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Prefàce

Preface

This thesis has been written according to the guidelines for a manuscript­

based thesis issued by the Faculty of Graduate 5tudies and Research of

McGill University. These guidelines read, in part:

"Candidates have the option of including, as part of the thesis, the text ofone

or more papers submitted or to be submitted for publication, or the c1early-duplicated

text of one or more published papers. These texts must be bound as an integral part of

the thesis.

"If this option is chosen, connecting texts that provide logical bridges between

the different papers are mandatory. The thesis must be written in such a way that it is

more than a mere collection of manuscripts; in other words, results of a series of

papers must be integrated.

"The thesis must still confonn to all other requirements of the 'Guidelines for

Thesis Preparation'. The thesis must include: a Table of Contents, and abstract in

English and French. an introduction which c1early states the rationale and objectives of

the study, a review of the literature, a fmal conclusion and summary, and a thorough

bibliography or reference list.

"Additional material must be provided where appropriate Ce.g. in appendices)

and in sufficient detail to allow a clear and precise judgement to be made of the

importance and originality of the research reported in the thesis.

"In the case of manuscripts co-authored by the candidate and others, the

candidate is required to make an explicit statement in the thesis as to who contributed

to such work and to what extent. Supervisors must attest to the accuracy of such

statements al the doctoral oral defense. Since the task of the examiners is made more

difficult in these cases, it is in the candidate's interest to make perfectly clear the

responsibilities of all the authors of the co-authored papers."

This thesis consists of a General Introduction, two published papers, a

third manuscript submitted for publication and a General Discussion. A

section conceming the Contribution of the Authors is included.
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Abstract

Abstract

Met is a transmembrane receptor tyrosine kinase whose ligand is

hepatocyte growth factor / scatter factor (HGF/SF). HGF ISF stimulates

epithelial cell mitogenesis, motility and branching tubulogenesis. Met and

HGF/SF are essential for embryonic development, and are implicated in

oncogenesis. In this thesis, the possible role of Met in the development of

human breast cancer is examined. The MET gene is located at

chromosome 7q31, a region frequently deleted in breast cancer. In this

thesis, 1 demonstrate that MET is included in the smallest common region

of deletion of chromosome 7q31 in breast cancer, and is therefore a

candidate for a breast cancer turnor suppressor gene. To investigate this

further, 1 elucidated the intron-exon structure of the MET gene. The

MET gene is composed of 21 exons, spanning approximately 130

kilobases(kb) of chromosomal DNA. Interestingly, the first coding exon of

MET, exon 2, is unusually large, at 1214 nucleotides (nt). Exon 2 is subject

to alternative splicing in aIl epithelial ceUs studied, and is skipped to

produce a 7kb mRNA species which does not encode a protein product.

Furthermore, in seven of 13 hurnan breast cancer ceIllines studied, exon­

skipping of MET exon 2 occurs more frequently when compared to two

immortalized breast epithelial celllines. These seven breast cancer cell

lines have an altered ratio of Met mRNA isoforms, with increased levels

of the non-protein-encoding 7kb exon 2-skipped rnRNA, and a

corresponding decrease in the expression of Met receptor in these ceUs.

Significantly, in aIl other carcinoma types studied to date, the Met receptor

is expressed at high levels, as in normal epithelial cells, indicating that loss

8



•

•

•

Abstract

of Met protein is specifie to breast carcinoma ceUs. The alteration in the

normal splîcing pattern of MET is correlated with alterations in the

normal pattern of expression of SR splicing proteins, which are

responsible for regulating alternative splicing. 1 propose that loss of Met is

an event selected for in breast cancer. This occurs through changes in the

alternative splicing of the MET gene, which represents a novel

mechanism for gene inactivation in tumorigenesis.

9



•

•

•

Résumé

Résumé

Met est un récepteur transmembranaire dont l'activité tyrosine

kinase est stimulée par le facteur de croissance hépatocytaire HGF/SF.

HGF/SF est sécrété par les cellules mésenchymateuses et se lie à son

récepteur Met qui est exprimé dans différents tissus épithéliaux dont, entre

autres, l'épithelium des glandes mammaires. HGF/SF stimule la

mitogenèse, la motilité et la différenciation tubulogénique des cellules

épithéliales. Met et son ligand HGF/SF sont requis pour le développement

embryonnaire. De plus, cette paire ligand-récepteur jouent un rôle

important dans l'oncogenèse. Cette thèse étudie le rôle joué par Met dans

le développement du cancer du sein chez l'humain. Le gène MET est

localisé sur le chromosome 7q31, une région fréquemment alterée chez les

patients atteints de cancer du sein. En examinant 73 tumeurs d'origine

mammaire, j'ai démontré que MET est inclus dans la plus petite région de

délétion du chromosome 7q31, et par conséquent, ce gène est un candidat

de gène supresseur de tumeur impliqué dans le développement du cancer

du sein. Afin de mieux caractériser ceci, j'ai déterminé la structure du gène

et son organisation exon-introns. Par la suite j'ai généré des amorces

d'ADN pour amplifier chacun des exons, ce qui permet d'analyser les

mutations de MET dans les tumeurs d'origine mammaire. L'analyse

structurale du gène MET a permis d'identifier 21 exons répartis sur 130

kilobases d'ADN chromosomique. Le premier exon codant de MET, l'exon

2, est anormalement long, composé de 1214 nucleotides. Cet exon subit un

épissage alternatif dans toutes les cellules épithéliales examinées; s'il ntest

pas inclus dans l'ARNm, un mRNA de 7kb est produit et celui-ci ntest pas
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traduit en protéine. En effet, sept des 13 lignées cellulaires de cancer du

sein d'origine humaine expriment l'isoforme de 7kb (qui ne contient pas

l'exon 2) à des niveaux plus élevés. Par contre, seulement deux lignées

épithéliales mammaires immortalisées produisent cet mRNA. fi en

résulte une altération du rapport relatif des différents isoformes de Met,

manifestée par une augmentation de l'isoforme de 7kb qui ne produit pas

de protéine, et une réduction de l'expression du récepteur Met dans ces

cellules. nest à noter que le récepteur Met est exprimé à des niveaux

élevés dans tous les autres types de carcinomes examinés jusqu'a ce jour,

de façon similaire aux cellules épithéliales normales. Ceci indique que la

perte d'expression de Met est spécifique aux cellules cancéreuses

provenant des glandes mammaires. Le changement observé au niveau de

l'épissage de MET correspond à une modification du profil d'expression de

facteurs d'épissage, les protéines SR impliquées dans la régulation de

l'épissage alternatif. Je propose que la perte d'expression de Met est

essentielle pour le développement du cancer du sein. Ceci est dû aux

changements au niveau de l'épissage alternatif du gène, ce qui représente

un nouveau mécanisme d'inactivation d'un gène impliqué dans le

développement de la tumeur.

Il



•

•

•

Chapter 1: General Introduction

Chapter 1 - Introduction and Literature Review

Breast cancer is the leading cause of death for North American

women who are 40 to 55 years of age. Incidence rates for this disease have

steadily risen since statistics were first recorded, rising at an average 1.2

percent per year behveen 1940 and 1982 in Connecticut, which has the

oldest cancer registry in continuous operation, and increasing at 4 percent

per year in the United States between 1982 and 1986. These increases have

occurred in aIl age groups, although the increase has been greatest in older

women. Furthermore, these increases in breast cancer incidence are being

observed worldwide, in both industrialized and developing countries.

Although the recent increase in incidence may be explained in part by

better detection of breast cancer as diagnostic methods improve, the

incidence of larger tumours and those with metastases at diagnosis has not

decreased, indicating that the long-term increase in the incidence of breast

cancer is real (Hulka and Stark, 1995; Pisani et al., 1993).

In contrast ta the incidence rates, the age-adjusted mortality rates for

breast cancer have remained relatively stable in the United States, perhaps

reflecting an increase in reporting of more benign forms of disease or

earlier detection, or advances in treatment. However, breast cancer is a

problem that is still far from solved, and it is estimated that in the year

2000, it will account for 500 000 deaths annually (Harris et al., 1992; Hulka

and Stark, 1995; Pisani et al., 1993).

In an effort to develop better, more effective treatments for breast

cancer, it is essential to gain an understanding of how the development of

the normal breast occurs and is regulated, since it is the dysregulation of

12
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this process that leads ta the development of breast cancer.

1. The Mammary Gland

The function of the mammary gland is ta produce milk proteins

during lactation and provide nourishment for the newbom. Because of its

unique function, the development of the mammary gland takes place in

several stages, unlike the development of other mammalian organs. This

involves development of the mammary gland in utero, during puberty,

with the final stage taking place in adulthood, during pregnancy.

A. The development of the mammary gland

The embryological development of the human mammary gland

has been studied since the 18OOs, and Dabelow in 1957 descrïbed this

process in the most systematic and detailed way, dividing the process into

10 stages (reviewed in Russo and Russo, 1987).

These stages describe the development of the rudimentary

mammary gland from an ectodermal invagination in the first trimester of

hurnan fetai development to the formation of branching lobulo-alveolar

structures in the final trimester in response to the entry of placenta! sex

hormones into fetal circulation. The lobulo-alveolar units are thought to

undergo involution due to the withdrawal of placental hormones after

birth, and remain dormant until puberty in the female, and throughout

adult life in the male.

In girls, puberty occurs between the ages of 10 ta 12 years, during

which time ovarian hormones begin to circulate and induce the growth

and maturation of the breasts. The overall effect of the estrogens on the

13
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maturing breast is to stimulate the growth and proliferation of the ductal

epithelium. Experimentally, estrogen alone will induce ductular growth,

while progesterone alone does note The two hormones together are

required for complete ductular and lobulo-alveolar development of the

mammary gland. The full differentiation of the mammary gland proceeds

throughout puberty into adulthood and may not be completed if full-term

pregnancies do not take place (Osborne, 1996).

The adult breast parenchyma is divided into 15 to 20 segments that

converge at the nipple in a radial arrangement. Between 5 and 10 major

collecting milk ducts open at the nipple. The mature mammary ducts

consist of a lining of epithelial cells with microvilli on their cell

membranes, responsible for the secretion of milk proteins. Outside this

luminallayer of epithelial cells is a layer of starlike myoepithelial cells.

These myoepithelial cells contract in response to the hormones prolactin

and oxytocin, and serve to expel the milk. Most breast cancers are thought

to arise from the layer of epithelial ceUs lining the ducts and lobules

(Osborne, 1996).

B. Regulation of Breast Development by Hormonal and Local Factors

i) Estrogen and Progesterone

As has been discussed, the development of the mammary gland is

under the control of systemic ovarian hormones and placental lactogens.

Specifically, estrogen and progesterone have been shown to act

synergistically to cause proliferation of breast epithelial cells during

development, and also during each menstrual cycle (Anderson et aL, 1988;

Longacre and Bartow, 1986; Masters et al., 1977; Meyer, 1977). The role of

14
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these hormones in breast cancer has also been studied, and certain rodent

strains will develop malignant breast tumours following exposure to high

doses of estrogens or progestins (Molinolo et aL, 1987). Furthermore, the

risk of breast cancer in men has been found to increase with the presence

of conditions causing an increase in endogenous estrogen levels (Thomas,

1993), and women who undergo bilateral oophorectomy at an early age,

and therefore have lowered levels of endogenous estrogen, have a

decreased risk of developing breast cancer later in life (Brinton et aL, 1988).

The ER- and PR-expressing status of breast cancer ceUs is also important in

predicting the outcome of disease (discussed in more detaillater).

ii) Peptide Growth Factors

Within the gland, however, it is thought that these systemic

hormones exert their function by inducing the production of locally acting

peptide growth factors. These, together with other factors such as cellular

adhesion, stromal and cell-cell interactions, lead to the formation of the

mature mammary gland (Dickson and Lippman, 1995). Although several

growth factor families are thought to be involved in mammogenesis,

most of what is known about the specific role of such growth factors in

mammary gland development is inferred from the study of the action of

these growth factors on in vitro models of mammary epithelial cell

proliferation or in breast cancer. Unfortunately, the precise physiologïcal

role played by each growth factor and the way they function together to

produce a mature mammary gland has not been determined, due to the

absence of a good model with which to study normal mammary gland

development in vitro, and the difficulty of studying its development in

vivo.
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However, much is known about the general mechanism of action

of polypeptide growth factors such as the ones implicated in breast

development and neoplasia. These growth factors act primarily by

attaching to specifie cell-surface receptors, which undergo dimerization or

oligomerization and activation of their inherent tyrosine or serine­

threonine protein kinases. Activated receptor protein kinases act to recruit

a complex of signalling proteins and trigger intracellular signal

transduction cascades, eventually leading to altered expression patterns of

genes and altered cell properties, resulting in cell division, differentiation,

motility or even death (reviewed in Heldin, 1996).

Insulin was one of the first peptide growth factors shown to

stimulate cell proliferation in mammary explants and supraphysiological

levels are usually necessary to maintain mammary celIs in culture

(Dickson and Lippman, 1995). However, there is little evidence for a

physiological role of insulin in mammary ceU proliferation, and it is now

believed that in high doses, insulin can mimic the effect of the insulin­

like growth factors (IGFs) on mammary epithelium. Receptors for IGF-l

and IGF-2 have been described on the ceU membranes of certain human

breast cancer ceUlines (Furlanetto and DiCarlo, 1984; Myal et aL, 1984), and

IGF-1 can induce mammary gland differentiation under experimental

conditions (Ruan et aL, 1992), suggesting that this family of growth factors

may play a role in the normal differentation of breast epithelium.

One of the best characterized growth factor families involved in

breast development and neoplasia is the epidermal growth factor (EGF)

family, which now includes, in addition to EGF, transforming growth

factor-a (TGF-a), heparin-binding EGF (HbEGF), and the heregulins,

16
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among others (reviewed in Dickson and Lippman, 1995). Four rnembers

of the EGF receptor family have been identified to date: EGFR or c-erbB-1,

HER-2/ neu or c-erbB-2, erbB-3 and erbB-4. These receptors can form homo

and heterodimers, and have the ability to bind multiple members of the

EGF family of growth factors, resulting in a large number of potential

ligand-receptor interactions and downstream cellular effects. The exact

role of each member of the EGF and EGFR families in breast development

and breast cancer is difficult to ascertain. However, overexpression of TGF­

a in transgenic mice can induce hyperproliferation in mammary tissues

and delayed ductal differentiation (Jhappan et aL, 1990), an observation

which had previously been described following local EGF mammary

implants (Coleman and Daniel, 1990). Furthermore, the heregulins appear

to induce differentiation of breast cancer ceUs in culture (Peles et aL, 1992),

and aIl four members of the EGFR familYhave been detected in breast

cancer, suggesting that this family of growth factors and their receptors

may be important in breast development. In breast cancer studies,

overexpression of EGFR is correlated with poor prognosis and also poor

response to tamoxifen drug therapy (Klijn et aL, 1994; Toi et aL, 1994),

while overexpression of c-erbB-2 has been detected in 20-30% of primary,

invasive breast cancers, and is also associated with a poor prognosis

(Gusterson et aL, 1992; Paik et aL, 1990; Ravdin and Chamness, 1995).

The fibroblast growth factor (FGF) family has also been studied in

breast cancer, and although sorne family members have been detected in

bath mouse and human mammary gland elements, the raIes played by

this family of growth factors is not weIl defined. However, it has been

suggested that the biologie role played by the FGF family in breast cancer is
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its contribution to inflammation and angiogenesis (Dickson and Lippman,

1995).

Other growth factor families, including the transforming growth

factor-~ (TGF-J3) family, the platelet-derived growth factor (PDGF) family

and the vascular endothelial growth factor (VEGF) have also been

investigated for their possible roles in the development or progression of

breast cancer. Again, these raIes have not yet been fully determined.

Recently, the hepatocye growth factor / scatter factor (HGF/SF) and

its receptor, the Met receptor tyrosine kinase, have been implicated in both

breast development and in the development of breast cancer. Both genes

have been found expressed in mammary gland elements of normal and

malignant tissues, and treatment of mouse mammary gland explants with

HGF/SF can stimulate ductal proliferation (Yang et aL, 1995). These

findings will be discussed in more detail later.

In summary, although the role of peptide growth factors and their

receptors have been the subject of intense interest in past years, much

remains unknown of the way these factors interact at each stage of breast

development or how dysregulation of these signalling cascades can lead to

the development and progression of breast cancer. Many conflicting

reports exist regarding the exact effect of each growth factor on mammary

tissues, and it seems likely that the effect a specific growth factor has on

any particular mammary tissue being studied depends also on the local

cell-cell interactions, stage of differentiation of the gland, and other local

factors such as ceH-stromal interactions and state of cellular adhesion,

among others.
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II. Breast Cancer

Any perturbation of the normal developmental process that leads to

uncontrolled growth and immortaIity in a clone of ceUs results in the

formation of a neoplasm or tumour. Further genetic alterations in the

ceUs of the tumour may cause them to acquire the ability to move, to

invade and metastasize to other sites in the body, eventually causing

death.

A. Risk Factors

In the United States, breast cancer is one of the most frequent causes

of cancer death among women, second only to lung cancer (Boring et aL,

1994). Furthermore, it is the most frequently diagnosed cancer in women,

at 32% of aIl cancer types (Boring et aL, 1994). Based on data from the

National Cancer Institute's Surveillance, Epidemiology and End Results

(SEER) program for 1988 ta 1990, the lifetime risk of being diagnosed with

breast cancer is 12.2~/0 or 1 in 8 women, and the lifetime risk of dying of

this disease is 3.6% or 1 in 28. By comparison, breast cancer is extremely

rare in men, with ooly 1000 cases reported in the V.S. in 1994 (Brinton and

Devesa, 1996). Thus, simply being female is a significant risk factor for

developing breast cancer.

Although many risk factors have been identified for breast cancer,

not many of these are life style factors suitable for alteration with the

ultimate goal of breast cancer prevention. In this respect, breast cancer

differs from other highly publicized cancers with cIear preventative

modifying factors such as skin cancer or 1ung cancer.

The risk of developing breast cancer increases with age, with
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women aged 65-69 years old having an estimated relative risk of 17, versus

women aged 30-34. Furthermore, breast cancer is associated with

demographic factors such as place of birth and residence (risk higher in

North America or Europe vs. Asia), higher socioeconomic status (which

may be related ta other lifestyle choices, such as having children at later

ages), and residency in urban areas (Brinton and Devesa, 1996).

A family history of breast cancer in one first-degree relative is

associa ted with a doubling of risk for breast cancer, and is even higher for

women with more than one affected first-degree relative (ie. mother and

sister). The effect of family history was found to be even greater if there

was early-onset cancer (before age 40)/ bilateral disease, and if associated

with a family history of ovarian cancer. Recently, the gene responsible for

this inherited susceptibility to breast and ovarian cancer, located on

chromosome 17q21, was identified as BRCA-1 (Miki et al./ 1994)/ and

encodes a zinc-finger containing DNA-binding protein with tumour

suppressor function and the ability to suppress cell proliferation (HaIt et

a1., 1996; Thompson et a1., 1995). Mutations in a second gene located on

13q12-13, called BRCA-2, are also responsible for increasing risk of breast

cancer but at a lower frequency (Wooster et aL, 1995). However, the impact

of the identification of these genes on the prevention of breast cancer in

the generaI population is probably not as great as hoped, since only 5-10%

of a11 breast cancers are thought ta result from genetic predisposition

(Weber and Garber, 1996). Furthermore, inactivation of these two genes is

uncommon in sporadic breast cancer/as evidenced by the low frequency of

mutations in BRCA-1 and BRCA-2 in sporadic breast and ovarian cancers

(Futreal et a1., 1994; Lancaster et aL, 1996). Other genes found ta be
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involved in familial breast cancer include p53, a tumour suppressor gene

in which germline mutations are associated with the Li-Fraumeni cancer

syndrome (MaHon et aL, 1990) and the gene for ataxia-telangiectasia (AT),

in which heterozygote carriers of the mutation causing AT may have a

higher risk of breast cancer than the general population (Easton et aL,

1993).

ather known risk factors for breast cancer relate to the

menstruation and reproductive histories of patients. An early age at

menarche «12 years old) is associated with a 50% higher risk of breast

cancer than those with a later onset of menarche (>15 years old). Similarly,

women with a late age of menopause (>55 years old) have a higher risk of

developing breast cancer than those with early-onset menopause «45

years old), and oophorectomy before age 40 is also associated with a

decrease in risk of breast cancer (Brinton et aL, 1988). These findings

suggest that it is the increased exposure of breast tissue to ovarian

hormones that increases the risk of developing breast cancer later in life.

This may be due to the cyelic proliferation and apoptosis of breast

epithelial tissue that occurs under the regulation of the menstrual cycle

(Anderson et aL, 1988; Longacre and Bartow, 1986).

A mother's late age at first birth has been shown to correlate with

an increased risk for developing breast cancer, with women with a first

birth after age 30 having double the risk of women with a first birth before

age 18 (MacMahon et aL, 1970). Other groups have studied the effect of

pregnancyand lactation on the subsequent risk of developing breast

cancer, and suggest that the pregnancy must be full-term to be protective

(Brinton et aL, 1983), and that longer periods of breast feeding may further

21



•

•

•

Chapter 1: General Introduction

reduce the risk of breast cancer (Byers et aL, 1985; Newcomb et aL, 1994;

Yoo et aL, 1992). These findings have been interpreted to suggest that it is

the early differentiation of the mammary gland, induced by a full-term

pregnancy, followed by lactation, that protects the epithelium from further

insults and prevents the development of breast cancer (Bernstein et aL,

1995; Russe and Russo, 1994).

Another important class of risk factors are medical or biological

factors, such as having a personal history of breast, ovarian or endometrial

cancer, which increases the risk of developing breast cancer (Bernstein et

aL, 1992). Also, in recent studies, women in whom 650/0-75% or more of

the breast was composed of areas of density on mammography were found

to have an increased risk (Oza and Boyd, 1993; SafUas et aL, 1991), as did

women with biopsy-confirmed atypical hyperplasia of the breast (Dupont

and Page, 1985). Obesity, high-dose ionizing radiation te the chest and

moderate alcohol consumption have also been associated with an

increased risk for developing breast cancer (Hulka and Stark, 1995).

B. Natural History and Cellular Origin of Breast Cancer

An understanding of the natural history of untreated breast cancer

allows a better appreciation of the treatment and prognostic difficulties

faced with this disease. Clinically, untreated breast cancer is characterized

by heterogeneity in patients' outcome, and also by a long course of the

disease, which complicates the definition of a breast cancer "cure".

The survival curve of breast cancer patients is biphasic, with one

subgroup representing approximately 2/3 of the breast cancer patients

studied, surviving past 10 years with a force of mortality rate of 2.5% per
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year, while the remaining 1/3 of patients had a more aggressive disease

with a force of mortality rate of 25% per year (Fox, 1979). It has been

proposed that this data illustrates that there are at least two clinical types of

breast cancer, with one type having a much higher mortality rate than the

other. Alternatively, breast cancer may be a single disease, but

heterogeneous, with a large range of aggressivity in various patients. To

date, this question has not been answered in any definitive way, and it is

still unknown whether breast cancer represents many diseases, or whether

it evolves along one pathway from normal ceH to malignant tumour.

Due to the long natural history of the disease, and the fact that

breast cancer generally affects women at a relatively late age, establishing

whether or not a patient has been ltcured" of her disease presents a

difficult problem. Most studies have found a persistent increase in

mortality rates of treated breast cancer patients even 30 to 40 years after

diagnosis (Brinkley and Haybittle, 1984; Hibberd et aL, 1983; Rutqvist and

Wallgren, 1985). Furthermore, distant metastases from a primary breast

carcinoma (most common sites being bone, lung and liver) can occur even

10 years or more after the initial diagnosis. Thus, to speak of being "cured"

of breast cancer after being disease-free for a certain amount of time is not

as relevant as with other types of cancer.

In an effort to understand how breast cancer evolves, several groups

have attempted ta identify the cells from which breast cancers arise.

