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Introduction 
The goal of this project is to further define at a molecular level the human gene products 
required for the normal G2 checkpoint response after DNA damage. The checkpoint 
response is a fundamental mechanism by which cells control their cell division cycle after 
experiencing DNA damage from radiation. This response results in an arrest in the G2 
phase of the cycle until damage is repaired. This checkpoint response is conserved among 
eukaryotes including the budding yeast Saccharomyces cerevisiae. In our application, we 
proposed to exploit this conservation to isolate human checkpoint genes by large scale 
complementation screens and homology searches isolating novel human cDNAs which can 
complement yeast G2 checkpoint mutant strains. Subsequent Technical Objectives are 
directed towards understanding the structure and expression of these genes in both normal 
and malignant mammary cells including human cell lines and murine models of mammary 
tumorigenesis. We also planned to perform functional assays of these cDNAs in 
checkpoint deficient cell lines including the MCF-7 human breast cancer cell line. In this 
report we detail progress in the seoncd year of this award towards all three objectives. 
This grant is co-funded with a companion IDEA Award (having just completed the first 
year) for the PI, Dr. Sharon Plon (grant #DAMD17-98-l-8281). 
A. Progress toward completing the proposed Technical Objectives. 
Materials and Methods: 
Complementation Assay: Exponential cultures of a cdc9-8, rad9 strain grown in YM-1 
media were transformed with purified cDNA library DNA using a modified Li-Acetate 
transformation protocol of Schiestl, and Giets and yeast total RNA and denatured salmon 
sperm DNA as carrier to achieve a transformation efficiency of 300,000 colonies per 
microgram plasmid DNA. After transformation the plates were incubated at 23°C 
overnight. In the morning plates were transferred to 30°C and incubated for 5 days. 
Colonies growing at this point are isolated and restreaked on leucine deficient media at 
30°C for further analysis. 
PCR Conditions and Analysis: Degenerate primers are designed after doing alignment 
of yeast checkpoint genes using the ClustalW program on the BCM Human Genome 
Project Search Launcher. PCR conditions are optimized for both Mg++ concentration and 
annealing temperature with control templates (either cloned S. cerevisiae genes or 
genomic samples from S. cerevisiae and S. pombe). After PCR amplification of human 
cDNA libraries as described below, PCR products are analyzed on 4% NuSieve agarose 
gels to allow size discrimination of small PCR products. cDNA from human sources 
including normal mammary gland and mammary carcinoma was obtained from Clontech. 
PCR products of appropriate sizes are subcloned using either the Invitrogen TA or Topo 
cloning kits. Inserts are confirmed by miniprep DNA preparations and restriction digest. 
Representative clones for each size are then sequenced using dideoxy automated 
sequencing methodologies (Licor or ABI automated sequencers). 
Two-hybrid Reagents: Reagents used in the two-hybrid screening include the Gal4- 
activation domain (AD) library, the Gal4-DNA binding (DB) vector (pPC97), the yeast 
host strain MV103 (Mat a, leu2, trpl, his3, Gall:fflS3, GalLLacZ, Spal:URA3), and 5 
constructs in MV103 for use as reference controls during screening (22, 23). Control 
plasmids include 1) DB-pPC97+AD-pPC86, 2) DB-pRb+AD-E2Fl, 3) DB-Fos+AD-Jun, 
4) Gal4+AD, 5) DB-dDP-l+AD-dE2F. 
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Activation domain-cDNA library: A human T-lymphocyte cDNA fusion library in the 
activation domain vector pPC86 (Trp+) was kindly provided by J. La Baer (MGH Cancer 
Center). The cDNAs were cloned into the EcoRI (5') and Spel (3') sites. This library has 
approximately 2X106 clones and the average insert size is lkb. This library was amplified 
once by electroporation using electrocompetent E. coli, JS4 cells (BioRad, Hercules, CA) 
followed by replica plating onto LB+Ampicillin plates. The DNA was prepared using a 
Plasmid Maxi kit from Qiagen. 
Selection of interacting genes: The bait (Leu+) and the library plasmid (Trp+) were 
sequentially transformed into the yeast host strain MV103 . The transformants containing 
the bait and library plasmids were selected on media lacking leucine and tryptophan. 
Three separate pools of library DNA were used to transform the MV103+pPC97-CDC34 
or MV103+pPC97-i?/lD6 cells and 500,000 transformants from each pool were obtained. 
The two-hybrid screen was performed by first selecting for growth of bait-library co- 
transformants on Sc-His-Leu-Trp+25mM 3 AT. Subsequently additional reporter genes, 
URA3 and LacZ, were selected for in the 3AT positive clones. The expression of the 
URA3 gene was both selected for on media lacking uracil as well as counterselected 
against on media containing uracil and 0.1% 5-fluoroorotic acid (5FOA). Induction of the 
LacZ gene was assayed qualitatively in the presence of X-Gal for blue colonies. The 
phenotypes were then scored. Clones positive for all the reporters were PCR cloned into 
a pPCRII vector using TA-cloning kit from Invitrogen (Tony Pines, CA). Both strands of 
the DNA were then sequenced using a LI-COR automated sequencer. 

RESULTS 
Technical Objective 1 - Isolation of additional human G2 checkpoint genes. 

a. Complementation Assay: During the first year of this award a large-scale 
complementation screen of a rad9,cdc9-8 strain was performed as described. 
Fifteen human cDNAs were isolated as part ofthat screen. During this year 
further characterization of those fifteen cDNAs was performed. A test for 
plasmid dependence including isolating the human cDNA containing plasmid 
from the yeast transformant was performed with subsequent re-transformation 
of the rad9, cdc9-8 strain. This analysis revealed that fourteen of the clones did 
not confer plasmid dependence, eg, were due to reverting mutations in the 
strain. For the fifteenth strain, the plasmid did confer partial rescue of the 
checkpoint defect. The cDNA inserts were subcloned into sequencing vectors. 
Sequence analysis of this clone revealed a partial cDNA encoding a ribosomal 
protein that did not reveal any homology to RAD9 protein. Thus, we were not 
able to identify an active cDNA through this complementation assay. 

