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ABSTRACT

This thesis explores the role of an adhesion protein, CD44, in the biology of colon
cancer. CD44 glycoprotein is a main extracellular receptor for hyaluronic acid. A single
CD44 gene composed of 20 exons encodes a variety of isoforms due to alternative splicing
of 10 middle exons. Overexpression of CD44 and appearance of abnormal isoforms
containing products of variant exons have been implicated in the origin and progression of
cancer, including human colon carcinoma.

Of two main parts comprising the dissertation, the first one ("CD44 and the
adhesion of neoplastic cells” by Z. Rudzld and S. Jothy) reviews the current state of
knowledge on CD44, emphasizing its role in neoplastic processes. The second part
("Changes in CD44 expression during carcinogenesis of the mouse colon” by Z. Rudzki, L.
LeDuy and S. Jothy) reports an experimental study of CD44 expression in a murine model
of colon cancer. The tumors were induced by subcutaneous injections of a colon - specific
carcinogen (1,2-dimethylhydrazine). CD44 expression was studied by RT-PCR/Southern
blot and immunohistochemistry. The CD44 transcripts were generally strongly
overexpressed in tumors compared with normal colon. Both neoplastic and normal colon
samples exhibited the same complex array of transcript bands representing the standard
molecule (CD44s) and its variant isoforms. Immunohistochemistry revealed marked
heterogeneity of tumor staining, contrasting with a rather uniform mRNA overexpression.
There was a significant tendency towards the progressive loss of CD44 immunoreactivity in
larger and invading tumors. It is concluded that CD44 isoforms are globally overexpressed
at an early, premacroscopic stage of colonic carcinogenesis. Expression of CD44 in the

murine model of colon cancer shows some similarities to its human counterpart.



abstract (French)

Cette these explore le role de CD44, une protéine d’adhésion, dans la biologie du
cancer du colon. CD44 est une glycoprotéine dont la partie extracellulaire est un récepteur
pour l'acide hyaluronique. Le gene de CD44 est composé de 20 excns codant une
multitude d’isoformes générées par épissage alternatif de 10 exons intermédiaires. La
surexpression de CD44 et la présence d’isoformes anormales contenant des produits d’exons
variants ont ét¢ impliquées dans l'origine et la progression du cancer, y compris le cancer
du colon humain.

Cette theése comprends 2 parties. La premitre ("CD44 and the adhesion of
neoplastic cells", Z. Rudzki and S. Jothy) est une revue de I’état actuel des connaissances
concernant CD44, focalisée sur son rdle dans le processus néoplasique. La deuxieéme partie
("Changes in CD44 expression during carcinogenesis of the mouse colon", Z. Rudzk, L.
LeDuy, and S. Jothy) décrit une étude expérimentale concernant 1’expression de CD44 dans
un modele murin de cancer du colon. Les tumeurs ont ét€ induites par injections sous-
cutanées d'un carcinogene spécifique du colon, la 1,2-diméthylhydrazine. L’expression de
CD44 a été étudiée par RT-PCR/buvardage Southern, et par immunohistochimie. Les
transcrits de CD44 sont globalement surexprimés dans les tumeurs par rapport au colon
normal. Les néoplasmes et les colons normaux expriment le méme motif de bandes de
transcrits représentant le CD44 standard (CD44s) et ses isoformes variantes.
L’immunohistochimie montre une hétérogénéité dans I’immunocoloration, contrastant avec
I’uniformité relative de la surexpression de I'ARN messager. Une perte progressive de
I’immunoréactivit¢ de CD44 a été  observée dans les tumeurs volumineuses et
envahissantes. Il est conclus que les isoformes de CD44 sont globalement surexprimées 2
un stade précoce, prémacroscopique dans la carcinogenése du colon. L’expression de
CD44 dans le modele murin du cancer du colon posséde certaines similitudes avec sa

contrepartie humaine.



INTRODUCTION

Colorectal cancer: epidemiology, etiology and pathogenesis, and pathology.

Colorectal cancer, a malignant neoplasm originating from the epithelial lining of the
large intestine, belongs to one of the few unfavorable aspects of life in contemporary
affluent societies. An individual living in the United States, Canada, Western Europe or
Australia has approximately a 5% life-time risk of developing this disease, with small
variations due to sex, race, country of origin and socioeconomical status." However, even
in the countries in which colorectal carcinoma is relatively rare, such as India or Colombia,
it is by no means exceptional, since its incidence oscillates around five to ten cases/100,000
people/year.* Over the last several decades, the incidence of colorectal cancer in high risk
countries has remained almost stable. At the same time countries belonging previously to
the low or middle risk group, such as Poland or Japan, have experienced a marked increase
in the number of cases, which was paralleled by progressive "Westernization" of their local
diet.' Immigrants, and especially their children, moving from areas in which colorectal
cancer is uncommon, to the Western countries, gradually acquire the risk typical for the
native population, provided their acculturation includes adaptation of local dietary habits.?
Taken together, these epidemiological data strongly suggest that dietary factors contribute to
development of colorectal carcinoma. The complexity of a human diet precludes the
unequivocal and exhaustive identification of all carcinogenic or protective components of an
everyday meal. The simple hypothesis proposed by Burkitt over 25 years ago®, linking low
fiber consumption with high risk of colon cancer risk, is still the best available explanation
of up to tenfold differences in incidence between different populations. It is also
corroborated by studies of animal models.'®  Total dietary fat is generally believed to
contribute to higher risk of colon, but not rectal cancer.? The precise composition of
dietary fat is probably important, since comparison of total per caput fat consumption in
various countries reveals sometimes surprising facts (e.g. almost identical consumption in
moderate risk Poland and high risk Australia, or strikingly high fat intake in Denmark, not

paralleled by exuberant colon cancer incidence among Danes).*
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Dietary habits, representing environmental risk factors, are responsible for the
majority, but not all cases of colorectal cancer, traditionally referred to as "sporadic™ cases.
As opposed to cuisine trends, the genetic predispositions are much less prone to rational
human manipulation. It is already well known that some people, if left untreated (and only
potentially effective treatment means often the total colectomy), are virtually destined to
develop a colon or rectal cancer. Additionally some other individuals, although not totally
doomed, have their risk far above the average. The two most important hereditary
syndromes, associated with an unusually high incidence of colorectal cancer, are familial
adenomatous polyposis (FAP), called also adenomatous polyposis coli (APC) and hereditary
nonpolyposis colorectal cancer (HNPCC, Lynch syndrome). Investigation of the molecular
biology characteristics of these syndromes contributed also to the understanding of the
genetic mechanisms leading to the occurrence of the more common sporadic cases.

FAP, accounting currently for fewer than 0.2 % of colorectal cancers, results from
a germline mutation in the tumor suppressor APC, and is inherited as an autosomal
dominant trait, expressed phenotypically in about 1 in 7000 individuals, with nearly
complete penetrance.® In typical, untreated cases at least one of many thousand of tubular
adenomas, carpeting the whole large intestine of an affected individual, progresses to
carcinoma at the median age of 42 years, which is at least two decades earlier than the peak
incidence for sporadic tumors.” Although it was widely believed that the adenomatous
proliferation of colonic epithelial cells in FAP was exclusively caused by somatic
inactivation of the second copy of APC gene (usually by means of allelic loss), it is
currently known that the mutant APC can also exert a dominant negative effect.®* The
adenomas found in FAP do not progress to cancer more frequently or rapidly than those
found in nearly half of the general population, but it is the very number of them which
makes malignant transformation in FAP unavoidable.” In an overwhelming majority of
cases the germline mutation (frameshift, splicing or nonsense) leads to the formation of a

truncated APC protein, detectable using the in vitro translation assay.” The exact location



introduction
of mutation within the APC gene profoundly influences the colonic and extracolonic
manifestations of FAP®, which can present as:
- a classical form (several hundred to several thousand of colonic polyps with relative
sparing of rectum and cecum),
- accompanied by CHRPE (congenital hypertrophy of the retinal pigment epithelium),
- associated with retroperitoneal or abdominal desmoid tumors (often very aggressive and
more difficult to control than the polyposis),
- an attenuated phenotype, with few flat polyps, potentially confused with other polyposis
syndromes,
- profuse polyposis, with early onset and numerous digestive tract polyps, involving not
only the colon.
FAP associated with numerous possible extracolonic manifestations is sometimes referred to
as Gardner's syndrome, originally described as a combination of intestinal polyps,
osteomas, fibromas and epithelial cysts in a Utah Mormon family."

Tumors arising in FAP develop through the well characterized sequence of at least
seven mutations involving APC, K-RAS, oncogenes at 18q21 (DCC, DPC4, JV18-1 and
possibly others) and p53, which is paralleled by morphologic progression from normal
epithelium to invasive carcinoma through stages such as dysplastic aberrant crypt foci,
adenoma with increasing dysplasia and carcinoma in situ." Very similar genetic and
morphologic multistep processes take place during the development of the majority of
sporadic colorectal cancers, with the only exception that mutations of both APC alleles are
somatic in typical sporadic cases.?

HNPCC, the second relatively common syndrome linked with the inherited
predisposition to colorectal cancer, is caused by a germline mutation of one of the genes
responsible for repairing of DNA mismatches and accounts for 2-4% of colorectal cancer
cases.” The patients do not develop adenomatous polyps more frequently than the general
population, but the few "statistically expected" adenomas progress almost invariably to

carcinoma, usually in the early fifth decade of life. Extracolonic malignancies, most
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notably those of endometrium, ovary, stomach, small intestine, ureter and renal pelvis are
found in some pedigrees or individuals.® The genetic hallmark of the syndrome, the
widespread instability of short repetitive DNA sequences (microsatellites), can be relatively
easily detected in almost all tumors in HNPCC. Mutations typical for "APC pathway" (like
those of APC, K-RAS, DCC, or p53) are rare in Lynch syndrome.”? Specifically affected
genes identified to date, such as TGF-8 type II receptor, BAX, hMSH6 DNA mismatch
repair gene or IGF type II receptor, contain microsatellite sequences within their coding or
controlling regions.”'* Similarly to FAP, also the HNPCC constitutes a model of genetic
development of some sporadic cancers. Approximately 13% of sporadic colorectal
carcinomas show mutation pattern typical for mismatch repair deficiency/ microsatellite
instability instead of more frequent APC/K-RAS/p53 pathway.’

Apart from HNPCC and FAP, the colon (but not rectal) carcinoma cases tend to
cluster in some families, with an increased risk of 1.65 - 2.1 for the first degree relatives of
an affected individual.®" It is estimated that approximately 50% of colon tumors arise
from some kind of inherited susceptibility and that the yet unknown predisposing gene(s)
can probably occur in one-third of the population. Additionally, numerous rare, either
inherited or nonfamilial syndromes (Peutz-Jeghers, Muir-Torre, juvenile polyposis,
hyperplastic polyposis, two variants of Turcot’s syndrome to name the few) increase the
risk of malignant transformation in the colon, but not necessarily originating from the
polyps.'® Together they account for less than 1% of all cases of colorectal carcinoma.

Colorectal cancer is roughly 20 times more frequent in both ulcerative colitis and
Crohn’s disease, with an incidence strongly related to the anatomical extent and to the
duration of the disease.” Other well-documented risk factors predisposing to colorectal
carcinogenesis include previous irradiation of the pelvis and obesity.**

The morphologic characteristics of colorectal carcinoma are much less diverse than
its etiology. Most colorectal cancers, regardless of their genetic background, present as
either bulky polypoid masses or infiltrative, ulcerating lesions, sometimes with annular

constriction of the entire intestinal circumference.* The former pattern is more common,
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but not exclusive, in the right colon, whereas the latter predominates on the left side.
Microscopically over 80% of colonic carcinomas are conventional (gland-forming)
adenocarcinomas, 10% are classified as mucinous, 1% as signet-ring cell adenocarcinomas
and the remaining group as rare variants.! Carcinomas arising in the setting of HNPCC
and their sporadic mismatch deficient analogues are more frequently right-sided, poorly
differentiated, with a mucinous or signet ring-cell histology, surrounded by a florid
lymphoid reaction."

The survival of colorectal cancer patients is determined mainly by the stage of their
disease, usually classified accordiflg to Dukes’ system or its numerous modifications.'
Grade of differentiation constitutes the only other unquestionably accepted independent
prognostic parameter.! Five-year survival figures vary significantly between countries (e.g.
below 30% for Cracow, Poland, versus around 50% for the USA)*®, which probably
reflects mainly the differences in the extent of prophylactic screening tests and in quality of

therapy.

