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CHAPTER 1
AIMS AND OUTLINE OF THE THESIS

Worldwide, breast cancer is the most commonly occurring cancer among women. It
accounts for 22% of all female cancers and the estimated annual incidence of breast
cancer is about one million cases. Many risk factors have been identified but a
positive family history remains among the most important ones established for
breast cancer, with first-degree relatives of patients having an approximately two-
fold elevated risk. It is currently estimated that approximately 20-25% of this risk is
explained by known breast cancer susceptibility genes, mostly those conferring high
risks, such as BRcA1 and BrRcA2.

However, these genes explain less than 5% of the total breast cancer incidence, even
though several studies have suggested that the proportion of breast cancer that can
be attributed to a genetic factor may be as high as 30%. It is thus likely that there are
still breast cancer susceptibility genes to be found. It is presently not known how
many such genes there still are, nor how many will fall into the class of rare high-risk
(e.g. BRCAx) or of common low-risk susceptibility genes, nor if and how these factors
interact with each other to cause susceptibility (a polygenic model). In general high-
risk susceptibility genes will cause typical breast cancer families, which are characte-
rized by breast cancer at an early age, bilateral breast cancer, the occurrence of other
specific cancer types in the family (for example ovarian cancer or male breast cancer)
and an autosomal dominant inheritance pattern.

On the other hand individual low-risk genes probably do not couse familial clustering
of breast cancer. However it is possible that if there are many low-risk genes, different
combinations of such genes could be involved in individual breast cancer susceptibility
and familial clustering of breast cancer might occur. Early work of the Breast Cancer
Linkage Consortium (BcLc) showed that respectively 52% and 32% of families with at
least four cases of breast cancer diagnosed under 60 are caused by BRca1 and Brcaz.
When selecting families with breast cancer and one or more cases with ovarian cancer
81% of the families is explained by BRca1 and 14% by BrRca2. However, when selecting
families with four or more cases of breast cancer diagnosed under 60 and no cases of
ovarian cancer or male breast cancer only 33% could be explained by BRca1 and BrRcA2
together. In some of these families the breast cancer will not be inherited, but on the
whole this group is too big to be totally explained by coincidental clustering. More

likely, most of these families are explained by mutations in other unknown genes.



The objective of this thesis is to describe our endeavours to localize new high-risk
breast cancer susceptibility genes by genome wide linkage analysis and to set the first
steps in isolating these genes. For this purpose we selected families which had to
satisfy the following criteria: (1) at least three women diagnosed with breast cancer
below age 60 years, (2) no case of ovarian cancer or male breast cancer in a blood
relative (since these phenotypes are strongly predictive of the presence of BRca1 or
BRCA2 mutation), and (3) DNA samples available for genotyping from at least three
women affected with breast cancer. In addition, to minimize the probability that the
family segregated a BRCA1 or BRCA2 mutation, DNA from at least one affected indivi-
dual was screened for mutations across both genes. Whenever possible a second af-
fected individual was screened. Subsequently, we collected genotype data on at least
three microsatellite markers flanking the BRca1 and Brca2 loci. Families with insuf-
ficient mutation screening or linkage data were not included in further analyses.
Due to the excellent structure of the eight different departments of clinical genetics
in the Netherlands and the willingness of the pathological departments to cooperate,
it was relatively easy to collect data and tumor material from sufficient families.
One of the families we selected for the genome-wide linkage analysis harbours an
extraordinarily high number of tumours, comprising, breast, lung, colon cancers,
malignant melanoma and oral squamous cell carcinomas (oscc). In this family a
p16-Leiden germline mutation was found. Other researchers suggested a relation-
ship between p16 germline mutations and breast cancer. Therefore we studied the
possibility of p16 acting as a breast cancer susceptibility gene. See chapter 3.1. In the
meanwhile Meijers-Heijboer et al.'”s identified cHEK2 as a low-risk breast cancer
susceptibility allele and Kainu et al.*® suggested the 13q21 region as a candidate
breast cancer susceptibilitylocus. Chapter 3.2 describestherole of the cHEK2*1100delC
mutation in causing breast cancer in our group of families. As described in chapter
3.3 we could not confirm the claim by Kainu.

One of the biggest problems one might encounter in linkage analysis is the extent of
genetic heterogeneity in the selected families. Chapter 4 describes attempts to sub-
classify the heterogenic group of families in more homogeneous groups of families
by determining tumor characteristics.

Chapter 5.1 describes the results of the international genome wide linkage analysis
conducted by the BcLc. Chapter 5.2 presents the genomewide linkage analysis in the
Dutch population and in which suggestive linkage for a new breast cancer suscepti-
bility locus at 9q was identified.



CHAPTER 2
GENERAL INTRODUCTION

Based on the article:
GENETIC SUSCEPTIBILITY FOR BREAST CANCER:
HOW MANY MORE GENES TO BE FOUND?

R.A. Oldenburg, H. Meijers-Heijboer, C.J. Cornelisse, P. Devilee
Critical Reviews in Oncology/Hematology. 2007 Aug; 63(2): 125-49

1. BACKGROUND

Breast tumors have been noted since antiquity and were probably first described in
the Edwin Smith surgical papyrus originating from Egypt at around 2.500 BC.' In
this document tumors were described as ‘cold and hard to the touch’ whereas absces-
ses were ‘hot.

Adenocarcinomas represent the vast majority of invasive malignant breast tumors
and are believed to originate from the mammary parenchymal epithelium, particu-
larly cells of the terminal duct lobular unit (TpLU). These tumors are characterized
by invasion of adjacent tissues and a marked tendency to metastasize to distant sites.
The most common being the bones, lungs and pleurae, liver, adrenals, ovaries, skin
and brain.

In the clinical practice breast cancer patients are classified in four stages. This is
based on the clinical and pathological extent of the disease according to the TNM
system, where T refers to tumor size, N to the presence of metastases in the local
regional lymph nodes, and M to distant metastases (beyond the ipsilateral supracla-
vicular lymph nodes).

Histologically invasive breast carcinomas (and all other invasive tumors) are routi-
nely graded based on the assessment of tubule/gland formation, nuclear pleo-
morphism and mitotic counts. In addition they are classified as well differentiated
(grade I), moderately differentiated (grade II), or poorly differentiated (grade III).
Both the TNM classification and the histological grade are associated significantly
with survival and are now recognized as powerful prognostic factors.

Breast abnormalities should always be evaluated by triple assessment including cli-
nical examination, imaging (mammography and ultrasound) and tissue sampling by

either fine needle aspiration cytology or needle core biopsy.



There is a slightly higher frequency of invasive breast cancer in the left breast, with a
left to right ratio of 1.07:1. Between 40 and 50% of the tumors occur in the upper
outer quadrant of the breast. There is a decreasing order of frequency in the other
quadrants from the central, upper inner, lower outer to the lower inner quadrant.?
Today, breast cancer is the most common occurring cancer amongst women. It ac-
counts for 22% of all female cancers. The estimated annual incidence of breast cancer
worldwide is about one million cases. A significant difference in the incidence rates
of breast cancer has been observed between so-called low risk areas such as the Far
East, Africa and South America, and the high-risk areas North America and Nor-
thern Europe. Together, the USA and Europe roughly account for 16% of the world
population and 60% of the worldwide incidence of breast cancer.>* Studies on mi-
grants have demonstrated that breast cancer incidence increases in people who move
from a region with a low incidence to a region with higher breast cancer incidence.
This effect is then passed on to the next generation until, within one or two genera-
tions the migrant’s descendents acquire the same breast cancer risk as the native
population.*® This underlines the crucial contribution of environmental factors to
breast cancer risk. To date many other risk factors have been identified. See also
Table 1 for presently known risks and protective factors for breast cancer.

2. BREAST CANCER RISK FACTORS

2.1. Ethnicity, gender and age

Incidence rates correlate with gender, ethnic origin and show age specific patterns.
Compared to the female breast cancer incidence rate the incidence rate of male
breast cancer is far less. Approximately one out of every 150 breast cancer cases
occurs in a male.” Breast cancer incidence is less than 10 cases per 100.000 women
aged 25 or younger and increases up to 10-fold by the age of 40.® In the United States,
the incidence rates are 20-40% higher in white women than in African American
women,® except in younger age groups where rates are higher in African-American
than in white women.™ The age- and geographic-specific differences become even
more profound after menopause. In the USA and Sweden the age-specific risk con-
tinues to rise up to 75 years, while in Colombia, the age specific risk increase is
considerably less after the age of 45. In contrast, in Japan breast cancer incidence
after the age of 45 exhibits a plateau followed by a slow decrease.®

2.2. Hormonal factors

The extent and duration of exposure to sex hormones has been consistently identi-



TABLE 1

Summary of protective factors and factors that increase breast cancer risk

Genetic constitution Positive family history of breast cancer
(any first or second degree family member with breast cancer)

Carrier of a know breast cancer susceptibility gene (see also table 3)

Demographic factors Geographical region (Western Countries)
Female sex
Increasing age

Low socio-economical status

Endogenous factors Older age at menopause (>54 years)
Early age of menarge (<12 years)
Nulliparity and older age at first born
No breastfeeding

Low physical activity

Exogenous factors Usage of oral contraceptives
Usage of hormone replacement therapy

Exposure to ionizing radiation at young adolescent age

Physical characteristics | Obesity in postmenopausal women

Tall stature

High insulin-like growth factor I (IGF-I) levels
History of atypical proliferative benign breast disease
History of breast cancer

Dense tissue at mammography

High bone density in postmenopausal women

Dietary factors Alcohol use
Low folate intake

High intake of unsaturated fat and well-done meat

Protective factors Geographical region (Asia, Africa)

Early age of first full term pregnancy

High parity

Breast feeding

Early age at menopause

Obesitas in premenopausal women

Fruit and vegetables consumption

Physical activity

Usage of non-steroidal anti inflammatory drugs

Chemopreventive agents




fied as a risk factor in many epidemiological studies. This includes endogenous sex
hormones related to the menstrual cycle, as well as exogenous hormones derived
from contraceptives, hormonal replacement therapy (HRT) and diet."* The specific
hormone or hormone combination responsible for breast cancer initiation has not
been identified. However, estrogen is believed to be a major factor in modifying
breast cancer risk. Two mechanisms have been proposed to explain the carcinogeni-
city of estrogens. Firstly, the receptor-mediated hormonal activity, which is gene-
rally related to stimulation of cellular proliferation result in more opportunities for
the accumulation of genetic damage leading to carcinogenesis.”> Secondly, the
potential genotoxic activity of estrogen metabolites, in particular the hydroxylated
(catechol) estrogens may lead to an increase of breast cancer risk.”* Accordingly,
longer periods of exposure are expected to increase breast cancer risk.

Early menarche (younger than 12 years of age compared to older than 14 years) in-
creases the risk by 10-20%.'+'> Delayed menopause increases it by approximately 3%
for every one year increase in age of menopause.’® Usage of exogenous hormones,
such as hormone replacement therapy (especially a combination of progestin and
estrogen) and oral contraceptives increases breast cancer risk as well. There is a small
transient increase in the relative risk of breast cancer among users of oral contracep-
tives but, since use typically occurs at young age when breast cancer is relatively rare,
such an increase has little effect on overall incidence rates.*®

Surgically induced menopause (ovariectomy or hysterectomy) before the age of 35
decreases breast cancer risk by about 60% relative to women experiencing natural
menopause.’’

Epidemiological studies suggest that diets (particularly soy and unrefined grain pro-
ducts) rich in phytoestrogens, which embody several groups of nonsteroidal estro-
gens that are widely distributed within the plant kingdom, including isoflavones and
lignans, may be associated with lower risk of breast cancer. However, much contro-
versy exists regarding this subject, and there seems to be no clear evidence that
phytoestrogen intake influences the risk of developing breast cancer.®

Obesity among postmenopausal women increases breast cancer risk. For every skg
of weight gain above the lowest adult weight, breast cancer risk increases by 8%.*
One plausible mechanism by which postmenopausal obesity increases the risk of
breast cancer is through higher levels of endogenous estrogen present in obese wo-
men, as adipose tissue is an important source of estrogens.>

Studies in postmenopausal women have found a positive correlation between incre-

ased bone density and high breast cancer risk with the relative risk varying from 2.0



to 3.5.2 Since estrogens help to maintain the bone mass, this correlation may again
be explained by an increased total amount of estrogen.

Physical activity in adolescence and young adulthood decreases breast cancer risk
with 20%. This effect maybe a result of delaying the onset of menarche and modify-
ing the bioavailable hormone levels.>+> The use of antiestrogens (e.g. tamoxifen),
early pregnancy, breastfeeding and higher parity also has a protective effect against

breast cancer.

2.3. Other risk factors

2.3.1. Breast density

Women with a more than 75% increased breast density on mammography have an
approximately five-fold increase in the risk of developing breast carcinoma over a
woman with less than 5% increased breast density.>**” Null parity and high breast
density seem to act synergistically since the risk increases sevenfold when they are
both present in a person compared to parous women with low breast density.*® Twin
studies have shown that the population variation in the percentage of dense and
non-dense tissue on mammography at a given age has a high heredity. Thus genetic
factors probably play a large role in explaining the observed variation and finding
the genes responsible for this phenotype could be important for understanding the
causes of breast cancer.””*

2.3.2. Benign breast disease

Some benign lesions are acknowledged risk factors for subsequent invasive breast
cancer in the same area in the breast and are therefore considered precursor lesions.
Severe atypical epithelial hyperplasia for example increases the risk of developing
breast cancer four to five fold compared with women who do not have any prolifera-
tive changes in their breast. Women with this change and a family history of breast
cancer (first degree relative) have a nine-fold increase in risk. Women with palpable
cysts, complex fibro adenomas, duct papillomas, sclerosis adenosis, and moderate or
florid epithelial hyperplasia have a slightly higher risk for breast cancer (1.5-3 times)
than women without these changes."”

