
AD-

AWARD NUMBER DAMD17-94-J-4510

TITLE: Study of the Met Tyrosine Kinase in the Pathogenesis of
Breast Cancer

PRINCIPAL INVESTIGATOR: Timothy C. Wang, M.D.

CONTRACTING ORGANIZATION: Massachusetts General Hospital
Boston, Massachusetts 02114

REPORT DATE: October 1998

TYPE OF REPORT: Final

PREPARED FOR: U.S. Army Medical Research and Materiel Command
Fort Detrick, Maryland 21702-5012

DISTRIBUTION STATEMENT: Approved for Public Release;
Distribution Unlimited

The views, opinions and/or findings contained in this report are
those of the author(s) and should not be construed as an official
Department of the Army position, policy or decision unless so
designated by other documentation.



",REPORT DOCUMENTATION PAGE Form Approved
OMB No. 0704-0188

Public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources,
gathering and maintaining the data needed, and completing and reviewing the collection of information. Send comments regarding this burden estimate or any other aspect of this
collectio,, of information, including suggestions for reducing this burden, to Washington Headquarters Services, Directorate for Information Operations and Reports, 1215 Jefferson
Davis Highway, Suite 1204, Arlington, VA 22202-4302, and to the Office of Management and Budget, Paperwork Reduction Project (0704-0188), Washington, DC 20503.

1. AGENCY USE ONLY (Leave blank) 12. REPORT DATE 3. REPORT TYPE AND DATES COVERED
I October 1998 Final (23 Sep 94 - 22 Sep 98)

4. TITLE AND SUBTITLE 5. FUNDING NUMBERS
Study of the Met Tyrosine Kinase in the Pathogenesis of Breast Cancer DAMD17-94-J-4510

6. AUTHOR(S)
Timothy C. Wang, M.D.

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING ORGANIZATION
Massachusetts General Hospital REPORT NUMBER
Boston, Massachusetts 02114

9. SPONSORING /MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSORING / MONITORING
U.S. Army Medical Research and Materiel Command AGENCY REPORT NUMBER
Fort Detrick, Maryland 21702-5012

11. SUPPLEMENTARY NOTES

12a. DISTRIBUTION / AVAILABILITY STATEMENT 12b. DISTRIBUTION CODE
Approved for Public Release; Distribution Unlimited

13. ABSTRACT (Maximum 200 words)

Receptor tyrosine kinases are important in cell signal transduction and proliferation. Abnormal
expression of tyrosine kinases often leads to malignant transformation. C-met is a tyrosine
kinase receptor and its ligand is hepatocyte growth factor (HGF). HGF/c-met plays diverse role
in regulation of cell growth, shape and movement. Constitutively activated met, such as tpr-met,
is a potent oncogene in vitro, but its carcinogenic role in vivo remains unclear. Our study
demonstrates that expression of tpr-met leads to development of mammary tumors and other
malignancies in transgenic mice, and suggests that deregulated met expression may be involved
in mammary carcinogenesis.

19991214 074
14. SUBJECT TERMS 15. NUMBER OF PAGES
Breast Cancer 25 'I

16. PRICE CODE

17. SECURITY CLASSIFICATION 18. SECURITY CLASSIFICATION 19. SECURITY CLASSIFICATION 20. LIMITATION OF ABSTRACT

OF REPORT OF THIS PAGE OF ABSTRACT

Unclassified Unclassified Unclassified Unlimited

NSN 7540-01-280-5500 Standard Form 298 (Rev. 2-89) USAPPC V1.00
Prescribed by ANSI Std. Z39-18 298-102



FOREWORD

Opinions, interpretations, conclusions and recommendations are
those of the author and are not necessarily endorsed by the U.S.
Army.

_ Where copyrighted material is quoted, permission has been
obtained to use such material.

Where material from documents designated for limited
distribution is quoted, permission has been obtained to use the
material.

Citations of commercial organizations and trade names in
this report do not constitute an official Department of Army
endorsement or approval of the products or services of these
organizations.

tI7in conducting research using animals, the investigator(s)
adhered to the "Guide for the Care and Use of Laboratory
Animals," prepared by the Committee on Care and use of Laboratory
Animals of the Institute of Laboratory Resources, national
Research Council (NIH Publication !':o. 86-23, Revised 1985).

For the protection of human subjects, the investigator(s)
adhered to policies of applicable Federal Law 45 CFR 46.

_zIn conducting research utilizing recombinant DNA technology,
the investigator(s) adhered to current guidelines promulgated by
the National Institutes of Health.

Z In the conduct of research utilizing recombinant DNA, the
investigator(s) adhered to the NIH Guidelines for Research
Involving Recombinant DNA Molecules.

J•in the conduct of research involving hazardous organisms,
the investigator(s) adhered to the CDC-NIH Guide for Biosafety in
Microbiological and Biomedical Laboratories.



Table of Contents

Cover

SF 298

Foreword

Table of Contents

Introduction 2

Body 4

Conclusions 10

References 12

Appendix



A 
DAMD17-94-J-4510

I. Introduction

There has been considerable progress in recent years in our

understanding regarding the molecular pathogenesis of breast cancer.

Important roles have been established for a number of oncogenes and tumor

suppressor genes, including p53, BRCA1, BRCA2, cyclin D-1, HER2/neu, and

c-myc (1-4). Like other solid tumors, breast cancers appear to proceed

through a multistep process involving a number of genetic alterations that

eventually lead to the malignant phenotype.

A number of recent studies suggest that the c-met gene may be

involved in the pathogenesis of breast cancer. The c-met gene was originally

identified as the transforming factor in a MNNG-treated osteosarcoma cell line

(HOS), and was activated through a chromosomal rearrangement (5-7). This

rearrangement involved the fusion of an upstream promoter sequence (tpr)

from chromosome 1 in front of the C-terminus of the met protooncogene on

chromosome 7. The tpr-met oncogene is activated through dimerization by a

leucine zipper domain present in tpr, leading to constitutive activation of the

tyrosine kinase region of met (8-10). Chromosomal rearrangement leading to

the tpr-met fusion product has been observed in some human gastric tumors

(11). However, in other tumors (including gastric cancers), the c-met gene is

not rearranged but is amplified and overexpressed, which leads to activation

of tyrosine kinase activity and a contribution to cellular transformation (12, 13).