b. A major emphasis during this year of the grant was the use of homologous 
regions between evolutionarily distant species (S. cerevisiae andS. pombe) to 
develop degenerate PCR based primers. For example, a fission yeast homolog 
of RAD9 named rhp9 was published. Alignment of those sequences reveals 
areas of homology that may suggest conserved regions of the protein. One 
such area is in the carboxy terminus consistent with the known BRCT domain. 
In addition there are more discreet areas of homology in the carboxy terminus 
that may reflect RAD9/rhp9 specific conserved domains. We have made a 
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major effort to develop a series of degenerate PCR primers to this regions. 
Overall over 200 PCR reaction sets (varying primers and templates) have been 
performed. These primers are optimized on test templates including the RAD9 
gene itself as well as yeast genomic DNA. We have now begun amplification 
from human cDNA sources including lymphocyte cDNA libraries. We have 
also done amplification from Lamprey DNA which represents a species that is 
approximately intermediate in evolution between humans and yeast. The PCR 
products are then subcloned and sequenced as described in the method section. 
Table 1 illustrates the number of PCR primers developed, the number of 
fragments subcloned and sequenced. To date the sequences obtained do not 
demonstrate additional regions ofhomology to the S. cerevisiase RAD9 gene. 
An analogous approach has been taken with DUN1 and to date subcloned PCR 
products from human lymphocyte cDNA libraries has not yielded homologous 
sequences. 

Table 1 - Summary of Degenerate PCR approach to cloning of Human RAD9 and DUN1 
Gene 

RAD9/rhp9 

DUN1 

Primer 
Sets 

Templates 

Human T cell library 
(3 independent pools) 
Mouse Embryonic library 
Lamprey Genomic DNA 
Human T cell library 
(3 independent pools) 
Lamprey Genomic DNA 

Clones Sequenced 

19 

38 

Our analysis of why we have not obtained sequences lead to three potential 
possibilities (1) such homologous sequences do not exist in the human genome, 
(2) the cDNA libraries chosen do not represent tissue where the gene is 
expressed and (3) the general bias towards shorter cDNAs in library constructs 
may discriminate against the generally long checkpoint cDNAs. Given that we 
find the first possibility unlikely based on the overall conservation of the 
pathway and the conservation of rad9 and rhp9, we are addressing the second 
two concerns. We have obtained human cDNA from multiple sources including 
normal mammary gland, an explant of a human breast carcinoma, normal 
ovarian tissue and bone marrow in order to maximize the chance of finding a 
tissue specific gene. The use of cDNA will avoid bacterial contamination seen 
in library samples and provide detection of sequences from long cDNAs. We 
are currently using two sets of degenerate primers for the RÄD9 homologs on 
these sets of cDNAs. PCR products of the appropriate length have been 
obtained for one set of RAD9 degenerate primers from a mammary carcinoma 
cDNA source. This fragment has been subcloned and sequence analysis is 
underway. The same methodology will be used for the other sets of 
degenerate primers.   If additional regions of homology to RAD9 are identified 
then this sequence will be used as a probe to identify longer cDNAs. This 
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same approach is now being taken with three sets of degenerate primers for 
homologous regions ofDUNl and the human cDNA samples. 
A third approach is searching of human cDNA and genomic sequence 
databases. We have recently identified a short human EST cDNA which is a 
partial clone with a 200 amino acid open reading frame with homology to & 
cerevisiae RAD9. We are using this cDNA to identify other anonymous 
cDNAs from this locus, will build a computer-based contig of the sequence as 
well as isolate longer cDNAs from this locus. Our goal is to determine if this 
partial cDNA represents a portion of a longer cDNA with significant homology 
to RAD9. 

c.   Several other genetic screens including two-hybrid screens in yeast for human 
cDNAs in the DNA damage checkpoint and repair response have been 
accomplished. As part of those screens cDNAs encoding the human homolog 
of S. pombe RÄD21 and S. cerevisiae RAD 18 were isolated. The RAD21 
sequence has been previously reported in the literature although the human 
gene has not been thoroughly characterized previously (see below). The 
RAD18 sequence has not been reported. We are currently screening additional 
cDNA libraries to obtain a full length clone of this gene for subsequent analysis 
in aims 2 and 3.. 

Technical Objective 2A - Checkpoint gene structure and expression in human 
breast cancer cell lines. 

O     O    v*    #    o?    #    £> 

Rad21 

GAPDH 
H 

Figure. Northern blot analysis of the hCDC34 interacting cDNAs in a panel of breast-cancer 
derived cell lines. Expression of the house keeping GAPDH gene is shown to compare loading. 
HMEC represent normal breast epithelial cells. 

As described in the original grant application and begun during year one of the 
CDA award, we obtained normal human mammary epithelial cells (HMEC) from Clonetics 
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and a panel of eight human mammary derived cell lines, MCF10A, MCF7, MDA-MB-157, 
MDA-MD-231, MDA-MB-136, BT-20, HBL100 and SKBR-3. These were all grown in 
culture under controlled conditions. All the cell lines were grown in the same DFCI media 
to minimize artifacts due to culture technique including both the immortal but not 
transformed MCF10 and the transformed lines. One exception is the HMEC cultures 
which require a separate proprietary media. In parallel RNA, DNA and protein lysates 
were derived from these cultures. The isolation of RNA was repeated on a fresh set of 
cultures in order to be able to replicate any findings on the first set. Analysis of expression 
of RAD21 reveals increased expression at the RNA level in breast cancer cell lines, 
specifically MDA-MB-436 and SK-BR-3 in comparison to the HMEC controls. 

In order to pursue that finding with regard to human RAD21 RNA we created 
reagents to perform detailed analysis of the Rad21 protein. We have identified an 
antigenic peptide in the carboxy terminus based on homology with the antibody previously 
raised against the sea urchin protein. This peptide was synthesized and used in production 
of an anti-human Rad21 polyclonal antibody. ELISA analysis of this serum shows high 
reactivity. In addition Western blot analysis demonstrates that the antisera recognizes a 
protein of the appropriate molecular weight in lysates from human cell lines with very high 
affinity. In addition in order to be able to perform analysis of immunoprecipated protein 
(using a polyclonal IP, monoclonal Western method) we have also begun development of 
an anti-human Rad21 monoclonal antibody. A fusion construct with human Rad21 and 
GST tag was constructed and used for the production of the antigen. Production of the 
monoclonal antibody is underway. 