2.3.3. Radiation
Exposure of the mammary gland to high-dose ionizing radiation has been demon-
strated to increase the risk of breast cancer. For example, long-term follow-up of

women exposed to the Hiroshima or Nagasaki nuclear explosions indicates an incre-



ased risk of breast cancer, in particular for women exposed around puberty.*® In
addition, repeated fluoroscopies for treatment of tuberculosis, and more recently,
treatment of women for Hodgkin’s disease have been demonstrated to increase the
risk of breast carcinoma also. The risk is dose-dependent and decreases gradually

over time %23

2.4. MMTV

Another intriguing possibility, which potentially could explain a significant part of
the breast cancer occurrence, was raised by the discovery of mouse mammary tumor
virus (MMTV) in 1942. It has been postulated that a similar, or related, virus could be
involved in the etiology of human breast cancer, which could potentially be of con-
siderable clinical significance because this would permit the development of new
preventive measures and treatment modalities and also raise the possibility of pro-
phylactic and therapeutic vaccines. Today, viruses are believed to cause about 15% of
all human cancers. 3432333435

Early studies were able to demonstrate MMmTV-like virus particles in human breast
cancer biopsies®, cell-lines*” and breast milk.>* Wang et al.** found a 660-bp sequen-
ce of the env gene with 90-98% homology to MMTV, which could be detected in 38%
of 314 unselected human breast carcinomas from the USA, but only in 1% in normal
breast specimens. Similar findings have been reported by others.+# Interestingly, a
recently conducted gene expression analysis*> identified a very similar percentage
(40%) of cases with an interferon-inducible gene (11G) signature, which may be a
reflection of an immune response to viral infection. However, this is not the only
reasonable explanation. The up regulation of 11G’s may reflect the response of the
cancer cells to interferon secreted by host immune cells.*

Despite the initial molecular findings, more recent observations have cast doubt on
a role for mmTV-like viruses in the etiology of human breast cancer. The predomi-
nant fact is an inability of independent researchers to confirm an association be-
tween an MMTV-like virus and human breast cancer.*+* Others were able to detect
pCR amplicons of the expected size, using the same pcr-condition described by
Wang et al., but upon pNA-sequencing, all Pcr-products turned out to be false-posi-
tive, comprising host genomic DNA.#¢

Besides these findings there are several other fundamental arguments against MMTV-
like viruses playing a role in the etiology of breast cancer. For example, there is no
evidence of transmission of human MmmTv-like viruses via breast milk®, as is the case

for MMTV. Traces of MMTV are detected in normal mouse breast tissues. To date this



is not the case for human mmTVv-like viruses. Pregnancy has a well-established pro-
tective effect against the risk of developing breast cancer in humans. The opposite is
true for MmTV. In contrast to all established human oncogenic viruses, chronic im-
munosuppression does not predispose to breast cancer in humans#+ and, finally,
human cells lack the receptor necessary for the viral entry of MmTV.>° Thus, although
the debate remains unsettled, it appears unlikely that an MmTV-like agent is a causal

agent for breast cancer.

2.5.Family history

The Ancient Romans already noted the occurrence of familial clustering, but formal
documentation began in the mid-nineteenth century.>* Probably the oldest report of
familial occurrence of breast cancer was written in 1757 by a French surgeon, Le
Dran who had diagnosed a 19-year old nun with breast cancer and documented her
family history of breast cancer.’* Another French surgeon Broca, who in 1866 had
observed an association between breast cancer and heredity in his wife’s family, wro-
te the second oldest report of hereditary breast cancer. To date, a positive family
history for breast cancer is a well established risk factor for breast cancer, with first-
degree relatives of patients having an approximately two-fold elevated risk.3> This
risk increases with the number of affected relatives and is greater for women with
relatives affected at a young age, bilateral disease or a history of benign breast
disease.’”** About 13% of all patients have a first-degree relative with breast cancer.
In Western countries, the overall lifetime risk for women who have no affected rela-
tive is 7.8%, for those who have one, the risk is 13.3%, and for those who have two,
the risk is 21.1%.5 The estimated probability for a woman aged 20 to develop breast
cancer by age 50 is 1.7%, 3.7%, and 8.0%, respectively, for women with zero, one, and
two affected first-degree relatives. Even in third - to fifth - degree relatives a signifi-
cant increase in breast cancer risk has been observed.s Table 2 provides lifetime
cumulative breast cancer risk estimates for women having a positive family history,
which is widely used in the Dutch clinical genetic practice (based on Claus et al.>°).

3. KNOWN BREAST CANCER SUSCEPTIBILITY GENES

To date up to 5-10% of all breast cancers are caused by germ-line mutations in well-
identified breast cancer susceptibility genes. These genes can be roughly divided into
‘high-risk’ and ‘low to moderate risk’ breast cancer susceptibility genes. The
high-risk breast cancer susceptibility genes include BRCA1, BRCA2, PTEN, TP53,

LKB1/sTK11 and cpH1, with relative lifetime risks higher than 4 (but generally much



TABLE 2

Cumulative risk for breast cancer when having a positive family history
(based on Claus et al.>°)

number of first degree family members with breast cancer
Age at one first Two first degree family members
diagnose | degree
family family Age at diagnose second first degree family member
member member 20-29 30-39 40-49 50-59 60-69 70-79
20-29 21% 48% 46% 43% 40% 35% 31%
30-39 16% 44% 40% 35% 30% 25%
40-49 13% 35% 30% 25% 20%
50-59 11% 24% 19% 16%
60-69 10% 16% 13%
70-79 9% 11%

higher at young ages). The cHEK2, TGFf31, CASP8, BARD1, BRIP1, PALB2 and ATM ge-
nes belong to the low to moderate-risk' breast cancer susceptibility genes (see
Table 3). The high-risk genes are the main cause for strong familial aggregation of
breast cancer, and were mostly detected through linkage analysis (section 3.1). The
low risk genes cannot be detected in this way because the relationship between
genotype and phenotype is much weaker (section 3.2). The most widely used ap-
proach has been the association study, in which the allele frequencies of common
variants within candidate genes are compared between a population of breast cancer
cases and controls (Chapter 6). This research area has been problematic, however,
because of the many associations that have been published to date, few have been
established beyond reasonable doubt.5”s® For example, one systematic meta-analysis
examined 46 reports on 18 different genes.’” Of the 12 significant associations repor-
ted, none were replicated by any of the other studies, and only four remained signi-
ficant. For this reason, we will limit ourselves to those genes for which positive as-

sociations were replicated in independent studies.

3.1. High-risk breast cancer susceptibility genes

3.1.1. BRCA1 and BRCA2

The BrcA1 gene is located on chromosome 17q21 and the BRcAa2 gene is located on
chromosome 13q12.



TABLE 3

List of known high- and moderate to low risk breast cancer susceptibility genes

Gene location | Gene Variant Carrier status Frequency Breast Cancer Risk
BRCA1 17q21 Multiple Heterozygous Rare* 46-85% lifetime risk
BRCA2 13q12 Multiple Heterozygous Rare* 43-84% lifetime risk
TPs53 17p13.1 Multiple Heterozygous Rare 28-56% by age 45
PTEN 10q23.3 | Multiple Heterozygous Rare 25-50% lifetime risk
LKB1/STK11 19p13.3 Multiple Heterozygous Rare 29-54% lifetime risk
CDH1 16q22.1 | Multiple Heterozygous Rare 20-40% lifetime risk
ATM 11q22-23 | Multiple Heterozygous Moderate RR: 2.2
TGFp1 19q13.1 C-509T (promoter SNP) | Homozygous T Frequent OR: 1.25 (P=0.009)
T-29C (L10P) Homozygous C Frequent OR: 1.21 (P=0.01)
CASP8 2q33-34 | G-1192C (D302H) Heterozygous Frequent OR: 0.83
G-1192C (D302H) Homozygous H Rare OR: 0.58 (Ptrend=0.0002)
CASP10 2q33-34 | G-1228A (V410]) Heterozygous Frequent OR: 0.62 (P=0.0076)
CASP8/CASP10 410VI/II & 302DH/HH | Combination** Moderate OR: 0.37 (P=0.013)
BRIP1 17q22-24 | Multiple Heterozygous Rare RR: 2.0
PALB2 16p12 Multiple Heterozygous Rare RR: 2.2
BARD1 2q34-35 | Several (incl Cyss57Ser) | Heterozygous Moderate OR: 2.6 (p=0.000003)
CHEK2 22q12.1 | 1100delC Heterozygous Moderate RR: 2

* In, for example the Ashkenazi Jewish population some mutations have a moderate population frequency.

** Combination of the four different genotypes bearing the protective alleles of both casp1o and casp8 (i.e.
410VI-302DH, 410VI-302HH, 410II-302DH and 410II-302HH) compared with the most common
genotype (410VV-302DD).

Rare: < 1% population frequency, Moderate 1-5%, Frequent >5%. OR = odds ratio, RR = relative risk

Although Brca1 and BrRcA2 do not share any obvious sequence homology, the paral-
lels between the two genes are interesting. Both genes are reasonably large genes:
BRCA1 has 22 exons, spans approximately 100kb of genomic DNA, and encodes a
1863 amino acid protein, while BRca2 has 27 exons, spans around 70kb, and enco-
des a protein of 3418 amino acids.”® They are both characterized by the presence of
an extremely large exon 11. Both genes are ubiquitously expressed in humans with

the highest levels in testis, ovaries and thymus. In contrast to most other known tu-



mor suppressor genes, they are relatively poorly conserved between other species,
with the exception of a few small domains.

Both genes are generally considered to be ‘caretaker’ genes. Caretaker genes act as
sensors of DNA damage and participate in the repair process. Their inactivation al-
lows other genetic defects to accumulate and leads to genetic instability. In contrast,
the so-called ‘gatekeepers’ directly control the progression of the cell cycle and their
inactivation is thought to be sufficient to promote tumor growth.*¢*

During the past decade many of the cellular and biochemical functions of the BRca1-
and BRcA2-proteins have been discovered. Together these suggest how Brca1 and
BRCA2 might play a role in carcinogenesis. For BRca1 these roles include DNA-repair,
protein ubiquitylation, chromatin remodeling and cell cycle checkpoint control.
BRCA2 is involved in double-strand break pNa repair through homologous recombi-
nation, but little else is known about its function. These issues have been discussed
in detail in several reviews.*>%

A rare form of Fanconi anemia (FA; FANCD1) was shown to be caused by biallelic
mutations in BRCcA2. Fa is a recessive disease of childhood that is characterized by
specific birth defects, abnormal skin pigmentation, progressive bone-marrow failure
and cancer susceptibility. Mutations in several genes can cause this condition, but all
lead to chromosomal instability, which is similar to the chromosomal instability
seen in BRcA2-deficient mice.”” However, mutations in other Fa genes are unlikely to
be a major cause of highly penetrant breast cancer predisposition.®**

Other studies have shown that in rare cases, children with medullablastoma or
Wilms™ tumor also carry two truncating BRcA2 mutations.”” Homozygosity for
BRCAI-inactivating mutations, however, results in embryonic lethality, confirming
the functional differences between the two proteins.

The prevalence of heterozygous carriers of high risk mutations in the general Cauca-
sian population has been estimated to be about one in 1000 for BRca1, and one in
750 for BRca2.”* However, in certain populations, this can be much higher due to the
occurrence of founder mutations. For example, BRcA2 analysis on 3,085 individuals
from the same Ashkenazi Jewish population showed a carrier frequency of 1.52% for
the 6174delT mutation.” This mutation appears to be restricted to the Ashkenazim,
and has only once been reported in a person of proven non-Ashkenazi Jewish heri-
tage.”

Germline mutations in BRCA1 or BRCA2 confer strong lifetime risks of breast cancer
and ovarian cancer, together with smaller risks to some other cancer types.>** With-

in the setting of multiple-case families, the cumulative risk of breast cancer at age 70
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years in BRcA1 and BRCA2 mutation carriers was 85% and 84%, respectively, and of
ovarian cancer 63% and 27%, respectively.”> However, a more recent meta-analysis
on 22 population-based and hospital-based studies showed that the average cumu-
lative risks in BRcA1-mutation carriers by age 70 years were 65% for breast cancer
and 39% for ovarian cancer. The corresponding estimates for BRcA2 were 45% and
11%. In addition, in the American population, the estimated breast cancer and ova-
rian cancer risk at age 7o years are respectively 46% and 39% for BRcA1 carriers and
43% and 22% in BRcA2 carriers (Figure 1 and 2). The relative risks of breast cancer
declined significantly with age for BRcAa1-mutation carriers.”+’® For BRCA2-mutation
carriers this trend was also observed by Chen et al.”® but not by Antoniou et al.”* The
estimates based on multiple-case families may have been enriched for mutations of
higher risk and/or other familial risk factors, which modify BRca1 and BRcAz cancer
susceptibility. Segregation analyses have produced significant evidence for a modify-
ing effect of other genes on the risk of breast cancer in BRcA1 and BRCA2 mutation
carriers, explaining the reported differences between population based estimates for
BRCAI- and BRCA2-penetrance and estimates based on high-risk families.”” For
example a C/G polymorphism in the 5 untranslated region of RAD51 was found to
modify both breast and ovarian cancer risk in carriers of a germline BRca2 mutation
(OR, 3.2; 95% CL, 1.4—40; P = 0.01).777% A length-variation of the polyglutamine re-
peats in the estrogen receptor co-activator Nco3a influences breast cancer risk in
carriers of BRcA1 and BRcA2 (OR, 1.96; 95% CI, 1.25-3.08; P for trend = 0.0036).79%°
The androgen receptor also has a length-polymorphism, which inversely correlated
with the transactivation function of the AR and has been shown to influence age at
onset in carriers of BRCA1 in one study”, but not in others.*>** Other unconfirmed
modifiers of risk include rare alleles at the HRAS1 repeat, modifying ovarian cancer
risk in BRCA1 carriers®, and the variant progesteron receptor allele named PROGINS,
modifying ovarian cancer risk in BRca1/2 carriers with no past exposure to oral
contraceptives.® Thus, women with the same mutation may differ in their risk pro-
files, depending on their genetic background. The family history remains therefore
an important parameter in translating standard risk estimates to individual pa-
tients.

