comes from the
observation that HGF/MET-mediated Ras activation promotes the inclusion of CD44 variant
exons, providing a positive feedback loop 2. Together, these findings support a molecular
interplay between CD44v and MET in ICSs as molecular mechanism explaining the oncogenic
function of CD44v.
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In chapter 4, we demonstrate that single Lgr5-expressing mouse ISCs respond to HGF
stimulation to initiate mini-gut formation ex vivo. In addition, we show that APC-deficient
intestinal adenomas can utilize HGF, as an alternative to EGF, for expansion. Deletion of
MET in the ISC compartment impairs HGF-driven epithelial expansion. These experiments
demonstrate that HGF is a potent mitogen for the murine intestinal stem cell compartment.
Notably however, ISC specific MET deletion in vivo does not affect the crypt phenotype,
nor is there a selection for ISCs expressing MET as a result of neutral drift, thus showing
that MET is dispensable for normal intestinal homeostasis. By examining the intestinal
epithelium in vivo following radiation-induced injury, we established that ISCs depend on
HGF/MET signaling during epithelial regeneration. This shows that HGF-mediated signaling
is crucial in facilitating a regenerative response, permitting accelerated proliferation of the
epithelial barrier. Most importantly, we observed that deletion of MET in the intestinal crypt
compartment attenuates adenoma formation in vivo. This is accompanied by increased
numbers of apoptotic cells in MET-deficient intestinal microadenomas. These findings
indicate that HGF/MET-signaling promotes tumorigenesis by altering the balance between
proliferation and apoptosis in the ISC compartment upon epithelial cell stress. Importantly,
the effects of HGF on intestinal epithelial cells requires the presence of the correct CD44
isoform. We demonstrate that ISC-associated CD44v4-v10 and MET collaborate in regulating
HGF-dependent mini-gut formation and tumor growth but this collaborative function cannot
be fulfilled by CD44s. Thus, a principle function of CD44v on ISCs is to facilitate HGF/MET
signaling and this “ménage a trois” between CD44v, MET and HGF likely supports adenoma
formation in vivo.

Interestingly, the signaling events during intestinal epithelial regeneration after injury and
during tumorigenesis show great similarity as both processes are marked by enhanced
Wnt signaling, PI3K/AKT pathway activation, and MYC-mediated transcription 23. These
pathways are closely linked to both sporadic CRC and inflammatory-associated cancer
development 2*?°. The niche adaptations that maintain ISC activity during homeostatic
renewal and injury-induced intestinal regeneration have been reviewed by Santos 2°.
As stated above, we identify a functional role of CD44v/MET signaling in niche-driven
intestinal regeneration, but not in intestinal homeostasis. This highlights that CD44v/
MET is part of an intestinal regenerative program that is distinct form normal intestinal
homeostasis and capable of regulating the balance between proliferation and survival
under stress conditions. Similar mechanisms in the intestinal crypt compartment have
been reported by other research groups. For example, activation of SCF/c-Kit signaling
and subsequent downstream PI3K/AKT signaling triggers dedifferentiation of Paneth cells
and subsequent regeneration of the intestinal stem cell compartment after inflammatory
insult 27. This study emphasizes a great cellular plasticity in response to ISC damage and
the contribution of niche signals that support stem cell fate decisions. Likewise, the
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HIPPO/YAP signaling pathway is critical in reprogramming ISCs after epithelial damage,
thereby promoting cell survival and EGF-mediated proliferation. Of relevance to our
findings, interfering with HIPPO signaling strongly reduces adenoma formation in tumor
prone Apc™™* mice, and impairs adenoma growth ex vivo while inducing apoptosis .
These latter results are strikingly similar to those described in chapter 4 and illustrate that
the intestinal regeneration program can be hijacked by tumor initiating cells to promote
adenoma formation. Another example of a mediator of intestinal transformation without
affecting homeostasis is the anti-apoptotic Bcl-2 protein. Work by van der Heijden and
coworkers shows that this protein is specifically expressed in ISCs in both mouse and
human. Interestingly, deletion of Bcl-2 along with Apc in the intestinal epithelium of mice
results in impaired adenoma formation when compared to controls. Loss of Apc in the
ISC compartment causes cellular stress that leads to increased apoptotic cell death. Bcl-2
contributes to efficient transformation by alleviating apoptosis following loss of Apc .
This work points to a close connection between levels of pro- and anti-apoptotic proteins
in ISCs and tumorigenesis. A clear link between Wnt signaling and intestinal epithelial
cell survival is provided in chapter 5. In this chapter, we demonstrate that uncontrolled
Wnt signaling drives expression of pro-apoptotic Bcl-2 family members BOK and BAX
during the early stages of intestinal tumorigenesis. These results are in line with previous
reports describing a specific degree of B-catenin signaling optimal for tumorigenesis
3031 APC interacts with cytoplasmic B-catenin through three 15-amino-acid repeats and
seven 20-amino-acid repeats, thereby promoting its phosphorylation and subsequent
degradation 3%, Typically, human colorectal adenomas retain expression of one truncated
APC protein containing one or two of its original seven 20-amino-acid repeats, allowing
some residual B-catenin downregulating activity. This “just-right signaling” model implies
that a complete loss of APC-mediated downregulation of B-catenin activity triggers the
induction of an apoptotic response thereby preventing tumor formation *. In accordance,
B-catenin overexpression induces cell death in several cell lines 34. The findings described
in chapter 5 are consistent with this model and suggests a negative-feedback mechanism
by which uncontrolled epithelial cell proliferation in the stem cell compartment can be
counterbalanced. It should be noted that apoptotic cell clearance depends on many
factors: Pro-apoptotic BOK and BAX can interact with several anti-apoptotic Bcl-2 family
members such as, BCL-2, BCL-X , BCL-W and MCL-1. A dynamic balance between the many
different pro- and anti-apoptotic components defines the threshold of responsiveness to
intrinsic and extrinsic cues. For example, the use of the non-steroidal anti-inflammatory
drug sulindac induces BAX-mediated apoptosis in intestinal epithelial cells independent of
p53 3¢, This decision making process is further influenced by the inhibitor of apoptosis
(IAP) family of proteins *’. For a recent review on apoptosis, see Adams and Cory ¥. As
stated in chapter 6, further exploitation of p53-independent pro-apoptotic signaling in
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colorectal cancer may prove critical to finding more effective therapies in advanced disease.
In particular, the extent by which BOK and BAX may modulate intestinal tumor formation
and outgrowth in mouse and humans needs further investigation. The identification of
targets that explicitly initiate apoptosis in intestinal epithelial cells could provide new
approaches to prevent tumorigenesis with minimal toxicity. One suggestion is the use
of sulforaphane in individuals susceptible to malignancy. This putative chemopreventive
compound is capable of inducing apoptosis by altering the BAX/BCL-2 ratio in human CRC
cells 3940,

