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Foreword

The timing of this book’s publication is ideal given the public health, medical, mole-

cular genetic implications, and the world-wide magnitude of breast cancer. This field is

impacted heavily by significant advances in screening and management opportunities,

which can be lifesaving. These challenges are particularly evident when directed toward

high-risk groups where certainty of risk status can often be established through molecular

genetic testing, particularly BRCA1 and BRCA2 germline mutations.

The table of contents reads like a Who’s Who of the world’s most outstanding

clinicians and scientists who are committed to greater elucidation of the many mysteries

that continue to exist in breast cancer’s etiopathogenesis. Hereditary breast cancer’s

epidemiology is covered by a true pioneer, Doug Easton; his subject matter appropriately

merges into risk prediction by Lisa Walker, followed by the bioethics of genetic testing

by Beth Peshkin. Ken Offit and Peter Thom discuss the nitty-gritty of how we can obtain

optimum breast and ovarian cancer risk certainty once the deleterious mutation is

identified. At that point, we are able to delve deeply into the litany of other molecular

genetic breast cancer risk disorders, as evidenced by the discussion of Cowden syndrome

by Zbuk and Eng, and Li-Fraumeni syndrome by Louise Strong.

It might appear that we have advanced significantly up the proverbial “learning

curve” for this disease. However, we must hold our breath, since we still have a vast

amount to learn. This is evidenced in the chapter by Nathanson which elucidates some of

the rare causes of this disorder in families.

PATHOLOGY

Painstaking research (1–3) has shown distinctive differences in the histopathology of

breast cancers in BRCA1 mutation carriers which are more likely medullary or poorly

differentiated, have a low rate of carcinoma in situ, and lower estrogen receptor and

progesterone receptor positivity. In contrast, BRCA2 breast cancer shows a higher

frequency of lobular and tubulo-lobular breast cancer, and it is now judged to be more

similar to the so-called “typical” or “common” type of breast cancer. Llamas and Brody

provide additional insight into the biology of these mutations, while Foulkes and Akslen

further our knowledge about breast cancer’s pathology in the hereditary setting. The

pathology of the “second tumor of high risk,” namely, ovarian cancer, is addressed by

Penault-Llorca and Lakhani.

GENETIC COUNSELING

Genetic counseling strategies, particularly focusing on whom to test, are discussed in

depth by two extremely well-known representatives of the genetic counseling

community, Stopfer and Schneider. The important and related topic of BRCA testing is

discussed by Tavtigian. When interpreting breast-cancer-prone pedigrees, the genetic

counselor must constantly keep in mind that there will be BRCA1/BRCA2 mutation
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positive individuals who will live into their 70s, 80s, or even longer, and never manifest

carcinoma of the breast. Yet some of their first-degree relatives, i.e., sisters, brothers,

progeny, mother or father, as well as second-degree relatives, may be mutation carriers, a

subset of whom will develop early-onset breast and/or ovarian cancer. Therefore, when

interpreting such pedigrees with reduced penetrance, one often asks, “What is really

happening that is responsible for these gaps in cancer occurrence in the family?” Often,

the relatively inexperienced clinician may not appreciate the fact that the genetic issue is

not “skipping a generation” but, rather, he or she may be dealing with the phenomenon of

reduced penetrance. Fortunately, Pharoah discusses this evidence in the scientific depth

which it deserves.

But how do you deliver the so-called “good news” (absence of a BRCA mutation)

vs. the “bad news” (presence of the mutation) when providing genetic counseling? This is

a crucial issue, since many factors impact heavily upon its delivery. These include the

perception of insurance and/or employment discrimination; further confounders include

fear and anxiety about receiving this “dreaded news” of being a mutation carrier, which

will entail lifelong screening and decisions about prophylactic surgery. How will this

news affect marital relations, decisions about pregnancy and cancer risk to children, and

potential stereotyping by close family members? These complex concerns are discussed

by Graves and Schwartz.

How do we clinically manage a typical hereditary breast-ovarian cancer (HBOC)

family wherein DNA testing proves to be negative, an issue that may impact as many as

30% to 40% of so-called “classical” HBOC families? In my career as a cancer geneticist/

medical oncologist, I have insisted that, in the interest of caution, these mutation-negative

but family-history-positive patients receive the same type of genetic counseling and

education about HBOC’s natural history as is given to BRCA mutation carriers should

they be participants in our rigorous screening and management program (4). Noah Kauff

deals convincingly with this key concept.

OVARIAN CANCER

What may perhaps be the more deadly tumor in BRCA mutation carriers, ovarian cancer,

must be reckoned with. The clinical issue boils down to “How do we screen for this

disease?” (unfortunately, the answer is very poorly). The next “bombshell” for the patient

to consider is the issue of “do or don’t” with respect to the preventive option of

prophylactic oophorectomy, once her family is completed. This important subject is

discussed by Lu and Skates. Similar options exist with respect to breast screening and

prophylactic surgery, as discussed by Smith and Isaacs.

GENOTYPIC/PHENOTYPIC HETEROGENEITY

Why is there such phenotypic heterogeneity in BRCA mutation carriers? Is it due to

risk modifiers, as discussed by Milne and Chenevix-Trench? Or is there something

comparable in BRCA mutations to the situation that exists in APC germline mutations in

familial adenomatous polyposis (FAP) which give rise to genotype-phenotype

correlations? For example, a well-known model is attenuated FAP, which is characterized

by only occasional colonic adenomas with as many as 25 or 50 but rarely approaching

100. This phenomenon is attributed to mutations before codon 157, after codon 1595, as
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well as in the alternatively spliced region of exon 9. Other variations in the polyposis

expression occur, including patients with more than 1000 adenomas due to mutations

between codons 1250 and 1464; and even congenital hypertrophy of the retinal pigment

epithelium and desmoid tumors which have been found to correlate with mutations

between codons 311 and 1444 and after 144 respectively (5). Clearly, the BRCA mutation

situation deserves comparable molecular genetic scrutiny.

THERAPY

In spite of the diagnostic measures available clinically that offer the potential for early

diagnosis, our increased ability to determine an individual’s risk status (significantly

abetted through the family history), the increasing body of knowledge regarding

hereditary cancer syndromy, and the power of molecular genetics, many high-risk

patients will regrettably fall through the cracks and manifest cancer. This can occur even

in the case of a skilled and knowledgeable clinician treating a highly compliant patient.

This clearly leads us to consider treatment disciplines, namely surgery, chemotherapy,

and radiation therapy, which are covered in the discussions of local treatment issues by

Ben-David and Pierce. Systemic chemotherapy is explored in the chapter by Robson.

DISPARITIES

Funme Olopade discusses BRCA1 and BRCA2 mutation carriers among underserved and

special populations. This issue is extremely important when considering how ethnic and

racial differences in cancer’s clinical and molecular genetic expression may impact

screening and management.

HISTORICAL PERSPECTIVE

Finally, from a historical perspective, it is personally very moving to me to realize that so

much has been accomplished since Paul Broca, the eminent French surgeon, published a

description of his wife’s family in 1866 (6). This family certainly qualified as the first
hereditary breast-cancer-prone family to be documented in the medical literature. Then, a

century later, Lynch and colleagues (7–9) described for the first time the HBOC

syndrome. This hereditary disorder posed an exceedingly difficult “sell job” to the breast/

ovarian cancer research community. However, thanks to the discovery of BRCA1 and

BRCA2 mutations, its existence has been confirmed beyond doubt.

READERSHIP

Who should read this book? Frankly, it should be on the shelf of all physicians who deal,

however infrequently, with hereditary breast cancer and its differing syndromes. It should

be a precious item on the shelves of all medical libraries. Genetic counselors need to have

this book constantly in their possession. Family members may also find the book useful to

them, although they may need to discuss some of the more complicated aspects of the

science with their genetic counselor and/or cancer specialist. It is clear to me that this
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tome will prove to be of great value and should even merit translation into different

languages.

Henry T. Lynch
Creighton University

Omaha, Nebraska, U.S.A.
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Preface

The existence of hereditary breast cancer has been recognized for centuries. Hereditary

breast cancer was first described in detail in 1866 by the French surgeon Paul Broca (1),

who characterized the pattern of breast and other cancers in members of his wife’s

family. This early description of a hereditary syndrome involving breast cancer was refined

in the subsequent 100 years to firmly establish that hereditary breast cancer occurs in a

small but significant percentage of the population, that some discrete syndromes involving

breast cancer exist, and that these syndromes are explained by mutations in single genes.

Within the past three decades, the underlying genetic causes of hereditary breast cancer

have been identified and characterized. These genes include TP53 (in Li-Fraumeni

Syndrome), PTEN (in Cowden Syndrome), BRCA1 and BRCA2 (in hereditary breast/

ovarian cancer syndrome), LKB1 (in Peutz-Jeghers Syndrome), and others.

Research regarding hereditary breast cancer is now sufficiently developed to

provide a strong understanding of the basic biology and epidemiology underlying

hereditary breast cancer, and to allow translation of this knowledge into clinical practice.

Building on the tremendous recent growth in our knowledge and application of genetic

information in understanding and managing hereditary breast cancer, we have designed

this volume to provide an overview of our accumulated knowledge of hereditary breast

cancer, and as a guide to the current state of clinical practice. While a number of

specialized referral centers exist, there has also been a growing interest in the use of

genetic risk assessment, testing, and counseling for breast cancer in the wider medical

community, including primary care physicians, gynecologists, oncologic surgeons,

radiation oncologists, and medical oncologists. Thus, there is a critical need to better

understand the epidemiology of hereditary breast cancer, apply cancer risk assessment

models, and implement cancer prevention and screening options for individuals with

hereditary breast cancer. A major goal of this text is to disseminate information in a

comprehensive way to both specialist researchers and clinicians as well as the wider

community of individuals with interests in hereditary breast cancer.

To accomplish this goal, we present a volume organized in five sections. In the first

section, we provide an overview of genetic epidemiology, risk assessment models, and

ethical considerations for genetic testing in hereditary breast cancer. In the second

section, we present a comprehensive overview of hereditary breast cancer syndromes

with known etiologies, including those associated with BRCA1 or BRCA2 mutations,

Cowden Syndrome, Li-Fraumeni Syndrome, other rare syndromes involving breast

cancer, and those that may be associated with low-penetrance genetic variants. In the

third section, we present more detailed information about BRCA1 and BRCA2, which
comprise the most common explanations for hereditary breast cancer. This section

includes discussion of the biology of BRCA1- and BRCA2-associated breast cancer,

genetic testing and counseling issues, molecular diagnosis, modifiers of risk, issues for

underserved populations, and psychological impact of genetic testing. In the final two

sections, we present a comprehensive discussion of the cancer screening, prevention, and

treatment options for BRCA1- and BRCA2-associated breast and ovarian cancers.
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We believe this volume provides a timely reference for the current state of

knowledge regarding hereditary breast cancer and the clinical application of genetic risk

assessment, counseling, testing, and management that will be of value to a wide range of

clinicians and researchers.

We would like to acknowledge the families who have generously contributed their

time and information to the generation of the research that is summarized in this volume.

Finally, we would like to express our appreciation to our families for their support,

encouragement and patience: Claudine Isaacs’ husband Steve Riskin and sons Jeffrey and

Timmy; and Tim Rebbeck’s wife Jill Stopfer and daughters Alanna and Sophie.

Claudine Isaacs
Timothy R. Rebbeck
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SECTION 1: OVERVIEW OF HEREDITARY
BREAST CANCER

1
The Genetic Epidemiology of Hereditary
Breast Cancer

Douglas F. Easton, Antonis C. Antoniou, and Deborah Thompson
Cancer Research U.K. Genetic Epidemiology Unit, University of Cambridge,
Cambridge, U.K.

INTRODUCTION

A family history of breast cancer is one of the most well-established risk factors for the

disease. It has been recognized for hundreds of years that the disease can occur in an

unusually high frequency in some families. Such anecdotal evidence of familial

aggregation has been supported by many systematic epidemiological studies, showing

that breast cancer is about twice as common in the women with an affected relative with

the disease than it is in the general population (1). Since the mid-1990s, some of the genes

that underlie this familial clustering of breast cancer have been identified, and testing for

mutations in these genes is now an important part of clinical cancer genetics.

What Is Hereditary Breast Cancer?

It is worth stating at the outset that the term “hereditary breast cancer,” while in

widespread usage, is somewhat problematic. Hereditary implies that the propensity to

disease in that individual has been inherited. Thus, the implication is that breast cancer

can be dichotomized into those cases where susceptibility is inherited and those where it

is not. This concept arose from consideration of cancers with a simpler genetic basis such

as retinoblastoma and Wilm’s tumor, which can be usefully categorized in this way (2,3).

As we shall see, the situation is much more complex for breast cancer. There are many

different susceptibility genes for breast cancer, and a substantial fraction (in fact the

majority) of breast cancer cases occur in women who are predisposed in some way. It is

also worth emphasizing here that there is no known pathologically distinct type of breast

cancer that is hereditary (although certain pathological features are more common in

BRCA1 carriers), so it is not sensible to think of “hereditary” breast cancer as a distinct

disease entity.

In clinical genetics, “hereditary” cancer is often used in a more practical sense to

denote cases with a strong family history of the disease, consistent with the inheritance of

a single dominant gene. This is often distinguished from “sporadic” cancer, meaning no

family history and “familial” cancer, meaning any family history of the disease. Familial
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by itself is a rather loose concept in that it depends on how detailed a family history has

been taken. Since breast cancer is a common disease, some family history of breast

cancer will be found in most women if the pedigree is extended far enough. However, if

restricted to first-degree relatives, approximately 10% of breast cancer cases would be

considered “familial.” The proportion of women with a strong family history (say two

affected first-degree relatives) is much smaller, but again it depends on how

comprehensive a family history is available.

Distinguishing women with a strong family history is useful in practice, since such

individuals are at higher risk of the disease and may be managed differently. However, it

is important to emphasize though that “hereditary” is a misleading term for this group.

Even a strong family history does not necessarily imply the presence of a high-risk

disease-causing mutation (although it makes it more likely). Conversely, carriers of high-

risk mutations may have no apparent family history, for example, if the mutation was

inherited through their father.

A more rational approach to the management of women at increased risk of breast

cancer is to categorize them according to their level of risk. Such information is the basis

for management guidelines in several countries. This risk will depend on their family

history and other risk factors and, increasingly, their genotype at known predisposition

genes.

Historical Context

The aggregation of breast cancer in families has been recognized for hundreds of years

(4). In the mid-20th century, more systematic attempts were made to document high-risk

families, such as that described by Gardner and Stephens (5), leading to the hypothesis

that a subset of breast cancer may have a strong hereditary component. Subsequently, the

study of such families led to the idea of distinct family cancer syndromes, such families

with a high risk of breast and ovarian cancer described by Lynch et al. (6) and the Li-

Fraumeni syndrome (7).

At the same time, population-based epidemiological studies began to quantify the

effect of family history on the risk of the disease; particularly important examples were

the studies conducted in Utah and Iceland (8,9). The genetics and epidemiology came

together with the systematic studies to define the genetic models for breast cancer (10).

Some, though not all such studies, found evidence of a major dominant gene component,

providing impetus to studies finding the causative genes themselves.

With the development of methods for typing large numbers of genetic markers,

attempts began in the late 1980s to map breast cancer susceptibility genes by genetic

linkage analysis in multiple case families. These studies bore fruit with the identification

of linkage to chromosome 17 (11), one of the first loci for a genetically complex disease

to be mapped. This subsequently led to the identification of the BRCA1 gene (12).

Subsequent similar studies led to the identification of the BRCA2 gene on chromosome 13

(13,14). Further genetic linkages have not been successful at identifying further high-

penetrance susceptibility genes and interest has shifted to association studies to find

commoner low-penetrance variants (15,16).

EPIDEMIOLOGICAL STUDIES OF FAMILIAL BREAST CANCER

Much of the impetus for breast cancer genetics has come from observations of families

with extraordinary numbers of cases of the disease (5). These families have often been

2 Easton et al.



critical to the identification of the high-risk susceptibility genes. They are, however, less

useful for evaluating the risks associated with a family history of breast cancer or with

any particular gene, because they are not collected in a systematic fashion. To provide

useful information for genetic counseling, risk estimates from epidemiological studies are

required. Fortunately, many such studies have been conducted. Most are case-control

studies that compare the family history of breast cancer in cases with the family history in

controls. Other studies are cohort studies of relatives of breast cancer patients. These

latter studies include those based on record linkage with national records, notably those

done in Sweden, Iceland, and Utah, and they provide estimates that are free from any

potential recall bias (8,9,17).

The largest systematic analysis of the risks associated with a family history of

breast cancer was a combined analysis of 52 studies by the Collaborative Group on

Hormonal Factors in Breast Cancer (1). The results from this study are broadly consistent

with the results of other studies, but because the Collaborative Group study is larger, the

risk estimates are more reliable. One potential concern is that most of these studies were

retrospective case-control studies, raising the possibility that some of the difference is due

to differential reporting of family history. However, very similar effects have been

observed in cohort studies (8,9,17,18).

The Collaborative Group study estimated that a first-degree family history of breast

cancer is associated with an approximately twofold risk of breast cancer. The relative

risks associated with an affected mother and an affected sister were very similar

(indicating little evidence for any recessive breast cancer susceptibility loci). An

important observation was that the relative risk increases progressively with the number

of affected first-degree relatives (Table 1).

For women with one affected relative, the risk is inversely related to the age at

diagnosis of the breast. Note, however, that the increased risk is present at all ages, and

there is no particular age below which the risk is more markedly increased. These

observations are consistent with a model in which some predisposition genes confer

higher relative risks at young ages.

Table 1 Estimated Risk Ratios for Breast Cancer

Risk ratio (95% FCI)

Number of affected

relatives

None 1.0 (0.97–1.03)

1 1.80 (1.70–1.91)

2 2.93 (2.37–3.63)

3 or more 3.90 (2.03–7.49)

Age at diagnosis <35 2.91 (2.05–4.13)

35–39 2.53 (1.97–3.23)

40–44 2.13 (1.76–2.57)

45–49 1.84 (1.55–2.17)

50–54 1.99 (1.71–2.32)

55–59 1.53 (1.29–1.80)

60–64 1.46 (1.23–1.74)

65–69 1.61 (1.37–1.89)

70–74 1.64 (1.36–1.99)

Abbreviation: FCI, floating confidential internal.

Source: From Ref. 1.
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A limitation of the Collaborative Group study is that it was only able to consider first-

degree family history. However, the cohort studies from Utah and Iceland provide

reliable data on more distant relatives and show a progressive decline in the risk with

degree of relationship, so that the relative risk of breast cancer is approximately 1.5 for

second-degree relatives of cases for example (19). This relationship is consistent with the

hypothesis that the familial aggregation is driven by one or more susceptibility genes

(20).

These risks are used as the basis for classifyingwomen formanagement purposes. For

example, according to theNational Institute for Clinical Excellence guidelines in theUnited

Kingdom, women with a first-degree relative affected below age 40, or two affected

relatives at any age, are considered to be at “moderate” risk.Womenwith two affected first-

degree relatives diagnosed under age 50 are considered to be at “high risk.”

There is little consistent evidence that familial risks of breast cancer vary by

histological type or grade. Some studies have suggested a strong familial association

for lobular breast cancer, but this has not been substantiated (17). The familial risks

extend to both ductal and lobular carcinoma in situ (21). There is also a strong familial

association between breast cancer in males and breast cancer in the female relatives

(22).

There is surprisingly little consistent evidence for the familial aggregation of breast

cancer with other cancers, indicating that, to a large extent, susceptibility to breast cancer

is site specific. The clearest evidence for clustering with another cancer type is for

ovarian cancer for which the risk is approximately 30% higher in mothers and sisters of

breast cancer cases (18). This clustering probably reflects the effects of mutations in the

BRCA1 and BRCA2 genes that predispose to both these cancer types. Associations

between breast cancer and colorectal cancer have been suggested but not proven.

Twin Studies and Bilateral Breast Cancer

In principle, the familial aggregation of breast cancer may be due either to genetic factors or

to lifestyle or environmental factors that are shared among relatives. The latter possibility is

unlikely in that no lifestyle risk factors that are sufficiently strong to materially affect

familial aggregation of the disease have been identified.More formal evidence that familial

aggregation has a genetic basis comes from twin studies. Based on an analysis of

population-based twin registers from the Nordic studies, Lichtenstein et al. (23) found that

the risk of breast cancer in the monozygotic (MZ) twins of cases was about twice as great as

the risk in the dizygotic (DZ) twins. Using a particular multifactorial model, this study

estimated that about 27% of the variation in breast cancer risk was genetic. This particular

estimate should be viewed cautiously since it does depend on the model used and on how

one defines the variation in breast cancer risk, but it does point to a substantial genetic

component.

This evidence of a higher risk of the disease in MZ twins of cases was supported by

the study of Peto and Mack (24), who estimated that the risk of breast cancer in the MZ

twins of cases was 1.4% per annum. They noted that this risk was approximately twice

the incidence rate of contralateral breast cancer in affected women. This is consistent with

the hypothesis that the increased risk of a second breast cancer is primarily due to genetic

susceptibility, but with only one breast at risk. Peto and Mack also hypothesized that the

relative constancy in the risk of contralateral breast cancer might imply that much of

breast cancer occurred in women who had reached a high risk of the disease, and that

genetic susceptibility might effect the age at which women became high risk rather than

(as in more standard models of susceptibility) the actual risk of the disease.
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BREAST CANCER SUSCEPTIBILITY AND OTHER RISK FACTORS

An important and largely unresolved question is the relationship between genetic and

lifestyle risk factors for breast cancer. The combined analysis by the Collaborative Group

examined the effect of several important risk factors on the familial risk of breast cancer,

including parity, age at first full-term pregnancy, and ages at menarche and menopause.

In each case, they found that the relative risks conferred by these risk factors were similar

in women with and without a family history (1). These results imply that such risk factors

can be assumed to multiply the familial risks of breast cancer (an assumption made in

the Tyrer et al. and Gail models). It also suggests that such risk factors are largely

independent of genotype. Whether this is true for specific susceptibility genes, in

particular BRCA1 and BRCA2, is less clear however. Several studies have examined the

effects of these risk factors in BRCA1/2 carriers but many of the results are contradictory,

perhaps reflecting small sample sizes and the difficulty of obtaining unbiased data in

high-risk families. There is reasonably convincing evidence that early oophorectomy is

protective in carriers, but the effect of parity, for example, is much less clear, with

some studies showing a protective effect comparable to that in the general population and

other studies showing no effect or even an increased risk (25–29).

Another interesting factor is that some other risk factors for breast cancer

themselves have a heritable basis. The most important is mammographic breast density.

Twin studies have estimated that approximately 65% of breast density is heritable. Boyd

et al (30). have estimated that about 5% to 10% of the familial aggregation of breast

cancer is attributable to the breast density (30). Other risk factors that also have a

heritable basis include age and menarche, age at menopause, and body mass index.

MODELS OF BREAST CANCER SUSCEPTIBILITY

Several models have been developed to derive estimates of risk to women with a family

history of breast cancer or to estimate the probability of carrying a mutation in the BRCA1
or BRCA2 gene. These models can be broadly categorized as “empirical models” and

“genetic models.” Empirical models are based summarily on measures of family history,

such as the number of affected relatives and other risk factors. Perhaps the most widely

used model of this kind is the Gail model, which incorporates a variety of breast cancer

risk factors in addition to the number of affected relatives (31). Such a model is useful in

the general population context, for example, in selecting women for prevention trials but

is less useful in high-risk families where the nuances of the family history cannot be

captured well.

Genetic models seek to model the familial aggregation of the disease in terms of the

effects of specific genes or other familial risk factors. These models are developed from

population-based studies of pedigrees using the statistical technique of segregation

analysis. One best most well-known model of this kind is that of Claus et al. (32), based

on an analysis of the Cancer and Steroid Hormone (CASH) study. This model postulated

a single major gene, with an allele frequency of 0.3%, conferring a breast cancer risk of

about 80% by age 80. This study found no evidence of any additional polygenic

component, so that all the familial aggregation of breast cancer could be explained by a

single gene. According to this model, approximately 5% of breast cancer cases would be

attributable to this postulated gene. (The model is thus largely responsible for spawning

the misleading statements that “about 5% of breast cancer is hereditary.”) Other

segregation analyses have also been conducted, some of which found other models of
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disease susceptibility, including models with a recessive component (33). However, the

CASH model became widely accepted and used in genetic counseling, perhaps in part

because it conformed to the general impression that high-risk families appeared to be

dominant, and because it provided a straightforward way of classifying individual risk.

And, to an extent, the model was vindicated by the identification of the BRCA1 and

BRCA2 genes.

In reality, however, the situation is more complex. Mutations in the BRCA1 and

BRCA2 genes do confer high risks of breast cancer comparable to those suggested by

the model, but they do not explain all the familial aggregation of the disease. Since the

identification of BRCA1 and BRCA2, more recent models have sought to model the

effects of these genes. One of the most widely used is called BRCAPRO (34,35). It

models the effects of BRCA1 and BRCA2 mutations and can therefore be used to obtain

mutation carrier probabilities and age-specific cancer risks. However, it does not account

for the effects of other genes and therefore tends to overpredict carrier probabilities. From

population-based series and high-risk families from the United Kingdom, Antoniou et al.

(36) found that the best fitting model was one incorporating the effects of BRCA1,
BRCA2, and a polygenic component, the effect of many additional genes of small effect.

This model, Breast and Ovarian Analysis of Disease Incidence and Carrier Estimation

Algorithm (BOADICEA), has been shown to model accurately the familial risks of breast

cancer and the prevalence of BRCA1 and BRCA2 mutations in population-based series

(36). An alternative model was devised by Tyrer et al. (37), which incorporates the effects

of BRCA1, BRCA2, and a third major gene.

There are additional reasons for believing that the polygenic model is reasonable.

The frequency of BRCA1 and BRCA2 in breast cancer families is strongly dependent on

the degree of family history, so that the majority of families with a strong family history

(for example, six or more cases) harbor a mutation in one of these genes. This suggests

strongly that most other breast cancer genes will confer lower risks. In addition, further

genetic linkage studies in multiple case families have not found evidence of any

further susceptibility loci, suggesting that if other high-risk susceptibility loci do exist, the

alleles are likely to be rare (15,38). The recent identification of some low-penetrance

breast cancer loci is further confirmation that susceptibility to breast cancer does have a

substantial polygenic component.

The polygenic model has quite different implications to single-gene models like

that of Claus et al. (32). Although the latter model classifies everyone as either low or

high risk, the polygenic model implies a virtually continuous distribution of risk, such

that an individuals’ risk is determined by the combination of high-risk alleles that they

carry. Under this model, a much higher fraction of breast cancer cases can occur in “high-

risk” individuals. Using this model, for example, Pharoah et al. (39) have estimated that

about half of all breast cancer cases occur in women in the top 12% of the risk

distribution.

Another prediction of the polygenic BOADICEA model is that the “polygenes”

will also alter the risk in BRCA1 and BRCA2 carriers. Evidence in support of this is

provided by the fact that estimates of the risk of breast cancer BRCA1/2 carriers have

generally been higher than those estimated from studies of unselected breast cancer cases

(40,41).

BRCA1 AND BRCA2

Four genes are known to predispose to a high lifetime risk of breast cancer (Table 2).
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The most important, numerically, are BRCA1 and BRCA2. Mutations in these genes

confer a high risk of both breast cancer and ovarian cancer (40,41). BRCA2 mutations

also confer increased risks of prostate and pancreatic cancer and perhaps also head and

neck cancer and melanoma (42,43). BRCA1 mutations may also predispose to prostate

and pancreatic cancer (although with lower risks than for BRCA1) and perhaps also to

endometrial and cervical cancer (44).

Despite their similarities and the fact that these genes have related roles in the

repair of double-strand DNA breaks, there are important differences between BRCA1 and

BRCA2 in terms of cancer predisposition. Although the lifetime risk of breast cancer is

similar in carriers of mutations in BRCA1 and BRCA2, the risk of breast cancer is higher

in BRCA1 carriers at younger ages. The risk of ovarian cancer is markedly higher in

BRCA1 carriers, and the disease tends to occur earlier (in the 35–49 age group).

Conversely, the risk of male breast cancer is much higher in BRCA2 carriers (although

BRCA1 carriers are still at increased risk). As a result, families with multiple cases of

breast and ovarian cancer are more likely to harbor a mutation in BRCA1, whereas
families with multiple cases of breast cancer without ovarian cancer, and particularly

those with male breast cancer, are more likely to harbor a BRCA2 mutation. The higher

risks of prostate and pancreatic cancer in BRCA2 carriers are also a useful diagnostic

feature.

Another important difference that has emerged between BRCA1 and BRCA2 is in

the cancer pathology. The large majorities of BRCA1-related breast cancers are estrogen-

receptor (ER), progesterone-receptor, and human-epidermal-growth-factor-receptor-2

(HER2) negative and have been shown to stain positive for “Basal” markers such as

cytokeratin 5/6 and 14. BRCA2 tumors, on the other hand, have a more heterogeneous

distribution of histopathology, similar to that in noncarriers, with the majority being ER

positive.

Founder Mutations

Most mutations in BRCA1 and BRCA2 are rare and have arisen relatively recently

[typically less than 100 generations ago (48,49). This is presumably because they confer a

selective disadvantage perhaps relating to the risk during childbearing age or nonviability

of homozygotes (this is even more true of TP53 mutations owing to the high risk of

childhood cancer). Mutations therefore tend to be population specific, so that the

spectrum of mutations in, for example, England is different from that in France or the

Netherlands. In large populations such as the United Kingdom or the United States, there

are many individually rare mutations. Some mutations are found in multiple families,

usually because they are descended from a common founder, but no mutation accounts

for a high fraction of all families. In some population isolates, however, individual

mutations can be quite common, owing to the effects of population bottlenecks and

genetic drift. Important examples are the 185delAG mutation in BRCA1 and 6174delT
mutation in BRCA2, each of which have frequencies of approximately 1% in the

Ashkenazi Jewish population (50), and the 999del5 mutation, which has a frequency of

approximately 0.5% in the Icelandic population (51). The 5382insC mutation in BRCA1
is also quite common in Ashkenazi Jews and also in many populations in East Europe. In

Poland, there are three relatively common BRCA1 mutations. In each of these cases, the

known founder mutations appear to explain the large majority of BRCA1 or BRCA2
families in these populations. This allows cheaper mutation screening based on the

founder mutations, which is reasonably complete. Significant founder mutations have

been found in many other populations, for example, in the Netherlands.
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Penetrance of BRCA1 and BRCA2 Mutations

The cancer risks associated with BRCA1 and BRCA2 mutations are critical for genetic

counseling and have been the subject of considerable controversy. Ultimately, estimates

of penetrance based on prospective followup of unaffected carriers should become

available, but current estimates are derived from retrospective data. Penetrance estimates

have been derived from high-risk families (the so-called maximum logarithm of (LoD

score) odds score approach) and from population-based studies based on the incidence of

cancer inrelatives of carriers identified in a series of cases, unselected for family history

(the “kin-cohort” approach). Estimates based on high-risk families are directly relevant to

that type of family but may overestimate the risk to randomly selected carriers in the

population. Population studies may give results that are more applicable to the majority of

mutation carriers, but a degree of selection remains since the cohort are all, by definition,

relatives of cancer patients. The low frequency of mutations means that even large studies

often detect only a small number of carriers, resulting in imprecise estimates.

Straightforward case-control studies avoid the potential selection due to other familial

factors but are also severely limited by the low frequency of mutations. They are only

possible in populations with founder mutations, and even then, the estimates lack

precision.

Since mutations are relatively rare, penetrance estimates from individual studies

lack precision. Perhaps the best estimates are those derived by Antoniou et al. (41), based

on a combined analysis of 22 population studies (Fig. 1).

The cumulative risks of both breast and ovarian cancer are lower in BRCA1 carriers

than BRCA2 carriers, but the difference is more marked for ovarian cancer (39% vs. 11%

by age 70). The difference is also more marked for breast cancer at younger ages. This is

a consequence of the fact that BRCA1 breast cancer incidence rates rise steeply to

approximately 3% to 4% per annum in the 40 to 49 age group and are roughly constant

thereafter, whereas the BRCA2 rates show a pattern similar to that in the general

population (though approximately 10-fold higher), rising steeply up to age 50 and more

slowly thereafter. Ovarian cancer risks in BRCA1 carriers are very low below age 40,

rising thereafter to 1% to 2% per annum, whereas BRCA2 risks are very low below age 50

but then increase sharply.
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Figure 1 BRCA1 and BRCA2 breast and ovarian cancer penetrance estimates, based on a meta-

analysis of 22 population-based studies (41).
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For comparison, Figure 2 shows the corresponding penetrance estimates derived from

two Breast Cancer Linkage Consortium (BCLC) collaborative studies of high-risk

families (40,52).

It is notable that the risks are somewhat higher than those in the Figure 1, especially

the breast cancer risks for BRCA2 carriers. Although it has become generally accepted

that penetrance estimates from population-based studies are lower than estimates based

on high-risk families, one more recent study based on New York Ashkenazi Jewish

breast cancer patients, unselected for age or family history of cancer, found risks of breast

cancer by age 80 of 81% and 85% for BRCA1 and BRCA2 mutation carriers, respectively,

and ovarian cancer risks of 54% and 23%, respectively, by age 80 years (53), more

similar to the estimates from high-risk families.

The New York Ashkenazi Jewish study found that the risk of breast cancer by age

50 in carriers of a BRCA1 or BRCA2 founder mutation was 24% in women born prior to

1940 but 67% in those born after this date (53). The meta-analysis of population-based

studies also found the relative risk of breast cancer associated with a BRCA1 mutation to

be significantly higher for more recent birth cohorts (the same trend was seen for BRCA2
but was not statistically significant) (41). This could reflect less accurate reporting of

cancers in the earlier decades. However, changes in a wide range of lifestyle factors,

including diet, exercise, reproductive factors such as age at first pregnancy, family size,

breast-feeding preferences, and oral contraceptive use, or in other environmental factors,

might also be contributory factors.

The above estimates assume that all mutations confer the same cancer risks.

Although most reported deleterious mutations are protein truncating, some expression is

still present in the majority of cases, and it is plausible that gene-products truncated to

differing degrees may confer different cancer risks. The clearest evidence for such

genotype–phenotype correlation is for BRCA2, where mutations in a central region

referred to as the “Ovarian Cancer Cluster Region” (OCCR; nucleotides 3035–6629;

Fig. 1) appear to be associated with a lower breast cancer risk and a higher ovarian cancer

risk than other BRCA2 mutations (54,55). This association may be explained by the fact

that the OCCR is coincident with the RAD51-binding domain of BRCA2.
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Figure 2 BRCA1 and BRCA2 breast and ovarian cancer penetrance estimates, based on high-risk

BCLC families (40,52). Abbreviation: BCLC, Breast Cancer Linkage Consortium.

10 Easton et al.



There is also some evidence that BRCA1 mutations in a central region of the gene

(nucleotides 2401–4191) confer a lower breast cancer risk than other mutations, whereas

mutations toward the 3' end confer a lower risk of ovarian cancer (Fig. 1) (56,47). These

mutation-specific effects are not, however, sufficiently large to explain the higher risk of

breast cancer in multiple case families. A more likely explanation is that the breast

cancer risk in carriers is modified by other genetic factors or lifestyle risk factors in

families.

Risks of Other Cancers in BRCA1/BRCA2 Carriers

In addition to the marked excess of breast and ovarian cancer in BRCA1 and BRCA2
carriers, there is also evidence of more moderate risks of other cancer types. The largest

study of cancer risks in BRCA1 carriers, based on 699 carrier families, found an overall

cancer risk in male carriers very close to that in the general population, but the risk of

cancers other than breast or ovarian in female carriers was increased by approximately

twofold (44). Specifically, significant excesses were seen for cancers of the corpus uteri,

the cervix, the fallopian tubes, and the peritoneum. There was also some evidence of a

twofold relative risk of pancreatic cancer in carriers of both sexes and prostate cancer

below age 65.

In a parallel study based on 173 BRCA2 families, the risk of other cancers was

approximately twofold in both male and female carriers (42). The largest excess risk was

for prostate cancer, with an estimated 4.7-fold relative risk, increasing to sevenfold in

men below age 65. A 3.5-fold risk of pancreatic cancer was also found, and significant

excesses were also seen for cancers of the stomach, buccal cavity and pharynx,

gallbladder and bile duct, and fallopian tube and for melanoma. A more recent study from

the Netherlands also found increased risks of prostate, pancreatic cancer, and head and

neck cancer (43).

Other studies have also demonstrated an association between prostate cancer and

BRCA2 mutations. For example, two Icelandic studies found relative risks of prostate

cancer between three and five among the first-degree relatives of BRCA2 mutation

carriers (58,59). In addition, a study of 263 prostate cancer cases diagnosed below age 56

years, unselected for family history, estimated a BRCA2 carrier frequency of nearly

3% (60).

OTHER BREAST CANCER GENES

High-Risk Breast Cancer Genes

Breast cancer is involved in two other hereditary syndromes, for which causative genes

have been identified. The Li–Fraumeni syndrome is characterized by childhood sarcoma

and early-onset breast cancer, brain tumors, and a variety of other cancers. Most families

with Li–Fraumeni syndrome appear to be due to germline mutations in the TP53 gene.

TP53 mutations confer a very high risk of breast cancer (approaching 100% by age 50)

but are much rarer than BRCA1 or BRCA2 mutations (45,46). Cowden’s syndrome is a

rare syndrome characterized by hamartomas, multiple hamartomas, thyroid cancer, and

mucocutaneous lesions and is due to germline mutations in PTEN (61). The risk of breast

cancer associated with Cowden’s syndrome has not been well estimated, but it is of the

order of 30% to 50% lifetime (47).
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Low-Risk Breast Cancer Genes

A growing list of genes is associated with more moderate risks of breast cancer. The first

such gene to be identified was ATM. Mutations in this gene cause the recessive condition

Ataxia-Telangiectasia (A-T) (62). Studies dating back over 30 years have suggested that

relatives of A-T patients were at increased risk of breast (and perhaps other) cancer (63).

This was long regarded as controversial because the studies were small. However, more

recent national cohort studies, and direct studies of ATM mutations in breast cancer

families and controls, have confirmed that ATM mutations confer an approximately

twofold risk of breast cancer (with perhaps a higher relative risk at young ages) (64–67).

Another important low-risk susceptibility gene is CHEK2, another DNA repair gene

that acts downstream of ATM. Mutations in this gene were first identified in patients with a

family history reminiscent of Li–Fraumeni syndrome, and it was therefore suspected that

this was another high-risk susceptibility gene (68). It was subsequently shown, however,

that a single mutation in CHEK2, 1100delC, that is present at frequencies of ½% to 1% in

European populations, confers an approximately twofold risk of breast cancer (69,70).

There is no evidence of any high-riskmutations in this gene.CHEK21100delC appears to be

the predominant disease-causing mutation in Western Europe, but other mutations in

Poland and in Ashkenazi Jews, conferring similar risks, have been found. More recently, it

has been shown that rare mutations in two other DNA repair genes, BRIP1 and PALB2, also
confer similar risks of breast cancer (71–73).

Only one common variant identified through candidate gene studies has been

unequivocally linked to breast cancer risk. An amino acid substitution D302H in theCASP8
gene, with an allele frequency of 13% in Europeans, has been estimated to confer a relative

risk of 0.89 in heterozygotes and 0.74 in homozygotes (74). Recently, genewide association

studies have identified six further breast cancer loci (75,76). Many other associations

between common genetic variants and breast cancer risk have been reported but most have

been refuted (75). However, several genome-wide association studies are currently in

progress, and it seems likely that further susceptibility loci will be identified soon.

CONTRIBUTION OF KNOWN GENES TO BREAST CANCER INCIDENCE

The frequency of BRCA1 and BRCA2 mutations in breast cancer cases has been estimated

by a number of studies. By pooling data from a number of population-based studies,

Thompson and Easton (78) estimated that the prevalences of BRCA1 and BRCA2
mutations among breast cancer patients diagnosed below their mid-30s were

approximately 4.6% and 3.5%, respectively. In contrast, the Anglian Breast Cancer

Study (the largest population-based study to date) found the prevalences among cases

diagnosed between 45 and 54 years of age to be just 0.3% and 1.0%, respectively (79).

These studies underestimate the true prevalence of mutations because studies use

methods that are not fully sensitive. Indeed, the fraction of mutations that are detected by

such studies is somewhat uncertain because some variants in BRCA1 and BRCA2 are of

uncertain significance and may or may not be associated with risk. Nevertheless, overall

fraction of breast cancer patients in outbred populations carrying BRCA1 and BRCA2
mutations is probably close to 1% to 2% for each gene. As noted above, the frequency can

be significantly higher in founder populations (see Table 3).

TP53 and PTEN mutations are very rare and account for much less than 1% of

breast cancer cases. Mutations in ATM, CHEK2, BRIP1, and PALB2 are also uncommon

and also each account for 1% or less of cases. The CASP8 302H allele, however, is

common, and the estimated attribution fraction is 8% while the attributable fractions for
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the loci identified through the genome scans range from 3.9–16.6%. Attributable fraction

is, however, not a particularly useful concept for low-penetrance alleles. These risks

cannot be avoided, and as more alleles are identified, these fractions are likely to add up

to much more than 100%.

CONTRIBUTION OF KNOWN GENES TO FAMILIAL BREAST CANCER

An important question is the extent to which the known susceptibility genes can explain

the familial aggregation of breast cancer. The simplest assessment of this is the

proportion of the familial risk to first-degree relatives of cases that is explicable by each

gene. We might term this the familial attributable fraction of each gene. These estimates

can then be added over genes, on the assumption that the genes interact either additively

or combined on a log scale, if the genes interact multiplicatively. Unlike the population-

attributable fraction, the contribution of known genes to the familial risk cannot exceed

100%, so that it provides an assessment of how much genetic variation remains to be

explained and is a much more useful concept. Note, however, that this does not reflect the

Table 3 Low Risk Breast Cancer Susceptibility-Genes

Gene

Population

frequency of

mutations (%)b
Relative risk

(Refs.)

Attributable

risk (%)c

Contribution to

familial risk of

breast cancer (%)c

Carriers:

ATM 0.3 ∼2.3 (66,67) 0.8 0.7

CHEK2 0.5a ∼2.2 (69,70) 1 1

BRIPI 0.1 2.1 (71) 0.1 0.1

PALB2 0.1 2.3 (72) 0,3 0.2

Hctd Horne

CASP8 D302H 13 (0) 0.89 0.74 8.0 0.2

(74)

FGFR2 (rs2981582) 38 (30) 1.23 1.63 16.6 2.0

(75)

TNCR9/LOC643714 25 (60) 1.23 1.39 10.0 1.0

(rs3803662) (75)

MAP3K1 (rs8893l2) 28 (54) 1.13 1.27 6.9 0.4

(75)

LSP1 (rs3817198) 30 (14) 1.06 1.17 3.9 0.16

(75)

8q (rs13281615) 40 (56) 1.06 1.18 5.4 0.22

(75)

2q (rs13387042) 50 (12) 1.11 1.44 14.2 1.3

(76)

aFrequency of the 1100delC mutations that is predominant in Western Europeans. Other mutations have been

reported at significant frequency in Poland and in Ashkenazi Jews.
bEstimated frequency of mutation carrier or, for common polymorphisms, of the minor allele in European

populations, For common polymorphisms, frequency of the corresponding allele in East Asian populations

given in brackets.
cEstimates based on frequencies in European populations.
dRelative risk in heterozygotes.
eRelative risk to homozygotes of the minor allele in Europeans.
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contribution of these genes to larger multiple case families, which are largely explained

by BRCA1 and BRCA2 mutations.

In the case of BRCA1 and BRCA2, the familial attributable fraction can be

estimated using data from population-based studies that have performed mutation

screening, based on the proportion of cases with a family history that have a mutation.

Two studies in the United Kingdom have used this approach and obtained very similar

estimates—15% to 16% (79,80). Thus, although the proportion of high-risk families that

harbor a mutation is high, the fraction of all familial breast cancer due to BRCA1 and

BRCA2 is quite low. Note, however, that this estimate does depend on the frequency of

mutations in the population. It is higher in founder populations such as Ashkenazi Jews

and Iceland, for example, and would be expected to be higher in Poland than in the

United Kingdom. Because they are rare, the contribution of TP53 and PTEN mutations to

the familial risk is likely to be very small—less than 1% (45,47).

The contribution of low-risk genes to the familial aggregation of breast cancer can

be estimated more directly from the estimated frequency of the risk allele and the relative

risk it confers (Table 3).

Because the relative risks are low, these estimated contributions are small.

The rarer variants contribute about 2%, while the common polymorphans identified so far

contribute further 5%.

Thus, taken, together, the known genes probably explain approximately 20% to

25% of the familial risk of breast cancer in outbred populations such as those in the

United Kingdom or the United States. Thus, the large majority of familial breast cancer

remains to be explained. A combination of large genome-wide association studies and

resequencing studies to find rarer variants, will be required to find the remaining

susceptibility loci.
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INTRODUCTION

Individuals with a family history of breast and ovarian cancer are often seen in cancer

genetics clinics, as they are worried about their chances of developing these and other

types of cancer. Clinical management of these individuals involves assessment of the

degree of risk due to the family history, often in conjunction with genetic testing. The

first risk estimation to be made is the chance that a familial cluster is due to genetic

predisposition. This is called the prior probability of a cancer predisposition gene

being present in a family. This estimation can be based upon published data or

clinical experiences when published data are lacking, which unfortunately is often the

case with rare genetic conditions. In the case of hereditary breast and ovarian cancer,

however, we are in the fortunate position of having several risk prediction models.

The primary function of these is to try to evaluate the prior probability of a high-risk

gene being present in the family. The second part of risk evaluation in the cancer

genetics clinic is the risk that a specific individual will go on to develop a

malignancy. This is also facilitated by some, but not all, of the risk prediction models

currently available.

A number of genes have been identified, which confer increased susceptibility to

breast cancer. The main genes are BRCA1 and BRCA2 (1,2), but others include CHEK2
(3), ATM (4), TP53 (5), and PTEN (6). These known genes are estimated to account for

20% to 25% of the observed familial cases of breast cancer, indicating that other genes

remain to be identified. Recently, several rare low-risk genes have been reported (7,8),

but these only account for about 2% of the familial risk.

Since the most common genes known to be involved in hereditary breast and

ovarian cancer are BRCA1 and BRCA2, the risk assessment models, which have been

developed have focused on these two genes. Management of BRCA1/2 mutation carriers

is complex and may involve screening, chemoprevention, or risk-reducing surgery. It is

therefore important to identify these individuals at the highest risk in order that such

strategies may be targeted appropriately.

This chapter will be devoted to the different models used to establish the risk to

an individual. The way in which the risk is conveyed to the individual is, however,

vital. It is of no use conveying information that “you are at 43% risk of carrying a
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BRCA1/2 mutation” to an individual whose sociodemographic and educational

background means that he/she has no idea of the significance and implications of

that statement. The optimal format for conveying risk information is unknown.

Currently, risk estimates tend to be given as a percentage risk or a “1 in x” value and

followed up with a written summary, incorporating this risk estimate, to the individual

attending the genetics consultation. Unfortunately, there are data that suggest that

women prefer not to have, or remember, numerical information. For example, 98% of

women attending a cancer family clinic because of a family history of breast cancer

could not remember their percentage annual risk, even when this was given both

verbally in the clinic and by follow-up letter. More importantly though, they were

able to report the qualitative category of their risk (low, medium, high) with

reasonable accuracy, but this did not relate to their perception that they were more or

less likely to get cancer (9). This suggests that clients have a poor understanding of

the risk information being given. Green and Brown (10) have suggested that the

qualitative aspect of risk is more important than the quantitative aspect. However, this

finding contrasts with that of Josten et al. (11) who report from a cancer family clinic

in Wisconsin, U.S.A. that “clients say that a number gives them boundaries rather

than having an ambiguous sense of being high risk.” The main problem with the

quantitative approach is that one person’s high risk is another’s moderate risk.

Genetic testing can, in some cases, refine risk; however, it is expensive and has

been shown to be associated with adverse psychological effects in some studies (12,13).

In particular, the psychological stress of predictive genetic testing for BRCA mutations in

unaffected individuals has been well documented. However, this seems to be temporary

and the overall psychological status is not worsened three to five years after genetic

testing (14).

The effect of genetic testing on insurance policies is also important, as this varies in

different countries. The social implications of the ability to purchase life and medical

insurance, mortgages, and a possible effect on employment opportunities may be just as

important as, if not more important than, the personal and familial implications. At

present, effects on employment are theoretical. Following a recent statement from the

Association of British Insurers in March 2005, an individual may apply for a total of up to

£500,000 of life insurance and £300,000 of any class of insurance without having to

disclose to the insurer the results of any predictive genetic test previously taken (15). This

moratorium is currently scheduled to remain in place until 2011 at least and breast cancer

genetic tests are not included on the list with these restrictions at present. In the United

States, however, the effect of genetic testing on insurance policies varies from state to

state.

In order to provide an effective clinical genetics service to patients at risk of

carrying mutations in the BRCA1 and BRCA2 genes, therefore, it is important to

target genetic testing to those individuals at the highest risk. To assess the risk to an

individual conferred by a family history, however, is complex and requires

consideration of several independent factors. Mathematical models have been

developed to try to provide consistent and effective risk assessment. These differ in

their methods of analysis and also in their ease of use in the clinical setting. This last

factor is vital if a model is to become widely used in genetic clinics, as the majority

of cancer genetics clinicians who see patients in clinics are not, themselves,

mathematicians. The models and computer programs also need to be user friendly in a

busy clinical setting. It is important, therefore, that clinicians retain a sense of

perspective with regard to the likelihood of a family history being high risk,

independent of any mathematical models that are used. Hopefully, this will prevent

20 Walker and Eeles



errors due to incorrect entering of information into the model and/or errors due to the

limitations of the various models.

It is likely that other factors contribute to the risk of breast cancer in individuals

from these families. Assessment of these possible “lifestyle” factors, together with other

modifying genes, will become increasingly important. It is likely that future models will

incorporate these additional factors to a greater extent.

The models themselves have been developed over the last 17 years. Several of them

are logistic regression models that utilize descriptive measures of family history, and

these are useful in cancer genetics because other, nongenetic risk factors can readily be

incorporated. One disadvantage of this type of analysis, however, is that it does not deal

adequately with complex family histories. None of the models used currently consider a

history of risk-reducing surgical procedures (e.g., prophylactic mastectomy or salpingo-

oophorectomy), which are important for more accurate risk assessment and this should be

thoroughly ascertained by the clinician. The other factor that is not currently dealt with by

any of the models [although Breast and Ovarian Analysis of Disease Incidence and

Carrier Estimation Algorithm (BOADICEA) does have plans to include it in the near

future] is pathological data, which can have a bearing on the likelihood of a family history

corresponding to a mutation in a high-risk gene.

In this chapter, we will describe the most commonly used models for risk

assessment in breast and ovarian cancer. Each model will be described briefly, together

with its advantages and limitations. We will use clinical examples to illustrate this where

possible.

CLAUS MODEL

This was one of the first of the risk prediction models to be developed. It was derived

from the Cancer and Steroid Hormone (“CASH” or “Claus”) study (16). This was a

study of 4700 women with breast cancer, who had their family history taken. A

statistical model (Claus model, named after the author of the study) was developed

that estimated the chance that a cancer-predisposition gene was present in a family.

The model dates from before the BRCA1 and BRCA2 genes were identified. The

complex segregation analysis used to derive the model assumes that a single, rare,

dominantly inherited gene accounts for genetic susceptibility to breast cancer in the

general population. The penetrance of this gene is assumed to be 95% by the age of

80. This model can be used to generate the curves in Figure 1, which can be used

easily in a genetics clinic to estimate risk.

For example, if an individual has two first-degree relatives with breast cancer at

45 years there is a 60% chance that there is a breast cancer–predisposition gene

present.

Although this model remains one of the most widely used, it has obvious

limitations given the extent to which knowledge about genes conferring susceptibility to

breast cancer has accumulated since its development. The major limitation is that we now

know there are several high-risk genes with varying degrees of penetrance.

Moreover, the limited validation data available regarding the Claus model suggest

that it has poor sensitivity and specificity. It also has been found to significantly

underestimate breast cancer risk and does not take into account ovarian cancer or male

breast cancer. It is surprising that such limited validation data are available for this model,

given its long-standing widespread use.
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SHATTUCK–EIDENS MODEL

This model was one of many developed by Myriad Genetics, Inc., (Salt Lake City,

U.S.A.) to predict the likelihood of a given individual having a mutation in one of the

breast cancer predisposing genes BRCA1 or BRCA2. This was one of the earliest such

models to be developed (17,18), and it only involved prediction of mutations in BRCA1.
The authors used full sequencing data from 798 unrelated individuals, who had been

selected for testing because of a family history comprising multiple cases of breast and/or

ovarian cancer. For 75% of the patients (where complete family information was

available), the family history comprised only breast cancers. The authors found that the

most useful factors to predict whether or not an individual was likely to have a mutation

in BRCA1 were younger age, bilateral breast cancer, individuals with both breast and

ovarian cancer and Ashkenazi Jewish ancestry. These factors were then used in logistic

regression analysis. Data from this model are presented as graphs of risk correlating

with a specific family history. Separate graphs are presented for the Ashkenazi

Jewish population, owing to the high incidence of two common mutations in BRCA1
in this community.
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Figure 1 Graph showing the probability that breast cancer is due to a predisposition gene by age

at diagnosis of breast cancer (16). Source: Graph courtesy of Prof. D.T. Bishop.
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The “full sequencing” that was undertaken to produce the model in this case does,

however, have limitations. Only coding regions and intronic sequences adjacent to exons

were sequenced. There may be other mutations in unsequenced regions of introns, which

adversely affect RNA processing or splicing, and these would not be detected by the

method used in this analysis. The sequencing method would also not detect intragenic

deletions or duplications, and it is not known what percentage of mutations in BRCA1 is

accounted for by such rearrangements, although this is thought to be around 8%.

Another limitation of this model is that only BRCA1 analysis was performed. It is

now known that a proportion of individuals who were found not to have mutations in

BRCA1 in this analysis are likely to have mutations in BRCA2.
Finally, this model does not take into account the presence of multiple affected

relatives. A woman aged 45 years with one sister affected with breast cancer aged 40

would be designated as having the same likelihood of having a mutation in BRCA1 as a

woman aged 45 with four sisters affected with breast cancer aged 40. The model is also

based on the prior probability of a BRCA1 mutation being present in an individual rather

than the prior probability that there is a BRCA1 mutation present in the family. Different

family members may therefore be designated as being at different risk, even though they

have the same family history. This may, of course, be entirely appropriate, for example, if

two sisters are the only known affected individuals in one family: one diagnosed with

breast cancer aged 55, and the other diagnosed with ovarian cancer aged 45 and then

breast cancer aged 50, it would follow that there would be an increased likelihood that the

woman diagnosed with ovarian and breast cancer had a mutation in BRCA1 over her

sister, who may be a phenocopy. This method, however, does give risk figures for

affected women with no family history, unlike previously produced models in this field.

BRCAPRO

The BRCAPRO model was initially produced in 1998 (19) and subsequently validated in

a publication of 2002 (20). Unlike most other models described in this chapter, the

BRCAPRO model utilizes Bayesian calculations to derive prior probability data for both

BRCA1 and BRCA2. It also incorporates data regarding published BRCA1 and BRCA2
mutation frequencies, together with information about the first- and second-degree

relatives of the proband, cancer status of relevant individuals, and cancer penetrance in

known mutation carriers. It does utilize data regarding bilateral breast cancer and male

breast cancer and may also be used to calculate risks of developing breast cancer. A

separate program has been developed for the analysis of family histories from the

Ashkenazi Jewish population by these authors.

Because the data are primarily based on large families in which multiple members

have been affected by breast and/or ovarian cancer (in 71% of the families analyzed, there

were three or more cases of breast and ovarian cancer), the model’s predictive power may

be somewhat biased toward these families. As a result, the estimates of likelihood of

BRCA1/2 mutations given by the BRCAPRO model tend to be somewhat higher than for

other models. This model, therefore, tends to perform well in families clinically seen to be

at very high risk such as that in Figure 2, Pedigree 1. The lower risk families would be more

likely to have misleading data generated by this model. The model discriminates relatively

well between mutation carriers and noncarriers, but the discrimination between

BRCA1 and BRCA2 mutation carriers is poor. In particular, it tends to overestimate

the BRCA1 carrier probability and underestimate the BRCA2 carrier probability (21).

A second problem is that only first- and second-degree relatives are considered in the
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analysis. Different prior probability risk figures may, therefore, be generated depending on

which individual in the family is used in the analysis. It is therefore necessary to optimize

the consideration of which individual to use in the analysis before embarking upon it.

Data entry for BRCAPRO requires the use of computer-generated software. This

data entry is not always straightforward and may therefore be time consuming. For this

reason, BRCAPRO is often felt to be less user friendly than some of the other risk-

prediction models. There are many studies comparing the data generated by BRCAPRO

with that generated by other prior probability risk prediction models, and the results of

analysis done on these data consistently indicate that BRCAPRO performs relatively well

in the highest risk families but is a less consistent discriminator of prior probability where

the family history is more equivocal (22,23). BRCAPRO also tends to underestimate

breast cancer risk in unaffected individuals in the single study that has been undertaken

(24). For these reasons, it is not used in many genetics clinics in the United Kingdom as

high-risk families can be assessed easily whereas the more difficult families to assess are

those where the risk is not so high risk.

BREAST AND OVARIAN ANALYSIS OF DISEASE INCIDENCE AND
CARRIER ESTIMATION ALGORITHM (BOADICEA)

BOADICEA is one of the latest of the carrier prediction models to be developed (25). It

used a U.K. population–based series of 2200 breast cancer cases, 156 multiple case

families, and 429 BRCA1/2 carrier families. All were tested for BRCA1/2 mutations. The

complex segregation analysis used resulted in a model that allows for the simultaneous

effects of BRCA1 and BRCA2. It also takes into account the effect of many low-

penetrance genes that are likely to have multiplicative effects on the breast cancer risk.

The effects of genetic modifiers that cluster within families and are likely to alter breast

cancer risks in BRCA1 and BRCA2 carriers can also be incorporated.

BOADICEA is able to compute any exact family relationship, and any size of

family, in contrast to many of the other models, which will only consider a certain

number of first- and second-degree relatives. BOADICEA also allows for the variable

sensitivity of mutation testing. This is especially important for the United Kingdom and

some other countries where whole gene sequencing of BRCA1 and BRCA2 has only

become available relatively recently, and prior to this, targeted analysis of mutation hot

spots in both genes was the only available testing, which has reduced sensitivity.

BOADICEA will calculate the probability of developing breast or ovarian cancer

and also the probability of carrying a BRCA1/2 mutation. It also allows for the “cohort

effect,” which is not considered by other models. The cohort effect reflects the fact that

breast cancer is becoming relatively more common in the general population. If a woman

was born in 1925, her risk of getting breast cancer by age 70 is lower than that if she was

born in 1955. This cohort effect also holds true for BRCA carriers.

There are few limitations of BOADICEA in its current form. Those that do exist

come from the relatively broad age categories by which the genotype-specific incidence

rates are computed. For example, these would then be deemed constant over the age

period 30 to 34 but would differ from that at age 29 and that at age 35. At present, the

“risk of developing cancer” only gives a risk of the first incidence of either breast or

ovarian cancer. BOADICEA is being updated to address this. The model does not as yet

take into consideration data regarding the pathology of breast tumors found, but this is

planned. This is reported to differ between BRCA carriers and noncarriers and also

between BRCA1 carriers and BRCA2 carriers (26). Extension of the model to incorporate
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nongenetic risk factors, e.g., parity, breast feeding, and age at menopause may be possible

when the contribution of these factors to the overall risk to BRCA carriers has been

more comprehensively assessed by long-term studies such as Epidemiological Study of

Familial Breast Cancer (EMBRACE) (27).

There have been two studies thus far to validate BOADICEA. The first (22)

compared the current version of BOADICEA with BRCAPRO using 188 French

Canadian families. BOADICEA was found to be more accurate, and this was thought to

result from the increased data gathered by BOADICEA because of the consideration of

more relatives in the calculations. The other study used an older version of BOADICEA,

which was found to be comparably accurate with BRCAPRO, Myriad, and the

Manchester scoring system in non-Ashkenazi Jewish families. BOADICEA was found to

be the most accurate in the Ashkenazi Jewish families (23).

Software to facilitate the implementation of the BOADICEA model by clinicians is

still in its final development stage, but the authors have thus far produced an extremely

user-friendly web-based interface, which is undergoing β-testing in the clinical setting.

MANCHESTER

The Manchester scoring system was developed by Evans et al. in 2004. Its aim was to

provide a quick accurate method of assessing whether genetic testing for BRCA1 or

BRCA2 is appropriate given a family history of breast and ovarian cancer, and if so,

which of the two genes should be tested first.

Development of the scoring system used a dataset of 422 non-Jewish families with

a history of breast and/or ovarian cancer. These were subsequently screened for mutations

in BRCA1, and a subset was then screened for mutations in BRCA2 using a whole gene

approach. Using the family history data in conjunction with the mutation data on these

individuals, a scoring system was developed that highlights those factors most likely to

indicate BRCA1/2 mutation status in a particular family.

The model was specifically designed to estimate a pretest probability of 10% of

carrying a mutation in BRCA1/2. This would then enable the practicing clinician to

prioritize families appropriately for genetic testing. Different factors are more likely to be

responsible for mutations in BRCA1 versus BRCA2. This is reflected by differential

scoring between the two genes. For example, male breast cancer below age 60 scores 8 in

BRCA2 but 5 in BRCA1 (assuming BRCA2 has been tested), and female breast cancer

scores 6 in BRCA1 but 5 in BRCA2. This model also takes into consideration other

cancers commonly seen in BRCA-carrier families. BRCA2 families are known to have a

higher incidence of young onset prostate cancer and pancreatic cancer than the general

population. This is reflected by the inclusion of scoring data for these cancers in the

criteria for BRCA2. Originally, the authors of the Manchester scoring system stated that a

score of 10 represented a 10% likelihood of finding a BRCA1/2 mutation in a given

family. This has now been updated, however (28), and a combined Manchester score of

15 is now taken to be the 10% threshold for initiating BRCA testing. This update resulted

from the more extensive genetic analysis for the original dataset and those subsequently

used to validate the original data.

The Manchester scoring system is extremely useful in the clinical setting, and it has

been validated on many families with and without known mutations in the BRCA genes. It

does have some limitations in its current form, however. It would not allow for genetic

testing of an isolated case of male or female breast cancer, whatever the age, despite

consensus that this may be worthwhile in females with Grade 3 estrogen-receptor
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negative breast cancer aged less than 35 years. The scoring system does not actually

produce a carrier probability: it simply computes a threshold above which testing should

be initiated. It is therefore difficult to compare it with other models in this respect. The

scoring system is likely to have limitations in extremely small families, which are

unlikely to reach the threshold for testing unless the family history is extremely

powerfully suggestive of the presence of a BRCA1/2 mutation. The algorithm also does

not include data from the Ashkenazi Jewish community and, clearly, this may need to be

addressed in areas where large Ashkenazi populations are present, as it has not been

validated for this population. Ideally, other factors could be added to the Manchester

scoring system to make it more precise. The authors have already alluded to differences

encountered in mutation data given different ovarian pathology but similar pedigree data.

The use of breast cancer pathology data may also be useful, together with data concerning

risk-reducing surgery as this becomes more prevalent in these families.

Validation of the Manchester scoring system has been done in a study by Evans

et al. (21). This involved 258 low-risk families from the United Kingdom, whose

BRCA1/2 mutation status was known. The scoring system performed best in a test of

discrimination and sensitivity, when compared with the Myriad model, Frank and

BRCAPRO, but its specificity is not as good. This reflects the fact that the best use of this

model is as a screening test to decide who should be put forward for BRCA1/2 genetic

analysis.

FRANK/MYRIAD

There have been several risk prediction models produced by Myriad Genetics, Inc. The

latest of these is known as the Frank model or the Myriad model. The original work used

216 U.S. breast cancer patients who were diagnosed at below 50 years of age, with at

least one first- or second-degree relative with breast cancer diagnosed at less than 50

years of age or ovarian cancer at any age. It involved logistic regression analysis, which

identified the following factors as likely to be predictive of BRCA1/2 mutation status:

breast cancer below 50 years and ovarian cancer and bilateral breast cancer (29).

The current Frankmodel was updated in Spring 2005, using data from a retrospective

analysis of 10,000 individuals whose BRCA1/2 genes had been analyzed at Myriad

Genetics, Inc., and may be found on the Myriad website (www.myriadtests.com/provider/

mutprev.htm) (30). It takes the form of two tables, one involving Ashkenazi Jewish

individuals, the other for non-Jewish individuals. Data are presented as a percentage

likelihood of having a mutation in BRCA1/2. The model does not separate the two genes in

terms of likelihood of having amutation. This may, of course, be influenced by commercial

considerations, given that Myriad are themselves involved in the provision of genetic

testing for BRCA1 and BRCA2mutations. Furthermore, the family history given on the test

request forms for Myriad genetics is not very detailed, particularly for second and more

distantly related relatives.

The Frank model is extremely useful since it is the only one to provide percentage

probability estimates for the Ashkenazi Jewish population separately. As more Jewish

families become aware of the high prevalence of BRCA1/2 mutations within their

community, it is likely that more of the risk prediction models will produce data for this

community, as more mutation data are likely to become available in the next few years.

The sample families used to derive the Frank model originally were all high-risk

families. Because of this, the percentage probabilities generated by the model tend to

be higher than those found in the other models. This problem is also encountered
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in BRCAPRO. The table format is user friendly, and the data are clearly presented. This

is important if a model is to be used in the clinical setting. Many visitors to the

Myriad website are, however, family members curious about their risk of breast and

ovarian cancer. Presentation of the data in this way facilitates its use by these non-

specialists, but this may not be optimal, for reasons outlined below.

Like the original Myriad model, (the Shattuck–Eidens model), this model calculates

the BRCA1/2 mutation probability data based on one individual, rather than for the family

as a whole. This has advantages and disadvantages: clearly, mutation probability may

vary between individuals within a family, and it is prudent to test the individual with the

highest probability where possible. This phenomenon may, however, prove difficult to

explain to families where multiple members are being seen together for genetic

counseling. The model is not applicable to an unaffected individual with a family history

of breast and ovarian cancer. Another difficulty with this model is that the categories used

are somewhat broad. Age 50 is taken as the cutoff, indicating that a woman with breast

cancer at the age of 49 confers the same BRCA1/2 mutation probability risk on her

family members as a woman of 32 with the same diagnosis which is clearly not the case.

A woman with breast cancer diagnosed at the age of 51, strictly speaking, would not

confer any additional risk to her family members at all. The age of onset of ovarian

cancer is also not considered in this model, and no other cancers (e.g., prostate,

melanoma, and pancreas) are used in the calculation.

For example, a woman presenting with breast cancer at 45 years, with a family

history of a male breast cancer in her father at 60 years and one case of melanoma and

one of pancreatic cancer in his two brothers would only have the first two malignancies

considered by this model. The male breast cancer would not have the increased

significance usually afforded to this diagnosis in these families, simply because he is not

the proband. The other two cancers would not be considered in the analysis despite the

fact that, in the context of this family history, they would make this diagnosis of a BRCA2
mutation significantly more likely.

Again, as with the other models reviewed, no pathological data are taken into

consideration by this model.

A recent comparison of Frank/Myriad with the Manchester scoring system, using

267 families (31), gave the Myriad model a relatively high sensitivity but a low

specificity. Preliminary data suggest that this model may be better at predicting BRCA1
mutations than BRCA2 mutations. This may be because of the criteria used, the relative

absence of other cancers such as prostate, melanoma, pancreas in BRCA2 families, and

the earlier presentation of BRCA1 tumors.

TYRER–CUZICK (INTERNATIONAL BREAST CANCER
INTERVENTION STUDY)

This is the most recently developed of the breast cancer risk assessment models (32). It

was developed using published data regarding BRCA1 and BRCA2 mutation carrier

frequencies from a study of mother-daughter pairs (33) and penetrance estimates from the

Breast Cancer Linkage Consortium (34) rather than one specific dataset. There are two

parts to the model’s calculations: a “genetic” part and a “personal risk factors” part. Like

the BRCAPRO model, International Breast Cancer Intervention Study (IBIS) uses

Bayesian calculations as a basis for the genetic part of the model. The Bayesian variables

used are BRCA1 mutation, BRCA2 mutation, and “other genetic risk factor,” an as yet

unknown low-penetrance gene that is assumed to follow an autosomal-dominant

Risk Prediction in Breast Cancer 27



inheritance pattern. Like BOADICEA, IBIS can incorporate exact family relationships

and is not restricted to a certain number of first- and second-degree relatives in order to

make its assessment. It is also capable of dealing with bilateral breast cancer but only in

first-degree relatives of the proband. The cancers considered, however, are only breast

and ovarian, like many of the other models previously discussed in this chapter.

Uniquely, at present, however, IBIS incorporates personal risk factors into its

calculation. A number of risk factors have long been known to influence an individual’s

risk of breast and ovarian cancer in the general population. These are primarily related to

hormonal and reproductive factors. Research is currently under way via the EMBRACE

study to ascertain whether these known risk factors also influence the likelihood of breast

and/or ovarian cancer developing in BRCA1/2 mutation carriers.

The personal risk factors incorporated into the IBIS model are the ages at menarche,

first childbirth and menopause, parity, height, and body mass index, and two diagnoses

associated with increased risk, namely atypical hyperplasia and lobular carcinoma in situ.

Both these diagnoses are known to be associated with at least a fourfold increase in risk in

the general population (35,36). Some risk factors have not yet been included. These are the

administration of exogenous hormones such as the oral contraceptive pill and hormone

replacement therapy and the presence of ductal carcinoma in situ.

In using the model, the genetic risks are calculated first, and then the personal risk

factors are used to modify the genetic risk to create a personal calculation for the

individual. Calculations of the likelihood of carrying a BRCA1/2 mutation and of

developing breast or ovarian cancer are possible.

IBIS is such a new risk assessment model that it has not yet been comprehensively

validated. In one study of prediction of cancer risks, involving 3170 women in the United

Kingdom, IBIS outperformed other models such as BRCAPRO and Claus (24). Like

many of the other models available, IBIS is computer based. It remains to be seen

whether it is user friendly in the clinical setting.

EXAMPLES OF THESE MODELS IN USE

For the examples below, we have decided to use some of the models discussed on three

sample pedigrees. The pedigrees are not real pedigrees but are based on real histories

given by families seen in our cancer genetics clinics, and the mutation status of each

family is known. They have been selected to illustrate the various strengths and

weaknesses of the models. We have, in addition to the models themselves, incorporated

an assessment by an “experienced clinician.” This reflects the opinion of a recognized

cancer geneticist with many years’ experience in the clinical setting.

The family history evident from Figure 2 Pedigree 1, on assessment by an

experienced clinician, would yield a high expectation that a BRCA mutation is present in

the family. Because of the young ages of onset and multiple affected individuals with

breast cancer in this family, this would be more likely to be BRCA1 on first inspection.

Analysis of BRCA1/2 by full sequencing and multiplex ligation-dependent probe

amplification (MLPA) showed a BRCA1 mutation to be present in the family, and, on

predictive testing, this was shown to be present in the unaffected proband.

Figure 3 Pedigree 2 is more complicated because of the presence of cancers other

than breast and ovarian in the family history. These other cancers are not considered by

many of the risk assessment models, and the result is that the estimates of BRCA1/2
carrier probability are extremely variable in this family. An experienced clinician,

however, would rate this family as being highly likely to carry a BRCA2 mutation and
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rather less likely to carry a BRCA1 mutation. Genetic analysis by the methods detailed

above did show a BRCA2 mutation to be present in this family. It was found to be present

in the unaffected proband on predictive testing.

Figure 4 Pedigree 3 is a low-risk family on initial assessment. It was included in

order that the discriminatory strengths of the models could be demonstrated. No

mutations were found in this family.

The following table summarizes the results for Pedigree 1:

Even in this obviously high-risk breast/ovarian cancer family, the models produce

widely differing results. There are a total of six cancers in this family in first- and second-

degree relatives to the proband. The fact that the proband is unaffected by cancer herself

means that her individual risk on the Myriad tables is much lower than one would expect

looking at this pedigree. If the Myriad tables are consulted regarding the proband’s sister,

however, a risk of 39.2% of carrying a BRCA1/2 mutation is seen. Interestingly, however,

not all affected relatives are involved in the calculation by the Myriad tables, and the

extremely young ages of onset, which would lead the experienced clinician to their “high-

risk” assessment, (when taken together with the pattern of inheritance in the family and

the number of relatives affected), are not considered by the Myriad tables to be relevant.

Both BOADICEA and BRCAPRO give this pedigree a much lower risk of BRCA2 than

BRCA1. The extremely low risk given by BRCAPRO illustrates its tendency to

overestimate BRCA1 risk and underestimate BRCA2 risk. The IBIS data here also agree

that the likelihood is of a BRCA1 mutation over a BRCA2 mutation; however,

lifestyle factors were not used in this analysis. The Manchester scoring system gives a

high-risk score to each gene, slightly higher for BRCA1 than for BRCA2. Using data to

convert the Manchester score into a percentage chance of a BRCA1 or a BRCA2
mutation being present, however, the probabilities are 21% for BRCA1 and 14% for

BRCA2.
The following table summarizes the results for Pedigree 2:

Model used BRCA1 risk BRCA2 risk

Manchester scoring system 26 (score) 23 (score)

Myriad 12.2% 12.2%

Breast and Ovarian Analysis of Disease

Incidence and Carrier Estimation Algorithm

38.1% 8.4%

IBIS 27.1% 17.1%

BRCAPRO 47.4% 1%

Experienced clinician High risk (test first) High risk

Model used BRCA1 risk BRCA2 risk

Manchester 12 (score) 11 (score)

Myriad 12.2% 12.2%

Breast and Ovarian Analysis of Disease

Incidence and Carrier Estimation Algorithm

10.6% 15%

IBIS 6.5% 4.6%

BRCAPRO 14.9% 1.1%

Experienced clinician High risk High risk (test first)
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This case highlights the shortcomings of all the models when a family history falls

outside the strict remit of the model. The family history depicted in the pedigree is

strongly suggestive of a mutation in BRCA2 to the experienced clinician, given the

additional prostate cancer and melanoma on a background of early-onset breast cancer

and ovarian cancer. Both these types of cancer have been found to be associated with

BRCA2 mutations rather than BRCA1 mutations in recent studies [EMBRACE,

unpublished, Thompson et al. (37)]. Out of the models above, only the Manchester

scoring system and BOADICEA consider the additional cancers, and neither of them

incorporates melanoma into their calculations yet. It is unexpected that the Myriad risk

assessment for this family is identical to that for the family in Pedigree 1. This reflects the

limitations of that model in terms of the number of relatives it assesses and the cancers it

will consider. This pedigree also serves to demonstrate further the shortcomings of

BRCAPRO in terms of its overestimation of BRCA1 at the expense of BRCA2. The IBIS
model also performs poorly in this assessment, probably due to not incorporating the

other cancers into its calculations.

The following table summarizes the results for Pedigree 3:

The results for Pedigree 3 demonstrate that the models are all capable of discriminating

between families that are clearly low risk and families that may require testing. All the

models rated Pedigree 3 as low risk, and this family would not have warranted genetic

testing under current UK National Institute for Clinical Excellence (NICE) guidelines

(38).

Model used BRCA1 risk BRCA2 risk

Manchester 5 (score) 5 (score)

Myriad 4.5% 4.5%

Breast and Ovarian Analysis of Disease

Incidence and Carrier Estimation Algorithm

1% 1.6%

IBIS 1.8% 1.3%

BRCAPRO 1.5% 0.7%

Experienced clinician Moderate risk (no test) Moderate risk (no test)

1973

1950 - ?
Prostate Ca 52y 1952

1969 
Breast Ca 32y

D. in war 28y

1946
Melanoma 38y

1948 - ?
Ovarian Ca 50y

Figure 3 Pedigree 2.
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SUMMARY

We have reviewed the major risk assessment models available for determination of the

likelihood of BRCA1/2 gene mutations being present in families with a history of breast

and ovarian cancer. With current available data, it is not clear which model is the most

effective; however, a large study is currently under way in the United Kingdom to assess

the efficacy of the models. It is hoped that the resulting data will resolve this question and

result in consistency in risk assessment and equity of access to genetic testing. Until this

time, the experienced clinician’s assessment is adequate to determine test thresholds and

performs superiorly when complex pedigrees with other cancers other than breast and

ovarian cancer are present. Recently more common lower penetrance alleles have been

identified (39,40) and as more evidence is accrued regarding their precise risks these will

need to be incorporated into risk assessment and the models will have to be adjusted to

accommodate this.
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INTRODUCTION

In the mid-1990s, the cloning of two major breast cancer genes, BRCA1 and BRCA2,
became a harbinger for a new era in genetic medicine. Despite the complexities,

uncertainties, and potential risks associated with predictive genetic testing, over 100,000

individuals have undergone testing for breast cancer susceptibility (1). By far, most of the

information available to clinicians about the attitudes of those undergoing testing and the

impact of testing has been gathered in the context of comprehensive research programs.

But as genetic testing diffuses into mainstream clinical practice, it is important that we

continue to examine and address the ethical, legal, and social issues that are part and

parcel of this new technology. In this chapter, we begin by providing a general framework

for examining ethical issues in clinical cancer genetics. Then, we present a detailed

analysis of some common themes that arise in this field, such as provider roles and

service delivery issues, informed consent, genetic discrimination, family communication

and duty to warn, predictive testing in children, and preimplantation and prenatal testing.

Each section will conclude with some pointers for anticipating and addressing these

issues in clinical practice.

ETHICS FRAMEWORK FOR CLINICIANS

In their seminal textbook, Beauchamp and Childress propose a useful, overarching

framework known as principlism that can be applied to the examination of many ethical

issues in the biomedical field (2). The four main principles they espouse are respect for

persons, beneficence, nonmaleficence, and justice (Table 1).

Respect for persons, or autonomy, entails respect for a person’s right to make

decisions based on his or her own values, beliefs, and preferences (2). To make fully

autonomous decisions, a person must have access to sufficient information (e.g., about the

potential implications, limitations, benefits, and risks of genetic testing) and be able to act
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without undue influence. In the genetics setting, where the counseling and testing processes

are invariably linked to the larger family context, the latter point is one to which clinicians

need to be especially sensitive. For instance, at-risk (unaffected) women are frequently the

first in their family to inquire about genetic testing for hereditary breast/ovarian cancer. If

the family history suggests that genetic testing is appropriate, they are often advised to

approach a relative who has had breast or ovarian cancer to ask if she would be willing to

undergo testing first, to maximize the chance of yielding informative results. Affected

relatives may feel obligated to be tested for the sake of the family, but providers must

ensure that they do so willingly and with full appreciation of the potential implications for

their own health and well-being. Another possible scenario raising concerns about

autonomy is a parental request to test a minor child for an adult onset condition, such as

hereditary breast/ovarian cancer attributable to a BRCA1 mutation.

These scenarios also invoke concerns about the related principles of beneficence

and nonmaleficence. Beneficence refers to the clinician’s obligation to provide benefit to

patients, which involves contributing to and protecting their welfare, as well as seeking

solutions that balance benefits and harms (2). The related construct, nonmaleficence,
refers to the avoidance of harm, or at the very least, the minimization of harm. Although

genetic counseling and testing are not generally associated with physical harm, attention

must be paid to the potential for adverse psychological effects, discrimination,

stigmatization, and breaches of confidentiality. Exposure to unnecessary or unproven

treatment may also be a consideration.

Finally, the principle of justice involves the equitable and fair distribution of

available resources and the associated benefits and risks of healthcare services (2). This

principle is highly relevant when considering issues such as access of underserved or

uninsured individuals to genetic counseling and testing or the accessibility of newer

technologies (such as preimplantation diagnosis) to the general public. Another example

of the justice principle is related to participation in cancer genetics research. For instance,

Table 1 Ethical Principles and Applications to Cancer Genetic Counseling (2–5)

Principle Definition Cancer genetics examples

Autonomy Respect for persons Ensuring fully informed consent for

genetic testing

Protecting patient privacy regarding

genetic risk or genetic test results

Beneficence/

nonmaleficence

Provision of benefits to ensure

patient welfare and

minimization of harm

Eliciting and interpreting adequate clinical

and family history to identify

individuals at high risk of cancer

Providing comprehensive genetic

counseling and/or follow-up as needed

or providing appropriate referrals

Justice Equal access to services and

healthcare

Advocating on behalf of patients to obtain

financial assistance when needed for

genetic counseling, testing, and/or

cancer risk management services

Exploration of alternatives to traditional

genetic counseling service delivery to

meet the needs of underserved

populations
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limited success in recruitment of minority participants has restricted the extent to which

some clinically relevant findings may be extrapolated to these populations, including data

about cancer risks associated with BRCA1/2 mutations, risk modifiers, and the

psychosocial impact of testing (6,7).

Although these four principles provide a framework for identifying relevant

concerns, they do not provide a specific approach for addressing ethical dilemmas that

arise when the principles appear to generate competing ethical obligations. For example,

if a patient does not want to disclose genetic risk information relevant for specific

relatives, a clinician may be faced with a conflict between upholding patient autonomy

and providing benefit or minimizing harm to family members. Various moral or ethical

theories may be helpful in balancing competing ethical claims (2). For example, a

utilitarian approach considers which resolution to an ethical conflict benefits the most

people whereas a Kantian (deontological) approach considers that some actions must be

performed out of obligation, determined in part by the universal implications of such

actions (2). For example, what would be the implications of overriding patient autonomy

to inform a patient’s relatives of positive genetic test results? Would such an action cause

family disruption or undermine the trust of future patients—or would it promote the

ultimate well-being of all family members?

Often the specific medical details of a particular case, and other contextual factors,

play an important role in resolving dilemmas of this kind. The case-based analysis

suggested by Jonsen et al. (8) offers a method for applying moral reasoning to clinical

dilemmas. In this approach, the case is defined by questions in four domains: medical

indications, patient preferences, quality-of-life considerations, and any relevant social,

legal, or other contextual factors. Weighting of the different factors in the case is aided by

consideration of paradigmatic cases—that is, cases bearing a similarity to the case in

question, but in which the resolution is clear. Thus, it could be argued that patient

autonomy should not be overruled to inform family members about a genetic risk if the

risk is small and no action can be taken to avert risk. Conversely, an obligation to inform

family members could be argued to be present if the risk is imminent and preventable (9).

Often a consideration of bioethical principles helps to clarify the central ethical question

and relevant paradigmatic cases. Other theories and approaches to moral reasoning may

also provide insight, such as the communitarian perspective, which focuses on

community values and the rights of others, which may override the rights of an

individual, and the ethics of care, which is a relationship-oriented theory that considers

emotional parameters in care giving, such as responsibility, trust, and sensitivity, and also

takes into account power relationships in determining the appropriate resolution of a case

(2). Like virtue ethics, this theory considers how one performs his or her actions in

resolving dilemmas and whether there is genuine motivation to promote positive

outcomes (2). Efforts to expand the reach of genetic counseling, especially to underserved

populations, may be driven by these ideals.

When confronted with ethical dilemmas in clinical practice, the broad approaches

mentioned above may provide a general framework for analysis and the four principles

may be used as a “checklist” of considerations. Indeed, many authors have utilized the

four principles in their examination of ethical issues in cancer genetics (3–5). Ultimately,

the goal is to identify an appropriate resolution to the case at hand that fits within a

consistent and coherent approach to similar dilemmas. Difficult cases often also have

legal implications, which may represent an important contextual element. Thus, when

complex conflicts arise, both ethical and legal analyses may be needed, and consultation

with an ethics consultant or committee may provide an effective means for further

deliberation and resolution.
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GENETIC COUNSELING: PROVIDER ROLES, SERVICE DELIVERY,
AND INFORMED CONSENT

One of the primary obligations of healthcare providers is the identification of individuals

for whom genetic counseling, and possibly testing, is indicated. Since the cloning of

BRCA1 and BRCA2, position statements and other resources have been developed to

assist clinicians with the identification and management of high-risk individuals (10–13).

In addition, educational materials are widely available to assist clinicians with the

recognition and management of hereditary breast cancer syndromes (14,15).

Given the complex nature of interpreting family histories and test results and the

evolving literature about cancer risks and management options as well as the potentially

life-changing implications of testing, comprehensive pre- and post-test genetic

counseling is recommended when testing for a highly penetrant cancer syndrome is

considered (16,17). Counseling can help to ensure that patients make autonomous

decisions that are based on adequate information and which are consistent with their

values and preferences (3,4,10,13). Anxiety and inflated risk perceptions sometimes drive

patient interest in testing (18,19). Even if the objective risk of cancer or carrying a gene

mutation is low, patients may still benefit from genetic counseling to gain a better

understanding of their risk and available options. In general, research has demonstrated

that genetic counseling results in improved knowledge and does not have significant

adverse psychological effects (20). However, one of the benefits of the genetic counseling

process is that risk factors for distress can be identified, and individuals can be referred

for additional supportive counseling, if needed (21). These considerations underscore the

justice concerns that arise when availability of genetic services is limited, or services are

poorly reimbursed.

Informed consent is the process of engaging patients in a two-way discussion about

the potential benefits, limitations, and risks of a proposed intervention, such as testing for

cancer risk (16,17,22). When a genetic test is highly predictive, as is the case with most

clinically available cancer genetic tests, written consent prior to genetic testing is also

advisable, in both clinical and research settings. The consent and decision-making

process may be enhanced with other supplementary resources such as detailed booklets or

pamphlets, videotapes, and interactive videos/computer programs, which have been

assessed in preliminary research trials (23–25).

A pervasive issue and one which will become more pressing as additional genetic

tests become available is how to meet increasing demand for services in a way that

ensures that patients obtain the greatest benefits from counseling and testing. Given the

limited number of genetics service providers such as genetic counselors and genetic nurse

specialists, particularly outside the United States, it is sometimes unclear which

professional should provide these services and what the prevailing standard of care is

(26,27). These questions have legal implications (28,29). Numerous studies have

highlighted knowledge deficits of primary care and specialist physicians in the area of

cancer genetics as well as the limited time available to devote to patient education and

counseling (27,30). In addition, because of the increasing awareness about testing and

subsequent consumer interest in testing, alternatives to traditional modes of service

delivery are being utilized. These include the use of telephone counseling, both before

and after testing, and direct-to-consumer availability of testing through the Internet

(31,32). Whereas the former still affords the opportunity for thorough genetic counseling,

the latter may allow motivated consumers to bypass it altogether. Proponents of these

alternative modes of service delivery argue that in the interest of justice and patient

autonomy, such options are beneficial because they extend the reach and accessibility of
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genetic counseling and testing. However, data are lacking at present regarding how these

services will affect psychological outcomes, medical decision-making, and patient

satisfaction.

Providers within various specialties such as primary care, gynecology, surgery, and

oncology clearly play different roles in the identification and management of high-risk

patients. For example, primary care physicians and gynecologists often have an integral

role in identifying patients at risk and facilitating adherence with a high-risk management

plan. Breast surgeons and oncologists are likely to see women who have a new diagnosis

of breast cancer or who are followed routinely after a diagnosis of cancer. The decision to

have genetic testing may be more imminent for some of these patients who may use the

information for definitive surgical decisions (33). Research has shown that physician

recommendation for genetic testing and management can be a significant predictor in

patient decision-making and adherence rates (33,34). Thus, a balance has to be struck

between giving patients firm recommendations about certain aspects of risk management

(e.g., recommendations for breast cancer screening or for prophylactic oophorectomy in

BRCA1/2 carriers after childbearing is completed) and remaining value-neutral about

choices that are more subjective and dependent on patient preferences (e.g., decisions

about genetic testing and prophylactic mastectomy) (4).

Although a uniform “standard of care” delineating obligations to high-risk patients has

not been established, practice guidelines establish the importance of identifying high-risk

individuals, the efficacy of specific management options, and the benefits of genetic testing

(10,12,13). Knowledge about the field is evolving at a rapid pace, and for optimal care,

patients need to have access to state-of-the-art information. Thus, providers are encouraged to

maintain a level of expertise and competence to fulfill their professional and fiduciary

responsibilities to their patients, and also to recognize their limitations. It is thus helpful to

establish partnerships among the cancer genetics community, primary care providers and

other medical specialties, to assure that the needs of high-risk patients are met.

Another related issue concerns the duty to recontact patients with new information

(35). Although not all research developments immediately translate into clinical practice,

many are significant enough that providers need to consider the appropriateness of

notifying specific patients. For example, clinicians practicing over the last 15 years have

had to consider recontacting patients about the identification of new cancer susceptibility

genes, reclassification of indeterminate BRCA1/2 results, the availability of more

sensitive methods of genetic testing, revised data about cancer risks and risk modifiers,

and information about the efficacy existing or new methods of screening and risk-

reducing measures. There is no uniform standard of care or any directly relevant legal

precedents to guide clinicians. As predicted by a case-based analysis, ethical perspectives

on this issue often vary with the clinical significance of the information. Clinicians need

to balance obligations for beneficence with the possibility that some patients may not

want to be informed of new developments.

In sum, practical advice for providers is summarized below:

1. Obtain a family history sufficient to identify individuals who may potentially benefit

from genetic counseling and testing for cancer risk (especially those at risk for

hereditary cancer syndromes). It is important to update the family history

periodically and reassess, as needed.

2. Stay informed about current guidelines and educational resources through

professional organizations and continuing educational opportunities.