For both Brca1 and BrcAz2 it has been shown that cancer risks are influenced by the
position of the mutation within the gene sequence.’*** Women with a mutation in
the central region of the BRca1 gene were shown to have a lower breast cancer risk
than women with mutations outside this region. The ovarian cancer risk associated

with mutations upstream this central region was higher than that associated with
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Fig. 1. Cumulative breast and ovarian cancer risk in BRCA1-mutation carriers as a function of age.
The red and pink line respectively represent family-based breast and ovarian cancer risk estimates (Easton et al.>7#).
The green / light blue and dark blue / brown lines respectively represent population-based breast and ovarian can-
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TABLE 4

Relative cancer risk (RR) for sites other than breast and ovary in BRCA1 and
BRCA2 mutation carriers.

BRCA1 BRCA2
Location RR 95% CI study Location RR 95% CI Study
Colon 4.11 2.36-7.15 1 Pharynx 7.3 2.0t0 18.6 3
Cervix 3.72 2.26-6.10 2 Pancreas 5.9 3.2 t0 10.0 3
uterus 2.65 1.69-4.16 2 Pancreas 3.51 1. 87-6.58 4
pancreas 2.26 1.26-4.06 2 Bones 14.4 2.9 t0 42.1 3
prostate 3.33 1.78-6.20 1 Prostate 2.5 1.6 t0 3.8 3
prostate 1.82 1.01-3.29 2 Prostate 4.65 3.48-6.22 4
Melanoma 0.1 0.01-0.2 3
Melanoma 2.58 1.28-5.17 4
Gastric 1.2 0.6-2.0 3
Gastric 2.59 1.46-4.61 4
Gall bladder - - 3
Gall bladder 4.97 1.50-16.52 4

1: Ford et al.>** 2: Thompson et al.** 3: van Asperen et al.*” 4: The Breast Cancer Linkage Consortium.*

mutations downstream this region. For BRCA2, mutations in the central region
(occr; ovarian cancer cluster region) were associated with a higher risk of ovarian
cancer than mutations outside this region, whereas mutations in the occr were
associated with a lower breast cancer risk than mutations outside the occr.

In addition to a predominantly high increased risk to female breast cancer and
ovarian cancer, BRCA1- Or BRCA2-mutation carriers are at increased risk to ‘other
cancers as well. An increased relative risk to colon cancer, cervix cancer, uterus,
pancreas and prostate has been suggested in BRcA1-mutation carriers. In BRcA2-
mutation carriers an increased relative risk to male breast cancer, gall bladder and
bile ducts cancer, gastric cancer, malignant melanoma, pancreas, prostate, bone and
pharynx cancer has been observed (Table 4).75%7%°

3.1.2. TP53 (Li-Fraumeni Syndrome)

The TP53 gene is located on chromosome 17p13.1, and encodes a protein involved in

many overlapping cellular pathways that control cell proliferation and homeostasis,
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such as cell cycle, apoptosis and DNA-repair. The expression of the TP53 gene is acti-
vated in response to various stress signals, including bNa damage. Loss of TP53 func-
tion is thought to suppress a mechanism of protection against accumulating of gene-
tic alterations (tumor suppressor).”* Germline mutations in TP53 are very rare: fewer
than 400 families with germline mutations have been reported worldwide. Li-Frau-
meni syndrome (LFS)(MIM: 151623)* is characterized by multiple primary neo-
plasms in children and young adults, with a predominance of soft tissue sarcomas,
osteosarcomas, breast cancer and an increased incidence of brain tumors, leukaemia
and adrenocortical carcinomas. Multiple primary tumors are frequently seen in Li-
Fraumeni patients. The rarity and high mortality of the Li-Fraumeni syndrome pre-
cluded formal linkage analysis. The alternative approach was to select the most plau-
sible candidate gene. Because tumor suppressor genes had been found to be
associated with familial neoplasms, the TP53 gene was a good candidate gene for LFs,
because inactivating mutations therein had been associated with sporadic osteosar-
comas, soft tissue sarcomas, brain tumors, leukemia’s, and carcinomas of the lung
and breast. Furthermore, transgenic mice carrying a mutant 753 gene have an in-
creased incidence of osteosarcomas, soft tissue sarcomas, adenocarcinomas of the
lung, and adrenal and lymphoid tumors, all tumors that occur as part of LFs.”* Mu-
tations in the TP53 gene account for roughly 70% of families fulfilling the classical
criteria for Li-Fraumeni syndrome (e.g. one patient with a sarcoma diagnosed <45
years with a first degree relative with any cancer diagnosed <45 years and an additio-
nal 1% or 2™ degree relative diagnosed with cancer <45 years or a sarcoma at any
age).?*¢ Mutations in TP53 are less common in breast cancer / sarcoma families not
fulfilling these classical criteria.”® Susceptibility to cancer in Li-Fraumeni families
follows an autosomal dominant pattern of inheritance” and among families with a
known germline TP53 mutation the probability of developing any invasive cancer
(excluding carcinomas of the skin) approaches 50% by the age of 30, compared to an
age adjusted population incidence of cancer of 1%. It is estimated that more than
90% of TP53 mutation carriers will develop cancer by the age of 70.92 One of the most
frequently occurring cancers in Li-Fraumeni families is breast cancer with an esti-
mated penetrance in TP53 mutation carriers of 28%-56% by the age of 45 years.?*9%%
The peak incidence for breast cancer is between 20 and 40 years, in contrast to the
other frequent occurring neoplasms, which mainly develop in young children, sug-
gesting that hormonal stimulation of the mammary glands in puberty is an impor-
tant cofactor.

Somatic mutations in TP53 are reported in 20-60% of human breast cancers.® A
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strong association was observed between P53 mutation and LoH at the TP53 locus,
in agreement with its tumor suppressor function.*® Hypermethylation of the Tr53
gene seems not to play a major role in breast cancer.’
Germline mutations in TpP53 are rarely detected in families selected solely on the oc-
currence of breast and/or ovarian cancer,’ and are found at very low prevalence
(<0.5%) among early-onset cases of breast cancer.s*°3

3.1.3. PTEN (The Cowden syndrome)

Cowden Syndrome (cs) (M1M: 158350) is an uncommon autosomal dominant disor-
der characterized by multiple hamartomas of the skin, breast, thyroid, gastrointesti-
nal tract, central nervous system, and a high risk of breast, uterine and non-medul-
lary thyroid cancer. Multiple trichilemmomas, papillomatosis, acral keratosis and
benign tumors of the hair follicle are the most characterized neoplasms of the skin.
Other features associated with cs are macrocephaly and gangliocytoma of the cere-
bellum (Lhermitte-Duclos disease).

A linkage genome scan was performed to localize the gene for cs.*** The authors
examined a total of 12 families, and obtained a maximum lod score of 8.92 at theta
= 0.02 with the marker D10S573 located on 10q22-q23. They stated that the neuro-
logic and neoplastic features of cs are consistent with the possibility that the Cow-
den gene is a tumor suppressor gene. The chromosomal region containing the cs
gene was known to contain a tumor suppressor gene (PTEN) that had been found to
be mutated in sporadic brain, breast, and prostate cancer and consequently germline
mutations in the PTEN gene in 4 of 5 families with Cowden syndrome were found.**s
The prevalence of cs is estimated to be 1: 300 0ooo. Mutations in the PTEN gene are
present in about 80% of cs families.'*5**7171%8 Especially truncating PTEN mutations
in cs families are associated with cancer.® Women carrying a PTEN-mutation have
a 25-50% (2-4 fold) lifetime breast cancer risk. The majority of Cowden syndrome
related breast cancers occur after the age of 30-35 years.”’>''* Also, breast cancer at
young age has been observed in male carriers of a germline PTEN mutation with the
classical cs phenotype, suggesting an increased risk for males as well."*> However, no
mutations in the PTEN gene have been detected in breast cancer families without
features of cs.”’>"'* Also in sporadic breast cancer patients, germline and somatic
mutations in the PTEN gene are rare.”’>"* In addition, although Lo# at the pTENlocus
is found in 11-41% of sporadic breast cancers, no somatic mutations have been ob-
served in the remaining allele."”
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3.1.4. LKB1/STK11 (Peutz-Jegher Syndrome)

The LkB1/sTK11 —gene is located on chromosome 19p13.3, contains 12 exons and
encodes a transcript of ~1.3 kb, which acts as a tumor suppressor. Germline muta-
tions in the serine/threonine kinase gene (LkB1/STK11) causes Peutz-Jeghers syn-
drome (pjs) (MIM: 175200). To localize the susceptibility locus for Peutz-Jeghers
syndrome, comparative genomic hybridization (cGH) and targeted linkage analysis,
combined with loss of heterozygosity (LoH) study were used.”® They demonstrated
a high-penetrance locus in distal 19p with a multipoint lod score of 7.00 at marker
D19S886 without evidence of genetic heterogeneity. The study demonstrated the po-
wer of cGH combined with LoH analysis in identifying putative tumor suppressor
loci. In comparative genomic hybridization, a single hybridization allows DNA copy
number changes in the whole genome of a tumor to be assessed in comparison with
normal tissue bNA.** Within a distance of 190 kb proximal to D19S886, the marker
with the highest lod score in the study of Hemminki et al.,’** a novel human gene
encoding the serine/threonine kinase sTk11 was identified and characterized.”> In a
three-generation pys family, they found an sTx11 allele with a deletion of exons 4 and
5 and an inversion of exons 6 and 7 segregating with the disease. They concluded
that germline mutations in sTk11, probably in conjunction with acquired genetic
defects of the second allele in somatic cells, caused the manifestations of pjs.

There is still much controversy on the exact prevalence of pys. The estimates range
from 1:8,900 to 1:280,000 (The Johns Hopkins guide for patients and families: Peutz-
Jeghers syndrome, copyright 2001; http://www.hopkins-i.org/multimedia/database/
hcclntro_111_PJS-Book.pdf). Not in all patients a germline mutation in LKB1/STK11
is found, suggesting a heterogeneous basis for the disease. pJs is an autosomal domi-
nant disorder characterized by a specific form of hamartomatous polyps (polyps
with a muscular core) of the gastrointestinal tract and by melanine pigmentation of
the lips, perioral region, the buccal mucosa, fingers, and toes. The polyps are most
commonly seen in the small bowel but can occur throughout the gastrointestinal
tract and at other sites such as the kidney, ureter, gall bladder, bronchus and nasal
passage.’>'>* An elevated risk of gastrointestinal malignancies, breast cancer, pan-
creas, ovary, uterus, cervix, lung and testicular cancers is recognized in patients with
pjs.*2722 The clinical features of pjs vary within and between families, especially with
respect to cancer risk. Overall, the probability of developing cancer by age 65 is esti-
mated to be about 50%. The risk of breast cancer by age 65 ranges between 29% and
54%."%7 It’s suggested that LkB1/sTK11 can play the role of a tumor suppressor gene
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in sporadic breast cancer, and low expression of the LkB1/sSTK11 protein is signifi-
cantly associated with a shorter survival.*® However in 62 primary breast cancers in
patients without pJs, no somatic mutations were found in LkB1 gene and LOH on
19p13 was observed in only 8%,'** suggesting only a role in breast cancer susceptibil-

ity in patients with pys.

3.1.5. cpH1/E-Cadherin (HDGC-syndrome)

The E-cadherin gene (cpH1) is located on chromosome 16q22.1 and contains 14
exons. The mature protein product belongs to the family of cell-cell adhesion mole-
cules and plays a fundamental role in the maintenance of cell differentiation and the
normal architecture of epithelial tissues. Genetic linkage analysis in affected mem-
bers of three New Zealand Maori families with early-onset, histologically poorly
differentiated, high-grade, diffuse gastric cancer demonstrated significant linkage to
markers flanking the gene for the calcium-dependent cell-adhesion protein E-cad-
herin (cpH1). Sequencing of the E-cadherin gene revealed a G>T nucleotide substi-
tution in the donor splice consensus sequence of exon 7, leading to a truncated gene
product.* Thus, germline cpH1 truncating mutations are associated with heredi-

tary diffuse gastric cancer syndrome (HDGC-syndrome) (MIM: 192090).

