
UNCLASSIFIED

AD NUMBER

ADB275099

NEW LIMITATION CHANGE

TO
Approved for public release, distribution
unlimited

FROM
Distribution authorized to U.S. Gov't.
agencies only; Proprietary Info.; Sep
2001. Other requests shall be referred to
U.S. Army Medical Research and Materiel
Command, 504 Scott St., Ft. Detrick, MD
21702-5012.

AUTHORITY

USAMRMC ltr, 28 Aug 2002

THIS PAGE IS UNCLASSIFIED



4

AD

Award Number: DAMD17-96-1-6052

TITLE: Isolation of Breast Tumor Suppressor Genes from
Chromosome llp

PRINCIPAL INVESTIGATOR: Pratima Karnik, Ph.D.

CONTRACTING ORGANIZATION: Cleveland Clinic Foundation
Cleveland, Ohio 44195

REPORT DATE: September 2001

TYPE OF REPORT: Final

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

DISTRIBUTION STATEMENT: Distribution authorized to U.S. Government
agencies only (proprietary information, Sep 01). Other requests
for this document shall be referred to U.S. Army Medical Research
and Materiel Command, 504 Scott Street, Fort Detrick, Maryland
21702-5012.

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.

"2002O215 030



NOTICE

U-SING GOVERNMENT DRAWINGS, SPECIFICATIONS, OR OTHER
DATA INCLUDED IN THIS DOCUMENT FOR ANY PURPOSE OTHER
THAN GOVERNMENT PROCUREMENT DOES NOT IN ANY WAY
OBLIGATE THE U.S. GOVERNMENT. THE FACT THAT THE
GOVERNMENT FORMULATED OR SUPPLIED THE DRAWINGS,
SPECIFICATIONS, OR OTHER DATA DOES NOT LICENSE THE
HOLDER OR ANY OTHER PERSON OR CORPORATION; OR CONVEY
ANY RIGHTS OR PERMISSION TO MANUFACTURE, USE, OR SELL
ANY PATENTED INVENTION THAT MAY RELATE TO THEM.

LIMITED RIGHTS LEGEND

Award Number: DAMD17-96-1-6052
Organization: Cleveland Clinic Foundation

Those portions of the technical data contained in this report marked as
limited rights data shall not, without the written permission of the above
contractor, be (a) released or disclosed outside the government, (b) used by
the Government for manufacture or, in the case of computer software
documentation, for preparing the same or similar computer software, or (c)
used by a party other than the Government, except that the Government may
release or disclose technical data to persons outside the Government, or
permit the use of technical data by such persons, if (i) such release,
disclosure, or use is necessary for emergency repair or overhaul or (ii) is a
release or disclosure of technical data (other than detailed manufacturing or
process data) to, or use of such data by, a foreign government that is in the
interest of the Government and is required for evaluational or informational
purposes, provided in either case that such release, disclosure or use is made
subject to a prohibition that the person to whom the data is released or
disclosed may not further use, release or disclose such data, and the
contractor or subcontractor or subcontractor asserting the restriction is
notified of such release, disclosure or use. This legend, together with the
indications of the portions of this data which are subject to such
limitations, shall be included on any reproduction hereof which includes any
part of the portions subject to such limitations.

THIS TECHNICAL REPORT HAS BEEN REVIEWED AND IS APPROVED FOR
PUBLICATION.

& /i 8/200



Form Approved
P REPORT DOCUMENTATION PAGE OMB No. 074-0188

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 this collection of information. Send comments regarding this burden estimate or any other aspect of this collection 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 anM Budget, Paperwork Reduction Project (0704-0188), Washington, DC 20503

1. AGENCY USE ONLY (Leave blank) 1 2. REPORT DATE 3. REPORT TYPE AND DATES COVERED

ISeptember 2001 I Final (23 Aug 96 - 23 Aug 01)
4. TITLE AND SUBTITLE 5. FUNDING NUMBERS

Isolation of Breast Tumor Suppressor Genes from Chromosome DAMD17-96-1-6052
llp

6. AUTHOR(S)
Pratima Karnik, Ph.D.

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING ORGANIZATION
REPORT NUMBER

Cleveland Clinic Foundation
Cleveland, Ohio 44195

E-mail: kamikp@ccf.org

9. SPONSORING / MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSORING / MONITORING
AGENCY REPORT NUMBER

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

11. SUPPLEMENTARY NOTES
Report contains color

12a. DISTRIBUTION / AVAILABILITY STATEMENT 12b. DISTRIBUTION CODE
Distribution authorized to U.S. Government agencies only
(proprietary information, Sep 01). Other requests for this
document shall be referred to U.S. Army Medical Research and
Materiel Command, 504 Scott Street, Fort Detrick, Maryland 21702-5012.

13. ABSTRACT : In published studies, we have shown that chromosome 1lp15.5
exhibits loss of heterozygosity (LOH) in -60% of breast tumors, and that there is a
significant correlation between I lp LOH, lymphatic invasion and aggressive metastatic
disease. Our data suggests that chromosome 11p 15 .5 harbors a tumor/metastasis
suppressor gene. An intriguing candidate gene that we have mapped to the
tumor/metastasis suppressor locus on chromosome l1pl5.5 is Integrin-linked kinase
(ILK). ILK is a newly identified ankyrin-repeat containing serine/threonine kinase that
binds to the cytoplasmic domains of both l1 and the 63 integrins. Here, we present
evidence that the Integrin-Linked Kinase (ILK) gene maps to the commonly deleted
chromosome 11 p15.5 and suppresses malignant growth of human breast cancer cells both
in vitro and in vivo. ILK is expressed in normal breast tissue but-not in metastatic breast
cancer cell lines or in advanced breast cancers. Transfection of wild-type ILK into the
MDA-MB-435 mammary carcinoma cells potently suppressed their growth and
invasiveness in vitro, and reduced the cells' ability to induce tumors and metastasize in
athymic mice. Conversely, expression of the ankyrin repeat or catalytic domain mutants of
ILK failed to suppress the growth of these cells. Growth suppression by ILK is not due to
apoptosis but is mediated by its ability to block cell cycle progression in the GI phase.
These findings directly demonstrate that ILK deficiency facilitates neoplastic growth and
suggest a novel role for the ILK gene in tumor suppression.

14. SUBJECT TERMS 15. NUMBER OF PAGES
Breast Cancer, 11 p 15.5, loss of heterozygosity, 40
Integrin linked kinase, Tumor suppressor, cell cycle arrest, Nude mouse assay 16. PRICE CODE

17. SECURITY CLASSIFICATION 18. SECURITY CLASSIFICATION 1 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)
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.

X In 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 No. 86-23, Revised 1985).

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

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

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

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

PI - Signature Date .

3



Table of Contents

C over ................................................................................................

SF 298 ................... ; ........................................................................ 2

Foreword ........................................................................................ 3

Table of Contents ........................................................................... 4

Introduction ................................................................................... 5

Body ................................................................................................. 5-9

(unpublished)

Key Research Accomplishments ....................................................... 12

Reportable Outcomes ......................................................................... 12-13

Conclusions ...................................................................................... 9-12

References ....................................................................................... 14-15

Appendices ..................................................................................... 16

Figure 1
Figure 2
Figure 3
Figure 4
Figure 5
Figure 6
Figure 7

Figure Legends ...................................................................... v ........... 17-18

Manuscripts

List of Personnel ............................................................................. 19



A. INTRODUCTION:
Genetic alterations at the short arm of chromosome 11 are a frequent event in the

etiology of cancer. Several childhood tumors demonstrate LOH for I lp including
rhabdomyosarcoma (1), adrenocortical carcinoma (2), hepatoblastoma (3), mesoblastic
nephroma (4) and Wilms' tumors (5). Recurrent LOH at 1 lp is also observed in adult
tumors including bladder (6), ovarian (7), lung carcinomas (8), testicular cancers (9),
hepatocellular carcinomas (10) and breast carcinomas (11,12), suggesting the presence of
one or more critical tumor gene(s) involved in several malignancies. We have identified
loss of heterozygosity (LOH) of 1 p 15 and microsatellite instability at a specific marker
D 1IS988 on chromosome I lp15 as late genetic events in mammary tumorigenesis (11).
This suggests a crucial role for this region in breast cancer progression. More recently, we
have mapped and identified two distinct regions on chromosome 1 lp15 that are subject to
LOH during breast tumor progression and metastasis (12). We have found a significant
correlation between loss of heterozygosity at the two chromosomal regions and the clinical
and pathological features of the breast tumors. LOH in region 1 correlated with tumors that
contain ductal carcinoma in situ synchronous with invasive carcinoma. This suggests that
the loss of a critical gene in this region may be responsible for early events in malignancy
or invasiveness. LOH at region 2 correlated with clinical parameters which portend a more
aggressive tumor and a more ominous outlook for the patient, such as aneuploidy, high S-
phase fraction and the presence of metastasis in regional lymph nodes. Our data strongly
suggests the presence of a metastasis suppressor gene on chromosome 1 lp 15 .5 (12).
Winquist et al (13) have shown that LOH for chromosome 1 lp15 is associated with poor
survival after metastasis. The association between 1 lp LOH, tumor progression and
metastasis, that we describe, is analogous to the observations made in other epithelial
tumors. For example, LOH at I lp correlated with advanced T stage and nodal involvement
in Non-small cell lung carcinoma (14) as well as subclonal progression, hepatic
involvement (15), and poor survival in ovarian and breast carcinomas (7,13). Phillips et.
al. (16) have shown that micro-cell mediated transfer of a normal human chromosome 11
into the highly metastatic breast cancer cell line MDA-MB-435, had no effect on
tumorigenecity in nude mice, but suppressed metastasis to the lung and regional lymph
nodes. These studies further support our observation that chromosome 11 harbors a
tumor/metastasis suppressor gene.

An intriguing candidate gene that we have mapped to the metastasis suppressor
locus on chromosome 1 'p 15 .5 is the Integrin-linked kinase (ILK)(12). ILK is a newly
identified ankyrin-repeat containing serine/threonine kinase (17), that binds to the
cytoplasmic domains of both 131 and the 133 integrins. Interactions between integrins and
their ligands are involved in the regulation of many cellular functions, including embryonic
development, cell proliferation, tumor growth and the ability to metastasize (18). In
Drosophila, the absence of ILK function causes defects similar to loss of integrin adhesion
and ILK mutations cause embryonic lethality and defects in muscle attachment (19).
Although ILK maps to the commonly deleted chromosome 1 lp, the potential of this gene to
serve as a tumor suppressor has not been established. We therefore analyzed the effect of
ILK expression on the in vitro and in vivo tumor growth and invasion of human mammary
carcinoma cells.