Studies which investigated the pattern of expression of intermediate

filaments in the epithelial cells of the mammary gland have dearly

identified two major ceH types (discussed earlier); the luminal epithelial

ceH and the basal or myoepithelial cell, based on the differential expression
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of keratins and vimentin (Taylor-Papadimitriou et aL, 1993). In studies of

malignant breast tissue, more than 90% of breast tumours were found to

express keratins 8, 18 and 19 (Bartek et al., 1985), as are found in the

normal luminal epithelial ceUs of the terminal ductual lobular units,

suggesting that most malignandes arise from these ceUs. The remaining

10-20% of breast cancers show sorne expression of basal myoepithelial cell

markers, such as vimentin, laminin or keratin 14 (Wetzels et aL, 1989),

which is associated with more aggressive cancers (Dornagala et aL, 1990).

However, it has not been clearly established whether these represent two

types of breast tumours, which evolve from two different celllineages, or

whether they represent a continuum of breast cancer evolution.

Similarly, the expression pattern of estrogen receptor (ER) and

progesterone receptor (PR) by normal and malignant breast ceUs has been

the subject of study. Estrogen acts through its receptor to induce the

expression of the progesterone receptor, and bath hormones regulate the

expression of other genes. ER and PR have been localized by

immunohistochemistry to a population of luminal epithelial ceUs in the

mammary gland (Fuqua, 1996). Approximately 60% of breast cancers are

ER-positive, and most of these respond weIl to antihormonal therapy

(Osborne et aL, 1980). In general, the hormone unresponsive, ER- and PR­

negative breast cancers represent a group of more aggressive turnours,

with higher proliferative and invasive rates in vitro and in vivo. In vitro

ceH culture studies of ER-positive ceU lines have shown that prolonged

exposure to the chemotherapy drug adriamycin or prolonged withdrawal

from estrogen induces these ceUs ta acquire characteristics of ER-negative

lines, suggesting that breast cancers arise from a population of lurninal,

24



•

•

•

Chapter 1: General Introduction

ER- and PR-positive ceUs, which then undergo a process termed

"dedifferentiation" with the progression of breast cancer to a more

invasive, aggressive disease (Dickson and Lippman, 1995; Fuqua, 1996).

c. Disease Staging and Prognostic Factors

A primary breast carcinoma arising from the epithelial ceUs of the

mammary gland can spread by direct infiltration into the surrounding

tissue and also through the Iymphatic system, which presumably leads to

the formation of distant metastases. It is the direct infiltration of the

tumour into the stroma, skin, and other structures which leads to the

characteristic stellate appearance of malignant breast tumours on

mammograms or gross examination. The cancer can also spread direct!y

along mammary ducts, which results in intraductal carcinoma being

frequently observed in association with infiltrating carcinoma. Lymphatic

spread is most often evidenced by involvement of the axiUary 1ymph

nodes, which is the major regional drainage site of the breast. The larger

the primary tumour, the more likely it is that the axillary nodes will be

involved (Harris and Hellman, 1996).

The c1inical staging of breast cancer, designated TNM (Tumour,

Nodes, Metastasis), is based on these characteristics and is used to group

patients according to the extent of their disease, and for choosing the

treatment program and estimating their prognosis. The specifie criteria for

each breast cancer stage can be found in any c1inical oncology text (Harris,

1996), and will not be reiterated here. In general, however, the "T" refers to

the size of the primary tumour, the "N" to the number of involved

axillary lymph nodes, and "M" to the presence or absence of distant
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metastases. Together, the scores from these three criteria are used to

determine the clinical stage of the disease, from stage 0 (carcinoma in situ)

to stage IV (any tumour with distant metastases, representing

disseminated and advanced disease). This staging system is then used as a

predictor of the patient's prognosis.

Other standard prognostic factors currently used in breast cancer

include histologie subtype, nuclear grade, ER and PR status, and

proliferation rate of the tumour. However, even with aIl these prognostic

markers in use, sorne breast cancer patients who seemingly should have a

good prognosis continue on to develop recurrent disease. For example,

even though the two most powerfuI prognostic markers that are in

common use are tumour size and presence or absence ofaxillary lymph

node involvement, up to 30% of patients with node-negative breast

cancers will go on to develop metastatic breast cancer (Page and Johnson,

1995). Thus, investigators continue to search for new prognostic markers,

in the hope of eventually being able to identify the small subset of breast

cancer patients with a poor prognosis that we are currently unable to

distinguish using the markers available today.

ft has been suggested that new prognostic markers would be usefuI

in at least three situations (Clark, 1994). One of these is to identify patients

whose prognosis is excellent, such that adjuvant therapy after surgery

(currently used for aIl patients) would not be beneficial, and is therefore

unnecessary. The second situation involves patients whose prognosis

with current treatments is extremely poor. These patients might then be

candidates for newer, more aggressive therapies. The third situation is to

try to indicate which patients would or would not benefit from specifie
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therapies.

In an attempt ta address these problems with regards to prognosis in

breast cancer, many new prognostic markers have been proposed and

studied, including the expression of certain growth factors and their

receptors, such as the EGFR, the erb-B2 receptor (also called Her-2 or neu),

and other genes such as the tumour suppressor gene p53 (Clark, 1996).

However, as yet, none of these have been proven ta definitively clarify

any of the situations described above, and none have been accepted into

general use. Thus, the need for new prognostic factors remains.

D. Oncogenes and Tumour Suppressor Genes

ft is generally accepted that a cancer develops with the step-wise

accumulation of genetic abnormalities within a cell or ceIls which leads to

the dysregulation of growth and differentiation in these ceIls. Thus, they

gain the ability to proliferate, generating a clone of ceIls which, with

additional genetic changes caused by carcinogens and accentuated by faulty

DNA repair mechanisms, may then gain the ability to invade the

surrounding stroma, and eventually, to travel through the bloodstream or

lymphatic system to other areas of the body where metastases may

develop.

A cancer can develop when these genetic abnormalities affect two

classes of genes; oncogenes, which contribute to oncogenesis if

inappropriately activated, and tumour suppressor genes, which contribute

ta oncogenesis when inactivated (reviewed in Callahan and Salomon,

1993). Thus, oncogenes are typically genes involved in the growth and

proliferation of ceIls, and when activated, confer a growth advantage to
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the cancer ceU, or which causes the ceU to proliferate in a dysregulated

manner. Tumour supressor genes, however, are thought to be genes

whose function is required to maintain normal organ architecture or to

prevent uncontrolled cellular proliferation, and when that function is

lost, the cell aquires the potential to become malignant. Full

transformation from a normal cell ta frank malignancy requires

mutations in many such genes, sorne of which are affected in many types

of cancer, and others which are on!y found affected in specifie cancer types.

Two types of genetic abnormalities are commonly observed in

human cancer (Callahan et aL, 1992). One of these is the amplification of

specifie chromosomal regions, leading to the activation and/or

overexpression of growth-promoting oncogenes in the amplified region.

Mutations within the target gene may be associated with these gross

genetic abnormalities, but sometimes, gene amplification may occur in the

absence of gene mutation. The other type of genetic abnormality

frequently observed in breast cancer is the deletion of specifie

chrornosomal regions, commonly referred to as a loss of heterozygosity, or

LOH. These areas of LOH are thought to contain tumour suppressor genes.

This multistep model of oncogenesis, in which tumours develop

and progress with the accumulation of specifie genetic mutations and

abnormalities has been elegantly demonstrated for colon cancer. Based on

studies of genetic lesions which exist at each clearly defined stage of colon

cancer, (Fearon and Vogelstein, 1990) have proposed a genetic model for

colorectaI tumourigenesis. According to this mode!, a series of

accumulating genetic alterations involving bath oncogenes and tumour

suppressor genes are necessary for the normal colonie epithelium ta
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progress from benign proliferation (adenoma) through increasingly

malignant stages to a fully metastatic cancer. Although the genetic

alterations observed in colon cancer tend to occur at characteristic stages of

tumour progression, (Fearon and Vogelstein, 1990) propose that it is the

accumulation of several key changes, rather than the order in which they

appear, that is most important in the development of colon cancer.

However, this understanding of which genetic lesions are associated with

each stage of colon cancer may permit dinicians to follow the progression

of disease using molecular biology techniques to detect these genetic

lesions.

Such a genetic model of oncogenesis would be invaluable in breast

cancer, a disease in which c1early defined stages of tumour progression are

not established, unlike for colon cancer. If the genetic lesions associated

with more advanced or aggressive breast cancer could be identified, these

would provide better prognostic and staging information than is presently

available. Thus, much effort has gone into studying the genetic lesions

present in breast cancer, their prognostic significance, and in attempting to

arrange these into a modellike the one proposed for colon cancer.

Many of the genes found to be affected by genetic alterations in

breast cancer through their amplification, mutation or deletion are

normally involved in the growth and development of the breast. By

altering the wild type function of these genes, an environment is created

in which atypical non-malignant or frankly malignant ceUs with a growth

advantage could develop, and by accumulating more genetic alterations,

could eventually evolve into metastatic breast cancer.

Several proto-oncogenes have been found amplified in breast
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cancers, including the c-erh-52 gene, c-mye, and int2 (reviewed in

Callahan et al., 1993; and Walker and Varley, 1993). Sorne groups have

found amplification of c-erb-B2 to be associated with poorer prognosis,

while others have been unable to confirm this finding (reviewed in

Walker and Varley, 1993). Although the rat hornolog of the c-erb-B2 gene,

neu, can be activated by point mutation, no such corresponding mutation

has been detected in human breast cancer, and it is thought that activation

of this gene in humans is by overexpression of the wild-type gene.

However, the most frequent genetic abnormality detected in breast

cancer is loss of heterozygosity (LOH). These are areas of chromosomal

deletion commonly referred to as a region of LOH, since the technique

used to detect such abnormalities depends on using polymorphie markers

to demonstrate allelic heterozygosity in the normal tissue, which is

reduced to homozygosity in the tumour, indicating that one allele was

lost, or deleted. By using multiple polymorphic markers, it is possible to

determine the exact chromosomal region covered by the deletion, which is

thought to contain tumour suppressor gene(s). The remaining allele of the

putative tumow suppressor gene is presumed to be inactivated by a

mutation, as postulated by Knudson's two-hit hypothesis for the

inactivation of tumour suppressor genes (Knudson, 1971). However,

although many regions of LOH have been identified in breast cancer, and

several of these correspond to known tumow suppressor genes such as

RB-1 (retinoblastoma gene) at chromosome 13q14 and TP53 at

chromosome 17p13, LOH of one allele of the tumow suppressor gene is

not always found to be associated with a detectable mutation in the

remaining copy of the gene (CalIahan et al., 1993). Regard1ess, considerable
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effort continues to be invested in determining which chromosomal

regions are subject to frequent LOH in breast cancer, as well as the

prognostic significance, if any, of these regions of LOH.

LOH of the long arm of chromosome 7 has long been described for

cancers of myeloid origin, specifically LOH at chromosome 7q22. However,

in 1992, Bièche and his collegues reported frequent LOH of chromosome 7

at q31 in human breast cancer, occuring in 400/0 of breast cancers studied.

This genetic alteration was found to be significantly associated with those

patients having a poorer prognosis than patients without this LOH (Bièche

et al., 1992). Specifically, Bièche used a polymorphie RFLP marker within

the MET gene, mapped to chromosome 7q31 to carry out these studies.

Thus, MET was clearly included in this deletion of chromosome 7q31.

However, since only one marker was used, the extent of the deletion was

not established, and therefore, the potential tumour suppressor gene

identified by the frequent LOH in breast cancer could be any gene in that

chromosomal region, not necessarily MET. From this study, the candidate

gene list could include hundreds of genes, most not yet identified.

After the publication of Bièche's paper, severa! other papers were

published, reporting frequent LOH of the same chromosomal region of

7q31 in other types of cancer, including gastric, colon, ovarian, prostate and

head and neck cancers, suggesting the presence of a tumour suppressor

gene at chromosome 7q31 which might be important in the development

of many types of hurnan cancers (Kuniyasu et al., 1994; Zenklusen et al.,

1994b; Latil et al., 1995; Muller et al., 1995; Takahashi et al., 1995; Zenklusen

et al., 1995a; Zenklusen et al., 1995b). These findings warranted an

investigation into the potential role of MET, one of the few known genes
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mapped to this region, as the tumour suppressor gene at chromosome

7q31.

III. Met and HGF/SF

A. TPR-MET

The MET gene encodes a transmembrane receptor tyrosine kinase,

whose ligand is hepatocyte growth factor / scatter factor (HGF/SF). MET was

first isolated from a hurnan osteogenic sarcoma cellline treated with N­

methyl-N-nitro-N-nitrosoguanidine (MNNG-HOS) as a rearranged

oncogene, TPR-MET. TPR-MET was formed by the translocation of

sequences from the TPR gene on chromosome 1 to the MET gene on

chromosome 7, resulting in the production of a fused oncoprotein in

which 142 amino acids derived from the TPR sequences were directly

fused 5' to the kinase region of the Met protein (Park et al., 1986). The Tpr­

Met fusion protein lacks the extracellular and transmembrane domains of

the wild-type Met protein, and is therefore an intracellular protein. No

mutations exist in the MET-derived sequences of TPR-MET. However, it is

constitutively dimerized through two leucine zipper motifs in the TPR­

derived portion of the gene, and its MET-derived kinase domain is

constitutively phosphorylated and activated (Rodrigues and Park, 1993).

Tpr-Met is able to transform fibroblasts in vitro. It has been demonstrated

that Tpr-Met acts through similar signalling pathways as does the wild­

type Met receptor (Fixman et al., 1995). However, TPR-MET has not been

definitively described as a naturally-occuring oncogene in human cancers.

B. Signal Transduction through the Met receptor

The wild-type MET gene product is encoded. by a full-length 8kb Met
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rnRNA, and is synthesized as a single chain precursor of 150kDa, which is

glycosylated to generate a 17DkDa protein. The glycosylated Met precursor

is then cleaved to yield the two Met receptor subunits; a transmembrane ~­

subunit of 145kDa containing the intracellular tyrosine kinase domain and

an Cl-subunit of 45kDa that remains extracellular (Giordano et al., 1989;

Rodrigues et al., 1991). The (l- and ~- subunits are linked together through

disulfide bonds to form the mature wild-type heterodimeric Met receptor

of 190kDa (p190Met) which is expressed at the cell surface of many cell

types, mainly those of epithelial origin, including breast epithelium (Di

Renzo et al., 1991; Gonzatti-Haces et al., 1988; Niranjan et al., 1995; Pepper

et al., 1995; Prat et al., 1991; Soriano et al., 1995; Tsarfaty et al., 1992; Yang

and Park, 1995; Yang et al., 1995).

The ligand for the Met receptor was originally identified as a potent

mitogen for hepatocytes, and was thus named hepatocyte growth factor

(HGF) (Bottaro et al., 1991; Naldini et al., 1991). It is a 90kDa disulfide­

linked heterodimeric protein of two subunits, post-translationally derived

from an inactive single chain precursor, and is structurally similar to the

serine protease plasminogen, but lacks any enzymatic activity.

Independently, scatter factor (SF) was identified as a protein secreted by

fibroblasts and smooth muscle cells that induces the dissociation and

movement of epithelial ceUs (Stoker and Perryman, 1985). HGF and 5F

were shown to be identical (Naldini et al., 1991), and is now known to be a

factor with pleiotropic activity through a single receptor, Met, that is

capable of inducing mitosis, motility, and invasion of normal epithelial

and carcinoma ceUs, as weIl as branching tubulogenesis of epithelial cells

of kidney, breast and lung origin when grown in gel matrix culture
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conditions (reviewed in Rosen et al., 1994). These observations suggest an

important role for the Met-HGF/SF signalling pathway in the growth and

differentiation of epithelially-derived organ systems. While the Met

receptor tyrosine kinase is expressed on cells of epithelial origin, HGF/SF

is expressed by cells of mesenchymal origin, and in the stroma of various

tissues.

Binding of the ligand to the Met receptor induces oligomerization

and trans-phosphorylation of the Met receptor on tyrosine residues within

the kinase domain, thereby activating the tyrosine kinase enzymatic

activity. The Met receptors subsequently become phosphorylated on other

tyrosine residues in the carboxy-terminal tail. These phosphorylated

tyrosine residues can then serve as specific binding sites for proteins

containing Src homology 2 (SH2) or phosphotyrosine binding (PTB)

domains, that act to transmit the signal from the Met receptor to

downstream signalling pathways. Binding of these substrates is the fust

step in the activation of downstream signalling pathways, which leads to

the biological effects of HGF/SF stimulation of Met-expressing cells, as

described earlier.

C. RaIe in Development

Using immunohistochemical analyses, it has been demonstrated

that during mouse embryonal development, HGF/SF is expressed in

mesenchymal tissue in close proximity to Met-expressing epithelium

(Sonnenberg et aL, 1993): suggesting a role for Met-HGF/SF signalling

pathways in epitheliai-mesenchymai interactions in vivo. Transgenic

mouse studies, in which null mutant mice of both HGF/SF and MET were

generated, demonstrated that the Met-HGF/SF signalling pathway is
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essential for full embryonic development (reviewed in Birchmeier and

Gherardi, 1998; Schmidt et al., 1997; Uehara et a!., 1995). Bath the HGF/SF

-/ - and the MET -/ - transgenic mice fail ta survive beyond day E16.5 of

embryogenesis, and died in uterD. Heterozygote mice showed normal

development and were healthy. More detailed analyses of the met and

HGF/SF null mutant embryos revealed a deficiency in piacental and liver

development which likely were responsible for the fetal demise.

Furthermore, myogenesis in limb buds, the diaphragm, and the tip of the

tangue, was arrested, and no myogenic precursor ceUs were found ta have

migrated into these areas. This essential raIe of the Met-HGF/SF signalling

pathway in limb myogenesis was also demonstrated by whole-mount in

situ hybridization studies on mouse embryos, which revealed that Met­

expressing muscle precursor cells detach from somites and migrate into

the limb buds in response ta HGF/SF secreted by the mesoderm (Yang et

aL, 1996).

Other studies have shown a role for Met and HGF/SF for directing

the grawth afaxonal growth cones (Ebens et al., 1996), and inducing

morphogenesis of various epithelial celllines when grown in 3-D collagen

gels, including prostate, pancreas, lung, and mammary cell lines

(Brinkmann et aL, 1995).

A role for Met-HGF/SF has been suggested in breast development.

Immunohistochemical studies have demonstrated that HGF/SF is

produced by the fibroblast elements of human and mouse mammary

glands ain et al., 1997; Tuck et al., 1996), while Met is expressed by both

luminal epithelial and myoepithelial ceIls of the mammary gland (Yant et

al., 1998). Expression levels of Met and HGF/SF in the rat mammary gland
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are high in the pre-pregnant state, then decrease in pregnancy, becoming

virtually undetectable during lactation, and increase again during

involution to pre-pregnancy levels (Pepper et aL, 1995). Furthermore, in

vitro studies show that HGFjSF can induce branching morphogenesis of

both mouse and human mammary epithelial cell lines when grown in

collagen gels (Berdichevsky et al., 1994; Soriano et al., 1995).

Severa! ather observations point to an important role for Met­

HGF/SF in the development of the ductal branching system of the

mammary gland. HGF/SF is mitogenic for luminal epithelial cells and is

morphogeneic for myoepithelial cells, causing the formation of multiple

branching tubules when myoepithelial cell cultures in collagen gels are

stimulated with HGF/SF (Niranjan et a!., 1995). Furthermore, organ

cultures of mouse mammary glands revealed that HGF/SF induces

growth and expansion of the ductal system, white neuregulin is

responsible for lobulo-alveolar budding and the production of milk

proteins. These sequential roles in breast development are para1leled by

observations in vivo, showing HGF/SF production in breast

mesenchymal ceUs during ductal branching in the pre-pregnant mouse,

while neuregulin is expressed during lobulo-alveolar development

during pregnancy (Yang et aL, 1995).

IV. Possible raIe of Met in breast cancer

As has been discussed, an oncogenic variant of MET, TPR-MET, can

transform fibroblasts in culture. However, rPR-MET has not been found

to contribute to human oncogenesis in vivo. Nevertheless, severa! groups

have studied the status of the Met receptor in human cancers. Met is
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overexpressed and/or deregulated in certain human cancers, including

gastric, colorectal, thyroid and ovarian carcinomas, leuk.emia, and

sarcomas (Di Renzo et al., 1992; Di Renzo et al., 1994; Jucker et al., 1994; Liu

et al., 1992; Rong et al., 1995; Rong et al., 1993; Scotlandi et al., 1996;

Yonemura et al., 1996). Deregulation of the Met receptor via an autocrine

loop transforms fibroblasts in culture (Rong et al, 1994), and transgenic

mice overexpressing HGF/SF exhibit tumorigenesis of various organs

(Takayama et al., 1997).

Met is expressed in human breast cancer celllines, and HGF/SF was

shown to stimulate the formation of lumen-like structures in a human

breast cancer cellline (Tsarfaty et al., 1992). A study of serum

concentrations of HGF/SF in breast cancer patients demonstrated an

association between increased levels of circulating HGF/SF and increased

malignancy (Taniguchi et a1., 1995; Yamashita et al., 1994).

Historically, receptor tyrosine kinases are regarded as

protooncogenes in human cancer. In general, tyrosine kinases are

involved in cell growth and division, and when deregulated, tend to

become constitutively activated, leading ta unregulated proliferation and

therefore, progression of oncogenesis. However, study of the Ret receptor

tyrosine kinase reveals a more complex role for tyrosine kinases in the

development of human disease. Ret has been found mutated and

constitutively activated in the cancer syndrome MEN2b, and also in

sporadic papillary thyroid cancers. However, inactivating mutations have

also been described for RET, which have been shawn to cause the

hereditary syndrome Hirshprung's disease (reviewed in Pasini et al., 1996).

Thus, the possibility remained that MET might be the tumour suppressor
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gene on chromosome 7q31, despite its depiction until now as a

protooncogene. The role of Met in the differentiation of breast epithelium

suggests that the inactivation of MET at a crucial moment before the

terminal differentiation of the breast epithelium occurs might leave the

immature ceIls susceptible to other oncogenic events, and predispose these

ceIls to oncogenesis.

v. Goals of this thesis

The main goal of this thesis is ta further investigate the role that

MET may play in the development of human breast cancer. SpecificaIly,

the first objective was to determine the smallest common region of

deletion of chromosome 7q31 in breast cancer, and to establish if MET is

included in this region. This would provide support for MET as a tumour

suppressor gene in breast cancer.
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Detailed deletion mapping with a refined physical map of 7q31 localizes a
putative tumor suppressor gene for breast cancer in the region of MET
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ln breast cancer, 1055 of heterozygosity (LÜH) has been
described on the long arm of chromosome 7 at band q31,
suggesting the presence of a tumor suppressor gene in
this region. To define the deleted region. we analysed 73
cases of breast cancer and matehed normal DNAs with
17 polymorphie markers. A minimal area of LüH was
identified as the chromosomal interval flanked by
markers D7S687 and metH, spanning a segment of 2
Mb on chromosome 7q31. Of the 73 breast cancer
patients studied. ail were informative for at least one
marker in this region and nine patients showed LüH at
one or more loci (12.38,4). To define the physieal size of
the deletion and to ensure the correct interpretation of
the LOH deletion studies, we redefined the physieal map
of markers within this region of 7q31. We present a new
physical order for markers at 7q31. More signifieantly,
we have mapped the minimum delerion of 7q31 in the
breast cancers studied to date to a physical distance of
1000 kb, eontained on a single VAC clone, which
includes the MET receptor tyrosine kinase but no other
known genes.