3. Maintain a network of colleagues in various specialties to whom patients may be

referred for appropriate counseling, testing, and/or for follow-up.
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4. Discuss expectations with patients about ongoing management and future

notification of research developments. Consider providing recommendations to

patients about specific time frames when they could contact the clinic for possible

updates and remind them to ensure that the provider’s office has current contact

information for them. It may also be appropriate to encourage patients to take a

proactive role in reviewing available resources and contacting the provider as needed

(35). In this regard, it is helpful to provide patients with a list of reliable resources

(e.g., support groups and websites) that they can check periodically.

GENETIC DISCRIMINATION

Is there such a thing as “genetic exceptionalism”? In other words, although genetic

information shares many features with other types of predictive medical information, do

the unique privacy issues raised by such information render it different and subject to

special protection? As we will explore in the next section, individuals may have high

expectations about the privacy of their genetic information within their own families, let

alone its use by other entities such as insurers and employers. The latter is of particular

concern in countries like the United States that lack universal access to healthcare.

Although cases of genetic discrimination in insurance and employment settings in the

United States and abroad have been reported, relative to the number of people tested,

the instances are few and often anecdotal (36–39). Nevertheless, fear of such

discrimination may result in decreased utilization of genetic services, including genetic

counseling (40,41).

In the United States, although there is no comprehensive federal law that provides

protections against genetic discrimination with respect to health insurance and

employment, some safeguards are in place. For example, the Health Insurance

Portability and Accountability Act (HIPAA) of 1996 extends protection to those with

group health insurance such that a positive genetic test result, for example, cannot be

considered as a preexisting condition and insurance cannot be denied or individual

premiums increased for those who qualify (42). However, several loopholes exist within

this legislation in that it does not (i) preclude increasing everyone’s premiums in a small

group environment; (ii) protect those with individual insurance; (iii) address issues

related to disability or life insurance. In 2001, the HIPAA Privacy Rule went into effect,

requiring covered entities to limit disclosure of information about genetic test results and

family history information (43). Protection against employment discrimination is less

clear, although the Americans with Disabilities Act is applicable to individuals who are

“regarded as” disabled (44). Pending legislation that provides more extensive protection

in group and private insurance markets and the workplace has been pending in Congress

for several years (45). In addition, various state laws provide a patchwork of protections

(45). For research participants, genetic information and other data collected as part of a

research protocol may be protected from third parties or compelled disclosure (e.g.,

subpoena) by a Certificate of Confidentiality, issued by the National Institutes of Health

(46). However, individuals who use their insurance company to pay for testing, the results

of which are collected as part of the research, may still be required to comply with

requests to share that information (e.g., with their insurer). In April 2007, the United

States House of Representatives passed the Genetic Information Nondiscrimination Act

of 2007 (H.R. 493) (45). This Act will protect individuals against health insurance and
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employment discrimination based on their genetic information. The Act provides more

broad based protections than those afforded by HIPAA. For example, protections apply to

people in the group and individual health insurance market, and there would be

prohibitions against requesting or requiring genetic testing by health insurers or

employers. As of June 27, 2007, a vote in the Senate is pending.

Internationally, there are various regulatory frameworks that exist to protect

people against genetic discrimination, ranging from legislation that provides some

safeguards to complete moratoria on the use of genetic information by third parties

(47). A common concern among insurers is the potential for adverse selection, which

would occur if at-risk individuals “load up” on insurance prior to undergoing genetic

testing or seeking medical management, or after discovering their risk status. Limited

data on this phenomenon are conflicting, so it is unclear how significant this issue will

be in the future (48,49).

Another aspect of genetic discrimination which receives less attention in the

literature is the phenomenon of group or individual social stigmatization related to

genetic risk. For example, after the identification of BRCA1/2 founder mutations in the

Ashkenazi Jewish population, concerns were raised about members of this ethnic group

being singled out by insurers (50). On the other hand, many individuals in Jewish

communities have rallied to participate in research which has provided critical data about

mutation prevalence and cancer risk (51). On an individual level, however, it is not

uncommon for people to ask the unanswerable question, “why me?” or as a manifestation

of survivor guilt, “why not me?” It can be helpful to elicit these perceptions throughout

the course of genetic counseling to help patients explore their motivation for and

responses to risk information.

In sum, part of upholding patients’ autonomy entails protecting their privacy,

although there may be practical limitations in doing so. Suggestions for addressing this

issue with patients are as follows:

1. Be familiar with current regulations in your country or region, and provide resources

for patients to learn more about these protections.

2. Elicit patient concerns about genetic discrimination in insurance and employment

and dispel misconceptions if necessary.

3. Written informed consent for genetic testing is advisable for tests that have the

potential to reveal genotypes conferring high risk; this document should summarize

how medical and family history information and genetic test results will be kept

private as well as who is lawfully allowed access to the information. The potential

risks of genetic discrimination should be summarized. These risks will vary

depending on local circumstances and may include loss or denial of insurance

(health, disability, life) or other insurance issues such as increased premiums or

lack of coverage for certain services and potential employment issues (e.g.,

compromised hiring decisions with small employers). When writing consent

documents, it may be helpful to review sample language from existing clinical

consent forms about the risks of testing (52) as well as general descriptions of

content (10,53). Of note, “boilerplate” language required by some institutions

regarding the risks of genetic research or testing may need to be adapted to more

accurately reflect the small risk of discrimination and the current availability of

some legal protections (54).

4. When patients are referred to research studies, they should be encouraged to ask

about the protections in place to protect the privacy and confidentiality of the genetic

data collected.
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FAMILY COMMUNICATION ISSUES AND THE DUTY TO WARN

The desire to obtain risk information for relatives often motivates individuals to obtain

genetic testing (55). Indeed, one of the distinguishing features of genetic tests compared

with other medical tests is that the results may have implications for biological relatives.

However, rates of disclosure to at-risk relatives are surprisingly variable. Recent surveys

of genetic counselors and medical geneticists, most of whom practiced in prenatal and

pediatric settings, revealed that patients frequently refuse to notify at-risk relatives of

genetic information (56,57). In the area of breast cancer genetics, studies have shown that

the rate of disclosure to adult, at-risk relatives by BRCA1/2 mutation positive probands is

generally high for first-degree relatives, especially sisters, but is overall quite variable

(58–60). The reasons why individuals choose not to notify relatives may include

estrangement or emotionally distant relationships, concerns about insurance or employ-

ment discrimination, and worries about the impact on family dynamics, but these

explanations may never become transparent to clinicians (57,58,60,61). However, for a

variety of reasons, including the desire to uphold patient autonomy, concerns about

liability, lack of awareness of published guidelines, or ambiguity about how to apply the

guidelines, less than 1% of the professionals surveyed went on to notify at-risk relatives

without patient consent (56,57).

As genetic testing for common, preventable conditions becomes more pervasive,

with cancer susceptibility tests leading the way, there has been substantial discussion and

debate in the literature about whether clinicians have a duty to warn family members

about a shared genetic risk, and if they do, how this should be accomplished (62).

Although a standard of care has not been established, public health mandates, case law,

and policy statements from major medical organizations provide a framework for

examining the relevant considerations for clinicians.

In the public health sector, breaches of confidentiality may be permissible to curtail

the spread of preventable communicable diseases (63). With respect to case law, the well-

known Tarasoff ruling established a provider’s obligation to breach confidentiality in

order to warn a third party of imminent and preventable harm (64). In this 1976 case, a

psychotherapist failed to warn a woman about his patient’s intention to kill her, which he

eventually did. Almost 20 years later, the duty to warn was tested in the courts as it

applies to the threat of genetically transmissible diseases within families. Two cases in

U.S. state appellate courts are relevant. In Pate v Threlkel, the Florida court ruled in 1995

that the physician’s duty to warn relatives about a genetic condition (i.e., medullary

thyroid cancer) is fulfilled by notifying the patient who is affected by the condition of the

responsibility to inform relatives of their risk (65). In Safer v Estate of Pack, the New

Jersey appeals court reversed the trial court’s decision for dismissal of the plaintiff’s

complaint against her father’s doctor for not warning her about the hereditary nature of

her father’s colon condition (familial adenomatous polyposis) (66). The court also upheld

a physician’s duty to warn and that it is not necessarily fulfilled by warning the affected

patient; moreover, “reasonable steps” had to be undertaken to ensure that at-risk relatives

were duly warned of genetic risk (66). The logistical difficulties and impracticalities

inherent in requiring physicians to “seek out” and notify family members about their

genetic risk was acknowledged, as well as what standards apply to maintaining

confidentiality after a patient is deceased (66). The court remanded the case for further

proceedings and it was ultimately settled out of court (4,66).

In the absence of clear legal precedents and standards, various professional and

policy organizations around the world have developed statements which provide some

guidance to clinicians (67). The positions espoused by these groups are highly variable
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and based primarily on expert opinion; nonetheless, each provides a useful framework for

considering the indications, process, and implications of a clinician’s duty to warn about

genetic risk. In general, many statements acknowledge the importance of maintaining

patient confidentiality as well as the obligation of providers to inform patients about risk

to relatives. However, the primary considerations that may justify overriding patient

confidentiality to warn relatives are (i) the seriousness and immediacy of the risk to

relatives, (ii) the ability to identify relatives at risk and the practicality of contacting these

individuals, and (iii) the potential benefit of disclosing versus the harm of not disclosing

(9,67,68). For example, the American Society of Human Genetics statement outlines

circumstances that permit such disclosure, such as if the disease in question is highly

likely to occur and can be prevented or adequately treated (9). While notification about

risk for a progressive neurological condition such as Huntington disease would not meet

these criteria, it could be argued that potential female carriers of a major breast cancer

susceptibility gene such as BRCA1 or BRCA2 could avail themselves of efficacious

means of early detection or risk reduction, such as breast magnetic resonance imaging

(MRI) exams, prophylactic mastectomy, or prophylactic oophorectomy (69). On the other

hand, some may argue that the penetrance and age of onset for BRCA1/2 mutations are so

variable (70) that these stipulations are not met. Perhaps in light of this subjectivity,

organizations such as the American Society of Clinical Oncology and the American

Medical Association (AMA) encourage clinicians to discuss risk to relatives and

notification of such risk with their patients (consistent with the Pate ruling), and the

AMA also suggests that physicians facilitate the communication process whenever

possible (10,68). One important legal consideration is that in the United States, the

HIPAA Privacy Rule prohibits disclosure of “individually identifiable health informa-

tion,” which includes genetic information (43). However, consistent with public health

mandates, confidentiality can be overridden when there exists “serious and imminent

threat to the health or safety of a person . . .” (63). As noted in the qualitative language of

many position statements, it is unclear whether the risk posed by probabilistic genetic

information meets this criterion.

From an ethics perspective, the dilemma about whether to supersede patient

confidentiality in order to warn at-risk relatives comes down to whether the clinician’s

prima facie obligation rests with upholding patient autonomy (including the right to

privacy and the right of at-risk relatives to not know) versus beneficence (whether the

information about genetic risk is beneficial to relatives and would allow the avoidance of

harm). In many families, it is in fact the at-risk relative(s) who will approach a family

member with breast or ovarian cancer to be tested first, to maximize the likelihood that

testing will be informative. Even so, probands may understandably feel overwhelmed

with the responsibility of being the “gatekeeper” of what is often emotionally charged,

highly technical information. Studies suggest that carriers of BRCA1/2 mutations may

experience distress when voluntarily communicating with relatives about their result (71).

A provocative case report documents the complex emotional response by a patient who

deliberately deceived family members about her positive BRCA1 test and the ensuing

ethical and legal conundrums faced by the study team, who ultimately decided to uphold

her confidentiality (72). Thus, the potential for psychological harm needs to be factored

in to discussions about family notification, and involuntary disclosure by the provider

may exacerbate these responses. It is also important to remember that individuals vary in

terms of the timeframe in which they want to share information and may also not have

regular contact with relatives, particularly distant ones. The legal cases addressed only

the duty to warn one’s children, but in reality, the number of relatives who are at risk

could be significant. It is not realistic to expect that each of these relatives is going to be
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notified by the tested individual, even if he or she feels a moral obligation to do so.

Although one could argue that healthcare providers of family members also have an

obligation to elicit their family history, assess risk, and offer genetic testing, if such

information is not shared within a family, risk assessment is likely to be inaccurate.

Clinicians may never be privy to the reasons for selective communication or

noncommunication preferences. Maintaining patients’ trust is a fiduciary responsibility of

providers, and one way to do so is to take the time to elicit these reasons, as some barriers

may be overcome with time (60). Multiple strategies have been posited in the literature to

facilitate family communication. For example, one approach would be to encourage a

“family covenant” prior to the initiation of genetic testing in any one person (73). Such an

agreement would involve contracting with family members about how and to whom

information will be disseminated. Although some have proposed that primary care and

family physicians undertake this process with their patients (73), it is unlikely that this will

ever become a reality in the current healthcare climate owing to the lack of physician

knowledge and experience with genetics and counseling (74). However, in the genetic

counseling context, it is not unprecedented to meet with multiple family members

simultaneously for pre- and post-test educational sessions (75). Another approach that is

being evaluated is a six-step communication skills–building exercise for probands

undergoing BRCA1/2 testing (76). Ongoing research is exploring novel methods of genetic

counseling and its adjuncts.

The issues outlined above underscore the complexity of family communication and

the lack of clarity about the provider’s responsibility and role in facilitating relative

notification. Therefore, to assist clinicians with this important task, some practical

guidance is summarized below:

1. Prior to undergoing genetic testing, discuss with patients what implications their

genetic test results may have to their relatives (e.g., identification of other relatives at

risk, specific cancer risks, management strategies) and what their plan is for

disclosing the information. If it is possible that multiple relatives will be seen by the

same clinician (e.g., the at-risk daughters or sisters of a breast cancer patient who has

tested positive but did not disclose her test result), discuss expectations ahead of time

in terms of how communication about family history and genetic testing will be

handled and under what circumstances, if any, confidentiality may be breached.

2. If it is mutually agreed upon that the clinician will notify relatives of the patient

about their genetic risk, express written consent should be obtained.

3. As part of a comprehensive risk assessment, a detailed pedigree should be obtained,

which includes information about unaffected at-risk relatives including the patient’s

children, and the extended family. If positive genetic test results are obtained, it is

especially important to provide written information to the patient about which family

members should be notified about their risk. This documentation may also detail

what those risks are and the relevant medical implications. Resources for local

genetics service providers should also be made available.

4. Consider including language in consent forms that explains the importance of

patients’ notifying their at-risk relatives about the implications of the family history

and/or genetic test results, especially positive results.

5. Provide resources for the patient to assist with family communication. This may

include referrals to other providers (e.g., genetic counselors, psychologists) or

support groups. In addition, patients may find it useful to have extra copies of

educational materials to distribute to relatives or may want sample language to

include in a letter or email to notify relatives.

44 Peshkin and Burke



6. If a situation arises in which the clinician believes it may be necessary to override a

patient’s wishes regarding notification of relatives, consultation with a hospital or

organizational ethics committee or consultant and/or legal counsel may be appropriate.

PREDICTIVE TESTING IN CHILDREN

As genetic testing for cancer susceptibility becomes more pervasive, another issue that

arises with increased frequency concerns the testing of minor children. Guidelines from

various professional organizations outline a number of important points to consider

before extending testing to minors, mainly that the medical benefits of testing must

accrue in childhood (10,77,78). Indeed, there are several well-described cancer

syndromes for which testing in childhood is clearly indicated because effective screening

or prevention exists (e.g., sigmoidoscopy and colectomy for familial adenomatous

polyposis; prophylactic thyroidectomy for multiple endocrine neoplasia 2) (3,79).

However, of the breast cancer syndromes discussed in this book, the issue of testing

children most frequently arises in families with Li-Fraumeni syndrome and those with

documented BRCA1/2 mutations. The tumor spectrum in Li-Fraumeni syndrome includes

cancers that affect young children such as sarcomas, adrenocortical tumors, brain tumors,

and leukemias (79). Although cancer screening guidelines are available for children at

risk for Li-Fraumeni syndrome, no approach for early detection or risk reduction has been

proven effective (79). Nevertheless, a case for testing children could be made so that

screening measures could be considered, or if negative, parents could be spared worry as

well as costly and frequent check-ups and lab tests.

With respect to BRCA1/2 testing, there are no medical implications to males or

females age 18 or under; for this reason, offering testing to individuals in this age

range has been discouraged (80). However, mutation positive mothers often share their

positive genetic test results with their adolescent children (81) and it is not uncommon

during genetic counseling sessions for them to ask about the possibility of testing

their minor children. Indeed, limited research suggests that parents support the idea of

testing minor children and that many practitioners may grant that wish (82–84). Aside

from medical indications, other considerations must be factored in to the decision as to

whether to grant such a request from a parent, or in particular a “mature minor.” For

example, it is important to weigh the potential psychological benefits or harms to the

child or family unit, the child’s competence to make decisions about his or her healthcare

and implications for future autonomy, family agreement or disagreement about testing

the child, and whether the child provides assent to testing (77,78,85–87). Clearly the

child’s age is relevant because the decision-making capacity and maturity of younger

adolescents is likely to be significantly different from that of older adolescents; however,

age alone is not the sole factor on which the child’s maturity and ability to make an

informed decision should be determined (85,86). When all of these factors are

considered, it may be appropriate and beneficial to provide genetic counseling and

possibly BRCA1/2 testing to minor children on a case by case basis. Nevertheless, it is

likely that testing minors for BRCA1/2 mutations will remain a rare event.

In summary, subsequent to a request to test minor children, practical issues to

consider are as follows:

1. Often the question of testing adolescents arises after a parent has received a

positive genetic test result. Therefore, the plans for disclosure of such results to

adolescent children (and other relatives) can be integrated into the genetic

counseling session(s).
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2. It is important to recognize that parents have the authority to act in the best interests

of their child; however, when evaluating a competent, minor adolescent, it is critical

to elicit his or her preferences and motivations with respect to genetic testing. Several

counseling sessions, with a multidisciplinary team of professionals can help the

family explore together the family context of the genetic diagnosis, which may help

defuse any potential conflict between the parental and child’s autonomy and help all

parties involved to look at the broader implications of their decisions (88). It is also

worthwhile to consider the involvement of a psychologist on the team, who may use

formal assessment tools to gauge the child’s competence in decision-making, self-

esteem, coping styles, and relationship with his or her parents.

3. The above evaluations should not replace the usual, comprehensive components of

pre- and post-test genetic counseling for the parent(s) and if appropriate, for the

minor child. Information should be imparted to everyone involved about carrier

probability, medical implications, and potential risks and benefits of testing. If the

decision is made to test the child, his or her assent should be obtained before

proceeding (if age appropriate) and it is important to agree ahead of time on a plan

for disclosure, and follow-up.

4. In instances where there is no medical benefit to the child, there is discord between the

parent(s) and child, the balance of benefits and harms is not clear, and/or the healthcare

professional does not believe it is in the best interest of the child to provide testing, there

is not an obligation to provide testing at that time. In these circumstances, it may be

worthwhile to seek the input of an ethics committee or consultant.

PREIMPLANTATION AND PRENATAL TESTING FOR HEREDITARY
BREAST CANCER

Another emerging issue concerns the use of preimplantation genetic diagnosis (PGD)

(89) and prenatal diagnosis for hereditary cancer syndromes. A recent review of this issue

cited 55 reports of testing for these purposes (90). Both technologies have been utilized in

families with Li-Fraumeni syndrome, and PGD has been used by parents at risk for

having a child with a BRCA1/2 mutation (90). The ethical issues raised by these

procedures share some similarities but also have some unique features. The option of

prenatal diagnosis raises the question of appropriate use of this technology. In most

developed countries, the offer of prenatal diagnosis and selective termination is generally

considered acceptable when the condition is a childhood onset disorder with significant

morbidity and premature mortality. In contrast, the application of prenatal diagnosis to a

disorder such as hereditary breast/ovarian cancer syndrome is controversial. In the case of

PGD, the strongest argument in favor of its utilization is one of parental autonomy, as

with other reproductive choices within parents’ purview. However, this technology is

expensive and is cost prohibitive for many individuals, thus raising the issue of justice

and fair access (90). One approach taken in countries outside the United States is to create

oversight committees that review requests for PGD and determine acceptable use of PGD

and prenatal diagnosis. Recently, the Human Fertilisation and Embryology Authority

(HFEA) in the U.K. approved PGD for BRCA1 and BRCA2 mutations (91). In the United

States, however, these services are unregulated, with use determined primarily by

professional standards and the preferences of parents who have the ability to pay for such

services. In countries without regulation, ethical resolutions are left largely to individual

discretion.
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Offit et al. raise the thorny issue of whether healthcare providers have a legal

obligation to explain options for assisted reproduction to individuals with gene mutations

associated with cancer syndromes, as part of their “duty to warn” (90). For example, it

has been recommended that BRCA2 testing be offered to Ashkenazi Jewish reproductive-

age partners of an individual with a BRCA2 mutation because of the observation that two

deleterious mutations in this gene may be associated with Fanconi anemia, early onset

brain tumors, and other malignancies (92). It is unclear whether there would be legal

implications around the issue of wrongful birth if patients were not informed of available

means to identify and potentially avoid the birth of a child with a cancer predisposition

syndrome (90).

Although prenatal and preimplantation testing for hereditary cancer syndromes are

not highly in demand at present, and it is not standard practice to offer these options,

clinicians should be prepared to discuss options available to individuals and couples when

the question arises and to help them clarify their values and preferences with respect to

reproductive decision-making.

CONCLUSION

Genetic counseling and testing for hereditary breast cancer risk afford many potential

benefits to individuals and their families. As clinical cancer genetics has evolved,

identifying and managing those at increased risk of cancer continue to be complex and

challenging. In addition, as the impact and importance of risk information become

realized, we are faced with ethical, legal, and social dilemmas that do not lend themselves

to uniform or straightforward solutions. Patient values, preferences, coping abilities, and

communication styles contribute to the multifaceted dimensions that must be considered

in the context of decision-making and ethical problem solving. Cancer genetic counseling

is a work in progress, and what we learn will help establish paradigms for other forms of

predictive genetic testing that will share center stage in the future. In the long term,

however, the goals remain consistent, which are to maximize the access, potential

benefits, and utility of genetic testing for all individuals while minimizing the prospect of

harm and adverse outcomes.
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INTRODUCTION

More than a decade after the discovery of the BRCA1 and BRCA2 genes, there remains

scholarly debate regarding the precise magnitude and spectrum of cancer risks to

individuals carrying mutations of these genes (1–9). The ranges of risk estimates derived

have emerged from different types of studies performed over the past decade, and thus the

ranges of risks reported may reflect the biases of the ascertainment methodologies

employed. Alternatively, or additionally, environmental or other modifying genetic

factors may impact on kindreds, segregating BRCA mutations. Modifying genetic factors

may include those intrinsic to the mutation itself, i.e., genotype–phenotype correlations,

as well as extrinsic modifiers due to coinheritance of mutations in other genes. A

significant variance in penetrance estimates conveyed to women at the time of genetic

counseling may pose vexing challenges as they consider the intricacies of treatment

options, including preventive surgeries. This chapter will provide an overview of the

various methods that have been utilized to estimate risk associated with BRCA mutations,

will highlight the genotype/phenotype associations that have been observed, and will

review the risk for tumors other than breast and ovarian cancer in carriers of BRCA1/2
mutations. The conclusion that will emerge is that clinicians can draw on a large literature

providing relatively stable estimations of risks tailored to individuals in families affected

by multiple cases of breast or related cancers, or individuals in the general population

lacking evidence of a family history of syndromic cancers.

DEFINITION OF RISKS

Before analyzing studies that have derived BRCA-associated cancer risks it is important

to review the nomenclature utilized herein. This nomenclature includes the concepts of

relative risks (RRs) and odds ratios (ORs) drawn from epidemiological studies, and the

concept of penetrance rooted in genetics.

RR is derived from cohort studies, which compare subjects exposed versus

unexposed to a risk factor (environmental or genetic). RR is calculated by dividing the
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number of subjects exposed to the risk factor who develop a disease by the number of

unexposed subjects who develop the disease per unit time (10,11). Penetrance is the

proportion of those with a specific genotype who develop the expected phenotype (10). It is

generally expressed as age-specific penetrance, the percentage of individuals affected by

the disease by a specific age, or within an age group. Retrospective studies measure the

association between exposures and disease looking backward in time. Retrospective

analyses may be cohort studies or case–control studies. These differ based on how the

subjects are chosen. Cohort studies generally select two groups of individuals on the basis

of exposure versus nonexposure to a risk factor. The outcome that is measured is the

disease incidence in each group; incidence of disease in the exposed group divided by that

in the unexposed group, expressed as an RR. Most cohort studies are prospective, starting at

a point in time with individuals free of a disease and following them forward. However, a

cohort can also be identified retrospectively and followed up to the present. There can be

bias in studies that appear to be retrospective cohort studies, but which in fact are not. This

is particularly true when cohorts are assembled according to, for example, their ability to

come for a genetic test because of the ascertainment bias from prior interventions (e.g.,

surgeries) that may impact their cancer risk (12). In some studies, the RR of an event, for

example the occurrence of breast cancer over time, is derived as a hazard ratio, calculated
from a proportional hazards regression model. Case–control studies are retrospective

studies and use outcome as the starting point: two groups are selected on the basis of

differing outcomes, one with and another without disease. Exposures to risk factors are then

determined. The relative proportion of those with the disease who are exposed to a risk

factor (in this case a BRCA mutation) is compared to the proportion without the disease

exposed to the risk factor, resulting in an OR. The OR is an approximation of the RR (10).

Genetic linkage studies have been effective at discovering highly penetrant genes

that cause breast and ovarian cancer (13–16). As will be discussed, penetrance rates

derived from these highly selected kindreds would be assumed, by definition, to be

overestimates, since the criterion for ascertainment was biased toward multiplex

(multiply affected) kindreds (17–24).

MUTATION LOCUS: GENOTYPE/PHENOTYPE CORRELATIONS

The BRCA1 gene consists of 24 exons encoding 1863 amino acids (25). To date, more

than 1000 deleterious mutations have been found in BRCA1. The earliest suggestion that

variable breast and ovarian cancer risks are associated with mutation position appeared in

the initial analysis of clinical testing for BRCA1 mutations by one laboratory in the

United States (26). Subsequently, Gayther et al. (27) found a significant relationship

between the 5' and 3' locations of the BRCA1 mutation loci and the RR for breast versus

ovarian cancer, but this was not confirmed by Struewing et al. (28), and subsequent

studies have weakened the case for phenotype/genotype correlations in BRCA1 (29,30).

BRCA2 is also a large gene (27 exons, 3418 amino acids). Over 500 mutations in

BRCA2 have been described. The existence of phenotype/genotype correlations with

respect to BRCA2 mutations has been more strongly supported than those initially

reported for BRCA1. A study by Gayther et al. (31) described a pattern of phenotype/

genotype correlations. Families with a high incidence of ovarian cancer tended to have

mutations clustered in a 3.3 kb region of exon 11 bounded by nucleotides 3035 and 6629,

which was termed the ovarian cancer cluster region (OCCR). The authors speculated that

this clustering of ovarian cancer could result from mutations with higher ovarian cancer

penetrance, lower breast cancer penetrance, or a combination of both. Additional support
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for the phenotype/genotype correlations being associated with the OCCR has come from

studies of Ashkenazi Jews involving the 6174delT founder mutation, which lies inside the

BRCA2 OCCR. This mutation is found in ovarian cancer patients about four times as

often as in those with breast cancer (29,32). Further, the Icelandic BRCA2 founder

mutation 999delT, which is outside the OCCR, is found with a similar frequency in both

breast and ovarian cancer cases (33).

As shown in Figure 1, the OCCR was further elucidated by Thompson and Easton

(34), who refined the boundaries of the region. The kindreds for this study were gathered

by the Breast Cancer Linkage Consortium (BCLC) (36) from 20 centers in Western

Europe, the United States, and Canada and consisted of 164 kindreds with 92 distinct

mutations. Using a larger dataset and more sophisticated statistical analyses than the

earlier studies, this group optimally defined the OCCR as bounded by nucleotides 3059 to

4075 and 6503 to 6629. Individuals in this study with mutations in the OCCR had a

decreased RR of breast cancer (0.63) and an increased RR of ovarian cancer (1.88).

PENETRANCE AS A REFLECTION OF THE BIOLOGY OF BRCA,
AND HETEROGENEITY OF MUTATION TYPES

In the United States, breast and ovarian cancers together have a significant incidence in

the general population: birth to death incidence for breast cancer is 12.67%, and for

ovarian cancer, it is 1.44% (37). The frequency of all BRCA1/2 mutations has been

estimated as 0.0008 (∼1/1250) in the general U.S. population and 0.0129 for Ashkenazi

Jews (∼1/77) (38). BRCA1/2 mutation carriers are likely to be subject to the same risk

factors that influence the general population, though the manner in which these factors

operate in BRCA1/2 mutation carriers may differ (38–43). Penetrance estimates for

BRCA1/2 mutation–positive individuals represent the sum of genetic and nongenetic

influences. Thus, for BRCA1/2 mutation–positive individuals, penetrance represents the

incidence of the disease due to the specific mutation plus the incidence of the disease in

the general population.

A metapopulation, for example the United States, is a mix of subpopulations. In

addition to the founder mutations observed in Ashkenazi Jews, significant frequency

differences have been described between subpopulations represented within the U.S.

Figure 1 The ovarian cancer cluster region in BRCA2. The region bounded by nucleotides 3059

to 4075 and 6503 to 6629 were associated with a decreased RR of breast cancer (0.63) and an

increased RR of ovarian cancer (1.88) (Thompson and Easton, 2001). Abbreviations: AJ, Ashkenazi
Jewish founder mutation position; RR, relative risk. Source: From Refs. 31–34.
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metapopulation (44–47). One study noted substantial differences in hazard ratios between

BRCA1 and BRCA2 mutations—11 versus 23, respectively—and between protein-

truncating mutations versus missense and splice-site mutations—13, 30, and 30,

respectively (48). Large genomic rearrangements, including deletions, also exist, further

contributing to the heterogeneity, and the frequency of these deletions also varies among

genetic subpopulations. In one study, a 12% rate of such rearrangements was noted in 269

U.S. kindreds, but this was 0% among a subset of 31 Ashkenazi kindreds (49). However,

this study probably overestimated the frequency of large rearrangements because of

oversampling of multiplex kindreds. Similarly, Petrij-Bosch et al. (50) studied 170

multiplex Dutch kindreds who had been tested negative for BRCA1 by methods that did

not search for large-scale deletions and demonstrated a 36% rate of large-scale

rearrangements. If, as appears to be the case, BRCA1/2 mutation types and frequencies

have different distributions in different subpopulations, and different types of mutations

convey different risks, then penetrance calculations in a mixed metapopulation will vary

according to the mix of subpopulations represented.

PENETRANCE ESTIMATES FROM LINKAGE STUDIES

In the process of assembling large kindreds for mapping, and ultimately the positional

cloning of BRCA1 and BRCA2, it was possible to make early estimates of penetrance for

these genes. The subjects had been selected for linkage studies from kindreds with

multiple, multigenerational cases of breast and/or ovarian cancer. These studies yielded

penetrance estimates of 83% to 87% and 44% to 63%, respectively, for breast and ovarian

cancer by the age of 70 years (18,23,51). A maximum-likelihood statistical approach to

deriving penetrance estimates for BRCA2 based on two large breast/ovarian cancer

families linked to BRCA2 yielded estimates of risk of breast cancer by the age of 70 years

of 79.5% in females and 6.3% in males (52).

PENETRANCE ESTIMATES FROM SERIES BASED ON DIRECT
BRCA GENOTYPING

Following the identification of BRCA1 and BRCA2, it became possible to directly genotype

individuals and to derive penetrance by examining the family structure of these probands.

These series, in which the index case or proband was selected on the basis of having breast

cancer and then being genotyped, have been referred to as “case proband” studies or

“genotyped affected proband” series (1,53). In case proband series, there may be

significant bias, depending on how the cases were ascertained. In true “population-based”

case proband studies, the index cases are selected without regard to family history or other

factors (54). Cases ideally are collected from population-based registries, ideally by a

random selection. However, in practice, because active participation in the study is

required, only a fraction of eligible participants may take part; thus, even such “population-

based” series may reflect ascertainment bias. Another means to gather case probands is the

hospital-based series using, preferably, incident and not prevalent cases so as to avoid

survival bias. Finally, there are “volunteer” case proband series, one of which, performed in

New York, generated considerable discussion because of the potential biases in selection.

In contrast to case proband series are the control proband series, in which the index case is

not selected because of the phenotype under study (breast cancer), but is unaffected. Such

an approach avoids the pitfalls of “size-biased sampling,” in which case probands may
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share many nongenetic risk factors associated with breast cancer, whereas the control

probands may not (1). Because of the relative rarity of BRCA mutations, there have been

comparatively few control proband series.

The major case proband series that derived penetrance rates and confidence

intervals are shown in Figure 2 which displays a range of risk estimates corresponding to

various studies. These studies have been divided into three general groups: the first group

consisting of “multiple case” ascertainments including linkage-based families and clinic-

based ascertainments; the second group consisting of hospital-based and volunteer

ascertainments, all of “affected proband” type with the exception of the Washington, DC,

area “control proband” volunteer study; and the third group of true population-based

studies in which breast or ovarian cancer cases were ascertained from registries, and were

not subject to bias due to ascertainment according to family history, or other biases

associated with hospital-based or volunteer cases. As seen in Figure 2, the ranges of risk

are generally highest for the first group, intermediate for the second, and lowest for the

third. One exception is an Italian clinic-based series in which the authors noted that their

clinic population had remarkably weak family histories of cancer and indicated that their

ascertainment should be “considered intermediate . . . between a multiple-case . . . and

population-based . . . study” (56).

Figure 2 Point estimates and confidence intervals of estimated breast cancer penetrance by the

age of 70 years in various categories of studies, including multiple case, linkage and linkage

ascertainments, population-based ascertainments, and “affected proband” hospital-based and

volunteer ascertainments (see text).
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A key potential bias in all “genotyped affected proband” studies is that the formula

used to calculate penetrance in the kin-cohort method assumes a steady mutation

frequency. It is anticipated that because BRCA1/2 mutations significantly affect

mortality, these mutation frequencies decrease with increasing age cohorts. In the

Washington, DC, area study (28,53,64), for example, the carrier frequency in females 20

to 29 years of age was 2.7%, whereas the frequency in females over 60 was 0.7%. In male

subjects, the corresponding figures were 2.3% and 1.5%, respectively. It is also assumed

in the methods to calculate penetrance that mutations are in a “steady state”; i.e., that

mutations do not appear de novo. Thus, in the kin-cohort model devised to calculate

penetrance, it is assumed that 50% of the parents (the kin-cohort) will have inherited the

same mutation. However, it is biologically possible that neither parent inherited the

mutation seen in the proband. De novo mutations in BRCA have been reported (65,66).

While it is assumed that the frequency of BRCA de novo mutations is not as high as the

30% to 50% reported for some genes (e.g., NF1, APC), the exact frequency has not been

determined systematically. Indeed, in the course of cosegregation studies of BRCA
missense variants of unknown significance, we have observed cases of de novo missense

variants (Offit, unpublished observation). A relatively low rate of de novo BRCA
mutations would have an impact on kin-cohort derived penetrance estimates. In addition,

underreporting of relatives affected with breast cancer can also serve to underestimate

penetrance estimates derived using this approach (2).

Control Proband Series

Control proband series are limited by the relative rarity of BRCA mutations, as well as the

complexity and cost of genotyping thousands of control individuals to identify a handful

of BRCA mutation–carrying kindreds. A crucial factor in the feasibility of this type of

study design was the discovery of “founder” mutations among a genetic isolate amenable

to research participation. The discovery of three “Ashkenazi” mutations, two in BRCA1
and one in BRCA2, is detailed elsewhere in this volume. The frequency of these mutations

was directly measured in a number of studies involving Ashkenazi Jewish participants.

We and others found that about 2.5% of Ashkenazi Jews carried one of these founder

mutations (28, 67–71). For the Washington, DC, area control proband study (28,53,67),

the subjects were recruited via posters in Jewish community centers, and through radio

and newspaper ads in both Jewish and general media outlets in the Washington, DC, area.

This cross-sectional study included 5318 self-identified Ashkenazi individuals >20 years

old, in the Washington, DC, area, all of whom were subsequently genotyped for the two

BRCA1 founder mutations and 5087 of whom were genotyped for the Ashkenazi BRCA2
founder mutation. After genetic testing, the researchers compared family histories of

mutation carriers and noncarriers. Using the kin-cohort design, cancer risks were

compared in first-degree relatives of probands with BRCA mutations (“carrier kins”) and

without BRCA mutations (“noncarrier kins”), assuming that 50% of the time, these first-

degree relatives would carry the same mutation. It should be noted that the mutation-

carrying probands in such a cross-sectional model may or may not have had the cancer

phenotype; the authors allowed the use of affected individuals as probands for reasons of

convenience in obtaining family history information. Penetrance calculations were based

on weighted-average probabilities. Using this approach, the estimated penetrance at the

age of 70 years for either breast or ovarian cancer was calculated to be 63%, considerably

lower than the estimates derived from linkage studies.

Despite this study design, the Washington area study and the kin-cohort method

present a number of potentially confounding issues. Most importantly, the family history
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of cancer may be a significant factor in the decision to volunteer for such a study (72). In

the Washington area study, the combined incidence of breast and ovarian cancer among

noncarriers at 70 years of age was found to be 13% to 14%, somewhat higher than the 9%

rate in the general population. When compared with the Surveillance, Epidemiology, and

End Results (SEER) (37) registry, noncarriers in this study group had a 68% increased

incidence of breast cancer and a 48% increase in ovarian cancer. One explanation for the

selection bias in volunteers was the observation that “participants were highly educated,

with over 57% reporting a postgraduate degree” (28), compared to about 9% with

postgraduate degrees in the general population (73). Level of education has been

positively correlated with later prima-gravida and having less children, both factors

associated with higher breast cancer risks (74). According to the National Jewish

Population Survey 2000–2001 (75), almost half the number of Jewish women aged 35 to

39 are nulliparous, compared to a fifth of all U.S. women. In the Washington study, these

selection biases may have contributed to overestimating the penetrance of BRCA
compared to a true metapopulation-based approach.

Case Proband Studies

In case proband studies, breast (or ovarian) cancer cases are identified from population-

based registries, incident hospital series, or clinical ascertainments; family histories are

then documented. Using a variety of statistical models, including the kin-cohort model,

the age-specific rates of breast cancer are calculated. In most studies, cancer rates in

mutation carriers were compared with those in noncarriers, although in some studies, a

variety of sources for controls were used, including published data on expected cancer

rates from SEER or other population registries.

The major case proband series that derived penetrance rates and confidence

intervals are shown in Figure 2. The Anglian Breast Cancer Study Group (59) included

1435 breast cancer index cases diagnosed at <55 years of age who were then genotyped,

resulting in the identification of 24 BRCA1/2 mutation carriers. The rate of expected

cancer, using population statistics from England and Wales, was compared to the

observed rate in both carrier relatives and noncarrier relatives. Thorlacius et al. (63)

studied 541 female and 34 male breast cancer cases unselected for family history. These

subjects were genotyped for the Icelandic founder mutation in BRCA2, and 69 such cases

were identified. Data from the Icelandic Cancer Registry were then used to compare the

history of cancer in first-degree relatives of carriers and noncarriers. Warner et al. (32)

ascertained 457 Ashkenazi female breast cancer cases unselected for either age or family

history, of whom 412 were tested for the three Ashkenazi founder mutations; 48 carriers

were identified. Control groups consisted of 360 non-Ashkenazi female breast cancer

cases and 380 Ashkenazi Jewish females with no history of cancer. Based on reported

family histories, the RR for breast cancer (and prostate cancer) in first-degree relatives of

carriers and noncarriers was estimated using the kin-cohort model.

Three studies have used ovarian cancer cases as case probands. One study analyzed

mothers and sisters of 922 women with incident ovarian cancer (cases) and 922 women

with no history of ovarian cancer (controls) (57). The estimated risk of breast cancer by

the age of 80 years was 73.5% in mutation carriers and 6.8% in noncarriers, with an

ovarian cancer risk of 27.8% in carriers and 1.8% in noncarriers. Antoniou et al. (76) used

one dataset consisting of 112 kindreds having two or more cases of epithelial ovarian

cancer who were then tested for BRCA1/2 mutations, and a second set including 374

ovarian cancer cases, unselected for family history, who were then typed for BRCA1
mutations. Twelve mutation carriers were identified and the family history of cancer was
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analyzed in the extended pedigrees of these kindreds. A third study selected subjects from

649 incident cases of ovarian cancer in Ontario (77). These women were tested for the 11

most common mutations in BRCA1/2, resulting in the identification of 60 case probands.

Risks of various cancers were compared in first-degree relatives of carriers and

noncarriers using a proportional hazards regression model. As noted by these authors, one

advantage of using ovarian cancer case probands is that they do not reflect shared

underlying risk factors for breast cancer (3).

Using a completely different approach, the group at Memorial Hospital identified

Ashkenazi subjects from a series of primary breast cancer incident cases at three hospitals

without reference to familial aggregation of cancer (30). The important distinction in this

method is that no family data—neither history nor genotyping of relatives—were utilized.

The control group was the same as the Washington study: 3434 Ashkenazi women

without a previous history of breast cancer. All subjects were genotyped for the three

Ashkenazi founder mutations. This study relied only on the comparison of mutation

frequencies in the cases versus controls and the age-specific rates of breast cancer in

the general population. In this study, the penetrance was derived from three factors: the

population incidence rate from SEER data, the gene mutation prevalence, and the age-

specific RR of breast cancer in carriers. This methodology extended that of an earlier

study by Fodor et al. (70) by using age-specific incidence to improve accuracy. In the

Fodor et al. (70) study, BRCA mutation frequencies were determined in 1715 cancer-free

individuals at the time of prenatal screening and in 268 breast cancer patients, yielding 18

mutation carriers. ORs were estimated from a standard Mantel–Haentzel test. It is worth

noting that the penetrance for BRCA1 mutation carriers of breast cancer by the age of 70

years for these two studies mark the lower bounds shown in Figure 2: 46% for BRCA1
and 26% for BRCA2 in the Satagopan series. This method assumes that the general

population incidence (SEER data) and the control group incidence of breast cancer (3434

Ashkenazi Jewish) are equivalent. As previously discussed with respect to the

Washington, DC, kin-cohort study, and as will be examined in more detail shortly, this

assumption is questionable. The controls (noncarriers) had a breast/ovarian cancer

incidence of 13% to 14% at the age of 70 years compared to 9% per the SEER data. The

authors pointed out, however, that overall breast cancer incidence in Israel is no higher

than in the United States, suggesting no overall increase in rates of breast cancer in those

of Ashkenazi or other Jewish backgrounds. However, in view of the differences found in

control rates of breast cancer, the authors performed a sensitivity analysis, assuming that

breast cancer in Ashkenazi women was 10% or 20% higher than U.S. rates. The effect on

penetrance derived was minimal (30).

In 2003, Antoniou et al. (61) performed a meta-analysis of 22 previous studies

estimating BRCA1/2 penetrance using over 8000 index cases unselected for family

history comprised of females (86%) or males (2%) with breast cancer and females with

epithelial ovarian cancer (12%). Calculations of penetrance were estimated using a

modified segregation analysis based on disease occurrence in relatives of mutation-

positive individuals. Variations in penetrance were examined using the following

variables: type of mutation (genotype/phenotype correlation will be discussed later in this

chapter), type of cancer, age at diagnosis, birth cohorts, and location of each study. The

goal of this methodology was to better reflect the risks for mutation carriers in both low-

risk and high-risk families. The average risk of breast cancer for BRCA1 carriers was

estimated to be 65% by the age of 70 years, and the corresponding estimate for BRCA2
carriers was 45%. For those ascertained through early onset index cases (<35 years old),

the breast cancer risk to BRCA1 carriers was appreciably higher, 87%. For BRCA1
carriers identified through breast cancer cases, the breast cancer risk was higher than
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when identification was through ovarian cancer cases. Ovarian cancer risk did not differ

by type of ascertainment case for BRCA1. The authors found no age of onset effect for

BRCA2 carriers when cases had breast cancer. And for BRCA2 mutation carriers, breast

cancer risk was higher if identified through breast cancer index cases, and ovarian cancer

risk was higher if identified through ovarian cancer index cases.

The kindreds in most of the studies included in this meta-analysis were selected on

the basis of an affected index case. Other genetic and/or environmental risk factors are

likely to be over-represented in these cases, thus leading to overestimates of penetrance.

However, the authors argue that in real-life clinical practice, a minimum of one affected

relative would be required to initiate genetic testing; so the penetrance estimates derived

in this study are appropriate for clinical purposes. The statistical model used is dependent

on RR measurements, and all study locations included in the meta-analysis were

presumed to have general population breast cancer incidences equivalent to England and

Wales. Population incidence measurements are highly dependent on breast cancer

screening programs as was illustrated by the ∼25% increase in breast cancer incidence in

the United Kingdom during the half decade after the implementation of a nationwide

program (78). This study did not control for this factor.

Just as a general consensus to the issue of BRCA penetrance was suggested by the

meta-analysis of Antoniou et al. (61), in 2003, the “New York Breast Cancer Study”

(NYBCS) appeared (9). This study attempted to ascertain 1008 Ashkenazi Jewish

incident cases with invasive breast cancer without regard to family history or age of

onset. Penetrance estimates in this study were slightly higher for both BRCA1 and, in

particular, for BRCA2 than other population-based analyses; the cumulative risk of

breast cancer at 70 years of age was 69% for BRCA1 and 74% for BRCA2. These
results were generally confirmatory of previous studies providing clinical testing as an

incentive for study participation. The researchers confirmed a birth-cohort effect

(described later in this chapter), as well as two significant lifestyle modifiers, both

associated with a later age of onset: physical activity during teenage years; and lighter

weight at menarche. The ensuing scholarly response and authors’ reply serves as a

useful summary of the limitations and challenges in the study design reviewed in this

chapter (7–9). Wacholder et al. (8) noted several potential ascertainment biases in the

NYBCS which would have led to an overestimate of penetrance estimates. In general,

these concerns included a reliance on “case probands” (enriching in all breast and

ovarian cancer risk factors in these individuals), the possible bias toward including

probands from multiplex families, including deceased relatives only with cancer

diagnoses, and a number of other potential signs of bias resulting from absence of a

number of technical details of methodology in the original report. Although several of

the technical questions raised by Wacholder et al. (8) were to some extent addressed by

the NYBCS authors, the fundamental limitations of this type of study remain (1). For

example, the observation that over half of probands included in the NYBCS reported a

family history of a first- or a second-degree relative affected with breast cancer,

compared to less than a third of probands with a similar family history in a true

“population based” study by Hopper et al. (54), supports the view that, however well

intentioned the efforts, the “volunteer” and “referral” mechanism of ascertainment in

the NYBCS and similar studies results in a skewed study population. Easton et al. (7)

questioned the ratio of observed mutation carriers to expected carriers in the NYBCS.

Although a good part of this discrepancy in the frequency of carriers was due to the

failure to use SEER age-specific breast cancer rates, even with this adjustment, there

appeared to be risk factor differentials between the Ashkenazi Jewish population and

the metapopulation from which SEER tables are derived.
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Subsequent to the New York Ashkenazi penetrance study, there have been

additional studies on the penetrance of BRCA mutations in large series using sophisticated

methods of statistical analysis. In a retrospective study by the Cancer Genetics Network

(38), 676 Ashkenazi families and 1272 families of other ethnicities, including 282

population-based cases, were analyzed utilizing a novel retrospective likelihood approach

to correct for bias induced by oversampling of participants with a positive family history.

The estimated cumulative breast cancer risk at the age of 70 years was consistent with

previous population-based studies: 46% in BRCA1 carriers and 43% in BRCA2 carriers,

with ovarian cancer risks of 39% and 22%, respectively (38).

Prospective Studies

As mentioned at the outset, the most robust estimates of cancer risks associated with

BRCA mutations will come from prospective cohort studies. Many of these studies are

now coming to a point in time and a threshold in size as to provide stable estimates of true

RR of cancer.

A study in Holland followed 139 women with pathogenic BRCA1 or BRCA2
mutations (79). At the point of enrollment, none of the women had cancer histories.

During the course of the study, 76 women underwent prophylactic mastectomies, and

none of these women developed subsequent breast cancer. The remaining 63 women

remained under regular surveillance. The median age of the women in the surveillance

group was 39.5 years. Using a model assuming a constant hazard ratio for the

surveillance group, the authors concluded that the annual incidence of breast cancer for

BRCA1 mutation–positive individuals is 2.5%. Using a similar approach, another group

prospectively compared the effect of surveillance versus prophylactic salpingo-

oophorectomy on subsequent breast and ovarian cancer incidence (80). This group

prospectively documented an incidence among the surveillance-only group that exceeded

even that of the early linkage studies; the incidence of breast cancer and BRCA-related
gynecologic cancer was observed to be 53 cases per 1000 woman-years, higher than the

21 to 42 cases per 1000 woman-years that would be predicted on the basis of linkage

studies (23,36). However, when eight patients in whom cancer was diagnosed during the

first year of follow-up (prevalent cases) were excluded from the analysis, the incidence of

cancer in our cohort was 25 per 1000 woman-years, within the range derived from

linkage studies, and the same as estimated in the Dutch prospective series.

BREAST CANCER RISK IN MALES

Familial clustering of female breast cancer was demonstrated as early as 1926 (81), and

epidemiological studies have shown that although both men and women with breast

cancer are more likely to have family histories in first-degree relatives than unaffected

individuals, men with breast cancer were even more likely to have a first-degree relative

with ovarian cancer than affected women (82,83). It is noteworthy that initial linkage

studies of BRCA1 did not reveal an association with male breast cancer (14,84).

Linkage studies for BRCA2, on the other hand, did contain male breast cancer cases (16).

Germline analyses of 50 men affected with breast cancer unselected for family history

revealed that 14% of these men carried a BRCA2 mutation (85). Easton et al. (52), in a

study of two large kindreds linked to BRCA2, estimated the cumulative risk of breast

cancer in male carriers to be 6.3% by the age of 70 years. In an analysis of 164 BRCA2
kindreds, a similar estimate for cumulative risk emerged: 6.9% for male breast cancer by
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the age of 80 years, 80 to 100 times the general population risk (34). Thorlacius et al. (63)

studied 34 male and 541 female breast cancer cases in Iceland, unselected for family

history. Thirteen of these 34 men (38%) had the Icelandic BRCA2 founder mutation

compared to a 10.4% carrier rate among the 541 women. This suggests a high index of

suspicion for BRCA2 mutations in kindreds with male breast cancer, a fact that has been

incorporated into predictive models of BRCA1/2 prevalence (86). A German study of

breast and ovarian cancer patients found that 23% harbored mutations in BRCA2 if there

was at least one case of male breast cancer in the family (87). Although the risk of breast

cancer in male BRCA1 carriers is less than for BRCA2, it is not inconsiderable. The

frequency of the BRCA1 mutations among Ashkenazi male breast cancer patients in Israel

was three to four times the expected rate (88). Brose et al. (55) estimated a 58-fold

increase in risk of breast cancer among 483 males carrying BRCA1 mutations. Finally,

although the risk of breast cancer for men with BRCA1/2 mutations is a fraction of that

for women, at least one study has estimated the overall lifetime risk of any cancer for

male relatives of BRCA2 mutation carriers is higher than that for female relatives (77). If

true, BRCA2 testing criteria, currently almost exclusively based on the clinical discovery

of breast and ovarian cancer cases, may need to be more inclusive.

MODIFIERS OF PENETRANCE AND BREAST CANCER GENES
OTHER THAN BRCA

Several studies have noted an increased penetrance for BRCA1/2 in more recent birth

cohorts. The NYBCS (9) confirmed Narod’s earlier observation of a significant increase

in breast cancer risk by the age of 50 years in birth cohorts after 1940 (67% after 1940,

24% before 1940) (39). Ovarian cancer risk did not differ by birth cohort. This increase in

incidence for BRCA1/2 mutation carriers parallels an increase in breast cancer in the

general U.S. population over that period (37). Antoniou et al. (61) analyzed the results of

22 studies in which cases were unselected for family history. The RR for breast cancer

among BRCA1/2 mutation carriers in the post-1960 birth cohorts was two to three times

the RR in the preceding four decades. A study of Austrian BRCA1 mutation–positive

women found that those from birth cohorts after 1958 had a significantly higher incidence

of breast cancer by 40 years of age than those from earlier birth cohorts: 46% versus 27%,

respectively (89). Finally, Tryggvadottir et al. (90) quantified the increase in breast

cancer risk in the Icelandic population between 1921 and 2002. During this period in

Iceland, the overall cumulative incidence of breast cancer by the age of 70 years

increased from 2.3% to 7.4%. Among carriers of a common Icelandic BRCA2 mutation,

the increase over the same period was from 17.9% to 65.5%, roughly the equivalent

multiple.

Environmental factors and reproductive lifestyle changes have certainly contributed

to the gradual, long-term increase in cumulative incidence of breast cancer, but more

recent age-related changes in diagnostic screening have led to more abrupt increases in

detection of breast cancer. For example, after the implementation of a nationwide breast-

screening program in the United Kingdom, breast cancer incidence between 50 to 64

years of age increased by ∼25% in the half decade from 1987 to 1992 (78).

Disaggregating the relative effects of screening and etiologic events is a daunting

endeavor. Because the baseline incidence of breast cancer is higher for mutation carriers,

small changes in either of these factors may have large multiplier effects on

penetrance estimates for mutation carriers. This may account for some of the variance

in penetrance estimates seen in both population-based and case-based studies. Figure 2,
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showing the penetrance estimates for BRCA1/2 mutation carriers, illustrates just how

widely varied these estimates are. For example, some studies have estimated a higher

cumulative risk for BRCA2 mutation carriers compared to BRCA1 mutation carriers

(59,91), while others have estimated the opposite (61). In addition to the sources of

analytic and ascertainment biases mentioned earlier in this chapter, the differences in

penetrance found in the specific populations in these studies may have resulted from

population-specific mutations.

The incidence of breast cancer varies significantly by geographical location.

Although these differences may be diminishing over time, those who live in developed

countries currently have up to five times the RR of those who live in developing nations

(92,93). Neither susceptibility genes, such as BRCA1/2, nor familial clustering can

account for this degree of geographical variability. Furthermore, studies of migrants who

have moved from low- to high-incidence areas have shown that within one decade, their

breast cancer rates approached the local rates, and within one to two generations,

their offspring adopted local breast cancer incidence rates (94–96). Thus, it is clear that

one’s environment, and sociocultural influences, are significant contributors to overall

breast cancer incidence along with genetic variation.

The combined frequency of BRCA1/2 mutations is relatively low in most

populations, from 0.1% to 0.4 % (91,97). Do other known heritable causes account for

the residual risk of familial breast cancer? To date, as covered in other chapters of this

volume, major genes associated with breast cancer susceptibility include MSH2/MLH1
(Muir–Torre syndrome), TP53 (Li–Fraumeni syndrome), PTEN (Cowden syndrome),

STK11 (Peutz–Jeghers syndrome), and the low-penetrance mutations of CHEK2.
However, these gene mutations are all relatively rare and cannot explain the residual

risk of familial breast cancer beyond that attributable to BRCA1/2. Despite intensive

investigation, other major breast cancer genes are yet to be identified, and it is believed

that a number of low-penetrance genes with high population frequencies represent the

majority of the residual familial risk (98). Whether these other putative genes modify the

effects of BRCA1/2 or represent independent etiologies is a matter of ongoing research

(Chapter 8). However, their impact on penetrance is relevant to this discussion. As

established earlier in this discussion, when penetrance estimates for BRCA1/2 are derived

from case probands, particularly if those probands are members of high-risk families, all

breast and ovarian cancer risk factors, including putative genetic modifiers, will likely be

over-represented in these individuals. Penetrance estimates based on the assumption that

the susceptibility gene under investigation, e.g., BRCA1, is the sole cause of the disease

may incur significant error, and the bias in these estimates is a direct function of all other

risk factors present in mutation carriers (1).

TYPES OF CANCER ASSOCIATED WITH BRCA1/2 MUTATIONS

Ovarian Cancer

The most significant cancer, other than breast cancer, in individuals with BRCA1/2
mutations is ovarian cancer, as reflected in the nomenclature, hereditary breast ovarian

cancer (HBOC) syndrome. As with breast cancer, early linkage studies probably

overestimated the penetrance of ovarian cancer for BRCA1/2 mutation carriers with

estimates by the age of 70 years of 44% for BRCA1 carriers (51) and 27% for BRCA2
carriers (97). In contrast, later studies, utilizing nonlinkage-based ascertainments, derived

lower penetrances. Struewing et al. (28) estimated the penetrance for ovarian cancer in

those who harbored one of the three Ashkenazi Jewish BRCA1/2 founder mutations to be
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16% by the age of 70 years. The Anglian Breast Cancer Study Group (59) estimated the

combined penetrance of BRCA1/2 for ovarian cancer by the age of 80 years at 22%. In

2002, Antoniou et al. (91) estimated the penetrance of BRCA1 for ovarian cancer by the

age of 70 years to be 25.9% and the corresponding estimate for BRCA2 was 9.1%. A

meta-analysis of 22 studies with a total of over 8000 index cases of breast and/or ovarian

cancer patients unselected for family history, 500 of whom carried BRCA1/2 mutations,

was performed by Antoniou et al. (61). The average cumulative risk of ovarian cancer by

the age of 70 years for BRCA1 was 39% and for BRCA2 was 11%. The corresponding

figures were higher in families with early-onset index cases: 51% for BRCA1; 32% for

BRCA2. In this analysis, for BRCA1, the ovarian cancer risk was highest when a breast

cancer index case was <35 years of age. For BRCA2, the cumulative risks were higher

when based on ovarian cancer index cases. In an Italian study by Marroni et al. (56),

ovarian cancer penetrances were 43% at the age of 70 years in BRCA1 carriers and 15%

at the age of 70 years in BRCA2 carriers. A paper by Chen et al. (38) estimated the

cumulative ovarian cancer risk at the age of 70 years to be 39% in BRCA1 carriers and

22% in BRCA2 carriers. The study by Chen et al. included 676 Ashkenazi kindreds and

1272 non-Ashkenazi kindreds with greater than three diagnoses of breast or ovarian

cancer in each family. Thus, as was the case for estimates of breast cancer penetrance

when broken down by BRCA1 versus BRCA2 subtypes, ovarian cancer penetrance

estimates are generally higher in BRCA1 mutation carriers, ranging from 16% to 44%,

compared to 9.1% to 27% for BRCA2 mutation carriers.

Fallopian tube (FT) cancers are generally grouped with ovarian cancer because of

the clinico–pathologic similarities of the two. Somatic loss of wild-type BRCA alleles in

FT tumor tissue supports a link to HBOC (99). The BCLC (36) estimated a 500-fold

excess of FT cancer among known and suspected BRCA2 mutation carriers when

compared with the general population rate calculated from the East Anglian Cancer

Registry in England. A number of studies have found associations between FT cancer and

BRCA1 (100,101); a systematic study of the frequency of BRCA mutations in 44

unselected FT index cases from the Ontario Cancer Registry in Canada revealed five with

a BRCA1 mutation (11.4%) and two with a BRCA2 mutation (4.5%) (102). The authors

also found a roughly twofold excess risk of ovarian and breast cancers among first-degree

relatives of mutation carriers. A subsequent study of 381 BRCA1 mutation–positive

women calculated a 120-fold excess risk of FT cancers in this group compared to the

estimated general population risk (55). Levine et al. (103) examined all Ashkenazi cases

of both FT cancer and primary peritoneal cancer at two New York City medical centers

during the period 1981–2001. Of 29 FT cancer cases thus ascertained, five (17%) had

mutations; all five had BRCA1 mutations and one patient had an additional BRCA2
mutation. The estimated RR of FT cancer for BRCA mutation carriers was 11.3.

Cancers Other Than Breast and Ovarian Cancer

Table 1 groups studies, by type, that have examined the association of cancers other than

breast and ovarian/FT cancers with BRCA1/2 mutations, or in families with breast and/or

ovarian cancer. Inclusion in the table was restricted to claims of statistically significant

findings.

Colorectal Cancer

Early linkage studies and family-based studies in which there was no genotyping of

colorectal cancer cases observed significant associations between BRCA1/2 mutations
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and colorectal cancers. Using linkage kindreds, Ford et al. (51) estimated the RR for

colon cancer in BRCA1 carriers as 4.1. Johannsson et al. (104) used the Swedish Cancer

Registry to derive an RR based on cancer in family members of mutation carriers (29

BRCA1 index cases and 20 BRCA2 index cases). Among female relatives of BRCA1
mutation carriers, they estimated the RR of colon cancer to be 4.1, but there was no

excess risk found among male relatives. Based on kindreds derived from 649 unselected

ovarian cancer index cases, Risch et al. (77) observed an elevated risk of colon cancer for

BRCA2 mutation carriers with an RR of 2.5; no significant increase in risk was found for

BRCA1 mutation carriers. Studies by Brose et al. (55), with subjects drawn from risk

evaluation clinics, and by Thompson and Easton (106), with participants drawn from 699

kindreds across 30 centers in Western Europe and North America, both estimated a

twofold RR for colon cancer among carriers of BRCA1 mutations. These family-based

studies were “indirect” in that genotyping was not performed on colon cancer cases

themselves, and histologic confirmation of reported family history information was also

generally not provided. This leaves open the possibility for reporting bias in cases

compared to controls. Chen-Shtoyerman et al. (113), in a study of 225 unselected

Ashkenazi Jewish colorectal cancer patients, found the frequency of BRCA1/2 founder

mutations in this group to be close to the average for the general Ashkenazi population,

suggesting no increase in the risk of colorectal cancer to mutation carriers. Kirchhoff

et al. (112) found no increased RR for colon cancer in BRCA1/2 mutation carriers, based

on the frequency of the founder mutations in 586 Ashkenazi colon cancer patients

unselected for family history, with an unaffected Ashkenazi control group of 5012

individuals. Similarly, Niell et al. (114) found no association between BRCA mutations

and colorectal cancer in 1002 case patients compared to 1038 control subjects. These later

studies suggest that if there is a risk for colorectal neoplasia in BRCA mutation carriers, it

is very modest at best.

Stomach (Gastric) Cancer

A study by Brose et al. (55) estimated a significantly increased risk of gastric cancer

among BRCA1 mutation carriers (RR¼ 6.9), although no increase was noted in the

Thompson and Easton Study (106). Risch et al. (77) derived a similar RR of stomach

cancer for BRCA1 mutation–positive individuals, but a nonsignificant risk for BRCA2
mutation carriers. Johannsson et al. (104) stratified their study by gender, as well as by

gene mutation, and found a significantly elevated risk of stomach cancer in female

BRCA1 carriers (RR¼ 5.2) but not in male carriers. They noted that classification of

some of the stomach cancers may have been erroneous. The BCLC study (36) estimated

an RR of stomach cancer of 2.6 based on a comparison of the observed incidence in the

cohort with SEER and International Agency for Research on Cancer (IARC) data.

Histologic confirmation of history of cancer was attempted only in probands and first-

degree relatives, and was successful in only 48% of such cases. Because direct

genotyping association studies of gastric cancer in Ashkenazi Jews have not yet been

performed to confirm this association, and because the unconfirmed diagnosis of gastric

and ovarian cancers may be confounding variables, the association of BRCA mutations

and gastric cancer remains speculative.

Pancreatic Cancer

Several studies have claimed an increased risk of pancreatic cancer largely with BRCA2
mutation carriers; indeed BRCA2 somatic mutations were first identified in a pancreatic
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tumor (16). Thompson and Easton observed an elevated risk of pancreatic cancer, RR¼ 2.3,

inBRCA1mutation carriers (106), a finding that was confirmed in a smaller, highly selected

series (55), but in only one of two larger, unselected series ofBRCA-mutated ovarian cancer

probands (29,77). The BCLC study (36) also found a significant excess risk of pancreatic

cancer in BRCA2 mutation carriers in the study group and estimated the RR of pancreatic

cancer to be 3.5.A study byHahn et al. (115) included 26European, non-Ashkenazi families

with two or more histologically confirmed cases of pancreatic cancer and found 12% of

these families to be positive for BRCA2mutations. Murphy et al. (116) ascertained 29 U.S.

kindreds with three or more cases of pancreatic cancer where two were first-degree

relatives. Five families (17%) were found to harbor BRCA2 mutations. A higher than

expected number of Ashkenazi individuals with pancreatic cancer harbored BRCA2
mutations in a large association study (109); and two previous studies noted that a family

history of pancreatic cancer was a predictor of an increased frequency of BRCA2mutations

(117,118). Finally, a study by Lal et al. (119) ascertained 102 subjects from among newly

diagnosed, histologically verified pancreatic cancer patients. Of these individuals, 14 were

Ashkenazi, three of whom had a BRCA2 and one had a BRCA1 mutation. Thus, while the

risk of pancreatic cancer is clearly associated with BRCA2 mutations, its association with

BRCA1 mutations is still under study.

Prostate Cancer

Early linkage studies suggested an RR of prostate cancer of 3.3 among the 33 multiplex

kindreds studied (51). When broken down by BRCA1 versus BRCA2, the linkage

consortium found no increased risk in BRCA1-linked kindreds (106), but in BRCA2
mutation carriers, a statistically significant increase in the risk for prostate cancer was

noted (RR¼ 4.6) (36). The RR was higher for prostate cancer before the age of 65 years

(RR¼ 7.3). Sigurdsson et al. (105) ascertained 53 mutation-positive first-degree male

relatives of breast cancer probands in known Icelandic BRCA2 kindreds. Among these

men, the estimated RR of prostate cancer was 4.6. Among mutation-positive second-

degree male relatives, the corresponding RR was 2.5. The 383 men in another study by

Johannsson et al. (104) were all from known Icelandic BRCA2-linked kindreds and had

been diagnosed with cancer. Standardized morbidity rates estimated for prostate cancer

were 2.4 after male breast cancer index cases were excluded. Struewing et al. (28)

compared prostate cancer incidence among first-degree relatives of carriers versus

noncarriers of BRCA1/2 Ashkenazi founder mutations. The RR of prostate cancer for

relatives of carriers was 4.2. However, Risch et al. (77) found no significant differences in

RR for prostate cancer in BRCA1 or BRCA2 carriers compared to noncarriers, a finding

similar to that of Moslehi et al. (29). Association studies have not been in agreement

about the excess risk of prostate cancer attributable to BRCA1/2. Hubert et al. (110) found
no excess frequency of BRCA1/2 mutations among 83 Ashkenazi with prostate cancer,

unselected for family history or age; however, Kirchhoff et al. (107) noted an increased

risk of prostate cancer in a larger number of cases studied. The risk was not associated

with an earlier age at onset, and was seen only in Ashkenazi BRCA2 but not BRCA1
mutation carriers. Thus, prostate cancer risk is increased in BRCA2 mutation carriers, but

because of the absence of earlier onset, preventive health implications are modest.

Uterine Cancer

Recent large studies have not shown an increased risk of uterine cancer in women with

BRCA mutations who do not take tamoxifen (120). However, a rare subtype of uterine
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serous papillary cancer (USPC), resembling serous papillary carcinoma of the ovary or

the peritoneum, may be associated with BRCA mutations. USPC is more aggressive than

endometrial uterine cancer, is generally diagnosed in late stages, usually has a poor

prognosis, and responds to treatment modalities employed in ovarian cancer (121). A

study by Biron-Shental et al. (122) found that 6 of 22 patients (27%) with USPC had

BRCA1 or BRCA2 mutations; four of the six had prior histories of breast or ovarian

cancer. The authors of these three studies have suggested, based on these data, that USPC

may be part of the spectrum of HBOC syndrome.

No increase in uterine cancers was noted in the linkage consortium analysis of

BRCA2 mutation–carrying kindreds (36). Moslehi et al. (29) estimated that for first-

degree relatives of ovarian cancer cases with BRCA mutations, the RR for uterine cancer

was 6.5 at the age of 75 years; however, this was based only on four cases of reported

cancer in relatives of BRCA1 mutation carriers. Risch et al. (77), based on a population-

based series of 649 ovarian cancer cases, estimated the RR of uterine cancer to first-

degree relatives of carriers to be not significantly elevated when compared to the relatives

of noncarriers. Thompson and Easton (106) in a study of 699 kindreds and 2245 BRCA1
mutation carriers, estimated the RR of uterine cancer to carriers of BRCA1 mutations to

be 2.65. However, in this study, as well as the previous studies, the BRCA genotype was

inferred in relatives and/or the reported family histories of uterine cancers were not

confirmed. Indeed, Thompson et al. indicate that some of the reported cases of uterine

cancer may have been ovarian cancers. In a consecutive series of 199 Ashkenazi patients

with endometrial carcinoma tested for the presence of BRCA1/2 mutations, only three

(1.5%) were found to have BRCA1/2 mutations, which is below the ∼2.5% frequency in

the Ashkenazi population at large (123). None of these were of serous papillary subtype.

The issue of uterine cancer risk in BRCA mutation carriers takes on significance because

of the question regarding whether hysterectomy (removal of the uterus) as well as

oophorectomy (removal of ovaries and FTs) represents the optimal risk-reducing surgical

intervention in BRCA mutation carriers. Since large series have thus far not demonstrated

an increased risk for uterine cancer in BRCA mutation carriers (120), oophorectomy and

removal of the FTs remains an acceptable option to hysterectomy and oophorectomy. A

separate issue in this clinical decision relates to possible risks associated with residual

FT-derived tissue. Such foci, along with the larger amount of peritoneal tissue, remain

potential sources for hereditary gynecologic malignancies in patients following risk-

reducing surgeries.

Malignant Melanoma

An increased risk of cutaneous malignant melanoma associated with having an affected

family member was quantified (OR¼ 2.69) in a study by Holman and Armstrong (124). It

has been estimated that 8% to 12% of cases are attributable to inherited factors (11).

There is a known association of malignant melanoma with a mutation in CDKN2 on

chromosome 9 that codes for p16, another important regulator of the cell division cycle

(125). Several studies have demonstrated an association of BRCA mutations and

malignant melanoma. In 3728 individuals in 173 breast–ovarian cancer families with

BRCA2 mutations, the BCLC (36) estimated a statistically significant RR for malignant

melanoma of 2.58. However, a study by van Asperen et al. (126) noted no significant

excess risk of malignant melanoma associated with BRCA mutations in first-degree

relatives of mutation carriers in 139 BRCA2 families; and Johannesdottir et al. (33)

concluded that BRCA2 accounts for a significant fraction of breast and ovarian cancer,

but only a small proportion of other cancers, including malignant melanoma.
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Risk of Contralateral Breast Cancer

The 10-year risks of contralateral breast cancer following the diagnosis of breast cancer in

women who did not have an oophorectomy or take tamoxifen were 43.4% for BRCA1
carriers and 34.6% for BRCA2 carriers, confirming the estimates made from linkage

studies (127). This risk can be reduced substantially by hormonal chemoprevention and/

or oophorectomy. Indeed, the widespread clinical acceptance of these procedures will

impact on future prospective estimates of contralateral breast cancer risk in BRCA
mutation carriers.

CONCLUSIONS

Although the major risks associated with inherited mutations of BRCA1 and BRCA2 are

nowwell described, there remains debate about the precisemagnitude and spectrum of risks

due to syndromic cancers. The ranges of risks reported to date may reflect the inherent

biases in the ascertainment methodologies employed, and more recent studies may provide

more stable estimates of these risks (128). In addition, environmental and other genetic

modifying factors impact on kindreds, segregating BRCA mutations. These modifying

genetic factors include those intrinsic to the mutation itself, i.e., mutation-specific

genotype–phenotype correlations, as well as extrinsic modifiers, which are still under

study. Although the unraveling of this myriad of genetic and epigenetic modifiers will pose

a daunting challenge in the laboratory, the translation of this information in the clinic can be

facilitated by adopting a relatively simple framework. In counseling individuals withBRCA
mutations, the range of penetrance estimates need not pose a barrier to responsible clinical

intervention. For ovarian cancer risk, even assuming the lowest penetrance figures

published to date, with risks on the order of one in five (28), this must be compared to the

“baseline” risk of “sporadic” ovarian cancer of one in 70. This gradient is more than enough

to justify risk-reducing interventions, including oophorectomy after childbearing in the

absence of a reliable means for screening or chemoprevention (79). In the case of breast

cancer, risks on the order of 50% to 80% have not been high enough to justify preventive

surgery for most women in North America (129); the availability of magnetic resonance

imaging and emerging new screening methodologies provides a reasonable first approach

to high-risk screening for manywomen (130), with risk-reducing surgery amore acceptable

option for others. For individuals who desire more precise penetrance estimates, “kinship-

specific” penetrance can further refine the estimate based on data from his or her kinship,

e.g. the age of onset of mutation-positive relatives. For the individual with a single instance

of breast cancer in the absence of a family history, risks derived from population-based

studies can be cited, taking into account the potential biases of these methodologies (2,5).

For an individual in multiplex kindred, risks more in line with linkage-derived data can be

provided (4). Importantly, for cancer risks other than breast and ovarian, it is prudent to rely

on studies in which the pathology of tumor types has been confirmed and direct genotyping

performed.

Ultimately, the concept of penetrance is of molecular genetic as well as clinical

significance in breast cancer clinical risk management. Important insights will emerge

from the further study of genetic epidemiologic risk factors associated with the

penetrance of inherited BRCA mutations. The eventual elucidation of genetic and

environmental “protective factors” and “risk modifiers” in unaffected elderly individuals

with BRCA mutations may prove as useful and important biologically as the discovery of

the BRCA genes themselves.
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INTRODUCTION

The PTEN hamartoma tumor syndrome (PHTS) includes not only the entity Cowden

syndrome (CS, MIM 158350) which is the focus of this chapter, but also Bannayan-Riley-

Ruvalcaba syndrome (BRRS, MIM 153480), Proteus syndrome (PS, MIM 176920), and

Proteus-like syndrome (PSL) (1). Disorders in this heterogeneous group are all, to varying

degrees, associated with germline mutations of the PTEN tumor suppressor, localized to

10q23.2 (2,3). PTEN is a dual-specificity phosphatase, having both phospholipid and

protein phosphatase activities (4–6). PTEN plays a crucial role in controlling cell growth,

cell spreading, and mediating apoptosis and cell cycle arrest.

CS is an underrecognized, underdiagnosed, autosomal dominant disorder. Patients

with CS are at increased risk of developing breast, thyroid, and endometrial cancers in

addition to benign neoplasias of these same organs and characteristic mucocutaneous

manifestations including papillomatous papules and trichilemmomas (7). BRRS is

characterized by macrocephaly, lipomas, hemangiomas, and speckled penis (8). PS and

PSL are complex disorders characterized by hemihypertrophy, subcutaneous tumors and

various bone, and cutaneous and vascular anomalies (9). Although BRRS, PS, and PSL

have not historically been associated with increased cancer risk, current expert opinion is

that all patients with germline PTEN mutations, irrespective of phenotypic classification,

follow the cancer surveillance recommendations suggested for CS, emphasizing the

importance of recognizing all facets of the PHTS (1).

CLINICAL DESCRIPTION OF CS

CS, named after Rachel Cowden, the first reported patient with the disorder (10), is

characterized by multiple hamartomas which can affect any organ from all three germ cell

layers, including the characteristic mucocutaneous manifestations and benign and malignant
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neoplasms of the breast, thyroid, and endometrium (7). Underscoring the fulminant nature of

the malignancies, Rachel Cowden died at the age of 31 of metastatic breast cancer (11).

Published estimates ofCS incidence are 1/200,000 (12).However, becausemany of the

signs are common in the general population (e.g., fibrocystic breast disease and uterine

leiomyomas), and there is considerable variability in presentation, the disorder is

underrecognized, and the true incidence is likely much higher (1). The proportion of isolated

and familial cases is not precisely known but it appears 40% to 60% of cases may be sporadic

(13). Although an increased female:male prevalence of CS is described, this is likely in part

related to ascertainment bias since benign and malignant breast and endometrial neoplasms

are features of the operational criteria for diagnosis. A similar phenomenon is seen with

BRRS, and it’s increased male:female prevalence, which is discussed below.

Diagnostic Criteria

Diagnostic criteria were initially developed by the International Cowden Consortium to

systemically study CS in the context of localizing the susceptibility gene (2). While these

original criteria are robust, with >80% of patients strictly meeting these criteria harboring

a germline PTEN mutation (14), they are also complex and likely too stringent for routine

clinical care. In addition, clinicians not familiar with the disorder may fail to recognize

certain pathognomonic features such as papillomatous papules and trichilemmomas.

Thus, a major goal of current research is to determine the most parsimonious criteria for

referral to a cancer genetics clinic for consideration of PTEN mutation testing. The

working criteria established by the National Comprehensive Cancer Network Genetics/

High Risk Panel (Table 1) (15) have recently been updated and are designed to aid the

clinician in the identification of patients appropriate for referral to a cancer genetics

specialist. These guidelines additionally offer recommendations on the management of

patients who test either positive or negative for germline PTEN mutations, and these are

outlined in the section entitled Clinical Management of CS.

Component Malignancies

Breast Cancer in CS

Component malignancies in CS include breast, thyroid (16), and endometrial carcinomas

(Table 2) (17). The most common malignancy seen in CS is adenocarcinoma of the

breast, with lifetime risks in female CS patients estimated to be 25% to 50% compared

with the lifetime risk of 12% to 13% in the general population (18,19). As commonly

described in other hereditary breast cancer predisposition syndromes, the average age of

breast cancer diagnosis is lower in patients with CS compared with that in sporadic cases.

In CS, the average age of diagnosis is between 38 and 46 years while the average age of

diagnosis is 55 to 65 years in sporadic cases (19). There has only been a single systematic

study looking at histologies in CS-related breast carcinomas, but without knowing the

germline PTEN status (20). In this study of 59 breast neoplasias belonging to 19 unrelated

CS cases, 35 (59%) had some malignant pathology. All cases of invasive breast cancer

were ductal histology, with the exception of a single case of tubular carcinoma. The

distribution of tumor grades was similar to that seen in sporadic breast cancer. No data on

the estrogen or progesterone receptor status of the carcinomas was described. There also

seems to be an increased risk of in situ carcinomas at an earlier age than in sporadic cases,

and there was a higher frequency of sclerosis and fibrotic hamartomatous tissue present in

the breast pathologic samples from individuals with CS. The hamartomatous tissue was

often bilateral and extensive and led to frequent biopsies. Interestingly, in over 50% of
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malignant specimens examined, the carcinoma appeared to occur within these areas

of hamartomatous tissue. It was hypothesized that the malignancy may have developed

from within a mammary hamartoma, although the etiologic relationship between the two

remains unclear. Breast cancer risk may be increased in male CS patients, although its

frequency is currently unknown (14,21). Bilateral breast cancer has been described in

patients with CS (20,22), but it is unclear whether its occurrence is more common in CS

than in apparently sporadic cases. Similarly, there is no literature confirming that patients

with CS have an increased risk of developing a second breast malignancy after initial

resection, although the “field defect” present secondary to a germline PTEN mutation

would suggest this is likely the case, and such evidence exists for other heritable breast

cancer syndromes, especially BRCA1/2 (23).

Additional Malignancies Seen in CS

The lifetime risk of epithelial thyroid cancer in CS is approximately 10% (1). Follicular

thyroid cancer is felt to be the most common histology seen but papillary thyroid cancer

has also been observed (16). However, it is suspected that some cases described as

Table 1 Current Operational Diagnostic Criteria for the Diagnosis of CS—2006

Pathognomonic criteria
Adult LDD

Mucocutaneous lesions

Trichilemmomas, facial

Acral keratoses

Papillomatous papules

Mucosal lesions

Operational diagnosis in an individual

Mucocutaneous lesions alone if

Six or more facial papules, of which three or more

must be trichilemmomas, or

Cutaneous facial papules and oral mucosal

papillomatosis, or

Oral mucosal papillomatosis and acral keratoses, or

Palmoplantar keratoses, six or more

Two or more major criteria or

One major and ≥3 minor or≥four minor

Major criteria

Breast cancer

Thyroid cancer (especially follicular)

Macrocephaly (megalencephaly)

(i.e., ≥97th percentile)

Endometrial cancer

Operational diagnosis in a family where one individual

is diagnostic for CS

The pathognomonic criteria

Any one major criteria with or without minor criteria

Two minor criteria

History of BRRS

Minor criteria

Other thyroid lesions (e.g.,

multinodular goiter, adenoma)

Mental retardation (i.e., IQ ≤ 75)

GI hamartomas

Fibrocystic breast disease

Lipomas

Fibromas

GU tumors (especially renal cell

carcinoma)

GU abnormalities (eg. horseshoe

kidney)

Uterine fibroids

Abbreviations: BRRS, Bannayan-Riley-Ruvalcaba syndrome; CS, Cowden syndrome; GI, gastrointestinal;

GU, gastrourinary; LDD, Lhermitte-Duclos disease.
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papillary thyroid cancer may in fact represent the papillary variant of follicular thyroid

cancer. Medullary thyroid cancer is not a component of CS. The frequency of endometrial

cancer in patients with CS is not yet clearly defined, but may be as high as 5% to 10%

(7,24). There is an increased risk of clear cell renal cell carcinoma, but the frequency of

this component malignancy is currently unknown (17). In addition, melanomas and glial

tumors may occur more commonly in patients with CS, but current evidence is not strong

enough to warrant their addition to the diagnostic criteria given their frequency in the

general population.

Mucocutaneous Manifestations

The mucocutaneous manifestations of CS are the most common, yet the most difficult to

recognize, with an estimated penetrance of 99% by the end of the third decade (17). The

characteristic skin lesions of CS are trichilemmomas and papillomatous papules (25).

Trichilemmomas are hamartomas of the infundibulum of the hair follicle and are

characteristically found at or near the hairline while papillomatous papules are

condyloma-like lesions occurring frequently on the face, hands, feet, or oral mucosa. It

is not uncommon to see papillomatous papules proliferate at pressure points particularly

on the palmar and plantar surfaces. Additional cutaneous manifestations include acral

keratoses, small punctate lesions commonly seen on the palmar surface of the hands,

which are often associated with a central depression or “pit.” Lipomas are a feature, but

are seen more commonly in BRRS (14). Patients appear predisposed to excessive

scarring, even cheloid formation, at the site of traumatic or iatrogenic scars.

Nonmalignant Solid Organ Involvement

At least 50% of patients with CS exhibit benign breast disease (26). In a series of

specimens from CS patients who had undergone breast biopsies or resections, 98% had

Table 2 Common Manifestations of CS

Mucocutaneous manifestations

Trichilemmomas

Papillomatous papules

Acral keratosis

99%

Breast lesions

Fibrocystic breasts/fibroadenomas adenocarcinoma 76% of affected females

30–50% of affected females

Macrocephaly 30–40%

Thyroid abnormalities

Multinodular goiter

Adenomas

Follicular thyroid carcinoma

50–67%

3–10%

Gastrointestinal lesions

Hamartomatous polyps

Esophageal glycogenic acanthosis

40%

Genitourinary abnormalities

Multiple uterine leiomyomas (fibroids)

Bicornuate uterus

44% of affected females

Abbreviation: CS, Cowden syndrome.
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evidence of benign breast lesions (20). The spectrum of lesions includes ductal

hyperplasia, intraductal papillomas, sclerosing adenosis, lobular atrophy and fibroade-

nomas, dense stromal fibrosis, and fibrocystic changes (20,26). These benign

manifestations, in addition to the breast hamartomas described previously, are often

bilateral and extensive (20), making surveillance in patients with CS considerably more

difficult.

Benign thyroid lesions including adenomas, hamartomas, and multinodular goiter

occur in 50% to 67% of all affected patients (16). It is suspected that Hashimoto

thyroiditis occurs at an increased frequency in CS, especially in patients who are of non-

Asian ancestry; this belief is supported by early literature describing Hashimoto

thyroiditis as a component of BRRS (8). Currently, functional disorders of the thyroid

resulting in hyperthyroidism or hypothyroidism in the absence of adenomas or goiter are

not considered components of CS.

Nearly 50% of female patients with CS develop uterine leiomyomas (26), which,

although common in the general population, occur at an early age (often in the third decade)

in CS and are often multiple and large (1). Genitourinary malformations such as horseshoe

kidney and bicornuate uterus occur at an increased frequency (1). Hamartomatous

gastrointestinal (GI) polyps occur, but symptomatic polyps are felt to occur less frequently

than in BRRS. Esophageal glycogenic acanthosis has been described, which has the

appearance of elevated gray-white plaques in the distal mucosa of the esophagus. It has been

suggested that the presence of both glycogenic acanthosis and colonic polyps in an

individual is quite specific toCS (27). In a series of 11 individualswithCS (10with germline

PTEN mutations), all had diminutive, asymptomatic hamartomatous or lipomatous polyps

in both the upper and lower GI tracts, and all with the exception of the PTEN mutation

negative patient also had esophageal glycogenic acanthosis (28). A recent study

additionally found unexpected germline PTEN mutations in 9% of patients with

unclassified hyperplastic/adenomatous polyposis syndromes (29).

Central Nervous System Manifestations

Macrocephaly, often quite pronounced, is common, with head circumference >2 SD above

the mean in greater than 40% of patients (26). More specifically, the increased head

circumference is due to megalencephaly, an increase in brain volume. In addition, the head

is often dolichocephalic even when head circumference is normal. Developmental delay is

described but is less common in CS than in BRRS. Adult onset Lhermitte-Duclos disease

(LDD) has recently been moved to the pathognomonic criteria (previously a major criteria)

for the diagnosis of CS (Table 1) (15). LDD is characterized by cerebellar enlargement

secondary to granule cell and Purkinje cell hypertrophy (30). Resulting signs and symptoms

include those of increased intracranial pressure (e.g., headache, vomiting, and altered level

of consciousness) and ataxia from cerebellar dysfunction. Thus, even though LDD is not a

malignancy, the morbidity and the mortality of this disorder are very significant. Patients

with LDD demonstrate significant variability in the course of disease. Some have

progressive disease, which is eventually fatal despite recurrent surgical excisions, while

others have stable disease that does not require surgical excisions.

CLINICAL DESCRIPTION OF BRRS

BRRS is a developmental disorder whose most commonly recognized features are

macrocephaly, hemangiomas, lipomas, speckled penis, and mental retardation (8).
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Macrocephaly occurs in the vast majority of patients, and developmental delay is seen in

25% to 50% (8). Symptomatic intestinal hamartomas are reported more often in BRRS

(occurring in up to 40% of patients) compared with CS. Such hamartomas can lead to GI

bleeding, bowel obstruction, anemia and chronic diarrhea (31,32). The rarity of the

syndrome precludes accurate estimates of the penetrance of these features. Pigmented

macules on the penis (“speckled penis”) appear to be the most specific finding, but can be

subtle, and not initially present at birth (33). This feature may lead to ascertainment bias,

with BRRS more frequently reported in males.

Cancer Predisposition in BRRS

The risk of malignancy in BRRS is not well defined. Historically, there is no mention of

cancer predisposition in early BRRS literature (8,31), as follow up of cases into adulthood

is virtually never reported. However, once it was realized that CS and BRRS are allelic

(34) (discussed later), this opinion has changed. In addition, the single largest study of

genotype–phenotype correlation in patients with BRRS demonstrated a strong correlation

between germline PTEN mutations and both benign (fibroadenomas) and malignant

breast diseases in families with BRRS or CS/BRRS overlap (families consisting of

individuals who meet CS criteria in addition to individuals felt to have BRRS) (35). This

finding solidified the recommendation that all patients with PTEN mutations, irrespective

of phenotypic presentation, be screened for cancer in the same manner as a patient with

CS, and led to the evolution of the concept of PHTS.

PTEN, A DUAL-SPECIFICITY PHOSPHATASE

The clinical syndrome of CS was first described in 1963 (10); however the locus for CS

was not mapped to 10q23 until 1996 (2) and PTEN itself was not identified until 1997,

where its somatic role in sporadic cancer cell lines was noted (36,37). Sequence analysis

showed a large region of homology to chicken tensin, bovine auxilin, and a protein

tyrosine-phosphatase domain, from which the name “PTEN” was coined [for phosphatase
and tensin homolog, deleted on chromosome 10 (ten)]. A third group identified PTEN by

searching for novel human protein tyrosine phosphatases (38). They identified TEP1
[transforming growth factor (TGF)–regulated and epithelial cell-enriched phosphatase],

which was subsequently shown to be identical to PTEN.
PTEN spans nine exons and encodes a 403 amino acid protein. Functionally, PTEN

can be regarded as a dual-specificity phosphatase on several levels (1). PTEN has been

shown to dephosphorylate both serine/threonine and tyrosine residues (4). Thus, PTEN is

a dual-specificity protein phosphatase. In this role, PTEN dephosphorylates focal

adhesion kinase to inhibit cell migration and cell spreading (39). In addition, PTEN

appears to regulate cyclin D1 and the cell survival pathway mitogen-activated protein

kinase (MAPK) through its protein phosphatase activity (40). However, PTEN is also a

phospholipid phosphatase whose major substrate is phosphoinositol-3,4,5-triphosphate,

a major lipid second messenger that is required for Akt recruitment to the plasma

membrane and its subsequent activation (41). Through this action, PTEN opposes the

action of phosphoinositol-3-kinase and negatively regulates the Akt pathway by

inhibiting the phosphorylation of Akt (Fig. 1). Through this inhibition, it mediates cell

cycle arrest at G1 and/or apoptosis (42), through the action of downstream effectors such

as BAD (43). BAD, BCl-xL/BCl-2 Associated Death Promoter and FAS. FAS, TNF

receptor superfamily, member 6.
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PTEN has nuclear localization sequence–like sequences that are required for

transport of PTEN into the nucleus (44). Although traditionally felt to exert its effect

solely in the cytoplasm, it now appears that nuclear PTEN is required for cell cycle arrest,

while cytoplasmic PTEN is required for apoptosis. Cytoplasmic PTEN downregulates

phosphorylation of Akt and upregulates p27 whereas nuclear PTEN downregulates cyclin

D1 and prevents the phosphorylation of MAPK. Thus nuclear-cytoplasmic partitioning

differentially regulates cell cycle control and apoptosis (45). Abnormalities of this

partitioning may play an important role in PTEN dysfunction, and this hypothesis has

become a major focus of ongoing research.