B. BODY:
Localization of ILK to the LOH region on chromosome 11p15.5
The LOH region 2 (Karnik et al., 1998) extends between the markers D 11S 1760-

D 11S 1331 on chromosomal band II p 15.5 (Figure- 1). We constructed a 500 kb genomic
contig (Karnik et al, unpublished results) that includes the critical region between
D1IS 1760 and DI1S1331. Using a PCR-based screening method, we initially isolated
PAC and BAC clones that contained D 11S 1760 and D 11S 1331 markers. The order of the
genomic clones in the contig was confirmed by mapping of STSs, ESTs, unigene clusters
and known genes that were previously mapped to chromosome 11. Eleven novel

5



4

transcripts and seven previously reported genes were PCR-mapped to the critical region
between DliS 1760 and Dl11S1331. Three of the known genes, Tata box-binding protein-
associated protein (TAF 1130) (20), Lysosomal pepstatin insensitive protease (CLN2) (21)
and Integrin -linked kinase (ILK) (17) were previously mapped only at the level of
cytogenetic resolution. However, with the current mapping data, we have been able to
determine the precise genomic locations of these three genes (Figure-1). The map location
and its role in multiple signaling pathways makes ILK an attractive candidate tumor
suppressor gene.

Loss of ILK expression in human breast carcinomas
To determine whether ILK has a role in breast cancer progression, mRNA

expression in normal and tumor breast epithelial cells was compared by Northern blot
hybridization (Figure-2). A single 1.8 kb ILK mRNA is highly expressed in all samples of
normal breast epithelial cells. Three representative examples are shown in Figure-2 (N 1,
N7 and N8) In sharp contrast, there is complete loss of ILK mRNA expression in 9 out of
15 (-60%) invasive breast tumors and a 2-5 fold down-regulation of ILK mRNA in the
remaining breast tumors (Figure-2A). Comparison of ILK mRNA expression in a panel of
well-characterized breast cancer cell lines and in the non-malignant breast epithelial cell line
MCF-10A is shown in Figure-2B. ILK mRNA expression in MCF-10A is comparable to
the expression in normal breast tissue (N7, N8) (Figure-2B). However, there is a 3-5 fold
down-regulation of ILK mRNA expression in the breast cancer cell lines MCF-7, T47D,
ZR75.1, MDA-468, MDA- 134, MDA-231 and MDA-435 (Figure-2B).

To further confirm these observations, ILK protein expression was also examined
using indirect immunofluorescence microscopy in frozen samples of 20 normal and
corresponding pathological human breast tissue samples. Figure-3 shows four
representative examples. Immunohistochemical staining of normal breast tissue with ILK-
specific primary antibody and rhodamine labeled secondary antibody shows specific
staining of the mammary epithelial cells surrounding the lumen in normal breast tissue from
breast cancer patients. ILK expression is particularly intense in epithelial cells both within
large ducts and within terminal duct lobular units but not in the stromal compartment.
Incubation with purified nonspecific rabbit immunoglobulin IgG, did not result in any
positive staining of the normal epithelium of the breast (control). The normal breast tissue
from four representative patients were positive, (3N, 12N, 6N and 10N) whereas ILK
expression was nearly completely lost in the four corresponding infiltrating ductal
carcinomas (3T, 12T, 6T, 10T) (Figure-3). These data show that ILK production by
breast tumor cells correlates inversely with tumorigenecity and metastatic potential.

The ILK gene maps to chromosome 11p15.5 a region that displays a high
frequency (-60%) of LOH in breast cancer. All breast tumor samples described in Figures
2 and 3 have previously been identified to contain LOH at the 1 lp 15 .5 . (12). Allelic loss
results in the reduction of gene dosage and thus may result in decreased expression.
However, as seen in Figure-2, all tumors have LOH for 11 p15 .5 and yet, only some
tumors show complete loss of ILK expression. Therefore, intragenic mutations or
epigentic mechanisms might contribute to the biallelic silencing of the ILK gene in breast
tumors. We sought to determine if mutations are involved in the dysregulation of the ILK
gene during the progression of human breast cancer. The ILK gene consists of 13 exons
(Melchior et al., 2000, GenBank database, GI accession AJ404847). Primers derived
from the sequences flanking each exon of ILK were used to analyze genomic DNA from 20
invasive breast tumors and matched normal tissue from the same patients. Using PCR-
single strand conformation polymorphism (PCR-SSCP), only one of the 20 tumors
analyzed showed a band shift in the SSCP assay. Subsequent DNA sequencing confirmed
a silent mutation at codon 352 (GCA--->GCG) (data not shown). These results
demonstrate that ILK mRNA and protein expression is consistently down-regulated during
the progression of human breast cancer and this down-regulation does not commonly
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involve mutations. Epigenetic mechanisms as a probable cause of ILK gene silencing are
currently under investigation.

ILK suppresses cell growth in human breast carcinoma cells
The inverse correlation between ILK expression and tumorigenecity suggested the

hypothesis that elaboration of ILK by tumor cells into their environment may exert an
inhibitory effect. To test this hypothesis, we transfected the human breast carcinoma cell
line MDA-MB-435 with the ILK cDNA. This cell line synthesizes very low levels of ILK
compared to normal mammary epithelial cells (Figure-2B) and can be injected into the
mammary fat pad of nude mice to provide an orthotopic model system for human breast
cancer tumorigenecity and metastasis. The MDA-MB-435 cells were transfected with a
mammalian expression vector pIRES-EGFP containing full length ILK cDNA under
control of the CMV promoter. A total of four stable clones expressing different levels of
ILK have been established. Comparison of mRNA expression by Northern blot analyses
revealed that the clones TR4 and TR5 expressed slightly higher levels of ILK mRNA
compared to the clones TR2 and TR3 (Figure 4B). Based on Northern analysis, ILK
expression in clone TR5 is 2-3 fold higher compared to the expression in the non-malignant
breast epithelial cell line MCF-10A and to the expression in normal mammary epithelial
cells (Figure-2B) suggesting that ILK is overexpressed in the TR5 clone. The expression
of ILK in empty vector controls (data not shown) is comparable to untranfected MDA-MB-
435 cells (UT). ILK protein levels in transfected (TR5) and untransfected cells was
determined by indirect immunofluorescence. High levels of ILK protein are expressed in
the transfected MDA-MB-435 cells (Figure 4Ac) compared to the untransfected control
(Figure-4Ab). The ILK protein is localized in the cytoplasm. Most strikingly,
corresponding to the low levels of ILK mRNA (Fig. 2B), the highly metastatic MDA-MB-
435 cell line showed very little detectable ILK protein (Figure 4Ab).

To determine whether ILK overexpression had any effect on the growth properties
of the MDA-MB-435 cells, we determined the growth kinetics of the clones TR3 and TR5.
ILK expression causes the MDA-MB-435 cells to grow to a low saturation density (Figure-
5A) and there is substantial growth suppression of the TR5 clone compared to
untransfected MDA-MB-435 cells. The growth suppression of the transfectants was ILK
concentration dependent with TR5 (high expressing clone) growing to a lower saturation
density than TR3 (low expressing clone). Furthermore, the growth rate of TR5 was
decreased by - 40% with a cell doubling time of 96 hours compared to the growth rate of
cells transfected with vector alone or untransfected cells which had a doubling time of 48
hours.

The ability of ILK to suppress growth could be due to a non-specific lethal effect
of protein overproduction. Alternatively, it could be a manifestation of a more specific
effect on cell proliferation. To further investigate these possibilities and to establish a link
between a functional ILK and growth suppression, we tested the growth kinetics of two
ILK variants. ILK contains four ankyrin repeats at the NH2-terminus (22) that participate
in protein-protein interactions important for integrin-, growth-factor- and Wnt- mediated
signaling. First, a deletion mutant, A ANK lacking this domain was constructed. In
addition, the residue E359 has been shown to be essential for ILK function (22). We
therefore constructed an ILK point mutant (E359K) in which the highly conserved Glu359
within the ILK catalytic domain was substituted with lysine. The growth rates of the stably
transfected ILK mutant clones A ANK and E359K compared to the ILK transfectant TR5
are shown in Figure 5B. As discussed above, overexpression of the wild-type ILK
strongly inhibited growth of the MDA-MB-435 cells. In contrast, both the A ANK and
E359K mutants lost their capacity to suppress the growth of the MDA-MB-435 cells
(Figure-5B) arguing against a non-specific effect of protein overproduction.
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Expression of ILK in MDA-MB-435 Cells Leads to a G1 Cell Cycle Arrest
The observed growth suppression by ILK could be caused by either increased

apoptosis or inhibition of cell proliferation. To investigate the mechanisms underlying the
growth suppression by ILK expression, we studied apoptosis by fluorescence-activated
cell sorting (FACS) analysis of Annexin-V stained ILK and vector transfectants. There
was no increase in the rate of apoptosis in ILK-expressing cells compared to vector
transfectants (data not shown). Therefore, programmed cell death does not seem to
account for the growth suppression of ILK transfected cells.

To test for cell cycle regulation by ILK, propidium iodide stained MDA-MB-435
clones were analyzed by flow cytometry. Expression of ILK increased the number of cells
in GO/G1 from 64 to 85% (Figure-5C, VT and TR5-ILK) and decreased inversely the
number of cells in S and G2/M phase from 26 and 10% to 9 and 5% (Figure-5C, VT and
TR5-ILK). In contrast, the cell cycle profiles of the two ILK variants A ANK and E359K
were very similar to the parental MDA-MB-435 cells. These results indicate that ILK
growth suppression results from G1 cell cycle arrest. The accumulation of cells in the
GO/Gl phase of the cell cycle suggests arrest predominantly at the GUS boundary. ILK
overexpression does not induce cell death or apoptosis but induces a very pronounced
growth arrest with 85% of the cells in GO/G1, a property that is the hallmark of
growth/tumor suppressors. Growth suppressor genes play an important role in checkpoint
function and loss of genes associated with checkpoint functions seem to have important
implications in the development of cancer. The percentage G1 arrest induced by ILK is
comparable to the effect on cell cycle progression induced by the p21 cyclin-dependent
kinase inhibitor (23).

ILK Suppresses the Invasive Phenotype of Human Breast Carcinoma Cells
The invasiveness of tumor cells represents one of several important properties

necessary for the formation of metastases. Cell migration on vitronectin in vitro has been
linked to the metastatic capacity of tumor cells in vivo (24,25). To examine the effects of
ILK expression on breast cancer cell invasion, the ability of vector and ILK transfected
MDA-MB-435 cells to degrade and invade vitronectin -coated polycarbonate membrane
was investigated. As shown in Figure-6A, a significant reduction in invasive potential
was noted in the ILK expressing clone TR5 (ILK) compared to vector transfected MDA-
MB-435 cells (VT) (Figure-6A). Cell invasion through membranes coated with
vitronectin, is decreased by 60% in MDA-MB-435 cells expressing ILK compared to
vector transfected MDA-MB-435 cells. In contrast, the two ILK variants A ANK and
E359K have no significant effect on cell invasion under identical conditions (Figure-6A).
In fact, there is a slight increase in invasive potential of the variant clones
(A ANK and E359K), suggesting a dominant-negative effect, perhaps due to inhibition of
endogenous ILK in the MDA-MB-435 cells. These results indicate that ILK expression
abates extracellular matrix invasion of tumor cells in vitro, one of the hallmarks of
tumorigenecity and transformed cell growth.