Keywords: breast cancer; tumor suppressor gene;
chromosome 7q31; MET receptor tyrosine kinase;
loss of heterozygosity

Introduction

Brcast cancer continues to be a Icading cause of death
in women. Much effort has been invested into
understanding the molecular mechanisms underlying
this disease. As has been shown for other cancers,
chromosomal deletions thought to identify the location
of tumor suppressor genets) import.mt in the develop­
ment of the tumor have been detected in breast cancer
(Devilcc et al., (994). Such deletions are commonly
idemified by the detection of loss of hcterozygosity
(LüH) at specifie chromosomaJ loci using polymorphic
markers. In breast cancer, LüH has becn detected at
many chromosomal locations, including Ip, Iq, 2p, 3p,
6q, 7q, 8q, 9q, Il p, Ilq, 13q, 15q, 16q 17p, 17q, 18p,
18q and 22q (Devilee et al.• 1991; Callahan et a/., 1992.
1993; Chen et a/., 1993; Hampton el a/., 1994). Several
tumor suppressor genes that are implicated in breast
cancer, such as p53 at chromosome 17p13 (Isobe et al.,
19M6; McBride et al., 1986; Miller el al., (986), BReA­
l at 17q21 (Miki el al., (994), and BRCA-2 at 13q12-

Corn:spondence: M Park
Rcccivcd 6 June IlJ96; reviscd 5 August 1996; acœptc:d 6 AuguSl 1996

13 (Wooster el al.• (995) have been mappcd to regions
which overlap with sorne of the previously dcscribed
regions of LOH. However, for most of the genetic
abnonnalities, no candidate genes have becn identified.

The presence of a tumor suppressor gene on
chromosome 7 at band q31 is suggested from two
independent studies of primary breast cancer, demon­
strating LüH at the MET locus (7q31) at frequencies of
40.5% (Bièche el al., (992) and 27% (Deng el al., (994).
LüH at 7q31 is thought to be an early event in tumor
progression (Champème et al., 1995) and is associated
with a higher risk of relapse and shorter metastasis-free
survival and overall survival (Bièch~ et a/.. 1992).
Recently, frequent allelic loss on chromosome 7qJI
has becn described for other cancers, incJuding gastric,
colon. ovarian. prostate and head and neck cancers
(Kuniyasu el al., 1994; Zenklusen et al., 1994h. 1995a,
b; Lati! el al.• 1995; Muller et al.• 1995; Takahashi el al.,
1995). This suggests the presence of a tumor suppressor
gene at chromosome 7q31, which may he important in
many types of human cancer.

To facilitate positional c10ning efforts to identify the
putative tumor suppressor gene at 7q31 in breast
cancers, we have refined the physical map of genetic
markers at 7q31 and used 17 polymorphie markers to
determine the smallest common region of LüH in 73
patients with breast cancer. Our data indicate that the
smallest region of LOH in the tumors studied is located
in an interval of 2 Mb, ftanked by D7S687 and a
marker within the 3' untranslated region of the MET
gene (metH). Moreover. using 1he new (lhysical map
presented here, we further define the location of a
putative brcast tumor suppressor gene at chromosome
7q31 to a 1000 kb physical distance, contained on a
single YAC clone.

ResuUs

lnterslitial deletions in\'o!l'ing 7q3/

Allele deletion of a polymorphie marker localed within
the MET gene at chromosome 7q31 has heen
demonstrated hy two independent studies (Bièche et
al., 1992; Deng el al., 1994). To estahlish if the MET
locus is deleted in our cohort of breast cancers,
oligonucleolide primers (see Table 1 for primer
sequences) were used to amplify the DNA fragments
containing the polymorphie restriction enzyme sites
recognized by the RFLP probes metH (Mspl) and
metD (Bani). Both polymorphie restriction enzyme
sites are located wilhin 21.5 kh (Kerem et ill., 1989)
and are localizcd to the 3' portion of the MET gene
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Table 1 Rcsults of loss of hetcrozygosity analyses by PCR of 73 breast caneer e'.lses using 17
polymorphie markers on chromosome 7

~ The: arder of the DNA markcrs shown was dctcrmine:d using the f1ublishcd genctlc maflflmg dala
(Gyapay el al., 1994) and for sorne: of lhe markers. the order was refine:d using YAC conlig analySIS.
bThc numbcr of informative pallenls showing LOH with e:aeh marker IS glvcn. whilc lhe f1Crccnlagcs
are mdicated in rarcntheses

•

l'rame
ofmarkel'

075506

075523

075471

075461

AFMa062zd5

D75687

075486

075522

0752460

metD GH367
GH364

metH GH220
GH324

075677

075655

D7S643

D7S504

075500

D75483

S Primer sequenus l'

CCCTTCAAATGCACAGATA
GCGTCAGTTACTGGAACTT
CTGATTCATAGCAGCACTTG
AAAACATTTCCATTACCACTG
AGCAGCTATTATGGAATTGC
CAAACTATGCAAGGTGCCTA
GGCAAACTCAAAGGCAGAAGA
AAACTCAGCATTGTCCTGCC
ATGGCTTTTTGCATACTAAATGCTT
GGTTCTGGCTGCTGA
AAAATATTACACATGCCTGAGTG
ACAGTGAAGCGACACCAATC
AAAGCCCAATGGTATATCCC
GCCCAGGTGATTGATAGTGC
GCCAAACTGCCACTTCTC
ACGTGTTATGCCACTCCC
CACATCCACTGTGTCTCATTT
TATCTGGGACTTNACGCTTC
GAGAAATGAGGTTCTTGGATG
GCCTCTGGGTAAAATGAGTC
CCATGTAGGAGAGCCTTAGTC
GTCTAAGGACACACCTTGC
ATCATTCACTATGGGATAGC
GAATTACAAGTCACTCTATACAAAA
CAAAATAGTGGGGTATTGGTAAA
CCAAGTTAATCTN'rGTGAAAGTGTA
CTTGGGGACTGAACCATCTT
AGCTACCATAGGGCTGGAGG
TCTGATTGCTGGCTGC
GCGCGTGTGTATGTGAG
CCAGAATTGAAAACTCAGCA
ATTGATTGAGGAACTGAACTTACCT
AGTGGTCATTAGCCTTGGCAAAATC
AACCAGAGTTGTAAGCCATGAAAGT

In/lIrmari"e
patients

37

38

52

58

23

62

J7

34

38

41

28

45

Patients
with LOll'

o ((l)

2 15.31

3 (8.1)

6 1I1.S1

7 (12.11

5 (81\

5 (10.9)

3 (lUI

~ (10.5)

3 O.J)

3 (10.7)

.. (9.5)

1 (2.2)

o (01

o (01

•

(Figure la). Representative results obtained with
oligonuclcotide pair GH110 and GH324, that amplify
the polymorphie Mspl (metH) site. and oligonucleolide
pair GH367 and GH364, that amplify the polymorphie
Bani (metD) site, are shown in Figure 1band c
respectively. In each experiment. control DNA from a
patient homozygous for the allele containing the
restriction enzyme site was included to ensure that
complete digestion by the restriction enzyme had taken
place (Figure lb, patient 2631; Figure le, patient 067).
Ali cases scored as LOH were repeated three times, and
cases scored as non-LOH were repeated twice. In this
study, 38 patients were informative for the Mspl
(metH) polymorphism and 34 patients were informa­
tive for the Bani (meID) polymorphism (Table 1). In
tolal, 54 of 73 cases were informative with respect to at
least one of Ihe two polymorphisms studied. and seven
of these 54 cases demonstraled LOH at the MET locus
(13%).

To define the exlent of LOH at chromosome 7q31 in
our panel of 73 breast tumors we used oligonucleotide
pairs to amplify 15 different (CA)n repeat microsatellile
markers (Table 1). The level of informativeness
observed for each of the markers in our cohort of
breast cancer patients was consistent with the
published values (Gyapay el a/.. 1994). Figure 2
shows representalive results obtained with four
markers (D75461. D75486. D75522 and 075643),

60

The data from the (CA)n repcat analyses as summar­
ized in Table 1 reveals thal LOH was observcd wilh ail
(CA)n repeat markers studied at 7q3 J - 32 (from
075513 to D75504, Table 1). ln conlrast. no
informative patients showed LOH for D75S06 on 7p,
D75500 at 7q35 or D75483 at 7q36. Of the 73 patients
in this study, LOH was seored with at least one marker
on chromosome 7 in a total of nine tumors (12.3%).
from patients 005.007,009.015.017,025,074,540 and
1632 (Figure 3).

The superposition of the overlapping rcgions of loss
in these tumors allows the identification of the smallest
common region of deletion. The proximal (cenlro­
meric) and distal (telomeric) boundaries of Ihis critical
region are defined hy the flanking markers 075687 and
metH, as demonslrated hy tumor samples 017 and 007
respeclively (summarized in Figure 3). Figure 2 shows
representative results oblained wilh two markers
(075486 and 075512) within the crilieal region. Of
the olher 62 tumors, ail were informative for at least
one marker within the critical region, but none showed
LOH.

Plrysical mappitlg of chromosome 7qJ1 marker.\' llsi"g
yAC comig analJ'sis

Ta physically mal' the location of the putative tumor
suppressor gene on chromosome 7q31 as defined by
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Joï~ure 2 Rerre~.:nlall\e PCR amplitkallun~ Ill' ICA,,1 1111Crn·
\.lIdllle reJlC.Il:' J)7S~tl 1. D7S-IXtl. D7S52! .mJ D7SrwJ ;Ire
slhmn. Oligul1udclllldc pnm.:rs "cn: uscl! III rCR amplify Ihc
re!\l~lOs nI' DNA cuntall1ll1g [hl,."SC mark.:r... III Ihe rrl,.':'oc.:n~"\: lIf
/:r. ·PldCTP. TUlIlllr ONA (fi ..n.1 m"Il:lung n0rl1);11 DNA (N)
"'cre .. mplili.:d l'rom 7.l pallen[S \\ollh hre":'1 C;lI1ccr, A p.lllent IS

cumldereJ 10 he IIlfllrm;III\'': If Ihen: arc IWu /1'lI1ds (corresp'lnd.
mg [li IWll alldes) ln lhe nllrmal DNA lane, t\ piltlent shuws
1.011 If. In [he lum.H DNA !ane. lllle: Ill' Ihe alldes l~ aosent .Ir
slwws dilllllllshed IIltenSIl). For C\OlIllplc. pallent 5~11 Is
mfllrmatl\e Ii.lr Ihe m.. rkc:r D7S-&Xtl and ..IIO\\S LOB at Ihat
11I":us. whlfe pallenl (J()li 1.. mfllml'ltI\'c \\'Ilh thls m;lrker. Out
shll",s Il.l lOft

puJsc:d-licld gcl dec[rophorc:sis mapping (Pouslka ('( a/..
19XH; Rommens e( a/.• 198901. hl.

A large YAC clln[ig surrounuing D7SMI7. [he
proximal endpoint or [he rcgion or LOH in our
s[udy. has been linked by one donc [0 the con[ig
shown in Figure 4 (SWS. unpuolished data). n<lsed on
Ihese slUdies. [he physical distance helwe..:n D7S687
and metH is 2 Mh (SWS. unpublished da[a). The:
combination of genetic analyses .tnd physical m'lpping
duta .1110\\'5 us to eSI'lhlish [he following orde:r of
markcrs across Ihe crilical re:gion or dcletion: 7ccn­
D7Sflln- D7S4Hfi- D7S521- D7S24110-me:t O-rnctl f-7(II~r.

!n"'I/lI/olzi.\·(oc!U'II/Ù·ctl tlIw/y.\'(·.\· or ,\/('( prolci" (·.\pn·....\·iol/
i" hr('Clst ("ClI1("('r

The .\/ET gene is the only known gene m'lpped to the
rcgion dde[cd in our cohort of breast tumors (Figure
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007
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-- -. - .. - ~ -- -----_._- ---~
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Figure 1 (a) "'ET has hc:en mapped to chromosome 7q31. wilh
Ihe 5' region of the gene proximal to the centromere. The Icx.--ation
uf the n:stnction enzyme polymorphisms rc.'Cognized by the RFlP
probc."S metH (Mspll and metD(Banll probes are indicated. as are
Ihe 'Ihgonudeatide primers used to amphfy DNA containing Ihe
rL'slriClion enlyme slles. (bl Tumllr DNA (Tl and matching
nannal DNA (NI from Ihe same pallen. wen: amplificd using
melD ùhgonucleotlde pnmers GH367 and GHJ64. The PCR
pru{juct was {jigeslcd wilh Bani and dl,.'Clrophon:sed on 12"0 non­
d..:nalUrmg polyacf)lamu./e gd. In lhc normal DNA lane or an
Inrormatlve patient. Ihe lop oamJ corrcsp'lOds to the uncul alld..:.
w/tlk Ihc ooltom hand currcspnnds to the cut aUde. LOB IS

"cllrcd If .mc Ill' Ihc alldc.. ls ah'>Cnt or ..hO\\iS dunl/m.hed IIlt..:nsl\),
Pallent 2tJ.ll IS unmformallve. path:nt 0.13 1" Informatl\e hUI
shm\s nu LOU. wlule pallen ... 211,':! and 025 an: mformall\'e and
shuw 1.0/1 al .\11:"1' 10 Ihe lUOlur ONA "hcn ùlmp'Jrcd WII/t Ihe
malc/ung Ih,rmal ONA IcI Tumor ONA (TI and m;llchU1~

normal DNA (N 1 frum the ~aml: ('lallCn! \\ocrc ampli lied U~,"g

melfl pnmers (if!1211 and (jHJ2.J. The: PCR prlJdu..:t "as
Jlgc~h:d ·... 1111 M"pl an{j ek'\:!rophorl:~d .,n 12"" non-denalunng
pulya..:r)lanudc gel. For ;10 mrllrmall\e pillle:nl. Ihrl,."C oands. lhe:
lup "and CllrrCl>ponJmg lu the: un.:ut allde and thr: oollllm t\\in
oandl> curresponJmg 10 Ihe: cul allde. ;Ire presenl ln Ihe n\lrmal
DNA l'Inc. LOf! 's present Ir onc llr Ihe: allek"S IS aosent or ShtlWS
JmllnJ~hL't.I m[enslly Pallenl IItl7 IS umnf.,rmallw. pallent 1107 1'>

IIlfllrnl<tll\'e hut shuws no LOB. \\ohile patle:nts 015 and SolO arc
Illf"rI1li1l1\e: and "ho\\ LOU al .\IET III the: tUOlor DNA when
cOlllpJred "Ilh thc norm;11 ONA

our LOH studi~s. it was nec~ssar\' [0 estaolish the
correct orda of the genetic DNA markcrs in this
region. To accomplish Ihis. a YAC ~ontig cncompass­
ing [he .\lET locus W.IS constructed (Figure 41. The
contig. which spanncd <lppro~im;j[c1y J.5 Mh or DNA.
cncompasscd live of [he gcnetic markers (D7S486.
D7S522. mctD. metH. 07S(77) uscd in [he LOH study
(Figure 41. The posilion of four c10ned genes (.\/ET.
CA l'Z'''!. WNT!. .mu CfTR). ;jnd seven ESTs
(cxpn:ssed sequence lags) or cONA fr;jgmenls wilhin
the contig were detcrmined. The chromosornal arder
;jnd physical distance separating the loci D7S 18. MET.
WNT2 and CFTR as established by our YAC contig
analysis is in &Jgreement with prcvious studies using
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tï~urc J Su01ma~ ,If ddell,m anal~-.:s ln nme orea..l ~an~cr

pallcnb :"amc:s "f pol~m'lrphl~ marL:crs u'>I::d arc l!1\'en. alung
wilh thclr .:hromo..ome hand asslgnmcnl... In ~u[umn 1. ~me

l:olu01ns rcpn:sc:nllnl! lhc mne palJents \louh a 10.... of hclero­
l~gll.. lly ,lf I:hrom(}~me 7 arc shown E..planallon of lhe symhob
usc:d 1.. grlen. and the e\h:nl 'lf lhc rcglun ,)f 10.... In cach pallenl
1.. mdrcate:d h~ the grey shadmg. The ..mOJlIest .:umm,1O rCl!lun IIf
dC!cllon 10 Ihesc: nme: rallenls IS mdlo.:ated by the H:rth.:a1 Ime hl
Ihe rrghl. and e\h:nd.. from marlcr [)7StJX~ t" metl!

~). .\/ET ~ncod~s a transOl~mhranc growlh factor
r~ceptor tyrosine kinase (Park l'f cll.. 19lol7). whose
ligand is hcpalocyle growth faClor scaHcr faclor
(HGFSF) (BoHaro l'f cll.. 1991; Naldini l'l al.• 1991).
The Mel receptor is expr~ssed in many ccII types. hUI is
found al highest Ic\'ds in epilhelial ccl1s (Gonzalli­
Haccs el al.. 1988: Di R~nzo l'l al.• 1991: Pral l'f al.•
1991: Yang and Park. 1995). induding hreasl epithdiJI
cells (Tsarfaly l'l al.. 1992: Niranjan t'f a/.. 1995:
Pcpper t.'f al.. 1995: Soriano 1;'1 al.. 1995: Yang t'f al.•
1995).

From slUdie:s of oth~r tumor suppressor g~n~s

(rcviewed in W~inberl!. 1991: Levine. 1993). if .\lET
is a candidate tumor s~ppressorgene for breasl cancer.
the deletion of on~ copy of the .\1ET gene may he
accompani~d hy a loss of functilln mutation in lhe
rcmaining copy of thc genc which m.1Y he: rene~tcd hy
an absence of detectahk Mel protein. or th~ presenœ
of non-functional prol~in. To invcstigale the stalus of
Mct protein in hreast tumors. wc hJv~ use:d an aOli·
peptid~ antihody which rccognizcs lhe carhoxy­
lcrminus of the Met reccptor (Rodrigue:s l'f tll.• 1991)
to pe:rform immunohistochemicai analyses on seclions
of paratTIn-eOlhedded hreasl reduction tissue. Met
immunoreaclivity is deteclcd in lhe ~pithelial cclls of
lhe normal hn:ast ducts and lohules (Figure Sa).
FUrlh~rmorc. this staining can hc hlockcd by competi.
tion wilh the antigenic peptide (Figur~ ShI. Paraffin
hlocks were availahle for six pati~nts. OOS. 007. 009.
015. nl7 and 025. whosc tumors showed LOH at
chromosom~ 7q31. Th~sc lUOlors. and an ~qui\'alcnl

numher llf sampl~s from patients whos~ tumors
show~d no appan.:nt LûH. 016. 021. 031. 062. and
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tïa:urc ~ Iktermmrng the Llrd.:r of D~A mMlcrs and l!en\.~ arllund lhe: "fET lI~u~ u..rng YAC eunlll! ;ln~llY"I". The pn:scnce 'lf
ea~h l>!\.\ nl.lrlcr ln th.: YAC dune 1....11l,"n hy J lCrllC;1l hOIr The .... AC.. \loer.: .llrgn.:J ha-.cd on thclr DNr\ rnar~.:r cl\Olcnl. hy
l>!"A ling.:rpnnllng \lollh repcll\lW c1.:menh. ;md h~ ,\lu-l'cR hl Alu·PcR hyhmh/;lIh l ll c\pcnmenl" The- hl;ld hlln/llOlal h.. r~
IOdl~at.: I1lJrlen thdt l:'Iuld ""10.: "r,ler.:.1 JnL! rhe rn IIU 111011 regllllltll "'llIdllhcy l:"ul.1 0.: 1l1.1flPCLl. The IISC71'.-)',\C.. \\erc l'Will il

.;hnJnh'.....nlC 7-"rx"\:llI~ hhrary. Ihe C-YAl'" \locre CH'II dnllC". Our ,lIllh\.... Indl\:ate Ih;11 .. II of the YAC d'ln..~ ..hown .:ontalO
'''Il\l~lllHl" '4:~lIlellh ,,1 gl:lll'lIIh; 1>N" .... dcl.:rnUII.:d h~ 1)1\;.-\ 1II.lr~~r .l1Id I·ISII .11I.rly".... ,:,":.:pl rllr IISl'71:~mi ;lI1d (·7X·h: III
\lolll~h .He .:lumen.: l'Ile 1111011 I.:ngth uf the YAC ~lln\lg I~ c~Ul1lated III he appro:l.mlol1dy .i5 I\lh. I·ull-knglh d)NA pTllh.:s wcrc
Il'4:d r,'r (.",/ L'. Il \1~ .md (ITR Therd..rc. Ih..-...: l!.:n..~ "hllllid he .... ll1lincd III Ihe rcgrnn ,huwn. The Clllllpl':IC g.:n.lnllo.:
..lrul:tun: ,,1 \1/,.' hol" 1I0( I~'\:n Jeh:rnullcd. Ihu.. uni)' Ih.: p\1..llhlll~ ur llIetD and lIIetll .H': shll\loll. The ~malk~l o.:nllllllllO regiun ur
ddelllln Jetin..-d rn lhl~ ~tud) «RI and the ~mall\.~l common regum .)f dclelllln as dCle:r01m..-d Il) Ze:nllusc:n I·t al. (ltJ94al (Al. arc
mdl..:al\.-d h)' the olrrU\loS JI Ihe lop. The: I:llllllllOn regllln uf LUU as delincd Il)' lh\.~ 1\\,) sludl..~ Is ~hllwn
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Chapter 0: Refined mapping ofa breasllumor suppressor gene al 7q31.

Refined ~Ppinl of a bruit !Umar suppres5lIr leRe at 7q31
Je Lin et <1/

l, iJ.:llr~ S 11II1II1IIh.hhl, •...:h':lIIh.:;lI .11I.al~ ,.:" ••1 i\lcL 111 hr.:•• ,( all...~r rIokl 11\1lIIUn"r.:;,.:u\ ll~. 1II,1I.:;.L ...d h\ Ih.........1 ,1.111I11Il=. l, ('1'':'''''111 III

lia ... .:pllhd ..t1 ... .:Ib •• 1 Ih.: Ih'rIll•• 1du... h .11l.! !..hl/l.:, •• f u"u hl.lIl1.:d rllllti ,1 .....dudhll\ 1ll.11IIIIlllpl•• 'I\ l;.ll SI.IIlIIlIl= ~','ll h.: hl .....I...:d 11\
"'III('.:tllI"1I \\llh Lh....1l1l1~"'IlI'· r,:pll.k Ihl I\klllllllllllhll':;I.:II\II\ ".1... 1.....:1.: ..111I th...... .:11, ..1,. b"':.I,1 IIll1a.>! \\Ilh Il.' .1('1'.11"1111 (III ••1

.111"1110""111'" - Il'I .11I.1 .al". IIIlh......db 111.1 hr.:."t 1l/1lI••r '\llh 1011 ••1 \lF/ldl ial.Ill.IIIJI BI.ld, Il,If ,II h.. IIIIIII 1... (1 ""lI~'lhllld, ...

'II 1111I IC:) ,11I01 Idl 1i1.1':!.. h.lr .11 h,'IL"1II 1.:11 "'1'1""111111.1.. h' I~' IIll1
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Oh:', \\\....1: ~h;lrdL'kn/l.'d h~ 111l11l1l'1lIhi~lll~he:mblr~. III

.dl L';I:-.":~. !\kl-:-.re:~ltk 1111111L1nllrl.';11.'1l\1I~ \\;\:'1 Je:II:~h:d ln
Ihl.' 1,:;tr~llhlm;1 Ldb d:'l \\dl a:'l III adFH:..:nl I1l1rl11al dUI.'I;jl
I.'pllltdiai .:db. In addllllln, Illl slgnllil.:;1111 J1lfl.'rl.'lll.'e:
\\a:'l Ihll..:J b..:l\\":":11 ~kl ..:"rr":~"llin ln 1LI llh1 r:-. \\llh
1 (1/1 ,,1' dlrllllhl'lll1l": "7 q,'1 Ihgur..: ~d" Ill' 11I1l1lH':-.
\\ Ilhollli 1011 1 hgur..: :'L').