The c-met gene codes for a 190 kDa receptor, which consists of two

subunits: an intracellular 50 kDa ax-subunit and a transmembrane 145 kDa P-

subunit (14). The ligand for the c-met receptor has now been established to

be hepatocyte growth factor (HGF), also known as scatter factor (15). HGF

appears to have diverse biologic effects, including roles in motility,

chemotaxis, regulation of cell shape, growth, and invasion (16-18). HGF was

originally identified as an important growth factor upregulated during liver

regeneration, but recent studies also indicate that HGF is capable of inhibiting

tumor growth (19, 20). Nevertheless, overexpression of HGF in transgenic
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mice leads to tumor development in a variety of tissues, including mammary

gland, skeletal muscle, and melanocytes, suggesting a functional link

between mechanisms regulating morphogenesis and those promoting

tumorigenesis (21). Most neoplasms, especially melanomas, demonstrated

overexpression of both the HGF transgene and endogenous c-met, and had

enhanced Met kinase activity, strongly suggesting that autocrine signaling

broadly promotes tumorigenesis.

While the c-met gene is widely expressed in many normal epithelial

tissues (including breast, intestine, stomach, colon, liver, pancreas, kidney,

etc.), levels of c-met gene expression are altered in a number of

malignancies. Interestingly, the c-met gene is amplified and overexpressed in

some tumors (such as thyroid, gastric, and intestinal tumors), but not in others.

In fact, in one study, expression of met was found to be absent in 15 of 15

primary breast cancers, whereas significant met expression was detected in 4

of 4 normal mammmary tissue specimens (22). In another very provocative

study, the c-met locus on chromosome 7 (7q21-22) was found to be deleted in

41% of 245 patients with primary breast cancer (23). In addition, patients with

LOH on chromosome 7q21-22 had significantly shorter metastasis-free

survival and overall survival. Studies by Vande Woude's group at the NIH

have suggested that the HGF-met autocrine loop plays a crucial role in the

morphogenesis of breast tissues (24). Taken together, these observations

raise the possibility that a region on chromosome 7, possibly the c-met gene,

may be the site of an important tumor suppressor gene.

In order to study the role of c-met in breast cancer, we have undertaken

wide ranging studies, including genetic and expression analyses of primary

breast cancers and breast cancer cell lines; biochemical studies aimed at

elucidating protein-protein interactions between the c-met intracellular

domain and downstream cellular targets; and mouse models, including

transgenic overexpression of the tpr-met chimeric gene and attempts at the

generation of c-met null mice. Below, we discuss the results of these studies,

and their possible contribution to future research in this area.
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I1. Body

Our studies have focused on the role of c-met in breast cancer

pathogenesis, and over the last 4 years we have pursued four lines of

investigation, as outlined in our initial grant proposal. While some of these

studies have been successful, a number of these studies have met with

limited success, or have been significantly revised or altered as a result of

findings from other laboratories which directly impacted our work.

In addition, progress during the last two years has been slowed

because of changes in personnel. The original principal investigator, Dr. T.

Jake Liang, left the MGH in 1996 and the original co-P.l., Dr. Timothy Wang,

assumed the role of principal investigator at that time. However, during this

transition, many of the research personnel involved in the study left the

project, and momentum was lost. Nevertheless, Dr. Wang and associates

have labored intensively on the study to complete the original goals of the c-

met project. Listed below is the progress made over the last several years,

and the overall conclusions of the study.

Task 1: Genetic alterations involving the c-met gene in breast cancer

Several previous studies suggested that breast cancers show little or

no expression of c-met compared with normal breast tissue (22). In addition,

loss of heterozygosity (LOH) of the c-met gene appeared to be common in

breast cancer (23). Therefore, we undertook a study of DNA, RNA, and

protein expression in a number of breast cancer cell lines.

These studies involved a total of 25 separate cell lines. The results are

summarized in Table I. Out of 25 cell lines, 11 showed decreased or absent

mRNA or protein expression. Out of the 16 "transformed" breast cancer cell

lines, 11 showed decreased or absent RNA or protein expression. However,

there did not appear to be any significant changes in the c-met gene in any of

these cases, as assessed by Southern blot analysis of restriction enzyme-

digested genomic DNA.
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To address this question of c-met expression in primary tumors (as

opposed to cell lines), we obtained several primary breast cancer specimens

obtained at the time of surgery. Five (5) primary breast cancers were obtained

and processed for DNA, RNA and protein. Three of five primary tumors

showed decreased or absent c-met expression by RNA or protein analysis,

but again no changes in DNA (i.e. no gross deletions, rearrangements or

amplifications) as detected on Southern blot analysis. We have made several

attempts at single-stranded conformation polymorphism, but these assays

have been mostly negative and it is unclear if our technique is sensitive

enough to rule out point mutations. As of yet, we have not carried out direct

sequencing of the c-met gene in the tumor DNA. However, at the present

time, it is our overall impression that while c-met expression is often

decreased in breast cancer, it may be a result of transcriptional silencing

rather than through genetic mutation or rearrangement. Our leading

hypothesis currently is promoter methylation, as possibility that we would like

to address in future studies.

Task 2: Studies on the cellular targets of the c-met protein.

In order to understand the molecular mechanisms of oncogenesis

involving c-met, we undertook studies to identify possible cellular targets of

the c-met protein. The c-met protein is a receptor tyrosine kinase (RTK) which:

is involved in the activation of intracellular signaling pathways, presumably

through its tyrosine kinase domain and interactions with other cellular

proteins. When we undertook these studies, several phosphoprotein had

been shown to be involved in the signaling pathway, but no direct physical

associations had been shown

In order to identify possible cellular targets of c-met, we utilized the

yeast two hybrid system developed at MGH by Dr. Roger Brent. We fused the

intracellular domain of c-met to the LexA DNA binding domain, and fused a c-

DNA library to the activation domain of LexA. In addition, we utilized a

construct in which the LexA binding site was cloned upstream of both the I3-
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Gal and Leu2 genes. This approach was well outlined in our initial grant

application and has been described previously (25, 26).