Rationale of a search for new markers of malignant potential of colorectal cancer.
Colon cancer has at least two unique features disﬁnguishing it from malignant
neoplasms responsible for substantial morbidity and mortality. First, it is usually
symptomatic at the relatively early stage of its progression, often before metastatic spread
takes place. Second, at least 50% of cases involve identifiable high-risk individuals, so that
costly screening procedures can be limited to a preselected segment of population. Due to
these properties 75% of patients are diagnosed with a potentially resectable tumor (Dukes
stage A-C). Several biological characteristics of colon cancer make it an almost ideal
candidate for curative surgical resection. The colon has distinct anatomical boundaries with
a thick muscle layer forming a barrier temporarily capable of withstanding neoplastic
invasion. Although colon cancer first invades the lamina propria, intramucosal carcinomas

never metastasize, in comparison with similarly advanced gastric tumors that, at the same
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stage, occasionally spread to the regional lymph nodes.* The reason for this relative
indolence of early colon cancer is not entirely clear since colonic lamina propria contains
some lymphatics at least in its lower portion.®**® Compared with gastric or pancreatic
malignancies, in most cases a surgeon can define the extent of a colon tumor by palpation
and specify safe resection margins. Colon is one of the barriers between the precisely
regulated and protected interior of human body and the harsh, unpredictable external
environment. Hence it is well guarded by checkpoints that includes lymph nodes which can
intercept not only microbial pathogens but also metastatic cancer cells. Due to limited
anatomical variability and their intramesenteric location, these lymph nodes are easily
excised together with a colectomy specimen. Direct blood-borne spread of neoplastic cells
with bypassing of the lymph node barricade is exceptional. Finally, most colon cancers
grow relatively slowly and are well or moderately differentiated malignant neoplasms.
Despite these seemingly favorable clinical and biological features of colon cancer,
approximately 1/3 of patients diagnosed with a potentially curable neoplasm develop
recurrences after surgery and die of their tumors.* Current diagnostic procedures do not
allow the separation of this group with an acceptable specificity and sensitivity until
therapeutic failure is evident. Therefore, successful identification of new markers and
diagnostic parameters could result in more aggressive therapeutic approach and more
stringent post-therapeutic monitoring of affected patients. =~ Adhesion molecules are

promising candidates among a vast group of prospective markers.

Adhesion molecules and their involvement in tumorigenesis.

Presently known cell surface adhesion molecules can be grouped into five families of
proteins: cadherins, integrins, members of the immunoglobulin supergene family, selectins
and CD44.*

Cadherins are transmembrane molecules with their extracellular portion folded into
five similar domains, and an intracellular tail capable of binding to actin via the family of

catenins.* In the presence of calcium ions, they mediate very strong interactions with the
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same kind of molecule on another cell, whereas in the absence of calcium they are rapidly
degraded leading to disruption of cell adhesion.*

The vast family of integrins is composed of heterodimeric proteins functioning as
cell-cell adhesion molecules, cell-substrate adhesion molecules or receptors for extracellular
ligands.” Some integrins bind extracellular matrix components such as fibronectin, laminin,
collagens and osteopontin, thereby facilitating cell migration.” Other integrins act as cell
adhesion molecules (CAMs). These integrins wusually bind to members of the
immunoglobulin supergene family.

The members of the immunoglobulin supergene family of proteins probably evolved
from an ancestral gene coding for a single Ig-like domain, forming a B-pleated sheet and
stabilized by a disulfide bridge.® Currently this family contains numerous molecules
sharing various numbers of this basic unit and fulfilling diverse functions. Some of its
members, such as neural cell adhesion molecule (NCAM), vascular cell adhesion molecule
(VCAM) or carcinoembryonic antigen (CEA) are implicated in homotypic, calcium-
independent cell-cell interactions.**

The selectins recognize fucosylated or sialylated carbohydrates, which allows them
to mediate relatively weak binding between endothelium and migrating cells, equipped with
specific polysaccharide residues.® Lymphocyte homing or neutrophil extravasation are
typical processes depending on transient selectin-mediated attachment.?

The structure and function of CD44 is extensively reviewed in this thesis.™

The CAMs play an important role in neoplasia, since intercellular adhesion and
interactions of malignant cells with the surrounding extracellular matrix are crucial for
invasion and metastasis. Spreading neoplastic cells have to reduce their cohesion with the
primary tumor and crawl into the extracellular matrix, actively recognizing its components
at the same time. On the other hand, in the bloodstream or within lymph, the more
cohesive clumps of cancer cells have a greater chance of successfully anchoring themselves
within capillary vessels. Tumor cells migrating within the vasculature mimic leukocytes in

their adhesion to the endothelial surfaces, increasing the probability of a secondary focus
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formation. Thus the spread of a neoplasm requires a delicately orchestrated balance
between adhesion and antiadhesion. It is easy to imagine that the differences between
behavior of a malignant cell and its normal counterpart should be mirrored by differences in
quality and quantity of their adhesion molecules.

To date many proteins implicated in the biology of colon cancer have been proven to
take part in adhesion processes. For example, carcinoembryonic antigen (CEA), strongly
and almost constantly overexpressed by colon cancer cells, has been identified as a mediator
of homotypic/ homophilic cell-to-cell interactions.®* Conversely, an intercellular adhesion
molecule E-cadherin as well as a family of cooperating intracytoplasmic proteins, the
catenins, are often downregulated in colonic adenomas and carcinomas, providing a
molecular basis for the increased mobility of neoplastic cells (reviewed in *¥). APC protein,
which is a product of a tumor suppressor gene APC (adenomatous polyposis coli) and is
crucial in the initial steps of colorectal carcinogenesis, associates with beta-catenin, itself
complexed with the cell adhesion protein E-cadherin.* A strong candidate for another
tumor suppressor gene, DCC (deleted in colorectal cancer), shows structural similarities to
NCAMs (neural cell adhesion molecules) and likely performs analogous, adhesion-
modifying functions.®® Abnormal expression of integrins, the ubiquitous cell-to-matrix
adhesion proteins, occurs in colon cancer cells and contributes to colon cancer
progression.** One of the final steps in the metastatic process, adhesion to endothelial
cells, is mediated by E-selectin. Notably, expression of E-selectin ligands by colon cancer

cell lines has been positively correlated with their metastatic potential.*

Plan of the present thesis.

The present dissertation is focused on the role of CD44 in biology of colorectal
cancer. CD44 is the main receptor for a ubiquitous extracellular polysaccharide,
hyaluronan. It is a transmembrane glycoprotein, encoded by a single gene undergoing
complex alternative splicing. At least 10 flanking exons are constantly expressed, whereas

the middle portion of an extracellular domain can be composed of products of various
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combinations of at least 10 alternatively spliced exons. The numerous isoforms of CD44
differ in their ability to bind hyaluronan, in their capacity to trap growth factors and its
propensity to be shed from the cell membrane. Thus adhesion to hyaluronan, and possibly
to other ligands of CD44, can be precisely regulated, modifying the interactions of cells
with the surrounding environment. The article "CD44 and the adhesion of neoplastic
cells"* , constitutes the first part of the thesis and reviews the current state of knowledge on

CD44, dealing especially with its role in cancer.

The second part of the dissertation is devoted to verification of a hypothesis,
assuming an involvement of CD44 overexpression in a murine model of colorectal cancer,
induced by 1,2-dimethylhydrazine (Changes in CD44 expression during carcinogenesis of
the mouse colon by Z. Rudzki, L. LeDuy and S. Jothy, 1997, submitted for publication).
According to this premise, the neoplastic transformation of the murine colonic epithelial cell
should be associated with the increase of CD44 mRNA and protein product. The 1,2-
dimethylhydrazine induced neoplasia, which has morphological similarities to the human
adenoma - carcinoma sequence, provides a unique opportunity for studying the molecular
aspects of colorectal carcinogenesis at almost all stages, from the first dysplastic crypts to
advanced, invasive carcinomas. If the animal model under study resembles human
colorectal adenocarcinoma, this overexpression should encompass not only the standard
form of CD44 but also its isoforms resulting from alternative splicing of mRNA.
Furthermore, it is hypothesized, that in the murine model, the overexpression of CD44
takes place at the defined step of the dysplasia - adenoma - carcinoma sequence.

In order to verify the hypothesis, CD44 glycoprotein was examined using
immunohistochemistry and the issue of transcription/ splicing pathology was addressed by
RT-PCR followed by Southern blot. The findings in the murine model were compared to
the available data on CD44 role in human colon cancer. To my knowledge this is the first

report on CD44 expression in a chemically induced animal neoplasm.
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Abstract
CD44 family of transmembrane glycoproteins acts as receptors for hyaluronan.

CD44 can also bind some other extracellular matrix ligands (chondroitin sulfate, heparan
sulfate, fibronectin, serglycin, osteopontin) with lower affinity. CD44 is encoded by a
single gene containing 20 exons, 10 of which (vl-vl10Q) are variant exons inserted by
alternative splicing. The standard, ubiquitously expressed isoform of CD44, does not
contain sequences encoded by these variant exons. Numerous variant isoforms of CD44
containing different combinations of exons vl to v10 inserted into the extracellular domain
can be expressed in proliferating epithelial cells and activated lymphocytes. CD44 plays a
significant role in lymphocyte homing. . Both alternative splicing and glycosylation influence
receptor function of CD44, usually reducing its affinity to hyaluronan. The cytoplasmic
domain of CD44 communicates with the cytoskeleton via ankyrin and proteins belonging to
ezrin-moesin-radixin family. Relatively little is known about the intracellular events
following interactions of CD44 with its ligands.

Some variant isoforms, especially those containing sequences encoded by v6-v1O0,
are overexpressed in both human and animal neoplasms. In a rat pancreatic
adenocarcinoma model one of the variant CD44 isoforms was proved to be determinant in
the metastatic process. For some human neoplasms (carcinomas of digestive tract, non-
Hodgkin’s lymphomas, thyroid carcinomas and others) correlations have been made
between particular patterns of CD44 variants produced by neoplastic cells and clinico-
pathological parameters of tumors, such as grade, stage, presence of metastases and
survival. In vitro studies indicate that modifications of CD44 expression result in different
ligand recognition and influence cell motility, invasive properties and metastatic potential of
experimental tumors. Investigation of CD44 neoexpression can be useful both in early
cancer diagnosis and in predicting tumor behavior. It can also contribute to better

understanding of molecular mechanisms leading to neoplastic transformation.

key words: CD44, cell adhesion, cancer
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One of the important basic features of tumor cell biology is the property of
malignant cells to change their adhesion to other cells and to the extracellular matrix. This
property gives to cancer cells the potential to detach from their original site of tumor
growth and to invade surrounding tissues. CD44 is a typical example of a cell adhesion

protein which undergoes dramatic structural and functional changes during malignant

transformation.

Terminology.

CD44 is a family of glycoprotein molecules, which received its name during the
Third International Workshop on Leukocyte Differentiation Antigens.! This nondescriptive
term has replaced previously used names, including: lymphocyte homing receptor
(gp90¥™=), phagocytic glycoprotein (Pgp-1), extracellular matrix receptor III (ECMRIII),
hyaluronate receptor (H-CAM) and HUTCH-1. CD44 was first described in the early
1980s, based on the reactivity of an antibody, called F 10.44.2 2, (reviewed in: *). As
those separately described and named molecules with diverse functions were found to be the
product of one gene, the interest in CD44 rapidly increased, resulting in over 800

publications during the last 5 years.

Overview of CD44 genomic organization and protein structure.

CD44 is a product of a single gene, located on the short arm of human chromosome
11.* Genomic DNA studies have documented that CD44 is encoded by at least 20 exons.
The first five (s1-s5), as well as exons 16-20 (s6-s10) are almost invariably expressed by a
large number of non-epithelial, including hematopoietic, cells; their product is referred to
as the "standard" or "hematopoietic" form of CD44 (abbreviated CD44s or CD44H).°
Exons 6-15, more often called v1-v10, are alternatively spliced.” Despite their name, some
"standard" exons can occasionally participate in alternative splicing, and some of the variant

ones contain "cryptic" splice sites within them.® The structure of CD44 is illustrated in

figure 1.
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Unlike the mouse CD44 gene, the human exon v1 contains a stop codon at the 17th
amino acid residue and probably does not give rise to a protein product.®* There is no
evidence that human CD44 isoforms contain the vl sequence. Since human genomic vl
was discovered only after the finding of the homologous murine exon (op. cit.), it is
sometimes designated as exon Sa or 6a, and subsequent exons receive the numbers from 6
to 19 or from 7 to 20, which can lead to some terminological confusion.’ Similarly, there
is no widely accepted terminology for the large number of resulting isoforms described, the
only exception being the isoform containing the product of exons v8-v10, known as an
"epithelial" variant (CD44E). However, even this isoform (CD44v48-10) has been called
"CD44R1" by another group.'® The largest human isoform, containing the insert encoded
by all alternatively spliced exons from v2 to v10 was called "epican"." The number of
isoforms documented so far approaches 100, although theoretically there could be easily
more than 1000 combinations.

The standard form of human CD44 is composed of 361 aminoacids (37-42 kDa).* In
the human the largest insert, resulting from alternative splicing, contains an additional 381
aminoacids. The CD44 molecule can be subdivided into 4 distinct regions.” The N-
terminal found in the extracellular domain is encoded by exons sl to s5 and is highly
conserved among the species.” Three pairs of cysteine residues, forming disulfide bonds
shape the CD44 ectodomain into globular loops. Two chondroitin sulfate chains can be
attached to the product of exon s5. The N-terminal region also shares a limited (~30%)
sequence homology with the B-loop of the cartilage link protein and other extracellular
hyaladherins, like aggrecan and versican.

