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Laleh Shayesteh

DEFINING A REGION OF INCREASED COPY NUMBER ON 3426 IN OVARIAN

CANCER

ABSTRACT

Studies using Comparative Genomic hybridization (CGH) indicate that chromosome 3425

3qter is commonly increased in copy number in ovarian cancer and other solid tumors. We

characterized an ~ 10 Mb wide portion of this region in ovarian cancers using fluorescence

in situ hybridization (FISH) with 36 probes distributed between markers D3S1275 and

D3S1602. Copy number was assessed visually in interphase nuclei after FISH with each

probe. Ten ovarian cancer cell lines and 6 primary tumor samples were analyzed. An -2Mb

region at 3426.3 defined by CEPH YACs 945H6 and 806D8 was increased in copy

number relative to a region at 3p.25 in all tumors and cell lines. The alpha catalytic subunit

of phosphatidylinositol 3-kinase (PIK3CA) maps to this region. Expression of PIK3CA

was found to be increased in the amplified cell lines and tumors relative to normal ovarian

surface epithelial cells and may contribute to ovarian cancer progression by conferring a

survival advantage through a reduction in cell death due to apoptosis.
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CHAPTER ONE

INTRODUCTION



1.1 CANCER

Cancer is a complex and frightening continuum of diseases that kills one in five

adults in developed countries. Due to advances in cell biology and molecular genetic

techniques over the past two decades, there has been a phenomenal rise in our

understanding of how cancers arise and progress. A healthy cell is in a well-defined

balance with its surroundings, dividing only when dictated by the balance of stimulatory

and inhibitory signals in its environment. We now recognize that cancer is predominantly a

genetic disease that begins when a cell within a normal population sustains a genetic

mutation during growth or division that increases its propensity to proliferate when it

normally would rest or that fails to die or differentiate when appropriate. Accumulation of

genetic damage in the cell or its progeny allows them to cease to respond to growth

regulatory signals in their environment and gain the ability to grow out of control. This

inappropriate proliferation is the key cellular activity that we recognize as central to

pathology of cancer. The resulting mass can damage healthy tissue in its vicinity, and

eventually gain the ability to invade the barriers that separate one organ from another, thus

metastasizing and establishing new colonies at distant sites, depriving normal tissues of

their nourishment, and eventually killing the individual. Obviously, methods for early

detection in any cancer are of paramount importance, as it is known that by the time a tumor

reaches a palpable size of about one centimeter, it has already gone through thirty cell

doublings, is about one gram, and contains about one billion malignant cells.

The emerging view of tumor progression today reflects a convergence of several

lines of research. By 1914, Boveri (Boveri 1914) had concluded that malignant cells had

abnormal chromosomes and that any event leading to such abberancy would cause cancer

but it was not until 1946 that there was data showing DNA was the genetic component of

chromosomes. Years later, in his landmark paper, Nowell (Nowell 1976) introduced a

model for clonal evolution in neoplasia, in which cancer starts from a single altered cell,

carrying a genetic aberration that confers a growth advantage and clonal expansion.



Subpopulations of this cell then aquire additional alterations to allow tumor progression.

According to this model, aquisition of genomic instability is a key step in cancer evolution

leading to extensive tumor cell heterogeneity. The heterogeneity is manifested as

chromosomal rearrangements: gains or losses of whole chromosomes, translocations,

insertions, amplifications, loss of heterozygosity, point mutations, and deletions, a small

fraction of which contribute to cancer progression.

The mutations that result in unrestrained cell proliferation occur in two classes of

genes: tumor suppressor genes and proto-oncogenes. In normal cells the products of tumor

suppressor genes typically are recessive and act to inhibit cell proliferation, ensure the

stability of the genome, and suppress anngiogenesis and apoptosis. Oncogenes encode

proteins that act dominantly at many points along the pathways that stimulate cell

proliferation.Tumor cells free themselves of the normal controls on proliferation by

accumulating genetic changes that inactivate tumor suppressor genes or activate proto

oncogenes.

1.1a TUMCR SUPPRESSOR GENES

The role of recessive mutations in cancer and the means by which they may take

effect evolved following experiments by Harris (Harris, Miller et al. 1969) which

demonstrated that fusion of normal cells and cancer cells often suppresses the neoplastic

phenotype, especially when the fusions are between cells of the same species. These results

led to the concept that recessive mutations in a tumor suppressor gene could contribute to

tumor evolution when subsequent genetic events resulted in loss of the remaining normal

gene. Later, Knudson proposed his “two hit” hypothesis as a general mechanism of cancer

induction by tumor suppressor genes to explain the epidemiologic features of a rare

childhood eye cancer, retinoblastoma (Knudson 1971). According to this hypothesis, the

induction of cancer requires two mutagenic events, or hits, to a critical gene. The first hit

may be in the germline or in somatic cells, while the second hit is to a somatic cell. When



the germ line is affected, increased susceptibility to cancer is hereditary, but when both hits

occur on somatic cells the cancer is sporadic.

Inherent in this hypothesis is the concept that a gene exists that normally prevents

cancer or abnormal proliferation, and both copies of this gene must be lost to initiate

cancer. This is the functional definition of a tumor suppressor gene. Solid evidence for this

hypothesis came from many lines of research, and is presented using retinoblastoma gene

RB as an example. Karyotypic analyses of retinoblastoma cells revealed consistent

deletions on 13414 (Yunnis and Ramsey 1978). Using chromosome 13-specific DNA

probes, Cavanee et al (Cavenee, Dryja et al. 1983) examined this region of the genome in

normal and cancer cells from retinoblastoma patients for loss of heterozygosity. In this

approach, Southern blots were hybridized to probes for regions of the genome carrying

restriction enzyme polymorphisms. That is, for many probes, the DNA from normal cells

contained both alleles of these restriction fragment length polymorphisms (RFLP), but the

tumor DNA had lost one parental allele. Cavenee et al showed that this loss of

heterozygosity in cancer cells removed the wild type RB allele and uncovered a recessive

inherited mutation in the RB gene. The mechanism leading to the loss may be gene

conversion, deletion and/or gene duplication at this locus. Isolation of the RB gene by

molecular cloning (Friend, Bernards et al. 1986) and availability of DNA clones validated

Knudson's hypothesis. Formal proof that the wild-type RB gene product could act as a

tumor suppressor gene came from two lines of study: (a) introduction of a normal copy of

chromosome 13 into retinoblastoma cells produced hybrid cells that no longer produced

tumors in animals; (b) introduction of a wild-type RB allele into a retinoblastoma or

osteosarcoma cell in culture produced clones that failed to produce tumors in animals.

Several tumor suppressor genes with various cellular functions have since been

discovered that have been found to increase cancer susceptibility when inherited in mutant

form. Some examples are shown in table 1.1.



Table1.1 Sometumorsuppressorgenesandtheirfunctions. GENELOCATIONTUMCRFAMILIALCELLULARREFERENCE

SYNDROMEFUNCTION

APC5q21coloncanceradenomatousunknown(Kinzler,Nilbert
etal.1991)

polyposis(Groden,Thliveris
etal.1991)

BRCA117q21breastcancerbreast/ovarianunknown(Miki,Swensen
etal.1994) BRCA213412breastcancerbreast/ovarianunknown(Wooster,Neuhausen

etal.1994) DCC18q23coloncancerunknowncelladhesion(Fearon,Choetal.1990) NF117q11.2neurofibromaNF1GTPaseactivating(Legius,Marchuk
etal.1993)

braintumorprotein

NF222412SchwannomasNF2cytoskeletalprotein(Trofatter,MacCollin
etal.1993)

meningiomas(Rouleau,Mereletal.1993) ependymomas

p5317p13.1astrocytomaLi-FraumeniDNA-bindingprotein(Finlay,Hindsetal.1989)

carcinomatranscriptionregulator SarCOIIlacontrolofcellproliferation

RB113q14retinoblastomafamilialcellcycleregulation(Friend,Bernards
etal.1986)

osteosarcomaretinoblastoma

WT111p13wilms’tumorWAGR

hepatoblastoma

transcriptionfactor(Gessler,Poustka
etal.1990)

(Call,Glaseretal.1990)



1.1b ONCOGENES

Oncogenes by definition are genes that alone or in combination induce or maintain

a malignant phenotype (Bishop 1987). Oncogenes came into light in 1911 when Rous

(Rous 1911) identified a virus, Rous Sarcoma Virus (RSV), that causes sarcomas in

chickens. Years of further work led to the concept that such viruses, also termed

transforming retroviruses, harbor sequences termed viral oncogenes or v-onc that they

captured from the genomes of their host cells. Thus, v-onc sequences are derived from

cellular genes (proto-oncogenes) (Bishop 1983; Bishop 1985). Detailed analysis of v-onc

sequences and their homologues in normal cells revealed that v-oncs arose by transduction

of portions of proto-oncogenes by replication competent retroviruses (Bishop 1983; Bishop

1985).

Oncogenes also have been revealed by studies of the transforming activity of DNAs

isolated from tumor cell lines or directly from primary tumor tissues (Cooper 1982;

Weinberg 1982; Varmus 1984; Barbacid 1987). Another approch toward identifying genes

with transforming potential has been the analysis of sequences present at the recombination

points on chromosomes that undergo highly specific rearrangements in certain human

tumors (Nowell, Finan et al. 1983; LeBeau and Rowley 1986; Klein 1987).

Oncogenes affect a vast array of cellular functions.Involved pathways and genes

include: factors or their receptors, cytoplasmic relays in stimulatory signalling pathways,

transcription factors that activate growth-promoting genes, inhibitors of apoptosis,

stimulatory components of the cell cycle, activators of angiogenesis, and adhesion. The

mechanisms by which oncogenes are activated are twofold: either by changes in the

structure of the gene, resulting in the synthesis of an abnormal gene product having

aberrant function, or by changes in regulation of gene expression, resulting in enhanced or

inappropriate production of the normal protein. The specific aberrations by which

oncogenes are activated include point mutation, chromosomal translocation, and gene

amplification.



RAS is of the best examples of a gene that is activated by point mutation. The

family of RAS genes(HA-RAS, KI-RAS, and N-RAS) encode GTP-binding proteins and

are involved in several signal transduction pathyways. Growth factor receptors are

activated by autophosphorylation in response to growth factors. Activated growth factor

receptors recruit exchange factors that in turn recruit and activate RAS. Activated RAS

binds to a serine protein kinase, RAF, which then causes the activation of members of a

family of serine kinases, including those in the mitogen activated protein (MAP) kinase

family. These kinases have have multiple substrates, including some transcription factors.

Activation of this pathway may stimulate cell division and other cellular processes. The

RAS protein has weak endogenous GTPase activity which is induced in response to a

family of GTPase activating proteins (GAPs). GAP inactivates RAS by converting it from

the GTP bound to GDP bound state. RAS appears to be involved in multiple interacting

signalling pathways. Several distinct mutations have been identified in RAS, all of which

dramatically reduce the GTPase activity of the ras proteins (Varmus 1984; Barbacid 1987;

Lacal and Tronick 1988; Lowy and Willumsen 1988), thereby constitutively activating the

signalling pathway, and eventually leading to uncontrolled cell division.

It is important to note that although RAS mutations are extremely common, their

presence is not essential for carcinogenesis. These mutations lie along a very common

pathway to carcinogenesis, and occur often in several cancers. Mutations in other

oncogenes could inhibit cellular degradation, or cause constitutive protein activation (so that

phosphorylation of other components of the pathway is no longer necessary).

Translocation-induced overexpression of oncogenes is best exemplified in Burkitt's

lymphoma (BL) and chronic myelogenous leukemia (CML). Advances in cytogenetics and

analysis using nucleic acid probes for the region involved in cytogenetic rearrangement

revealed that proto-oncogenes (e.g., MYC in BL, ABL in CML), are present at the

breakpoints in virtually all cases of BL and CML (Croce 1986; LeBeau and Rowley 1986;

Klein 1987). In BL, CMYC at 8q24 is juxtaposed with the immunoglobulin heavy chain



gene at 14q22. The protein product of the CMYC gene is a transcription factor, the

expression of which normally is regulated by the product of the RB gene.This protein plays

a central role in the control of G1/S cell cycle checkpoint (Pietenpol, Munger et al. 1991).

Aberrations found in cancer often involve abrogation of this control. For example, it is

believed that CMYC translocation results in the costitutive overexpression of CMYC (Cory

1986; Croce 1986; Klein 1987), thus bypassing the RB regulated checkpoint and allowing

unregulated passage of cells into the cell cycle .In CML translocation, C-ABL on 9q34 is

juxtaposed to the breakpoint cluster region (BCR) on chrommosome 2241.1 (Rowley

1973), and produces a hybrid gene which codes for an 8.5 kb transcript which codes for an

aberrant protein (Ben-Neriah, Daley et al. 1986).

Oncogenes in human cancers also are frequently amplified. The amplified

sequences may appear in karyotypes as homogeneously staining regions (HSR), double

minute chromosomes, and/or as abnormally banded regions (Biedler, Helson et al. 1973;

Biedler and Spengler 1976). These are the cytogenetic manifestations of tandemly repeated,

multiple copies of DNA (Cowell 1982; Heim and Mitelman 1989; Solomon, Borrow et al.

1991). Such structures often are present in malignant cells and almost never in normal cells

(Tlsty, Margolin et al. 1989). The finding that these structures contained many copies of

specific genes supported the idea that activation of these genes by overexpression of their

products was associated with carcinogenesis or progression in human tumors.The stability

of double minutes in cancer cells suggested that the amplified oncogene product was

necessary for maintaining the transformed phenotype. Oncogene amplifications have been

extensively studied in neuroblastoma, a childhood cancer. In this disease HSRs are found

in diverse chromosomes, yet all originate from the region of chromosome 2p23–24 coding

for NMYC (Kohl, Kanada et al. 1983; Schwab, Alitalo et al. 1983; Alitalo and Schwab

1986). The levels of NMYC amplification and expression in neuroblastoma correlate with

poor clinical prognosis (Schwab, Ellison et al. 1984). Amplified oncogenes also have been

well-demonstrated in human breast carcinomas. For example, the C-ERBB-2/HER-2/neu



oncogene is amplified in -20% of advanced cancers. This is associated with tumors of

advanced stage with high recurrence rate and poor clinical outcome (Slamon, Clark et al.

1987; Zhou, Battifora et al. 1987).

The above information illustrates the importance of oncogenes in cancer. However,

in contrast with tissue culture systems, diregulation of an oncogene alone may not cause a

human cancer. Development of human cancers seems to be a multistep process. Regulation

of pathways that dictate the delicate balance among cellular prolifaration, differentiation,

and apoptosis is accomplished by a network of positive and negative elements (Weinberg

1989). Alteration of these elements alone or in combination may disregulate a pathway

sufficiently to enable tumorigenesis or tumor progression, with each lesion having a

selective effect on tumor survival or growth. In addition, emerging data from the studies of

various tumor types point to tissue specificity in the pattern of oncogene activation. For

example, amplification of NMYC occurs in neuroblastomas, but rarely in adult solid

tumors. Similarly, certain oncogenes such as RAS seem to be involved in many tumor

types, while others such as SRC are involved infrequently. Very little is known about why

cancers are tissue specific or how combinations of genetic lesions leads to cancer.

However, understanding the pathways leading to tumorigenesis or tumor progression will

be crucial to development of effective specific therapies.

1.1C DISCOVERY OF NEW GENES

To date, several genes important in the initiation or progression of a variety of

tumors have been discovered. However, it is likely that most of these genes still remain to

be discovered, especially since every tumor type has a different pattern of overexpression

and/or inactivation of genes. Increased understanding of the genetic changes that occur

during the initiation or progression of a tumor type and their biologic consequences should

give clues for better diagnosis of the disease, provide prognostic markers, and/or lead to

identification of targets for therapy.



Methods to survey the copy number abnormalities in a tumor genome are important,

as they can highlight the regions that harbor known or as yet unknown oncogenes and/or

tumor suppressor genes. Copy number abnormalities in region previously not known to

harbor ongogenes or tumor suppressor genes is one clue in guiding gene discovery efforts.

Comparative genomic hybridization (CGH) (Kallioniemi, Kallioniemi et al. 1992) was

developed as a technique to do just that. Described in detail in the next section as well as in

the appendix, this technique is ideally suited for tumor genome surveys.It has been used

extensively to investigate copy number abnormalities in many tumor types, and it has

guided efforts in new cancer gene discovery.

10



1.2 POSITIONAL CLONING AS AN APPROACH TO GENE DISCOVERY

Since the advent of recombinant DNA technology in the late 1970’s, hundreds of

disease genes have been cloned and characterized. The vast majority of these have been

identified by functional cloning strategies, where prior knowledge of the underlying

biochemical defect or function existed and was exploited during cloning. Unfortunately,

useful functional screens do not exist for majority of disorders for which genes are being

sought. Positional cloning has emerged as the strategy to identify genes based on position,

and is initiated by chromosomal localization of an abnormality. Successive narrowing of

the interval eventually results in the identification of the correct gene, whose function can

then be studied. The discovery of genetic polymorphisms accross the genome (Botstein,

White et al. 1980), the development of statistical methods for analysis and segregation of

markers and disease genes (Elston and Stewart 1971; Ott 1974) and the advances in large

scale cloning and sequencing of DNA (Burke, Carle et al. 1987) have made positional

cloning increasingly attractive as a cancer gene identification strategy (Collins 1991). The

gene for chronic granulomatous disease (Royer-Pokora, Kunkel et al. 1986) was the first

of many genes to be isolated by this method. Positional cloning has also proven successful

for the isolation of many tumor genes including retinoblastoma (Friend, Bernards et al.

1986), familial adenomatous polyposis coli (Groden, Thliveris et al. 1991), BRCA1 (Miki,

Swensen et al. 1994), and BRCA2 (Wooster, Bignell et al. 1995).