1)i~(.'lI~~i(lll

\\ IIh [hl.: 111';1.1":11':'" Ilt" nr~a,,1 ':~ln~L'I' n~llIg III al;lfJlllllg
1111111111.'1':-' III !'.drlh '\IllI.'r1L·a. ~r':~ll df'lr!'. ,Irl: 1IIld":I'\\~I~

hl .:ltll.ïd~lll: Ih..: 111111":I.'lIbr llI..:dl;IIlI:-.I1\:-. Ill' ,lnL'llg":Il':~I:'I

,llld j111'gll.'~... I\l1l ,d III .... l11.dl!:!Il.IIlI.·~, ()h...l.'n~lll\lll~ tir
1" ...... III hd..:r"/~ gl"ll~ ,IL "7'-1,1 III br~;I ... 1 L;lI11:l:r ha\.:
"ugg.::-.I.:d Ihl.' rrl: ...... llL·..: Ilt' .1 t Ulllllr .,lIrrr...s.... llr g...n ...
1 Bi..:dll.' t'I al.. 19'12: [kng t'I Id.. ILJLJ41. Tti Jdin... the:
:-'lk'l.'lli.: rl.'gltln tir I.'hrtll11llo,lllll": "7 Ihal 1... J..:!I.'I.:d ln

nr":'l:'ll ~;IIlL":r. \\1.' ha\e: u~.:d 14 IllI..:rlh;lh:llile: r~rcal

111;11'\..":1''' fllr -:"-I~I-'LJ3(" ;1 111;lrl-. ... 1' 1111 :p and I\\l'
plll~ llhlrphl~ re: ... ln..:thltl ..:n/ym..: .,IIC... \\ IIhin Ihe: "/:'1'
gCIl'" (~bpllllle:IHI alld Hanl Ime:IDll Il' rat'llrlll LOH
.11l;t1h~:-. lin "'1 .:a~e: ... ur br..:a~1 ':;lIlL..:f \\'c han:
Il!l.'lIll1i.:d 1 (li 1 ;11 ''-1,1 III 111111.' \II lh..: ... ..- 7,\ 1.',1.,,:.,. alld
... 1111\\ Ih;11 III ':;II,:h 1.';1.,,,:, th ... 1 ()II rdl"'Ll:'l a "r"'I.'IIi..: Ill"'s
.aI .1 PIll"lhl1l '11..:hl"IIIII~IIIIII.· 7. ;llld 1:-. 11111 Ihl.' 1'1.'.,1111 Ill'
,1 r;lIld'llll Ill.,., Il l' 1h..: \\ huk dHllIl1l1S11m..:, 1\1 Il r...
1111(11 li 1.llIll~, \\1.' ,klllll: 1hl.' 1'11.';1111111 Ill' .. plll~t1I\1:

1LI Il Il Il "111"1"'''-''''''''/ g":lh: III ~I 10011 \..h r..:glllll Ill'
dlll '11111:-'11111": 7q31. \\ III.:h 1:-. prll\lIIl;t1 III alld IIIdl1d..:~

Ih ... ,\1 1:'1' n:œplllI' I~ rll.,lIl ... I-.IIl;b.... but nll lllh..:r I-.nllwn
l!..:nl.'Y The: 11li III kh .,.Tllh.:al rl:1!lllll b I.'lltllallle:J lln lln ...
\·,·\C ..:I"n..:. C74tlh:, (Fil!l;r~ 41 ;lIld Ihus. Ihis
r..:rrl.'~.:nb an lI11pllrLanl :'Iï.:p Ill\\;lrd:- Ihl.' ..:\e:ntual
blll;llIlHl Ill' Ih... (Unlllr surrn:~,,"r g..:nt: h~ pl'~llhlnal

dlHUllg,
Th..: Ill"~ III dlrIHlhl.,lllll;1! r.:gllllh harbllllng [U/llnr

"lIrr1'':~''llr g...n.:... has h~.:n .,hll\\ Il III hl.' an Impllr\anl
Lhar;l..:tl.'rblll.' Ill' hUl11an l11align;lIlL'I":'" ~u ...h a~ \.'l,hm
l..';IIlL·l.'r Irl.'drlln ;lIld \'llgl:bl":lIl. l'NOl. In hrl.'a.,ll.'aIK..:r,
Ih .... 11l':ldL'IlL't: l,f Loii Ill' 111;ll'k..:r., ;11 '1(31 ha ... hl.'l.'11
rt:p..n..:d III "":l.'ur l'n'Ill (1 40"" III '''':\..:l'al 1Il1.h:p..:nd..:nl
.,Illdll.'~ IS.llll ('[ 'I/.. I l)1)0: D":\1h:.: ,'r ,d,. Il)l)L Bi~..:ht: l't
III.. IlJll.2: Dcng t'f li/.. l'N.t: K.:r;lIlgu ... \..:n ,'r ,t/.• Ill')5:
';lg~ 1'[ dl .. liN:' l. \\ hidl III :'I,llll!.' Gl~":" \\ d., :'Iugg...st..:d
III rI.' Il'':1.'1 .1 randlllI1 111~., l,l' dHllllllhllm..: 7 1Ke:rangul.'­
\ ... n l't ,I!.. 11)l)5: ~agy t'l al .. 11)1)51. Ifll\\"""'r. \\t: ha\'t:
fllllllJ LOI! llr m;lrkl.'r~ ;11 7q31-71.j_'2 hUI Illli nn 7p M

al 7qJ:i- ÎI.jJ6 (Tahl..: 1l, o..:mllnstrallng Ih..: h,.,s nI' a
... r ...... tli..: .:hrnmoslllllai r..:glon :n ail lumor... sh,ming
LOi! lin dlrl)]1l0S11Ill": 7. .:..:nll.'re:d on 7qJ l, Using our
rdilll.'d lll;lrring nrd.:r l'or mark ... r... al !'-tJ 1 (Figun: 4)
and Iht: supl.'rpllsililll1 or lh..: rt:g.il1ns l,r LOti ohSt:f\èl..i.
\\t: ha\c IUl.:;l!i/e:J Ihl.' slll;t1lc~1 ùHlll1llHl rt:g.ion l,r LOI-I
111;1 ~hrllI1l11 ...tlmal inl..:nal tir:! Mil, tbnk..:d pro\il1lall~

by D7S6X7 and dlswll~ h~ 111l.'IH (Figur..: 31. In nur
I.·llhllr\ Ill' 7.\ palll.'llh. ,dl Jlalll.'l1l~ \\I.'l'L' illf.lllllali\..: I~lr

;11 ka~1 one: 1l1~lr\..e:r in Ih... allil.:al rl.'gilln alld LOIf \\a ...

:'II.'III'l.'d III ;1 111[,d Ill' Il iIII.' IlIllhlr~ 112 ..1"111 II-ï~llr~11.

Thl~ rn:qul.'nl.:~ llr LOllllr7q,11 (1:!,.1"II) ,... Io\\cr Ihan
1!l,11 prl.'\ hlll.,l~ , .... ptl .. ll:d hy Bl':dll.' l't a/. Il'N:!) alld
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Refined mappinl of. brust blmor I&.Ippreuor lene M 7q31
JC LI/1 et al

Deng el al. (1994) (40S'/n and 17% respectively). yet is
consish:nt with levels reported by others (Kerangueven
t!l a/.. 1995). However. our observation of loss of a
spt.'Cific chromosomal region in ail tumors showing
LüH on chromosome 7. centered on 7q31. supports
the tindings of Bièche el al. (1992) and Deng el al.
(1994) that LOH in this region is a specifie event in
breast cancer.

The regiûn D75687-metH is 2 Mb (5W5. unpub­
lished). This partially overlaps with the region of loss
mapped by Zenklusen el al. (l994a). which was 2.5 cM
in genetic distance. tlanked proximal1y by D75486 and
distally by D75480 (Figure 4). The D75480 marker lies
tdomeric to our distal endpoint of metH (Gyapay el

,.1.;.:-1994). Because the loci D75486 and D75522 had
becn previously suggested to he distal to the AtET
locus. il was concluded that liET was not included in
the region of loss flanked by D75486 and D75480
(Zcnldusen e( al.• 1994al. However. from the revised
order of the chromosome 7 markers reported here.
D754S6 and D75522 are proximal to MET (Figure 4).
placing the MET gene within the region of loss
mapped by us and by Zenklusen el al. (1994a).
Together. lhese data allow us to establish a critic~ll

rcgion of LOH in the breast tumor samples studied
thus far to l'le between D75486 and metH. which we
show to he a 1000 kb physical distance. Furthermore.
we have localizcd this critical region within a single
YAC clone. C746h5 (Fil!ure 4). The .\lET tyrosine
kinase gcne is included in this critical rcgion~ while
other genes mapped 10 chromosome 7q31. such as
rFTR and W.VT.:'. are not included (Figure 4).

Within the crilical region. Zcnklusen 1.'( al. (1994a)
identitied LüH of marker D75522 at 81.8%. in nine of
Il cases of informative tumors. In our cohort of breast
cancer patients. only tive of 46 (10.9'%) samples
informative for D7S522 demonstrated LüH at this
locus (Table 1). Such discrepancy in the frequcncy of
LüH of D7S522 may l'le duc to a population variation.
since Zenklusen l'( al. (1994a). studied a sclectcd
subpopulation of lumors pn:viously characterized hy
Bièche e{ al.. 1992. The levcl of LOH of D75522
ohserved in our population is in agreement with the
levd of 1.0H obserycd hv others for D7S522 (9° /

0 )

(Kcranguevcn t!( al.. 19(5): and is consistent with the
level ofLOH ofclosdv linked markers metD and metH
in our study (14.7°'0 and 10.50'0. respectivcly) (Table 1).

A tumor suppn:ssor gcnc for a particular cancer type
.....ould he expected 10 have protein expression patterns
and hiologica! functions consistent with the hypothesis
that its loss or function would contributc 10 the
dcvelopmcnl or progression of lhat cancer. The .\/ET
reccptor tyrosine kinase gene is the only known gene
mapped to the critica1 region containing the llimor
suppressor at 7q31. and its role as a potentia1
candidate for the tumor suppressor gcnc must there­
fore: l'le evaluate:d. Met is prcdominately cxpresscd in
cpithdial œlls. including hn:ast epilhdial cells
(Gonzalti-Haces ('( al.. 1988: Di Renzo t!1 al.. 1991;
Prat t'{ al.. 1991; Tsarf~lty (,( al.. 1992: Nir;.tnjan ('( al..
1'J95; Pepper ('1 al.. 1995; Soriano t'( al.. )995; Yang
and Park. 1995; Yang l'l al.• 1995) (Figure 501) while ilS
ligand. IIGF SF. a soluble: cytokine. is produce:d
primarily hy mescnchymal cclls, induding hrcast
stromal ecUs (Rahimi ('1 tll.. 1994; Niranjan ('{ al.•
1995). IIGF Sr: 11<IS hccn p{1stulatcd to play a mie in
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morphogenetic cpithelial-rncscnchyma1 interactions
(5toker el al.. 1987: Weidner t!1 al.• 1990: Montesano
el a/.• 1991). Il stimulates the formation of hranching
tubules of established mammary gland epithelial ccli
lines when grown in three-dimensional culture condi­
tions (Berdichevsky el cI/.. 1994; Brinkmann el CIl.•
1995: 5oriano el al.• 1995). and also stimulalcs ductal
outgrowth l'rom mouse mammary gland cxplants
(Yang e( al.• 1995). These results suggest that Met ­
HGF/SF interactions may play a crucial role in brcast
development.

Although sorne studies have failed to detect Met
expression in normal breast tissue or in breast cancer
eclls (Di Renzo ('1 al.. 1LJ9); Prat el a/.. 1991). in
kceping with the study by Tsarfaty e( al. (1992). we
show that Met is expressed in normal breasl epithelium
and Met·specitic immunoreactivity is also detected in
breast carcinoma cdls (Figure 5). No difTerence in Met
expression is observed between tumors that do and do
not show LOH at the MET locus (Figure 5c and d).
Howcver. lhe observation that the Ret receptor
tyrosine kinase is inactivalcd by point mutations in
Hirschsprung's Disease (Edery el al.• 1994: Romeo ('(
al.• 1994). provides a precedent for the imlctivation of a
receptor tyrosine kinase in human disease hy a
mechanism other than 1055 of expression. ft is not
known if the Met protein expressed in lUmors with
LOH at .\/ET is functional. and until this can be
determined. wc cannot rule out .\1ET as a potentia!
candidate for lhe putative tumor suppressor genc on
chromosome 7q31.

ln summary. wc have dctined the minimum region of
chromosome 7 thal is dclcted in hreast cancer to a
1000 kh region of hl3 1. tlanked by D75486 and metH.
The detection of LOH of .\/ET and closely linkcd loci
al hl31 in many neoplasms in addition to breast
cancer. including gastric. colon. ovarian, prostate and
head and neck cancers (K uniyasu el al.. 1LJ94:
Zenklusen L'( al.. 1994b. 1995a. h: Latil ('( al.. 1995:
Muller L'( a/.. 1995: Takahashi et al.. IY(5). indicate the
pn:sencc or .1 tumnr suppressor gene in the vicinity of
.\1ET which may l'le implicated in a variety or tumor
types. Our study pn",idcs a ha sis for a positional
c10ning appro;'lch to identify the pUlative tumex
suppressor gene 'It chromosome 7q31.

'Ialcrials und mClhods

Ti.nlte JpeCÙlIellS eJlltf gel/llmie D.VA t'X{rClC{Ù'"

Tumor and malching normal lissue samplcs wcre ohtuincd
from ·H hrcast cancer palients at lhe time of maslcclomy
or tumoreclomy al the Royal Vicloria Hospital and from
nîne patients at St. Mary's HospllaI. Montreal. Canada.
Fort y-six lumors wcre c1assîfied as infiltratinc duclal
can:lnomas, five as intiltraling lohular carcinomas. and
one was a mixed duetal and lobular inliltrating earcinoma.
An addilional 21 tumors were obtained from the Mount
Sinai Hospital. Toronto, Canada. Scventeen of thesc
IlImnrs wcre inlillr:lllng duelal cardnnmas and rour were
inliltraling lohul;lf c:lrcinol11a~. Tisstll: s:lIuplcs wl:rc sn:lr
rro7en in liqllid nilr0l:!en immc:dialely afler slIrgery and
slorel! ill - 711 (' ul1ll1 DNA c\lr;tcliol1. IlNA was
extraeteJ from tumor and normal tissue and in sorne
cases from hlood Icukncytcs. u!>ing a standard protcin:lsc K
digestion and phcnol-chlorororm eXlraction prolocol
{Maniatis cl /II.. 19921.
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LOII ,ma/J'."is of 111'0 murker.f Il'ilhin Ihe .UET gmt! h.L' PCR

Oligonucleotide primers spanning two polymorphie restric­
tion enzyme sitcs were used to identify tumors with LOH
of .\1 ET. Thcse sites. a BanI sire reeognized by the RFLP
probe metO and a Mspl site recognized by the RFLP
probe metH. arc located within lhe 3' region of lhe .\fET
gene (Figure 1). For Bani (metD) analysis. primer pair
GH367 and GH364 werc used ta amplify genomic DNA.
For Mspl (metH) analysis. primer pair GH220 and GH314
\Vere uscd (for primer sequences. sec Tahle 1) (Horn el (II .•

19901. PCR was performed in a volume of 50 Ill.
containing 50 ng DNA. 1.5 mM MgCI:. 5 Ill. 10 x
standard PCR huITer (200 mM Tris-HCI pH KA. 500 mM
KCIl. 50 pmol of ea..:h primer. 1.25 mM dNTPs and 1.5
units of Taq polymerase (GibcoBRL. Burlington. Ontariol.
An inilial step of 3 min at K5 C was followed by 35 cycles
uf 1 min of denaturation at 94 C. 2 min of annealing at
55 C and 1 min of e.'ttension at 72 C. l"ollowed by a final
extension sh:p of 7 min at 72 C. Product specificity was
confirmcu by separation on a 10

'0 agarose gel. Onc-tenth of
lhe PCR reaction was Ihen digested with an exccss of the
appropriate reslriclion enzyme. The digestion producis
\Vere resol"ed hy 12 0 '0 non.denaturing polyaaylamide gel
dcctrophoresis (PAGE).

.Hù·rtI.m/dli(1! rept'tl( analnu

Fiftecn (CA ln rcpeat microsaldlile markers on chromo­
some 7: 07S506. D7S513. D75471. D75~61. AFMa062zd5.
D7S6K7. D7S4M6. D755:!2. D7S2~6(). D7S677. 075655.
D7S6-13. 075504. D7S5()O and D7S4M3 (Gyapay et cl/.•
199~). \Vere used to idcntify the region llf loss of
dHllmosome 7 in hn:ast cancer (for primer se4uenccs. sec
Tahle Il. These (CAl" repeals were amplified hy PCR in a
final "'olume of 50 IlL containing 50 ng DNA. 1.5 01'"
\-1gCl~. 5 Ill. standard 10 j( PCR hutfer (200 mM Tris-HCI
pli x.~. son m... KCII. 50 pmol of cach primer. 1.25 mM
dNTPs. 1 J1Ci !l.I:PjdCTP and 1.5 lInits ofTaq plllymerasc
fGihcoRRL. Burlinglon. Ontano). An initiai step or 3 min
at loiS C was rollowed bv 35 cvdes of .U) s of denaluralÎon
at 9~ C. 30 s or anneali~g at 55 C. and 411 s of extension at
72 C. followed hy a final e.-:tensllln step of ~ min Olt ne.
PCR products \\cre separated in a 6°'" sequencing gel
l:onlaining formamide 1Un t'( al.. 19931 or a convcntional
fl" 0 sequenl:ing gel (Manialls et al.. 19921.

I>t'lamiml/iofl lIf l.OU

Alklic luss was scored only on Informative patients whose
normal ONA samples were polymorphie at a givcn locus.
Patients who were uninformative were not considered.
LOII was idenlilicd. visually or followlOg phosphoimager
dC:l)sllometnc analvsis. as a loss ln intensitv (> 50°01 or
complete loss or 'one allele in the tumor' ONA whc:n
cnmp'lred with lhe nllrmal DNA l'rom Ihe s'Ime p.ltienl.
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Ali cases of LOH were conllrmed hy three scparate
experiments with two dilferent rev.cwers.

Il,mrlllll,lri.'îlI1t·/re'''i.flr.\·

Three Itm sections were cut fwm parallin blods of the
hrcast tumors l'rom patients 005. 007. OOl}. n15. Olb. 017.
021. 015. 031. 062 and 065. Adjacent normal hrcast tissue
as weil as paratfin-embedded normal hreast tissue ohtained
from a reduction m..mmnplasty were also studied. Sections
\Vcre deparaniniled in xylcne 'Intl rchytlrated. lhen
processed according to the instructions included in the
Dako LSA B immunnstaininl! kit (Dimension Llhnrattlries.
Misslssauga. Ontario). The -followlOg ch'lnges were made
to the slandard proto<:ol: endogcnous pcro:-:id<lse was
hlocked bv tre<ltment ..... ith (},J°û Il.0. for 15 min Olt room
temperatu~e. Following protein blo·ck·agc. incuhation with
the primary antihody. Ab144. a rahhit pnlydonal anlihody
recognizing the carhoxy-terminus of the Met protcin
(Rodrigues el dl.. 19'JIl. or Ahl44 in thc presence of
compcting pcptide. was carried out at a dilution of 1 : 500
at room temperatun: für 30 min. Slidcs were counter­
staincd with GiJrs hemaloxylin and mounted with Crys[al­
mount (Eshc Labllratories. Montrcal. Quchecl.

r.·lc dollt,,,, ail" cofltig a.He",NI·

The 'l'AC clones were Isolated from a chromosome 7­
specifie YAC hbrary (Schcrer el a/.• 1(92) or from the
CEPH mega-Y AC library (Cohen e( a/.. 19931. The
prescnce or absence of DNA m;lrkers was determined by
PCR tlr hvhridizallon 'lOalvsis of cach individuaJ YAC
clone. The' inscrt sile llr tlle clone \lias determined hy
pubcd-tidd gel de..:trophoresis fllllnwed hy comparison 10

YPII14lJ sile standards ISchcrer and Tsui. 19911. Spe..:ilic
informalÎlln on each of the DNA markers shown in Figure
4 is availahle in the Cienome D.. I.lh.lsc.
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Chapter III - Intron-exon structure of the MET gene and cloning of an

altematively-spliced Met isoform reveals frequent exon-skipping of a

single large internaI eXODe

Preface

If MET is the tumor suppressor gene important for breast cancer at

7q31, it is predicted that a deletion of one copy of the MET gene would be

accompanied by a recessive, inactivating mutation in the remaining copy of

the gene. However, the intron-exon structure of the MET gene had not been

determined, and therefore, sequence analysis of the MET gene in breast

tumors with LOH of 7q31 was not possible. Therefore, in chapter three of this

thesis, 1used PCR-based techniques to elucidate the complete intron-exon

struchlIe of the MET gene, and to design primers that could be used for

amplification of each individual exon of MET for mutation analysis.
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Intron-exon structure of the MET gene and cloning of an alternatively­
spliced Met isoform reveals frequent exon-skipping of a single large internai
exon
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Hepatocyle growth factor/scatter factor (HGF/SF) is a
multifunctional factor that stimulates epitheliaJ cell
mitogenesis, motility. in'·asion. and morphogenesis. Its
receptor is encodcd b~' the MET proto-oncogene, a
transmembrane receptor tyrosine kinase. Se"eral studies
have suggested a role for A-fET as a dominant oncogene
in tumor development and progression. Con"erscly, .\1ET
is located at a region on chromosome 7q31 frequendy
deleted in carcinomas. suggesting that recessive muta­
tions in .\lET ma~' exist in certain cancers. To facilitate
a search for mutations in MET. we have obtained the
intron-exon structure of the human MET gene. We
present the genomic structure of the first member of the
Met receptor famil~' to be characterized. Interestingly,
.\lET contains a large second exon of 1214 nucleotides.
Wc show that this exon. containing the At.JG for the
Met receptor. is frequently skipped in normal human
tissues and ccII lines, and corresponds to a ubiquitously
exprcssed 7 kb Met transeript. This transeript )ields no
detectable protein product in ";'ro. Thus. unlike otber
genes, in which altemati"e splicing often gives rise to
protcins with distinct acti,itics, cxon-skipping of ,WET
cxon 2 is predicted to decrease the abondance of a Met
mR~A encoding a functional Met receptor.

KC~'words: MET receptor tyrosine kinase: genomic
structure: alternative splicing: exon-skipping: hepato­
cyte growth factor rcceptor

Introduction

The J{ET gene encodes a transmcmbrane protein
reccptor tyrosine kinase (Park el al.. 1987) whose
ligand. Hcpatocyte Growth Factor/Scatter Factor
(HGF;SF) (Bonaro el al.. 1991: Naldini el al.. 1991).
is a mesenchymal1y-derived growth factor. Addition of
HGF/SF to epithelial ceUs produces pleiotropic
biological effects. including mitogenesis of prirnary
hepatocytes and renal tubule cells. and scatter.
invasion and branching tubulogenesis of epithelial
ceUs (reviewed in Rosen el al.. 1994). During
dcvelopment. HGF'SF is expressed in mesenchymal
tissue in close proximity to Met-expressing epithelium
(Sonnenberg el al.. 1993). supporting a role for Met-

Corrc:spondcnce: M Park
Present addrcsscs: ~Dcpartment of Pathology. Monlreal General
Hospital. McGiIl University: ~L'Hôpilal Hôtel-Dieu. Montréal.
Canada
Rcccivcd IS August 1997; rcviscd 13 Scptembcr 1997; acccptcd 24
Scplcmbc::r 1997

HGFSF signaling pathways in epithelial-mesenchymal
interactions in d~·o. Genetic studies show a critical role
for Met and HGFiSF in normal embryonic develop­
ment. and have demonstrated a role for Met and
HGFiSF in the development of liver and placenta. the
development and innervation of skeletal muscle. the
ductal growth of mouse mammary cxplants. and
directing the growth ofaxonal growth cones (Schmidt
el al.. 1995: Uehara et al.. 1995: Yang el al.• 1995:
Ebens el al.. 1996; Maina el al.. 1996; Takayama et al..
1996: Yang el al.. 1996).