Technical Objective 3 - Determination of Changes in Response to Radiation of a 
Human Breast Cancer Cell Line upon Expression of Human Checkpoint Genes. 

The first portion of this aim is based on examining whether the human cDNAs 
previously identified or identified in Aim 1 will suppress the G2 checkpoint defect in the 
human MCF-7 breast cancer cell line. We have begun this analysis for human Rad21 using 
an epitope tagged version. With development of the antibodies as described in aim 2 this 
analysis will be further facilitated. Analysis of ectopically expressed Rad21 by Western 
blot does not show significant differences in the level of the protein after exposure to UV 
and gamma irradiation. Alternative gel techniques will need to be used in order to 
determine if there is a change in phosphorylation or nuclear localization after DNA 
damage. 

Key Research Accomplishments: 
• Analysis of human cDNAs obtained by screening of a human cDNA library for 

complementation of rad9 mutant strain completed. 
• Extensive degenerate PCR cloning to obtain human homologs ofRAD9 and DUN1 

initiated. 
• Cloning of cDNAs encoding the human homolog of RAD21 and RAD 18. 
• Polyclonal antibody to human Rad21 protein produced. 

Reportable Outcomes: 
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Work on CHES1 was presented as an invited talk at the International Meeting on Fork 
head/ Winged Helix Proteins at Scripps Research Institute, La Jolla CA, November 
1999. 
Review Article on BRCA1/2 Mutation testing was published and support 
acknowledged. Plon, S.E. (1998) Screening and Clinical Implications for BRCA1 and 
BRCA2 Mutation Carriers. J Mammary Gland Biology and Neoplasia, 3(4), 377-387. 
Polyclonal antibody to human Rad21 protein produced. 

C. Conclusions 
In the second year of this four year IDEA Award we have continued to make 

progress towards all three Technical Objectives. The most challenging aspect of this 
project is the isolation of novel cDNAs encoding human homologs of yeast DNA damage 
response genes. To date complementation of the yeast mutant rad9 have not yielded 
human cDNAs with significant homology. Thus, over the last year we have made a major 
effort to isolate cDNAs by degenerate PCR strategies which is still underway. Finally, we 
do routine searches of human cDNA and genomic databases for newly sequenced genes 
which demonstrate homology (we are currently following up on a new EST with 
homology to RAD9).   We will continue over the next year to focus on these latter two 
strategies for both human homologs of RAD9 and DUN1. In addition, the use of specific 
two hybrid screens using known human DNA damage response/cell cycle genes has 
resulted in the isolation of human homologs of RAD 18 and RAD21. 

The subsequent objectives are focused on determination of whether cDNAs 
isolated in genetic screens are altered in expression or structure in breast cancers. The 
reagents including RNA, DNA and protein from human breast cancer cell lines grown 
under identical culture conditions were produced during the first year of the CD A award. 
This set of reagents has been used and demonstrated increased expression of the RAD21 
RNA. This prompted the development of a Rad21 antibody which has been completed 
and will used for analysis of protein expression in these lines and murine models of 
mammary tumorigenesis. Similarly, in Objective Three this antibody will be used to 
further probe alteration in Rad21 expression or modification after DNA damage. In 
addition to analysis of genes isolated by this investigator a number of other groups have 
published cDNA sequences for human homologs of checkpoint genes including Rad53. 
These genes will be incorporated into our analysis of regulation in normal and malignant 
mammary cells in the next year of this award. 
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Screening and Clinical Implications for BRCA1 and BRCA2 
Mutation Carriers 

Sharon E. Plon1'2 

In this article, we review the history of testing for mutations in breast cancer susceptibility 
genes and discuss the current state of testing for mutations in BRCA1 and BRCA2 in different 
clinical settings including at-risk individuals and cancer patients. The risk of breast cancer, 
other associated malignancies and prognosis in carriers of these mutations are reviewed. A 
final section includes discussion of current recommendations for surveillance and the need 
for further research to identify environmental and genetic factors which modify the risk of 
developing cancer in mutation carriers. 

KEY WORDS: BRCA1; BRCA2; breast cancer; ovarian cancer; cancer susceptibility genes; mutation 
detection. 

INTRODUCTION 

The localization (1,2) and eventual cloning (3,4) 
of specific breast cancer susceptibility genes has led 
to enormous interest in the clinical application of this 
data from both the medical and lay communities. In 
this article we summarize the early and current uses 
of predictive testing for mutations in the BRCA1 and 
BRCA2 cancer susceptibility genes. We also review 
the cancer risks that can be attributed to these mutations 
and then describe some of the pressing research ques- 
tions with regard to molecular testing, surveillance and 
prevention of cancer in these high-risk individuals. 

The subject of mutational analysis for mutations 
in BRCA1 and BRCA2 includes a substantial literature 
with regard to the potential legal and ethical problems 
individuals facing testing must consider. This topic is 
beyond the scope of this review and has been recently 
reviewed by a number of authors (5,6). In addition, a 

' Departments of Pediatrics, Molecular and Human Genetics, Texas 
Children's Cancer Center, Baylor College of Medicine, Hous- 
ton, Texas. 

2 To whom correspondence should be addressed at Texas Children's 
Hospital MC3-3320, 6621 Fannin Street, Houston, Texas 77030. 
e-mail: splon@bcm.tmc.edu 

number of professional societies and advocacy groups 
have developed statements with regard to this topic 
(7,8). A review of some of the conflicts between these 
different policy statements has recently been pub- 
lished (9). 

INITIAL SCREENING BY LINKAGE 
ANALYSIS 

The localization of an early onset breast cancer 
gene to chromosome 17q21 was the initiating event 
in the use of DNA testing to clarify an individual's 
risk of developing breast cancer (1). A number of 
epidemiological studies had previously demonstrated 
that a family history of breast cancer was a major 
predisposing factor for breast cancer (10). Programs 
were developed that evaluated women at high risk of 
developing breast cancer based on significant family 
histories, adverse reproductive risk factors, adverse 
pathology on breast biopsy and multiple breast masses 
(11). However, decisions about risk of cancer were 
not based on a specific molecular diagnosis, and the 
models used to predict risk are not accurate in families 
segregating a dominant breast cancer susceptibility 
gene (11). 