Using this yeast two hybrid approach, we were able to pull out a

number of cDNA clones which appeared to give a strong interaction. Four

clones were identified (MAP51, MAP 142, MAP191, MAP282) which resulted

in strong P-Gal activity in the presence of galactose. No significant induction

of P-Gal activity was observed when the yeast clones were grown in the

presence of glucose, or when only the cDNA was transfected (and not the c-

met/LexA construct required for DNA binding). Thus, these data indicated that

the interaction between c-met and the four clones appeared to be specific.

Over the last year, we have sequenced the four clones. Two of the

clones were found to encode for plasma proteins: MAP51 was found to be

identical to ox-l-antitrypsin, while MAP 191 was found to be identical to

apolipoprotein A. It was our judgement that these two proteins were unlikely

to be important cellular targets of c-met, given the fact that they are secreted

proteins and not intracellular signaling molecules. The other two clones

(MAP142 and MAP282) showed no homology to any known sequence in

either GenBank or a variety of EST data bases. Both cDNA clones appeared

to encode for open reading frames, however, and neither clone showed any

homology to the protein Gab1, which is a signal transduction adaptor recently

shown to interacts with the cytoplasmic domain of c-met (27).

Given the lack of homology of MAP142 and MAP282 to known

signaling molecules, we have begun to try to further define the significance of

this interaction through expression of these clones in vitro. The cDNA's were

subcloned into pGEX downstream of a GST tag and the constructs

transformed into bacteria and lysates analyzed for expression of the fusion

protein. Unfortunately, we were not able to detect expression of GST-tagged

proteins, suggesting either poor protein stability or insolubility of the fusion

protein. We are in the process of trying to express tagged cDNA's using

eukaryotic expression vectors (e.g. pcDNA3.1/His) in order to complete these

studies. In any case, future studies (not part of this grant project) will hopefully
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by carried out to determine the significance of the MAP142 and MAP282

interactions with c-met.

Task 3: Studies on transgenic mice expressing the tpr-met oncogene

We generated four MTl-trp-Met (MTM) transgenic lines, and

determined that 3 of the 4 lines showed significant expression of the met

oncogene. These three lines were extensively characterized for both

expression and for phenotypic effects of tpr-met expression, and the results

have be~en published (Ref. 28, J. Olin. Invest. 97:2872-2877, 1996). To

summarize briefly, a high frequency of mammary tumor development was

noted in all three lines of mice, with the onset of tumors in multiparous females

generally occuring at 10-14 months of age. The histology of these breast

cancers resembled closely human mammary tumors, with scirrhous, papillary

or nodular patterns of adenocarcinoma. In addition, the mice infrequently

developed other types of tumors, including diffuse lymphoblastic lymphoma,

thymid lymphoma, spindle cell sarcoma, and giant cell osteosarcoma (28).

Thus, these studies confirmed the oncogenic potential of the tpr-met

oncogenes, and the MTM transgenic mice represent one of the best histologic

models described so far for human breast cancer.

The MTM 1 and MTM 2 lines of transgenic mice were bred to

homozygosity, and the lines were sent to the Jackson Laboratory (per request

of the Jackson Labs) to be made available to other investigators working on

animal models of breast cancer.

In addition, we have carried out additional studies examining possible

synergistic interactions between tpr-met oncogene and other breast cancer

susceptiblity genes. As part of this approach, we have mated the MTM

transgenic mice to mice with genetic alterations in other tumor suppressor

genes or oncogenes. We have crossed the MTM-1 line either with p53

knockout mice or with transgenic mice overexpressing cyclin D1 in their

mammary epithelium. These MMTV-cyclin D1 have been previously reported

by our group (29). While these studies are still ongoing, preliminary results

suggest that overexpression of cyclin D1 or loss of one p53 allele may
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possibly accelerate the development of breast cancer in these mice.

Overexpression of tpr-met alone leads to the development of breast cancer at

S12 months of age in multiparous females. In mice carrying both tpr-met and

cyclin D1, it appears that the onset of breast cancer occurs somewhat earlier,

with several mice developing tumors at -9 months of age. Mice expressing

tpr-met and lacking one copy of p53 appear to develop tumors at - 10 months

of age. In both case, addtional studies with larger numbers of mice - currently

underway - will be required to determine if this acceleration of tumor formation

is statistically significant. Nevertheless, it is clear that the tpr-met transgenic

model will prove useful for further in vivo studies on the genetic mechanisms

involved in the development of breeast cancer.

Task 4: Targeted inactivation of c-met gene.

Previous studies suggested a potential important regulatory role for c-

met not only in breast cancers, but also in the morphogenesis of normal

mammary epithelium (24). In addition, while overexpression of tpr-met leads

to a high rate of induction of breast cancer in our MTM transgenic mouse

model, previous observations in humans have suggested that the c-met locus

on chromosome 7 may represent a tumor suppressor locus, rather than an

activating oncogene. This would imply that the tpr-met protein product was

possibly behaving more like a "dominant negative" for the normal tumor

suppressing function of the wild type c-met gene. However, a role for c-met as

a possible tumor suppressor gene has never been directly investigated.

In order to address this question, we undertook studies to generate c-

met deficient mice through targeted deletion of the murine c-met gene. We

cloned the murine c-met gene from a mouse SV129 genomic library, and

created a targeting vector through replacement of coding exons with the

neomycin resistance gene. Transfection of J1 ES cells was accomplished,

stable clones selected with G418 treatment, and several clones with

homologous recombination were selected by Southern blot analysis of

restricted DNA. We then planned to proceed with injection of these
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genetically modified ES cell clones into blastocysts, followed by breeding of

chimeric mice to generate homozygous knockout mice.

However, at this point, we learned that an identical study involving

knockout of the c-met gene had been successfully completed by a group in

Germany, and published in Nature (376:768-771). This study suggested an

essential role for the c-met receptor in the migration of myogenic precursor

cells into the limb bud, but the knockout phenotype did result in embryonic

lethality (30), such that a possible role in breast development or breast cancer

susceptibility could not be assessed. However, given this previous

publication and the embryonic lethal phenotype, we decided not to pursue or

replicate this "complete knockout" of the c-met gene in the mouse germline.