1.3 TOOLS FOR ANALYSIS OF GENETICALTERATIONS IN CANCER

Positional cloning typically involves localization of a recurrent abnormality, high

resolution definition, gene discovery and functional analysis. Tools for such analyses are

discussed below. As seen in the following sections, it is evident that many tools may be

employed to accomplish each step. We are a molecular cytogenetics laboratory, and

emphasis in our laboratory as well as in my studies has been on this approach.

11



LOCALIZATION OF A REGION (resolution: ~20MB). The first step in positional cloning

process is identification of a recurrent abnormality associated with the disease. Approaches

to this step have included genetic linkage analysis, cytogenetic detection of chromosome

aberrations, and analysis of loss of heterozygosity (LOH). Restriction Fragment Length

Polymorphism (RFLP) analysis (Botstein, White et al. 1980) has been extremely valuable

in genetic mapping and linkage studies, as well as in the identification of the regions of

LOH. This technique also has been used for screening tissues for various forms of DNA

rearrangements. Recently RFLP analysis has been supplanted by PCR-based analysis of

simple sequence repeat length polymorphisms. The major drawback to polymorphic marker

analysis is that it addresses one locus at a time so that genome-wide analyses are time

consuming and labor-intensive. Cytogenetic analyses of DNA have identified recurring

translocations, consistent amplifications (except in double minutes and HSRs), and

deletions. Molecular analyses of DNA from patients carrying such aberrations has led to the

identification of important cancer genes, including CMYC, ABL, and NMYC (Croce 1986;

LeBeau and Rowley 1986; Klein 1987) (Biedler, Helson et al. 1973). The drawbacks of

cytogenetic analysis are that it is slow, limited in resolution, and requires preparation of

high quality banded metaphase chromosomes from short term cultures. Cytogenetic

analysis thus is not possible for archival material and often is not helpful for solid tumors,

since metaphases may not be representatives of the original tumor. In addition, small copy

number changes and rearrangements in complex tumor karyotypes are difficult to interpret.

Compararive Genomic Hybridization (CGH) is one of the most recent technical advances in

cytogenetic analysis (Kallioniemi, Kallioniemi et al. 1992; Kallioniemi, Kallioniemi et al.

1994). This method is particularly suited to tumor genome surveys, as it maps regions of

altered relative copy number onto a normal representation of the genome without prior

knowledge of their existence. CGH is discussed in detail in the next section and in the

appendix.
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HIGH RESOLUTION MAPPING (resolution: ~2MB). Once regions have been roughly

localized, either by linkage, analysis of LOH or relative copy number, the process

continues with aquiring an increasingly dense set of markers. until the aberrations are

localized as precisely as the set of families or tumors will allow. Reagents for high

resolution mapping are now available from the human genome projects so this step can be

accomplished quickly. Integrated genetic and physical maps of the human genome such as

Whitehead (http://www-genome.wi.mit.edu/)

and Stanford (http://www-shgc.stanford.edu/) list markers that can be used to define

regions of recurrent anormality or linkage. Cloned probes that can be used in molecular

cytogenetic studies are listed by the UCSF/LBNL (http://rmc-www.lbl.gov/),

the BAC resource (http://www.csm.c.edu/genetics/korenberg/reagents.page.html),

Genethon YAC database( www.genethon.fr), and several hman geome centers

(http://gdbwww.gdb.org/gdb/hgpresources.html). Other databases list comprehensive

genomic, expressed, or protein sequences and homologies

(Genome Database: http://www.hgmp.mrc.ac.uk/gdb/gdbtop.html, National Center for

Biotechnology Information: http://www.ncbi.nlm.nih.gov, and unigene:

http://www.ncbi.nlm.nih.gov/UniGene/index.html among others). In my research, I used.

Fluorescence in situ hybridization (FISH) with probes distributed at 1MB intervals along

chromosome 3 as a tool for chromosome copy number analysis in metaphase and

interphase nuclei. FISH is discussed in detail in the next section and in the appendix.

GENE DISCOVERY (resolution: single base pair). Once a region is defined to about 2

megabases, the search for putative genes can begin. Several approaches include:

- Candidate gene evaluation. Genes that have already been discovered and mapped are

located in the Genome Data Base (GDB), as well as in other databases. These databases are

freely available for searching when flanking markers are known. These genes can be

evaluated as possible oncogenes in the region of interest, as I did in my work;
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- Hybridization-based methods. When sequence is available, zoo blots can be used to

evaluate the evolutionary conservation of the gene. Identification of CpG islands can be

employed to identify promoter regions of genes. Finally, direct selection of cDNAs can be

used to capture cognate cDNAs of a large genomic region from a mixture of PCR-amplified

cDNA in solution (Lovett, Kere et al. 1991; Parimoo, Patanjali et al. 1991);

- Exon trapping (Duyk, Kim et al. 1990).This method is used to locate gene fragments

based on their splice junctions;

- Genomic sequencing. Large scale genomic sequencing allows computational detection of

putative genes and is based on sequence structure and/or on homology with genes in other

species.

- GENE CHARACTERIZATION. Understanding the sequence and function of a gene is

the final goal of any gene discovery project. Genes can be studied at the DNA, RNA, or

protein levels.

DNA sequencing is the direct way of studying DNA at the nucleotide level to

understand the organization of a gene.DNA sequencing provides clues to the gene's

intron/exon structure, its homologies to other sequences in the database, and its putative

protein products. PCR (Saiki, Gelfand et al. 1988) can be used to detect insertions,

deletions, translocations, and point mutations in DNA. Methods for rapid detection of point

mutations in the DNA after PCR include RNAse protection assay (Myers, Larin et al.

1985), denaturing gradient gel electrophoresis (Myers, Fischer et al. 1987), and single

strand conformation polymorphism (Orita, Suzuki et al. 1989).

RNA can be studied using methods such as Northern hybridization or reverse

transcriptase PCR (RT-PCR). Northerns can detect changes in RNA levels or structure.

RT-PCR could accomplish the same tasks on smaller sample size.

Protein products of altered genes and/or proteins in pathways affected by these

alterarions can be detected by antibodies directed against them. Various tools to accomplish

this task include Western blotting and immunohistochemistry. Western blots are used to
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quantify the protein levels from a collection of cells. Here, contamination could pose

problems, but antibodies need not be very specific. In this case, the correct protein size as

revealed in the blot will define the specificity. Immunohistochemistry is aimed at specific

cells and tissue sections, making it a more feasible method. This technique is especially

powerful when used in conjunction with quantitative techniques such as image analysis to

localize and measure protein levels, and flow cytometry to correlate protein antigens with

certain cytologic features, such as cell size. Immunohistochemistry requires very specific

antibodies as well as good sample preparations, especially since data quantification is more

difficult.
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1.4 ANOVERVIEW OF CCH AND FISH

As mentioned in the previous section, our approach to positional cloning uses

molecular cytogenetic methods. Here, I will describe the methods of CGH and FISH in

detail.

1.4a COMPARATIVE GENOMIC HYBRIDIZATION (CGH) ASA LOCALIZATION

TOOL

Cytogenetic analysis on tumor karyotypes has been the classical method to identify

unknown aberrations. However, the sensitivity of this technique is compromised if

metaphase chromosomes are very condensed and/or if the genome is severely rearranged.

In addition, cytogenetic studies cannot be carried out on archival material, or if the cells

cannot be induced to enter mitosis. Comparative Genomic Hybridization (CGH) as a

methodology was introduced in 1992 to address the above problems (Kallioniemi,

Kallioniemi et al. 1992; Du-Manoir, Speicher et al. 1993). This technique has proven to be

an immensely powerful tool for the analysis of DNA copy number changes in tumors, as it

allows entire genomes to be screened for abnormalities in one experiment without the need

to prepare metaphase spreads from the tissue under study or use probes for specific loci. In

CGH, DNA from the test genome (e.g., a tumor) labelled with one fluorochrome (e.g.,

FITC, green fluorescence) and DNA from a second reference genome (e.g., normal DNA)

labelled with a second fluorochrome (e.g., Texas red, red fluorescence) are together

hybridized onto normal metaphase spreads. The relative intensities of green and red

fluorescence along the metaphase chromosomes indicate the relative copy numbers of the

test and control genome at each region of the normal genome. Thus, if a region in the tumor

is amplified, then the green:red ratio of that region in the normal metaphase is increased.

Alternatively, a low green:red ratio on the normal metaphase indicates lower hybridization

of FITC onto the normal metaphase, and therefore loss of chromosomal material at this

region of the genome in the tumor.

16



DNA for CGH can come from fresh tumor material or from archival samples

(Speicher, du Manoir et al. 1993). Moreover, using amplification methods such as DOP

PCR, it is possible to to perform CGH using cells isolated from various regions of the

same tumor (e.g., by microdissection) and thus test tumor sample heterogeneity. CGH

allows detection of 50% changes in copy number if the involved region is larger than 10-20

megabases. For amplifications of greater than 5-10 fold, smaller regions of amplification

have also been detected. Application of CGH to several tumors of the same type allows

identification of regions of consistent copy number abnormality. This localizes regions that

can then be targets for positional cloning efforts to identify genes that may be involved in

tumor initiation or progression.

1.4b FLUORESCENCE IN SITU HYBRIDIZATION (FISH) ASA MAPPING TOOL.

In situ hybridization, and in particular FISH has revolutionized genetics because it

has merged cytogenetics and molecular genetics, allowing characterization of chromosomes

and genes in both normal and abberant states. FISH provides information on a cell-by-cell

basis for analyses of gene copy number and structure, detection of concordant genetic

changes in low frequency populations, detection of residual malignant cells and disease

monitoring. Other important applications of this powerful technique include physical

mapping (a central theme of my projects), in radiation dosimetry, DNA replication and

recombination, clinical disease diagnosis, gene transcription and expression, and study of

chromatin organization and structure.

In situ hybridization was first demonstrated in 1969 (Gall and Pardue 1969; Pardue

and Gall 1969). In those studies radiolabelled DNAwas hybridized onto chromosome

preparations and bound probe was detected using autoradiography. The aim of these

studies was to determine the chromosomal regions to which the probes hybridized. The

target sequences were highly repeated, which led to high signal to noise ratios.

Hybridization of unique sequences using cloned DNA onto chromosome preparations was
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detected more than ten years later (Harper and Saunders 1981). These radioactive

procedures were hazardous and slow, and were eventually replaced with non-radioactive

labelling and fluorescent and/or chromogenic detection. Important developments in this

path were the conjugation of biotin and other haptens to nucleotides capable of being

enzymatically incorporated into DNA or RNA; and other methods of chemically modifying

DNA (Manning, Hershey et al. 1975; Bauman, Wiegant et al. 1980; Langer, Waldrop et al.

1981; Brigati, Myerson et al. 1983; Shroyer and Nakane 1983; Landegent, Jasen in de Wal

et al. 1984; Tchen, Fuchs et al. 1984; Hopman, Wiegant et al. 1986). By the mid 1980's

the sensitivity of fluorescence techniques permitted detection of single copy probes

(Albertson 1985; Landegent, Jansen in de Wal et al. 1986; Albertson, Fishpool et al.

1988). A significant advance in FISH methodology was the introduction of unlabelled

repeat-sequence-rich DNA such as Cot-1 during hybridization to competitively inhibit

binding of interspersed repeat sequences (Landegent, Jansen in de Wal et al. 1987; Lichter,

Cremer et al. 1988; Pinkel, Landegent et al. 1988). This allowed use of any piece of DNA

as a probe without the need to remove the repetitive sequences. For example whole

chromosome probes were made from flow-sorted chromosome-specific libraries, and any

cosmid, P1, BAC, etc., clone from a genomic library could be used for locus-specific

staining (Collins, Kuo et al. 1991; Vooijs, Yu et al. 1993) (Lichter, Tang et al. 1990).

Development of fluorochromes with various excitation and emission spectra along with

filters to detect these variations allowed multiple probes to be detected at the same time.

Finally, combinatorial labelling of probes along with development of software and

hardware for better detection and analysis of signals have further enhanced FISH for

analysis of multiple genetic events in one relatively simple experiment.

PROBES. The choice of the probe is determined by the goal of the study. Three general

groups of probes are available: chromosome-specific repeat sequence probes, whole

chromosome or region-specific probes, and locus-specific probes.
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Repeat sequence probes were among the first to be used for cytogenetic studies

(Manuelidis and Ward 1984; Pinkel, Straume et al. 1986; Ried, Baldini et al. 1989). These

probes target the centromeric regions of chromosomes which contain megabase stretches of

tandemly repeated short sequences. Thus the target is large and easy to detect while the

probe itself can be small. These probes are very useful in determining chromosome copy

numbers with the caveat that only the centromeric regions of the target chromosome is

actually tested.

Whole chromosome or region specific probes are made up of a collection of nucleic

acid fragments distributed along a whole chromosome or a region thereof. The first such

probes were produced from lambda phage libraries produced by cloning DNA from sorter

enriched chromosomes. Inserts from these libraries were subcloned into plasmids for ease

of use (Collins, Kuo et al. 1991). These probes have also been produced by PCR

amplification of sorted chromosomes or microdissected materials (Carter, Ferguson-Smith

et al. 1992; Meltzer, Guan et al. 1992; Telenius, Pelmear et al. 1992; Vooijs, Yu et al.

1993). Whole chromosome or region-specific probes are useful for analysis of

rearrangements or copy number in metaphase chromosomes.

Locus-specific probes usually are collections of one or a few cloned unique

sequences.These probes can be small, for example cDNA, plasmid, or phages, but probes

with inserts of ~40KB (cosmids) or larger, such as P1s, BACs, PACs (~100 KB),and

YACs (~1MB) are more desireable, as they produce larger and more efficiently detected

signals. Detection efficiency is particularly important for analysis of clinical samples. FISH

with locus-specific probes allows chromosomal localization of cloned DNA sequences.

also allows detection of genetic aberrations in interphase nuclei. With properly chosen

probes, both numerical and structural changes can be detected and/or localized (Stokke,

Collins et al. 1995).

PHYSICAL MAPPING. Cloned DNA probes can be mapped along metaphase

chromosomes by FISH and their approximate physical location on the chromosome can be
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determined relative to the end of the chromosome (Lichter, Tang et al. 1990). When two

probes are labelled with different fluorochromes, their relative distance to each other as well

as their order along the chromosome can be determined. However, due to the variable

condensation of metaphase chromosomes, the resolution of this technique is limited to

~2MB. Ordering of more closely spaced probes can be accomplished by hybridizing to

interphase nuclei. This approach is based on the finding that the average distance between

hybridization signals is monotonically related to genomic separation (Trask, Pinkel et al.

1989; Trask 1991). Probes separated by ~50KB to ~2MB can be ordered by interphase

analysis. The highest mapping resolution is reached in Fiber-FISH. In this technique,

hybridization is to uniformly stretched deproteinized DNA molecules. This technique

allows sizing of cloned DNA inserts and the measurements of gaps and overlaps between

adjacent clones. Several protocols for this technique exist. Initially, DNA fibers were

produced by treating the nuclei on slides with high salt concentration or detergent, to

release the DNA around the nuclear scaffold (Wiegant, Kalle et al. 1992). In more recent

protocols DNA fibers are attached to glass slides from lysed cells (Parra and Windle 1993;

Haaf and Ward 1994), agarose blocks (Heiskanen, Karhu et al. 1994), or purified cloned

DNA (Bensinon, Simon et al. 1994; Weier, Wang et al. 1995).

CANCER GENETICS AND OTHER CLINICAL APPLICATIONS. FISH has proven

particularly useful for genetic analysis in clinical applications, since it can be applied to

fixed material, and to small number of cells. Conventional karyotype analysis has proven

difficult on tumor material as it is hard to obtain metaphases, and complex chromosomal

rearrangements make banding patterns very challenging to interpret. FISH can be

performed on poor quality metaphases, on interphase nuclei, and on archival material.

Aneusomies can be determined using repeat sequence probes or whole chromosome paints.

CGH as an extension of FISH allows entire genomes to be analyzed for copy number

abnormality without the need for metaphase spreads. Once regions of the genome that are

altered in copy number with high frequency in a tumor have been identified, locus specific
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probes can be used to define these regions in preparation for positional cloning of the

involved genes. Most recently, the development of combinatorial labelling and spectral

imaging allows separate analysis of all chromosomes in one experiment (Schrock, du

Manoir et al. 1996; Speicher, Gwyn Ballard et al. 1996)

FISH also has been of great value in other clinical applications. As FISH can be

applied to interphase nuclei, prenatal diagnosis for the common aneuploidies can be

performed rapidly and accurately using uncultured amniotic cells (Klinger, Landes et al.

1992; Ward, Gersen et al. 1993; Bryndorf, Christensen et al. 1997), chorionic villus

samples (Bryndorf, Christensen et al. 1996), and maternal blood (Bianchi 1994), when

rare fetal cells are involved. FISH has also become a powerful tool for diagnosis of

chromosome aneuploidies or sex-linked diseases in preimplanted embryos (Munne, Lee et

al. 1993; Delhanty 1994; Grifo, Tang et al. 1994).

As described in the following sections, FISH was used in my studies to assemble a

physical map of the region of increased copy number on 34, and to assess copy number

increases in ovarian cancer cell lines and tumor samples using elements of this map.
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CHAPTER TWO

OVARIAN CANCER
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2.1 INTRODUCTION

Ovarian cancer has been called the silent killer of women. Marked as the 11th major

cancer in the U.S., it is the leading cause of death from gynecological malignancy and the

fourth leading cause of cancer death among American women (Phyllis, Tony et al. 1995),

yet little is known about its etiology at the molecular and genetic level. Among patients with

pelvic reproductive cancer, more deaths occur from ovarian cancer than from cervical and

uterine cancers combined. Current estimates suggest that more than 26,000 new cases will

be diagnosed this year, and greater than 14,500 women will succumb to their disease.