PTEN MUTATIONS IN CS

The International Cowden Consortium mapped the susceptibility locus for CS to 10q22-

q23 (2) and subsequently demonstrated that germline mutations of PTEN cause CS (46).

Utilizing strict operational criteria, >80% of individuals with CS harbor a germline PTEN
mutation (14) (Table 3). Initial studies of families meeting strict operational criteria for

CS demonstrate no genetic heterogeneity (2). To date, no additional disease susceptibility

loci have been confirmed for CS. It is thus believed that CS is a monoallelic disorder.

P13K PTEN

PI(4,5)P

PI(3,4,5)P

PDK

BAD

Apoptosis

Proliferation

Akt

TSC1 TSC2

mTOR

HIF1α

VEGF
p70S6K

Angiogenesis

Figure 1 PTEN as a regulator of the Akt pathway. PI3K activation leads to increased levels of PIP3

and subsequent activation of Akt through the action of PDK. Akt subsequently regulates a variety of

processes including angiogenesis, cellular proliferation, and apoptosis. By dephosphorylating PIP3,

PTEN downregulates the Akt pathway. Abbreviations: BAD, Bcl-xL/Bcl-2-Associated Death

Promoter; FAS, TNF receptor superfamily member 6; HIF1α, hypoxia inducible factor 1 alpha;

mTOR, mammalian target of rapamycin; PDKI, 3-phosphoinositide-dependent protein kinase 1;

PIP3, phosphoinositol-3,4,5-triphosphate; PI3K, phosphoinositol-3-kinase; TSC, tuberous sclerosis

protein; VEGF, vascular endothelial growth factor.
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Therefore, to additionally characterize patients with CS who are mutation negative, novel

mechanisms leading to PTEN dysfunction including nuclear-cytoplasmic PTEN

trafficking and splice site variation are being actively studied.

Genotype–Phenotype Correlation in CS

Approximately two-thirds of germline PTEN mutations are found in exons 5, 7, and 8,

and approximately 40% of all CS mutations are located in exon 5, although this exon

represents only 20% of the coding sequence (1,14). This reflects the biological

significance of this domain, which encodes the phosphatase core motif. There is a

correlation between the presence of germline PTEN mutations and breast carcinoma in

probands meeting operational criteria for CS (14). In other words, the risk of breast

cancer may be higher in those patients and families with a clinical diagnosis of CS who

harbor germline PTEN mutations. Additionally, mutations within the phosphatase core

motif and 5' of it appear to be associated with involvement of five or more organs,

suggesting a correlation between mutations in this region of PTEN and disease severity

(14). A recent study has demonstrated that promoter mutations are present in 10% of

mutation negative patients with CS (47). Importantly, the functional significance of these

mutations was confirmed by biochemical studies that demonstrate increased phosphorylated

Akt levels, confirming PTEN dysfunction in these patients. This study demonstrated a very

strong cancer phenotype associated with the identified PTEN promoter mutations. Breast

cancer was diagnosed in six out of nine and thyroid cancer was diagnosed in three out of nine

(thyroid cancer and breast cancer occurred simultaneously in twoout of nine). In all, seven out

of nine (78%) promoter mutation positive families demonstrated a component malignancy.

PTEN promoter mutations were not seen in patients with BRRS in this study.

Table 3 PTEN Hamartoma Tumor Syndromes

Syndrome

PTEN mutation

frequency Clinical features

CS 85% Benign and malignant breast, thyroid, and

endometrial neoplasias, trichilemmomas,

papillomatous papules, macrocephaly

BRRS 60% Macrocephaly, developmental delay,

hemangiomas, lipomas, speckled penis

PS 10–20% Congenital malformations, hemihypertrophy,

hamartomatous overgrowths, epidermal nevi,

and hyperostosis

PSL 60% Features suggestive but not meeting diagnostic

criteria of PS

ASD with

macrocephaly

∼10–20% (exact

figure unknown)

PTEN mutations associated with extreme

macrocephaly (>4 SD above mean)

Macrocephaly and

VATER

association

Unknown

(confirmatory

studies needed)

VATER

Abbreviations: ASD, autism spectrum disorder; BRRS, Bannayan-Riley-Ruvalcaba syndrome; CS, Cowden

syndrome; PHTS, PTEN hamartoma tumor syndromes; PS, Proteus syndrome; PSL, Proteus syndrome like; SD,

standard deviation; VATER, vertebral malformations, anal malformations, trachea-esophageal atresia, radial/

renal malformations.
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In a pivotal study, Zhou et al. performed mutational analysis on tissue blocks from

18 unselected, unrelated patients with adult onset LDD and demonstrated that 15 (83%)

of 18 samples were found to carry a PTEN mutation (48). All individuals with mutations

were adult-onset patients, while the three without mutations were diagnosed in infancy or

childhood. Immunohistochemistry revealed that 75% of the LDD samples had complete

or partial loss of PTEN expression accompanied by elevated phosphorylated Akt, which

occurred specifically in the dysplastic gangliocytoma cells. Thus, germline mutations in

PTEN are associated with adult onset LDD, but not LDD diagnosed in infancy or

childhood. Subsequently, germline PTEN mutations in patients with LDD have been

documented in several additional series (49–51).

Early data suggest that certain naturally occurring PTEN splice variants occur more

frequently in patients with CS than in normal controls and that these splice variants have

differential effects on the ability of PTEN to regulate downstream molecular targets, thus

suggesting that splice variants may play a role in the pathogenesis of CS (52,53).

Intriguingly, there appears to exist splice variant genotype–phenotype correlation, with

patients with CS and BRRS showing differential expression of splice variants compared

to each other and compared with normal controls (52).

PTEN MUTATIONS IN BRRS

Approximately 60% of patients with BRRS harbor germline PTEN mutations, both in

isolated and familial cases, and the frequency of germline PTEN mutations appears to be

similar in both familial and apparently sporadic BRRSs (35). Therefore, at least a subset

of BRRS and CS are allelic. In addition, the mutational spectra of CS and BRRS overlap

(1), lending further proof that CS and BRRS are allelic as does the existence of CS/BRRS

overlap families, in which cases of CS and BRRS are both present in the family (35).

Approximately 65% of all distinct PTEN mutations found in CS occurred in the first five

exons or in the promoter region, while 60% of all distinct PTEN mutations found in

BRRS occurred within exons 6 to 9 (1,35). Thus, CS mutations appear to cluster in the 5'
region while BRRS mutations cluster in the 3' region of PTEN. Further exploration of

mechanismsofPTENdysfunctionhas revealed that 10%ofpatientswith classicBRRSharbor

large deletions encompassing PTEN that would not be detectable by traditional polymerase

chain reaction (PCR)–based mutation analysis (47). Such deletions occured exclusively in

patients or families with BRRS, but not in individuals or families with CS only.

Genotype–Phenotype Correlation in BRRS

The presence of germline PTEN mutations in BRRS probands correlates with the

presence of benign and malignant breast lesions in BRRS and additionally correlates with

the presence of lipomas, compared with BRRS probands without mutations (35). CS/

BRRS clinical overlap families have a >90% germline PTEN mutation frequency (35).

CS/BRRS overlap families tend to have germline R130X and R335X mutations, occurring

in slightly under half of such families.

OTHER PTEN MUTATION–RELATED DISORDERS

Germline PTEN mutations have been documented in 10% to 20% of patients with PS and

60% of patients with PSL (54–56). Additionally germline PTEN mutations were
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documented in 17% of patients with autism spectrum disorder associated with extreme

macrocephaly (57) and a patient with macrocephaly and vertebral malformations, anal
malformations, trachea-esophageal atresia, radial/renal malformations (VATER)

association (58).

CLINICAL MANAGEMENT OF CS

Managing the Cutaneous Manifestations of CS

The mucocutaneous manifestations of CS are not life threatening and if

asymptomatic, observation alone is prudent. When symptomatic, topical agents,

curettage, cryosurgery, or laser ablation may provide only temporary relief. A single

case reported documented successful treatment of cutaneous lesions with acitretin (59).

Surgical excision is sometimes complicated by cheloid formation and, commonly,

recurrence of the lesions.

Management of Malignancy in CS

The treatment of the malignant manifestations of PHTS is generally the same as for their

sporadic counterparts. Several caveats deserve mention however. Like other hereditary

breast cancer syndromes, the risk of second primaries, not only within the breasts but also

in other affected organs, is increased in CS, although no data exists on the frequency of

their occurrence. In addition, some women with CS have extensive fibrocystic changes

and/or fibroadenomas that make surveillance difficult. For these reasons, the clinician and

patient need to consider on an individualized basis of the appropriateness of mastectomy

versus lumpectomy, in addition to giving consideration to performing prophylactic

mastectomy of the contralateral breast (see section entitled Prevention of Breast Cancer

in CS).

Thyroid cancer should be treated with total thyroidectomy. Additionally, it is expert

opinion that patients with thyroid adenomas, in whom surgery is deemed necessary, also

be treated with complete thyroidectomy given the very high prevalence of benign thyroid

neoplasias in CS that may make surveillance after hemithyroidectomy extremely

difficult. In addition, the risk of developing a malignancy in the remaining thyroid tissue

and the difficulty of repeated thyroid resection support this opinion.

Potential Use of Targeted Therapies in CS

Agents such as rapamycin, which are mammalian targets of rapamycin (mTOR)

inhibitors, are often suggested as rational choices for utilizing targeted therapy in CS

given the effect of PTEN on modulating this downstream molecule (Fig. 1). Given the

toxicity associated with these agents, limiting treatment to patients with malignancy when

considering mTOR inhibitors and pAkt inhibitors (when clinically available) appears

rational at this juncture. Mechanistically, an additional limitation of mTOR inhibitors in

CS is that mTOR lies downstream of the lipid phosphatase activity of PTEN but has no

interaction downstream of its protein phosphatase. As such, mTOR inhibitors would

leave pathways such as the MAPK pathway unchecked, a potentially harmful proposition.

Additionally, the Akt pathway plays a crucial role in normal development and

homeostasis, and literature is emerging that documents serious adverse effects from

iatrogenically blocking the Akt pathway (60–62).
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PREVENTION OF BREAST CANCER IN CS

Some women with CS consider prophylactic mastectomy, especially if breast tissue is

dense, making surveillance difficult, or if repeated breast biopsies have been necessary.

Prophylactic mastectomy reduces the risk of breast cancer by 90% in women at high risk

(63), although no studies have specifically addressed this intervention in patients with CS.

There is no direct evidence to support the routine use of agents such as tamoxifen or

raloxifene in individuals with CS to reduce the risk of developing breast cancer.

Physicians should discuss the limitations of the evidence and the risks and benefits of

chemoprophylaxis with each individual. In addition, the clinician must discuss the

increased risk of endometrial cancer associated with tamoxifen use in this population that

is already at increased risk for this malignancy.

CANCER SURVEILLANCE IN CS

The most important aspect of management of “any” individual with a PTEN mutation is

increased cancer surveillance. Cancer surveillance recommendations are updated

annually by the National Comprehensive Cancer Network (NCCN) (15) as part of the

Genetic/Familial High-Risk Assessment: Breast and Ovarian guideline. The 2006

guidelines recommend the following interventions:

General

n Annual comprehensive physical examination starting at age 18 years (or five years

before the youngest component cancer diagnosis in the family), with attention paid to

skin changes and the neck region

n Consider annual dermatologic examination

n Annual urinalysis. Consider annual cytology and renal ultrasound examination if the

family history is positive for renal cell carcinoma.

Breast Cancer

Women

n Monthly breast self-examination beginning at age 18 years

n Annual clinical breast examinations beginning at age 25 years or 5 to 10 years earlier

than the earliest known breast cancer diagnosis in the family (whichever is earlier)

n Annual mammography and breast magnetic resonance imaging (MRI) beginning at

age 30 to 35 years or 5 to 10 years before the earliest known breast cancer diagnosis

in the family (whichever is earlier)

Men should perform monthly breast self-examination.

Thyroid Cancer

n Baseline thyroid ultrasound examination at age 18 years

n Consider annual thyroid ultrasound examination thereafter
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Endometrial Cancer

n “Premenopausal women”: Annual blind repel (suction) biopsies beginning at age 35

to 40 years (or five years before the youngest endometrial cancer diagnosis in the

family).

n “Postmenopausal women”: Annual transvaginal ultrasound examination with biopsy

of suspicious areas.

MANAGEMENT OF BRRS

Given the arguments described earlier in this chapter, it is recommended that

individuals with BRRS harboring a germline PTEN mutation undergo the same

surveillance as individuals with CS. In addition it has been suggested that individuals

with BRRS should also be monitored for complications related to GI hamartomatous

polyposis. Reasonable interventions include annual measurement of serum hemoglobin

levels and prompt endoscopic evaluation of concerning GI symptoms such as lower GI

bleeding, altered bowel habits, or persistent abdominal pain (32). Management of

hemangiomas and arteriovenous malformations can be problematic.

Chemoembolization and excision are often ineffective, with lesions recurring rapidly

(64). Recently, there has been anecdotal success with the use of antiangiogenic agents.

The rationale for the use of these agents is demonstrated by the modulation of

angiogenesis by PTEN (Fig. 1).

GENETIC COUNSELING

It is suspected that up to 50% of all patients with CS or BRRS do not have a family

history of either syndrome, either because their disease is the result of a de novo mutation

or because the condition has gone undiagnosed in previous generations (35). Because this

disorder is underdiagnosed, the de novo mutation rate is difficult to determine. Once a

clinical diagnosis is established or suspected, PTEN mutation analysis is indicated in the

setting of genetic counseling. If a PTEN mutation is identified in the proband, the most

straightforward approach is to offer genetic testing to the parents of the individual

carrying the mutation. If a parent of the proband has CS or BRRS (either meets diagnostic

criteria or has a PTEN mutation), the probability that other siblings could inherit the

family-specific mutation is 50%. Conversely, if the parents of an affected proband have a

negative clinical examination and no germline PTEN mutation, the risk to the proband’s

siblings is negligible, since germline mosaicism has not been reported in CS or BRRS, to

date. Molecular diagnostic testing of PTEN is appropriate for at-risk individuals younger

than 18 years given the possible early presentation of symptoms in those with BRRS and

PS. A patient has been recently described with a clinical diagnosis of CS in whom

follicular thyroid cancer developed at six years of age (65). The earliest diagnosis of

breast cancer is at 14 years of age (16,19).

For probands who meet diagnostic criteria but do not have an identifiable PTEN
mutation, both parents should undergo thorough clinical examination to help determine if

either parent has features that have gone previously undiagnosed. If a mutation is not

identified in a pedigree, the diagnosis of CS/BRRS in family members must be excluded

on clinical grounds with the caveat that a negative exam in a young child does not rule out

the diagnosis. Such families should be offered enrollment in ongoing research exploring
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novel mechanisms of PTEN dysfunction. Management of patients with a clinical

diagnosis of CS but no identifiable PTEN mutation should be individualized based on

personal and family history (15).

An additional challenge facing the cancer geneticist is the fact that many features of

CS are common in the general population and can run in families as isolated conditions

due to other genetic or nongenetic reasons. As discussed previously, CS can be difficult to

diagnose, given the common nature of many of the clinical features and variable

penetrance. Thus a major barrier to genetic counseling is that many patients remain

unrecognized and are not referred for counseling in the first place. Ongoing education of

the medical community with respect to CS remains an important goal. This will be more

readily achieved once the most parsimonious criteria for referral to a cancer genetics

specialist are determined as a result of ongoing clinical research.

CONCLUSION

It has been less than a decade since the discovery that germline PTENmutations cause CS;

however much has already been learned about this unique tumor suppressor and its

evolving spectrum of associated disorders. The discovery of promoter mutations and large

genomic deletions of PTEN has increased the probability of identifying a PTEN mutation

in a patient with a clinical diagnosis of CS or BRRS. Considerable headway has also been

made toward understanding novel mechanisms of PTEN dysfunction including

differential expression of naturally occurring PTEN splice variants and nuclear-

cytoplasmic compartmentalization of PTEN, which may offer important insight into the

mechanism of phenotypic manifestation in mutation negative patients. Finally, the

complex signaling pathways involving PTEN are becoming better understood, and the use

of targeted therapy, even in the setting of cancer prevention, may soon become a reality.
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Li–Fraumeni Syndrome
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HISTORICAL PERSPECTIVE

In 1969, Li and Fraumeni published a paper that led to the identification of a new

hereditary cancer syndrome known as Li–Fraumeni Syndrome (LFS) (1). They reported

four families with an unusual clustering of childhood soft tissue sarcomas, young onset

breast cancer, and a variety of other tumors, and suggested this might represent a new

familial syndrome; they followed those findings with a systematic survey of the cancer

family history of over 600 U.S. children with rhabdomyosarcoma (2) that revealed

additional components of the syndrome including adrenal cortical carcinoma and brain

tumors. The syndrome was distinctly different from most familial cancer aggregates in

the diversity of tumor types and young ages of cancer diagnosis.

Other investigators in other populations as well confirmed the occurrence of LFS,

largely by ascertainment through childhood sarcoma patients (3,4), and provided

statistical evidence for a genetic etiology (5).

Li and Fraumeni prospectively followed their original families and accrued

additional cases, and in 1988 described clinical criteria for the syndrome (Table 1) (6).

These criteria included a proband with a sarcoma diagnosed before age 45 years, a first

degree relative with any cancer before age 45 and an additional close relative in the same

lineage with any cancer before age 45 or sarcoma at any age. Their work demonstrated

the continuing increased cancer risk in the original families over time, with new cancers

in individuals previously affected, and cancer in new generations. New cancers arose both

spontaneously and in areas of previous radiation therapy. Breast cancer and sarcomas

continued to be the most common cancers, accounting for the majority of first and

subsequent tumors.

In 1990, Malkin et al. (7) and Srivastava et al. (8) identified a germ line mutation in

the tumor suppressor gene p53 in 5/5 and 1/1 LFS families, identifying mutations known

to be deleterious based on the substantial data on tumor-specific p53 mutations. The

mutations as well segregated in the families. Given the knowledge of p53 as the most

commonly mutated gene in human cancer (9), and its established role in many different

cancers, it seemed that p53 represented the major gene responsible for LFS.

WHAT IS LFS?

LFS is a clinical, descriptive diagnosis. Not all kindreds that fit the clinical criteria

have a p53 germ line mutation, and certainly some individuals have a p53 germ line
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mutation without meeting the full clinical criteria. The classic familial criteria fail to

account for de novo mutations, which are not rare (10). As genetic testing has become

available and other tumor types have been identified in p53 mutation carriers, Birch et

al. (11) developed less rigorous clinical criteria referred to as Li–Fraumeni-like

syndrome (LFL) (Table 1). LFL included a wider range of proband diagnoses and of

ages of relatives at cancer diagnosis. As might be expected, the “classic” LFS families

have a higher frequency of a p53 germ line mutation of some 77%, while the LFL

families have a frequency of 40% (12). Other criteria have differed modestly from

LFL, varying the proband tumor type or range of cancer age of onset (13,14). Specific

tumors that seem to have a relatively high probability of a germ line p53 mutation

include childhood adrenal cortical carcinoma (15,16), choroid plexus tumors (17), and

childhood rhabdomyosarcoma occurring before age 3 years (18). Birch et al. (19)

suggested that malignant phylloides tumors are associated with LFS; given standard

coding they would probably be included in the overall breast cancer figures and the

distinction missed. These conflicting definitions have raised important questions: What

is the true phenotype of a p53 mutation carrier? Is there genetic heterogeneity in LFS?

The semantic question becomes, should LFS remain a clinical entity as originally

described, or should the definition include the phenotypes associated with a p53 germ

line mutation? The more practical question is, what are the indications for p53 mutation

testing?

As noted above, not all LFS kindreds have a p53 germ line mutation (14). While

some mutations may be missed due to lack of sensitivity of the mutation testing used,

rearrangements seem to be relatively rare (20), and the high frequency of mutations

identified in classic LFS families imply that few mutations are missed (12). Further, p53

can be ruled out by linkage analysis in some kindreds (21,22). Bell et al. (23) reported a

germ line mutation in the hCHK2 gene in some LFS kindreds, but it now appears to be a

low-penetrant gene modifying breast cancer risk by about twofold (24,25). Bachinski

et al. (26) recently reported a region of chromosome 1q showing linkage in two LFS

families. However to date most LFS appears attributable to p53 germ line mutations, and

our further discussion of breast cancer in LFS will focus on p53 mutation carriers.

THE P53 TUMOR SUPPRESSOR GENE

P53 was originally identified in 1979 in a study to identify gene products that bound to

the large T antigen of SV40 (27,28). It was not until 1989 that it became clear that p53

Table 1 Diagnostic Criteria for Li–Fraumeni Syndrome and Li–Fraumeni-Like Syndrome

Li–Fraumeni syndrome (6) Li–Fraumeni-like syndrome (11)

Proband <45 years with a sarcoma Proband with any childhood tumor, or sarcoma, brain

tumor, or adrenocortical tumor <45 years

Plus first degree relative <45 years with

any cancer

Plus first or second degree relative in the same

lineage with typical LFS tumor at any age

or any cancer <45 years

Plus additional first and second degree

relative in the same lineage aged <45
years with any cancer or sarcoma

at any age

Plus another first or second degree relative in the

same lineage with any cancer <60 years
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was a tumor suppressor gene and not an oncogene (29). P53 is the gene most commonly

mutated in human cancer (9), and many believe that in those tumors with wild-

type p53, the p53 pathway is otherwise abrogated (30). While p53 is not necessary for

normal development (31), it plays a major role in the DNA damage response pathway.

The protein functions as a transcription activator or repressor. On DNA damage, p53 is

activated and can induce cell cycle arrest, permitting DNA repair before the cell

progresses through S phase, or apoptosis. Thus p53 is involved in eliminating those cells

with damaged DNA that could not faithfully reproduce daughter cells with intact DNA,

those cells with damaged DNA that might give rise to cancer. P53 was dubbed “guardian

of the genome” by David Lane in 1992 (32). In addition p53 has been found to play an

important role in angiogenesis, differentiation, and senescence.

P53 has been shown to function in part as a transcription activator or repressor in

response to DNA damage. Loss of p53 function is associated with loss of the cell cycle

arrest and apoptotic functions, and hence permissive for accumulation of DNA damage.

Some 75% of germ line mutations in LFS or somatic mutations in tumors are missense

mutations (unlike most cancer susceptibility genes) and most affect the transcriptional

activity of p53. The missense mutations are clustered in five conserved domains, primarily

the DNA-binding domains, with certain distinct “hotspots” that account for some 30% of

germ line p53 mutations (codons 175, 213, 245, 248, 273, and 282). Common mutations

involve the DNA contact sites (codons 248 and 273), or sites that stabilize the p53 structure

as codon 175. However a wide range of frameshift, nonsense, and splice mutations are

observed as well, with large deletions or rearrangements extremely rare (14).

TUMOR-SPECIFIC LOSS OF HETEROZYGOSITY
VS. HAPLOINSUFFICIENCY

Tumor development associated with a p53 germ line mutation was initially thought to occur

via the classic Knudson two hit model, with tumor-specific loss of heterozygosity (LOH),

showing loss of the wild-type allele (7). However in a systematic study of tumors from p53

mutation carriers, Varley et al. (33) noted that less than half of the tumors showed loss of

wild-type p53. Further, over half of the tumors from p53 heterozygous knockout mice were

found to retain the wild-type allele, and the wild-type allele was functional; the tumors

expressed wild-type protein on exposure to gamma radiation and activated or repressed

the appropriate wild-type p53 downstream targets (34). These data supported a haplo-

insufficiency model for p53 in tumorigenesis. This model has been further elucidated by the

demonstration that in p53 heterozygous knockout cells the p53 basal and stress response

levels of mRNA and protein are reduced to 25% of the wild-type levels, leaving the cell

with a reduced p53 stress response and aberrant p53-dependent cell cycle regulation,

perhaps leading to genomic instability and increased tumor development (35).

ANIMAL MODELS

Much of our current knowledge of the role of p53 in tumor development has come from

mouse models, including the studies of LOH cited above. There are excellent reviews of

the history of the p53 null and heterozygous mice (36–38) and of the mice with p53

missense mutations that are more analogous to those occurring in LFS (39). These

findings have greatly influenced current thinking in LFS research, notably in the search

for risk modifiers and future therapeutics, as discussed below.
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FREQUENCY OF GERM LINE P53 MUTATIONS IN BREAST CANCER

The earliest publications on LFS focused on childhood soft tissue sarcoma and breast

cancer (1,2), with most ascertainment through the less common childhood sarcomas.

However, with the opportunity to test for a specific gene, focus shifted to the far more

common, and often familial, breast cancer. The question was, what fraction of breast

cancer, young, familial, bilateral, or associated with other cancers, might be attributable to

germ line p53 mutations? A flurry of papers appeared in the literature from the early 1990s,

studying different clinical groups of breast cancer and using various techniques to identify

mutations. However, few p53 germ line mutations were observed using criteria of familial

breast cancer (40–46), bilateral breast cancer (47), age at breast cancer diagnosis less than

31, 35, or 40 years (48–50), breast cancer associated with a personal or family history of

multiple primary tumors (51), or breast cancer associated with no more than one sarcoma in

the index case or relative and not meeting LFS criteria (12,52). In all of the above studies

the frequency of p53 germ line mutations failed to reach the 10% level recommended by

American Society of Clinical Oncology (ASCO) for initiating genetic testing. Indeed, given

the high frequency of breast cancer in the general population, neither the definition of

classic LFS (6), LFL (11,14) nor the French LFS group criteria for p53 mutation testing

(13) specify breast cancer as part of the classification scheme!

The above cited studies indicate that the only good predictor of a p53 germ line

mutation is a cancer family history of LFS or LFL. However for health-care providers to apply

those criteria family members must accurately report the family history. Lalloo et al. (48,53)

conducted a population-based study of 100 patients with breast cancer diagnosed before age

31 years, with testing for BRCA1, 2, and p53. A three-generation pedigree was collected at

diagnosis, with hospital records, cancer registry or death certificate documentation; of the 31

familial cases with hospital notes available, only 14 were found to have reported an accurate

family history. In the series four p53 mutation carriers were identified, none of whom had an

LFS cancer family history identified at diagnosis. Two mutations were in patients later found

to have LFS or LFL family histories but not reported at diagnosis, and two were in sporadic

patients, including one confirmed de novo mutation. Schneider et al. (54) also noted that fewer

than half of the respondents recruited because of a known familial p53 mutation were able to

report a cancer family history that would have led to p53 mutation testing. This was

significantly below the accuracy level of BRCA mutation kindred respondents.

There may be other limitations to identifying p53 mutation carriers based on LFS/

LFL cancer family history. Anticipation, an earlier age at diagnosis in successive

generations, has been reported from the overall Database of Germ line p53 Mutations (55)

and from a series of p53 mutation kindreds identified by systematic study of childhood

sarcoma probands (56). None of the seven p53 mutation kindreds from the latter study

would have been selected for mutation testing at the time of the proband diagnosis had

LFS/ LFL criteria been applied. Thus anticipation may potentially mask the LFS/LFL

phenotype.

In summary, there are no guidelines that offer both high predictive value and high

sensitivity for breast cancer cases. All the criteria based on family history fail to detect

new mutations; however, selection based on young age alone does not meet ASCO or

other satisfactory guidelines of 10% probability of a mutation.

The lack of a consistent algorithm to identify those at high risk for LFS is

particularly concerning given the estimates of Lalloo et al. (48,53) from their population-

based study of women with breast cancer before the age of 31 years; they estimated the

birth prevalence of p53 germ line mutation carriers to be 1 in 5000, a high figure that will

need to be confirmed.
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PENETRANCE FOR BREAST CANCER IN P53 MUTATION CARRIERS

Overall data from the IARC TP53 Database (14) confirm findings of smaller series that

breast cancer is the most common cancer in LFS, accounting for about 25% to 30% of all

cancers. For p53 mutation carriers the median age of breast cancer onset is 33 years,

significantly earlier than for non-p53 LFS at 42.5 years. To date no genotype–phenotype

correlation, that is, no association of specific p53 mutations by structural or functional

domain, or by mutation type, has been observed for breast cancer overall; however, breast

cancer median age of onset was significantly younger in those with mutations in the DNA-

binding domain (average age 32 years) as compared with missense mutations not in the

DNA-binding domain (average age 42 years); age of onset for those with inactivating or

likely null mutations was similar to that for mutations in the DNA-binding domain

(median age 33 years) (14). This is in contrast to previous findings (57) of a higher

incidence and earlier onset of breast cancer in those with mutations in the core DNA-

binding domain compared to those with protein truncating or other inactivating mutations.

Overall data demonstrate a very high risk of breast cancer in female p53 mutation

carriers (this author is not aware of any reported male breast cancer in p53 germ line

mutation carriers). Breast cancer accounts for about 50% of the female cancers (14).

While penetrance data specifically on breast cancer are not available, penetrance for

cancer for women overall has been estimated. Chompret et al. (10) studied 13 germ line

p53 mutation kindreds ascertained through childhood cancer patients with cancer family

history before age 46 or multiple primary tumors, and noted an earlier onset for cancer in

carrier women as compared to carrier men. They estimated the lifetime cancer risk for

women carriers to be nearly 100%, with the risk greatest between ages 16 and 45, with a

probability 84% of being affected by age 45, and with breast cancer accounting for 80%

of the cancers in that age group. The findings of Hwang et al. (58) were similar, with a

much higher risk of cancer in female carriers as compared to male carriers; however that

excess risk was not entirely attributable to breast cancer. The period of highest risk for

women was from age 20 to 45 years. Cumulative cancer risk estimates were 18% at age

20, 77% by age 40, and 93% by age 50, with breast cancer the most common cancer.

Segregation analysis demonstrated an incredibly high relative risk of 1000-fold for

female mutation carriers to noncarriers, and a sevenfold increased risk for female carriers

as compared to male carriers (59). The data as well-provided statistical evidence for a

modifier locus that greatly increases cancer risk for female as compared to male carriers.

RISK OF MULTIPLE PRIMARY CANCERS IN MUTATION CARRIERS

In the initial LFS report (1), some family members had multiple primary cancers. Many

case reports and series have noted the association of LFS, p53 germ line mutations, and

multiple primary tumors (60–69). The increased risk of subsequent neoplasms was clearly

demonstrated in the follow-up studies of the 24 LFS kindreds (6,70), citing the high risk

for those with young age of first cancer diagnosis, the occurrence not only of second but of

third malignant neoplasms, the spectrum of multiple primary tumors that was primarily

composed of the same component tumors observed as initial tumors, and the high

frequency of tumors arising in radiation-treated areas. The analysis was not based on p53

mutation status but classic LFS, and included 8 p53 mutation kindreds, 8 non-p53 LFS,

and 8 unknown genotype LFS. With an additional 10 to 30 years follow-up the cumulative

risk of a second malignant neoplasm was 57% (±10%) SE at 30 years after the first cancer

diagnosis, and for a third malignant neoplasm was 38% (±12%) at 10 years after second

Li–Fraumeni Syndrome 99



tumor diagnosis. The highest cumulative risk was observed for those with soft tissue

sarcoma as the first cancer (64% (±16%) at 20 years, 100% at 30 years), and the highest

relative risk was in those with first cancer diagnosis before age 19 years. Interestingly the

risk for multiple primary cancers was similar for p53 and non-p53 LFS. Hwang et al. (58)

reported only on p53 mutation carriers with a systematic ascertainment not based on

family history or multiple primary tumors, and noted a relative risk of a second cancer of

12 (95% CI 7–20), with a cumulative risk of more than 50% over 20 years. Lalloo et al.

(48,53) noted that p53 mutation carriers accounted for most of the second cancers in their

series of young (diagnosis before age 31 years) breast cancer patients.

BREAST CANCER AS A FIRST OR SUBSEQUENT CANCER IN LFS

Not only is breast cancer the most common cancer observed in LFS, it plays a major role in

subsequent cancers. In the Hisada et al. (71) series, 200 LFS patients had at least one cancer,

including 104 females and 96 males; among 30 patients who developed one or more

additional cancers, 19 (63%) were in females. The 19 females who had multiple primary

tumors experienced a total of 46 cancers (original plus subsequent), with breast cancer

accounting for 26.

Forty-five of the original tumors were female breast, and 10 of those patients

developed at least one additional tumor, including eight with an additional breast cancer.

Breast cancer also accounted for 5/6 (83%) of second cancers in those with an initial

sarcoma (the other common original tumor). These data overall suggest an extremely

high probability of breast cancer in LFS females, most of which occur before age 45, with

a remarkably high probability of a second breast cancer. In Hwang et al. (58), the

cumulative risk of female breast cancer in a p53 mutation carrier was over 60% by age 40

years (Strong et al., unpublished data).

RADIATION AND CHEMOTHERAPY RISKS

Most series of LFS families, as well as case reports, have noted not only the high risk of

multiple primary tumors but the frequent occurrence of new cancers in radiation-treated

sites (48,53,58,60,71–73). Hisada et al. (71) observed only one of 14 subsequent breast

cancers arising in a previously irradiated area; however most of the subsequent sarcomas

arose in previously irradiated areas, and studies of childhood cancer survivors, especially

young soft tissue patients (67,74), have noted a significant excess of female breast cancer,

both within and in the absence of radiation therapy.

It seems clear that there is an extremely high risk of multiple primary tumors in

LFS patients, occurring both spontaneously and in irradiated sites. This is consistent with

observations in heterozygous p53 knockout mice in which radiation significantly

accelerates tumor development (75). Many authors have suggested that radiation not be

used for cancer treatment in p53 mutation carriers if feasible, and have recommended that

the young p53 mutation carrier with breast cancer be treated with a mastectomy instead of

conservative surgery with radiotherapy (48,53,76). With this potential impact on

treatment, the need to identify the LFS patient becomes more critical, and the need to

obtain accurate cancer family history in young breast cancer patients more urgent. Given

the second cancer risk in non-p53 LFS kindreds, even testing for p53 may not provide an

adequate discriminant (71).

More limited data are available on the role of chemotherapy in the occurrence of

multiple primary neoplasms in LFS patients. However the small number of case reports
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of apparent therapy-related leukemia or myelodysplasia in pediatric (64) and adult

(68,69) LFS patients suggest that systematic studies of the risks should be undertaken.

RISK MODIFIERS

The diversity of tumor types and ages within LFS families has been noted since the

original report and confirmed with mutation testing (1,14,58), suggesting that additional

factors influence tumor development. Early studies of p53 heterozygous knockout mice

demonstrated that the tumor types observed were in part dependent on the genetic

background of the mice (77). More recently Wu et al. (59) provided statistical evidence

for the presence of risk modifiers in p53 mutation kindreds, with a differential effect on

female and male carriers. Thus there is reason to try to identify risk modifiers in p53

mutation carriers. Bond et al. (78) investigated variants in the negative regulator of p53,

MDM2, a gene that encodes a protein that binds directly to p53 and inhibits its activity. In

mice, variation in MDM2 levels significantly affects tumorigenesis, and in human

tumors, overexpression of MDM2 is thought to substitute for p53 mutation (79). Bond

et al. (78) identified a relatively common variant in the MDM2 promoter (SNP309, with

the variant G allele frequency 33–40%) that enhances binding to Sp1 and leads to

increased levels of MDM2 mRNA and protein, with reduced stability of p53 in response

to cellular stress. In p53 mutation carriers, a significantly earlier age of cancer onset

(7–10 years) has been observed in the carriers of at least one SNP309 G allele (78,80–82).

Further, those with the SNP309 G allele had a higher frequency of multiple primary

tumors (78). More recent work (83) has demonstrated that the SNP309 G allele effect is

sex-specific and affects cancer risk exclusively in females, presumably related to the

increased affinity for the Sp1 cotranscriptional activator for multiple hormone receptors

including the estrogen receptor. It remains to be determined how much this allele

accounts for the excess cancer risk in female mutation carriers.

Bougeard et al. (80) have studied the p53 Arg72Pro polymorphism, the hypothesis

being that the Arg72 allele, shown to have a greater effect in inducing apoptosis (84),

would modify risk. They showed that compared to the Pro72 allele, the Arg72 allele has an

effect of reducing the age at cancer onset in p53 mutation carriers. The combined effect of

the G allele at SNP309 and one Arg allele at TP53 72 was to reduce the mean age of first

tumor onset by 25 years. While numbers of patients studied to date are small, these data

strongly support the notion of risk modifiers of p53, and suggest that, given the number of

positive and negative regulators of p53 (39), there may be many others yet to be identified.

Anticipation, or the increased cancer risk or earlier age of cancer onset in successive

generations, may also serve as a risk modifier in p53 mutation kindreds (55,56). This

phenomenon could easily mask the classic signs of LFS, such that mutation carriers with

childhood cancer may not present with an LFS/LFL cancer family history. In the

longitudinal series of Strong et al. (4,5,58,85), none of the seven proven p53 mutation

kindreds would have been identified as LFS at the proband presentation, yet 25 years later

all but one, probably a new mutation, fulfill classic LFS. A possible biological mechanism

for this effect may involve the shortening of telomeres in p53 mutation carriers (82).

BREAST CANCER PROGNOSIS IN LFS

Many studies have indicated that a p53 somatic mutation is an independent poor prognostic

indicator for breast cancer (86), with some data suggesting that the prognosis may be

influenced by the nature of the mutation (87). Miller et al. (30) have shown that an
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expression signature for p53 functional status in breast cancer is more predictive of outcome

than p53 sequence analysis, and suggest that p53 may be functionally attenuated in the

absence of DNA sequence variants. From those data one might assume that the breast cancer

in germ line p53 mutation carriers would also carry a poor prognosis; surprisingly little data

are available to support that expectation, and the absence of data perhaps speaks loudly.

Given that there are no published survival data for breast cancer in p53 mutation carriers, the

frequent reports of multiple primary tumors occurring over 10 to 30 years (71) suggest that

many of these patients do not succumb to their breast cancer. Unlike BRCA1,2 mutation

carriers (88), no distinct pathology or prognosis has been associated with the breast cancer in

p53 mutation carriers. In the Hwang et al. (58) series, the overall cancer survival for p53

germ line mutation carriers and controls were not different (Strong et al., unpublished data),

suggesting that there is not a uniquely poor prognosis. The relative rarity of p53 germ line

mutation carriers will make any distinct positive or negative response to specific agents

difficult to determine. Despite the increased radiation sensitivity with respect to increased

cancer risk associated with p53 mutations in mouse and human (71,75), no unusual acute

toxicities have been described in response to radiation or cytotoxic agents.

CANCER SURVEILLANCE AND PREVENTION

Recently the American Cancer Society issued new guidelines for breast screening based

on level of risk (89). These recommendations include annual screening with MRI as an

adjunct to mammography for women with a 20% to 25% lifetime breast cancer risk,

based on evidence accumulated from prospective trials of BRCA mutation carriers, and

Expert Consensus Opinion for LFS. The BRCA studies indicated an increased sensitivity,

but reduced specificity, for MRI as compared with mammography. Importantly, fewer

interval cancers occurred in the annual MRI screening groups. The recommended age to

begin MRI and mammography screening was 30 years, although it was noted that

consideration should be given to individual factors such as age of breast cancer diagnosis

in the family. The use of MRI is particularly appealing for LFS patients, given the

previously cited concerns regarding radiation exposure.

Moule et al. (76) have suggested consideration of long-term tamoxifen treatment

for chemoprevention of breast cancer in LFS, given animal data (90) suggesting it could

be effective. However it might not be feasible for the young LFS population at risk.

Prophylactic mastectomy may also be a viable option for some patients.

Unfortunately there are no defined guidelines for screening or prevention for most LFS

cancers. The most frequent tumors would be soft tissue sarcoma, osteosarcoma and brain

tumors, none of which lend themselves to presymptomatic screening. New imaging

techniques or serum proteomic discriminants are clearly needed. Given the lack of specificity

for a distinct cancer type within a family, with the possible exception of adrenal cortical

tumors, it is difficult to recommend aggressive screening. Patient education regarding

symptoms, regular physical examinations with a physician aware of LFS risk and tumor

spectrum, and application of noninvasive screening for melanoma and perhaps colon cancer

(91) at an early age seem reasonable.

PSYCHOSOCIAL AND ETHICAL IMPLICATIONS OF GERM LINE P53
MUTATION TESTING

Genetic counseling and testing for p53 germ line mutations has been available since the

mid-1990s, but even in kindreds with known mutations the uptake has been below 40% (92).
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As genetic counseling and testing for cancer susceptibility has become more common,

guidelines for testing have been updated. Current ASCO guidelines support genetic testing

in the setting of pre- and posttest counseling if the individual has a personal or family

history suggestive of a cancer susceptibility syndrome, the test can be adequately

interpreted, and results will affect medical management (93). The increasing integration of

p53 mutation status into medical management as evidenced by the recommendation for

breast MRI screening and for relative avoidance of radiation therapy provides a more

compelling rationale for genetic testing than previously available. As new therapies are

developed that target specific lesions in the p53 pathway, additional benefits from

knowledge of the p53 status may accrue. Others benefits of knowing one’s genotype may

come from the opportunity to make informative reproductive choices (94). For those at risk,

the benefits also lie in the relief of anxiety for those who test negative for a known familial

mutation.

Barriers to effective p53 testing include the previously cited difficulty in defining

the guidelines for testing with adequate sensitivity and positive predictive value, the

difficulty in eliciting an accurate LFS family history, concerns about insurance and

employment discrimination, and concerns about psychological stress of knowing carrier

status with the lack of validated risk reduction strategies. Dorval et al. (95) have shown

that in the pretest counseling session unaffected at risk individuals from LFS kindreds

could reasonably predict their emotional response to positive and negative results

disclosure; for those testing positive for the mutation the actual distress responses were

less than those estimated. Thus both carriers and noncarriers were able to complete the

process without adverse psychological outcomes. While these findings may be in part due

to the self-selected nature of the participants, genetic testing is always an option, so that

those who may be less confident of their ability to cope may not elect to be tested.

Peterson et al. (96) reported use of a video format decision aid for at risk individuals in

families with known p53 mutations. The families were dispersed and knowledge of the

cancer family history was generally limited. The decision aid provided an opportunity to

facilitate awareness of hereditary cancer risks within families. Compared with baseline

date, the intervention was associated with significantly increased knowledge about LFS

and genetic testing, decreased decisional conflict regarding testing, and decreased cancer

worries. This tool provided an opportunity to reach out to those in genetically

underserved areas, and provide them with information to determine whether to seek

genetic counseling.

In summary, there are likely to be increasing benefits to testing at risk individuals,

as well as additional tools to provide support for individuals facing the choice of genetic

testing for cancer susceptibility. Fear of discrimination should not have to enter into the

decision process.

FUTURE DIRECTIONS

Although LFS is rare, p53 somatic mutations in tumors are not, so there is much interest

in identifying new approaches to tumor treatment based on the tumor p53 genotype or

functional status. Several groups have developed gene therapy approaches to tumor

treatment, with the simple idea that replacing the wild-type p53 would resolve the

problem. There has been some success in local control with this approach in various

tumors, using an adenoviral p53 delivery system (97,98). Could this approach help

patients with germ line p53 mutations? There is now at least “proof of principle,” an

example of p53 therapy in a LFS patient, with evidence of treated tumor regression (99).

Li–Fraumeni Syndrome 103



In this case an LFS patient had multiple lesions of an aggressive embryonal carcinoma

refractory to treatment. One lesion was responsible for the symptoms, and was treated

with experimental advexin p53 therapy. The treated tumor showed significant, well-

documented regression, while the untreated lesions progressed. While this approach may

not be practical for many patients as tumor has to be accessible for injection, it represents

a new example of “molecular cancer therapeutics,” and some hope for “personalized

medicine” for LFS patients (100).

In mouse models additional new treatments that target the p53 pathway have been

shown to cause significant tumor regression. As most human tumors include mutation or

functional inactivation of the p53 pathway, one approach is to reactivate the p53 pathway

to initiate apoptosis or senescence. Several papers have recently surprisingly

demonstrated that established mouse tumors were sensitive to p53 reactivation

(101–103). For these strategies to be helpful in LFS tumors, presumably the wild-type

allele or some other p53 family member would have to be activated. Other approaches

include developing small molecule inhibitors of the p53 negative regulator MDM2, such

as the nutlins (104,105), thus freeing up more p53. An additional approach that might be

more relevant to LFS patients focuses on genes and proteins that are downstream of p53,

including the p53 family member p73 (106). This creative study targeted another negative

regulator of p53 (and family members p63 and p73) iASPP, a protein that is often

overexpressed in breast cancer. The investigators used a minimal p53-derived apoptotic

peptide to bind iASPP and derepress p73, subsequently activating p73-mediated cell

death. While tumors have returned in all of these model systems, the initial regression has

been impressive, and there is expectation that further combined therapies may be even

more effective.

CONCLUSIONS

Breast cancer is the most common cancer in LFS, and occurs at an extremely early age.

There are recommended modalities to screen (MRI and mammography) and manage

(mastectomy without radiation therapy) the breast cancer successfully in many cases.

However, successful screening and management require early recognition of LFS to

initiate screening, a problem given the limited knowledge of LFS cancer family history,

the frequency of de novo mutations, and the lack of a highly sensitive and highly

predictive algorithm to identify LFS patients. Further, management of a young onset

breast cancer in LFS may be only the beginning; the patient will be at continuing cancer

risk throughout life. Optimal patient management could require multidisciplinary teams

of oncologists, geneticists, genetic counselors, diagnostic radiologists, “alert clinicians,”

chemoprevention specialists, biomarker laboratories, etc., teams and resources rarely

available. Patient advocacy groups have been difficult to maintain for the rare cancer-

prone LFS; however as more at risk individuals are seeking counseling and the LFS

knowledge base expanding, there may be a new opportunities to develop needed support

groups. With the research focus on mechanisms to maintain or reactivate the p53

pathway, new approaches to prevention and treatment will hopefully emerge.
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INTRODUCTION

The major genes associated with inherited susceptibility to breast cancer are BRCA1
and BRCA2. However, breast cancer is a component of other cancer susceptibility

syndromes, including Li-Fraumeni syndrome (LFS), Cowden syndrome, Peutz-Jeghers

syndrome (PJS), and hereditary gastric cancer. LFS and Cowden disease, caused by

mutations in TP53 and PTEN, respectively, are discussed in Chapters 6 and 5. This

chapter is divided into two major parts: (i) other rare familial cancer syndromes with

breast cancer as a component and (ii) mutations in DNA damage response genes

associated with an increased risk of breast cancer, notably in families with multiple

breast cancer cases.

RARE FAMILIAL CANCER SYNDROMES WITH BREAST
CANCER AS A COMPONENT

Peutz-Jeghers Syndrome

PJS is characterized by hamartomatous polyps in the small bowel and pigmented macules

of the buccal mucosa, lips, fingers, and toes (1). Mutations in STK11/LKB1, a serine-

threonine kinase located on chromosome 19q13.3, have been identified in 50% to 80% of

patients with PJS (2–8). STK11/LKB1 is the only kinase identified as leading to cancer

predisposition when inactivated in the germline. Loss of the wild type allele in

hamartomas and adenocarcinomas in patients with PJS is consistent with its role as tumor

suppressor gene (9). Of note, despite the increased risk of breast cancer associated with

PJS, mutations in STK11/LKB1 do not appear to play an important role in sporadic breast

cancers (10). As mutations cannot be identified in all patients with PJS, it has been

postulated that there is a second gene, which is suggested to be located at 19q13.4

(11,12).

Several studies have examined the cancer risk in Peutz-Jeghers patients. PJS

patients are at greatly increased risk of gastrointestinal cancers and gynecological

cancers (13–15). Prior to the identification of LKB1 as the causative gene in PJS, it had

been suggested that the risk of breast cancer was increased in PJS patients based on

case reports of early onset and bilateral breast cancer. The first retrospective study
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looking at cancer risk in Peutz-Jeghers families described an increased relative risk in

affected women for breast and gynecological tumors together of 20.3 (13). In that

study, the mean age of breast cancer diagnosis was 39. However, only 16 women were

included in the study. A follow-up study by Giardiello et al. using a PJS registry also

showed a 15-fold increased risk of breast cancer (16). However, as the study was

registry based, it may not have contained systematic follow-up of all patients, thus risk

could be inflated.

Two more recent studies have evaluated breast cancer risk in patients with PJS,

with disparate results. The larger study by Hearle et al. incorporates data from eight

centers seeing patients with PJS, which includes data from several earlier papers—the

two cited above as well as a study of 240 patients with PJS reported on by Lim et al. in

2004 (8,13,14,16). Hearle et al. included PJS patients both with and without identified

mutations in LKB1. Seventy percent of 226 women with PJS had mutations. Sixteen of

the women developed breast cancer (and one male) in an age range of 35 to 61. The risk

of breast cancer did not differ between those with and without identified mutations. The

risk for developing breast cancer was 8% [95% confidence interval (CI) 4–17], 13% (95%

CI 7–24), 31% (95% CI 18–50), and 45% (95% CI 27–68) at ages 40, 50, 60, and 70,

respectively. The authors estimate that this translates into a six-fold increased relative

risk. Of note, this relative risk is lower than that previously published in the studies

incorporated into this series of PJS patients. In contrast, a study by Mehenni et al.

comprising only patients with identified LKB1 mutations did not find an increased risk of

breast cancer (15). The study included 73 women, only one of which developed breast

cancer. However, the risks for gastrointestinal cancers (63% 95% CI 23–82) were similar

to those reported by Hearle et al. (57% 95% CI 39–76), suggesting that the populations

are not substantially different with respect to other cancer risks. It is possible that the

differences are due to inclusion of patients without identified mutations in the study by

Hearle et al., but the risk is not significantly different in patients with and without

detectable mutations in LKB1 (14). As the patients come from different populations, it is

possible that other factors modify the penetrance and, thus, breast cancer risk associated

with PJS, such as age of menarche and menopause, parity, and genetic variants in other

genes. However, modifiers likely would not explain such a large difference in risk. Based

on the papers with higher risk, screening for breast cancer in PJS patients is

recommended starting at age 20, with mammography every two years and breast exam

by a physician yearly (1). In addition, these patients may be eligible for research

screening studies that include women at high risk of breast cancer and breast magnetic

resonance imaging (MRI) should be considered.

Hereditary Diffuse Gastric Cancer

Hereditary gastric cancer is a rare autosomal dominant cancer susceptibility syndrome in

which patients have a greatly increased risk of diffuse gastric cancer—67% (95% CI

39–99) for men and 83% for women (95% CI 58–99) by age 80 (17). Germline mutations

have been identified in E-cadherin (CDH1) (18) located at 16p22.1. Huntsman et al. have

suggested six criteria for the clinical diagnosis of hereditary diffuse gastric cancer

(HDGC), however only 30% of families meeting these criteria have identified CHD1
mutations (19). In families with a documented case of diffuse gastric cancer at or before

age 50 and a family history of gastric cancer, 50% have identified mutations in CDH1.
Several studies have supported the importance of prophylactic gastrectomy in families

with CDH1 mutations, as 17 of 18 asymptomatic carriers with prophylactic gastrectomy

demonstrated early (intramucosal) gastric cancers (20–23).
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Multiple studies have supported an increased risk for lobular breast cancer in

HDGC families (17,19,23–25). In sporadic lobular breast cancers, there commonly is loss

of E-cadherin expression usually resulting from the somatic mutation of one allele and

loss of heterozygosity of CDH1 (26,27). The initial observation was made by Keller et al.

who reported a woman with a germline mutation in CDH1 with metachronous

development of diffuse gastric cancer and lobular breast cancer (24). Subsequently,

after review of the breast cancer pathology in HDGC families it was found for those that

could be located, lobular breast cancer was diagnosed (17). Lobular breast cancer is

observed in HDGC families with and without CDH1 mutations (19). Recently, the criteria

for genetic testing for CDH1 mutations have been expanded to include any family with

both gastric cancer and lobular breast cancer based on mutation positive families that

meet this criterion (23).

The penetrance for lobular breast cancer is estimated to be 39% by age 80 (95% CI

12–84) in women with germline CDH1mutations in the absence of other causes of cancer/

mortality. Thus, this estimate is based on women who are unaffected with gastric cancer,

and as the prevalence of gastric cancer is so high, a woman is much more likely to develop

gastric cancer before breast cancer. When the two cancer risks are combined, the risk of

gastric cancer is 72% and of breast cancer is 18% (17). Screening for lobular breast cancer

in families with HDGC is recommended starting at age 35 or five years earlier than the

earliest age of diagnosis. Importantly, in addition to routine screening with physician exam

and mammography, MRI is recommended due to the increased difficulty of detecting

lobular breast cancers using traditional methods, such as mammography (28).

VARIANTS IN DNA DAMAGE RESPONSE GENES ASSOCIATED WITH
AN INCREASED RISK OF BREAST CANCER, NOTABLY IN FAMILIES
WITH MULTIPLE BREAST CANCER CASES

Ataxia Telangiectasia Mutated

Individuals homozygous for germline mutations in ataxia telangiectasia mutated (ATM)

have ataxia telangiectasia (AT), an autosomal recessive disorder characterized by

cerebellar ataxia, oculocutaneous telangiectasias, radiation hypersensitivity, and an

increased incidence of malignancy (29). AT homozygotes have cancer risks 60 to 180

times greater than the general population including non-Hodgkins lymphoma (nearly

100% lifetime risk) and breast and ovarian cancer (30). Heterozygosity for germline

mutations in ATM was initially hypothesized by Swift et al. to confer an increased breast

cancer risk and that screening mammography, a source of ionizing radiation, could

theoretically increase the penetrance of such mutations (31). An initial study supporting

the hypothesis was criticized due to the exceptionally low rate of breast cancer among the

controls. In addition, subsequent studies did not consistently support a link between ATM
mutation heterozygosity and breast cancer susceptibility, thus the association remained

controversial for many years.

Two major approaches have been used to address the issue of whether females with

heterozygous mutations in ATM are at increased risk of breast cancer. The first approach

is the study of families ascertained through the identification of a proband affected with

AT, and comparison of breast cancer risk female family members to the general

population or married-in family members. Unaffected family members of AT patients

consistently have an increased risk of breast cancer, with relative risks ranging from 1.5

to 9 (32–41). Later studies, which include more families, have reported relative risks

between 2.4 and 3.4, with higher risks among younger women. Many of the earlier
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studies also suggested a higher risk of breast cancer among younger women. Two recent

studies from the Nordic countries and United Kingdom are the largest to date of

heterozygous ATMmutation carriers ascertained through families with members with AT.

In the study from the Nordic countries, 1445 blood relatives of 75 AT patients were

evaluated (42). Olsen et al. found a standardized incidence ratio (SIR) of 1.7 (95% CI

1.2–2.4), which was increased to 2.9 among those under age 55 (95% CI 1.8–4.5). The

risk was most pronounced among mothers of the AT proband (SIR 8.1, 95% CI 3.3–17).

When these women were excluded, there was no increased risk of breast cancer among

female carriers of the ATM mutation. Given that risk was limited to mothers of probands,

the authors question a direct relationship between ATM heterozygosity and breast cancer

risk and postulate rather an in utero effect. In the study from the United Kingdom, cancer

incidence and mortality data was obtained for 1160 relatives of 169 AT patients,

including 247 obligate heterozygotes (43). As genotype was unknown, Thompson et al.

factored in the probability of the family member being a heterozygote into their

calculations when comparing the rate of cancers in ATM heterozygotes to those expected

to the general population. They found a relative risk of 2.23 (95% CI 1.16–4.28) for ATM
heterozygotes as compared to the general population; the risk increased to 4.94 (95% CI

1.9–12.9) in those under 50 years of age. Unlike the study by Olsen et al., they did not

find a risk restricted to mothers of AT patients; in fact, the highest risk was seen in aunts

of AT carriers—2.6 (95% CI 1.33–5.5). However, mothers and aunts were the groups

with the highest SIRs. Together, these results support a moderate increase in breast cancer

risk in female heterozygous carriers of ATM mutations.

A second approach has been to use mutational analysis in early onset breast cancer

cases to define the contribution of ATM to breast cancer risk. In the first such study of 401

women diagnosed with breast cancer under the age 40, ATM mutation frequency did not

differ from that of controls (44). However, protein truncation testing (PTT) was used for

mutation screening, which may have missed some mutations. Null results also were

reported by Izatt et al. in 100 breast cancer cases under the age of 40 and by Chen et al. in

100 breast cancer patients with a family history, as well as several smaller studies

(45–49). In a study of 483 unselected Norwegian breast cancer cases, 150 under age 55,

screened for the Norwegian founder ATM mutations, no increase in prevalence over

controls was found (50). However, Broeks et al. did find an increased rate of ATM
mutations in 82 patients diagnosed with breast cancer before age 45, 40% of whom had

contralateral disease and all of whom had been exposed to low-dose radiation at a young

age (51). This study suggested that exposure to even low-dose radiation at a young age

may be an important component of breast cancer risk in the presence of an ATMmutation.

The most recent, and most definitive study, examined the full sequence of ATM (63

exons) in 443 familial breast cancer cases (BRCA1/2 negative, at least three breast cancer

cases) and 521 controls (52). Using familial based cases gives an estimated four-fold

increase in power over sporadic cases. Twelve deleterious mutations were identified in

cases and two in controls (p¼ 0.0043). These results demonstrate that heterozygous ATM
mutations are associated with breast cancer with a relative risk of 2.37 (95% CI 1.5–3.8).

Unlike the family-based studies, there was no difference in relative risk in breast cancer

cases under age 50, although the estimated risk under age 50 (2.5, 95% CI 1.41–4.17) is

within the range predicted by those studies. The proband phenotype and family history

were not significantly different in the breast cancer case probands with identified ATM
mutations as compared with those without such mutations.

The type of mutation in ATM (missense vs. truncating) has been postulated to be

associated with differing risks of breast cancer (53), with missense mutations carrying a

higher risk of breast cancer. The model initially was suggested based on the apparent
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differences in risk identified using the two methods outlined above—family-based studies

of AT patients and case–control studies of breast cancer patients. Gatti et al. suggested

that missense mutations would have a dominant negative phenotype, resulting in a more

striking phenotype than simple-loss of protein. While this hypothesis would have

explained the lack of identified ATM mutation carriers in studies of breast cancer patients,

there did not appear to be a difference in breast cancer risk in families of AT patients with

truncating and missense mutations. While some initial studies appeared to support this

hypothesis (54,55), more recent studies have not supported a correlation between

missense mutations and higher breast cancer risk. In a more recent study, missense

mutations were associated with a decreased risk of breast cancer (43). In a study by

Rahman et al. of 433 breast cancer cases and 521 controls, 37 nonsynonymous variants

were identified, 12 in both cases and controls, 13 only in cases and 10 only in controls

(52). Two of the variants present only in cases previously had been demonstrated to be

associated with AT. None of the remaining nonsynonymous variants were associated with

either case or control status nor did they cluster in any region of the protein. These studies

do not support any difference in risk between missense and protein truncating mutations

in ATM.

In summary, the risk associated with a heterozygous ATM mutation, based on

studies of AT families and breast cancer probands, has converged on an approximately

two-fold increase in risk. The estimate of breast cancer population attributable risk due to

ATM mutations is 0.86% (95% CI 0.32–1.72). Although recent studies have clarified the

association of ATM heterozygous mutations with breast cancer risk, there are a number of

unanswered questions which need to be addressed by larger studies (or pooled resources).

Such questions include why some studies show a much greater association in the mothers

of AT patients than in more distant relatives and whether there are mutation specific

differences in breast cancer risk. In addition, important clinical questions remain to be

answered: whether exposure to radiation, both diagnostic and therapeutic, is associated

with increased sensitivity in carriers of ATM mutations and how and if clinical testing for

ATM mutations should be implemented. Currently clinical testing for ATM mutations is

not recommended.

Checkpoint Kinase 2

Checkpoint kinase 2 (CHEK2), encoded by the gene CHEK2 located on chromosome

22q12.1, is a protein involved in cell-cycle control. CHEK2 plays an important role in

mediating cell-cycle progression in response to DNA damage (56). In response to DNA

damage, it is quickly activated by ATM-mediated phosphorylation (57–59). When

activated, the encoded protein is known to inhibit CDC25C phosphatase, preventing entry

into mitosis, and has been shown to stabilize the tumor suppressor protein p53, leading to

cell-cycle arrest in G1. Data suggest that the interaction between CHEK2 and BRCA1
may affect whether homologous recombination or nonhomologous end joining is used for

repair of double-stranded breaks rather than the specific process of repair (60,61).

An initial study of LFS kindreds suggested that CHEK2 was a potential LFS gene

(62). While it is no longer thought that CHEK2 plays a role in LFS, two variants in

CHEK2 were identified in the initial study, 1100delC and I157T, which subsequently

have been studied as breast cancer susceptibility alleles. CHEK2 1100delC, which

abolishes the kinase activity, has found in multiple studies to confer a two-fold increased

risk of breast cancer across different populations (63–72). The mutation has been found at

varying frequencies across populations with the highest frequency in the Netherlands,

3.7% in women with breast cancer diagnosed under age 50 (73). The initial study by
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Stratton et al. found the 1100delC mutation at a frequency of 1.1% in healthy controls and

5.1% in 718 probands from breast cancer families from Europe and America

(p¼ 0.00000003) (64). The increase in risk associated with the variant in families

without BRCA1 or BRCA2 mutations was 1.70 (95% CI 1.32–2.20). Closely following up

on this was the study from Finland by Nevanlinna and colleagues who also found the

variant at increased frequency in 506 familial breast cancer cases [5.5% vs. 1.4%, odds

ratio (OR) 4.2; 95% CI 2.4–7.2; p¼ 0.0002] (65). The largest study was done by the

CHEK2 Breast Cancer Case-control Consortium of 10,860 breast cancer cases and 9065

controls; they found the 1100delC mutation in 1.9% of cases and 0.7% of controls (OR

2.34; 95% CI 1.72–3.20) (66). Various studies have confirmed an association with

bilateral breast cancer, earlier age of diagnosis, and having a first degree relative with

breast cancer (64–66,68). Two studies have examined an association between ionizing

radiation and the 1100delC mutation. In patients with bilateral breast cancer, Broeks et al.

found the highest percentage of variants in those who had received radiation therapy for

their first primary breast cancer, 7.7%, as compared with 3% in those who had not

received radiation therapy (67). In 2311 female breast cancer cases and 496 controls from

the Ontario and Northern California Breast Cancer Family Registries, a great number of

CHEK2 variants were found in women over age 45 who were exposed more than 15 years

prior to their diagnosis (OR 4.28; 95% CI 1.5–12.2) (74). As CHEK2 plays a role in DNA
damage response to ionizing radiation, it is not unexpected that women carrying the

variant, which leads to lower protein levels, would be more sensitive and more likely to

develop breast cancer after exposure to radiation.

The cumulative risk of breast cancer has been estimated to be 13.7% by age 70 for

carriers of the 1100delC mutation, as compared with 6.1% for noncarriers (66). The

CHEK2 Consortium estimated that 0.7% of breast cancer and 0.5% of the excess familial

risk is due to this variant in the UK. Using a population-based series of 469 bilateral

breast cancer cases, Peto et al. estimate a cumulative risk of 23.8% of breast cancer for

first degree relatives of women with bilateral breast cancer and the 1100delC mutation

whom also carry the mutation (SIR 12.11; 95% CI 5.23–23.88) (75). Of note, first degree

relatives who did not carry the mutation also have an increased risk of breast cancer (SIR

3.48; 95% CI 2.96–4.09). The higher cumulative risk estimated in the latter study for

carriers of the 1100delC mutation likely is due to the influence of other shared factors,

either environmental or genetic, that contribute to the increased breast cancer risk in

families with bilateral breast cancer cases. The CHEK2 mutation also has been suggested

to be associated with a poor prognosis. In 1479 women from the Netherlands with a

median follow-up of 10 years, the 1100delC variant was observed in 54 women (3.7%).

These women had a higher risk of second primary breast cancer (HR 2.1; 95% CI

1.0–4.3), decreased recurrence-free survival (HR 1.7; 95% CI 1.2–2.4), and breast cancer-

specific survival (HR 1.4; 95% CI 1.0–2.1) compared with noncarriers (73). The authors

argue that the worsened prognosis should prompt clinical screening for the CHEK2
mutation at the time of diagnosis so that more intensive therapy or follow-up could be

done. However, the rarity of the variant in most populations and borderline significant

findings argue against such screening. Narod and Lynch suggest that based on the

incident rates reported by Weischer et al. (74), 2000 CHEK2 positive Danish women

would have to be followed for five years to find 40 new cancers (and 400,000 women

would have to be screened to identify those 2000 women), making a prospective study

logistically and monetarily improbable (76). At this time, clinical testing is not

recommended for the CHEK2 1100delC mutation. There are several studies underway

examining its use in the clinic, which may serve to clarify if mutation testing can and

should be used in a clinical scenario.
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Interestingly, the 1100delC mutation was not found at increased frequency in

BRCA1/2 mutation carriers. It is possible that the low frequency of the CHEK2 1100delC
in BRCA1/2 mutation carriers is due to the fact that CHEK2, BRCA1, and BRCA2 lie in

the same pathway, and that this pathway is subverted in the mutation carriers, and thus

there is little additive effect of the CHEK2 mutation (64). However, both CHEK2 and

BRCA1/2 mutations are rare, so it is possible that they coexist, but at such rarity that

together they remain unidentified.

Additional mutations have been identified in CHEK2. Most relevant to female

breast cancer is I157T (470 T >C), the frequency of which also is population dependant.

The variant does not appear to contribute to breast cancer susceptibility in the United

Kingdom, North America, and the Netherlands (77). However, it does appear to

contribute to breast cancer susceptibility in Finland, Poland, Germany, and Byelorussia

with an increased frequency of breast cancer cases as compared with controls (78–80),

albeit associated with lower risk of breast cancer (OR 1.4 in two studies) than the

1100delC mutation. In the latter populations, the estimated breast cancer attributable risk

is similar at ~2%, and in Finland, the estimated cumulative risk of breast cancer is 8.1%

in carriers (as compared with 5.5% for noncarriers).

BARD1-BRCA1-Associated RING Domain

BRCA1-associated really-interesting-new-gene (RING) domain protein (BARD1) was

identified in a yeast two-hybrid screen as a binding partner of BRCA1 (81). Like BRCA1,
BARD1 has a RING-finger domain; BRCA1 and BARD1 form a functional heterodimer

through the interaction of those domains (82). The interaction of BRCA1 and BARD1

serves to stabilize the two proteins. Mutations in BRCA1 in the RING domain abrogate

the interaction between BRCA1 and BARD1 and are associated with susceptibility to

breast and ovarian cancers (83). The heterodimer appears to act as a ubiquitin ligase that

targets cell-cycle regular and DNA repair proteins for degradation (84). Similar to

BRCA1, knockout of BARD1 leads to early embryonic lethality (85).

As mutations in BRCA1 and BRCA2 account for only 30% to 40% of familial

breast cancer, BARD1 was an excellent candidate as an additional breast cancer

susceptibility gene based on its interaction with BRCA1, because as well as their

functional similarity, both have a RING finger domain. Several studies screened high

risk breast and breast/ovarian cancer families without mutations in BRCA1 and BRCA2
for mutations in BARD1. These studies did not find any evidence that BARD1 was a

breast cancer susceptibility gene. Ghimenti et al. screened 40 families by single-strand

conformation polymorphism and identified five mutations including 1139del21 and

Cys557Ser (86). None of the mutations were associated with allelic loss of BARD1 and

so did not support a role as BARD1 as a tumor suppressor associated with cancer

susceptibility. In a similar manner, Ishitobi et al. screened 60 families and found

several missense mutations, most of which had been previously observed and the same

in-frame deletion 1139del21 (87). The authors investigated Val507Met as a low

penetrance susceptibility allele for breast cancer in a small association study of 142

population-based breast cancers and 155 healthy controls; they suggest that it is

associated with an increased risk of breast cancer in 69 postmenopausal women with an

OR of 2.05 (95% CI 1.01–4.16). Nevanlinna et al. resequenced BARD1 in 45 Finnish

familial breast cancer kindreds and seven patients with breast and ovarian cancer, again

finding only known missense mutations (88). The largest study screened 126 Finnish

families and found four missense and three synonymous amino acid changes (89). They

suggest that six of these amino acid changes are neutral, as their frequency in the
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familial cases was not different from that in control populations. However, they suggest

that the Cys557Ser variant is a low penetrance breast cancer susceptibility allele, which

they find in 5.6% of 126 familial breast cancer cases, 2.7% of 188 unselected cases,

and 1.4% of 1018 controls, p¼ 0.005 for the comparison of familial cases and controls.

The most significant finding was in 94 familial probands with a family history of breast

cancer only (7.4% vs. 1.4%, p¼ 0.001). Based on this study, three larger studies of the

Cys557Ser variant as a low penetrance breast cancer susceptibility allele have been

done, all done in Nordic countries, two of which show a positive association. The

negative study was done in Finland by Vahteristo et al. in 1811 familial breast cancer

probands (577Ser frequency 1.4%), 1565 unselected breast cancer cases (2.2%), and

1083 controls (2.5%). Using 1090 cases with breast cancer and 703 from Iceland,

Stacey et al. found an association with breast cancer (OR 1.28; 95% CI 1.11–3.01),

which was pronounced in family history positive cases (OR 2.41; 95% CI 1.22–4.75,

p¼ 0.015) (90). In carriers of the Iceland founder BRCA2 mutation, 999del5 and the

Cys557Ser allele, the OR was 3.11 (95% CI 1.16–8.4). The authors also note that the

577Ser allele is associated with an increased risk of second primary breast cancer and

specific subtypes of breast cancer, lobular and medullary. The largest study by the

Nordic consortium included 2906 breast and ovarian cancer cases and 3591 controls

from Finland, Iceland, Denmark, Sweden, and Norway (91). In this study, 557Ser was

found at increased frequency in probands from breast and/or ovarian cancer families

with and without BRCA1 or BRCA2 mutations as compared with controls for ORs of

2.6 (95% CI 1.7–4.0) and 3.2 (95% CI 1.2–38), respectively. While the consortium

included prostate and colorectal cancer cases, the association with disease only was

found with breast cancer cases. The 557Ser allele appears to have arisen from a

common ancestor of Northern European origin (90). In Iceland, it clusters in one

geographic area; Icelandic and Utah CEPH carriers of the variant have the same

haplotype. The BARD1 557Ser allele is found at a higher frequency in Northern Europe

and in two large case–control studies is associated with breast cancer, particularly in

those with a positive family history. However, the increase in risk is small and likely

only to play a significant role in those whom already have a BRCA2 999del5 mutation.

Mutation testing is not in use on a clinical basis.

Fanconi Anemia Genes

Fanconi anemia (FA) is a rare autosomal recessive disease, clinically characterized in

most patients by growth retardation, radial aplasia (malformation of the thumb and

forearms), hyperpigmentation of the skin, kidney malformation, developmental delay, as

well as other congenital malformations (92). However, some patients do not have any

dysmorphic features or congenital malformations. Aplastic anemia presenting in the first

decade of life frequently occurs. The rate of bone marrow failure is estimated to be 90%

by age 40 (93). The estimated risks of developing hematological and nonhematological

malignancies are 33% and 28%, respectively by age 40 (93). Of interest, FANCD1 and,

more recently, FANCN are associated with an increased cancer prone phenotype as

compared with other complementation groups. In FANCD1, the average of leukemia is

2.2 years of age as compared with 13.4 years for other complementation groups (94). For

FANCD1 patients, the cumulative probability of malignancy is 97% by age five (95). In

both FANCD1 and FANCN, patients are prone to Wilms tumor and medulloblastoma as

opposed to the hematological malignancies common in other complementation groups

(96,97). The cells of patients with FA are characterized by hypersensitivity to interstrand

DNA crosslinking agents (Mitomycin C, diepoxybutane) and the formation of aberrant
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chromosomal structures in response to them (98). FA is an excellent example of genetic

heterogeneity, with the syndrome caused by 13 complementation groups that are clinical

recognized (Table 1).

Swift et al. had first hypothesized that heterozygotes would be at increased risk for

cancer in 1971; however, this was not supported by his study in 1980 of extended families

of 25 heterozygotes (99). Additional studies also did not support an increased cancer risk

for heterozygotes (100). However, FA is caused by multiple genes, unlike AT, and it

remained a possibility that mutations in some of the genes could be associated with breast

cancer susceptibility, which would not be identified in the heterogeneous group,

particularly as the majority of cases are associated with mutations in one gene—FANCA.
FA clearly was linked to breast cancer susceptibility when BRCA2 was identified as the

causative gene for the complementation group FANCD1 (101). Based on the

identification of BRCA2 in FANCD1 patients, other FA genes were candidates for breast

cancer susceptibility genes. A survey of mutations in FANCA, FANCC, FANCD2,
FANCE, FANCF, and FANCG in 88 familial breast cancer cases negative for mutations

in BRCA1 and BRCA2 identified two missense mutations (in FANCA and FANCE) in the

genes (102). In addition, FANCD2 has been screened for mutations in 30 Australian

BRCA1/2 negative families without identification of pathogenic mutations (103). These

studies suggested that these FA genes were not associated with breast cancer

susceptibility.

Studies of other FA genes, however, have suggested an association with breast

cancer susceptibility. The gene implicated in FANCJ, BRIP1 (BRCA1 interacting protein
C-terminal helicase 1), has been extensively studied in association with breast cancer

families without BRCA1 or BRCA2 mutations, resulting in the detection of one frameshift

and several missense mutations, all of which did not cosegregate with breast cancer in the

families (103–108). The conclusion was that mutations in BRIP1 did not play a

Table 1 Fanconi Anemia Genes and Their Association with FANCD2 Monoubiquitination

and Breast Cancer Susceptibility

Subtype Gene

Chromosomal

location

Required for FANCD2
monoubiquitination

Implicated in breast

cancer susceptibility

A FANCA 16q24.3 Yes No

B FANCB Xp22.31 Yes No

C FANCC 9q22.3 Yes No

D1 BRCA2 13q12.3 No Yes

D2 FANCD2 3p25.3 – No

E FANCE 6p22-21 Yes No

F FANCF 11p15 Yes No

G FANCG/
XRCC9

9p13 Yes No

I Unknown – Yes –

J BACH1/
BRIP1

17q22-24 No Yes

L FANCL/
PHF9/
POG

2p16.1 Yes –

M FANCM/
Hef

14q21.3 Yes –

N PalB2 16p12.1 No Yes
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significant role in familial breast cancer. However, in 1212 women with breast cancer

(BRCA1/2 mutation negative), all of which had at least one first degree relative with

breast cancer and/or ovarian cancer, Rahman et al. identified nine with mutations as

compared with two in 2081 controls (p¼ 0.003) (109). They estimated the relative risk

for breast cancer associated with mutations in BRIP1 as 2.0 (95% CI 1.2–3.2), which was

increased in those less than 50 years old to 3.5 (95% CI 1.7–5.7). There was no difference

in frequency of missense mutations between cases and controls. These data implicate

BRIP1 as a low penetrance gene conferring susceptibility to breast cancer. In addition,

Rahman et al. suggested that heterozygous mutations within the genes of the FA core

complex (FANCA, FANCB, FANCC, FACE, FANCG, FANCL, FANCM), which mediate

the monoubiquinitation of FANCD2 may not contribute to breast cancer susceptibility. In

contrast, mutations in genes downstream of FANCD2, such as BRCA2 and BRIP1, may

contribute to breast cancer susceptibility.

Most recently, PalB2 (partner and localizer of BRCA2) has been implicated as a

causative gene for FA and low penetrance gene for breast cancer. PalB2 was identified

through coimmunoprecipitation with BRCA2 (110). PalB2 binds with BRCA2 with up to

50% complexed and colocalizes with BRCA2 in nuclear foci after DNA damage.

Mutations in PalB2 were identified in 10 of 923 familial breast cancer cases, in this case

defined as at least one breast cancer at any age and two relatives also affected with breast

cancer, as compared with none in 1084 controls (p¼ 0.0004) (111). Nine mutations were

identified in families with female breast cancer only, one in a family that also contained

male breast cancer. The relative risk was estimated at 2.3 (95% CI 1.4–3.9; p¼ 0.0025),

which increased to 3.0 for women under the age of 50 (95% CI 1.4–3.9). However, the

median age of diagnosis was 46, not significantly different from that of all families, with

a mean age of diagnosis of 49. Not unexpectedly, mutations in PalB2 did not completely

cosegregate with cancer in families. PalB2 also functions downstream of FANCD2

monoubiquinitation, suggesting that a common pathway for FA genes which contribute to

breast cancer susceptibility.

DNA Data Repair Genes and Breast Cancer Susceptibility

The data presented above show an emerging picture of mutations in DNA damage repair

genes and breast cancer susceptibility. In regards to FA genes, the data suggest that

mutations in DNA damage repair genes that function in homologous recombination

downstream of FANCD2 monoubiquinitation are likely to be associated with breast

cancer susceptibility. However, many questions remain unanswered. Mutations in

BRCA1, BRCA2, and TP53 confirm a high risk of breast cancer (approximately 10-fold)

and contribute to 15% to 20% of familial breast cancer. Mutations in ATM, CHEK2,
BRIP1, and PalB2, despite interacting with and functioning in the same pathway as

BRCA1, BRCA2, and/or TP53, confirm a lower risk of breast cancer. Even taken together

mutations in ATM, CHEK2, BRIP1, and PalB2 are very rare accounting for an estimated

2.3% of breast cancer risk (111). What accounts for the differences in risk, and also do

other genes in this pathway play yet unidentified roles in breast cancer susceptibility?

Also do all of these genes function independently of each other with nonoverlapping

mutations? While the link between BRCA1, BRCA2, and TP53 and breast cancer

susceptibility has been known for many years, the reason why mutations in these genes

are associated with a higher risk of breast cancer rather than other cancers remains

unknown. Similarly, the reason why mutations in ATM, CHEK2, BRIP1, and PalB2 also

appear to be associated with breast cancer is unknown, except for an association with

CHEK2 mutations and prostate cancer (112,113). In part the bias toward breast cancer
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may be because similar large-scale studies of mutational analysis in familial cancer

probands of other cancers have not been completed and so they may be associated with

other cancers in the future. Nonetheless, the link between mutations in DNA damage

repair genes that function in homologous recombination and breast cancer is well

documented and future studies will explore it further.
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INTRODUCTION

For many years the main focus of the research effort into the inherited basis of breast

cancer was the search for single, strong, but rarely mutated predisposing genes that cause

a subset of the disease with Mendelian inheritance. More recently, attention has switched

to the systematic study of common genetic variation in complex disease susceptibility

with the promise of a “polygenic” approach to the prevention and treatment of common

diseases. This change of focus has been enabled by the completion of the human genome

sequence and the subsequent generation of detailed information about the range of

genetic differences between individuals. Some have claimed that the greater under-

standing of genetic risk factors and their interactions with the environment will allow

diseases to be predicted and to be prevented at both individual and population levels, by

directing interventions at individuals shown to be at high risk (1,2). Others are less sure

(3–5): in particular, they question whether molecular testing for common genetic variants

can have sufficient predictive power to be of practical use either for the individual or for

defining risk groups in the population at large. In this chapter, I will review the evidence

for the polygenic model of breast cancer susceptibility, discuss progress toward

identifying low-penetrance alleles, and comment on the clinical utility and public health

relevance of these alleles.

THE EVIDENCE FOR LOW-PENETRANCE GENES

Breast cancer, like other common cancers, exhibit some degree of familial clustering,

with disease being approximately two-fold more common in first-degree relatives of

cases (6,7). The higher rate of most cancers in the monozygotic twins of cases than in

dizygotic twins or siblings suggests that most of the familial clustering is the result of

genetic variation rather than lifestyle or environmental factors (8,9). Further evidence for

the relative importance of genetic factors comes from the observation that more distant

relatives of a case (i.e., those beyond the nuclear family) are also at increased risk of

disease even though they would be expected to share environmental or lifestyle factors

to a lesser degree (6). Furthermore, the magnitude of the risks in distant relatives is close

to those predicted by simple genetic models such as a dominant model or an additive

polygenic model.
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Some of the familial clustering of breast cancer occur as part of specific inherited

breast cancer syndromes, where disease results from single genes conferring a high risk.

Several genes associated with these syndromes have been identified including BRCA1,
BRCA2, PTEN, and TP53. However, the susceptibility alleles in these genes are rare in

the population and they account for a small minority of the inherited component of

cancer. Highly penetrant variants in the breast cancer susceptibility genes BRCA1 and

BRCA2 account for less than 20% of the genetic risk of breast cancer with other rarer

high-penetrance genes such as TP53, ataxia telangiectasia–mutated (ATM), and PTEN
counting for less than 5% (10). Other BRCA1/2-like genes are unlikely to exist as the

majority of multiple case families can be accounted for by BRCA1 or BRCA2 (11) and,

despite extensive research efforts, attempts to identify similar highly penetrant cancer

susceptibility genes, using family based linkage studies, have failed.

Mathematical modeling of the familial aggregation of breast cancer in the population

can provide important clues about the range of genetic models that best account for the

familial aggregation of breast cancer not due to the high penetrance BRCA genes. Two such

studies have been published. The first study used data from a series of 856 breast cancer cases

from Australia that were diagnosed under the age of 40 and had been tested for mutations in

BRCA1 and BRCA2 (12). The model that fit these data the best was that of a single recessive

allele that conferred a high disease risk. Another study analyzed the occurrence of breast

cancer in the relatives of patients in the Anglian Breast Cancer Study, a population-based

series of ∼1500 cases, all of whomwere screened for mutations in BRCA1 and BRCA2 (13).
Two models were found to fit the data well. The model best describing the data was a

polygenic model, in which susceptibility to breast cancer is conferred by a large number of

alleles.The risk associatedwith any individual allele is small; but the effects aremultiplicative

so that a woman with several susceptibility alleles is at high risk. The second model was that

of a single common recessive allele (frequency 0.24). This recessive allele was estimated to

confer a relative risk (RR) of 21 for rare homozygotes compared with common homozygotes

and heterozygotes, corresponding to a moderately high lifetime penetrance of 42%.

The polygenic and recessive models were also applied to a series of multiple case

families not due to BRCA mutations (14). The polygenic model fitted these data well, but

the fit of the recessive model was not so good. Furthermore, a large meta-analysis of

observational epidemiological studies found that the familial breast cancer risk to siblings

is similar to that to mothers, suggesting that any recessive component for the excess

familial risk is at best small (7). These observations, together with the failure of genetic

linkage studies to identify further breast cancer susceptibility genes, suggest that a single

gene recessive model is less plausible than a polygenic model of inheritance.

Thus, the evidence for the polygenic model of breast cancer susceptibility is

persuasive and it is likely to be an appropriate model for many common cancers and other

diseases. However, the number of risk alleles and their properties (allele frequencies and

risks conferred) are not known. Indeed, a wide variety of possibilities are consistent with

a polygenic model for cancer susceptibility, ranging from a handful of alleles of moderate

risk to a large number of alleles each conferring a slight increase in risk across a wide

range of allele frequencies, or a combination of the two.

PROGRESS TOWARD IDENTIFYING COMMON
LOW-PENETRANCE ALLELES

The main alternative to linkage studies for disease gene mapping is the association study,

in which the frequency of a genetic variant in diseased individuals (cases) and individuals
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without the disease (controls) are compared (15,16). Allelic association is present when

the distribution of genotypes differs in cases and controls. Such an association provides

evidence that the locus under study, or a neighboring locus, is related to disease

susceptibility. Association studies for disease genes depend on the “common variant:

common disease” hypothesis (17). Genetic variants that arose many generations ago may,

for a variety of reasons, have become common in the present population at frequencies

ranging from a few percent upward. Some of these variants may predispose to common

diseases of late onset, and combinations of these variants are proposed to underlie

differences in disease susceptibility. Association mapping will be a powerful tool for

mapping such loci with moderate effects. However, it is not clear how much of the

genetic predisposition to cancer is due to alleles with moderate effects or how many such

alleles exist.

The genetic association study has been used as a method to map cancer

susceptibility alleles for over four decades, but the advent of modern molecular genetics

has seen a dramatic increase in the use of this type of study in the past five years (18).

These efforts have, perhaps, been most notable for their few successes. However, most

studies carried out so far have been based on the candidate gene/candidate polymorphism

approach. Candidate genes are those that encode proteins thought to be involved in

carcinogenesis, such as those involved in apoptosis, cell-cycle control, carcinogen

metabolism, or DNA repair, or those known to be somatically altered in cancer. The

rationale for the candidate gene approach is that by maximizing the biological

plausibility, the chances of success are increased. However, the approach is limited by

its reliance on existing knowledge to identify candidate genes based on function.

Perhaps the only confirmed low-penetrance breast cancer susceptibility allele

identified to date is the 1100delc variant in CHEK2. CHEK2 encodes a G2 checkpoint

kinase that plays a critical role in DNA damage repair. It is the human ortholog of the yeast

Cds1 and Rad53 G2 checkpoint kinases (19). Activation of these proteins in response to

DNA damage prevents cellular entry into mitosis. In mammalian cells, activation of

CHEK2 in response to ionizing radiation is regulated through phosphorylation by ATM
(20). ActivatedCHEK2 phosphorylates critical cell-cycle proteins, including p53, Cdc25C,
Cdc25A, and BRCA1, promoting cell-cycle arrest and activation of DNA repair (21–24).

The protein truncating variant in CHEK2, 1100delc, was originally identified by

Bell et al. in a woman with breast cancer who had a family history compatible with

Li-Fraumeni syndrome (25). The same variant was subsequently identified in affected

women in a large multiple-case family with breast cancer from the Netherlands that did

not show linkage to BRCA1 or BRCA2 (26). Further analyses demonstrated that this

variant was present in 18/1620 (1.1%) of controls from England, the Netherlands, and the

United States, but it was present in 55/1071 (5.1%) of breast cancer cases from multiple-

case families that did not segregate BRCA1 or BRCA2 mutations, a frequency difference

that was highly statistically significant. Haplotype analysis confirmed that all

CHEK2*1100delC mutations derived from a common founder. A similar association

was found in another study based on 1035 unselected breast cancer cases, 507 breast

cancer cases with a positive family history, and 1885 controls from Finland (27). The

frequencies in familial breast cancer cases and controls were very similar to that observed

by Meijers-Heijboer et al. (4.5% in cases vs. 1.4% in controls) (26). Meijers-Heijboer

et al. found an even higher frequency in cases with a family history of male breast cancer,

suggesting an association between CHEK2*1100delc and male breast cancer, but this

association was not replicated in a series of male patients with breast cancer unselected

for family history (28). The association was subsequently confirmed in an analysis of 10

case–control studies from five countries comprising 10,860 cases unselected for family
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history and 9065 controls. The 1100delc variant was found in 1.9% of cases and 0.7% of

controls [odds ratio ¼ 2.3; 95% confidence interval (CI) 1.7–3.2]. There was some

evidence for a higher prevalence of 1100delc among cases with a family history and at

younger ages of diagnosis, a pattern of risk consistent with the polygenic model.

Assuming a constant RR with age, and a carrier frequency of 0.5%, the estimated

absolute risk of breast cancer would be 14% by age 70 compared with 6% in noncarriers.

However, CHEK2*1100delc only makes a small contribution to the overall burden of

breast cancer as it accounts for just 0.5% of the excess familial risk.

There have been many reports of other low-penetrance alleles for breast cancer, but

few initial reports of “significant” associations have been replicated by independent

studies and no allele has been confirmed with the stringent levels of statistical

significance required for genetic association studies. There has been some debate about

the major reasons for nonreplication (29,30), but the most likely explanation is that most

initial reports are false positives, and the most common reason for this is simply chance

(type I error), exacerbated by publication bias. Where the prior probability of association

is low, stringent levels of significance are required to reduce the chance of a false positive

to acceptable levels (31,32). This can be illustrated as follows: A dominant breast cancer

susceptibility allele with a population frequency of 30% that confers a modest increase in

risk of disease of 30% (RR ¼ 1.3) would account for approximately 1% of the excess

familial RR. Therefore, under a log additive model, the maximum number of such disease

alleles is 80 (20% of the excess risk explained by known genes). Assuming there are 107

polymorphic loci across the genome, the probability that a random candidate variant will

be associated with disease is no more than 1 in 100,000 (prior probability). If any of these

loci are tested for association with 90% statistical power to detect a true association at the

0.01 level of significance, the probability that a statistically significant association is a

true positive is just 0.08%. This is analogous to the false positive report probability

described by Wacholder et al. (31). Even if the significance level is made more stringent

at 10–4 the positive predictive value improves to only 8%. The prior may be improved by

judicious selection of candidate genes or polymorphisms based on underlying biology,

although the results of genome-wide association (GWA) studies in other diseases suggest

that any weighting of the evidence based on what we know of molecular biology should, at

best, be small (33). Of course, in reality, the expected number of loci, their allele frequencies

and risk, or the number of variant loci in the genome are not known. Nevertheless, adoption

of stringent significance levels, perhaps 10–5 for candidate gene studies and 10–7 for whole-

genome studies, would avoid most of the problems of nonreplication (34). Nonreplication

may also occur because the replication studies are too small to detect low-to-moderate risk

alleles with sufficient power. The major lesson to be derived from these observations is that

large sample sizes are needed to detect and confirm, at appropriate levels of statistical

significance, genetic variants that confer modest risks (35,36).