377 
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For many disorders inherited as a Mendelian trait, 
gene localization was sufficient to begin fairly robust 
molecular testing based on genetic linkage analysis. 
For example, localization of the gene responsible for 
Huntington 's disease to chromosome 4 led to the clini- 
cal use of genetic linkage analysis for almost 13 years 
before the precise gene and specific mutations were 
identified (12). Cancer genetic syndromes, where link- 
age analysis was or is commonly used, include von 
Hippel Lindau syndrome and familial adenomatous 
polyposis. Analysis of risk by linkage study is based 
on following highly polymorphic markers that map 
close to the disease causing mutation in an affected 
family. The use of polymorphism allows prediction of 
risk by ascertaining whether the at risk individual has 
inherited the haplotype associated with the disease 
state in the family. The power of linkage analysis is 
the ability to make fairly precise predictions without 
knowing the identity of the gene responsible for the 
condition or the specific mutation found in the family. 
Clinically, however, the most important weakness of 
linkage analysis is the prediction error based on the 
possibility of recombination between the markers and 
the disease allele. This latter problem is now signifi- 
cantly diminished by the large number of polymorphic 
markers available for linkage analysis. 

Despite the well developed programs in linkage 
analysis in other genetic syndromes, the utility of link- 
age analysis for breast cancer carrier status has been 
quite limited for at least three important reasons, (i) It 
became obvious quite early that genetic heterogeneity 
existed (1) meaning that one could not be certain, for 
most families, that a cancer susceptibility gene on 
17q21 segregated in the family (13). Therefore linkage 
analysis could only be performed in families large 
enough to prove linkage to 17q21. (ii) The high inci- 
dence of cancer mortality in affected individuals lim- 
ited the number of family members for whom one 
could obtain DNA samples for linkage analysis, (iii) 
The high frequency of phenocopies of breast cancer 
in any given pedigree greatly increased the uncertainty 
of the linkage assignment. The concept of phenocopy 
relates to the finding that, in a family, a woman with 
breast cancer may have developed that cancer sponta- 
neously and is therefore incorrectly assigned as 
affected in the linkage analysis (14). 

For these reasons, the use of linkage analysis has 
been limited to large families who were extensively 
studied in a research setting during the search for the 
BRCA1 and BRCA2 genes. In this limited setting, pre- 
dictions of carrier status were made for families where 

the precise mutation has not been identified (15). 
Although these cases were limited, they received a 
great deal of attention at national scientific meetings 
and in the media. This early use of predictive testing 
in these families initiated much of the discussion with 
regard to the ethical, legal and social implications of 
cancer susceptibility testing before it was clinically 
applicable to the population outside of this limited 
setting. 

DEVELOPMENT OF DIRECT 
MUTATIONAL ANALYSIS 

The cloning of the BRCA1 and BRCA2 genes 
catalyzed the development of large scale mutational 
testing because of the large number of at risk individu- 
als (compared to other genetic syndromes) and the 
complexity of the mutational spectrum. Early analysis 
of the mutation spectrum in BRCA1 (16), and subse- 
quently BRCA2 (4), lead to the findings that the muta- 
tions were "private" in the vast majority of families 
and that there was not an overwhelming prevalence 
of one type of mutation. Approximately 85% of muta- 
tions in BRCA1 result in a truncated protein (16). Thus, 
protein truncation testing has been proposed and is 
in use in some commercial laboratories to define the 
majority of mutations. The projected interest and 
potential market in clinical testing for BRCA1 and 
BRCA2 mutations has also resulted in the development 
of large-scale sequencing strategies that analyze both 
the entire open reading frame and intron/exon junctions 
for the BRCA1 and BRCA2 genes resulting in analysis 
of nearly twenty thousand basepairs of DNA. 

Testing paradigms clinically in use include direct 
full-scale sequencing of BRCA1 and BRCA2, or a 
staged approach. The staged approach can include 
analysis of one gene and then the other, or begin with 
a search for common mutations, then truncating muta- 
tions and subsequent sequencing. The selection of the 
gene to be searched first is based on clinical history. 
A recent analysis of 237 highly affected families dem- 
onstrated that 76% of families with male breast cancer 
had mutations in BRCA2 and that 81% of families 
with both breast and ovarian cancer had mutations in 
BRCA1 (17). Some laboratories use mutation scanning 
methods as opposed to sequencing to limit the cost. 
To date results similar to those obtained from full- 
length sequencing have been reported (17). However, 
the costs of either the scanning or full sequencing 
methods for both genes is substantial ($2400 for full 
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sequencing) and is a major impediment to the clinical 
utility of mutational analysis. The high cost and rela- 
tively large pool of potential patients has lead to explo- 
ration of a microarray or chip based technology for 
mutation detection in the BRCA1 and BRCA2 genes. 
But to date none of these methods are being offered 
on a clinical basis. 

The initial experiences with full-scale scanning 
and sequencing analysis in clinical settings have been 
reported. BRCA1 mutations were found in 16% of 
families of 194 affected individuals ascertained to have 
a positive family history who sought evaluations in a 
high-risk program (18). Shattuck-Eiden, et al., ana- 
lyzed the BRCA1 gene by full sequencing in 918 indi- 
viduals seeking mutational analysis in clinical centers 
(19). Overall mutations were found in only 13% of 
patients. Analysis of the individuals studied by both 
groups led to prediction of characteristics of patients 
in whom mutations are more or less likely to be identi- 
fied. Not surprisingly, women with breast or ovarian 
cancer who had significant family histories of cancer 
were the most likely to be mutation carriers. For 
BRCA1 analysis individuals with a personal or family 
history of ovarian cancer were more likely to test posi- 
tive than those with a history of breast cancer. For 
breast cancer, a younger age of onset of the cancer in 
the proband or relative was associated with a greater 
likelihood of finding a mutation. The finding of BRCA] 
mutations in only 13-16% of subjects contrasts with 
the results of the Breast Cancer Linkage Consortium 
(BCLC)3 (17) where mutations were found in BRCA1 
in 64 of 180 (35%) families who met the criteria for 
the consortium. This difference is due to the large 
number of individuals seeking evaluation in the former 
studies who are from "high risk" families with substan- 
tially fewer cases of early onset breast cancer and 
ovarian cancer than required by the Consortium. Muta- 
tional analysis has also been performed on cohorts 
of early-onset breast cancer patients independent of 
family history. In studies of non-Ashkenazi American 
breast cancer patients under age 40, specific BRCA1 
mutations are found in approximately 7% (20). Addi- 
tion of BRCA2 analysis may only increase this estimate 
to approximately 10% of cancer patients under age 40 
who have a detectable mutation (21). 