The N-terminal region of CD44 contains two binding sites for hyaluronic acid, also
called hyaluronan, within regions corresponding to exons s2 and s5. These hyaluronan
binding motifs, called "B(X7)B", consist of seven aminoacids, none of them acidic, flanked
by two basic aminoacids—either arginine or lysine." One of them, located closer to the N-
terminus, lies within the region homologous with the cartilage link protein and contains

arginine at position 41, which is necessary for hyaluronan recognition.” The second more
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proximal region located in a domain with no significant homology with other hyaladherins
seems to play an accessory role (op. cit.). Recently a third hyaluronan binding B(X7)B
motif was described, partially overlapping that previously identified within exon s§
product.' Similar hyaluronan recognition sequences have also been identified in another
cell surface hyaluronan receptor-RHAMM ("Receptor for hyaluronan - mediated
motility")."

The membrane proximal domain, encoded by exons s6 and s7, is less well
conserved among the species (~50%) and contains the site for insertion of the altemative
splicing products, between s5 and s6. Up to 381 aminoacids, encoded by various
combinations of alternatively spliced exons vl to vI0 can be added at aminoacid 223.
These alternatively spliced exons do not show any significant homology with any other
protein sequences and their function remains still largely unknown. The limited similarity
between the alternatively spliced exons themselves suggests that they might have evolved
from a common ancestor sequence by means of duplication.® At least three of them have
potential binding sites for heparan sulfate and chondroitin sulphate through the SGXG motif
found within the product of exon v3." Fucose rich H-blood group antigens can also bind to
v6 and v10 contains two potential binding sites for chondroitin sulfate.'* The proximal
extracellular region, encoded by standard exons is also a target of post-translational
modifications, binding up to three chains of chondroitin-4-sulfate.

The short hydrophobic transmembrane domain composed of 23 aminoacids is
encoded by exon s8, the remaining 3 aminoacids of this exon coding for the beginning of
the cytoplasmic tail.® Exons s9 and s10, despite their names, can also be alternatively
spliced, resulting in the short-tail (additional three aminoacids, exon s9) or much more
prevalent, long-tail (additional sixty-seven aminoacids, exon s10) version of the cytoplasmic
domain.” It is unclear, whether the short-tail form of CD44 is expressed on the cell
surface, and if it has any functional role (op. cit.). Four serine residues in the cytoplasmic
domain are potential substrates for various kinases and there is a limited homology between

this part of CD44 and sequences found in the G-protein family.® The sequence between
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aminoacids 305 and 355 of the CD44 cytoplasmic domain also contains two putative
ankyrin binding sites.*

The molecular mass of the mature protein usually exceeds 85 kDa, as numerous
potential N- and O-glycosylation sites of the extracellular domains are substituted by
carbohydrates. Potential O-glycosylation sites, distinguished by high Ser/Thr content are
especially abundant within the products of alternatively spliced exons, v10 containing the
largest number of Ser/Thr rich regions.® The chondroitin- and heparan-sulfate chains
contribute to the final molecular mass of some CD44 species, the former increasing it
approximately by an additional 110-120 kDa.® Thus the most prevalent form of CD44
(CD44s) is typically encountered as the 85-95 kDa "backbone" or as a 190 kDa variant,
both carrying the chondroitin sulfate chains. The suggestion * that the heavier variant
represents the disulfide linked homodimer of the former has not been confirmed so far.

The CD44 protein has been described in human, mouse, rat, hamster, goat, pig,
dog, sheep, cattle and horse, with the N-terminal and cytoplasmic domains showing the
closest sequence homology (80-90%) among species. Also the variant region (v1-v10) is
similarly well conserved, when mouse and rat sequences are compared. The human-rodent
homology of this region is approximately 65%.* Interestingly, most of the O-glycosylation
sites, as well as the substitution sites for chondroitin sulfate chains belong to the well
conserved regions, whereas this is not always the case for the targets for N-glycosylation
(op. cit.). A strikingly high interspecies homology characterizes the intronic sequences,
especially the intron v4-vS (68 % identity between human and mouse). Since the introns are
usually poorly conserved their evolutionary preservation in the CD44 variant region
suggests the possible role of intron-encoded information in splicing regulation (op. cit.).

So far no CD44 or CD44-like protein has been described in organisms other than

mammals.
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Expression of CD44 in various tissues.

Taken as a family of molecules, CD44 is a ubiquitous cell protein. Recently, a
panel of monoclonal antibodies directed against the standard isoform of CD44, as well as
the products of variant exons was used to examine both adult and embryonal human
tissues.”*  Generally, most epithelial and nonepithelial tissues express CD44s, whereas
positive reactions with antibodies against exon v6, v9 and v4 are far more restricted. The
following adult tissues have no detectable expression of standard or variant CD44:
ependyma, epithelium of the choroid plexus, surface epithelium of stomach and intestine,
hepatocytes, endocrine portion of pancreas, pancreatic acinar cells, adrenal glands, kidney
proximal tubules and collecting ducts as well as Bowman’s capsule, ovarian germinal
epithelium, testicular germ cells, striated muscle (both cardiac and skeletal), Sertoli cells
and astrocytes. The standard form of CD44 is probably the only one encountered in
nonepithelial tissues, with the singular exception constituted by microglia showing weak
reaction with anti v6 antibodies.?

Epithelial tissues differ markedly among themselves as to the expression of variant
isoforms, but generally the products of exon v9 parallel the occurrence of CD44s. In
normal breast, the "epithelial" form of CD44 (CD44E) seems to be even more abundant
than the standard one, at least at the mRNA level.” Breast duct myoepithelium differs from
the epithelial layer by the display of a v6 containing CD44 isoforms.” Besides, v6-
containing isoforms are more restricted and are found mainly in squamous and transitional
epithelia and ductal parts of glands, the pancreas being a typical example.®* QOesophageal
epithelium, basal and lower intermediate urothelium as well as the lower layers of
epidermis belong to the very rare localizations of v4-containing isoforms.** One of them
is epican (v2-v10), expressed in the epidermis from the basal to the granular cell layer."
Generally, in epithelial tissues the variant isoforms tend to be more strongly expressed in
proliferating cells.* CD44 expression in fetal tissues is usually similar but less prominent
than in the adult counterparts. A notable exception is embryonal skeletal muscle which is

strongly positive for CD44s.*
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Isoforms containing vl-encoded sequences have not been identified in human tissue,
probably because human v1 contains the stop codon.® In mice this exon is not interrupted
by the stop signal. However, expression of murine isoforms containing vl is highly
restricted and was found only in the stomach.

In polarized epithelial cells, CD44 occupies mainly the lateral plasma membranes.
The cytoplasmic domain is responsible for this restricted localization, since mutants lacking
the C-terminal tail are distributed instead on the apical part of the cells.* In fibroblasts,
CD44 preferentially occupies the cytoplasmic projections and this localization requires the
integrity of its intracellular domain.®

It is worthwhile emphasizing that almost all cells of connective tissue, such as
fibroblasts, endothelial cells and macrophages contain large amounts of CD44s. Hence
there is no CD44-free organ or cellular microenvironment in the human body. Hemopoietic
cells are characterized by a high expression of CD44; their membrane contains 10*-10°
molecules, mainly of the standard type.® It is relevant to notice that more than one CD44
isoform can be expressed by a single cell.*

Soluble CD44 (5 pg/ml) can be detected in human serum.* It is probably released
from the cell surfaces by proteolytic enzymes and its biological significance as well as the
exact cell of origin is still unknown. Interestingly, in patients with gastric and colon
carcinoma the serum concentration behaves as a marker of a neoplastic process, as values

are increased nearly 10 fold, and correlate positively with tumor burden.*

Physiologic functions of CD44.
CD44 as a_hyaluronan-binding glycoprotein.

Hyaluronan is the main ligand of CD44. It is an abundant component of the
extracellular matrix and consists of a linear polymer of repeated disaccharide units
composed of D-glucuronic acid and N-acetyl-D-glucosamine. It differs from other
glycosaminoglycans by its lack of covalently linked peptide chains. A single extended

molecule can reach a length of 10 pm and a mass of up to 10 million daltons. A hydrated
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hyaluronan molecule can form a random coil of up to 500 nm in diameter. Aggregates
composed of hyaluronan attached to proteoglycans by the 40 kDa link protein perform
important mechanical functions in various tissues contributing to the resistance of soft
tissues. They also act as an osmotic buffer and a filter regulating the diffusion of
macromolecules.

Hyaluronan-binding properties of what was called "fibroblast surface protein", later
found to be identical to CD44, were first reported in the 1980°s.”** CD44 mediates the
adhesion of stromal cells to the lymphoid precursors in bone marrow.® This interaction is
blocked by both hyaluronidase and anti-CD44 antibodies, and is optimal at neutral pH.
Some anti-CD44 antibodies potentiate ligand recognition, as illustrated by the IRAWBI14
monoclonal antibody, which recognizes an epitope situated between hyaluronan binding
motifs.*

Most binding assays have been performed in the presence of divalent cations.
However, CD44 mediated adhesion can occur in the absence of calcium, with both of its
known ligands: hyaluronan and osteopontin.® ©“* The binding affinity is relatively weak
when compared with the forces resulting from mechanisms involving cadherins or integrins.
CD44-hyaluronan interactions are approximately five times stronger then those mediated by
RHAMM, the second widespread hyaluronan receptor.®*

The B(X7)B motifs, located on the CD44 extracellular domain are essential, but not
sufficient for optimal hyaluronan binding. Other factors included are which CD44 isoform
is involved, its posttranslational modifications and cellular context. The standard form of
CD44 binds hyaluronan, whereas the ligand affinity of some variant isoforms, especially the
“"epithelial" one (CD44E) is much lower.>** It is presently unclear, why the insertion of the
additional amino acids encoded by variant exons in a location remote from the hyaluronan-
binding sites affects CD44-hyaluronan interactions. An important issue is to define the role
played by variant CD44 isoforms in the attachment to hyaluronan. Studies addressing this
issue have led to different conclusions. For instance the murine homologue of human

CD44E and other heavier murine isoforms bind to the ligand, when transfected into the
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AKR1 lymphoma cells.” Also the CD44R1 isoform, when expressed in COS7 (SV40-
transformed simian fibroblastoid cell line) or TIL1 (murine lymphoma) cells can bind
hyaluronan.”* The CD44R1 isoform was regarded as similar, but not identical to CD44E.
Recently it was acknowledged that the aminoacid composition of these two CD44 variants is
the same (Aruffo A; personal communication). Whatever variant exon is spliced in CD44
transcripts, post-transcriptional modifications can still account for further changes in
hyaluronan binding.

Various sugar moieties carried by CD44 modify its capacity to bind hyaluronan,
probably by altering the folding or charge of the receptor molecule. O-glycosylation, and
to a lesser extent N-glycosylation of the standard form of CD44 are necessary for
transfected murine T lymphoma cells to bind to hyaluronan.® Interestingly, glycosylation
of some of the variant domains of CD44 has the opposite effect.® Thus variable
glycosylation of the CD44 molecule, particularly its "epithelial” variant, can serve as a
mechanism regulating lectin function of this glycoprotein parallel to alternative splicing.

Similarly, the attachment of chondroitin sulfate or heparan sulfate, both negatively
charged molecules, to the v3-encoded region of CD 44 can have an adverse effect on
hyaluronan binding."

Binding of CD44 positive cells to hyaluronan and their tumorigenic potential also
depend on whether CD44 remains attached to the plasma membrane or is shed in the
extracellular space.” Variant CD44 isoforms containing sequences encoded by v7 to v10
shed quite easily into the extracellular space, probably as a result of proteolytic cleavage of
CD44 at the junction between the transmembrane and cytoplasmic domains. The released
fragments block CD44-dependent tumor formation, which relies on adhesion of neoplastic
cells to hyaluronan. In contrast, the standard CD44 isoform does not easily shed,
promoting local tumor growth upon subcutaneous injection into nude mice. Interestingly,
cells transfected with isoforms containing products of v3, which completely fail to bind
hyaluronan and do not release CD44, are the most efficient in forming bone marrow

metastases after intravenous injection. This leads to the suggestion that the extensive
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glycosylation of the v3-coded region has several corollaries: abrogation of hyaluronan
binding, specific protection from proteolysis and promotion of unique metastatic properties,
possibly by trapping growth factors.*

The cytoplasmic domain is essential for binding to soluble or immobilized
hyaluronan and for hyaluronan/CD44-mediated motility. This process involves clustering
of CD44 molecules at the surface of the cell.®

As expected, alterations in hyaluronan binding also relate to changes in the number
of CD44 molecules expressed on the cell membrane. Activation of lymphocytes by phorbol
esters increases the expression of the CD44 standard isoform and results in increased
binding to hyaluronan.®

Finally the affinity of CD44 for hyaluronan depends on the size of the ligand
molecule. Hyaluronan has no constant molecular mass in vivo, and generally, the longer
the polymer chain, the stronger is CD44 affinity to it. The minimal hyaluronan chain, still
recognized by CD44 is 6 sugar residues in length.’

Binding to hyaluronan is unlikely to be the only functional consequence of CD44
expression. It is conceivable that associated events are related to it and include hyaluronan
degradation, cell motility and intracellular signalling.

Hyaluronan is degraded mostly in lymph nodes and to a lesser extent in the liver,
spleen, kidneys and lungs.*  Transformed cells are also efficient in hyaluronan
degradation. A series of breast cancer cell lines was shown to degrade hyaluronan into
short oligosaccharide chains, and Hermes-1 antibody which recognizes the N-terminal
region of the CD44 ectodomain, was shown to block this process efficiently.® Moreover,
in this study the positive correlation between the CD44-associated hyaluronan degradation
and the invasive potential of the cell lines was demonstrated.