Cell adhesion, migration and invasion are controlled by the levels of integrins and
by the amount of fibronectin matrix around the cell (18). Because the avP33 and u5B1
integrins have been implicated in the regulation of angiogenesis, tumor cell migration,
invasion and metastasis, we speculated that ILK might regulate cell migration via alteration
of the cellular composition of integrins. Using a panel of specific antibodies against these
integrins in flow cytometry analysis, we compared integrin expression patterns in relation
to the ILK expression status. The results are shown in Figure-6B. The ILK transfected
cells demonstrated a 22% increase in levels of the growth-suppressing integrin o5Bl and a
31% decrease in levels of the growth-promoting integrin xv033 compared to the control
cells. The changes in levels of xvP33 and a56l expression in ILK transfected cells although
relatively moderate in comparison to control cells, nonetheless, were highly significant.
Collectively, these observations suggest that ILK reduces the invasive potential of MDA-
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"MB-435 cells by altering their integrin profiles, which changes their ability to perceive and
interact with their extracellular environment.

ILK suppresses tumor formation and metastasis in nude mice
The most stringent experimental test of neoplastic behavior is the ability of injected

cells to form tumors in nude mice. Yet not all of the cellular growth properties commonly
associated with the cellular state in vitro are required for neoplastic growth in vivo and vice
versa. Therefore, loss of tumorigenecity under expression of ILK in vivo would be a
critical test to substantiate the growth suppressor function of ILK. The mammary
carcinoma cell line MDA-MB-435 forms tumors at the site of orthotopic injection,
metastasizes in nude mice and closely resembles the course of human breast cancer (26).
To investigate whether ILK expression affected tumor formation in nude mice, two
different ILK transfectant clones (TR5-ILK and TR3-ILK) and two vector controls were
inoculated into the subaxillary mammary fat pads of 4-6 week old athymic nude mice.
Tumors were measured weekly thereafter to assess the growth rate. All MDA-MB-435
vector transfectants were already palpable 7 days after injection. Subseq uently, the tumors
of vector transfectants grew steadily attaining mean volumes of 3.0 cm (mean + s.d.) at
15 weeks (Fig. 7A and B). In contrast, only 2 of 12 mice injected with ILK transfectants
developed tumors. The tumor growth of ILK transfectants was significantly slower than
than that of control transfectants (P < 0.005, Fisher variance analysis). At sacrifice, (15
weeks) the ILK tumors reached a mean volume of only 0.45 cm3 (mean + s.d.) which was
significantly smaller than control tumors (P < 0.001, Student's t-test). Vector transfected
MDA-MB-435 cells developed an average of 12-24 lung metastases per mouse (Figure-
7C). Additional tumor masses were present in central venous blood vessels, the
diaphragm, and lymph nodes of vector transfectants (data not shown). In contrast, with
the ILK transfectants, only one of the two animals that developed tumors showed a single
metastatic colony in the lung. The presence of additional microscopic metastases in random
lung sections was not observed by H&E staining (data not shown). These results clearly
demonstrate that the expression of ILK in human MDA-MB-435 breast carcinoma cells
significantly suppresses tumorigenecity and metastatic ability in athymic nude mice.

C. CONCLUSIONS:
Once breast cancer has been diagnosed, the most crucial question is whether

the cancer is confined to the breast or whether it has already spread to distant sites.
Unfortunately, there is no prognostic method to identify cells possessing the metastatic
phenotype within a primary tumor population. In primary breast cancer, the axillary lymph
node status is still the most important prognostic factor and is used for deciding on adjuvant
therapy. However, the prognostic value of the axillary lymph node is not absolute, as 30%
of node-negative patients still die within ten years because of recurrent disease and 30% of
node-positive patients survive ten years without disease. Therefore, routine axillary lymph
node dissection has recently become a matter of debate, and search for other factors to
identify patients at high risk of (early) relapse is thus needed. It is hoped that the
identification of biochemical or genetic alterations will provide markers that can be applied
to these clinical problems.

Loss of tumor/metastasis suppressor genes is an important event during
progression of a tumor cell from a non-metastatic to a metastatic phenotype. Thus,
knowledge of genetic loci and genes whose loss or inactivation contributes to metastasis
development is of critical significance not only for basic knowledge, but also, perhaps, for
the eventual design of novel therapeutic approaches and for crucial decisions of treatment
and prognosis of the disease. We have reported that chromosome 1 lp15.5 exhibits loss of
heterozygosity (LOH) in -60% of breast tumors, and that there is a significant correlation
between I lp LOH and clinical parameters which portend a more aggressive tumor and a
more ominous outlook for the patient, such as aneuploidy, high S-phase fraction and the
presence of metastasis in regional lymph nodes. Our data strongly suggest that
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chromosome lIp15.5 harbors a metastasis suppressor gene for human breast cancer. An

intriguing candidate gene that we have mapped to the metastasis suppressor locus on
chromosome l1 p 15.5 is Integrin-linked kinase (ILK).

Growth inhibitory functions of ILK
The present study reveals that expression of ILK potently suppresses the growth

and tumorigenecity of the human mammary carcinoma cells MDA-MB-435 in vitro and in
vivo. This growth suppression activity requires a functional ILK protein, since expression
of wild-type ILK, but not the ankyrin repeat or the catalytic domain mutants, resulted in
growth suppression of MDA-MB-435 cells. The demonstration of a growth suppressive
function establishes ILK as a tumor suppressor gene and directly implicates its loss in
processes regulating the growth and maintenance of the malignant phenotype in human
breast cancer. Our results strongly suggest that the growth suppression by ILK is not due
to apoptosis but is mediated by its ability to block cell cycle progression at GI phase.
During this process, the neoplastic cells cease to proliferate and lose their ability to migrate
through vitronectin membranes and to induce tumor growth and metastasis in nude mice.
Our results are consistent with earlier micro-cell mediated chromosome transfer
experiments showing that introduction of human chromosome 11 into MDA-MB-435 cells
suppressed metastasis in immunocompromised animals (16).

ILK seems to play a dual role in the MDA-MB-435 model system. First, it
regulates cell-cycle progression at the G1/S boundary and second, it modulates the levels of
integrins, transmembrane receptors that have been shown to regulate cell growth, survival,
and differentiation. Like many tumor suppressor genes such as p53, APC, pl6INK4a and
p2], ILK arrests tumor cell growth by blocking cell-cycle progression in the GO/G1 phase.
Growth suppressor genes play an important role in checkpoint function and silencing of
genes associated with checkpoint functions seem to have important implications in the
development of cancer. Integrin signals are necessary for cells to traverse the cell division
cycle. Progression through the G 1 phase of the cell cycle requires the sequential activation
of the cyclin-dependent kinases (Cdk's) Cdk 4/6 and Cdk 2 and the activities of these
kinases are regulated by integrins (27). In view of our observation that ILK regulates cell-
cycle progression at the G1 phase, it is quite probable that the integrin interactions with the
Cdk's are mediated by ILK. ILK could interact with specific integrin cytoplasmic domains
and couple them to appropriate downstream signaling pathways. This in turn could
regulate such functions as coordination of growth factor signals and altering gene
expression required for cell proliferation and differentiation.

The interaction of cells with the surrounding extracellular matrix (ECM) affects
many aspects of cell behavior, including the migratory properties of cells, their growth, and
differentiation (27). Integrins are transmembrane heterodimeric proteins that mediate such
interactions. The large extracellular part of both a and B subunits bind proteins within the
ECM. The short cytoplasmic domain of the P3 integrin subunit anchors the cytoskeleton to
the plasma membrane via intermediary adaptor proteins. In Drosophila (19), ILK has been
shown to be a component of the structure linking the cytoskeleton and plasma membrane at
sites of integrin-mediated adhesion. The absence of ILK function in Drosophila causes
defects similar to loss of integrin adhesion. Similarly, the downregulation of ILK
expression in mammary epithelial cells could cause the cells to become more invasive.
Indeed, as seen in our present study, ILK overexpression in the highly metastatic breast
cancer cell line MDA-MB-435 causes the cells to lose their tumorigenecity and metastatic
potential. What is the biological significance of ILK-mediated regulation of the a58 1 and
cvP33 integrins? Previous studies have shown that a56l expression is frequently lost
during malignant progression, a phenomenon that has been observed in human colonic,
mammary and pancreatic cancer (28,29). Expression of the oX5B1 integrin in HT29 human
colon carcinoma cells also blocks tumorigenecity in nude mice (30). In contrast, the UvP33
integrin cooperates with certain growth factors, potentiating their effects on cells and its
expression correlates with a role in metastasis. Indeed, expression of integrin cuv[33 is
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significantly higher in breast tumors of patients with metastases than in those without
metastasis and may have a role in skeletal metastases (31). Therefore, our observation that
ILK modulates the levels of a581 and avP33 integrins is very significant and suggests that
ILK may reduce the invasive potential of MDA-MB-435 cells by altering their integrin
profiles.

Frequent Down-Regulation and Lack of Mutations of the ILK Gene in
Breast Carcinoma

We determined by Northern blot and immunohistochemical analysis that most
invasive breast carcinomas exhibit complete loss or very low expression of ILK mRNA
and protein. However, in our present study, we detected no homozygous deletions or
intragenic mutations in the ILK gene. Thus, it is likely that the ILK gene is not a target for
mutations in many cancers, and other mechanisms for ILK down-regulation should be
considered. ILK maps to chromosome 1 p1 5.5, a region that exhibits a high frequency
(40-60%) of LOH in breast and other adult and childhood tumors (11). It is thought that
LOH alone cannot completely suppress ILK expression, as many genes can be expressed
monoallelically (32,33). Although all breast tumors used in this study were previously
described (11) to have LOH at 1 p 15.5, a small number of breast tumors still express ILK
suggesting that ILK can be expressed monoallelically. Biallelic inactivation of the ILK
gene could result either from epigenetic inactivation of both parental alleles or from
epigenetic modification of one allele and loss of the second allele via mechanisms that result
in LOH. Indeed, the p16/CDKN2 and the p15INK4B cell cycle regulator genes are located
at a region of high LOH on chromosome 9p21 and individual alleles in neoplasia are
selectively silenced by promoter hypermethylation (34,35). While the Maspin tumor
suppressor gene is biallelically inactivated by aberrant cytosine methylation and
heterochromatinization of the promoter (36), the down-regulation of the KAI1 metastasis
gene involves neither mutations nor promoter hypermethylation (37,38). It has been
suggested that there is a group of tumor suppressor genes that are unrecognized because the
primary mechanism for their silencing is not known. Such genes may affect the cancer cell
phenotype by expression changes and have been classified as Class II tumor suppressor
genes (39). The molecular basis for the down-regulation of the ILK tumor suppressor
gene in breast cancer is currently under investigation. The loss of expression that occurs
during malignant progression of primary breast tumors suggests that ILK has potential
value as a prognostic marker. Future studies should test the prognostic value of ILK on a
larger scale, in order to establish more firmly a correlation between loss of ILK expression
and progression of breast and other cancers.