Survival in this disease is related to the stage at the time of diagnosis. Unfortunately, even

with optimal surgery, radiotherapy, and chemotherapy, women diagnosed with ovarian

cancer this year have the same overall 5-year survival (30%) as in 1950 (Piver, Baker et al.

1991). Such poor prognosis results from an inability to detect this disease at an early,

treatable stage, and from lack of effective therapies for late stage disease. On the other

hand, survival for patients diagnosed with early stage disease (still confined to the pelvis)

is 70% to 90% (Ozols, Rubin et al. 1992).Improved detection and better therapeutic

regimen are clearly needed for ovarian cancer, and a better understanding of this disease at

the molecular and genetic level could lead to improvements in disease prevention,

diagnosis, and increased patient life expectancy.

2.2 PATHOLOGY OF EPITHELIAL OVARIAN CANCER

The normal adult ovary is gray-white in color and measures approximately 4 cm in

length, 3 cm in width, and 1.5 to 3 cm in thickness. It is divided into two major histologic

areas, the outer cortex, and the inner medulla. The surface epithelium consists of a single

layer of flattened cuboidal or low columnar epithelium and is referred to as germinal

epithelium. This layer develops from the mesothelium, or the coelomic epithelium. The

cortex is made up of condensed, connective tissue stroma, with tightly packed cells that
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surround follicles in various stages of development. The medulla consits of a highly

vascularized area and specialized polyhedral cells.

Figure 2.1 shows a derivation of various ovarian neoplasms and some data on their

frequency and age distribution. Greater than 90% of all ovarian tumors are of epithelial

origin (Saksela 1993), and are thought to arise from ovarian surface epithelium. Others,

including sex cord-stromal tumors, germ cell tumors, and tumors of uncertain histogenesis,

comprise a smaller but important group of malignant tumors. The four most common

histologic subtypes of epithelial tumors are serous, mucinous, endometroid, and clear cell

carcinoma as described below. Of these, the most common type is serous. All of the

ovarian tumors can have more than one histologic pattern. Most of the tumors are classified

according to the predominant type and are graded according to the degree of differentiation

in the primary tumor in the ovary. The most differentiated tumors, deviating little from their

benign counterpart, are the carcinomas of low malignant potential (LMP) or borderline

tumors. All other carcinomas are graded on the degree of differentiation: well-differentiated

or grade 1, moderately differentiated or grade 2, and poorly differentiated or grade 3.

Staging of ovarian cancer is based on extent of the disease. Thus, the tumor is limited to the

ovaries in stage I, and is extended to the pelvis in stage II. In patients with stage III

disease, the tumor has spread to outside the pelvis, and/or to the lymph nodes. In stage IV

disease, there is distant organ involvement. The majority of women with ovarian cancer

present with stage III or IV disease.

Fig 2.2 is a representative panel of serous carcinomas. Pathologically, these tumors

are multicystic with papillary projections partially or entirely lining the cystic spaces. The

surrounding fluid might be straw-colored, clear, and thin, blood-stained or viscid. In large

tumors, areas of necrosis are present as yellow or dark red-brown, soft, semisolid areas in

otherwise tan or white firm tumor tissue. The external Surface of the tumor is smooth

unless the tumor has grown through the capsule or is adherent to adjacent organs. Tumors

tend to be large. Over half are larger than 15 cm at the time of diagnosis (Allen and Hertig
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1949). Cytologically, serous tumors are characterized by small cuboidal cells, which form

multiple layers as they cover the fibrovascular cores of the papillae. As the tumors become

less differentiated, the cells become larger and more anaplastic, often forming giant tumor

cells, and the papillary growth pattern is obliterated by solid sheets of tumor cells.

Mucinous carcinomas are characterized by tall columnar cells which secrete mucus.

These tumors are often multiloculate cystic tumors. From the gross appearance, it is

difficult to predict the degree of histologic abnormality. There may be visible excrescences

lining the cyst wall. Tumor involving the surface is uncommon. The fluid contained in the

loculi is very thick and viscid.

Endometroid carcinomas are usually associated with endometroid adenofibromas.

These tumors present as cystic masses, with thin fibrovascular cores and often with areas

of hemorrhage. The cells of these tumors are columnar with oval, relatively uniform nuclei

Clear cell carcinomas are derived from the müllerian epithelium. These tumors are

often cystic with areas of necrosis. One or more of three cell types may be involved:

papillary, acinar, and solid. The cells are cuboidal with either clear or eosinophilic granular

cytoplasm.
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Various ovarian neoplasms and their origins.
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2.3 CLONALITY

At Surgery, tumors are frequently found in both ovaries and in other locations in the

abdomen and pelvis, raising the possibility of multifocal origin. However, as in other solid

tumors, it is likely that ovarian cancer arises from a single clone of cells (Kusyk, Seski et

al. 1981; Bello and Rey 1990; Boltz, Harnett et al. 1990; Pejovic, Heim et al. 1991;

Jacobs, Kohler et al. 1992; Mok, Tsao et al. 1992; Tsao, Mok et al. 1993). Accumulation

of multiple advantageous genetic alterations that disrupt normal cellular growth then enables

progression to metastasis (Weinberg 1988; Sager 1989; Sato, Tanigami et al. 1990; Bishop

1991; Smith, Chen et al. 1991; Van de Vijver and Nusse 1991). Some of the strongest

evidence for clonal evolution is the finding that lesions which contributed to the initial

malignant transformation usually are present in the metastatic cells. Tsao et al (Tsao, Mok

et al. 1993) and others have shown the same pattern of lesions in primary and metastatic

deposits of the same ovarian cancer patient, thus providing support for the unifocal origin

of ovarian tumors. In addition, limited CGH studies from our lab have shown that bilateral

tumors have very similar copy number abnormalities suggesting a common origin.

24 SCREENING TECHNIQUES AND CLINICAL IMPLICATIONS

The majority of women with ovarian cancer are diagnosed at an advanced stage

(stage III or IV), when survival rates are poor. Screening tests currently available to

evaluate women for ovarian cencer include the bimanual pelvic examination, serum tumor

marker testing,and transabdominal and transvaginal ultrasonography. Unfortunately, none

has proven effective for early stage disease detection (gynecology 1989; Runowicz 1992).

Recent advances in molecular genetic diagnostics taking advantage of alterations in cancer

susceptibility genes (e.g., BRCAI and BRCA2) could improve screening, at least for the

familial cases. Because of the low sensitivity and specificity of current screening methods

when performed at a population-based level, a recent National Institutes of Health (NIH)

consensus panel recommended that only those women at greatest risk of ovarian cancer be
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included in screening programs (NIH 1995). High risk was defined by a woman's family

history of breast/ovarian cancer. A number of medical centers have enrolled women with

family history of ovarian cancer into screening programs. Preliminary results indicate that

sensitivity and specificity of the NIH-recommended procedures are low, even with this

select group of women (Schwartz, Chambers et al. 1991; Muto, Cramer et al. 1993;

Bourne, Campbell et al. 1994). It is important to note that although women in ovarian

cancer syndrome families have a particularly high incidence of ovarian cancer, they only

account for a small proportion of cases of ovarian cancer. Therefore, screening will not

have a major impact on on overall mortality from ovarian cancer. To have a significant

impact on overall mortality, it will be necessary to include in the screen the majority of

women who will develop ovarian cancer. Currently, the best criteria for general population

screening is advanced age or menopausal status. Screening women of advanced age or in

menopause would mean screening less than 50% of female population, but would include

greater than 80% of ovarian cancers.

CA125 antigen is the most extensively studied biochemical marker for ovarian

cancer. Increased CA125 level is used both for preoperative diagnosis of a pelvic mass and

for monitoring the clinical course of ovarian cancer patients. CA125 is a high molecular

weight glycoprotein recognized by the OC125 monoclonal antibody (Jacobs and Bast

1989). Serum level of CA125 protein is increased in more than 80% of patients with

advanced epithelial ovarian cancer. However, in early stage disease, it is increased in less

than half of the cases (Jacobs and Bast 1989). The specificity of CA125 as a marker for

ovarian cancer is limited because CA125 levels also may be elevated in the presence of

physiologic conditions such as pregnancy and menstruation, as well as in nongynecologic

malignancies such as breast and lung cancer. Recent work indicates that higher specificity

can be achieved by using ultrasound as a secondary test following serum CA125

measurements (Jacobs, Davies et al. 1993), by combining assessment of CA125 with other

tumor markers, or by serial CA125 measurements (Einhorn, Sjovall et al. 1992; Jacobs,
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Oram et al. 1992). Most recently, analysis of the rate of increase of CA125 has been

suggested as a more specific, cost effective screen (Jacobs, personal communication).

2.5 DRUG RESISTANCE

Primary ovarian cancers initially respond well to chemotherapy. About 60% of these

tumors show complete clinical remission. In contrast, 80% of recurrent tumors are drug

resistant (Seeber, Osieka et al. 1982; Pastan and Gettesman 1987; Mitch and Williams

1994). Drug resistance is manifested at either the host or the cellular level. Host-level

resistance may be caused by low absorption, a high rate of degradation/excretion, the

extensive binding to serum proteins, and limited ability to pass blood barriers to brain,

testicles, or other target organs.

Cell mediated drug resistance could be at the membrane, cytoplasm, or nuclear level.

Membrane-level (pleiotropic) resistance is associated with mutations that decrease the

receptor's affinity for the drug or increase drug excretion from the cell. This may be due to

the increased abundance of P-glycoprotein on the cell surface and on the golgi membranes.

This protein is encoded by the multidrug resistance gene, MDR-1. Although it is not clear

how the MDR gene and its protein inhibit penetration of alkylating agents and cis-platinum

(Byfield and Calbro-Jones 1981; Rosenberg 1985), drug resistant ovarian cancer cell lines

demonstrate a low intracellular concentration of these agents (Mann, Andrews et al. 1990).

Drug resistance at the cytoplasmic level may be due to rapid drug degradation or increased

drug binding to intracellular proteins. Ovarian cancer cells exhibiting resistance to

alkylating agents or cisplatinum are known to contain high intracellular concentrations of

glutathione and metallothionines (sulfur-containing nonprotein substances). The drugs bind

to these substances and becomes unable to act on the DNA (Mitch and Williams 1994).

Drug resistance at the DNA level is not well-understood. Cellular products associated with

alterations in the DNA repair process may lead to drug resistance. DNA is the target of

action of many chemotherapeutic agents. Many enzymes are involved in the repair of
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damaged DNA strands, but most are poorly defined. The inhibition of these enzymes could

lead to more effective chemotherapeutic agents, but results so far are not conclusive (Mitch

and Williams 1994). Drug resistant cells may also be characterized by a lower proclivity to

undergo apoptosis.

2.6 EPIDEMIOLOGY

The first reported risk factor for ovarian cancer was the number of cycles of

ovulation (Fathalla 1971). Ovarian epithelial cells undergo multiple rounds of divison and

proliferation to heal the wounds in the epithelial surface that occur during ovulation. Cyclic

disruption and repair of the epithelial surface increases the chance for genetic accidents and

may directly increase the level of genetic instability (Schildkraut and Thompson 1988).

Established risk factors for epithelial ovarian carcinoma include nulliparity, an increased

number of interrupted ovulations, early menarche and late menopause. Oral contraceptive

use and multiparity lessen risk (Parazzini, Franceschi et al. 1991). The incidence of ovarian

cancer is highest in the United States and other affluent nations.This suggests that

environmental and/or lifestyle factors, such as diet, may be important in the etiology of this

tumor.

2.7 INHERITED BREAST AND OVARIAN CANCER

A person’s genetic composition can strongly influence the occurrence of ovarian

cancer. In fact, apart from age, a family history of ovarian cancer is the strongest

independent risk factor (Schildkraut and Thompson 1988). Both breast and ovarian cancer

were recognized as clustering in families over 100 years ago (Brocca 1866; Olshausen

1877) (Kimbrough 1929). Although the majority of ovarian cancers are sporadic, 5-10%

are familial (Lynch, Bewitra et al. 1987). Women who are members of a hereditary ovarian

cancer syndrome kindred are at increased risk for ovarian cancer, especially if one or more

first-degree relatives are affected by ovarian cancer or another related hereditary cancer
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(Lynch, Watson et al. 1993). The lifetime risk of ovarian cancer for members of these

families is ~ 5% (Amos and Struewing 1993) compared to 1.4% for the overall population.

The incidence of ovarian cancer increases with advancing age. In the hereditary ovarian

cancer syndrome, tumors occur much earlier than in the overall population (Lynch, Watson

et al. 1993).

Hereditary ovarian cancers are heterogeneous in occurrence with at least three distinct

phenotypes: site-specific ovarian cancer, hereditary breast and ovarian cancer, and Lynch

syndrome type II (ovarian, colon, and/or endometrial cancers). Other heritable syndromes

that are associated with non-epithelial ovarian tumors are Preutz-Jeghers and basal cell

nevus syndromes. Pedigree analysis of families with site-specific ovarian cancer or familial

breast-ovarian cancer syndromes display an autosomal dominant pattern of inheritance.

Genetic linkage studies for ovarian cancer have usually been associated with those of

breast cancer. Linkage describes the tendency of genes to be inherited together as a result of

their location on the same chromosome, and is measured by percent recombination between

loci. Linkage analysis is most informative in families with large number of affected

members. Unfortunately, there are limited number of women available for ovarian cancer

linkage studies, as this is an extremely lethal disease. The inherited basis of certain families

with a high risk of breast and/or ovarian cancer has now been confirmed with the

identification and localization of susceptibility genes.

The first convincing evidence for a familial breast and ovarian cancer gene was

published by Hall et al. in 1990 (Hall, Lee et al. 1990), where early onset breast cancer

was linked to chromosome 17q. Later studies confirmed these results and narrowed the

region to 17q12-21 (Narod, Feuenteun et al. 1991; Easton, Bishop et al. 1993) and

eventually led to the cloning of the gene (Miki, Swensen et al. 1994) now known as

BRCA1. The majority of large multi-case families have now been associated with

mutations in BRCA1. Other genes which confer elevated risks of ovarian or breast cancer

in addition to other cancers include BRCA2, HNPCC genes MSH2 and MLH1, and P53.
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BRCA2, predominantly a male breast cancer gene, was localized to 134 by linkage analysis

(Wooster, Neuhausen et al. 1994) and subsequently cloned (Wooster, Bignell et al. 1995).

Genes responsible for the hereditary nonpolyposis colorectal cancer syndrome (HNPCC),

predispose predominantly to colorectal and endometrial cancer but also has an associated

increased ovarian cancer risk (Leach, Nicolaides et al. 1993; Watson and Lynch 1993;

Bronner, Baker et al. 1994; Nicolaides, Papadopoulos et al. 1994; Papadopoulos,

Nicolaides et al. 1994). P53 is more frequently involved in human cancer than any other

gene. Mutation and overexpression of P53 have been found in 16% of early stage (Kohler,

Kerns et al. 1993) and 50% of late stage ovarian cancers (Marks, Davidoff et al. 1991).

Recent evidence suggests that P53 mutation may occur as a result of repeated ovulation

cycles and thus contribute to genesis of ovarian cancer (Schildkraut, Bastos et al. 1997).

2.8 CYTOGENETICS

Several recurrent cytogenetic and genetic abnormalities have been associated with

ovarian cancer, including structural alterations involving chromosomes

1,3,6,9,11,12,17, 19, and X. Double minutes and homogeneously staining regions (HSR)

have also been observed frequently (Wake, Hreshchyshyn et al. 1980; Whang-Peng,

Knutsen et al. 1984; Trent 1985; Atkin and Baker 1987; Jenkyn and McCartney 1987;

Sheer, Sheppard et al. 1987; Smith, Roberts et al. 1987; Pejovic, Heim et al. 1989; Smith,

Van Haaften-Day et al. 1989; Tanaka, Boice et al. 1989; Bello and Rey 1990; Pejovic,

Heim et al. 1990; Roberts and Tattersall 1990; Pejovic, Heim et al. 1991; Pejovic, Heim et

al. 1992; Islam, Kopfet al. 1993; Jenkins, Bartelt et al. 1993; Persons, Hartmann et al.

1993; Thompson, Emerson et al. 1994; Iwabuchi, Sakamoto et al. 1995) (Trent 1985).

These cytogenetic landmarks guide gene identification efforts using more precise methods,

such as analysis of loss of heterozygosity or copy number using Southern analysis and/or

FISH.
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2.9 TUMCR SUPPRESSOR GENES

Several regions of recurrent LOH have been associated with the genesis/progression of

ovarian cancer. Table 2.1 lists the most frequently involved regions. As seen from the

table, several regions point to tumor suppressor genes that have not been identified yet.

Other survey techniques such as CGH also indicate the existence of regions of recurrently

decreased copy number that may harbor tumor suppressor genes important in ovarian

cancer. Interestingly, the concordance between LOH and physical deletion is not high in

ovarian cancer suggesting that both recombination and physical deletion contribute to tumor

suppressor gene inactivation. These regions of recurrent abnormality are starting points for

positional cloning efforts to identify the affected genes.

2.10 ONCOGENES

Several oncogenes have been implicated in the progression of ovarian tumors.