The Met receptor and HGF/SF are also implicated
in oncogencsis. Met was first isolated as an oncogenic
variant. generated following a genomic rearrangement
(Park el al.. 1986). Deregulation of the Met receptor
via an autocrine loop transforms fibroblasts in culture
(Rong el al.• (994). and transgenic rnicc overexpressing
HGF/SF exhibit tumorigenesis of various organs
(Takayama el al.• 1997). Met is overexpressed and/or
deregulated in diverse human tumors including gastric.
colorectal. thyroid and ovarian carcinomas. leukemia
and sarcomas (Di Renzo el al.• 1992. 1994; Liu el al..
1992; Rong el al.. 1993. 1995; Jucker el al.. 1994;
Scotlandi el al.. 1996: Yonemura el al.. 1996).
Although in some cases. constitutive activation of
Met in the absence of lieand has been correlated with
amplification and overe~pression of a wild-type Met
protein (Giordano el al.• 1989b). it is possible that
activating mutations in ,UET may exist in human
cancers. In addition. AlET is located on a 1000
kilobase (kb) region of chromosome 7q31 that is
deleted in brcast cancer (Lin el al.. 1996). Deletions
in this region of 7q31 have also been described for
prostate and ovarian carcinomas (Zenklusen et al.•
1994. 1995: Takahashi el al.• 1995). Since loss of
chromosomal regions are generally thought to corrcIate
\\;th the presence of recessive mutations. this would
suggest that recessive mutations may be found in MET
in thesc cancer types. Thus. in a situation analogous to
the Ret receptor tyrosine kinase. where both activating
and inactivating mutations have becn described in
human discase (reviewed in Pasini et al.. 1996).
different mutations affecting the activity of Met may
he round in various cancers.

MET is the prototype for a family of receptor
tyrosine kinases. including RDN and the chicken c-sea
gene (Huff el al.. 1993; Ronsin el al.• 1993), that have
overaU sequence and protein structural similarity. The
major MET product is synthesized as a single chain
precursor of 170 kDa that is cleaved post-translation­
ally to yield a transmembrane p-subunit of 145 kDa
containing the intracellular tyrosine kinase domain and
an et-subunit of 45 kDa that remains extracellular
(Giordano el al.. 1989a; Rodrigues et al.. 1991). The
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x- and p-subunits are linked together through disulfide
bonds to form a mature heterodimeric Met receptor of
190 kDa (pl90Met) which. upon binding HGF!SF.
becomes phosphorylated on tyrosine residues in the p­
subunit (Bottaro et al.• 1991: Naldini et al.. (991). The
p190Met high-affinity HGF,.'Sf receptor is encoded by
the most abundant Met mRNA. which is 8 kb in size
(Rodrigues et al.. (991). However. another Met
transcript of 7 kb is observed by Northern hybridiza­
tion analysis of RNA from cell lines and tissues (Park
el al.• 1986: Giordano et al.. 1989b). The functional
significance of this transcript and its protein product is
unknown.

To understand the biochemical significance of
alternative splicing in the Met receptor and to
facilitate a search for mutations within M ET in
human cancer. we have obtained the intron-exon
structure of the human JfET gene. We have cloned
and elucidated the structure of an altematively spliced
Met cDNA that corresponds to the ubiquitously
expressed Met mRNA of 7 kb. We show that the
7 kb Met mRNA lacks exon 2 of .\1ET. which contains
the AUG for the p190Met receptor product. [nterest­
ingly. exon 2 is skipped in normal human tissues and
cell lines. Howevcr. this transcript yields no detectable
protein product in ril'o and only low levels « 5% of
wild type receptor) of multiple truncated proteins in
transient assays. Thus. the 7 kb Met transcript is
unlikely to give rise to a protein product in "il'o and we
suggest that exon-skipping may represent a mechanism
that regulates the abundance of the 8 kb Met mRNA
encoding a functional Met receptor.

Results

lnrron - exon organi=ation of the humaI! MET gene

To isolate the .\tfET genomic locus. cDNA correspond­
ing to the 8 kb Met transcript. which encodes the
pl90Met receptor. was used as a probe to screen two
libraries preparcd from human genomic DNA. The
entire JIET locus was isolated in nine overlapping i.
phage clones from a human placental genomic library
(Rodrigues el al.. 1991) and two cosmid clones from
the Lawrence Livermore National Laboratory chromo­
some 7-specific eosmid library (obtained from Dr SW
Scherer). DNA prepared from the i. phage and cosmid
genomic clones was used to analyse AIET genomic
structure. Oligonucleotide primers derived from the
Met cDNA sequence (Park et a/.• 1987) were used to
obtain sequence information from each clone. The
intron - exon boundaries were mapped by sequencing
each exon in its entirety. along with portions of the
adjacent introns (Table 1). The approximate size of
each intron was estimated by peR amplification of
human genomic DNA using oiigonucleotide primers
flan king each intron (Table 1 and data not shown).
(ntrons 1 and 2 gave variable-sized amplification
products. Therefore. the exact sizes of these introns
were obtained from sequence infonnation recently
deposited at the Human Genome Sequencing Projeces
World Wide Web site (http:/(genome.wustl.edu/gscl
gschmpg.html).

A graphical representation of the MET gene is
shown in Figure 1a. Ali MET exons were round to be

flanked by the canonical consensus splice sites: AG at
the 3' splice site. and GT at the 5' splice site (Table 1)
(Breathnach and Chambon. 1981). The exons range in
size. from 81 nucleotides (nt) (exon 16) to 2.5 kb for
the last exon (exon 21). which encodes the carboxy­
tenninus of the Met protein and a long 3'UTR
(untranslated region) (Figure lb and Table 1), The
sizes of the introns range between 100 nt and 31 kb.
E'<on 1 of .\fET is non-coding. and contains most of
the 5'UTR. Exon 2 is the largest internai coding exon
of MET (1214 nt). and contains 14 nt of 5' untrans­
lated sequence followed by the initiating methionine
codon. Thus. the 4170 nt open reading frame coding
for the pl 90Met receptor protein is distributed over 20
exons. The correlation of the exon structure of MET
with the functional domains of the Met protein is
shown in Figure 1b. Exon 2 contains the en tire coding
sequence for the 45 kDa :x-chain of the pl90Met
receptor. whereas the transmembrane 145 kDa p-chain
is eneoded by exons 2 - 21.

Cloning and characteri=atioll of an alternati"ely spliced
.'.fet mRNA isoform

Northern hybridization analysis of RNA derived from
various cell lines reveals that multiple transcripts are
expressed from the MET locus. the most abundant
being estimated to be 8 kb and 7 kb in size (Park el al.•
1986: Giordano et al.. 1989b). Using a probe derived
from the cDNA corresponding to the major 8 kb Met
mRNA (probe A: nt + 64 1 to + 2055: see Figure 2c).
Met transcripts corresponding to the 8 kb and 7 kb
Met mRNAs are detected in various human cell lines
(Figure 2a). We have pre\iously isolated cDNA. pOKI
(6.8 kb). that corresponds to the most abundant 8 kb
Met transcript. and shown that it encodes the p190Met
receptor heterodimer (Rodrigues et al.. 1991). A second
cDNA. pHOS (6.7 kb). corresponds to an 8 kb Met
transcript. present at low levels. and results from the
use of an altemate splice acceptor for exon 10. located
54 nt upstream of the pl 90Met splice acceptor site
(Park el al.. 1987: Rodrigues el al.. 1991). The 7 kb
Met transcript has not been characterized. We show
that a probe derived from the 5' portion of the Met
cDNA (probe B: nt-194 to +641: Figure 2e). which
contains sequences derived mainly from exon 2,
hybridizes to the 8 kb Met transcript. but only weakly
to the 7 kb Met isofonn (Figure 2b). suggcsting that
the 7 kb transcript is lacking these sequences.

To preferentially isolate cDNA clones that corre­
spond to the 7 kb Met transcript. we screened a cDNA
library prepared from a human cell line that expresses
the 7 kb Met mRNA at high levels (Okajima. Figure
2a) with probes A and B (Figure 2c). and chose clones
whieh hybridized strongly with probe A. but not with
probe B. Two clones with this profile. pOK 14
(3196 nt). and pOK8 (1650 nt), were charaeterized
further and sequenced (Figure 2c). The pOKI4 cDNA
extended from position - 145 to + 4265 of MET. and
contained a deletion of 1214 bp from -14 to 1200
(inclusive) (Figure 2e). whereas the pOK8 cDNA
extended from - 382 to + 2482. and contained the
same deletion as pOK 14 (Figure 2c). Neither of the
pOKI4 nor pOK8 cDNA clones contains a poly(Ar
tail. and appear to have becn reverse-transcribed
following hybridization of the oligo-dT primer to
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• Eton # 3 'intran Eton .n:quence

. CAC CGA MG

5 'infron

gtaaaattgc

Eton

398 bp

Sel! of
Inlron

16 Icb

835

•

_14e

gtttt.ggcag ATA MC eTC. . TTT MT AGG gtaagtcaca 1114 31 lb
1201

tttat.tccag ACA CT':' CTG. • TTC ATC CAG gtaagtgctt 192 g kb
1393

4 tgctgt:t:t:ag GT'! GTG GT'!. . GGG MG MG gtaagctgtt 135 770 bp
1528

ct:ct:tcacag ATC ACG MG. . ATC TAC MG gtaggaatet 174 14 kb
li02

6 gtecugt:ag GT'! TTC CCA. . GAT GM TAC gtaaggat:et 161 2 Icb
1863

tttt:ttecag AT'! GAA ATG. • TCC TAT GTG gtaaggaaga 103 100 bp
1966

tceeetccag GAT CCT GTA. . TTT AM MG gtgt: t:gtaaa 137 700 bp
2103

9 t:tt::gttcag TGT GTC AAA. • TTT TAT TAG gt:aagt:agaa 162 850 bp
:165

lObaIt tete:: taeag TAC 'M'G GTG • 154
2319

10 getttgccag TGG TGG GAG. . TTT ACA GTG gtaagtcctt 100 3,6 Icb
2419

Il ct:ttctct:ag GCA TGT CAl;.. . GM ATT MG gtaagaaatg 219 9 kb
2638

12 ttcct:t:tcag GOA MT GAT. . MT ATA GAG gtgggattce 147 1.7 Icb
2785

13 tcatt:t:ttag TGG MG CM. . AAA TTA MG gt:geattt:tt 157 250 bp
2942

14" ct:gttttaag ATC TGG GCA ... TTC CAG AAG gt:at:atttca 141 3.3 Icb
3083

IsJ catcttacag ATC AGT TTC. . TAG GM GAG gt:aagtat:t.t: 231 2.5 kb
3314

16 ttttgcacag CGC ATT TTG. . CCT TGA ACA gtaagtggca 81 1.5 kb
3395

17 ccttcgaaag GM!CA CTG. . GAG ACT CAT gtaagttgae 182 16 kb
3577

18 ttgactgcag AAT Cc;.. ACT. . AM eTG TAT gtaagtatca 110 1.5 kb
3687

19 cttt:ctgtag GCT GGA !CA. . TCA GAT GTG gtaatgtatt 166 15 kb
3853

20 gttt:tactag TGG TCC TT'!'. . AGA CCC C'l'T gtaagtagtc 137 100 bp
3990

21 tttggaacag AT.~ TGA AGT . 2.5 kb NA

"For full sequence of E,on l. sec (Gambarotta et al.. 1994). "Exon 10 is subjcct to alternative splicing. in whic;h this alternate splicc junc;tion
locatcd 54 bp upstrcam of the nonnal 5' splice site is uscd 1Rodrigucs t'I al.. 1991), "E.vm 14 is alternativcly splic;ed in mous<: (Lee & Yamada.
1995). JThe TPR-JI ET breakpoint oœurs at exon 15 {Park el al.• 1986}. ~Basc numbcr is indicatcd above the first nucleotide of cach c:ton. Bases
arc numbcred from the translation start site ( - Il as detincd by (Park el al.• 19S7)

•

internai A~rich regions. However. the longer clone.
pOKI4. contains part of the 5'UTR as weil as the stop
codon at base number +4170 used for the pl90Met
protein. and lacks only part of the long 3'UTR last
exon of AlET (from +4265 to the poly(A)- addition
site: Figure 2c). Thus. the size of the pOKI4 cDNA
(3.19 kb) plus the additional JUTR (2.2 kb. Figure 2c)
and 5'UTR (267 bp. Figure lc). generates a transcript
of 5.66 kb. which is consistent with the sue of pOK 1
cDNA (6.8 kb) minus exon 2 (1214 nt). Moreover. the
structure of the pOK 14 and pOK8 clones are
consistent with that expected for the 7 kb Met mRNA
from Northcrn analysis. in that they would hybridize
with probe A but fail to hybridize or hybridize poorly
with probe B (-194 ta + 641).

The pOK14 and pOK8 cDNAs correspond to a
ubiquitously expressed. alternativel.\' spliced Met mRNA
lacking exon 2

The pOK 14 and pOK8 clones contain no new
sequences when compared with the full length Met

cDNA pOKI (Rodrigues et al.. 1991) (data not
shawn). Ta verify that pOKI4 and pOK8 are
authentic copies of a Met mRNA. we performed SI
nuclease protection analyses on RNA isolated from
vanous human cell lines. A 2 kb fragment derived from
the 5' end of the pOK8 clone and containing vector
sequences (856 bp) was end-Iabeled (at position + 1964
in Met; Figure 3a) and hybridized with RNA derived
from cell lines shawn to express the 8 kb and 7 kb Met
mRNAs by Northern analysis (Figure 2a and data not
shawn). Following SI nuclease digestion. two frag­
ments were protected (Figure 3b). one of 1144 nt that
corresponds to a Met transcript lacking exon 2 (sec
predicted fragments; Figure 3a), and one of 764 nt
corresponding to a Met transcript containing exon 2
(see Figure 3a). Thus. the SI nuclease protection assay
demonstrated that an altematively spliced Met
transcript lacking cxon 2 that corresponds to the
c10ned cDNAs pOKI4 and pOK8 is delected in cach
œIl Hne tested (764 nt protected fragment; Figure 3b).

Ta determine if a Met transcript lacking exon 2 is
nonnaJly expressed in human tissues, we used RT-

70



Cbapter III: MET genomic structure andfrequent skipping oflarge exon 2,

.836 lET l'nomIc ltrUctUr8 Md frequent IIdpplq of lui' Bon 2
Je un et al

PCR (reverse transcriptase·polymerase chain reaction)
to identify Met transcripts that either contain or lack
exon 2 in a variety of human tissues. Qligonucleotide
primer A. located within exon 1 and primer C.
located within exon 3. were chosen flanking exon 2
(Figure 4a). These would generate an RT - PCR
product of 197 bp if exon 2 is not incorporated.
whereas primer B (Iocated within exon 2; see Figure
4a) and primer C generate an RT - PCR product of
225 bp. diagnostic for Met transcripts containing exon

2. Ali tissues exhibited a 197 bp RT - PCR product
with primers A and C. indicating the existence of a
Met transcript lacking exon 2 (Figure 4b). Moreover.
the same tissues also express Met transcripts contain­
ing exon 2. as indicated by the presence of a 225 bp
RT - PCR product with primers Band C (Figure 4c)
or a 1411 bp RT -PCR product with primers A and
C (data not shown). Thus. Met transcripts lacking
exon 2 are expressed in ail normal human tissues
tested.

A
-=5.0kb

2•
Il

Il 7 g~o !1

1 III 1
~3

12 14 15 ISI7 ta '9

11 1 : 1 fi
2021•

figure 1 Met genomic structure. (1) The JfET gene locus is drawn schemaucally and to scale. Exons arc indicatcd by solid boxes
and numbercd abo\'e while introns are indicatcd by the horizontal line. (b) The eDNA that encodes the pl90Met rcccptor produet is
shown and the prolein domains (Park t:1 al.. 1987) are eorrelatcd wlth the exon structure of :he gene. Numbcrcd boxes indicate the
exons of JIET. L'TR = untranslated rcgion; 'consensus cJeavage site' rcprcscnts the predieted site for c1ca\'age of the Met rcecptor
prccursor to gener.llc the %-ehain (amino-tcrminal portion) and the p-ehain (C'.lrboxy-terminal portionl
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Figure lia) Northcm hybridization analysis of Met mRNA expression in various ecll lines. 10 pg of poly(A)· selcetcd RNA
isolated from caeh cell line was probed w\th Met-specifie probe: A. isotopically labeled with %- uP-dCTP. Two transcripts werc
detcctcd. one eorresponding to the prcviously eharacterizcd 8 kb Met mRNA that eneodes the p I90Met rcœptor. and another
uanscript of 7 \cb. (b) Met-specifie probe B was used to re-probe the Northem blot shown in (a). Only the 8 kb band is detected. (c)
The positions and corresponding base numbe:rs of Met-specifie probes A and Barc shown. Bases are numbe:rcd from the translation
start site (-1) as dc:fined by (park el al.. 1987). Exons 1. :! and 21 arc numbe:rcd. and the positions of the AUG and stop codons
utilizcd for the pl90Mct rcccptor are indicatcd. The structure of the cDNA clones pOKI4 and pOK8 arc diagrammatieally
rcprcscntcd be:low
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-1353 nt

837
Sa) in the mammalian expression vector pXMT1.
Expression plasmids containing the pOK1 Met
cDNA, which encodes the pl90Met receptor. or the
pOK8 + 14 Met cDNA were transiently transfected
into COS-l monkey ceUs and proteins were immuno­
precipitated with Abl44. Immunoprecipitated proteins
were separated by SOS - PAGE and immunoblotted
with Abl44 (Figure 5b). The full-iength pOKI Met
cDNA encoded high levels of Met proteins of
predicted sizes: the Met receptor precursor (170 kDa)
and the cleaved Met p-chain (145 kDa) (Figure 5b.
lane 2). However. the pOK8 + 14 construct expressed
low levels « 5% of wild type) of multiple truncated
proteins of 100-110 kDa (Figure Sb. lane 3). These
data suggest that this construct is either inefficiently
translated or that its protein product tS highly
unstable. In support of these observations. when Met
proteins were immunoprecipitated from ceUlines which
express Met transcripts containing exon 2 (8 kb) and
lacking exon 2 (7 kb) (see Figures 2a and 3b) and
immunoblotted with Abl44. the 145 kDa Met p-chain
and 170 kDa Met precursor proteins can he readily
detected. whereas Met proteins of - 110 kDa were not
readily detected (Figure Sc). These data suggest that
the 7 kb exon 1-skipped Met mRNA. although
ubiquitously expressed. fails to give rise to a
detectable protein product in l'Ïl·O.

lET IMMlmic ltructIn Md "'-que.. UipiM.. of .....on 2
Je un et al

Discussion

To facilita te a search for mutations or alterations that
activate or inactivate ,\JET. we have obtained the
intron -cxon structure of the human MET gene. We
present the genomic structure for the first member of
the Met receptor tyrosine kinase family to he
characterized. Moreover. we report extensive exon­
skipping in human Met mRNA in normal tissue and
tumor cell lines. generating a transcript that lacks the
large internaI coding exon 2.

The human ,\JIET gene consists of 21 exons
distributed over -130 kb of genomic DNA (Figure
1). The exon nucleotide sequence obtained by the
sequencing of genomic DNA matched that of
previously sequenced cDNAs corresponding to the
8 kb Met mRNA (Park et al.. 1987: Rodrigues et al.•
1991). Ali METexons were found to be flanked by the
canonical consensus splice donor and acceptor sites: AG
at the 3' splice site. and GT at the 5' splice site (Table 1)
(Breathnach and Chambon, 1981). As a consequence of
the intron - exon distribution, the extracellular and
transmembrane portion of the p 190Met receptor is
encoded by exons 2 - 13 which span - 100 kb of
genomic DNA. whereas the cytoplasmic portion
containing the catalytic kinase domain is encoded by
cxons 14-21 that span -30 kb (Figure 1).

Interestingly. missense mutations, predicted to cause
constitutive activation of the Met kinase in the absence
of ligand, have recently been identificd in MET in
patients with hereditary and spontaneous papillary
renal carcinoma, suggesting that constitutive activation
of Met contributes to this disease (Schmidt er al.,
1997). The multiple independent mutations thought to
activate Met in papillary renal carcinomas are localized
to the cytoplasmic kinase domain in exons 17. 18 and
19, and include three which are similar to mutations

764 nt-

1144 nt-
• -1078nt

t. :::~;~~:
~$,"

;Î ...~.
~t ,~

'2;,: • -6120t

Figure 3 SI Nuclcasc Assay. (a) A :! "b '1P-labeled anUscnsc
probe was gencrated from the plasmid containing pOK8 cDNA
lac"ing C:.'ton :! as dcscribcd in Materials and mc:thods. Vcctor
sequences arc: indicatc:d by the dashcd line. This probe was
hybridizc:d to 40 IJg of total RNA prcpared from AS49. Okajima.
SW610 and Colo6 ecUs. (b) Following hybridization. samplc.:s wc:re
trc:atcd with SI nuclcasc: and then analyscd on a 4% dcnaturing
gel. «PX DNA digestcd Wilh HI/t'III and Hindi serves as
molt:cular wcight mar"ers. The sizes of thc:sc markers an:
indicated on the right. Protcctcd fr.lgrnents of 1144 nt.
corrcsponding ta the cxon :!-Iacking Mc:t mRNA and 764 nt.
carrcsponding to c.'ton :!-containing mRNA arc dctcctcd

•

• .\;Z~1ll:_n~on,2__-_I2Q_I ·-i:f pOlC8 + vector

1 p~

I-----_prot«ùd fngmenl 1144n1 ilnon 2 misslng1----proCa1al h""gm~"fll 764nlu e>;on ~ present

The pO K 14 and 8 cDN As lack rire A ue for rire
p/90Jfer recepror proclucr

The cDNA clones pOK14 and pOK8 lack exon 2.
which contains the initiating methionine codon of
p190Met. Therefore. although pOKI4 cDNA contains
the stop codon for the p 190Met receptor product
(Figure 1c). it would not he predicted to encode a full­
length Met protein. To examine the ability of these
cDNAs tO encode a protein. the pOK8 clone. which
contained an additional 237 nt at its S'end. was fused
to pOK 14. and the entire cDNA (pOK8 + 14) was
examined for potential open reading frames (ORFs)
(data not shown). Only one ORF of any significant
length was identified. and it is 2880 nt long (the second
largest is 119 nt). This pOK8 + 14 ORF (2880 nt) is in
frame with the ORF of the pl90Met protein (Figure
5a). The first methionine codon. which is downstream
from an in-frame stop codon (see Figure Sa), is located
within exon 3 of MET. at position + 1291. and would
he predicted to encode a protein of 960 amino acids
with a size of - 110 kDa. This protein would he
identical to the p190Met protein in the carboxy­
terminus. but would lack 430 amino acids at the
amino-terminus. Such a protein should be recognized
by an antibody raised to a peptide in the carboxy­
terminus of pl90Met (Abl44) (Rodrigues el al., 1991).
To identify and characterize this putative product. we
generated a construct containing pOK8 + 14 (Figure

•

•

•
72



.838
Chapter III: MET genomic structure and/requent s/dpping o/large exon 2.