The pattern of inheritance of the disease is consistent with an autosomal dominant
susceptibility with incomplete penetrance. In HDGC families, women carrying
a cpH1 mutation have an estimated cumulative risk of diffuse gastric cancer by
80 years of 83%. The lifetime risk of developing breast cancer was estimated at
20-40%."3""3 Somatic cpDH1 mutations are frequently found in infiltrating lobular
breast cancer and in-situ lobular breast cancer (Lc1s) in contrast to breast cancers of
other histopathological subtype.’3>'3513¢ Germline mutations in cpH1 are often found
in combination with loss of heterozygosity of the wildtype E-Cadherin locus in the
tumor, underscoring its role as a tumor suppressor.’> Today most breast tumors
reported in HDGC families are of the lobular subtype. One family with a germline
cpH1 mutation was described as a ‘lobular breast cancer family’.*s” Therefore, it has
been suggested that cpa1 mutation screening should be offered to isolated cases of
diffuse gastric cancer (pGc) in individuals ages <35 years and for families with
multiple cases of lobular breast cancer, with any history of pGc or unspecified gas-
trointestinal malignancies.’3”*3* However, others have failed to detect cpH1 germline

mutations in breast cancer families. 394

27



3.2. Known low to moderate-risk breast cancer susceptibility genes

3.2.1. ATM

The ATM gene is located on chromosome 11q22-23 and contains 63 exons. The ATM
protein plays a central role in sensing and signalling the presence of bNA double-
strand breaks. In the unirradiated cell nucleus, aTum is held inactive, which is dissoci-
ated by rapid intermolecular autophosphorylation after irradiation.#* This initiates
cellular aTm kinase activity, which has many substrates including the protein pro-
ducts of P53, BRCA1 and cHEK2. Carriers of homozygous or compound heterozygous
mutations in the aATm gene suffer from the rare recessive disorder ataxia-telangiecta-
sia (AT) (MIM: 208900). AT is characterized by cerebellar degeneration (ataxia), di-
lated blood vessels in the eyes and skin (telangiectasia), immunodeficiency, chromo-
somal instability, increased sensitivity to ionising radiation and a highly increased
susceptibility to cancer, in particular leukaemia’s and lymphomas. The estimated in-
cidence of AT is 1:40,000 to 1:100,000 with a carrier frequency of 1:100 to 1:200.
Studies based on relatives of AT patients have suggested that female heterozygous
carriers are at increased risk of breast cancer.’#>'# The estimated relative risk of
breast cancer in obligate AT-heterozygotes range between 1.3 and 13 in the different
studies conducted.**> More recent estimates are in the order of 2.3, with rela-
tively narrow 95% confidence intervals. To date there is much controversy about the
exact role of germline ATM mutations in breast cancer risk. Studies of sporadic and
familial breast cancer have failed to consistently demonstrate an elevated prevalence
of germline ATM gene variants among breast cancer cases relative to controls.'+*'+
Initial reports of substantial increased risks of breast cancer (comparable with
mutations in BRca1 and BRCA2) with specific variants in AT™M (for example IVS1o0-
6T>G)'s>'5* have not been replicated in subsequent studies.’s>'s?

It was hypothesized that the existence of two distinct classes of ATm mutations (trun-
cating and missense) might explain some of the contradictory data on cancer risk.
Some missense mutations encode stable, but functionally abnormal proteins that
could compete in complex formation with the normal AT™ protein, resulting in a
dominant-negative cellular phenotype. In contrast, truncating mutations produce
an unstable ATM protein so that heterozygote individuals still maintain 50% of
wildtype ATM activity, resulting in an almost normal phenotype.'>+'>> However, an
analysis of 20 missense ATM mutations provided little support for an association of
ATM missense mutation and breast cancer.**®* Thompson et al.*#¢ also found no evi-
dence for a difference in risk of breast or other cancer according to the type of aATm
mutation, while the risk estimate of Renwick et al.#” was based mainly on truncating
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mutations. Haplotype analysis could also reveal a role for common variants in the
ATM gene in causing breast cancer. Five biallelic haplotype tagging single nucleotide
polymorphisms (snp’s) have been estimated to capture 99% of the haplotype diver-
sity in Caucasian populations. In the Nurses Health Study, there was no evidence
that common haplotypes of ATm are associated with breast cancer risk.’’” When
confirmed, this could suggest that less common variation in ATM™ is involved in in-
creasing breast cancer risk, which can only be addressed in much larger studies. A
possible example of such a variant is the c.7271T>G (V2424G), with an allele
frequency of approximately 0.2% among cases and a substantially elevated breast
cancer risk.’s>'5>*58 In conclusion, a role for the ATM gene in breast cancer suscepti-
bility is plausible but the exact association remains unclear, and most probably com-

prises only a modest role in familial breast cancer susceptibility.

3.2.2. TGFf1

The TGFf1-gene is located on chromosome 19q13.1 and contains 7 exons and very
large introns. TGFP is a multifunctional peptide that controls proliferation, differen-
tiation, and other functions in many cell types. TGFf acts synergistically with TGra
in inducing transformation. It also acts as a negative autocrine growth factor. Dysre-
gulation of TGFf activation and signalling may result in apoptosis. Many cells syn-
thesize TGFpP and almost all of them have specific receptors for this peptide.

For most normal cell types, TGEP acts as a potent inhibitor of proliferation and mi-
gration and promotes apoptosis, properties associated with tumor suppression.'s>**
However, in cells in which these suppressor functions of the TGrp signalling pathway
are overridden, TGP may induce cellular changes associated with malignant
progression,' invasion,'** and angiogenesis.'>*** These studies support a model in
which TGFp inhibits the development of early, benign lesions but promotes invasion
and metastasis when the tumor suppressor activity is overridden by oncogenic
mutations in other pathways.*

To date, several somatic mutations that disrupt the TGrf-signalling pathway have
been reported in human breast tumors.***** On the basis of these data it was
hypothesized that polymorphisms affecting the function of genes in the TGFS-
signalling pathway might also play a significant role in the development of breast
cancer and the incidence of breast cancer associated with various sNp’s in the TGFf1
gene was examined. A large combined case control study (3987 patients and 3867
controls) showed that the promotor sNp, C-5097T, and the T+29C signal-peptide sNp

(encoding Leu1oPro) are in very strong linkage disequilibrium and are both signifi-
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cantly associated with increased incidence of invasive breast cancer in a recessive
manner (respectively or (TT versus C-carrier) =1.25, 95% confidence interval (c1)
1.06-1.48, P = 0.009 and OR ( ProPro versus Leu-carrier) = 1.21, 95% CI 1.05-1.37, P
= 0.01). Whereas the Leu1oPro signal peptide substitution potentially affects TGFp1
secretion in contrast to the C-509T sNP it was suggested that the observed associa-

tion was caused by the Leu1oPro snp.*®

3.2.3. CASP8

The casp8 gene is located on chromosome 2q33-q34, contains 13 exons and the
protein product spans 51,2 kb. Caspases are important mediators of the apoptotic
process. Death receptor-mediated apoptosis provokes the formation of the death-
inducing signalling complex (p1sc), comprising the death receptors, adaptor pro-
teins as well as the initiator caspase 10 (casp10) and caspase 8 (casp8). It has been
shown that a germ-line homozygous missense mutation (R248W) in casp8 causes
the autosomal recessive autoimmune lymphoproliferative syndrome type IIB (m1m:
607271). This syndrome is characterized by lymphadenopathy and splenomegaly
associated with an immunodeficiency. The immunodeficiency is characterized by
recurrent sinopulmonary and herpes simplex virus infection with poor response to
immunization due to defects in activation of T-lymfocytes, B-lymfocytes and natural
killer cells.*”

Because of the involvement in initiation of apoptosis, it was hypothesized that casp8
and casp1o might act as low-penetrance familial breast cancer susceptibility genes.
Surprisingly, combined analysis of two different studies showed that one missense
variant (D302H) in casp8 was associated with a reduced risk of breast cancer in a
dose-dependent manner. The combined odds ratios (oR) for breast cancer was 0.83
(95% confidence interval = 0.74 to 0.94) for the DH heterozygote and 0.58 (95% cI=
0.39 to 0.88) for the HH homozygote.’”* Recently the Breast Cancer Association
Consortium (Bcac) confirmed these findings. They included data from 9-15 studies,
comprising 11,391-18,290 cases and 14,753-22,670 controls and found evidence of
an association with breast cancer for casp8 D302H (with odds ratios (OR) of 0.89

=1.1x107)and 0.74 (95% CI = 0.62-0.87, P =1.1X107)

trend trend

(95% CI = 0.84-0.92, P
for heterozygotes and rare homozygotes respectively, compared with common ho-
mozygotes).'7*

The functional effect, if any, of the aspartate-to-histidine change at residue 302 in
caspase-8 is as yet unknown. A different study showed that the caspio V410l variant

was also significantly associated with a decreased familial breast cancer risk (or =
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0.62, 95% CI = 0.43-0.88, P = 0.0076). In individuals carrying the protective alleles of
both caspio (I410) and casp8 (H302) the breast cancer risk was even more reduced
(orR=0.37,95% CI =0.16-0.83, P=0.013).'73

3.2.4. CHEK2

The cHEK2 gene is located on chromosome 22q12.1 and contains 15 exons. Several
pseudogenes, encompassing exons 10-14 of the gene, are scattered throughout the
genome. CHEK2 is a G2 checkpoint kinase that plays an important role in DNA repair
and it is activated in response to ionising radiation through phosphorylation by aTm.
Activation of cHEK2 also phosphorylates other key cell cycle proteins, including
BRCA1 and p53. The role of cHEK2 in breast cancer susceptibility was first suggested
by the identification of the truncating mutation 1100delC, which eliminates kinase
activity, in an individual with Li-Fraumeni syndrome without a P53 mutation. The
possibility that this gene is only contributing to the breast cancer cases within LFs
families rather than LFs per se has been raised.”’* The frequency of 1100delC has
been estimated in healthy control populations, and was found to be approximately
1%."7>7° Among unselected patients with breast cancer, its prevalence was found to
be approximately 1.5- to 3-fold higher than in controls. Among breast cancer cases
selected from families that were not linked to BRcA1 and BrRca2 prevalences between
4.9% and 11.4% were found depending on the total number of breast cancer cases in
the families.’75*77 Segregation analysis estimated that cHEK2*1100delC conferred an
increased risk of breast cancer of approximately 2-fold in noncarriers of BRcA1/2
mutations.'7%'7

These results suggest that cHEK2*1100delC is not a high penetrance mutation, but
rather a relatively common variant conferring a more moderate risk of breast cancer,
which may make a significant contribution to familial clustering of breast cancer. As
it is enriched among multiple-case families, but unable to explain all breast cancer in
families with at least one carrier case, it has been suggested to interact with other, as
yet unknown breast cancer susceptibility alleles.’”” Other variants in cHEK2 have also
been considered to be involved in causing breast cancer risk. Whereas some studies
have excluded this possibility,"*>** others have implicated slightly increased risks
associated with 157" and IVS2+1G > A.**>'% The 157" protein, which compromises
cellular responses to ionising radiation and shows deficiency in substrate recogni-
tion in vivo, was expressed at normal levels in tumor tissues as well as in cultured
cells. The 157" protein was stable and it dimerized with the wild-type cHEK2 co-ex-

pressed in human cells. These functional properties of the 157" protein suggest that
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this variant may have negative effect on the pool of normal CHEK2 protein in hetero-
zygous carrier cells by formation of heterodimers with wild-type cHEK2. The 157*
variant may be associated with breast cancer risk, but the risk is probably lower than
for 1100delC.

Patients carrying the cHEK2*1100delC mutation developed breast cancer earlier than
non carriers’7** and have a eightfold risk of developing contralateral breast cancer
when compared with matched controls.’*+% There is no specific histological subtype
described for cHEK2-related breast tumors.**#**¢ Immunohistochemically, cHEK2 re-
lated breast tumors show in most cases an absent CHEK2 protein staining and are
more often negative for luminal cytokeratin 19 staining compared to familial non-
BRCA1/2 and BRcA1 related breast tumors.”77*%

3.2.5. BARD1

The Brca1-associated ring domain 1 (BARD1) gene is located on chromosome 2q34-
q35 and contains 11 exons. The BARD1protein was discovered in a yeast two-hybrid
screen as a binding partner of BRCA1."®® BrRcA1 and BARD1 form a functional
heterodimer through the binding of their RING-finger domains. This interaction is
thought to stabilize both proteins, as the respective monomers are unstable.'®%°
BARD1 and BRCA1 have several features in common: similar protein structure, the
embryonic lethality of their respective knockout mice, induction of genetic instabil-
ity when depleted from cells, both proteins have a RING domain, a nuclear export
signal at their N termini and two tandem BRCA1 corboxy-terminal (BRCT) domains.
The BRCA1-BARD1 interaction is required for several of the cellular and tumor-sup-
pressor functions of BRca1. However, BARD1 has also been described in tumor sup-
pressive functions independent of BRCA1, by mediating between genotoxic stress
and p53-dependent apoptosis.’* The BARD1 gene has been reported to be targeted by
somatic mutations in breast and ovarian cancers,'** and has been considered a pos-
sible candidate to be involved in cancer susceptibility. In a screen of an Italian cohort
of familial breast and ovarian cancers that were not associated with BRca1 and BrRca2
gene mutations, five alterations in BARD1 were discovered,' including 1139del21
and Cyss57Ser.

Recently, a Nordic collaborative study of the BaARD1 Cyss557Ser allele consisting of
altogether 2906 breast and/or ovarian cases and 3591 controls from Finland, Iceland,
Denmark, Sweden and Norway provided further evidence that BaArp1 Cyss57Ser
confers a slightly increased risk of female breast cancer. The frequency of the BARD1

Cysss7Ser variant appeared to be increased among patients from breast/ovarian
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cancer families. Significant difference was obtained compared to controls (6.8% vs.
2.7%; P=0.000003; OR=2.6; 95% CI=1.7-4.0)."* S0, in conclusion there seems to be an
association between specific BARD1 mutations and breast and ovarian cancer, but

this accounts for only a small fraction of cases of familial breast cancer overall.