FUTURE DIRECTIONS

Despite the lack of success so far, it seems likely that the next 5 to 10 years will see rapid

developments in our understanding of the polygenic basis of breast cancer. The reasons

for this optimism lie in the potential of empirical, GWA studies, which, until recently

have not been feasible. A new era of GWA association has been made possible by two

major advances. Firstly our knowledge of human genomic architecture has been

advanced dramatically by projects such as the International Hap Map project which seeks

to identify and catalog common genetic variation in human population (37). Secondly,
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new genotyping technologies now enable hundreds of thousands of markers to be assayed

in large numbers of samples, at a reasonable cost. It is estimated that there are

approximately 11 million single nucleotide polymorphisms (SNPs) in the genome with

a minor allele frequency of 1% or greater, of which approximately seven million have

a frequency of 5% or greater (38,39). Currently available genotyping platforms provide

marker sets which, although not yet perfect, should provide a high degree of coverage of

the common variants in the genome (40). The potential of GWA studies is exemplified by

the identification of a common polymorphic variant in CFH that confers an increased risk

of age-related macular degeneration (41). Two GWA studies of breast cancer have been

recently published.

Further reason for optimism comes from the establishment of multicenter

collaborations that enable much larger sample sizes and the confirmation of results at

genome-wide levels of significance. The CHEK2 consortium has developed into the

Breast Cancer Association Consortium (BCAC) with over 20 participating case–control

studies. Initial analyses of 20 candidate polymorphisms have confirmed CASP8 D302N

as a low-penetrance breast cancer polymorphism, with the common D-allele associated

with an increase in risk [odds ratio ¼ 1.13 (95% CI 1.08–1.18)] (unpublished data).

Similarly the Consortium of Cohorts was formed by National Cancer Institute (NCI)

to address the need for large-scale collaborations for study of gene–gene and gene–

environment interactions in the etiology of breast and prostate cancer (42).

The association studies’ design relies on the “common disease: common variant”

hypothesis. It is, however, equally possible that much of the variation in cancer risk is due

to rarer alleles. Indeed, virtually all susceptibility alleles identified to date have

frequencies of less than 1%. These include both high-penetrance mutations and low-

penetrance variants in ATM and CHEK2 that predispose to breast cancer. The

identification of rare variants that confer modest risks is possible, but the problems are

formidable. Firstly, very large sample sizes are required: the CHEK2 1100delc variant was
initially identified in a family based study and only confirmed with a total sample size of

almost 20,000. And second, much less is known about the occurrence of rare variants

across the genome, as current efforts to identify genetic variation have concentrated on

common polymorphisms identifiable by resequencing small numbers of individuals.

Identifying rare variants will require resequencing much larger numbers of individuals,

perhaps concentrating on individuals from high risk families where the frequencies may be

higher. Furthermore, because the numbers of rare variants will be much larger, the problems

of multiple testing (lower prior probability of association) will be much greater. Finally, the

frequencies of such alleles are likely to vary between populations.

The relative importance of common and rare variants in cancer susceptibility

cannot be inferred from existing data and remains a major uncertainty overhanging future

studies. Nevertheless, the identification of common alleles is more tractable and, because

they would explain a greater fraction of disease burden, is of more direct public health

relevance. Therefore it is logical to concentrate on these. However, alleles are likely to be

rare if there is any degree of selection against the variant, for example if homozygotes are

nonviable. If most cancer susceptibility is related to fundamental processes of cellular

control, rare alleles may turn out to be the more important component.

CLINICAL RELEVANCE OF INDIVIDUAL LOW-PENETRANCE ALLELES

What then, might be the impact of the identification of genetic risk factors for disease, in

terms of disease prevention at the level of the population? Several authors have pointed
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out that individual susceptibility genes are unlikely to contribute much to disease

prevention (5). For example, consider a highly penetrant allele that is rare in the

population (allele frequency ¼ 0.001 or carrier frequency ¼ 0.002). Note that deleterious

alleles of BRCA1 and BRCA2 occur in the population with a combined frequency of about

0.003 in populations where there are no common founder mutations (43). Suppose that

the mutation confers a 10-fold increase in risk in carriers with a corresponding lifetime

risk of disease in a carrier of 50%. Such an allele would be present in 2% of all cases. If

we have an intervention, e.g., chemoprevention, that reduces disease risk by 40% the

absolute risk reduction in carriers is 20% (40% of 50%). Thus, for every five (100/20)

carriers treated we would prevent one case. This is the numbers needed to treat. However,

if we identified carriers by testing (or “screening”) the population, we would need

to screen 2500 individuals (5/0.002) to prevent one case. This is the number needed to

screen (NNS). A population screening program to detect and treat carriers would reduce

total disease burden by 0.8% if uptake of testing and treatment were complete. The

CHEK2 1100delc is only slightly more common than this (carrier frequency ¼ 0.005), but

confers a substantially smaller risk. Again assuming we have an intervention that reduces

risk by 40%, the absolute risk reduction is just 5.6%, and so for every 18 carriers treated 1

case would be prevented. The NNS is 3570. A population screening program to detect

and treat carriers would also reduce total disease burden by 0.8% if uptake of testing and

treatment were complete.

Let us now consider a more common, low-penetrance genetic variant, which carries

a two-fold increase in disease risk, a lifetime risk of disease of 10%, and is present in 5%

of the population. The variant would be present in 9.5% of all cases. An intervention that

reduces risk by 40% (absolute risk reduction 4%) will have an NNS of 500, and, at best,

could reduce total disease burden by 3.8%. Common alleles with risk of this magnitude

are likely to be the exception and it is much more likely that the alleles identified by the

new generation of GWA studies will confer risk of 1.1 to 1.3. The clinical utility of

testing for these alleles will be extremely limited.

DISEASE PREVENTION UNDER THE POLYGENIC MODEL

The possibility that genetic susceptibility to breast cancer is due to several loci, each

conferring a modest independent risk, seems reasonable. In practice, the number of loci

involved will be finite, but once there are more than four to five loci the distribution of

risk will be similar to the polygenic model except at the extreme tails. A key aspect of the

model is the standard deviation of the polygenic risk distribution, because this determines

the power of the distribution to discriminate high and low risk individuals (44). The

estimate of the standard deviation obtained by Antoniou et al. is a property of the

segregation analysis model (13) and it is also close to that predicted by other studies of

familial risk. The RRs of disease in monozygotic twins (λmonozygotic) and siblings (λsibling)

are related to each other and to the predicted standard deviation of the polygenic log-

normal risk distribution by the equation

�monozygotic ¼ �2
sibling ¼ e�

2

Assuming λsibling to be equal to 2, as estimated by many observational epidemiologic

studies, this equation solves to predict a standard deviation of 1.2. The familial RRs for

many other common cancers are also around 2 to 3 (6,45), which suggests that the

distribution of risk for these cancers will be similar to that we have observed for breast
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cancer. Thus, the potential benefits of a targeted high risk approach to disease prevention

are also likely to be similar.

The practical use of risk information should be considered in two contexts: that of

the individual and that of the population as defined by Rose (46). In both cases, our

analysis suggests that a “risk profile” that is based on the combination of known genotype

and other risk factors is likely to provide risk discrimination which will be of practical

value in health care terms. Whether genetic testing in whole populations would be

socially or economically acceptable remains unknown and is likely to depend on whether

useful action can be seen to result. But it does seem clear that the use of combinations of

risk factors is potentially able to overcome many of the limitations of single risk factors,

which have been the cause of skepticism about the practical utility of molecular

genotyping for common, low risk genes (4,5). For example, in respect of individual risk, a

single gene which conferred a RR of breast cancer of 1.5-fold would increase the risk of

breast cancer to an individual from the U.K. population average of 5.7% by age 70 to

around 8.5%. On the other hand, a full polygenic genotypic risk profile might identify one

woman in 30 who has a risk by age 70 of 20% or more (44). Little is known about how

individuals will perceive and respond to such risks; but the discriminatory power of the

polygenic risk profile is clear.

At the population level, the effects are even more striking. In Figure1 the predicted

polygenic risk distribution in the population and the prior risk distribution in cases (44)

are shown. According to the polygenic model, 12% of the population have a risk of breast

cancer of 1 in 10 or more by age 70; and half the total breast cancer incidence falls within

that 12% of the population. Different cut-offs can be chosen to give the best combination

of high risk and proportion of total breast cancer incidence that is included within the

high risk group, to suit the purpose in hand. An important feature of the high risk groups

0.01 0.10 1.00 10.00 100.00
Relative risk (R)

Population
Cases

SD =  1.2

Figure 1 Log–normal distribution of genetic risk in population. Relative risks are shown on a log

scale, while the arithmetical average risk for the entire population has been set at 1.0. The risk

distribution in individuals who will develop breast cancer (cases) is shifted to the right. The SD

describes the spread of risk between high and low values within the population, and thus the

potential to discriminate different levels in different individuals. Abbreviation: SD, standard

deviation.
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defined by the model is that most of the individuals within them will be at risk because of

the combined effect of several predisposing alleles. This implies that interventions that

are based on specific mechanisms of predisposition will individually deal with only a

proportion of the excess cancer risk; and that except for predisposing genes with major

effects, generic interventions are more likely to be appropriate.

Risk profiles may also be used to define low risk groups. Thus, only 12% of breast

cancer incidence falls within the 50% of women at lowest risk. Exclusion of the low risk

groups from interventions, if it were socially acceptable, might be very cost effective. For

example, screening of the whole population by mammography should reduce breast

cancer mortality by approximately 30% (47). If mammography were offered only to the

half of the population in the highest risk group by the genetic profile, total breast cancer

mortality would still be reduced by 26%, a “loss” of only 4%. There would be additional

benefits, since the benefit:harm ratio is likely to be improved by targeting the high risk

group. These arguments assume that the efficacy of any intervention is independent of

genotype: if that is not the case, the dividend from genotyping may be greater or smaller

depending on whether the cancers in high risk individuals are more or less responsive to

the intervention.

These arguments and examples also assume that all of the genetic factors that

contribute to the estimated risk distribution can be identified and typed. In practice, this

goal is some way off (18). Nevertheless, it seems plausible that GWA studies currently in

progress will identify a reasonable number of susceptibility alleles in the next two years.

Assume 10 risk alleles are identified, each with an allele frequency of 0.3, and each
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Figure 2 Distribution of risk groups in population for 10 putative risk alleles each with a minor

allele frequency of 0.3 and each conferring a relative risk of 1.15. Proportion of population carrying

>13 risk alleles extremely small.
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conferring a RR of 1.15 with a multiplicative mode of action. In total, these alleles would

account for approximately 5% of the excess familial risk of breast cancer. It would be

possible to identify 21 risk groups in the population (individuals carrying 0–20 risk

alleles). The RR between the lowest risk group and the highest would be 16.4, being 0.43

for the low risk group and 7.1 for the high risk group with the average RR set at 1. In

Figure 2, the distribution of the different risk groups in the population and the proportion

of all cases that these groups would account for are shown. It can be seen that even if

current research efforts identify 10 low penetrance alleles, their clinical utility will be

limited. Approximately 23% of the population will carry eight risk alleles or more. This

high risk group will have a risk of disease 1.7-fold higher than the low risk group and will

account for 33% of cases. Even with 20 susceptibility alleles, the clinical utility is

limited, with the 19% of the population that carry 15 risk alleles or more being at 2.08

times the risk compared with those who carry 14 risk alleles or less, and 33% of cases

occur in the high risk group.

CONCLUSION

There is good evidence to support the polygenic model for breast cancer susceptibility.

Single common low penetrance genes will be of limited clinical utility, but if all the

disease-associated alleles that contribute to breast cancer susceptibility were known the

potential benefits of targeted preventive interventions are clear at both the level of the

individual and when considering disease burdens in populations. A major challenge for

molecular genetics and genetic epidemiology is to identify some or all of these alleles.
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INTRODUCTION

In the decade since the discovery of the BRCA1 and BRCA2 genes, our understanding of

their function has grown tremendously, albeit, slowly. We have advanced from knowing

virtually nothing about these genes (other than they were cancer risk factors) to a point

where new classes of anti-tumor drugs are being tested based on knowledge of the

BRCA1 and BRCA2 “pathway.” The cloning of these genes was heralded as a great

breakthrough in breast cancer research. In retrospect, identifying the genes was the simple

part. It took 10 years because the technology and infrastructure that support positional

cloning were not yet mature. Why did it require another decade to develop an

understanding of the function of these genes? Much of the explanation can be placed on

our difficulty is fleshing out new aspects of biology when handed genes of unknown

function that lack sequence similarity to known genes. Such was the case for BRCA1 and

BRCA2. Their amino acid sequence bore little resemblance to any previously cloned

genes. Prior to their cloning, data from tumors suggested that both BRCA1 and BRCA2
are tumor suppressor genes. Having the genes in hand has allowed those in the field to

investigate all aspects of BRCA1 and BRCA2 biology. This chapter is not intended to be

an exhaustive review of the field; rather, our intent was to focus on those advances most

directly relevant to the clinician.

We now know that in addition to being tumor suppressor genes, BRCA1 and

BRCA2 are involved in the signaling and repair of DNA. BRCA1 has also been shown to

play a role in cell cycle regulation and transcription. Mutations in either gene lead to a

compromise of DNA repair (1), resulting in DNA replication errors. In the current

working model, this extra mutational load ultimately leads to the development of breast

or ovarian cancer. Like those with “sporadic cancers,” the increased risk of breast or

ovarian cancer in mutation carriers is affected by age and hormone-related factors. The

influence of hormones is shown by the increased incidence of breast cancer among

women with a late age at menarche, late age at menopause, and late age at first full-term

pregnancy—each of these estimated to increase the probability of developing breast

cancer by 1.5- to 3-fold (2). A positive family history, however, is the strongest risk factor
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for developing breast cancer. It has been shown that the risk of breast cancer increases

with the number of family members affected, the closeness of kinship, and the earlier in

age that family members are affected (2). Precise risk estimates on how these factors

interact with different mutations have not been determined. However, the existence of

these factors has provided a context for biological research.

BRCA1 AND BRCA2—COMMON FEATURES

Large Proteins

BRCA1 and BRCA2 are both large proteins (Fig. 1). BRCA1 is a 1863–amino acid protein

with a predicted mass of 207 kDa (3). Its 5592 nucleotides are distributed in 24 exons

spread over 81 kilobases (kb) of genomic DNA (4). BRCA2 is an even larger 3418–amino

acid polypeptide with a mass of 384 kDa (3). It consists of 11,385 protein-coding nucleo-

tides in 27 exons spread over 70 kb of Chromosome 13 (4). The sequence of BRCA2 is not
related to that of BRCA1 but does contains eight versions of a sequence of 20 to 30 amino

acids, BRC repeats, separated by varying intervals, all encoded by exon 11 (4).

Evolutionary Divergence

The amino acid sequences of BRCA1 and BRCA2 are poorly conserved across

mammalian species. For example, the sequence identity of human BRCA1 with mouse

Brca1 is 56% (5) and human BRCA2 with mouse Brca2 is 59% (6). This is far below the

average (>80% identity) for human/mouse gene comparisons. Yet, BRCA1 can rescue

Figure 1 Functional domains and interacting proteins of BRCA1 and BRCA2. Schematic

diagrams of BRCA1 (top panel) and BRCA2 (bottom panel) proteins. Specific functional domains

are indicated above the protein. Interacting proteins and the approximate location of their binding

are indicated below the protein. Domains in BRCA1 include RING domain in the amino terminus.

This domain includes the ubiquitin ligase activity and binding site for BARD1. The central portion

of the protein contains two NLS. The carboxy terminus of the protein includes two conserved

BRCT repeats. Proteins that directly interact with BRCA1 are shown. Gray oval indicates the region
of BRCA1 to which they bind. In the illustration of BRCA2, the location of the eight BRC repeats

sequences are indicated. Two NLS sequences are present near the carboxyl terminus. Select

proteins that interact with BRCA2 are shown. Abbreviations: BARD1, BRCA1-associated ring

domain; BRCT, BRCA1 C-terminal; NLS, nuclear localization signals; RING, really interesting

new gene.
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embryonic lethality of Brca1-mutant mice and BRCA2 can rescue DNA damage

sensitivities of a hamster Brca2-mutant cell line (5), implying functional conservation of

the protein. In contrast, other tumor suppressor genes such as MSH2 or XPA show

sequence conservation across mammalian species with identity between human and

mouse of 92% and 86%, respectively (5).

Although BRCA1 and BRCA2 have overall poor sequence conservation, they are

characterized by regions of higher sequence conservation. BRCA1 has a conserved

N-terminal really interesting new gene (RING) finger domain and a C-terminal BRCA1
C-terminal (BRCT) domain capable of mediating transcriptional activation when linked

to a suitable DNA-binding domain (7). The C-terminal region and BRC repeats in the

central portion of BRCA2 are also somewhat well conserved (5).

Gene Expression

While it is natural to focus of breast and ovarian tissues, BRCA1 and BRCA2 are

expressed in all tissues. This expression pattern underscores the fact that these genes play

a general role in all cells. Expression levels vary from tissue to tissue and BRCA1 mRNA

is highly expressed in several tissues, especially in rapidly proliferating cells undergoing

differentiation. In mouse (and presumably humans), this includes mammary epithelial

cells during puberty, pregnancy, and lactation (8). BRCA1 is highly expressed during S

phase and BRCA1 protein is distributed diffusely throughout the nucleoplasm of resting

cells and G1 cells (9). At the start of DNA synthesis, BRCA1 proteins appear to

accumulate in discrete nuclear bodies or foci that also contain BRCA1-associated ring

domain (BARD1), BRCA2, and Rad51 (9). The pattern of expression of BRCA2 is

generally similar to BRCA1 but differential expression is observed in endocrine tissues,

including the testis during spermatogenesis and the breast during pregnancy (7).

Control of DNA Before Cell Cycle

Hormone Regulation

Evidence suggests that BRCA1 functions as a coregulator for steroid hormone receptors

and alters steroid hormone action, contributing to the tissue-specific pattern of

tumorigenesis in BRCA1 mutation carriers (10). The cancer specificity seems to be

contributed by the interplay between BRCA1 and the estrogen-signaling pathway, as

BRCA1 has been known as a negative regulator of estrogen receptor (ER)-α signals (11).

BRCA1 repression of ER-α activity is noticeable by the inhibition of estrogen-stimulated

expression of pS2, cathepsin D, and a number of other estrogen-responsive genes (12).

This inhibition of ER-α could be a result of both a direct interaction of the BRCA1 and

ER-α proteins and a BRCA1-mediated downregulation of the expression of p300, a
transcriptional coactivator of ER-α (12).

Data suggest a possible model for BRCA1 carcinogenesis in which genomic

instability leads to the initiation of cancerous cells, while the loss of normal restraint on

hormonal stimulation of mammary epithelial cell proliferation allows amplification of

these preexisting cancerous cells (7). Findings from a study testing the effect of

exogenous hormones in mice with a mammary-targeted deletion of the full length BRCA1
isoform (Brca1Co/CoMMTV-Cre) (10) suggest that BRCA1 deficiency abolishes the

homeostatic mechanisms that limit the proliferative response to estrogen or progesterone

alone and enhances the response to the combination of estrogen plus progesterone. Also,

a study of 11,847 individuals from 699 BRCA1-mutant breast cancer families (7) suggests

that in addition to breast and ovarian cancers, BRCA1 mutation carriers have an increased
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risk of pancreatic, endometrial, and cervical cancers and prostate cancers in men younger

than 65 years of age. However, BRCA2 mutations have not been linked to cervical and

endometrial cancers, suggesting that endocrine factors may contribute to BRCA1-
dependent cancer development (7).

BRCA1 PROTEIN

Knockout Studies

Animal models are powerful tools for understanding the mechanisms of human diseases,

their prevention, and therapy. In the laboratory mouse, homologous recombination can be

used to alter the genome at specific locations (13,14). Strains of mice in which a gene of

interest has been made nonfunctional or “knocked-out” are now commonly created to

study an unknown or incompletely known gene function, as was done with BRCA1 (15).

BRCA1 homozygous knockout mice (two null alleles) die at embryonic day 7.5 or 10.5

(3). Death appears to result from an overall lack of cell proliferation, not through

alterations of programmed cell death (apoptosis) as might be expected of a tumor

suppressor gene (3). Thus, these studies suggest that expression of BRCA1 is directly

involved in cell growth. Further support for cell growth regulation by BRCA1 is found

when looking at mice with targeted deletion of exon 11 of BRCA1 (2), which results in

centrosome amplification, defective G2-M checkpoint control, and genetic instability.

Domains

The BRCA1 protein comprises a distinctive approximately 100–amino acid RING (named

for the prototype gene containing this domain, really interesting new gene) domain at its

N-terminus, and a pair of approximately 90–amino acid BRCT repeats at its C-terminus

(Fig. 1) (16). The importance of these two functional domains in the tumor suppressor

function of BRCA1 is highlighted by the finding that most of the missense mutations,

unambiguously shown to be cancer-predisposing mutations, map to either RING or

BRCT domain. However, these domains appear to be functionally distinct.

RING Domain

The functional importance of the RING domain lies in its role as an E3 ubiquitin ligase

in the ubiquitin–proteasome pathway (Fig. 2). The ubiquitin–proteasome pathway is

responsible for targeting proteins for degradation and thus maintains appropriate levels of

intracellular proteins. The “signal” component of this pathway is ubiquitin—an abundant

and essential 76–amino acid cellular protein. In the classical pathway, this protein is used

by cells as a covalent modifier of other proteins to target them for degradation via

translocation to the proteasome—the organelle of protein degradation (17). More

recently, it has been appreciated that ubiquitin can also be used as a signal to activate or

repress a target protein’s function without leading to its destruction.

Ubiquitination is carried out by a three-enzyme complex (E1–E3). The pathway

proceeds through an enzymatic cascade where the product of the first reaction becomes

the substrate for the next. Any given cell has one E1, several “E2”s and many “E3”s (see

below). Substrate specificity is determined by the E3 component. First the E1, ubiquitin-

activating enzyme, charges the carboxy-terminal glycine on the ubiquitin peptide in an

ATP-dependent step (17). Ubiquitin is then transferred to E2, a ubiquitin-conjugating

enzyme, via a thioester linkage. The charged E2 next interacts with E3 ubiquitin ligase,
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whereby E3 mediates the transfer of ubiquitin to the target protein. This first conjugated

ubiquitin is the site where additional ubiquitin proteins add to form a polyubiquitin

chain, which serves as the protein degradation signal. Lastly, the polyubiquitinated

target protein undergoes proteolytic cleavage by the proteasome. However, some

protein substrates are not polyubiquitinated and are modified by a single ubiquitin.

Monoubiquitination plays an important role as a signal in protein trafficking and

extracellular receptor internalization (18).

The total number of E3 ligases is not yet known. The human genome contains

approximately 17 E2 enzymes and a single E1 enzyme (18). Thus, the E3 ligases are

critical in providing for the substrate specificity of the ubiquitination reaction. These

RING-containing E3 ligases such as BRCA1 and its stabilizing binding partner BARD1

(19) are thought to function by bringing the E2 into proximity with the target protein and

then catalyzing the transfer of the ubiquitin from the E2 to the substrate (18). Loss of the

BRCA1 E3 ubiquitin ligase activity would prevent proteasome degradation of its target

proteins or disrupt BRCA1-mediated signaling. This could alter intracellular activity or

levels of critical proteins and thereby alter the regulation of cellular processes that may

lead to tumor development. Cancer-predisposing missense mutations within the RING

domain of BRCA1 have been shown to eliminate the ubiquitin ligase activity of BRCA1
(20). Thus, it appears that the RING domain plays a critical role in BRCA1 function and

that this role can be directly related to the manner in which normal BRCA1 activity

prevents tumor formation.

BRCT Domain

While mutations in the RING domain result in a loss of ubiquitin ligase activity, cancer-

associated mutations in the carboxy terminal BRCT domain of BRCA1 lead to a loss of its
transcriptional activation function and loss of binding to RNA polymerase II and can also

prevent BRCA1 from being transported to the nucleus for DNA damage repair (20). The

BRCT repeats are believed to fold back and pack together in order to form a highly

Figure 2 BRCA1 has ubiquitin ligase activity. UBQ (gray arrow) is first linked to the E1

ubiquitin-activating enzyme. The E1 enzyme transfers the ubiquitin to the ubiquitin-conjugating

enzyme, E2. Heterodimers containing BARD1 and BRCA1 have ubiquitin ligases activity. Substrate
specificity is determined by the E3 member of the enzyme cascade. In the case of BRCA1–BARD1,
this dimer brings the E2 conjugating enzyme to the target. Two targets of BRCA1–BARD1 are

shown, gamma tublin (γ-tub) and nucleolar phosphoprotein nucleophosmin (NPM, see text).

Abbreviations: BARD1, BRCA1 associated ring domain; NPM, nucleolar phosphoprotein

nucleophosmin; UBQ, ubiquitin.
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structured carboxy-terminal domain, and several cancer mutations with single amino acid

substitutions or premature stop sites within that region can have a broad impact on the

overall conformation of BRCA1 (21). A change in conformation has the potential to affect

BRCA1 localization and it is possible that the reduced efficiency of nuclear import

contributes to the loss of some of these nuclear activities.

Interacting Proteins

Inferred Function

BRCA1 has been defined as being a predominantly nuclear-localized protein. Its nuclear

expression and phosphorylation status increase as cells enter S-phase of the cell cycle and

remain high during mitosis (21). About four hours after mitosis is complete, and cells

enter G1 resting phase, BRCA1 expression decreases through ubiquitination and

proteasome-dependent degradation (21). The nuclear staining pattern of BRCA1 is

consistent with its nuclear functions in different types of transcriptional activation, cell

cycle control, and DNA repair pathways.

Transcriptional Activation

Many of BRCA1’s biologic actions may be mediated through regulation of transcription.

Although BRCA1 is not a DNA-binding transcription factor, it can interact with a variety

of transcription factors to either promote or inhibit their activity. For example, BRCA1
has been shown to be a coactivator of transcription by bringing together enhancer-binding

proteins such as p53, STAT1 (18), C-Myc, JunB, ATF1, and others (7). BRCA1 can also

interact with components of the basal transcriptional machinery (RNA Helicase A, RNA

polymerase II), transcriptional coregulators, and chromatin-modifying proteins such as

p300/CBP, the retinoblastoma protein (RB1), histone deacetylases (HDACs), and other

transcriptional regulatory proteins (Fig. 1) (7). The role that this transcriptional activity

plays in tumor formation remains unclear.

Cell-Cycle Arrest

The BRCA1–BARD1 dimer with E3 ubiquitin ligase function has been linked to cell

cycle checkpoint functions. The centrosome component, γ-tubulin, is ubiquitylated by

BRCA1–BARD1 heterodimer in vitro, specifically at lysine residues at position 48 and

344 in γ-tubulin (2). Expression of a γ-tubulin mutated at lysine 48 caused a pronounced

amplification of the centrosomes.

In addition, BRCA1–BARD1 has also been shown to ubiquitinate the nucleolar

phosphoprotein nucleophosmin (NPM, also known as B23) (22). NPM interacts with

BRCA1–BARD1 and colocalizes with BARD1 and BRCA1 in mitotic cells (23). Located

mainly in the nucleolus, NPM’s primary function is thought to be ribosomal biogenesis

(24), although other functions such as upregulation by genotoxic stress (25,26), an

apoptosis inhibitor, histone chaperone activity in chromatin remodeling, and centrosome

duplication (22) have been ascribed to NPM. Importantly, most NPM functions overlap

with or implicate BRCA1, providing an understanding of how BRCA1 may play a critical

role in cell cycle regulation.

DNA Damage Repair

A large amount of evidence suggests that BRCA1 plays a role in DNA repair (Fig. 3).

BRCA1-deficient cells have defects in DNA repair pathways, including the repair of
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double strand breaks by homologous recombination, nonhomologous end-joining, and

nucleotide excision repair (11). Cellular DNA repair factors are known to aggregate in the

nucleus in discrete “foci.” BRCA1 colocalizes to these DNA damage–induced nuclear

foci and in nuclear dots during S-phase (21). Additionally, an amino terminal fragment of

BRCA1, when coexpressed with BARD1, monoubiquitylates the histone protein Histone

2AX (H2AX) in vivo and in vitro (23), implying BRCA1–BARD1 activity is involved in

chromatin modification. H2AX and BRCA1 colocalize in discrete foci at sites of DNA

damage (27). And, although the exact function of H2AX is not well understood, mice

lacking H2AX exhibit sensitivity to DNA damage and chromosomal instability (23). In

general, histone proteins are responsible for condensing nuclear DNA into chromatin and

their modification perhaps leads to the loosening of this compaction. Thus, it is possible

that ubiquitylation of the specialized histone, H2AX by BRCA1–BARD1 at DNA breaks,

facilitates the action of DNA repair enzymes.

Two possible mechanisms through which BRCA1 may play a role in DNA damage

repair have been proposed. One focuses on the findings that BRCA1 interacts with

proteins of the DNA damage repair machinery either directly or indirectly. For instance,

Rad51 and Rad50 are BRCA1-interacting proteins, which function in homologous

recombination and DNA damage repair (11). Also, a group of proteins associate with

BRCA1 to form a large complex called BRCA1-associated genome surveillance complex

(BASC), which includes tumor suppressors and DNA damage repair proteins, MSH2,

MSH6, MLH1, ATM, BLM, and the RAG50-MRE11-NBS1 protein complex (11). The

second possible mechanism centers on the finding that BRCA1 regulates the transcription

of genes involved in DNA damage repair. Three genes, Gadd45 (a DNA damage repair

Figure 3 BRCA1- and BRCA2-mediated DNA damage response. Damage to DNA is sensed by

the ATM protein. ATM signals to a variety of proteins, thereby initiating the cellular response to

damage. The kinase portion of ATM phosphorylates BRCA1 (“P” in oval) on specific serine

residues. Upon phosphorylation, BRCA1 enters into a large protein complex that translocates to

sites of DNA damage. Some members of this complex are shown (gray ovals). Ovals XYZ represent

a large number of additional proteins in this complex. Proteins in the complex carry out specific

functions in DNA repair. Other members of the complex signal to cell cycle checkpoint proteins,

causing the cell to arrest. Depending on the nature of the DNA damage, the cell will either complete

DNA repair or enter into the apoptosis pathway. Abbreviation: BARD1, BRCA1-associated ring

domain.
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and response gene), DDB2 (a gene defective in Xeroderma Pigmentosum group E cells

and encoding the p48-damaged DNA-binding protein), and XPC—all involved in

nucleotide excision repair, have been found to be regulated by BRCA1 (11). In general,

the “transcription” model is less well supported than the “interaction” model.

BRCA2 PROTEIN

Compared to BRCA1, fewer investigators have focused their efforts on BRCA2. BRCA2
was cloned after BRCA1 and is much larger, resulting in complications in manipulating

the cloned gene and performing functional analyses. For instance, more than 1800 distinct

mutations have been reported in the Breast Cancer Information Core (BIC) Database in

BRCA2, with most mutations being small deletions of insertions, leading to frame shifts

and premature termination of the protein (28). This is consistent with the loss of function

that is expected with clinically significant mutations in tumor suppressor genes.

However, few functional tests have been reported and they only cover a limited part

of the gene. Moreover, 97% of the more 1000 missense mutations in BIC have been

classified as variants with unknown significance (28).

The extreme size of BRCA2 appears to provide a large number of binding sites for

proteins partners (Figs. 1 and 3). These protein partners include Rad51, BRCA1, P/CAF,
DSS1, BRAF35, USP11, FANCD2 and G, androgen receptor (AR), BCCIPα/β, and the

recently identified proposed oncoprotein EMSY and also partner and localizer of BRCA2
(PALB2) (Figs. 1 and 3) (29). PALB2 colocalizes with BRCA2 in nuclear foci and

promotes its localization and stability in nuclear structures (chromatin, nuclear matrix).

These structures function in recombination-based DNA repair and cell cycle checkpoints

(29). BRCA2’s association with multiple proteins, therefore, makes it likely that BRCA2
functions at least partly as a scaffold protein aiding in the formation of high-order,

multiprotein complexes of biological importance.

Knockout Studies

To study the function of BRCA2, homozygous knockout mice have been created. In most

cases, the complete loss of function of BRCA2 from mice carrying homozygous

truncation mutations in the 5' region of exon 11 die at day 8.5 of embryogenesis (2).

However, mice with heterozygous mutations (BRCAþ/–) are phenotypically normal (2).

If BRCA2 knockout mice are crossed to mice lacking p53, the offspring live until day

11.5, suggesting that the loss of BRCA2 results in apoptosis unless the p53 pathway has

also been mutated (2). This suggests that BRCA2 interacts with the p53-mediated DNA

damage checkpoint. Therefore, the available evidence indicates that BRCA2 is a

“caretaker,” like p53, which serves to maintain genomic integrity (30). When this

function is lost, genetic defects accumulate. Somatic defects in specific genes are directly

responsible for cancer formation.

BRC Repeats

The central binding domain of multiple BRC repeats (Fig. 1) is highly conserved in

several mammalian species, suggesting a biological function. For instance, the BRC

repeats play a major role in the control, localization, and function of Rad51. There are

eight repeats in BRCA2 designated as BRC1 to BRC8. BRC1, BRC2, BRC3, BRC4,

BRC7, and BRC8, are highly conserved, and bind to Rad51 (29,31)—a key protein that
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covers the processed single-stranded DNA overhangs of double-stranded breaks (DSBs)

and promotes homologous recombination, which suggests a role in DNA damage repair.

However, BRC5 and BRC6 are less well conserved and do not bind to Rad51 (31).

Moreover, mutations within these repeats are associated with cancer predisposition. The

deletions of several BRC repeats in mice lead to cancer (32), and the somatic mutations in

BRC repeats have been found to be associated with breast cancer (33).

BRCA2 and Fanconi Anemia

The notion that BRCA2 is solely involved in breast and ovarian cancer was challenged

recently. Investigators working on a rare inherited disorder, Fanconi Anemia (FA),

discovered that mutations in BRCA2 cause certain subtypes of FA (34). FA is

characterized by developmental defects, bone marrow failure, and susceptibility to

certain types of cancer, most notably, acute myelogenous leukemia. Cells from FA

patients exhibit chromosome fragility and are hypersensitive to DNA-damaging agents.

FA is genetically heterogeneous; mutations in 12 different genes cause FA. One of these

genes, FANCD1 was found to be BRCA2. Most forms of FA are inherited as a recessive

trait. Patients with FANCD1-associated FA have mutations in both copies of BRCA2
(biallelic mutation). In contrast, in BRCA2-related breast cancer, only one copy of the

gene is mutated (heterozygous mutation). While this is a rapidly evolving field, it is now

clear that the majority of the proteins implicated in FA reside in one of two multiprotein

complexes. These complexes are responsible for resolving cross-links in DNA. While the

exact mechanics of the DNA repair process has yet to be worked out, it is clear BRCA1,
BRCA2 and FA genes are functionally connected. This connection has given rise to the

term FA/BRCA pathway. This connection was reinforced by the finding that mutations in

one member of the FA complex, FANCJ/BRIP1 (a DNA helicase), have been associated

with early onset breast cancer (35).

FROM FUNCTION TO PATHOLOGY

In the future, mutation screening and specific treatments may be guided by the specific

pathological and molecular features found in tumors arising in those carrying BRCA1 and

BRCA2 mutations. A detailed description of the histopathological features of BRCA1 and

BRCA2 tumors are covered elsewhere in this volume. The functional bases for these

differences are not yet understood. BRCA1-associated carcinomas are more likely to have

the basal cell phenotype, a subtype of high histological grade, highly proliferating, ER-

and HER2-negative breast carcinoma, and are frequently aneuploid (36–38). This

phenotype is rarely found in BRCA2 carcinomas, which are of higher histological grade

than sporadic age-matched controls but tend to be ER and progesterone receptor positive

(36). Instead, there has been a strong suggestion that BRCA2-linked carcinomas display a

“tubular-lobular” phenotype (38). If loss of either BRCA1 or BRCA2 results in a

disruption of DNA repair, why would the BRCA1 and BRCA2 tumors have different

phenotypes? The answer may lie in subtle gene-specific differences.

Apart from variation in histophenotype, other molecular pathological features

distinguish BRCA1 from BRCA2. The expression of cell cycle proteins differs in BRCA1-
compared to BRCA2-associated tumors. The expression of the cell cycle proteins cyclins

A, B1, and E and SKP2 are associated with BRCA1 phenotype, whereas cyclin D1 and

p27 expression are associated with BRCA2 carcinomas (36). In addition, BRCA2-
associated tumors resemble sporadic cancers in steroid receptor expression, but BRCA2
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tumors show a higher frequency of p53 mutations and poor tubule formation, without the

other features of BRCA1 tumors (39). BRCA2 is also able to directly bind to Rad51 by its

BRC repeats and alter its activity while BRCA1, although in complex with Rad51, does

not directly bind to it (40). Thus, investigating the possible effects or contribution these

various proteins exert in tumor development may lead to potential therapeutic targets.

TREATMENT IMPLICATIONS

Ionizing Radiation

Exposure to ionizing radiation (IR) results in DNA damage, most significantly DSBs. In

normal cells, DNA damage induces cell cycle arrest to prevent the spread of deleterious

cells and activates repair pathways to correct genomic defects. IR as the basis of

radiotherapy is a standard treatment used against cancer and is indicated for

approximately 60% of cancer patients (41). Yet, even though it is an important cancer

therapy, improving outcomes after radiation therapy remains an important clinical goal.

To date, certain biologically targeted therapies have been shown to enhance radiation

response. However, currently available agents are targeted to specific gene mutations and

benefit only a small subset of patients with solid tumors (41). The ideal radiosensitizer

then should be relatively nontoxic and enhance the clinical effectiveness of IR in a broad

range of tumors. Are there aspects of BRCA1 and BRCA2 function that might impact

radiation treatment?

Recent work suggests that phosphorylated H2AX (γ-H2AX) plays an important role

in the recruitment and/or retention of DNA repair and checkpoint proteins such as

BRCA1, MRE11/Rad50/NBS1 complex MDC1, and 53BP1 (41). Cells treated with

peptide inhibitors of γ-H2AX demonstrate increased radiosensitivity following radiation

compared with untreated irradiated cells (41). Therefore, therapies that either block

γ-H2AX foci formation by inhibiting upstream kinase activity or directly inhibit H2AX

function, interfering with DNA damage repair processes, should be investigated for use as

potential radiosensitizing agents.

The involvement of BRCA1 and BRCA2 in DSB DNA repair has led to questioning

whether BRCA1 and BRCA2 patients would respond favorably to IR. Such a treatment

kills BRCA-deficient tumor cells more efficiently than sporadic tumor cells by creating

damage that would not be repaired, resulting in cell death. A problem with this approach

is that this treatment is nonselective and neighboring cells would also be subject to the

detrimental effects of IR. However, in a large clinical study, no significant differences in

the incidence of local reactions to radiation were reported in BRCA1 and BRCA2 carriers

versus noncarriers (40).

Hormonal Treatment

The benefits of hormonal therapy remain controversial. From a therapeutic point of view,

hormone therapy will not be indicated for most BRCA1 tumors, as they are frequently ER

and progesterone receptor negative but can be used in most BRCA2 and non-BRCA1 and

BRCA2 carcinomas (36). From a preventative standpoint, tamoxifen, a commonly used

antihormonal therapy, has been observed to have a protective effect on women with

moderate risk factors (36) and reduce the incidence of breast cancers that were ER

positive. Yet, the data specific for BRCA1 mutations remains unclear. In addition,

tamoxifen has been shown to have adverse effects on the endometrium. A study showed

that women, predominantly over 50 years, who had been treated with tamoxifen had a
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threefold greater risk of developing invasive endometrial cancer with a rate of

approximately 1% over five years (42). Despite data (see above) directly connecting

BRCA1 to estrogen, it is difficult to estimate the benefit of tamoxifen without specifically

testing the effect in a large series of women with BRCA1 or BRCA2 cancer-predisposing

mutations.

Inhibitors

Tangible evidence that research into the basic biology of BRCA1 and BRCA2 can have a

direct impact on cancer treatment comes in the form of emerging new drug targets. Two

of these, PARP1 and HDACs, have a direct connection to BRCA1 and BRCA2 biology.

PARP1

Cells suffer (and can tolerate) thousands of single-stranded breaks (SSBs) in a 24-hour

period. Normally, these types of breaks are efficiently repaired. SSBs left unrepaired in

dividing cells are converted to DSBs, during DNA replication. In contrast to SSBs,

unrepaired DSBs are poorly tolerated by the cell. Accumulation of more than a few DSBs

triggers cell death (43). Therefore, a potentially tumor cell–specific treatment would take

advantage of the prediction that BRCA1- and BRCA2-deficient cells are DSB repair

deficient. Such cells would be sensitive to increases in the “load” of DSBs. In mammals,

the main SSB repair enzyme is poly(ADP-ribose) polymerase 1 (PARP1). In normal cells,

drugs that specifically inhibit PARP1 are relatively nontoxic. It is predicted that in

BRCA1- and BRCA2-deficient cells, inhibition of PARP1 would flood the cell with

unrepaired DSBs. Thus, inhibition of PARP1 would result in tumor cell death. Normal

surrounding tissue containing a wild-type allele of BRCA1–BRCA2 would not be

affected. This approach has been successful in model systems (44,45). Additional cell

types and different PARP1 inhibitors are currently being tested (46).

Histone Deacetylases

The ability of BRCA1 to bind to chromatin-modifying enzymes such as HDAC has led to

the development of two models (40) by which BRCA1 might regulate transcription. In the

first model, BRCA1 may recruit HDAC complexes to specific promoters and thereby

repress transcription of a particular gene. In the second model, BRCA1 may activate

transcription by displacing HDAC complexes from specific promoters. Inhibitors of

HDACs may then possibly serve as anticancer agents as their inhibition would result in an

increase in histone acetylation, leading to the transcriptional activation of a few genes, the

expression of which causes inhibition of tumor growth. Thus, HDAC inhibitors can

potentially be used as treatment/prevention options for BRCA1 tumors by compensating

for the lack of BRCA1 expression.

CLINICAL SIGNIFICANCE AND CONCLUSIONS

While considerable work will be required before either of the inhibitor approaches

discussed above move from the research laboratory to the clinic, they represent novel

strategies and new drug targets. The rationale for these approaches is a direct outgrowth

of research into the biology of BRCA1 and BRCA2. Such work serves as an example how

new and unanticipated directions can spring from basic investigations.
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Since their identification, extensive research has been carried out to elucidate the

function of BRCA1 and BRCA2 in breast and ovarian cancer. Efforts have been directed

toward identifying the biochemical pathways that rely on BRCA1 and BRCA2 as a way to

develop targeted therapies and potentially benefit mutation carriers. Research has

revealed that BRCA1 and BRCA2 play significant role in various basic cellular processes

such as transcriptional activation, cell cycle control, and DNA repair. This knowledge has

the potential to expand and enhance our ability to detect and treat BRCA1- and BRCA2-
associated cancers.
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INTRODUCTION

Major advances in the understanding of the molecular basis of cancer have made it

possible to identify families where breast cancer risk has a strong inherited basis.

Individuals who perceive themselves to be at high cancer risk are increasingly seeking out

clinical genetics services that assess their cancer risk and provide management

recommendations. Physicians are also increasingly referring patients for genetic testing,

since identification of genetic risk may influence certain patient treatment choices both

around the time of diagnosis, such as whether to have prophylactic surgery as part of their

definitive treatment, and during long-term management. Comprehensive cancer genetics

clinics, often involving oncology and genetics professionals, offer these services to

individuals largely concerned about the implications of their family history of cancer. In

addition, clinicians in many specialties are being called upon by their patients to provide

information about genetics and cancer risk.

Genetic counseling is a key component of the cancer risk assessment process (1,2),

and includes education regarding the genetics of cancer, the likelihood of developing

cancer as well as the likelihood of carrying a genetic susceptibility mutation, the benefits

and limitations of genetic susceptibility testing, and appropriate cancer screening and

prevention strategies. The goal is to empower patients to make informed decisions

regarding screening, prevention, and genetic testing by providing him or her with the

necessary genetic, medical, and psychosocial information. Attention to psychosocial

issues is critical for effective genetic counseling (3). This chapter will focus on the

process of providing genetic counseling and testing for individuals at risk for hereditary

forms of breast cancer. A thorough review of cancer risks associated with various

hereditary breast cancer syndromes and risk assessment models is included in other

chapters in this volume.
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IDENTIFICATION OF HEREDITARY CANCER RISK

Eliciting an accurate family history is a core activity when assessing risk for cancer and

remains the single most cost-effective approach to identifying individuals for genetic

counseling and testing and for implementation of cancer risk management strategies (4).

Clinicians sometimes rely on answers to the inquiry, “tell me, who in the family has had

cancer,” as the sole method for obtaining this type of information. Unfortunately, this

approach may or may not reveal enough information to perform an accurate risk

assessment. Patients may not know the details of their family history without first

checking with other relatives and asking pointed questions. In other cases, patients may

not have the correct understanding of a relative’s diagnosis, and without medical records,

the appropriate diagnosis may be missed. Clinicians may put the onus of obtaining

medical records, preferably a pathology report, on the patient. Often, comprehensive

cancer genetics programs will provide assistance to the patient in obtaining these records.

Although histories of breast cancer in close relatives have been shown to be accurate (5),

attempts should be made to confirm other tumor types critical to the diagnosis of a

hereditary cancer syndrome. Histories of ovarian cancer, especially in relatives removed

by more than one generation, are less accurate than histories of breast cancer (6,7).

Confirmation of ovarian cancer histology is also helpful since nonepithelial ovarian

cancers, such as germ-cell tumors, are not associated with inherited risk due to BRCA1 or

BRCA2. Since the presence of an epithelial ovarian or fallopian tube cancer in the family

may significantly affect the likelihood of a BRCA1/2 mutation and thus impact

subsequent management recommendations, attempts should always be made to confirm

this diagnosis. Records on deceased individuals can be obtained with the signature on a

medical release form from the next of kin, although sometimes proof of executorship is

also required to obtain private health information.

Failure to obtain an appropriate family history could result in a missed diagnosis of

a hereditary cancer syndrome, and subsequently, this in turn may lead to lost

opportunities for cancer risk management and risk reduction. In addition, missing the

diagnosis of a hereditary cancer syndrome has led to a series of “failure to diagnose”

lawsuits or liability cases (8). This section will outline strategies for the cancer genetics

specialist as well as generalist for obtaining accurate family history information.

Obtaining Family History Information

Many individuals can be identified as candidates for genetic counseling and testing in

either a primary-care setting or an oncology setting. Surgeons, family practice providers,

internists, obstetrician/gynecologists, and oncologists should all inquire about a minimum

of three generations of family history of all cancers. Genetic counselors typically employ

a pedigree with standard symbols, which include females drawn as circles and males as

squares (9). The proband refers to the individual who has presented for genetic counseling

and is indicated on the pedigree with an arrow. The three-generation family history must

include at a minimum information on the proband’s siblings, children, parents, grand-

parents, maternal and paternal aunts and uncles, and maternal and paternal grandparents.

The pedigree should be extended to include cousins as well as nieces and nephews.

Family history information can be documented on even more distant relatives if the

proband can identify additional relatives affected by cancer. The cancer pedigree

should include all the individuals from each generation, whether affected with cancer or

not, so that the ratio of affected to unaffected family members can be appreciated.

Recording the family history of cancers in this manner also assists with the recognition of
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the mode of transmission of risk. Additionally, the pedigree should include information

on all surgical procedures in affected and unaffected family members such as bilateral

oophorectomy performed either for prophylaxis or for a benign condition or removal of

skin lesions. Such surgeries may impact that individuals risk for cancer (as would be the

case with oophorectomy) or may indicate another possible unsuspected cancer in the

pedigree, such as a melanoma. An example of a cancer pedigree is presented in Figure 1

and important details of the family history are listed in Figure 2.

When reviewing a family history questionnaire with a patient, it is helpful to clarify

primary versus metastatic cancer sites and to ask about precursor lesions. Typically,

ductal carcinoma in situ is counted in the risk assessment with the same weight as an

invasive cancer whereas lobular carcinoma in situ is not (10,11). In addition, it is essential

to inquire about both maternal and paternal histories of cancer, since mutations in

dominant cancer susceptibility genes can be inherited from either a mother or father.

Recording ethnicity is important for breast cancer risk assessment. For example,

mutations in BRCA1/2 are found much more commonly among those of Eastern

European Jewish ancestry (Ashkenazis), with an incidence of 1 in 40 (12,13), as opposed

to 1 in 500 in non-Ashkenazis (14,15). Clinicians are advised to inquire about any known

Jewish ancestry rather than to ask the proband if she is Jewish. An individual may not

self-identify as Jewish but have Ashkenazi ancestry in the affected cancer lineage. Such

information will impact the likelihood of having a BRCA1/2 mutation as well as the

testing strategy. Founder mutations have also been detected in a number of other groups

including those of Dutch, French Canadian, Icelandic, and Swedish ancestry among

others (15–18).

Taking a detailed family history can be a time-consuming endeavor. A useful

strategy is to provide a family history screening questionnaire that can be mailed out in

advance or completed in a waiting room. This allows the proband time to contact other

family members if necessary and provides direction regarding the type of information

needed. An example showing the structure of a family history questionnaire is provided

in Figure 3.

Once the pedigree is recorded in the medical record, it can be updated at each

subsequent encounter with the patient, since family histories change over time.

Figure 1 A cancer-focused pedigree.
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Sometimes hereditary risk only reveals itself with the passing of years, so patients

should also be encouraged to keep their providers abreast of new cancer diagnoses in

the family. Reassessment of the significance of the pedigree may lead to changes in

recommendations for cancer risk management as well as a possible diagnosis of a

hereditary cancer syndrome. The generalist who is not going to be performing an in

depth risk family history assessment may also find some of the National

Comprehensive Cancer Network’s (NCCN’s) referral criteria for Hereditary Breast/

Ovarian Syndrome (Table 1), Li–Fraumeni Syndrome (Table 2), and Cowden Syndrome

(Table 3) helpful.

DIAGNOSING A HEREDITARY BREAST CANCER SYNDROME

Armed with the cancer pedigree, the clinician can now examine the history for clues

about the presence of a hereditary cancer syndrome. These syndromes in general confer

very significant lifetime cancer risks due to a mutation in a single germline cancer

susceptibility gene inherited in an autosomal-dominant manner. Typical families

demonstrate multiple affected family members in several generations, often with early

ages of onset. There may be skipped generations however, since these conditions are not

100% penetrant—even those who carry a mutation in a cancer susceptibility gene may

live their lives at increased risk but never develop cancer. In addition, histories of female

cancers such as breast cancer may be masked due to generations with a high ratio of

males to females or small sibships.

For each family member with cancer, record the following information:
What was the primary type of cancer?
What was the age at diagnosis, current age or age at death?
What was the cause of death?
Was the cancer unilateral or bilateral (for paired organs)?
Possible environmental exposure that might have influenced cancer risk, such as 
smoking, alcohol, radiation therapy and asbestos 

Additional information to record on all women with breast cancer (if possible)
Type of treatment, including surgery, chemotherapy, hormonal therapy, radiation
therapy and reconstruction 
Estrogen and progesterone receptor status (positive or negative)
Her-2 neu status 
Recurrence information
Treatment location(s)

For all family members without a cancer diagnosis:
What are their current ages?
If deceased, what was their age and cause of death?
Did they have any prophylactic surgeries, such as hysterectomy, oophorectomy or
mastectomy?

Ethnic  Background
For both maternal and paternal side, record countries of origin of ancestors 
Record history of Eastern European Jewish (Ashkenazi ancestry) 

Figure 2 Information to include in cancer pedigree.
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Only about 5% to 10% of breast cancer is due to strong inherited risk conferred

by a dominant gene mutation (19). Inherited risk due to mutations in the BRCA1 and

BRCA2 genes are the most commonly identified type of genetic risk for breast cancer.

Currently, the bulk of clinical genetic testing for breast cancer risk is focused on

identifying mutations in the BRCA1/2 genes. However, it is critical that both clinicians

and patients are aware that these are not the only genes that can increase breast cancer

risk. Care must be taken to communicate the possibility of a different hereditary cancer

syndrome raising breast cancer risk or the possibility of inherited risk due to an

unidentified gene or set of genes. As clinical testing opportunities broaden to include

additional low-penetrant genes, and possibly panels of these genes, it is likely that more

families with the concerning patterns of breast cancer will have the source of their risk

identified.

GENETIC COUNSELING AND TESTING PROCESS

Cancer genetic counseling is a communication process dealing with an individual’s risks

of developing specific inherited forms of cancer. The process of genetic counseling

helps individuals understand and adapt to the medical, psychological, and familial

implications of genetic contributions to cancer risk. Genetic counseling typically includes

interpretation of family and medical histories to assess risk, education about

inheritance, discussions about options for managing risk, prevention, and research

participation (20).

Genetic counseling can, but does not always, lead to genetic testing. Genetic

counseling is, however, a critical part of any genetic testing and should be provided by a

NAME
First, Last and Maiden
Name 

DATE OF
BIRTH

DATE OF 
DEATH (If 
applicable)

AFFECTED
WITH
CANCER? 
Yes or No

LOCATION OF
CANCER
(Eg. Breast, Colon,
Pancreas, etc.)

YEAR OF
CANCER 
DIAGNOSIS 

HOSPITAL WHERE CANCER
DIAGNOSED 

You

Mary Smith
12/2/1964 

Yes Breast
2000 Hospital of the University

of Pennsylvania 

Your Mother

Your Father 

Your Mother’s Mother

Your Mother’s Father

Your Father’s Mother

Your Father’s Father 

Your Children

Your Mother’s
Brothers and Sisters 

Your Father’s
Brothers and Sisters 

Your Maternal First
Cousins 

Your Paternal First
Cousins 

Your Nieces and
Nephews

Other Relatives with
Cancer

Figure 3 Example of a family history questionnaire.
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professional with the appropriate training and time to ensure that the testing leads to

informed decision making in an appropriately supportive environment. Genetic counseling

is typically offered by professionals who have training at the Masters, MD, or PhD levels

and have professional certification by organizations such as the American Board of

Medical Genetics and American Board of Genetic Counseling (21). Referrals for genetic

counseling professionals with expertise in cancer genetics can be obtained through

professional organizations, as well as through the National Cancer Institute’s Cancer

Information Service. Resources for finding cancer genetics specialists are listed in Figure 4.

Masters prepared genetic counselors are generally trained in accredited genetic

counseling training programs, and masters prepared nurses functioning in the genetic

counseling role may also have such training as part of their master’s or nurse practitioner

preparation (1,22).

RISK ASSESSMENT

Multiple types of risk assessment models have been developed for breast, ovarian, and

other cancers, and these models focus on two separate types of risk. The first type of

risk information generally offered to patients describes their chance of developing a

particular cancer. For example, breast cancer risk models currently being used include

the Gail model (23), which incorporates epidemiologic risk factor information as well

as family history information, and the Claus tables (24), which uses more detailed

family history information but does not include other risk factors. Information derived

from these models are often presented to patients as an estimated chance of developing

Table 1 Referral Criteria for Testing for Hereditary Breast/Ovarian Cancer (BRCA1 and BRCA2)

Patient meets one or more of the following criteria:

Member of a family with a known BRCA1/2 mutation

Personal history of breast cancer and one or more of the following:

Diagnosed at or below age 40, with or without additional family history

Diagnosed at or below age 50 or two breast primaries, with one or more close blood relative

with breast cancer diagnosed at or below age 50

One or more close relative with epithelial ovarian cancer

Personal history of breast cancer and one or more of the following:

Two or more close relatives with breast cancer and/or epithelial ovarian cancer

at any age

Close male relative with breast cancer

Personal history of epithelial ovarian cancer

Member of ethnicity with higher rate of mutations—Ashkenazi Jewish, Icelandic, Swedish,

Hungarian, or other—no additional history required

Personal history of epithelial ovarian cancer

Member of ethnicity with higher rate of mutations—Ashkenazi Jewish, Icelandic, Swedish,

Hungarian, or other—no additional history required

Personal history of male breast cancer, particularly if one or more of the following is present:

One or more close male relative with breast cancer

One or more close female relative with breast or ovarian cancer

Member of ethnicity with higher rate of mutations—Ashkenazi Jewish, Icelandic, Swedish,

Hungarian, or other—no additional history required

Family history only—close relative meeting any of the above criteria
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breast cancer in the next five years as well as the chance of developing breast cancer

over their lifetime. It is not appropriate to apply these models to individuals when there

is a known hereditary breast cancer syndrome in the family, since a woman’s risk will

largely depend on whether or not she has inherited the specific gene mutation

underlying this syndrome.

The second type of risk information offered may be the chance that a patient

carries a mutation in a particular cancer susceptibility gene. This risk, sometimes

referred to as the “prior probability” or “pretest chance” of carrying a gene mutation, is

particularly helpful in making genetic testing decisions. Further detailed information

about using specific risk models are presented in the chapter 2 titled “Risk Prediction in

Breast Cancer.”

Patients may overestimate or underestimate their risks for developing cancer or

their chance of having strong inherited genetic risk. Genetic counselors typically convey

risk in more than one way, using quantitative estimates derived from risk models, and

then setting those numbers in context, so patients can understand how their risks compare

to the average risk individual. Using verbal descriptors of risk, such as low-, moderate-,

or high-risk designations, in addition to numeric risks, can enhance the process of risk

communication (25).

IDENTIFICATION OF GENETIC TESTING CANDIDATES

There are many publications, policy statements, and organizational recommendations that

propose criteria for when an individual should be referred for genetic counseling

Table 2 Referral Criteria for Testing for Li–Fraumeni Syndrome (p53)

Patient meets one or more of the following criteria:

Member of a family with a known p53 mutation

Meets classic Li–Fraumeni Syndrome criteria

Personal history sarcoma diagnosed before age 45 and

A first degree relative with cancer diagnosed before age 45 and

An additional first- or second-degree relative in the same lineage with cancer diagnosed

before age 45 or a sarcoma at any age

Meets Li–Fraumeni–like criteria

An affected individual with

A childhood sarcoma OR

Sarcoma, brain tumor, adrenocortical carcinoma diagnosed before age 45 AND a first- or

second-degree relative with a typical LFS tumor at any age, AND another first- or second-

degree relative with cancer diagnosed prior to age 60

Cancers associated with LFS include but are not limited to

Premenopausal breast cancer

Bone and soft-tissue sarcomas

Acute leukemia

Brain tumor

Adrenocortical carcinoma

Unusually early onset of other adenocarcinomas or other childhood cancers

Abbreviation: LFS, Li-Fraumeni syndrome.
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regarding hereditary risk of breast and/or ovarian cancer, including the American Society

of Clinical Oncology (26), the NCCN, the Preventive Services Task Force (27), the

American College of Medical Genetics, and the National Institute for Clinical Excellence

in the United Kingdom. Presented below as an example are the NCCN guidelines for who

to refer for breast/ovarian cancer genetics services.

n Early-onset breast cancer, usually defined as before age 50

n Two breast primaries (bilateral disease or two or more clearly separate ipsilateral

primary tumors)

n Clustering of breast cancer with male breast cancer, thyroid cancer, sarcoma,

adrenocortical carcinoma, endometrial cancer, pancreatic cancer, brain

tumors, dermatologic manifestations, or leukemia/lymphoma on the same side of

the family

n Member of a family with a known mutation in a breast cancer susceptibility gene

n Populations at risk—in these cases requirements for inclusion may be lessened, since

the mutation frequency is higher. For example, all women of Ashkenazi Jewish

descent with breast or ovarian cancer at any age

Table 3 Referral Criteria for Testing for Cowden Syndrome (PTEN)

Patient meets one or more of the following criteria:

Member of a family with a known PTEN mutation

Has one of the following pathognomonic features:

Adult Lhermitte-Duclos disease (benign cerebellar tumor)

Mucocutaneous lesions: trichilemmomas (facial), acral keratoses, papillomatous papules—

mucocutaneous lesions alone are sufficient if

There are six or more facial papules, of which three or more must be trichilemmoma or

There are cutaneous facial papules and oral mucosal papillomatosis and acral

keratosis, or

There are palmoplantar keratoses, six or more

Major criteria

Breast cancer

Thyroid cancer, especially follicular thyroid carcinoma, rarely papillary, never medullary

Macrocephaly (equal or greater than the 97th percentile)

Endometrial cancer

Minor criteria

Other thyroid lesions (e.g., adenoma multinodular goiter)

Mental retardation (IQ < 75)

GI hamartomas

Fibrocystic disease of the breast

Lipomas

Fibromas

GU tumors (especially renal-cell carcinoma)

GU structural manifestations

Uterine fibroids

Two or more major criteria or

One major and three or more minor criteria or

Four or more minor criteria

Abbreviations: GI, gastrointestinal; GU, genitourinary.
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For guidelines on who to refer specifically for genetic testing for BRCA1/2, Li–Fraumeni

Syndrome, and Cowden Syndrome refer to Tables 1–3.

COUNSELING HIGH-RISK INDIVIDUALS FOR GENETIC TESTING

Cancer genetic testing programs are typically staffed by a multidisciplinary team of

providers. These providers can include an oncology provider (physician or nurse

practitioner), a genetics provider (a genetic counselor, geneticist, or genetics nurse), and

support staff (clinical coordinator, phlebotomist). Typically such programs have a

mental-heath provider such as a psychologist or social worker and other physician

specialists such as a surgeon, gynecologic oncologist, or radiologist available in their own

institution or by referral at other institutions. The most comprehensive cancer genetics

programs can provide assessment, education, genetic counseling, facilitation of testing,

medical recommendations for management based on individualized risk assessment, long

term follow-up and support services, access to cancer prevention modalities, and research

participation (10,21).

National Cancer Institute: Cancer Information Service

Phone:  1-800-4-CANCER

Website: http://www.cancer.gov/search/geneticsservices/

This American website contains a cancer genetics service provider search form.  Services and
contact information for specific cancer risk programs can be searched by geographic location.  The
listing is multidisciplinary, including physicians, genetic nurses and genetic counselors, and
includes individual provider information about licensure and board certification.  

National Society of Genetic Counselors 

Phone: 312-321-6834

Website: http://www.nsgc.org/

This American website provides information about genetic counseling, and also lists genetic
counselors, specialty areas of practice and contact information by geographic condition.

British Society for Human Genetics

Phone: +44(0) 121 627 2634

Website: http://www.bshg.org.uk/

This website contains a directory of the UK genetic centres, including laboratory referral
information. 

Canadian Society for Genetic Counselors

Phone: (905) 849-8299

Website:        http://www.cagc-accg.ca/location/view/index.php? 

This website allows one to search for genetic services throughout the provinces in both English
and French 

Figure 4 Referral sources for genetic counseling professionals.
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Components of the Genetic Counseling Session and Testing Process

Major components of a cancer genetic counseling session include collecting personal and

family medical history, interpreting the pattern of cancer in the family, describing the

features of the cancer syndrome, providing cancer risk assessment and pretest chances of

finding a mutation in a cancer susceptibility gene, discussion of early detection and

prevention strategies, and a discussion of genetic testing options (28). Logistical issues

include the number of required genetic counseling visits, the test eligibility, the cost of

testing, the informed consent process, the disclosure process, and the documentation

of results.

Typical Clinical Flow

Many clinical cancer genetics programs require at least two visits to arrange for pretest

counseling and discussion of the risk assessment and medical management in light of

genetic testing results. A typical program may arrange visits according to the model

outlined in Figure 5.

Pre-test Counseling Visit

The main purpose of the pre-test counseling visit is to assemble and assess the cancer

pedigree and to provide individuals with sufficient information to allow them to provide

appropriate and informed consent. The informed consent process includes the following:

purpose of the test; information about their cancer risks and likelihood of harboring a

detectable genetic risk; accuracy, limitations, cost, and logistics of the testing process;

interpretation of all possible results; the implications of the results to the patient and other

relatives; options for medical followup; risks and benefits of testing; emotional

ramifications of learning the results; confidentiality issues; and alternatives to testing.

In general, benefits of genetic testing include an enhanced understanding of one’s

personal cancer risks. Individuals who have already had a cancer diagnosis may be at risk

for additional cancers and benefit from enhanced screening that might not otherwise

be offered, and they may also benefit from prophylactic surgical interventions or

chemoprevention. Some individuals consider genetic testing even at very advanced stages

of disease. In this circumstance, such patients understand that identifying a cancer-

associated mutation may have little or no impact on their own care but may benefit

children, siblings, and other family members for generations to come. At-risk individuals

can then receive more precise risk information, leading to enhanced decision making

regarding their own care. Knowing about the presence of genetic risk allows informed

decision making that can dramatically lower cancer risks and maximize screening

opportunities. Limitations of testing include technology issues in not being able to

identify all genetic risk for cancer and the possibility of having to deal with indeterminate

or equivocal results.

Insurance preauthorization for genetic testing is also typically initiated at this first

visit for those who desire testing and can take days to weeks for a determination to be

made. If the genetic testing is likely to provide additional information, the patients then

need to decide whether they want to proceed with testing. Many patients are also

appreciative of information regarding their insurance coverage when considering whether

or not to go forward with testing since the cost will vary from hundreds to thousands of

dollars, depending on the test ordered. Countries with national health care will typically
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have clinical criteria for test eligibility, eliminating the cost of testing as a barrier for

patients with significant likelihoods of testing positive. Written informed consent should

be the culmination of this process (29), after which blood is drawn and typically sent to

the testing laboratory. Typical turnaround times are two to four weeks but this time may

be extended if insurance issues need to be clarified prior to releasing the specimen for

analysis. Some laboratories offer an expedited option with results available in 7 to 10

business days for a substantial additional fee.

CANCER RISK ASSESSMENT
Family history ascertainment
Pedigree analysis
Medical / risk factor analysis
Education and counseling
+ / -  Physical examination

Evidence of a hereditary
cancer syndrome

Unlikely hereditary
cancer syndrome

Pre-test counseling for
genetic testing

Quantitative cancer risk
assessment using models

Personalized screening and
management guidelines

and support for informed
decision making

Declines
testing 

Informed consent for genetic testing

Positive result
Deleterious
mutation found

True negative result
Negative resultin family
with detectable gene
mutation 

Indeterminate result – 
VUS or negative resultwith
no known detectable
mutation in a high-risk
family

Average risk
screening
guidelines 

Tailored cancer risk
management

recommendations 

Insurance preauthorization and
blood draw

Scheduled result disclosure
appointment in person or phone

Figure 5 Clinical flow for genetic counseling and testing.
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Test Eligibility

In general, individuals are offered testing if they are 18 years or older and have at least a

10% a priori likelihood of having a detectable mutation. Individuals with less than a 10%

likelihood of having a mutation also have the option of being tested, although most third

party payers will not cover the cost of testing if the likelihood is low. Testing for cancer

predisposition that only manifests in adulthood leads most cancer genetics providers to

restrict this testing to adults (at least age 18). Since testing would not affect medical

management decisions in a child, there are concerns that the information provides a

source of worry without the ability to act to lower cancer risk. In addition, many agree

that individuals should decide for themselves whether and when to gain information

about adult-onset cancer risks and these decisions are best made by an autonomous adult

(30–32). Genetic testing for future cancer risk for children is appropriate when there are

cancer risks that can manifest in childhood, such as the Li–Fraumeni Syndrome, which

confers a high risk for childhood malignancy (33).

GENETIC TESTING COMPLEXITIES—WHERE TO START?

Careful assessment of the cancer pedigree allows the selection of the most appropriate

candidate in whom to initiate testing. If possible, it is preferable to initially test a living

affected family member (i.e., has had breast or ovarian cancer or a component tumor

associated with the particular suspected syndrome) and select the individual who has the

highest chance of having a detectable mutation. If a disease-conferring mutation is found

in a family, then the source of cancer risk in the family is known. All other at-risk family

members who desire testing for the known family mutation can then receive a highly

informative result. Either the individual also inherited the known disease-conferring

familial mutation and needs to consider high-risk management options or the individual

did not inherit this mutation (true negative result) and can follow screening guidelines for

average-risk individuals. If, on the other hand, one had first offered testing to an

unaffected woman, a negative test result would not have carried the same meaning. In this

instance, there are several possible interpretations of a negative test result including that

(i) the proband did not inherit the mutation in her family, (ii) there is an as yet undefined

high-penetrance cancer gene present in the family, (iii) current technology is unable to

detect the BRCA1 or BRCA2 mutation present in the family, or (iv) the cluster of cancers
occurring in the family were due to chance and not an inherited predisposition. Thus, one

must be very careful not to assign average-risk status to an unaffected woman with

negative genetic testing result, in the absence of a known detectable deleterious

familial mutation. A negative genetic test result in this setting must be considered

indeterminate.

Despite the preference to initiate testing in an affected relative, sometimes this is

not possible, either due to the absence of any living affected relatives or due to the

unwillingness of an affected relative to be tested. In these cases, testing may be

considered for the unaffected relative with a significant prior probability of carrying a

mutation. In this setting, finding a mutation will be extremely helpful, but the limitations

of the negative result as described above must be conveyed in clear terms. Falsely

reassuring a patient under this circumstance could lead to inappropriate dropping back in

the intensity of surveillance and other cancer risk management strategies.

Complexities in arranging genetic testing can be illustrated by considering the

pedigree in Figure 1 as an example. In this family, the proband is a 41-year-old
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unaffected woman who presents for risk assessment due to concern regarding her

maternal family history of breast cancer. She tells you she is certain she will one day

develop breast cancer since both her mother and maternal grandmother had breast cancer.

After assessing the pedigree, it is clear that the paternal side is more concerning for strong

genetic risk due to a mutation in BRCA1 or BRCA2. A common misconception is that risk

for “female cancers” can only be transmitted through the maternal side. Although the

maternal side includes two generations of women with breast cancer, the ages of onset,

well past menopause, are not highly suggestive of risk due to BRCA1 or BRCA2. In
addition, there are many at-risk women on the maternal side who have been cancer-free;

there is no ovarian or other cancers suggesting an inherited cancer syndrome, there are no

rare tumors or any individuals with multiple primary cancers. In contrast, the paternal

side includes two women with breast cancer diagnosed at early ages and a first cousin

with ovarian cancer. One paternal aunt, who lived to age 75 and was cancer-free, had a

complete hysterectomy at age 38, which dramatically lowered her chances of developing

both breast and ovarian cancer. Bilineal family histories of cancer are common, and in

this situation, the astute cancer genetics provider would focus first on the paternal side

when investigating the possibility of genetic risk, since this side has the higher chance of

having detectable genetic risk.

After determining that genetic investigation of the paternal side is most appropriate,

one can then focus on identifying the best candidate in whom to initiate testing. Certainly

one could offer testing to the unaffected proband, but the limitations of this approach are

significant as described above. There are two living affected women who would be good

candidates for testing, either the proband’s paternal first cousin with breast cancer at age

45 or her paternal first cousin with ovarian cancer at age 57. Since ovarian cancer is a less

common malignancy, affecting only 1% to 2% of all women, compared with breast

cancer, affecting 12% to 13% of all women in the United States, it is less likely that one

would find a sporadic ovarian cancer in a family with a BRCA1 or a BRCA2 mutation. A

final assessment of how to prioritize testing in this family is to first inquire about the

cousin with ovarian cancer’s interest in testing, followed by the cousin with breast cancer,

and as a last resort, the unaffected proband. Cancer genetics providers can be quite

helpful in conveying this complicated information to families, and then either arranging

the relative’s genetic counseling and testing or identifying a cancer genetics referral for

the affected relative.

TYPES OF GENETIC TESTS

Genetic testing may examine the full length of the gene or look only for specific

“founder” mutations based on the ethnic background of the patient. When there is a

known mutation in the family, genetic testing of at-risk relatives focuses on that mutation

only. One notable exception is in the Ashkenazi Jewish population where, due to the

increased prevalence of all founder mutations, even when a particular founder mutation is

detected, it is recommended that other at-risk family members undergo testing for all

three founder mutations in BRCA1/2 (34). This takes into account the possibility that a

different founder mutation has descended from a different branch of the family. Other

types of genetic tests are those that scan for mutations and may sacrifice a bit of

sensitivity in exchange for a simpler, easier, and often less-expensive technique.

Scanning for mutations may also be accomplished by using a technique such as

Conformation Sensitive Gel Electrophoresis, Single-Strand Conformation Polymorphism,

or Protein Truncation Testing, which are slightly less sensitive than sequencing. More
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recently, certain laboratories have added techniques in addition to full gene analysis such

as southern blotting or Multiplex Ligation-dependent Probe Amplification to look for

large genomic rearrangements or deletions that would be missed on sequencing.

Information can be obtained from the laboratory performing the testing about sensitivity

and specificity of the techniques used.

In order to determine the technique used, cancer genetics providers should obtain

laboratory reports from affected individuals at high risk for having a mutation in whom

testing in the past did not reveal a mutation. Sometimes, repeating the testing with a more

sensitive technique is worthwhile and can finally identify the source of cancer risk missed

in the past due to technology limitations.

Generally, the first person to be tested in the family must have full gene analysis

spanning the entire gene. An exception to this situation is when the proband is a member

of an ethnic group that has known founder mutations. These are specific alterations in the

genetic code seen repeatedly in a particular ethnic population due to common ancestry.

Examples of populations with founder mutations in BRCA1 and BRCA2 are the

Ashkenazi Jews and individuals from Iceland, Sweden, and Hungary. A reasonable

testing strategy for individuals derived from an ethnic group with founder mutations is to

first start testing for those specific mutations. If this testing, which is typically a much

easier laboratory procedure and, therefore, far less expensive, reveals a mutation, then

much effort and expense can be spared. Referring back to Figure 1, if this were an

Ashkenazi Jewish family, then testing could focus on the three founder mutations in

BRCA1/2. However, in a high-risk family such as this one, if no mutation is found using

this approach, then one would request that full gene analysis be performed to increase the

sensitivity of the test.

POSSIBLE OUTCOMES OF GENETIC TESTING

As outlined in Figure 5, there are several types of genetic testing results: positive,

negative, and indeterminate. A positive result reveals the presence of a deleterious

mutation that is predicted to impair the function of the gene. This result is unambiguous

and provides extraordinarily useful information for a family. All those at risk can now be

informatively tested for the presence or absence of the known source of cancer risk in the

family. If an unaffected family member then undergoes testing for the deleterious

mutation and is found not have inherited it, this result is considered a true negative.

Other results are less clear, and correct interpretation of genetic testing results is an

important function of the cancer genetics service. For example, it is possible that the

proband’s paternal cousin with ovarian cancer in Figure 1 could undergo full BRCA1/2
testing, and even after sequencing, and screening for large rearrangements, still not have a

detectable gene mutation. Such a finding would be considered indeterminate. The

possible explanations for this finding include that there is a mutation in as yet undefined

high-penetrance cancer gene, there is a BRCA1 or BRCA2 mutation in the family that

cannot be detected with current technology, the cluster of cancers occurring in the family

were due to chance and not an inherited predisposition, and finally the individual

tested has sporadic cancer but is a member of a hereditary breast cancer family

(i.e., a phenocopy). Since state-of-the-art genetic testing is unable to identify the source

of breast and ovarian cancer risk in this suspicious family, the proband must be told she

could still be at high risk for these cancers but that informative testing is not currently

available to clarify her risk. Her cancer genetics providers should supply her with a risk

assessment and options for management of cancer risk based on her family and personal
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medical history and encourage the family to periodically recontact the cancer genetics

service since additional genetic testing opportunities could arise in the future. Clinicians

must interpret results that consider the specific test ordered, whether or not the testing

was performed on an affected individual, and whether or not there is a known mutation in

the family.

Are All Negative Results Equal?

A true negative result is only possible when there is a known, detectable deleterious

mutation in the family. For example, referring to the pedigree in Figure 1, if the proband’s

paternal cousin with ovarian cancer were tested and found to have a deleterious BRCA1
mutation, one would surmise this mutation was inherited from her paternal grandmother

since she had early onset breast cancer. Should the proband test negative for the same

BRCA1 mutation identified in her paternal cousin, then she did not inherit the known

source of cancer risk on her father’s side. This is a true negative result. Of note, one

would have anticipated that the proband was at 25% risk of inheriting this mutation.

BRCA1 mutations are inherited in an autosomal-dominant manner; thus, the proband’s

father had a 50% chance of inheriting it from his mother, and the proband had a 50%

chance of inheriting it from her father. By combining these probabilities (0.50) � (0.50) =

0.25, one arrives at the proband having a 25% risk of having inherited this mutation.

One should always obtain a copy of the laboratory report documenting the

specific familial mutation in order to know what test to order in the at-risk family

member.

Additionally, since clinical scenarios are rarely straightforward, as in this example,

one would not necessarily assign this 41-year-old unaffected proband the same risk for

breast cancer as an average women, since she has a bilineal history of breast cancer. One

of the breast cancer risk assessment models could be applied, taking into account her

maternal family history, and then recommendations would be based on this assessment.

Her assessment at this point would no longer need to consider the paternal history, since

she did not inherit the known BRCA1 mutation from her father’s side. Although family

history of postmenopausal breast cancer in one first- and one second-degree relative will

influence her breast cancer risk, it will not raise her risk nearly as high as it would be had

she inherited the known BRCA1 mutation present in her paternal lineage. Therefore, the

recommendations to manage her risk will also be different from the recommendations one

would offer a BRCA1 carrier. Although the chances of finding a BRCA1 or BRCA2
mutation on the maternal side are low, some clinicians might consider comprehensive

testing for mutations in BRCA1/2 due to the bilineal history. However, in the absence of

insurance coverage for such testing, this strategy may be of sufficiently low yield to not

justify a potentially significant financial burden.

The Dread Variant of Uncertain Significance

When screening the entire coding region of a gene, it is possible to detect sequence

variations, typically but not limited to single base-pair alterations, or missense mutations.

These alterations are of unknown clinical significance meaning it is unclear whether or

not this sequence variant is a deleterious mutation conferring increased cancer risks or a

harmless polymorphism representing normal interindividual variability. The chance of

finding a variant of uncertain significance (VUS) depends to some degree on how many

individuals from the patient’s ethnic group have already been tested. For example, for

women of African descent, who have been tested less frequently than those of Western
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European ancestry, the rate of VUS was as high as 40% several years ago (35). However,

as more African-American women are tested and their variants are categorized and

tracked, the likelihood of finding a VUS has diminished.

To further investigate the clinical significance of a VUS, one can do variant

tracking, evaluate if the variant has ever been reported in combination with a deleterious

mutation, check for publications reporting the variant, and consider whether or not the

sequence alteration has occurred in a highly conserved region of the gene (36). A clinical

testing laboratory should be able to provide the referring clinician with assistance in

interpreting the significance of the variant. Without proper genetic counseling, some

women erroneously interpret these results as deleterious, associated with high cancer

risks, and then choose inappropriate medical management that may not truly be reflective

of their risk. Care and time must be taken to explain this significance of this

indeterminate result.

For the family presented in Figure 1, variant tracking would be possible in the event

that the proband were tested first and found to have a VUS. Since the most concerning

history is present on the paternal side, one could test the paternal cousins with breast and

ovarian cancer to see if one or both of these women also have it. If both women with

cancer had the same VUS, the variant would be said to “track with cancer risk.” On the

other hand, if neither of these women carried the VUS, it would provide evidence against

it being associated with elevated breast and ovarian cancer risks. Additional evidence

against the variant being associated with cancer risk could be gained by testing the

proband’s maternal aunts who are cancer-free in their 70s and 80s. If the variant was

present in these individuals, this would provide further evidence against it being

associated with cancer risk. Certain variants will be classified as “suspected deleterious,”

and, typically, cancer genetics providers recommend that individuals with such a test

result follow the management guidelines for those deleterious mutations as there is some

laboratory or tracking evidence that the variant is harmful. Conversely, some VUS results

are classified as “suspected polymorphism,” and are therefore less likely to represent

deleterious mutations. Although a VUS is a frustrating outcome of testing, it is

recommended that individuals with such a result contact the provider who arranged the

testing on an annual basis. This allows the status of the variant to be reassessed. Decisions

about medical management of cancer risk may be altered based on a new interpretation of

the significance of the VUS. It is critical that patients undergoing full screening of the

coding sequence of a cancer susceptibility gene be informed during their pre-test

counseling that this is a possible outcome and the limitation of testing.

Disclosure Process

During the initial counseling session, arrangements are typically made to share the result.

Depending on the protocol of the cancer genetic center, the result may be given in person or

by scheduled telephone appointment. Centers that provide the result by phone often

schedule a followup visit in person to review medical management options, especially if the

person is a carrier of a deleterious mutation. If the result session is scheduled in person,

often, the patient is encouraged to bring a support person who is not also at risk (spouse or

friend). It may take between 15 and 60 minutes to review the result of the genetic test,

depending on the result and ease of interpretation, the response to the information, and the

complexity of the cancer risk management alternatives being considered by the patient. The

counseling session is focused on the specific issues relevant to the patient. For example,

discussions regarding medical management with an unaffected young woman will differ

considerably from discussions with a breast cancer patient who has already had bilateral
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mastectomies and previous oophorectomy. If the genetic testing result is positive, or if the

result is the initial identification of the mutation in a family, the result session should also

include a review of the pedigree to identify other genetic testing candidates and create a

plan for communicating the result and local resources to them. In some centers, this may be

spread into two or three follow-up sessions.

Documentation of Results

Typically, a personalized follow-up letter is provided to the patient after the result

session. It includes a copy of the genetic test result as well as a review of the information

discussed in the pre- and postcounseling sessions. When a clinician referred the

individual for testing, either a copy of that letter or an additional cover letter should also

be sent to the provider. Some centers have developed fact sheets summarizing key

information and include them in the follow-up letter. In centers that provide consultation

only, pertinent information regarding issues such as enhanced magnetic resonance

imaging (MRI) screening or prophylactic surgical options are sent to the health-care

providers who will be providing medical management to the patients.

UPTAKE OF GENETIC TESTING

Recent studies have shown variability in uptake of genetic testing, even in the setting of

a known mutation. Keogh et al. (37) found in Australia that only 44% of at-risk

individuals who had provided research blood samples for genetic testing for BRCA1 or

BRCA2 mutations chose to receive results, despite the fact that testing and counseling

were offered free of charge. Foster et al. (38) specifically studied decliners of genetic

counseling and testing for BRCA1/2 in Sutton, England, and found that decliners were

more likely to be younger and have lower levels of cancer worry than seen in a national

study of test acceptors. Brooks et al. (39) reported that uptake of testing in the setting of

a known familial mutation varied depending on how actively at-risk family members

were offered participation. They suggest that in general, one-third to one-half of at-risk

family members will present for genetic counseling and testing once a family member

has been informed about the presence of the mutation. Once an individual presents for

genetic counseling, they are much more likely to proceed than decline, with 78% to

99% of those attending genetic counseling sessions proceeding with testing (40–42).

People who agreed to be tested cite their interest in clarifying the risk of cancer for

themselves and other relatives (especially sisters and daughters) and determining the

need for additional surveillance or prophylactic surgery. People who decline BRCA1
and BRCA2 testing cite problems with access, finances, and logistics as well as

concerns about possible insurance discrimination and increased emotional distress if

they were to receive a positive result. Discrimination concerns are more a source of

worry in the United States, since there is no guarantee of access to healthcare in the

absence of insurance.

TIMING OF TESTING—SPECIAL CONSIDERATIONS

Genetic testing among recently diagnosed breast cancer patients is increasingly being

considered, since finding a BRCA1 or BRCA2 mutation may influence definitive surgical
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decisions. Certain women may choose bilateral mastectomies rather than breast

conservation in the setting of a deleterious mutation. In a study by Schwartz et al. (43),

48% of women tested at the time of diagnosis and found to have a BRCA1 or BRCA2
mutation chose bilateralmastectomies for their definitive surgery. These investigators point

out that potential advantages to testing prior to completing local therapy are that carriers

who choose immediate bilateral mastectomies can avoid a possible second surgery and

unnecessary radiation therapy. Disadvantages to this approach include the additional stress

of learning about genetic risk for additional cancers, as well as risk for other close family

members, at a time when multiple difficult treatment decisions are being made. In addition,

clinical testing including the possibility of insurance issues delays may not offer a fast

enough turnaround time and could impose unacceptable surgical delay. Some also question

the necessity of this aggressive approach for early-stage cancers in light of the lowmortality

rate and other alternatives for managing the risk for a second primary breast cancer. Others

believe the benefit of bilateral mastectomy is greatest for those who have the longest life

expectancy or early-stage disease. Quality of life is an important, highly individualized

measure. A follow-up study by Tercyak et al. from 2007 indicated that women who

underwent testing at the time of diagnosis and chose bilateral mastectomies did not report

diminished quality of life or elevated distress in the first year after surgery when compared

to those who chose breast conservation or unilateral mastectomy (44).

Although some individuals will be offered genetic testing in the timeframe

immediately following their diagnosis, many will not be offered such testing until

treatment has been completed or at some point down the road when an unaffected relative

wonders about their own risk and is directed to this affected relative in order to arrange

for the most informative testing in the family. Testing may also be offered to a patient

who has completed treatment and is now concerned about developing a monitoring

program that takes into account screening or prophylactic procedures to deal with

possible additional cancer risks.

GENETIC DISCRIMINATION CONCERNS

For some patients concerned about genetic discrimination, medical record privacy

remains an issue. Some elect to self-pay for the genetic consultation and testing and ask

that the information be provided only to them. This strategy is generally ineffectual at

maintaining privacy, since patients with a hereditary cancer syndrome typically

want to discuss this highly relevant piece of information with their health-care providers.

In addition, information about the presence of genetic risk for cancer often needs to be

revealed to insurance companies in order to justify coverage for intensive screening, such

as screening breast MRI, or to justify prophylactic procedures. Because the vast majority

of cancer genetic centers are associated with tertiary care hospitals, the records are

maintained in those hospital records, regardless of the reimbursement mechanism.

To date, there are no documented cases of health insurance or employment

discrimination against carriers of BRCA1 and BRCA2 mutations in the United States (45),

yet patients continue to be concerned. In one study from a high-risk clinic, investigators

found that approximately 25% of patients declined testing due to concerns regarding

insurance coverage in the event of a positive test result. These same investigators were

unable to identify experiences of test result discrimination (46) and suggested that any

adverse insurance underwriting was likelier due to a prior cancer diagnosis and not the

identification of genetic risk. Concerns about possible genetic discrimination are voiced

by clinicians, some of whom are misinformed about the existence of protective legislation
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or lack of published cases of genetic discrimination (47). Although patients seem most

concerned about health insurance, they also express fear of genetic discrimination in

other arenas, such as life or disability insurance, employment, arranged marriages,

adoption, and child custody cases.

Even in countries with universal healthcare, patients remain concerned about access

to life insurance. In the United Kingdom, a moratorium on the use of genetic test results

by insurers until 2011 has been implemented. In other countries such as Australia, it is

permissible for life insurance companies to ask their customers whether they have had

any genetic testing, but the companies are only permitted to use this information in a

“statistically relevant” way. Aldhous reported on a single case where an Australian

woman with a BRCA1 mutation was denied coverage for all forms of cancer in her life

insurance policy (48). In 2003, Armstrong et al. reported that in the United States,

concern about life insurance discrimination was inversely associated with the decision to

undergo BRCA1/2 genetic testing (49). However, in this survey of 636 women who

participated in genetic counseling and testing, none reported having life insurance denied

or cancelled based on their participation.

The U.S. Federal Health Insurance Portability and Accountability Act, passed in 1996,

states that based on genetic information, a person who keeps continuous group health

coverage can not be dropped, charged more, or denied access to a new group. This is a

powerful national law that protects those Americans who have access to group health

insurance but does leave some loopholes and thus individuals outside the scope of

protection. It is hoped that the Genetic Information Nondiscrimination Act, which has been

introduced at least six times over the last 12 years, may finally have the support needed to be

enacted. It will provide more comprehensive protection to safeguard clinical and research

genetic testing information from being used in both employment and insurance decisions.

COUNSELING ISSUES

This next section will highlight counseling issues that are typical of cancer genetic

situations and include the patient’s overall emotional status, reactions during the

counseling session, timing issues, and ethical dilemmas.

Patient’s Emotional Status

Living in a cancer family can be incredibly stressful, and many patients have described

their lifelong fear of developing cancer after watching relatives go through diagnosis

and treatment. The emotional distress engendered by the family’s experiences with

cancer or test results can sometimes be predicted based on the outcome of affected

relatives. Those whose relatives have done poorly or have died may logically be more

distressed about their cancer risk than those who have relatives who have been long-

term survivors. Studies have shown that women whose mothers were diagnosed and

died when they were children or adolescents may be at particular risk for ongoing

distress (50,51).

Reactions During the Counseling Session

During any consultation, genetic counselors will assess the psychological ability of the

individual and/or family to cope with the information, management, and testing choices
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being discussed. Within a counseling session, patients may exhibit a range of emotions,

including anger, grief, guilt, and fear. Collecting information about the pattern of cancer

in the family can evoke memories of relatives who have died and uncover family

dysfunction. Discussing cancer risks and genetic testing options may be frightening

prospects and can trigger a number of coping strategies from denial to over-

intellectualization. Genetic counselors are well versed in counseling techniques that

allow them to be empathetic and actively supportive throughout the session. Since

emotional distress can detrimentally influence the capacity to learn, counselors will

continually assess the patient’s emotional state during the encounter and determine how

best to proceed (52).

Timing Issues

Patients need to be emotionally ready to hear their genetic test results, which potentially

can be a powerful piece of information. Genetic counselors are sensitive to the issue of

timing in terms of how a test result might be interpreted. The timing issue may have to do

with an anniversary date of when a close relative developed or died from cancer.

Therefore, if a patient suddenly decides to have testing after years of declining it, it will

be helpful to explore what brought about the change in mind. Perhaps the patient is

approaching the age at which her mother or other relative developed cancer. Perhaps the

patient’s daughter is now the age she was when her mother first became sick. Or perhaps

a new case of cancer in the family has galvanized her into action. The timing issues may

have nothing to do with cancer—pregnancy, divorce, job stressors, relocation, or other

big life events can all generate enormous amounts of stress and may influence the ability

to process information about cancer risk or genetic test results.

Ethical Dilemmas

Balancing family rights when newly diagnosed is but one ethical dilemma that arises

when offering genetic testing for cancer predisposition. Although most centers support

the concept of voluntary testing, family situations can make the testing appear coercive.