lET ••nomic ltrUctUN and frequent IIdppln. of Iara. bon 2
Je un et al

• exon 2 !.

~~~~_A~~~~~~C 3'
lacking exon 2

b
ct 1\:
Z ~ E )(0 Cl Il)
U C u ~0 " llJ

~ Q. 111
C U

- - a-...-_

c

~ 197bp

+- 225bp

•
Figure 4 RT -PCR analysis. RNA from various human tissues was uscd for first-strand cDNA synlhcsis and subjccted lo PCR
analysis for the presence of e:\on 2-conlaining and exon 2-lacking Mct messages. (a) The location of the oligonucleotide primers A.
Band C. arc indicatcd relativc ta a Met transcriptlacking exon 2. (b) Primer A. which hybridizcs to JfET -44 to -24 in cxon 1.
and primer C. which hybridizcs ta MET" 1367 to + 1345 in cxon 3. wcrc uscd to amplify a 197 bp fragment corresponding ta cxon
:!-Iad:ing Met transcripts. A 197 bp PCR product was detccted in alltissucs studicd. (c) Primcr B. which hybridizcs to MET -1142
tO - 1161 in exon 2. and primer C werc uscd ta amplify a 125 bp fragment corrcsponding ta cxon :!-containing Met transcripts. A
115 bp PCR producl was dcll.'cted in ail tissues studicd
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that activate the Ret and Kit receptor tyrosine kinases
(Schmidt et al.. 1997). However. mutations that
activate receptor tyrosine kinases generally fall into
two classes: those localized to the extracellular or
transmembrane domain that promote receptor dimer­
ization/oligomerization. and those localized to the
kinase domain thal alter catalytic activity or substrate
specificity (Rodrigues and Park. 1994). Thus. the
intron - exon structure of .\-/ET presented here will
now allow a critical evaluation of mutations in the
entire Met receptor in other human cancers.

A-fET is unique among the receplor tyrosine kinases
whose genomic structure has been detennined to date.
duc to the presence of a large internai coding exon.
exon 2. Exon 2 is absent in Met cDNA clones pOK14
and pOK8 (Figure 2 and data not shown). The
structure of thesc clones is consistent with that of a
ubiquitously expressed 7 kb Met mRNA. By Northem
hybridization analyses. the 7 kb Met mRNA fails to
hybridize with a probe derived mainly from exon 2
(Figure 2b). Moreover. SI nuclease analyses demon­
strate that Met cDNA clones pOK 14 and pOK8
correspond to an authentic Met mRNA in human
cell lines expressing the 7 kb Met transcript (Figure
3b). Ali of the Met cDNAs that have been
characterized to date (Park et a/.. 1987; Rodrigues el
al.. 1991). including pOK 14 and pOK8. share 5'UTR
sequences. suggesting that they are transcribed from
the same promotor (Gambarotta et al.• 1994). There­
fore, we conclude that the 7 kb and 8 kb Met mRNAs
are derived from the same pre-mRNA by alternative
splicing of exon 2.

The pOK8 and pOKI4 Met cDNA clones lack the
initiating methionine codon of p190Met which is
present in exon 2. From sequence analysis. the
pOK8 + 14 cDNA contains only one ORF. which
would initiate at an AUG in exon 3 (position + 1291
in Met). and would correspond to the ORF for the
pl90Met receptor (Figure Sa). Although by Northem
blot analysis the 7 kb Met isofonn is expressed in
relative abundance in many human cell lines (Figure
2a). and SI nuclease protection assays demonstrate
that a mRNA corresponding to pOK 14 or pOK8 is
expressed (Figure 3b). a protein product predicted
from this message was not readily detected in these cell
lines (Figure Sc). Similarly, the expression of
pOK8 + 14 cDNA in COS-l ceUs in transient transfec­
tion assays yielded extremely low levels of truncated
Met proteins of -. 100 - 110 kDa when compared with
cDNA encoding the pl90Met product (Figure Sb).
This suggests that cither the pOK8 + 14 cDNA is
inefficiently translated. or alternatively. lhat a protein
product translated from this mRNA is rapidly
degraded. Consistent wilh the former. the tirst AUG
codon of the pOK8+ 14 transcript (TfAITCAUGG)
is in a poor Kozak consensus for initiation of
translation and most importantly, lacks an adenine at
position -3 (Kozak. (991). This suggests that the
multiple products observed are initiated from down­
stream in-frame AUGs.

Work from many laboratories has shown that
alternative splicing is determined by a balance of
several pre-mRNA features, including splice site
strength. exon size. presence of splicing enhancers or
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Fiprr 5 (al The structure of the pOK8 - 14 cONa construct is shown. relative ta the transcript encoding the p190Met reccptor
protein. The AL:G and stop codons utilizcd by the pl90Met prolein arc: indicated in honzontalletters. The presence of an in-frame
stop codon in the pOK8 - 14 S'liTR and the firsl AlJG following this stop codon arc indicatcd by vertical. italic lelters. (b)
Expression of pOKI Met cDNA and pOKS-14 Met cDNA in COS-I cells. COS-I ceUs were transfceted with 4 Ilg of pXMT2
vcetor alone (control} or pXMTI "cetor containing pOKI Met cDNA encoding pl90Met. or pOKS - 14 Met cONA. Met proleins
were immunoprecipitatcd from the COS-I celllysatcs using anti-Met antisera IAbl44l. The same antiscra was used for blotting. The
pl70Met prceursor. plo$5Met ~-chain and truncatcd -pllOMet products are indicated by arrows. The positions ofmolccular weight
markers are indicatcd at the left. IcI Western blot of Met proteins in ccII Iincs. Met proteins were immunoprecipitatcd from 500 PS
of total ccli Iysate from Okajima. A549. Colo6. SW6:!O and MKN45 cells using anti-Met antiserol (Abl44). The same antisera was
used for blotting
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repressors and secondary structure (reviewed in
Chabot. 1996: Manley and Tacke. 1996). Several
receptor tyrosine kinases undcrgo alternative splicing
which generates proteins with similar or distinct
structures and activities (Clary and Reichardt. 1994:
Piao el al.. 1994). For example. alternative splicing in
mouse of the conserved mel exon 14 generates a
protein which shows altered substrate spccificity (Lee
and Yamada. 1995). However. the alternatively spliced
7 kb Met mRNA presented here is unique in that it
fails to synthesize a detectable protein product in "i,'o.
This was unexpected since the 7 kb Met mRNA is the
second most abundant Met mRNA and is ubiquitously
expressed.

The inclusion of differentially-spliced exons is a
highly regulated cvent. thought to be depcndent on
both enhancer sequences localized within either the
exon or intron sequences. and the protcins that
recognize them (reviewed in Chabot. 1996: Manley
and Tacke. 1996). However. since large internaI exons
are uncommon in vertebrate genes. with less than 1%
of ail primate internai exons studied being larger than
400 nt (Berget. 1995). the mechanisms that regulate
their splicing are poorly understood. In experimental
systems. the artificial expansion of internaI exons to
more than 500 nt results in constitutive exon-skipping
when flanked by large introns (> 1500 nt) (Sterner el
al.. 1996). Thus. this wouId predict that exon 2 of
MET (1214 nt). which is significantly larger than the
average vertebrate exon (134 nt long) and is flanked by

two large introns (26 kb and 31 kb: see Table 1). may
be inefficiently included in mature Met mRNA.
However. although the sequences or factors respon­
sible for the observed alternative splicing of MET exon
2 are not understood. the inclusion of this exon in the
8 kb Met mRNA demonstrates that its presence is
selected for in l"im. Moreover. the abundance of the
7 kb Met mRNA varies in tumor cell lines in culture
(Figure la and data not shown). Since exon-skipping
of .\1ET exon 2 is predicted to decrease the amount of
mature mRNA encoding a functional Met receptor. in
sorne circumstances. Met pre-mRNA splicing may
represent a mechanism of regulating the amount of a
functional Met product. Therefore. a further study of
the prevalence of exon 2-skipping of MET during
development and in human tumors is important. and
will increase our understanding of the mechanisms of
Met regulation in vil'o.

Materials and metbods

Isolation of genomic clones

A human genomic placental DNA library cloned in the
bacteriophage vector ;.DA5H 1 (Stratagene) (Rodrigues et
al.• 1991) was screened with a 4.6 kb cDNA probe (pOK 1)
containing the complete coding sequence of the MET gene
(-195 to +4356) (Rodrigues el al.. 1991). Positive clones
were selected. purified and amplified in LE392 bacteria as
described previously (Cooper et al.• 1984). The Lawrence
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livermore National laboratory chromosome 7-specific
cosmid library was screened with a MET cONA probe
corresponding to JIET + 3081 to + 4406 to identify
overlapping cosmid clones containing genomie DNA
sequences not isolated from the phage library (obtained
from Dr SW Seherer). ONA from each phage or cosmid
clone was isolated as described in Maniatis el al. (1992).
and used in cycle sequencing reactions to determine
intron -exon boundaries of MET.

C.rc/e sequencing of phage and cosmid DIVA

The appropriate purified genomic DNA from phage or
cosmid clones (500 ng) was used in cycle sequeneing
reactions with Met-specifie primers to determine the
intron -exon junctions and Ranking intron sequences.
These reaetions were carried out using the GibcoBRl
dsDNA Cycle Sequencing System (GibcoBRL. Burlington.
Ontario) according to the instructions included in the kit.
The sequences of the primers used for this purpose are
available from the authors.

PCR 10 eslimale in/fon si:es

To estimate the sizes of the introns of the MET gene.
appropriate Met-specifie oligonucleotide primers were
generated and used in PCR reactions to amplify each
individual intron. PCR for introns up to 4 kb in size was
carried out in a final volume of 50 Ill. cOnlaining 100 ng
genomic DNA prepared from one of two ditrerent cell lines
(Hela and Okajima). 1.5 mM MgCl:. 5 III standard 10 x
PCR buffer (200 mM Tris-HCl pH 8.4. 500 mM KCI).
50 pmol of each primer. 1.25 mM dr-..rrps and 2.5 units of
Taq polymerase (GibcoBRL. Burlington. Ontario). An
initial step of 3 min at 85=C was followed by 35 cycles of
40 s denaturation at 94"C. 30 s of annealing al SS~c. and
40 s of extension at 72 oc. followed by a final extension step
of :2 min at n"c. [ntrons between 2 kb and 6 kb were
amplified in conditions as described above. with the
addition of 2.5 units of Taq extender PCR additive
(Stratagene) and substituting the Taq extender buffer for
the regular PCR buffer. [ntrons larger than 6 kb were
amplified using the Expand long Template PCR System
(Boehringer Mannheim) according to the instructions
included in the kit. PCR products were analysed by
e1ectrophoresis of 1 10th of the reaction on a 1% agarose
gel. The size of each inlron was estimated by comparison
of the PCR product wtth molecular size markers. Each
intron was amplified al least twice from two ditrerent cell
lines. The sizes of ail introns excepl 1 and :2 were estimated
in this manner. The sizes of introns 1 and 2 were confirmed
from analysis of genomic DNA sequences of the
appropriate portion of chromosome 7. available at the
Washington University Human Genome Sequencing
Projecl's World Wide Web site (http:,igenome.wustl.
-eduigsc/gschmpg.html). The appropnale contig is
H_RG253B13. which covers JfET genomic ONA from
exon 1 to exon 9. The estimaled sizes of introns 3 to 8.
obtained by PCR as described above. corresponded to the
sizes as determined from analysis of this contig.

RNA ana/J'sis

Total RNA was isolated from various human cell lines bv
the method of Chomczynski and Sacchi (1987). Poly(A):
RNA was twice selected on oligo(dT}-cellulose. For
Northern blot analysis. poly(A) • RNA was denaturated
with formamide and separated on a denaturing formamide­
formaldehyde agarose gel as described previously (Park el
al.• 1986). Filters were hybridized for 48 h at 42=C with
2 x 10· c.p.m./ml of probe in hybridization buffer (6 x SSC.
50% formamide. 5 x Denhardt. 1% SOS. 0.2 mg/ml salmon

sperm DNA) and washed in 2 x SSC -0.1 % SDS at room
temperature for 30 min. then three times in 0.2 x
SSC - 0.1 % SOS at 65"C (30 min each wash). Two MET
derived probes were used. Probe A is derived from an
EcoRV - EcoRI fragment (position + 641 to + 2055). Probe
B consists of an EcoR[ - EcoRV fragment located in
position -194 to +641 in the published sequence (Park
et a/.. (987). Both probes were labeled with x_ J1P_dCTP by
random primer labeling (Feinberg and Vogelstein. 1983).

Iso/alion of Mel cDNA clones

A cONA library was constructed from twice Poly(A)­
selected RNA isolated from a gastric carcinoma cell line.
Okajima (Rodrigues el a/.. 1991). The cDNA was
synthesized following the method of Gubler and Hoffman
(1983). semi-XhoI synthetic adaptors were added. and the
cDNA was c10ned into the XhoI site of the mammalian
expression vector pXMT2. Approximately 10" colonies
were screened using probes derived from Met cDNA
(probe A. probe B as described above). Positive clones
were purified. and the longest clones were selected for
sequencing using lhe dideoxynucleotide chain termination
method with [x-'~SldATP (lCN Radiochemicals) and
Sequenase (USB) as specified by the manufacturers.
Clones pOK 14 and pOK8 were selected as putative
representative cDNAs for the 7 kb Met mRNA. and were
sequenced entirely by a combination of ExoIIJ-SI nuclease
deletion method and synthetic oligonucleotide-directed
sequencing of subclones in pBluescript JI KS- (pBS). PCi
Gene ([ntelliGenetics Inc.) and MacVector (Oxford
Molecular Group) software was used for data analysis.

S / Nuc/ease prolection ana/pis

A BamHI- PI'UIJ fragment isolated from the 5' end of
pOK8 was end-Iabeled at the BamH[ site (position + 1964
in MEn wilh T4 DNA polymerase using standard
protoeols (Maniatis er al.. 1992). The labeled BamHI­
Pl'un 2.0 kb fragment was purified on a low mehing
agarose gel by extraction with phenol. The probe
(25 000 e.p.m.) was hybridized to SO Jlg total cellular
RNA in 50 JlI of 80% formamide. 400 mM NaCI. 40 mM
PIPES (pH 6.7) and 1 mM EOTA. Samples were denatured
at 85'C for 10 min and incubaled al 45'C overnight. 450 JlI
of SI digestion buffer (30 mM NaOAc pH 4.6. 50 mM
NaC!. 1 mM ZnSO~. 0.5% glycerol and 1000 V/ml of SI
nuclease) were added and the samples were incubated at
25"C for 45 min. then transferred to 37=C for 15 min. ACter
addition of 10 Ilg yeast t-RNA. samples were ethanol
precipitated. washed and resuspended in 80% formamide
loading dye. heated for 10 min at 95'C. chilled on ice. and
loaded onto a 4% denaturing acrylamide:urea gel.

Rel'(!rse rranscriprose-po/ymerase chain reaclion (RT - PCR)

RT - PCR was performed on single stranded cDNA.
BrieRy. total RNA was extracted from biopsies as
deseribed above. First-strand cDNA was synthesized from
4 Ilg total RNA using the Expand Reverse Transcriptase
system (Boehringer Mannheim) with 50 pmol oligo
(dT)., •• primer (pharmacia). according to the instructions
provided. Three III of the RT reaction was used for PCR
in a final volume of 50 J[l. containing 1.5 mM MgCI:. 5 III
standard 10 x PCR buffer (200 mM Tris-HCl pH 8.4.
500 mM KCI). 50 pmol of each primer as indicated in
Figure 5. 1.25 mM dNTPs. and 2.5 units of Taq polymerase
(GibcoBRl. Burlington. Ontario). An initial step of 3 min
at 85~C was followed by 35 cycles of 40 s of denaturation
at 94°C. 30 s of annealing at 55°C. and 40 5 of extension at
7rC. followed bya final extension step of 2 min at 7re.
PCR products were analysed by electrophoresis in a 1%
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agarosc gel. The primers used were: A = GACfT­
CTCCACTGGTTCCTGG. which hybridizes to MET
-44 to -24; B=ACAATGTGAGATGTCTCCAGC.
which hybridizes to MET + 1142 to + 1161; and
C = CCAAGATTAGCTATGGTGAGGTC. which hybri­
dizes to MET + 1367 to + 1345.

Ce/llines and Irwts[eC:lions

The Okajima and MKN45 cell lines. derived from poorly
differentiated gastric carcinoma (Motoyama el al.. 1979).
were obtained from Dr GF Vande Woude. The A549 cell
!ine is derived from a lung carcinoma. SW620. Colo6 and
Colo205 from colon carcinomas. HFS/l 5 from human
foreskin fibroblasts. and KB from an epidermoid carcino­
ma. Ali lines were obtained [rom American Type Culture
Collection. Cel1 lines were maintained in Dulbecco's
modified Eagle serum (DMEM) or RPMI medium. supple­
mented with 10% fetal bovine serum (Flow laboratories).
Transient transfections into COS-I cells were performed as
described previously in (Rodrigues el al.. (991).

fmmunoprecipiration

Immunoprecipitations were carried out using a polyclonal
anti-Met C-terminal peptide antibody (Ab 144) (Rodrigues

References

Berget SM. (1995). J. Biol. Chem.. 270, 2411-2414.
Bottaro OP. Rubin lS. Faletto DL. Chan A-L. Kmiecik TE.

Vande Woude GF and Aaronson SA. (1991). Science. 251,
802 -804.

Breathnach R and Chambon P. (1981). Ann. Re~·. Bioc:hem..
50, 349 - 383.

Chabot B. (1996). Trends Genet .. 12.472-478.
Chomczynski P and Sacchi N. (1987). Anal. Biochem .. 162.

156-159.
Clary 00 and Reichardt LF. (1994). Proc. Natl. Acad. Scï.

USA. 91, 11133 - 11137.
Cooper CS. Park M. Blair DG. Tainsky MA. Huebner K.

Croce CM and Vande Woude G. (1984). Nature. 31 1,19­
33.

Di Renzo MF. Olivero M. Ferro S. Prat M. Bongarzone I.
Pilotti S. Belfiore A. Costantino A. Vigneri R. Pierotti MA
and Comog!io PM. (1992). Oncogene. 7, 2549-2553.

Di Renzo MF. Olivero M. Katsaros D. Crepaldi T. Gaglia P.
Zola P. Sismondi P and Comoglio PM. (1994). lnl. J.
Cancer. 58. 658 -662.

Ebens A. Brose K. Leonardo ED. Hanson MG. Bladt F.
Birchmeier C. Barres BA and Tessier-Lavigne M. (1996).
Neuron. 17, 1157 - 1172.

Feinberg AP and Vogelstein B. (1983). Anal. Biochem .• 132.
6-13.

Gambarotta G. Pistoi S. Giordano S. Comoglio PM and
Santoro C. (1994). J. Biol. Chem.• 269. 12852-12857.

Giordano S. Di Renzo MF. Narshimhan RP. Cooper CS.
Rosa C and Comoglio PM. (l989a). Oncogene. 4.1983­
1988.

Giordano S. Ponzetto C. Di Renzo MF. Cooper CS and
Comoglio PM. (l989b). Nalllre. 339, 155-158.

Gubler U and Hoffman BJ. (1983). Gene. 25, 263-269.
Huff JL. le1inek MA. Borman CA. Lansing TJ and Parsons

lT. (1993). Proc. Nall. Acad. Sei. USA. 90. 6140-6144.
lucker M. Gunther A. Gradl G. Fonatsch C. Krueger G.

Diehl V and Tesch H. (1994). Leukemia Res.• 18. 7 -16.
Kozak M. (1991). J. Biol. Chem.• 266, 19867 -19870.
Lee CC and Yamada KM. (1995). J. Biol. Chem.• 270, 507 ­

510.

lET leftOfIlk ltructIn Iftd fNquent IIdppllII of •.,.••un 2
Je Lm et al

et al.. 1991 ). The immunoprecipitated proteins wcre
collected on protein A-Sepharose (Pharmacia) and washed
three limes with RIPA buffer. The proteins were separated
on 8% SOS - PAGE. transferred to nitrocellulose. and
immunoblotted wilh Abl44. Immune complexes were
identified with horse radish peroxidase (HRP) conjugated
Protein A and revealed by enhanced chemiluminescence
(ECL) (Amersham).

Ac:knowledgemenls
We thank Ors Stephen W Scherer and Lap-Chee Tsui and
the Canadian Genome Analysis and Technology Program
Resource Facility for providing two cosmid clones covering
part of the MET locus. We also thank Dr Alain Nepveu
and the members of the Park laboratory for their crilical
reading of the manuscripl. This research was funded by an
operating grant to MP from the Canadian Breast Cancer
Research Initiative. MP is a senior scientist of the Medical
Research Council of Canada. lCL is a recipienl of a
doctoral studentship from the Cancer Research Society.
Incorpora tcd.

Lin JC. Scherer SW. Tougas L. Traverso G. Tsui L-e.
Andrulis IL. lothy S and Park M. (1996). Oncogene. 13.
2001-2008.

Liu C. Park M and Tsao S. (1992). Oncogene.7. 181-185.
Maina F. Casagranda F. Audero E. Simeone A. Comoglio

PM. Klein Rand Ponzetto C. (1996). Ce/l. 87, 531- 542.
Maniatis T. Fritsch EF and Sambrook 1. (1992). Molecular

cloning. a lahoratory manual. Cold Spring Harbor
Laboratory Press. Cold Spring Harbour. New York.

Manley lL and Tacke R. (1996). Genes Der.• 10, 1569-1579.
Motoyama T. Hojo T. Suzak T and Oboshi S. (1979). Acta

Medica Biologica. 27.49 - 52.
Naldini L. Vigna E. Narsimhan RP. Gaudino G. Zarnegar R.

Michalopoulos GA and Comoglio PM. (1991). Oncogene.
6. 501- 504.

Park M. Dean M. Cooper CS. Schmidt M. O'Brien SJ. Blair
DG and Vande Woude G. (1986). Cel/. 45. 895-904.

Park M. Dean M. Kaul K. Braun Ml. Gonda MA and Vande
Woude G. (1987). Proc. Nall. Acad. Sei. USA. 84. 6379­
6383.

Pasini B. Ceccherini 1 and Romeo G. (1996). Trends Genet .•
12. 138 -144.

Piao X. Curtis JE. Minkin S. Minden MD and Bernstein A.
(1994). Blood. 83, 476 - 481.

Rodrigues GA. Naujokas MA and Park M. (1991). Mol. Cel/.
Biol.• Il.2962 - 2970.

Rodrigues GA and Park M. (1994). CU". Op. Genet. De~· .• 4.
15-24.

Rong S. Donehower LA. Har.s~n MF. Strong L. Tainsky M.
le!fers M. Resau lH. Hudson E. Tsarfaty 1 and Vande
Woude GF. (1995). Cancer Res.• 55, 1963-1970.

Rong S. leffers M. Resau lH. Tsarfaty J. Oskarsson M and
Vande Woude GF. (1993). Cancer Res.• 53, 5355 -5360.

Rong S. Segal S. Anver M. Resau lH and Vande Woude GF.
(1994). Proc. Natl. Acad. Sei. USA. 91. 4731-4735.

Ronsin C. Muscatelli F, Mattei MG and Breathnach R.
(1993). Oncogene. 8, 1195 - 1202.

Rosen EM. Nigam SK and Goldberg ID. (1994). J. Ce/l Biol.,
127.1783-1787.

76

841



Chapter III: MET genomic structure andfrequent skipping aflarge exon 2.

.842

•

•

lET I.nomic ltrUctun Md heluent IldPlHnI tif la,.. Hon 2
Je Lm et al

Schmidt C. Bladt F. Goedecke S. Brinkmann V. Zschiesche
W. Sharpe M. Gherardi E and Birchmeier C. (1995).
Nature. 373, 699 -702.

Schmidt l. Duh FM. Chen F. Kishida T. Glenn G. Choyke
P. Scherer SW. Zhuang ZP. Lubensky 1. Dean M.
Allikmets R. Chidambaram A. Bergerheim. UR. Feltis
JT. Casadevull C. Zamarron A. Bemues M. Richard S.
Lips CJM. Walther MM. Tsui LC. Geil L. Orcutt ML.
Stackhouse T. Lipan J. Slife L. Brauch H. Dccker J.
Niehans G. Hughson MD. Mach H. Storkel S. Lerman
MI. Linehan WM and Zbar B. (1997). Nature Genet.• 16,
68 -73.

Scotlandi K. Baldini N. Oliviero M. Di Renzo MF. Martano
M. Serra M. Manara MC. Comoglio PM and Ferracini R.
(1996). Am. J. Path .• 149, 1209-1219.

Sonnenberg E. Meyer D. Weidner KM and Birchmeier C.
(1993). J. Ccli Biol.• 123.223 -235.

Sterner DA. Carlo T and Berget SM. (1996). Proc. Natl.
Acad. Sei. USA. 9J. 15081-15085.

Takahashi S. Shan AL. Rit1and SR. De1acey KA. Bostwick
DG. Leiber MM. Thibodeau SN and Jenkins RB. (1995).
Cancer Res.• 55,4114-4119.

Takayama H. Larochelle WJ. Anver M. Bockman DE and
Merlino G. (1996). Proc. Natt. A.cad. Sei. USA.. 93, 5866­
5871.

Takayama H. LaRochelle WJ. Sharp R. Otsuka T. Kriebel P.
Anver M. Aaronson SA and Merlino G. (1997). Proc.
Natl. Acad. Sei. USA. 94, 701-706.

Uehara Y. Minowa O. Mari C. Shiota K. Kun\lJ. Nada T
and Kitamura N. (1995). Nature. J73, 702 - 705.

Yang X-M. Vogan K. Gros P and Park M. (\996).
Del'elopmenr. 122, 2163 - 2171.

Yang Y. Spitzer E. Meyer D. Sachs M. Niemann e.
Hartmann G. Weidner KM. Birchmeier e and Birchmeier
W. (1995). J. Cell Biol.• IJI, 215-226.

Yanemura Y. Kaji M. Hirono Y. Fushida S. Tsugawa K.
Fujimura T. Miyazaki I. Harada S and Yamamoto H.
(1996). lnt. J. Oncol.• 8,555-560.

Zenklusen Je. Thompson Je. Troncoso P. Kagan J and
Conti Cl. (1994). Cancer Res.. 54,6370-6373.

Zenklusen JC. Weilzel IN. Bali HG and Conti Cl. (\995).
Oncogene. Il,359 - 363.

77



•

•

•

Cbapter IV: Increased exon-skipping ofMet in breast cancer.

Chapter IV - Exon-skipping of MET exon 2 is a novel mechanism for the

1055 of expression of Met protein in breast cancer cells.

Preface

Many groups have attempted to elucidate the role of the Met

receptor in human breast cancer. However, the findings have often been

canflicting. Sorne data suggested that Met May function as a turnor

suppressor gene in breast cancer, while others supported a role for ~let as

an invasion-promoting factor. In the next part of my thesis work, l turned

ta studying the status of the Met receptor in.celllines derived from

human breast cancers, in an attempt to clarify the role(s) that Met rnight

play in the development of breast cancer. While studying celllines is not

ideal to elicit this information, it is a model that can provide valuable

insight into the situation in situ. Investigating human breast cancer is

difficult due to the relative lack of banked specimens and their great

demand by Many investigators. Thus, in the fourth chapter of this thesis, 1

examined the status of the Met receptor in 13 breast cancer celilines, in

comparison with two immortalized breast epithelial ceIl lines.

i8



•

•

•
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Abstract

The MET gene is a transmembrane receptor tyrosine kinase, whose

ligand is hepatocyte growth factor1scatter factor (HGF/SF). HGF15f, by

binding ta the Met receptor, stimulates epithelial ceil mitogenesis, motility

and morphogenesis. Met and HGF/SF have been implicated in human

mammary development and tumorigenesis. Several studies have

suggested a raIe for MET as a dominant oncogene in breast cancer, while

others have described frequent deletions of MET in breast cancer,

suggesting a tumour suppressor function. In this paper, we describe the

status of the Met receptor in thirteen human breast cancer celilines, which

may reflect the raIe Met plays in the development of this disease in vivo.

We demonstrate that in seven of these lines, there is decreased or no

expression of the Met receptor protein, as compared with levels in MO

immortalized human breast epithelial cell lines. Furthermore, in these

seven lines, there is altered expression of Met mRNA, such that there is