3 Abbreviations: Breast Cancer Linkage Consortium (BCLC). 

CLINICAL PROGRAMS FOR RISK 
ASSESSMENT AND MOLECULAR 
DIAGNOSTICS 

The high frequency of breast cancer (both heredi- 
tary and non-hereditary in origin) has lead to the devel- 
opment of a number of different clinical screening 
programs for risk assessment and molecular diagnos- 
tics. The majority of these programs are part of ongoing 
research studies designed to determine the impact of 
testing for cancer susceptibility. The need for thorough 
counseling before and after testing as well as a detailed 
informed consent process must be emphasized. 

At risk individuals from high-risk families. Analy- 
sis of molecular diagnostic testing strategies have been 
most intensive for women with a significant family 
history of breast cancer who have not yet developed 
cancer themselves (Fig. 1). Beginning with at risk 
members of families used in the original studies to 
identify linkage, investigations were initiated to deter- 
mine a number of parameters including: interest in 
testing, likelihood of finding an informative mutation, 
psychological impact of testing, impact of testing on 
medical surveillance, and interest in or use of prophy- 
lactic surgery. 

In initial studies, at-risk women who were offered 
the theoretical possibility of testing demonstrated very 
high interest (22). In subsequent studies where testing 
was actually offered variable interest was observed. 
The variability is partially due to the way in which 
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Fig. 1. Example of a pedigree from a 42-year-old woman (arrow- 
IV: 1) seeking evaluation for BRCA I and BRCA2 mutations in 
a Cancer Genetics clinic. Type of cancer and age of diagnosis 
(Dx) if known or whether pre- or post-menopausal are indicated. 
BRCA = breast cancer; OVCA = ovarian cancer; UL = unilateral. 
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Fig. 2. Example of a pedigree with clinical discordance between 
monozygotic twins. Individual IV:2 was found to carry a truncating 
mutation in the BRCAl gene and developed breast cancer at age 
34. At age 44, individual IV:4 remains cancer-free. MS = multiple 
sclerosis. Other abbreviations same as Fig. 1. 

subjects elected to participate in the study. For exam- 
ple, in one study of at-risk relatives who were offered 
an educational session on genetic testing approxi- 
mately 50% of the relatives elected to attend; but of 
those who did attend nearly 90% elected to be tested 
(23). Therefore, those motivated enough to attend edu- 
cational sessions were highly motivated to pursue test- 
ing despite education about potential risks. Over the 
last two years a number of investigators have begun 
to accrue data on the psychological impact on women 
entered into testing protocols (24). Although beyond 
the scope of this article, these studies suggest the 
importance of both pre- and post-test counseling of 
individuals undergoing testing. They also suggest that 
certain populations of women may be more likely to 
undergo psychological distress after testing (25). A 
recent study of psychological effects of testing in high 
risk families found the greatest decrease in psychologi- 
cal functioning over time among those family members 
who had high pre-test levels of stress but declined to 
participate in testing (26). Overall, studies are needed 
to determine the impact of testing in participants who 
better reflect the general population and who do not 
come from families that have previously participated 
in research studies. 

A major problem in molecular testing for BRCAl 
and BRCA2 mutations for at risk individuals is the 
necessity that affected relatives be tested first to iden- 
tify the disease causing mutation in the family. As 
discussed above, the presence of private mutations 

in most populations, and a variable ability to detect 
mutations based on the degree of cancer in the family, 
make it crucial that a DNA sample from a closely 
related affected family member (preferably with either 
early onset breast cancer or ovarian cancer) be tested 
first. If a mutation is not found in the affected relative, 
then no further testing of at risk individuals is war- 
ranted, and their risk remains that derived from their 
personal family history. This type of negative result 
in affected relatives can be misinterpreted as a true 
negative result. For example, misunderstanding of this 
type of negative test was found in almost 30% of 
physicians ordering predictive testing for colon can- 
cer (27). 

If a disease causing mutation is identified in the 
affected relative, then at-risk relatives can be tested 
for the presence of that specific mutation. For the 
family shown in Fig. 1, the daughter (arrow) has a 
50% a priori risk of having inherited a disease allele 
from her mother. Her risk would then be increased to 
100% or decreased to 0%, depending on the subsequent 
mutational analysis of her DNA. However, testing an 
affected relative first is quite problematic in the clinic 
for a number of reasons, (i) In a number of cases (Fig. 
1), the affected relatives in the family have all died, 
and full-gene analysis from archival materials has been 
problematic, (ii) The living affected relative tested may 
be a phenocopy (especially if she has post-menopausal 
breast cancer) and therefore may not carry the disease 
causing mutation in the family, (iii) The result of full- 
sequencing analysis may be the identification of a 
variant that is not clearly a deleterious mutation (19). 
In most cases a missense mutation resulting in an 
amino acid change is only considered to be a true 
cancer predisposing mutation if it has been reported 
in other families. In large families, subsequent analysis 
to determine whether the variant segregates with the 
disease can be useful but is often not possible. In cases 
where segregation analysis is not possible, the proband 
must be counseled that the result is indeterminate. 
Given the large size of the BRCAl and BRCA2 pro- 
teins it is very difficult to predict if a given amino acid 
change is deleterious. As our understanding of the 
biology of these proteins improves, functional assays 
to determine the impact of specific amino acid changes 
may be possible, (iv) Finally, analysis of an affected 
relative requires the willingness of the relative to 
receive counseling and to participate in genetic testing. 
This has proven to be difficult in a number of families, 
especially given the concerns about confidentiality of 
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test results and the high mobility of families within 
the United States. 