The paradoxical effect of ILK on tumorigenecity.
Previous studies have shown that ILK overexpression results in loss of cell-cell

adhesion (40), promotes suppression of anoikis by activation of PKB/Akt signaling (22)
and oncogenic transformation of the rat intestinal epithelial cells by activation of the LEF-
1/43-catenin signaling pathways (41,42). In stark contrast, recent studies in Drosophila
(19) have shown that ILK is required for integrin-mediated adhesion, but not for signaling
involvingfj-catenin (armadillo) or PKB. ILK mutations in Drosophila cause embryonic
lethality and defects in muscle attachment, and clones of cells lacking ILK in the adult wing
fail to adhere, forming wing blisters. The ILK coding sequence is highly conserved in
different species (19), suggesting that it has an essential biological function in evolution.
Our present data is consistent with the observations made in Drosophila. We have shown
that transfection of the MDA-MB-435 mammary carcinoma cells with the ILK gene reduced
the cells' ability to induce tumors and to invade through vitronectin membranes in vitro.
The down-regulation of ILK in metastatic breast cancer cell lines and invasive breast
tumors strongly suggests that ILK might block uncontrolled cell growth in normal breast
tissue and that its absence may be permissive for malignant tumor growth. The negative
correlation between ILK expression and growth suppression is unexpected when
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considered with the current concept that kinases are positively associated with
tumorigenesis (for example, c-erB2). However, Lynch et al.(43) have demonstrated that
ILK is not a typical protein kinase and lacks a DFG motif or a conserved substitute for the
catalytic aspartate residue found in other kinases and they and other investigators (44) have
failed to detect protein kinase activity in ILK immunoprecipitates. Recent evidence (43)
strongly suggests that ILK does not possess serine-473 kinase activity but functions as an
adaptor to recruit either a serine-473 kinase or phosphatase. Mutations in the kinase
domain shown to inactivate the kinase activity of human ILK do not show any phenotype
in Drosophila (19), suggesting a kinase independent function for ILK. Thus, it is likely
that the functions of ILK are more complex than previously envisioned; and the divergent
and often paradoxical effects mediated by ILK may depend on the particular cell-type, the
cell-specific integrins that are activated by a cell, and on whether the adaptor protein ILK
activates a serine-473 kinase or phosphatase.

In conclusion, we have shown that the loss of ILK expression is associated with
the acquisition of a malignant breast tumor phenotype and that ILK may directly act as a
tumor suppressor, presumably by controlling cell division. The absence of the ILK tumor
suppressor protein, may promote uncoordinated GI cell cycle progression, allowing cells
to bypass the normal signaling processes regulated by growth factors and cell anchorage,
leading to tumorigenesis. This novel information regarding the biological effects of ILK
provides hopeful therapeutic utility for this potent tumor suppressor gene in the
management of breast cancer.

D. KEY RESEARCH ACCOMPLISHMENTS:
"* Chromosome 11 harbors a breast cancer tumor/metastasis suppressor gene (5,11,12).
"* Integrin linked kinase (ILK) is a key candidate gene that maps to this region (11).
"* ILK expression is downregulated in breast carcinomas that metastasize
"* ILK expression inhibits the in vitro and in vivo growth of the metastatic breast cancer

cell line MDA-MB-435
"* Growth suppression by ILK is not due to apoptosis but is mediated by its ability to

block cell cycle progression in the G1 phase.
"* ILK functions as a tumor suppressor gene in breast cancer (manuscript submitted for

publication).

E. REPORTABLE OUTCOMES:
Allelic loss at the short arm of chromosome 11 is one of the most common and potent
events in the progression and metastasis of breast cancer. We present evidence that the
Integrin-Linked Kinase (ILK) gene maps to the commonly deleted chromosome 1 p 15.5
and suppresses malignant growth of human breast cancer cells both in vitro and in vivo.
ILK is expressed in normal breast tissue but not in metastatic breast cancer cell lines or in
advanced breast cancers. Transfection of wild-type ILK into the MDA-MB-435 mammary
carcinoma cells potently suppressed their growth and invasiveness in vitro, and reduced the
cells' ability to induce tumors and metastasize in athymic mice. Conversely, expression of
the ankyrin repeat or catalytic domain mutants of ILK failed to suppress the growth of these
cells. Growth suppression by ILK is not due to apoptosis but is mediated by its ability to
block cell cycle progression in the G1 phase. These findings directly demonstrate that ILK
deficiency facilitates neoplastic growth and suggest a novel role for the ILK gene in tumor
suppression.
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2. Karnik P, Chen P, Paris M, Yeger H and Williams BRG. Loss of heterozygosity at
chromosome l1 p 15 in Wilms tumor: identification of two independent regions.
Oncogene 17: 237-240, 1998

3. Chen P and Karnik P. Integrin-Linked Kinase, a tumor suppressor gene for Breast Cancer
on chromosome l1 p 15.5. (Submitted)

Abstracts:
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Cell Lines:
MDA-MB-435 cell lines with ectopic expression of wild-type and mutant forms ILK have
been developed.
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FIGURE LEGENDS:

Figure-i: Localization of ILK gene to the tumor suppressor region (LOH region 2) on
chromosome IIp 15.5. A transcript map of the LOH region is schematically represented
with the relative location of the polymorphic markers, known genes, unigene clusters and
expressed sequence tags (EST's).

Figure-2: Northern blot analysis of ILK mRNA expression. (A) Total RNA was
isolated from normal breast tissue (NI, N7, N8), and fifteen invasive breast tumors (TI to
T15). B) Total RNA from exponentially growing non-malignant (MCF-1OA), non-
metastatic (MCF-7, T47D, ZR75.1, MDA-468 and MDA-134) and metastatic (MDA-435,
MDA-23 1) breast cancer cell lines and normal breast tissue (N7, N8) was hybridized with32p-labeled ILK probe. Hybridization with the P3-actin probe serves as control.

Figure-3: Immunohistochemical detection of ILK expression in normal breast tissues
(3N, 12N, 6N, ION) and corresponding invasive ductal carcinomas (3T, 12T, 6T, 10T).
Normal ducts were positive for ILK expression whereas the invasive ductal carcinomas
expressed little or no ILK. Control-Normal tissue minus primary antibody.

Figure-4: MDA-MB-435 cells were transfected with pIRES-EGFP vector containing full
length ILK cDNA and four stable clones were isolated. (A) Immunohistochemical analysis
of ILK expression in the MDA-MB-435 cells (b) before and (c) after transfection (stable
clone TR5-ILK) (a) no primary antibody control. (B) Northern blot analysis of parental
(UT) and ILK transfected MDA-MB-435 cells. TR2, 3, 4 and 5 represent stable ILK
expressing clones. mRNA expression was determined by hybridization with 32p-labeled
ILK probe. P3-actin expression serves as control.

Figure-5: Growth effects of wild type and mutant alleles of ILK in MDA-MB-435 breast
cancer cells. The MDA-MB-435 cells were transfected with either full-length ILK cDNA,
ILK mutant AANK, ILK mutant E359K or eukaryotic expression vector and stable clones
were obtained. (A) Growth rates of two stable ILK expressing MDA-MB-435 cell clones
(TR3-ILK and TR5-ILK) that contain full length ILK cDNA compared with a stable clone
containing empty vector (VT) and untransfected MDA-MB-435 cells (UT). (B) Growth
rates of ILK mutants AANK and E359K compared with the wild type ILK expressing
clone TR5-ILK. The means of three independent experiments are shown. Bars represent
SE. (C) Cell-cycle analysis by propidium iodide staining in MDA-MB-435 cells (UT),
transfected with empty vector (VT), with full length ILK cDNA (TR5-ILK) or with the
ILK mutants AANK and E359K. The regions between the vertical lines from left to right
represent cells in GO/G 1, S and G2/M respectively.

Figure-6: Cell invasion assay of MDA-MB-435 cells transfected with vector (VT), full
length ILK and its variants (AANK, E359K). Cell invasion through vitronectin was
analyzed using a modified Boyden chamber. Cells that invaded to the lower surface of the
membrane were lyzed and absorbance determined at 560 nm. (B) Flow cytometric analysis
of o5p31 and oxv[33 integrins expressed on the surface of ILK transfected and parental MDA-
MB-435 cells. The relative fluorescence intensity of cells stained with cx5131 and av[33
antibodies is represented as percentage of cell shift. Bars represent S.E.

Figure-7: (A) In vivo tumor growth of ILK transfected (- ) and vector transfected ( )
MDA-MB-435 cells in mammary fatpads of athymic nude mice. Each point represents the
mean + SE of tumors. (B) Five x 10 cells of ILK transfected (top panel) or vector
transfected (bottom panel) MDA-MB-435 cells were injected s.c. into the mammary fat pad
area below the nipple. Tumors were allowed to grow for 15 weeks at which time the mice
were photographed and sacrificed. (C) Lung colony formation in athymic nude mice

17



injected with vector transfected (VT) or ILK transfected (ILK) MDA-MB-435 cells. Bars
represent
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Fig. 3 Immunohistochemical detection of ILK expression in normal breast tissues
(3N, 12N, 6N, ION) and corresponding invasive ductal carcinomas (3T, 12T, 6T,
lOT). Normal ducts were positive for ILK expression whereas the invasive ductal
carcinomas expressed little or no ILK. Control- Normal tissue minus primary
antibody.
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Chromosome llp15 has attracted considerable attention contribute to the evolution of adult and childhood
because of the biological importance of this region to cancers.
human disease. Apart from being an important tumor
suppressor locus showing loss of heterozygosity
(LOH) in several adult and childhood cancers, 11p15 INTRODUCTION
has been shown by linkage analysis to harbor the
gene(s) for the Beckwith-Wiedemann syndrome. Breast cancer is both genetically and clinically a heterogeneous
Furthermore, the clustering of known imprinted genes and progressive disease. The severity of disease may be

determined by the accumulation of alterations in multiple genesin the 11 p15.5 region suggests that the target gene may that regulate cell growth and proliferation. The inactivation of
also be imprinted. However, positional cloning efforts tumor suppressor genes, by a two-hit mechanism involving
to identify the target genes have been complicated by mutations and loss of heterozygosity (LOH), appears to be a
the large size (-10 Mb) and complexity of LOH at 11 p15. common event in the genetic evolution of breast carcinomas (1).
Here, we have analyzed 94 matched normal and breast Several chromosome arms, including lp, lq, 3p, llp, llq, 13q,
tumor samples using 17 polymorphic markers that map 16q, l7p, 17q and 18q, have been reported to show moderate
to 11 p15.5-15.4. We have defined precisely the location (20-40%) to high (>50%) frequencies of LOH in breast tumors (1).