Hyaluronan promotes cell locomotion and its accumulation accompanies processes
such as wound healing, embryogenesis (neural crest cell migration and migration of
mesenchymal cells forming the cardiac septum), and angiogenesis (reviewed in *).

However, a determinant role for CD44 in these processes remains speculative. In the
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mouse embryo CD44 (both the standard form as well as the heavier isoforms) colocalizes
with hyaluronan during the various stages of development.” The only strong evidence
supporting CD44-dependent cell migration promoted by hyaluronan comes from studies
using neoplastic cells.*

With respect to intracellular signalling, experiments with murine T lymphoma cells
stimulated by hyaluronan show a rapid increase in intracytoplasmic calcium, which is
accompanied by CD44 capping on the cell surface and increased binding of the cells to
immobilized hyaluronan. Since this response can be blocked with anti-CD44 antibodies, it

is very probable that CD44 can also serve as an "outside-in" signal transducer.*®

Interactions of CD44 with other ligands.
So far hyaluronan remains the only component to which CD44 binds specifically.

Cell binding to collagen type I, laminin and fibronectin are also CD44-dependent, but are
weaker and rely on the presence of linked chondroitin sulfate chains.® These interactions
can also be mediated by CD44 isoforms containing products of variant exons. Some colon
carcinoma cell lines expressing CD44E show binding to type IV collagen and laminin that
can be blocked by anti-CD44 antibodies.® Also the CD44-negative murine lymphoma cells
TIL1 transfected with CD44R1 (an isoform containing the product of exon v10 with the
chondroitin sulfate chain attachment site) undergo spontaneous homotypic aggregation,
probably mediated by the mutual recognition of CD44R1 molecules and chondroitin sulfate
chains.”

Recently serglycin, the sulfated proteoglycan of leukocyte secretory granules, was
identified as another ligand for CD44. Serglycin can be exocytosed and interacts with
CD44 on cell membrane leading to activation of lymphocytes. Here again the binding to
CD44 is dependent on the chondroitin sulfate chains carried by the serglycin molecule.®

Heparan sulfate, attached to the region encoded by exon v3, enables CD44 heavy

isoforms to bind growth factors, possibly presenting them at sites of inflammatory
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reactions. Heparin-binding epithelial growth factor (HB-EGF) and basic fibroblast growth
factor (b-FGF), which are determinants of angiogenesis, belong to those so far identified.®
According to a recent report, osteopontin which is an ubiquitous extracellular matrix
glycoprotein may be another ligand for CD44.“ Osteopontin was originally described as a
protein involved in bone apatite crystal formation, but is also produced by a number of
epithelial cells, vascular smooth muscle cells and lymphocytes. Osteopontin is involved in
such diverse processes as suppression of nitric oxide synthesis and promotion of cancer cell
migration (reviewed in ©). In addition osteopontin is a ligand for integrins and participates
in calcium-dependent adhesion.* % By contrast, CD44-mediated adhesion does not require
divalent cations nor does it involve a GRGDS sequence. Also the presence of intact
chondroitin sulfate chains attached to osteopontin is not necessary. However, examination
of human osteopontin aminoacid composition * shows that it contains at least two potential
"B(X7)B" hyaluronan binding motifs. Methodology used by Weber et al. does not rule out
the possibility that CD44-osteopontin binding is indirect and mediated by hyaluronan chains
that can bridge osteopontin molecules with CD44. The thrombin cleavage site present in
osteopontin is confined to one of those motifs. Since osteopontin produced by tumor cells
and peritumoral macrophages promotes neoplastic cell motility when cleaved by thrombin
¥, the issue of CD44-hyaluronan-osteopontin interactions at the advancing tumor margin

seems to be an interesting field for future research.

CD44-mediated lymphocyte homing.

Lymphocyte homing refers to a process in which migrating lymphoid cells recognize
a specific ligand on the surface of high endothelial venules and extravasate to the Peyer’s
patches and lymph nodes in some organs.® Lymphocytes and their precursors, like other
cells of hematopoietic origin, express CD44 from the very early to late stages of their
maturation. The level of CD44 expression on T lymphocytes depends also on their
activation. Antigenic stimulation or interleukin 2 combined with anti-CD3 antibodies not

only increase the overall amount of CD44 on the lymphocyte membrane, but also induces
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variant isoforms.®™ This reaction is maximal 24 hours after stimulation and is followed by
blast transformation and DNA synthesis. Stimulated T cells expressing more CD44 adhere
more avidly to human endothelium.” Both responses can be blocked by Hermes-3 antibody
which recognizes the membrane proximal CD44 domain. This antibody does not interfere
with CD44-hyaluronan interactions. Earlier, the so called "Hermes antigen", later
identified as CD44 has been shown to be involved in the homing of peripheral blood
lymphocytes.

Non-inflammatory lymphocyte recirculation probably does not depend exclusively on
CD44, since CD44-negative lymphocytes isolated from anti-CD44 treated normal mice still
show the ability to home to the lymphoid organs. However, during inflammatory reactions
the extravasation of leukocytes lacking CD44 is impaired and they are incapable of

generating a cutaneous delayed-type hypersensitivity response in non-lymphoid tissues.

CD44 during lymphopoiesis and hematopoiesis.
The earliest population of thymocytes expresses CD44s. Anti-CD44 antibodies are

effective in preventing the repopulation of thymus by T-cell precursors in mice.” During
the subsequent maturation, naive T-cells lose their CD44, which is then regained by
memory T-lymphocytes. The latter cells express both standard and variant exon containing
isoforms, whereas in the early precursor thymocytes, the v9 product can be found only on
the thymic medullary cells.*™

Similarly, anti-CD44 antibodies can interfere with B cell development and mature B
cells can transiently upregulate CD44 variant isoforms, including those containing the
sequence encoded by exon v6.%®™

Cells from the myeloid and erythroid lineages also show a high expression of CD44.
The specific role played by CD44 relates to adhesive interactions between hematopoietic

and stromal cells in the bone marrow.™
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Associations between CD44 and the cytoskeleton.
Cell motility experiments have shown that CD44 is connected to the cytoskeleton

(reviewed in ¥). This connection is not "stiff" and differs in various regions of a moving
cell: CD44-cytoskeleton association is stronger at the leading edge of the cell membrane as
opposed to the trailing one. The exact nature of interactions between CD44 and
cytoskeleton proteins awaits further clarification. There is evidence that CD44 binds to
ankyrin, which connects the submembranous part of the cell scaffolding with the actin
filament meshwork.”™ The ankyrin-binding domain of the intracytoplasmic portion of the
CD44 molecule contains at least two regions recognizing the ligand with different affinity.
Interestingly, the presence of the ankyrin-binding domain is necessary for hyaluronan
binding suggesting that the intra- and extracellular functions of CD44 are functionally
connected.* The ability to bind hyaluronan requires that at least 14 amino acids of the
intracytoplasmic domain be preserved or that CD44 molecules be dimerized via the
disulfide bonds.”

By contrast, treatment of activated lymphoid cells with cytochalasin B does not
affect their ability to bind hyaluronan, suggesting that the interaction of CD44 with actin
filaments is not indispensable for recognition of this ligand.™

New information on the association of CD44 with cytoskeletal proteins was provided
when experiments showed that CD44 colocalizes with the members of ERM (ezrin-radixin-
moesin) family in hamster and mouse cells.” These proteins are involved in plasma
membrane-actin connections such as formation of microvillous projections, adherens
junctions, ruffling membranes and cleavage furrows.*® Both standard CD44 as well as
v9/v10 containing isoforms associate with ERM proteins, the affinity of the heavier
isoforms being substantially greater.™ It is still unclear as to what is the function of the
postulated CD44-ERM complex and whether ankyrin participates in its formation.
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CD44 involvement in neoplastic invasion and metastasis.

The original description of CD44 as a metastasis molecule.
The participation of CD44 in tumor progression and metastasis was first documented

in an animal tumor model. This was established during a search for antigenic determinants
discriminating between metastasizing and non-metastasizing subclones of a rat
adenocarcinoma cell line.* The generation of cDNA clones identified the metastasizing cell
specific protein as a variant of CD44 containing the product of exon v6. Further
experiments confirmed that expression of this particular CD44 variant molecule in
transfected non-metastasizing cells confers the ability to form distant metastases.
Furthermore, non-cytotoxic antibodies specific for this CD44 variant inhibited formation of
secondary neoplastic foci when injected together with tumor cells.® Thus, in this particular
system, a single molecule, CD44 carrying variant exon v6, proved to be causal for the
formation of distant metastases. Applying this information to the human species has to be
subjected to caution. Although human pancreatic adenocarcinomas show almost
consistently v6 immunopositivity, expression of v6 containing isoforms can also be detected
in normal human ductal pancreatic cells.*

One of the first indications that aberrant splicing of CD44 is relevant to human
tumor diagnosis was reported in 1992.® RT-PCR analysis followed by Southern blotting
demonstrated that human colon and breast carcinomas are usually associated with the
generation of a number of large CD44 splicing isoforms.

These initial observations were followed by CD44 investigations of non-epithelial
neoplasms. As discussed below the results obtained with different types of cancer have
helped to understand that more than one CD44 isoform is involved in tumor progression;
tumor spreading related to expression of CD44 is mediated by various CD44 isoforms,

depending on the type of the neoplasm.
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Lymphomas.
The numerous attempts that have been made for a consensus classification of non-

Hodgkin lymphomas reflect the frequent unpredictability in behavior and insufficient
correlation between morphological and clinical features of these neoplasms. Consequently,
active searches are being pursued to identify new markers enabling more accurate
lymphoma classification and prognostic stratification. The role of CD44 in lymphocyte
homing together with the transient upregulation of large CD44 isoforms in activated
lymphoid cells provided a rationale for assessing its potential participation in lymphoma
progression. Basic science experiments gave a rationale to use CD44 as a prognostic
marker. When the CD44 negative Namalwa lymphoma cell line is transfected with
standard CD44, its metastatic potential is greatly enhanced.*

Nodular lymphomas, which are relatively indolent, are typically CD44 negative in
contrast to the usually more aggressive diffuse lymphomas which are strongly CD44
positive.*® Overall CD44 expression correlates with poor prognosis in gastrointestinal
lymphoma.* A substantial fraction of gastrointestina! lymphomas reported in this study*
(52%) showed no expression of CD44 and were characterized by a more favorable clinical
outcome.

More detailed data can be obtained using reagents that are specific for alternatively
spliced exons present in CD44 variant isoforms. The CD44 transcripts found in diffuse
large cell lymphomas contain alternative splicing products which are not expressed in
normal resting lymphocytes and resemble those found in activated B cells.”
Overexpression of isoforms containing protein product of exons v3, v6 and v9 (but not v4)
was observed in high grade lymphomas, as opposed to the low grade lymphoid neoplasms.”
*  Additionally, multivariate analysis of morphological, clinical and molecular parameters
obtained in a large cohort of patients with high grade non-Hodgkin’s lymphoma
demonstrates that the presence of CD44-v6 product is an independent prognostic factor.®
Interestingly, CD44-negative human Burkitt’s lymphoma cells transfected with large variant

CD44 isoforms show weaker adhesion to hyaluronate and increased aggressiveness, as
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documented by in vivo tests.® The causal relationship between these two phenomena has
not been proven but it is tempting to speculate that the decreased affinity to extracellular
matrix can facilitate mobilization of lymphoma cells and promote their spread via blood and
lymphatic vasculature.

Overall these human studies support the experimental observations and the notion
that high expression of CD44 correlates with poor prognosis in lymphoma.

However, determinant factors others than CD44 relate to the aggressiveness of
lymphoma at least in animal models. For instance, the MDAY-D2 murine lymphoma line
in which CD44 is inactivated retains both its local invasiveness and metastatic potential,
despite a complete loss of hyaluronan binding ability.*

The level of soluble standard form and v6 containing CD44 isoforms can be
measured in the blood of lymphoma patients and behaves as a useful marker in monitoring
the effects of therapy.”

In contrast to non-Hodgkin’s lymphomas, the role of CD44 and its variants in the
biology of Hodgkin’s disease is not well known. The CD44 status of Reed-Sternberg cells

is unclear, as is the relevance of the CD44 molecule to the prognosis of Hodgkin’s disease.

Melanoma.
Human nonneoplastic melanocytes as well as some established melanoma cell lines

are characterized by the presence of standard CD44 and the absence of variant isoforms.**
In contrast, examination of various human melanocytic lesions from benign pigmented nevi
to metastatic deposits of melanoma, demonstrates a complex pattern of CD44 expression.
Isoforms resulting from alternative splicing and containing products of exon v5 can be
detected in some nevi and their expression increases in overtly malignant lesions.®

Conversely, v10 containing variant isoforms which are strongly upregulated in benign nevi,
are less commonly expressed in atypical nevi, early melanomas, advanced melanomas and
metastases. Products of exon v6 have not been detected in human melanocytic lesions but

are identified in some melanoma cell lines, correlating positively with metastatic potential
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after injection in nude mice. The same in vivo tests showed an even stronger relationship
between v5 and metastatic phenotype. This is in keeping with the recent observation that
CD44 v5 expression correlates with Iymph node metastases in human melanomas,
suggesting that CD44v5 may be responsible for binding of neoplastic melanocytes to
antigen presenting cells within lymph nodes.” Binding could be followed by secretion of
cytokines promoting survival of the metastatic focus.