Males who are not at as great a risk of developing cancer may elect not to be tested, but in

doing so, may compromise their daughter’s access to care. Many centers are willing to

test daughters if a father declines testing, with the understanding that a positive test result

will reveal information about his mutation status if he is the link to the extended family

that has the mutation.

In addition, parents often “encourage” their adult children to consider testing and

some may not be ready or interested. Some young men and women who are not yet married

and/or not candidates for medical management changes may not care, but appear willing to

consider testing, especially if the parents are the source of the financial support for it.

Duty to warn other family members about cancer risks is a concern that seems to

be minimized in most families. Several studies indicate that over 80% of families share

mutation status with the family. The primary reason that information is not shared often

is that individuals do not appreciate the importance of providing it, for example, to a

young son who is not perceived to be at risk. Thus, as part of the post test counseling

session, the clinician should identify the other at-risk relatives for whom testing would

be appropriate. When family members are estranged, the counselor can explore other

strategies to assure that the person who is not in regular communication can be provided

the information, often by identifying a different family member who is in touch with the

person (53,54).
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POST TEST COUNSELING—REACTIONS TO THE RESULTS

Reactions to a Positive Result

For women who do not have cancer, a positive BRCA1 or BRCA2 test result typically

engenders more emotional distress than a negative test result; however, the distress tends

to be of short duration. Several studies have shown that mean anxiety and distress scores

are not dramatically increased post disclosure (55). In fact, one study showed that the

individuals with the highest anxiety levels were the ones who decided not to learn their

results (56). These findings provide reassurance that learning one’s BRCA1 or BRCA2
gene status does not cause overwhelming anxiety or depression. However, receiving a

positive result can bring about feelings of sadness, exacerbate feelings of vulnerability,

and retrigger grief responses. For these reasons, many programs have developed

resources that target emotional as well as medical needs, such as the formation of support

groups targeted to unaffected high-risk women (28).

Reactions of Women and Men with Breast Cancer, Who Have an
Indeterminate Negative Result

Patients who are members of families in which no mutation has been identified can be

frustrated by a negative result. If they were expecting that the genetic test would provide a

reason for the development of cancer, especially if it occurred at an early age, anger at the

continued uncertainty can manifest in a variety of ways. However, others may be pleased

because they presume that a negative result means that the cancer in the family does not

have an inherited component, which is often not the case.

Reactions to a True Negative Result

Patients who are in families with a known BRCA1 or BRCA2 mutation are almost always

happy and relieved to learn that they do not carry the familial mutation and that their

offspring are no longer at risk. However, many patients do express feelings of guilt

regarding other relatives who have had cancer or have tested positive. These feelings of

survivor guilt may temporarily strain family relationships. In addition, a subset of patients

with true negative results may feel unsettled by the news, causing them to reevaluate all

aspects of their lives.

Reactions to a VUS

This indeterminate result is a genetic change from the “normal” gene, but the significance of

that change is not clear. Less is known about how people react to an indeterminate result.

Indeterminate results can be very confusing to patients, especially if they have not been told

about this possibility prior to the blood draw.

INFLUENCERS OF REACTIONS

Testing programs recognize that a small subset of patients will exhibit high levels of

distress following the disclosure of their BRCA1 and BRCA2 result. For this reason, it is

important for programs to have systems in place to assess levels of distress and to refer

patients to the appropriate mental-health professional. A positive test result will engender
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more distress than a negative result, especially among individuals who have not yet had a

cancer diagnosis.

Lack of Sufficient Social Support

People have varying social support needs, so it is helpful to ask if the patient has someone

with whom they plan to share their result information. Patients who do not have anyone

or who feel that their support is inadequate may benefit from having a referral or may

need additional time to deal with their result.

Personal History of Untreated Depression or Anxiety, or Prior Suicidal
Ideation or Attempt

When cancer genetic counseling was first offered, there were few other adult onset

conditions for which predisposition testing was available. One was Huntington’s disease

(HD), and as part of the testing protocol for HD, most centers involve mental health-care

providers. However, suicidal ideation is part of the biology of HD, and studies have

demonstrated that learning cancer mutation status can cause anxiety but not to the degree

that requires professional referrals (57,58).

However, because people who present for cancer genetic counseling are representative

of the general population, about 10% to 25% may have a personal history of mental health

problems, and some will be untreated (59). Many cancer genetic centers, as part of a larger

facility, administer questionnaires that assess current mental health as part of the intake.

However, it is also part of the psychosocial assessment during the initial counseling session,

and when untreated mental health problems are identified, many counselors frame the

conversation as one of “readiness” as they encourage patients to seek mental health-care

services prior to learning their result. If the patient is already connected with a therapist, in

some circumstances, with the permission of the patient, that therapist can be included in the

provision of the result to assure that the patient response will be as healthy as possible.

CONCLUSION

The identification of the BRCA1 and BRCA2 genes has helped move genetics from rare

disorders of childhood to common diseases of adulthood. Clinical testing programs are

currently thriving but will need to identify more effective ways to bill for services and

expand access without sacrificing quality. As genetic testing for breast cancer risk

becomes more commonplace, it will be important to maintain high standards for

providing pre- and post-test genetic counseling as well as proper informed consent.

Without these core elements, the promise of genetic testing, and its potential to lessen

morbidity and mortality from breast and other forms of cancer, will not be maximized.

However, it is hoped that in families with hereditary risk, the cancer burden will continue

to be reduced, as an increasing number of individuals take advantage of the cancer risk

reduction and management strategies.

REFERENCES

1. Stopfer JE. Genetic counseling and clinical cancer genetics services. Semin Surg Oncol 2000;

18(4):347–357.

174 Stopfer et al.



2. Peters JA, Stopfer JE. Role of the genetic counselor in familial cancer. Oncology (Williston

Park) 1996; 10(2):159–166, 175; discussion 176–178.

3. Audrain J, et al. Psychological distress in women seeking genetic counseling for breast-

ovarian cancer risk: the contributions of personality and appraisal. Ann Behav Med 1997; 19

(4):370–377.

4. Bennett IC, Gattas M, Teh BT. The management of familial breast cancer. Breast 2000; 9(5):

247–263.

5. Schneider KA, et al. Accuracy of cancer family histories: comparison of two breast cancer

syndromes. Genet Test 2004; 8(3):222–228.

6. Kerber RA, Slattery ML. Comparison of self-reported and database-linked family history of

cancer data in a case-control study. Am J Epidemiol 1997; 146(3):244–248.

7. Ziogas A, Anton-Culver H. Validation of family history data in cancer family registries. Am J

Prev Med 2003; 24(2):190–198.

8. Severin MJ. Genetic susceptibility for specific cancers. Medical liability of the clinician.

Cancer 1999; 86(11 suppl):2564–2569.

9. Bennett RL, et al. Recommendations for standardized human pedigree nomenclature.

Pedigree Standardization Task Force of the National Society of Genetic Counselors. Am J

Hum Genet 1995; 56(3):745–752.

10. Hoskins KF, et al. Assessment and counseling for women with a family history of breast

cancer. A guide for clinicians. JAMA 1995; 273(7):577–585.

11. Domchek SM, et al. Application of breast cancer risk prediction models in clinical practice. J

Clin Oncol 2003; 21(4):593–601.

12. Struewing JP, et al. The risk of cancer associated with specific mutations of BRCA1 and

BRCA2 among Ashkenazi Jews. N Engl J Med 1997; 336(20):1401–1408.

13. Roa BB, et al. Ashkenazi Jewish population frequencies for common mutations in BRCA1 and
BRCA2. Nat Genet 1996; 14(2):185–187.

14. Antoniou AC, et al. Risk models for familial ovarian and breast cancer. Genet Epidemiol

2000; 18(2):173–190.

15. Verhoog LC, et al. Large regional differences in the frequency of distinct BRCA1/BRCA2
mutations in 517 Dutch breast and/or ovarian cancer families. Eur J Cancer 2001; 37(16):

2082–2090.

16. Tonin PN, et al. Founder BRCA1 and BRCA2 mutations in French Canadian breast and

ovarian cancer families. Am J Hum Genet 1998; 63(5):1341–1351.

17. Thorlacius S, et al. A single BRCA2 mutation in male and female breast cancer families from

Iceland with varied cancer phenotypes. Nat Genet 1996; 13(1):117–119.

18. Johannsson O, et al. Founding BRCA1 mutations in hereditary breast and ovarian cancer in

southern Sweden. Am J Hum Genet 1996; 58(3):441–450.

19. Claus EB, et al. The genetic attributable risk of breast and ovarian cancer. Cancer 1996; 77(11):

2318–2324.

20. Resta R, et al. A new definition of Genetic Counseling: National Society of Genetic

Counselors’ Task Force report. J Genet Couns 2006; 15(2):77–83.

21. Calzone KA, et al. Establishing a cancer risk evaluation program. Cancer Pract 1997; 5(4):

228–233.

22. Calzone KA, Jenkins J, Masny A. Core competencies in cancer genetics for advanced practice

oncology nurses. Oncol Nurs Forum 2002; 29(9):1327–1333.

23. Gail MH, et al. Projecting individualized probabilities of developing breast cancer for white

females who are being examined annually. J Natl Cancer Inst 1989; 81(24):1879–1886.

24. Claus EB, Risch N, Thompson WD. Autosomal dominant inheritance of early-onset breast

cancer. Implications for risk prediction. Cancer 1994; 73(3):643–651.

25. Trepanier A, et al. Genetic cancer risk assessment and counseling: recommendations of the

national society of genetic counselors. J Genet Couns 2004; 13(2):83–114.

26. American Society of Clinical Oncology policy statement update: genetic testing for cancer

susceptibility. J Clin Oncol 2003; 21(12):2397–2406.

Genetic Testing and Counseling Issues 175



27. Nelson HD, et al. Genetic risk assessment and BRCA mutation testing for breast and ovarian

cancer susceptibility: systematic evidence review for the U.S. Preventive Services Task Force.

Ann Intern Med 2005; 143(5):362–379.

28. Schneider K. Counseling About Cancer. 2nd ed. New York: Wiley-Liss, Inc, 2002.

29. Durfy SJ, Buchanan TE, Burke W. Testing for inherited susceptibility to breast cancer: a

survey of informed consent forms for BRCA1 and BRCA2 mutation testing. Am J Med Genet

1998; 75(1):82–87.

30. Grosfeld FJ, et al. Psychological risks of genetically testing children for a hereditary cancer

syndrome. Patient Educ Couns 1997; 32(1–2):63–67.

31. Laxova R. Testing for cancer susceptibility genes in children. Adv Pediatr 1999; 46:1–40.

32. Patenaude AF. The genetic testing of children for cancer susceptibility: ethical, legal, and

social issues. Behav Sci Law 1996; 14(4):393–410.

33. Eng C, et al. Third international workshop on collaborative interdisciplinary studies of p53 and

other predisposing genes in Li-Fraumeni syndrome. Cancer Epidemiol Biomark Prev 1997; 6(5):

379–383.

34. Liede A, et al. A family with three germline mutations in BRCA1 and BRCA2. Clin Genet

1998; 54(3):215–218.

35. Nanda R, et al. Genetic testing in an ethnically diverse cohort of high-risk women: a

comparative analysis of BRCA1 and BRCA2 mutations in American families of European and

African ancestry. JAMA 2005; 294(15):1925–1933.

36. Petrucelli N, et al. Clinical interpretation and recommendations for patients with a variant of

uncertain significance in BRCA1 or BRCA2: a survey of genetic counseling practice. Genet

Test 2002; 6(2):107–113.

37. Keogh LA, et al. Uptake of offer to receive genetic information about BRCA1 and BRCA2
mutations in an Australian population-based study. Cancer Epidemiol Biomark Prev 2004; 13(12):

2258–2263.

38. Foster C, et al. Non-uptake of predictive genetic testing for BRCA1/2 among relatives of

known carriers: attributes, cancer worry, and barriers to testing in a multicenter clinical

cohort. Genet Test 2004; 8(1):23–29.

39. Brooks L, et al. BRCA1/2 predictive testing: a study of uptake in two centres. Eur J Hum

Genet 2004; 12(8):654–662.

40. Watson M, et al. Genetic testing in breast/ovarian cancer (BRCA1) families. Lancet 1995; 346

(8974):583.

41. Lerman C, et al. BRCA1 testing in families with hereditary breast-ovarian cancer. A

prospective study of patient decision making and outcomes. JAMA 1996; 275(24):1885–1892.

42. Julian-Reynier C, et al. Uptake of hereditary breast/ovarian cancer genetic testing in a French

national sample of BRCA1 families. The French Cancer Genetic Network. Psychooncology

2000; 9(6):504–510.

43. Schwartz MD, et al. Impact of BRCA1/BRCA2 counseling and testing on newly diagnosed

breast cancer patients. J Clin Oncol 2004; 22(10):1823–1829.

44. Tercyak KP, et al. Quality of life after contralateral prophylactic mastectomy in newly

diagnosed high-risk breast cancer patients who underwent BRCA1/2 gene testing. J Clin Oncol
2007; 25(3):285–291.

45. Hall MA, Rich SS. Laws restricting health insurers’ use of genetic information: impact on

genetic discrimination. Am J Hum Genet 2000; 66(1):293–307.

46. Peterson EA, et al. Health insurance and discrimination concerns and BRCA1/2 testing in a

clinic population. Cancer Epidemiol Biomark Prev 2002; 11(1):79–87.

47. Nedelcu R, et al. Genetic discrimination: the clinician perspective. Clin Genet 2004; 66(4):

311–317.

48. Aldhous P. Victims of genetic discrimination speak up. New Sci 2005; 188(2524):7.

49. Armstrong K, et al. Life insurance and breast cancer risk assessment: adverse selection,

genetic testing decisions, and discrimination. Am J Med Genet A 2003; 120(3):359–364.

50. Wellisch DK, et al. Psychological functioning of daughters of breast cancer patients. Part I:

daughters and comparison subjects. Psychosomatics 1991; 32(3):324–336.

176 Stopfer et al.



51. Wellisch DK, et al. Psychological functioning of daughters of breast cancer patients. Part II:

characterizing the distressed daughter of the breast cancer patient. Psychosomatics 1992; 33(2):

171–179.

52. Hopwood P, et al. Psychological support needs for women at high genetic risk of breast

cancer: some preliminary indicators. Psychooncology 1998; 7(5):402–412.

53. Harris M, Winship I, Spriggs M. Controversies and ethical issues in cancer-genetics clinics.

Lancet Oncol 2005; 6(5):301–310.

54. Hallowell N, et al. Communication about genetic testing in families of male BRCA1/2 carriers

and non-carriers: patterns, priorities and problems. Clin Genet 2005; 67(6):492–502.

55. Lerman C, Croyle R. Psychological issues in genetic testing for breast cancer susceptibility.

Arch Intern Med 1994; 154(6):609–616.

56. Lerman C, et al. What you don’t know can hurt you: adverse psychologic effects in members

of BRCA1-linked and BRCA2-linked families who decline genetic testing. J Clin Oncol 1998;

16(5):1650–1654.

57. Paulsen JS, et al. Critical periods of suicide risk in Huntington’s disease. Am J Psychiatry

2005; 162(4):725–731.

58. Schwartz MD, et al. Impact of BRCA1/BRCA2 mutation testing on psychologic distress in a

clinic-based sample. J Clin Oncol 2002; 20(2):514–520.

59. Coyne JC, et al. Distress and psychiatric morbidity among women from high-risk breast and

ovarian cancer families. J Consult Clin Psychol 2000; 68(5):864–874.

60. http://www.nccn.org/professionals/physician_gls/default.asp

61. http://www.health.state.ny.us/nysdoh/cancer/obcancer/contents.htm

62. http://www.nice.org.uk/guidance/CG41

Genetic Testing and Counseling Issues 177





11
Molecular Diagnostics: Methods
and Limitations

Sean V. Tavtigian and Florence LeCalvez-Kelm
International Agency for Research on Cancer, Lyon, France

INTRODUCTION

The discovery and complete sequencing of BRCA1 and BRCA2 (1–3) and the subsequent

clinical application of genetic testing for these genes have generated a series of questions

of research and clinical importance. For example, what is the mutation spectrum of these

genes? Are the cancer susceptibility mutations found in these genes gain of function

mutations? Are they loss of function mutations? Are their effects dominant negative?

How many different mutations are there in the population? How many different kinds of

mutations are there in breast cancer families? These questions were important for basic

biological understanding and because of their implications for therapeutic and diagnostic

uses of the genetic data.

BRCA1 and BRCA2 both encode relatively large proteins, and the majority of

predisposing mutations in these genes are protein-truncating mutations that cause

substantial loss of function (4,5); that is to say, they are tumor-suppressor genes.

Prediscovery aspirations that there would be an easy route from the function of BRCA1
and BRCA2 to anti-tumor drugs that would be effective in a large fraction of breast cancer

patients were shattered by the observation that these genes are tumor suppressors. Most

drugs either inhibit an enzyme or else mimic/antagonize a small molecule that is involved

in signal transduction. Had it turned out that the predisposing mutations in these genes

were gain-of-function ones, then it might have been straightforward to develop inhibitors

that would have therapeutic potential. However, the most direct therapeutic approach to a

loss-of-function syndrome requires either repairing the gene defect or replacing the

protein function, either of which is an extremely difficult task.

On the other hand, tumor-suppressor genes that contribute to cancer susceptibility

syndromes are suitable for application in predisposition diagnostic testing. The basic rules

that govern gene structure, splicing of hnRNA to make mRNA and translation of mRNA to

make protein, are well known. Consequently,many of the possible classes of loss-of-function

mutation are understood and many (but certainly not all) loss-of-function mutations are

readily identifiable from simple DNA sequence analysis. However, there is a gulf between

finding that a gene is suitable for predisposition diagnostic testing and building a test that can

be applied to a clinical setting. The majority of laboratory approaches available for

predisposition diagnostic testing fall into one of five categories: (i) conformational analyses;

(ii) mismatch/heteroduplex analyses; (iii) protein truncation assays; (iv) tests for

rearrangements; and (v) sequencing. In addition to detecting the presence of a genetic
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variant in a patient sample, there are two additional requirements on the testing process: (vi)
sample tracking, which is necessary to ensure that sequence variants are correctly ascribed to

the sample in which they occur and (vii) genetic variant classification, which is necessary to
distinguish between deleterious and neutral genetic variants.

CONFORMATIONAL ANALYSES

Single-Strand Conformation Polymorphism

Intrastrand base pairing drives single-stranded DNA (ssDNA) into a sequence-specific

secondary structure of stems, loops, and more complex structures, resulting in a unique

three-dimensional (3D) conformation (6). Single-strand conformation polymorphism

(SSCP) takes advantage of the fact that two ssDNA molecules differing in sequence at a

single nucleotide may form slightly different patterns of intrastrand base pairs and

consequently assume slightly different 3D conformations. As molecules of the same size

but different conformation often have different electrophoretic mobility, these differences

can be detected by gel electrophoresis.

As first described by Orita et al. in 1989 (7), SSCP was a somewhat complex

protocol based on the Southern blot. Whole genomic DNA was digested with a restriction

enzyme, denatured, fractionated on an acrylamide gel, and blot transferred to a

membrane. The membrane was then probed with a radiolabeled DNA fragment from the

gene of interest. Fragments carrying sequence variants were recognized by shifts in gel

mobility as compared to wild-type samples. However, after SSCP was adapted to

polymerase chain reaction (PCR) (8,9), the protocol became much more efficient.

Segments of target genes were PCR-amplified using a 32P labelled nucleotide mix. After

PCR, the fragments were denatured and then snap cooled to favor formation of

intrastrand structures over double-stranded DNA (dsDNA) duplexes. After electrophor-

esis, fragments carrying sequence variants were again recognized by shifts in gel mobility

as compared to wild-type samples. Because the protocol is fast, inexpensive, and does not

require specialized equipment, it has been used in a variety of research settings (10–13).

Multiple improvements have been described to increase the sensitivity, reprodu-

cibility, and throughput of SSCP. Radioactive labeling or silver staining have been

replaced by fluorescent primers or fluorescently labeled nucleotide mixes. Fluorescent

labeling has in turn enabled transfer of the protocols to capillary electrophoresis (14).

In addition, combination of multicolor multiplexing to improve throughput and improved

electrophoretic sieving matrices combine to make fluorescent capillary electrophoresis

single-strand conformation polymorphism (CE-SSCP) an attractive alternative to

conventional slab gel–based SSCP methods for simple, low-cost, high throughput

scanning of genetic variants (14,15).

Despite its strengths, SSCP faces some non-negligible limitations. Most

importantly, not all of the nucleotides in an ssDNA molecule are involved in intrastrand

base pairing. Consequently, some nucleotide substitutions have little or no effect on

intrastrand base pairing and hence little or no effect on DNA folding or structure. In

addition, sequence variation can lead to structures with either higher or lower gel mobility

than canonical sequences, complicating analysis and interpretation of SSCP data.

Moreover, ssDNA secondary structures depend strongly upon the physical environment

and are altered by variables including temperature, gel polymer composition, buffer

composition, and additives such as glycerol. Thus, optimal conditions (e.g., in terms of

temperature and polyacrylamide gel composition) differ from fragment to fragment and

may have to be optimized by experiment.
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Given these weaknesses, it is not surprising that a number of investigators have

reported that the sensitivity and reproducibility of SSCP are not completely satisfying.

Using BRCA1 as the target gene, several groups have carried out mutation-screening

techniques’ comparisons in which SSCP was among the techniques tested (16–18). In

each case, SSCP was found to be one of the least sensitive of the techniques compared.

For example, the Breast Cancer Information Core (BIC) coordinated a mutation-

screening techniques comparison in which the screening centers were blinded to the true

mutation status of the samples examined. SSCP had a sensitivity for detecting

substitutions and small insertion–deletion variants of 72% (17). Accordingly, some

investigators who included SSCP analysis as a mutation-screening technique in large

mutation surveys of BRCA1, BRCA2, and/or ATM actually adjusted their observed results

for an assumed systematic false-negative detection rate of 30%. This is a clear

acknowledgment of the limited sensitivity of this protocol (13,19).

MISMATCH/HETERODUPLEX ANALYSES

When dsDNA is PCR amplified from an individual who is heterozygous at a single

polymorphic position located within the amplicon, the PCR product will ideally consist

of a 1:1 mixture of two populations of perfectly complementary dsDNA molecules, one

containing the first allele of the genetic variant and the other containing the second

allele. If this mixture is heat denatured and then allowed to slowly cool back below its

melting temperature (Tm), it will ideally form a 1:1:1:1 mixture of four populations of

double-stranded molecules: two of these will be the original perfectly complementary

double-stranded molecules (i.e., “homoduplexes”) and two will be double-stranded

molecules that contain a single mismatched base pair (i.e., “heteroduplexes”).

Heteroduplexes differ from homoduplexes in a number of physical characteristics, and

these differences have been exploited to develop a variety of methods for identifying

genetic variants.

Methods Relying on Gel Electrophoresis to Resolve Heteroduplexes
from Homoduplexes

Two somewhat distinct families of mutation-screening techniques rely on gel electro-

phoresis to resolve heteroduplexes from homoduplexes. The first family is based on

electrophoresis of samples in a denaturing gradient, and its basic implementation is referred

to as denaturing gradient gel electrophoresis (DGGE). The second relies on the gel matrix

itself to achieve separation between homoduplexes and heteroduplexes. Its basic

implementation is referred to as conformation-sensitive gel electrophoresis (CSGE).

Denaturing Gradient Gel Electrophoresis

The DGGE protocol arose from studies of the biophysical and electrophoretic properties

of dsDNA molecules and was not originally intended for mutation screening per se. In

1979, Fischer and Lerman found that the gel mobility of dsDNA molecules drops

dramatically when these molecules become partially denatured and that this gel mobility

transition varies according to the denaturant concentration (20). It was also observed that

two dsDNA molecules differing by only a single nucleotide substitution could be

resolved by electrophoresis into a denaturing gradient of urea and formamide because the

lower Tm member of the pair would reach its mobility transition earlier in the denaturing

gradient than the higher Tm member of the pair (21). However, if the DNA fragment of
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interest contains two or more domains with distinct Tm, this approach was somewhat

insensitive to nucleotide substitutions in the domain that had the highest Tm. That

limitation was overcome by fusing the target sequence to a very high GC-content

sequence referred to as a “GC-clamp,” yielding a DGGE procedure that should have had

over 90% sensitivity for single nucleotide substitutions and higher sensitivity for small

insertion–deletion variants (22,23). The initial GC-clamp experiments were performed

with cloned DNAs and gel purified fragments digested by restriction endonucleases,

which would not have been amenable to high-throughput mutation screening. However,

PCR provided a natural strategy for adding the GC clamp to target DNA segments,

yielding a relatively sensitive mutation-screening strategy (24). Although the combined

complications of developing GC-clamped amplicons and pouring denaturing gradient

gels have historically limited the application of pure DGGE to mutation screening of

breast cancer susceptibility genes, a Dutch research group has recently developed a

comprehensive DGGE-based screen for BRCA1 and BRCA2. Preliminary indications are

that the screen has excellent sensitivity and may well be adopted by other labs (25).

The original DGGE studies were an example of two-dimensional (2D) gel

electrophoresis. A large number of DNA fragments (e.g., a complete restriction digest of

Escherichia coli genomic DNA) was loaded into a single lane of a standard agarose gel

and fractionated by size. The lane was then cut out of the gel, loaded at the top of an

acrylamide denaturing gradient gel, and fractionated perpendicular to the original

direction of electrophoresis. Electrophoresis in the second direction fractionated on the

basis of fragment stability, and the 2D electrophoresis could resolve several hundred

distinct DNA fragments. In 1996, Van Orsouw et al. took advantage of the fragment

resolving power of the 2D DGGE to achieve complete mutation screening of the tumor-

suppressor RB1 on a single gel (26). The same group went on to develop 2D DGGE assays,

which they refer to as 2D gene scanning (TDGS), for many other susceptibility genes

including PTEN, TP53, BRCA1, and BRCA2 (27–30). By combining software for selecting

GC-clamped amplicons that can be amplified in multiplex, multiplex PCR, three colors of

fluorescent PCR primers, and a semiautomated 2D gel apparatus, the same team built an

efficient and powerful mutation-screening system (28,30,31). In a blinded methods

comparison, TDGS was found to have better than 90% sensitivity for a wide variety of

mutations in BRCA1 (17). Even so, perhaps due to the inherent difficulty in casting 2D gels

and the technical skill required to read those gels, TDGS has not been widely used for

screening breast cancer susceptibility genes outside of the lab where it was developed.

Two closely related techniques, temporal temperature gradient electrophoresis

(TTGE) and temperature gradient capillary electrophoresis (TGCE), harness an

increasing temperature gradient during electrophoresis to resolve homoduplex from

heteroduplex DNAs (32,33). In principle, both should share the relatively high sensitivity

of DGGE without the complication of having to pour gradient gels, and TGCE run with

multiple colors of fluorescent primers on a capillary electrophoresis system with 96 or

more capillaries should achieve very high throughput. To date, neither of these techniques

has seen widespread use in the analysis of breast cancer susceptibility genes.

Heteroduplex Analysis and CSGE

Resolving homoduplexes from heteroduplexes by gel electrophoresis does not necessarily

require electrophoresis in a denaturing gradient. In 1989, Bhattacharyya and Lilley

conducted a series of electrophoretic mobility and chemical reactivity experiments

intended to probe the physical structure of dsDNA molecules containing mismatches.

As a by-product of their studies, they found that artificial heteroduplexes containing
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insertion–deletion mismatches are easily resolved from homoduplexes on native tris

borate EDTA (TBE) acrylamide gels. Artificial heteroduplexes containing multiple

single-base mismatches are also resolved, but not so robustly (34). Shortly thereafter,

Nagamine et al. noticed that heteroduplexes in PCR products cause alterations in gel

mobility and suggested that this phenomenon could be used as a mutation-screening

method. Rommens et al. showed that heterozygous carriers of the 3 bp cystic fibrosis

mutation deltaF508 are easily detected by electrophoresis of heteroduplexes on native

acrylamide gels (35,36). Further protocol development experiments yielded the

observations that hydrolink gels “mutation detection enhancement (MDE) Gel matrix”

have better sensitivity for mismatches than do standard acrylamide gels. Alternatively,

acrylamide gels polymerized with bis-acrolylpiperazine (BAP) instead of the more usual

N0-N0-methylene-bisacrylamide (BIS) and containing ethylene glycol¼ formamide also

outperform standard acrylamide gels (37–40).

Thus were born two closely related mutation-screening protocols: heteroduplex

analysis (HA) based on hydrolink MDE gels, and Conformation Sensitive Gel

Electrophoresis (CSGE) based on acrylamide/BAP gels with a modified runnning buffer.

Both require little more than PCR of the target sequence, denaturation, and renaturation to

form heteroduplexes and electrophoresis on an easily prepared gel. Accordingly, both

have been used to screen BRCA1, BRCA2, and many other genes in labs around the world.

As fluorescent sequencing instruments such as the ABI 377 became widespread, it

was inevitable that these two protocols would be transformed into higher throughput

multicolor fluorescent assays. Indeed, Ganguly et al. developed four-color fluorescent

conformation sensitive gel electrophoresis (F-CSGE) by 1998 and Edwards et al. reported

fluorescent HA [fluorescent mutation detection (F-MD)] in 2001 (41,42). Development of

F-CSGE did not require any special modifications of the fluorescent sequencer.

Consequently, mutation screening of BRCA1 and BRCA2 by this protocol has spread

beyond the lab where it was developed (43,44) and has also been further adapted for

capillary electrophoresis [conformation-sensitive capillary electrophoresis (CSCE)]

(45,46). On the other hand, development of F-MD required cooling the gel to below

room temperature during electrophoresis, dehumidifying the electrophoresis room to

prevent condensation on the gel, and modifying the sequencer’s run software. Thus, one

would predict that F-MD will spread more slowly than F-CSGE and will be more difficult

to adapt to capillary electrophoresis.

Just after heteroduplex detection on native TBE gels was first reported,

Bhattacharyya and Lilley also conducted a systematic test of gel mobility effects due

to single-base mismatches and reported that many of these mobility effects were very

subtle (47). Since then, many investigators have found that this family of techniques is

quite sensitive to insertion–deletion mutations but has an appreciable false-negative rate

for single nucleotide substitutions. For example, the sensitivity of CSGE reported in the

blinded BIC methods comparison was 76% (17). The teams that developed F-CSGE

techniques report sensitivities in the range of 90% to 95%. Fluorescent sequencers require

that samples migrate the full length of the gel or capillary before detection, and this can

improve sensitivity compared to regular gels. Software-aided detection of abnormal peak

shapes may also improve heteroduplex detection. Still, the improved sensitivity of these

protocols remains to be confirmed in a blinded or independent test format.

Denaturating High Performance Liquid Chromatography

Gel electrophoresis is not the only technique able to resolve heteroduplex from

homoduplex DNAs. Britten and Smith demonstrated in 1970 that dsDNA binds much
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more tightly to hydroxyapatite than does ssDNA. Davidson et al. then used hydroxyapatite

column chromatography as a method to separate ssDNA from dsDNA in sheared genomic

DNA that had been denatured and allowed to partially renature as a method to estimate the

fraction of the genome that is present in single copy versus repetitive sequence (48,49).

During the late 1970s and 1980s, reversed phase chromatography was sometimes used as

an alternative to gel electrophoresis to separate and purify different length DNA restriction

fragments (50,51). It was also known that dsDNA fragments with blunt ends elute from

such columns at lower salt concentrations than do dsDNA fragments of similar size that

have the short single-stranded “sticky ends” left by some restriction enzymes such as Eco

RI or Hind III (50).

Given this background, it is not surprising that column chromatography would

eventually be tested as a method for heteroduplex detection. Thus, in 1993, Huber et al.

developed denaturating high performance liquid chromatography (DHPLC) as a high-

resolution reversed phase chromatography method for separation of dsDNA fragments. In

1995, Oefner and Underhill demonstrated mutation detection using DHPLC (52,53). It

quickly became clear that DHPLC has better sensitivity for detecting single nucleotide

substitutions in heteroduplexes than methods such as SSCP, HA, and CSGE (53–55).

As with other heteroduplex detection methods, DHPLC analysis begins with

denaturation and renaturation of PCR products to form the usual mixture of

homoduplexes and heteroduplexes (assuming that the sample contains a heterozygous

sequence variant). The sample is then fractionated by ion-pair–reversed phase liquid

chromatography in a hydrophobic column containing alkylated particles. Partial

heteroduplex denaturation associated with a linear gradient of acetonitrile causes early

elution of the heteroduplexes as compared to their homoduplex counterparts (53).

Advantages of DHPLC include an automated chromatography system with relative rapid

analysis time, no need for radioactive labeling or ethidium bromide staining, and very

good sensitivity and specificity (54,56). Mutation analysis of inherited breast cancer

susceptibility genes by DHPLC was demonstrated within a few years of the method’s

introduction and has earned a reputation as being relatively sensitive, fast, reliable, and

cost-effective (16,55,57). DHPLC has better than 95% sensitivity for single nucleotide

substitutions and, in the blinded BIC methods comparison, found 100% of the mutations

present in the sample series (17). However, DHPLC remains a complex assay and

requires thorough knowledge of the instrument to correctly perform the analyses.

Furthermore, interpretation of DHPLC data is not computerized but is based on a

subjective visual inspection of abnormal chromatograms. Indeed, operator experience is

by far the most reliable tool for DHPLC data analysis. For these reasons, maintenance of

high accuracy and precision in DHPLC analysis requires strict adherence to quality

control measures. Accordingly, an initiative has begun within the genetic testing

community to develop standardized DHPLC operating procedures (58).

Mismatch Cleavage Methods

Mismatches in DNA duplexes can also be detected by enzymatic or chemical methods

that cleave ssDNA or mismatched DNA strands. In order for such protocols to be useful,

they have to combine high sensitivity and specificity for nucleotide mismatches with low

differential sensitivity due to sequence context. The requirement for low sequence

specificity may seem paradoxical. What is meant is that if a reagent is specific for

mismatched dC residues (as one example of four), then it must have similar activity

toward all mismatched dC and this must be much higher than its activity toward proper

CG base pairs. If, due to sequence context, the reagent has differential sensitivity among
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mismatched dC, then no single treatment condition will find all dC-containing

mismatches efficiently and the method will not compare favorably with other mutation

detection methods.

During the 1980s and 1990s, a variety of nuclease-based or chemical reagent–based

methods were tested for their ability to cleave either mismatch-containing DNA duplexes

or RNA–DNA heteroduplexes. Many of these relied on single-strand endonucleases such

as nuclease S1 or ribonuclease A (59–61). Largely because of enzymatic sequence

specificity, none of these achieved high enough sensitivity to be useful as general

mutation-screening strategies. However, in 1988, Cotton et al. made a systematic

comparison of chemical cleavage reagents in a search for conditions that combined high

sensitivity for mismatches with low sequence context specificity (62). In their screen of

chemical reagents that were known to react with RNA or DNA nucleotides such that

subsequent treatment with piperidine leads to strand cleavage, they found that

hydroxylamine has good specificity for mismatched dC residues and osmium tetroxide

has good specificity for mismatched T residues. Although neither has perfect sequence

context independence, their sequence context dependencies are somewhat complemen-

tary (63). Thus, used in parallel, these two reagents are able to cleave at least one strand

of all naturally occurring single nucleotide substitutions or small insertion–deletion

mutations, giving rise to the chemical cleavage of mismatch (CCM) protocol. Six years

after development of the original 32P labelled CCM protocol, Verpy et al. converted it to

its fluorescent incarnation, fluorescence-assisted mismatch analysis (FAMA) (63,64).

Compared to most other mutation-scanning techniques, CCM and FAMA have the

advantages that they work with relatively long amplicons, up to approximately 1.4 kb, can

detect more than one genetic variant in the same PCR product, and provide an indication

of the location of each genetic variant located within each individual PCR product. The

sensitivity of the method is also reported at above 95% (64,65). Given the large size of

exon 11 of BRCA1 and exon 11 of BRCA2, and that both these genes have several

consecutive small exons that are close enough together to analyze in single amplicons,

FAMA provides an attractive approach to mutation scanning these genes. Accordingly,

Ricevuto et al. first reported complete FAMA-based mutation scanning of BRCA1 and

Pages et al. reported combined FAMA and DGGE mutation scanning of BRCA2 (65,66).

Others have also used FAMA to mutation scan TP53 (67,68).

The main disadvantage of FAMA is that the procedure involves multiple sample

manipulations including the use of somewhat toxic chemicals. Thus, the procedure is

somewhat labor intensive and relatively more expensive than other mutation-scanning

techniques and will remain so unless it becomes adapted to laboratory automation.

High-Resolution Melt Curve Analysis

High-resolution melt curve analysis (HRM or MCA) has been recently introduced as a

promising technique for high throughput genotyping (69) and mutation scanning (70).

The method rests on three biophysical principles and is elegant in its simplicity. First,

certain dyes bind to double-strand DNA, fluoresce under ultraviolet light when bound,

and are compatible with PCR at saturating concentrations. This makes possible high-

resolution fluorescence versus temperature, or melting curve, analysis of PCR products

by optical methods. Second, if a particular amplicon is polymorphic, PCR of that

amplicon from a heterozygote sample followed by denaturation and reannealing results in

four DNA duplexes: two homoduplexes of opposite genotype and two mismatched

heteroduplexes. Each of these duplexes has a characteristic melting curve, and the sum of

all of the melting curves of the PCR products present in a single sample can be observed
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by a HRM analysis. Third, because mismatched heteroduplexes have a lower Tm than

either homoduplex, a heterozygote in the sample (and resulting mismatch duplex) shifts

the melting curve profile. This shift can be detected reliably by a suitably sensitive HRM

instrument.

MCA/HRM offers several obvious advantages as compared to traditional mutation-

scanning methods. First, it is a rapid and secure method because its closed-tube nature

avoids the time-consuming separation step on a gel or other matrix while minimizing any

potential risk of contamination or sample handling error. Second, MCA/HRM is easy to

implement, as it does not require any post-PCR sample manipulation other than the

closed-tube melting analysis. Third, the protocol is extremely easy to automate because it

involves so few steps. Fourth, the melt curve analysis is nondestructive; individual

samples can be reanalyzed several times and the same sample that was subject to melt

curve analysis can also be sequenced. Fifth, the protocol is relatively inexpensive because

it requires only PCR reagents plus a small amount of fluorescent dye. Finally, MCA/

HRM seems to be suitable for high-throughput mutation screening as the latest

instruments enable the simultaneous acquisition of up to 384 fluorescent melting signals

in less than five minutes.

Specificity and sensitivity of MCA/HRM for mutation scanning of single-base

substitutions were evaluated using an assay specifically developed to assess the effect of

PCR product size, GC content, and the nature and the position of the base change within

the PCR product (70). The authors reported 100% sensitivity for single nucleotide

substitutions in fragments of less than 300 bp and over 95% sensitivity in fragments with

length between 400 and 1000 bp. The false-negative error rate tended to increase with

fragment length and for the identification of A:A or T:T mismatches. Although complete

mutation screening of breast cancer susceptibility genes by MCA/HRM has not yet been

reported, a recent technical assessment of the protocol by the UK National Genetics

Reference Laboratory also reported over 98% sensitivity for a mix of small

insertion–deletion mutations and single nucleotide substitutions in a variety of sequence

contexts (71). Although investigators interested in using MCA/HRM to screen breast

cancer susceptibility genes will clearly have to pay attention to amplicon size, there is a

strong probability that this will become a popular mutation-screening method.

PROTEIN TRUNCATION TEST

There are a number of disease susceptibility genes whose mutation spectra are

dominated by protein truncating mutations such as nonsense substitutions and small

insertion–deletion mutations that cause frame shifts to the open reading frame. In 1993,

Roest et al., working with the Duchenne muscular dystrophy gene, and Powell et al.,

working with the colon cancer susceptibility gene APC, both recognized that in vitro

translation of RNA that is heterozygous for a truncating mutation will lead to a mix of

normal and truncated protein products and that this could form the basis of a mutation-

screening method (72,73). In the protein truncation test (PTT), PCR is performed from

either patient cDNA or patient genomic DNA using a primer pair in which the gene-

specific component of the sense-strand primer has a 50 extension that contains a T7 RNA

polymerase promoter sequence and eukaryotic translation initiator site. Protein products

are synthesized from this DNA construct by programming a commercially available

coupled in vitro transcription/translation assay with the PCR product and a radioactive

amino acid mix. The translation products are then analyzed by polyacrylamide gel

electrophoresis. Truncating mutations are recognized by shorter than expected translation
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products. As with the CCM assay, the size of the truncated translation product gives an

indication of where in the gene the mutation is located.

The PTT assay has three main advantages: it is relatively easy to implement, it has

very high sensitivity and specificity for truncating mutations, and it can be used to screen

larger amplicons than almost any other method. As the mutation spectra of BRCA1 and

BRCA2 are both dominated by truncating mutations (74,75), it was natural that a number

of research groups built PTT assays for these genes. For BRCA1 and BRCA2, the main

question was whether to screen the whole gene by PTT or just to screen the large exons

(exon 11 of BRCA1 and exons 10 and 11 of BRCA2).
Hogervorst et al. reported complete PTT mutation screening of the BRCA1 open

reading frame in 1995 (76). This test was sensitive to both nonsense/frameshift mutations

and splice junction mutations. Exons 2 to 10 and 12 to 23 were screened from cDNA

while exon 11 was screened from genomic DNA. By 1997, a PTT test had also been

designed for BRCA2. Later, a single PTT test for both BRCA1 and BRCA2 was developed

using just nine amplicons (77,78). However, it was already clear by this time that the

actual achieved sensitivity of PTT was less than its theoretical sensitivity.

Although the PTT assays for BRCA1 and BRCA2 are quite efficient, they have three
main limitations. One of the limitations is caused by nonsense-mediated mRNA decay

(NMD). The NMD pathway in mammalian cells recognizes and destroys mRNA

transcripts that contain a stop codon before the last splice junction. Presumably, the NMD

pathway functions to prevent the synthesis of truncated proteins, which may have

dominant negative effects in vivo (79). Because of NMD, transcripts from alleles

containing a protein truncating mutation are usually less abundant than transcripts from

normal alleles. For PTT assays that start with RNA, this means that the truncated protein

product will be less abundant than the full-length product, which can reduce the

sensitivity of the PTT assay. PTT assays that start with genomic DNA are not affected by

this limitation. A second limitation arises if the truncating mutation is very close to the

forward PCR primer. In this case, the truncated translation product will be small and may

either be poorly resolved from the unincorporated amino acids or disproportionately elute

from the gel during washing. The combination of poor gel resolution for low molecular

weight peptides and NMD makes detection from cDNA of truncating mutations that are

located near the forward PCR primer particularly difficult (80). Finally, missense

substitutions are by definition invisible to PTT. As a consequence, most contemporary

BRCA1 and BRCA2 mutation screening efforts that include PTT use the procedure to

detect mutations in the large exons 11 but use other methods to screen the smaller coding

exons of these genes.

SEQUENCING METHODS

All of the previously described mutation-scanning methods detect the presence of genetic

variants without revealing the exact underlying sequence variant. Defining the precise

genetic change requires sequencing. The first truly effective DNA sequencing methods

were described by Maxam and Gilbert and Sanger and Coulson, both in 1977 (81,82). The

Maxam and Gilbert sequencing method depends on base-specific chemical cleavage of

DNA, whereas the Sanger sequencing method relies on incorporation of chain-

terminating dideoxy nucleotides (or, alternatively, arabinotides) to reveal DNA

sequences. The Sanger method has become much more popular than the Maxam and

Gilbert method, probably because the Maxam and Gilbert method relied on rather toxic

chemicals such as dimethyl sulfate and hydrazine, whereas Sanger sequencing evolved
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into a single-tube enzymatic/fluorescent reaction. More recently, chip-based sequencing

by hybridization has also become a viable alternative to sequencing methods that require

electrophoresis.

Gel Electrophoresis–Based Sequencing Methods

During the period of the BRCA1 and BRCA2 positional cloning projects, the most

efficient sequencing based mutation-screening strategy was in fact dideoxy cycle

sequencing of PCR products using 32P labeled nucleotides to label the sequencing

products. Mutation screening by radioactive cycle sequencing required four lanes of a

slab sequencing gel, corresponding to the A, C, G, and T sequence reactions, for each

sample. However, instead of running the four lanes representing each sample adjacently

to each other, the A lanes for all of the samples were run in a group, the C lanes for all of

the samples were run in a group, etc. This strategy took advantage of the human eye’s

ability to spot individual lanes that differed from neighboring lanes on the X-ray film

image of the mutation-screening gel, providing a sensitive and reasonably efficient

mutation-screening method.

By the timeBRCA1was discovered, fluorescent Sanger dideoxy sequencing was well
on its way to replacing its radiolabeled progenitor for most de novo sequencing applications

but was not yet widely used for mutation screening. There are two basic protocols for

fluorescent dideoxy sequencing, dye terminator (83,84) and dye primer (85); each has its

advantages and disadvantages. Dye-terminator sequencing has the advantage of simplicity.

In this protocol, each of the four dideoxy-nucleotide terminators is labeled with a different

fluorescent dye. Thus, all four can be premixed in a single sequencing reagent, resulting in a

single reaction per sample sequenced (or two reactions if sequencing is to be carried out in

both directions). Dye terminator has the added advantage of relatively low background

because the only sequencing extension products that are labeled are those that have

incorporated a fluorescent dideoxy terminator. The disadvantage of dye-terminator

sequencing is that DNA polymerases seem to have considerable sequence-specific

differential affinity for deoxy nucleotides versus dye-labelled dideoxy nucleotides. The

result is that one regularly observes individual base positions in dye-terminator sequences

where the peak is disproportionately weak compared to surrounding peaks (86). Inmutation

screening, if the minor allele base corresponding to a mutation happens to be dis-

proportionately weak because of its sequence context, then themutation is very easy tomiss

in the resulting chromatogram (86–88).

Since the mid-1990s, sequencing reagent manufacturers have both engineered the

polymerases to reduce sequence-specific differential selectivity between deoxy and

dideoxy nucleotides (89,90) and modified the fluorescent dideoxynucleotides themselves

to reduce this problem (91,92).

As the name implies, the fluorescent labels in dye-primer sequencing are placed on the

primers. Reactions are terminated with normal dideoxy nucleotides, resulting in the

advantage of superior peak height uniformity and better sensitivity for heterozygous

positions than that achieved by dye-terminator sequencing. However, this advantage is

offset by the added complexity of having to set up and then consolidate four reactions (e.g.,

A, C, G, T) for each sample. Consequently, dye primer is for the most part only used in

highly automated laboratory settings such as Myriad Genetic Laboratory’s BRACAnalysis

platform. Still, because of the volume of testing that Myriad performs, dye-primer

sequencing may be the dominant technique in terms of the number of samples processed.

One common approach to definemutations is to first use one of themutation-scanning

techniques [see sections entitled Conformational Analyses, Mismatch/Heteroduplex

188 Tavtigian and LeCalvez-Kelm



Analyses, and Protein Truncation Test (PTT)] to identify individual samples that contain

sequence variants, and then sequence just those samples that appear to contain such a

variant. This approach relies on the sequencing instrument’s base calling software and

visual inspection of chromatograms to identify heterozygous nucleotide changes in the

sequence (87,93); as long as both forward and reverse chromatograms are examined from

samples that are thought to contain heterozygous positions, this approach is generally

sufficient. However, when full sequencing is used as the primary mutation-screening

technique, the number of chromatograms that must be analyzed becomes enormous and

requires more efficient chromatogram management software.

For example, Myriad Genetic Laboratory’s BRACAnalysis platform uses a

laboratory information management system (LIMS), into which their mutation-screening

software has been integrated, to track the entire mutation-screening process. Patient

samples are tracked by barcode through each step from sample accession through PCR and

sequencing until chromatograms have been created and analyzed. Similarly, laboratory

reagents are tracked from receipt through preparation of PCR or sequencing reagent plates

to completion of electrophoresis (94). The mutation-screening software is a particularly

important component of this workflow. Instead of analyzing single chromatograms,

Myriad’s mutation-screening application operates by making a comparison between the

forward–reverse chromatogram pair generated from each patient amplicon and a synthetic

“averaged” forward–reverse chromatogram pair from that amplicon. In doing so, the

software makes use of data not available to standard base callers such as (i) the presence of
a new, approximately half-height peak that does not correspond to the canonical sequence

of the amplicon, (ii) a decrease to approximately half-height of the corresponding wild-

type sequence peak, and (iii) the joint data from each forward and reverse chromatogram

pair. Although the Myriad mutation-screening application is proprietary, many of these

features are also present in the genome assembly program 4 (GAP4) heterozygote

detection module of the Staden chromatogram analysis package as well as in the

heterozygote detection software single nucleotide polymorphism (SNP) detector (95–97).

The combination of LIMS and integrated mutation-screening software provides an

advantage at the level of process troubleshooting because chromatograms are linked in the

database to all the lots of reagents and specific laboratory instruments that were used in

their production, providing the opportunity to rapidly associate quality control problems to

specific reagent lots or instruments. Additionally, all of the chromatograms derived from

each individual patient sample are linked to each other, which means that the output of the

mutation-screening process can be viewed as a nucleotide-by-nucleotide genotype across

the open reading frame and proximal splice junctions of both BRCA1 and BRCA2.

Array-Based Sequencing Strategies

High-density microarray fabrication techniques have now made it possible to manufac-

ture slides or chips on which the reference sequence of a target gene, and every possible

single nucleotide substitution from that reference sequence, are present as features on the

chip. Two basic approaches can be used for mutation screening with these chips:

sequencing by hybridization (SBH) and arrayed primer extension (APEX).

SBH requires a chip prepared with oligonucleotide features that completely tile the

sequence to be interrogated in steps of one nucleotide. If we think of the center nucleotide

of each feature as the nucleotide that is being interrogated by that feature, then the chip

will actually have four versions of each feature: one that matches the reference sequence

and three others representing each of the possible single nucleotide substitution variants

of the target nucleotide. In addition, the chip may have features representing deletions of
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1, 2, . . . , N nucleotides at the target and features representing insertions at the target.

Several different protocols have been tested with such chips. The most sensitive appears

to be a two-color assay that is closely similar to array-competitive genome hybridization

(98). In this assay, a test probe is prepared from an experimental DNA sample in one

fluorescent color, and a reference probe is prepared from a control DNA sample in a

second fluorescent color. The two probes are mixed and hybridized to the chip. After

washing and reading, the relevant signal is the ratio of test:reference fluorescence at each

feature on the chip. A decreased test:reference fluorescence ratio at a wild-type feature

coupled with an increased test:reference fluorescence ratio at a corresponding variant

sequence feature is indicative of a sequence variant in the experimental sample. Hacia

and coworkers (99–101) have investigated performance characteristics for mutation

screening BRCA1 and ATM with these chips in a very controlled environment and report

that the sensitivity of the approach may exceed 95%. However, the ability of SBH chips

to detect sequence alterations that are not specifically included as features on the array is

limited, and few groups have as yet used SBH in production mutation-screening projects.

The APEX technique can be thought of as a cross between Sanger sequencing and

sequencing by hybridization. In this application, a series of oligonucleotide primers that

tile across the target gene in steps of one nucleotide are arrayed on a slide or chip with the

50 ends linked to the solid support and their 30 ends free to serve as a substrate for primer

extension. Target gene sequences are PCR amplified; then the PCR products are

fragmented and allowed to hybridize to the oligonucleotide primers on the arrays.

Hybridization is followed by a one-nucleotide sequencing reaction using dideoxy

nucleotides only. As with dye-terminator sequencing, each of the four dideoxy nucleotides

is fluorescently labeled a different color so that the identity of the extended nucleotides at

each feature on the array, corresponding to each nucleotide of the target sequence, can be

assigned by their fluorescent signal (102,103). Compared to SBH, APEX has the

advantage that the complexity of the array is decreased by at least an order of magnitude

because the oligonucleotide features need encode only the reference sequence of the target

gene in order to detect single nucleotide substitutions. APEX arrays should also signal the

presence of insertion–deletion mutations by virtue of interrogating their endpoints;

however, APEX cannot reveal the sequence within an insertion mutation and would

consequently need to be supplemented by some standard sequencing (98). An APEX

prototype has been developed and tested for the identification of BRCA1 mutations at 42

common sites across six exons (104) but so far, no comprehensive arrays capable of

screening the entire gene have been developed. The only breast cancer susceptibility gene

for which a comprehensive APEX resequencing array has been developed is TP53. The
performance of the TP53 APEX resequencing array (sensitivity and detection limits) in

detecting somatic mutations in tumor DNAs has been extensively assessed and compared

with both TTGE and DHPLC (105–107). The authors reported that APEX offered a

flexible, sensitive, and low-cost resequencing approach suitable for large-scale studies;

however, potential insertion–deletion mutations identified by APEX sometimes need to be

sequenced by more traditional means in order to determine their exact sequence.

SCREENING FOR PRIMER POLYMORPHISMS AND GROSS
GENE REARRANGEMENTS

All of the above describedmutation detection techniques, whether based on conformational

analysis, mismatch detection, or direct sequencing, share two limitations: inability to detect

primer polymorphisms and inability to detect gross gene rearrangements.
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Primer Polymorphisms

Primer polymorphisms are genetic variants that lie within the sequence that is recognized

by an oligonucleotide that is required for PCR amplification. If such a polymorphism is

heterozygous, it can result in differential amplification of the two alleles, with the

perfectly matched allele amplified more efficiently than the mismatched allele. If the

amplicon also contains a heterozygous genetic variant that should be detected as part of

the mutation-screening process, and that genetic variant is on the poorly amplified allele,

then the genetic variant will be underrepresented in the amplified product. As

underrepresentation of a genetic variant in the amplified product can lead to failure to

detect the variant during the mutation-screening step, primer polymorphisms can lead to

false-negative mutation-screening results. There are only two real defenses against primer

polymorphisms. The first is for investigators to keep track of all known genetic variants

in target genes of interest and redesign the oligonucleotides being used for PCR

amplification when genetic variants contained in those oligos are reported. The other is to

watch for an excess of homozygous signals at polymorphic positions or unequal

heterozygous signals at those positions, both of which can provide evidence that the two

alleles of some samples are being differentially amplified.

Gross Gene Rearrangements

From the perspective of mutation screening, gross gene rearrangements are deletions or

duplications that, at minimum, span a primer-binding site but often include deletion

or duplication of an entire exon or even an entire gene. Large-scale deletions are not easily

detected by the techniques described in the previous sections because only one allelemay be

amplified, and this monoallelic amplification product will appear to not be mutated.

Similarly, large-scale duplications are not easily detected because three copies of the target

will be amplified instead of two, and these will also usually appear to not be mutated. As

described below, a number of techniques are sensitive to the presence of gross gene

rearrangements, and several of these have been applied to breast cancer susceptibility genes.

Southern Blot

Southern blot (108) usually beginswith fragmentation ofwhole genomicDNAby restriction

digest followed by fractionation on an agarose gel. After electrophoresis, the DNA is blot

transferred to a solid support such as a nitrocellulose or nylon membrane. The membrane is

then probed with a radioactive DNA fragment(s) containing the sequence(s) of interest,

washed thoroughly, and exposed to X-ray film. The size(s) of restriction fragment(s)

carrying the sequence(s) of interest are then revealed on the resulting autoradiogram.Within

three years of its development, the Southern blot had been adapted for detection of length

polymorphisms in human disease susceptibility genes (109).

Within two years of the discovery ofBRCA1, it was clear that some families with very

high log odds (LOD) scores at the BRCA1 locus did not harbor deleterious nucleotide

substitutions or small insertion–deletion mutations in or around the protein coding exons of

the gene. Accordingly, several research groups began using the Southern blot technique to

identify larger insertion or deletion mutations in or around the gene. In 1997, Puget et al.

reported the first deletion of an entire BRCA1 exon, an inter-Alu recombination mediated

deletion of exon 17 (110). Shortly thereafter, Swensen et al. reported the first deletion that

destroyed the BRCA1 promoter without altering the coding sequence (111). Thereafter,

many other large-scale BRCA1 rearrangements, and a few BRCA2 rearrangements, have

been found by Southern blot.
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Although Southern blots provide an effective technique for finding gross gene

rearrangements in genes such as BRCA1 and BRCA2, the technique is rather laborious,

requires a relatively large quantity of good quality DNA, is not particularly amenable to

automation, and is therefore difficult to use in a high-throughput laboratory environment.

In response to these shortcomings, several research groups have developed higher

throughput DNA amplification–dependent techniques for detection of large-scale

rearrangements or copy number variation.

Semiquantitative Fluorescent Multiplex PCR

The detection of large rearrangements has been substantially facilitated by the

introduction of a simple approach called semiquantitative multiplex fluorescent PCR.

The method consists of a simultaneous amplification of multiple exonic DNA fragments

with fluorescently labeled primers located within target exons and allows comparisons

between electropherograms generated from test samples and nonrearranged reference

samples. An analysis of experimental DNA samples is then made by calculating the ratio

of normalized peak data from the test sample against the same normalized peak data from

the reference sample; a 1.5-fold increase and a twofold decrease indicate a heterozygous

duplication or deletion, respectively. This method has been successfully applied and

validated for the identification of large deletions and duplications in BRCA1 (112,113).

An improvement has been achieved with the introduction of the quantitative multiplex

PCR of short fluorescent fragments (QMPSF). Because the complete quantitative copy

number analysis of large genes such as BRCA1 and BRCA2 requires many amplification

products, Charbonnier et al. modified the method by shortening PCR product lengths in

order to provide favorable conditions for quantitative multiplex PCR (114). The modified

method has been applied to both BRCA1 and BRCA2 (115,116). The authors argue that

QMPSF is a suitable low-cost approach for the search of large rearrangements in breast

cancer families owing to its simplicity, rapidity, and sensitivity. However, they also

discuss limitations associated with QMPSF such as the possibility of missing

rearrangements that involve only portions of exons because the design of the method

is based on the amplification of short-target sequences (116). As with other PCR-based

techniques, specificity may be decreased by primer polymorphisms interfering with

amplification of affected fragments and thereby generating false positives (115). Finally,

DNA quality is critically important to all methods that rely on quantitative DNA

amplification, and poor quality DNA can definitely lead to false-positive deletion or

duplication signals (114). Although it may not always be practical to exactly map and

sequence the breakpoints of a duplication or deletion, prudent practice is to confirm

candidate duplications or deletions with a second, independent, primer set if not a second,

independent, assay method.

Multiplex Ligation–Dependent Probe Amplification

Multiplex ligation–dependent probe amplification (MLPA) is a high-resolution method

specifically designed to measure copy number for up to 45 nucleic acid sequences in a

single reaction (117). The MLPA protocol is based on the interrogation of target

sequences by hybridization of pairs of MLPA probes that are then joined by ligation and

amplified by PCR. Many exon-specific MLPA probes can be ligated in a single reaction

and then PCR amplified simultaneously using a single pair of universal primers. As each

probe is designed to have a different length, the resulting mix of amplification products

can be fractionated by gel electrophoresis. In the resulting chromatogram, the peak area

of each amplification product reflects the relative copy number of the corresponding
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target exon, enabling detection of copy number changes. For copy number measurements,

peak areas for test probes from the gene of interest are normalized against peak areas of

probes from a control gene. These peak area ratios are then compared to the ratios

obtained from control samples with known gene copy numbers. Decreased peak area

ratios are indicative of deletions, and increased peak area ratios are indicative of

duplications. MLPA has rapidly gained acceptance both in genetic diagnostic laboratories

and in the research community due to its simplicity, relatively low cost, capacity for high

throughput screening, and perceived robustness. Available evidence suggests that MLPA

offers several advantages over existing techniques (118). Implementation of the method

in laboratories is facilitated by the existence of commercial MLPA kits that include all the

required reagents with detailed protocols, minimal hands-on time, and the possibility to

analyze MLPA data with free spreadsheets available for a number of genes. Furthermore,

inclusion in each MLPA kit of probes for sequences outside of the target gene plus

internal quality controls reduce the risk of false-positive reporting.

MLPA kits are available for both BRCA1 and BRCA2, and use of MLPA to detect

genetic variants is spreading rapidly through the breast cancer genetics community

(119–122). Caveats associated with MLPA are essentially identical to those associated

with QMPSF. In particular, prudent practice is to confirm candidate duplications or

deletions with a second, independent, primer set if not a second, independent, assay

method.

Prevalence of Gross Rearrangements

As assays for gross rearrangements in BRCA1 and BRCA2 became more efficient, it

became possible to estimate the fraction of high-risk mutations that this class of sequence

variants accounts for. Estimates based on analyses of high-risk families in which no other

mutation had been found put this fraction in the range of 10% to 15% (123–125),

underlining the importance of including a test for gross rearrangements as an integral part

of systematic mutation screening of these genes. In order to estimate the fraction of

mutations represented by gross rearrangements in a clinically representative outbred

population, Myriad Genetic Laboratories developed allele-specific PCR tests for one

BRCA1 duplication and five BRCA1 deletions that had been reported in two or more

independent families in the literature. After screening more than 21,000 BRACAnalysis

subjects, the Myriad authors concluded that these five rearrangements account for about

2.5% of high-risk BRCA1 mutations in their test population (126). This allele-specific

PCR test became a standard component of BRACAnalysis. In addition, in 2006, Myriad

added a BRACAnalysis rearrangement Test (BART) to their menu of testing options.

BART is from the semiquantitative multiplex fluorescent PCR/QMPSF assay family, but

its exact specifications have not been described to date.

CLASSIFICATION OF SEQUENCE VARIANTS

In the course of mutation screening, investigators will find truncatingmutations that clearly

alter protein function. They may also find intronic or splice junction variants that may or

may not interfere with splicing and missense substitutions that may or may not interfere

with protein function. Classification of these sequence variants into clinically useful

categories such as “clinically important” or “neutral or of little clinical importance (neutral/

LCI)” is part of the mutation-screening process. We discuss three classes of mutations:

truncating mutations, splice junction mutations, and missense substitutions.
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Truncating Mutations

The overwhelming majority of protein truncating mutations in BRCA1 and BRCA2 are

clinically important high-risk mutations. However, it has long been known that some

truncating mutations located near the carboxy termini of these proteins are neutral/LCI.

For example, Mazoyer et al. found that the BRCA2 nonsense variant K3326X, which has

an allele frequency of approximately 1% in NW European populations, does not confer

high risk of breast or ovarian cancer even though it results in deletion of the last 93 amino

acids of BRCA2 (127). In practice, the positions of the furthest downstream high-risk

truncating mutation, and the first non–high-risk truncating mutation, have been mapped

rather precisely. At this time, these positions are amino acid positions 1853 and 1854 for

BRCA1, and approximately amino acid positions 3310 and 3325 for BRCA2 (Amie

Deffenbaugh, Myriad Genetic Laboratories, Personal Communication). Thus, mutation-

screening services will sometimes observe truncating mutations that are not high-risk

mutations, providing a strong research rationale to collect pedigrees that segregate

truncating mutations in or around these gray zones.

Splice Junction Mutations

Mutations within splice donor or splice acceptor consensus sequences can interfere with

splicing, leading to exon skipping (i.e., loss of the expression of an exon), failure to splice

excise an intron (i.e., retention of an intron after completion of mRNA processing), or

activation of cryptic splice junctions. In addition, mutations within exons or even deep

within introns can activate cryptic splice junctions, leading to aberrant splicing. The vast

majority of introns, including all of the introns of BRCA1, BRCA2, TP53, and PTEN are

of the GT–AG type, meaning that the first two base pairs of the intron are GT and the last

two base pairs are AG. These four nucleotides form the core of the GT–AG splice

junction consensus. The first intron of PTEN is one of the very rare AT–AC type introns

that actually use GT–AG at the splice junctions (SV Tavtigian unpublished observation).

Mutations at any one of these four canonical splice junction nucleotides are sufficiently

suspicious that they are often presumed to interfere with splicing. However, splice donors

and acceptors have extended consensus sequences that include roughly 8 and 20 bp,

respectively. Many sequence variants within the consensus sequences interfere with

splicing but many others do not and spice junction prediction algorithms are not

sufficiently accurate to use their results in a clinical setting.

Fortunately, there is a relatively straightforward experimental strategy to identify

splice junction mutations that interfere with splicing. Briefly, a reverse transcription

polymerase chain reaction (RT-PCR) amplicon is designed with a forward primer located

one or more exons upstream of the suspicious splice junction variant and a reverse primer

located one or more exons downstream. The amplicon is also designed to contain at least

one common exonic polymorphism, which will be used to discriminate between the two

alleles in the patient sample. Peripheral blood is obtained from one or more carriers of the

suspicious splice junction variant, and these are used to prepare both DNA and RNA. The

exonic polymorphism is genotyped from the genomic DNA in order to find an individual

who carries the suspicious splice junction variant and is heterozygous for the exonic

polymorphism. RNA from this individual(s) is then subjected to RT-PCR. The RT-PCR

products are fractionated by gel electrophoresis and both the expected canonical

length product and any notable alternative length product(s) are gel purified. These RT-

PCR products are then sequenced to determine three things: (i) whether both alleles of the
polymorphism are equally represented in the canonical PCR product, (ii) the exon
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structure of any aberrant product(s), and if present, (iii) whether both alleles of the

polymorphism are equally represented in the aberrant PCR product(s). If the splice

junction mutation does not interfere with splicing, then the two alleles of the exonic

polymorphism will be approximately equally represented in the canonical PCR product.

In contrast, if the splice junction mutation does interfere with splicing, then there will be

skewed representation of the two alleles of the exonic polymorphism in the canonical

PCR product. If disequilibrium (or phase) between the splice junction mutation and the

exonic polymorphism are known, then the allele of the exonic polymorphism that is on

the same chromosome as the splice junction mutation will be underrepresented or absent

in the canonical PCR product. Depending on the nature of the splice defect, the RT-PCR

may detect an aberrant splice product; representation of the two alleles of the exonic

polymorphism in the aberrant product should be skewed in the opposite sense to what was

observed in the canonical product. The combined data of one allele preferentially

represented in the canonical splice product and the other allele preferentially represented

in the aberrant splice product is diagnostic of a splice junction mutation that interferes

with splicing.

A significant fraction of the high-risk mutations in breast cancer susceptibility

genes are indeed splice junction mutations. However, because there is a relatively

straightforward assay to determine whether or not newly observed splice junction variants

interfere with gene expression, they do not constitute a large fraction of overall pool of

unclassified variants.

Missense Substitutions

More than 1500 distinct missense substitutions have been observed in BRCA1 and

BRCA2. But, only a small fraction, less than 10%, have been classified as either clinically

important or neutral/LCI (128–130). There are two basic reasons that only a small

number have been classified. First, most of the missense substitutions are exceedingly

rare in the population and, therefore, difficult to classify by standard human genetics

approaches. Second, although functional assays have been developed for several of the

recognized structural domains of BRCA1 and BRCA2, these assays have not yet been

demonstrated to distinguish between clinically important and neutral/LCS variants with

sufficient sensitivity and specificity to justify their use for clinical classification of

missense substitutions. In order to overcome the limited information content of the

individual types of data that are available to classify rare missense substitutions, Goldgar

et al. developed a multifactorial method of analysis of unclassified sequence variants that

integrates several disparate data types (128).

As initially presented, Goldgar’s method integrated five data types: (i) co-

occurrence between unclassified variants and known deleterious mutations in trans in the

same gene; (ii) co-segregation between unclassified variants and breast cancer in

pedigrees; (iii) summary of family history across multiple pedigrees in which a specific

unclassified variant was observed; (iv) a sequence analysis–based assessment of the

probability that the position in the protein at which a variant is observed is functionally

constrained or not; and (v) the Grantham score, which is a measure of the severity of a

missense substitution. The key to this multifactorial method was that the analysis of each

data type was quantified as a likelihood ratio related to the risk for a carrier of a missense

substitution of interest to develop cancer. Because the five data types are independent or

very nearly so, the likelihood ratios derived from each data type can be multiplied to

produce a summary likelihood ratio for that substitution. A second strength of this

multifactorial method is that it can be extended to include other data types so long as
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analysis of those data types can be formulated into a likelihood ratio and the data are

independent of the data types already integrated. Indeed, Chenevix-Trench et al.

integrated tumor histopathology into this multifactorial method (131), and the method can

be expected to continue to evolve as additional data become available and are integrated

into the model.

Clinically important high-risk truncating mutations and splice junction mutations

are distributed fairly evenly across the exons and splice junctions of BRCA1 and BRCA2.
There are no obvious hotspots for these types of mutations (75,132). In contrast, the few

BRCA1 missense substitutions that have been classified as clinically relevant high-

risk mutations are located in either the really-interesting-new-gene (RING) or the BRCA1
C-terminal (BRCT) domains of the BRCA1 protein. Some have argued that missense

substitutions located in other domains of the protein are likely to confer increased risk of

disease (133–135), but this point remains to be tested rigorously. On the other hand, as

only one BRCA2 missense substitution, D2723H, has so far been classified as a clinically

important high-risk variant (128), the distribution of deleterious missense substitutions

across the open reading frame of this gene remains unclear. What is clear is that BRCA1
does harbor a substantial number of deleterious missense substitutions, but most of these

are currently unclassified (129,130,135). Whether or not BRCA2 harbors a substantial

number of deleterious missense substitutions remains to be determined. But, the tools

required to classify these missense substitutions have been developed and are being

improved.

Expert Opinion on Unclassified Variants in BRCA1 and BRCA2

The Breast Cancer Information Core (BIC) maintains a website (136) that contains a

central repository of information on sequence variation in BRCA1 and BRCA2. In late

2005, the BIC steering committee took the decision to begin conducting expert opinion

evaluations of some of the BRCA1 and BRCA2 sequence variants recorded in the BIC.

The method of evaluation adopted by the BIC steering committee is essentially a

qualitative implementation of the multifactorial method described by Goldgar et al. (128).

From January 2007, these expert opinion classifications, along with summaries of the

discussions that informed those classifications, will be available at the BIC website.

SUMMARY

A wide variety of mutation-screening techniques has been developed (Table 1), and many

of these have been applied to the major known breast cancer susceptibility genes. Each

method has its strengths and weaknesses, and no one method is perfect. Still, several

trends are apparent.

First, SSCP and derivative methods that detect conformational polymorphism were

popular in the 1990s because they are inexpensive and technically straightforward.

However, the sensitivity of this family of methods is fundamentally limited because an

appreciable fraction of single nucleotide substitutions does not result in conformational

changes. Some heteroduplex detection methods match the cost and ease-of-use of

conformational polymorphism methods while delivering superior sensitivity. For this

reason, pure conformational polymorphism detection methods are likely to disappear

from use.

Second, some groups continue to use PTT to screen exon 11 of BRCA1 and BRCA2
because the method is very efficient and, when based on DNA rather than RNA, has very
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good sensitivity for truncating mutations. But, PTT is flawed because it cannot detect

missense substitutions. As interest in identifying deleterious missense substitutions in

these genes increases, that interest will weigh against the use of PTT. Moreover, two of

the keys to classifying missense substitutions have been to identify families in which the

substitutions of interest segregate and also to find individuals who carry both a missense

substitution of interest and another clearly high-risk mutation in the same gene. As PTT

does not contribute to this research activity, one could argue that use of the protocol

results in a slight net reduction in the data available to the research community for

classification of missense substitutions.

Third, heteroduplex detection methods can have very good sensitivity, and methods

of development over the last few years have resulted in inexpensive high-throughput

techniques, such as FMD, TGCE, and MCA/HRM, which maintain very good sensitivity.

One challenge posed by this generation of techniques is that it is very difficult to make

comparisons of sensitivity, specificity, and cost-effectiveness that can actually make

statistically significant distinctions between protocols that have real-world sensitivities of

95% and above.

Fourth, mutation-scanning techniques have to be followed by sequencing in order

to identify and eventually classify the sequence variants that were found. Although it is

Table 1 Diagnostic Methods

Conformational polymorphism detection methods
SSCP Single Strand Conformational Polymorphism

CE-SSCP Capillary Electrophoresis SSCP

Heteroduplex methods
DGGE Denaturing Gradient Gel Electrophoresis

TDGS Two-Dimensional Gene Scanning

TTGE Temporal Temperature Gradient Electrophoresis

TGCE Temperature Gradient Capillary Electrophoresis

CSGE Conformation Sensitive Gel Electrophoresis

F-CSGE Fluorescent-CSGE

CSCE Conformation Sensitive Capillary Electrophoresis

HA Heteroduplex Analysis

F-MD Fluorescent Mutation Detection

DHPLC Denaturing High Performance Liquid Chromatography

CCM Chemical Cleavage of Mismatch

FAMA Fluorescence Assisted Mismatch Analysis

HRM or MCA High Resolution Melt Curve Analysis

Mutation detection by translation of RNA to protein
PTT Protein Truncation Test

Sequencing methods
– Maxam and Gilbert sequencing

– Sanger sequencing

– Radioactive cycle sequencing

– Dye-terminator sequencing

– Dye-primer sequencing

SBH Sequencing by hybridization

APEX Arrayed Primer Extension

Detection of large scale gene rearrangements
– Southern blot

QMPSF Quantitative Multiplex PCR of Short Fluorescent Fragments

MLPA Multiplex Ligation-Dependent Probe Amplification
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often said that sequencing is the gold standard against which other techniques are

measured, a more precise statement would be that double-stranded dye-primer

sequencing is the gold standard. Double-stranded dye-terminator sequencing also has

extremely high sensitivity, but single-stranded dye-terminator sequencing will result in

some false negatives due to sequence-specific peak height variation in the chromato-

grams. In large-scale mutation-screening projects, and especially clinical mutation-

screening work, chromatogram management and analysis becomes a critical challenge.

With very robust software, complete open reading frame mutation screening can be

achieved by resequencing alone. This strategy results in a workflow that has fewer steps

than mutation scanning followed by sequencing, but the tradeoff is a more expensive test.

Finally, even if 100% sensitivity for nucleotide substitutions and small

insertion–deletion mutations is achieved, mutation-screening protocols that are based

on amplification of individual exons will miss insertion–deletion mutations that involve

whole exons or larger regions. Although effective, Southern blots were a very tedious

approach to finding these mutations. Fortunately, refinements in quantitative multiplex

PCR and the development of MLPA have provided efficient and sensitive protocols for

the discovery of these mutations.

Over the last decade, the combined sensitivity and throughput of mutation-scanning

techniques have improved substantially. The advent of capillary sequencing has improved the

throughput of resequencing and also reduced sample tracking problems that could arise from

electrophoresis irregularities on slab gels. Whether a modern, high-sensitivity testing

workflow incorporates mutation scanning before double-stranded sequencing probably has a

smaller impact on the overall sensitivity of the test than doeswhether or not the test workflow

incorporates a systematic screen for duplications and deletions. Still, challenges remain. The

problem of primer polymorphism will contribute to false-negative test results from any

method that requires oligonucleotide-dependent target amplification and could contribute to

false-positive results for measurements of copy number. It is possible for nucleotide

substitutions or small insertion–deletion mutations located deep in introns to activate cryptic

splice junctions, thus interfering with proper splicing and mRNAmaturation. Moreover, the

mechanisms of gene regulation are not yet well understood. Sequence variation in proximal

promoters ormore distant transcriptional enhancers can lead to differential allelic expression,

and underexpressed alleles that encode otherwise normal RNA and protein could in turn

confer increased risk of breast cancer. Finally, the problem of unclassified sequence variants

remains. Encouragingly, the challenge of classifying missense substitutions has led to

international collaborations that transcend academic/industry barriers and benefit breast

cancer patients and their relatives everywhere.
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INTRODUCTION

The incomplete penetrance associated with mutations in BRCA1 and BRCA2 suggests that
environmental or genetic risk-modifying factors may exist that affect the phenotype of

BRCA1 and BRCA2 mutation carriers. Initial estimates from clinic-based data indicated

that around 80% of carriers of mutations in BRCA1 and BRCA2 from multiple-case

families would develop breast cancer (1,2), whereas a later pooled analysis from

population-based studies has suggested that for the great majority of mutation carriers,

their average lifetime risk is closer to 45% to 66% (3). This pooled-analysis of BRCA1
and BRCA2 carriers also showed that in BRCA1 mutation carriers, the breast cancer

penetrance for relatives ascertained through a breast cancer case was significantly higher

than for those ascertained through an ovarian cancer case, and even higher if the index

case was diagnosed before the age of 35 (3). Conversely, the ovarian cancer risk was

higher in families ascertained through an ovarian cancer index case. Similar differences

in risk, depending on the cancer site in the index case, were also reported by Simchoni

et al. in an Ashkenazi Jewish population (4). These variations in risk between different

studies, and according to the phenotype of the proband, are consistent with the presence

of modifying factors. There is also a recent report that the phenocopy rate in BRCA1 and

BRCA2 families is increased over the population rate, further suggesting the existence of

environmental or genetic modifiers (5).

ENVIRONMENTAL MODIFIERS

Environmental or lifestyle factors may be important in explaining the variation in breast

cancer risk among BRCA1 and BRCA2 mutation carriers. Estimates of risk in carriers may

vary between countries for cultural reasons. For example, parity (number of full-term

pregnancies), oral contraceptive use, and oophorectomy all influence the risks of breast

cancer, and these factors vary between countries (6). That the risk of breast cancer for

BRCA1 and BRCA2 mutation carriers appears to have increased over calendar time (7–9)

strengthens the argument for the existence of environmental determinants of risk in the

carrier population (10).

Options to reduce of breast cancer risk which are available to unaffected carriers of

mutations in BRCA1 and BRCA2 are discussed elsewhere in this volume. Briefly, they

include chemoprevention, and surveillance [by regular self-examination of the breasts,
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clinical breast examination,mammography, ultrasound and/ormagnetic resonance imaging

(MRI)] as well as prophylactic bilateral mastectomy and prophylactic bilateral

oophorectomy (105). Apart from prophylactic mastectomy and oophorectomy, there is

little consistent information about what BRCA1 and BRCA2 carriers can do to reduce their
risk. If modifiable environmental or lifestyle factors were identified that affected breast

cancer risk in carriers, a perhaps more acceptable alternative would be to inform these

women of how they can change their habits or lifestyle to reduce their risk. It cannot

necessarily be assumed that the widely recognized risk factors for breast cancer in the

general population, such as reproductive and hormonal factors, operate in the same way in

women who carry mutations in BRCA1 and BRCA2. While there have been number of

relatively recent publications addressing this issue by studying mutation carriers, a variety

of methodological challenges complicate our ability to draw strong inferences from these

studies. Thus, few firm conclusions have been drawn about the role of modifiers to date.

Methodological Issues

In most studies of mutation carriers, recruitment of subjects is largely carried out by

testing an affected family member from a multiple-case family. Considering the first

identified carrier in a family as the “proband,” only probands are selected directly on the

basis of disease outcome (consistent with standard case–control designs), whereas

nonprobands may fall into two other categories with regard to selection. First, those who

are selected independently of disease outcome (consistent with standard retrospective

cohort designs). Second, those who have decided whether or not to be tested for the

identified familial mutation based on whether or not they have cancer (which is not

consistent with either design). Many of the affected carriers are prevalent cases, while

virtually all unaffected carriers are relatives of cases. Members of the same family are

likely to have correlated exposures (both environmental and genetic), and are likely to

have correlated disease risks that may be independent of the mutation carried in BRCA1
or BRCA2. In addition, environmental exposures are typically assessed retrospectively,

the recall of which may vary by affected status as well. These conditions mean that

standard analytical methods cannot necessarily be applied, and it is not immediately

obvious how these potential biases may influence estimates of relative risk (RR) obtained

from these methods.

However, until data are available from large, prospective cohort studies of

unaffected carriers (keeping in mind that such studies may be limited by subjects

avoiding much of the disease risk by choosing to undergo prophylactic surgical

intervention), we must endeavor to analyze the available data and make appropriate

inferences in order to inform mutation carriers, clinicians, and genetic counselors about

the possible effect of environmental factors on cancer risk. It is therefore important that

multiple, independent studies are conducted, using different analytical approaches that

address different potential biases. Indeed, there are several collaborations of researchers

currently studying potential environmental modifiers of breast cancer risk in mutation

carriers. These include at least four international consortia, each applying different

analytical models: the studies led by Narod involving approximately 55 centers from

around the world (11,12); the International BRCA1/2 Carrier Cohort Study (IBCCS) (13);

the PROSE and MAGIC consortia involving approximately 24 centers in Europe and

North America (14); and another, led by the Breast Cancer Family Registry (BCFR) (15),

which has combined its carrier data with those of the Kathleen Cuningham Foundation

Consortium for Research into Familial Breast Cancer (KConFab) (16) and the Ontario

Cancer Genetics Network (OCGN) (17).

208 Milne and Chenevix-Trench



The analytical approach adopted by the Narod et al. group has matched affected

carriers to unaffected carriers on potential confounders such as age, year of birth, and

gene in which the mutation occurs (ignoring familial relationships), and applied

conditional logistic regression to matched sets. Apart from being subject to the potential

biases mentioned above, this matching approach has resulted in up to 40% of carriers

being excluded from the analyses because of the lack of an appropriate match (12), and

this may introduce an additional bias. Nevertheless, theirs is currently the largest sample

set and represents the largest geographic spectrum. The BCFR-led consortium has not

used this matching approach, but has instead applied unconditional logistic regression,

adjusting for family history and other potential confounders. The degree to which this

approach adequately deals with ascertainment bias depends on how well the family

history variable used acts as a surrogate for the familial phenotypes that led to inclusion

in the study. In an effort to minimize recall and other biases due to the inclusion of

prevalent cases, the BCFR group has also restricted inclusion to cases diagnosed within

five years of interview, which has resulted in a reduced dataset in their analyses. The

IBCCS and PROSE/MAGIC studies have taken a cohort approach, including all carriers

for whom exposure information was available and applying Cox regression models to

time to breast cancer diagnosis from birth. The IBCCS study has used a weighted

regression approach, with weights determined to account for ascertainment biases due to

age-specific preferential sampling of cases relative to controls. This weighting results in

reduced power to detect associations (18). All groups have used robust estimates of

variance to account for correlations within families. It is clear that each analytic approach

adopted has its advantages and disadvantages, and so the most informative and clinically

applicable results will be those that are consistent across studies.

A review of the studies assessing environmental modifiers of breast cancer risk

among BRCA1 and BRCA2 mutation carriers published to date is presented, by exposure,

in the following subsections and summarized in Table 1.

Parity

It is well established that parity reduces the risk of female breast cancer in the general

population in the longer term, with the degree of protection increasing with the number of

births (19). The largest dataset analyzed estimated the risk reduction to be around 7% per

additional birth (20). Each full-term pregnancy is associated with a transient increase in

risk, so that the protective effect of parity is most apparent in women over the age of

40 years (21). Women who have their first birth at a younger age are also at reduced

risk (19).

It has been suggested that the protective effect of parity is reduced, or not evident,

in women who are carriers of mutations in BRCA1 and BRCA2 (22–25), but few of the

studies on which this was based compared affected and unaffected mutation carriers

separately by gene. Jernstrom et al. (24) found that being parous increased the risk of

breast cancer before the age of 41 years [odds ratio (OR)¼ 1.71; 95% confidence interval

(CI)¼ 1.13–2.62] among pooled samples of 472 BRCA1 and BRCA2 mutation carriers,

and that risk increased with each additional birth (p¼ 0.007). These results were not

confirmed in a subsequent analysis of an expanded dataset (including 2520 carriers from

55 collaborating centers) by the group led by Narod (26), which found that the

associations differed by mutation. Risk was found to increase with parity among BRCA2
carriers under the age of 50 years, who represented only 20% of the sample in the earlier

study (OR¼ 1.17 per birth; 95% CI¼ 1.01–1.36), but not among older carriers. On the

other hand, among BRCA1 carriers, having four or more children was associated with a
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modest reduction in risk relative to being nulliparous (OR¼ 0.62; 95% CI¼ 0.41–0.94),

and this effect did not appear to differ by age. The investigators also analyzed time since

last birth and found some evidence that while for BRCA2 mutation carriers, there was a

nonsignificant transient increase in breast cancer risk following each birth, for BRCA1
mutation carriers, there was a modest nonsignificant decrease in risk in the two years

immediately following a full-term pregnancy. Gronwald et al. (27) recently published

results based on an analysis of 696 Polish BRCA1 (mostly founder) mutation carriers in

which they reported that the risk of breast cancer increased with each live birth (OR¼ 1.2

per birth; p¼ 0.02). It is possible, though not certain, that this Polish dataset is a subset of

the larger collaboration led by Narod.

Using a different analytical approach, the IBCCS consortium has also recently

published its analysis of 1187 BRCA1 and 414 BRCA2 mutation carriers in which it found

that while breast cancer risk did not appear to differ between parous and nulliparous

women, among parous women, an increasing number of full-term pregnancies was

associated with protection from breast cancer [hazard ratio (HR)¼ 0.86; 95%

CI¼ 0.78–0.94] (28). This effect appeared to be restricted to women over the age of

40 years, with some evidence that risk increased with number of pregnancies in younger

parous women. These results were seen consistently in both BRCA1 and BRCA2 mutation

carriers analyzed separately, although the effects appeared to be slightly stronger among

BRCA2 mutation carriers. The IBCCS consortium also evaluated the risk associated with

age at first birth, and found that among BRCA2 mutation carriers, women who first gave

birth before the age of 20 years were found to be at approximately 50% reduced risk of

breast cancer, but that the opposite was the case for BRCA1 mutation carriers, with risk

appearing to be higher for those with an earlier age at first birth.

Rebbeck et al. (29) also assessed the effect of age at first live birth among a pooled

sample of 448 female BRCA1 and BRCA2 mutation carriers of all ages, most of whom

had BRCA1 mutations, and found that women who had their first live birth before the age

of 30 years were at a reduced risk compared to nulliparous and other parous women

(OR¼ 0.33; 95% CI¼ 0.16–0.66).

Although these various findings appear to be contradictory and certainly require

further investigation to clarify exactly how full-term pregnancies influence breast cancer

risk in carriers of mutations in BRCA1 and BRCA2, some preliminary conclusions can be

drawn that may have relevance for genetic counseling of mutation carriers. The effects of

parity on breast cancer risk may not be the same for BRCA1 and BRCA2 mutation

carriers, and so studies that pool them may be less informative. Having many children is

possibly associated with an increased risk of breast cancer among younger (aged less than

40 years) female carriers of mutations in either gene, but particularly BRCA2 mutation

carriers. This is perhaps consistent with the observation that the transient increase in risk

associated with a full-term pregnancy seen in the general population may occur in BRCA2
mutation carriers but not BRCA1 mutation carriers. While the protection associated with

having a first birth at a young age (before the age of 20 years) among women in the

general population may also be present among BRCA2 mutation carriers, it is not clear

whether this is the case for BRCA1 mutation carriers.

Spontaneous and Induced Abortions

A recent, very large collaborative reanalysis of data from 53 epidemiological studies

found that, in the general population, having a spontaneous abortion is not associated with

breast cancer risk and induced abortions are associated with a slightly reduced risk

(RR¼ 0.93; 95% CI¼ 0.89–0.96) (30). Both the IBCCS and the Narod-led consortium
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have recently published findings from analyses of abortion and breast cancer risk in

BRCA1 and BRCA2 mutation carriers (28,31). Results were consistent in the two studies,

the former including 1601 carriers and the latter 2828. Among BRCA1 mutation carriers,

neither spontaneous nor induced abortions were found to be associated with breast cancer

risk. For BRCA2 carriers, as observed in the general population, spontaneous abortions

were not associated with risk, and induced abortions seemed to, if anything, be associated

with reduced risk. It seems relatively clear that neither spontaneous nor induced abortions

increase breast cancer risk among carriers of mutations in either gene.

Breastfeeding

A collaborative reanalysis of data from 47 epidemiological studies has established that, in

the general population, women who breastfeed are at a slightly lower risk of breast cancer,

and that each cumulative year of breastfeeding reduces risk by 4.3% (20). This association is

independent of parity. Three published studies have investigated this association among

BRCA1 and BRCA2mutation carriers. Based on analyses of 1930 carriers of both mutations

from a subset of collaborators in the consortium led by Narod (32), it was found that

increasing the duration of breastfeeding was associated with increasing protection from

breast cancer among carriers of mutations in BRCA1 (approximately 22% per year of

breastfeeding). However, this effect was not seen forBRCA2mutation carriers, although the

latter group consisted of fewer (560) carriers. The Polish study of 696 BRCA1 mutation

carriers previously mentioned, which may have included some of the data in the paper by

Jernstrom et al. (32), also found a protective effect of breastfeeding for at least 12 months

(OR¼ 0.5; p¼ 0.02) (27). An Icelandic study found evidence thatBRCA2mutation carriers

were afforded greater protection from breastfeeding than noncarriers, but they did not

compare the breastfeeding behavior of affected carriers to that of unaffected carriers

directly (25). The IBCCS study found no evidence of an association between breastfeeding

and breast cancer risk among 1601 carriers of mutations in either gene (HR¼ 1.04; 95%

CI¼ 0.81–1.34 for the pooled data) (28), although they acknowledged that they had limited

power to detect the modest effect found in the general population [4.3% risk reduction per

year of breastfeeding according to the Collaborative Group on Hormonal Factors in Breast

Cancer (20)]. Based on these studies, it seems that the protective effect of breastfeeding seen

in the general population may also apply to carriers of BRCA1 and BRCA2 mutations, but

this is yet to be confirmed.