Mutations in RAS (Mok, Bell et al. 1993; Teneriello, Ebina et al. 1993), and amplification

or overexpression of RAS, CMYC, MDR, NM23, VEGF, INT-2, ERBB2, and AKT2 are

well-documented for ovarian cancer (Boltz, Kefford et al. 1989; Baker, Borst et al. 1990;

Berchuck, Kamel et al. 1990; Schwab and Amler 1990; Borrensen 1992; Rosen, Sevelda et

al. 1993; Bellacosa, De Feo et al. 1995; Abu-Jawdeh, Faix et al. 1996; Schneider, Romero

et al. 1996). Tyrosine kinase growth factors also may contribute to disease phenotype. For

example, persistence of EGFR, overexpression of HER-2/NEU/ERBB2, and novel

expression of FMS have been associated with poor prognosis in patients with advanced

stage disease (Berchuck, Kamel et al. 1990; Berchuck, Rodriguez et al. 1991). Protein

tyrosine phosphatases also are overexpressed in ovarian cancer (Brown-Shimer, Johnson

et al. 1992).

It is likely, however, that this is only a small fraction of the oncogenes that play a

role in the disease. Evidence for this comes from CGH studies of ovarian cancer that have

highlighted several regions of recurrent increased copy number that are not associated with
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known oncogenes (Iwabuchi, Sakamoto et al. 1995; Arnold, Hagele et al. 1996). These

discoveries have now motivated positional cloning efforts to find the gene(s) involved. One

such region is the long arm of chromosome 3, specifically in the 3426 region, which has

been the region of interest and positional cloning in my work.
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3.

Table2.1 MostcommonregionsofLOHin
ovariancancers. REGIONOFLOHCANDIDATEGENEREFERENCE

6q
unknown(Sato,Saitoetal.1991) 6P21WAF1/CIP1(Wan,Zweizig

etal.1994) 8q
unknown(Sato,Saitoetal.1991) 11P1.5.5[3–GLOBIN(Vandamme,Lissens

etal.1992) 11P13WILMS’(Gallion,Powell
etal.1992;Viel,Giannini
etal.1992) 11q23-qterunknown(Foulkes,Campbell

etal.1993) 13q12-q13BRCA2(Wooster,Neuhausen
etal.1994) 17P13.1P53(Eccles,Brettetal.1992) 17q21BRCA1(Miki,Swensen

etal.1994) 17qunknown(Eccles,Cranston
etal.1990;Yang-Feng,Hanetal.1993) XpandXqunknown(Yang-Feng,Hanetal.1993;Thompson,Emerson

etal.1994)



CHAPTER THREE

APPLICATION OF POSITIONAL CLONING TO

DISCOVER GENES INVOLVED IN OVARIAN

CANCER
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3.1 PROJECT GOALS

The goal of my project has been to apply positional cloning in a region that is

increased in copy number on 34 to discover genes involved in the genesis or progression of

ovarian cancer.

I accomplished this in several steps:

1) Tumor samples and cell lines were analyzed by CGH to identify those with regions of

increased copy number on 34. In all, 40 well-established and early passage cell lines were

evaluated by CGH.

2) Probes were obtained for chromosome 34. The sources were Yeast Artificial

Chromosomes (YAC), P1 clones, and a cosmid contig for 3426-3428. FISH was

performed on the DNA from every clone to confirm and physically map its position on

chromosome 3.

3) Establish a set of overlapping (contiguous) YAC and P1 clones spanning chromosome

3q26-34ter. Overlap was confirmed using PCR with known STSs in the region.

4) FISH with clones from the contig was applied to interphase nuclei from ovarian cancer

cell lines and tumor samples to define a minimal region of increased copy number. In all,

10 cell lines, 6 tumor samples, and 6 ascites tumors were used.

5) Known genes in the region of highest copy number increase in ovarian cancer were

identified from databases and assessed as candidate oncogenes. phosphotidylinositol kinase

type 3 catalytic subunit (PIK3CA) was the most likely candidate gene in the region. I

showed that it was increased in copy number in all cell lines and tumor samples studied to

date and had increased RNA expression. The work of our colleagues showed that this

candidate gene was overexpressed in ovarian cancer cell lines relative to normal ovarian

surface epithelial cells (NOE), and that inhibition of PI3K led to increased apoptosis in

ovarian cancer lines.
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3.2 CGH TO IDENTIFY CELL LINES FOR HIGH RESOLUTION MAPPING

Previous analyses of 60 ovarian tumors by CGH in our laboratory revealed several

regions of consistent abnormality (fig 3.1) including chromosome 34 which was increased

in copy number in -40% of ovarian tumors (Iwabuchi, Sakamoto et al. 1995). Band 3426

was the most minimal common region of increase. Chromosome 34 is also increased in

copy number in cancers of the brain, head and neck, lung, breast, urinary tract, and cervix

(Ried, Petersen et al. 1994; Levin, Brzoska et al. 1995; Speicher, Howe et al. 1995; Cher,

Bova et al. 1996; Heselmyer, Schrock et al. 1996). Interestingly, the minimal common

regio in cervical cancer, 3425-3428, (Heselmyer, Schrock et al. 1996) contains 3426 found

in ovarian cancer. In both cancers this abnormality appears to be an early event.

The first step in my studies was the aquisition and assessment of cells that could be

used to further map the region of increased copy number on 34, and identify informative

cases for further study. In all, I received and processed 40 cell lines. Of these, 15 were

pellets from early passage lines (kindly provided by Dr. Raymond Taetle, Arizona Cancer

Center) and the rest were established ovarian, breast, and melanoma lines from ATCC.

Breast and melanoma cell lines were processed for comparison, and as a learning exercise.

Fig 3.2 shows CGH to a metaphase chromosome spread using DNA from an

ovarian cancer sample. Note the green region on the chromosome 3d arm, highlighting the

increased copy number in this region. The green to red fluorescence ratio along each

chromosome is shown in Fig 3.3. Note the increased green : red ratio measured along

chromosome 34. Five cell lines were chosen for further study: established cell lines

SKOV3, OVCAR3, and CAOV3, as well as cell pellets G93 and G95.CAOV3, OVCAR3,

and SKOV3 are established cell lines and available in large quantities. OVCAR3 and

CAOV3 show increased copy number on chromosome 34 by CGH, while SKOV3 does

not. G93 and G95 originated from the same patient at 2 different times and had similar

CGH profile patterns. Figure 3.4 shows the chromosome 3 profiles for all these cell lines.
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Fig 3.2

A representative CGH image of an ovarian cancer.Increases in copy number are seen as

green, and losses are seen as red. Note the large region of increased copy number on 34.
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CGH profile of the tumor shown in figure 3.2. Each bar represents a chromosome from the

p terminus (left side) to the q end. Lines represent the mean green to red ratio, ie, tumor to

normal with one standard deviation. The broken lines represent the upper and lower limits

beyond which copy number abnormalities are recorded. The n number to the left of each

chromosome is the number of chromosomes that were evaluated to produce the mean and

one standard deviation. Note the chromosome 3 profile and the large increased copy

number on the q arm.
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Fig 3.4

Chromosome 3 profiles of cell lines used for FISH analysis.
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3.3 DEFINING THE REGION AND CANDIDATE GENE STUDIES

3.3a MARKER AQUISITION AND MAPPING

The resolution of CGH is limited to about 10MB, mostly due to the complex

organization of DNA in metaphase chromosomes. Therefore, in order to more precisely

define the region of increased copy number on 34, several cosmid, P1 and YAC clones

were mapped to this region to provide probes for higher resolution analysis. Cosmids,

P1s, and YACs are cloning vectors containing DNA of varying sizes.The insert sizes for

cosmids range between 40-50 KB, for P1s between 75 to 100 KB, and for YACs between

100 to >1000 KB. FISH was used in these studies to physically map the various clones.

In detail, the probes used in this project were:

i) A set of 18 non-overlapping cosmids specific to the region of 3426-3428, developed in

the lab of Dr. Harry Drabkin at the University of Colorado. These were subclones from 2

YACs in the region.

ii) 80 P1s for all of chromosome 3, of which 26 were for 3425-34ter. These were isolated

from a 3X human genomic P1 library developed by Sternberg et al (Sternberg 1990;

Sternberg, Ruether et al. 1990; Shepherd, Pfrogner et al. 1994). This library, with a total

of 145,000 clones, was arrayed into 1500 (for single-clone) or 126 (for multiple-clone) 96

well microtiter trays. Each well contained 1 (for single-clone) or 12 (for multiple-clone)

individual P1 clones. The libraries were further pooled to facilitate PCR screening.

Specifically, DNA from all wells in each plate was pooled (122 pools in the 12-clone

library) as was DNA from one coordinate location in all plates (96 pools). Plate and

coordinate pools were screened by PCR with primers specific to the region of interest.

These PCR primers were developed and mapped by CEPH/Genethon, or by Whitehead

institute, and were obtained commercially. P1 clones used in these studies were isolated in

house by the UCSF/LBL Resource for Molecular Cytogenetics.



iii) 75 Yeast Artificial Chromosomes (YAC), with insert sizes ranging from 300 KB to

>1Mb, isolated from the CEPH YAC library, and were obtained from Genethon. Clones

were chosen and ordered after an extensive search of the Genethon maps.

Choosing the YACs was challenging. At the time, physical and genetic maps were

not well-developed. I started with the cytogenetic map and found the STS’s that seemed to

be linked to 3426. From there, using the Genethon database, I was able to find the YACs

that were linked to these STSs and YACs that were anchored to them. It is very interesting

and educational at this point to look at the speed with which various genome projects have

advanced. At the time I started this work, there were a total of 71 STSs mapped to the

entire chromosome 3, 6 of which were in the region of 3425 to 34ter. At the time this thesis

is written there are 1718 STSs and ESTs for chromosome 3, 110 of which map to 3426

alone. What seemed a gigantic effort when I started can be looked at as a simple exercise

today when all reagents are available and all maps are established.

All the clones acquired from the above sources were checked using FISH to

confirm that they mapped as expected and to identify chimeric clones. FISH mapping was

important for several reasons: 1) Instability in the YAC clones. Several clones lost their

DNA sequences and were useless for further studies; 2) Chimerism. About 50% of the

YACs contained sequences from more than one part of the genome, rendering them useless

in these studies; and 3) Mismapping. Several of the clones mapped to regions other than

3q26-34ter, possibly because the PCR primers used to isolate them also amplified other

parts of the genome. In the end, 12 of the cosmids, 4 of the P1s, and 32 of the YACs

mapped to 3426 and were useful as probes for interphase FISH. The physical location of

each clone was determined by FLpter analysis (Fig 3.5). On average, 20 FLpter

measurements were made for each probe, and probe location on a chromosome was

reported as the mean +/- one standard error of the mean. Probes and their FLpter values are

shown in table 3.1. Probe order was determined from the mean FLpter values and from the
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order of the STSs used for clone selection. Fig 3.6 represents the physical map of the

probes along 3425-34ter based on FLpter measurements.

The order of the YAC and P1 clones from the contig also was tested using primers

from Whitehead Institute database (Dib, Faure et al. 1996) and/or the Genome Directory

(Gemmill, Chumakov et al. 1995). Each PCR primer was tested against all the clones. In

each case, the PCR was carried out according to standard conditions (Sambrook, Fritsch et

al. 1989), using an annealing temperature of 55°C. In addition, genes thought to be

associated with the region of amplification based on the database info were mapped into the

contig using PCR. Figure 3.7 shows the order and STS content of clones in this study, and

the known genes that map to these clones.
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Fig 3.5

Probe mapping (FLpter analysis). Probe DNA is labelled with fluorescent nucleotide

analogues and hybridized onto condensed human chromosomes. The image analysis

software then measures the distance of probe signal from the tip of the short arm of the

chromosome.
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TABLE 3.1. Mapped probes and their FLpter values

CLONE CLONETYPE | FLPTER SEM

C28E8 COSMID 0.847 0.006
C3C10 COSMID O.852 0.005

C21 G1 COSMID 0.856 0.005

C52E1 COSMID 0.856 0.005
C50G1 COSMID 0.863 0.006

C128B7 COSMID 0.903 0.004
C163D9 COSMID 0.899 0.006

C12C8 COSMID 0.913 0.01
C24F12 COSMID 0.924 0.005
C36F2 COSMID 0.925 0.005

C180E5 COSMID 0.928 0.003

C36A5 COSMID 0.929 0.008
D3S1275 P1 0.79 0.005
D3S1268 P1 0.83 0.006

GLUT2A P1 0.856 0.006
GLUT2B P1 0.863 0.007

936A10 YAC 0.813 0.003
951 G2 YAC 0.837 0.004
783F11 YAC 0.841 0.004
895E 5 YAC 0.842 0.003
858C9 YAC 0.844 0.005

811 B10 YAC 0.844 0.004

822G9 YAC 0.844 0.004

704F7 YAC 0.846 0.005
814H8 YAC 0.848 0.006
923F7 YAC 0.848 0.004
979D5 YAC 0.848 0.007

683F10 YAC 0.849 0.003
945H6 YAC 0.85 0.004

784H 12 YAC 0.852 0.005
851 E. 5 YAC 0.852 0.005
855A12 YAC 0.852 0.005
894G4 YAC 0.854 0.007
974A8 YAC 0.861 0.004

806D8 YAC 0.863 _0.004
734D1 YAC 0.865 0.004

868E 5 YAC 0.866 0.004

668E 8 YAC 0.866 0.005
866E 7 YAC 0.867 0.005
821 G8 YAC 0.874 0.003
832F3 YAC 0.875 0.004

742F10 YAC 0.9 0.005
762E 2 YAC 0.916 0.005
745H5 YAC 0.926 0.006

909D 10 YAC 0.928 0.005

810E 4 YAC 0.933 0.005
889A7 YAC 0.934 0.006

809A5 YAC 0.935 0.008
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Fig 3.6

CHROMOSOME 3d MARKER MAP
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3.3b DEFINING THE REGION BY FISH ON CELL LINES AND TUMCRS

The mapped non-chimeric clones along 34 were used as probes for FISSH to

interphase nuclei to narrow the region of increased copy number in ovarian cancer, in order

to initiate a search for the gene(s) involved in the tumorigenesis or progression of this

tumor type. All the clones in the contig were hybridized onto cell lines OVCAR3, SKOV3,

CAOV3, G93, and G95. A P1 clone on the 3p25 arm carrying STS D3S1293 was used as

a reference probe. Scoring criteria for FISH were: 1) At least one hundred cells were

counted for each set; 2) All nuclei were scored. Tumor cells are very heterogeneous by

nature. Our samples were selected to have at least 60% tumor material. I could not

distinguish between tumor and normal nuclei, so all nuclei were counted. The average

counts for all cells were used for further analysis. Interestingly, cell lines also turned out to

be heterogeneous in copy number. All nuclei in the cell lines were counted as well. 3)

Signals that were very close to each other, or on top of each other were counted as one.

FISH analysis with these probes revealed a consistent region of increased copy number at

3q26.3 in every cell line. These results are shown in figure 3.8A as maps of relative copy

number as a function of distance along chromosome 3426. For simplicity, only the results

for minimally overlapping probes are shown.The copy number increases relative to 3p25

ranged from 1.5 to 4. To determine whether this result was a cell culture artifact, I extracted

nuclei from 6 random paraffin-embedded ovarian tumors that were known by histology to

have more than 60% tumor material. The probes were then hybridized to these samples.

The same region of increased copy number was present in these tumors as well. In fact, the

region was more distinct in the tumor samples (Fig. 3.8B). The center of the region of

increased copy number was defined by two YACs, 806D8 and 945H6. The same probe set

also was hybridized to breast cancer and melanoma cell lines. Melanoma cell lines 355 and

457 did not show increased copy number in this region. Breast cancer cell lines ZR75-30

and MDA 453 showed a general increased copy number for the entire region, but not a

narrow region of increased copy number. The results from the breast and melanoma cell
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lines are shown in figure 3.8C. I also obtained ovarian cancer cell lines OCC1, OVCA420,

OVCA429, OVCA432, and OVCA433. FISH against these samples yielded results

consistent with other ovarian cell lines and tumors (Fig 3.8A). An important observation

from these studies is that the region of increased copy number is local and narrow, with a

distinct peak of ~2MB wide in most cases. I tested the YACS that define this region against

6 random ascites tumor samples, and showed that they also had increased copy number

(results not shown). Taken together, the FISH results point to a region of increased copy

number along 3426.3 defined by YACs 806D8 and 945H6. These results suggest that this

region encodes a gene or genes important in initiation or progression of ovarian tumors.

An issue that has raised from these results is the apparent discrepancy between the

CGH and the FISH results. In other words, why does CGH show increases in copy

number in 40% of the samples when FISH shows increases in copy number in 100% of

the samples? FISH is a more sensitive technique for detection of narrow regions of mostly

increased copy number. Copy number increases in these tumors are not large. CGH

profiles for a chromosome represent average values for many metaphase chromosomes.