relatively increased expression of an alternatively-spliced 7kb Met mRNA

which has no protein product. This alteration in Met mRNA expression is

not due ta mutation within the affected exon of MET (exon 2) or in its

donor or acceptor splice sites. Rather, we demonstrate that this alteration

in the normal splicing pattern of Met is correlated with a change in the

expression pattern of a family of proteins responsible for regulating

alternative splicing, the SR proteins. We propose that exon-skipping of

MET exon 2, common in breast cancer celllines, may be a mechanism of

inactivation of Met in tumours in situ.
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Introduction

It is generally accepted that cancer develops with the step-wise

accumulation of genetic abnormalities within a cell or ceils, leading to the

dysregulation of growth and differentiation in these ceIls. Such genetic

abnormalities affect two classes of genes; oncogenes, which contribute to

oncogenesis if inappropriately activated, and tumour suppressor genes,

which contribute to oncogenesis when inactivated.

The MET gene has been implicated in oncagenesis. It encodes a

transmembrane protein receptor tyrosine kinase (Park et al., 1987) whose

ligand is hepatocyte growth factor / scatter factor (HGF/SF) (Bottaro et al.,

1991; Naldini et aL, 1991). The Met receptor is predominately expressed in

epithelial ceIls, while HGF/Sf, a soluble cytokine, is produced primarily by

mesenchymaI celis. Met-HGF/5F signalling has been postulated ta play a

role in morphogenetic epithelial-mesenchymal interactions, and HGF/SF

can stimulate the growth, movement and tubulogenesis of glandular

epithelial ceils in culture (reviewed in Rosen et al., 1994). HGF/SF can

induce the ductal growth of mouse mammary explants in culture (Yang et

al., 1995), and Met and HGF/SF play important roles in embryonic

development. Specifically, Met-HGF/SF signalling is essentiaI for the

development of placenta, liver, skeletal muscle and for growth of axons

(Ebens et al., 1996; Schmidt et al., 1995; Takayama et al., 1996; Uehara et al.,

1995; Yang et al., 1996).

Met was first identified as a rearranged oncogene (TPR-MEn in

which the tyrosine kinase portion is constitutively aetivated and causes

the transformation of fibroblasts in vitro (park et al., 1986). Met is

overexpressed and/or deregulated in many types of human tumors
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induding gastric, colorectal, thyroid and ovarian carcinomas, leukemia,

and sarcomas (Di Renzo et aL, 1992; Di Renzo et al., 1994; Jucker et al., 1994;

Liu et al., 1992; Rong et al., 1995; Rong et al., 1993; Scotlandi et al., 1996;

Yonemura et al., 1996). Activating mutations have been described in MET

in patients with hereditary and spontaneous papillary renal carcinoma,

suggesting that constitutive activation of Met cantributes ta this disease

(Schmidt et al., 1997). In ather cases, constitutive activation of Met has

been correlated with the amplification and overexpression of a wild-type

Met protein (Giordano et al., 1989).

In contrast, several studies suggest th~.t.METmay be a candidate for

a turnor suppressor gene located at chromosome 7q31. MET is located on a

1000 kilobase (kb) region of chromosome 7q31 that is frequently deleted in

breast cancer (Lin et al., 1996). Similar deletions have aIso been described

for prostate, ovarian and renal ceil carcinomas (Shridhar et al., 1997;

Takahashi et al., 1995; Zenklusen et al., 1994; Zenklusen et al., 1995).

Furthermore, while Met protein is expressed in aIl normal epithelial cells

studied, several groups have reported variations in the expression pattern

of Met protein in breast carcinoma ceUs (Beviglia et aL, 1997; Byers et al.,

1994; Di Renzo et al., 1991; Ghoussoub et al., 1998; Prat et al., 1991). These

results suggest that Met may be inactivated in the development of certain

breast cancers.

We have studied the status of the Met receptor in a series of

thirteen human breast cancer celllines and two immortalized breast

epithelial celllines. We show that there is decreased Met protein in seven

of the thirteen (540/0) breast cancer celllines studied. This is correlated with

the loss/decrease in expression of the fulliength ~[et mRNA and a
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relative increase in amounts of an altematively-spliced 7kb Met mRNA

which encodes no protein product. We propose that increased exon­

skipping of MET exon 2, and a relative increase in the expression of an

altematively-spliced 7kb Met mRNA with no functional protein product

may be a mechanism for the inactivation of Met in breast cancer ceUs.
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Results

Met protein expression is lost in many breast cancer ceIl Unes.

Variable expression levels of Met protein, ranging from no

detectable protein to over-expression, have been reported in breast

carcinomas and celllines (Beviglia et al., 1997; Byers et al., 1994; Di Renzo

et al., 1991; Ghoussoub et al., 1998; Prat et al., 1991). Notably, high levels of

Met protein is associated with more aggressive disease (Camp et al., 1999;

Ghoussoub et al., 1998). Since normal human breast epithelial ceUs express

Met protein (Ghoussoub et al., 1998; Lin et al., 1996), this data has been

interpreted to suggest that Met expression is lost, then regained in the

progression of breast cancer (Ghoussoub et al., 1998). Ta investigate this

further, we used a panel of thirteen breast cancer celllines and two

immortalized breast epithelial celllines ta study the expression pattern of

Met receptor protein. Using an antibody directed ta the carboxy-terminal

portion of Met (Abl44), Met protein was immunoprecipitated from 500Jlg

of total protein from each ceU Une. Immunoprecipitated proteins were

separated by 5DS-PAGE and immunoblotted with Abl44 (Figure 1). The

Met ~-chain of 145kDa is detected at comparable levels in both

immortalized breast epithelial cell lines, MCf IDA and MCF 12A.

However, the level of p145Met is variable in the breast cancer celllines,

and is decreased or last compared to the levels of p145Met in

immortalized breast epithelial celllines in seven of these; BT474, T47D,

MCF7, MDA468, SI<Br3, ZR75-1, and MDA157 (Figure 1). In aIl Met­

expressing celllines, p145Met became phosphorylated on tyrosine residues

upon stimulation with HGF/5F, indicating that the Met receptor expressed

in these ceillines was activated by HGF/SF ligand-binding in a wild-type
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manner (data not shown).

Loss of Met protein correlates with 1055 or decrease of the 8kb full-iength

Met mRNA and relative increase of the exon 2-skipped 7kb Met mRNA.

Ta determine if the difference in expression levels of p145Met in

breast cancer celllines correlates with changes at the m.RNA level, Met

mRNAs were examined by Northem hybridization. When full length Met

cDNA was used ta probe a Northem transfer containing total RNA from

the breast cancer cell lines, two isoforms of Met mRNA can be detected.

One corresponds to the 8kb full-Iength Met m.RNA and the other a 7kb

altematively-spliced isoform (see representative examples in Figure 2a).

We have shawn that the 7kb Met mRNA results from exon-skipping of

Met exan 2. Exon 2 contains the AUG translation start site for the full­

length Met receptor protein and the 7kb Met mRNA fails to give rise to a

protein product (Lin et al., 1998).

Cell lines with decreased levels of p145Met, such as BT474, SKBr3,

MCF7 and T470 (Figure 1) also demonstrate a decrease in the amount of

full-Iength 8kb Met mRNA (Figure 2a). However, these celllines express

relatively elevated levels of the 7kb Met m.RNA isoform, resulting in an

alteration in the normal ratio between 8kb and 7kb Met m.RNAs. Thus,

decreased levels of p145Met receptor in certain breast cancer celllines is

associated with decreased expression of the full-length 8kb Met m.RNA

and a relative increase in amounts of an altematively-spliced 7kb message.

To confirm that the 7kb mRNA observed in these Unes is identical

ta the exon 2-skipped Met m.RNA isoform previously identified (Lin et al.,

1998), RNAse mapping was perfonned using a riboprobe (see Figure 2c)
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spanning the exon 2-exon 3 junction of full-Iength Met mRNA. A full­

length protected fragment of 227nt corresponds with expression of a

correctly-spliced 8kb Met mRNA, while an exon 2-skipped 7kb Met mRNA

would yield a protected fragment of 166nt (Figure 2c). These studies

confirmed the presence of an exon 2-skipped Met mRNA isoform in the

celllines studied (Figure 2b). Furthermore, the celllines which had

decreased or no Met protein expression by Western blot analysis (see

Figure 1) had relatively higher levels of the exan-2 skipped Met mRNA

than the lines with normal levels of Met protein (Figure 2b), in agreement

with the results from the Northem blot analysis.

Alteration of the ratio of aIternatively-spliced Met mRNA isoforms 1S not

correlated with any mutation in MET exon 2 or at the exon 2 splice

junctions.

Increased exon-skipping in tumorigenesis has been reported for

other genes, including tumor suppressor IRF-l in human

myelodysplasia/leukemia (Harada et al., 1994), p53 in breast cancer

(Voglino et al., 1997), and E-cadherin in gastric carcinoma (Becker et aL,

1993). In sorne cases, increased exon-skipping is associated with mutations,

either within the exon or at the donor or acceptar splice sites. Ta

determine if increased exon-skipping of MET exon 2 is associated with any

mutations, exon 2 was PCR-amplified from genomic DNA prepared from

each cellline. Sequence of MET exon 2 along with additional flanking

intronic sequences (20nt of S'and 3' intron) in aIl the breast lines studied

failed to reveal any mutations (data not shown). Sequencing of MET exon

2 in these celllines also failed to reveal the presence of any
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polymorphisms.

Breast carcinoma ceIl fines demonstrate an altered expression profile of

SR splicing proteins when compared with normal breast epithelial ceIls.

The SR protein family consists of several serine-argenine-rich

splicing factors important in the regulation of alternative splicing

(reviewed in Chabot, 1996). Alterations in the expression of SR splicing

proteins has been reported in the progression of mouse mammary

tumorigenesis. This has been correlated with changes in the alternative

splicing of C044, the major receptor for hyaluronic acid (Stickeler et al.,

1999). To determine if a similar alteration in the expression profile of SR

proteins exists in the human breast cancer cell lines studied, mAb104,

which recognizes multiple members of the SR protein family, was used ta

immunoprecipatate SR proteins from SOOflg of total protein of each cen

line. Proteins were subjected to SOS-PAGE and immunoblotted with the

same antibody (Figure 3). As compared with human mammary epithelial

cells (HMEC) and immartalized breast epithelial celllines, the seven breast

cancer celllines with decreased or no Met protein show variable changes

in the expression pattern of SR proteins (Figure 3). Specifically, the cell

lines with decreased levels of the 8kb Met mRNA and corresponding

increase in levels of the 7kb Met mRNA demonstrate slightly higher

levels of 5Rp20 than normal (HMEC) or immortalized breast epithelial

ceUs, in agreement with (Stickeler et al., 1999). Furthermore, these changes

in the expression profile of SR proteins is not present in the ceUlines with

normal Met expression.
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Discussion

Receptor tyrosine kinases (RTKs) play a prominent role in human

tumorigenesis. Often, these RTKs function as oncogenes, and are activated

in human cancer, either through overexpression or gene mutation

(Wilks, 1993). However, in certain cases, RTKs can also contribute to

human disease through inactivation. For example, the Ret receptor

tyrosine kinase is activated in the cancer syndrome MEN2b, but when

inactivated, leads ta the development of Hirschsprung's disease (reviewed

in Pasini et al., 1996). Sirnilarly, the Met receptor tyrosine kinase has been

implicated in diverse roles in human disease. ft is overexpressed and

constitutively activated in several cancer celllines/types, and activating

mutations in Met have been described in spontaneous and hereditary

papillary thyraid cancer (Schmidt et al., 1997). However, other studies

have suggested a tumor suppressor raIe for Met, in that it is frequently

deleted in breast cancer (Deng et al., 1994; Lin et al., 1996) and other types of

carcinoma (Kuniyasu et a1., 1994; Takahashi et al., 1995; Zenklusen et al.,

1995). One study found that a deletion in MET was associated with a more

aggressive breast cancer (Bièche et al., 1992). Furthermore, Met-HGF/SF

has been shown to be able ta mediate growth arrest and differentation of a

breast cancer cellline, T47D, supporting a tumor suppressor raIe for Met

(Ronen et al., 1999).

In this paper, we examine the possibility that Met may be

inactivated in certain human breast cancers. We demonstrate that Met

protein expression (p145Met) is decreased or absent in seven of 13 human

breast cancer celllines (54%
), which is in contrast to the high level of

expression of Met in two irnmortalized breast epithelial celllines (Figure
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1). Met is also highly expressed in normal breast epitheliurn in vivo, as

demonstrated by immunohistochemical studies (Lin et al., 1996). Varying

levels of expression of Met protein in breast cancer ceU lines and tumours

has been reported by others (Beviglia et al., 1997; Byers et al., 1994; Di

Renzo et al., 1991; Ghoussoub et al., 1998; Prat et al., 1991). Recently, this

has been interpreted to suggest that Met expression may be lost early in

breast tumorigenesis and regained later, an event which is associated with

increased aggressivity of the cancer (Ghoussoub et al., 1998). This

hypothesized two-stage involvement of Met in human breast

tumorigenesis could explain the conflicting evidence that has been

reported involving Met in breast cancer. In this paper, we suggest a

mechanism for the loss of the Met receptor, which has been hypothesized

to take place in the early stages of breast tumorigenesis.

We studied the expression pattern of Met mRNAs in an attempt to

determine whether the alterations in protein expression of Met was

correlated with changes in Met mRNA expression. In Northern blot

studies, we confirm the presence of two Met mRNA species, one of 8kb,

corresponding to the full-Iength Met mRNA, and the other a 7kb

altematively-spliced isofonn lacking exon 2 (Figure 2a). This corresponds

with the expression pattern of Met mRNA isoforms in other epithelial ceU

types (see Figure 2a) (Lin et al., 1998), and with the expression pattern of

Met mRNA in breast epithelium as reported by other groups (Beviglia et

al., 1997). Furthermore, by ribonuclease protection assays, we demonstrate

that the decreased levels of the p145Met protein in certain breast cancer

ceUlines is associated with decreased levels of the full-Iength Met mRNA

and an increase in the relative amount of the altematively-spliced 7kb Met
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rnRNA which fails ta express a protein product (Figure 2b).

The arginine-serine-rich (SR) splicing factors are a familyof

essential splicing prateins which are involved in alternative splicing

through their recognition of splice sites and splicing enhancers. They

influence changes in alternative splicing when their relative protein

concentrations are altered. Specific tissue types have distinct expression

patterns of SR proteins, and it has been suggested that alterations in the

leveIs of these proteins may be responsible for alterations in alternative

splicing throughout development (reviewed in Manley and Tacke, 1996;

Zahler et aL, 1993). Recently, alterations in expression patterns of SR

proteins has been described in mouse mammary tumorigenesis. These

stage-specifie alterations was found to be associated with changes in the

alternative splicing of CD44, a celI adhesion molecule implicated in

metastasis (Stickeler et aL, 1999).

Since the observed changes in alternative splicing of MET did not

correlate with mutations in the gene, we investigated the possibility that

the altered expression pattern of the SR proteins reported in mouse

mammary tumorigenesis might also exist in the human breast cancer cell

lines studied. We observe that the SR splicing protein profile in these

breast cancer celllines is altered from that expressed in normal epithelial

celllines (Figure 3). This is in agreement with the previously described

changes in mouse mammary tumorigenesis (Stickeler et aL, 1999).

Exon-skipping in tumorigenesis has been reported in ather genes,

including IRF-l in human myelodysplasia and leukemia (Harada et aL,

1994), and E-cadherin in gastric cancer (Becker et al., 1993). In sorne cases,

this has been shown to result from gene mutations within the exon or at

89



•

•

•

Chapter IV: lncreased exon-skieping 0/Met in breasl cancer.

the splice sites. However, in other cases, no mutation has been associated

with the observed increase in exon-skipping. Met inactivation has been

proposed to be an important development in human breast tumorigenesis

(Ghoussoub et al., 1998). We have confirmed that Met expression is lost or

diminished in a significant proportion of breast cancer celllines (54%
). We

have also shown that 10ss of Met is correlated with changes in alternative

splicing of the MET gene, which results in increased levels of exon 2­

skipped 7kb Met mRNA. Furthermore, the increased exon-skipping of Met

is not associated with any mutation in the affected exon or at its splice

sites. We propose that the observed exon-skipping of MET is one

mechanism of inactivation of Met in human breast cancer.

Recently, alterations in the expression pattern of SR proteins has

been described in mouse mammary tumorigenesis (Stickeler et al., 1999).

We propose that alterations in the SR protein expression pattern may

result in changes in alternative-splicing of MET and therefore affect the

expression of the Met receptor in human breast cancer ceUs. This may

contribute to the development of tumorigenesis, without necessarily

requiring mutations ta the MET gene itself, hence providing a novel

mechanism for gene inactivation.

90



•

•

•

Chapter IV: Increased exon..skipping ofMet in breast cancer.

Materials and methods

Cell lines.

Alllines were obtained from American Type Culture Collection.

Cell lines were maintained in the recommended culture medium.

Immunoprecipitation of Met and SR proteins and Western blotting.

Immunoprecipitations were carried out using a polyclonal anti-Met

C-terminal peptide antibody (Abl44) (Rodrigues et al., 1991) or mAbl04,

which recognizes a shared arginine-serine motif of SR protein family

members (Stickeler et aL, 1999). The immunoprecipitated proteins were

collected on protein A-Sepharose (Pharmacia) and washed three times

with TBE buffer. The proteins were separated on 8% SDS-PAGE,

transferred to nitrocellulose, and immunoblotted with the same antibody

used in the immunoprecipitations. Immune complexes were identified

with horse radish peroxidase (HRP) conjugated Protein A and revealed by

enhanced chemilurninescence (ECL) (Amersham).

RNA Northern blot analysis.

Total RNA was isolated from the ceIl lines using Trizol reagent

(Life Sciences, Inc.). For Northern blot analysis, 4OJ1g total RNA was

denaturated with formarnide and separated on a 1.2% denaturing

formarnide-formaldehyde agarose gel as described previously (Park et al.,

1986). Filters were hybridized for 48h at 420C with 2 x 106 cpm/ml of probe

in hybridizatian buffer (6X SSC, 50% formamide, 5X Denhardt, 1% SDS, 0.2

mg/ml salmon sperm DNA) and washed in 2X SSC-O.l% SDS at room

temperature far 30 min, then three times in O.2X SSC-O.l% SOS at 65°C
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(30min each wash). Full-Iength Met cDNA probe was labeled with [a-32p]­

dCTP by random primer labeling (Feinberg and Vogelstein, 1983).

Ribonuclease protection assays.

The riboprobe (Figure 2c) was prepared by combining 1J1g of

template DNA; transcription buffer (200mM PIPES, 2M NaCI, SmM

EDTA); 10mM DIT; 40U RNasin RNAse inhibitor; SOOmM ATP, CTP and

GTP; 12mM UTP, SOJlCi a-32p-UTP and 70U T7 RNA polyrnerase

(Pharmacia) and incubating for Ih at 37aC. After 1h, SOOmM UTP was

added and further incubated for Smin. The riboprobe was then treated

with RNase-free DNase at 37°C for 15min and then extracted with

chloropane and run through a Sephadex GSO spun column. Forty J.1g of

total RNA was annealed to 8x105 cpm of labelled riboprobe at 480C for 16h

in a solution containing 800/0 fonnamide; O.4M NaCI; O.4M PIPES, pH 6.4;

and ImM EDTA. RNA-RNA hyhrids were precipitated with 20llg of tRNA,

295f.1I of 4M guanidine thiocyanate and 590).11 of isopropanol. Pellets were

resuspended in fonnamide dye, denatured and electrophoresed on a 40/0

acrylamide-8M urea gel. Gels were dried and exposed at -8Dac.

Cycle sequencing of ceU fine DNA.

The appropriate purified genomic DNA from each cellline (500ng)

was used in cycle sequencing reactions with Met exon 2-specific primers to

determine the exon 2 and flanking intron sequences. These reactions were

carried out using the GibcoBRL dsDNA Cycle Sequencing System

(GibcoBRL, Burlington, Ontario) according to the instructions included in

the kit. The sequences of the primers are available from the authors.
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p170 (Met precursor) and p145Met (Met ~-chain) are detected in these lines.
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(a) Northem blotting for Met mRNA isoforms in carcinoma celllines. Two Met mRNA isoforms, 8kb and 7kb,
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8kb Met isoform; and 166nt, representing the 7kb rnRNA, are detected at variable levels in the breast carcinoma celllines.
(c) Structure of the 7kb exon 2-skipped Met mRNA isoform. Location of the ribonuclease probe used in (b) is indicated.
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Chapter V - General Discussion

1. Evidence suggesting a mIe for Met in breast cancer.

Within the past 10 years, several studies have suggested a potential

role for the Met receptor and/or HGF/SF in the development or

progression of human breast cancer. The evidence amassed has been

conflicting, with several reports suggesting that Met may function as a

tumor suppressor gene in breast cancer, and others reporting a role for Met

as a factor promoting the aggressivity and invasiveness of breast cancer.

These conflicting findings have not been fully resolved, and possibly

reflect the dual or multiple, complex raIes that the Met receptor actually

plays in the development of breast cancer.

Bièche and his colleagues were the first to describe loss of

heterozygosity (LOH) of MET in breast cancer, which was found to be

correlated with a poorer prognosis (Bièche et al., 1992). Shortlyafterwards,

several independent studies reported LOH of loci near the MET gene in

other carcinoma types, including gastric, colon, ovarian, prostate and head

and neck cancers (Kuniyasu et al., 1994; Muller et al., 1995; Odai et al., 1995;

Takahashi et al., 1995; Yang et al., 1996; Zenklusen et al., 1995; Zenklusen et

al., 1994). These reports sparked an interest in the potential existence of a

tumor suppressor gene at chromosome 7q31 which might function in

many different carcinorna types. MET is a potential candidate for this

tumor suppressor gene.

Met is a growth factor receptor tyrosine kinase that is expressed

predominantly on epithelial cells, including breast epithelial cells (Di

Renzo et al., 1991; Gonzatti-Haces et al., 1988; Lin et al., 1996; Prat et al.,
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1991; Yang and Park, 1995) . HGF/SF, the ligand for Met, is a

multifunctional soluble cytokine produced by mesenchymal cells,

including breast stromal cells ain et al., 1997; Niranjan et al., 1995; Rahimi

et al., 1994; Tuck et al., 1996). HGF/SF can stimulate mitosis and motility in

epithelial cells. In addition, HGF/SF is a potent modulator of epithelial­

mesenchymal transition, and induces the inherent morphogenic program

of epithelial cells in three-dimensional matrix culture (Brinkmann et al.,

1995; Montesano et al., 1991; Stoker et al., 1987; Weidner et al., 1990).

Moreover, HGF/SF promotes branching tubulogenesis in several breast

epithelial celllines when grown in three-dimensional culture conditions,

demonstrating that HGF/SF can induce differentiation in breast

epithelium (Berdichevsky et al., 1994; Soriano et al., 1995). Met and

HGF/SF expression varies during the developmental stages of the

mammary gland of the rat (pepper et al., 1995). HGF/SF also stimulates the

outgrowth of branching ductules from mouse mammary gland explants

(Yang et al., 1995). These results suggest that Met-HGF/SF interactions play