Instead, in order to address the possible role of c-met in breast

development, we have initiated an alternative approach, which is the tissue

specific, conditional "targeted" knockout of the c-met gene using the Cre-LoxP

approach. My laboratory, in collaboration with Dr. T. Jake Liang and Dr. Brian

Sauer of the NIH, are pursuing this avenue of research. My laboratory has

generated the MMTV-Cre construct, which is designed to overexpress the

recombinase Cre in mammary epithelium. This construct has a high

likelihood of success, given the experience our laboratory has had with MMTV

targeting vectors. Once these mice have been generated, we would then

cross these mice with mutant mice with homozygous knock-in of the c-met

gene flanked by LoxP sites. These latter mice will be generated at the NIH by

T. Jake Liang and colleagues. These latter studies were, unfortunately, not

completed within the time frame of the Army Grant, due to the disruptions

resulting from the change in P.I. as well as our being "scooped" by the

publication by Birchmeier's group (30). It is clear from the above Nature study

that knockout of the c-met gene is not able to answer the question of whether

c-met is a tumor suppressor gene for breast epithelium. Nevertheless, we

have been able to generate the necessary reagents which will allow future

studies which are designed to more directly address this question.
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Ill. Conclusions:

As a result of studies involving breast cancer cell lines and primary

breast tumors, we have observed altered expression of the met gene in the

majority of cell lines and tumors, consistent with a role for this gene in the

pathogenesis of breast cancer. In the majority of cell lines and tumors, met

gene expression appears to be decreased or absent, confirming previous

studies which have looked at this question. However, Southern blot analysis

did not show any clear rearrangements or gross deletions of the c-met gene,

suggesting the possibility of epigenetic regulation. However, neither our

group nor other groups have ruled out the possibility of point mutations in the

coding region (or promoter region) of the met gene, studies that will require

considerable effort to complete. Furthermore, based on recent experience

with several other tumor suppressor genes (such as MLH1), we would favor

the possibility that the c-met promoter may be silenced through a mechanism

such as methylation, and this possibility will hopefully be addressed in future

studies.

It is likely that met function is mediated through protein-protein

interactions, involving primarily the intracellular (kinase) domain of c-met.

Several of the downstream cellular targets of c-met have been identified. One

such downstream target, and one that interacts directly with c-met, is the

protein Gabi (27), which is related to DOS (for 'daughter of sevenless').

Using the technique of the yeast two-hybrid system, we have isolated and

subcloned four candidate clones for c-met interactors. While two of these

clones appear to be plasma proteins which are likely not cellular targets of c-

met, the other two clones (MAP142 and MAP282) appear to contain novel

DNA sequences which have not yet been reported. Future studies with these

clones, which will involve expression of the full length cDNA, definition of the

met binding domain, and tissue characterization using specific antibodies, will

hopefully determine whether these clones represent important c-met targets.

In addition, it will be interesting to test whether overexpression of MAP142
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and/or MAP282 are sufficient to induce c-Met-specific activities, such as

motility or branching morphogenesis.

Extensive studies have now been carried out in the MT1-TPR-MET

(MTM) transgenic lines, and these studies have been published (see attached

reprint). We have been able to demonstrate induction of tumor formation at

10-14 months in three separate transgenic lines, and histological analysis of

these tumors (by our collaborator, Dr. Cardiff, the world's expert on this

subject) suggest that the tumor histology resembles rather closely the

pathogology of human breast cancer. In addition, the tumors have been

shown to upregulate expression of the tpr-met transgene, indicating that

mammary adenocarcinoma arises as a direct consequence of tpr-met

expression. Similar upregulation of met expression has been demonstrated

in other transgenic cancer models, including those involving transgenic

overexpression of HGF. The MTM transgenic mice have been made available

to other investigators, courtesy of the Jackson laboratory, and further studies

are ongoing to determine possible synergy between tpr-met and other genetic

factors (cyclin D1 and p53 LOH) in breast cancer.

Finally, the possible role of c-met as a tumor suppressor gene remains

unanswered. Knockout of the c-met gene points to an important role in

development, but the embryonic lethality of the c-met homozygous knockout

limits any possible analysis of c-mets role as a tumor suppresor gene in

breast cancer models. We have created MMTV-Cre constructs which will be

used to generate transgenic mice, in preparation for studies on conditional

knockout of the c-met gene in mammary epithelium.

11



DAMD17-94-J-4510

IV. References

1. Guerin M, Barrois M, Terrier MJ, Spielmann M, Riou G. Overexpression
of either c-myc or c-erb-2.neu protooncogenes in human breast
carcinomas: correlation with poor prognosis. Oncogene Res 1988;3:21-
31.

2. Slamon DJ, Godolphin W, Jones LA, Holt JA, Wong SG, Keith DF, Levin
WJ, Stuart SG, Udove, UlIrich A, Press MF. Studies of the HER-2/neu
protooncogene in human breast and ovarian cancer. Science
1989;244:707-712.

3. Zhou DJ, Casey G, Cline MJ. Amplification of human int-2 in breast
cancers and squamous carcinomas. Oncogene 1989;4:105-108.

4. Futreal PA, Liu Q, Shattuck-Eidens D, Cochran C, Harshman K, Tavtigian
S, Bennett LM, Haugen-Strano A, Swensen J, Miki Y, Eddington K,
McClure M, Frye C, Weaver-Feldhaus J, Ding W, Gholami Z, Soderkvist
P, Terry L, Jhanwar S, Berchuck A, Iglehart JD, Marks J, Ballinger DG,
Barrett JC, Skolnick MH, Kamb A, Wiseman R. BRCA1 mutations in
primary breast and ovarian carcinomas. Science 1994;266:120-122.

5. Park M, Dean M, Cooper CS, Schmidt M, O'Brien J, Blair DG, Woude GV.
Mechanism of met oncogene activation. Cell 1986;45:895-904.

6. Chan AM-L, King HWS, Tempest PR, Deakin EA, Cooper CS, Brookes P.
Primary structure of the met protein tyrosine kinase domain. Oncogene
1987; 1:229-233.

7. Park M, Dean M, Kaul K, Braun MJ, Gonda MA, Woude GV. Sequence of
met protooncogene cDNA has features characteristic of the tyrosine
kinase family of growth-factor receptors. Proc Natl Acad Sci USA
1987;84:6379-6383.