This implies that multiple tumor suppressor genes are likely to be
involved in the development and progression of breast cancer.

D11S1318 and D11S4088 (-500 kb) within 11 p15.5. LOH Genetic alterations at the short arm of chromosome 11 are a
at this region occurred in -35-45% of breast tumors frequent event in the etiology of cancer (2-17). Several childhood
analyzed. In addition, we have fine-mapped a second, tumors demonstrate LOH for I lp, including rhabdomyosarcoma
critical region of LOH, that spans the markers (7,8), adrenocortical carcinoma (9), hepatoblastoma (10),
D11S1338-D11S1323 (-336 kb) at 11p15.5-p15.4, that is mesoblastic nephroma (11) and Wilms' tumors (WT) (12).
lost in -55-60% of breast tumors. There is a striking Recurrent LOH at I lp is also observed in adult tumors including
correlation between the loss of the two li p loci and the bladder (13), ovarian (14), lung carcinomas (15), testicular
colnicaloand etweentheloss features tof brepliast tumors. cancers (16), hepatocellular carcinomas (17) and breast carcinomasclinical and histopathological features of breast t(2-6), suggesting the presence of one or more critical tumor
LOH at region 1 correlated significantly (P = 0.016) with suppressor gene(s) involved in several malignancies.
early events in malignancy and invasiveness. In Birch etal. (18) have reported an increasedriskof breastcancer
contrast, the loss of the more proximal region 2, is among mothers of children with embryonal rhabdomyosarcoma,
highly predictive (P = 0.012) of aggressive metastatic providing genetic evidence for the apparent high-risk association
disease. Thus, two distinct tumor suppressor loci on between these two tumor types. The familial association between
chromosome 11 p15 may contribute to tumor breast cancer and rhabdomyosarcoma and the other childhood

tumors may well be the consequence of alterations in chromosomeprogression and metastasis in breast cancer. The fine lipi5. The ability of a tumor suppressor gene(s) on chromosome
mapping of this intriguing chromosomal region should 11 to re-establish control of the malignant phenotype has been
facilitate the cloning of the target genes and provide demonstrated by transfer of a normal human chromosome 11 to
critical clues to understanding the mechanisms that the breast cancer cell line MDA-MB-435 (19). However,

*To whom correspondence should be addressed. Tel: +1 216 445 6529; Fax: +1 216 445 6269; Email: kamikp@cesmtp.ccf.org
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Figure 1. Representation of lp1 5.5-15.4 and approximate location of the microsatellite repeats (21,22) and genes that map to this region [sequence map of chromosome
11 (http:/ mcdermott.swmed.edu/)]. The histogram shows the percentage of LOH for each of the microsatellites in the informative breast tumor samples studied.

positional cloning efforts to identify the target genes on llpi5 DNAs were assessed for LOH at 17 chromosome llpl5-specific
have been complicated by the large size of this region (-10 Mb) microsatellite markers. These markers encompass the chromosomal
and the complexity of LOH at 1lpl 5. sub-regions 1lpl 5.5-1lpl5.4, estimated to be-8-10 Mb (21,22)

With the goal of identifying the putative tumor suppressor (Fig. 1). The results indicate that the loss of all or part of
gene(s) on chromosome llp15, we have refined the minimal chromosome I lp is a more common event in human breast cancer
regions of LOH in this region, using a high-density marker than previously appreciated (3,4). LOH occurred in at least one
analysis of 94 informative primary breast tumors and paired marker on the short arn of chromosome 11 in 56 of 94 (60%)
normal breast tissue. We have defined precisely and identified informative tumors. The overall frequency of LOH for each
two distinct regions of chromosome llp15.5-p15.4 that frequently marker varies from 16 to 60%, with two peaks seen at markers
are deleted in breast cancer. The association of LOH with clinical DllS1318 (45%) and D11S1338 (60%) (Fig. 1). In addition to the
and histological parameters reveals the biological role of the putative 23% LOH at the DllS988 locus (Fig. 1), there was a high
tumor suppressor genes in the etiology of breast cancer, incidence of microsatellite instability (MSI) at this marker as we

had described earlier (5). Therefore, the possibility that MSI
RESULTS obscures the accurate determination of LOH at the DllS988 locus

in some of these tumors cannot be ruled out.

Refinement of the tumor suppressor loci on chromosome Tumors 57, 94, 6 and 24 (Genescans; Fig. 2) are illustrative
lip involved in breast cancer examples of LOH patterns seen on chromosome llp15 and

provide a critical description of the LOH regions. Interstitial
Fluorescent PCR semi-automated genotyping (5) was used to deletions, examples of which are seen in tumors 57, 94, 6 and 24,
detect and analyze allelic losses on chromosome II using a panel were observed more commonly than loss of the entire chromosomal
of 17 microsatellite markers. Previous studies have determined arm as seen in tumor 7 (Fig. 3). In some cases, an example of
that this technique is more rapid and sensitive compared with the which is seen at the marker D11S1997 in tumor 24 (Fig. 2), it was
classical radioactive method in determining LOH in tumor DNAs observed that the peak for the allele which loses heterozygosity
(20). To identify the smallest common deleted region on does not change between normal and tumor tissues. Rather, the
chromosome llp15 in breast tumors, 94 paired normal-tumor peak for the other allele increases by several fold in the tumor.
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Figure 2. LOH studies of normal (N) and tumor (T) breast cancer pairs. Genescans of samples 57 (DllS1318, D1S4088, D11S1288, Dl1S988, D11S1758 and
DllS1760), 94 (TH, D11S1318, DllS4088, DllS860, DllS988 and DllS1758), 6 (DllS860, D11S988, DllS1758, DlIS1760, D1S1338 and D11S1323) and 24
(DllS1760, D11S1338, D11S1323, DllS1997, Dl1S866 and DllS1331) are shown. Arrows represent allelic loss. LOH represents samples that exhibit loss of
heterozygosity and was calculated as described in the text.

Since the surrounding markers show LOH, we believe that this Tumors 42, 57 and 94 are examples of tumors that contain
allelic imbalance represents LOH and not gene amplification, interstitial deletions exclusively in region 1 (Fig. 3).

The genotypes of the 13 representative breast tumors described The more centromeric region of LOH (region 2) is defined by
in Figure 3, along with other tumors analyzed (data not shown), breakpoints in the tumors 6 and 24 (Figures 2 and 3). Tumors 6,
serve to refine and identify two distinct regions of LOH on 1 lp1 5 . 24, 35, 45 and 76 are examples of tumors that harbor interstitial
Region 1 is encompassed by markers DllS1318 and DllS4088 deletions in region 2 (Fig. 3). Tumor 6 showed LOH for the
and is defined by the LOH break points in tumors 57 and 94. markers DllS988, DllSJ1758, DllS1760 and DllS1338, but
Tumor 57 retained heterozygosity for the markers DllS2071, retained heterozygosity at all the markers distal to DllS988 and
D11S1984, D11S1363, D11S922, TH and D11S1318, but showed at all the markers proximal to DllS.1338. Tumor 24 was
LOH for the markers DllS4088, DllS1288, DllS860, DllS988 heterozygous for all the markers distal to D11S1323 but showed
and D11S1758. This tumor also retained heterozygosity for all the LOH at D11S1323, D11S1997, DllS866 and D11S1331. It is
remaining proximal markers. Tumor 94 showed LOH at markers notable that tumors 6 and 24 exhibit LOH at either D11S1338 or
DllS2071, D11S1984, D11S922, TH and D11S1318. This tumor DllS1323, while the other locus retains heterozygosity. This
was non-informative for the marker DllS1363 and retained clearly indicates that region 2 is within the interval that spans the
heterozygosity at all the proximal markers. Tumors 94 and 57, markers D11S1338-D11S1323, a distance of -336 kb based on
therefore, refine the LOH region 1 to a distance of -500 kb the estimate of James et al. (22) and the sequence map of
between the markers D11S1318 and DllS4088. This distance chromosome 11 (http://mcdermott.swmed.eduf). The yeast artificial
was calculated based on the estimation of Reid et al. (23) and the chromosome (YAC) 847a12 that contains the markers D11S1338,
sequence map of chromosome 11 (http://mcdermott.swmed.edu/). D11S1323 and D11S1997 is -1.4 Mb in length and is non-chimeric
Importantly, these results narrow the region containing this tumor (STS-based map of the human genome; http:// www-genome.
suppressor gene from 2 Mb reported earlier (3,4) to -500 kb. wi.mit.edu). We have identified integrin-linked kinase (p59ILK)
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Figure 3. Genotypes of 13 representative tumors and the smallest regions of shared LOH in sporadic breast carcinoma. Tumor numbers are listed across the top, with
the markers analyzed to the left. Open circles represent informative samples with no LOH; filled circles represent informative samples with LOH; and stippled circles
represent non-informative (homozygous) samples. The maximum area of LOH is boxed for each LOH region in each tumor. The bars to the right represent the extent
of the proposed common regions of LOH (regions 1 and 2). Tumors that exhibit LOH at region I only, regions I and 2, and region 2 only are grouped together.

as a candidate gene for this locus. p59ILK previously was mapped Negrini et al. (4) previously have reported a third LOH region,
to the CALC-HBBC region on chromosome llp15 (24). We have towards the telomere, between the markers DllS576 and
refined the map location of p59ILK and placed it on the YAC DllS1318. The percentage LOH that we observe for the
847a12. PCR amplification of DNA from the YAC 847a12 with telomeric markers DllS2071, D11S1984, DllS1363 and
several different p59ILK primers produced the expected length DllS922 (16-22%) is consistent with the observations of Negrini
fragments. No products were seen from a BAC DNA specific for et al. (4). However, the percentage LOH for these markers is well
the marker D11S1323 or from yeast DNA (data not shown). within the background LOH seen at the remaining I lp markers

A total of five tumors, examples of which were seen in tumors 7, (Fig. 1). In addition, we did not identify tumors that showed LOH
20, 26, 30 and 34 (Fig. 3), appeared to have lost both of the regions exclusively in the telomeric markers D11S2071-D11S922. In our
on the chromosome llp ann. In tumor 7 (Fig. 3), 14 of the 17 tumor panel, LOH at the distal markers occurred in concert with
markers analyzed showed LOH. This tumor was non-informative LOH at region 1. We therefore did not represent the distal region
for the markers D11S2071, DIlS1363 and Dl]S]758. The as an independent and third region of LOH.
probability of three or more allelic losses in the same fragment
being caused by independent events is small, and a series of LOH
in contiguous markers is more likely to be due to deletion of the
entire segment. In most instances, however, LOH on llp15 Correlation between loss of heterozygosity at lUp and
appeared to be interstitial (e.g. tumors 20, 26, 30 and 34) and, pathological features of breast tumors
therefore, restricted to relatively small chromosomal regions.