3.2.6. The Fanconi Pathway other than FANCD2 (BRIP1 and PALB2)

Fanconi anemia (FA) is an inherited disorder associated with progressive aplastic
anemia, multiple congenital abnormalities and predisposition to malignancies in-
cluding leukemia and solid tumors.”* The developmental abnormalities include ra-
dial aplasia, hyper pigmentation of the skin, growth retardation, microphthalmia
and malformation of the kidneys. Fa is inherited mainly as an autosomal recessive
trait, but is genetically heterogeneous. Analysis of cell lines from different ra patients
led to the discovery of at least 13 groups, named FA-A, B, C, D1, D2, E,E, G, I, ], L, M,
and N with the corresponding genes named as FANCA-FANCN. The interest in the Fa
pathway by breast cancer researchers was stimulated by the discovery that the gene
for FANCD1 is BRCA2. As described before, mono-allelic mutations in BRcA2 causes
susceptibility to breast and other cancers, whereas bi-allelic mutations cause Fanconi
anemia. The phenotype of biallelic BRca2 mutations differs from other Fanconi ane-
mia subtypes, most notably with respect to the high risk of childhood solid tumors,
particularly Wilms tumor and medulloblastoma, which occur very rarely in other
Fanconi anemia subtypes.*¢7°196197

To date, there have been several studies of the other known Fa-genes in relation to
breast cancer susceptibility. No clear pathogenic mutations were detected in FANCA,
FANCC, FANCD2, FANCE, FANCF, FANCG and FANCL.****'% However, in the gene that is
variously known as BACH1/BRIP1/FANC] (located at 17q22-24, containing 20 exons)
two missense mutations in early onset familial breast cancer cases was found.>
BrIP1 encodes a DEAH helicase that interacts with the BRcT domain of Brca1 and
has BrcAa1-dependent DNA-repair and Checkpoint functions.>>** Inactivating mu-
tations in BRcA1 predispose to breast cancer. Inactivation of Brip1 results in abroga-
tion of certain BrRcA1 function, and therefore it is plausible that inactivating BrIp1
mutations also predispose to breast cancer.>*

Unfortunately several other studies from different populations cold not confirm this
finding.'#%2°3-27 However, recently a truncating mutation in BRIP1 was identified in 9
out of 1,212 individuals with breast cancer from BRCA1/2 mutation-negative families

but in only 2 out of 2.081 controls (P=0.003).2°® They estimated that BR1r1 mutations
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confer a modest relative risk of breast cancer of 2.0 (95% c1=1.2-3.2, P=0.012), simi-
lar to truncating variants of CHEK2 and ATM.

The protein pALB2 (for ‘partner and localizer of BRCA2’) was recently identified as a
nuclear partner of BRCA2. PALB2 co localizes with BRcA2, promoting its localization
and stability in key nuclear structures, which in turn facilitates BRca2 functions in
DNA repair.*® The gene encoding the PALB2 protein is located at 16p12 and contains
13 exons. Because of the existence of individuals with the BRca2-Fanconi phenotype
who lacked Brca2 mutations, the possibility of a role of pALB2 (functionally related
to BRCA2) in FA was raised. And consequently, pathogenic PALB2 mutations were
identified in families affected with Fa and cancer in early childhood, demonstrating
that bi-allelic PALB2 mutations cause a new subtype of Fanconi anemia, FANCN.>°
Prompted by these observations, Rahman et al.*'* investigated whether monoallelic
PALB2 mutations confer susceptibility to breast cancer. They identified truncating
PALB2 mutations in 10 out of 923 (1.1%) individuals with familial breast cancer com-
pared with o out of 1,084 (0%) controls (P=0.0004). When considering families with
both male and female breast cancer pALB2 mutations were found in 6.7%. Although
numbers were low, it suggests that pALB2 mutations may confer a high risk of male
breast cancer, which is also a hallmark of BRcA2.

The authors estimated that pALB2 mutations confer a modest relative risk of breast

cancer of 2.3 (95% CI = 1.4-3.9, P = 0.0025).

4. Genetics of familial breast cancer

4.1. Attributable risks

How much of the familial risk is currently explained by the known genes? BRca1 and
BRCA2 appear to be the two major factors among families with multiple cases of
early-onset breast cancer. Germline BRcA1 mutations are found in 80% of families
with at least 4 cases of breast cancer diagnosed before the age of 60 and at least one
case of ovarian cancer.”> This reflects the high risks conferred by BRca1 mutations to
both breast and ovarian cancer (see section 3.1.1). Likewise, BRCA2 mutations are
strongly associated with families with a case of male breast cancer. Among families
in which female breast cancer is the only major cancer phenotype, BRcA1 and BRCA2
mutations are less often encountered, unless the number of cases diagnosed under
60 is very high (i.e., six or more). These estimates derive from a highly selected group
of families, selected to be sufficiently informative for linkage analyses, and are there-
fore subject to strong upward bias. Nonetheless, similar findings have been made on

clinic-based families from a variety of different ethnic backgrounds.?*>** On avera-
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ge, BRcA1 and BRCA2 mutations are found in approximately 25% of the families who
self-refer to a Cancer Family Clinic, with higher occurrences among families with
cases of ovarian cancer or male breast cancer. Mutations in the other high risk can-
cer susceptibility genes TP53 (Li-Fraumeni Syndrome), pTEN (Cowden syndrome),
cpH1 (HDGC-syndrome) and LkB1 (Peutz-Jegher Syndrome) are also associated with
breast cancer but germline mutations in these genes are very rare and are not found
in patients with breast cancer in the absence of the other clinical stigmata of these
cancer syndromes.*>"*>2'4 It is thus obvious that BRca1 and BRcA2 are unable to ex-

plain all the observed familial clustering.

4.2. Segregation analyses

The observation of large extended kindred’s with many cases of early-onset breast
cancer is a strong indication that one or more highly penetrant autosomal dominant
genes for breast cancer may exist. Many studies have used segregation analysis in
large numbers of families with breast cancer to derive genetic models that could
explain the observed familial aggregation. Many of these analyses found support for
a model in which susceptibility to breast cancer was explained by a rare dominant
disease allele conferring a high lifetime risk of the disease.>’s>'7 A widely used model
in linkage analyses has been the model by Claus et al,*s which specifies a dominant
allele with a population frequency of 0.003 and a penetrance of 80% by age 70. The
identification of BRcA1 and BRcA2 by linkage analysis in multiple case families in the
1990’s confirmed the existence of such high penetrance alleles.>#2*

Using data from both a population-based series of breast cancer cases and high risk
families in the UK, with information on BRcA1 and BRCA2 mutation status, the ge-
netic models that can best explain familial breast cancer outside BRcA1 and BRcA2
families were investigated.” The allele frequency of BRca1 was estimated to be ap-
proximately 0.05% and slightly higher estimates were derived for BrRcaz. The best
fitting model for the residual non-Brca1/2 familial aggregation of breast cancer was
a polygenic model, although a model with a single recessive allele produced a similar
fit.”* A comparable study used three-generation families ascertained from women
with breast cancer diagnosed at age <40 years, obtained from population cancer
registries in Australia.”> A residual dominantly inherited risk of female breast can-
cer, in addition to that derived from mutations in BRcA1 and BRCA2, was suggested.
However, this analysis also suggested that there is a substantial recessively inherited
risk of early-onset breast cancer of 86% by age 50. Of note, when considering only

the population-based cases, the UK-dataset also produced a recessive model as the
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best-fitting single gene model for BRcax, with a disease allele frequency of 24% and
a penetrance of 42% by age 70.**' However, a polygenic model gave a similarly good
fit. The dominant model gave a somewhat worse fit although the difference was not
significant. But when the known effects of parity on breast and ovarian cancer risk
were included in the model, the polygenic model fits best.>** These findings suggest
that several common, low penetrance genes with multiplicative effects on risk may
account for the residual non-Brca1/2 familial aggregation of breast cancer, although
Mendelian inheritance of an autosomal dominant or recessive allele cannot be ruled
out at this stage.

Due to the recent discovery of low to moderate breast cancer susceptibility genes,
the question rises, how many of the observed familial clustering could be explained
by combinations of these genes. Unfortunately, in medical journals few (if any) pub-
lications have appeared on this topic. However, it’s clear that also the known low to
moderate breast cancer susceptibility genes will not explain all the remaining famil-

ial clustering.

4.3. Linkage analyses

Family-based linkage studies have been very successful in mapping genes that un-
derlie monogenic disorders, including common cancers. BRca1 was the first locus
found to be linked to breast cancer in early onset multiple-case families.>* After this,
it was quickly established that linkage to BRca1 extended to families in which both
breast and ovarian cancer were prevalent.>***** In contrast, families with multiple
cases of female breast cancer and at least one case of male breast cancer were clearly
not linked to BRca1.>s Linkage analysis of male breast cancer families then led to the
discovery of BRca2 on 13q12.2** However, attempts to localize further genes as-
sociated with an inherited predisposition to breast cancer have not been successful
to date. The lack of a clear phenotype that could indicate the presence of another
major breast cancer gene may be one of the reasons for this failure.

A number of linkage studies have analysed candidate regions, which were derived
from the genetic analysis of breast tumors (Table 5). For example, the short arm of
chromosome 8 is known to be frequently deleted in sporadic breast cancer,*” and
CGH analysis of familial cases highlighted the long arm of chromosome 13 to be lost
in several cases belonging to a single family.>*® Although suggestive LoD scores were
found in these studies,**23> none were greater than three (the commonly accepted
level of statistical significance), and none were confirmed in studies of independent
collections of families.>3235
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TABLE 5

Summary of different published linkage studies

Study number of families model lod alpha position
or cases
1 11 dom 1.43 8q
2 1 dom 1.99 94934
3 1 dom 1.85 6q
4 8 dom 2.51 8p12-22
5 4 dom 2.97 8p12-22
6 31 dom 0.03 0.03 8p12-22
7 77 dom 3.46 0.65 13q21
8 128 dom -11.0 13q21
9* 14 dom 1.12 9q21
npl 3.20 2q32
10% 150 dom 1.21 0.18 2 (17)
npl 1.10 2 (16)
dom 1.80 0.18 4(79)
rec 1.04 5 (169)
npl 1.56 14 (44)
dom 1.15 0.06 22 (41)
4 cases <50 dom 2.38 0.5 2 (17)
dom 1.57 0.28 4 (66)
dom 1.12 0.35 10 (89)
dom 1.43 0.12 22 (41)
11%* SNP analysis P=0.00038 17
P=0.0006 8p12
P=0.000007 15
P=0.000007 9

1: King et al.** 2: Skolnick et al.>** 3: Zuppan et al.** 4: Kerangueven et al.>* 5: Seitz et al.>*
6: Rahman et al.»3 7: Kainu et al.>** 8: Thompson et al.*** 9: Huusko et al.>* 10: Smith et al.>

11: Ellis et al.3s

*: genome-wide linkage study. **: genome-wide SNP-analysis.

dom: linkage analysis assuming a dominant model.
rec: linkage analysis assuming a recessive model.
npl: linkage analysis assuming a non-parametric model.

lod: lod-score under heterogeneity.
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To date, only two genome-wide linkage scans have been reported in multiple-case
non-BRCA1/2 breast cancer families. Huusko et al.>*¢ studied 14 high-risk Finnish
breast cancer families in which a role for BRcA1 or BRcA2 was excluded by mutation
analysis (DGGE, SSCP or CSGE), protein truncation test and linkage analysis. All fam-
ilies had at least three breast cancer cases with DNA available for genotyping. The age
of diagnosis and the occurrence of ovarian cancer were not used as exclusion crite-
ria. Suggestive linkage was seen at marker D2S364 (2q32) with a parametric two-
point LoD score of 1.61 (theta=0), and an LoD score of 2.49 in nonparametric analy-
ses. This finding was not replicated in a much larger study of 149 non-BrcA1/2 breast
cancer families performed by the Breast Cancer Linkage Consortium (BCLC)** (see
chapter 5.1). These families were selected for linkage analysis when they had at least
3 cases of breast cancer under 60, and no cases of ovarian or male breast cancer. The
strongest linkage signal in this study was found on the short arm of chromosome 4
(LoD 1.80; a=0.18). When the analysis was restricted to families with at least four
breast cancer cases diagnosed before age 50 a LoD-score of 2.38 was found on chro-
mosome 2 (2p24-25). To provide some protection against model mis-specification,
lod scores were also calculated under a recessive model and using an allele sharing
approach (non-parametric linkage analysis). These approaches, however, identified
no further strong linkage signals. This study represents by far the largest genome
wide linkage screen for breast cancer susceptibility loci to date.

The failure to detect strong linkage signals might be explained in several ways. First,
it might reflect extensive locus heterogeneity, in which multiple high-risk loci un-
derlie the same disease phenotype. Accordingly, each locus explains only a small
proportion of families, which severely limits the statistical power of the study.
Second, the genetic model used for linkage analysis may not have been the correct
one. It is possible that many genes are involved, each conferring only a small risk of
the disease. In that case, phenocopies and incomplete penetrance causes a problem,
as the carrier status of a disease allele cannot be definitively inferred from disease
status. Within each family, different combinations of genes could be involved in in-
dividual breast cancer susceptibility. Hence, if there are still moderate to high pene-
trance breast cancer genes to be detected, it is clear that each will explain only a small
proportion of families. A possible way of addressing the genetic heterogeneity pro-
blem and the associated loss of statistical power might thus be to find variables that
allow the sub-classification of families into more homogeneous groups. This could
possibly be achieved by a better definition of the tumor characteristics in the multi-

ple case families not due to BRCA1 or BRCA2.
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5. Tumor characteristics

5.1. Pathology

It is now well established that breast tumors arising in women carrying a BRCA1 mu-
tation have distinct histopathological features. Histopathologically the BRca1 related
tumors are generally of higher grade, showing pushing margin growth patterns and
a high proportion of lymphocytic infiltration compared with sporadic breast cancer
and familial non-BRcA1/2 breast cancer.?7>% Interestingly, breast tumors associated
with BRca1 hypermethylation are histopathologically similar to those that are caused
by germline mutations in BRCA1, in that they are high grade, infiltrating ductal breast
cancers that do not express Er.**2¢* Other studies have suggested that BRcA1 tumors
are larger and more often associated with axillary lymph node involvement,>+2+
although the evidence for these associations is less convincing than for grade. The
majority of BRca1-associated tumors are infiltrating ductal, but there is a significantly
higher frequency of tumors classified as medullary or atypical medullary type than
in noncarriers (21% vs 2%). Ductal carcinoma in situ (pcis) adjacent to invasive
cancer is observed less frequently while the frequency of lobular neoplasia in situ
(rcis) is similar when compared to controls.>*s

No specific histological type is thought to be associated with BrRcaz2. The only factors
found to be significant for BRca2 were tubule score, fewer mitoses and continuous
pushing margins.?” The lobular type is associated with mutations in the E-cadherin

gene (CDH1).