Metaphase chromosomes have different condensation patterns, and if increase in copy

number in each chromosome is not large and does not cover a large region of the genome,

then the average CGH profile value from these small changes may not indicate an increase

in copy number. This is the case for our samples. They all show low levels of amplification

and the size of the region is small in most cases.
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Maps of DNA sequence copy number for ovarian cancer cell lines. each value represents

the relative copy number of a test probe on 34 versus a reference probe on 3p25.
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DNA sequence copy number maps for ovarian tumors.
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DNA sequence copy number maps for melanoma lines 355 and 457, and breast cancer lines

ZR75-30 and MCF7.
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3.4 CANDIDATE GENE STUDIES AND EXCLUSION OF MOST BASED ON

POSITION

The first step to identify genes in the region of 3426 was to search the databases for

genes that already map to this region. As shown in figure 3.7, genes with known map to

3q26 are: Ribosomal Protein L22 (RPL22) or Epstein-Barr Associated Protein (EAP), a

fusion transcript between the AML1 gene on 21q22 and the EAP gene on 3426 in

myelodysplasia (Nucifora, Begy et al. 1993); Ecotropic viral integration site 1 (EVI1), a

gene containing consensus sequences found in zinc finger domains of many transcriptional

regulatory proteins, and frequently translocated in myeloid leukemias (Morishita, Parganas

et al. 1992); Cornelia De Lange syndrome (CDL), a disease of unknown biochemical and

genetic basis that is recognized on the basis of characteristic facies in association with

prenatal and postnatal growth retardation, mental retardation, and upper limb abnormalities

(de Lange 1933; Feingold and Lin 1993); The RNA component of the human Telomerase

gene (h'■ R), which has been suggested as a candidate gene selected for by copy number

increase in this area (Soder, Hoare et al. 1997); Glucose Transporter 2 (GLUT2), a

facilitative glucose transporter expressed in hepatocytes, pancreatic B cells, and absorptive

epithelial cells of the intestinal mucosa and kidney (Fukumoto, Seino et al. 1988; Thorens,

Sarkar et al. 1988; Thorens, Wu et al. 1992), with possible association in diabetes mellitus

(Thorens, Wu et al. 1992) (Mueckler, Kruse et al. 1994); and phosphatidylinositol 3

kinase, catalytic alpha polypeptide (PIK3CA), which along with its regulatory subunit

binds to activated protein tyrosine kinases and phosphorylates phosphoinositides (Volinia,

Hiles et al. 1994). Other genes known to map to the general region, but without exact map

locations are: Butyrylcholinesterase (BCHE), a protein found in the brain, the serum, and

in brain tumors, with a large number of alleles, and involved in prolonged apnea after

surgery-related anesthesia; Epithelial cell transforming sequence 2 (ECT2), a transforming

protein that can interact with Rho-like proteins of the Ras superfamily (Miki, Smith et al.

1993; Takai, Long et al. 1995); Friend murine leukemia virus integration site 3 homologue
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(FIM3), the human homologue of mouse retroviral integration region involved in mouse

myeloblastic leukemias, and involved in translocations in a variety of leukemias (Van

Cong, Fichelson et al. 1989); and Myelodysplasia Syndrome (MDS1), a gene involved in

translocations with AML.1 in Myeloid Leukemia (Nucifora, Begy et al. 1994).

Most of the genes without exact map locations do not have sequences in the

databases, and I could not map them relative to the region of increased copy number. As

seen in figure 3.7 EVI1 and EAP were excluded since they are located on YAC 858C9,

outside the region of increased copy number with our samples. MDS1 was excluded

because it was mapped between EVI1 and EAP (Nucifora, Begy et al. 1994). htR was

also excluded.This gene is at the edge of the amplicon. It maps to YAC 821G8 and shows

increased copy number in some samples. However, it is not increased in copy number in

7/10 cell lines and 5/6 tumors in our studies. This gene is not a good candidate, especially

since overexpression of this gene does not lead to increased telomerase activity (Blasco,

Funk et al. 1995; Feng, Funk et al. 1995; Avilion, Piatyszek et al. 1996). So the only 2

known genes definitively mapping to the region are PIK3CA and GLUT2. I chose genes

PIK3CA and GLUT 2 for further studies, and in the Sections that follow, I will discuss

each one.
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3.4a PIK3CA AS A CANDIDATE ONCOGENE IN CANCER

PIK3CA is the 110 KD alpha catalytic subunit (P1100) of phosphotidylinositol 3

kinase. Phosphatidylinositol 3'-hydroxyl kinase (PI 3-kinase) is a heterodimeric lipid

kinase, made up of an 85 KD regulatory and a 110 KD catalytic subunit. This complex is

activated by many growth factor receptors and is thought to exert its cellular functions

through the elevation of phosphatidylinositol (3,4,5)-triphosphate levels in the cell. Some

tyrosine kinase growth factor receptors capable of physically associating with PI3-kinase

are platelet-derived growth factor receptor (PDGFR) (Cantley, Auger et al. 1991),

hepatocyte growth factor receptor (Cantley and Cantley 1995), insulin-like growth factor I

(IGF-I), nerve growth factor (NGF), colony stimulating growth factor I (CSF-I), and

epidermal growth factor receptor (Kim, Sierke et al. 1994). PI3-kinase dimers are believed

to bind the activated receptors or their associated proteins such as RAS-GAP or PLCY

through the SH2 domains in the P85 subunit (Rodriguez-Vicina, Warne et al. 1994). The

P1 100 catalytic subunit then phosphorylates phosphoinositides (e.g., PtdIns to

PtdIns(3)P, PtdIns(4)P to PtdIns(3,4)P2, and PtdIns(4,5)P2 to PtdIns(3,4,5)P3) or

possibly serine/threonine proteins as part of an activation signal. The serine/threonine

protooncogene product AKT (also known as PKB or RAC) and the P70 ribosomal protein

S6 kinase have been placed downstream of PI3-kinase (Burgening and Coffer 1995;

Franke, Yang et al. 1995). However, other interacting molecules are unknown. AKT is a

protein-serine kinase with an N-terminal pleckstrin homology (PH) domain which binds to

phosphoinositides. In vivo, AKT is activated by stimuli that activate PI3-kinase, as well as

by activated forms of the P110 catalytic subunit of PI3-kinase, and is blocked by inhibitors

of PI3-kinase activity (Franke, Yang et al. 1995). In vitro, AKT can be activated by

binding to PtdIns(3,4)P2 (Franke, Yang et al. 1995; Klippel, Kavanaugh et al. 1997). In

vivo, this interaction can take place at the plasma membrane, where the translocated protein
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is activated through trans or autophosphorylation,and may be faciltated through the PH

domain-mediated dimerization. Alternatively, activation of AKT by the upstream

phospholipid could induce a conformational change in AKT (David Stokoe, personal

communication).

Components of some signal transduction pathways have oncogenic potential.

Several lines of research are now converging to suggest PIK3CA as a candidate oncogene

in cancer, especially since PI3-kinase and its lipid products participate in a multitude of

cellular functions associated with several aspects of cancer. These include mitogenesis,

motogenesis (Cantley and Cantley 1995), altered cell adhesion and vesicular transport

(Chen and Guan 1994; Joly, Kazlauskas et al. 1995; Kinashi, Escobedo et al. 1995;

Dudek, Datta et al. 1997). PI3-kinase was first implicated in transformation by its

association with the transforming polyoma virus middle T antigen. PI3-kinase activity has

also been found to be increased and required for transformation by V-SRC, V-FMS, and

V-ABL (Fukui and Hanafusa 1989; Kapeller and Cantley 1994). The PI3-kinase pathway

is linked with RAS and WNT signalling pathways, both of which have been implicated in

many human cancers (Hunter 1997). In addition, increased PI3-kinase activity has been

associated with increased cell survival, which may be mediated through activation of AKT.

Recent studies have shown that neuronal survival is increased after activation of PI3-kinase

by treatment with IGF1 (Franke, Kaplan et al. 1997), survival is increased in MDCK cells

detached from extracellular matrix after activation of AKT (Khwaja, Rodriguez-Viciana et

al. 1997), CMYC induced apoptosis is decreased in fibroblasts after activation of AKT

(Kauffmann-Zeh, Rodriguez-Viciana et al. 1997), and survival is decreased in cisplatin

treated ovarian cancer cells after treatment with rapamycin (Shi, Frankel et al. 1995).

Finally, the avian homologue of P1 100, C-P3K, is a potent transforming gene in cultured

chicken embryo fibroblasts (Chang, Aoki et al. 1997).

The importance of activation of PI3-kinase pathway in ovarian cancer progression

in particular is supported by the finding that AKT2, a homolog of the downstream PI3
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kinase effector AKT, is amplified and overexpressed in some ovarian cancer samples

(Bellacosa, De Feo et al. 1995). One possible role for PIK3CA in ovarian cancer is to

allow escape from apoptotic cell death. The normal epithelial structure of ovaries are

cyclically disrupted by the process of ovulation, which is followed by a short period of cell

proliferation to fix the damage. It is possible that cells sustain genetic damage throughout

this process, and if not repaired, evolve to cancer. In fact, recent studies sugget a strong

association between ovarian cancer and number of cycles of ovulations (Schildkraut,

Bastos et al. 1997). During ovulation and repair cycles, cells detach from the extracellular

matrix, and may be removed by apoptosis. Amplifications of PIK3CA could rescue these

cells from apoptotic cell death and contribute to tumorigenesis.

We therefore wanted to investigate the possibility that increased DNA copy number

of PIK3CA leads to increased RNA or protein expression. In the sections that follow, I

will present a brief summary of my preliminary RNA studies, a summary of the work of

our collaborators and their protein characterizations, present GLUT2 as the other interesting

molecule in the region, and comment briefly on AKT2, a homologue of the immediate

downstream effector of PIK3CA.

3.5 GENE CHARACTERIZATION

3.5a ANALYSIS OF PIK3CA AT THE RNA LEVEL. In order to investigate whether

PIK3CA was expressed at the RNA level, RNA was prepared from 8 ovarian cancer cell

lines, 2 normal ovaries, and 1 tumor sample. The normal ovarian and tumor samples were

flash frozen prior to RNA extraction. The levels of expression in these samples were then

assessed by Northern hybridization using a PCR product of PIK3CA corresponding to its

last exon as the probe. Results from this experiment are shown in figure 3.9. As seen from

the figure, all ovarian cancer lines and tumor samples express PIK3CA at the RNA level,

while the normal samples do not. I also received flash frozen tumor and adjacent normal
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ovarian samples that were too small for Northern analysis. The level of PIK3CA

expression in these samples was assessed by RT-PCR. The results are shown in figure

3.10. In each case, the tumor sample shows greater expression of PIK3CA than the

adjacent normal sample. Taken together, these results suggest that PIK3CA is

overexpressed in ovarian cancer cell lines and tumor samples as compared to normal

ovarian tissue as a result of PIK3CA copy number increase.

3.5b SUMMARY OF ANALYSIS OF PIK3CA EXPRESSION AT THE PROTEIN

LEVEL.

This is a brief summary of the work that was done by our collaborators. Additional

details are presented in the paper at the end of this chapter.

Using an antibody directed against P1 100 in Western blot analyses, they

demostrated that PIK3CA expression was increased in all ovarian cancer cell lines and

ascites cells as compared to normal ovarian cells and breast cancer cell lines. In addition,

they demonstrated that increased PIK3CA expression leads to increased PI3K heterodimer

formation and to increased PI3K activity. Finally, they addressed the possibility that

increased PIK3CA leads to abrogation of apoptosis by incubating an ovarian cancer cell

line and a normal ovarian epithelial line with a potent inhibitor of PI3-kinase, LY294002.

Viability of the ovarian cancer cells was strikingly lower than for the normal ovarian cells

after treatment with the inhibitor.

Taken together, DNA copy number studies, along with RNA and protein

expression studies provide evidence that PIK3CA plays a key part in the evolution of

ovarian tumors. The occurrence of increased copy number at an early stage in this tumor

type (Iwabuchi, Sakamoto et al. 1995) and increased expression at the RNA and protein

level suggest that this gene is activated by copy number increase (or may be by copy

number increase plus a change in structure, for example in the regulatory sequences).

Activation of this pathway could allow genetically damaged cells to escape apoptosis and
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Fig 3.9

Northern analysis of PIK3CA on ovarian cell line, tumor and normal ovary. All cell lines

and tumor show expression, whereas the normal ovarian tissues do not. Normal ovary R3

shows very slight expression, which may be due to the fact that it is the immediate adjacent

tissue of tumor R4 and might be contaminated with tumor material.
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RTPCR analysis of some ovarian tumors and their adjacent normal tissues. RNA was

extracted from each tissue and reverse transcribed to cDNA. Care was taken to remove

DNA and RNA from samples. In each case, there is increased expression in the tumor

material as compared to the normal tissue. The expression in 10429N may be due to

presence of tumor material in this tissue.
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3.5c GLUT2, THE OTHER INTERESTING CURRENTLY KNOWN MOLECULE IN

THE REGION

GLUT2 is the other gene mapping to 3426.3. It remains an interesting molecule to

be studied further for several reasons:

- Cancer cells have an accelerated rate of glucose transport and catabolism (Hatanaka 1974;

Birnbaum, Haspel et al. 1987; Flier, Mueckler et al. 1987), probably related to their

ineffective aerobic energy metabolism. This high rate of glucose uptake in cancer cells is

used in the clinic to localize tumors in patients and to assess tumor metabolism and

response to therapy (Minn and Soini 1989, Tse, Hoh et al. 1992; Nieweg, Kim et al.

1993);

- Glucose transport in neoplastic cells occurs by facilitated diffusion. GLUT2 is a member

of the facilitative glucose transport family of proteins (Mueckler 1994). These proteins are

expressed in cell- and tissue-specific manner, indicative of their specific functional roles.

Their primary function is to mediate the exchange of glucose between the blood and the

cytoplasm of the cell. So far, there are 6 known facilitative glucose transporter genes,

GLUT1-GLUT5, and GLUT7. GLUT6 is a pseudogene and is not translated. GLUT1

(erythrocyte type), is widely expressed and provides many cells with their basal glucose

requirements. It plays a special role in transporting glucose across epithelial and endothelial

barrier tissues. GLUT2 is expressed in hepatocytes, pancreatic B cells, and the basolateral

membranes of intestinal and renal epithelial cells, allowing uninhibited passage of glucose

into or out of these cell types. GLUT3 (brain type) is widely expressed and is mainly

responsible for glucose uptake into neurons. GLUT4 is expressed exclusively in the

insulin-responsive tissues - muscle and fat - and is responsible for increased glucose

disposal in these tissues in the postprandial state. It also plays a role in whole-body glucose

homeostasis. GLUT5 is a fructose transporter that is abundant in spermatozoa and the

apical membrane of intestinal cells. GLUT7 is present in the endoplasmic reticulum
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membrane and allows the transport of glucose out of these membranes after the action of

glucose-6-phosphatase on glucose-6-phosphate;

- Expression levels of many glucose transporters are elevated in cancers. Examples include

GLUT1 in breast cancer (Brown and Wahl 1993); GLUT1, GLUT3, and GLUT4 in

glioblastoma (Nagamatsu, Sawa et al. 1993); GLUT1 and GLUT3 in head and neck cancer

(Mellanen, Minn et al. 1994); GLUT5 in breast cancer (Zamora-Leon, Golde et al. 1996);

and GLUT1, GLUT2, and GLUT3 in cancers of the digestive system, although expression

of GLUT2 is restricted to the liver (Yamamoto, Seino et al. 1990). GLUT2 is expressed in

normal breast cells as well as in 2 breast cancer cell lines (Zamora-Leon, Golde et al.

1996);

- PI3-kinase regulates glucose transport. PI3-kinase is involved in the insulin-stimulated

pathway of glucose transport. As discussed earlier, PI3-kinase is activated by binding

IGF1 (Myers, Sun et al. 1994). PI3-kinase then increases glucose transport in insulin

responsive tissues, mainly muscle and fat, by acting on GLUT1 and GLUT4 transporters

to translocate these molecules to the plasma membrane from their subcellular locations.

Studies have shown that overexpression of the catalytic subunit of PI3-kinase, or

constitutively activated or membrane bound PI3-kinase is enough to increase kinase

activity (Katagiri, Asano et al. 1996; Klippel, Reinhard et al. 1996). GLUT2 is a plasma

membrane protein, and does not undergo insulin stimulated translocation through the PI3K

pathway (Brant, Martin et al. 1994). However, PI3K is involved in regulation of

hexokinaseII gene transcription. Hexokinase II then helps to maintain glucose

concentration gradient that results in transport of glucose into cells through facilitative

glucose transporters (Osawa, Sutherland et al. 1996), and GLUT2 is a facilitative glucose

transporter;

- Due to their proximity at the gene level, it might be possible that an increased expression

in PI3K levels could also upregulate the nearby GLUT2 gene.
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3.5d A PRELIMINARY STUDY OF THE PIK3CA PATHWAY

The cumulative data from my work and those of our colleagues point to PIK3CA as

an oncogene important in initiation or progression of ovarian tumors. Our studies so far

suggest that PIK3CA along with its regulatory subunit activates a pathway in ovarian

tumors that leads to abrogation of apoptosis.We are beginning experiments to understand

the biological functions of this gene, and the members of its pathway by investigating the

changes in their copy number or expression pattern.

As discussed previously, AKT (RAC, PKB) has been placed downstream of PI3

kinase (Burgening and Coffer 1995; Franke, Yang et al. 1995), plays a role in protecting

from apoptosis (Franke, Kaplan et al. 1997), and AKT2, a homologue of AKT, is

amplified and overexpressed in - 15% of ovarian tumors (Bellacosa, De Feo et al. 1995). I

assessed the copy number of AKT2 gene in ovarian cancer cell lines and tumors, as well as

in melanoma and breast cancer cell lines. To that end, I obtained two overlapping cosmids

for AKT2 from Lawrence Livermore National Laboratory. These clones were labelled and

hybridized by FISH onto ovarian cancer cell lines CAOV3, OVCAR3, SKOV3, G93 and

G95, breast cancer cell lines ZR75-30 and MDA453, melanoma lines 356 and 457, and

nuclei from ovarian tumor samples 595-7334, 595-7615, 595-8319, 595-8787, 595

10212, and 595-10429. Although a reference probe was not used in this experiment, all

these samples were used in the chromosome 3 studies.All showed 2 signals from the

chromosome 3p reference probe, except CAOV3 and 355 which had 3 signals.

Figure 3.11 shows that AKT2 is increased in copy number in ovarian cancer cell

lines and tumors but not in breast and melanoma lines. This result is interesting, since if

AKT2 is actually a downstream effector of PIK3CA, now we have two members in a

pathway that are turned on in this malignancy. Genetic changes in serial elements of a

pathway has not been observed previously. This could be explained by noting that a

pathway is not an isolated system, and each member of a pathway is also potentially part of
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several others. Moreover, it is possible that more than one pathway with common members

is turned on in the evolution of a tumor type.

Several questions now remain that merit further research: Is AKT2 an effector of

PI3K? If it is, then why are both increased in copy number 2 Are their affects cooperative?