8. Capetanaki Y, Kuisk I, Rothblum K, Starnes S. Mouse vimentin: structural
relationship to fos, jun, CREB, and tpr. Oncogene 1990;5:645-655.

9. Rodrigues G, Park M. Dimerization mediated through a Leucine zipper
activates the oncogenic potential of the met receptor tyrosine kinase. Mol
Cell Biol 1993;13:6711-6722.

10. Comoglio PM. Structure, biosynthesis and biochemical properties of the
HGF receptor in normal and malignant cells. In "Hepatocyte growth
factor-scatter factor and the c-met receptor", eds. Goldberg IE and Rosen
EM. 1993:131-165.

12



DAMD17-94-J-4510

11. Soman NR, Correa P, Ruiz BA, Wogan GN. The TPR-MET oncogenic
rearrangement is present and expressed in human gastric carcinoma
and precursor lesions. Proc Natl Acad Sci USA 1991;88:4892-4896.

12. Giordano S, Ponzetto C, DiRenzo MF, Cooper CS, Comoglio PM.
Tyrosine kinase receptor indistinguishable from the c-met protein. Nature
1989;339:155-156.

13. Comoglio PM. Structure, biosynthesis and biochemical properties of the
HGF receptor in normal and malignant cells. In "Hepatocyte growth
factor-scatter factor and the c-met receptor", eds. Goldberg IE and Rosen
EM. 1993:131-165.

14. Rodrigues GA, Park M. Isoforms of the met receptor tyrosine kinase. In
"Hepatocyte growth factor-scatter factor and the c-met receptor", ed.
Goldberg IE and Rosen EM. 1993:167-179.

15. Bottaro DP, Rubin JS, Faletto DL, Chan AM-L, Kmiecik TE, Vande
Woude G, Aaronson SA. Identification of the hepatocyte growth factor
receptor as the c-met proto-oncogene product. Science 1991;251:802-
804.

16. Faletto DL, Kaplan DR, Halverson DO, Rosen EM, Vande Woude GF. In
"Hepatocyte growth factor-scatter factor and the c-met receptor", ed.
Goldberg IE and Rosen EM. 1993:107-130.

17. Rowley JD. Identification of constant chromosome regions in human
malignant disease. Science 1982;216:749-751.

18. Giordano S, Ponzetto C, DiRenzo MF, Cooper CS, Comoglio PM.
Tyrosine kinase receptor indistinguishable from the c-met protein. Nature
1989;339:155-156.

19. Shiota G. Rhoads DB. Wang TC. Nakamura T. Schmidt EV.
Hepatocyte growth factor inhibits growth of hepatocellular carcinoma
cells. Proc Natl Acad Sci U S A. 89(1):373-7, 1992

20. Santoni-Rugiu E. Preisegger KH. Kiss A. Audolfsson T. Shiota G.
Schmidt EV. Thorgeirsson SS. Inhibition of neoplastic development in
the liver by hepatocyte growth factor in a transgenic mouse model. Proc
NatI Acad Sci U S A. 93(18):9577-82, 1996

21. Takayama H. LaRochelle WJ. Sharp R. Otsuka T. Kriebel P. Anver M.
Aaronson SA. Merlino G. Diverse tumorigenesis associated with
aberrant development in mice overexpressing hepatocyte growth
factor/scatter factor. Proc Natl Acad Sci U S A. 94(2):701-6, 1997

13



DAMD17-94-J-4510

22. Renzo MF, Narsimhan RP, Olivero M. Expression of the Met/HGF
receptor in normal and neoplastic human tissues. Oncogene
1991 ;6:1997-2003.

23. Bieche I, Champreme MH, Matifas F, Hacene K, Callanhan R, Lidereau
R. Loss of heterozygosity on chromosome 7q and aggressive primary
breast cancer. Lancet 1992;339:139-143.

24. Tsarfaty I, Resau JH, Rulong S, Keydar I, Faletto DL, Vande Woude GF.
The met proto-oncogene receptor and lumen formation. Science
1992;257:1258-1261.

25. Fields S, Song O-K. A novel genetic system to detect protein-protein
interactions. Nature 1989;340:245-246.

26. Gyuris J, Golemis E, Chertkov H, Brent R. Cdil, a human G1 and S
phase protein phosphatase that associates with Cdk2. Cell 1993;75:791-
803.

27. Weidner KM, Cesare SD, Sachs M, Brinkmann V, Behrens J, Birchmeier
W. Interaction between Gab1 and the c-met receptor tyrosine kinase is
responsible for epithelial morphogenesis. Nature 1996;384:173-176.

28. Liang TJ, Reid AE, Xavier R, Cardiff RD, and Wang TC. Transgenic
expression of tpr-met oncogene leads to development of mammary
hyperplasia and tumors. J. Clin. Invest. 97:2872-2877, 1996.

29. Wang TC, Cardiff RD, Zuckerberg L, Lees E, Arnold A, and Schmidt EV.
Proliferative abnormalities and carcinoma in mammary epithelium of
MMTV-Cyclin D1 transgenic mice. Nature. 1994; 369:669-672.

30. Bladt F, Riethmacher D, Isenmann S, Aguzzi A, Birchmeier C. Essential
role for c-met receptor in the migration of myogenic precursor cells into
the limb bud. Nature 1995;376:768-771.

14



DAMD17-94-J-4510

V. Appendix

Table 1: Altered c-met Expression in Breast Cell Lines.

Cell Line* Tumorigenic** DNA*** RNA# Protein

75N - + + ND
70N - + + +
81NN - + + ND
21NT - + + +
21PT - + + ND
18-2-1 - + + ND
1436N1 - + + ND
HBL-100 - + + +
Hs578Bst - + + +
MDA-MB-157 + + - ND
MDA-MB-231 + + - ND
MDA-MB-361 + + - ND
MDA-MB-435 + + + +
MDA-MB-436 + + + ND
MDA-MB-468 + + - ND
BT-474 + + - ND
BT-549 + + -
MCF7 + + -
MCF1OA + + + ND
T-47D + + - ND
ZR-75-1 + + - -

ZR-75-3 + + - -

DU4475 + + - -

Hs578T + + + -

SK-BR3 + + + -

The primary mammary cells 76N and 70N, and immortalized breast cell lines

21-NT, 21-PT, 18-2-1, and 1436N1 are from Ruth Sager; the remaining
cell lines are obtained thru ATCC.