The study of melanomas gives an opportunity to investigate how CD44 expression
might relate to the presence of its ligand, hyaluronan, in the tumor microenvironment and
how tumor cells themselves contribute to hyaluronan deposition. Highly metastatic
melanoma cell lines produce more hyaluronan as opposed to cell lines showing poor or no
metastatic capacity.™

There is a direct link between hyaluronan binding and the aggressiveness of human
melanoma cell lines. Cells transfected with CD44 mutated at arginine 41 in exon s2, an
essential site for hyaluronan recognition, not only completely lose lectin function but also
have a dramatically reduced aggressiveness.” Markedly different behavior can be observed
when human melanoma cells are sorted according to the intensity of CD44 expression. The
clones characterized by the highest CD44 expression show, in addition to a stronger
adhesion to hyaluronan, a more vigorous motility and homotypic aggregation. They also
have an increased capacity to colonize lungs of nude mice injected subcutaneously with

tumor cell suspensions.®™

Colorectal carcinoma.

Colorectal carcinoma develops usually through a well recognized sequence of events:
flat or slightly elevated foci of dysplastic crypt(s), adenoma with increasing grade of
dysplasia, intramucosal carcinoma, and finally overtly malignant neoplasm invading the
deep layers of the intestinal wall and spreading to the neighboring lymph nodes and distant
organs. The prognosis of patients with intramucosal carcinoma is usually excellent and the

prognosis of those with invasion beyond bowel wall and distant metastases is invariably
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poor. By comparison, the behavior of the most frequent colorectal cancers which are
diagnosed at an intermediate stage, remains often unpredictable.

Normal cells of adult human large intestinal epithelium express standard CD44 and
less prominently v5, v7 and v9-containing isoforms in the basal region of epithelial crypts.
Isoforms containing the products of exons v4 and v6 are not detected in adult colorectal
epithelium by means of immunohistochemistry.”* Fetal colonic epithelial cells are CD44
negative.**

Immunohistochemical examination of paraffin embedded colorectal tissue specimens,
using a monoclonal antibody recognizing all isoforms of CD44 molecules, demonstrates that
its accumulation can be found in early, small adenomas, becoming more frequent in larger
lesions and carcinomas.” Furthermore CD44 overexpression precedes other genetic
changes, like X-ras mutation, DCC deletion and expression of abnormally stable p53. It is
worth emphasizing that among these, K-ras mutation is usually found before malignant
transformation of colorectal neoplasms. Therefore CD44 upregulation is an earlier marker
of colonic epithelial transformation than ras mutations.

Colonic adenomas and carcinomas display isoforms containing different sequences
encoded by exons v3-vl0, which are not encountered at a high level in normal colonic
epithelium. " Furthermore, in adenomatous polyps the presence of these atypical variants
correlates with histologically identified areas of dysplasia. At the mRNA level, RT-PCR
analysis of transcripts show that there is a greater number of isoforms containing v8-v10
sequences in colon carcinoma than in normal autologous colonic mucosa.'® The same
change can also be visualized by in situ hybridization and northern blot experiments (Figure
2). '

Immunohistochemical investigations with antibodies specific for discrete variant exon
products have documented the pattern of CD44 isoform expression in colon cancer.”* The
isoforms containing sequences encoded by alternatively spliced exons v5 and v6 can be
traced as early as in small adenomas (diameter < lcm). In particular, v5 is strongly

positive in almost all adenomas, whereas v6 lags behind, being positive in 17% of early
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adenomatous lesions and reaching 82% of positivity in advanced carcinomas (Dukes C or
D). The expression of v6-containing CD44 isoform in colorectal carcinoma is illustrated in
figure 3. In contrast to v5, v6 expression correlates positively with the grade of dysplasia
in premalignant tumors. Overall, the acquisition of exon v5 expression occurs early in
colorectal tumor development. CD44 isoforms containing v6 appear later, characterize a
large subset of neoplasms, probably correspond chronologically to the pS3 mutations and
lead to a growth advantage of positive tumor cell subclones.” Antibodies against epitopes
encoded by exon v7 and v8-v10 react strongly with neoplastic cells of adenomas and
carcinomas. No products of exon v3 are detected, either in normal or neoplastic colonic
epithelium.”

Divergent conclusions have been reached regarding a potential relationship between
variant CD44 expression and the prognosis of patients with colorectal carcinoma. Protein
expression of standard and variant isoforms of CD44 correlates with a poor prognosis in
colon cancer as shown by an almost 3 fold deterioration in 5 year survival for patients who
have an overexpression of CD44 in their tumor, confirming an earlier report.'*'* In a
retrospective analysis the expression of v6-containing CD44 variants, assessed
semiquantitatively, emerged as an adverse prognostic factor independent of Dukes stage.'®

A prospective study of a larger group of patients reported slightly different results."

Although v6 is definitely upregulated as early as in adenomas, its overexpression could not
be established as an independent outcome-related parameter. Furthermore, there is a
striking down-regulation of v6 in metastatic lesions (i.e. only 17% remain weakly positive,
compared with 66% being positive among metastasizing primary tumors). Recently a
similar phenomenon was reported by Sugino er al.,, who demonstrated that the
overexpression of both standard and variant CD44 mRNAs and proteins is less prominent in
those bladder cancers which are more advanced both in terms of grading and staging.'” It
is therefore possible that, at least in some neoplasms, various CD44 isoforms play only a

transient role in progression towards a more malignant phenotype. Alternatively, deep
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invasion which is usually achieved by smaller clumps of tumor cells or even single cells
might be less dependent on CD44 mediated adhesion.

Investigating protein expression with the help of exon specific antibodies has the
main advantage of relating CD44 expression to individual tumor cells in colorectal cancers
and is less helpful in defining the splicing pattern. Equally significant is the knowledge of
which combinations of CD44 mRNA variant transcripts are expressed in these tumors.
This information can be gained from RT-PCR studies.'® '® '* This approach gives
information mostly on tumor cells, although a minor proportion of non-tumor cells are also
present in the tumor extracts. Using such a method, it is possible to distinguish patients
with a relatively good prognosis (65% survival at 5 years) who have tumors with mostly
standard CD44 transcripts, as opposed to patients whose tumors have a high content of
CD44 v8-v10 transcripts, defining a 20% 5 year survival.'® Furthermore high expression
of v6 and v8-v10 transcripts in colorectal cancer correlates with the presence of liver
metastases.'* '

Detailed topographic data on localization of various CD44 mRNAs in colon cancer
specimens have recently been reported by a group at the University of Oxford."' '
Radioactive in situ hybridization with probes specific for variant or standard CD44 allowed
them to identify neoplastic but not stromal cells as a source of abundant variant CD44
transcripts. In the latter study in situ hybridization was successfully applied to paraffin-
embedded specimens, despite low abundance of CD44 message at the mRNA level.

The presence of several species of CD44 transcripts in colonic tumor extracts
suggests that tumor cells have dysregulated splicing mechanisms as compared with
untransformed epithelial cells. Supporting this notion is the observation of a retained intron
in the CD44 transcripts of colon carcinoma.'® The retained intron, located between v4 and
v5, has been originally described in a bladder cancer cell line and clinical specimens of
bladder carcinomas. It is found in 77% of bladder carcinoma specimens and proved to be
specific as it is not detected in 95% of the control cases."® The authors of this study
reported the failure of several other CD44 intronic sequences to be edited out in purified
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fraction of cytoplasmic mRNA from bladder malignant tumors. However, their subsequent
work demonstrated that introns of CD44 mRNAs can also be retained in cytoplasm of some
squamous non-neoplastic epithelia, whereas in glandular epithelia this phenomenon is
confined to neoplastic cells."* Analysis encompassing 15 colon carcinoma samples,
autologous normal mucosa specimens and sections of colon mucosa from 12 cases of
inflammatory bowel disease showed that cytoplasmic mRNAs containing the whole v4/v5
intron sequence can be detected in all cancer specimens, being absent in all other samples.'*
Moreover, these investigations open perspectives of a new promising colon cancer
screening method since intron v4/vS can be detected in 73% of stool specimens from cancer
patients.®

Analysis of genomic DNA clones excludes mutations at the exon/intron boundaries
as a cause of splicing defects and the mechanism of this puzzling anomaly of mRNA
processing still remains unexplained. '

The concentration of soluble CD44 increases in the serum of colorectal cancer
patients, usualiy exceeding the normal value by a factor of 10 and returning to normal after
curative resection.*® Thus it can be assayed as a sensitive indicator of tumor burden useful
in monitoring the effect of therapy, rather than in initial diagnosis. There is no indication
however that serum CD44 could be .more sensitive or more specific than serum
carcinoembryonic antigen.

It is relevant to ask whether a specific CD44 isoform has a promoting or a
suppressing effect on colon cancer, an issue that has been addressed with recent
experiments using nude mice xenotransplanted with manipulated cell lines.'®'” Expression
of standard CD44 in colon cancer cells that dc not normally express it, leads to a markedly
diminished tumorigenicity; this reduction requires an intact cytoplasmic domain. At the
same time the cells adhere more strongly to hyaluronan, a function typically associated with
the standard isoform of CD44. Taken together, these observations would suggest that the
standard isoform of CD44 might have tumor suppressor properties. This suggestion cannot
be generalized however, as different human tumors have a different biology in this respect.
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Indeed, comparable experiments performed with a melanoma cell line show that the
standard isoform of CD44 promotes tumorigenicity in non-epithelial neoplasms.”

The exact mechanisms whereby CD44 isoforms containing alternatively spliced
exons increase the malignant potential of colon carcinoma cells remains unclear. It is
possible that blood group H antigen, which can form a complex with the v6 exon of CD44,
participates in tumorigenicity. In a rat colon adenocarcinoma cell line the same antigen is
responsible for high tumorigenicity, whereas inhibition of fucosylation not only abrogates
its presentation, but also markedly reduces tumor growth in syngeneic rats.'* Thus once
again the way CD44 radically modifies cell behavior seems to be dependent on the unique
pattern of glycosylation, itself determined by alternative splicing. It is established that the
expression of this carbohydrate antigen correlates negatively with the prognosis of human

colorectal cancer.'™

Gastric carcinoma
Expression of CD44 in the mucosa of normal human stomach resembles the normal

pattern of the intestinal epithelium: standard CD44 is present in most epithelial cells, with
the exception of those situated in the apical parts of the glands. Isoforms containing
products of exon v9 are confined to the basal parts of the glands.* To some extent the
analogies in CD44 expression also apply to the neoplasms in these two organs. The
carcinomatous gastric mucosa is characterized by a relative predominance of transcripts
derived from the "epithelial" isoform (CD44E), containing sequence v8-v10, over the
standard transcript.'"®  Additionally this transcript expression pattern correlates positively
with adverse features such as depth of invasion, blood and lymphatic vessel invasion, and
presence of lymph node and hepatic metastases.'*

Gastric carcinomas also express the products of vS and v6 exons with a specificity
that relates to the histological subtype: the intestinal type of gastric adenocarcinoma
displays v5 and v6 containing CD44 isoforms, whereas the diffuse type of tumor expresses

v5 but not v6."™ This specificity in CD44 variant expression for the intestinal type of
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gastric carcinoma is highly consistent with the presence of both v5 and v6 exon products in

intestinal metaplasia of the stomach, a change considered putatively premalignant.

Thyroid carcinoma
The pattern of CD44 expression corresponds to the histological features in two most

frequent types of thyroid carcinoma, follicular and papillary. Overall expressiocn of CD44
is stronger than in non-neoplastic thyroid tissue for both types of carcinoma. Almost all
papillary tumors overexpress the v6 isoform of CD44 as opposed to nearly all follicular
neoplasms which are negative for this marker.”™ Considering that papillary carcinomas of
the thyroid have a marked tendency to metastasize to lymph nodes, it appears logical to
suggest that the v6 variant of CD44 is involved in this metastatic homing.

Other carcinomas
The detailed characterization of CD44 in human colon cancer has been accompanied

by studies of other human carcinomas: breast™™, pancreas® '*'*, endometrium'®, cervix'®
1, ovary¥ **, nasopharynx'®, lungs™, gastrointestinal neuroendocrine system™ and others®.
The overall picture on the role of CD44 in the progression of carcinomas and related
(neuroendocrine) neoplasms points to a dysregulation of alternative splicing, resulting in the
generation of unusual large transcripts, usually accompanied by the translation of high
levels of corresponding protein products. Despite some discrepancies between the studies,
the neoplasms exhibiting stronger CD44 expression, and especially those producing atypical
CD44 variants tend to behave more aggressively. In particular, the expression of the exon
v6 product is often associated with adverse clinical and morphological features, mainly with
the lymph node metastasis.