Does AKT2 also show increased expression? How many other pathway members are

involved in this tumor type? Are other pathways that include PIK3CA or AKT2 also turned

in ovarian tumors?
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Copy number analysis of AKT2 in ovarian cancer cell lines, tumors, and breast and
melanoma cell lines. Each box encloses 50% of the data with the median value of the
variable displayed as a line. The top and bottom of the box mark the limits of +25% of the
variable population. The lines extending from the top and bottom of each box mark the
minimum and maximum values within the data set that fall within an acceptable range.Any
value outside of this range is displayed as an individual point. AKT2 is increased in copy
number in ovarian lines and tumors.
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3.5e PIK3CA IS IMPLICATED AS AN ONCOGENE IN OVARIAN CANCER

The paper presented here includes my work in defining the region of increased copy

number and identifying a candidate gene. My contributions to this paper are: finding and

ordering clones that would span the region; preparation and mapping of all the clones by

Flpter analysis; confirming the genomic organization of the clones by PCR using all the

STSs shown in figure 1 against all the clones; performing the FISH using all the clones

against all the cell lines and the tumors; analysis of all results; defining the region of

increase in copy number; defining the genes that map to this region; exclusion of many

candidates based on their position; inclusion of PIK3CA as best candidate (not described in

the paper: design of PCR primers for P1 clones specific to PIK3CA, and showing that the

clones also showed increased copy number in cell lines; showing that PIK3CA was

overexpresed, a study that set the stage for our collaborator’s work). The work on protein

expression was done by our collaborators.
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ABSTRACT

Analyses of ovarian cancer cell lines and tumors using fluorescence in Situ hybridization

reveal an ~2Mb wide region 3426.3 that is consistently increased in copy number by 2 to 4

fold. PIK3CA. the 110 kD alpha catalytic subunit (pl 100.) of phosphatidylinositol 3-kinase

(PI3-kinase) maps to this region. PI3-kinase activity and pl100 expression are markedly

increased relative to normal ovarian epithelium (NOE) in 3/3 ovarian cancer cell lines and

5/5 tumors tested. Treatment of the ovarian cancer cell line. OVCAR-3, by the PI3-kinase

inhibitor. LY294002. Significantly reduced cell proliferation and survival relative to NOE.

This indicates that increased PI3-kinase activity associated with increased PIK3CA copy

number plays a significant role in ovarian cancer and suggests that PI3-kinase inhibitors

may be useful therapeutic agents.

INTRODUCTION

Ovarian cancer is the leading cause of death from gynecological malignancy and the 4th

leading cause of cancer death among American women, yet little is known about its

etiology at the molecular and genetic level. Every year. more than 20,000 new cases are

diagnosed. greater than i3,000 of which lead to death (l). Like other solid tumors, ovarian
cancers typically demonstrate aberrations in several regions of the genome. CGH studies

of ovarian cancers in our laboratory (2) and by Arnold et al. (3), have defined a set of

recurrent regions of increased and decreased relative DNA sequence copy number. One

such region at 3425-3ater is increased in copy number in -40% of ovarian tumors (2).

This same region also is increased in copy number in cancers of the brain, head and neck.

lung, breast, urinary tract, and cervix (4,5). Our study and that of Heselmeyer et al. (5)
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suggest increased copy number at Sq25-34ter may be an early event in cancers of the ovary

and cervix.

The goal of this study was to more precisely define the region of increased copy number at

3q25-3ater and to identify candidate oncogenes in this region that may contribute to ovarian

cancer. To this end, we assessed DNA sequence copy number at Several loci in an ~20 Mb

wide region at 3426 relative to copy number at 3p.25 using FISH to interphase nuclei (6).

Cell lines established from 8 ovarian cancers (OVCAR-3, OCC1, CAOV3. SKOV-3,

OVCA-420. OVCA429, OVCA432. OVCA433), 2 breast cancers (MCF-7, ZR75-30), and

2 melanomas (355. 457) and nuclei from b archived ovarian tumors were analyzed in this

study (7). Probes used for FISH are indicated in Figures 1 and 2. These included YAC

clones from the megaCEPH library (8) and P1 clones from the DuPont library (9) selected

to carry genetically mapped sequence tagged sites (STSs) on chromosome 3 between

markers D3S1275 and D3S1548 (10). Figure I shows the genomic organization of these

clones. FISH with these probes revealed a minimal common region of increased copy

number in all ovarian tumors and cell lines spanning approximately 2 megabases at 3,426.3

defined by YACs 806D8 and 945H6. FISH to the ovarian cell lines using these and other

overlapping YAC and P1 clones produced 2 to 4 times more hybridization signals than a

reference probe at 3p.25 carrying the STS. D3S1293. The region of highest copy number

typically did not extend outside of the region defined by the two YACs (Figure 2A). Six

randomly selected paraffin-embedded ovarian tumor samples all showed the same narrow

region of increased copy number (Figure 2B). However, the region of increased copy

number generally was more narrow in the tumors than in the cell lines. Figure 2C shows

that this same restricted region of increased copy number was not observed in 2 breast

cancer and 2 melanoma cell lines. These results suggest that a gene that contributes to

ovarian cancer is located in this minimal region.
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A search of the Unigene and Genome databases in the minimal region of copy number

increase revealed 2 known genes, glucose transporter 2 (GLUT2) and the 110 kD alpha

catalytic subunit (PIK3C.A.) of phosphatidylinositol 3-kinase (PI3-kinase). Other genes

including ribosomal protein L22 (RPL22). ectropic viral integration site 1 (EVIl). Cornelia

De Lange Syndrome (CDL), butyrylcholinesterase (BCHE), epithelial cell transforming

sequence 2 (ECT2), Friend murine leukemia virus integration site 1 homologue (FTM1),

and myelodysplasia syndrome 1(MDS1) map near but proximal to the minimal region of

increased copy number (Figure 1). The RNA component of the telomerase, hTR has been

suggested as a candidate gene selected for by copy number increase in this area ( 11). This

gene was mapped to YAC 821G8 by PCR with primers to HTR (HTRF4:

CTCACACATGCAGTTCGCTT and HTRR-4: ATTCATTTTGGCCGACTTTG). The

region targeted by this YAC is distal to the minimal region of increased copy number and is

present at increased copy number in only l of 6 tumors (Figure 2B) and in 4 of 8 ovarian

cancer cell lines analyzed (Figure 2A). Thus, our data indicate that gene(s) other than hi■ R

are selected by the copy number increase in ovarian cancer.

The 110 kD protein. p1100. encoded by PIK3CA binds to several isoforms of p85, a

tyrosine kinase receptor adaptor protein, to form heterodimeric proteins with PI3-kinase

activity upon binding to activated tyrosine kinase receptors such as platelet derived growth

factor (PDGF), insulin-like growth factor I (IGF-1), nerve growth factor (NGF), colony

stimulating growth factor 1 (CSF-1) and epidermal growth factor (EGF). PI3-kinase

activity also has been found to be increased and required for transformation by polyoma

middle T, v-src, v-fins and v-abll (12). The PI3-kinase heterodimer is postulated to bind to
phosphorylated transmembrane tyrosine kinase receptor dimers and associated proteins

(e.g. ras-GAP, PLCY) through SH2 domains in the p85 adaptor subunit after which the

p1100 catalytic subunit phosphorylates phosphoinositides and possibly serine/threonine
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proteins as part of an activation signal. The mechanism of signal transduction downstream

from PI3-kinase is not completely understood. However, two protein kinases, the Serine

threonine kinase. Akt (also known as protein kinase B and Rac), and the p70 ribosomal

protein S6 kinase (p70*) have been placed downstream of PI3-kinase (13). Akt activity

appears to be regulated by binding of phosphatidylinositol-3,4-biphosphate (Ptdins-3,4-P.)

to its pleckstrin homology domain (14).

PIK3CA is an attractive candidate oncogene in ovarian cancer because of the broad range of

cellular functions that are modulated by increased PI3-kinase activity (15). These include

increased cell proliferation, accelerated glucose transport and catabolism (16), altered cell

adhesion (17) and altered vesicle transport ( 18). Increased PI3-kinase activity also is

implicated in abrogating apoptosis. For example, neuronal survival is increased after

activation of PI3-kinase by treatment with IGF1 (14), c-myc induced apoptosis is

decreased in fibroblasts after activation of Akt (19), survival is decreased in cisplatin

treated ovarian cancer cells after treatment with rapamycin (20) and survival is increased in

MDCK cells detached from the extracellular matrix after activation of Akt (21).

Observations linking PI3-kinase activity more directly to cancer include association of the

PI3-kinase pathway with the Ras and Wnt signaling pathways (both known to be

disregulated by genetic aberrations in human cancers) and demonstration that C-P3k, an

avian homolog of p1100. is a potent transforming gene in cultured chicken embryo

fibroblasts (22). In addition, Akt2, a homolog of the downstream PI3-kinase effector Akt.

has been found to be amplified in - 15% of ovarian cancers (23).

We have investigated the possibility that p1100 expression and PI3-kinase activity are

increased in ovarian cancers as a result of the PIK3CA copy number increase. p1100.

expression was assessed relative to normal ovarian epithelial (NOE) cells in three ovarian
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cancer ceil lines (OVCAR3, OCC1 and SKOV 3 by western blot analysis (24) and was

significantly overexpressed in all three ines (Figure 3A). In addition, pi 100 was

overexpressed in 5/5 samples of tumor cells purified from ovarian ascites fluid (Figure

3B). PIK3CA copy number measured by FISH ranged from 4 to 8 copies/cell in these

samples. However, p1100 was not highly expressed in the breast cancer cell line MDA

MB-453 that did not have increased PIK3CA copy number nor in the normal breast

epithelial cell line. MCF10F, or in several other breast cancer cell lines (Figure 3C).

Immunodepletion experiments with a monoclonai antibody against p85 showed that

essentially all pl100 protein precipitates with p35 protein in cells in which pliOO is

overexpressed. The reverse experiment; immunodepletion with an antibody against pl100.

showed depletion of only about half of all p85 protein (data not shown). Thus, it is

reasonable to expect that overexpression of p1 100 will lead to increased heterodimer

formation and increased PI3-kinase activity. This was confirmed by demonstrating that

protein immunoprecipitated with an antibody against p1100. (Figure 4A.B.) or p35 (Figure

4B) had increased lipid kinase activity relative to NOE (25) in the ovarian cancer ceil lines

OVCAR3, OCC1 and SKOV3.

Increased PI3-kinase activity might contribute to tumor progression by increasing the rate

of cell proliferation and/or increasing cell survival. Incubation of the OVCAR3 ovarian

cancer cell line with the specific PI3-kinase inhibitor LY294002 induced a marked decrease

in cellular proliferation as indicated by thymidine incorporation (26: Figure 5A). OVCAR3

cells were more sensitive to the effect of LY294002 than NOE (Figure 5A) or the breast cell

lines MCF10A (Figure 5B) and MCF10F (not presented) which had normal PIK3CA copy

number and low pll00 expression (see above). Strikingly, inhibition of PI3-kinase with
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LY29.4002 resulted in a marked decrease in viability of OVCAR3 cells as compared to NOE

or MCF10F ceils as assessed by the ability to convert the MTT dye (26: Figure 5B). In

fact. OVCAR3 ceils were 10 (in the presence of 0.5% FCS) to 100 (in serum free media)

times more sensitive to the effect of LY29.4002 (not presented). This decrease in viability

(Figure 5B) was associated with an increased rate of apoptosis at 24 (24% vs 51%) and 48

hour (22% vs 52% ) as assessed by a fluorescence based measurement of free DNA ends

(Apo direct, Phoenix Flow Systems: not presented).

Taken together, these studies suggest that increased copy number at 3426.3 contributes to

ovarian cancer genesis and/or progression by increasing PI3-kinase activity. The exact

mechanism by which this occurs remains unknown since the level of p1 100 protein

increases more than can be accounted for by the 2 to 4-fold increase in PIK3CA copy

number. One possibility is that the genomic changes disregulate gene activity by altering

regulatory sequences or by disrupting other feedback control mechanisms. However it

occurs. PI3-kinase activity Seems to be increased dramatically relative to NOE in ovarian

cancer cell lines and tumors showing increased PIK3CA copy number.

Increasing PI3-kinase activity might contribute to tumor development or progression by

increasing the rate of cell proliferation: for example, by activating ras and/or by altering

transcription of wht-1 responsive gene by inhibiting the production of GSK-3 needed for

proteolytic degradation of 3-catenin (27). The influence of PI3-kinase activity on apoptosis

in cells separated from the extracellular matrix may be significant in ovarian cancer because

of the strong association between ovarian cancer incidence and number of cycles of

ovulation (28). The disruption of the stromal-epithelial structure, such as occurs during

ovulation, has been found to induce genetic aberrations and to be tumorigenic in other

model Systems (manuscript in preparation). Thus, abrogation of apoptosis by activating
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PI3-kinase might allow genetically damaged cells to survive and to evolve toward a

malignant phenotype. This is consistent with our finding that increased copy number at

3q26 is an early event in ovarian cancer (2).

These associations and the strong inhibition by LY204002 of cell proliferation and survival

suggest that therapeutic agents targeting the PI3-kinase pathway may be effective against

ovarian cancers. In addition, the presence in the serum of one or more of the proteins in

the PI3-kinase pathway also might be diagnostic for the disease since increased copy

number at 3426.2 has been described as an early event in ovarian cancer. This is important

Since earlier detection of this disease is likely to have a significant impact on patient

Survival.
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Figures

Figure 1. A schematic representation of a YAC/P1 physical map at chromosome 3426

between D3S1275 and D3S1602. YACs are from the Genethon/CEPH megayaC library

and are illustrated as horizontal bars. Each YAC is listed by coordinate name. The size of

each is listed in parentheses. Pl clones are listed by RMC number and are available
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througn the Resource for Molecular Cytogenetics (http://rmc-www.lbl.gov). STSs

evaluated in this study are listed above vertical lines showing their approximate locations.

STSs contents of specific clones confirmed by PCR are listed as open circles. Predicted

STS not confirmed by PCR are shown as open squares. Genes mapped within the

YAC/P1 contig in this study or reported elsewhere (31) are shown below the clones to

which they map.

Figure 2. DNA sequence copy number maps generated using dual color FISH with probes

generated from YAC or P1 clones shown in Figure 1. All values shown as the ratio of the

number of hybridization signals produced by a test probe to the number of Signals

produced by a reference probe containing D3S1293 at 3p.25. Specific probes used for each

map are indicated in the upper left panel of each set of maps. (A) Maps of ovarian cancer

cell lines OVCAR-3, CAOV-3, SKOV-3, OCC1. OVCA420. OVCA429, OVCA432, and

OVCA433. (B) Maps of primary ovarian tumors. (C) Maps of melanoma cell lines 355

and 457 and breast cancer cell lines ZR-75-30 and MCF-7.

Figure 3. Western blot analysis of PI3-kinase pi 100 subunit. PI3-kinase pi 100 was

immunoprecipitated from cell lysates. normalized for protein content with an antibody to

the amino terminus of PI3-kinase p 1100. and western blotted with an antibody to the

carboxy terminus of PI3-kinase pi 100. (A) Expression of p1100 in 3 independent NOE

preparations compared to ovarian cancer cell lines (OCC1. SKOV3, OVCAR3). (B)

Expression of pl100 in five ovarian cancer cell preparations isolated from ascites

compared to NOE and ovarian cancer cell lines. (C) Expression of pl 100 in breast cell

lines derived from normal breast epithelium (MCF10F) and breast cancers (MDA MB453,
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MDA MB231. SKBR-3, Y1CF7 compared to NOE and the SKOV-3 ovarian cancer ceil

line.

Figure 4. PI3-kinase activity. PI3-kinase p 1 100 or p53 were immunoprecipitated from

NOE or ovarian cancer cell line lysates normalized for amount of protein and assessed for

the ability to phosphorylate PI in vitro. (A) Autoradiagram of PI3-kinase pl100.

immunoprecipitates (B) PI3-kinase activity from pi 100 or p35 immunoprecipitates.

Figure 5. Effect of inhibition of PI3-kinase activity with LY294002 on proliferation and

cell viability. NOE. MCF10F or OVCAR3 (as indicated) were starved of serum overnight

and then cultured in 0.5% Serum. (A) 3H-thymidine incorporation was measured after a

18 hour pulse administered 48 hours after initiation of culture (26). (B) MTT dye

conversion was measured 96 hours after initiation of culture (26). Similar results were

obtained with cells cultured in serum-free media or in the presence of 10 ng/ml EGF (not

presented).
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100; b) 100mM Tris, pH7.6, 0.5M LiCl, 100mM Na3VO4; c) 100mM Tris, pH7.6.
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CHAPTER FOUR

SUMMARY AND FUTURE DIRECTIONS

98



4.1 SUMMARY

1) CGH data have shown a region of increased copy number on 34 in -40% of ovarian

tumors studied to date;

2) A physical map comprised of P1 and YAC clones was assembled across a ~20MB wide

region at 3426.3;

3) Clones from the map were hybridized onto ovarian tumors and cell lines using FISH to

define the region of increased copy number to ~2MB;

4) An -2MB-wide region was increased in copy number in 100% of ovarian tumors and

cell lines;

5) Phosphatidylinositol kinase, type 3, catalytic subunit (PIK3CA) gene mapped to this

region;

6) PIK3CA was increased in expression at the RNA and protein level in ovarian cancer cell

lines and tumor samples, suggesting an increased activity of the enzyme;

7) Inhibition of PI3K in ovarian cell lines led to reduced viability;

8) AKT2 gene, the homologue of the immediate downstream effector of PIK3CA, also was

increased in copy number in ovarian tumors.

4.2 FUTURE DIRECTIONS

The results so far suggest several avenues for further work and research. Some of these are

discussed here.