* * "Nontumorigenic" is defined as inability to form tumor in nude mouse.
** * Absence of gross gene rearrangement by restriction and Southern blot analysis is

defined as "+".
# presence or absence of met mRNA was indicated by + or -.

ND: Not done
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Table 2. Interaction of Intracellular Domain of c-met with
Candidate cDNA Clones

3-gal Activity (U)
Yeast Plasmid Construct Glucose Galactose
LexA-MetCD + JG4-5 10 12
LexA-MetCD + JG4-5-MAP51 25 1939
LexA-MetCD + JG4-5-MAP142 26 2789
LexA-MetCD + JG4-5-MAP191 31 1897
LexA-MetCD + JG4-5-MAP282 27 2192
LexA + JG4-5-MAP51 17 19
LexA + JG4-5-MAP142 15 21
LexA + JG4-5-MAP191 11 14
LexA + JG4-5-PMAP282 13 16
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Abstract rangement, generating a chimeric gene, fusing an upstream
promoter-containing sequence (tpr) from chromosome 1 to

Receptor tyrosine kinases are important in cell signal trans- the carboxyl terminus of the met protooncogene on chromo-
duction and proliferation. Abnormal expression of tyrosine some 7. The fusion molecule (65 kD) contains the tyrosine ki-
kinases often leads to malignant transformation. C-met is a nase domain of the c-met protooncogene. The tpr sequence
tyrosine kinase receptor and its ligand is hepatocyte growth consists of a constitutive promoter and an open reading frame
factor (HGF). HGF/c-met plays diverse roles in regulation coding for a protein with strong sequence homology to nuclear
of cell growth, shape and movement. Constitutively acti- oncoproteins fos and jun, transcription factor CREB, and
vated met, such as tpr-met, is a potent oncogene in vitro, but members of intermediate filament multigene family (11). The
its carcinogenic role iin vivo remains unclear. Our study common feature among these molecules is that they contain a
demonstrates that expression of tpr-met leads to develop- leucine zipper which is required for dimerization and activa-
ment of mammary tumors and other malignancies in trans- tion of these proteins (12). Recent data demonstrated that tpr-
genic mice, and suggests that deregulated met expression met oncogene was indeed activated through this leucine zipper
may be involved in mammary carcinogenesis. (J. Clin. In- interaction, resulting in a constitutively phosphorylated and
vest. 1996. 97:2872-2877.) Key words: c-met - hepatocyte presumably active state of this tyrosine kinase molecule (13).
growth factor * receptor tyrosine kinase • carcinogenesis • Overexpression of normal c-met appears to be sufficient to
sarcoma activate tyrosine kinase activity, which may explain the trans-

forming potential of amplified c-met gene in some human tu-
Introduction mors (14). Met is frequently amplified and overexpressed in

various transformed cell lines and human tumors (15, 16). The
The c-met protooncogene encodes a tyrosine kinase receptor identification and characterization of other forms of c-met
of 190-kD protein. Hepatocyte growth factor (HGF)' is the demonstrated that abnormal processing of the extracellular
ligand of the c-met receptor (1). HGF is also known as hepato- domain of the protein can also result in constitutive activation
poietin and is identical to scatter factor, which affects the mo- of c-met (14). Similar to what has been described for other re-
tility, chemotaxis, and invasiveness of epithelial and endothe- ceptor tyrosine kinases, such as trk and ret protooncogenes
lial cells in culture (2-4). HGF has been shown to be the most (17-19), activating mutations affecting the extracellular or
potent growth factor for rat and human hepatocytes in primary transmembrane domain of c-met may .contribute to an onco-
cultures (5, 6). In addition to its mitogenic effect, HGF regu- genic potential of met in some human cancers. To date, no di-
lates cellular shape as a morphogen and cellular motility as a rect evidence exists demonstrating the oncogenic potential of
motogen (3). Recently, met-HGF/SF activation was also met in vivo. Therefore, in order to assess met as a candidate
shown to mediate mesenchymal to epithelial transition (7). oncogene in vivo, we examined the consequences of met onco-

The oncogenic form of c-met (tpr-met) was identified in a gene expression in transgenic mice. -

N-methyl-N'-nitro-N-nitrosoguanidine (MNNG)-treated hu-
man osteosarcoma cell line HOS (8-10). The activation of the
met oncogene was shown to occur via a chromosomal rear- Methods

Transgenic construction. The 2.2-kbp cDNA clone of the tpr-met on-
cogene (9) was inserted into an expression construct containing the

Address correspondence to T. Jake Liang, M.D., Liver Diseases Sec- 1-kB mouse metallothionein 1 (MTI) promoter (20) and the SV40
tion. National Institutes of Health. NIDDK Building 10-9B16, 10 small T intron and polyadenylation signal. The MT-tpr-met construct
Center Dr., Bethesda, MD 20892. Phone: 301-496-1721: Fax: 301-402- was transfected into COS cells and expression of the tpr-met protein
0491; E-mail: liangtj@bdg.niddk.nih.gov was demonstrated by Western blot analysis (not shown). A linearized

Received for publication 21 November 1995 and accepted in re- fragment from the MT-tpr-met construct was injected into fertilized
vised form 27 March 1996. mouse (FVB/n X FVB/n) eggs following established protocols. 33 po-

tential founder pups were screened for transgene incorporation by
1. Abbreviation used in this paper: HGF, hepatocyte growth factor. Southern blot analysis. Four founder lines positive for the transgene

were identified (MM1-4). Three founders transmitted the transgene
J. Clin. Invest. to their progeny in a Mendelian fashion, while the fourth line ap-
© The American Society for Clinical Investigation. Inc. peared to be a mosaic.
0021-9738/96/06/2872/06 $2.00 Analysis oftpr-met transgene expression. RNAs were extracted
Volume 97, Number 12, June 1996, 2872-2877 from various tissues using RNAzol (Bioteex Laboratories, Inc., Hous-
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Table L. Tumor Incidence in MTM Transgenic Strains ton, TX), subjected to Northern blot analysis, and hybridized with 3P

labeled human c-met cDNA under stringent condition. RT-PCR was
Mice in Mice with Independent performed using an antisense primer from the SV40 polyadenylation