Furthermore, interesting facts related to CD44 expression by carcinomatous cells
require additional comments, especially when they do not fit with the simplified picture

outlined above.



review: CD44 in cancer

In the case of breast carcinoma the investigation of clinical significance of v6
expression led to divergent conclusions. In a study of 91 patients with a median follow-up
of 35 months, CD44 expression was found to be an indicator of poor prognosis in terms of
overall survival.”™ By contrast, a study of a larger cohort (227 patients with median
observation time 57 months), expression of none of the variant exons, including v6, was
found to correlate with the clinical outcome.™ However, this report found that v6
correlates positively with tumor grade and steroid receptor status.

The significance of CD44 expression in lung cancer has been studied. In an
investigation of lung adenocarcinoma using an antibody that does not distinguish standard
from variant CD44 isoforms, a poor prognosis is associated with decreased CD44
expression.”™®  Furthermore, in 9 cases of small cell carcinoma of the lung, no CD44
expression was found, which contrasts with the positive reaction of most non-small cell
primary lung tumors.™

The results of these studies contribute to the complexity of interrelations between
CD44 expression and behavior of neoplastic cells: they contrast with most of the analogous
research on gastrointestinal tumors, but seem to support the experimental data showing that
reintroduction of CD44H into colon carcinoma cells reduces its tumorigenicity.'”

Besides carcinomas characterized by either positive or negative associations between
clinical outcome and expression of CD44, there are also some in which complete data on
prognostic significance (as defined by overall survival and recurrence-free survival) are still
unknown. Nevertheless, in these tumors, CD44 expression has been compared to specific
pathological and clinical features. For instance in ovarian serous carcinoma there is a link
between the CD44 on the surface of cancer cells and the way this neoplasm spreads in the
peritoneal cavity.’” CD44 negative ovarian carcinomas tend to form ascites, whereas CD44
positive ones grow solid peritoneal implants. Furthermore, the adhesion of ovarian
adenocarcinoma cells to mesothelium is hyaluronan and CD44 dependent.

Finally, CD44 expression may be helpful in differential diagnosis, since kidney

oncocytomas have been demonstrated to be invariably CD44 negative, whereas
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chromophobe renal carcinomas tend to express CD44 including the variant isoforms.™** In
clear cell and chromophilic carcinomas analyzed in this study, a positive correlation was
shown between progression from grade G1 to G3 and expression of exons v6 and 9 as well
as standard CD44.

Other neoplasms.
In contrast to carcinomas and lymphomas, data on CD44 expression in other

neoplasms are rather scant. The expression of CD44 by mesenchymal and neural tissues is
usually confined to the standard form of the molecule. In the few neoplasms in which
CD44 production was analyzed, this pattern of expression is generally retained, the standard
form being the only, if any, detectable isoform.

The observations concerning neuroblastoma are particularly interesting. CD44 is
downregulated in advanced neuroblastomas (stage IV), whereas the earlier (I, II, II) or
advanced but prognostically favorable stages are characterized by tumor cells maintaining
their ability to synthesize the standard form of CD44."*'“* Approximately half of the stage
IV tumors diagnosed lose CD44 expression, resembling the phenotype typical for early
neural crest cells.'' Furthermore, preservation of CD44 is inversely correlated with N-myc
amplification, these 2 parameters being the only two statistically independent prognostic
factors in multivariate analysis.'® Northern blot as well as immunohistochemistry with
antibodies specific for variant exons products demonstrate that the standard isoform of
CD44 is the only one present in neuroblastomas.'” However, it is still unclear how the
suppression of CD44 expression modifies the properties of neuroblastoma cells.

In contrast to medulloblastomas, glioblastomas tend to show a completely different
phenotype. These invariably highly malignant neoplasms show strong immunostaining with
anti CD44 antibodies recognizing the standard form of CD44.'"* Complementary studies
indicate that the expression of variant CD44 isoforms can be traced in many glioblastomas,

but is usually confined to a few neoplastic cells."* Highly malignant gliomas tend to
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contain clusters of v5 positive cells, whereas v6 positive foci could be found in many
gliomas irrespective of the grade.'*
Peripheral schwannomas are characterized by a high expression of CD44 variants

with sequences encoded by exon v5, and v7 to v10."* Meningiomas are CD44 negative.'®

Conclusions

In the last few years basic and clinical research on CD44 have led to a set of
challenging new concepts. First described as a molecule mostly involved in lymphocyte
homing, it is now apparent that CD44 exerts major roles in the biology of cancer cells.
Although early historic evidence implicated CD44 in the determination of metastasis, it is
clear that its role in tumor progression occurs at a much earlier stage of the transformation
process. The pleiotropic expression of CD44 in many non-neoplastic and neoplastic cells is
not an indication that it is unrelated to tumor progression. In fact the knowledge of the
genomic DNA structure and alternative splicing pattern of CD44 have clearly identified that
it is not one but a family of proteins and that discrete isoforms are expressed and regulated
at various stages of malignant transformation. The clinico-pathological counterpart of this
differential expression of specific isoforms can be summarized by stating that for most, but
not all cancers, overexpression of discrete species of CD44 correlates with tumor
aggressiveness. A challenging area of research is to define what cellular functions are
associated with the various isoforms of CD44 that are overexpressed in cancer. How cell
adhesion properties might be gained or lost by these isoforms is an unresolved issue, as

well as adhesion to the various ligands found in peritumoral stroma.
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Table 1: CD44 variant expression in human cancer.
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Human tumor

CD44 species®

Relevance to tumor

References

expression correlates

with poor prognosis

expression progression
| —_— —_— |

Pancreatic v6 ? Gansauge 1995

carcinoma

Non-Hodgkin v3, v6, v9 identifies poor Stauder 1995

Lymphoma prognosis

Melanoma v5 biologically more Manten-Horst 1995
aggressive

Colonic carcinoma vs, vb correlates with Mulder 1995
malignant Finke 1995
transformation

Gastric carcinoma v8-v10 correlates with Miwa 1996
metastases Yamaguchi 1995

Thyroid carcinoma v6 correlates with Figge 1994

(papillary type) lymph node
metastases

Lung N.L loss of overall CD44 | Clarke 1995

adenocarcinoma expression correlates
with poor prognosis

Neuroblastoma standard CD44 loss of overall CD44 | Combaret 1995

"CD44 isoform in this listing are either undetectable in autologous normal cells from the
same organ or are present at low concentration and markedly overexpressed in malignant

tumors.

N.I. = not investigated
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Figure legends

Figure 1: CD44 structure

Bold faced regions in the distal extracellular domain identify the hyaluronan binding
sequences. Sequences from up to 10 alternatively spliced exons (v1-v10) can be inserted in
the proximal extracellular domain. In humans the v1 exon contains a stop codon and is not
expressed. The cytoplasmic domain interacts with the actin filaments through ankyrin (A)
or members of the ERM (E = ezrin, R = radixin, M = moesin) family.

® @ ¢ chondroitin sulfate; **** heparan sulfate; ooooco blood group H antigen

Figure 2: Selective expression of alternatively spliced variant CD44 in carcinoma

Northern blot analysis of 2 cases of colon carcinoma is illustrated in the left panel. The
membrane was probed with a cDNA consisting of the CD44 v8-v10 sequence. Beta actin
load controls are on the lower left panel. Three transcripts with sizes of 2.0, 2.6, and 5.1
kb are detected in the tumor (T) and not in the autologous normal (N) mucosa. The
arrowheads indicate the position of 18S and 28S RNA. The right panel illustrates in situ
hybridization of a colon carcinoma tissue section with an *S labelled CD44 v8-v10

riboprobe. It shows a strong signal in the neoplastic glands and no detectable signal in the

stromal cells (Magnification X140).

Figure 3: Overexpression and basal distribution of CD44 in carcinoma

Cryostat section of human colon carcinoma was immunostained for the expression of a
variant CD44 isoform containing the product of v6 exon. There is a strong expression of
CD44 at the basal membrane of the tumor cells facing the extracellular matrix (arrows).
Tumor cells in some parts of the neoplastic glands also express CD44 on their lateral
membrane. No v6-containing CD44 isoforms are detected when the normal mucosa is
immunostained. (Magnification X140, FW11-9 monoclonal antibody, immunoperoxidase

staining of frozen section, light hematoxylin counterstaining).
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ABSTRACT

CD44 glycoprotein is the main extracellular receptor for hyaluronic acid. The
CD44 gene is composed of 20 exons and encodes for a variety of isoforms generated by
alternative splicing of 10 exons. Overexpression of CD44 and appearance of discrete
isoforms containing products of variant exons have been implicated in the progression of
cancer, including human colon carcinoma. The pattern of CD44 transcript changes during
early colorectal carcinogenesis, and their relation to CD44 protein expression remains to be
defined under experimental conditions. In the current study we investigated CD44
expression in a murine model of human colon adenoma/carcinoma. Colon tumors were
induced in 19 ICR/Ha mice by 1,2-dimethylhydrazine (DMH) injections and CD44
expression was studied by RT-PCR/Southern blot analysis and immunohistochemistry.
CD44 transcripts were strongly overexpressed in tumors compared with normal colon.
Both neoplastic and normal colon samples exhibited the same species of CD44 transcript
representing standard and variant isoforms. Seventy five per cent of neoplasms contained
foci of tumor cells expressing CD44 protein, whereas in normal colon the epithelial
immunoreactivity was confined to the crypt base. Immunostaining of neoplastic cells was
heterogeneous and there was a significant tendency towards the progressive loss of CD44
immunoreactivity in large and invading tumors. It is concluded that early events in murine
colorectal carcinogenesis are characterized by a marked global overexpression of standard

and variant CD44 transcripts.
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INTRODUCTION

The stroma of most malignant tumors contains a large amount of hyaluronic acid
(HA), raising the question of whether cancer cells have and use receptors for this ligand.
CD44 is one of the main receptors for HA and its involvement in the biology of cancer was
derived from a series of experiments that causally linked one of the CD44 isoforms with
metastatic potential of a rat pancreatic adenocarcinoma cell line.! Data obtained from
human malignancies confirmed that the significance of CD44 is not confined to this one
particular animal cell line system.** The picture emerging from those and later studies
strongly suggests that particular CD44 isoforms contribute differently to the origin and
progression of various malignancies (reviewed in *). _

CD44 is the product of a single gene, composed of at least 20 exons.®* The distal
part of its extracellular domain is encoded by 5 exons (sl to sS). It is very highly
conserved among species and contains two HA binding motifs.® It can be followed by an
insert of up to 381 aminoacids resulting from alternative splicing of at least 10 "variant”
exons (vl-v10). The remaining standard exons (s6 to s10) encode the short membrane-
proximal domain, transmembrane portion of the molecule and its intracytoplasmic tail. The
latter can associate with the cytoskeleton via ankyrin’ and ezrin - moesin - radixin family
of proteins.® Apart from its well characterized HA binding function, CD44 probably binds
chondroitin sulfate, fibronectin, serglycin, and osteopontin and possibly itself (reviewed in
9.

The shortest CD44 isoform (CD44s, also called the "standard"™ or "hematopoietic”
form), lacking the alternatively spliced insert, is ubiquitously present on the surface of most
cells. Variant CD44 isoforms are much more restricted and mostly confined to some
epithelial cells and activated lymphocytes. In the majority of human neoplasms, both the
CD44 mRNA and proteins are overexpressed, and the expression of new isoforms
distinguishes neoplastic cells from their normal counterparts. In human colon cancer

progression from adenoma to carcinoma is followed by a gradual derangement of CD44
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mRNA splicing with acquisition of atypical isoforms, especially those containing products
of exons v5 and v6.°* The significance of strong CD44 immunopositivity as well as
expression of v6 encoded epitopes as an independent predictor of colon cancer prognosis is
a controversial issue.""

Several animal models of colon cancer have been widely used to investigate the
pathogenesis of its human counterpart. Among them, the 1,2-dimethylhydrazine (DMH)
induced murine colon adenoma/carcinoma model has interesting similarities to the human
adenoma-carcinoma sequence.® Similarly to the human colon cancer, the DMH murine
model carcinogenesis is affected by diet and by multigenetic factors.*

To better understand the critical role played by cell adhesion proteins in a well
defined colon carcinogenesis model, we investigated in this study of DMH murine cancer

the expression of CD44 transcripts and protein, using RT-PCR and immunohistochemistry.

MATERIALS AND METHODS

Experimental carcinogenesis

Colorectal tumors were induced by injections of 1,2-dimethylhydrazine
hydrochloride (DMH) (Sigma Chemical, St Louis, MO) in 17 six-week adult male and
female ICR/Ha mice (Roswell Park Cancer Institute, Buffalo, NY). DMH was dissolved in
sterile water (4 mg/ml), stabilized with 15 mM EDTA and brought to pH 7 by addition of
NaOH. Experimental animals were injected s.c. at the dose of 20 mg/kg body weight once
a week for 25 weeks. Nine control animals were injected with sterile water. The mice
were maintained according to the regulations of the Canadian Council of on Animal Care in
an air-conditioned room on a standard chow and water ad libitum. After 25 weeks, all
animals were sacrificed by carbon dioxide inhalation and subjected to complete autopsies.
At least one colon tumor from each animal as well as a segment of grossly normal colon

were snap frozen in liquid nitrogen for RNA extraction. For immunohistochemistry
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tumoral and normal colon with tumors were embedded in OCT medium (Miles Scientific,
Elkhart, IN) and kept frozen at -80 C.