CORRELATION OF INCREASED COPY NUMBER WITH DISEASE INITIATION. AS

discussed in the introduction, increases in copy number on 3426 have been reported in

many cancers, and very importantly, in cervical cancer, they mark the progression from

dysplasia to cancer. CGH studies of low and high-grade tumors also suggest that this is an

early event in ovarian cancer as well (Iwabuchi, Sakamoto et al. 1995). Thus, it would be

very important to study the involvement of this region in early stages of ovarian cancer, as
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well as in ovarian tumors with low malignant potential. Again, FISH with locus-specific

probes would be used for this purpose.

CLINICAL RELEVANCE - DEVELOPMENT OF AN ASSAY FOR EARLY

DETECTION. The need for early detection in ovarian cancer is essential. Most ovarian

cancer cases currently are detected at late stages, so that the patient survival rate is low. If

ovarian cancer cells are shed into the serum, and if the PI3K pathway is turned on early in

this tumor type, then the protein products of any genes in the PI3-kinase pathway might be

markers for early disease detection. Currently, the most widely used serum ovarian tumor

marker is CA125, which assays for the presence of mucine-like CA125 molecules in the

serum. CA125 levels have been used for a variety of applications such as early tumor

prediction, diagnosis, response to therapy, early prediction of outcome and detection of

recurrence. Unfortunately, this assay has a large percentage of false positive and false

negative results, since it is not specific enough. Simultaneous detection of proteins from the

PI3-kinase pathway might increase specificity and sensitivity.

SEARCH FOR OTHER GENES IN THE REGION. So far, our studies have been limited

to genes already known to map to this locus. It is possible that other genes in the 2MB span

also are involved in the genesis or progression of ovarian cancer. Assuming that the

average gene occupies 100KB of genomic space, then a 2MB region could harbor up to 20

genes. Therefore, a comprehensive search for other genes in this region is necessary. This

might be pursued in several ways. One approach is to assess expression of genes or gene

fragments discovered in this region by participants in the human genome program. This

program has already discovered and mapped thousands of expressed sequence tags (ESTs)

and cDNA clones throughout the genome. So far 20 ESTs have been mapped to our

region. Bacterial artificial chromosome (BAC) clones are also being isolated from these

clones, for future transgenic mouse and in-vitro experiments.

Several other techniques currently exist for the identification of transcribed

sequences including classical cDNA library screening, exon trapping (Duyk, Kim et al.
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1990; Church, Stotler et al. 1994), recombination-based assays (Kurnit and Seed 1990),

generation of region-specific libraries (Corbo, Maley et al. 1990), direct cDNA selection

(Lovett, Kere et al. 1991; Parimoo, Patanjali et al. 1991), and the use of computers to

predict the presence of exons in genomic sequences (Benner, Wahl et al. 1991; Von Hoff,

Waddelow et al. 1991). Exon trapping and cDNA selection are ideally suited to the rapid

assessment of large genomic regions for the presence of genes in the absence of genomic

sequence. Both techniques have successfully been used in Dr. Gray's laboratory to isolate

sequences in a critical region of increase in copy number in breast cancer on chromosome

20, and will be utilized to find more sequences in our region.

STUDY OF GENOMIC ORGANIZATION AND BIOLOGICAL FUNCTION OF

POSSIBLE CANDIDATES. The first step in these studies would be to establish that the

cadidate gene(s) actually play a role in ovarian cancer genesis or progression. RNA and

protein studies should be performed to check transcript levels in normal and tumorigenic

cells and tissues. If inhibitors or dominant negatives are available, studies using them to

check for consequences of turning off the gene should be conducted. Moreover, the cDNA

sequences and BAC clones that were discussed earlier in this section would provide

excellent tools for transfection experiments in order to study the biological consequences of

overexpression of the possible candidate gene(s) on tumorigenesis, proliferation,

invasiveness / metastasis, as well as studies on development / differentiation and

morphogenesis.

Once candidate genes have been identified, studies of their genomic organization

and biology can be initiated in order to understand their function. Studies in genomic

organization will include those targeted towards changes that may occur in the regulatory

elements of the gene, or how the exons are processed, and if there may be different patterns

in exon organization.

Another important enterprise would be to localize the message and the protein in the

cells and tissues. Results here would be important to determine pattern of expression of the
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gene products during development, and how the aberrant products of the gene function in

the tumors. If any of the gene products would be located on the extracellular matrix, then

they would also provide potential targets for gene therapy.

INVOLVEMENT IN OTHER TUMCRTYPES. It would be interesting to know whether

the genes discovered from these experiments are involved in any other tumor types. As

discussed previously, CGH studies have shown that the increased copy number involving

3q26 is involved not only in ovarian cancer, but also in brain tumors, small cell lung

cancer, ductal breast cancer, head and neck cancer, and cervical cancer. Would the same

genes also be involved in all these tumors? So far, clones in our study have been tested on

breast cancer and melanoma cell lines. There were no increases in copy number in

melanoma, and breast cells showed a slight increase in copy number.

INVOLVEMENT OF OTHER REGIONS. Our studies of increased copy number on 34 in

ovarian cancer led us to a 2MB region on 3426. Although the increase in copy number in

this region is not very high, the search for genes is warranted based on the frequency with

which we have observed the increases. However, there are likely to be other regions on

chromosome 3 that are increased in copy number for ovarian cancer, or harbor oncogenes

critical in initiation or progression of this tumor type. One way to test this would be by

looking at ovarian cancer samples using FISH with locus-specific probes. Another method

would be by using the newly developed technique of Comparative Genomig Hybridization

on arrays (CGHa), a variant of CGH, currently under development in our laboratory. In

this technique, tumor and normal DNA are hybridized together onto well-mapped DNA

segments (e.g., P1s or BACs) arrayed onto a solid support. We currently have evenly

spaced markers along chromosome 3, and are beginning to perform this experiment for our

samples. CGHa will, in principle, provide relative copy number information at each region

of the tumor genome for which there is a clone in the array. This technique is limited in

resolution only by the density and size of the clones in the array.
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Today, both DNA and RNA or cDNA scanning arrays with varying resolutions are

being developed. These may be used in several ways. For example, recurrent copy number

abnormalitites in a particular cancer type or a genetic disease can be identified using high

density DNA arrays of P1 or BAC clones to find increases or decreases in copy number in

a clone (clones). cDNA or oligonucleotide arrays can be used to assess relative gene

expression patterns. Both DNA and RNA arrays with selected genes can be used to

determine response patterns of certain genes or their messages to known therapeutic agents.

Finally, hybridization of RNA to arrays containing members of a genetic pathway may be

used to assess biological response to therapy. This particular application is of immediate

use in our studies of the PI3K pathway since several members of this pathway are known

or being identified. We are trying to understand the expression pattern of the genes

involved in this pathway as one member is overexpressed or inhibited. The results of such

studies could ultimately guide us towards gene or pathway targetted therapeutic agents.
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APPENDIX

MATERIALS AND METHODS
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A.1 CELL CULTURE

The following media were used to grow the named ovarian cancer cells.

SKOV3: MCCOY'S 5A; 15% FCS; 1% PenStrep; 1% (2mVM) alpha-glutamine
OVCAR3: RPMI; 10% FCS; 1% PenStrep; 1% glutamine
OCC1: Same as OVCAR3
CAOV3: DMEM; 10% FCS
OVCA420; MEM; 10% FCS; 1% PenStrep; 1% alpha glutamine; 1% Na Pyruvate
OVCA429: Same as OVCA420
OVCA430: Same as OVCA420
OVCA432: Same as OVCA420
OVCA433: Same as OVCA420
NOE025: 250 ml MCDB105 (SIGMA M-6395); 250 ml media 105; 90 ml FCS; 6 ml L
GLUT; 6ml PenStrep; 10ul EGF (50ug/ml)
All media were provided by the Tissue Culture Facility at UCSF.
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A.2 POLYMERASE CHAIN REACTION (PCR)

PCR was used in my studies to produce the overlapping physical map of the clones

using STSs in the region. The reagents and conditions for PCR reactions are listed here.

REAGENTS:

10X AMPLIFICATION BUFFER
500 mM KCl
100mM Tris. Cl
15mm MgCl2

dNTP MIX
1.25m M of each dMTP in a total volume of 1 ml

REACTION:
10 pil 10X amplification buffer
10 pil 10X dNTP's
100 pmoles primer 1
100 pmoles primer2
up to 2 pig template DNA
Sterile H2O to 100 pil

Cover the mixture with mineral oil (Sigma M-3516)
Heat 94°C, 4 min
Add 2.5 units Taq DNA polymerase
Proceed with cycling reactions

Typical conditions:
94°C, 30 Sec
55°C, 30 sec
72°C, 30 sec
30 cycles, then 72°C for 10 min
Store at 4°C
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A.3 FLUORESCENCE IN SITU HYBRIDIZATION (FISH)

This section includes protocols that are related to FISH. First, methods to extract

DNA from large insert clones such as BAC, P1, PAC and YACs are presented, followed

by preparation of interphase nuclei from cell lines, tissues, ascites, and paraffin-embedded

samples. FISH labeling, hybridization, and wash conditions for various needs are then

presented along with criteria used to score FISH signals. Finally, general parameters for

labeling and microscopy are discussed.

A.3a P1, BAC, OR PAC EXTRACTION, MODIFIED QIAGEN PROTOCOL

Day 1

1. Inoculate 500ml of TB(1 liter: 12 g Bacto-Tryptone, 24 g Bacto Yeast Extract, 4 ml
gycerol. Add water to 900 ml, autoclave, add 100 ml of filter sterilized 0.17M KH2PO4
and 0.72M K2HPO4) or LB (10 g Bacto Tryptone, 5 g Bacto Yeast Extract, 10 g NaCl,
add water to 1 liter, pH to 7.2, autoclave) with antibiotic (Amplicillin: 35-50 pig■ ml;
Kanamycin; 501g/ml; or Tetracyclin: 15pg/ml) in 2 liter Erlenmeyer flasks with P1, BAC
or PAC clone.
2. Grow the cells at 37°C shaker set at 300 rpm for 16 hours.

Day 2

1. Transfer the cells into 500ml centrifuge bottle
2. Spin the samples in Sorvall GS3 or Beckman JA-10 rotor at 6000 g or (6000 rpm
for 15 min at 4°C. Discard the supernatant.
3. Resuspend the bacterial pellet in 45ml of buffer P1(50mM Tris-HCl, 10mM EDTA
pH 8.0, RNase A
4. Add 45ml of buffer P2, (0.2N NaOH, 1% SDS) mix gently by inverting the bottle
10 times, and incubate at room temperature for 5 min.
5. Add 45 ml of buffer P3, (3M NaOAc pH 5.5) mix gently by inverting the bottle 10
times, and incubate on ice for 20 min.
6. Spin down the cell debris at 20,000 X g or 16,000 rpm with Beckman JA 20 rotor
for 30 min. at 4°C.
7. Transfer the supernatant into a clean tube, trying to avoid the white crud.
8. Equilibrate qiagen tip 500 by adding 10 ml of buffer QBT. Allow the column to
empty by gravity flow.
9. Apply the extracted aqueous solution from step seven over a nylon mesh. Allow the
column to empty by gravity flow.
10. Wash the qiagen tip 2 times with 30 ml of buffer QC.
11. Elute DNA with 15 ml of buffer QF into 50 ml oakridge tube.
12. Precipitate DNA with 0.7 volumes or 10.5 ml of room temperature isopropanol.
13. Spin down the DNA at centrifuge at 20,000 Xg or 14,000 rpm in Beckman JA 20
rotor for 30 min.
14. Discard the aqueous solution and allow the pellet to air dry.
15. Resuspend the pellet with 400 pil 1xTE (10 ml of 1M TRIS, 2 ml of 0.5M
EDTA)pH 8.0 then transfer the DNA into an 1.5 ml eppendorf tube.
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16. Add equal volume or 400 pil of PCI to the DNA. Mix the DNA with PCI mixture
with a vortex for a few seconds.
17. Sperate the phase by spinning in a microfuge at 8,000 rpm for 10 min.
18. Transfer the aqueous solution into a new tube.
19. Extract the DNA 2 times with equal volume or 400 pil of CI.
18. Add 40 pul 3M NaOAc pH 7.0 and mix.
19. Add 2 volume or 880 pul cold 200 proof EtOH and mix.
20. Spin down the DNA pellet in room temperature microfuge at 14,000 rpm for 15

Ži wash the DNA pellet with cold 70% EtOH and invert the tube to air dry the pellet.
22. Resuspend the DNA pellet with 40 pil 1xTE.

A.3b YEAST DNA PREP

1- Grow cells in 10 ml YPD (per liter: 10g yeast extract, 20g peptone, 20g dextrose,
autoclave, add 40pg/ml amp), 30°C, overnight
2- Spin cells-2000 rpm-2min
3- Resuspend in 0.5 ml of 1M Sorbitol/0.1M EDTA
4- Put in 1.5 ml microfuge tubes
5- Add 20pulzymolase (12.5mg/ml of 20,000)(Zymolase 100T, ICN, CA, cat 32-093) in
SOrbitol/EDTA Sln- 37° C – 1hr
6- Spin-1 min, max speed in a microfuge
7- Discard sup
8- Resuspend cells in 0.5 ml of 50mM tris/20mM EDTA and resuspend completely
9- Add 25ul of 20% SDS- mix
10- 65° C- 30 min
11- Add 2001l 5M KOAC, mix
12- Ice, 1.hr
13- Spin,5min
14- Transfer supernatant into a new tube and repeat spin
15- Transfer supernatant to a new tube
16- Add 750pul isopropanol
17- RT-5min
18- Spin-10 sec- toss supernatant
19-Air dry pellet
20- Add 300pul TE
21- Add 1.5pul RNAse (1mg/ml)- 37°C-30min
22- Add 30pul NAOAC
23- Add 200pul isopropanol
24- RT-5min
25-Spin-10sec
26- Air dry pellet
27- Resuspend in 30pul TE

A.3c PREPARATION OF NUCLEI FROM PARAFFIN-EMBEDDED SAMPLES

DAY 1
* Turn on water bath 55°C
1) Place 250 pum tissue sections from each block into glass conical centrifuge tubes. Add 3
ml xylene, incubate 1hr in a 55°C water bath
2) Remove xylene, add 3 ml fresh xylene, incubate overnight in a 55°C water bath. Tubes
must be covered well with parafilm

DAY 2
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1) Remove xylene
2) Add 2ml 100% ethanol, incubate 1hr RT, then remove ETOH
3) Add 2ml 95% ethanol, incubate 1hr RT, then remove ETOH
4) Add 2ml 80% ethanol, incubate 1hr RT, then remove ETOH
5) Add 2ml 50% ethanol, incubate 60 hrs (2.5 days) at 4°C

Day 3
* DefroSt FBS
* Turn on 37°C shaking water bath
* Prepare 0.5% pepsin: 25ml 0.9% NaCl (pH 1.5) + 0.125 g pepsin (Sigma P7012)
dissolved in the 37°C shaking water bath
1) Remove ETOH, add dH2O, incubate 1hr RT
2) Remove water, add 2ml pepsin, incubate 1hr in the 37°C shaking water bath
3) Vortex and pipet well to break tissue, stop pepsin activity by adding 2ml FBS, vortex,
centrifuge 900 rpm 5min
4) Decant supernatant, resuspend pellet in 2ml FBS, centrifuge 700rpm 10min
5) Decant supernatant, resuspend pellet in 2ml FBS, filter through 74pum mesh into 15ml
tubes. Cells can be dropped onto slides at this point.