Given the limitations of initial testing of affected 
relatives, some clinical programs offer testing to at- 
risk individuals even if a sample from an affected 
relative is not available. A positive test with a clearly 
deleterious mutation would be informative and poten- 
tially would allow the individual to make additional 
decisions with regard surveillance and surgery. In addi- 
tion, asymptomatic relatives of that individual could 
be tested for the presence of the deleterious mutation. 
The caveat to this approach is that a negative BRCA1 
and BRCA2 analysis does not substantially decrease 
the individual's risk of developing cancer. Substantial 
pre-test counseling is required to ensure that the patient 
does not misunderstand a negative test as lowering 
their risk of developing cancer. In addition, it must be 
explained clearly to the patient that the probability of 
finding a mutation is often <10%, before the expense 
and difficulty of molecular testing are undertaken. 

Populations with recurring mutations. As out- 
lined above, the presence of "private" mutations and 
the high complexity and cost of mutational analysis 
has primarily limited the use of BRCA1 and BRCA2 
mutation testing to women with very significant family 
histories. Such analysis of families led to the discovery 
that three particular mutations (185delAG and 
5382insC in BRCA1 and 6174delT in BRCA2) occur 
at the very high frequency of one in 40 in the Ashkenazi 
Jewish population (28-30). Within Israel, extensive 
testing for all three mutations of Ashkenazi cancer 
patients has been performed and resulted in positive 
testing in nearly 30% of early-onset breast cancer 
patients (31) and 45% of ovarian cancer patients (32). 

The relative simplicity of mutational analysis and 
the high frequency of these mutations has lead to inves- 
tigation of population-based testing (33). In one study 
after the discovery of the 185delAG mutation, 90% of 
309 Ashkenazi individuals who chose to attend an 
educational session elected to have mutation testing 
performed. This group included both individuals with 
a positive family history of cancer and those without. 
Mutation analysis in this population (33), along with 
other studies (34), revealed that mutation carriers often 
have a family history of breast or ovarian cancer, but 
it may be much more limited (e.g. only postmenopausal 
breast cancer) than the BCLC high risk families. 

Although population based testing is not being 
performed outside of research settings, overall, a sub- 
stantial percentage of women undergoing mutational 
analysis for BRCA1 and BRCA2 mutations in the 

United States are Ashkenazi Jewish. For example in 
the analysis by Couch, et ai, 10% of 263 breast cancer 
patients and families were Ashkenazi (18). However, 
not all breast cancers in highly affected Ashkenazi 
Jewish families can be attributed to these three high 
frequency mutations (35). Other "private" mutations 
have been identified, and, for a number of families, 
the dominant gene in the family remains unknown. 
This latter group of families may be very useful in 
identification of additional breast cancer susceptibility 
genes (36). Again, because not all families have one 
of the three known mutations it is still prudent to 
perform mutational analysis on an affected relative 
before testing at risk individuals in Ashkenazi families. 
However, given the high frequency and greater sim- 
plicity of mutation testing for these specific mutations 
in families where no samples are available from 
affected individuals analysis for the recurring muta- 
tions in at-risk individuals may be indicated. 

Subsequent to the finding of the Ashkenazi muta- 
tions, recurring mutations in other populations have 
been identified including mutations in a number of 
different European and Icelandic populations (35). 
Within these populations, molecular testing based spe- 
cifically on these mutations is being developed. 

Cancer patients. Although the initial focus of 
screening programs was on at risk individuals, breast 
or ovarian cancer survivors seek mutational analysis 
to determine their risk of second malignancy and the 
probability of passing a predisposition on to their off- 
spring. The analysis of the BCLC families revealed a 
60% risk of a second breast cancer and a 38% risk of 
ovarian cancer by age 60 in a woman with a BRCA1 
mutation and breast cancer (37). For these individuals 
analysis is begun by testing their constitutional DNA 
directly for mutations. 

THE RISK OF DEVELOPING CANCER FOR 
MUTATION CARRIERS 

The primary clinical reason for undertaking 
BRCA1 and BRCA2 testing in at-risk individuals is the 
desire to define further their risk of developing cancer. 
Therefore, the genetic penetrance (or the likelihood of 
developing cancer if one has the mutation) of these 
specific mutations has been of intense research interest. 
Initial studies, especially of the BCLC families, sug- 
gested a very high age-related risk of cancer in carriers 
of BRCA1 mutations with a nearly 90% risk of devel- 
oping breast cancer and 40% risk of developing ovarian 
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Table I. Cumulative Percentage Risk for Breast and Ovarian Cancer in Mutation Carriers 

BRCA1 
Narod 1995 (13) 

BRCA2 
Ford 1998 (17) 

Ashkenazi Mutations 
Struewing 1997 (34) 

Breast                      Ovary Breast                       Ovary Breast                         Ovary 

Age 50 
Age 70 

49 (28-64)                      16" 
71 (53-82)                      42" 

28 (9-44)                    0.4 (0-1) 
84 (43-95)                   27 (0-47) 

33 (23-44)                   7 (2-14) 
56 (40-73)                 16 (6-28) 

" Confidence interval not reported. 

cancer by age 70 (37). A recent update of these analy- 
ses including both BRCA1 and BRCA2 verifies the 
high penetrance for both breast and ovarian cancer 
in these families (Table I) (17). Comparison of the 
penetrance of BRCA2 with BRCA1 confirms the find- 
ings of other investigators (32,38) that the overall pene- 
trance may be similar but the development of breast 
cancer occurs somewhat later in BRCA2 mutation 
carriers. 

However, the systematic problem in applying 
these cancer risks to clinical situations is that the BCLC 
families were specifically identified for linkage studies 
and therefore were known to be highly affected and to 
have a significant number of early-onset cases. Several 
other groups have published or presented penetrance 
data derived by different assessment methods, 
(reviewed by Easton 39). In particular, a population 
based analysis of breast and ovarian cancer in over 
5000 Ashkenazi Jewish individuals revealed somewhat 
lower penetrance for the common mutations of 56% 
for breast cancer and 16% for ovarian cancer (Table 
I) (34). Analysis of Ashkenazi Jewish patients in Israel 
was based on relatives of cancer patients with confir- 
mation of mutation status in the relatives, and revealed 
a somewhat higher penetrance for these mutations (40). 
Overall, the confidence intervals for most of these 
estimates overlap. The difference in penetrance esti- 
mates for specific mutations may be partly based on 
a population cohort versus relatives of cancer patients 
and partly on the different methodologies employed 
in obtaining and analyzing the family history. 