a crucial role in breast development. Hence, loss of Met function at a key

moment in this developmental process might destabilize epithelial

structure, and predispose the affected breast epithelial cells to

tumorigenesis.

II. The MET gene is deleted in human breast cancer.

The impetus for the work in this thesis was sparked by the findings

of (Bièche et al., 1992), reporting a high frequency (40%
) of loss of

heterozygosity of the MET genomic locus at chromosome 7q31, which

suggested that MET might be a tumor suppressor gene in breast cancer.
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However, the Bièche study used only one polymorphic marker, albeit

Iocated within the 3'-untranslated region of the MET gene. Thus, the size

of the deletion at chromosome 7q31 remained unknown, and the results

from this study could not be used to predict the identity of the tumor

suppressor gene whose deletion was presumed to be selected for in breast

cancer. Furthermore, several groups attempted to repeat the findings of

Bièche, but reported only infrequent LOH of chromosome 7q31 (0-4%)

(Devilee et al., 1991; Nagy et al., 1995). These results were then suggested to

reflect the randam loss of chromosome 7, rather than the specific deletion

of a tumor suppressor gene important in breast cancer. Thus, although the

tissue distribution and role of Met in breast epithelial differentiation made

it an attractive candidate for the potential tumor suppressor gene at 7q31,

the suggestion that there might be a tumor suppressor gene for breast

cancer at chromosome 7q31 remained controversial.

The initial goal of my thesis was two-foId: fust, to establish in an

independent study, whether a specific deletion of chromosome 7q31 was

selected for in human breast cancer, and secondly, to determine if MET

was included in the smallest common region of deletion, and is therefore

a candidate for a putative breast cancer tumor suppressor gene. In the

work described in chapter two, 73 breast cancers were obtained from the

pathology archives at the Royal Victoria Hospital in Montreal and from

Mount Sinaï Hospital in Toronto. 1 used a panel of 17 polymorphic

markers on chromosome 7, mostly located at 7q31, but including markers

from other regions of chromosome 7q and 7p, to study the extent of the

deletion of chromosome 7 in breast cancer. This study demonstrated that

chromosome 7 was not randomly lost in breast cancer, since all tumors
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with LOH of MET (nine in total or 12.30/0) had specific deletions of

differing sizes of chromosome 7, centered on 7q31 (see Figure 3, Chapter

II). By incorporating my data and that from a previous study of a subset of

the breast tumors studied by Bièche, (Zenklusen et al., 1994), 1 was able to

map the smallest common region of deletion of chromosome 7 in breast

cancer to a 1000kb region of chromosome 7q31, located between the

markers 075486 and metH (Lin et al., 1996; Chapter II). This included the

entire cocting region of the MET gene, but no other known genes.

We also reported a clarified order for polymorphie markers at 7q31

(see Figure 4, Chapter II), which helped to interpret conflicting results

reported by (Zenklusen et a!., 1994), suggesting that MET was not included

in the deletion of chromosome 7q31 in breast cancer. The clarified data

showed that MET was, in fact, deleted in that study.

My LOH data supported the possibility that MET might be the

tumor suppressor gene at chromosome 7q31 whose deletion was selected

for in certain breast cancers. Since Met had been shown to be expressed in

normal breast epithelium, it was important to determine whether breast

tumors with deletion of one allele of MET had lost expression of Met

protein, which would further support MET as a tumor suppressor gene for

breast cancer. Therefore, 1 performed immunohistochemical studies of

Met expression on sections of paraffin-embedded tumors which 1had

shown to have LOH at 7q31. These were compared with sections from

tumors without LOH and also with sections of normal breast tissue

obtained from reduction mammoplasties. 1showed that Met was

expressed in the normal breast epithelium, and that it was also detected in

tumors with and without LOH of chromosome 7q31 (Lin et al., 1996;
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Chapter II). However, since it was impossible to determine whether or not

the Met protein detected in these tumor ceUs was biologically active or not,

it is possible that the Met protein detected in tumors with LOH of 7q31 is

inactive. Thus, MET remains a potential candidate for the putative tumor

suppressor gene at chromosome 7q31.

III. Determination of the gene structure of MET and description of an

alternatively-spliced mRNA.

If MET is the turnor suppressor gene important for breast cancer at

7q31, Knudson's hypothesis (Knudson, 1971) would predict that a deletion

of one copy of the MET gene would be accompanied by a recessive,

inactivating mutation in the remaining copy of the gene. However, the

intron-exon structure of the MET gene had not been determined, and

therefore, sequence analysis of the MET gene in breast tumors with LOH of

7q31 was not possible. Therefore, in chapter three of this thesis, 1

elucidated the complete intron-exon structure of the MET gene (Lin et aL,

1998; Chapter 111).1 have also used flanking intron sequences to design

primers for the amplification of each individual exon of MET for use in

mutation analysis of MET in human tumors.

Establishing the intron-exon structure of the gene also revealed that

MET contains an unusually large coding exon, exon 2, which at 1214nt

long, was significantly larger than the average vertebrate exon (average

size, 137nt (Berget, 1995». This finding made Met unique among aIl

receptor tyrosine kinases studied to date. MET exon 2 also contains the

AUG start site for translation of the full-Iength Met protein. This large

exon is flanked by two extremely large introns (25kb and 31kb). Splicing
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studies of vertebrate genes suggested that such a large exon, flanked by

such large introns, would be inefficiently included in mRNA processing

(Berget, 1995). In fact, 1 demonstrated that a 7kb Met mRNA isoform which

had previously been doned in our lab resulted from skipping of exon 2.

This isofonn is found expressed in al1 normal tissues studied, and is the

second most abundant Met mRNA species. It contains one large open

reading frame, which is predicted to encode a smaller Met protein, lacking

the N-terminal region. However, no such protein could be detected in

vivo using an antibody to the Met carboxy-terminal region, nor was such a

protein expressed in a COS cell transient transfection assay. Thus, the exon

2 skipped Met mRNA isofonn does not encode protein in vivo (Lin et al.,

1998; Chapter III). The purpose of this mRNA product is not immediately

apparent, but may represent a form of regulation of expression of the Met

protein during development, with alterations in the relative amounts of

mRNA isoforms determining the expression level of Met protein. The

selection for inclusion of MET exon 2, despite its large size, suggests the

presence of splicing enhancer sequences, not yet identified, which aid in

the correct splicing of Met. Such enhancer sequences have been identified

in other genes, and have been shown to be important for the regulation of

alternative splicing through the binding of splicing proteins, such as the

SR protein family (discussed below) (reviewed in ManIey and racke, 1996).

IV. Study of the Met receptor in breast cancer celllines.

Investigation of the status of the MET gene and protein expression

in human breast cancer is difficult due to the relative lack of banked

specimens and their great demand by many investigators. The pathology
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specimens used for the LOH studies in the second chapter of this thesis

were inappropriate for more detailed study of Met mRNA or protein

expression due to the lack of fresh frozen tissue. Thus, to further

investigate Met in breast cancer, 1 turned to studying celllines derived

from human breast cancers. Many of these have been previously

characterized according to keratin expression, and their

invasive/aggressive properties have a1so been described in the literature.

While studying celllines is not ideal to elicit information about the role

Met might play in the development of breast cancer, it is a model which

can provide valuable insight into the possible situation in situ. Thus, in

the fourth chapter of this thesis, 1 examined the status of the Met receptor

in 13 breast cancer celllines, in comparison with two immorta1ized breast

epithelial ceU lines.

1 showed that in seven of these 13 breast cancer celllines, Met

protein expression is decreased or absent compared with two

immortalized breast epithelial celllines. Furthermore, the decreased

expression of wild-type Met protein is correlated with a relative inerease in

levels of the non-protein-encoding 7kb exon 2-skipped Met mRNA

isoform. However, this is not associated with any mutation in exon 2 or

the surrounding spliee sites.

Alternative splicing of genes is a tightly regulated process which

occurs in a eell-type or developmental-stage specifie manner. Coordinated

changes of alternative splicing patterns of genes is important in the

development of many tissue types, such as the immunoglobulin genes in

the development of B-celllymphocytes. The splicing reaction occurs in the

spliceosome, which is composed of five small nuclear ribonucleoproteins
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(snRNPs) and numerous other polypeptides. The early stages of

spliceosome assembly involves recognition of the 51 splice site by the U1

snRNP, and binding of the two subunits of the U2 snRNP auxiliary factor

(U2AF) to the polypyrimidine tract and the 3' splice site (Smith and

Valcarcel, 20(0). This is followed by the binding of other proteins, such as

the members of the SR splicing factor family. These proteins share an

arginine-serine-rich motif, and represent a family of splicing factors that

are important in the regulation of alternative splicing (reviewed in

Chabot, 1996 and Manley and Tacke, 1996). The N-terminal region of these

SR proteins contain RNA recognition motifs while their C-terminal

arginine-serine rich domains mediate protein -protein interactions with

similar domains in the UI snRNP and U2AF. SR proteins can bind to

exon splicing enhancer sequences, when these sequences are not masked

by the binding of other polypeptides, and in this way, influence alternative

splicing dedsions (Smith and Valcarcel, 20(0).

Recently, changes in the expression profile of SR splicing proteins

have been described in mouse mammary tumorigenesis (Stickeler et al.,

1999). To determine whether similar changes in SR proteins are present

in human breast cancer, the expression profile of SR proteins was

determined in aIl 13 breast cancer celllines as weil as normal human

mammary epithelial ceUs (HMEC) and two immortalized breast epithelial

cell lines (see Figure 3, Chapter IV). Interestingly, leveIs of the smallest

member of the SR protein family, SRp20, was found to be increased in six

of the seven celllines with increased exon 2-skipping of MET, as compared

with HMECs and two normal breast epithelial celllines (Lin et aL, 2000;

Chapter IV). This is in agreement with findings in mouse mammary
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tumorigenesis, where an increase in 5Rp2D is found in tumors and

metastases when compared with normal or pre-neoplastic cells (Stickeler

et al., 1999). The breast cancer celilines with normal or increased

expression of Met did not demonstrate increased 5Rp20 expression when

compared with HMECs or two immortalized breast epithelial ce1l lines

(see Figure 3, Chapter IV). It is possible that SRp20 plays an important raIe

in the alternative splicing of MET, and that the alterations seen in the

breast cancer celllines with increased exon 2-skipping of MET are a direct

result of the alterations in the levels of this SR proteine

It is not yet known whether other genes are similarly affected by this

alteration in the mechanism of alternative splicing. However, changes in

alternative splicing of the tumor suppressor gene WT1 and the androgen

receptor gene AR have been reported in human breast cancer (Silberstein

et al., 1997; Zhu et al., 1997). C044, a cell surface adhesion molecule and

receptor for hyaluronic acid, is also subject to alternative splicing in breast

cancer, and has been implicated in metastasis (reviewed in Goodison et al.,

1999). Alterations of SR splicing proteins in mouse breast tumors was

associated with increased alternative splicing of C044 (Stickeler et al.,

1999). These results suggest that changes in alternative splicing may be a

common mechanism for deregulation of genes important for the

progression of cancer.

v. The potential role of Met & HGF/SF in breast tumorigenesis.

A link between increased expression of Met or HGF/SF and a poorer

prognosis in breast cancer has been reported in the literature (Ghoussoub

et al., 1998; Yamashita et al., 1994). Several studies have found increased

115



•

•

•

Chaeter V: General Discussion

expression of both Met and HGF/SF in breast cancer ain et al., 1997; Tuck

et al., 1996; Yamashita et al., 1994). These findings were proposed to

support the fact that Met, as a member of the tyrosine kinase receptor

family, may function as a promotor of oncogenesis when deregulated, and

not as a tumor suppressor gene. Furthermore, activating mutations in the

MET gene, which cause the constitutive activation of the kinase activity of

Met, have been identified in patients with hereditary and spontaneous

papillary renal cell cancer Geffers et al., 1997; Schmidt et al., 1997).

In studies of Met expression in breast carcinoma cells to date, there

appears to be at least two patterns of Met expression.

Immunohistochemical studies show that normal breast epithelium and

benign proliferative disease are always positive for Met protein. However,

early stage breast cancers and well-differentiated breast cancer celllines

have very little or no Met protein expression (Beviglia et al., 1997; Byers et

al., 1994; Ghoussoub et al., 1998). More aggressive breast cancers and poorly

differentiated, invasive breast cancer celllines have been found to have

high levels of Met protein (Beviglia et al., 1997; Byers et al., 1994;

Ghoussoub et al., 1998). In agreement with this, the seven breast cancer cell

lines which demonstrated decreased or no Met expression in chapter four

have been classified as well-differentiated breast cancer celllines, while the

Met expressing celllines are poorly differentiated (Byers et al., 1994). This

apparent two-stage involvement of Met protein expression by breast

cancer cells has been interpreted to suggest that Met expression may be lost

early in tumorigenesis and then regained at a later stage, which is then

associated with increased aggressivity of the cancer (Ghoussoub et al.,

1998).
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The resolution to the conflicting findings regarding the role of Met

in breast tumorigenesis may lie in the complex role that Met plays in

mammary gland development. Met has been shown to be important for

the ductal differentiation of the mammary gland (Neimann et al., 1998;

Yang et al., 1995). Furthermore, (Ronen et al., 1999), demonstrated that the

creation of an autocrine HGF-Met signalling loop in the breast cancer cell

line T47D led ta the growth arrest and terminal differentiation of these

cens, supporting the role for Met and HGF in breast differentiation.

Presumably, well established protective factors for breast cancer, such as

early full-term pregnancy and lactation, are related to the early terminal

differentiation of the breast epithelium. It is possible that the later this

terminal differentiation takes place, the more risk a woman has for

developing breast cancer, due to the exposure of pleuri-potent breast

epithelial cells to carcinogenic insults. If Met is lost in breast epithelial cells

before terminal differentiation takes place, it may prevent those cens from

ever achieving complete terminal differentiation, and thus predispose

them to developing breast neoplasias later in life.

There may be at least two stages of breast tumorigenesis with

regards to Met receptor expression. In the first stage, Met is lost, either

through alterations in alternative splicing, as described in chapter four of

this thesis, or perhaps through deletion coupled with inactivating

mutations (as yet unidentified), as implied by the studies reported in

chapter two of this thesis. The loss of Met could be a factor contributing to

the initial stages of breast neoplasia, as discussed above. Once the breast

tumor develops, regaining Met expression, through mechanisms not yet

understood, may allow these cancer cens to gain mitotic and invasive,
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motile properties. This could lead ta increased aggressivity of the breast

cancers expressing Met protein. Experiments where Met is introduced into

non-invasive, well-differentiated breast cancer cell lines which normally

do not express Met, such as T47D and MCF7, support this theory (Beviglia

et al., 1997). In these studies, re-introducing Met resulted in these cells

becoming morphologically poorly-differentiated, with invasive properties

in vitro (Beviglia et al., 1997). This theory is further supported by findings

reported by (Ghoussoub et al., 1998) and (Camp et al., 1999), that several

breast cancers that initially demonstrated decreased levels or no Met

protein expression, became strongly positive in recurrences of the original

tumors.

The work in this thesis has identified two mechanisms through

which the Met receptor tyrosine kinase may be inactivated in breast cancer,

both of which may be important in the development of this disease. One

potential mechanism of inactivation of MET is through deletion at the

DNA level, which may be associated with inactivating mutations in the

remaining allele. This was identified by LOH studies, which found a

specific deletion of the MET gene on chromosome 7q31 in a small

percentage of the breast cancers studied (12.3%
; 9 of 73) (Lin et al., 1996).

Apart from one study showing a high frequency of LOH at chromosome

7q31 (40.5%) (Bièche et a1., 1992), this observation is in keeping with other

studies of the frequency of LOH of loci at 7q31 (00/0 to 27~tO) (Deng et al.,

1994; Devilee et al., 1991; Kerangueven et al., 1995; Nagy et al., 1995; Sato et

al., 1990), indicating that LOH of the MET gene may he found in a small

percentage of human breast cancers. Alternatively, a second mechanism

for the inactivation of Met was identified in a large percentage of breast
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cancer celllines (53.80/0; 7 of 13 lines), in which the alternative splicing of

the Met mRNA was found to he altered, resulting in decreased levels of

Met protein expression. If this high level of altered Met splicing is reflected

in breast cancers (not yet studied), then this mechanism May be more

important for the inactivation of Met than through mutation and

deletion. Thus, it is important to investigate this further by studying the

alternative splicing patterns of Met in breast tumours.

It is possible that both mechanisms for the inactivation of Met occur

in breast cancer. Immunofluorescence studies of Met in breast cancer cell

lines (data not shown) reveals that the Met protein expressed in celIlines

without an altered splicing pattern of Met shows altered intracellular

localization when compared to the membrane localization in other

epithelial cells. This may represent mutations in the MET gene which lead

to altered intracellular localization of the protein. Therefore, it is essential

to determine if such mutations exist in MET in these celllines, or if any

mutation exists in the breast cancers with LOH of MET, identified in

chapter two.

Traditionally, receptor tyrosine kinases have been thought of as

proto-oncogenes, and they are usually believed to contribute to cancer

development through their inappropriate activation. However, the work

in this thesis addresses the question of whether or not Met could function

as a tumor suppressor in breast cancer. 1 have shown that there are two

potential mechanisms for the inactivation of Met in human breast cancer.

Altematively, others have identified activating mutations in Met in

hereditary and sporadic papillary renal carcinoma and gastric cancer (Lee et

al., 2000; Olîvero et al., 1999; Schmidt et al., 1997). 1 believe that there may
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be dual roles for Met in human disease, similar to the Ret tyrosine kinase.

Activating mutations in the RET gene have been identified in the MEN 2

cancer syndromes and in familial medullary thyroid carcinornas (Jhiang,

20(0). However, inactivating mutations in the RET gene have also been

described in human disease. Loss of function mutations in RET are found

in Hirschprung's disease, a developmental disorder of the autonomic

innervation of the gut (Romeo et al., 1994). Although Hirschprung's

disease is not a neoplastic disorder, this finding provides evidence that

receptor tyrosine kinases may be involved in human disease through

inactivating mutations as weIl as the more usually described activating

mutations. Similarly, inactivating mutations may exist in the MET gene,

as suggested by the work in this thesis. Furthermore, the expression of

receptor tyrosine kinases in breast cancer varies widely. While

amplification and overexpression is seen with sorne receptor tyrosine

kinases such as erb-B2, whose amplification is associated with a poorer

prognosis(Dickson and Lippman, 1995), the expression of other receptor

tyrosine kinases such as FGF-1 and FGF-2 are actually lower in breast

cancers than that seen in benign or normal tissue (Bansal et al., 1995;

Yiangou et al., 1997). The significance of this has not yet been investigated,

but it is reasonable to assume that the decreased expression in breast cancer

of tyrosine kinases such as Met, FGF-1 or FGF-2 may be a selected event

that is important in the development of this disease, as much 50 as the

overexpression of other tyrosine kinases.
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Chapter VI • Contributions to Original Research

1) In the work reported in chapter two, 1 used an extensive set of

polymorphie markers on chromosome 7 to establish whether or not there

is selection for the deletion of a putative tumor suppressor gene at

chromosome 7q31 in breast cancer. This allowed me to determine that

deletion of the MET gene is a selected event in human breast cancer

tumorigenesis, and 1 also identified the smallest common region of

deletion of chromsome 7q31, which had not been done before. Using

immunohistochemistry, 1 aIso demonstrated that Met protein is expressed

in normal breast epithelial ceUs, and also in breast cancers that had a

deletion in the MET gene.

2) In the work reported in chapter three of this thesis, 1 identified the

complete intron-exon structure of the MET gene by PCR amplification and

cycle sequencing of Met sequences from genomic DNA. This had not

previously been determined, and now provides a valuable tool for

studying the regulation of the MET gene by alternative splicing, as weIl as

allowing mutation analysis of the MET gene in genomic DNA from cancer

ceUs. Furthermore, the elucidation of the MET genomic structure led to a

new understanding of a cDNA species that had previously been cloned in

our labo My data showing that MET had a single large exon, exon 2, which

contains the AUG for the full-length Met protein, led to the

understanding that Met undergoes alternative splicïng of this exon,

resulting in a ubiquitously expressed 7kb mRNA species. Although it had

been known for sorne time that this cDNA species did not encode Met
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protein, the significance of this data was not understood. However, my

data allowed me ta re-interpret the oid data, and determine that the

pOK8/14 cDNA resulted from alternative splicing of the MET gene.

3) In the work reported in chapter four, 1 demonstrated that half of the

breast cancer cell lines 1studied had decreased levels of Met protein or

lacked it altogether. This was significant, since all other celllines of

epitheliaI cell origin that had been studied had high expression of Met.

Furthermore, 1 used Northem blotting and ribonuclease protection

techniques ta demonstrate that the loss of Met protein in these breast

cancer cell lines is associated with increased levels of the 7kb altematively­

spliced Met mRNA lacking exon 2. 5înce this mRNA species does not

encode any protein, increased amounts of this isoform represents a noveI

mechanism for the inactivation of Met.
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