A.3d INTERPHASE NUCLEI PREPS FROM CELL LINES, CELL PELLETS, OR
ASCITES

- Wash cells with PBS
- Add 5ml hypotonic solution (0.075 M KCl)
- 37°C, 30 min
- Prepare Carnoy’s fix(3:1 methanol: glacial acetic acid)
- Add 1 ml fix to the cells
- Spin, 1200 rpm, 5 min
- Remove supernatant, mix cells, add 5ml fix, spin, 1200 rpm, 5 min
- Repeat the previous step 2 times
- Remove supernatant, mix cells, add appropriate amount of fix for slide preparation (0.3-
1.0 ml)
- Drop 10–201l on clean slides

A.3e FISH LABELING

labeling is done by nick translation
- 1 pig DNA
- 5 pil 10XA4 nucleotides (solutions sectioon)
- 1 pil dig-11-d'UTP (Boehringer Mannheim), Texas-Red duTP (NEN Du Pont), or
Fluorescein duTP (NEN Du Pont)
- 3.5 pil 10X enzyme mix (Life Technologies)
- 0.5 pil DNA polymerasel
- Water to 50 pil
- Incubate 15°C 90 min
- Run 5 pil on a gel

FISH HYBRIDIZATION
1) Slides
- Place Slides in 2XSSC 37°C 30 min
- Dehydrate slides: Place for 2 minutes each in cold 70%, 85%, and 100% ethanol, then air
dry
- Place slides in denaturation solution (70% formamide/2XSSC) 75°C - 2.5 to 10 minutes
depending on slide batch
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- Dehydrate slides : Place for 2 minutes each in cold 70%, 85%, and 100% ethanol, then air
dry
- Warm slides to 37°C on a slide warmer immediately prior to hybridization
Note: if slides are from paraffin embedded samples, treat in denaturing solution for 10 min
at 80°C
2) Probes
- Mix together 2 pil labeled probe, 1 pil Cot-1 DNA, and 7 pil MM1 (solution section)
- Denature 70°C 5 min
- Preblock 37°C 60 min
3) Apply denatured probe onto prewarmed slides, coverslip and seal with rubber cement
- Place in a moist dark chamber, hyb in a 37°C incubator for overnight or longer

FISH WASH
1) Indirect label probe, 1 color
- Remove coverslip
- Wash 3XSSC 72°C 5min
- 2XSSC 37°C 5min
-Block 4XSSC/1%BSA 37°C 5min
- Stain with FITC antidig(11g/ml), FITC avidin (5pg/ml), TR avidin (5pg/ml), or TR
antidig (1pg/ml) in 4XSSC/1%BSA 37°C 15 min
- Wash 4XSSC 37°C 5min
- 2XSSC RT 5min
- H2O RT 5min
- Mount with 10pul PI/DAPI in antifade (if there is no red. If there is red, then just DAPI in
antifade)
- Coverslip and check uunder scope

2) Indirect label probe, 2 colors
All steps are the same, except add both stains together in the staining step

3) Direct label probes
- 1XSSC 72°C 5 min
- 2XSSC 37°C 5min
– 2XSSC RT 5min
- dBI2O RT 5min
- Add 10pul DAPI in antifade (2pul of 0.1 mg/ml stock (Dissolve 1 mg 4", 6-diamindino-2-
phenylindole in 10 ml water) in 1 ml antifade solution from solutions section)
- Coverslip
- Examine under microscope

4) 2-color FISH, nuclei from paraffin embedded samples
– 3XSSC- 72°C– 5min
- 2XSSC- 37°C-5min
- 4XSSC/1% BSA- 37°C- 10min
- FITC antidig (and TR avidin) in 4XSSC/1% BSA- 37°C- 15min
- 4XSSC- 37°C– 5min
- 2XSSC-RT-5min
- 4XSSC/1% BSA- 37°C- 10min
- rabbit antisheep FITC in 4XSSC/1% BSA- 37°C- 15min
– 4XSSC- 37°C– 5 min
- 2XSSC-RT-5min
- H2O-RT-5min
- Mount with DAPI in antifade
- Examine under microscope
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A.3f IMMUNOFLUORESCENCE CELL STAINING
- Grow cells to confluency on slides
- Fix cells on slides by adding 2% paraformaldehyde in PBS for at least 2 hrs
* All the rest of the steps at RT and in a dark chamber
* Prepare 1%BSA in PBS
1) Rinse slide in BSA/PBS 5min
2) Add primary antibody (50pul of 1pg/ml in PBS/BSA). Cover with parafilm. Place on a
shaking platform, 1hr
Remember controls: control 1 - BSA only, control 2- BSA and secondary antibody
3) Wash 2X in PBS 2min each

-

4) Add secondary antibody (anti-rabbit FITC- Oncor S1331-5) 2011g/ml in PBS 30 min
5) Wash 3X in PBS 5min each
6) Counterstain with PI or DAPI
7) Examine under microscope

A.3g SCORING CRITERIA FOR FISH
1) At least one hundred cells were counted for each set.
2) Tumor cells are very heterogeneous by nature. Our samples were selected to have at least
60% tumor material. I could not distinguish between tumor and normal nuclei, and
therefore all nuclei were counted.
3) Cell lines are supposed to be a homogeneous population. The fact is that they are not.
So, their nuclei also had various counts, and all these nuclei were counted as well.
4) In general, counts were conservative. signals that were very close to each other, or on
top of each other were counted as one.

A.3h GENERAL CRITERIA FOR FISH LABELLING, MICROSCOPY, AND FLPTER

ANALYSIS

LABELLING OF FISH PROBES. The most common labelling method for FISH is nick

translation (Rigby, Dieckmann et al. 1977), which employs enzymes DNAsel and DNA

polymerase I. The DNAse I introduces single strand nicks on the probe sequence, while the

DNA polymerase adds nucleotides to the 3’ end of the nick and removes nucleotides from

the 5' end of the nick. The ideal probe size for FISH is between 200bp and 1kb. Random

primed labelling is used as an alternative to nick translation (Feinberg and Vogelstein

1984). Here, the probe DNA is denatured and hybridized with random oligonucleotides,

which act as primers. The Klenow fragment of the DNA polymerase then extends the

random oligonucleotides on the DNA probe template. PCR has also been used as a

labelling method when the probe DNA is complex, or in very small quantity. In PCR,

labelling is achieved by incorporation of modified nucleotides during the PCR. The most
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common PCR method used in FISH applications is degenerate oligonucleotide primed PCR

(DOP-PCR) (Telenius, Carter et al. 1992; Telenius, Pelmear et al. 1992). The primer used

in this technique has 6 specific bases at the 3’ end, 6 degenerate bases in the middle, and a

specific 5' tail, which affords it a mixte of over 4000 sequences in one primer alone. In

DOP-PCR, the first 5 cycles have a low annealing temperature and slow ramp to extension

temperature in order to promote frequent priming on the target sequence, followed by

cycles of higher annealing temperature to promote specific amplification of primer-tailed

sequences.

Labelling with all the above techniques is achieved by enzymatic incorporation of

haptens (most commonly biotin and digoxigenin) or fluorochrome conjugated nucleotides

such as Texas red duTP or Fluorescein duTP into probe DNA. Biotinylated probes are

usually detected by a fluorochrome-conjugated to avidin, while digoxigenin-labelled probes

are detcted using a fluorochrome to conjugated anti-digoxigenin antibodies.

MICROSCOPY. The ultimate benefits that fluorescence technology has brought to our

research applications have been to study one sample with different probes simultaneously

for the direct observation of their relationship in cells, and evaluation of the linear

relationship between the amount of hybridized probe and fluorescent intensity.

Simultaneous visualization of more than one hybridization produced by FITC and

Texas Red labelled probes has been used throughout our studies. Nuclei typically were

counterstained with DAPI. A Zeiss axioplan fluorescent microscope equipped with double

band pass filters (Chroma Technology, Brattleboro, VT) and 63X, NA 1.3 oil objective

was used for analysis of cells after FISH. Table A.1 lists excitation and emission maxima

for DAPI, TR, and FITC. Table A.2 lists typical specifications of filter sets used in our

work.
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Table A.1

Commonly used fluorochromes.

FLUOROCHROME EXCITATION EMISSION

MAXIMUM(NM) MAXIMUM

(NM)

PI (propidium iodide) 330 and 520 620

DAPI (4’, 6'-diamidino-2-phenylindole) 350 460

FITC (fluorescein isothiocyanate) 490 520

TR (Texas Red) 596 620
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Table A.2 Filter sets and their specifications. cº

FLUOROCHROME EXCITATION FILTER EMISSION FILTER

DAPI BP360–371 LP397 t] ~

FITC BP450-490 BP515–565

PIOr TR BP540-552 LP590

PI-HRITC BP450-490 LP520

TR-HEITC BP450-505-H BP515-540-1-

BP560-595 BP610+660

TR-HEITC+DAPI BP100–410+ BP445–465+

BP490–510+ BP510–530+

BP560-590 BP600-690

BP: band-pass filter-passing wavelengths in indicated range (nm).

LP: long-pass filter-passing wavelengths greater than indicated wavelength (nm). º

TR+FITC: double bandpass filter-passing wavelengths in indicated ranges (nm).

TR+FITC+DAPI: triple bandpass filter-passing wavelengthes in indicated ranges (nm).
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DIGITAL IMAGING MICROSCOPY. Determination of probe distance from the

chromosome end after hybridization by FISH, as well as analysis of CGH signals were

performed using digital imaging microscopy and a quantitatitve image processing system.

This system facilitated both quantitation and display of the hybridization signals. Images

were obtained on an automated Zeiss Axioplan microscope (C. Zeiss, Thornborough, NY)

controlled by the QUIPS (quantitative image processing system) software package for

aquisition and analysis multicolor fluorescent images, developed in our laboratory. The

microscope was equipped with a 63X, 1.3 NA objective; a 100W mercury arc lamp source;

multibandpass beam splitter and emission filter ( Chroma technology, Brattleborough, VT)

and single bandpass excitation filters for each fluorochrome, mounted on a computer

controlled filter wheel. The system allowed excitation of individual fluorophores without

wrong elements in the optical path between the samples and the CCD camera so that

exposures in different wavelengths could be done without image registration shifts. An

intensified cooled charge coupled device (ICCD) camera and video monitor (Quantex, San

Jose, CA) enabled real time focusing and initial visualization of images. Images of 600 X

600 pixels with spaces of 0.1puM were typical for analyses. Registration error between the

fluorochrome-specific images is governed by the quality of the chromatic corrections in the

microcscope optics and for the purpose of our studies, were insignificant and thus, left

uncorrected.

Fig A.1 is a diagram of the digital imaging microscope system. Whole cells or

metaphases were located by visual scanning, and focused using the ICCD image of DAPI

counterstain fluorescence. A sequence of fluorescence images were then aquired using the

CCD under the software control by selecting the appropriate excitation filters. Each

multicolor image was filed to a server disk for archival storage. Further analysis of images

were performed on a station not associated with a microscope.

MULTICOLOR IMAGE DISPLAY AND ANALYSIS. A gray level image was aquired for

each fluorochrome of interest. Multicolor images were generated by merging multiple gray
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level images and displaying these images in false color. Images also were contrast-stretched

for better feature identification, display, and evaluation. Three fluorochromes were merged

in 24 bit color assigning DAPI to blue, FITC to green, and Texas Red or rhodamine to red.

The ability to superimpose FISH signals on the DAPI banding images greatly improved the

efficiency of chromosome identification and analysis. Chromosomes were identified based

on a contrast-stretched image of the DAPI counterstain.

PROBE MAPPING. After FISH localization of a cloned DNA sequence onto a

metaphase chromosome, image analysis was employed to determine the location of the

probe relative to the end of the short arm of the chromosome. This method is termed Flpter

(fractional length from the terminus of the p arm) analysis and was first used by Lichter et

al. (Lichter, Tang et al. 1990). Steps used in Flpter analysis using our software are as

follows:

- Chromosome segmentation. The chromosome is computationally separated (segmented)

from background in the DNA counterstained DAPI image.

- Medial axis determination. A line is calculated that divides the chromosome into equal

halves along its length.

- Hybridization domain detection. Regions of relatively high intensity are located and

segmented. This sometimes results in detection of extra objects. These are rejected visually

by the analyst.

- Flpter determination. The results of medial axis determination and hybridization domain

detection are overlain for measurement and comparison. The center of mass of each

hybridization domain is then measured and projected onto the medial axis of the

chromosome. The distance from the pterminus of the chromosome to each hybridization

domain is then divided by the total length of the medial axis to determine fractional location

of the probe from the end of the chromosome.

Distances for each probe are measured on 20 different metaphases and the results are

presented as mean E SEM. Variations are most likely due to differences in chromosome
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Fig A.1

Digital imaging microscope system. Images are collected using a microscope equipped with

CCD camera and displayed on a SUN monitor. Images are then stored for further analysis

in a mass storage system. Any server attached to this system can be used to analyze the

data.
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A.4 COMPARATIVE GENOMIC HYBRIDIZATION (CGH)

In this section, high molecular weight DNA preparation method is presented

followed by CGH labelling, hybridization, and wash conditions. Digital imaging

microscopy parameters for FISH are then discussed.

A.4A DNA EXTRACTION FROM TISSUES AND BLOOD

1) Place 1 to 5g of tissue in 20ml of tissue lysis buffer (19 ml STE (per liter: 20 ml 5M
NaCl, 50 ml 1M tris pH 7.5, 2ml 0.5M EDTA pH 8.0), Iml 10% SDS, 300 pil of
10mg/ml proteinase K)
2) Vortex, rock 37°C, overnight. Tissue dissolves
3) Extract:
1X phenol, 3000rpm, 15 min
1X phenol/chloroform, 3000 rpm, 10 min
1X chloroform, 3000 rpm, 5 min
4) Ethanol precipitate:
1/10 volume of 3M Na acetate and equal volume of 95% ethanol, mix quickly at room
temperature; spin 3000rpm, 15 min
5) Resuspend in TE

IF starting from whole blood:
- Collect blood in purple-top tubes (EDTA containing)
- Spin 1200rpm, 10 min
- Take the middle (white) layer, then proceed with step 1

A.4B CGH LABELING
Labeling is done by nick translation.
- 5 pil 10XA4 nucleotide mix (201M each dATP, dCTP, and dGTP final, see solution
Section)
- 1 pil fluorescein-12-duTP (1pmol/ml, direct label, Du Pont NEN) for test DNA (tumor),
or 1 pil Texas Red-5-dUTP (1pmol/ml, direct label, Du Pont NEN) for reference (normal)-
1nmol final
- 1pug test or reference DNA
- 3 pil BioNick 10X enzyme mix (Life Technologies)
- 5 to 10 U/ul Dna polymerase I (Life Technologies)
- Water to 50 pil
- Mix well, incubate at 15°C for 1 hour
- Stop reaction: 70°C, 15 min
- Run 5 pil on a 1% gel. Fragments of 300bp to 3kb are desirable

CGH HYBRIDIZATION
1) Slides
- Place Slides in 2XSSC 37°C 30 min
- Dehydrate slides : Place for 2 minutes each in cold 70%, 85%, and 100% ethanol, then air
dry
- Place slides in denaturation solution (70% formamide/2XSSC) 75°C - 2.5 to 10 minutes
depending on slide batch
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- Dehydrate slides : Place for 2 minutes each in cold 70%, 85%, and 100% ethanol, then air
dry
- Warm slides to 37°C on a slide warmer immediately prior to hybridization
2) Probes
- Mix 10pil 2011g/ml FITC labelled test DNA (200ng final), 10ul 201g/ml TR labelled
reference DNA (200ng final), 201l 1pg/ul Cot-1DNA (Life Technologies)
- Add 1/10 volume 3M sodium acetate pH5.3
- Add 2X volume 100% ethanol
- Mix, spin-14,000 rpm, 30 min
- Dump Supernatant, air dry pellet
- Add 3pl H2O, and 7pul MM1(Solutions section), mix
- Denature probe mix: 70°C, 5 min
3) Apply denatured probe onto prewarmed slides, cover with coverslip, seal with rubber
Cement

- Place in a moist dark chamber, hyb in a 37°C incubator for 2 days or more

CGH WASH
- Remove rubber cement and coverslip, then place in the following prepared solutions
- 1XSSC 72°C 5 min
- 2XSSC 37°C 5min
- 2XSSC RT 5min
– dBI2O RT 5min
- Add 10pul DAPI in antifade (2pul of 0.1 mg/ml stock (Dissolve 1 mg 4", 6-diamindino-2-
phenylindole in 10 ml water) in 1 ml antifade solution from solutions section)
- Coverslip
- Examine under microscope

A.4C MICROSCOPY FOR CCH

As an extension of FISH, this method is used to map relative DNA sequence copy

number abnormalities onto metaphase chromosomes as color changes. As for FISH, these

images are aquired for each metaphase chromosome: DAPI, TR, and FITC. These are

contrast enhanced for chromosome identification and better recognition of signals. Image

analysis is used to determine ratios of the fluorochromes associated with test and reference

probes on the metaphase chromosomes. Steps in CGH are as folows:

- Chromosome segmentation. DAPI counterstain images alone are not adequate for

segmentation since some chromosome telomeres have weak staining. The counterstain and

reference images are standardized so they have the same range of intensity values and then

summed and segmented. Chromosomes that are too close together are resolved by the

operator. Chromosomes that are overlapped are not analyzed. Typically, at least 4

chromosomes of each are analyzed.
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- Normalization of hybridization intensities. Normalization of red and green fluorochromes

images in necessary to allow information from multiple metaphases to be combined. This is

accomplished by adjusting image intensities so that the median intensities of the test and

reference images are the same in all metaphases and so that the normalized test and

reference ratio is equal to 1.0 for each metaphase.

-Local background correction. Fluorescence background in the vicinity of each

chromosome or set of chromosomes contributes additively to the pixel values measured for

that chromosome. Unless corrected, this causes the green to red ratio to be non-linearly

related to relative copy number. Local background is corrected by subtracting pixel values

outside chromosome boundaries (where intensity of chromosomal pixel values is sharply

decreased) from pixel values of test and reference chromosomes

- Profile extraction and ratio computation. The median axis for each chromosome is

calculated and chromosome intensity profiles are determined by integrating pixel values

along lines perpendicular to the medial axis. The ratios of test to reference intensity values

are then computed for each point along the medial axis. To further increase the accuracy of

measurement and reduce random noise, profiles are averaged for several chromosomes.

This comes at the cost of decreased sensitivity to events spanning a small part of the

genome, e.g., amplification of a short segment of the genome.
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A.5 GENERAL SOLUTIONS

20XSSC
per liter:
175.2g NaCl
88.23 Na Citrate
1 ml 1N H Cl
pH to 7.1

10XTBE
per liter:
108g Tris Base
55g Boric acid
40ml 0.5M EDTA, pH 8.0

TE
per liter:
10 ml 1M TRIS, pH 7.5
2ml 0.5M EDTA, pH 7.5

10XA4 NUCLEOTIDES
for nick translation using dig-11-d'OTP, biotin-d'UTP, or direct-conjugated nucleotides
per ml:
20|al 10mM dATP
2011 10mM dOTP
2011 10mM doTP
500pul 1M Tris, pH 7.8
25pil 2M MgCl2
7|al B-mercaptoethanol
2pul 50mg/ml BSA
406 pil H2O

MASTER MIX 1 (MM1)
1 g dextran sulfate (MW-500,000)
5ml formamide
1ml 20XSSC
Mix, heat at 70°C to dissolve dextran sulfate
pH to 7.0
Add water to 7.0 ml

ANTIFADE
Dissolve 100 mg p-phenylenediamine dihydrochloride (SIGMA P1519) in 10 ml PBS
Adjust to pH 8.0 with 10 ml 0.5M bicarbonate buffer (0.42 g NaHCO3 in 10 ml water, pH
to 9.0 with NaOH)
Filter through 0.22p1 filter
Add 90 ml glycerol
Store in the dark (3) -20°C
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