Transgenic continuous mammary mammary Mean age Mice with sequence (5' CCTGAAATGAGCCITGGGA 3') as the RT primer
line breeding tumors* tumors of onset' other tumors# and a sense primer from the COOH terminus of the tpr-met sequence

MTM1* 10 6 7 317 3 (5' TCTITGCTCCITGCCATAGG 3') as the second primer. Con-
trol reactions without RT were performed in parallel for each sam-

MTM2 8 3 7 394 1 pies. For analysis of protein, tissues were homogenized using a
MTM3 8 2 3 433 2 Dounce homogenizer in the presence of RIPA buffer containing pro-

tease inhibitors. For analysis of protein phosphorylation, phosphatase
inhibitors (100 mM NaF, 20 mM disodium p-nitrophenyl phosphate,

Cohorts of mice in each of the MTM transgenic strains were observed 10 mM disodium-bis-glycerophosphate, 10 mM tetrasodium pyro-
for tumor development. Mammary and other tumors were observed in phosphate, 1 mM sodium othovanadate) were also included in the .ly-
all strains. *Parallel cohort of nontransgenic litter mates (15) were set sis buffer. Cell lysates were cleared of nuclei and other cell debris by
up for continuous mating as controls and none of the mice developed centrifugation and subjected to SDS-PAGE (reducing condition) and
tumors at one and half years of age. t Data reported as mean age in days Western blot analysis with anti-met 19 S monoclonal antibody (from
of detection of breast tumors. 'These animals were not included in the George Vande Woude) in 1:1000 dilution using a chemiluminescence
cohort of female mice in continuous breeding. One female MTM1 ani- kit (Amersham).
mal developed diffuse lymphoma at 9 mo of age and a male had meta-
static spindle cell sarcoma at two years of age. An orbital osteosarcoma
was noted in the third male MTM1 animal at 18 mo of age. One MTM2 Results
male mouse was noted to have two lesions: one squamous papilloma
and the other rectal spindle cell sarcoma. Two female MTM3 animals Three lines positive for tpr-met transgene were successfully es-
developed lymphoma, one thymic and the other diffuse at an early age tablished. An F1 female animal from the MTM1 line, after
of 3 mo. breeding for 6 mo, developed a mammary cancer. Nine addi-

VV

• .B , i.

Figure 1. Photomicrographs illustrating the progression from mammary hyperplasia to mahignancy in the tpr-met transgenic mouse. (A) A fat-

cleared, hematoxylin-stained mammary gland whole mount preparation showing large foci of mammary hyperplasia which stand out from the

background as dark lobular structures (arrows) (x17). (B) A photomicrograph showing-a focal hyperplastic alveolar nodule which stands out

from the general background of mammary fat and ducts (×88). (C) A high magnification of a scirrhous carcinoma in a tpr-met transgenic mouse

(x220). (D) A high magnification illustrating the papillary type of tumor from a tpr-met transgenic mouse (x220).
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Figure 2. Photomicrographs illustrating two other tumors found in the tpr-met transgenic mouse. (A) A low magnification showing a small cell
lymphoma which diffusely infiltrates a mammary fat pad leaving a cystically dilated duct (arrow) and several smaller mammary ducts (compare
with lb) (X88). (B) A high magnification photomicrograph illustrating a poorly differentiated giant cell tumor with osteoid formation (X220).

tional F1 females from this line, eight from line MTM2, and Additional tumors were also found in animals from all
eight from line MTM3 were set up for forced continuous three lines (Table I). Single animals from MTM1 and MTM3
breeding (Table I). Most of the multiparous mice had mam- lines developed diffuse lymphoblastic lymphomas involving
mary hyperplastic alveolar nodules (HAN) (Fig. 1, A and B) the mammary gland and lymph nodes (Fig. 2 A) at 6-9 mo of
and several of them also had foci of microscopic carcinoma on age. One MTM3 mouse developed a thymic lymphoma. Spin-
whole mount examination. Seven primary mammary tumors die cell sarcomas were also observed in MTM2 and MTM1
developed in six of the MTM1 animals. In the MTM2 line, mice. An unusual orbital giant cell osteosarcoma was noted in
seven independent mammary tumors developed in three fe- another MTMl animal at 18 mo of age.
male animals. In the third line (MTM3), three mammary tu- Northern blot analysis was performed on total RNAs ex-
mors were observed in two animals. The mammary tumors tracted from various tissues and breast tumors. Only the breast
had one of three patterns, scirrhous, papillary, or nodular (Fig. tumors contained detectable tpr-met transcripts in the ex-
1, C and D), many of them resembling human mammary tu- pected size range (Fig. 3 A), whereas no signal was detected in
mors. The nuclei were intermediate in size with delicate any of the normal tissues examined (liver, stomach, intestine,
clumped chromatin. Histological patterns of these types have breast, kidney, spleen). To improve the sensitivity of detecting
not been seen in spontaneous murine tumors (21). low levels of the tpr-met transcript, RT-PCR was performed