Oral Contraceptive Use

It is generally accepted, based on a large collaborative study published in 1996, that women

taking oral contraceptives (OCs) have about a 20% increased risk of breast cancer and that

the increased risk persists for up to 10 years after ceasingOCuse (33). However, it should be

noted that a large case–control study has subsequently found no evidence of increased risk,

at least in women over the age of 35 years (34). The consortium led by Narod published

analyses based on a subset of 2622 carriers of mutations in BRCA1 and BRCA2. They found
that whileOCusewas not associatedwith risk of breast cancer forBRCA2mutation carriers,

use of OCs byBRCA1mutation carriers was associated with a 20% increase in risk, and that

this increase was greater for those who had used OCs for at least five years, used OCs

before the age of 30 years, were diagnosed with breast cancer before the age of 40 years,

or first used OCs before 1975 (12). The Polish study of 696 BRCA1mutation carriers found

no evidence of an association betweenOCuse and breast cancer risk (27).Most recently, the
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BCFR-led consortium studied 804 affected and unaffected carriers of mutations in both

genes, all under the age of 50 years, and found no significant association between risk of

breast cancer and use of OCs for BRCA1 mutation carriers (OR¼ 0.77; 95%

CI¼ 0.53–1.12) (17). However, for BRCA2 mutation carriers, OC use for at least five

years was associated with an increased risk (OR¼ 2.06; 95% CI¼ 1.08–3.94) as was

duration of use (OR¼ 1.08 per year of use; p¼ 0.008).

It is particularly important to resolve the issue of whether OC use might increase

breast cancer risk among BRCA1 and BRCA2 mutation carriers, because OC use is

relatively common and there is reasonable evidence that OC use is associated with

reduced ovarian cancer risk among mutation carriers (27,35–37). Consideration of the

studies of mutation carriers published to date suggests that for BRCA1 mutation carriers,

the use of current OC formulations (i.e., those produced after 1975) is most likely not

associated with an increased risk of breast cancer. The evidence is less clear for BRCA2
mutation carriers.

Hormone Replacement Therapy

It is well established that women who use hormone replacement therapy (HRT) are at a

slightly increased risk of breast cancer and that risk increases with duration of use (by 2–3%

per year of use), but decreases when use is ceased (38). Rebbeck et al. have reported that use

of HRT in mutation carriers who had undergone a bilateral prophylactic oophorectomy

(BPO) did not significantly alter the reduction in breast cancer risk associated with BPO.

These data suggest that short-term HRT does not negate the protective effect of BPO on

subsequent breast cancer risk inBRCA1 orBRCA2mutation carriers. In addition, theNarod-

led collaboration have reported that HRT use by carriers does not appear to adversely

influence their risk of ovarian cancer (OR¼ 0.93; 95%CI¼ 0.56–1.56) (39). Despite these

encouraging results, additional research on the use of HRT and its role in breast cancer risk

among women with BRCA1 or BRCA2 mutations is warranted.

Nutrition

Although a number of dietary factors have been investigated to varying degrees with

respect to their effects on breast cancer risk, it is generally understood that the only

established risk factor in the general population is alcohol consumption (40–42). The

Collaborative Group on Hormonal Factors in Breast Cancer has clearly established that

daily consumption of more than one standard alcoholic drink is associated with a slight

increase in breast cancer risk, with an average 7% increase in risk per standard drink, per

day (43). The BCFR-led consortium studied 804 carriers of mutations in BRCA1 and

BRCA2 aged less than 50 years, and found no evidence that alcohol intake was associated

with increased breast cancer risk among carriers of mutations in either gene (OR¼ 1.06;

95% CI¼ 0.73–1.52 for BRCA1 mutation carriers), and weak evidence that it may even

reduce the risk among BRCA2 mutation carriers (OR¼ 0.66; 95% CI 0.45–0.97) (44).

However, this study was probably underpowered to detect an association of the

magnitude observed among predominantly noncarriers. No other studies of carriers

investigating alcohol consumption have been published to date.

Smoking

Cigarette smoking has been found not to be associated with breast cancer risk in the general

population after adjusting for the confounding effects of alcohol consumption (43).
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Nevertheless, smoking has been investigated among BRCA1 and BRCA2 mutation carries

by members of the consortium of Narod et al. Brunet et al. (45) published results based on

just 372 carriers ofmutations in either gene (pooled) showing evidence of a protective effect

of cigarette smoking. However, a subsequent publication by the same group reported that

this was no longer observed for carriers of mutations in either gene after recruitment of

additional carriers (to a combined total of 2194) into their study (OR¼ 1.05; 95%

CI¼ 0.88–1.25) (46,47). An additional study has recently reported a protective effect of

cigarette smoking on breast cancer risk for BRCA1 mutation carriers (HR¼ 0.63; 95%

CI¼ 0.47–0.87) (48), but this was based on relatively few carriers (just 316) and therefore

requires confirmation. The weight of evidence to date indicates that smoking is not

associated with increased risk of breast cancer among carriers of mutations in either gene.

Physical Exercise and Body Weight

Physical exercise is known to be associated with reduced breast cancer risk in the general

population, although the degree of protection afforded in relation to the amount and

intensity of exercise is not entirely clear (41). The relationship between body weight and

breast cancer risk is more complex, with an interaction repeatedly observed with

menopausal status. A pooled analysis of data from seven prospective cohort studies has

confirmed that while being overweight increases breast cancer risk among postmeno-

pausal women by around 25%, obesity is associated with protection from breast cancer in

premenopausal women (49). Only two studies have investigated weight-related factors

among BRCA1 and BRCA2 mutation carriers. In a study including just 104 Ashkenazi

Jewish carriers of one of three ancient mutations, King et al. (7) found evidence that

physical exercise during teenage years was associated with reduced breast cancer risk

among BRCA1 and BRCA2 mutation carriers (RR¼ 0.63; p¼ 0.03), as was being normal

weight at menarche (RR¼ 0.46; p¼ 0.02) and a lighter weight at the age of 21 years. The

group led by Narod reported findings from a study of 2146 carriers suggesting that weight

loss of at least 10 pounds between the ages of 18 and 30 years was associated with a

reduction in breast cancer risk in mutation carriers under the age of 40 years (OR¼ 0.47;

95% CI¼ 0.28–0.79), though not in later life (50). The variables assessed in the former

study were not clearly defined, and the results of both studies clearly require confirmation

by other independent groups. However, these findings suggest that engaging in physical

exercise and maintaining a healthy weight, both from a young age, should be encouraged

in mutation carriers, as in the general population.

Screening Mammography and Chest X Rays

It is well established that moderate-to-high-dose medical radiation to the chest increases

breast cancer risk (51). Screening mammography involves the administration of a small

dose of radiation to the breast that is not thought to be sufficient to increase the risk of

breast cancer in the general population. However, it has been suggested that women with

mutations in BRCA1 and BRCA2 may be more sensitive to the potentially DNA-

damaging effects of this exposure and therefore be at higher risk from mammography

(52). Some members of the consortium led by Narod analyzed data from 3200 BRCA1
and BRCA2 mutation carriers and found no evidence of an association between having at

least one screening mammography and breast cancer risk for carriers of mutations in

either gene (OR¼ 1.03; 95% CI¼ 0.85–1.25) (11). However, the ability to assess the

impact of cumulative exposure was very limited, and so further studies are required

before clear conclusions can be drawn.
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There is limited published information on whether occasional exposure to low-dose

radiation in chest X rays influences breast cancer risk in the general population (53)

carried out a pooled analysis of eight cohort studies and found that the risk was modest

for protracted low-dose exposures, but higher for exposures at younger ages. They

estimated that breast cancer risk was twofold for exposures of at least 1 Gy before the age

of 25 years. The IBCCS study of 1601 BRCA1 and BRCA2 mutation carriers found that

any reported exposure to X rays was associated with increased breast cancer risk

(HR¼ 1.54; p¼ 0.007). The increase in risk was even higher for women born after

1949 (HR¼ 2.56; p < 0.001) and higher again for those exposed before the age of 20 years

(HR¼ 4.64; p < 0.001) (54). Although recall bias may explain at least part of the

observed association, the pattern of risk by age at exposure is consistent with that

observed in the general population, but at much lower doses (estimated to be between

0.0005 and 0.02 Gy). If confirmed, these findings will have important implications for the

use of otherwise routine X-ray imaging in young carriers of mutations in BRCA1 and

BRCA2.

Nonmodifiable Factors

Additional established risk factors for breast cancer in the general population that have

been studied in carriers of mutations in BRCA1 and BRCA2, but which are not

modifiable, are later age, early age at menarche, and increasing mammographic density

(19,55,56). The magnitude of age-specific RRs of breast cancer for mutation carriers

versus noncarriers appears to differ by gene. An analysis of pooled data from 22

population-based studies of families of unselected mutation carriers found that while

BRCA2 mutation carriers appear to be at a fairly stable 10- to 15-fold increased risk of

breast cancer relative to noncarriers over all ages, the RR for BRCA1 carriers drops with

age, from more than 30 before the age of 50 years down to around 11 after the age of 60

years (3). The effect of age at menarche may also differ by gene. Two possibly

overlapping studies from the Narod and Polish groups have found that later age at

menarche was associated with reduced breast cancer risk among 1890 and 696 BRCA1
mutation carriers, respectively (OR¼ 0.90 per delayed year of menarche, p¼ 0.004)

(27,58). However, no association was seen in smaller studies of 732 BRCA2 mutation

carriers (57) or in 448 BRCA1 or BRCA2 mutation carriers (29).

Mammographic density is a particularly strong risk factor in the general population,

with women with dense tissue in more than 75% of the breast being at between four- and

fivefold risk of breast cancer compared to women with little or no density in the breast

(56). Investigators from the Epidemiological Study of BRCA1 and BRCA2 mutation

carriers (EMBRACE), which is part of the larger IBCCS consortium, studied the

mammograms of 206 carriers and found that high density was associated with increased

breast cancer risk (OR¼ 2.29 for a density of ≥ 50%; 95% CI¼ 1.23–4.26). The RR did

not appear to differ by the gene in which the mutation was carried and was considered to

be of similar magnitude to that observed in the general population (58). The authors

argued that mammographic density could therefore be used to improve breast cancer risk

prediction in carriers.

GENETIC MODIFIERS

As discussed at the start of this chapter, the variation in the risk of breast and ovarian

cancer for BRCA1 and BRCA2 mutation carriers between different studies, and according
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to the phenotype of the proband, is consistent with the presence of either environmental

or genetic modifiers. Genetic modifiers are probably more likely than shared environment

to account for familial clustering of cancer sites in Ashkenazi Jewish mutation carriers,

for example, since intrafamilial differences in environment are large in such families with

recent immigration histories (4). Although there has also been considerable interest in

finding genetic modifiers of cancer risk in BRCA1 and BRCA2 mutation carriers, the

number of published studies is still fairly modest. The underlying reason for this may be

that there is still a paucity of validated “low-risk common alleles” for breast or ovarian

cancer in the general population, and until such alleles are identified, testing candidate

single nucleotide polymorphisms (SNPs) as modifiers of BRCA1 and BRCA2 remains a

fairly high-risk endeavor. Candidate modifier genes include those involved in

detoxification of environmental carcinogens, in DNA repair, and in steroidogenesis.

Most studies of genetic modifiers of cancer risk in BRCA1 and BRCA2 mutation

carriers have focused on SNPs for which there has been some evidence for modification of

breast cancer risk in the general population. Given the apparent relationship between the

cancer site in the proband and risk in relatives, it is likely that at least some geneticmodifiers

influence the risk of breast or ovarian cancer, but not both (4). Thus, a viable strategy would

also be to examine polymorphisms that affect ovarian cancer risk in the general population,

once they have been convincingly identified. However, given the lower penetrance for

ovarian cancer in BRCA1 and BRCA2 carriers, extremely large studies will be necessary to

identify genes that modify ovarian cancer risk in these carriers.

Methodological Issues

Studies of genetic modifiers use samples of carriers that are collected from multiple-case

families, in the same way as for environmental modifiers, and are therefore subject to the

same, mostly unpredictable biases as described above. One obvious exception is that

recall bias is not an issue, unless environmental factors are also considered. An additional

consideration is that genetic factors are always (rather than possibly) correlated within

families, and the use of robust estimates of variance are therefore essential in order to

avoid inflated type I errors. The application of Cox proportional hazards regression

models without correction for preferential selection of cases versus controls by age has

been shown to give biased estimates of RR, and so results from such analyses should be

interpreted with caution (18). Furthermore, the use of prevalent cases will be particularly

problematic if the variant being studied is associated with survival, which may more often

be the case than for environmental exposures. In addition, the approach of picking

candidate SNPs or genes to evaluate as modifiers of BRCA1 and BRCA2 suffers from the

same general problems that face all candidate-based genetic association studies, such as

the choice of candidate genes and variants, the small a priori likelihood that any of them

are true modifiers, and the ability to identify relevant interactions that may involve

complex biochemical pathways (59). These issues may be overcome in the future by

linkage analyses (60) and genome-wide association studies (61).

As mentioned above for studies of modifying exposures, a number of consortia

have been developed to study the role of genetic modifiers of risk in BRCA1 and BRCA2
mutation carriers, including some of those mentioned previously. An important

development in the evolution of these studies is the creation of the Consortium of

Investigators of Modifiers of BRCA1 and BRCA1 (CIMBA). This consortium was

established in 2005 to generate sample sets of sufficient statistical power to identify

modifier genes. There are currently 24 groups from Australia, North America, and Europe

who plan to contribute to some or all of the planned, collaborative CIMBA projects, and
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collectively, they have DNA and data from more than 10,000 BRCA1 and BRCA2
carriers. This consortium may also provide a mechanism for conducting genome-wide

association studies to identify novel modifier genes (61).

Androgen Receptor

The CAG repeat length polymorphism in the androgen receptor (AR) gene, the length of

which has been shown to be inversely correlated with the strength of AR signaling, has

been found to be associated with prostate, breast, and ovarian cancer risks. However, the

data from different studies are contradictory, and no firm conclusions can be drawn as to

the magnitude of such an effect, if any (62–67). Several groups have evaluated this

polymorphism as a modifier of breast cancer risk in mutation carriers. The first published

study was of 304 female BRCA1 mutation carriers from North America, and it reported

that women who had at least one AR allele with 29 CAG repeats were diagnosed with

breast cancer an average of 4.7 years earlier than women with no such allele (68). Women

with at least one allele containing 30 or more CAG repeats were diagnosed with breast

cancer an average of 10.3 years earlier than women who did not carry any such allele

(p¼ 0.0002). They used Cox regression and robust estimates of variance to correct for

nonindependence of observations from related carriers. This association between long AR
allele and increased breast cancer risk has not been replicated in a smaller study of 188

female Ashkenazi Jewish carriers from Israel and the United Kingdom, most of whom

had mutations in BRCA1. BRCA1 and BRCA2 carriers were pooled for the analysis, which
was conducted using a variant of the log rank test as well as Cox regression (69). Dagan

et al. also evaluated AR CAG repeat length in 227 Israeli Jewish BRCA1 (n¼ 169) and

BRCA2 (n ¼ 58) mutation carriers and found an association between the shorter allele
and increased risk of early onset breast cancer, but no overall effect (70). The largest

study to date, of 376 BRCA1 and 219 BRCA2 carriers from 376 Australian and British

families, also found no evidence that the presence of one allele of 28 or more CAG

repeats affects breast cancer risk in BRCA1 carriers (RR ¼ 0.74; 95% CI 0.42–1.29) or in

BRCA2 carriers (RR ¼ 1.12; 95% CI 0.55–2.25) (65). This study used a weighted Cox

regression method to account for the fact that the disease status of the carriers may have

affected the likelihood of ascertainment, and applied robust estimates of variance to allow

for the nonindependence of genotypes from related carriers.

The amino terminal domain of AR, which contains the glutamine repeat encoded by

the CAG triplet, binds directly to the amino acid 758–1064 region of BRCA1. Spurdle
et al. therefore considered the possibility that AR-dependent modification of cancer risk in

carriers may differ according to the mutation position relative to the AR binding site but

found no compelling evidence for an effect of mutation position on risk in their relatively

small sample. Analysis of the AR repeat polymorphism is complicated by the fact that this

locus is on the X-chromosome and undergoes X-inactivation, and so only one allele is

active in any one cell, but which particular allele is active in the relevant cell types of any

one individual is not known. Given the conflicting results from these relatively large studies

from different ethnic groups, as well as two smaller ones (71,72), a large collaborative

study which takes into account mutation position may be needed to resolve the issue of

whether the CAG repeat in AR modifies risk in BRCA1, or BRCA2, carriers.

Amplified in Breast Cancer 1

BRCA1 is a coactivator of AR, and this activation is mediated in part through an estrogen-

receptor coactivator, amplified in breast cancer 1 (AIB1) (73). Rebbeck et al. studied the

222 Milne and Chenevix-Trench



effect of a glutamine repeat polymorphism at the AIB1 locus, whose functional effect

is unknown, using a matched case–control sample of 448 women with germline BRCA1
(n ¼ 370) or BRCA2 (n¼ 78) mutations (29). These women were at a significantly higher

breast cancer risk if they carried alleles with at least 28 or 29 polyglutamine repeats in

AIB1, compared with women who carried alleles with fewer repeats (OR¼ 1.59; 95%

CI 1.03–2.47 or OR¼ 2.85; 95% CI 1.64–4.96, respectively). This effect was also seen

when analysis was restricted to only BRCA1 mutation carriers. Women were at an even

higher risk if they had AIB1 alleles with at least 28 polyglutamine repeats and were either

nulliparous or had had a late age at first live birth (OR¼ 4.62; 95% CI 2.02–10.56)

compared to women with none of these risk factors. The unconditional logistic regression

analysis used in this study did not take into account the relatedness of carriers, nor did the

study have sufficient power to examine the effect on BRCA2 carriers alone. Colilla et al.

(48) appeared to confirm this result and found an interaction with smoking, using a

different method to categorize repeat lengths. Three further studies have since attempted

to replicate this result, with little success. Kadouri et al. (74) genotyped 311 carriers, 257

of which were of Jewish origin, and, using a maximum likelihood approach to account

for ascertainment, found that there was a nonsignificant elevation of breast cancer risk

(OR¼ 1.29; 95% CI 0.85–1.96) in BRCA1 mutation carriers with at least 29 AIB1

repeats. However, when the repeat was analyzed as a continuous variable, the effect was

significant, particularly among BRCA1 carriers (RR¼ 1.25; 95% CI 1.09–1.42). Hughes

et al. (75) genotyped 851 BRCA1 and 324 BRCA2 female carriers from 678 families from

France, Greece, and the United States, and used a standard Cox proportional hazards

model for the analysis. No effect of the AIB1 repeat polymorphisms was found regardless

of whether the BRCA1 and BRCA2 carriers were analyzed together (HR¼ 1.10; 95%

CI 0.92–1.11 when analyzed as a continuous variable) or separately. The largest study of

the role of the AIB1 repeat polymorphism as a modifier of BRCA1 or BRCA2 evaluated

1090 BRCA1 and 661 BRCA2 carriers from Australia, Europe, and North America (76).

The association between genotype and disease risk was assessed using weighted Cox

regression analysis, which adjusts for the fact that disease status of the carriers may have

affected the likelihood of ascertainment. Robust variance estimates were used to calculate

confidence limits, taking into account relatedness between carriers from the same family.

There was no evidence for an increased risk of breast cancer associated with the AIB1

glutamine repeat length, whether the repeat was evaluated as a continuous variable, or

with cut points of ≥ 28 or ≥ 29 repeats, for BRCA1 or BRCA2 carriers. This study was

sufficiently large to detect risk ratios of 1.56 and 2.85 with 91% and 100% power

respectively for BRCA1 carriers, and 58% and 100% power for BRCA2 carriers, and so

we can confidently exclude any substantial risk of this polymorphism in BRCA1 or

BRCA2 carriers.

TP53

Somatic mutations in TP53 are the most frequent events in human cancer, and germline

mutations of p53 cause Li Fraumeni syndrome, of which early onset breast cancer is a

feature. Polymorphisms of TP53 are therefore good candidates as modifiers of BRCA1 and
BRCA2, in particular Pro72Arg, which appears to be a functional SNP (77). There are also

multiple intronic polymorphisms in TP53, two of which were examined by Wang-Gohrke

et al. (78) in 400 German BRCA1 and BRCA2 carriers but were not found to be associated

with risk of ovarian cancer, despite some evidence to the contrary in unselected ovarian

cancer cases. The largest study to evaluate TP53 as amodifier ofBRCA1 andBRCA2was of
447 Spanish carriers (including 88 males) from 170 families (79). Osorio et al. genotyped

Breast Cancer Risk Modifiers 223



the Pro72Arg SNP, as well as a 16 bp insertion in intron 3, and used unconditional logistic

regression to compare haplotype frequencies between early onset breast or ovarian cancer

cases and other carriers. They also used robust estimators of variance to take into account the

relatedness of the carriers. They found that the “No Ins-72 Pro” haplotype was associated

with early age of onset (before age 35) of breast or ovarian cancer in BRCA2 mutation

carriers (n¼ 119) (OR¼ 2.69; 95% CI 1.15–6.29), but not in BRCA1 carriers (n¼ 146).

This apparent differential effect on BRCA1 versus BRCA2 carriers may be because the

penetrance ofBRCA2mutations is lower. They repeated the analyses, including just the 170

index cases from each family (whowere therefore unrelated) and found that the results were

consistent when the BRCA1 and BRCA2 carriers were combined. Osorio et al. also reported

that No Ins-72Arg homozygous cells are more efficient at inducing apoptosis than

genotypes with at least one mutant 72Pro allele. A larger study of both BRCA1 and BRCA2
carriers is now warranted to try and validate this association between TP53 haplotypes and
risk of cancer inBRCA2mutation carriers, and to determinewhether they alsomodify risk in

BRCA1 mutation carriers.

RAD51

RAD51 currently provides the most convincing evidence for the existence of a modifier

gene for cancer risk in BRCA2mutation carriers. RAD51 is the homolog of bacterial RecA,

which is required for recombinational repair of double-strand DNA breaks, in particular for

BRCA2-mediated repair (80). Both BRCA1 and BRCA2 interact with RAD51 (81,82), and

the RAD51 mouse knockout phenotype resembles the BRCA1 and BRCA2 knockout

phenotypes (82). The �135G >C SNP in the 5' untranslated regions (UTR) of RAD51 was
first published in a study of 257 female Ashkenazi Jewish carriers from 141 BRCA1 and 64
BRCA2 families (83). Using logistic regression and Cox proportional hazard analysis, no

effect was seen onBRCA1 carriers, but theHR for cancer (breast or ovarian) associatedwith

heterozygosity for the C allele inBRCA2 carriers was 4.0 (85%CI 1.3–9.2), largely because

of its effect on breast cancer risk. The resultswere similarwhen the analysiswas restricted to

unrelated cases. Three additional studies of thisRAD51 SNP as amodifier ofBRCA1/2 have
been published. Wang et al. (85) genotyped two sets of carriers; in the first set of 186

carriers, the C allele wasmore common in affectedwomenwith amutation in either BRCA1
or BRCA2. However, when this dataset was combined with a larger set of 466 carriers

ascertained by three centers in Australia and the United States, an increased risk of breast

cancer was only found among BRCA2 carriers (n¼ 216; OR¼ 3.2; 95% CI 1.4–40), while

their risk of ovarian cancer appeared to be decreased. Logistic regression was used to

determine the effect of the RAD51 SNP on risk, and a bootstrapping resampling technique

was employed to calculate CIs and P-values that accounted for the nonindependence of

genotypes from related carriers. Kadouri et al. (86) genotyped 297 BRCA1 and BRCA2
carriers from Israel and the United Kingdom for the same SNP in the RAD51 promoter and,

using Cox regression, also found an increased risk of breast cancer (HR¼ 2.09; 95% CI

1.04–4.18) for BRCA2 carriers, and that the median age of breast cancer in BRCA2 carriers
with the RAD51 C allele was seven years less than that in RAD51 wild-type carriers. In

contrast, Jakubowska et al. (87) evaluated this RAD51 SNP in just 83 pairs of (affected and

unaffected) female carriers of the Polish BRCA1 founder mutation, 5382insC. They
reported a reduced risk of breast cancer amongRAD51C allele carriers (OR¼ 0.23; 95%CI

0.07–0.62). If confirmed,RAD51�135G >Cwould be the first SNP found to have opposite

effects in BRCA1 and BRCA2 carriers. The function of the�135G >CSNP in RAD51 is not
clear, but being located in the 5' UTR, it could affect mRNA stability or translational

efficiency.
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Other Genes

There are several other genes for which there has been a single report evaluating their

role as genetic modifiers of BRCA1 and BRCA2, but without any subsequent validation.

Phelan et al. (88) examined a variable number of tandem repeats (VNTR)

polymorphism downstream of the HRAS1 gene in a panel of 307 BRCA1 carriers

from 79 different families, of whom 173 were affected with breast cancer, 42 with

ovarian cancer, and 20 with both cancers. Carrier status for 41 of these carriers was

inferred on the basis of linkage analysis, but not proven by mutation analysis. Using a

Cox proportional hazards model, this study reported that the risk of ovarian cancer in

these carriers was 2.11 times greater in those who harbored one or two rare alleles of

this VNTR (P¼ 0.015), but that the risk of breast cancer was not changed. However,

this study did not take into account the relatedness of the carriers, which could have

biased the estimates of risk. Its significance is further reduced by the fact that the

mechanism of action of the HRAS1 VNTR alleles is not clear, and there is only weak

evidence from one small study that this polymorphism is associated with ovarian cancer

in the general population (89).

Runnebaum et al. (90) examined the PROGINS haplotype in the progesterone

receptor gene (PGR) in 591 BRCA1 carriers and 183 BRCA2 carriers from 405

breast–ovarian cancer families. Overall, there was no association between disease status

and presence of the PROGINS allele. However, among the 214 carriers (of either BRCA1
or BRCA2 mutations) who reported no past history of OC use, the presence of one or

more PROGINS alleles was associated with a 2.4-fold increased risk of ovarian cancer

(P¼ 0.004). Given the multiple comparisons performed in this analysis, independent

replication is particularly necessary. The PROGINS allele has been associated with the

risk of ovarian cancer in the general population, but the most comprehensive study to date

found that although variation in PGR was associated with ovarian cancer risk, the

strongest result was not with the PROGINS allele itself (91). The C677T (Ala225Val)

SNP in the methylenetetrahydrofolate reductase (MTHFR) gene is associated with

reduced enzyme activity and has been evaluated in 205 BRCA1 and BRCA2 carriers as a

modifier of breast and ovarian cancer risk (92). No effect was found, but power was very

limited.

Ginolhac et al. (93) hypothesized that wild-type alleles of BRCA1 might modify the

cancer risk in BRCA1 carriers because of its effect on DNA repair rates in BRCA1þ/�

cells. A set of 591 BRCA1 carriers from 282 families were genotyped for multiple BRCA1
SNPs, but in order to account for the fact that some of the carriers were from the same

family, only one carrier per sister-set was included in the analysis, resulting in the

selection of 388 carriers for analysis using Cox regression. Among these 388 mutation

carriers, carriers of the more common allele (glycine) at the Gly1038Glu SNP had a

higher risk of ovarian cancer (HR¼ 1.50; 95% CI 1.03–2.19), but not of breast cancer.

This effect appeared to be independent of the haplotype on which the Gly1038 allele was

carried, suggesting a direct effect of this SNP itself, although it does not appear to affect

breast or ovarian cancer risk in the general population.

The same group, based at the International Agency for Research on Cancer

(IARC), also hypothesized that common variants in BRCA2 might modify cancer risk

in BRCA1 carriers (94). Using a set of 788 carriers from 403 families, they evaluated

the Arg372His SNP of BRCA2. This SNP had previously been associated with both

breast and ovarian cancer risk in the general population (95–97), although a large

international consortium has recently failed to validate the effect on breast cancer risk

in approximately 15,000 cases and 15,000 controls (98). The IARC group did not find
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any effect of this SNP in the BRCA1 carriers on either breast or ovarian cancer

risk (94).

The BARD1 protein exists with BRCA1 in a heterodimeric complex that is involved

in homologous-recombination-directed and transcription-coupled DNA repair. BARD1 is

therefore a good candidate BRCA1 risk modifier. A large population-based Icelandic

study recently evaluated the Cys557Ser missense SNP in BARD1 in 992 unselected cases,
which included 53 999del5 BRCA2 carriers and 703 controls (99). The rare variant was

associated with an overall increased risk of breast cancer in cases (OR¼ 1.82; P¼ 0.014)

and also in BRCA2 carriers (OR¼ 3.11; P¼ 0.046). However, Vahteristo et al. (100)

previously found no increased risk associated with this BARD1 variant in 1181 familial

and 1565 unselected breast cancer cases compared to 1083 controls from Finland.

Even though some of these studies have been conducted in quite large carrier sets,

until their findings have been validated independently, the results should be interpreted

with caution.

Cytogenetic Abnormalities in BRCA1 and BRCA2 Carriers

Most studies aimed at identifying genetic modifiers of BRCA1 and BRCA2 have

evaluated polymorphisms in candidate genes, but Nathanson et al. have taken a different

approach, applying linkage analysis to BRCA1 positive families, and targeting

chromosomes 4 and 5 which have been shown by comparative genomic hybridization

to be frequently altered in tumors from BRCA1 mutation carriers (60). No significant

linkage was observed for chromosome 4, but significant linkage was found to a maker on

the long arm of chromosome 5 (P¼ 0.009), suggesting that one or more modifier genes

may be located at 5q33-34. There is also some evidence from cytogenetic studies that

germline abnormalities of 9p23-24 might occur in some BRCA2 families with male breast

cancer and harbor modifying genes (101,102).

SUMMARY

In summary, evidence to date suggests that the effects of environmental exposures on

breast cancer risk may not be the same for mutation carriers as for the general population,

and, furthermore, may differ between BRCA1 versus BRCA2 mutation carriers (Table 1).

Having many children may be associated with increased risk for carriers under the age of

40 years, particularly in carriers of mutations in BRCA2. Exposure to chest X rays may

also increase risk. Breastfeeding appears to offer protection from breast cancer among

carriers, as in the general population. Exposures that do not appear to increase risk of

breast cancer among mutation carriers include spontaneous and induced abortions,

smoking, and OC use, the latter among BRCA1 mutation carriers only. The effect of OC

use remains unclear for BRCA2 mutation carriers.

Some progress has been made in identifying genetic modifiers of breast cancer risk

in BRCA1 and BRCA2 mutation carriers, but large, collaborative analyses will be needed

though consortia such as CIMBA to provide convincing evidence for their existence.

Identification of bona fide modifier genes will help to understand the biology of

hereditary breast tumors and, in the case of BRCA1 modifiers, will also provide candidate

low-penetrance genes for “sporadic” basal cell breast cancers because of their similarity

to BRCA1-related breast tumors (103,104). In the long term, it might be possible to

include information on genetic modifiers in risk prediction models, and to give

individualized advice on personal cancer risks to mutation carriers.
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INTRODUCTION

Breast cancer incidence rate is low among African American, Asian American, Hispanic,

and American Indian women compared with White women (Table 1) (1). However, the

death rate from breast cancer is higher among African/African American women than

among White women. Breast cancer is often diagnosed at an advanced stage among

African/African American women and Hispanic women (2). The advanced stage at

diagnosis is a major factor leading to high mortality rates among underserved

populations. Whether genetic factors in part explain these observations is unclear.

It is estimated that 5% to 10% of breast cancer cases are attributed to pathogenic

germline mutations or alterations in breast cancer susceptibility genes (3) including

BRCA1 and BRCA2 (Table 2) (6,7), as well as CHK2, TP53, PTEN, ATM, and STK11
(8–15). BRCA1 and BRCA2 are by far the most clinically relevant of these genes.

Information about the distribution and clinical relevance of these genes in non-European

populations is only beginning to be understood. Yet such information could improve our

cancer control efforts.

BRCA1 AND BRCA2 IN UNDERSERVED AND SPECIAL POPULATIONS

African Americans

African Americans comprise 12.9% of American population (16). Although the incidence

rate of breast cancer is lower in African and African American women compared with

White females, breast cancer in black women is often early onset and has a high

mortality. According to Myriad Genetic Laboratories, Inc., only 3% of individuals

undergoing BRCA1/2 testing are self-reported to be African American (17).

There are striking similarities between BRCA1 associated breast cancer and breast

cancer in young African and African American women. Both cancers are often poorly

differentiated, hormone receptor negative and have increased S-phase fraction (17–23).

To date, 1536 distinct BRCA1 mutations, polymorphisms, and unclassified variants

and 878 alterations have been reported in the Open Access Online Breast Cancer

Mutation Database (24–27). Also, 1885 distinct BRCA2 mutations, polymorphisms, and
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variants and 1140 alterations have been reported (27). Of this, 36.5% of the BRCA1 and

38.7% of BRCA2 variants are deleterious (27). Of these pathogenic mutations, only 51

BRCA1 and 40 BRCA2 deleterious mutations have been reported in individuals of African

and African American descent. The findings are summarized in Table 3

(24,27–30,32–37,42,43). In the Open Access Online Breast Cancer Mutation Database,

30 of 51 (60%) BRCA1 mutations and 21 of 40 (53%) BRCA2 mutations are confined to

African and African American descendents (27). Nanda et al. compared African

Americans with non-Hispanic, non-Jewish whites and reported that African Americans

had a low rate of BRCA1 and BRCA2 deleterious mutations but a high rate of sequence

variations (8).

There are 53BRCA1 unclassified variants and polymorphisms reported inAfrican and

African American females and among them, 24 (45%) are confined to African and African

American descendents (27). There are 100BRCA2 unclassified variants reported in African
and African American females and among them, 52 (52%) unclassified variants are

confined toAfrican andAfricanAmerican descendents (27).BRCA1 andBRCA2 variants in
Africans and African Americans demonstrate a distinctive overall spectrum.

Some recurrent BRCA1 and BRCA2 mutations are of founder effects in a specific

ethnic group: recurrent mutations arose from a common ancestral mutation and constituted

a frequent allele in the current population (31,38–40). The high frequency of recurrent and

founder mutations can expedite genetic testing in a specific ethnicity group and their

identification is of special clinical significance in underserved populations. However, few

founder mutations have been identified in women of African ancestry. The BRCA1
943ins10 mutations shared a single haplotype in five families from the Ivory Coast, South

Carolina, Washington, D.C., Florida, and the Bahamas (41). Thus, BRCA1 943ins10

mutation represents a founder mutation of West African origin.

Table 1 Female Breast Cancer Incidence and Death Rates by Race and Ethnicity, United

States, 1998–2002

Breast cancer incidence

(per 100,000)

Breast cancer death rates

(per 100,000)

White 141.1 25.9

African American 119.4 34.7

Asian American/Pacific

Islander

96.6 12.7

Hispanic/Latina 89.9 16.7

American Indian/Alaska

Native

54.8 13.8

Note: Rates are age-adjusted to the 2000 U.S. standard population.

Source: From Ref. 1.

Table 2 Risks of Breast Cancer

Lifetime risk Breast cancer

General female 13%

Females carrying germline mutations in BRCA1 56–87%

Females carrying germline mutations in BRCA2 37–85%

Source: From Refs. 4,5.
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Hispanics

Hispanics account for 12.5% of the U.S. population (44). Hispanics mean persons of

Latin American descent, especially of Mexican, Cuban, and Puerto Rican origin and may

be of any ethnicity group (White, Black, Asian, etc.) (16).

Breast cancer is the most common cancer and the leading cause of cancer death in

Hispanic women (45). Breast cancer in Hispanics is often at an advanced stage. About 60

BRCA1 and 46 BRCA2 deleterious mutations have been reported in individuals of Hispanic

descent (Table 4) (27,47). In this, 25 of 60 (42%) BRCA1 mutations and 16 of 46 (35%)

BRCA2mutations are confined to Hispanic descendants (27). In this ethnic group, 51BRCA1
unclassified variants, two BRCA1 polymorphisms, and 96 BRCA2 unclassified variants have
been reported (27). In this, 22 BRCA1 unclassified variants and 38 BRCA2 unclassified

variants are confined to Hispanic descendants (27).BRCA1 andBRCA2 variants in Hispanics
demonstrate a distinctive overall spectrum. The BRCA1 and BRCA2mutations in Hispanics

are summarized in Table 4.

Weitzel et al. studied 110 probands of Hispanic origin with a personal or family

history of breast and/or ovarian cancer and reported that 34 out of the 110 (30.9%) probands

had deleterious mutations including 25 BRCA1 mutations and nine BRCA2 mutations and

that 25 (22.7%) probands had one or more unclassified variants (47). In this cohort, six

recurrent mutations were also identified: BRCA1 185delAG (n¼ 4), IVS5þ 1G >A (n¼ 2),

S955X (n¼ 3), R1443X (n¼ 3), 2552delC (n¼ 2), and BRCA2 3492insT (n¼ 2). Further,

the genotype analysis of recurrent mutations BRCA1 185delAG, IVS5 þ 1G > A, S955X,
R1443X, and 2552delC suggested they have founder effects. The BRCA1 185delAG
mutation in Hispanics has the same mutation haplotype as the corresponding Ashkenazi

Jewish mutation (47). In this study, the six recurrent mutations accounted for 47% of the

deleterious mutations (47). Such a high ratio of recurrent mutations suggests that genetic

testing is feasible in Hispanic females at risk of developing breast cancer.

BRCA1 1205del56 and BRCA2 3492insT have also been observed over three times

in Hispanic populations (Table 4) (27). Mexicans consist of 60% Amerindian-Spanish

and 9% white; Cubans have 37% white and 11% black; Puerto Ricans consist of 80.5%

white (mostly Spanish origin) and 8% black (16). Therefore, some BRCA1 and BRCA2
mutations in Hispanic women have exogenous origins. BRCA1 185delAG, R1443X,
5382insC, and BRCA2 6174delT have been observed many times in Hispanics and

possibly derived from European ancestry.

Asians

Asian Americans account for 4.2% of the population in the United States and 57% of the

world population (16). The prevalence and mortality rate of breast cancer in Asian

populations vary significantly across various countries (48,49). Breast cancer in East Asia

generally features a low incidence rate and an early age onset. However, Asians living in

North America have much higher incidence and mortality rates of breast cancer. The

change of lifestyle is probably the culprit of the increased rates. Genetic epidemiological

studies of BRCA1 and BRCA2 are rare in American Asians. However, there have been

several reports in Asian countries. The BRCA1 and BRCA2 mutations in Asian

populations are summarized in Table 5 (46,49–70,74–76).

Japanese

Breast cancer incidence rate is low in Japanese population. Katagiri et al. examined

BRCA1 in 103 patients either having an early age onset (< 35 years) or having multiple

(Text continues on p. 244.)
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affected family members or with bilateral breast cancers and found BRCA1 mutations in

four patients (3.9%) (74). Ikeda et al. reported a much higher frequency of BRCA1/2
mutations among at-risk Japanese women. They identified 15 BRCA1 deleterious

mutations (13.3%) and 21 BRCA2 deleterious mutations (18.6%) in 113 breast cancer

patients with at least one breast cancer or ovarian cancer case in their first-degree

relatives (75).

BRCA1 Q934X, L63X, 2509delAA, E1214X and BRCA2 S2834X, 5802del4 are

responsible for multiple breast and ovarian cancer cases in Japanese population

(46,49–52,76). L63X is believed to be the most common BRCA1 mutation in Japanese

population and reported in 18 unrelated Japanese families (49). The Haplotype analysis of

BRCA1 Q934X and L63X suggested that these two mutations were likely to derive from

the same ancestors (49,52).

Korean

Breast cancer incidence rate in Korean females is low but breast cancer has become the

most common cancer in Korean women (48,49). Ahn et al. analyzed 354 Korean breast

cancer patients with at least two first- or second-degree relatives with breast and/or

ovarian cancer and found that 40 patients (11.3%) carried 25 BRCA1/2 mutations

including 12 novel mutations (55).

Chinese

Breast cancer incidence rate in Chinese women from China is among the lowest recorded

(48,49). The Chinese Diaspora is widespread in East and South East Asia including

Malaysia, Thailand, the Philippines, Singapore, etc. Tang et al. studied BRCA1 in 130

breast cancer cases and identified five BRCA1 mutations among which 589delCT was

observed twice (57). Khoo et al. reported BRCA1 1081delG in two unrelated Chinese

ovarian cancer patients and both share the same mutation-linked haplotype (59).

However, mutation analysis of BRCA2 has not been conducted often among Chinese

populations.

Malay and Thai

By protein truncation test, Lee et al. examined BRCA1 in 49 unrelated Malay breast

cancer patients unselected for age of early onset and found BRCA1 2845insA in three

patients who had the same mutation haplotype for the flanking markers (49,60).

Patmasiriwat et al. examined BRCA1 and BRCA2 in 12 Thai breast and/or ovarian cancer

families and six early-onset breast or breast/ovarian cancer cases without a family history

of cancer (62). Four mutations including BRCA1 744ins20 and 3300delA and BRCA2
2041delA and 6382delT were identified (49,62).

Filipino

Breast cancer incidence rate in Philippine women is high among Asian populations.

De Leon Matsuda et al. estimated a prevalence of 5.1% (15 out of 294) for BRCA1/2
mutations in unselected breast cancer cases (49,63). The BRCA2 mutations accounted

for over 80% (12 out of 15) of the BRCA1 and 2 mutations. In the study, three

founder mutations, BRCA1 5454delC (n¼ 2) and BRCA2 4859delA (n¼ 4) and

4265delCT (n¼ 2), were responsible for over half of the mutations (63). The

penetrance of BRCA1 and 2 mutations in this study was comparable to those in

European populations (63).
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Iranian

Yassaee et al. analyzed BRCA1 exons 11 and BRCA2 exons 10 and 11 by protein

truncation test, and BRCA1 exons 2, 3, 5, 13, and 20 and BRCA2 exons 9, 17, 18, and 23

with single-strand conformation polymorphism assay among 83 early-onset breast cancer

patients in Tehran (49,64). They found five frameshift mutations (6%) including BRCA1
185delAG, 181insT, 2335delAA and BRCA2 6261insGT, 3979insA (49,64). The

Ashkenazi Jewish founder mutation BRCA1 185delAG was reported several times in

Iranian Jewish descendents (49,65,66).

Indian and Pakistani

Saxena et al. studied a series of 20 breast cancer patients from North India either with a

family history of breast and/or ovarian cancer or having an early age of onset and

identified two splice variants 331þ 1G >T and 4476þ 2T >C in BRCA1 (67).

Pakistan has the highest incidence rate of breast cancer among Asian populations

(excluding Jewish) and breast cancer in Pakistan often features early age of onset (49,68,69).

The frequently reported European BRCA1 4184del4 mutation and Ashkenazi

Jewish BRCA1 185delAG mutation were also identified in Indian and Pakistani women

but the mutation-linked haplotypes are different from those in European and Jewish

women (38,49). This suggests that the BRCA1 185delAG mutations identified in Indian

and Pakistani women have an independent origin.

Liede et al. studied 341 subjects with breast cancer and 120 subjects with ovarian

cancer (both unselected for age of onset or family history) and reported 6.7% BRCA1/2
mutations in breast cancer patients and 15.8% BRCA1/2 mutations in ovarian cases

(49,70). In the study, six recurrent mutations were identified including five BRCA1
mutations (2080insA, 3889delAG, 4184del4, 4284delAG, and IVS14 1ArG) and one

BRCA2 mutation, Q1037X (70). The penetrance of BRCA1/2 mutations in Pakistanis is

close to that in Western populations (49,70).

American Indians/Alaska Natives

Amerindian and Alaska Natives are about 1% of American population (16). American

Indian breast cancer incidence and mortality rates are of the lowest recorded in

American populations (1). There are few studies of BRCA1 and BRCA2 in Native

American women with breast and ovarian cancer. Liede et al. reported a BRCA1 mutation

1510insG (1506A >G) in two families of aboriginal tribes Cree and Ojibwe in Canada.

This mutation has not been found in other populations (71).

About 21 BRCA1 and 32 BRCA2 deleterious mutations have been reported in

individuals ofNativeAmerican ancestry (Table 6) (27,47). Itwas found that 2 out of 22 (9%)

BRCA1 mutations and 5 of 32 (16%) BRCA2 mutations are confined to Native American

descendents (27). There are 11 BRCA1 unclassified variants reported in American Indian/

Alaska Native females and, among them, only BRCA1 IVS11� 10G >A is confined to this

ethnicity (27). There are 66 BRCA2 unclassified variants and two polymorphisms reported

in American Indians/Alaska Natives and, among them, ten unclassified variants and one

polymorphism are confined to Native American descendents (27).

Genomic Alterations in BRCA

BRCA1 rearrangements such as IVS12-1643del3835, exon-13-ins-6 kb, exon-22-del-510 bp,

exon 8 to 9 del7.1 kb, and exon-14-20-del-26 kb are used in genetic testing based on the
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commercial standard in Myriad Genetic Laboratories. In Table 7, the observations of these

alterations in different populations are summarized (27,47).

GENETIC COUNSELING AND TESTING

Genetic testing for BRCA1/2 mutations became available in 1996 (72). Women carrying

BRCA1 have a 56% to 87% probability of developing breast cancer and women carrying

BRCA2 mutations have a 37% to 85% cumulative lifetime risk (Table 2) (4,5,73). The

genetic testing for deleterious BRCA1/2 variants provides not only the cancer-risk

information to the individuals who are tested but also the link to other at-risk family

members (77,78). The detection of risk-conferring BRCA1/2 mutations will help

physicians to develop strategies to reduce breast cancer mortality rate and risk in

mutation carriers and their family members.

Minority women at moderate or high risk for BRCA1/2 mutations have favorable

attitudes about genetic testing (77). However, several studies reported the existence of

racial disparity in the use of genetic testing for BRCA1/2 mutations (8). For example,

African American women have limited interest in genetic testing and are much less likely

to undergo genetic testing for BRCA1/2 than White women (77,78). According to Myriad

Genetic Laboratories, Inc., only 3% of individuals undergoing BRCA1 and 2 testing are

self-reported as African American (22). The reasons for these disparities still remain

unclear and many factors might be involved. One reason for this might be the poor access

to specialized cancer prevention among minority groups (79,80). In one study, Weissman

et al suggested that absence of health insurance coverage could keep minority women

from receiving comprehensive cancer care (81). Another explanation for the racial

disparities in the use of genetic testing is perceived risk and knowledge about genetic

testing (79,82). In the 2000 National Health Interview Survey, 49.9% of White women

had heard of genetic testing for cancer risk while only 32.69% of African American

women and 20.6% of Hispanic women knew about genetic testing (79,83). Furthermore,

in the study by Matthews et al., none of the African American participants with strong

family history of cancer had knowledge of genetic counseling (79,84). The average

African American woman underestimates her risk of breast cancer and the role of genetic

testing as a means of assessing cancer risk and reducing cancer mortality rate (79).

However, the disparities of using the genetic counseling and testing do not arise

only from the side of patients. The role of physicians in identifying and referring high-

risk patients to genetic counseling is significant (79). The average oncologist is more

effective at recruiting African Americans to participate in genetic counseling and testing

than the average general medical practitioner (85,86). On the other hand, underserved

Table 7 Number of Observations of BRCA1 Alterations Used by Myriad Inc. in the Open Access

Online Breast Cancer Mutation Database

BRCA1 alterations White Hispanic

African and African

American Asian

Native

American

Exon-13-ins-6 kb 58 1 1 0 2

IVS12-1643del3835 19 0 0 0 0

Exon-22-del-510bp 8 0 0 0 0

Exon-14-20-del-26 kb 15 0 0 0 0

Source: From Ref. 28.
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populations are likely to have less trust in healthcare providers than are White women and

less likely to report their perceptions of personal risk after their relative is diagnosed with

breast cancer. This might aggravate the existing disparities in the use of genetic testing

for cancer risk (87). Furthermore, ethnic differences in spiritual faith, cancer-specific

distress, and demographic factors may also be related to the disparities (77,88,89).

Greater efforts are needed to intensify and integrate genetic counseling and testing

into the clinical care of African American women and other minority women (77).

Nationwide education among minority populations is needed to increase the awareness of

inherited breast cancer risk and the benefits of genetic counseling and testing. On the

other side, education about hereditary breast cancer needs to be enhanced among

healthcare practitioners who provide referral of minority women to genetic testing for

BRCA1/2 (85). Physicians also should pay greater attention to minority women’s

psychological issues, including concerns about breast cancer, distress during genetic

testing, and trust on physicians (82).

CONCLUSION

In general, there are limited genetic epidemiological reports of BRCA1 and BRCA2 in

underserved populations, especially in American Indian/Alaska Native, Hispanic, and

African American women. Based on the available data, underserved populations have

distinctive spectrums of BRCA1 and BRCA2 variants and alterations. Some frequent

BRCA1/2 mutations in these ethnic groups are good candidates for targets of genetic

testing.

The racial disparities in the use of BRCA1/2 genetic testing widely exist, and

compared with non-Hispanic White women, the underserved populations benefit less

from the advance in translational research of BRCA1 and BRCA2. Thus, greater efforts
are needed to intensify genetic testing in the clinic care of high breast cancer risk women

of underserved ethnicity background (77).

More efforts in genetic epidemiological study of BRCA1/2 among underserved

populations and research of racial disparities regarding genetic counseling and testing are

needed in order to reduce breast cancer mortality rate in these ethnic groups.
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14
Psychological and Behavioral Impact of
BRCA1/2 Genetic Testing

Kristi Graves and Marc D. Schwartz
Cancer Control Program, Lombardi Comprehensive Cancer Center,
Georgetown University, Washington, D.C., U.S.A.

INTRODUCTION

Prior to the widespread availability of BRCA1 and BRCA2 (BRCA1=2) testing,

researchers and clinicians identified a number of potential benefits and risks in receiving

test results (1–3). Key benefits included reassurance for individuals testing negative and

opportunities for risk reduction among those testing positive. Risks included the potential

for adverse psychosocial outcomes among carriers, false reassurance for noncarriers,

family conflict, and insurance discrimination (2–5).

In the 10 years since the advent of BRCA1=2 testing, Myriad Genetics has tested well

over 100,000 individuals. Research has begun to address the questions first raised by

investigators in anticipation of genetic testing for cancer susceptibility.Much of this research

has focused on the psychosocial and behavioral outcomes ofBRCA1/2 testing. In this chapter,
we review the empirical research that has examinedwhether the putative benefits and risks of

genetic testing have been realized and identify areas that need further research.

PSYCHOSOCIAL IMPACT OF BRCA1=2 GENETIC TESTING

When BRCA1=2 gene testing became available, many of the initial concerns were related

to the potential for adverse psychological reactions to receiving a positive BRCA1/2 test

result. These concerns centered on the possibility of depression and anxiety among

women who learn they carry a BRCA1/2 mutation (1,6,7). Other concerns involved the

possibility of guilt following a negative test result or the potential for testing to adversely

impact the family (8). For example, familial conflict could stem from disagreements

between family members regarding communication of test results or willingness to

undergo testing (9,10). Below, we highlight key quantitative findings examining the

short-, intermediate-, and long-term impact of BRCA1/2 testing on psychosocial and

family functioning outcomes.

Short-Term Psychosocial Impact

Key studies examining distress following BRCA1/2 testing are displayed in Table 1.

Research evaluating the short-term psychological impact of genetic testing (i.e., outcomes
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assessed within one to two months of receiving test results) provide little evidence for

adverse outcomes among mutation carriers (11,15,16,22,24,27,29). The majority of these

studies indicate that distress among carriers neither increases nor decreases from

pretesting levels (11,12,15). However, there are exceptions in which distress or anxiety

either increased slightly (18–20) or decreased (16,24,27) in the immediate aftermath of

receiving a positive test result.

In contrast to individuals who learn that they carry a deleterious BRCA1/2mutation,

those who receive a definitive negative result typically exhibit decreased distress

(4,11,29,34). The combination of decreased distress among those receiving negative test

results and stable distress in those receiving positive test results has, in some cases, led to

distress differences between these groups (4,34). Such differences reflect the reassurance

that comes with a definitive negative result.

Studies evaluating the impact of receiving uninformative test results have

found either no change or slight decreases in short-term distress. For example, while

Bish et al. (35) reported no change in distress following uninformative test results, van

Dijk et al. (29,34) found distress decreased among women who carried a variant of

uncertain clinical significance or who received uninformative results. Interestingly, in this

study, distress decreased only among those women with uninformative results and a less

suggestive family history of breast cancer (34). These results make clinical sense, as

women who receive an uninformative test result despite a strong family history of breast/

ovarian cancer remain at substantially elevated risk.

Despite little evidence of significant adverse psychological reactions, specific

individual characteristics, such as younger age, affected status, and high pretest anxiety

and distress may place one at risk for elevated distress following BRCA1/2 testing

(30,31). For example, among BRCA1/2 carriers younger than 50 years of age, cancer-

related distress increased in the month following receipt of a positive test result (31).

Although this heightened worry decreased over time, it remained significantly higher

than among noncarriers. Participants in another study (30), particularly women affected

with breast cancer, reported increased anxiety, depression, and cancer-specific distress

two weeks after receipt of a positive test result. Although some individuals may be at a

greater risk for short-term increases in psychological distress after receipt of a positive

BRCA1/2 test result, in most cases, the overall level of distress does not appear to be

clinically significant (24,33,36,37).

Intermediate and Long-Term Psychosocial Outcomes

Consistent with research on the short-term impact of testing, studies that have evaluated

the intermediate (3–12 months) and long-term (one year or more) impact of testing have

found little evidence of significant adverse psychosocial outcomes. These studies have

typically reported no change or a decrease in distress within the first six months to two

years following genetic testing (21,22,25,34,38). For example, in a study that included

women with and without breast cancer, we found that six months after receiving test

results, distress decreased in women who received negative test results, but remained

stable for women with positive or uninformative test results (21). Studies with longer

follow-up periods (one to five years) also found stable distress in positives and decreased

distress in negatives (23,24,32).

As with short-term distress, there are subgroups of patients who are at higher risk

for long-term distress. For example, women with a prior psychiatric history or those who

have been more recently diagnosed with breast cancer appear to be at increased risk for

adverse psychological reactions to a positive BRCA1/2 test result (15,16,30,39,40).
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However, such findings are not uniform, as other studies indicate no differences between

affected and unaffected women, regardless of test result (27).

Thus, despite the absence of serious adverse outcomes, there is some evidence of

ongoing, albeit mild, distress among mutation carriers. While negative results typically

lead to long-term reduction in distress, positive test results may not. It is not clear whether

such mild but stable distress will have an impact on physical or mental health over the

long term. Future research will need to address the psychosocial, physical, and behavioral

impact of such distress over the long term. Moreover, relatively few studies have

prospectively evaluated factors that predict adverse psychosocial outcomes. Individuals

at highest risk for adverse outcomes could be identified and targeted for increased posttest

monitoring or enhanced/adjunct counseling interventions designed to minimize distress

and facilitate decision-making related to the test results (41–43).

Family Communication and Functioning

Clinical guidelines recommend that predictive testing be made available to family

members if a risk-conferring mutation is identified in a proband (44). Thus, the impact of

BRCA1/2 genetic counseling and testing extends beyond the individual to family

communication and psychosocial reactions in family members. A number of studies have

examined the communication of test results within families. Evidence from these studies

suggests that the majority of probands share their test results with at least some of their

relatives (45–47). For example, in a study investigating communication of test results

between sisters, 85% of probands communicated test results to their sisters (46). Carriers

were significantly more likely to communicate results than those who received

uninformative test results. Evidence from this and other studies suggests that results

are most commonly shared with sisters and spouses (46,48). Male first-degree relatives

and all second-degree relatives are less likely to be informed than female first-degree

relatives (47–49).

Beyond the communication of test results, family factors may also play a role in

how individuals respond to BRCA1/2 test results. Smith et al. (13) found that the order of

testing within a sibship was strongly associated with individual outcomes. For men,

carrier status, by itself, had little impact on distress. However, male carriers were more

likely to report more distress if they were the first sibling tested and when all other

siblings tested negative. For women, carrier status did impact distress; women with

positive results reported more distress than women with negative results. However, like

men, the impact of testing was moderated by siblings’ test results. Specifically, the

highest levels of distress were reported in female carriers whose siblings all tested

negative. Not surprisingly, outcomes of genetic testing are also influenced by the

reactions of partners (26). Among women who received positive BRCA1/2 test results,

partner support was unrelated to distress outcomes six months following testing;

however, women who reported that they did not openly share their concerns about testing

with their partners (called protective buffering) reported more distress. For women with

uninformative results, more protective buffering was also related to more distress,

whereas more partner support was associated with less participant distress in this group.

Summary=Future Directions=Clinical Implications

Evidence to date suggests that serious adverse psychosocial outcomes among BRCA1/2
carriers are rare. Although there may be some distress among carriers in the short term, it

typically dissipates quickly. Individuals who learn that they do not carry a deleterious
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mutation frequently benefit from this information in the form of significantly reduced

distress. To place our current understanding of the nature and course of distress following

BRCA1/2 testing within a broader context, future work could use case–control designs to

compare long-term outcomes of high-risk women who pursue testing to high-risk women

who do not pursue testing. Moreover, because much of the work to date has been

conducted with fairly homogeneous and self-selected populations, future efforts should

include individuals of diverse ethnic, racial, and socioeconomic backgrounds to expand

the generalizability of the results.

Despite generally positive adjustment following genetic testing, a number of factors

have been demonstrated to predict distress among mutation carriers, including family-

level factors such as order of testing in a sibship and partner’s level of support. Although

these variables have been found to predict distress, the level of distress in these carriers

has typically been low. Thus, while it may be possible to identify individuals who are at

risk for psychological distress following testing, more research is needed to determine the

long-term course and implications of this low-level distress. If such research

demonstrates a significant physical, behavioral, or quality of life impact over the long

term, then it may be possible to target at-risk individuals for enhanced psychosocial

support during and perhaps following genetic counseling. Recent efforts toward this end

include tailored genetic counseling sessions and additional recognition of and

investigation into the impact of BRCA1/2 counseling and testing on the family (41,43).

BEHAVIORAL OUTCOMES OF BRCA1/2 TESTING

The promise of BRCA1/2 testing lies in the potential for this information to lead to breast

and ovarian cancer risk reduction on an individual level. However, in order for BRCA1/2
testing to realize this promise, the receipt of a positive BRCA1/2 test result must be

followed by the adoption of appropriate and effective risk-management strategies. Strong

evidence documents the risk-reducing benefit of prophylactic mastectomy and

oophorectomy among mutation carriers and individuals at risk for carrying a mutation.

Prophylactic mastectomy has been shown to reduce breast cancer risk by about 90%

(50–53). Prophylactic oophorectomy (PO) reduces ovarian cancer risk by over 90% and

can reduce breast cancer risk by over 50% (54,55). Evidence for risk reduction is less

clear-cut for chemopreventive options such as tamoxifen and raloxifene (56). Similarly,

the efficacy of enhanced breast [i.e., mammography and magnetic resonance imaging

(MRI)] and ovarian cancer screening [CA-125 and transvaginal ultrasound (TVUS)] has

not yet been established. In this section, we review the evidence on the adoption of

specific breast and ovarian cancer risk–management strategies following BRCA1/2
testing.

Bilateral Prophylactic Mastectomy Among Women Unaffected with
Breast Cancer

Studies that have evaluated the use of bilateral prophylactic mastectomy (BLM) among

BRCA1/2 mutation carriers who have not been affected with breast cancer are

summarized in Table 2. Despite the clear efficacy of BLM, U.S. studies suggest that

healthy mutation carriers are reluctant to undergo this procedure (57,59,60,62). Rates of

BLM among mutation carriers in these studies have ranged from 0% to 3% in samples

drawn from hereditary cancer registries (57,62) and only slightly higher (5–15%) in

clinical samples (59,60). Outside the United States, rates of BLM among unaffected
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BRCA1/2 mutation carriers are variable, ranging from 9% to 54% (32,61,66,69). In

particular, studies conducted in the United Kingdom and the Netherlands have reported

substantially higher rates of BLM (28–54%) (31,58,61). The reasons for the discrepancies

between U.S. women and women from other countries are not clear, but likely are related

to cultural differences, differing physician attitudes toward prophylactic surgery, and

differences across healthcare systems (69,71).

Contralateral Prophylactic Mastectomy Among Women Affected with
Breast Cancer

Although the use of BLM is relatively rare among unaffected mutation carriers in the

United States, the rate of contralateral prophylactic mastectomy (CPM) among previously

affected mutation carriers is substantially higher. For example, among a group of breast

cancer survivors (i.e., women previously diagnosed and treated for breast cancer) who

sought genetic testing at varying times following their diagnosis, we found that 18% of

BRCA1/2 mutation carriers opted for CPM in the year following testing. This is in

addition to the 16% of participants who had already had prophylactic mastectomy prior to
undergoing testing (70). In European studies, the rates of CPM among previously

diagnosed breast cancer survivors have ranged from 35% to 65% (58,61,67). Studies that

have directly compared rates of mastectomy among affected and unaffected carriers have

yielded mixed results. A small study reported a higher rate of prophylactic mastectomy

among previously affected women (72), while a larger study did not detect a difference

between these two groups (60).

Recent research suggests that those most likely to choose CPM are newly

diagnosed breast cancer patients who learn their carrier status at the time of diagnosis or

shortly thereafter (i.e., prior to definitive local breast cancer treatment). Although data are

limited, rates of CPM within this population have ranged from 48% to 100% (63–65,68).

In the largest study to date, we found that 48% of newly diagnosed breast cancer patients

who received positive BRCA1/2 test results at the time of diagnosis chose immediate

mastectomy of the affected breast along with CPM of the unaffected breast (65).

Although newly diagnosed women in our sample self-referred to genetic counseling and

thus may be a select group, at least two smaller studies have reported higher rates of

bilateral mastectomy (88–100%) among women who learn that they carry a BRCA1/2
mutation at the time of their breast cancer diagnosis (64,68). These findings are consistent

with results from another study that indicated that breast cancer patients who are aware

that they carry a BRCA1/2 mutation at the time of diagnosis are more likely to choose

CPM compared to women who learn of their carrier status later (63).

Predictors and Outcomes of Prophylactic Mastectomy

Studies examining the factors associated with the use of prophylactic mastectomy and the

psychosocial outcomes of such surgery are limited. Among unaffected women, being

younger than 50 years and having children are associated with opting for BLM (58,61).

Among women affected with breast cancer, receipt of a positive BRCA1/2 test result at

diagnosis or prior to diagnosis is associated with CPM (63–65,73). Other factors that

have been associated with CPM include younger age, physician recommendation to

consider CPM, greater distress, and more extensive family history (60,63,65,70).

Studies examining psychosocial and quality of life outcomes following BLM or

CPM have reported generally high levels of satisfaction, little distress, and overall quality

of life comparable to women who chose not to undergo prophylactic surgery (74–77).

Psychological and Behavioral Impact of BRCA1/2 Genetic Testing 265



For example, at one year postdiagnosis, we found no differences in distress or quality of

life among affected women who did and did not opt for prophylactic mastectomy at the

time of their initial diagnosis (78). Despite these generally positive outcomes, some

women do report an adverse impact of BLM or CPM. Among breast cancer patients who

opted for CPM, one-third reported a negative impact on body appearance, 26% reported a

diminished sense of femininity, 23% reported negative effects on sexual relationships,

and 17% reported diminished self-esteem. Patients who reported such outcomes also

reported greater dissatisfaction with their decision to have prophylactic mastectomy

(74,76). These data are consistent with an earlier study of BLM outcomes among high-

risk women (74). Compared to carriers who chose surveillance, carriers who chose BLM

reported increased distress at one and six months following testing. However, most of

these differences had disappeared by 12 months postdisclosure (61). Taken together,

these data suggest that while a minority of women choosing CPM or BLM report adverse

effects on body image and sexual functioning, there is little long-term evidence for an

adverse effect on overall quality of life.

Prophylactic Oophorectomy

In addition to reducing the risk of ovarian cancer, PO also reduces the risk of breast

cancer when performed premenopausally (54,55). Recent studies have suggested that PO

may also reduce overall and cancer-specific mortality among BRCA1/2 mutation carriers

(79). Given these benefits, plus the lack of evidence for the efficacy of ovarian cancer

screening, it is not surprising that PO is chosen by mutation carriers far more frequently

than prophylactic mastectomy.

Studies that have examined the use of PO among mutation carriers are

summarized in Table 3. Although initial reports from registry-based samples suggested

relatively low rates of PO following the receipt of a positive test result (57), more recent

clinical reports indicate substantially higher rates of PO. In U.S. studies, rates have

ranged from 21% to 57% (54,57,60,62,80). U.S. studies that reported lower rates of PO

generally had the shortest follow-up periods. For example, in our own study, we found

that 27% of mutation carriers opted for PO in the first year after receiving their test

result (80). In contrast to studies of BLM and CPM, results from studies that examined

PO over periods of two years or more indicate that a significant number of carriers

obtain PO beyond the first year after genetic testing. These studies have reported

cumulative rates of PO ranging from 46% to 57% (54,60,62). European studies have

reported slightly higher rates of PO, ranging from 31% (31) to over 70% (32,53). Again,

studies that follow women for a longer period of time report higher cumulative rates of

PO. Of course, this is consistent with clinical recommendations for PO in which carriers

are advised to obtain PO between the ages of 35 and 40 or after the completion of child

bearing.

Predictors and Outcomes of PO

A few studies have examined factors that are associated with the decision to obtain PO.

Unsurprisingly, women who carry a BRCA1/2 mutation are more likely to obtain a PO

than women who do not (21). Further, BRCA1 carriers are more likely to opt for PO than

BRCA2 carriers (21). Older age, family history of ovarian cancer, personal history of

breast cancer (particularly early-stage breast cancer), elevated perceived risk for ovarian

cancer, and having children, have all been found in one or more studies to predict receipt

of PO (31,60,63,80,81).
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Fewer studies have evaluated psychosocial outcomes and quality of life following

PO. Madalinska et al. (81) compared psychosocial and quality of life outcomes among

over 800 high-risk women who did and did not opt for PO. There were no differences in

overall quality of life between the two groups. Patients who opted for PO reported less

worry about cancer compared to those who decided against PO. However, there were

adverse sexual and endocrine side effects that were associated with PO. Specifically,

patients who received PO reported more discomfort, less sexual pleasure, and a greater

number of endocrine symptoms compared to those who did not obtain PO.

Chemoprevention

The little data available on the clinical use of chemopreventive agents (i.e., tamoxifen and

raloxifene) among BRCA1/2 carriers suggest extremely low use. Metcalfe et al. (66)

reported that 12% of mutation carriers used tamoxifen. Phillips et al. (69) reported that

only 1% of Australian mutation carriers reported using tamoxifen as a chemopreventive

agent. This is consistent with previous research documenting low rates of participation in

chemoprevention trials (82–84). Additional research is needed to better characterize the

use of chemopreventive agents among mutation carriers and to understand the apparent

barriers to the use of these agents.

Breast Cancer Surveillance

Carriers who do not opt for prophylactic surgery are advised to participate in breast

cancer screening beginning at the age of 25 to 35 years (85,86). Initial studies among

BRCA1/2 carriers suggested suboptimal adherence to these guidelines. Lerman et al. (57)

reported that at six months following testing, only 60% of carriers who were due for a

mammogram reported receiving one. In a separate, clinic-based study, we found that only

59% of mutation carriers obtained a mammogram in the year following testing (59). In

this study, use of mammography was highly related to age. Seventy-four percent of

carriers aged 40 years and above obtained a mammogram compared to only 39% of

carriers aged 25 to 39 years. These results are consistent with findings from a recent study

in which carriers over the age of 40 years obtained mammograms at high rates, but only

59% of younger carriers obtained the recommended two mammograms during the two-

year follow-up period (62). Other recent studies have reported substantially higher rates

of mammography for carriers, ranging from 82% to 95% (32,60). Studies directly

comparing mammography adherence among carriers and noncarriers have found

increased adherence among carriers (32,57,59,60,62).

Evidence to date does not support initial concerns about the possibility of false

reassurance among women who receive negative test results. For example, Plon et al. (87)

found that 88% of Ashkenazi women who tested negative for one of the Ashkenazi

Jewish founder mutations were adherent to mammography recommendations one year

after testing, and 92% were adherent two years after testing. Other studies have found no

decreases in screening among noncarriers over the age of 40 years (62) and appropriate

decreases in screening among noncarriers under the age of 40 years (59).

Recent evidence has suggested that MRI may be more sensitive than

mammography and that the combination of MRI and mammography may be particularly

sensitive in this population (88,89). Despite the increased sensitivity of MRI, questions

still remain about its impact on mortality and its cost-effectiveness (89,90). As more

centers begin to recommend annual MRI to mutation carriers, the use of MRI within this

population will need to be evaluated.
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Ovarian Cancer Surveillance

Given the low sensitivity and specificity of current ovarian cancer screening approaches,

most centers recommend PO to BRCA1/2 carriers. However, for those women who are

under 35 years and have not completed child bearing, or for women who decide not to

pursue PO, many providers recommend TVUS and CA-125 testing. The low rates of

ovarian cancer screening reported among carriers reflect the lack of acceptance of ovarian

cancer screening among most health professionals. In our own research, 43% of carriers

reported an annual CA-125 and 40% an annual TVUS (80). Lower rates have been

reported in previous studies (57). Among noncarriers, rates of CA-125 and TVUS, low

prior to testing, remain low following the receipt of negative test results (80). Across

these studies, variables associated with the use of ovarian cancer screening include a

positive BRCA1/2 test result, higher perceived risk for ovarian cancer, and higher anxiety

prior to testing (80).

Medical Decision-Making Summary and Conclusions

Although some discrepancies exist among the data published to date, most carriers appear

to obtain either prophylactic surgery or recommended surveillance. Rates of prophylactic

surgery are generally lower in the United States compared to Europe, Canada, and

Australia. Although most BRCA1/2 carriers do take action to reduce their cancer risk, a

substantial minority do not choose prophylactic surgery and do not obtain regular

screening. Predictors of nonadherence are not well understood. Future research must

identify factors that are associated with nonadherence in order to develop strategies that

maximize the medical benefit of receiving a positive BRCA1/2 test result. In terms of

noncarriers, there is little evidence suggesting a false reassurance effect. The screening

practices of noncarriers and women who receive uninformative test results appear to be

consistent with medical recommendations.

OVERALL SUMMARY AND CONCLUSIONS

Significant progress has been made in increasing our understanding of the psychosocial and

behavioral impact of BRCA1/2 genetic counseling and testing since the discovery of the

BRCA1/2 genes. Evidence indicates that BRCA1/2 counseling and testing does not result in

adverse psychological responses for most individuals, and there does not appear to be any

long-termnegative impact for themajority of carriers. Short-termdistress, if present, typically

dissipates quickly, and noncarriers frequently seem to psychologically benefit through

reduced distress. Certain subgroups, such as individuals with high levels of pretest anxiety or

distress, may be more at risk for negative sequelae following testing. Despite the substantial

gains in knowledge surrounding the psychological outcomes of BRCA1/2 testing, questions

remain. Future efforts to clearly identify specific risk factors for distress after testing are

warranted, as are studies designed to evaluate how slight increases in distress may impact

long-term psychological and behavioral outcomes in mutation carriers. Such information

could be critical to developing more individually tailored genetic counseling practices. It is

important to note that much of the research to date has been based upon individuals who

actively sought out genetic testing. Such testing was typically provided by highly trained

genetic counselors in a research setting. As genetic testing becomes more integrated into

clinicalmedicine, it will be essential to determinewhether the positive outcomes seen in these

initial studies generalize to patients who do not actively seek out genetic testing, and to

patients who receive genetic counseling in alternative settings and from alternative providers.
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In terms of behavioral outcomes following genetic testing, evidence clearly indicates

that women are much more willing to obtain PO compared to prophylactic mastectomy.

However, recent studies demonstrate that womenwho learn their carrier status at the time of

their breast cancer diagnosis may be more willing to take preventive action than unaffected

women or those who do not learn their carrier status until after they have completed breast

cancer treatment. The implications of such findings need to be explored further. However,

these data certainly suggest that the integration of genetic counseling and testing into routine

oncologic care for high-risk individuals could impact subsequent cancer risks. Finally,

given the sufficient evidence documenting generally positive psychosocial and behavioral

outcomes following BRCA1/2 testing, it is certainly reasonable to begin to evaluate the

impact that such testing may have on subsequent cancer and mortality risks.
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INTRODUCTION

Although less than 5% to 10% of breast cancer cases are attributable to BRCA1 and

BRCA2 mutations, the risk of breast cancer in known BRCA1 and BRCA2 heterozygotes

is substantial. Estimates vary, but the recently reported lifetime breast cancer risk for

BRCA1 mutation carriers in a combined analysis of data from 22 studies of case series

unselected for family history is 65% (1–3). The burden of this risk in BRCA1 mutation

carriers begins at a young age with premenopausal BRCA1 mutation carriers facing

between 17- and 32-fold higher breast cancer risk than age-matched controls in the

general population. The risk plateaus as age increases but continues through the post-

menopausal years, with BRCA1 mutation carriers aged 60 to 69 facing 14-fold higher risk

than age-matched controls in the general population. The estimated lifetime breast cancer

risk in BRCA2 mutation carriers from the combined analysis is lower, at approximately

45%, although still significantly greater than that of the general population. For BRCA2
mutation carriers, the breast cancer risk increases with age and is greatest during the

postmenopausal years (3). This significant extent of breast cancer penetrance in BRCA1/2
mutation carriers has led to the development of prevention and early detection interventions

for this high-risk population. These interventions are reviewed in this chapter.

In addition to the risk of developing de novo breast cancer described above,

BRCA1/2 mutation carriers already affected with breast cancer face the continued risk of

developing new primary breast cancers. Reported risks for metachronous primary

contralateral breast cancer (CBC) in BRCA1/2 mutation carriers range from approxi-

mately 25% to 40%, which is significantly higher than that noted in women with sporadic

breast cancer (4–8). In addition, late ipsilateral recurrences, often in different quadrants

from the original tumors, have been observed in affected women with BRCA1/2
mutations who undergo breast conserving therapy, leading many to suspect that these

represent new primary breast cancers in this high-risk population (7,9). Some of the
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therapeutic interventions that aim to reduce the risk of breast cancer recurrence also

reduce the risk of the development of new primary breast cancers (6,7,10–12). These

therapeutic interventions, as relevant to the management of affected BRCA1/2 mutation

carriers, are reviewed elsewhere in this book; however, their impact on prevention of new

primary breast cancers is discussed in this chapter. In addition, screening interventions for

unaffected women with BRCA1/2mutations are generally applied to affected women who

retain breast tissue after the completion of their breast cancer treatment such that new

primary breast cancers may be detected. Thus screening interventions discussed in this

chapter pertain not only to unaffected women with BRCA1/2 mutations but also to

affected women who have completed treatment for their breast cancer and are under

surveillance both for the detection of recurrence of their breast cancer and for new

primary breast cancers.

Although not the focus of this chapter, it must be noted that BRCA1/2 mutation

carriers face risks for other cancers besides breast cancer. In particular, the risk for

ovarian cancer is substantial with recently reported lifetime risk of 39% among BRCA1
mutation carriers and 11% among BRCA2 mutation carriers (3). There is some overlap

between the prevention options for breast cancer and those of ovarian cancer in this high-

risk population and the ovarian cancer risk reduction associated with the breast cancer

prevention interventions reviewed in this chapter is discussed as appropriate.

BREAST CANCER SCREENING IN UNAFFECTED BRCA1/2
MUTATION CARRIERS

The standard of care for breast cancer screening in BRCA1/2 mutation carriers is

currently evolving. Until recently, clinical breast examination (CBE), self-breast

examination and yearly mammography beginning at approximately age 25 to 35 were

recommended for women at risk for hereditary breast cancer (13). However, there are

multiple limitations to the use of yearly mammography as a sole imaging modality in this

high-risk population and new research has demonstrated improved results with the

incorporation of breast magnetic resonance imaging (MRI) in screening programs for

women at risk for hereditary breast cancer.

Limitations of yearly mammography as a sole screening modality in BRCA1/2
mutation carriers include inadequate sensitivity, the frequency of interval cancers, and the

theoretical potential for radiation-induced carcinogenesis. With regard to sensitivity, a

higher false-negative rate for mammography in BRCA1/2 mutation carriers compared

with women without mutations has been demonstrated in a case-control study (62% vs.

29%, p = 0.01) (14). In addition, a prospective trial identified a nonsignificant trend

toward reduced sensitivity of mammography in BRCA1/2 mutation carriers compared

with noncarriers (46.2% vs. 31.6%, p = 0.32) (15).

Part of the explanation for the reduced sensitivity of mammography screening in

women with BRCA1/2 mutations may be breast density. It is well known that the

sensitivity of mammography varies inversely with breast density (16). In addition,

increased breast density has been associated with increased breast cancer risk in both the

general population and the BRCA1/2 mutation carriers (17,18). Younger women tend to

have more dense breasts than older women, a finding that is thought to contribute to

reduced sensitivity of mammography in young women (19,20). Since BRCA1/2 mutation

carriers start breast cancer screening at a young age, it is likely that increased breast

density contributes to the suboptimal sensitivity of screening mammography in this

population.
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BRCA1/2 mutation–associated breast cancers are known to have faster doubling

times than sporadic breast cancers, a finding that may explain the relatively high

frequency of interval malignancies identified in BRCA1/2 mutation carriers. Interval

malignancies are those that are diagnosed between regularly scheduled imaging studies

and usually present with symptoms or palpable lesions. Although rates vary, the frequency

of interval cancers identified in mammography-based screening programs in women with

BRCA1/2 mutations has been reported to be as high as approximately 50% (21–23).

In addition to the above concerns regarding the potential inadequacy of screening

mammography to identify breast cancers in BRCA1/2 mutation carriers, the suggestion

that screening mammography may actually be harmful to BRCA1/2 mutation carriers has

recently been raised. This concern is based on the hypothesis that BRCA1/2 mutation

carriers may be particularly sensitive to the carcinogenic effects of ionizing radiation

(24–26). Since screening begins at a young age in BRCA1/2 mutation carriers, some have

suggested that, in an attempt to identify malignancies at an early stage, yearly

mammography may result in a significant amount of radiation exposure that may, itself,

promote carcinogenesis (27). Andrieu et al. performed a retrospective cohort study

evaluating the effect of radiation exposure on cancer risk in approximately 1600 BRCA1/2
mutation carriers. In this cohort, radiation exposure, in the form of chest X-rays, was

associated with a 1.5-fold higher risk of breast cancer. Subgroup analysis revealed that this

risk is particularly high among those exposed to chest X-rays at a young age (26). Although

this finding is subject to recall bias and is based on chest X-ray exposure instead of

mammogram exposure, it suggests the potential consequences of early and consistent

radiation exposure through routine screening mammography in this high-risk population.

Despite these findings, two recent retrospective studies have not identified exposure to

mammograms as a risk factor for breast cancer in BRCA1/2 mutation carriers. In the first, a

history of screening mammography and the age at which it was first performed was compared

among1600BRCA1/2mutationcarrierswithbreast cancer and1600BRCA1/2mutationcarriers

without breast cancer. No association between ever having had screening mammography and

risk of breast cancerwas identified (28).More recently, a retrospective cohort study of a smaller

group of BRCA1/2 mutation carriers did not identify an association between the number of

screening mammograms a woman had undergone and her breast cancer risk (29).

Despite the potential concern that radiation exposure may increase the risk of breast

cancer in BRCA1/2 mutation carriers, mammography has not definitively been

demonstrated to do so. In addition, mammography is the only breast cancer screening

modality to date demonstrated to impact breast cancer mortality in the general population

(30). Thus, it is not currently recommended that screening mammography be avoided in

BRCA1/2 mutation carriers. Rather, recent developments focus on the addition of other

screening modalities to yearly mammography.

MRI has recently been shown to be a powerful tool for the identification of breast

cancer. To date, seven prospective trials evaluating MRI for breast cancer screening have

been performed in high-risk women (Table 1).

Although only one of the trials has been limited to women with known BRCA1/2
mutations, the findings from these trials have led to the incorporation of MRI as a

developing new standard for breast cancer screening in this population.

In the first study, Tilanus–Linthorst et al. performed MRI and CBE in 109 women

with above 25% lifetime risk of breast cancer in whom mammography six months earlier

had revealed dense breast tissue but no suspicious lesion. In the cohort, 12 women had

known BRCA1/2 mutations. MRI led to the identification of three breast cancers (2.8%)

in this cohort, whereas only two were expected. There were, however, six false-positive

MRI results, all of which necessitated further diagnostic evaluation (31).
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The second study evaluated a screening program consisting of yearly MRI and

mammography in addition to CBE every six months in a population of women whose

cumulative lifetime breast cancer risk exceeded 15%. Among the screening cohort of

1909 women, 354 had known BRCA1/2 mutations. During a median 2.9 years of

followup, the screening program identified 41 cancers. The highest rate of detection

(26.5 per 1000) was observed in women with germline mutations predisposing to breast

cancer, most of whom had BRCA1/2 mutations. Four interval malignancies were observed.

The sensitivity of MRI for the detection of invasive breast cancer was 79.5% in comparison

to 33.3% for mammography. However, the specificity of MRI was lower than that of

mammography (89.8% vs. 95%), with a positive predictive value of only 7.1% forMRI. The

malignancies identified with this screening program were compared to those of two

historical control groups and were more likely to be smaller and node negative. Notably,

several cases of ductal carcinoma in situ (DCIS) were missed by MRI in this trial (32).

The third study, which was limited to women with known BRCA1/2 mutations,

evaluated a Canadian screening program consisting of yearly MRI, mammography, and

ultrasound performed the same day and CBE performed every six months. All women

underwent one to three rounds of screening. The screening program identified a total of 22

breast cancers, 16 of which were invasive. The sensitivity of MRI was noted to be 77%,

whereas the sensitivity of theMRI,mammography, ultrasound, andCBEperformed together

in accordance with the protocol was 95%. False-positive MRI rates were noted to be higher

on the first round of screening in this study and to decline thereafter. The overall specificity

of MRI was 95.4% with a positive predictive value of 46%. Only one interval malignancy

was noted during this study. Of all the malignancies that occurred in the participants of this

study, only two were associated with axillary lymph node metastases (33).

In the fourth study, Lehman et al. evaluated an MRI-based screening program in a

heterogeneous international group of 367 women with above 25% lifetime breast cancer

risk based on family history or genetic testing. The proportion of participants with

BRCA1/2 mutations is not reported. The screening program consisted of MRI,

mammography, and CBE performed once within 90 days of each other. A total of four

malignancies were identified, all of which were small and node negative. Notably, MRI

detected all four of these malignancies whereas mammography detected only one. The

sensitivity and specificity of MRI were 100% and 94.5%, respectively, but the positive

predictive value was only 16.7%, with MRI resulting in multiple false-positive reports,

which led to further imaging and/or biopsies (34).

The fifth prospective MRI screening study performed to date was a multicenter

British study evaluating a program consisting of annual MRI, mammography, and CBE

all performed on the same day [Magnetic Resonance Imaging for Breast Screening

(MARIBS) trial]. The participants were known carriers of BRCA1/2 mutations, p53
mutations, their first-degree relatives or women with family histories consistent with

hereditary breast–ovarian cancer syndrome or Li–Fraumeni syndrome. Of the 649

participants, 120 had known BRCA1/2 mutations. The study population underwent two to

seven screening cycles. The sensitivity and specificity of MRI in this study were 77% and

81%, respectively, in comparison to 40% and 93% for mammography. The sensitivity and

specificity of the combined screening program using MRI, mammography, and CBE

were 94% and 77%, respectively. Thus, the addition of MRI to mammography in this

study increased sensitivity but reduced specificity. Notably, subgroup analysis revealed

that the increase in sensitivity from the addition of MRI was significant in women with

BRCA1 mutations or with relatives with BRCA1 mutations but not significant in women

with BRCA2 mutations or with relatives with BRCA2 mutations. False-positive MRI

assessments in this study required further evaluation at a rate of 10.7% per woman-year,
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with a reported positive predictive value of MRI of only 7.3%. A total of 35 malignancies

were identified in women participating in this study, only two of which presented as

interval malignancies. The overwhelming proportion of invasive malignancies identified

in this study was small and node negative. There were three cases of DCIS that were

identified by mammography but not by MRI in this trial (35).

The sixth prospective screening study of MRI to date evaluated 529 women with at

least 20% lifetime risk of breast cancer with annual CBE, MRI, ultrasound, and

mammography, all performed within eight weeks of one another. In addition, half-yearly

CBE and ultrasound were performed between annual surveillance rounds. In the cohort,

43 women had known BRCA1/2 mutations. Each woman underwent two to seven

screening cycles. A total of 43 malignancies were identified, only one of which was

diagnosed between scheduled screening intervals. The sensitivity, specificity, and

positive predictive value of MRI in this study were 90.7%, 97.2%, and 50%, respectively.

Notably, the addition of MRI to mammography alone resulted in an increase in sensitivity

from 32.6% for mammography alone to 93% for the two modalities combined. However,

among the subgroup with known BRCA1/2 mutations, the sensitivity of the two

modalities combined was 100%. The decrement in specificity with the addition of MRI to

mammography was minimal, dropping from 96.8% for mammography alone to 96.1% for

the two modalities combined in the cohort as a whole. However, in BRCA1/2 mutation

carriers, the specificity of the two modalities combined was 94.4%. Notably, there was

one case of DCIS, which was missed by MRI and diagnosed by mammography alone in

this trial. As with the other MRI screening studies described above, most of the cancers

diagnosed were of an early stage (36).

The final prospective MRI screening study to date was a nonrandomized

prospective trial performed at multiple centers throughout Italy (High Breast Cancer

Risk Italian Trial). Two hundred and seventy eight women and men with known BRCA1/
2 mutations or first-degree relatives with known BRCA1/2 mutations or strong family

histories of breast and/or ovarian cancer were enrolled. Among the study population, 63%

had either known BRCA1/2 mutations or were the first-degree relatives of BRCA1/2
mutation carriers. The screening protocol consisted of CBE, mammography, ultrasound,

and MRI performed annually. The interim results reported to date describe the results of

the first one or two screening rounds for each subject. A total of 18 malignancies have

been identified to date (11 in the first round and 7 in the second round), 6 of which were

detected by MRI only. Among these, 4 are in situ and 14 are invasive. Among those for

which axillary lymph nodes have been assessed, only 23% are positive. No interval

cancers have been reported to date. The sensitivity and positive predictive value of MRI

are reported to be 94% and 63%, respectively (37).

In sum, these trials demonstrate that MRI offers greater sensitivity but lower

specificity than mammography for the diagnosis of breast cancer in high-risk women. As

noted above, sensitivities of MRI for the detection of invasive breast cancer range from

71% to 100% whereas specificities range from 81% to 97.2%. False-positive MRI results,

however, are not infrequent, as demonstrated by the positive predictive values reported in

the above studies, which range from 7% to 63%. In general, the breast cancers identified

through screening programs involving MRI have been small and have not metastasized to

the axillary lymph nodes (31–37). It should be noted, however, that despite improved

sensitivity for the detection of invasive breast cancer, several of the studies to date have

demonstrated that MRI is not as sensitive for the detection of DCIS as mammography

(32,35,36). In addition, it is important to note that the sensitivity and specificity of MRI

differs depending on the criteria used to define a positive imaging study and slightly

different criteria have been reported in the MRI screening trials performed to date (32).

Breast Cancer Screening and Prevention Options 283



Based on these results, the addition of MRI to a screening program already

involving mammography and CBE is the growing standard of care for BRCA1/2 mutation

carriers. However, many unanswered questions regarding the optimal screening regimen

for BRCA1/2 mutation carriers remain.

There have been no randomized studies assessing the role of MRI in breast cancer

screening in this population, although it is unlikely that such studies could accrue

participants now as MRI is widely available and recommended by a number of

organizations (38–41). In addition, unlike mammography, the trials to date have not

demonstrated a mortality benefit for screening breast MRI (39,42).

Furthermore, the screening regimens in each of the recent prospective screening trials

for high-risk women have differed with regard to imaging modalities and schedule. Some

have incorporated ultrasound, although the role of ultrasound in screening programs for

high-risk women currently remains undefined. With regard to schedule, breast cancer

screening has traditionally been performed annually. However, since BRCA1/2 mutation–

associated breast cancers have shorter doubling times than sporadic breast cancers and the

diagnosis of breast cancer between regularly scheduled screening intervals is not

uncommon in BRCA1/2mutation carriers, some have considered shortening the screening

interval in this population (22,43). Although the MRI-based screening trials above all

involved annual mammography and MRI, some also involved more frequent ultrasound

and CBE (32,33,36). In addition, in the first trial, Tilanus–Linthorst et al. staggered the

MRI and mammography such that the interval between imaging studies was six months

(31). At this time, the optimal schedule and combination of imaging modalities for

screening women with BRCA1/2 mutations for breast cancer is still unknown (39).

In addition, technical issues still limit the widespread use of MRI for breast cancer

screening. Optimizing breast MRI requires a dedicated breast coil, a well-established

technique, radiologist expertise, and the ability to perform MRI-guided breast biopsies,

which are not yet available at all centers (39,41). Furthermore, variations in enhancement

throughout the menstrual cycle make timing important to the interpretation of MRI. Mid-

cycle is thought to be the optimal time to perform breast MRI (42).

A further concern that may limit uptake of breast MRI for screening is its cost.

Cost-effectiveness assessments are currently under way. One recent report suggested that

the cost-effectiveness of MRI varies with age and BRCA mutation. Using a threshold of

US$100,000 per quality adjusted life year added, MRI was found to be cost-effective for

BRCA1 mutation carriers aged 35 to 54 and for BRCA2 mutation carriers with dense

breasts in whom mammography is not very sensitive. The cost-effectiveness of MRI is

thought to differ for BRCA1 and BRCA2 mutation carriers because the incidence of breast

cancer differs by gene mutation. In addition, the cost-effectiveness is thought to vary by

age based on the frequency of breast cancer at different ages in mutation carriers and

based on the frequency of comorbid medical conditions at different ages (44). Despite

these cost-effectiveness findings, MRI is currently recommended for breast cancer

screening for all women with BRCA1/2 mutations after approximately age 25 (41).

In addition to differential cost-effectiveness by BRCA mutation, the MARIBS trial

suggested that the sensitivity of MRI may also vary by BRCA mutation. In this trial,

subgroup analysis revealed that the addition of MRI to mammography resulted in a

statistically significant improvement in sensitivity for BRCA1 mutation carriers but not

BRCA2 mutation carriers (35). This finding remains to be confirmed and, as noted above,

MRI screening is currently recommended in both BRCA1 and BRCA2 mutation carriers.