5.2. Loss of heterozygosity

Loss of heterozygosity (LoH), the loss of a normal, functional allele at a heterozygous
locus, is the most common type of somatic alteration found in primary human breast
tumors.>* Consistent LOH in a genomic region implicates the presence of tumor-
suppressor genes or other genes related to tumor pathogenesis.>”># In germline
BRCA1/2 mutation carriers complete loss of the wildtype allele (LoH) is a common
mechanism of inactivation,*° which is consistent with Knudson’s two-hit theory for
tumor-suppressor genes. BRCA1 related tumors also show frequent LoH at 4q and 5q,
and those from families linked to BRcA2 on 6q.%***

Despite the hundreds of LoH studies of sporadic breast cancer, the number and iden-
tity of tumor-suppressor genes relevant to this disease remain largely unknown.>s3 It
was concluded that finding tumor-suppressor genes might require ‘brute force’ ap-
proaches, presumably involving analysis of many tumors. One such approach is re-

presented by a pooled analysis of 151 published Lo studies of breast cancer (>15.000
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tumors). They observed a preferential loss in specific regions of chromosomes 7q,
164, 13q, 17p; 8p, 21q, 3p; 184, 2q, and 19p, in descending order of significance. In-
terestingly, genes causing inherited rare syndromic breast cancer susceptibility were
not in regions of substantially elevated loss.?*” In a study, described in chapter 4.1,
comprising 100 familial non-BrcA1/2 related breast tumors LoH frequencies of 40%
or greater were found at 1q41, 4p16, 11q23.3, 16p13, 16q24, 17p12, 21q22, 22q11
and 22q13, with the highest frequency at 22q13."® Except for 22q, many of these
chromosomal sites have also been highlighted in analyses of sporadic breast tumors.
The same study identified loci (on chromosome 2, 3, 6, 12, 13, 21 and 22) at which
LoH was found significantly more often within families than expected on the basis of
overall LoH frequency at that given locus in all families. Unfortunately, in an attempt
to address the problem of genetic heterogeneity, selecting families based on these
LoH-findings did not increase LoD-scores on the loci identified by Lon. However, it
remains possible that families in which multiple breast tumors show LoH at the same

locus are caused by a shared genetic defect on another chromosome.

5.3. Comparative genome hybridisation (CGH)

Current approaches for detecting LOH can be sensitive to other sources of allelic
imbalance, for example amplification.s* To distinguish between these, LoH-data
should be combined with (array-) cgH. This might be relevant because we do not
know at this stage whether other breast cancer susceptibility genes act according to
Knudson’s two-hit inactivation model. It is conceivable, as was found for the MET
oncogene in hereditary papillary renal carcinomas, that trisomy (or copy-number
gain) of the mutant allele contributes to susceptibility.>s+

With metaphase comparative genomic hybridisation (cGH) analysis a distinct BRcA1
classifier could be determined. Specific somatic genetic aberrations on chromosome
3p (losses), 3q (gain) and 5q (losses) could distinguish BrRca1 related tumors from
control tumors with a sensitivity of 96% and a specificity of 76%.>> However, meta-
phase cGH analysis could not reliably distinguish between BrRcA2-associated breast
tumors and control tumors or BRCA1-associated breast tumors.>® Based on array-
CGH analysis (which has a higher resolution than metaphase cGH) 169 significant
BAC clones were identified which enabled discrimination between BRCA1, BRCA2
and sporadic tumors to some degree. Using hierarchical clustering methods, BRcA1-
associated tumors were tightly clustered and separated from sporadic cases, whereas
BRcA2-tumors showed a somewhat higher similarity with the sporadic cases,

although they still displayed a genomic profile of their own (30% of BRcA2-tumors
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clustered within the control or BRcai-group).®” All studies showed that Brca1-
associated tumors have the highest frequency of copy number alterations. In fami-
lial non-BrCA1/2 associated tumors a significant higher incidence of 8q-gains, 19p-
gains, 19q-gains and 8p-losses was observed with metaphase cGH compared to

sporadic tumors.>s

5.4. Immunophenotype, global gene expression

Many studies have shown that BRca1 tumors are immunohistologically more often
negative for ER, PR and Her2Neu expression, TP53 mutated and positive for cyto-
keratin 5/6 compared with sporadic tumors and familial non-BrRcA1/2 tumors
(BRCAXx)."*72592% When compared with BRcA2 tumors these differences are also ob-
served for ER, Her2Neu and Cytokeratine 5/6.**” BRcax-related tumors are signifi-
cantly more often positive for BcL2 compared with BRca1- and Brcaz-related tu-
mors.'82® (see chapter 4.1). Figure 3 Is an illustration of a typical BRca1-related
immunohistochemical staining pattern.

Table 6, provides a list of significant immunohistochemical differences, found in 4
different studies, between BRCA1, BRCA2, non-BRCA1/2 familial tumors and tumors
unselected for family history.

It appears to be difficult to distinguish BRcax tumors from sporadic tumors and
BRCA2 tumors. Differences found in one study were not confirmed by the other stu-
dies. This is partly explained by different selection criteria for the BRcax group, the
use of slightly different antibodies or the number of different antibodies used. How-

ever, it can also reflect the extensive heterogeneity in the BRcax group.

Gene expression profiling of sporadic cases enabled discrimination of five different
tumor subtypes; one basal-like, one ERBB2-overexpressing, two luminal-like and one
normal breast-tissue-like subgroup. These tumor subtypes may represent different
biological entities and might originate from different cell types. A basal-like gene
expression pattern has been associated with BRca1 carriers.* In addition, the study
by Hedenfalk et al.>** showed that the expression patterns from 15 fresh frozen tu-
mors from seven non-BrcA1/2 families clustered within their respective families.
They even showed that the BRcAax subgroups were not only separated from one an-
other but also from the BRca1 and Brca2 tumors. To date, this is the only study in
which clustering of non-Brca1/2 breast tumors was seen. It would be interesting to
see if this observation could be confirmed and extended to larger number of cases.
These findings could indicate that genetic predisposition to breast cancer might
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Fig. 3. Inmunohistochemical staining results of a BRca1- and Brca2- related breast tumor on a tissue mi-
croarray. The samples A, B, C, D and E are from one BRcA1- (2315dels) tumor and the samples E, G, H, I and
J of one BrRcA2- (6648insA) tumor, both on the same paraffin tissue microarray block. A and F provide an
overview of the analyzed biopsy cores. B: a typical strong positive cytokeratin 5/6 staining pattern, C: a typical
absent estrogen receptor (ER) protein expression, D: a typical absent progesterone receptor (PR) protein expres-
sion and E: a typical strong TP53 protein expression as is in generally seen in BRcA1-related tumors. G: an ab-
sent cytokeratin 5/6 protein expression, H: a strong ER protein expression, I: a strong PR protein expression and
J: an absent TP53 protein expression. Magnification x10 in A and F and x40 in B, C, D, E, G,
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TABLE 6

Summary of immunohistochemical staining pattern differences found when
comparing BRCA1-breast tumors with BRCA2- and familial non-BRCA2/1 (BX)

breast tumors, and BX-tumors with BRCA2- and sporadic breast tumors

Summery of published immunohistochemical differences

between tumor groups.
Antibody staining | B1 vs BX | ref | Bivs B2 | ref | B2vs BX| ref | BXvsSp | ref
ER absent S 2,3,4 S 3 S 4
NS 3
PR absent S 2,3,4 S 4
NS 2
Her2Neu absent S 3 S 3 S 2 S 2
NS 2,4 NS 3,4 NS 4
Bcl2 absent S 2,3 S 3
Ps3 strong S 2,4 S
NS
P-CD strong S 2
Cycline D1 absent S 3 S 3
Cytokeratin 5/6 | strong S 3 S 3
Ki-67 absent S 2 S 2,3 S
Chek2 strong S 1 S 1
NS 3 NS 3

References; 1: Honrado et al.**® (Comparison between 74 BRCA1-tumors, 71 BRCA2-tumors, 108 non-BRCA1/

BRCA2-tumors and 288 sporadic tumors). 2: Palacios et al.>** (Comparison between 20 BRCA1, 18 BRCA2, 37

non-BRCA1/BRCA2-tumors). 3: Oldenburg et al."*” (Comparison between 31 BRCA1, 21 BRCA2, 100 non-

BRCA1/BRCA2-tumors). 4: Eerola et al.>*” (Comparison between 51 BRCA1, 59 BRCA2, 152 NON-BRCA1/BRCA2-

tumors and 862 sporadic tumors). Absent: absent protein expression.

Strong: strong protein expression. S: significant (significant difference found between indicated tumor

groups). NS: nonsignificant
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preferentially give rise to distinct subtypes (as is seen for BRca1 related breast tu-
mors) and that the separation of the heterogeneous group of BRcax breast cancers
into more homogeneous subgroups may be possible. If so, incorporating tumor
characteristics into genome-wide linkage analysis could identify linkage signals that
are not evident using breast cancer as a whole as the disease endpoint.

In one such an attempt to find distinct subgroups (using LoH and immunohisto-
chemistry), cases from families with a high probability of segregating a breast cancer
susceptibility gene but with a minimal residual probability that this is due to BRca1
or BRCA2, were selected. Unfortunately, cluster analysis of the separate and com-
bined data did not result in subgroups that would allow useful subclassification of
the families for further linkage analysis. In addition, when using the phenotype
categories described by Abd-El-Rehim*® it was noted that different tumors within
the same family frequently belonged to different phenotype categories, indicating
that it is unlikely that the basal/luminal phenotype has a strong genetic basis in these
cases' (see chapter 4.1). However, the possibility that array cGH and expression
profiling could define distinct subgroups of familial breast cancer still deserves

further exploration (see chapter 4.2).
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CHAPTER 3.
PUTATIVE CANDIDATE GENES

3.1. EXTENDING THE P16-LEIDEN TUMOUR SPECTRUM
BY RESPIRATORY TRACT TUMOURS

R.A. Oldenburg?, WH. de Vos tot Nederveen Cappel’, M. van Puijenbroek?,
A. van den Ouweland?, E. Bakker', G. Griffioen?, P. Devilee!, C.J. Cornelisse4,
H. Meijers-Heijboer?, H.EA. Vasen® and H. Morreau*.

] Med Genet. Mar;41(3):e31. (2004)

* Center of Human and Clinical Genetics,
Leiden University Medical Center, Leiden, The Netherlands
2 Department of Clinical Genetics, Erasmus MC, Rotterdam, The Netherlands
3 Department of Gastroenterology,
Leiden University Medical Center, Leiden, The Netherlands
+ Department of Pathology,
Leiden University Medical Center, Leiden, The Netherlands
s The Netherlands Foundation for the Detection of Hereditary Tumors,
Leiden, The Netherlands

KEY POINTS

» We studied eight different familial atypical multiple mole melanoma families with
co-segregation of a p16-Leiden germline mutation.

¢ One family harbours an extraordinarily high number of tumours, comprising,
breast, lung, and colon cancers, and oral squamous cell carcinomas (oscc). In this
family it seems that at least three of four lung cancer patients (one unknown), both
oscc patients, and only one of five individuals with breast cancer (two unknown)
were carrying the p16-Leiden germline mutation. Immunohistochemical testing
for p16 was performed and loss of heterozygosity (LoH) of the p16-Leiden wild
type allele was analysed in different tumours. Additionally, four breast carcinomas
and four lung tumours of eight p16-Leiden mutation positive patients from the
seven remaining families were analysed.

« Immunohistochemistry of p16 was negative in all four analysed lung carcinomas.
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LoH of the wild type p16 allele was present in one of three carcinomas tested. In
both oscc’s, p16 immunohistochemistry was negative and LoH of the wild type
allele was present in the one case analysed. Furthermore, immunohistochemistry
of p16 was negative in one of five analysed breast tumours of mutation positive
patients and only this tumour showed LoH of the wild type p16 allele.

o Our results suggest that the p16-Leiden germline mutation may be involved in
susceptibility to lung cancer and oscc development in some patients. There is no
evidence for a dominant role of the p16-Leiden germline mutation in the develop-
ment of breast cancer, although an interaction with as yet unidentified modifying
factors cannot be ruled out.