These data attest the presence of two distinct regions of LOH Conflicting clinical data and clinical correlations of 1 lp LOH in
within llpl5.5-15.4. Region 1 lies between markers D11S1318 breast cancer exist in the literature. This study was initiated with
and DllS4088 (-500 kb) and region 2 lies between markers those concerns in mind. To examine the role of lIlp LOH in breast
D11S1338 andD11S1323 (-336 kb). As described in Figure 3, the cancer and to determine if the two regions are involved
two regions were lost in different tumors, although in some differentially in predicting the clinical course of this disease, we
tumors both of these regions appeared to be lost due either to correlated our LOH data with the various clinical and histological
interstitial deletions or to the loss of the entire 11ip arm. parameters (Table 1).
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TaIble 1. lip LOH and clinico-pathological features of sporadic breast tumors none of the tumors with LOH in region 2 contained a DCIS
I_ component (P = 0.016). DCIS of the breast is considered a
Clinical features LOH in region 1 LOH in region 2 P-value pre-invasive stage of breast cancer and may be a precursor of

N % N % infiltrating breast cancer (26). Although the number of tumors

Ductal analyzed is small, the statistically significant association between
LOH in region 1 and such tumors suggests the involvement of a

Yes 26 86.7 35 87.5 0.92 target gene in this region with early events in malignancy or
No 4 13.3 5 12.5 invasiveness. The statistical analysis showed a significant

If ductal association between I lp LOH and tumor ploidy. The majority of
tumors (16/24) with region 1 LOH were either diploid or near

In situ and invasive 4 15.4 0 0.0 0.016a diploid (P < 0.001). In contrast, the majority of tumors with
Invasive 22 84.6 35 100.0 region 2 LOH, were aneuploid (P < 0.001).

Lobular A trend was also observed between LOH at lip and S-phase
Yes 4 13.3 5 12.5 0.92 fraction (SPF). Fifty four percent of tumors with LOH in region2, had a high SPF (>10% of cells in S-phase), compared with only

No 26 86.7 35 87.5 32% tumors with LOH in region 1. However, due to the small
If lobular number of tumors in each category, statistical significance could

e 1 25.0 0 0.0 0.24 not be established. It has been suggested that abnormal ploidy or
elevated SPF identifies patients with shorter survival, and

Invasive 3 75.0 5 100.0 worsened disease-free survival, as well as being associated with
Ploidy poor outcome in locoregional control of the disease (27). The

Diploid or near diploid 16 66.7 4 16.0 <o.oo1a association between LOH at region 2 and tumors with high SPF
and abnormal ploidy, that we observe, is therefore very relevant.

Aneuploid 8 33.3 21 84.0 A striking correlation was observed between loss of region 2

% S-phase cells and lymphatic invasion. Importantly, 69% of patients with I lp
<10% 17 68.0 12 46.2 0.12 LOH in region 2 showed lymphatic invasion, whereas this

infiltration was present in only 29% of patients with region 1 LOH.
>10% 8 32.0 14 53.9 Thus, tumors that had lost region 2 reveal a significantly higher

ER/PR status incidence of metastasis to a regional lymph node(s) (P = 0.012)

ER+/PR+ 3 23.1 8 50.0 0.23 than tumors that had lost region 1. Tumors that had lost the entire
1 lp arm, or had lost both regions, showed the clinicopathological

ER+/PR- 7 53.9 4 25.0 features of tumors that had lost region 2. We also observed the

ER-/PR- 3 23.1 4' 25.0 trend that LOH in region 2 occurs more frequently in higher grade
Grade (grade III) tumors than LOH in region 1. Thus, LOH at region 2 may

be a late event in mammary tumorigenesis, potentially enablingI-II 10 33.3 9 26.5 0.16
a clone of previously transformed cells to exhibit greater

II-III 15 50.0 12 35.3 biological aggressiveness.

III 5 16.7 13 38.2

Lymphatic invasion DISCUSSION

Yes 4 28.6 20 69.0 0.012a We have identified two distinct regions on chromosome I lp15

No 10 71.4 9 31.0 that are subject to LOH during breast tumor progression and
metastasis. The high frequency of somatic loss of genetic

aStatistically significant (P < 0.05). information and the striking clinical correlation observed suggest
their role in the pathogenesis of breast cancer.

We have defined precisely and narrowed the location of the
All tumors described in Table 1 were infiltrating ductal putative tumor suppressor gene in region 1 from -2 Mb (3,4) to

carcinomas, which account for the largest single category of -500 kb. The critical region appears to extend between the
mammary carcinomas. The histological classification of the markers DllS1318 and DllS4088 at 11p15.5. Previous studies
tumors, described under clinical features, was based on the WHO (3,4) had only been able to place the putative gene in the larger
classification (25). Tumors were subdivided into two categories: overlapping area between TH and DllS988 (Fig. 4). Although
(i) tumors that had lost only region 1 and (ii) tumors that had lost LOH frequencies for this region are consistent (24-45%, this
only region 2. Clinical features of breast tumors are summarized as report; 35%, ref. 3 and 22%, ref. 4), the peak incidence of LOH
frequencies and percentages, separately for each region. The x2 test in this report is highest at D11S1318, -1 Mb distal to the peak at
was used to compare these features between regions 1 and 2. All DllS860 reported by Winquist et al. (3) and Negrini et al. (4).
statistical tests were performed using a 5% level of significance. This discrepancy may reflect the characteristics of the tumor

A correlation was observed between LOH in region 1 and samples analyzed or a difference in interpretation of the
breast tumors containing ductal carcinoma in situ (DCIS) corresponding allelic patterns. LOH involving region 1 coincides
synchronous with invasive carcinoma. Fifteen percent (4/26) of with regions implicated in the pathogenesis of rhabdomyosarcoma
ductal tumors with LOH in region 1 contained breast cancer (7,8), WT (7), ovarian carcinoma (14), stomach adenocarcinoma
tissues with synchronous DCIS and invasive carcinoma, while (28) and with a region conferring tumor suppressor activity
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be expressed monoallelically in adult tissues (33,34), suggesting
E that genomic imprinting may be maintained in adult tissues. As

o o illustrated in Figure 4, several genes that map to the LOH region
2E 1 are subject to imprinting. It has been suggested that deregulation

a E 2o , of imprinting may play a role during tumorigenesis (35,36). OneTEL E , =m -0 Cn E•
TEL T o 3: -0 model proposes that inappropriate methylation (hypermethylation).7 m o Z -' C 6 silences one copy of a tumor suppressor gene (36). This could be

D112071 due to inappropriate activation of, or mutations in imprintor genes

HRAS (37). If the first 'hit' represents the non-expression of one of the
DllS1363 alleles due to the imprinting process, the second 'hit' may be

RA , Imutational or may result from loss of all or part of the
-, Xchromosome carrying the remaining functional tumor suppressorH : allele, thereby fulfilling Knudson's 'two-hit' hypothesis (38).

" X Hypermethylation as an alternative pathway for tumor suppressorH gene inactivation has been demonstrated elegantly for theLo GOD C

X retinoblastoma (Rbl) (39), the von Hippel Landau (VHL)
* syndrome (40), and the p16 tumor suppressor genes (37).

Dl1S1288 The other mechanism of altered imprinting that may affect
[ntumorigenesis involves a gene activation hypothesis (36) that
L D11S86O results in the reactivation of the silent allele due to the relaxation

D 1S988 or loss of imprinting (LOI). LOI mutations have been detected at
_ HBB H19, IGF2, and to a lesser extent at p57KIP2 in WT and BWS

D11S1338 - (35). LOI of IGF2 has been observed in benign and malignant
ILK U• 3 breast tumors, in other adult and childhood tumors, and in a011S1323 ,

SMPD1 subgroup of patients with BWS (35,41). IGF2 is a potent mitogen

L HPX with autocrine and paracrine effects, and the biallelic expression
S H11877 ,and possible increased dosage of the growth factor may explainSD1 1 S776 "

SZ5the somatic overgrowth characteristics found in BWS patientsST5 ,

WEE1 •and may play a role in tumor development. Although IGF2 mapsCEN outside the LOH region 1, the presence of novel genes that mapSRBTN1 to region 1 that may have similar mitogenic effects cannot be
ruled out. p57KIP2 (42) is a potential tumor suppressor candidate
gene that maps to region 1. However, single strand conformation
analysis and direct sequencing of 20 breast tumors (with LOH)

Figure 4. Schematic representation of regions on chromosome 11Ip5.5-15.4 and 15 breast tumors (without LOH) failed to reveal mutations in
harboring potential tumor suppressor and/or disease loci described in the present the coding region of this gene (P. Karnik et al., unpublished
study and by other groups in breast cancer (2-5), Wilms tumor (7), non-small cell observations).
lung carcinoma (43), rhabdomyosarcoma (7), Beckwith-Wiedemann syndrome(31) and in stomach adenocarcinoma (28). The second hot-spot of LOH (region 2) in breast tumors is

defined by markers D11S1338-D11S1323, and spans a distance

of -336 kb (22). Region 2 is centromeric to the putative WT2 gene
previously identified by genetic complementation experiments (region 1) and overlaps with LOH regions previously described
(29). Reid et al. (30) have used a functional assay to localize a for breast cancer (2) and non-small cell lung carcinoma (43).
lip 15.5 tumor suppressor gene that maps to this region in the Importantly, we have refined this region from 5-10 Mb described
G401 cell line. It is interesting to note that the physical map and earlier (2,43) to -336 kb, with the highest incidence of LOH at the
contig of the BWSCR1-WT2 region described recently (23) marker D11S1338. Previous studies (2,43), have only analyzed a
overlaps with our LOH region 1. Inversions and translocations at few markers, sparsely distributed in the region proximal to HBB.
chromosome band 1lp 15.5, associated with malignant rhabdoid Our study, therefore, is the first report of a detailed analysis of
tumors and Beckwith-Wiedemann syndrome (31), also overlap markers proximal to HBB that has considerably refined the
with both regions of LOH in this study. It remains to be determined boundaries of LOH in region 2.
whether a single pleiotropic gene or a cluster of tumor suppressor We observed a significant correlation between LOH at the two
genes play a role in the genesis of different cancers, possibly at chromosomal regions and the clinical and pathological para-
different stages of tumor development and progression. meters of the breast tumors. LOH in region 1 correlated with