It is difficult to identify the best risk estimate to 
use in counseling an individual. In particular, at risk 
individuals who seek counseling often have a signifi- 
cant family history of cancer and do not represent the 
population average. Therefore, their risk may in fact 
be higher than a risk derived from a general population- 
based study, because the influence of modifier genes 
or other factors that alter cancer risk may be present 
in their family. Overall, it is important for at risk indi- 

viduals to understand (i) that the majority of studies 
have found a significantly increased risk of breast and 
ovarian cancer, (ii) that breast cancer occurs at an 
earlier age than the population average, especially for 
BRCA1 mutations, (iii) that the absolute degree of risk 
is still under study, and (iv) that mutations result in a 
predisposition, but not a certainty, of developing 
cancer. 

A second issue is the impact of mutation carrier 
status on the pathology and prognosis of breast cancer 
patients. There is controversy about the predicted sur- 
vival of breast cancer patients with BRCA1 and BRCA2 
mutations (41). Pathologic studies demonstrated that 
tumors from BRCA1 mutation carriers have an increase 
in markers of proliferation compared with controls, 
patients with other hereditary breast cancer or sporadic 
cancers (42,43). However, their analysis did not reveal 
a significant difference in prognosis for BRCA1 carrier 
patients compared with breast cancer patients with 
sporadic disease. In the same study, tumors from 
BRCA2 patients did not show proliferative differences 
but have an increased tubular-lobular phenotype. An 
analysis of prognosis has recently been reported from 
both the Netherlands (44) and Sweden (45) demonstra- 
ting no significant survival advantage in mutation carri- 
ers. As reviewed by Watson, et al, the majority of the 
evidence does not point to any significant difference in 
prognosis for BRCA1 mutation carriers when matched 
with sporadic cancers for stage and age of onset (46). 
As the technology to detect mutations improves, and 
as an increased number of woman who are mutation 
carriers are followed, our knowledge of prognosis 
will improve. 

RISK OF OTHER MALIGNANCIES 

The initial focus on isolating the BRCA1 and 
BRCA2 genes was familial breast cancer. However, 
very early studies demonstrated an increased risk of 
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developing ovarian cancer especially in families that 
carry BRCA1 mutations (1). With regard to the likeli- 
hood of detecting mutations in BRCA1 a family history 
of ovarian cancer is a much better indicator than a 
history of breast cancer or the total number of breast 
cancer cases in the family (17-19). Although initial 
studies suggested that there may not be an increased 
risk of ovarian cancer in BRCA2 families, this analysis 
has been revised (Table I) (4). In particular, mutations 
found in a central region of the BRCA2 gene including 
exon 11 (termed the OCR) convey a significantly 
increased risk of ovarian cancer compared with muta- 
tions in either the 5' or 3' regions of the gene (47). 
This region of BRCA2 includes the 6174delT common 
mutation in the Ashkenazi Jewish population and 
explains the high rate of ovarian cancer associated 
with this mutation. The biologic basis of this difference 
is unknown, and the difference is not related to muta- 
tion type, because the majority of mutations both 
within and outside the OCR are truncating mutations. 

Given the poor prognosis of women with ovarian 
cancer, the finding that these mutations also increase 
ovarian cancer risk is potentially more disturbing to 
patients than the risk of developing breast cancer. One 
analysis suggested that the prognosis of BRCA1 muta- 
tion carriers who developed ovarian cancer was 
improved compared with non-mutation carriers (48). 
Several other groups have not found such a survival 
advantage (45) as reviewed by Lynch and Watson (49) 
when using a variety of methods to ascertain cases 
and controls. Analysis of larger number of ovarian 
cancer patients with mutations will be required to fur- 
ther clarify this area. 

In addition to the clear occurrence of ovarian 
cancer, more recent studies have suggested that BRCA1 
and BRCA2 mutations confer different risks of other 
malignancies. Initial analysis of colon cancer and pros- 
tate cancer in BRCA1 families has demonstrated rela- 
tive risks of four and three, respectively, for mutation 
carriers in the BCLC (50). These risks have not been 
confirmed in other large series, and there are no current 
recommendations for increased screening over that 
recommended for the general population (51). Ashken- 
azi Jewish individuals with pancreatic cancer are sig- 
nificantly more likely to carry the 6174delT mutation 
in BRCA2 "then the general Ashkenazi population with 
an odds ratio of 8.3 (95% C.I. 2.2-23) (52). The 
increase in pancreatic cancer has not yet been con- 
firmed in other studies but BRCA2 was initially cloned 
partially based on a homozygous deletion of that gene 
in a pancreatic cancer (53). As is the case with ovarian 

cancer, knowledge of an increased risk of pancreatic 
cancer is likely to be extremely troubling to individuals 
seeking risk assessment. Subsequent analysis of larger 
cohorts of mutation carriers will help clarify the risk 
of these malignancies and may expose additional can- 
cer risks. 

SURVEILLANCE AND TREATMENT 
GUIDELINES 

One goal of BRCA 1 and BRCA2 mutation testing 
is the identification of high-risk women who can be 
targeted for early surveillance and potentially also for 
prevention strategies. A number of surveillance guide- 
lines have been used by different centers including 
early use of mammograms and screening for ovarian 
cancer. A panel of experts convened by The National 
Human Genome Research Institute published surveil- 
lance guidelines in 1997 (Table II) (51). As discussed 
by the authors, there is little data that clearly demon- 
strates a decrease in either morbidity or mortality for 
women who undergo intensive screening. However, 
there is a general consensus that increased surveillance 
should be offered to all women who are known carriers 
of BRCA1 and BRCA2 mutations or who are at substan- 
tial risk to carry such a mutation. The finding that the 
BRCA1 and BRCA2 proteins may play a role in DNA 
repair has lead to concern about a potential increase 
in radiation induced tumors with frequent mammo- 
grams. In a recent study of young Ashkenazi Jewish 
women breast cancer patients Rabson, et al. (54) exam- 
ined ipsilateral breast cancer recurrence in women 
treated by lumpectomy with radiation therapy. It is 
reassuring that there was no significant difference in 
recurrence in the irradiated breast between mutation 
carriers and non-carriers. 