INTRODUCTION

Familial atypical multiple mole melanoma (FAMMM; OMIM #155601) is characterised
by the familial occurrence of melanoma of the skin in combination with multiple
atypical precursor naevi.’* The disease is inherited as an autosomal dominant trait,
with germline mutations in the p16 (cCDKN24) gene having been reported in at least
a quarter of FAMMM families. Previously, we reported an increased risk of pancreatic
carcinoma in Dutch rFaAMMM families with a 19 bp deletion in exon 2 of the cprkn24/
P16 gene (p16-Leiden; oMIM #600160.0003).*

Recently a patient with three carcinomas of the pharynx and oral cavity with a germ-
line heterozygous p16-Leiden mutation was reported.’ All three tumours showed
inactivation of the retained wild type allele, with the somatic event being aberrant
promoter methylation. Two other reports also described the occurrence of head and
neck or oral squamous cell carcinomas (oscc) in families with different p16 germline
mutations.®” A relationship between p16 germline mutations and breast cancer has
also been suggested, although in the families studied, BRca1 and BRcA2 mutations

were not excluded.®®

We studied a FAMMM family (EMc13769; Fig. 1) with co-segregation of the p16-Lei-
den germline mutation, with an extraordinary number of tumours comprising os-
ccC’s, lung tumours, breast carcinomas, and colorectal carcinomas. We determined
the mutation status in the various patients and investigated by loss of heterozygosity
(Lon) analysis of the wild type allele in the tumours, in combination with immuno-
histochemistry, whether a causal relationship exists between the p16-Leiden muta-
tion and the development of the different tumour type. Insufficient tissue was avai-

lable for methylation studies. We additionally studied four breast tumours and four
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Figure 1; Pedigree of the family EMC13769.

Subject number appears above the symbol, age of diagnosis follows the diagnosis. Mel, melanoma; OSCC, oral
squamous cell carcinoma. Cancer of the: Bl, bladder; Br, breast; CRC, colorectum; Eso, oesophagus; End, en-
dometrium; Lung, lung; Panc, pancreas; Par, parotic gland; Pr, prostate; R, rectum; Sig, sigmoid; To, tongue. +,
p16-Leiden positive; -, p16-Leiden negative; (+), obligate carrier; ?, p16-Leiden carrier status unknown.

lung tumours from eight other patients (from seven other families), all of whom
carried a germline p16-Leiden mutation.

MATERIALS AND METHODS

Patients

Blood samples and/or paraffin embedded tumour samples were obtained for pna
solation from available subjects that had developed a carcinoma, to determine their
p16-Leiden mutation status. Unavailable subjects with p16-Leiden positive offspring
were classified as ‘obligate carriers’ Informed consent was given by family members
themselves or by their relatives, in case of deceased subjects. Tumours were patholo-
gically verified whenever possible.

Tumour analysis

Paraffin embedded tumour tissues were obtained, and revision of histology was
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performed. Areas of highest tumour density were selected for further molecular

analysis. Serial sections were produced for immunohistochemical analysis.

DNA isolation

Genomic DNA of normal and tumour tissue was isolated from formalin fixed parafhin
embedded material, resuspended in 96 pl of PK-1 lysis buffer (50 mmol/l kcL, 10
mmol/l Tris pH 8.3, 2.5 mmol/l MgCl2, 0.45% NP40, 0.45% Tween 20, 0.1 mg/ml
gelatine) containing 5% Chelex beads (Biorad, Hercules, ca, USA) and 5 pl pro-
teinase K (10 mg/ml), and incubated for 12 h at 56°C. The suspension was incubated

for 10 minutes at 100°C, centrifuged, and the supernatant carefully decanted.

Polymerase chain reaction amplification

The p16-Leiden deletion comprises 19 bp and removes nucleotides 225-243 of exon
2.’ Genomic DNA from tumour and normal tissue was subjected to PcR amplifica-
tion using labelled primers containing the 225-243 region; p16-forward-TET M1 (tu-
mour) or FAM M1 (normal), sequence 5’-ATGATGGGCAGCGCCCGAGT-3’ and p16-re-
verse A2, sequence 5-ACCAGCGTGTCCAGGAAG-3’ (Life Technologies). The total
volume per reaction was 12 pl including 5 pmol of each primer (stock forward and
reverse primer), a mix of 0.25 pl ANTP (10 mmol/l), 1.2 ul magnesium chloride (20
mmol/l), 1.2 pl bovine serum albumin (1 mg/ml), 1.2 pl AmpliTaq Gold buffer (with-
out MgCl2) and 0.25 ul AmpliTaq Gold DNA polymerase, 10 ng of normal or tumour
DNA, and H20. The following conditions were used: 33 cycles of 1 minute at 96°C, 2
minutes at 55°C, 1 minute at 72°C, and a delayed extension step of 7 minutes at 72°C
in a GeneAmp 9700 thermocycler (Applied Biosystems, Foster City, ca, USA). Mix-
tures of 24 ul dionised formamide, 1 ul TAMRA 500 (Applied Biosystems) and 1.2 pl
of PCR product were run on a ABI 310 Genetic analyser (Applied Biosystems) for 20
minutes with run profile Gs sTR PoP4 (1.0 ml) C and analysed with GENESCAN 3.1

computer software (Perkin-Elmer Corp).

Loss of heterozygosity analysis

Owing to the 19 bp deletion, we could specifically analyse the fate of the wild type
allele in terms of LoH. Analysis of LoH was possible when both normal and tumour
tissue was available. Lon was scored when there was loss of intensity of one allele in
the tumour sample with respect to the matched wild type allele from normal tissue.
The quotient of the peak height ratios from normal and tumour DNA served as the
allelic imbalance factor (A1r); that is, the ratio of the peak height at 101 bp of the

48



deleted allele and the peak height at 120 bp of the wild type allele. The threshold for
allelic imbalance was defined as 40% reduction of one allele, agreeing with an A1F of
<=0.59 or >1.3. The threshold for retention was defined to range from 0.76 to 1.3 as
previously empirically determined.’ AIF’s of 0.60-0.75 and 1.3-1.69 were conside-
red to belong to a so-called grey area, for which no definitive decision has been
made.

Immunohistochemical testing for p16

Tissue sections (4 um) were prepared on APES coated slides, and dried overnight in
a 37°C oven. Sections were deparaffinised in xylene (3x5 minutes). Endogenous per-
oxidase was blocked by incubation in methanol/H202 0.3% for 20 minutes and sec-
tions were rehydrated with ethanol and distilled water. Antigen retrieval for p16
immunostaining was performed by microwaving in boiling 0.01 mol/l sodium ci-
trate buffer (pH 6.0) for 10 minutes. After cooling for 2 hours and washing (2x5
minutes) in PBS, the sections were incubated overnight at room temperature with
mouse anti-human p16 (1:500, clone JC8; Neomarkers Fremont, ca, USA) with ton-
sil tissue as positive control. Sections were subsequently washed (3x5 minutes in
PBS) and incubated (30 minutes) with biotinylated secondary antibody in PBS/BsA
1%, washed (3x5 minutes in pBS) and incubated (30 minutes) with a horseradish
peroxidase/streptavidin complex (saBc). Diaminobenzidine-tetrahydrochloride
(pAB) was used as a chromogen, followed by counterstaining with haematoxylin. As
a negative control, the primary antibody was omitted. Expression was scored by mi-
croscopic examination. Loss of p16 expression was scored when nuclei of tumour
cells stained negative and nuclei of normal (stromal) cells stained positive (internal

positive control).

BRCA1 and BRCA2 mutation screening

As described above, we were able to obtain tumour material of five p16-Leiden car-
riers with breast cancer. Three (NFDHT 1-3, table 1Go) had no first or second degree
relative with breast cancer. The other two (EMC 13769 No 50 and LUMC 152, table
1Go) had several relatives with breast cancer diagnosed before the age of 60 years.
Complete BRca1 and BRCA2 mutation analysis was performed in the suspect fami-
lies (EMc 13769 and LuMc 152) and found to be negative. We screened for germline
mutations frequently detected in the Dutch population. Protein truncation tests'?
were also performed for pcr fragments of exon 11, and denaturating gradient gel

electrophoresis was performed for the remaining exons and exon/intron junctions
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of BRca1 and Brca2. Additionally we screened for the deletions of exon 13 (3.8 kb)

and exon 22 (510 bp) of BRCcA1.

Microsatellite instability

Microsatellite instability was analysed in a diagnostic setting as previously described
using markers D2S123, D55346, D17S250, BAT25, BAT26, and BAT40,"* and immu-
nohistochemical testing for MLH1, MSH2, and MSH6 was performed.*s

RESULTS

Lung cancer

We analysed four different p16-Leiden families (Table 1, Fig. 1) with one or more
cases of lung cancer. Family Emc13769 (Fig. 1) harbours four cases of lung cancer.
One subject was a proven carrier of a germline p16-Leiden mutation (subject 51),
two subjects are obligate carriers, and the p16-Leiden carrier status remains un-
known for one (subject 38). The p16 immunohistochemistry analysis in the tumour
of subject 51, a smoker, tested negative, and LoH of the wild type allele was found.
The three other (NFDHT) families harbour 4 pi16-Leiden mutation carriers with
documented lung cancers. The immunohistochemistry analysis for p16 was negative
in three analysed lung tumours. LoH of the wild type allele was ambiguous in one
tumour, and in one tumour (carcinoid) retention was found (Table 1). In the other

two tumours no normal tissue was available to perform the analysis.

Oral squamous cell carcinoma (0scc)

Two subjects of family EMC13769 had a tumour originating in the oral cavity—that
is, one tongue carcinoma (subject 36 at 65 years of age) and one subject with three
primary oscc’s (subject 48 at 49 years). Immunohistochemical analysis of the ton-
gue carcinoma was negative for p16 but lacked an internal positive control, and Lox
analysis was not possible. Immunohistochemical analysis of the one of the three
oscc’s from subject 48 (Fig. 1) tested negative for p16, and LoH of the wild type al-

lele in this tumour was found (Table 1).

Breast cancer

We analysed five families with breast cancer. Family EMc 13769 shows five cases of
breast cancer. Only one was carrying the p16-Leiden mutation (subject 50). Germ-
line mutations in BRcA1 & BRcA2 were excluded for subjects no 41, 50 and 67. The

p16 protein in the tumour from EMC13769 subject 50 stained positive and no LoH
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TABLE 1

Results of LOH and immunohistochemical analysis in P16-Leiden mutation carriers.

Family Subject | Anatomical site Age at p16- | Internal | Tumour
no. diagnosis | THC | controle (%) LOH
Tumours originating in the lung and oral cavity
EMC13769 36 OSCC (Tongue) 65 - - NA
48 OSCC (1X) 49 - + >50 Yes
51 Lung (adenocarcinoma) 38 - + >50 Yes
NFDHT4 1 Lung (SCC) 61 NA A
NFDHT4 2 Lung (SCC) 48 - NP NA
NEDHT5 Lung (carcinoid) 46 - + 70-80 R
NEDHT6 Lung (SCC) 56 - + NA
Tumours originating in the breast
EMC13769 50 Breast* 46 + >30 R
LUMC152 Breast* 41 - + 50-60 Yes
NFDHT1 Breast 42 + 30 R
NFDHT2 Breast 47 + 1 30 R
NFDHT3 Breast 46 + NA
Tumours originating in the digestive tract
EMC13769 21 Coloni# 75 - + <30 R
36 Sigmoid 52 + >30 R

EMC - Erasmus MC; Lumc - Leiden University Medical Center;

NEDHT - Netherlands Foundation for the Detection of Hereditary Tumours;

oscc - oral squamous cell carcinoma; scc - squamous cell carcinoma;

> No staining of tumour cells or internal control cells; NP - no internal control cells identified;

R - retention of the wild type allele; A - ambiguous;

NA - not analysed; *BRcA1 and BRCA2 tested negative; T few positive tumour nuclei;

 microsatellite instability analysis: immunohistochemistry for MLH1, MSH2, and MSH6 positive.

was found (Table 1). Of the four additional typed breast carcinomas from p16 muta-

tion carriers from the families Lumc 152 and NFDHT 1-3 (Table 1), only one showed

expression loss of the p16 protein with LoH of the wild type allele, although in two

of four other analysed breast carcinomas only a few tumour nuclei stained positive

(with the retention of the p16 wild type allele in one, the other not tested).
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Digestive tract

Family EMc13769 harbours six cases of carcinomas of the digestive tract. Of the two
tumours analysed (both patients had a germline p16-Leiden mutation), one tumour
stained positive and one negative. Neither showed Lon (Table 1), nor microsatellite
instability (microsatellite stable phenotype of the tumours with normal expression
of MLH1, MSH2, and MSH6).

DISCUSSION

All lung and oral cavity tumours studied developed (most likely) in p16-Leiden mu-
tation carriers. For two persons we cannot rule out the possibility that the p16-Lei-
den germline mutation in their offspring came from the non-bloodline spouses. Ho-
wever, as this family does not come from the ‘Dutch region’ where multiple
p16-Leiden mutation carriers have been identified, we think that they are most pro-
bably obligate carriers of the same p16-Leiden mutation. The age of onset in most
patients is unusually young and abrogation of p16 seems present in all analysed ca-
ses (4/4), a ratio that seems higher than that encountered in sporadic lung cancer
(36-45%).* The p16-Leiden mutation might therefore indeed predispose carriers to
an increased risk of lung and oral cavity carcinomas. With respect to lung cancer,
this is supported by two other important observations. Firstly, an increased cumula-
tive risk of developing lung cancer in male p16-Leiden mutation carriers was found
compared with the general Dutch population (14.3% v 8.9%).* Secondly, Cdknza is
the most likely candidate for the lung tumour susceptibility locus pulmonary ade-
noma progression gene 1 (PAPG1) in mice.””*® PAPG1 has been mapped to a 1.5 cM
segment on chromosome 4, which contains the Cdknza gene that encodes p161NK4a.
Cdknza is polymorphic between the lung tumour resistant mouse strain BALB/cJ and
the lung tumour susceptible A/]J strain, and the resistant allele is preferentially lost in
lung tumours of p161NK4a heterozygous mice. Additionally, germline deletion of the
gene in mice leads to increased tumour size and notable histological signs of malig-
nant progression.’”

Sufficient information on the smoking habits of most subjects in our study was lack-
ing. However, smoking may have contributed to the unusually early age of onset of
three tumours, although one of the tumours is classified as an adenocarcinoma, a
type not typically associated with smoking.