Immunohistochemistry

Biotinylated anti-mouse monoclonal antibody KM81, directed to a non-polymorphic
epitope of CD44 “ was provided by Cedarlane (Cedarlane Laboratories, Hornby, ON,
Canada). In preliminary studies, immunohistochemistry on formaldehyde or ethanol fixed/
paraffin embedded sections using KM81 and three other anti-mouse pan-CD44 monoclonal
antibodies (IM7.8.1., IRAWB14.4 and KM201 kindly provided by Dr. Jayne Lesley,
Department of Cancer Biology, Salk Institute, San Diego, CA) was negative even after
prolonged microwave antigen retrieval. Since all four antibodies gave strong and virtually
identical staining patter with frozen sections of both normal and neoplastic mouse colon, all
further work was performed using KM81. Cryostat sections were air-dried, endogenous
peroxidase activity was quenched with 0.3% methanol solution of H,0, for 30 min and the
KM81 antibody (diluted 1:150 in PBS) was applied overnight at 4°C. The positive
immunoreaction was visualized with an avidin-biotinylated horseradish peroxidase complex
(Vector Laboratories, Burlingame, CA). Aminoethylcarbazole (Dimension Laboratories
Inc, Mississauga, ON, Canada) was used as a chromogen. In negative control experiments
the antibody was replaced with normal mouse serum diluted 1:50 in PBS. The
immunostaining of Auerbach’s neural plexus was used as an internal positive control. All
slides were counterstained with hematoxylin.

CD44 expression was graded as - to +++ based on immunostaining intensity. In
tumors with heterogenous immunostaining the predominant staining pattern was recorded.
The expression of CD44 of intratumoral stromal cells was also scored.

All neoplasms found in frozen sections were classified into 3 grades of

differentiation (gr 1: well, gr 2: moderately, and gr 3: poorly differentiated tumors),
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according to criteria used for human colon adenocarcinomas." Neoplasms were considered

invasive when they breached the muscularis mucosae.

RT-PCR/ Southern blotting of CD44 transcripts

RNA was isolated as previously described.” Specimens from 17 pairs of tumoral
and autologous normal colon from 11 males and six females as well as colon samples from
nine control mice (six males, three females) were analyzed. After overnight isopropanol
precipitation, the samples were treated with DNAse I (Boehringer Mannheim, Laval, QC,
Canada) and reprecipitated with absolute ethanol. Twelve ug of total RNA was reversely
transcribed with random hexamers using Superscript H-RT (Life Technologies, Burlington,
ON, Canada), followed by incubation with 0.5 U of RNAse H (Boehringer Mannheim,
Laval, QC, Canada). Quality and load of cDNA in each sample was tested by monitoring
the expression of a housekeeping gene coding for glyceraldehyde-3-phosphate
dehydrogenase (G3PDH) with primers yielding a single 0.45 kb product (Clontech
Laboratories, Palo Alto, CA; cat# 5405-1). A Perkin Elmer/Cetus (Norwalk, CT) DNA
Thermal Cycler was used and amplification was performed at non-saturating conditions: 25
rounds of denaturation at 95 C for 45 s, annealing at 60 for 1 min and synthesis at 72 C for
1 min; final extension at 72 C for 10 min.

Five percent of the total reverse transcription product in 5 pL of H,0 was used for
amplification of CD44 cDNA with the forward (S’TTGAATGTAACCTGCCGCTACGCA
3’) and reverse (5’TCGGATCCATGAGTCACAGTGCG 3°) primers flanking the
alternative splicing site of the published murine CD44 sequence.'* These primers,
complementary to regions within exon s2 and s6, respectively, amplify all CD44 isoforms
and give the amplicon of 654 bp with CD44s as a template. PCR was carried out in a 30
uL reaction volume containing 0.17 mM dNTPs, 1.0 mM of MgSQO,, 0.1 ug of each primer
and 2 U of Vent exo- DNA polymerase (New England Biolabs, Mississauga, ON, Canada).
After an initial 2 min 30 sec of denaturation at 95 C, 30 cycles of denaturation (! min, 95
C), annealing (1 min, 60 C) and extension (1 min 30 s, 72 C) were performed, followed by
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final extension for 10 min at 72 C. PCR amplification of both normal and tumor samples
over the wide range of cycles (15-40) revealed that at 30 cycles the reaction does not reach
its saturation point (data not shown).

The PCR product was resolved by 1.2% agarose gel electrophoresis and transferred
in 0.4 M NaOH to positively charged Hybond-N* nylon membranes (Amersham, Oakville,
ON, Canada). The membranes were hybridized overnight with an oligonucleotide mouse
probe (5° CCATCACGGTTGACAATAGTTATGGTAA 3°), end-labelled with 32P. Variant
CD44 isoforms were detected by overnight hybridization with the cDNA probe rA, kindly
provided by Dr. Ursula Giinthert (Basel Institute for Immunology, Switzerland). The rA
probe is derived from a rat adenocarcinoma cell line BSp73ASML, ¢cDNA clone pMeta-1
and recognizes a ~170 bp region within exons v5/v6 (positions 941-1108 of pMeta-1),
characterized by high homology (above 90%) between rat and mouse sequences.''™ Random
labelling of rA was performed with P using T7 Quick Prime Kit (Pharmacia Biotech, Baie
d’Urfé, QC, Canada). After washing to a final stringency of 0.5x SSC, 0.1% SDS at 65 C
for rA and 42 C for CD44s5 the membranes were exposed to Hyperfilm-MP (Amersham).

Statistical analysis

The chi-square test was applied to analyze contingency tables based on ordinal
qualitative variables. Sufficiently large, normally distributed samples of tumor sizes were
analyzed using the two-tailed z-test and correlated with ordinal variables using the

nonparametric Spearman’s correlation coefficient.
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RESULTS

DMH-induced neoplastic lesions

All animals injected with DMH developed multiple tumors localized to the mid- and
distal colon and rectum. The cecum as well as the proximal colon were invariably free of
neoplastic changes. The tumors showed continuous size distribution, with the largest
reaching approximately 10 mm diam. The smallest lesions were flat or slightly elevated
dysplastic crypt foci. Overall the morphological features were comparable to those reported
in the literature.” ™ The largest lesions consisted of broadly pedunculated epithelial
neoplasms usually maintaining a glandular tubular architecture and displaying severe
dysplastic changes. Seventeen percent of tumors were invasive and corresponded to
carcinomas classified as T1 or T2 in the TNM staging system of human colon cancer.

Although DMH treatment targets mainly the large intestine, other neoplastic lesions
were found in experimental animals, with an incidence and histological features
corresponding to those already reported.™* Of note the experimental mice had uterine
sarcomas and perianal sebaceous neoplasms affecting together approximately 20% of
animals. Both the colon tumors as well as the extracolonic lesions were relatively well
tolerated and only one animal had to be sacrificed before completion of the protocol. No

significant pathology, including dysplastic crypts, was observed in the control group.

CD44 immunostaining
In the normal murine colon only those epithelial cells located in the basal quarter of

crypts gave a positive immunoreaction with the KM81 antibody (Fig. 1a). CD44 was also
expressed in intramuscular neural ganglia, lymphoid follicles, vessel walls and most stromal
elements of lamina propria.  This pattern was identical in control animals and in
nonneoplastic areas of DMH-treated mice. Dysplastic crypts, found exclusively in DMH-
injected group, were characterized by a spectrum of CD44 immunostaining.
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One hundred and ten neoplasms (1 to 13 tumors/animal, median = 5) were found in
19 animals and all were graded on degree of differentiation, presence or absence of
invasion and immunostaining intensity of neoplastic as well as stromal cells.

Thirty-seven out of the 110 neoplastic lesions (34%) were composed of uniformly
immunoreactive neoplastic cells; of those, 26 were uniformly CD44 negative, whereas 11
were uniformly positive, including five with a strong (+ ++) immunoreaction. Among 73
(66%) tumors composed of variably stained neoplastic cells, one pattern of
immunoreactivity tended to predominate. The most commonly found heterogeneous lesions
were characterized by scattered areas of CD44 positive neoplastic cells among large areas
of negative epithelial cells. The cells of the surface epithelium were often strongly CD44
immunoreactive and not infrequently a sharp transition from CD44 positive to negative
superficial epithelium was seen (Fig. 1b). CD44 was overexpressed at an early stage of
colorectal carcinogenesis, as demonstrated by the strong immunostaining of dysplastic crypt
foci in flat mucosa (Fig. 2a). Some advanced lesions also demonstrated strong and uniform
CD44 immunopositivity (Fig. 2b). The results of the immunostaining and morphological
analysis are presented in Table 1.

Using the Spearman’s rank correlation test, we demonstrated an inverse relationship
between the predominant pattern of immunostaining intensity of neoplastic cells and tumor
size (tho = -0.26, p value for rho = 0.0066). Larger tumors tended to be mainly CD44
negative, whereas the smaller ones were not infrequently positive. Invasion had a
significant association with low CD44 expression of the tumor cells (chi-square test, p <
0.025).

Stromal cells of all tumors were invariably CD44 positive, and the majority (70/110)
of neoplasms had a level of stromal cell immunostaining comparable to normal colon. In
poorly differentiated tumors however, stromal elements were more intensely CD44
immunoreactive compared with those of low-grade neoplasms (chi-square test, p < 0.05).

The only other significant correlation was that between sex of animals and tumor

grades, female mice developing high grade lesions more frequently than males (chi-square
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test, p < 0.01). There were no other detectable differences, including CD44

immunoreaction intensity, between tumors induced in mice of either sex.

Expression of CD44 mRNA

Amplification of cDNA using primers designed to detect all CD44 isoforms revealed
a complex pattern of products, present both in the normal colon as well as in the tumors.
In 15/17 pairs of normal-tumor samples the bands obtained from the colonic tumors were
stronger, compared with normal autologous colons. In fact the bands were at the border of
detectability in most normal colons. The differences of band intensity were especially
pronounced for the slower migrating isoforms, whereas expression of the standard CD44
transcript in tumors remained only slightly elevated. In one pair the heavier bands were of
comparable intensity in normal and neoplastic tissue, whereas in another the signal from
tumor amplicons was somewhat weaker. Fig. 3a shows representative results of
hybridization with the CD44s5 oligonucleotide probe which anneals to the standard part of
the molecule. Because s5 is an exon found in all isoforms of CD44, the CD44s5 probe
anneals standard and variant CD44 transcripts. The prominent band at 654 bp corresponds
to the expected molecular weight of CD44s region amplified by the primers. It is
invariably strongly expressed in tumors, autologous non-neoplastic colon and colon samples
from H,0-injected mice. At least seven heavier bands ranging from 800 to ~ 1600 bp
were detected in all tumor samples. Their pattern was identical in all tumors examined.
Corresponding samples of macroscopically normal colon show identical complex array of
transcripts, when these were expressed above the detection threshold. The sizes and
number of bands detected in the colon of nine control mice did not differ from the non-
neoplastic colon sections from DMH-injected animals. They also exhibited some
quantitative variability, with two out of nine samples showing an intensity of their bands
almost matching that of the neoplastic tissue, and in the remaining seven being much

weaker.
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The amplicons synthesized from colons of H,0-injected mice either did not hybridize
to the variant CD44 probe or gave a barely recognizable signal. In the DMH-injected
animals, the pattern of CD44 variant isoforms was similar to that identified by the CD44s
probe (Fig. 3b). The tumor samples featured more intense, but qualitatively identical band
ladders compared with autologous non-neoplastic colon specimens. The smallest detected
band was of ~ 700 bp, the largest of ~ 1650 bp.

Southemn blot analysis with the CD44s5 probe disclosed also an unexpectedly small
band of ~ 420 bp, clearly visible in Fig. 3a. This strong, often dominant band was
consistently present in PCR product from both normal and neoplastic samples. Its
molecular weight was far below the expected weight of CD44s amplicon.

In order to explore a possible relationship between CD44 transcript and protein
expression the PCR products were compared in two groups of four tumors with positive
and negative CD44 immunostaining. No correlation between CD44 immunostaining and
RT/PCR results was observed and in particular some tumors with no CD44 immunostaining

were characterized by high level of transcripts (data not shown).