Much more controversial is the question of either 
chemoprevention or prophylactic surgery for these at 

Table II. Recommended Surveillance Guidelines for High 
Carriers of BRCA1 and BRCA2 Mutations" 

Examination Timing 

Breast self-exam monthly 
Clinical breast exam q6—12 months beginning at age 25-35 
Mammography q6-12 months beginning at age 25-35 
Serum CA125 q6-12 months beginning at age 25-35 
Transvaginal ultrasound q6—12 months beginning at age 25-35 

"Data taken from Burke 1997 (51). 
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risk women. The consensus panel did not find suffi- 
cient data to recommend for or against mastectomy or 
oopherectomy. However, an NIH consensus panel on 
ovarian cancer screening and treatment did recommend 
prophylactic oopherectomy for women from autoso- 
mal dominant cancer families by age 36 or after 
childbearing is completed (55). There are no large 
studies that specifically examine the outcome of pro- 
phylactic oopherectomy in mutation carriers or the 
risk of peritoneal carcinomatosis that can occur after 
oopherectomy, but smaller studies have suggested any- 
where from a 50%-80% reduction in risk (56,57). 

With regard to prophylactic mastectomy, there 
appear to be regional differences in the degree to which 
patients elect to undergo prophylactic surgery, and a 
number of these operations are performed on women 
who have neither undergone molecular testing nor been 
enrolled in a research study. A follow-up of approxi- 
mately 2029 women who underwent the procedure at 
one center since 1960 has been published in abstract 
form (58). There were 11 subsequent breast cancers 
in the 1125 patients for which complete data was avail- 
able, which is significantly below that expected for the 
general population. However, these individuals based 
their decision to undergo the procedure on a variety of 
medical (multiple biopsies) and family history factors. 
The number of women in this cohort who are mutation 
carriers is not currently known. A separate purely sta- 
tistical analysis based on penetrance, expected cancer 
survival etc., demonstrated an average survival advan- 
tage of four years for women who were BRCA1 carriers 
who had a prophylactic mastectomy at age 40 (59). 
They also found that prophylactic oopherectomy 
would result in a one year increase in survival. More 
recently an analysis that took into account a quality 
of life variable predicted that there may be a decreased 
(but still positive) overall benefit of prophylactic sur- 
gery. However, it is not clear whether the decrease in 
quality of life used in the study is accurate for high- 
risk women undergoing prophylactic surgery (60). 

A related issue for future research is the utility 
of performing mutational analysis immediately after 
diagnosis in an individual with pre-menopausal breast 
cancer to determine whether it would be beneficial to 
perform mastectomy as opposed to lumpectomy on 
the affected breast and to consider prophylactic mas- 
tectomy of the contralateral side. This type of protocol 
would require a rapid turnaround time (more likely 
for analysis of common mutations) and a reasonable 
likelihood of finding a mutation. Given the low propor- 
tion of mutations in series of young breast cancer 

patients (20) this protocol would not likely change the 
therapy in a large proportion of women. 

Over the last few months there have been new 
developments in the question of chemoprevention for 
women at high risk. The initial results of the Breast 
Cancer Prevention Trial (BCPT) have been released in 
the media after participants were sent letters unblinding 
the results. This study examined the impact of oral 
tamoxifen on women who were at high risk based on 
a number of factors including family history, number 
of biopsies and pathology on biopsies. It is not known 
how many of these women are carriers of BRCA1 and 
BRCA2 mutations. However, tamoxifen did decrease 
the number of breast cancers by approximately 45% 
in this high risk group. The decrease in breast cancer 
was accompanied by some increase in endometrial 
cancers. Further analysis of the BCPT and other studies 
may result in the recommendation for chemopreventa- 
tive agents in mutation carriers. 

CURRENT RESEARCH QUESTIONS 

The incredibly rapid pace of research concerning 
testing for mutations in the BRCA] and BRCA2 genes 
obscures the fact that these genes were only cloned 
approximately three years ago. Thus, we are still in the 
very early stages of understanding the natural history of 
carriers of these mutations or the long-term impact of 
testing on individuals who undergo testing. With 
regard to the latter question the development of longi- 
tudinal protocols to follow individuals who have been 
tested should continue to provide new information. It 
will be important for these protocols to accrue more 
participants who are not from "research" families but 
more resemble the type of "high risk" patient seen in 
primary care offices. 

Perhaps the most obvious question as yet unan- 
swered is what modifies the risk of malignancy. The 
problem is illustrated by a family seen in our clinic in 
which one woman developed breast cancer at age 34 
and 10 years later was found to carry a truncating 
mutation in BRCA!. Her identical twin (who presum- 
ably shares both major and modifying genes) remains 
cancer free. There is enormous interest in understand- 
ing the factors that may determine whether a mutation 
carrier develops breast cancer at an early age, ovarian 
cancer, multiple malignancies or no malignancy at all. 
For example, one small study of Ashkenazi Jewish 
breast cancer patients suggested that use of oral contra- 
ceptives increased the risk of developing cancer in 
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women carrying one of the recurrent mutations (61). 
Analysis of a large cohort of mutation carriers is neces- 
sary to determine the impact of reproductive factors, 
hormone therapy and other lifestyle choices on cancer 
risk. The creation of the National Cancer Institute Can- 
cer Genetics Network should facilitate these types of 
studies which require large numbers of mutation carri- 
ers. One of the first analyses specifically examining 
breast cancer risk in mutation carriers has reported a 
statistically significant decrease in breast cancer devel- 
opment with cigarette smoking (62). An odds ratio of 
0.46 for carriers with more than a four pack-year his- 
tory compared to non-smokers was found. The mecha- 
nism of this protection is unclear but may be related 
to anti-estrogenic activity in cigarette smoke 

In addition to environmental factors, studies to 
determine whether specific modifier genes alter the 
risk are underway to identify the genetic components 
that alter cancer susceptibility. One example is the 
finding that certain rare alleles of the HRAS1 locus 
are associated with an increase risk of ovarian cancer 
in BRCA1 mutation carriers (63). Recently, the length 
of a CAG repeat in the androgen receptor gene has 
been associated with the age of onset of breast cancer 
in BRCA1 carriers. Women with at least one long repeat 
have significantly earlier onset then those with two 
shorter alleles (64). 

Finally, for the at risk women who enter these 
studies, better definition of what modifies the risk of 
malignancy will result in improved counseling about 
their individual risk and the potential to minimize the 
risk of cancer that is substantially elevated due to the 
presence of a mutation in BRCA1 or BRCA2. 
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