This differential sensitivity by mutation is thought to be related to the greater age-specific

risk of breast cancer in BRCA1 mutation carriers than BRCA2 mutation carriers in the

young population included in the MARIBS trial (age 35–49) (41).
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False-positiveMRI results also remain a significant concern. These generally require

follow-up evaluation and may be associated with significant patient anxiety. However,

screening breast MRI is less likely to be falsely positive in BRCA1/2mutation carriers than

noncarriers, supporting the use of screening breast MRI in this population (15).

Finally, claustrophobia and the inability to perform MRI in patients with aneurysm

clips and pacemakers may limit the use of screening breast MRI in select patients (42).

Despite the remaining unanswered questions about screening MRI and its

limitations, its use is becoming widespread. Indeed the most recent National

Comprehensive Cancer Network (NCCN) guidelines recommend annual MRI and

mammography with CBE every six months starting at age 25 for breast cancer screening

in women who meet criteria for the hereditary breast–ovarian cancer syndrome (41). In

addition, the American Cancer Society now recommends annual MRI for women whose

lifetime breast cancer risk exceeds 20–25% (40).

BREAST CANCER PREVENTION IN UNAFFECTED BRCA1/2
MUTATION CARRIERS

Despite the advances in breast cancer screening for the early detection of breast cancer in

high-risk women, many BRCA1/2 mutation carriers also take steps to prevent the

development of the disease. Prevention options available to BRCA1/2 mutation carriers

include both surgical and chemoprevention approaches.

Risk-Reducing Surgery

Risk-reducing surgical options for BRCA1/2 mutation carriers at risk for breast cancer

include prophylactic bilateral salpingo-oophorectomy (PBSO) and prophylactic bilateral

mastectomy (PBM). Although it is not ethically possible to study the impact of these

interventions in a randomized manner, there is substantial nonrandomized data to support

their efficacy in reducing the risk of breast cancer in comparison to surveillance.

Prophylactic Bilateral Salpingo-Oophorectomy

Several studies have demonstrated that PBSO reduces the risk of breast cancer in BRCA1/
2 mutation carriers by approximately 50%. In a study of 241 unaffected BRCA1/2
mutation carriers with a median followup of eight years, Rebbeck et al. found that 21 of

99 women undergoing PBSO developed breast cancer in comparison to 60 of 142 of those

electing surveillance [hazard ratio (HR) 0.47; 95% confidence interval (CI): 0.29–0.77]

(45). Similarly, a prospective single-institution study with a median followup of

24 months by Kauff et al. revealed that among 170 BRCA1/2 carriers, breast cancer

developed in 3 of 98 of those undergoing PBSO as compared to 8 of 72 choosing

surveillance (HR 0.32; 95% CI: 0.08–1.20) (46). In a follow-up analysis of pooled data

prospectively collected from these two groups, breast cancer was found to occur in 19 of

303 of those undergoing PBSO, as compared to 29 of 296 of those undergoing

surveillance (HR 0.48; 95% CI: 0.26–0.90) (47).

Notably, this follow-up analysis suggested that the breast cancer risk reduction

benefit offered by PBSO may be limited to BRCA2 mutation carriers, a finding which

may be explained by the higher frequency of estrogen receptor–positive breast cancer in

BRCA2 mutation–associated breast cancer than BRCA1 mutation–associated breast

cancer (47–49). However, a prior retrospective case-control study demonstrated a similar
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degree of risk reduction for BRCA1 and BRCA2 mutation carriers who had undergone

PBSO (56% for BRCA1, 46% for BRCA2) (50). Thus, the potential for differential

efficacy of PBSO for BRCA1 and BRCA2 mutation carriers requires further study and the

procedure is currently considered to be an appropriate option for breast cancer risk

reduction for both groups of women (51).

The breast cancer protection offered by PBSO varies with age and is the greatest

when the procedure is performed in younger women. Indeed, PBSO does not offer any

breast cancer protection if performed after the age of 50, suggesting that its efficacy may

be due to the induction of premature menopause (45,50,52,53). Obviously, since it

induces menopause, it is recommended that PBSO is deferred until the completion of

childbearing (41).

Despite the fact that PBSO induces menopause, a recent study carried out in women

with a hereditary predisposition to ovarian cancer suggested that this procedure does not

have negative impact on overall quality of life. Not surprisingly, high-risk women

choosing this procedure reported increased endocrine symptoms and worse sexual

function than those choosing screening. However, those undergoing PBSO reported

significantly fewer cancer-related worries (54).

In order to alleviate menopausal symptoms, some clinicians prescribe hormone

replacement therapy (HRT) following PBSO. There are data indicating that such an

approach does not negate the beneficial effect of PBSO on breast cancer risk reduction

(55). However, little information exists on the impact of duration of use of HRT after

PBSO on breast cancer risk. In cases in which HRT is utilized, most clinicians try to use it

for the shortest period of time necessary to relieve menopausal symptoms and

recommend that it be discontinued prior to the age of 50, the age after which it has

been shown to increase breast cancer risk in the general population (56).

In addition to reducing the risk of breast cancer inBRCA1/2mutation carriers, a recent

prospective observational study has suggested that PBSO may also provide a mortality

benefit in this population. In this study, 271 BRCA1/2 mutation carriers who had not

undergone PBSO were matched with 155 BRCA1/2 carriers who had undergone the

procedure. With a median followup of approximately two years, PBSO was found to be

associated with a 76% reduction in overall mortality (HR 0.24; 95% CI: 0.08–0.71) and a

90% reduction in breast cancer–specific mortality (HR 0.10; 95% CI: 0.02–0.71) (57).

PBSO is associated with a low complication rate provided that it is performed by an

experienced surgeon (46). Approximately one-quarter of women found to have BRCA1/2
mutations chose to undergo PBSO within one year of learning their mutation status (58).

According to current guidelines, PBSO should be considered for breast cancer risk

reduction in women with known or strongly suspected BRCA1/2 mutations, who desire

the procedure (51). Notably, PBSO is also a means of ovarian cancer prevention in

BRCA1/2 mutation carriers. A detailed discussion of the impact of PBSO on ovarian

cancer risk is found in Chapter 16. In clinical practice, women with BRCA1/2 mutations

are strongly encouraged to undergo PBSO after the completion of childbearing, although

this strong recommendation is more due to its substantial impact on ovarian cancer risk

reduction than its weaker effect on breast cancer risk reduction.

Prophylactic Bilateral Mastectomy

PBMhas also been shown to be an effectivemeans of breast cancer risk reduction inBRCA1/2
mutation carriers. Meijers–Heijboer et al. prospectively followed 139 BRCA1/2 carriers,

76 of whom chose PBM, and 63 of whom elected to undergo intensive surveillance.

Initial findings revealed a 95% reduction in the risk of breast cancer associated with
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PBM (59). In a recent update with 5.2 yearsmedian followup, one of the women in the PBM

group developed metastatic breast cancer, suggesting the presence of an occult malignancy

at the time of her PBM, as compared with nine of the women in the surveillance group.

Notably, three of the women in the surveillance arm chose to undergo PBM during the

longer follow-up period and were censored at that time. The breast cancer risk reduction

provided by PBM was 92% and was significant after adjusting for both age and whether or

not PBSO was also performed (60).

A second study with a mixed prospective/retrospective design evaluated the effect of

PBM in 483 BRCA1/2 mutation carriers. Those undergoing PBM were followed for

a median of 5.5 years after their surgeries and those electing surveillance (controls) had a

median followup of 6.7 years. Two of the 105 carriers (1.9%) who underwent PBM

developed subsequent breast cancer, as compared with 184 of the 378 controls (48.7%).

PBM reduced the risk of breast cancer by approximately 90% in women with intact ovarian

function and by approximately 95% in women who had also undergone PBSO (61).

Hartmann et al. reported a third study of PBM, which was not limited to BRCA1/2
mutation carriers but which revealed a similar degree of breast cancer risk reduction. In

this retrospective study, 214 women with family histories of breast cancer who underwent

PBM were compared to sister controls who had not undergone PBM. Among this high-

risk group, PBM reduced the risk of breast cancer by 90–94% (62). In a substudy,

Hartmann et al. reported that BRCA1/2 mutations were identified in 26 of the 214 high-

risk women who had undergone PBM included in their original publication. Of these 26,

none had developed breast cancer after 13.5 years median followup. However, three other

women, two of whom did not harbor BRCA1/2 mutations and one whose mutation status

was not able to be determined, developed breast cancer after PBM. Analysis both

assuming and not assuming that this woman had a BRCA1/2 mutation revealed that PBM

reduced the risk of breast cancer by 89.5% to 100% (63).

Although some view PBM as a radical surgical procedure, follow-up studies

indicate women are generally satisfied with the procedure. Frost et al. reported a

descriptive study in which women at risk for hereditary breast cancer who had undergone

PBM completed a questionnaire. They identified a 70% satisfaction rate. Notably, 74% of

the participants reported a reduction in worry about developing breast cancer after

undergoing PBM. Few women reported adverse effects of the procedure on level of

stress, self-esteem, sexual relationships, and feelings of femininity or emotional stability

(64). In another similar questionnaire study, Bresser et al. reported a 60% satisfaction rate

among women who underwent PBM with reconstruction; however, 44% reported

a negative change in their sexual relationships as a result of the procedure. A negative

impact on sexual relationships was associated with lack of information, emphasizing

the importance of adequate preoperative counseling and informed consent prior to

PBM (65).

It is imperative that PBM specimens undergo rigorous pathologic analysis as there

is a substantial risk of identifying premalignant or occult malignant lesions. In one

prospective study, occult invasive breast cancer was found in 1% of PBM specimens (62).

The likelihood of identifying high-risk lesions and in situ malignancies is even higher,

with studies demonstrating up to approximately 50% risk of identifying atypical ductal

hyperplasia, atypical lobular hyperplasia, DCIS, or lobular carcinoma in situ (LCIS) in

PBM specimens from high-risk women (59,66,67).

The type of surgical procedure to perform for PBM is somewhat controversial.

Although it is associated with a better cosmetic outcome by preserving the nipple–areola

complex, most do not recommend the subcutaneous mastectomy as it does not remove all

at-risk tissue. One prospective study revealed that the only cases of breast cancer after
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PBM occurred after subcutaneous mastectomy (61). Despite this, some have suggested

that subcutaneous mastectomy be performed since the local failure rate is still low and

cosmesis is superior (68). Indeed, the optimal surgical procedure is currently unknown

and should be addressed on an individual level with each patient until clinical trials can

settle the issue.

The decision to undergo PBM is an individual one, but it is appropriate to consider

in any woman with a known BRCA1/2 mutation. Such patients usually undergo

evaluation with a surgeon and a reconstructive surgeon prior to the procedure.

Psychological evaluation is also recommended in some cases. In addition, many

physicians perform MRI prior to PBM in order to detect occult malignancies. Axillary

lymph node assessment does not need to be performed at the time of PBM, although it is

not unreasonable to consider a sentinel lymph node procedure in the event that an occult

malignancy is detected (51).

Chemoprevention

The use of selective estrogen receptor modulators for breast cancer chemoprevention

originated when studies of tamoxifen in the adjuvant setting demonstrated a reduction in

the incidence of metachronous primary CBC (69). Despite these findings, results of

studies of tamoxifen for breast cancer prevention in high-risk women have been variable.

Fisher et al. reported the largest study of tamoxifen chemoprevention performed

to date—the National Surgical Breast and Bowel Project Breast Cancer Prevention

(NSABP P1) trial. In this trial, a heterogeneous group of 13,388 high-risk women, only a

small fraction of whom faced increased breast cancer risk due to strong family history,

were randomized to tamoxifen 20mg daily for five years or placebo. After 69 months

median followup, tamoxifen was reported to reduce the risk of invasive breast cancer by

49% and the risk of noninvasive breast cancer by 50%. Notably, it reduced the risk of

estrogen receptor–positive breast cancer by 69%, but had no impact on the risk of

estrogen receptor–negative breast cancer. Tamoxifen also reduced the risk of osteoporotic

fractures. Risks of endometrial cancer, stroke, deep vein thrombosis, and pulmonary

embolism were all higher in the tamoxifen arm, although this was largely limited to

women older than 50 (70). Despite the study being unblinded after publication of the

initial results, a recent update, now with seven years median followup indicates similar

reductions in invasive and noninvasive breast cancer risks [risk ratio (RR) 0.57 and 0.63,

respectively] (71).

In contrast to the NSABP P1 study, two smaller European studies did not show a

benefit of tamoxifen in reducing the risk of breast cancer. In the Italian Tamoxifen

Prevention study, 5408 low-to-normal-risk women who had undergone hysterectomy

were randomized to tamoxifen 20mg daily for five years or placebo. Notably, concurrent

HRT was permitted. With a median followup of 46 months, this underpowered trial did

not identify a difference in breast cancer incidence between the two arms in the group as a

whole, although there was a reduction in the incidence of breast cancer associated with

tamoxifen in the women taking concurrent HRT (72). In the Royal Marsden Hospital

Tamoxifen Chemoprevention trial, 2471 healthy women at increased breast cancer risk

due to family history were randomized to tamoxifen 20mg daily or placebo for up to

eight years. No difference in the incidence of breast cancer was seen between the two

arms (RR 1.06; 95% CI: 0.7–1.7; p = 0.8). Concurrent HRT was also permitted in this

study (73).

The results of the most recent tamoxifen chemoprevention study, the International

Breast Cancer Intervention Study I (IBIS-I), are concordant with those of the NSABP P1
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study. In this trial, 7152 women at increased risk for breast cancer, largely based on family

history although some were based on personal history of benign breast disease or LCIS,

were randomized to tamoxifen 20mg daily for five years or placebo. Concurrent HRT was

also permitted in this trial. Initial results with a median followup of 50 months revealed a

32% reduction in the risk of breast cancer in the tamoxifen arm (74). A recently reported

update of the IBIS-I study, now with median followup of 96 months, reveals that the

reduction of breast cancer incidence associated with tamoxifen persists after the five years

of therapy (RR 0.73; 95% CI: 0.58–0.91; p = 0.004). As with the NSABP P1 study,

tamoxifen prevented only estrogen receptor–positive breast cancers in this trial (75).

The explanation for the different results reported to date regarding the ability of

tamoxifen to prevent breast cancer is not clear. It is possible that no effect was seen in the

Italian trial because a lower-risk population was studied, because it was underpowered,

and because concurrent HRT was permitted. It is possible that the Royal Marsden

Hospital study was also negative due to the confounding effect of concurrent HRT;

however, the IBIS-I trial also allowed concurrent HRT and was not a negative study. In

addition, the high-risk participants included in the NSABP P1, Royal Marsden Hospital,

and IBIS-I trials differed, with the P1 participants largely at increased risk due to non-

genetic factors and the Royal Marsden Hospital and IBIS-I participants largely at

increased risk due to inherited factors. It is possible the effects of tamoxifen differ in

these populations, although this would not explain the concordance of the NSABP P1 and

IBIS-I trials. Based on these discordant results, the risk–benefit ratio for tamoxifen

chemoprevention is unclear.

None of the tamoxifen prevention trials to date have been limited to women with

known BRCA1/2 mutations and there is significant controversy surrounding whether

tamoxifen breast cancer chemoprevention is beneficial in this population. Genomic

analysis for BRCA1/2 mutations was performed in 288 breast cancer cases that occurred

in the NSABP P1 study participant. This identified 8 BRCA1 mutations and 11 BRCA2
mutations. No reduction in the risk of breast cancer associated with tamoxifen was

identified in the BRCA1 mutation carriers (RR 1.67; 95% CI: 0.32–10.70), whereas a

trend toward a reduction in the risk of breast cancer associated with tamoxifen was

identified in the BRCA2 mutation carriers (RR 0.38; 95% CI: 0.06–1.56). This difference

was attributed to the fact that BRCA2 mutation–associated breast cancers are more

frequently estrogen-receptor positive than BRCA1 mutation–associated breast cancers

(76). It should be noted, however, that the numbers of BRCA1/2 mutations identified in

this substudy are small and the confidence intervals are broad; thus, one cannot draw

conclusions from these findings.

In addition, the likelihood of carrying a BRCA1/2 mutation was calculated using the

Claus model for all 70 cases of breast cancer that developed in participants of the Royal

Marsden Hospital tamoxifen chemoprevention trial. BRCA1/2 mutation analysis was

performed on 62 of the 70 breast cancer cases. There was a nonsignificant trend toward

reduced risk of breast cancer developing in women taking tamoxifen, who had lower

likelihood of carrying a BRCA1/2 mutation but not in those with higher likelihood.

However, only four BRCA1/2 mutations were identified in the study, although some cases

may have been missed due to technical issues (77). As with the NSABP P1 substudy

described above, this substudy is limited by small numbers but does raise questions about

the benefit of tamoxifen for chemoprevention in BRCA1/2 mutation carriers. This

questionable benefit is likely limited to BRCA1 mutation carriers in whom breast cancers

are more likely to be estrogen-receptor negative (78).

In addition to its questionable efficacy in BRCA1/2 mutation carriers, such women

must consider the potential side effects associated with tamoxifen that have been
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identified in the prevention trials to date. It should be noted, however, that the most

significant of these, thromboembolism and endometrial cancer, are greatest in older

women, and it is younger BRCA1/2 mutation carriers who are most likely to consider

tamoxifen chemoprevention. Given these uncertainties and risks, the true benefit of

tamoxifen for chemoprevention in BRCA1/2 mutation carriers is not known and the

decision to undergo tamoxifen chemoprevention is a personal choice.

New agents for breast cancer prevention in high-risk women are currently being

evaluated. After being observed to reduce breast cancer incidence during osteoporosis

trials, raloxifene was compared to tamoxifen for breast cancer prevention in the NSABP

P2 Study of Tamoxifen and Raloxifene (79). This trial compared tamoxifen 20mg daily

to raloxifene 60mg daily in a heterogeneous population of postmenopausal women at

increased risk for breast cancer. They found no difference in the risk of invasive breast

cancer between the two arms (RR 1.02; 95% CI: 0.82–1.28), but there was a trend toward

less noninvasive breast cancer in the tamoxifen arm (RR 1.40; 95% CI: 0.89–2.00). The

explanation for this finding is unclear. The side-effect profile associated with raloxifene

is superior, with fewer cases of venous thromboembolism and uterine cancer (80,81).

Data regarding the efficacy of raloxifene for breast cancer prevention in BRCA1/2
mutation carriers are not available.

Similar to tamoxifen, aromatase inhibitors have also been noted to reduce the

incidence of new primary metachronous CBC in women treated in the adjuvant setting

(82,83). As a result, anastrozole and exemestane are currently being evaluated for the

prevention of breast cancer in high-risk women in the IBIS-II trial and MAP.3 trials,

respectively (84,85).

Current NCCN guidelines recommend that tamoxifen or raloxifene (for

postmenopausal women) be considered for breast cancer prevention in high-risk women

(51). However, as noted above, data regarding the benefit in the BRCA1/2 heterozygote

population is minimal; thus, the choice regarding chemoprevention is personal and should

be made with clinician guidance, considering both the risks and the benefits.

BREAST CANCER SCREENING AND PREVENTION IN AFFECTED
BRCA1/2 MUTATION CARRIERS

In addition to the risk posed by their breast cancers, affected BRCA1/2 mutation carriers

are at elevated risk for metachronous breast cancer. Multiple series have demonstrated

that the risk of metachronous CBC in BRCA1/2 mutation carriers is 25% to 40% after 10

to 20 years (4–8). This risk is particularly high in BRCA1/2 mutation carriers diagnosed at

a young age (6). Although results have varied, most studies have suggested that the risk of

ipsilateral breast tumor recurrence (IBTR) in affected BRCA1/2 mutation carriers treated

with breast conserving therapy is approximately 10% to 20%, which is similar to that for

women with sporadic breast cancer treated with breast conserving therapy

(46–8,10,86–88). However, affected women with BRCA1/2 mutations, who undergo

breast conserving therapy have been noted to develop late ipsilateral recurrences that

often occur in different quadrants from their original malignancies, suggesting that they

are at elevated risk for developing new primary future ipsilateral breast cancers (7,9).

These rates of metachronous ipsilateral and CBCs in affected BRCA1/2 mutation carriers

underscore the importance of continued screening and consideration of prevention

interventions in affected BRCA1/2 mutation carriers who retain breast tissue.

With regard to screening, no specific guidelines exist for BRCA1/2mutation carriers

who have previously had breast cancer. However, women with prior breast cancer were
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included in many of the breast MRI screening trials for high-risk women (33,34,36,37).

Thus, most clinicians recommend following the previously described screening guidelines,

using MRI, mammography, and CBE for ongoing surveillance to detect metachronous

ipsilateral and contralateral primary breast cancers in this population.

Due to the substantial risk of future breast cancer, some affected BRCA1/2 mutation

carriers choose to undergo mastectomy for their affected breast with concurrent

prophylactic contralateral mastectomy (PCM) as an intervention to both treat their current

breast cancer and prevent future breast cancer. Notably, PCM at the time of mastectomy

for a diagnosis of breast cancer has not been shown to improve survival (4).

The decision to pursue mastectomy for the affected breast with PCM is an

individual choice. As is the case with PBM, studies demonstrate that women who chose

PCM are satisfied with the outcome and do not experience adverse effects on emotional

well-being. A descriptive study of 583 women who underwent PCM identified an

83% satisfaction rate after a mean 10.3 years following the procedure. However,

approximately 25% of women reported adverse effects of the procedure on feelings of

femininity, sexual relationships, and satisfaction with physical appearance, emphasizing the

need for careful discussion of the risks and benefits of the procedure with affected women

making their surgical plans. Notably, in this study, the type of mastectomy impacted

satisfaction with a higher dissatisfaction rate among those who underwent subcutaneous

PCM than those who underwent simple PCM (89). Another recent study evaluated

predictors and outcomes of PCM in 435 women within one year of BRCA1/2 mutation

testing. Among those found to have BRCA1/2mutations, 18% chose PCM. Younger age at

diagnosis and higher baseline levels of cancer-specific distress also predicted for choosing

PCM. The procedure did not have a negative impact on distress levels (90).

Since surgical decisions need to be made fairly quickly at the time of breast cancer

diagnosis, some have advocated peri-diagnostic genetic counseling and testing for women

at high risk for harboring BRCA1/2 mutations, who have not undergone previous genetic

testing. This approach has been shown to be feasible and to impact surgical decisions. In a

prospective study of peri-diagnostic genetic testing and counseling in 194 women newly

diagnosed with breast cancer, who had at least 10% likelihood of carrying a BRCA1/2
mutation, 48% of those found to have BRCA1/2mutations chose PCM (91). As is the case

with PCM performed in affected women previously identified as BRCA1/2 mutation

carriers, PCM performed in affected women who undergo peri-diagnostic genetic

counseling and testing has been shown not to have a negative impact on quality of life or

distress levels (92).

Despite the feasibility of peri-diagnostic genetic counseling and testing, the decision

to performPCMdoes not need to bemade immediately at the time of breast cancer diagnosis

in women at high risk for carrying BRCA1/2mutations or known mutation carriers. If peri-

diagnostic genetic testing is not available or desired or knownBRCA1/2mutation carriers do

not wish to pursue immediate therapeutic mastectomy with PCM, it is possible to initially

perform breast-conserving surgery and to then proceed with systemic chemotherapy. Such

women can undergo genetic counseling and testing if necessary during their adjuvant

chemotherapy and can then opt for mastectomy of the affected side plus PCM after the

conclusion of their chemotherapy. This approach does not impact their breast cancer

treatment and avoids the radiation that would be required to complete their breast

conserving therapy. In one study, 17% of patients who initially chose breast conservation

but whowere then identified asBRCA1/2mutation carriers ultimately chose mastectomy of

the affected side with PCM prior to radiation therapy (93).

BRCA1/2 mutation status does not currently impact decisions regarding

systemic therapy for breast cancer. This topic is reviewed in detail in Chapter 21.
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However, a remaining question is whether systemic chemotherapy influences the risk of

metachronous CBC. One retrospective study suggested that adjuvant chemotherapy

reduces the risk of metachronous CBC in BRCA1/2 mutation carriers [odds ratio (OR)

0.40; 95% CI: 0.26–0.80] (12). In contrast, a prospective study of 491 BRCA1/2 mutation

carriers with Stage I–II breast cancer did not find an impact of adjuvant chemotherapy on

risk of subsequent metachronous CBC (6). The risk of metachronous CBC is not currently

considered in decisions regarding adjuvant chemotherapy in affected BRCA1/2 mutation

carriers.

Substantial data indicates that hormonal interventions (tamoxifen and oophorectomy)

for the treatment of breast cancer in affected BRCA1/2mutation carriers impact their risk of

metachronous contralateral and ipsilateral breast cancer. However, it must be noted that the

choice to use adjuvant hormonal therapy is made based on the hormone receptor status of

the breast cancer at hand and not on BRCA1/2 mutation status.

Narod et al. reported a case control study in which 209 BRCA1/2 mutation carriers

with bilateral breast cancer were compared with 384 BRCA1/2 mutation carriers with

unilateral breast cancer. A history of tamoxifen treatment for the first breast cancer was

associated with a 50% reduction in the odds of developing bilateral disease (OR 0.5; 95%

CI: 0.28–0.89). Among the subset of patients diagnosedwith their first breast cancer prior to

the age of 50, oophorectomy reduced the odds of having bilateral breast cancer by 69% (OR

0.31; 95% CI: 0.15–0.67). As is the case with PBSO, the effect of oophorectomy for

prevention of new primary breast cancers in affected older women was less profound than

that in premenopausal women. Notably, the protective effect of tamoxifen observed in this

studywas evident regardless of whether oophorectomy had been performed. Unfortunately,

estrogen receptor status was not available for most women included in this study (12).

More recently, Gronwald et al. reported a case-control study in 285 BRCA1/2
mutation carriers with bilateral breast cancer and 751 BRCA1/2 mutation carriers with

unilateral breast cancer. This study confirmed an approximately 50% reduction in

bilateral disease in both BRCA1 and BRCA2 mutation carriers who were treated with

tamoxifen. However, they did not observe an additive protective effect of tamoxifen in

women who had undergone oophorectomy, although this subgroup was small (OR 0.83;

95% CI: 0.24–2.89) (11).

In a recent prospective study, Metcalfe et al. identified factors that impact the risk

of metachronous CBC in a cohort of 491 BRCA1/2 mutation carriers with Stage I–II

breast cancer. Similar to the above-described retrospective series, they identified a 41%

reduction in risk with tamoxifen use (HR 0.59; 95% CI: 0.35–1.01; p = 0.05), although

this was not significant on multivariate analysis. They also identified a 56% reduction in

risk with a history of oophorectomy (HR 0.44; 95% CI: 0.21–0.91). The impact of

oophorectomy on risk reduction was greatest in women diagnosed prior to age 50 (HR

0.24; 95% CI: 0.07–0.77). Again, information regarding hormone receptor status was not

available for many subjects in this study (6).

Pierce et al. performed a retrospective cohort study assessing the rate of

metachronous ipsilateral and CBC among 160 affected BRCA1/2 mutation carriers and

445 controls with sporadic breast cancer. As expected, rates of CBC were greater among

BRCA1/2 mutation carriers than sporadic controls whereas rates of IBTR did not differ

between the two groups as a whole. Among the BRCA1/2 mutation carriers group,

nonsignificant trends toward reduced risk of IBTR with oophorectomy and tamoxifen

were observed (HR 0.55; p = 0.44 and HR 0.29; p = 0.22, respectively). With regard to

CBC in the BRCA1/2 mutation carrier group, tamoxifen was associated with a 69%

reduction in risk (p = 0.05) and oophorectomy was associated with a nonsignificant

reduction in risk (HR 0.46; p = 0.15) (7).
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Although commonly used in the adjuvant treatment of breast cancer, there are no

data as yet available regarding the impact of aromatase inhibitors on the risks of

metachronous ipsilateral and CBCs in affected BRCA1/2 mutation carriers.

FUTURE DIRECTIONS

Although progress in breast cancer screening and prevention for BRCA1/2 mutation

carriers has been substantial in recent years, the burden of breast cancer risk faced by this

population calls for further improvements still.

With regard to screening, MRI in addition to mammography is rapidly becoming

the standard of care for breast cancer screening in BRCA1/2 mutation carriers. However,

further research is required to optimize screening protocols such that the best approach to

integrating MRI and other screening techniques can be determined.

Improving breast cancer prevention in BRCA1/2mutation carriers is an active area of

ongoing research.Given thatmostBRCA1mutation–associated breast cancers are estrogen-

receptor negative, current investigation focuses on non-hormonal approaches to the

prevention of breast cancer in this high-risk population (48). Two avenues under active

study are poly(ADP-ribose) polymerase (PARP-1) inhibitors and retinoids.

PARP-1 is an enzyme involved in the repair of single-strand DNA breaks. In the

absence of PARP-1 activity, single-strand DNA breaks may go uncorrected and become

double-strand DNA breaks. The repair of double-strand DNA breaks often occurs via

homologous recombination, a process that is dependent on BRCA1 and BRCA2 function.

Thus, in BRCA1- or BRCA2-deficient cells, the inhibition of PARP-1 activity may lead to

double-strandDNAbreaks that, upon accumulation, result in cell death. Preclinical data using

BRCA-deficient nonmalignant cells demonstrated efficacy of PARP-1 inhibitors in causing

cell death, although this finding has not been reproduced inBRCA-deficientmalignant cells. It

has been suggested that additional geneticmutations, which accumulate during the process of

carcinogenesis, may result in insensitivity to PARP-1 inhibition in malignant as opposed to

nonmalignant BRCA-deficient cells. This has led to the suggestion that PARP-1 inhibition

may be a viable approach to breast cancer prevention in BRCA1/2mutation carriers. Further

preclinical and clinical studies are required to assess this possibility (94–97).

Retinoids are derivatives of Vitamin A that have been shown to be effective in

preventing multiple malignances. They act by binding to the retinoid acid receptor and

the retinoid X receptor (RXR), leading to modulation of cellular transcription (98).

Recently, it has been shown that bexarotene, an RXR-selective retinoid, prevents the

development of mammary tumors in animal models (99). This is thought to occur via the

inhibition of cyclo-oxygenase-2, the overexpression of which is thought to be involved in

the development of breast cancer, especially of the estrogen receptor–negative phenotype

(98). It has therefore been suggested that bexarotene may be an effective chemopreven-

tive agent in BRCA1/2 mutation carriers. A pilot clinical trial evaluating Bexarotene in

women with known BRCA1/2 mutations or those thought to be at high risk for harboring

BRCA1/2 mutations recently completed accrual.

CONCLUSION

The breast cancer risk faced by carriers of BRCA1/2 mutations is high. There have been

significant improvements in the early detection and prevention of these cancers in recent

years. In addition, breast cancer therapies have been shown to reduce the risk of new
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primary breast malignancies in BRCA1/2 mutation carriers already affected with breast

cancer.

Advances in MRI technology have led to a change in the standard of care for breast

cancer screening in BRCA1/2 mutation carriers. It is hoped that the early detection

afforded by MRI screening will ultimately lead to a decrease in the morbidity and

mortality associated with breast cancer in this population.

Surgical prevention interventions using PBM and PBSO have proven to be

effective means of risk reduction in women with BRCA1/2mutations. It is anticipated that

further clarification regarding the optimal procedure for PBM will be obtained in

upcoming years and that developments in the management of menopausal symptoms will

further improve quality of life in women after PBSO. Although current options for

chemoprevention for breast cancer in BRCA1/2 mutation carriers are limited to hormonal

therapies, ongoing research regarding nonhormonal prevention approaches is promising.

For women with BRCA1/2 mutations who are already affected with breast cancer, it

is important to note that the screening and prevention interventions presented in this

chapter that are appropriate for unaffected women should also be applied to affected

women for the early detection or prevention of metachronous breast cancers. It is hoped

that improvements in adjuvant therapies and, perhaps, the application of new

chemopreventive agents such as PARP-1 inhibitors to treatment in the adjuvant setting

will further reduce the risk of metachronous primary breast cancers in this population.

Continued research into breast cancer screening and prevention in women with

BRCA1/2 mutations with the goal of minimizing the impact of breast cancer in this

population is ongoing. Recent years have brought significant improvements and new

avenues of research bring the promise of further hope.
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OVARIAN CANCER SCREENING AND PREVENTION STRATEGIES

Introduction

While risk of breast cancer forBRCA carriers is extremely high, risk of ovarian cancer is still

significant. In general, the lifetime risk of ovarian cancer is 1 in 70; however, for BRCA1
carriers, the risk is as high as 39% to 46% (1), and forBRCA2 carriers, it is 12% to 22% (2,3).

About 5% to 10% of ovarian cancers are due to inherited risk, and 90% of those are due to

BRCA1 or BRCA2 mutations. Often, the first sign of a BRCA mutation (referring to either

gene) in the family is multiple breast and ovarian cancers amongst close blood relatives.

Following identification of these two genes (4,5) in the mid-1990s, genetic tests were

developed that could identify carriers of BRCA mutations. The question then arises: What

clinical interventions are advisable for reducing the risks of ovarian cancer following

identification of a patient at higher risk than normal, either due tomultiple familial breast or

ovarian cancers or due to the presence of a BRCAmutation within the family? This chapter

reviews the research, as of early 2007, for two approaches aimed at reducing the risk of

ovarian cancer, namely prevention strategies and screening for early detection of ovarian

cancer. However, it should be indicated at the outset that for women carrying a deleterious

BRCA mutation, the current standard intervention is surgical removal of the ovaries

following completion of child bearing. This standard is due to the high mortality from the

late stage of diagnosis formost (75%) (6) ovarian cancers. Surgical removal of the ovaries is

the most effective strategy for reducing mortality due to ovarian cancer (7).

Importance of Risk Assessment

When a patient consults a genetic counselor or other clinician, an important issue is to

provide a perspective on the range of ovarian cancer risks. The lifetime risk of ovarian

cancer in the general population is 1.4%, while for women with a personal history of
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breast cancer, it increases to 2.25%. A history of one first-degree relative (FDR)/second-

degree relative (SDR) with breast cancer increases the risk by a factor of 1.1 to 1.7

(1.5–2.4%), and a history of two FDR/SDR breast cancers increases the risk by a factor of

1.1 to 2.8 (1.5–3.9%) (8). For carriers of a deleterious mutation in the BRCA2 gene, the

risk increases to 12% to 22%, and for carriers of a deleterious mutation in the BRCA1
gene, the risk is 39% to 46%. Prior to information gained from genetic testing, women

from families with a history of breast and ovarian cancers will have risks that vary

between the risk in the normal population and the highest risk BRCA1 population due to

the different structures of their cancer pedigrees. This variation illustrates the vital role

risk assessment plays in counseling the individual patient.

Multiple computer models have been developed for assessing the risk of being a

BRCA1 or BRCA2 mutation carrier for a given family history of breast and ovarian

cancer. Statistical models based on Mendelian inheritance, in particular, an autosomal

dominant mode of inheritance for BRCA mutations, include Breast and Ovarian Analysis

of Disease Incidence and Carrier Estimation Algorithm (BOADICEA) (2) and BRCA

carrier PRObability (BRCAPRO) (9). These programs provide estimates of the

probability of carrying a mutation in one of the BRCA mutations given the family

pedigree of breast and ovarian cancers in FDRs and SDRs, and include the age at cancer

diagnosis, current age or age at death of each member of the family, and relationship of

the patient to each member of the family. They are used as an aid to genetic counselors to

assist in decision making for genetic testing; however, they do not supplant genetic

counseling, because among other considerations, they do not account for cancers in third-

degree relatives (e.g., cousins) and embody only the knowledge at the time they were

developed. In contradistinction, the genetic counselor can incorporate information from

the most recent published research. Other chapters in this book address such programs

and their use in clinical situations in much greater detail.

Modalities for Screening

The two primary modalities under investigation for ovarian cancer screening are blood

tests for cancer biomarkers and ultrasound scans. The primary cancer biomarker for

ovarian cancer is CA-125. The standard interpretation of CA-125 is whether it exceeds a

level of 35 U/mL. CA-125 is approved for clinical use as a marker to evaluate recurrence

of disease. Trials have been conducted examining CA-125 as a screening test and this

research is ongoing. CA-125 at a single cutoff has limited utility. An alternative approach

is to examine CA-125 values over time and determine whether a significant increase

above an individual’s baseline has occurred. A risk of ovarian cancer algorithm (ROCA)

is one method that has been developed to investigate this approach (10) among others

(11). ROCA may increase sensitivity without sacrificing the specificity of the CA-125

test. The most common method for scanning is transvaginal sonography (TVS). As

compared with abdominal ultrasound, TVS allows for a more detailed view of the

ovaries. While TVS with color Doppler may be helpful in evaluating pelvic or ovarian

masses, its utility in ovarian cancer screening is unclear. We illustrate these modalities by

describing ongoing studies with these modalities as the first-line tests, and then briefly

describe research aimed at identifying additional markers to complement CA-125.

Screening Trials in Normal Risk Women

A definitive randomized screening trial is being conducted in the United Kingdom called

the UK Collaborative Trial of Ovarian Cancer Screening (UKCTOCS) (12). Although it

302 Lu and Skates



enrolls only normal risk women, it nonetheless addresses crucial issues that will be of

importance to all women. The important aspects of this trial are its size (200,000 women

are enrolled), the randomization between three arms [the first arm using ROCA (50,000)

followed by TVS as a second-line test, the second arm using annual TVS (50,000) as a

first-line test, and the third being a control arm of 100,000 women where no screening is

performed], and the endpoint of ovarian cancer mortality. The trial has completed accrual

and results are anticipated in 2012. It will provide a direct comparison between ROCA

and TVS, and between screening and no screening, with ovarian cancer mortality as the

hard endpoint. The prostate, lung, colorectal, and ovarian screening trial (13) is being

conducted by the National Cancer Institute (NCI) in the United States, which is

evaluating screening for these four malignancies. It began in 1993 and will last 21 years.

In this trial, 75,000 men and 75,000 women have been enrolled and randomized to

screening or no screening. For ovarian cancer screening, both CA-125 and TVS were

used as first-line tests and were performed annually for five years. This trial met its

accrual goals in 2000 and all enrolled subjects have now completed their screening

studies.

At the University of Kentucky, van Nagel et al. have conducted a statewide ovarian

cancer screening program using ultrasound as a first-line test since 1987 (14–16). In the

first report, 3220 postmenopausal women were screened between 1987 and 1992, with 44

patients having a persistent abnormality on ultrasound leading to exploratory laparotomy.

Three primary ovarian cancers were identified with two in stage IA and one in stage IIIB.

Again sensitivity is encouraging but the positive predictive value (PPV) of TVS is low,

with 14.5 surgeries performed for each ovarian cancer detected. In a subsequent report

(16), after annual screening of 14,469 asymptomatic women between 1987 and 1999, 181

patients underwent surgery for suspected ovarian cancer. Seventeen cases were detected,

resulting in a PPV of 9.4%, eleven were in stage I, three in stage II, and three in stage III.

Four patients developed ovarian cancer within one year of screening, giving a sensitivity

of 17/21 (81%). Since then, the algorithm for indication for surgery has changed and the

PPV has increased above 10% (17). This program is ongoing and now includes

premenopausal women at high risk.

Until such trials are completed, with two planning reports by 2014, no conclusion

about the efficacy of ovarian cancer screening can be made. Given the unknown efficacy,

screening normal risk women for ovarian cancer should be confined to clinical research

trials.

Although CA-125 remains the best ovarian cancer biomarker to date, its limitations

are well recognized, and much research is aimed at identifying additional biomarkers that

will complement the sensitivity of CA-125 or find ovarian cancers earlier than CA-125.

Candidate biomarkers are evaluated singly and in panels (18). Advanced proteomic

techniques such as mass spectrometry are searching fluids from ovarian cancer cases and

comparing the protein lists with similar lists from suitably matched control subjects to

identify candidate proteins for evaluation as ovarian cancer biomarkers. This research is in

its beginning stages, and NCI has recently funded the Clinical Proteomics Technology

Assessment for Cancer (CPTAC) network to establish firmer scientific footings in this area.

Screening Trials in Women at Increased Risk

Because ovarian cancer screening is recommended for high-risk women (19), screening

trials for ovarian cancer in high-risk women cannot be a comparison of screening to no

screening. Often they are single arm trials designed to estimate an operating characteristic

such as feasibility, specificity, or PPV.
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A Norwegian study led by Dorum et al. (20) screened annually 745 women from

hereditary breast/ovarian cancer families for an average of 2.7 years. A woman was

eligible if she was an FDR of a woman with ovarian cancer who had another female FDR

(or SDR through a male) with ovarian cancer or breast cancer diagnosed under age 60.

Seven ovarian cancers were found on the prevalence (first) screen, six in late stage

disease. Two were found on interval screens, one with borderline early stage disease and

one with late stage disease. Only one ovarian cancer occurred under age 40, and based on

the findings from this study, the authors’ recommendations for ovarian cancer screening

in high-risk women as defined by this study’s eligibility criteria included annual

screening with CA-125 and vaginal ultrasound beginning at age 35, and discussion of

prophylactic oophorectomy at age 45.

A prospective screening study was conducted by the Gilda Radner Ovarian Cancer

Detection Program in Los Angeles among 290 Ashkenazi Jewish women with one of

three founder mutations (BRCA1 185delAG and 5382insC and BRCA2 6174delT) (21).
Screening occurred over 10 years, with an average duration of five years. For the first five

years, screening with CA-125 and TVS occurred twice per year, and after July 1995,

screening occurred once per year. Two ovarian and six peritoneal incident cancers were

detected among 24 surgeries performed for abnormal ultrasound (20) or CA-125 (4)

results. One ovarian cancer case was stage Ic, and one was stage IIc. The six peritoneal

cancers were by definition late stage (IIIc) and all occurred in BRCA1 185delAG carriers.

Of the four cancers diagnosed within six months of the last screen, one was stage Ic

ovarian cancer and was detected by TVS, and three were peritoneal cancer, one detected

by TVS, one detected by CA-125 > 35 U/mL, and one due to pain. The conclusions drawn

from this trial were that neither intensive screening nor prophylactic oophorectomy would

be helpful for peritoneal cancers or for ovarian cancer. However, the latter conclusion is

based on two ovarian cancers detected, both in early stage (Ic, IIc), and it would appear

further studies are required before a strong conclusion can be made.

Because of the sparseness of data on ovarian cancers detected in screening studies

of high-risk women, additional studies are ongoing. Here we present a brief summary of

three studies using CA-125 via ROCA and two studies using TVS as a first-line test.

Analyses of CA-125 data from trials in the UK and Sweden (22) demonstrated that CA-

125 rose rapidly in women subsequently diagnosed with ovarian cancer, while CA-125

had a relatively flat profile in women with no ovarian cancer detected. The rise over time

was at least as important as the absolute level of CA-125 in distinguishing cases from

controls. A statistical method was developed to implement this approach, termed the

ROCA. Based on these results, the Cancer Genetics Network (CGN), a U.S. network

sponsored by the NCI, and other collaborative groups including the NCI ovarian

Specialized Program on Research Excellence (SPORE) groups and an NCI Early

Detection Research Network (EDRN) site, instituted a prospective screening study

beginning in 2001 of women at high risk using ROCA. Eligibility criteria included (i) the
subject or FDR or SDR with a deleterious BRCA mutation, (ii) the family contains at least

two ovarian or breast cancers diagnosed under age 50 among the subject or FDR or SDR

blood relatives within the same lineage, or (iii) the subject is of Ashkenazi ethnicity with

one FDR or two SDR with ovarian or breast cancer diagnosed between age 30 and 50.

Since ovarian cancer is regarded as a rapidly arising disease, women in this study are

screened frequently with CA-125 tests every three months and CA-125 values interpreted

according to ROCA. An elevated risk results in referral to ultrasound. To date ROCA has

accrued over 2300 women.

In 2003, the Gynecologic Oncology Group instituted a prospective study

(GOG0199) of high-risk women using the same eligibility criteria as the CGN ROCA
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study with subjects choosing to undergo either risk reducing salpingo-oophorectomy

(RRSO), or screening using ROCA with CA-125 testing occurring every three months.

GOG0199 completed accrual in November 2006 and it is anticipated that results will be

available at the end of 2011.

Finally, a study of women at high-risk has begun in the United Kingdom, termed

the UK Familial Ovarian Cancer Screening Study (UKFOCSS) that tests women every

four months for CA-125 values, with ROCA used to interpret the results and for decision

making for referral to TVS. The eligibility criteria include that the subject is at least 35

years of age and must have an FDR with breast or ovarian cancer in a high-risk family,

where the family contains (i) two or more individuals with ovarian cancer who are FDRs,

or (ii) one individual with ovarian cancer and one individual with breast cancer diagnosed
under age 50 who are FDRs, or (iii) one individual with ovarian cancer and two

individuals with breast cancer diagnosed under age 60 years who are connected by first-

degree relationships.

The U.K. study eligibility criteria are less broad than the ROCA study and less strict

than the Norwegian study. The differences between the three screening studies using CA-

125 as the first-line test indicate that consensus has not been reached on the frequency of

CA-125 testing, the method of interpretation of the CA-125 test, and the definition of

“high risk.” Therefore all these aspects of ovarian cancer screening are under

investigation and should still be considered under the research umbrella, with optimal

choices remaining to be defined.

Until results from the prospective screening trials are reported, no firm conclusions

can be made about the sensitivity of screening for ovarian cancer. Mortality reduction due

to screening could then be tentatively projected from comparisons between the stage

distributions of the screening studies with stage distributions from historical reports.

Two ovarian cancer screening studies with TVS as first-line testing have been

conducted. In the United Kingdom, Campbell et al. (23) reported on a 10-year

observational study of TVS in 2500 women (age ≥17) with at least one FDR with ovarian

cancer. There were 4231 screens (2500 first screens, 998 second screens, 733 third or

higher order screens) with 104 screens giving a positive result and 11 cancers detected,

seven in stage I, and four of borderline malignancy. One additional ovarian cancer was

identified within 12 months of a scan. This encouraging result indicates TVS has a high

sensitivity for ovarian cancer, although the number of surgeries (9.5) required to detect

one case borders on the acceptable PPV of 10% (24). The University of Kentucky has

now included high-risk women in their screening program described above. As

previously indicated, TVS as a first-line screen appears to have excellent sensitivity

while the PPV is low though within the acceptable range. Work is ongoing to refine the

algorithms leading to surgical decisions, aiming to improve the PPV without affecting

sensitivity.

Prevention Strategies

Because the efficacy of ovarian cancer screening in high-risk patients is as yet unproven,

women should also be counseled regarding options for ovarian cancer chemoprevention

and surgical prevention.

Chemoprevention

In the general population, large case–control studies have shown that oral contraceptives

decrease the risk of ovarian cancer by 50% (25). For women with BRCA1 and BRCA2
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mutations, studies have shown mixed results. Narod et al. demonstrated a 50% reduction

in ovarian cancer risk with use of the oral contraceptive in BRCA1 and BRCA2 mutation

carriers (26). In a recent update of this cohort, their group examined 799 cases and 2424

controls and again found a significant reduction of risk for ovarian cancer due to oral

contraceptive use. For BRCA1 carriers, the odds ratio was 0.56 and for BRCA2 carriers it

was 0.39 (27). Whittemore et al. found similar results (28). However, although a study by

Modan et al. from Israel did not report a negative effect of oral contraceptives on ovarian

cancer risk, a protective benefit was not observed (29). Importantly, oral contraceptives

may have a negative effect on breast cancer risk in BRCA1 mutation carriers. Narod et al.

reported a slightly increased risk of breast cancer in women with BRCA1 mutations

who use oral contraceptives before age 30 and for more than five years (relative risk

1.2–1.3) (26).

There have been some small trials examining novel chemopreventive agents for

ovarian cancer. N-(4-hydroxyphenyl)retinamide (4HPR), Cox 2 inhibitors, and progestins

have all been proposed as possible ovarian chemopreventive agents in high-risk patients.

However, data are preliminary.

Surgical Prevention

RRSO has definitively been shown to decrease the risk of ovarian cancer (7,30,31). In a

multicenter prospective study of 1828 BRCA1 or BRCA2 mutation carriers, RRSO was

associated with an 80% reduction in risk of ovarian cancer [hazard ratio (HR) ¼ 0.20;

confidence interval (CI) 0.07–0.58] (31). A single institution, prospective study of 170

women found a similar 85% reduction in risk (HR ¼ 0.15; CI 0.02–1.31) (30). In a

multicenter, retrospective study of 551 BRCA1 or BRCA2 mutation carriers, RRSO was

associated with a 96% reduction of ovarian cancer risk (HR ¼ 0.04; CI 0.01–0.16) (7). In

all of these studies, RRSO is associated with a significant reduction in risk of ovarian

cancer. A small risk of primary peritoneal cancer remains even after RRSO.

In addition to the 85% significant reduction in ovarian cancer risk afforded by

RRSO, when performed in premenopausal women, it also decreases risk of breast cancer

in BRCA1 and BRCA2 mutation carriers by approximately 50%. Rebbeck et al. reported a

53% reduction in breast cancer risk (HR ¼ 0.47; CI 0.29–0.77) (7) and Kauff et al.

reported a 68% reduction in breast cancer risk (HR ¼ 0.32; CI 0.08–1.2) (30).

When prophylactic bilateral salpingo-oophorectomies were performed in known

mutation carriers, early studies identified microscopic tumors arising in the ovaries and

the fallopian tubes in some cases (32,33). Subsequent studies have confirmed that careful

pathologic sectioning, including complete serial sectioning of the ovaries and fallopian

tubes, is necessary in order to identify these early lesions (34). Standard routine

processing of the specimens by pathologists does not include serial sectioning; therefore,

the gynecologic surgeon needs to discuss the case with the pathologist to ensure that this

special handling is performed. Additionally, in general, a CA-125 and transvaginal

ultrasound immediately prior to the surgery may be helpful to identify an asymptomatic

process. Women should be counseled prior to surgery that if a gross lesion is identified at

the time of surgery, full cancer staging will be performed. Backup should be available for

general gynecologists who perform this procedure. Patients also need to be notified that,

even in the absent of gross lesions, there is still a possibility of finding occult cancers at

the time of pathologic review.

With the identification of occult lesions in the ovaries and fallopian tubes,

guidelines for the RRSO procedure have been published (35). The procedure can be

performed via laparoscopy or laparotomy. In both instances, the pelvis and pelvic organs
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should be thoroughly visualized, and the abdomen including diaphragm, liver, omentum,

bowel, paracolic gutters, and appendix should be carefully inspected. Any abnormal areas

should be biopsied. Peritoneal washings should be taken. When the ovaries are removed,

the gynecologic surgeon should be careful to remove the entire ovary by isolating and

ligating the ovarian vessels proximal to the end of any identifiable ovarian tissue. The

fallopian tubes should be removed in their entirety, up to the uterine cornual.

Although the efficacy of RRSO is proven, there are certainly specific clinical

questions that remain. First, the question of what age RRSO should be performed is

important. Current recommendations from consensus groups recommend RRSO at age

35, or when child bearing is completed (36). It is important to note that age of diagnosis

of ovarian cancer differs for BRCA1 and BRCA2 mutations. Women with a BRCA1
mutation have a 10% to 21% chance of developing ovarian cancer by age 50; while for

BRCA2 carriers, the risk is only 2% to 3% by age 50. Therefore, consideration can be

made for recommending RRSO at a slightly later age to women with BRCA2 mutations.

However, there have certainly been reports of ovarian cancer under age 50 in women with

BRCA2 mutations, so patients must be carefully counseled. Additionally, the benefit of

RRSO in decreasing breast cancer risk in premenopausal women must also be considered.

This benefit increases the earlier the ovaries are removed, and therefore, this must be

balanced with the desire to maintain ovarian function.

Second, there is debate as to whether the uterus should also be removed at the time

of the RRSO. Data from some studies suggest an increased risk of uterine cancer in

mutation carriers (37,38), whereas others show no increased risk (39,40). This topic is

reviewed in greater detail in Chapter 4. In general, it is felt that this decision should be

individualized. Given the lack of a clear increased risk of uterine cancer in BRCA1/2
carriers, hysterectomy is not felt to be absolutely necessary as part of the RRSO

procedure. However, for women who have other gynecologic indications to remove the

uterus, including abnormal Pap smears or abnormal uterine bleeding, a hysterectomy can

be considered. In addition, those women who have taken tamoxifen or plan to take

tamoxifen may wish to consider removing their uterus due to the increased risk of uterine

cancer with tamoxifen. Removing the uterus slightly increases the length and morbidity

of the surgery.

A very relevant question for mutation carriers undergoing RRSO regards the

subsequent use of hormone replacement therapy (HRT) to alleviate menopausal

symptoms. A study by Rebbeck et al. has shown that short-term HRT after RRSO in

BRCA1 and BRCA2 mutation carriers does not impact the benefits of the procedure on

reducing breast cancer risks (41). Although more studies are necessary, premenopausal

patients without a history of breast cancer may consider the option of short-term HRT

until age 50 to lessen vasomotor symptoms.

In terms of surveillance for primary peritoneal cancer after RRSO, there are no

studies currently available to guide recommendations. Signs and symptoms of primary

peritoneal cancer should be reviewed annually as well as routine gynecologic exams. It is

unclear whether an annual CA-125 is of benefit. Transvaginal ultrasounds are no longer

recommended after women have their ovaries and fallopian tubes removed.

Finally, the role of RRSO in high-risk patients who do not have a documented

BRCA1 or 2 mutation should also be discussed. In the absence of a known mutation, risk

of ovarian cancer should be assessed based on family history. Because current technology

for identifying BRCA1 and BRCA2 mutation carriers does not allow identification of all

mutations, patients with very strong family histories of breast and ovarian cancers should

be counseled as if they are mutation carriers. For families who have family histories

consistent with site-specific breast cancer, a recent study showed that risk for ovarian
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cancer is quite low (42). Each individual should be counseled not only as to their ovarian

cancer risk, but also to the efficacy and limitations of ovarian cancer screening and

prevention. This topic is reviewed in greater detail in Chapter 17.

Thus, preoperative counseling should include a discussion of the benefits of RRSO

in reducing ovarian cancer risk as well as breast cancer risk. However, patients should

understand the small but finite risk of primary peritoneal cancer even after RRSO. In

addition, a careful discussion of the role of hysterectomy, cancer surveillance after

RRSO, and HRT should also be done preoperatively. Finally, the risk of finding an occult

ovarian cancer and the plan for staging should also be discussed.

Although the results of the retrospective case–control studies appear to be

overwhelmingly in favor of RRSO, retrospective studies are prone to multiple biases such

as ascertainment bias, recall bias, and selection bias. A prospective study enables biases

either to be minimized or to be adjusted for in the analysis, and thus a prospective study is

being conducted by Dr. Mark Greene of NCI through the GOG0199, comparing the

outcomes of a high-risk cohort facing the choice between undergoing RRSO and

screening for ovarian cancer for five years. The screening approach is the same as the

CGN study outlined in the previous section and the eligibility criteria are the same as for

ROCA. The study is ongoing and is due for completion in 2011. This prospective study

will improve the knowledge of the trade-offs between RRSO and screening for ovarian

cancer.

CONCLUSION

The availability of clinical genetic testing for BRCA1 and BRCA2 and the emergence of

effective prevention strategies allow us to identify women at high risk for gynecologic

cancers and prevent these cancers from occurring. Studies are ongoing to define the

screening modalities, their frequency, mode of implementation, and population, which

will suitably contribute to the overall care of women at increased risk of ovarian cancer.

The current challenge for gynecologic oncologists is to have clear criteria for identifying

which ovarian cancer patients should be referred for genetic counseling and testing. In

addition, general gynecologists will begin to play a greater role in the management of

these high-risk women. The importance of multidisciplinary management of these

individuals at high risk for multiple cancers cannot be stressed enough. Gynecologic

oncologists, gynecologists, and medical oncologists focusing on gynecologic tumors must

work closely with breast medical oncologists, breast surgeons, and genetic counselors.
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17
Management of BRCA-Negative Hereditary
Breast Cancer Families

Noah D. Kauff
Clinical Genetics and Gynecology Services, Memorial Sloan-Kettering Cancer Center,
New York, New York, U.S.A.

CAUSES OF BRCA-NEGATIVE HEREDITARY BREAST CANCER

In families with features of an autosomal-dominant inherited predisposition to early-onset

breast cancer, full sequencing of the coding regions of BRCA1 and BRCA2 will only

identify deleterious mutations in just over half of these families (Fig. 1) (1). Inherited

mutations in other tumor suppressor genes, such as p53 and PTEN, will account for less
than 1% to 2% of the remaining families. There are several possible explanations for why

these apparent hereditary breast cancer families do not demonstrate a deleterious BRCA1
or BRCA2 mutation including (i) the cluster of cancers is a chance event; (ii) the

individual tested may be a phenocopy (i.e., an individual with a sporadic cancer unrelated

to an inherited predisposition that exists within a family); (iii) the inherited predisposition
is secondary to a mutation in an as yet unidentified cancer predisposition gene; or (iv) full
sequencing of the coding region of BRCA1 and BRCA2 is unable to detect a deleterious

mutation that is present in one of the genes.

Cluster of Cancers Is a Chance Event

Given that breast cancer is the single most common cancer in women with one in nine

women developing breast cancer by age 85, having a cluster of two or even three breast

cancers within a family is not a rare event, especially if there are multiple females in a

lineage who live to an advanced age. However, the development of breast cancer is

markedly less common at younger ages, with approximately 1 in 225 women developing

breast cancer by age 40 and 1 in 50 women developing breast cancer by age 50 (2).

Therefore, in families where multiple individuals (i.e., three or more) in a direct lineage

develop breast cancers at earlier ages (prior to age 60), it becomes less likely that these

are sporadic cases that have occurred in clusters by chance alone.

Tested Individual Is a Phenocopy

In families with multiple affected relatives where a single individual has been tested and

no deleterious mutation in BRCA1 or BRCA2 is identified, a possibility that must be

considered is that the individual tested is a phenocopy. In this situation, there is an
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individual who has developed breast cancer within a family with an identifiable inherited

predisposition, but the individual’s breast cancer is not caused by this familial

predisposition (an example is illustrated in Fig. 2).

Predisposition Is the Result of a Mutation in an as Yet Unidentified
Cancer Susceptibility Gene

There is strong data from the Breast Cancer Linkage Consortium (BCLC) suggesting that

there are genes, aside from BRCA1 and BRCA2, associated with high-penetrance

autosomal-dominant predisposition to breast cancer (3). This group conducted a linkage

analysis in 237 families with at least four cases of breast cancer diagnosed prior to the age

of 60. Linkage analysis is a method in which polymorphic markers that flank a putative

gene of interest are typed to determine cosegregation with a specific phenotype (i.e.,

breast cancer). In the Linkage Consortium study, individuals with breast cancer were

typed for markers that flanked BRCA1 on chromosome 17 and BRCA2 on chromosome

13. Using this methodology, 84% of these 237 families showed linkage to either BRCA1
or BRCA2. However, when the cohort was limited to the 83 families who had four or five

cases of female breast cancer but no ovarian or male breast cancer (which we refer to as

site-specific breast cancer), linkage to BRCA1 or BRCA2 was only demonstrated in 33%

of families. Even when families with six or more breast cancers were analyzed, 19% of

these families did not cosegregate disease with BRCA1 or BRCA2 (Table 1).

Although the data from the Linkage Consortium provides compelling evidence for

the existence of other genes associated with site-specific hereditary breast cancer, this

same data set provides strong evidence against a significant contribution of genes other

than BRCA1 and BRCA2 in hereditary breast–ovarian cancer. When the cohort was

limited to families with at least four cases of breast cancer and only one case of ovarian

Figure 1 Causes of hereditary susceptibility to breast cancer. Approximately 7–10% of all cases

of invasive breast cancer appear to be secondary to an inherited, autosomal dominant cancer

susceptibility. Of these inherited cases, 50–55% are thought to be secondary to mutations in either

BRCA1 or BRCA2. Less than 1% of these cases are thought to be due to mutations in other

identified cancer susceptibility genes such as p53 and PTEN. The remaining 45–50% of inherited

breast cancers are thought to be secondary to mutations in other, as yet to be identified, cancer

susceptibility genes.
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cancer, 90% of these families showed linkage to either BRCA1 (69%) or BRCA2 (21%).

In the 52 families with two or more cases of ovarian cancer at any age and at least four

cases of breast cancer diagnosed prior to age 60, 100% showed linkage to either BRCA1
or BRCA2 (Table 2).

Full Sequencing of BRCA1 and BRCA2 Is Unable to Detect a
Deleterious Mutation That Is Present in One of These Genes

If essentially all of inherited breast–ovarian cancer is linked to BRCA1 and BRCA2, why
does a negative BRCA sequencing result in an inherited breast cancer family not rule out

an inherited predisposition to ovarian cancer? The Linkage Consortium and others have

demonstrated that even in families where linkage can be demonstrated to BRCA1 or

BRCA2, sequencing will only detect mutations in 63% to 85% of these families (3,4). The

reason for this is that although polymerase chain reactionbased sequencing approaches

Table 1 Proportion of Site-Specific Breast Cancer Families Linked to BRCA1 or BRCA2

Proportion of linked families (95% CI)

N BRCA1 BRCA2 Other

4–5 Breast cancers 83 0.28 (0.11–0.50) 0.05 (0.00–0.29) 0.67 (0.35–0.89)

≥6 Breast cancers 34 0.21 (0.08–0.42) 0.60 (0.34–0.83) 0.19 (0.01–0.45)

Abbreviation: CI, confidence interval.

Source: From Ref. 3.

Breast, dx 45
d. 89

86

73 68 Breast, dx 55
d.58

Breast,
dx 42

Breast,
dx 36

36

71

Caused by a
6174delT*BRCA2

mutation  

Does not carry the
6174delT*BRCA2 mutation 

42

Figure 2 Proband is a phenocopy. In this example, the cluster of cancers in the proband’s aunt at

age 55, the proband’s great aunt at age 45 and the proband’s first cousin, once removed, at age 42

were caused by the 6174delT mutation in BRCA2. However, genetic testing demonstrated that the

proband, with breast cancer at age 36, does not carry this mutation. Therefore the proband is a

phenocopy as her breast cancer was caused by factors other than the known familial predisposition.
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are highly robust for the detection of single nucleotide substitutions as well as insertion or

deletion of a few nucleotides, it is not robust for the detection of large deletions that

include either the 3' or 5' end of an exon. Similarly, conventional sequencing will not

detect genomic inversions or duplications (5,6). In 2006, Walsh et al. examined 300

hereditary breast cancer families in which conventional sequencing did not detect a

deleterious mutation in either BRCA1 or BRCA2 (7). All families included in this study

had at least four breast cancers diagnosed prior to age 60 in a single lineage. In this study,

35 (12%) of the families had previously undetected mutations in BRCA1 or BRCA2.
When the study was stratified according to the presence or absence of ovarian cancer in

the lineage, 25 (18.5%) of 135 families demonstrated a structural rearrangement if

ovarian cancer was present in the lineage. However, if no ovarian or male breast cancer

was in the lineage, only 6 (4.3%) of 140 families demonstrated a genomic rearrangement.

Additionally, although this study demonstrated that structural rearrangements account for

at least a proportion of families in which linkage has been shown and no mutation has

been identified on conventional sequencing, not all families in which there was a high

probability of linkage to BRCA1 or BRCA2 have a deleterious mutation identified even

using these enhanced mutation detection technologies. Many of these remaining families

are likely explained by noncoding mutations in promoters, enhancers, and other

regulatory regions that are beyond our ability to detect with current mutation detection

methodologies.

WHAT IS KNOWN ABOUT CANCER RISKS IN BRCA-NEGATIVE
HEREDITARY BREAST CANCER FAMILIES?

When discussing cancer risks and management in BRCA-negative hereditary breast

cancer, it is important to distinguish those families with site-specific breast cancer from

those with hereditary breast–ovarian cancer. The following discussions will address these

situations individually.

BRCA-Negative Hereditary Breast–Ovarian Cancer Families

Given the limitations of BRCA sequencing, combined with the linkage data shown above,

the possibility of an occult BRCA mutation likely should be considered if there are

multiple cases (i.e., ≥3–4) of breast cancer prior to age 60 AND a family history of

epithelial ovarian cancer or multiple other BRCA associated (pancreatic, prostate,

melanoma) cancers in a lineage. Additionally, the possibility of an occult BRCA mutation

should be considered if there are six or more breast cancers prior to age 60 in the lineage,

even in the absence of nonbreast cancers in the lineage (Table 3).

Table 2 Proportion of Hereditary Breast Cancer Families with Ovarian Cancer in the Lineage
Linked to BRCA1 or BRCA2

Proportion of linked families (95% CI)

N BRCA1 BRCA2 Other

1 Ovarian cancer 42 0.69 (0.50–0.86) 0.21 (0.06–0.40) 0.10 (0.00–0.28)

≥2 Ovarian cancers 52 0.91 (0.76–0.99) 0.09 (0.01–0.24) 0.00 (0.01–0.11)

Abbreviation: CI, confidence interval.

Source: From Ref. 3.
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BRCA-Negative Site-Specific Breast Cancer Families

As discussed earlier, in site-specific breast cancer families where there are no more than

four to five affected relatives and no ovarian or other BRCA-associated cancers present,

only 33% of these families will show linkage to either BRCA1 or BRCA2 prior to genetic

testing. If genetic testing further decreases the likelihood of a BRCA1 or BRCA2 mutation

in these families by 63% to 85%, it is not clear how much incremental benefit individuals

from these families will derive from participating in intensive breast and gynecologic

cancer risk-reduction strategies.

In order to provide data relevant to this issue, Kauff et al. recently conducted a

prospective study to examine the risk of breast and ovarian cancer in BRCA-negative, site-
specific breast cancer kindreds (8). In this study, there were 165BRCA-negative, site-specific
hereditary breast cancer kindreds identified in which there were at least three cases of breast

cancer (mean 4.14, range 3–9) in a lineage with at least one breast cancer diagnosed prior to

age 50. All probands had undergoneBRCAmutation screening by either full sequencing or, in

individuals of exclusively Ashkenazi Jewish heritage, founder mutation testing, as this has

been shown to detect approximately 95% of detectable mutations in this population (9,10).

Probands, alongwith their first- and second-degree relatives, were followed prospectively for

a mean of 3.4 years to determine the incidence of new breast and ovarian cancer in these

kindreds. The observed rates of breast and ovarian cancerwere then compared to the expected

population rates obtained from the Surveillance, Epidemiology, andEndResults database (2).

As expected, a threefold increased risk of subsequent breast cancer was observed in

this cohort [standardized incidence rations (SIR) 3.13, 95% confidence Interval (CI):

1.88–4.89, p < 0.001]. However, there was no increased risk of ovarian cancer observed

in 2534 women years of followup with 1 case observed and 0.66 expected (SIR 1.52, 95%

CI: 0.02–8,46), p ¼ 0.04) (Table 4).

These results, if confirmed, suggest that women from BRCA-negative site-specific

breast cancer families may not be at significantly increased risk of ovarian cancer.

Table 3 In Which Patients Should the Possibility of an Occult BRCA1 or BRCA2
Mutation Be Considered?

The possibility of an occult BRCA1 or BRCA2 mutation should be considered if there are

Multiple cases (i.e., ≥3–4 cases of breast cancer before 60) AND

Any epithelial ovarian cancer in the lineage

Male breast cancer in lineage

More than 6 breast cancers (prior to 60) in lineage

Multiple BRCA-associated cancers (i.e., pancreatic prostate, melanoma) in lineage

Table 4 Cancers Developing During 3.4 Years Prospective Followup in 165 BRCA-Negative Site-
Specific Hereditary Breast Cancer Kindreds

Cancer Observed cancers Expected cancers Standardized incidence rations p-Value

Breast 19 6.07 3.13 <0.001
Ovary 1 0.66 1.52 0.48

Source: From Ref. 8.
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MANAGEMENT OF BRCA-NEGATIVE HEREDITARY
BREAST CANCER FAMILIES

BRCA-Negative Hereditary Breast–Ovarian Cancer Families

In families meeting the criteria in Table 3 that are suspicious for having an occult BRCA1
or BRCA2 mutation despite normal BRCA1 and BRCA2 sequencing, affected individuals

likely should be managed similarly to women where a BRCA mutation has been detected.

Specific management strategies appropriate to this group are described in Chapters 15

and 16.

It may also be appropriate to manage unaffected individuals in these families with

intensive breast and gynecologic risk-reduction approaches including, in select instances,

risk-reducing surgeries. It should, however, be kept in mind that, in most cases, these

individuals will have nomore than a 50% chance of having the inherited predisposition that

is present in the family. Unaffected individuals from such families are best managed by a

multidisciplinary team experienced in the care of women who may be at inherited risk.

BRCA-Negative Site-Specific Breast Cancer Families

BRCA-negative women with strong family histories of breast cancer but no family history

of other BRCA-associated cancer (i.e., ovarian cancer, male breast cancer, or pancreatic

cancer) need to be followed up closely for breast cancer risk. At Memorial Sloan-

Kettering Cancer Center, it is believed that screening for these individuals should include

monthly self-exam; clinical breast exam two times per year; and annual mammography

starting 5 to 10 years prior to the earliest age of breast cancer in the family (though not

prior to age 25). Investigational screening with breast ultrasound or magnetic resonance

imaging may also be appropriate. Risk-reducing mastectomy is also considered in select

cases, though it is important to consider that data from the BCLC has suggested that the

breast cancers in these families are more likely to be of lower grade and have less nuclear

pleomorphism than either BRCA1- or BRCA2-associated breast cancers (11).

Participation in ovarian cancer risk-reduction screening should be considered

investigational, given both the unclear evidence that these women are at increased risk

and the limited evidence that ovarian cancer screening is efficacious in any risk group

(12). Similarly, it is not clear what role risk-reducing salpingo-oophorectomy has for the

prevention of ovarian cancer in women from BRCA-negative site-specific breast cancer

kindreds as they may not be at increased risk of ovarian cancer compared to the general

population. Importantly, there still may be a role for surgical ovarian ablation to decrease

the risk of breast cancer in this group. Several studies have suggested that premenopausal

oophorectomy is associated with a reduction in subsequent breast cancer risk in carriers

of both BRCA1 and BRCA2 mutations (13,14) and in women with familial breast cancer

without a known mutation (15). However, definitive information regarding the relative

risks and benefits of this approach awaits the results of future studies.

CONCLUSIONS

BRCA-negative hereditary breast cancer will account for approximately half of the 15,000

to 22,000 inherited breast cancers that will be diagnosed in the United States in 2007.

Despite this substantial public health impact, there remains a paucity of information

regarding the evaluation and management of this syndrome. Well-designed prospective

studies evaluating women from these families are desperately needed so that we can
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better learn how to reduce the risk of breast and related cancers in these women while

simultaneously minimizing the sequelae of our risk-reducing approaches.

ACKNOWLEDGMENTS

Much of the work described in this review was supported by Department of Defense

Breast Cancer Research Program (DAMD17-03-1-0375 to N.D.K.), the Koodish

Fellowship Fund, the Danzinger Foundation, the Frankel Foundation, and the

Prevention Control and Population Research Program of Memorial Sloan-Kettering

Cancer Center.

Parts of this text have been adapted from the following publication: Isaacs C, Kauff

ND, Domchek SM. In: Perry MC, ed. Beyond BRCA1 and BRCA2 Breast Cancer

Genetics. Alexandria: American Society of Clinical Oncology 2006 Educational Book;

American Society of Clinical Oncology 2006:57–62.

REFERENCES

1. Robson ME, Boyd J, Borgen PI, Cody HS 3rd. Hereditary breast cancer. Curr Probl Surg

2001; 38:387–480.

2. Ries LAG, Harkins D, Krapcho M, et al. SEER Cancer Statistics Review, 1975–2003.

Bethesda, MD: National Cancer Institute, 2006.

3. Ford D, Easton DF, Stratton M, et al. Genetic heterogeneity and penetrance analysis of the

BRCA1 and BRCA2 genes in breast cancer families. The Breast Cancer Linkage Consortium.

Am J Hum Genet 1998; 62:679–689.

4. Unger MA, Nathanson KL, Calzone K, et al. Screening for genomic rearrangements in

families with breast and ovarian cancer identifies BRCA1 mutations previously missed by

conformation-sensitive gel electrophoresis or sequencing. Am J Hum Genet 2000; 67:

841–850.

5. Gad S, Caux-Moncoutier V, Pages-Berhouet S, et al. Significant contribution of large BRCA1
gene rearrangements in 120 French breast and ovarian cancer families. Oncogene 2002; 21:

6841–6847.

6. Montagna M, Dalla Palma M, Menin C, et al. Genomic rearrangements account for more than

one-third of the BRCA1 mutations in northern Italian breast/ovarian cancer families. Hum Mol

Genet 2003; 12:1055–1061.

7. Walsh T, Casadei S, Coats KH, et al. Spectrum of mutations in BRCA1, BRCA2, CHEK2, and
TP53 in families at high risk of breast cancer. JAMA 2006; 295:1379–1388.

8. Kauff ND, Mitra N, Robson ME, et al. Risk of ovarian cancer in BRCA1 and BRCA2
mutation-negative hereditary breast cancer families. J Natl Cancer Inst 2005; 97:1382–1384.

9. Frank TS, Deffenbaugh AM, Reid JE, et al. Clinical characteristics of individuals with

germline mutations in BRCA1 and BRCA2: analysis of 10,000 individuals. J Clin Oncol 2002;

20:1480–1490.

10. Kauff ND, Perez-Segura P, Robson ME, et al. Incidence of non-founder BRCA1 and BRCA2
mutations in high risk Ashkenazi breast and ovarian cancer families. J Med Genet 2002; 39:

611–614.

11. Lakhani SR, Gusterson BA, Jacquemier J, et al. The pathology of familial breast cancer:

histological features of cancers in families not attributable to mutations in BRCA1 or BRCA2.
Clin Can Res 2000; 6:782–789.

12. U.S. Preventive Services Task Force. Screening for ovarian cancer: recommendation

statement. Ann Fam Med 2004; 2:260–262.

Management of BRCA-Negative Hereditary Breast Cancer Families 317



13. Kauff ND, Satagopan JM, Robson ME, et al. Risk-reducing salpingo-oophorectomy in women

with a BRCA1 or BRCA2 mutation. N Engl J Med 2002; 346:1609–1615.

14. Rebbeck TR, Lynch HT, Neuhausen SL, et al. Prophylactic oophorectomy in carriers of

BRCA1 or BRCA2 mutations. N Engl J Med 2002; 346:1616–1622.

15. Olson JE, Sellers TA, Iturria SJ, et al. Bilateral oophorectomy and breast cancer risk reduction

among women with a family history. Cancer Detect Prev 2004; 28:357–360.

318 Kauff



SECTION 5: CLINICAL MANAGEMENT OF
HEREDITARY BREAST CANCER

18
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SUMMARY

Over the last few years, it has become apparent that B1BCs have a rather specific

phenotype, i.e., these infiltrating breast cancers show expression of proteins that are

usually only found in basally situated cells in the normal breast. This phenotype is

negatively associated with expression of both estrogen receptor and the oncogene erbB-2,
also known as HER2. The tumors are often of high histological grade and show a high

degree of aneuploidy. By contrast, it has been much harder to identify a specific

phenotype for B2BCs, although these cancers can usually be distinguished from B1BCs.

The clinical implications of the pathological features of B1BCs and B2BCs are beginning

to be used clinically by cancer geneticists, and to a lesser extent, by oncologists.

INTRODUCTION

BRCA1 (OMIM 113705) was identified in 1994 (1), followed a year later by BRCA2
(OMIM 600185) (2). It was not immediately apparent that the breast cancers (BCs)

occurring in BRCA1 and BRCA2 mutation carriers differed, but early studies indicated

that BRCA1-related breast cancers (B1BCs) were often high-grade infiltrating ductal BCs

with marked aneuploidy (3). Subsequent studies confirmed and extended these

observations, the most notable being the Breast Cancer Linkage Consortium (BCLC)

paper on differences between B1BC, BRCA2-related breast cancers (B2BCs) and so-called

sporadic (age-matched) BC. This study showed that B1BC was more distinct from

sporadic BC than was B2BC, and notably, medullary or atypical medullary BCs were

much more common (13%) in B1BC than in B2BC (3%) or in controls (2%) (p < 0.0001).

More specifically, by microscopic examination, BCs with BRCA1 germline mutations

have been associated with increased frequency of medullary features such as pushing

margins, marked nuclear atypia, high mitotic frequency, areas of necrosis, and often
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significant lymphocytic infiltration (4). Two of these features (clear demarcation and

lymphoid infiltrates) are among the defining features of medullary carcinoma. Other

studies have confirmed that typical medullary carcinomas have been observed in 8% to

13% of B1BC compared with 3% for sporadic BC (5), whereas individual medullary

features have been found in around 35% to 60% of all B1BCs. In contrast, BCs associated

with BRCA2 germline mutations appear to be less specific morphologically. In their study

from 1998, Lakhani et al. reported that B2BC tumors had less tubular differentiation,

some tendency for pushing margins, and less mitotic activity than the population of

sporadic BC (4), but others have reported higher mitotic rates and marked nuclear

pleomorphism in these tumors (6). Both B1BC and B2BC are often well demarcated, but

significant differences have been indicated with respect to mitotic frequency and

lymphocytic invasion. More studies are needed to further explore the B2BC phenotype.

Ductal carcinoma in situ (DCIS) was also noted to be less commonly present adjacent to

the cancer in B1BC than in controls (7). This study was then followed up by an analysis

of a larger number of cases (4) that found that the only factor common to both B1BC and

B2BC that stood out in a multivariable analysis was a continuous pushing tumor margin,

which is a defining feature of medullary carcinomas. This is a notable, and to this date,

unconfirmed finding. It is interesting because, as stated above, (atypical) medullary BCs

are not common in B2BC, so the pushing margin of B2BC cannot be attributed to these

features of the cancer. Although the BCLC did not find an excess of lobular BCs in

B2BC, Armes et al. did report an excess (8), and there have been anecdotal reports of

families containing many cases of lobular B2BC (9). Certainly, it is rare to find a B1BC

that has a lobular phenotype.

Following these largely morphological studies, immunohistochemical analyses

showed that B1BCs were much more likely than all other BCs to not express estrogen

receptor (ER), progesterone receptor (PgR) (10,11), or erythroblastic bacteria oncogen

homology 2/herstatin (erbB-2/HER2) (10). This phenotype has more recently come to be

referred to as the “triple negative phenotype.” Notable, even in these early studies, was

that ER levels (measured either biochemically or immunohistochemically) in B1BC were

usually either negative or (if the breast tumors were reported as ER positive), only low

levels of ER could be found in the tumors. Some thought that this was because B1BC was

diagnosed at a younger-than-average age and were often of high grade, but it soon

became apparent that even considering the younger age of onset of B1BC, there was a

clear underrepresentation of ER-positive BCs in this group. More recent studies have

shown that B1BCs are four to five times more likely to be ER negative than are high-

grade cancers occurring in noncarriers (12) (Table 1). In early studies, B2BCs already

appeared to be different from B1BCs, in that they were frequently ER positive (11).

Table 1 ER Status in Grade 3 non-B12BC, B1BC, and B2BC

Class N ERþ%

1) Noncarriers 65 46.2

2) BRCA1 138 15.2

3) BRCA2 36 63.9

P-valuesa P1/2 < 0.0001 P1/3 = 0.065 P2/3 < 0.0001

Note: Pa/b represents the P value for the t-test of ERþ% in classes a and b.

Abbreviations: B12BC, BRCA1/2-related breast cancer; B1BC, BRCA1-related

breast cancers; B2BC, BRCA2-related breast cancers; ER, estrogen receptor.

Source: From Ref. 12.
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These findings have been confirmed in much larger studies (13). There have been

scores of papers focusing on the pathology of BRCA1/2-related breast cancer (B12BC).

What follows is a distillation of these papers, with a focus on clinically relevant themes.

Table 2 summarizes some of the key differences between B1BC and B2BC.

BRCA1-RELATED BC

Preneoplastic Lesion in B1BC

When considering morphology, there have been several studies, with largely conflicting

results (15–17). Overall, it seems that if there is a subtle heterozygote phenotype in the

breasts of BRCA1 carriers; it is too subtle to be reliably detected using standard

morphological tools. Using immunohistochemistry, several groups have noted abnorm-

alities of the PgR (with predominance of subtype A and lack of subtype B) (18) or

overexpression of PgR in general (19) in apparently normal breast tissue obtained at the

time of cancer surgery or at prophylactic surgery. These studies require confirmation,

particularly as they do not seem to have measured precisely the same proteins.

Noninvasive Cancers in B1BC

There is very little strong evidence in support of an increased frequency of DCIS in

B1BC (16,17,20). One study that focused on women with DCIS only found that 3/369

Table 2 Differences and Similarities Between BRCA1- and BRCA2-Related Breast

Cancers: A Brief Overview

BRCA1 BRCA2

Morphology Ductal, no special type (75%),

typical medullary ~5%, atypical

medullary 10–30%

Ductal, no special type (75%), atypical

medullary <5%, lobular/ductal with

lobular features more common than in

BRCA1 (~10%)

Grade High (grade 3, 75%) Medium/high (grade 2, 45%; grade 3, 45%)

ER Negative (75%) Positive (75%)

HER2 Negative (95%) Negative (95%)

P53 Positive (50%) Positive (40%)

CK5 Positive (50%) Negative (90%)

BCL2a Low High

“TNP”a,b,c Half Zero

“CBP”a,c,d Three-quarters Zero

CDKN2Aa Low High

Cyclin D1 Negative (90%) Positive (60%)

Carcinoma

in situa
Not commonly associated Commonly associated

aThree studies or less, so no percentages added.
bTNP: ER, PR, and HER2 negative.
cBased on unpublished data from Foulkes, Akslen and Brunet, P value for TNP association with BRCA1:

6.7 � 10�5, for CBP association with BRCA1: 4.1 � 10�7

dCBP: ER and HER2 negative, CK5/6 and/or EGFR positive.

Abbreviations: BCL2, B-cell leukemia/lymphoma 2; CBP, core basal phenotype; CDKN2A, Cyclin dependent

kinase inhibitor 2A; CK, cytokeratin; EGFR, epidermal growth factor receptor; ER, estrogen receptor; HER2,

herstatin; PgR, progesterone receptor PR; TNP, triple negative phenotype;

Source: From Ref. 14.
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women with DCIS carried a BRCA1 mutation (21), but with no current control group

(either negative, no cancer, or positive, invasive cancer); the clearest message from this

paper was, as can be gleaned from previous publications (17), that DCIS is more common

in B2BC than in B1BC (they found 9 BRCA2 carriers among the 369 women with DCIS).

As has been pointed out by others (22), this may be more a feature of the “snapshot”

nature of pathological analysis than any reflection on the biological processes: it makes

sense that B1BC may well “destroy the evidence” of their origins by virtue of their fast

growth. B2BCs probably grow slightly more slowly and therefore “biological

archeology” is easier; nevertheless, when DCIS does occur in ER-negative B1BC, it is

usually ER-negative as well (23). Some have argued that, in fact, B1BC arises from

an ER-negative stem cell (24), but there is currently little or no evidence one way or

another (25).

Invasive Cancers in B1BC

The Basal Phenotype of B1BC

In 2000, Perou et al. showed that morphologically similar BCs could be divided into

several subgroups, based on their gene expression profile (26). One of these molecularly

defined subgroups was found to contain BCs that did not stain for either ER or HER2/neu

(also known as erbB-2) proteins in the tumor cells. This is an unusual combination, as ER

and HER2 staining are often inversely associated. As some of the genes differentially

expressed in these cancers are usually only expressed in the basal cells of the breast [such

as cytokeratin (CK)5/6 and annexin VIII], they called these BCs “basal BCs.” In contrast,

“luminal” BCs were mainly ER positive, and expressed CK8/18 (most BCs express CK8/

18), a protein seen in breast cells adjacent to the lumen of the duct. These findings were

not meant to imply that basal cancers arose from basal cells (or indeed any type of cell)

but that they expressed proteins normally found in these cells in the adult female breast.

Immunohistochemical assays using antibodies raised against CK5/6 and CK8/18 showed

that these basal BCs tended to have high levels of CK5/6 and low levels of CK8/18,

consistent with the gene expression studies (Fig. 1A).

Most BCs can be divided into those that express luminal keratins, the so-called simple

epithelial type keratins such as CKs 7, 8, 18, and 19 and those that also feature high levels of

expression of genes that are characteristic of the basal epithelial cells of the normalmammary

gland, the stratified epithelial CKs, such as CKs 5, 6, 14, 15, and 17. Other markers, such as

smooth muscle actin, glial fibrillary acidic protein, calponin, and P-cadherin may also be

present in basal-like BCs (Fig. 1B). Basal BCs are not frequent, comprising between 5% and

15% of all invasive ductal BCs of no special type. Conventional histopathological as well as

molecular studies ofBCswith “basaloid” cell differentiation have shown that these tumors are

often high grade (27), have areas of necrosis (28), may have a typical or atypical medullary

morphology (29), and have a distinct pattern of genetic alterations (27), including frequent

TP53 mutations (30). Around half of typical medullary BCs have a mixed basal/luminal

phenotype and less than 15% are pure basal (31).

As B1BC are often both ER negative and HER2 negative, these findings

immediately suggested that B1BC might fall into the so-called basal group. This was

subsequently shown in a study of 72 BCs diagnosed in Ashkenazi Jewish women under

65 years of age where B1BC were nine times more likely to express CK5/6 than tumors

not arising in B12BC (p= 0.002) (32). Expression array studies also showed that the

B1BC were overwhelmingly basal in phenotype (33). Further studies have refined and

extended these original findings, showing that epidermal growth factor receptor (EGFR)
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(Fig. 1C) (34), P-cadherin (35,36), fascin (37), annexin VIII (38), caveolin-1 (39), and

other basal-related proteins (40) are all overrepresented in B1BC and could form the basis

of a clinical assay for B1BC (for a review of this and other aspects of the pathology of

B12BC, see Ref. 41). The BCLC studied this in some detail. They showed in a much

larger series of cases that ER-negative, CK5/6- and CK14-positive breast tumors were

approximately 35 times more likely to carry a BRCA1 mutation compared to controls;

almost one-half of all BRCA1 cancers had this phenotype, whereas it was seen in only

1.6% of the BRCA1/2-negative controls (42). Overall, the profile of B1BCs is remarkably

similar to that of basal BCs (43) but it should be remembered that over 50% of B1BCs do

not have the full basal phenotype, and B1BC can be an ER-positive, grade 1 BC.

Other Basal-Related Phenotypes of B1BC

Proteins connected to proliferation/cell cycle regulation have been shown to be abnormally

expressed in B1BC. In particular, cyclin E has been found to be overexpressed in B1BC at

both mRNA (44) and protein levels (40,45); this is often seen with loss of kinase-inhibitory

protein 1 (KIP1) (also known as p27, encoded by CDKN1B). Interestingly, although these

Figure 1 Typical immunohistochemical findings in a BRCA1-related breast cancer. (A) (top left)
CK5/6: Strong expression of CK5/6 in a poorly differentiated breast carcinoma with lymphocytic

infiltration (Nottingham grade III) (�400). (B) (top right) P-cadherin: Strong membrane and

cytoplasmic expression of P-cadherin in an invasive ductal carcinoma (Nottingham grade III)

(�400). (C) (bottom left) EGFR: Strong membrane expression of EGFR in a poorly differentiated

ductal carcinoma (Nottingham grade III) (�400). (D) (bottom right) GMP: Presence of GMP within

a high-grade ductal breast carcinoma (Nottingham grade III) (�400). Abbreviations: CK, cytokeratin;
EGFR, epidermal growth factor receptor; GMP, glomeruloid microvascular proliferation.
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proteins are clearly related to proliferation, among high-grade BCs, they are more likely to

be overexpressed in basal than inHER2-overexpressing cancers and therefore are not solely

linked to the grade of the cancer. TP53 is more frequently mutated and/or overexpressed in

B1BC than in controls (46,47) and interestingly, thesemutations have a somewhat different

spectrum than has been observed for non-B12BC (47). The significance of this is not clear

but may mean that some of the mutations observed are “passengers” and do not have a

pathogenic role.

The oncoprotein myelocyto-matosis oncogene (MYC) is also frequently over-

expressed in B1BC, as measured by fluorescent in situ hybridization (FISH), and MYC

amplification may be one of the mechanisms by which B1BCs demonstrate genomic

instability (48,49). The antiapoptotic protein B-cell leukemia/lymphoma 2 (BCL-2) is

generally found at low levels in high-grade cancers, and B1BCs are no exception (50): the

balance between high rates of proliferation and high rates of apoptosis and/or tumor

necrosis may be a fine one in B1BC. In several studies, features of B1BC that are not

definitely “basal-associated,” such as overexpression of cyclin E, T-box 2 (TBX2), and

MYC, and lack of expression of KIP1 have been used to identify B1BC (45,49).

Vascular Phenotypes in B1BC

Recent studies have indicated that B1BC might develop a particular angiogenic

phenotype. Glomeruloid microvascular proliferation (GMP) is characterized by nests of

closely associated microvessels resembling renal glomeruli (51,52). In BC, presence of

GMP has been associated with high nuclear grade ER negativity and HER2 expression

and is thought to represent an aggressive vascular phenotype (53) (Fig. 1D). GMP was

found to be an independent prognostic indicator by multivariate analysis, thus providing

additional information beyond traditional tumor characteristics. Further studies of BC

revealed that presence of GMP was significantly associated with germline BRCA1
mutations [odds ratio (OR) 2.6] (54). In B1BC, 32% of the tumors were GMP positive,

compared with 15% in non-B12BC. Also, the frequency of GMP was significantly

increased among the CK5/6 expressing basal BCs (55). These findings indicate that the

BRCA1 genotype, the basal-like tumor phenotype, and the vascular phenotype of GMP

are all closely related, and GMP might represent a novel prognostic or possibly predictive

marker of particular interest for novel treatment strategies. Thus far, the relationship

between B1BC and the GMP phenotype has not been studied in detail. BRCA1 protein

was previously associated with inhibition of vascular endothelial growth factor (VEGF)

transcription and secretion in BC cells (56), indicating that BRCA1 impairment leads to

VEGF increase. Notably, VEGF expression was recently shown to be stronger in basal-

like BC (57). More recently, deficiency of BRCA1 in a murine system resulted in an

aggressive, vascular phenotype of the resulting breast tumors (58).