DISCUSSION

Data obtained in this study contribute to defining alterations of a cell adhesion
molecule that plays an important role in the mechanism of colorectal carcinogenesis. We
have demonstrated that the mouse model of colon cancer is characterized by overexpression
of a wide range of CD44 mRNA species, coding for both standard and variant isoforms.
Additionally, CD44 protein was shown to be upregulated at the very early stages of
carcinogenesis, morphologically identified as a single dysplastic crypt. In well defined
tumors, the expression of CD44 protein by neoplastic cells was markedly heterogeneous and

tended to be weaker in more advanced neoplasms.
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Despite the fact that the DMH-induced murine colon adenoma/carcinoma model is
widely used in cancer research, many aspects of its pathobiology still remain unclear. The
exact mechanisms of DMH carcinogenesis are not exactly known. Metabolite(s) of DMH
can cause direct DNA damage via excessive alkylation and creation of single strand
breaks.”® The role of mutations of known oncogenes is yet to be investigated, although it
is known that the p53 gene is not mutated.** In this report, we focused on a molecule
known to be abnormally expressed in human colon cancer and whose pathology relies on
the derangement of alternative exons splicing. Human and mouse CD44 exon sequences
are highly conserved, with the intron-exon organization as well as the key HA binding
motifs essentially the same in both species.*'®*® The only major exception involves exon vl
which in mice is rarely expressed and in humans always spliced out due to the presence of
a stop codon." In this study we demonstrated the consistent amplification of a transcript
product of ~420 bp, which is over 200 bp shorter than the expected length of the
supposedly smallest isoform (CD44s). This amplicon may represent the product of an
unusual alternative splicing, whereby one of the regions traditionally presumed to be
constantly expressed in all transcripts is excised. We are currently attempting to clone and
sequence this amplicon. Cryptic, rarely used splicing sites have been recently reported not
only in murine but also in human CD44.**

Normal human colonic epithelial cells do not express CD44 at the protein level, with
the exception of cells located at the base of the crypts.> Our results obtained with a pan-
CD44 antibody KM81 showed essentially the same pattern of staining in the murine colon.
Several reports based on immunoperoxidase methods applied to human surgical specimens
present evidence that colon adenoma and carcinoma cells generally overexpress CD44
compared with normal colonic epithelial cells.?"'* Nonetheless these studies show that even
in neoplasms, only a minority of cells are positive when stained with pan-CD44 antibodies.
The majority of murine tumors investigated in our study demonstrated a similar pattern of

CD44 expression, with clusters or zones of CD44 positive cells intermingled with CD44

negative areas.
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The significance of CD44 overexpression in colonic neoplasms is a matter of current
debate. Some studies have reported lack of association between pan-CD44
immunoreactivity and features such as grade of differentiation, depth of invasion or tumor
size." ¥ In contrast, Jackson er al found, in a study evaluating CD44 immunostaining of
colon tumors, an inverse relationship between CD44 protein expression and the degree of
dysplasia in adenomas®; in addition, in their study, the metastatic carcinomas show weaker
CD44 expression than the non-metastatic carcinomas. Although in our study the degree of
dysplasia was not graded separately, we observed similar trends, linking some other
parameters of tumor progression and expression of CD44 in an inverse manner: invading
murine tumors exhibited a predominantly negative immunoreaction of neoplastic cells more
frequently than the non-invading neoplasms; size of tumors also correlated inversely with
the predominant CD44 expression pattern among neoplastic cells. Thus tumor progression
in mouse colon neoplasia was associated with weaker overall CD44 expression. These
results are consistent with those reported recently in human bladder carcinoma in which
overall CD44 immunoreactivity is lost in the more advanced stages.” Reports suggest that
in advanced human colon cancer, this loss may be selective, involving CD44 isoforms
containing products of exon v6."* Since the repertoire of available mouse CD44 reagents
does not yet include antibodies directed against variant sequences, this specific issue could
not be addressed in our study.

Some cases of human colon cancer have an undetectable or very weak expression of
CD44 proteins on the surface of neoplastic cells at the invasion front.” We found that
overall CD44 expression was downregulated at the invading front of DMH- induced colon
carcinomas. Globally, the human and murine data indicate that invasion is characterized
by, and in fact might depend on, the decrease or loss of CD44-mediated adhesion. This is
in marked contrast to the cohesive growth of tumor nests proximal to the invading front
where CD44 expression is high and possibly necessary for a more static tumor growth.

We also observed CD44 overexpression and heterogeneity in the earliest lesions

morphologically identifiable as colon cancer precursors. To the best of our knowledge,
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CD44 immunostaining in the dysplastic crypts have not yet been described in human or in
animal models. Overexpression of CD44 in ~40% of small human adenomas is reported
by Kim er al.* and occurs before K-ras and p53 mutations. Since we observed it in
dysplastic crypt foci, this suggests that it may occur even earlier.

Increased stromal CD44 staining has been previously described in human colon
tumors.” The present study showed that DMH-induced murine tumors CD44
immunoreactivity was increased in the stromal cells of poorly differentiated neoplasms
compared with those of the lamina propria of the normal mucosa. This phenomenon may
reflect induction of CD44 synthesis in stromal fibroblasts. The mechanism of this dual -
epithelial and stromal - induction is not known.

Abnormal expression of the CD44 gene can be also traced to the transcriptional step
using techniques like RT-PCR, northern blot or in situ hybridization. Overexpression of
variant transcripts, containing products of various alternatively spliced exons distinguishes
neoplastic tissue from normal colon.*** Recently published ir siru hybridization studies
unequivocally associate CD44v mRINAs with neoplastic cells and exclude stromal elements
as a possible source of variant isoforms.”* Although activated lymphocytes are capable of
producing CD44v6 *, DMH-induced tumors are not accompanied by a prominent lymphoid
infiltrate, as was found in this study and the literature.” Results of our RT-PCR showed a
complex array of CD44 isoforms, the majority of them (including v6), with a strong
tendency to overexpression in tumor samples compared with normal colon. Based on
human data we can reasonably suppose that those numerous isoforms are produced by
murine neoplastic epithelial cells and not by fibroblasts or leukocytes. In keeping with
normal human colon the normal mouse mucosa displays variant CD44 at low levels.” ¥
The intensity of signal obtained from non-neoplastic samples in our study was generally
much weaker, but the pattern of size and the relative abundance of isoforms was the same
in the normal colon and the cancer tissue. Some variability between normal samples might
reflect an inherent drawback of PCR or, more probably, a real interindividual variation in

CD44 expression within the same normal organ, reported also by others.*® Besides this
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important quantitative difference in CD44 variant isoform expression, we detected no
tumor- specific bands or bands selectively lost in the tumor tissue. It may be of interest
that a sample from a murine uterine sarcoma demonstrated a completely different pattern of
CD44 isoforms, with different molecular weights and relative arrangement of bands (not
shown).

RT-PCR performed with four tumors showing strong CD44 immunoperoxidase
staining and four tumors characterized by completely negative immunostaining revealed lack
of any obvious correlation between variant transcript abundance and immunostaining
intensity. This fact, together with the presence of a whole ladder of CD44v isoforms in
normal samples adds support to the notion that there is a major dysfunction of CD44
splicing in colon carcinoma. Many CD44 transcripts are not used for protein synthesis in
colon cancer cells.*® The alteration of splicing machinery can also result in retention of
introns in colon cancer.” It is conceivable that the overexpression of numerous species of
variant isoforms of CD44 transcripts results also in structurally different CD44 protein

isoforms with altered adhesion functions.
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TABLE 1: CD44 protein expression and other features of colon tumors induced by
DMH injections in ICR/Ha mice

neoplastic cells,
predominant
pattermn

CD44
neoplastic cells,
secondary pattern

immuno-

..

stromal celis

tumors

© +)
74 3
(67.3) [11.8]
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neous 9
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25 70
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tumor size {mm]

min=0.4 max=10.0 avg=2.8 sd=1.82 7\/
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grl gr2 gr3
histological grade 16 69 25

[14.5] [62.71 [22.7] L

no invasion invading tumors
evidence of invasion 95 15

[86.4] (13.6]

“chi?

66 {60] mumors 44 [40] tumors / p<0.01

sex in 11 males in 8 females

One hundred ten tumors were immunostained with a pan-CD44 monoclonal antibody

(KMS81).
Methods.

Scoring of immunoreaction and tumor grading are detailed in Materials and
Number of tumors given for each category (except "tumor size").

Percentage

values in brackets. The tumors were graded according to their degree of differentiation.™
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FIGURE LEGENDS

Fig.1. Patterns of CD44 expression in frozen sections of mouse colon detected with KM81
monoclonal antibody. (a) Normal mucosa with CD44 positivity confined to basal epithelial
cells. Magnification, x 125. (b) DMH-induced adenocarcinoma. CD44 positive neoplastic
cells predominate within the superficial zone of the tumor. Some of them cluster also near

the invasion front. = Magnification, x 90. Immunoperoxidase, light hematoxylin

counterstaining.

Fig.2. Overexpression of CD44 detected with KM81 monoclonal antibody in murine colon
at different stages of DMH-induced carcinogenesis. (a) Horizontally oriented dysplastic
gland with strong CD44 expression, located in upper zone of mucosa. Note also the small
discrete group of abnormal epithelial cells characterized by much weaker immunostaining at
the left side of the crypt. Magnification, x 220. (b) Adenocarcinoma characterized by
uniform overexpression of CD44 protein. CD44 immunostaining of malignant glands is
most prominent within basal and parabasal cytoplasm of neoplastic cells. Magnification, x

550. Immunoperoxidase, light hematoxylin counterstaining,

Fig 3. CD44 isoforms detected by RT-PCR/Southern blot analysis in colon tumors (T) and
corresponding autologous normal samples (N) from DMH-injected mice. (a) Hybridization
with probe CD44s5 detecting all CD44 isoforms. An amplicon of 654 'bp corresponding to
the standard form of CD44 (CD44s) (arrow) and an unexpectedly low weight (380 bp) PCR
product (arrowhead) are prominent in both normal and tumor samples. In 90% (17/19) of
cases the heavier CD44 isoforms were overexpressed in neoplastic samples, compared with
autologous normal colon. (b) Hybridization with probe rA specific for CD44 exons v5-v6,
showing overexpression of selected variant isoforms in the neoplastic tissue. The arrow

and the arrowhead correspond to ~950 and ~ 700 bp respectively.
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FINAL CONCLUSIONS AND SUGGESTIONS FOR FURTHER RESEARCH

The research summarized in the current dissertation provided original data on the
expression of CD44 protein and mRNA in a murine model of colon cancer. It proved that
CD44 protein may be overexpressed at the earliest stages of colon carcinogenesis, when a
lesion presents morphologically as a dysplastic crypt. In overtly neoplastic lesions,
analogous to human adenomas and carcinomas, CD44 positive cells usually formed
randomly distributed clusters. This contrasted sharply with the strictly regulated pattern of
distribution of CD44 positive cells found in the normal colon, where the immunoreactivity
was restricted to the proliferative zone at the basal parts of crypts. In a murine model,
similarly to its human counterpart, there is a tendency towards downregulation of CD44
protein in more advanced tumors. CD44 mRNAs are aimost invariably overexpressed in
colon tumors as opposed to normal colon tissue. However, this overexpression is not
accompanied by creation of new isoforms in the murine model. Taken together, the
neoplastic transformation of colonic epithelial cells is associated with a global upregulation
of CD44 isoforms at the transcriptional stage. This is accompanied by a more haphazard
disorganization of mRNA translation resulting in strong heterogeneity of neoplastic and
preneoplastic lesions in terms of CD44 protein expression. It seems that CD44
overexpression is a characteristic but not indispensable element of a colon carcinogenesis at
all its stages.

Finally, application of RT-PCR/Southern blot with a probe specific to the second
exon of murine CD44 revealed an unexpectedly small band of approximately 380 bp,
invariably and abundantly present both in normal colon and tumor samples. This potential
amplicon is ~200 bp smaller than the smallest (standard) form of CD44 so far described
and the work aimed at elucidation of its nature is currently in progress. It may be a result
of a new splicing site within CD44 pre-mRNA, a product of a distinct but CD44 related
gene or even a peculiar PCR artefact. Possible research strategies involve direct
sequencing of resolved and purified amplicon or cloning it into a plasmid with subsequent

sequence
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analysis. If it represents a new extremely small isoform of CD44, it is possible that it lacks
one or both hyaluronan binding motifs, having radically different properties in terms of
regulation of cell adhesion. Solving this riddle would shed some new light into molecular
biology of this intriguing protein.

The research outlined in the present thesis is an important first step in the
characterization of CD44 expression in the murine colon cancer model. Abnormalities of
mRNA production can also be investigated using techniques combining molecular biology
with morphology, like in situ hybridization or in situ PCR. Recent successful application of
in situ hybridization to human CD44 has been outlined in the review article (Rudzki and
Jothy 1997). Precise identification of CD44 isoforms produced by various cells, including
the stromal ones, by exon-specific probes could be accompanied by immunostaining of the
same or serial sections. This would probably allow a solution to the puzzling issue of
frequent discrepancies between expression of CD44 at the protein and mRNA levels.

It is still unclear if CD44 glycoprotein found in abundance in some murine colon
tumors contributes to any special biological properties of the neoplastic cells, or is
associated with other molecular abnormalities defining the neoplastic phenotype. This issue
could be addressed in further studies in several ways. For example, CD44 positivity
assessed by immunostaining could be correlated with accepted parameters of cellular
proliferative activity such as Ki-67 or PCNA expression. An attractive possibility includes
functional experiments, whereby living cells harvested from murine tumors could be sorted
by using flow cytometry. Resulting subpopulations differing in CD44 positivity could be
tested for those properties typically associated with the malignant phenotype like adhesion
to extracellular matrix, aggregation, migration, or in vitro invasion in a short term culture.
These tests do not require the use of long term cultures of cell lines. Attempts to establish
such cell lines, differing in CD44 expression would be challenging but could result in the
creation of a valuable research tool. A cell sorter wouid also allow an investigation of

discrete tumor cell populations using RT-PCR/Southern blot and Western blot.
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JSinal conclusions

Overall it is relevant to ask in the future which and how specific isoforms of CD44
modulate adhesion and antiadhesion in tumor cells during migration and invasion. At a
more basic level, it is also important to understand the cellular mechanisms of CD44-
dependant adhesion, investigating the possible interactions between CD44 and cytoplasmic

molecules or components of the cell membrane.
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