Whether CD44v/HGF/MET signaling is involved in modulating epithelial cell death and/or
reprogramming of intestinal epithelial cells in humans needs further investigation. First,
however, these findings need to be validated in human primary cell cultures. Nevertheless,
our studies demonstrate a fundamental role for CD44v/MET in niche-dependent intestinal
epithelial regeneration. This regulation of cell fate is most likely preserved in human CRC as
stromal cells in primary carcinomas display prominent expression of HGF protein *°, which
is connected with cancer-associated fibroblast that represent key players in the tumor cell
microenvironment “. Intriguingly, CD44v mediated HGF/MET-signaling may also contribute
to tumor cell dissemination, because HGF is a major growth factor expressed at the primary
sites of metastatic spread, which are the lymph nodes and liver #>%3, This notion is supported
by recent work showing a critical role for CD44v6-dependent HGF/MET-signaling in driving
the migration and metastasis of CoCSCs. Targeting both MET and CD44v6 prevented
invasive capability of tumorigenic CRC cells. Intriguingly, these cells were shown to depend
on PI3K/AKT-mediated activation of CD44v6 for viability and migration 1°. Combined, these
observations show coordinate signaling by CD44v and MET in highly tumorigenic colon
cancer cells and relevance in patients with advanced disease.
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CONCLUSIONS AND PERSPECTIVES

From its initial identification as a transmembrane hyaluronan receptor mediating cell
adhesion, the list of functions ascribed to CD44 has increased dramatically. These insights
make CD44 an exemplary family of molecules, demonstrating how a single gene locus can
be involved in the regulation of multiple physiological and pathophysiological processes.
Alternative pre-mRNA splicing plays a major role in regulating cell-type specific functions,
which are further diversified by post-translational modification. It is clear that CD44s and
CD44v have distinct biological functions and the variant isoforms of CD44 probably have
both overlapping as well as distinct functions on intestinal epithelial cells. This thesis
describes a specific function of CD44v4-v10 in the intestinal epithelium. The extracellular
variant domains of CD44 play a key role in regulating HGF/MET signaling, leading to the
activation of downstream cascades that are associated with ISC fate and tumorigenesis
(Fig. 1). Downstream signaling possibly stimulates CD44 variant exon inclusion ?***, so this
potentially creates a positive-feedback loop, augmenting both proliferative and survival
signaling mechanisms. In contrast to the standard form of CD44, which is ubiquitously
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Figure 1. Mechanism by which CD44v4-10 and MET cooperate in signaling. CD44v4-10 acts as co-receptor for MET
on Lgr5+ ISCs. CD44v4-10/MET signaling via binding of stromal-derived HGF potentially affects the RAS/MAPK and
PI3K/AKT signaling pathways through an effector complex linked to the actin cytoskeleton. Signaling can augment
ISC proliferation and survival. In addition, active RAS/MAPK signaling may sustain the inclusion of variant exons in
CD44 mRNA, thereby creating a positive feedback loop. This model highlights a mechanism in which alternative
splicing of CD44 can modify cellular response. A mechanism that can be essential during epithelial regeneration
following injury or inflammation, but also increases susceptibility to tumorigenesis. In a similar way, enhanced

downstream signaling by CD44v4-10/HGF/MET could provide an advantage to transformed cells during tumor pro-
gression and metastasis.
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expressed by many different cell types, expression of CD44v is restricted in normal
tissue *. The notion that CD44v/MET signaling is not required for intestinal homeostasis
provides opportunities for therapeutic intervention while minimizing adverse side effects.
Pharmacological inhibition of signalosome formation may be beneficial as a preventive
strategy against the development of CRC in high risk populations, such as patients with a
hereditary predisposition. This could possibly be achieved by an allosteric and selective
inhibitor of CD44v6 capable of blocking MET activation and subsequent survival signaling.
One possible candidate is the peptide AMC303 which has recently been used in advanced
cancer patients “. Apart from this, blocking CD44v-MET signaling in advanced CRC may also
benefit patients who are treated with EGFR tyrosine kinase inhibitors. Studies with EGFR-
blocking antibodies in metastatic human CRC show that therapy resistance can be explained
by aberrant activity of MET #-%. Consequently, combination therapy targeting both EGFR
and HGF/MET is considered a promising approach for these patients *°. Thus, targeting the
CD44v/MET signalosome may improve response to EGFR inhibitors in CRC. More strategies
targeting CD44v6 are being explored. These include the development of anti-CD44v6
mAbs %2 and CD44v6 specific peptides and aptamers that interfere with protein-protein
interactions *¢53-%5. Combination therapy using these agents may provide an opportunity to
improve treatment for CRC patients.
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