A 1 2 3 4

- Uv Spi Kid Cal Pan Bre BT 51
RT +, -, + +. + +- + - +.*

. - 484 bp

OAPDH, I 4
1 2 3 4 5 67 8 10 11 12 15 14 15 16

Figure 3. Analysis of tpr-met mRNA in MTM transgenic mice. (A) Expression of tpr-met mRNA in mammary tumors. RNAs were extracted
and subjected to Northern blot analysis using a 32 P-labeled human c-met cDNA under stringent condition. An expected 2.5-kb RNA was de-
tected. Some larger species of tpr-met RNA was also detected in some samples. Three mammary tumors (lanes 2, BT4; lane 3, BT3; lane 4, BT2)
and one lymphoma (lane 1, Lyl) were analyzed in this blot. In contrast, tpr-met mRNA was hot detected in normal tissues form both transgenic
and nontransgenic litter mates (not shown). (B) Detection of tpr-met transcripts by reverse transcription-polymerase chain reaction (RT-PCR).
Extracted RNAs from various tissues were subjected to RT-PCR as described (lanes as indicated). Control reactions without RT (-) were per-
formed in parallel for each samples. Tissues shown include liver (Liv), spleen (Spl), kidney (Kid), colon (Col), pancreas (Pan), breast (Bre), and
two brewast tumors (BT2 and 3). 10 jig of RNA was used for RT-PCR of all samples except for the mammary tumors where 1 jig was used for
the reaction.
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Figure 4. Analysis of tpr-met protein in tumors. (A) Tissues were homogenized using a Dounce homogenizer in the presence of RIPA buffer
containing protease inhibitors. Cell lysates were cleared of nuclei and other cell debris by centrifugation, and 100 Rig of lysates were subjected to
Western blot analysis with anti-met 19S monoclonal antibody (from George Vande Woude) in 1: 1000 dilution using a chemilumninescence kit
(Amersham). A parallel control blot was set up using preimmune mouse serum. For positive controls (tpr-met and c-met), 20 ±Lg of cell lysates
from COS cells transfected with a tpr-met expression plasmid and HepG2 cells which expresses the 140-kD c-met protein were included. The
lanes are as indicated and include data from seven breast tumors (BTI-7), two lymphomas (Lyl and 2) and a transgenic: liver. The top panel rep-
resents the blot probed with the 19S antibody and the bottom is the control. A specific 65-kD protein (arrowhead) was detected in most of the
tumors and the tpr-met transfected cells. As expected, a 140-kD protein was detected in the HepG2 cells. (B) Analysis of tyrosine phosphoryla-
tion of tpr-met in tumors. 100 1Lg of Cell lysates (containing phosphatase inhibitors) from three breast tumors (BT5-7, lanes 3-5) and liver (lane
6) were immunoprecipitated with 19 S antibody, electrophoresed under reducing condition, and subjected to Western immunoblot with anti-
phosphotyrosine antibody (Santa Cruz Biotechnology). As controls, 20 pRg of cell lysates from untransfected COS cells (lane 1) and COS cells
transfected with tpr-met expression construct (lane 2) were included. The 65-kD protein (arrowhead) was recognized specifically by the antibody
since a parallel control blot using preimmune mouse serum was negative. The 50- and 25-kD bands detected on these blots are immunoglobulin
heavy and light chains.

on RNAs extracted from these tissues. Using primers specific Discussion
for the transgene, we were able to detect tpr-met transcripts in
all the normal tissues (Fig. 3 B) Although the primers were de- The pattern and occurrence of mammary hyperplasia and tu-
signed to span the SV40 intron, we detected PCR products of mors in the tpr-met transgenic strains support strongly the con-
both unspliced and spliced RNA (differing by 66 nt) in all the clusion that these lesions are a direct effect of the transgene.
samples. This observation, however, is consistent with the pre- Hyperplasia and tumors developed in all three independent
vious findings that SV40 intron is not particularly efficient in transgenic lines (MTM1, MTM2, and MTM3). In addition, 15
splicing (22). Western Immunoblot, performed on protein ly- FVB/n multiparous mice were followed for the same length of
sates extracted from various tumors, showed detectable ex- time (average 1.5 yr) and did not develop any tumors. This ob-
pression of tpr-met protein in most tumor tissues (Fig. 4 A). servation is consistent with other investigators' experiences
Analysis of normal tissues from all three lines of transgenic an- with the FVB/n strain (23). Furthermore, occurrence of multi-
imals revealed no detectable tpr-met protein expression (not pie independent mammary tumors, as observed in some of our
shown). In these tumors, the tpr-met protein also appeared to animals, is rare in spontaneous breast tumors of normal mice.
be phosphorylated on the tyrosine residue (Fig. 4 B). This The use of a cellular promoter (metallothionein) rather
finding is consistent with the previous observation that tpr-met than the MMTV promoter to drive the tpr-met transgene fur-
protein is constitutively phosphorylated and activated through ther speaks for the uniqueness of this animal model in the
dimerization (13). study of mammary carcinogenesis. The metallothionein pro-
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moter enabled us to express low levels of tpr-met in a variety alone appears to be equally potent as the co-expression of
of tissues, including not only mammary epithelium but also met-HGF/SF, consistent with the observation that the tpr-met
liver, spleen, kidney, and colon. Our finding that MT-tpr-met is constitutively activated. Furthermore, it is interesting to note
transgene mice developed a predominant breast cancer pheo- that expression of tpr-met, but not of met-HGF/SF, appears to :
type might suggest that mouse mammary epithelium is suscep- allow growth of transfected cells and tumor formation in heter-
tible to transformation by the tpr-met oncogene. In addition, it ogeneic immune competent mice (7). The precise mechanism
is interesting to note that only mammary tumors expressed by which tpr-met mediates this effect is unknown; it is possible
high-level of the tpr-met transcript and protein, whereas nor- that expression of tpr-met allows cells to escape immune sur-

mal tissues including mammary epithelium expressed low veillance. This intriguing idea underlies the possibility that tpr-
level. Perhaps, during physiological hyperplasia of mammary met induces tumor formation in our transgenic mice through a
glands as a result of pregnancy, cells expressing higher levels of mechanism independent of mitogenic effect of tpr-met. Fur-

the oncoprotein were selected and clonally expanded to even- ther studies are necessary to resolve this issue. Although the
tually form foci of mammary malignancy. This observation tpr-met oncogene was originally generated by chemical mu-
suggests that in this transgenic model, mammary adenocarci- tagenesis in vitro and its existence has not been shown defini- ':

noma developed as a direct effect of high-level expression of tively in vivo, our study demonstrates that deregulated met ex-
tpr-met. This is in contrast to some of the other transgenic pression can lead to development of mammary tumors in
models of breast cancer, in which basal expression of the trans- transgenic mice. This observation suggests that genetic alter-
gene is high in normal epithelium (23). The reason for the rela- ations involving c-met may play an important role in the
tively low level expression of the tpr-met transgene in all three pathogenesis of human breast cancers. Furthermore, this
lines is not clear. Since the metallothionein promoter is consid- transgenic line with high incidence of breast tumors can be a
ered a relatively strong promoter and the transgene construct useful animal model for study of genetic and pathological al-
appears to work well in cell culture, the low RNA levels in var- terations involved in the progression of mammary carcinogen-
ious tissues could be due'to instability and short half-life of the esis.
tpr-met transcript or to embryonic lethality of high level ex-
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