In childhood tumors such as WT and embryonal rhabdomyo- tumors that contain ductal carcinoma in situ synchronous with
sarcoma, there is a strong bias toward loss of maternal lilp15 invasive carcinoma. This suggests that the loss of a critical gene
markers (32), suggesting the existence of an imprinted tumor in this region may be responsible for early events in malignancy
suppressor gene in region 1. Since LOH for I lpI5 is a common or invasiveness. LOH at region 2 correlated with clinical
event in several adult tumors, a similar bias in allele loss could parameters which portend a more aggressive tumor and a more
also be expected in the latter. Although the existence of parental bias ominous outlook for the patient, such as aneuploidy, high S-phase
towards LOH of llp15 markers has not yet been demonstrated in fraction and the presence of metastasis in regional lymph nodes.
adult tumors, two genes that map to llp15, namely human The association between lip LOH, tumor progression and
insulin-like growth factor II gene (IGF2) and H19, are known to metastasis that we describe is analogous to the observations made
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in, other epithelial tumors including breast cancer (3,6). For cases where LOH is questionable, where possible, regions
example, LOH at I lp correlated with advanced T stage and nodal containing a high proportion of normal tissue were physically
involvement in non-small cell lung carcinoma (44) as well as removed from the original block by microdissection followed by
subclonal progression, hepatic involvement (45) and poor DNA isolation. These improvements combined with the automatic
survival in ovarian and breast carcinomas (3,46). Phillips et al. quantitation of results using the Genescan Analysis have given us
(19) have shown that micro-cell-mediated transfer of a normal a better indication of LOH in tumor samples. Genomic DNA was
human chromosome 11 into the highly metastatic breast cancer isolated from normal and tumor tissue samples as described
cell line MDA-MB-435 had no effect on tumorigenecity in nude earlier (5) and quantitated by determining the optical densities at
mice, but suppressed metastasis to the lung and regional lymph 260 and 280 nm.
nodes. This further supports the observation that chromosome 11
harbors a metastasis suppressor gene. The integrin-linked kinase Microsatellite polymorphisms and primers
gene (24) has been shown to induce anchorage-independent
growth and a tumorigenic phenotype in rodents. We have refined DNA sequences flanking polymorphic microsatelmite loci on
the map location of p59ILK, and placed this gene on the YAC chromosome 11p 1 5 .5 were obtained from the chromosome 11847a12 that spans the markers DllS 1338 and DllS 1323. Thus, databases and the Genome Data Base (GDB). Dye-labeled (FAM or
p59ILK is a tumor suppressor candidate for region 2. HEX; Applied Biosystems) primers were either obtained fromIt is ntumotlr ifppressor LO nvolvingte regions1n 2. a Research Genetics (Huntsville, AL) or synthesized as describedIt is n o t c le a r if L O H in v o lv in g re g io n s I a n d 2 a c t e a l e ( 5 . O l o n p r m r i e ch a r w s u r s e t y l b l d
independently or synergistically in breast tumors. The identification earlier (5). Only one primer in each pair was fluorescently labeledof two subsets of tumors that have lost either region i or region so that only one DNA strand was detected on the gel. The physical
2 suggests that LOH at the two regions occurs independently and distances between the polymorphic loci were calculated based on the

perhaps at different time points during breast tumor progression. sequence map of chromosome Ja (http://mcdermott.swmed.edu/)
This is consistent with the possibility that at least two tumor the radiationh m of J et al.
suppressor genes involved in the progression of breast cancer are
located on the chromosome lipi5.5-15.4. These genes may
function at distinct stages in the development and progression of Polymerase chain reaction (PCR) and analysis of PCR

breast cancer; alternatively, different target genes may be products using Genescan software
inactivated in different tumors. It is possible that specific subsets PCR of the DNA sequences was performed as described (5). PCR
of tumors are defined by the particular set of mutations that they products were analyzed on Seaquate 6% DNA sequencing gels
contain, which results in the clinical heterogeneity that is (Garvin, OK) in lx TBE buffer in a Model 373A automated
frequently seen in breast cancer, fluorescent DNA sequencer (Applied Biosystems) which is a

Chromosome lIlp 15 contains several imprinted genes and two four-color detection system. One gl of each PCR reaction was
or more tumor suppressor genes. The fine mapping of this combined with 4 pl of formamide and 0.5 pl of a fluorescent size
intriguing chromosomal region should facilitate the identification marker (ROX 350; Applied Biosystems). The gel was run for 6 h
of novel genes, the evaluation of candidate genes and the at 30 W. During electrophoresis, the fluorescence detected in the
establishment of the mechanisms whereby they contribute to the laser scanning region was collected and stored using the Genescan
evolution of adult and childhood cancers. Collection software (Applied Biosystems). The fluorescent gel data

collected during the run were analyzed automatically by the
MATERIALS AND METHODS Genescan Analysis program (Applied Biosystems) at the end of

each run. Each fluorescent peak was quantitated in terms of size
Patient materials and preparation of genomic DNA (in base pairs), peak height and peak area.
Primary tumor and adjacent normal breast tissue samples were
obtained from 94 randomly selected breast cancer patients LOH analysis with Genescan
undergoing mastectomy at the Cleveland Clinic Foundation (CCF). Fluorescent technology (5) was used to detect and analyze CA
Samples of these tumors and corresponding non-involved tissue repeat sequences. The ratio of alleles was calculated for each
from each patient were collected at the time of surgery, snap-frozen normal and tumor sample and then the tumor ratio was divided by
and transferred to -80'C. Clinical and histopathological features the normal ratio, i.e. Tl:T2/NI:N2, where TI and NI are the area
of the tumors described in Table 1 were performed by the values of the shorter length allele and T2 and N2 are area values of
Pathology Department at CCF and were revealed only after the the longer allele product peak for tumor and normal respectively. We
LOH study had been completed. The breast tumors described in assigned a ratio of 0.70 or less to be indicative of LOH on the basis
Table 1 were classified according to the WHO classification (25). that tumors containing no normal contaminating cells and showingTumor grading described in Table 1 was based on the Scarff- ta uoscnann onra otmntn el n hwn

complete allele loss would theoretically give a ratio of 0.0, but
Bloom-Richardson method (25). DNA ploidy and S-phase because some tumors in this series contained an estimated
determinations were done using the fine needle aspiration method 30-40% normal stromal cells (interspersed among the tumor
(5). ER and PR status were done using the Ventana 320 automated cells), complete allele loss in these tumors would give an allele
immunostandard and the modified labeled streptavidin biotin ratio of only 0.70. At least three independent sets of results were
technique (5). used to confirm LOH in each tumor.

An initial cryostat section was stained with H&E stain to

determine the proportion of contaminating normal tissue, and Statistical analysis
only DNA purified from specimens thought to be highly enriched
in tumor tissue was used for PCR. Generally we use tumor Clinical features of breast tumors are summarized as frequencies
samples that contain <40% contamination of normal cells. In and percentages, separately for each LOH region. The X2 test was
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Iboss of heterozygosity at chromosome lp15 in Wilms tumors:
identification of two independent regions
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Loss of heterozygosity (LOH) on the short arm of and in tumors from sporadic WT patients enabled the
chromosome 11 is the most frequent genetic alteration in isolation of the WTI gene (Bonetta et al., 1990; Huang
Wilms tumors, indicating that one or more tumor et al., 1990; Call et al., 1990; Gessler et al., 1990).
suppressor genes that map to this chromosomal region Analyses of WT1 mutations in patients with Denys-
are involved in the development of the disease. The WT1 Drash syndrome (intersex disorders and nephropathy
gene located on l1p13 has been characterized but coupled with Wilms tumor), established the WT1 gene
mutations in this gene occur in only about 10% of as an important tumor suppressor which also played a
Wilms tumors. A second locus (WT2) at chromosome crucial role in urogenital development (Pelletier et al.,
llp15 has also been described in Wilms tumors but thus 1991). However, extensive mutational analyses of WTI
far efforts to clone the WT2 gene(s) have been frustrated in sporadic Wilms tumors indicates that mutations
by the large size (.-. 10 Mb) of this region. Using a high- occur at a frequency of only about 10% (Varanasi et
density marker LOH analysis of 11p15.5-15.4, we have al., 1994). A second locus on chromosome lIlpI5
refined the location of a Wilms tumor suppressor gene (WT2) shows a high frequency of loss of heterozygosity
between the markers DllS1318-DllS1288 ('-800 kb) in Wilms tumors (Coppes et al., 1992). Furthermore,
within 11p15.5. We have also identified a second, novel linkage analysis and cytogenetic rearrangements have
region of LOH that spans the markers Dl1S1338- mapped the gene(s) for Beckwith-Weidemann syn-
D11S1323 (--.336 kb) at llp15.5-p15.4. Thus a second drome (BWS) to 1lp15.5 (Ping et al., 1989). BWS is
distinct locus, in addition to the previously defined WT2, characterized by hemihypertrophy, macroglossia, um-
on chromosome 11p15.5, appears to play a role in the bilical hernia, and an increased risk for developing
development of Wilms tumors. childhood cancers including Wilms tumors (Sotelo-

Avila and Gooch, 1976). Functional studies using
Keywords: Wilms tumor; tumor suppressor genes; chromosome mediated gene transfer into the rhabdoid
chromosome lI p15; loss of heterozygosity tumor cell line G401 have also been used to map a

tumor suppressor locus to lip15 (Reid et al., 1996).
Since positional cloning efforts to identify the target
genes on 1 lp15 are complicated by the large size of this

Introduction region (- 10 Mb) and complexity of LOH, we have
refined the mapping of the WT2 locus by performing a

Wilms tumor (WT), a childhood kidney cancer which detailed LOH analysis of the I Ip15.5-1 lp15.4 region
occurs in approximately 1 per 10 000 live births, is using a high-density marker analysis of 38 informative
responsible for about 400 tumors per year in the USA tumor DNAs. The earlier described WT2 locus, has
(Young et al., 1986). The majority of cases are been refined from 2 Mb (Besnard-Guerin et al., 1996)
diagnosed by 6 years of age, although rare cases have to - 800 kb. We have also identified a second novel
been documented in adolescents and adults. The locus of approximately 336 kb, that is proximal to
inactivation of tumor-suppressor genes, by a two-hit WT2 and is also frequently lost in Wilms tumors. Thus
mechanism involving mutations and loss of hetero- two distinct regions of LOH on chromosome Ilpi5,
zygosity (LOH), appears to be a common event in the appear to play a role in the development of Wilms
development of Wilms tumors (Knudson and Strong, tumors.
1972). Several chromosomal regions, including 1p,
lip13, lip 1 5 and 16q show consistent genetic changes
in tumor tissue (Grundy et al., 1995), suggesting that Results
multiple suppressor genes are likely to be involved in
the etiology of the disease. The association of Wilms To identify the smallest common deleted region on
tumor with aniridia, genito-urinary abnormalities and chromosome l p15 in Wilms tumors, thirty eight
mental retardation (the WAGR syndrome), and tumor DNAs and matching constitutional DNA
cytogenetically visible alterations of chromosome samples were assessed for LOH at 15 chromosome
lIp13 led to the identification of the WT1 locus llpl5-specific polymorphic loci. These markers en-
(Franke et al., 1979). The characterization of homo- compass the chromosomal sub-regions lIp15.5-
zygous deletions observed in individuals with WAGR llpl15.4, estimated to be - 8- 10 Mb (James et al.,