Defects in X-Inactivation in B1BC

BRCA1 binds to unpaired X-chromosomes in pachytene spermatocytes, mainly localizing

to the XY body, which contains the unpaired, densely heterochromatic and silenced

X-chromosome (59). This suggested a role for BRCA1 in X-inactivation. Subsequently, in

female somatic cells,BRCA1proteinwas found to co-localize on the inactiveX-chromosome

with the RNA X inactive specific transcript (XIST). Interestingly, cells lacking BRCA1

appear to have defects in X-chromosome structure, and when BRCA1 expression was

reconstituted in the cells, focal XIST staining was found (60). Additionally, when basal-like

BCswere studied, they showed the same loss ofX-inactivation thatwas seen inB1BC.To add

a further twist,BRCA1protein levelswere completely normal in theseBCs (61), suggesting at
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least two pathways to this aspect of the basal phenotype BC. Whether this loss of control of

silent heterochromatin is a more general genomic consequence of loss of BRCA1 protein

(and/or loss of proteins related to the basal phenotype of BC) or whether it is restricted to the

X-chromosome remains in question. The biological significance of loss of X-inactivation is

also uncertain.

The Involvement of BRCA1 in Nonhereditary BC

Somatic BRCA1 mutations are rarely found in sporadic BC (62) but BRCA1 expression is

often reduced in carcinomas. This may be explained by BRCA1 promoter methylation,

which has been demonstrated in 7% to 31% of sporadic cancers (63) or loss of hetero-

zygosity (LOH) of the BRCA1 locus, which occurs in 15% to 45% of sporadic BC (64).

Studies looking at the relationship between BRCA1 methylation, BRCA1 LOH, and

clinical features of the breast tumors have been inconsistent (65–67) and there does not

seem to be a clear correlation between BRCA1 methylation and histopathological

phenotype. In one study, tumors with LOH of BRCA1 had high mitotic indices, few

tubules, and a very little DCIS (68). It is an attractive hypothesis that somatic inactivation

of BRCA1 by promoter methylation and LOH leads to BRCA1-like basal BC, but recent
studies (discussed above) have found that the majority of sporadic basal-like tumors do

not exhibit BRCA1 promoter methylation and, in fact, have high levels of BRCA1 protein

consistent, with normal regulation of BRCA1 expression (61,69). Therefore, it does not

seem that BRCA1 inactivation is a general characteristic of sporadic basal-like tumors and

that inactivation of other genes aside from BRCA1 can result in a basal phenotype.

BRCA2-RELATED BC

Preneoplastic Lesion in B2BC

As for B1BC, there have been several studies of early lesion in BRCA2 carriers, with

conflicting results (15–17). Interpretation of the work has not been helped by the

combining of BRCA1 and BRCA2 carriers in most studies. Currently, there is no accepted

heterozygote phenotype in the breasts of BRCA2 carriers.

Noninvasive Cancers in B2BC

DCIS is more common in B2BC than in B1BC. In the only large study performed in a

population of 369 women with pure DCIS unselected for family history, 9 (2.4%) were

BRCA2 carriers and 3 (0.8%) were BRCA1 carriers (17). This finding is mirrored by the

observation in the U.K. screening study comparing magnetic resonance imaging (MRI) and

mammography that the latter may have a greater role in detecting B2BC than B1BC,

because in most centers, mammography appears superior to MRI for the detection of DCIS

(70). In the few studies that have been carried out, DCIS occurring inBRCA2 carriers shows
LOH at markers adjacent to BRCA2 (71). The presence of DCIS in and around invasive

B2BC probably means that these cancers have a longer sojourn time in the breast than do

invasive B1BC, rather than suggesting that B1BC do not arise from DCIS.

Invasive Cancers in B2BC

Searching for a Specific BRCA2 Phenotype

In general, this search has so far been unsuccessful, as no specific set of markers has

been able to reliably pick out B2BC from nonhereditary controls. Like most BCs,
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B2BCs are ER positive (11,13), HER2 negative (13,40), and CK8 positive (40,72).

They express cyclin D1 (CCND1), but amplification of CCND1 may be more frequent

in B2BC than in controls (40). Additionally, TP53 mutations/overexpressions are more

frequent in B2BC than in controls; however, most studies have been limited by small

sample size (47). Notably, although one study found that B2BC tumors were more

likely than controls to express the basal marker EGFR (34), most others have found

that B2BC is rarely basal in nature (13,40). Again, unlike B1BC, but like nonhereditary

BC, BCL-2 expression is usually high in B2BC, although not statistically significantly

higher than controls (40). DNA repair proteins are differentially expressed in B1BC and

B2BC: the latter are more likely than the former to show nuclear RAD51 expression

(73). However, these proteins cannot distinguish between B2BC and nonhereditary BC,

and this failure has also been observed in comparative genomic hybridization (CGH)

studies (74). Only one study found a discriminator between B2BC and nonhereditary

cancers. This study was based on only 21 BC cases and the BRCA2 classifier used

correctly identified only 5 of 8 B2BC. This classifier was better at identifying tumors

without BRCA2 mutations (13 out of 14 correct) but seven of these were B1BC, and as

has been shown, it is relatively easy to distinguish B1BC from B2BC. A reanalysis of

these data using phylogenetic methods (75) to provide a relatively simple way of

imposing a hierarchical structure on the data (with branch lengths in the classification

tree representing the degree of separation observed) found that all three types of BC

could be distinguished. One of the practical difficulties with interpreting and then using

these types of data are the small numbers, the lack of validation, and the need for RNA.

Nevertheless, they suggest that real differences between B2BC and nonhereditary BC

do exist.

Interestingly, it has been argued that there are two basic proliferation pathways in

BC: one, mainly among ER-positive BCs shows KIP1 and cyclin D1 overexpression

resulting in cell proliferation via an intact retinoblastoma protein (RB) pathway, whereas

the other, which is RB independent, involves cyclin E and occurs in cells with low ER

and KIP1 levels (76). Clearly, B2BC falls into the first group and B1BC into the second.

The Involvement of BRCA2 in Nonhereditary BC

In contrast to BRCA1, there has been much less work on the role of somatic alterations of

BRCA2 in the etiology of nonhereditary BC. LOH has been reported in several series, but

this does not necessarily implicate BRCA2 in tumorigenesis. Additionally, somatic

mutations in B2BC are very rare (77–79) and promoter methylation is absent (80). These

findings suggest that BRCA2 has a limited role in nonhereditary BC. This is interesting

because the phenotype of B2BC more closely resembles the majority of nonhereditary

BCs than does B1BC (ER positive, HER2 negative). Perhaps B1BC, B2BC, and non-

B12BC are three completely different molecular entities, and the similarities are more

apparent than they are real.

CLINICAL IMPLICATIONS OF PATHOLOGICAL FEATURES OF
BRCA1/2-RELATED CANCERS

One of the most important implications of the “new pathology” of B12BC is whether this

has treatment implications, and whether this extends to similar BC phenotypes that arise as

a result of somatic mutations. This matter will be dealt with in greater detail in Chapter 21,

by Mark Robson.
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IMPLICATIONS OF THE SHAPE OF THE SURVIVAL CURVE FOR
B1BC AND BASAL-LIKE BCS

From a gene expression point of view, ER-positive and ER-negative BCs are very different

(81) andmay even be derived from different cells of origin (25). Interestingly, many studies

have shown that the three-year survival for basal-like BCs is particularly poor, but that the

survival curves for these cancers and luminal types of BCs meet at 15 to 20 years and may

even cross over. The implication is that for basal-like BCs, surviving the first three years or

so is particularly important. A related implication is that durable responses to adjuvant

chemotherapy are possible and may even be more likely in basal-like BCs, as long as the

early losses seen in the first three years are avoided. Thus, B1BC and basal-like BCs can be

seen as an acute form of BC, where death is not rare, but if a response to chemotherapy is

obtained that persists beyond three years, it is likely to be sustained, and thus cures are

obtainable. In contrast, ER-positive BC has more of the characteristic of a progressive,

chronic disease, where death is rare, but convincing cures are more difficult of obtain.

However, in order to reduce the high recurrence rate of B1BC in the first three years, urgent

attempts to identify new biologically targeted agents are warranted.

FUTURE DIRECTIONS

One of the most practical uses of the distinctive pathology of B1BC is to use it to improve

the specificity of genetic testing, which is an expensive process. For example, among ER-

and HER2-negative BCs, CK5/6 positivity was associated with an OR of 9 for the

presence of a germline BRCA1 mutation (32) and in a follow-up study, the BCLC found

that if a BC is ER negative, CK5 and CK14 positive, it is 150 times more likely to be a

B1BC than if the cancer is ER positive and CK5 and CK14 positive. Another approach is

to use CGH; several studies have noted global differences between B1BC, B2BC, and

nonhereditary cancers (82,83), and one Dutch group have identified a potential classifier

of B1BC involving loss of chromosomes 3p and 5q and gain of 3q (84). In the near future,

the pathological features of B1BC will be used on routine basis to select and exclude

individuals for BRCA1 gene testing.

As discussed above, identifying B2BC is difficult, but if testing for B12BC is to be

done sequentially, then identifying B2BC first could be of use. For example, these cancers

are more likely than B1BC to show cytoplasmic but not nuclear RAD51 staining (OR 4.25;

p = 0.002) (73). Refining a robust B2BC CGH classifier that could distinguish B2BC from

non-B12BC would be of considerable help; such work is under way in Amsterdam.

From an oncologist’s perspective, an important question is whether having a BRCA1/2
mutation would make a difference to treatment. As both BRCA1 and BRCA2 are clearly

implicated in DNA repair, and deficient DNA repair in a tumor may mean that errors

introduced by chemotherapeutic agents cannot be repaired, it is plausible that chemotherapy

use in B12BC could result in preferential activation of programmed cell death pathways. For

this reason, there is some reason to believe that B12BC, lacking efficient DNA repair, may

be particularly susceptible to agents that act directly on DNA, e.g., platinum and mitomycin

C. The real excitement comes, however, from the possibility that “triple negative” BCs (i.e.,

ER, PgR, and HER2 negative) may be susceptible to new biological therapies, just as

bronchoalveolar adenocarcinomas (for some reason, mainly in Asian nonsmoking women)

are susceptible to gefitinib because of intragenic EGFR mutations (84,85). The vascular

phenotype of B1BC (54) (see above) offers special opportunities for antiangiogenic

therapies.
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INTRODUCTION

Epithelial ovarian cancer (EPC) is a heterogeneous disease. Ovarian neoplasms can be

subdivided into threemain groups: epithelial/stromal, germ cell, or sex cord/stromal.Among

epithelial tumors, different tumor subtypes present with different clinical andmorphological

features reflecting their underlying distinctive molecular characteristics. EPC has a poor

outcome in part due to the fact that at the time of diagnosis, 75% of the patients have disease

advanced beyond the ovary. Patients with early-stage disease, limited to the ovary or pelvis

(Stages I and II, respectively), have survival in the 80% to 95% range,whereas the survival of

patients with disease involving the upper abdomen or beyond (Stages III and IV,

respectively) is 10% to 30% (1). In the United States, 10% to 20% of patients with ovarian

cancer have a first- or second-degree relative with breast and/or ovarian cancer (2). The

lifetime risk for developing ovarian cancer in the general population is 1.6%whereas it rises

up to 7% if women have two first-degree relatives affected with this disease.

EPIDEMIOLOGY

Three clinical manifestations of hereditary ovarian cancer have been recognized: (i) “site-
specific” ovarian cancer, (ii) the breast and ovarian cancer syndrome, and (iii) the here-

ditary nonpolyposis colorectal cancer (HNPCC; Lynch II syndrome). The first two groups

are associated with germline mutations in the BRCA1 and BRCA2 tumor suppressor genes,

whereas HNPCC is associated with germline mutations in the DNAmismatch repair genes,

primarily hMLH1 and hMSH2 (3). Approximately 10% of all EPCs are hereditary, with

mutations in the BRCA genes accounting for approximately 90% of cases. Most of the

available information relates to BRCA1-linked disease given that BRCA1 germline

mutations are approximately four times more common in ovarian cancer patients than

BRCA2mutations. A minority (probably fewer than 10%) results from germline mutations

in the genes responsible for HNPCC or Lynch syndrome (4). In Israel, up to 40% of women
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with ovarian cancer with a family history of this disease and 13% of sporadic cases have

been shown to carry germline BRCA1 mutations.

BRCA1 AND BRCA2 MUTATIONS AND LIFETIME CANCER RISK

The risk of an individual with a mutation developing cancer of the ovary appears to be

influenced by the position of the mutation within the BRCA gene, the presence of allelic

variants of modifying genes, and the hormonal exposure of the carrier (5). The risk of

breast cancer for a woman with BRCA1 or two mutations ranges from 56% to 87%. In

contrast, the cumulative lifetime risk of ovarian cancer is 40% to 50% for BRCA1
mutation carriers and 20% to 30% for BRCA2 mutation carriers. This compares to a 1.6%

risk in the general population. Interestingly, for BRCA2 carriers, ovarian cancer seems to

occur more commonly in individuals with mutations in exon 11, “the ovarian cancer

cluster region” (6). The basis for the range in risks of ovarian cancer in mutation carriers

is likely due to both environmental and genetic factors affecting penetrance. For example,

oral contraceptives’ use and tubal ligation exert a protective effect and HRAS1 tandem

repeat are associated with an increased risk. Moreover, differences in gene penetrance

have been observed among different families with identical BRCA1 mutations.

Mutations of BRCA genes are rare in sporadic ovarian cancers. It is postulated that

the high rates of loss heterozygosity in the BRCA1 and two loci in sporadic tumors may

play a role in the development of sporadic ovarian tumors. Nevertheless, such loss of

heterozygotie (LOH) may also be a late event in somatic ovarian cancer (7).

PATHOLOGY AND CLINICAL MANIFESTATIONS

Hereditary ovarian cancers exhibit distinct clinicopathologic features compared with

sporadic cancers. Hereditary ovarian cancers are epithelial whereas malignancies of sex

cord-stromal origins or of germ cells are not seen in association with mutations in these

genes. The breast and ovarian cancer phenotypes associated with mutations in BRCA1
and BRCA2 are similar, confirming that the two proteins exert common functions in

ovaries. Most ovarian cancers associated with germline BRCA mutations are diagnosed at

a younger age (mean age 53 vs. 64 for sporadic) and are high-grade and advanced-stage

serous carcinomas. Most studies have reported that papillary serous adenocarcinoma is

the predominant type to occur in BRCA1 or BRCA2 carriers (5).

In a large collaborative study carried out on behalf of the Breast Cancer Linkage

Consortium, we characterized the histopathological features of breast cancers arising

in patients harboring germline mutations in the BRCA1 and BRCA2 genes (8). In this study,
a systematic blinded detailed review of more than 200 BRCA-associated ovarian

cancers was performed and compared with population-based controls. We confirmed the

greater frequency of serous carcinomas in BRCA1-associated tumors (Fig. 1A), consistent

with previous studies by Rubin et al. (9), Berchuck et al. (10), and more recently by Shaw

et al. (11).

Our study and others have also shown that malignant mucinous carcinoma

(Fig. 2A) is underrepresented in BRCA1 mutation carriers (8,12), suggesting that

mutations in this gene do not generally play a role in the development of this subtype of

epithelial neoplasm.

The frequencies of endometrioid and clear cell (Fig. 1B) carcinomas were similar

to, or slightly lower than, their frequencies in controls, in accordance with other
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reports (9). These types therefore represent a significant fraction of tumors in BRCA1
carriers (36% and 18%, respectively). We found that borderline tumors (Fig. 2B) are

much more rare (as a proportion of all ovarian tumors) in BRCA1 carriers, in accordance

with previous observations (13).

Furthermore, we showed that BRCA1-associated tumors are of higher grade

(p < 0.0001), on an average, than control tumors. This difference has been found in several

other studies (3,9,11). We also found a greater proportion of solid tumors in the BRCA1
group (p ¼ 0.001), indicating poor differentiation, an effect also seen by Shaw et al. (11).

The other morphological features, such as vascular invasion, necrosis, and mitotic count,

were not significantly associated with BRCA1 mutations in this study. Consistent with the

association with grade, we found a higher frequency of strong p53 staining in BRCA1 and

BRCA2 tumors (p ¼ 0.018). In contrast, our study did not reveal any difference in human

epidermal growth factor receptor 2 (HER2) expression betweenBRCA1 andBRCA2 ovarian
cancers or controls. This contrasts with the pattern in breast cancer, in which HER2

overexpression is less frequent in BRCA-associated cancers than in controls (14).

The distribution of histological features in BRCA2 carriers is very similar to those

seen in BRCA1 carriers, with a very low frequency of borderline and mucinous tumors, a

higher-than-average frequency of serous tumors, and smaller but significant frequencies

of endometrioid and giant-cell tumors. BRCA2 tumors are also of higher-than-average

grade and more frequently have a solid component.

Figure 2 BRCA1 nonassociated ovarian tumors: (A) Invasive mucinous carcinoma (HESX10)

(B) serous borderline tumor.

Figure 1 BRCA1-associated histopathological type: (A) High-grade serous carcinoma (HESX10)

(B) endometrioid carcinoma.
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This similarity in ovarian cancer pathology between BRCA1 and BRCA2 carriers

contrasts with the breast cancer pathology, where there is a very marked contrast between

BRCA1- and BRCA2-associated diseases. The only notable differences between BRCA1-
and BRCA2-related ovarian cancers are the much lower risk in BRCA2 carriers and the

different age distributions, with BRCA2-associated disease occurring later in life.

MICROARRAY DATA ON BRCA1/2 OVARIAN TUMORS

Recent microarray studies from Marquez et al. showed that the different ovarian subtypes

were associated with distinct gene expression profiles. This finding supports the long-held

belief that histotypes of ovarian cancers come to resemble normal fallopian tube and endo-

metrial and colonic epithelium (15). Several potential molecular markers for serous,

endometrioid, clear cell, and mucinous ovarian cancers have been identified. Other microarray

studies have found different profiles associated with tumor grade, prognosis, and response to

therapy (16–18).

Complementary (cDNA)microarrays were used to compare gene expression patterns

in ovarian cancers associated with BRCA1 or BRCA2 mutations with gene expression

patterns in sporadic EPCs and to identify patterns common to both hereditary and sporadic

tumors. Jazaeri et al. (19) showed that mutations in BRCA1 and BRCA2 may lead to

carcinogenesis through distinct molecular pathways. In their study, the greatest contrast in

gene expression was observed between tumors with BRCA1 mutations and those with

BRCA2 mutations; 110 genes showed statistically significantly different expression levels

(p < 0.0001). Furthermore, these distinct pathways also appeared to be involved in sporadic

cancers. Sporadic carcinogenic pathways may result from epigenetic aberrations of BRCA1
and BRCA2 or their downstream effectors as this group of genes could segregate sporadic

tumors into two subgroups, “BRCA1-like” and “BRCA2-like,” suggesting that BRCA1-
related and BRCA2-related pathways are also involved in sporadic ovarian cancers. Fifty-

three genes were differentially expressed between tumors with BRCA1 mutations and

sporadic tumors; 6 of the 53 mapped to Xp11.23 and were expressed at higher levels in

tumors with BRCA1 mutations than in sporadic tumors. Compared with the immortalized

ovarian surface epithelial cells used as reference, several interferon-inducible genes were

overexpressed in the majority of tumors with a BRCA mutation and in sporadic tumors.

EVALUATION OF THE RISK: DOES PATHOLOGY PLAY A ROLE IN
WHO TO TEST?

The National Institutes of Health consensus statement is quite broad and states that a

woman with one first-degree relative with ovarian cancer may choose to be screened for

Table 1 Features of BRCA1/2-Associated Ovarian Cancer

Younger age (10 yr younger than sporadic)

Similar features in BRCA1 and BRCA2 mutations carriers

Epithelial tumors, predominantly serous, high grade (solid, numerous mitosis), p53þ
No difference for HER2 overexpression between BRCA-associated and controls

Are not usually mucinous or borderline
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ovarian cancer (20). Additionally, it is recommended that women with two or more

family members affected by ovarian cancer should have counseling by a gynecologic

oncologist or other qualified specialist about her individual risk. Morphological and

immunohistochemical features of a tumor have also been shown to be powerful predictors

of BRCA1 mutation status that could aid in identifying individuals who should be referred

for genetic counseling and testing. Even in the absence of information on family history,

the mutation prevalence in women with poorly differentiated and undifferentiated serous

tumors exceeds 10% in most age groups, whereas the prevalence in those with mucinous

and well-differentiated tumors is low (8). The addition of p53 staining further improves

prediction of mutation status. Similar predictions can be made for BRCA2 tumors. Thus,

the use of pathological features of ovarian tumors may substantially improve the targeting

of predictive genetic testing.

OTHER GYNECOLOGICAL TUMOR SITES ASSOCIATED WITH
BRCA MUTATIONS

BRCA1 and BRCA2 carriers also have elevated risks of fallopian tube (21) and primary

peritoneal carcinomas (22). Schorge et al. found that 26% of papillary serous

adenocarcinomas of the peritoneum were associated to BRCA1 mutations. These tumors

had higher level of p53 mutations and were less likely to overexpress HER2 than wild-

type BRCA1 subjects (22).

PROGNOSIS AND TREATMENT

Women with hereditary ovarian cancers have a distinctly better clinical outcome with

longer overall survival and recurrence-free interval after chemotherapy than is seen in

those with sporadic cancers, and this is particularly true if they received platinum-based

therapy. This difference is thought to be due to a chemosensitivity of the BRCA-deficient
tumor cells to DNA damaging agent such as cisplatin (23). Nevertheless, in some studies,

these results might be influenced by survival bias, as only women who had survived long

enough to be tested were included. Such a bias would select against mutation carriers

with a poor prognosis, and could thereby skew the findings.

RISK REDUCTION OPTION

Women with a family history including two or more first- or second-degree relatives with

either ovarian cancer alone or both breast and ovarian cancers should undertake

prophylactic salpingo-oophorectomy immediately after childbearing has been completed

to reduce the risk of ovarian cancer (20,24). Screening procedures have proven highly

ineffective in the general population and the consensus is that the current screening

methodologies (pelvic ultrasound, CA-125 levels) do not perform any better in the setting

of hereditary ovarian cancer.

Women carrying a BRCA mutation are more prone to undergo prophylactic

oophorectomy (PO) than prophylactic mastectomy, with more than 50% of the carriers

opting for oophorectomy as compared to 8% to 28% undergoing mastectomy (25). The

evidence of a predisposition to tubal carcinoma in BRCA mutation carriers has raised
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the question whether an oophorectomy alone would be enough. It is now a standard

practice to perform a prophylactic bilateral salpingo-oophorectomy (PSO), although some

authors advocate the inclusion of hysterectomy for the management of such patients in

order to remove interstitial and isthmic portion of the tubes (26).

PSO reduces the risk of ovarian, fallopian tube, or primary peritoneal cancers by

98% and the risk of breast and ovarian cancer by 54%. The risk of developing peritoneal

carcinoma remains. It has been variably estimated ranging from 1.8% 1 to 27 years after

PO in the Gilda Radner registry (27), to 10.7% in the National Cancer Institute (NCI)

registry of cancer-prone families (28). In a series from Casey et al. (29), a 3.5%

cumulative risk for all mutation carriers and a 3.9% cumulative risk for BRCA1 mutation

carriers were calculated through 20 years of followup after PSO. The calculated

cumulative risks of developing intra-abdominal carcinomatosis after PO in members of

hereditary breast and ovarian cancer syndrome families, specifically those who carry

deleterious mutations, are well below the estimated risks of ovarian cancer published

previously from the NCI registry for similar patients (29). Some cases of presumed

peritoneal cancer following PO in the old studies could represent peritoneal spread of an

undiagnosed primary ovarian cancer due to sampling error. PSO also reduces the risk of

subsequent breast cancer if performed premenopausally.

PATHOLOGICAL FINDINGS IN PSO SPECIMEN

In ovaries removed from patients undergoing PO or PSO, putative precursors of ovarian

carcinoma or occult ovarian carcinoma have been observed. Ovarian dysplasia has been

described in prophylactic oophorectomies’ specimens by Deligdisch et al. (30,31) and

identified (i) in ovarian surface epithelium and in epithelial inclusion cyst, (ii) adjacent to
overt carcinoma, and incidentally often in the patients with family history. Data from

Salazar et al. (32) have shown changes such as metaplasia, surface papillomatosis

(Fig. 3), deep cortical invaginations (Fig. 4), inclusion cysts (Fig. 5), and epithelial

hyperplasia and atypia (Fig. 6) were significantly more frequent in specimens from POs

associated with BRCA mutations. Atypia and hyperplasia have also been described in the

fallopian tubes (Fig. 7) (33).

Those data remain controversial; as such, changes have also been observed, to a

lesser extent, in normal ovaries removed, for instance, during total hysterectomy (TAH)

for fibromas. Nevertheless, few microscopic or tiny gross carcinomas have been reported,

Figure 3 Surface papillomatosis.
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mainly in PO specimens from patients at high risk for the development of ovarian

carcinoma with occult carcinoma including ovarian, fallopian, and peritoneal carcinomas

detected in 1.7% to 17% of cases.

Only a small number of studies have examined the molecular genetic features of

such lesions (34). We have performed a study evaluating cancer-prone phenotypes in 31

prophylactic specimens’ oophorectomy (PSO) (18 from the Mount Sinai School of

Medicine, NY and 13 from Centre Jean Perrin) (35). Patients were eligible if they had a

known BRCA mutation, and/or a family history of ovarian cancer, and/or a family or

personal history of breast cancer (median age 50) (PSO group). The control group was

composed of 21 normal ovaries from patients with no known risk for ovarian cancer,

undergoing TAH-BSO for uterine leiomyoma, and seven cases of Stage III to IV ovarian

invasive serous papillary carcinoma. Our results showed a progressive increased

expression of Ki67 and p53 between normal, PSO, and ovarian carcinoma (p ¼ 0.01). A

similar trend was observed for cytoplasmic CA-125 expression.

An increased level of morphologic abnormalities of ovarian surface epithelium and

inclusion glands has been shown to be associated with expression of p53 in normal

ovaries, suggesting that abnormalities of p53 may be an early event in carcinogenesis

(8, for review). Moreover, p53 mutations have been observed in normal epithelium and

inclusion glands adjacent to invasive serous carcinomas. These data suggest that p53
mutations are an early event and might be present prior to stromal invasion and

correspond to an early event in serous tumor carcinogenesis (34). Additionally, mutations

in p53 are associated with loss of BRCA1 or BRCA2 function in the majority of tumors.

Figure 4 Deep cortical invaginations.
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Thus, these findings suggest that PSO specimens from high-risk women should by

thoroughly sampled (ovaries and fallopian tubes) as they may harbor preinvasive lesions

or occult carcinomas. Additionally, p53 mutations have been noted to arise in preinvasive

epithelium and appear to be associated with loss of BRCA1/2 function.

Figure 6 Epithelial hyperplasia and atypia.

Figure 5 Inclusion cysts.
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HEREDITARY NONPOLYPOSIS COLORECTAL CANCER

Two genes in particular, MLH1 and MSH2, account by far for most of HNPCC. The

cumulative risk of ovarian cancer in HNPCC families is more than 12%. Ovarian cancer

in HNPCC syndrome is diagnosed at younger age than in the general population. Most

tumors are low-stage and well-differentiated or moderately differentiated carcinomas.

Annual followup is recommended for these patients and includes concurrent CA-125

screening and transvaginal ultrasound every 6 to 12 months as well as consideration for

prophylactic TAH and PSO once childbearing is complete (36,37).

CONCLUSION

Individuals carrying germline mutations in one allele of the BRCA1 or BRCA2 genes are

at significantly increased risk of developing ovarian and fallopian tube cancer. Once

cancer has developed, the pathology and clinical behavior of BRCA-associated tumors is

distinct from sporadic cases. The tumors occur earlier than sporadic ovarian tumors (on

average 10 years younger). They are typically epithelial tumors, predominantly of serous

subtype, and high grade (solid architecture, numerous mitosis). Frequent p53 mutations

are noted. Borderline and mucinous tumors are rare in mutation carriers. Bilateral

prophylactic salpingo-oophorectomy is recommended for women with known mutations

immediately after childbearing has been completed to reduce the risk of ovarian and

breast cancers. Given the frequency of preinvasive lesions, it is recommended that the

PSO specimens be carefully and thoroughly processed.
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INTRODUCTION

Through carefully designed randomized trials for early stage breast cancer, breast-

conserving surgery followed by whole breast radiation therapy (RT) has been shown to

result in survival equivalent to that achieved with modified radical mastectomy while

affording a woman the opportunity to preserve her breast (1–6). However, in women with

hereditary breast cancer, outcomes following mastectomy versus breast-conserving

therapy have not been directly compared. Thus, comparability of rates of local control,

disease-specific survival, overall survival, and toxicity by treatment is unproven. In

addition, questions have been raised as to whether the baseline elevated breast cancer risk

in women with hereditary disease will be further increased due the use of radiotherapy to

the breast for treatment of the index cancer. Given the limited number of patients

diagnosed with hereditary breast cancer each year and the uncertainty whether these

women would consent to a randomization between mastectomy and breast conservation,

it is doubtful whether a randomized comparison will ever occur. Thus, our current

knowledge of ipsilateral breast tumor recurrence (IBTR) following the use of breast-

conserving surgery and RT and the risk of developing a contralateral breast cancer in

women with hereditary breast cancer is based upon single and multi-institutional

retrospective analyses and prospective nonrandomized studies, primarily in women who

are known carriers of a BRCA1/2 breast cancer susceptibility gene. The potential

implications of a conservative approach and actual clinical results, with emphasis upon

women with a known deleterious BRCA1/2 mutation, will be presented in this chapter.

THE ROLE OF THE BRCA1 AND BRCA2 GENES AND IMPLICATIONS
FOR RADIOTHERAPY

It has been over a decade since the BRCA1 and BRCA2 genes were identified, and yet the

precise function of these proteins has not been fully revealed. Tumors arising in carriers

who are heterozygous for deleterious germline BRCA1/2 mutations are associated with

the loss of the wild-type allele and therefore express a damaged, truncated, inactive

protein. It appears that both BRCA1 and BRCA2 are involved in the double-strand break

repair of DNA (7). Ionizing radiation causes double-strand breaks, among other lesions,
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and those occurring in S/G2 phases of the cell cycle are repaired in part by homologous

recombination. BRCA1 has a role in the regulation and promotion of the DNA double-

strand break repair process, and loss of breast cancer1 (BRCA1) protein function has been

shown to result in a reduction in the frequency of homologous recombination events in

irradiated cells (8). This, in turn, may lead to increased radiation sensitivity. Other

implicated functions of the BRCA1 gene include nonhomologous end joining DNA repair

(9); S-phase and G2M cell-cycle checkpoint repair (10); and participation in the apoptotic

process (10) and in the repair of single-stranded DNA damage (10). The BRCA2 protein

interacts with the RAD51 protein to facilitate homologous recombination following DNA

breakdown (11,12). A truncated BRCA2 protein will not allow the essential connection

between these two proteins, thus leading to a reduction in homologous recombination

and, in vitro, an increase in radiation sensitivity (11,12).

Because the BRCA1/2 genes hold a valuable role in maintaining genomic integrity,

a possible consequence of a defective protein in cancers of patients with BRCA1/2
mutations could be the development of a highly radiation-sensitive tumor. Moreover,

since BRCA1 and 2 are both tumor-suppressor genes and the somatic cells of mutation

carriers are already lacking one normal copy of the gene, it has been suggested that

radiotherapy following breast-conserving surgery could increase the rate of second

cancers in the treated breast from direct radiation exposure and further increase the rates

of contralateral breast cancers beyond the elevated baseline risk as a consequence of

scattered low-dose radiation. Clinical data addressing each of these hypothetical concerns

will be discussed in the text to follow.

LOCAL CONTROL RESULTS IN BRCA1/2 CARRIERS WITH
EARLY-STAGE BREAST CANCER

Impact of BRCA1/2 Testing upon Surgical Choice at Breast
Cancer Diagnosis

Recent studies have examined the impact of genetic cancer risk assessment upon surgical

choices at the time of breast cancer diagnosis (13,14). In a study by Schwartz et al. of 194

newly diagnosed breast cancer patients at high risk for having a mutation, who

subsequently underwent genetic testing, 48% of patients found to carry a BRCA1/2
mutation chose bilateral mastectomy (13). Upon multivariate analysis of predictors for

bilateral mastectomy, positive test results were associated with a threefold increase in

pursuing bilateral mastectomy. Equal numbers of BRCA1/2 carriers chose breast

conservation therapy as bilateral surgery; however, BRCA1/2 carriers were less likely to

undergo a unilateral mastectomy when compared to patients who declined testing or

received an uninformative test result (BRCA1/2 negative or ambiguous result). In a study

from City of Hope by Weitzel et al., 32 women enrolled in a hereditary cancer registry

underwent genetic cancer risk assessment including BRCA1/2 testing at the time of their

breast cancer diagnosis (14). Of the patients, 7 were found to have a deleterious BRCA1/2
mutation, 22 tested negative, and 3 had a variant of uncertain significance. In this small

series, all seven patients with a deleterious mutation opted for bilateral mastectomy rather

than unilateral surgery compared to only 2/22 women (9%) who tested negative for a

mutation. Although it is not clear exactly what the surgical preferences are in the majority

of breast cancer patients who are found to be BRCA1/2 carriers, it appears that there is

interest in both bilateral mastectomy and breast conservation. Thus, information

regarding likely outcomes by surgical approach would be important when counseling

these women. It is also important to perform genetic risk assessments in these cancer
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patients prior to definitive local therapy using treatment algorithms that coordinate testing

into the overall treatment plan (13–15).

Results in BRCA1/2 Carriers Treated with Mastectomy

Recent reports have documented the reduction in risk of developing breast cancer with

the use of prophylactic mastectomy in known BRCA1/2 carriers (16–18). Both

prospective trials and retrospective cohort studies have demonstrated risk reductions of

90% or greater with up to a median followup of 13 years with the use of prophylactic

mastectomy. However, these results must be distinguished from outcomes in women with

a BRCA1/2 breast cancer susceptibility gene, who have a known diagnosis of breast

cancer. To our knowledge, there are only limited data of outcomes of women with

BRCA1/2-associated breast cancer treated with mastectomy. In the series by El-Tamer

et al., there was no significant difference in the rate of local-regional recurrence in the 30

BRCA1/2 carriers treated with mastectomy compared to mastectomy in 216 noncarriers

(i.e., 5.9% in BRCA1 and 0% in BRCA2 carriers vs. 3.7% in noncarriers, respectively,

p ¼ ns) with a median followup of four years for the overall study (19). This compares to

the significant difference found upon univariate analysis between 21 BRCA1/2 carriers

and 220 noncarriers (23.1% in BRCA1 and 12.5% in BRCA2 carriers vs. 5.9% in

noncarriers, p ¼ 0.05) treated with breast conservation that was not significant upon

multivariate analysis. In the study by Eccles et al. of familial breast cancer of the

70 patients with a positive family history who underwent mastectomy, 14.3%

experienced a local recurrence compared to a 16.5% failure rate in 79 women with a

negative family history (p ¼ ns) (20). When the outcome specifically in 39 known

BRCA1 mutation carriers was compared to that in negative controls, again there was no

significant difference in rates of recurrence (10.3% vs. 16.5%, p ¼ ns). Furthermore,

there were no significant differences between rates of local control at 10 years in

BRCA1/2 carriers treated with either breast conservation or mastectomy, with estimates

of 16.7% and 10.3%, respectively (p ¼ ns). Therefore, although published results are

limited, rates of local-regional control following mastectomy in BRCA1/2 carriers with

breast cancer appear to be comparable to those observed with sporadic breast cancer.

Additional studies, however, are needed to confirm these findings.

Results in BRCA1/2 Carriers Treated with Breast-Conserving
Surgery and Radiotherapy

In contrast to the limited published results in BRCA1/2 carriers treated with mastectomy,

multiple series have been reported providing outcomes following breast-conserving

surgery and RT, specifically comparing rates of IBTR in BRCA1/2 carriers with rates in

women with sporadic disease. Many of the breast conservation series in BRCA1/2 carriers

are presented in Table 1.

In comparison to consistent estimates of IBTR in breast conservation trials of

(presumably) sporadic breast cancer patients of approximately 0.75% to 1% per year,

IBTR rates in BRCA1/2 carriers have varied by series. The majority of the studies have

not shown a significant difference in the rates of IBTR between known BRCA1/2 carriers

and noncarriers, whereas others have demonstrated significantly higher rates of in-breast

tumor failure in BRCA1/2 carriers. Factors that have likely contributed to these

differences will be discussed.

One of the first studies of breast conservation in a known BRCA1/2 carrier

population was reported by Robson et al. from Memorial Sloan–Kettering Cancer Center
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(30). Using clinical samples tested for three founder mutations (BRCA1 185delAG,
BRCA1 5382 insC, and BRCA2 6174delAT) in women of Ashkenazi Jewish descent,

women with a BRCA1/2 mutation had a nonsignificant increase in IBTR compared to

women of Ashkenazi Jewish descent who were not mutation carriers; however, mutation

status was not a significant predictor for recurrence in univariate or multivariate analyses.

Only patient age (<50 years) significantly predicted for a 2.5-fold increased risk of IBTR.

In a subsequent report by Robson et al. in collaboration with McGill University, age

under 50 years was the only significant predictor of metachronous IBTR in women with

and without germline BRCA1/2 founder mutations (25). Recently, in a report by Robson

et al. of 87 carriers identified either through complete coding sequence analysis or

through targeted analysis of founder mutations, rates of IBTR in carriers were shown to

be similar to those reported in young women without known mutations (24). Of note,

67% of the IBTR in BRCA1/2 carriers were ductal carcinoma in situ only without an

invasive component as compared to 85% with invasive histologies at the contralateral

breast. This finding, in addition to the excess of subsequent cancer events in the

contralateral breast relative to the ipsilateral breast (37.6% vs. 13.6%, respectively) is

consistent with an altered progression of disease in the irradiated breast when compared

to the untreated contralateral breast presumably from sterilization of subclinical disease

with radiation.

In a report from the United Kingdom by Eccles et al. (20), the incidence of IBTR

was neither increased at 10 years in patients with a significant family history and/or

known BRCA1 mutation compared to the patients with a negative family history (i.e.,

22% with a positive family history vs. 24% in patients with a negative family history) nor

was there a difference observed in rates of IBTR between known BRCA1 carriers and

negative history controls (i.e., 17% vs. 24%, respectively). However, the baseline rate of

IBTR in the negative history controls was considerably higher than generally reported in

the published literature, which may, in part, reflect the criteria for inclusion in this cohort,

i.e., that the calculated heterozygote risk for the index case only had to be less than 20%.

Table 1 Rates of Ipsilateral Breast Tumor Recurrence Following Breast-Conserving Surgery and

RT for BRCA1/2-Associated Early-Stage Breast Cancer

Author (Refs.)

Patients (n) Breast cancer (%)
Followup

(Yr)BRCA1/2 Sporadic BRCA1/2 Sporadic p-Value

Haffty et al.a (21) 22 105 49 21 0.007 12

Metcalfe et al. (22) 188 – 11.5 – – 10

Pierce et al. (23) 160 445 12 9 0.19 10

Robson et al. (24) 87 – 14 – – 10

Robson et al. (25) 56 440 12 8 0.68 10

Delaloge et al. (26) 53 43 9 (BRCA1)
37 (BRCA2)

12 0.07 10

Eccles et al. (20) 36 83 17 24 0.63 10

Kirova et al. (27) 27 261 24 19 0.47 9

Seynaeve et al. (28) 26 174 15 12 0.76 6

Chappuis et al. (29) – – 6 7 0.93 5

El-Tamer et al. (19) 21 207 19 6 0.05 4

aAll patients ≤42 years of age at diagnosis.

Abbreviations: IBTR, ipsilateral breast tumor recurrence; RT, radiation therapy.
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In any regard, in their series, the presence of a BRCA1 mutation did not confer a higher

rate of IBTR compared to women with sporadic breast cancer as defined in their study.

Seynaeve et al. recently updated their results from the Daniel den Hood Cancer

Centre in the Netherlands (28). In a series of 87 women with hereditary breast cancer

treated with breast conservation, 26 were found to have a BRCA1/2 mutation. With a

median followup of six years, 15% of BRCA1/2 carriers experienced an IBTR compared

to 12% in sporadic controls matched by age and year of diagnosis (p ¼ ns). Upon

multivariate analysis for IBTR, after correction for age at diagnosis and tumor size, no

increased risk of recurrence was found for BRCA1/2 carriers.

In contrast to these and other series showing no significant differences in rates of

IBTR between BRCA1/2 carriers and matched noncarriers, once analyses have been

corrected for confounding variables, a minority of studies have demonstrated higher rates

of IBTR in BRCA1/2 carriers when compared to noncarriers. In a report by El-Tamer

et al. from Columbia-Presbyterian Hospital, 21 BRCA1/2 carriers who were treated with

breast conservation were identified from a registry of 739 women of Jewish descent with

breast cancer under the age of 65 years (19). Upon univariate analysis, the authors

reported a significantly higher crude risk of IBTR for BRCA1/2 carriers compared to

noncarriers at five years (p ¼ 0.05); however log-rank comparisons of Kaplan–Meier

estimates did not demonstrate significant differences over time between the two groups,

a result consistent with a limited number of absolute events and power at five years.

Similarly, an abstract by Bremer et al. detailing outcomes in nine known BRCA1/2
carriers, the majority of whom were treated with breast conservation, reported three local

recurrences in nine BRCA1/2 patients (33%) with bilateral cancer versus 8 recurrences

out of 101 patients (8%) in the noncarrier group also with bilateral breast cancer, at a

median followup of 72 months from diagnosis of the first primary and 30 months from

the second primary (31). Again, the number of events was limited and conclusions are

tentative at best.

Haffty et al. reported the outcome of 22 patients with BRCA1/2-associated breast

cancer and compared this to results of 105 women with sporadic breast cancer; all

patients were treated with breast conservation and were diagnosed at age 42 years or

younger (21). The age of the genetic cohort was significantly younger than patients with

sporadic breast cancer (33 and 37 years, respectively). With 12-year followup, the rate of

IBTR was 49% in the genetic group compared to 21% in the sporadic group (p ¼ 0.007),

(Fig. 1). The authors noted that none of the carriers had undergone a prophylactic

oophorectomy or had received tamoxifen.

The results of a multi-institutional collaboration previously reported by Pierce et

al. were recently updated (23). The outcome of 160 patients with a BRCA1/2
deleterious mutation was compared to the outcome in noncarriers matched in a 1:3 ratio

by age and date of diagnosis (23). With a median followup of 7.9 years for carriers and

6.7 years for women with sporadic disease, a nonsignificant 37% increase in IBTR was

observed in the BRCA1/2 carriers relative to the rate in the control group (p ¼ 0.19).

The rate of IBTR was significantly higher among BRCA1/2 mutation carriers who did

not undergo oophorectomy compared to controls [hazard ratio (HR) 1.94; p ¼ 0.03]

(Fig. 2). However, when the outcome in only those mutation carriers who underwent

bilateral oophorectomy was compared to that of sporadic controls, the risk of IBTR was

similar (p ¼ 0.39) (Fig. 3). Tamoxifen treatment was associated with 58% reduction in

IBTR in both carriers and controls. When tamoxifen use was analyzed in BRCA1/2
carriers who had not undergone oophorectomy, no local failures were observed in

carriers following tamoxifen compared to IBTR rates of 8%, 17%, and 31% at 5, 10,

and 15 years, respectively, in carriers who did not receive tamoxifen. Thus, these data
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suggest a reduction in the risk of IBTR in BRCA1/2 carriers treated with breast

conservation with both tamoxifen use and prophylactic oophorectomy.

Thus, it appears that factors that account for the discordant findings among breast

conservation series in BRCA1/2 carriers are complex and include limitations in study design;

variable penetrance of the genes; qualitative differences in phenotypic expression by site of

mutation; anddifferences in treatment suchaswhether hormonal interventions are apart of the

management strategy. Clearly, studies have shown that both prophylactic bilateral

oophorectomy and tamoxifen use can reduce the risk of breast cancer in known BRCA1/2
carriers, with risk reductions of approximately 40% to 50% (22,33–35). Therefore, it is not

surprising that these interventions could also reduce the risk of IBTR in known carriers

with breast cancer who opt to be treated with breast conservation, as shown in the

Figure 2 In-breast tumor recur-

rence in BRCA1/2 mutation car-

riers and sporadic controls who

have not undergone bilateral

prophylactic oophorectomy.

Abbreviation: HR, hazard ratio.

Source: From Ref. 23.

Figure 1 Proportion of women free of

ipsilateral breast tumor recurrence by

genetic predisposition. Source: From

Ref. 21.
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collaborative series. Thus, hormonal interventions such as tamoxifen use and prophylactic

oophorectomy should be taken into account when comparing results across series.

POTENTIAL RADIATION-ASSOCIATED TOXICITIES FOLLOWING
BREAST CONSERVATION

Because of the involvement of the BRCA1 and BRCA2 genes in the maintenance of

genomic integrity, it has been suggested that mutation carriers would be at greater risk of

acute and chronic radiation-associated toxicities due to incomplete repair of radiation-

induced damage compared to patients with two normal copies of the genes. To study the

potential side effects of RT in a known BRCA1/2 cohort, Gaffney et al. reported toxicity

in 21 carriers treated with RT either following breast-conserving surgery or mastectomy

(36). Patients were treated with a variety of RT treatment techniques and dose regimens.

Acute toxicity consisting of moist desquamation and moderate erythema was reported in

approximately one-third of the patients, a rate higher than generally reported following

standard radiation field and doses in patients with sporadic disease. There were no

reported late sequelae of RT with a mean followup of approximately 8.5 years. In the

series by Pierce et al. (32), acute radiation toxicity in BRCA carriers was graded using the

Radiation Therapy Oncology Group Acute Radiation Morbidity Criteria (37). Toxicity

results in BRCA1/2 carriers were compared to those observed in a matched sporadic

cohort. No excess skin toxicity was demonstrated in the genetic cohort. Only 1% and 3%

of cases in the genetic and sporadic cohort, respectively, had confluent areas of moist

desquamation (p ¼ 0.9); there were no cases of Grade 4 skin toxicity. There was no

Figure 3 Ipsilateral breast tumor recurrence among BRCA1/2 mutation carriers who have

undergone BO versus sporadic controls who have not undergone oophorectomy. The number of

events for the BO genetic mutation carrier groups is predicted based on respective time-dependent

covariate models under the assumption that the BO occurred at the time of the breast cancer

diagnosis for each patient. Abbreviation: BO, bilateral prophylactic oophorectomy. Source: From
Ref. 23.
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difference in pulmonary symptoms or breast pain between the groups. The incidence of

chronic RT-associated adverse events, specifically chronic sequelae in the skin,

subcutaneous tissues, lung, and bone was the same for both groups.

A recent report by Shanley et al. also compared rates of acute and late toxicities in

BRCA1/2 carriers treated with breast radiotherapy to those observed in matched breast

cancer controls (38). With median followups of 6.75 years for carriers and 7.75 years for

controls, 55 matched case-control pairs were evaluated using patient interviews,

photographs, and the Late Effects on Normal Tissues–Subjective, Objective,

Management and Analytic (LENT-SOMA) scale, which assesses late effects on normal

tissues (39). With respect to acute toxicities, while more carriers noted some degree of

breast pain with RT (21.1% difference, p ¼ 0.03), no significant differences were noted in

degree of breast erythema, moist desquamation, or fatigue. Chronic toxicity, as measured

by rates of rib fractures, lung fibrosis, soft-tissue/bone necrosis, and cardiac fibrosis did

not differ by group. Similarly, rates of edema, fibrosis, telangiectasia, and atrophy were

comparable between BRCA1/2 carriers and controls using LENT-SOMA scoring.

Therefore, in the reports of acute toxicity in which carriers and noncarriers were

matched, rates of acute radiation-associated morbidity were comparable between

BRCA1/2 carriers and controls, and data from all three series demonstrated similar rates

of chronic RT-associated events in mutation carriers and noncarriers with up to seven

years of followup. As the latency period for the potential complication of radiation-

induced malignancies has been shown to be 10 years and longer, additional followup will

be needed to ensure there is no increase in the incidence of second cancers beyond

baseline levels observed in BRCA1/2 carriers following RT.

CONTRALATERAL BREAST CANCER

The baseline risk of developing bilateral breast cancer in BRCA1/2 carriers is

significantly greater compared to noncarriers, with the development of metachronous

disease in the contralateral breast reported to be as high as 40% in BRCA1/2 carriers at 10

years after treatment of the index breast cancer with RT (Table 2).

Whether this elevated baseline risk could be further increased as a result of

scattered radiation following definitive treatment of the initial breast cancer has been

questioned. To our knowledge, there are no published studies prospectively comparing

rates of contralateral breast cancer in known carriers who have received breast RT

compared to rates in carriers who have not received radiation. Several investigators have,

however, reported their experience in retrospective analyses. Eccles et al. reported similar

rates of contralateral breast cancer in patients with a positive family history of breast

cancer (approximately half were BRCA1 positive), who received adjuvant RT compared

to patients who did not receive radiation, i.e., 27/81 (33.3%) and 24/61 (39.3%),

respectively, p ¼ 0.95 (20). In a series by Metcalfe et al., the 5- and 10-year actuarial

estimates of contralateral breast cancer were 16.9% and 29.5%, respectively (22). When

factors potentially impacting rates of contralateral breast cancer were analyzed, RT was

not associated with an elevated risk of contralateral breast cancer (HR 0.86; p ¼ 0.51).

Thus, at present, there are no data to suggest that the risk of contralateral breast cancer is

further increased beyond baseline rates in carriers who have received breast irradiation.

These patients will, however, continue to be followed up over time. Despite the lack of

evidence that scatter radiation can increase the rate of contralateral breast cancers,

it is always prudent to minimize scatter to the contralateral breast when possible.

Treatment planning measures such as omission of the medial wedge and use of intensity
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modulated RT have been shown to reduce scatter to the contralateral breast. Incorporation

of these and other technical modifications into routine treatment planning should be

encouraged.

Consistent with the reduction in risk of contralateral breast cancers with adjuvant

tamoxifen following treatment for sporadic breast cancer (40), Narod et al. demonstrated a

reduction in risk of contralateral breast cancer using tamoxifen in BRCA1/2 carriers (33). In
a case control study, BRCA1/2 carriers with bilateral breast cancer were matched and

compared to carriers with unilateral disease. In this study, adjuvant tamoxifen was

associated with a 50% reduction in the occurrence of contralateral breast cancer compared

to the group without adjuvant tamoxifen treatment. Similar results were observed in the

collaborative study from the Hereditary Cancer Clinical Study Group, in which tamoxifen

use was associated with a 50% reduction in risk of contralateral breast cancer in

known BRCA1 carriers (p ¼ 0.01) and a 58% reduction in BRCA2 carriers (p ¼ 0.05) (34).

Bilateral salpingo-oophorectomy has also been shown to significantly reduce breast

cancer risk in known BRCA1/2 carriers. In an analysis of 99 BRCA1/2 mutation carriers

who underwent oophorectomy and 142 who did not, the risk of a subsequent breast

cancer was reduced by 53% after oophorectomy (35). In the recent report by Metcalfe et

al. (22), oophorectomy was associated with a 59% reduction in risk of contralateral breast

cancer, and when multiple factors were considered in a multivariate analysis, only

oophorectomy was found to significantly protect against the development of contralateral

breast cancer.

Despite the reductions in risk afforded by tamoxifen use and oophorectomy, the risk

of contralateral breast cancer still appears to exceed the risk observed in women with

sporadic breast cancer following breast-conserving surgery and RT. In the collaborative

series by Pierce et al., using a time-dependent covariate model to study the impact of

bilateral oophorectomy upon risk of contralateral breast cancer in BRCA1/2 carriers

relative to noncarriers, breast cancer rates remained significantly higher in BRCA1/2
carriers despite oophorectomy compared to controls, with 10 and 15 estimates 16% and

26% for carriers versus 4% and 11% for noncarriers, respectively (p ¼ 0.007) (23), as

shown in Figure 4.

Thus, additional strategies are needed in BRCA1/2 mutation carriers to reduce their

contralateral breast cancer risk to levels observed in women with early-stage sporadic

disease.

Table 2 Rates of Contralateral Breast Cancer in BRCA1/2-Associated Breast Cancer

Author (Refs.)

Patients (n) Breast cancer (%)
Followup

(Yr)BRCA1/2 Sporadic BRCA1/2 Sporadic p-Value

Haffty et al. (21) 22 105 42 9 0.007 12

Metcalfe et al. (22) 491 – 29.5 – – 10

Pierce et al. (23) 160 445 26 3 <0.0001 10

Robson et al. (24) 87 – 38 – – 10

Ecclesa et al. (20) 75 162 40 11 <0.001 10

Kirova et al. (27) 27 261 37 7 0.0003 9

Seynaevea et al. (28) 26 174 23 6 0.06 6

El-Tamer et al. (19) 51 436 23 (BRCA1)
19 (BRCA2)

12 0.05 4

ap-Value for difference between total hereditary breast cancer group and sporadic group.
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SALVAGE OF AN IBTR

An IBTR occurs in approximately 8% to 15% of women at 10 to 20 years after the

treatment of sporadic breast cancer following breast-conserving surgery and RT (1–6).

The potential for long-term survival after an isolated local recurrence highlights the

importance of effective salvage therapy for these women. Currently, mastectomy is the

standard surgical salvage for an isolated IBTR and, following mastectomy, survival rates

have been reported between 57% and 69% at 10 years (41).

Approximately 90% of in-breast tumor recurrences in sporadic breast cancer are in

the same quadrant of the breast and are of similar histology as the original cancer,

consistent with a true recurrence of the primary tumor rather than a new primary cancer

(1,42,43). However, for BRCA1/2 mutation carriers, it appears that new cancers rather

than true recurrences constitute the majority of lesions that have collectively been

considered as in-breast tumor recurrences. The median time to recurrence in BRCA1/2
carriers generally exceeds that observed in sporadic disease. In the collaborative study,

the median time to IBTR was 8.7 years in BRCA1/2 carriers compared to 4.7 years in

women with sporadic cancer (23), and Kirova et al. reported a 6.7 year time to recurrence

in carriers versus 3.8 years with sporadic disease (27). Haffty et al. reported that for

BRCA1/2 carriers younger than 42 years of age at diagnosis, median time to IBTR was 8

years (21). The location and histologies of these “recurrences” are often distinctly

different than those after treatment for sporadic disease. Haffty et al. observed that 9/11

(82%) BRCA1/2 carriers with breast cancer, who experienced an IBTR, had lesions at

different locations and/or were of different histologies than their original lesions (21). In

the collaborative series, 60% of the “recurrences” in BRCA1/2 carriers were located in a

quadrant other than the quadrant of the primary lesion versus 29% in the control sporadic

Figure 4 Contralateral breast cancers among BRCA1/2 mutation carriers who have undergone

BO versus sporadic controls who have not undergone oophorectomy. The number of events for the

BO genetic mutation carrier groups is predicted based on respective time-dependent covariate

models under the assumption that the BO occurred at the time of the breast cancer diagnosis for

each patient. Abbreviation: BO, bilateral prophylactic oophorectomy. Source: From Ref. 23.
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group (p ¼ 0.04) (23). All recurrences/new primaries in the BRCA1/2 carriers were

successfully salvaged with surgery and with 3.3-year median followup, all patients are

free of recurrence locally and systemically. Thus, the increased median time to

recurrence, differences in location and histology of the recurrent lesion compared to the

primary, and the successful surgical salvage are all more consistent with a new primary in

the treated breast rather than a true recurrence. Confirmation will require comparison of

molecular markers between the recurrence/new primary and the original cancer; these

studies are under way.

LOCAL TREATMENT OPTIONS IN HIGH-RISK WOMEN

For women with breast cancer with family histories consistent with hereditary disease,

who have either not undergone testing for a BRCA1/2 mutation or have tested negatively

for a deleterious BRCA1/2 mutation, recommendations for local treatment are unclear.

Options include both breast-conserving therapy with close observation of the contralateral

breast or definitive unilateral mastectomy and a prophylactic contralateral mastectomy,

the same options as in women with BRCA1/2-associated breast cancer. Published results

following breast-conserving therapy in women with hereditary breast cancer suggest

somewhat contradictory findings. In a study by Eccles et al., the outcome following

breast-conserving therapy was compared in women with known BRCA1mutations (n¼ 36),

women with an unknown mutation status and a positive family history (defined as having a

minimum of one first-degree relative under age 60 years or one paternal second-degree

relative under age 60 with breast cancer) (n¼ 36) and women with a negative family history

(n ¼ 83) (20). When the risk of IBTR following breast-conserving surgery and RT was

compared between patients who did and did not have a family history of breast cancer,

results were not significantly different, with the risk of ipsilateral recurrence at 10 years of

22% and 24%, respectively (p ¼ 0.77). However, when rates were compared within the

positive family history group by whether patients were known to be a BRCA1 mutation

carrier or of unknown mutation status, results differed with the 10-year IBTR of 16.7% in

BRCA1 carriers versus 27.8% in those of unknown mutation status, suggesting less

favorable in-breast tumor control with breast conservation in the positive family history

group when known BRCA1 carriers were excluded from analysis. Similarly, Seynaeve et al.

reported a statistically nonsignificant increase in local failures in patients with a strong

family history of breast cancer (defined as three or more first-degree relatives with breast

and/or ovarian cancer) and an unknown mutation status compared to rates in known BRCA1/
2 carriers, with crude rates of 24% in unspecified cases of hereditary breast cancer versus

15% in BRCA1/2 carriers (compared to 12% in women with sporadic disease, p ¼ 0.14)

(28). After correction for age at onset and tumor size, multivariate analysis for IBTR for

BRCA1/2 carriers and unspecified hereditary breast cancer patients versus sporadic controls

revealed no increased risk of IBTR for BRCA1 carriers and a significantly increased twofold
risk of IBTR for unspecified hereditary breast cancer patients compared to sporadic controls

(HR 2.31; p ¼ 0.02). Thus, these results suggest less favorable results with breast

conservation in patients with unspecified hereditary breast cancer when compared to known

BRCA1/2 carriers.

However, these results differ from those published by Kirova et al. from the Institut

Curie (27). In this report, genetic testing was performed in patients with histories

consistent with either two first-degree relatives affected with cancer with at least either

one with invasive breast cancer before 41 years or one with ovarian cancer at any age or at

least three first- or second-degree relatives from the same lineage affected with invasive
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breast cancer or ovarian cancer at any age. Analysis of IBTR revealed comparable rates of

recurrence in known BRCA1/2 carriers (n ¼ 29), patients with a family history who tested

negative for a deleterious BRCA1/2mutation (n¼ 107), and patients with sporadic disease

(n ¼ 271), with crude rates of 24%, 22%, and 19%, respectively with nine-year median

followup. In addition, the median time to IBTR of 39 months in patients with a family

history who were not BRCA1/2 carriers was similar to that in noncarriers (i.e., 46 months)

but different from BRCA1/2-associated breast cancers (i.e., 80 months).

Patients of unknown mutation status may harbor breast cancer susceptibility genes

yet to be identified that may respond differently to RT and/or other treatment modalities.

Furthermore, the heterogeneity of patients with otherwise unspecified hereditary breast

cancer further complicates the comparison of results between series and the suggestion of

common treatment guidelines. Until additional breast cancer susceptibility genes can be

identified and correlated with risk modifiers and associated clinical outcomes,

individualized genetic counseling and followup are needed for these women.

FOLLOWUP OF BRCA1/2 CARRIERS AFTER BREAST-CONSERVING
SURGERY AND RT

Themajority of local breast cancer recurrences occur within the first five years after breast-

conserving surgery and RT (41). Therefore, current guidelines suggest that women with

early-stage breast cancer, who are treated with breast conservation, have a breast

examination by an oncologist at least once every six months in the first five years following

diagnosis and annually thereafter with the goal of identifying recurrent disease or second

breast cancers as early as possible (44,45). However, as previously discussed, studies in

BRCA1/2 carriers with breast cancer treated with conservative surgery and RT have shown

that recurrences/new primaries occur later in mutation carriers compared to patients treated

for sporadic disease. These data would suggest that clinical followup should continue every

six months beyond five years in carriers with a history of breast cancer, perhaps up to 10

years following diagnosis. Published guidelines also recommend that allwomenwith a prior

diagnosis of breast cancer have yearly mammographic evaluation (45). To our knowledge,

however, there are no published guidelines recommending the appropriate follow-up

management of BRCA1/2 carriers with breast cancer treated with breast conservation.

Mammography has been reported to be relatively insensitive among BRCA1/2 carriers for
several reasons including increased breast density observed in younger women (46,47), the

benign mammographic appearance of some BRCA-associated cancers (46) and the rapid

growth pattern of some BRCA1/2 associated cancers (44). The rate of “interval cancers” in
BRCA1/2 carriers undergoing surveillance with mammogram only has been reported to be

26% to 50% (48–50), and 25% to 35% have associated positive axillary nodes at diagnosis

(49,50). Magnetic resonance imaging (MRI) has recently been tested as a screening tool for

high-risk women and knownBRCA1/2 carriers. MRI compares favorably tomammography

with respect to improved sensitivity and specificity, with rates of sensitivity of 71% to 100%

and 90% to 95% specificity compared to sensitivity and specificity with mammography of

36% to 43% and 94% to 99%, respectively (46,51–53). However, MRI study performance

has declined on later incident screens, suggesting that some of the apparent early benefit

over mammography was likely related to prevalent (at initial screening) versus incident (at

follow-up screening) detection bias (54). In the series byWarner et al., sensitivity withMRI

was 85%on the first year of screening and decreased to 50%by the third year (51), and in the

series by Kriege et al., the sensitivity was 79% at first screen and 62% at the second year

(52). This study also included 139 patients with a personal history of breast cancer. In this
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group, MRI had the best sensitivity, specificity, and positive predictive value (67%, 96%,

and 44%, respectively) compared to mammogram, ultrasound, or a combination of both

techniques in detecting a recurrence/new primary and contralateral breast cancer.

Furthermore, when women at high risk for breast cancer and BRCA1/2 carriers were

screened with mammography alone, a high rate of positive axillary lymph nodes (25–35%)

at diagnosis was found (49,50) that was reduced to 13% to 21% using multimodality

screening (51,52).

Although positive data regarding the use of MRI in surveillance for healthy carriers

are emerging, data are insufficient to recommend routine MRI for BRCA1/2 carriers with

a personal history of breast cancer. Further studies are needed to address the value of MRI

in the irradiated breast and to estimate its yield in diagnosing recurrent/new disease.

SUMMARY

For women with early-stage breast cancer, who are known to harbor a BRCA1/2mutation,

there is no established “gold standard” local treatment of the involved breast. Therefore,

the full range of treatment options, i.e., bilateral mastectomy, unilateral mastectomy with

observation of the contralateral breast; and breast-conserving surgery and radiotherapy,

with observation of the opposite breast must be considered for each patient and the choice

individualized based upon patient preference. If breast conservation is seriously

considered, it should be noted that although most retrospective series suggest comparable

rates of local control between BRCA1/2 carriers and noncarriers following breast-

conserving surgery and RT, other studies suggest differences in risk of recurrence, which,

in part, may be due to patient selection and/or absence of the integration of hormonal risk-

reduction strategies into patient management. Furthermore, women treated conservatively

have an increased risk of breast cancer in the untreated contralateral breast compared to

women with sporadic disease. Due to the spectrum of BRCA1/2-associated breast cancers

and the complexities of the management of women who are known carriers, breast cancer

patients who have a BRCA1/2 mutation and chose breast conservation should be carefully

followed up in high-risk clinics, with surveillance focused not only upon the treated

breast but also the untreated contralateral breast.
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Systemic Therapy for BRCA-Associated
Breast Cancer

Mark Robson
Clinical Genetics Service, Memorial Sloan-Kettering Cancer Center, New York,
New York, U.S.A.

INTRODUCTION

Treatment of hereditary breast cancer, as that of all types of breast cancer, can be broadly

divided into local and systemic phases. In a preceding chapter, the influence of germline

predisposition on local management decisions, particularly the appropriateness of breast

conserving treatment, is considered. In this chapter, we will consider the question of

whether women with hereditary breast cancer should be approached differently when it

comes to decision-making about systemic adjuvant therapy.

The presence of a germline predisposition could influence systemic adjuvant

therapy decisions in one of two ways. First, if hereditary breast cancer has a different

prognosis from nonhereditary cancer, then providers and patients may be more or less

likely to consider systemic treatment in a given clinical circumstance. Hence, the question

of whether women with hereditary breast cancers have a different prognosis than women

with nonhereditary cancers assumes importance. Second, even without a prognostic

effect, it is possible that hereditary breast cancers are either more or less sensitive to

specific therapeutic agents. If this is the case, then women may benefit from “tailoring” of

treatment through selection of specific treatment regimens based upon the etiology of

their cancer.

PROGNOSIS IN HEREDITARY BREAST CANCER

As noted in earlier chapters, germline mutations in several genes may confer an

autosomal dominant predisposition to breast cancer. For most of these syndromes (e.g.,

Li-Fraumeni, Cowden, Peutz-Jeghers), there are essentially no studies describing

histopathology or breast cancer outcomes. Therefore, the focus of the remainder of this

chapter will be largely on hereditary breast cancer due to mutations in BRCA1 or BRCA2,
with comments on other syndromes when data are available.

Prognostic Factors

Foulkes et al. describe the distribution of traditional breast cancer prognostic factors in

hereditary breast cancer, especially those associated with BRCA1/2 mutations in Chapter 18
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of this book. The reader is referred to this chapter and other recent reviews (1,2) for

detailed discussion. BRCA1-associated breast cancers (B1BC) are typically high grade

and hormone receptor negative (about 80–90% of cases) and do not overexpress human

epidermal growth factor receptor (HER)2(3). Mutations in P53 are often detected (1,3–6).
As described in Chapter 18, these tumors frequently have a basal-like pattern of gene

expression. BRCA2-associated breast cancers (B2BC), on the other hand, are less distinct

from sporadic disease with similar rates of hormone receptor positivity. B2BC, like

B1BC, are usually “HER2 negative” (3).

Thus, several adverse prognostic factors are observed with increased frequency in

hereditary breast cancer, particularly that due to mutations in BRCA1. The recent gene

expression studies briefly mentioned above and described in detail by Foulkes et al.

would suggest that this is because BRCA1 mutation carriers are prone to develop a

specific subtype of breast cancer (basal-like) that manifests many of these adverse

features simultaneously. BRCA2 carriers, on the other hand, have not been shown, as yet,

to have a tendency to develop a cancer with a specific immunophenotypic profile. As a

result, other than some suggestions that BRCA2-associated cancers may be generally of

higher histologic grade than nonassociated cancers, there is little evidence that the

distribution of prognostic factors in BRCA2-associated disease is any different than that

of noncarriers.

Studies of Outcome in BRCA-Associated Breast Cancer

A number of studies compare outcomes in hereditary and nonhereditary breast cancer

(Table 1). Nearly all of these reports examine the prognosis of breast cancer associated

with germline BRCA1 and BRCA2 mutations, rather than with other types of hereditary

breast cancer. Unfortunately, none can be considered definitive. In most of these studies,

germline mutation carriers are identified within groups of women who have already

survived their breast cancer for some period of time, so-called “prevalent cohorts.” This

introduces a survival bias, also known as Neyman bias, because some women will have

died before having had the opportunity to be tested. If the factor of interest (in this case,

germline mutation) is associated with early death, then the effect of the survival bias will

be to obscure such an effect, as these women will not undergo testing and their adverse

outcome will not be recognized. The comparator groups in these studies are usually

untested hospital or population registry controls, matched for age and year of diagnosis

but not for survival for the time period from diagnosis to testing in the cases. Survival

bias is a particular issue in clinic-based ascertainments, where hereditary breast cancer

cases are identified after referral to a risk identification service, as the delay from

diagnosis to testing may be measured in decades. Such ascertainments are also subject to

a referral bias, since most women are referred because of either early-onset disease or

strong family history and may not be completely representative of the pool of all mutation

carriers. Even hospital-based ascertainments that attempt to evaluate all women with, for

instance, early-onset breast cancer (13,21) may not completely avoid this problem if

testing is not performed on all members of the incident cohort. Retrospective cohort

designs have been developed by our group (16,21) and others (9,27) to circumvent these

ascertainment biases, but are limited by the requirement that the studies be performed on

women from founder populations, where testing can be performed on archival pathology

material. Even in studies in founder populations, where mutation prevalence may be as

high as 10% in unselected women with breast cancer, the number of mutation carriers is

often too small to ensure robust conclusions, especially at the limits of the follow-up

period. As described in the Introduction, there have been a large number of studies of
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outcome in BRCA-associated breast cancer. Because of various design limitations,

whether a germline BRCA mutation constitutes an adverse prognostic factor remains

unresolved.

Ascertainment by Family History

A large number of studies compare outcomes inmutation carrierswhowere identified on the

basis of clinical suspicion, usually raised by the presence of a significant family history of

breast cancer, with or without ovarian cancer (7,8,10,11,15,17,18,20,23–25,29–31).

Several of these studies include individuals who are presumed to be mutation carriers,

but not documented as such. For instance, the earliest studies (7,8) described outcomes in

women who were members of families in which the apparent predisposition was shown by

linkage analysis to be due to BRCA1. A number of other studies included not only those

women who were shown to carry a BRCA mutation, but also untested affected family

members (10,15,18,20,23,30). One study (14) is completely based on the description of

survival in affected first degree relatives of known mutation carriers. While most women

with breast cancer in these families are likely to be carriers of the familymutation, theremay

be some dilution of a prognostic effect of mutation status by the inclusion of phenocopies.

Varied comparison groups were also used for these studies. Most commonly, women

with mutations were compared with women from either hospital (8,10,15,17,24,30,31) or

population (7,11,18,23) tumor registries. In most cases, carriers and their comparison

groups were matched for age at diagnosis. In several studies, matching was also performed

for year of diagnosis. Other studies compared mutation carriers with women who were

evaluated for BRCA mutations but were found not to carry one (20,23–25,29).

The greatmajority of these studies found no significant difference in survival between

mutation carriers and the comparison groups (10,11,15,17–20,23–25,30). One early study

of women from BRCA1 linked families found an improved outcome among women from

linked families when compared with the broad survival experience of all women in the

Scottish population over a different time period (7). Another study found decreased survival

amongBRCA2 carriers (18), but women presentingwith stage IV disease were included and

there was no significant difference after adjustment for stage at diagnosis. Taken together,

these studies suggest that BRCA status is not associated with worse outcome. The nature

of the ascertainment in most of these studies introduces a possible survival bias, in that

mutation carriers suffering early death may not be identified, leading to an underestimation

of any negative prognostic effect. Various approaches were employed to reduce the impact

of this ascertainment bias, such as evaluating all affected family members, excluding

probands for the calculation, and limiting analyses to individuals undergoing testing within

a limited period of time after diagnoses. Germline status was not shown to be a negative

prognostic factor in those studies that employed these adjustments.

Ascertainment by Age at Onset

A smaller number of studies identified mutation carriers by testing groups of women with

early-onset breast cancer without regard to family history (12,13,21). Other studies (24)

included early-onset cancer as an ascertainment criterion but did not separately describe

outcomes in women ascertained in this way. In all studies, outcomes in mutation carriers

were compared with outcomes in women from the cohorts who were not shown to have a

mutation on testing. These were not incident cohorts, as women underwent testing some

period of time after their diagnosis, and these studies are therefore subject to the

possibility of a survival bias as described previously. Germline BRCA mutations did not

have an adverse effect on survival in the New York (12) and U.K. (24) studies. In the
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studies from the Institut Curie (13,21), germline BRCA1 mutations were associated with

a significantly worse overall survival, even after adjustment for tumor size, clinical nodal

status, histopathologic grade, and estrogen receptor status.

Retrospective Cohort Studies

To address the problem of survival bias, three groups have described results of retrospective

cohort studies performed in Ashkenazi Jewish women with breast cancer. In these studies,

breast cancer patients were identified as potential subjects based solely on Jewish religious

preference. All women with available tissue, surviving or dead, were included in these

ascertainments. After gathering clinical information and outcome data, de-identified

paraffin embedded archival tissues were tested for the presence of the Ashkenazi founder

mutations (BRCA1 185delAG and 5382insC and BRCA2 6174delT) and genotype linked to
the clinical data by means of a unique study identifier. While these studies avoid survival

bias, they are somewhat limited by the small number of carriers identified, the hospital-

based nature of the ascertainment, and the question of whether the results are necessarily

applicable to women from different ethnic groups.

The group fromMcGill University/Jewish General Hospital in Montreal has utilized

the retrospective cohort design to elucidate factors associated with outcome on Ashkenazi

Jewish women with breast cancer diagnosed before the age of 65 (4,9,19,22,26,32,33). In

aggregate, these studies described a significantly worse outcome in BRCA1 carriers than in
women without BRCA1 mutations. The impact of BRCA1 mutations was particularly

evident in women without axillary nodal metastases. This group described the association

between germlineBRCA1mutations and immunohistochemical features that are frequently

seen in breast cancers with the “basal-like” or gene expression profile, such as expression of

cytokeratin 5/6 (34), p53 (4), cyclin E (26), and P-cadherin (32), and low levels of

expression of p27 (22). In some of these reports, the significance of BRCA1 mutation was

independent of individual factors such as p53 (4) and p27 (22). However, when the

aggregate phenotype was considered, BRCA1 was no longer an independent factor (33).

A similar design has been employed by investigators at Columbia University and

Memorial Sloan-Kettering (16,27). Like the Canadian studies, the Memorial study also

showed a negative impact of BRCA mutation status on outcome. In a combined series

with the Montreal group, this negative impact was shown to be associated with BRCA1,
but not BRCA2, mutations, to be independent of stage, and to be most significant in

women not receiving chemotherapy (28). In contrast, the Columbia series did not find any

difference in 5- or 10-year breast cancer specific or overall survival between women with

and without mutations.

This group of studies seems to indicate that breast cancers that arise in BRCA1
carriers often manifest a particular immunophenotype, and that this immunophenotype is

associated with an adverse outcome, particularly in early stage disease. The negative

impact may be more evident in node negative patients because these women are less

likely to receive adjuvant chemotherapy, and adjuvant chemotherapy may mitigate the

adverse prognosis associated with this particular phenotype. There was no indication of

an adverse effect of the BRCA2 6174delT mutation. This lack of influence from the

BRCA2 founder mutation may explain the negative finding of the Columbia study, as

40% of the mutations in that study were in BRCA2.

Conclusion

The impact of BRCA1 and BRCA2 on prognosis should be considered separately. Breast

cancer arising as the result of a germline BRCA2mutation does not appear to be more likely
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to manifest adverse prognostic features than sporadic cancer, and it appears that BRCA2
mutations are not associated with a worse outcome. B1BC, on the other hand, have often

been associated with a variety of negative histopathologic and immunohistochemical

prognostic factors. Furthermore, several studies designed to minimize ascertainment biases

have described a worse outcome in women with B1BC. Recent reports indicate that B1BC

are often similar to cancers manifesting a “basal epithelial-like” gene expression profile.

This type of breast cancer simultaneously manifests many of the negative features observed

in B1BC. Hence, it seems likely that germline BRCA1 mutations are associated with an

adverse prognosis when the cancer that arose as a result of that mutation manifests this

phenotype. However, the germline mutation probably does not have an independent

negative effect on outcome. As a corollary to this, B1BC that do notmanifest this phenotype

may have a prognosis similar to that of disease that is not associated with mutations.

GERMLINE BRCA MUTATIONS AS PREDICTORS OF
RESPONSE TO CHEMOTHERAPY

The exact process through which mutation of BRCA1 and BRCA2 leads to an increased risk
of breast cancer has not yet been defined. However, a large body of evidence suggests that

the products of these genes are intimately involved in the cellular response toDNAdamage.

It is presumed, although not proven, that disruption of this function leads to the observed

cancer susceptibility. A review of these issues is beyond the scope of this chapter, and the

reader is referred to several recent summaries for more information (35–38). For the

purposes of this discussion, it is sufficient to note that one piece of evidence thatBRCA1 and
BRCA2 are involved in the response to DNA damage is the observation of increased

sensitivity to ionizing radiation in cells lacking the products of these genes. As the induction

of DNA damage is hypothesized to be the mechanism of cytotoxicity for several

chemotherapy drugs, several groups have investigated the hypothesis that BRCA-deficient
cells may also be sensitive to particular cytotoxic agents (39). Indeed, some authors have

suggested that germline BRCA status may become useful as a factor to be considered when

choosing specific chemotherapy regimens for women with BRCA-associated breast cancer
(40,41). However, most of the evidence that BRCA-deficient cells respond differently to

chemotherapy than do cells with intact function comes from preclinical studies with various

in vitro systems (many of which were not human in origin), interventions, and endpoints.

Preclinical Studies

Cis-Platinum and Related Compounds

Platinum compounds are believed to induce primarily intrastrand DNA cross-links, with a

small proportion of adducts being associatedwith interstrand links (42). The failure to repair

these cross-links results in cell death. Early work by Husain et al. indicated that acquired

platinum resistance in the human breast cancer cell line MCF-7 and human ovarian cancer

line SK-OV3was associatedwith increased expression ofBRCA1, and that introduction of a
BRCA1 antisense plasmid into the resistant ovary cancer line was associated with a

significant decrease in the IC50 of cis-platinum (43). Other groups have demonstrated

significantly greater sensitivity to cis-platinum in mouse embryonic stem cells (44) or

mouse mammary epithelial cells (45) that are lacking functional BRCA1. Few studies have

evaluated the effect of cis-platinum on BRCA2-deficient cells. One group has developed a
mouse model with targeted disruption of BRCA2 in the small intestine (46). The apoptotic
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response in small intestinal crypts after treatment with cis-platinum was not significantly

increased, but there was a reduction in clonogenic survival measured by crypt number. A

recent study has described cis-platinum sensitivity in a BRCA2-deficient human pancreatic

cancer cell line, CAPAN-1 (47).

Anthracyclines

Anthracyclines and anthracenediones are among the most commonly used agents in breast

cancer. Studies examining the sensitivity ofBRCA-deficient cells to anthracyclines (usually
doxorubicin) have been inconclusive with some reporting increased sensitivity (48,49) and

some decreased sensitivity (50).

There are no studies evaluating sensitivity to doxorubicin in BRCA2-deficient
cell lines.

Taxanes and Vinca Alkaloids

Whether BRCA1 or 2 deficiency results in resistance to agents that interfere with micro-

tubule polymerization and depolymerization is a topic of considerable discussion. Some

groups have suggested that BRCA1 is involved in effecting apoptosis in cells with dis-

rupted mitotic spindle formation, and loss of that function would therefore be hypothesized

to be associated with decreased apoptosis (resistance) (41). In support of this hypothesis,

Mullan et al. noted increased sensitivity to paclitaxel and vincristine when BRCA1 was

overexpressed in the human breast cancer cell line MDA435 (51). In addition, the same

group described a significant increase in the IC50 of paclitaxel when BRCA1 expression

was reduced by siRNA in the T47D breast cancer cell line and a significant increase in

sensitivity to paclitaxel and vinorelbine when BRCA1 function was partially reconstituted

in HCC1937 cells, a BRCA1 deficient cell line (52). Another group has also described

comparative resistance to paclitaxel in HCC1937 cells, which was reversed after

transfection of BRCA1 (53). Finally, Lafarge et al. described resistance to paclitaxel and

vincristine in HBL-100 human breast cancer cells in which BRCA1 was inhibited by

transfection of a ribozyme (54). Other studies have been less supportive of the hypothesis.

Tassone et al. reported that HCC1937 cells were more sensitive to vincristine than MCF-7

or MDA-MB468 human breast cancer cells, and similar with respect to sensitivity to

docetaxel (55). This group also described a decrease in sensitivity to vincristine after

transfection of BRCA1, with no significant change in response to docetaxel. Other groups

have reported no difference in sensitivity to paclitaxel in Brca1 null mouse embryonic

fibroblasts (MEFs) compared with MEF with functional BRCA1 (48), and either decreased
sensitivity or no change after transfection of BRCA1 into mouse (56) or human (50)

ovarian cancer lines with defective BRCA1 function.

Studies of the BRCA2 deficient line CAPAN-2 did not demonstrate a significant

degree of resistance to paclitaxel (57). Differential paclitaxel sensitivity was also not

described in a study of cell lines with other defects in the Fanconi anemia (FA)/BRCA2
pathway (58).

Mitomycin C

Mitomycin C (MMC) is a prototypical DNA cross-linking agent, inducing double strand

DNA breaks that are most effectively repaired by homologous recombination. BRCA1
and BRCA2 appear to be critical to this type of DNA repair, and one would therefore

hypothesize that cells lacking BRCA1/2 function would be hypersensitive to MMC.

Moynahan et al. (59) reported that BRCA1 negative mouse embryonic stem cells were

exquisitely sensitive to MMC. This sensitivity was partially reversed by transfection of
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wild-type BRCA1 and essentially completely reversed after correction of the BRCA1
mutation through gene targeting.

MMC sensitivity has not been evaluated in other studies ofBRCA1 deficient cell lines.
However, sensitivity has been clearly shown in BRCA2 deficient cells, including the human

pancreatic cancer line CAPAN-1 (57), the Chinese hamster ovary line VC-8 (49), and the

targeted mouse small intestine model described above (46). These observations are perhaps

not surprising given the relationship between BRCA2 and FA, and the long-known

hypersensitivity of FA cells to MMC. This was confirmed again in a recent study of

pancreatic cancer cell lines with various FA/BRCA2 pathway defects (58).

Other Drugs

Evaluation of the interaction between BRCA status and sensitivity to agents other than

those described has not been extensive. Several studies have suggested an increased

sensitivity to etoposide in BRCA1 (48,52,54) or BRCA2 (57) deficient cell lines. Two

studies have suggested increased sensitivity to topoisomerase I inhibition by camptothecin

or topotecan in BRCA1 deficient MEFs (48) and BRCA2 deficient Chinese hamster ovary

cells (60). One study described an increased sensitivity to bleomycin in BRCA1-deficient
HCC1937 (52). There does not appear to be any differential sensitivity to antimetabolites

such as fluorouracil or gemcitabine (48,52).

Clinical Studies

Few clinical studies have directly evaluated the impact of BRCA1 or BRCA2 expression

on responsiveness to chemotherapy. The constraints on design of these types of studies

are significant, as for studies of outcomes in general. In terms of general responsiveness

to chemotherapy, it is worth noting that two retrospective cohort studies describing a

worse survival for BRCA1 mutation carriers than noncarriers only found a significant

influence of germline status in women not receiving adjuvant chemotherapy (4,28,52).

This suggests that the worse outcome associated with the BRCA1 “phenotype” can be

mitigated by treatment. Of course, this does not resolve the question of whether BRCA-
associated breast cancers are more or less sensitive to specific chemotherapeutic agents.

A suggestion that BRCA-associated breast cancers may be clinically sensitive to at

least some types of chemotherapy was provided by Chappuis et al. in their description of

superior clinical and pathologic responses to neoadjuvant chemotherapy (anthracycline/

cyclophosphamide-based) in BRCA1/2 carriers (4,28,61). In their series of 11 BRCA1/2
carriers, 10 of 11women achieved a clinical complete response after neoadjuvant treatment,

and 4 of 9 (44%) who went to surgery achieved a pathologic complete response (pCR). This

was significantly greater than the results achieved by controls matched for age and stage at

presentation. Delaloge et al. also reported a 53% pCR rate in 15 BRCA1 carriers receiving
neoadjuvant anthracycline-based chemotherapy compared with 0% of 5 BRCA2 carriers

and 14% of matched sporadic controls (62). While encouraging, these studies did not

describe long-term follow-up for survival. Hereditary cancers, especially due to BRCA1
mutations, tend to have a high proliferative rate, and this correlates with chemotherapy

response in other studies. While the results are consistent with chemosensitivity related to

the germline predisposition, they are by no means conclusive. Interestingly, one study

suggests that “basal-like” breast cancers are also more likely to respond to neoadjuvant

chemotherapy (63), which suggests this may be a more generic effect of phenotype rather

than a specific consequence of germline mutation.

Several studies have indicated an improved outcome for BRCA-associated ovarian

cancer compared with sporadic disease (64–67). It has been suggested that this difference
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results from an increased sensitivity to the cis-platinum-based therapy that is routinely

given to patients with advanced ovarian cancer. However, other factors may be involved.

For instance, BRCA-associated cancers are more likely to be optimally debulked (65).

Summary

Preclinical studies suggest that BRCA-associated breast cancers may be sensitive to certain

agents (especially cis-platinum and MMC, and possibly anthracyclines and etoposide).

Preclinical studies have also raised the possibility of relative paclitaxel resistance, at least

in BRCA1 deficient cells, but this is less clear. Much of the evidence for differential

chemosensitivity is derived from experiments which may or may not reflect clinical

realities, and the outcomes of preclinical studies are frequently discordant with the results

of clinical trials. The few clinical studies conducted are limited in various ways, but do

suggest improved responses in BRCA-associated breast cancer and ovarian cancer.

Whether these differences are due to differential chemosensitivity or to other clinical

factors is not clear. Therefore, there is insufficient evidence at present to modify systemic

chemotherapy recommendations in either the adjuvant or metastatic setting based upon

germline BRCA status.

FUTURE DIRECTIONS

Aside from the potential clinical trials mentioned above, there are several new approaches

in development targeted toward women with hereditary breast cancer.

PARP Inhibition

Poly(ADP)-ribose polymerases (PARPs) are a family of enzymes with varying functions.

Somemembers of the family appear to be critical to the repair of single-strand DNA breaks

through base excision repair (BER) pathways. Cells lacking BRCA1 or 2 function have

relatively intact BER pathways and can therefore competently repair this type of DNA

damage. If PARP function is inhibited, single-strand breaks convert to double strand breaks

(DSBs) and are repaired by the DSB repair pathways. In BRCA-deficient cells, of course,
these pathways are deficient. In theory, then, disruption of PARP function (either with or

without a DNA-damaging stimulus) would result in accumulating DSBs in BRCA-deficient
cells, eventually resulting in apoptosis, while DSB repair-competent cells would survive the

insult (68). Two proof-of-principle experiments were recently published describing

sensitivity to PARP inhibition in BRCA2-deficient Chinese hamster ovary VC-8 cells (69),

BRCA1 orBRCA2-deficientmouse embryonic stem cells (70), and human breast cancer cell

lines with BRCA2 “knocked down” by siRNA (69). These results have generated

considerable interest in developing PARP inhibitors as specific targeted therapies for

women with germline BRCA mutations, and phase I clinical trials are underway (71). It is

important to remember, however, that BRCA-associated breast cancer cells contain many

acquired genetic abnormalities, and it remains to be seen if the exciting preclinical studies

accurately presage the results of properly designed clinical trials (72).

EGFR Inhibition

As noted by Foulkes et al. in Chapter 18 of this book and described above, B1BC often

have an immunohistochemical phenotype that overlaps that noted in cancers with the

so-called “basal-like” or “basal epithelial-like” gene expression profile. Epidermal
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growth factor receptor (EGFR, HER1) overexpression is commonly noted in this subtype.

EGFR expression has also been reported in 67% of BRCA1-associated tumors (73).

Clinical trials evaluating the impact of EGFR inhibition in “triple negative” breast cancer

with cetuximab are in progress. If these are successful, similar approaches may be of use

for a significant proportion of BRCA1-associated cancers.

Antiangiogenic Therapy

Glomeruloid microvascular proliferation (GMP) is a specific morphologic finding of focal

proliferative buddings of endothelial cells, resembling a renal glomerulus. They appear to

be related to vascular endothelial growth factor (VEGF) levels (74), but are not completely

correlated with microvessel density. GMP appears to be part of the BRCA1 phenotype

described previously (33). If these GMPs reflect an angiogenic phenotype in B1BC, then

interference with angiogenesis (e.g., with bevacizumab) may be a productive strategy.

CONCLUSION

Hereditary breast cancer due to germline mutations in BRCA1 and BRCA2 has been a

subject of intense study since the discovery of these genes. Many studies of outcome have

been performed. It is still not clear whether a diagnosis of hereditary breast cancer is

associated with a worse prognosis, although there are suggestions that the “typical” B1BC

may be associated with increased risk of death. While B1BC may have a worse prognosis,

there is not yet sufficient evidence to use germline status as an independent indicator of the

need for systemic therapy. Similarly, there are theoretical grounds and some preclinical

evidence for sensitivity or resistance to certain chemotherapeutic agents. However, in the

absence of firmer clinical trial data, it is premature to select (or avoid) certain agents based

upon the genetic etiology of the tumor. Such trials are desperately needed, given the

intriguing in vitro experimental results, but are devilishly hard to accomplish given the

relative rarity of BRCA-associated breast cancer. Although these comments are made with

BRCA-associated disease in mind, the same applies to cancer associated with germline p53
mutations. Concerns have been raised that women with Li-Fraumeni-associated breast

cancer may be at increased risk for anthracycline-induced leukemia or radiation-induced

sarcoma, and that primary and adjuvant treatment should be modified on this basis. While

this may certainly be true, at the present time it remains a hypothesis that needs to be either

proven or disproved.
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