1994). LOH occurred in at least one marker on the
short arm of chromosome 11 in 16 of 38 (43%)
infrwrnntivp tiimnr, Thp rf.-iilt•q mnfirm thnt intpr.,titipl
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Figure 1 Genotypes of thirteen representative tumors and the -15T[7]F 7 F~ i UiT T77 D~ 7
smallest regions of shared LOH in Wilms tumors: Tumor
numbers are listed across the top, with the markers analysed to Figure 2 LOH studies of normal (N) and tumor (T) Wilms
the left. Open circles represent informative samples, with no Fur 2airs. studes of nomal (N and tumor T) aim
LOH; filled circles represent informative samples with LOH; ND tumor pairs. Genescans of samples 28 and 40 (region 1) and
represents not determined and stippled circles represent non- samples 67 and 15 (region 2) for the markers TH, DIlSI3318,
informative (homozygous) samples. The maximum area of LOH DllS1331 are shown. Arrows represent allelic loss. NI- non
is boxed for each LOH region in each tumor. The bars to the informative for the marker. LOH represents samples that exhibit
right represent the extent of the proposed common regions of loss of heterozygosity. Samples showing LOH are boxed
LOH (region I and region 2). Tumors that exhibit LOH at region
1 only, region I and region 2, and region 2 only are grouped
together

and IGF2. This tumor showed LOH for the markers
D1 IS1760 and D11S1338 and was heterozygous for the

The genotypes of the 13 representative Wilms remaining proximal markers. Tumor 15 showed LOH
tumors (Figure 1), along with other tumors analysed at the markers DllS1323, DIlS1997, DllS866 and
(data not shown), serve to identify and refine the LOH DllS1331. This tumor was non-informative for the
regions on llplh. Figure 2 depicts the primary markers HRAS, IGF2, Dl1S1318 and was hetero-
genescan data of the four critical tumors 28, 40, 67 zygous at all the remaining markers. It is notable that
and 15, showing the restricted areas of LOH. tumors 67 and 15 exhibit LOH at either DllS1338 or
Interstitial deletions, examples of which were seen in DIIS1323. This suggests that region 2 is within the
tumors 17, 28, 37, 32, 40, 25, 67, 15 and 21, (Figure 1) interval that spans the markers DIIS1338-DIlS1323
define the LOH breakpoints and provide a critical a distance estimated to be ,- 336 kb (James et al.,
description of the region. Two regions of LOH at 1994). We have mapped integrin-linked kinase
lIp15 can be identified. The telomeric region (region 1) (p59ILK) on the yeast artificial chromosome (YAC)
is encompassed by the markers TH and Dl lS1288 and 847a12 that harbors the markers Dl1S1338 and
is defined by the LOH breakpoints in tumors 28 and 40 DI1IS1323. PCR amplification of the DNA from the
as identified using Genescan (Figure 2). Tumor 28 YAC 847a12 with several different p59ILK primers
retained heterozygosity for HRAS, ECS1, TH and produced the expected length fragments (data not
D11S1318, but showed LOH for the markers shown). No amplification products were observed from
DlIS1288 and D11S860. ECSI, is a novel gene that a BAC DNA specific for the marker D11S1323 or from
we have recently mapped to the Ilpl5 region (Paris et yeast DNA. Thus p59ILK is a candidate tumor
al., in preparation). Tumor 28 was non-informative for suppressor gene for this locus. p59ILK was previously
the marker IGF2 but retained heterozygosity for the mapped to the CALC-HBBC region on chromosome
proximal markers DllS988, HBB, DllS1760, llpl5 (Hannigan et al., 1997).
Dl1S1338, D11S1323, DllS1997, DllS866 and The data described indicate the presence of two
DlIS1331. Tumor 40 showed LOH at markers ECS1, distinct regions of LOH within I lpl 5.5- 15.4. Five of
TH and DliS1318 and was non-informative for the the tumors in the group studied, examples of which are
markers HRAS and IGF2 and for the proximal marker 12, 19, 25, 35 and 45 (Figure 1), appeared to have lost
Dl1S860. This tumor was heterozygous for all the both of the LOH regions on the chromosome lip arm.
remaining markers including DilS1288. Tumors 28 However, only tumors 35 and 45 in this group
and 40, therefore, refine the LOH Region 1 to a appeared to have also lost the llpl3 markers
distance of -,800 kb between the markers DilS1318 (Coppes et al., 1992) suggesting the loss of the entire
and DiIS1288. Importantly, these results narrow the lIp arm in these tumors.
region containing this tumor suppressor gene from
2 Mb reported earlier (Besnard-Guerin et al., 1996) to
- 800 kb. Discussion

The more centromeric region of LOH (region 2) is
defined by breakpoints in the tumors 67 and 15 We have identified two distinct regions on chromosome
(Fimirp.T 1 and "1 Tiimc"r A7 •Am hPtPrr)7TXoCYr11Q fnr 1 nl 5 thnt 2rP ul hiprt tr T "14 in W ilmnQ tirinrQ Thp
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al., 1998). LOH involving region 1 coincides with analysis and direct sequencing of Wilms tumors failed
l.'gi6ons implicated in the pathogenesis of rhabdomyo- to reveal mutations in these genes (Karnik et al.,
sarcoma (Besnard-Guerin et al., 1996; Sait et al., 1994), unpublished observations).
breast cancer (Karnik et al., 1998; Winquist et al., In addition to the previously described WT2 locus,
1995), ovarian carcinoma (Viel et al., 1992), stomach we have identified a second region of LOH (region 2)
adenocarcinoma (Baffa et al., 1996) and with a region at lIp15 in Wilms tumors. This novel LOH locus in
conferring tumor suppressor activity previously identi- Wilms tumors, is defined by markers DliS1338-
fled by genetic complementation experiments (Reid et D 11S1323, which spans a distance of - 336 kb and is
al., 1996; Koi et al., 1993). Inversions and transloca- centromeric to the putative WT2 gene. We have
tions at chromosome band l1pl5.5, associated with narrowed this region from 5-10Mb (Tran and
Beckwith-Wiedemann syndrome and malignant rhab- Newsham, 1996; Ali et al., 1987) to .-.336 kb, with
doid tumors (Sait et al., 1994; Hoovers et al., 1995) the highest incidence of LOH, at the marker
overlap with both regions of LOH in this study. DllS1338. Integrin-linked kinase (p59ILK) was earlier
Importantly, we have more precisely refined the shown to map to the CALC-HBBC region and was
location of the putative tumor suppressor gene in shown to induce anchorage-independent growth and a
region I from 2 Mb (Besnard-Guerin et al., 1996) to tumorigenic phenotype in rodents (Hannigan et al.,
800 kb. As illustrated in Figure 3, several genes that 1997). We have refined the map location of p59ILK,
map to this region are subject to allele-specific and placed this gene on the yeast artificial chromosome
imprinting (Reid et al., 1997) thereby raising the (YAC) 847a12, that harbors the markers DllS1338
possibility that the tumor suppressor gene that maps and DlIS1323. Thus, p59ILK is a potential tumor
to lp15.5 may be imprinted in a tissue-specific suppressor candidate for region 2.
manner. Given the size of LOH region 1, it is possible These findings suggest the presence of two distinct
that a single pleiotropic gene rather than a cluster of tumor suppressor loci on chromosome llpl5 that
genes may play a role in the genesis of different appear to play a role in the development of Wilms
cancers, possibly at different stages of tumor develop- tumors. The fine-mapping of these loci should lead to
ment and progression. More extensive analysis and the cloning of the target genes and the establishment of
isolation of the target gene that maps to this region will mechanisms that contribute to the development of
be important to establish whether loss or alteration of Wilms tumor and other childhood and adult cancers.
the same or different genes is involved in each of these
cases. p57KIP2 and NAP2 (Reid et al., 1997) are
potential tumor suppressor candidate genes that map
to region 1. However, single strand conformation Materials and methods

Patient materials and preparation of genomic DNA

Constitutional and tumor DNA from patients were
obtained for 38 Wilms tumor cases as described previously

11p15.4 11p15.5 (Coppes et al., 1992). Thirty-three patients had unilateral
-600kb 5Mb -800kb Wilms tumors and five had bilateral disease. The median

- r-0 - age at diagnosis was 3 years (range, 3 months to 14.7
Z ,years). There were 18 male and 20 female patients.

Constitutional DNA was obtained from peripheral blood
r'= zo,-= o° 0. t-leukocytes, lymphoblastoid cell lines, primary skin fibro-

0) co ) co ( 0=i EC'0 blast cultures, or normal kidney tissue. Tumor tissues

taken for DNA and RNA analyses were directly snap-
frozen in liquid nitrogen.

Region 2 Region 1 Present

Study Microsatellite polymorphisms and primers

Previous DNA sequences flanking polymorphic loci on chromosome
WT2 Study lip15.5 were obtained from the Genome Data Base

BWS (GDB). The sequence analysis and characterization of the
Sbreakpoints new gene, ECS1 will be described elsewhere (Paris et al., in

preparation). Dye labeled (FAM or HEX from Applied
Rhabdomyosarcoma Biosystems) primers were either obtained from Research

I tGenetics (Huntsville, Alabama) or synthesized as described
earlier (Karnik et al., 1995). One primer in each pair was

=],,e fluorescently labeled so that only one DNA strand was
detected on the gel.

Non Small Cell
[ ] Lung Carcinoma

Polymerase Chain Reaction (PCR) and analysis of PCR
Stomach products using genescan software

c _ - i Adenocarcinoma

PCR of the DNA sequences was performed as described
Figure 3 Schematic representation of regions on chromosome (Karnik et al., 1995). PCR products were analysed on
l1p15.5-15.4 harboring potential tumor suppressor and/or Seaquate 6% DNA sequencing gels (Garvin, OK) in
disease loci described in the present study and by other groups 1 x TBE buffer in a Model 373A automated fluorescent
in Wilms tumor, Beckwith-Wiedemann syndrome, Rhabdomyo- rI,,TA -- ,- -A,-,1;,A , ,b,-.I, ( U . ,,, F- ,1-
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cent size marker (ROX 350, Applied Biosystems). The gel identified by the complete loss of one allele. The ratio of

s',va• run for 6 h at 30 W. During electrophoresis, the alleles was calculated for each normal and tumor sample
fluorescence detected in the laser scanning region was and then the tumor ratio was divided by the normal ratio,
collected and stored using the Genescan Collection i.e. TI :T2/N1 :N2, where TI and Ni are the area values of
software (Applied Biosystems). The fluorescent gel data the shorter length allele and T2 and N2 are area values of
collected during the run was automatically analysed by the the longer allele product peak for tumor and normal
Genescan Analysis program (Applied Biosystems) at the respectively. At least three independent sets of r'esults were
end of each run. Each fluorescent peak was quantitated in used to confirm LOH in each tumor.
terms of size (in base pairs), peak height and peak area.
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