Our study does not provide evidence for a dominant role of p16-Leiden in the deve-
lopment of breast cancer. Breast cancer seems also statistically not increased in our

cohort studied* However, in view of the early onset of breast cancer in our p16-Lei-
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den positive cases, we cannot rule out a role for the gene in tumour progression,
either due to haploinsufficiency or total abrogation of p16 as seen in one of our cases
(Lumcis2). Recently, it has been postulated for other genes that mutation or loss of
a single allele may be sufficient to play an important role in progression towards
cancer.” Furthermore, an interaction with as yet unidentified modifying factors (ge-
netic and/or environmental) has yet to be elucidated.

Both analysed tumours from the digestive tract showed no LoH; however, one stained
negative. In this case methylation might have inactivated the wild type allele, which
is a frequent event in sporadic colon cancer.® The role of the p16-Leiden germline
mutation in the development of colon cancer needs further research.

In conclusion, the p16-Leiden mutation not only seems to predispose to melanoma
and pancreatic tumours but also to head and neck tumourss~7, and tumours of the
lung in some families. Promoter methylation’ or loss of the wild type allele seems to
be the mechanism for the ‘second genetic hit’ Clinical criteria for p16 germline mu-

tation screening should be adapted accordingly.

ELECTRONIC-DATABASE INFORMATION
Online Mendelian Inheritance in Man (omMiMm), www.ncbinlm.nih.gov/Omim/
(for FAMMM (OMIM 155601) and p16-Leiden (OMIM 600160.0003).
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ABSTRACT

The frame-shifting mutation 1100delC in the cell-cycle-checkpoint kinase 2 gene
(cHEK?2) has been reported to be associated with familial breast cancer in families in
which mutations in BRca1 and BrcAa2 were excluded. To investigate the role of this
variant as a candidate breast cancer susceptibility allele, we determined its preva-
lence in 237 breast cancer patients and 331 healthy relatives derived from 71 non-
BRCA1/BRcA2 multiple-case early onset breast cancer families. Twenty-seven patients
(11.4%) were carrying the cHEK2*1100delC variant. At least one carrier was found in
15 of the 71 families (21.1%). There was no evidence of cosegregation between the
variant and breast cancer, but carrier patients developed breast cancer earlier than
did noncarriers. We studied CHEK2 protein expression in 111, and loss of heterozy-
gosity at CHEK2 in 88 breast tumors from these patients. Twelve of 15 tumors from
carriers showed absent protein expression as opposed to 3 of 76 tumors from non-
carriers (P < 0.001). CHEK2 loss of heterozygosity was associated with absence of
protein expression but not with 1100delC carrier status. Thus, selecting for breast
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cancer cases with a strong familial background not accounted for by BRcA1 or BRCA2
strongly enriches for carriers of cHEK2*1100delC. Our results support a model in
which cHEK2*1100delC interacts with an as yet unknown gene (or genes) to increase
breast cancer risk.

INTRODUCTION

First-degree female relatives of a breast cancer patient have an 2-fold increased risk
to develop breast cancer.! Germ-line mutations in the BRca1 and BRCA2 genes ac-
count for <5% of this familial risk.>3 To explain the remainder of familial risk, vari-
ous genetic models have been proposed. Models incorporating a single third hypo-
thetical gene, BRCA3, or a number of common low penetrance genes with additive
effect seem to fit equally well, although the latter fitted best when the known effects
of parity on breast cancer risk were included.»* A mutation 1100delC in cHEK2 has
been proposed recently to be a low-penetrance breast cancer susceptibility allele.>¢
CHEK2 is located on chromosome 22 and encodes the human orthologue of yeast
Cds1 and Rads3, which are G2 checkpoint kinases.” cHEK2 is involved in cell cycle
control and DNA repair through its ability to phosphorylate p53, Cdc25¢, and Brca1.
The cHEK2*1100delC variant is a protein-truncating mutation that abrogates the ki-
nase activity of the protein. It occurs in 0.3-1.4% of healthy control individuals,* **
but in about double that frequency among unselected cases of breast cancer. It is
even further enriched among breast cancer cases with a positive family history in
which BrcA1 and BRcA2 mutations have been excluded. Up to 5.5% of such cases
may be carrying the cHEK2*1100delC variant, although it apparently incompletely
segregates with breast cancer in the families of these cases.® Other variants in CHEK2
seem to be very rare and are not enriched among familial breast cancer cases.”** We
have embarked recently on a genome-wide linkage search for new breast cancer sus-
ceptibility genes in a highly selected group of breast cancer families. Phenotypic and
genotypic criteria’> have minimized the probability that these families harbor muta-
tions in BRCA1 or BRCA2, but have selected for families that are caused by other high
penetrant genes. Here, we investigate the role of the CHEK2*1100delC variant as a

cause of breast cancer in these families.

MATERIALS AND METHODS
Families.
Families were ascertained through the Clinical Genetic Centres in Leiden, Rotter-

dam, and Nijmegen, as well as through the Netherlands Foundation for the Detec-
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tion of Hereditary Tumors. Families were eligible if there were at least three cases of
breast cancer diagnosed before the age of 60 from whom genotypes could be deter-
mined or inferred. pcis or Lcts before the age of 60 as first primary cancer were also
considered eligible diagnoses. Families with cases of ovarian cancer or male breast
cancer were excluded, and occurrences of other cancer types were ignored. Seven-
teen of these 71 families were also part of the previous study identifying the
1100delC*CHEK2 variant as a low-penetrance breast cancer susceptibility gene.’ The
71 families selected contained a total of 384 breast cancer patients, 297 of which di-
agnosed before the age of 60, 2 of which occurred in spouses (excluded from the
statistical analysis), and 5 of which had in situ cancer (4 pcis and 1 Lc1s) only. There
was one family where the third case diagnosed under 60 was an in situ cancer (com-
bined Dc1s/LcIs at age 53).

Pathology reports were retrieved for 260 patients (68%). For another 84 patients,
diagnoses were confirmed by medical records, and retrieval of pathology reports
was still in progress at the time when this study was finalized. For the remaining 40
cases, breast cancer diagnoses were ascertained by family interview only. Blood sam-
ples and paraffin-embedded tumor tissues were collected after obtaining written in-
formed consent. The institutional ethical committees of all of the hospitals involved
approved this study.

BRCA1 and BRCA2 Mutation Testing.

In each family, the youngest breast cancer patient from whom a blood sample was
available was tested for mutations in the BRca1 and BrRca2 genes (and for many fa-
milies the next youngest as well). The different Clinical Genetic Centers applied a
variety of methodologies. The large central exons (exon 11 in BRcA1 and BRrcAz,
exon 10 of BRCA2) were scanned by protein truncation tests.’* The small exons were
scanned for mutations by denaturing gradient gel electrophoresis or direct sequen-
cing. All of the laboratories specifically assayed the presence of large founder deleti-
ons in BRCA1 by deletion junction-pPcr.** For cases where scanning was still in pro-
gress at the time of sampling for the purpose of this research, we performed
conformation-sensitive gel electrophoresis*s covering all of the coding regions of
both genes. This identified 10 different variants of uncertain clinical significance and
12 different polymorphisms. None of these were cosegregating with breast cancer or
the cHEK2*1100delC variant.
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Genotyping of the CHEK2*1100delC Variant.

The pNA sequence of exon 10 of cHEK2, where the 1100delC resides, is present in
multiple homologous copies in the genome. For pCR, we used oligonucleotides 10F
(5’ TGT CTT CTT GGA CTG GCA GA; Fam-labeled) and 10R (5’ ATC ACC TCC TAC CAG
TCT GTG C), which specifically amplify the functional copy of cHEK2, relative to the
nonfunctional pseudogenes.*® The reaction volume of 10 pl contained 20 ng of geno-
mic DNA4, 1 pl 10’ SuperTaq buffer (HT Biotechnology L1p.), 1 mM dNTPs, 300 mM
of each primer, and 0.1 units of Silverstar DNA polymerase (Eurogentec). Annealing
temperature was 65°C, and the pcr ran for 38 cycles. The resulting Pcr-products
were analyzed on an AB13700, in fragment analysis mode. The wild-type allele runs
as a 291-bp fragment and the mutant allele as a 290-bp fragment, which are readily
separated into two peaks of about equal signal intensity in this assay. All of the posi-

tive samples were confirmed by sequencing as described previously.’

LOH Analysis.

LOH at the CHEK2 locus was investigated by comparing the genotypes in normal and
tumor DNA at four flanking markers, D22S420, D22S315, D225280, and D225283.
CHEK2 maps between D22S315 and D22S280, which span an interval of 7 Mb. Four
punches (5 mm long and 0.6 mm in diameter) were taken from paraffin-embedded
tumor tissues, in the area where the tumor was located. These punches generally
contain >50% tumor cells. DNA was isolated from these punches as described previ-
ously."” Allelic imbalance was defined as the ratio of allele intensities in the normal
versus the tumor DNA. An AIF of 1.70 was scored positive.”* LoH at the cHEK2 locus
was scored positive when the AIE- pattern was such that at least one proximal and
one distal marker showed AIF 1.70 without interruption by a marker showing an AIFr

<1.70.

Tissue Array and Immunohistochemical Analyses.

All of the tumor samples were embedded in standard paraffin blocks. On the respec-
tive H&E-stained sections, a representative tumor area was selected. Two to four
tissue cores (0.6 mm in diameter; Beecher Instruments, Silver Spring, MD) were
punched from the designated area using a biopsy needle and arrayed into the reci-
pient blocks. Using a tape-transfer system (Instrumedics, Hackensack, NJ), 4-um
sections were transferred to glass slides. For antigen retrieval, the deparaffinized sec-
tions were boiled in a microwave for 15 min in citrate buffer (pH 6.0) before incuba-

tion with a mouse monoclonal antibody, NcL-cHK2 (Novocastra Laboratories, LTD.,
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Newcastle, United Kingdom), directed against the human cHEK2 protein. After this
the slides were incubated with a second step antibody streptavidin-biotin labeled
(Labvision) for 9o min. Two independent pathologists evaluated the staining results
without prior knowledge of the mutation status of cHEK2. The tumors were scored
as having an absent, weak, moderate, or high cHEK2 protein expression depending
on the intensity of the staining regardless of the proportion of tumor cells falling in
this category. When no staining was found, an absent protein expression was
scored.

Statistical Analysis.

Prevalences, clinical characteristics of patients, and tumors were compared between
groups by 2 tests. All of the tests of statistical significance were two-sided. A t-test
was used to compare mean ages of onset between carriers and noncarriers. Additio-
nally, Kaplan-Meier age of onset probability curves were estimated and differences
were tested by the log-rank test. To obtain an impression of the size of the effect of a
CHEK2*1100delC mutation on age of onset, a Cox-regression analysis was perfor-
med.

RESULTS

We investigated 71 families with a phenotype of early onset breast cancer, defined as
having at least 3 cases diagnosed before the age of 60, and no cases of ovarian or male
breast cancer. Mutations in BRca1 and BRCA2 were excluded in at least the youngest
breast cancer case from which a blood sample was available. These families con-
tained a total of 384 breast cancer patients. We collected pNA samples from 237 pa-
tients, including all of those with in situ cancer, as well as from 331 family members
without breast cancer and 54 spouses. Of the 622 individuals we were thus able to
assay for the presence of the cHEK2*1100delC variant, we found 41 (6.6%) to be car-
riers (Table 1). The prevalence among breast cancer patients was 11.4% (27 of 237),
which was significantly higher than the prevalence of the variant in healthy female
family members (6 of 212; 2 = 12.047; df = 1; P < 0.001). Three carriers were known
with in situ cancer (2 bcis and 1 Lcis). Fifteen families (21.1%) had at least 1 positive
individual for this variant. One of these was a family in which the only identifiable
carrier was a woman with in situ cancer (pcis; Fig. 1). The proportion of families in
which at least 1 individual carried the cHEK2 variant increased to 31.8% in families
with >5 breast cancer patients diagnosed under 6o (Table 1). However, this trend

was not statistically significant (2 = 2.6; df = 2; P = 0.272). In addition, cHEK2-posi-
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TABLE 1

CHEK2*1100delC prevalences

Description Total CHEK2+ %
All sampled individuals 622 41 6.6
Male 154 8 5.2
Female 468 33 7
All sampled breast cancer cases 237 27 11.4
Cases diagnosed under 60 194 24 12.4
Cases diagnosed 60 or over 43 3 7.0
Cases with in situ cancer only 5 3 60.0
Healthy family members 331 14 4.2
Males 119 8 6.7
Females 212 6 2.8
Spouses * 54 0 0
Male 35 0 0
Female 19 0 o
All families 71 15 21.1
3 cases < 60 30 4 13.3
4 cases < 60 19 4 21.1
>= 5 cases < 60 22 7 31.8

* Two of these individuals were diagnosed with breast cancer.

TABLE 2

LOH at CHEK2
LOH at CHEK2 Number of cases | CHEK2 carriers %
Positive® 11 3 27.3
Suspected® 29 5 17.2
Negative 29 3 10.3
Unknown® 20 3 15.0
Totals 89 14 14.0

* Cases in which at least one proximal and one distal marker showed AIF 1.70 without interruption by a
marker showing an AIF < 1.70.
® Cases in which LOH was found only proximal or distal of CHEK2.

¢ Cases in which one of the reactions failed.
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Fig. 1. Pedigree of family RUL154.
Filled symbols are individuals diagnosed with breast cancer, the age at diagnosis is given below the symbol. -/+
indicates that the individual carries the cHEK2*1100delC variant; -/- indicates the individual does not carry this

variant.

tive families had on average slightly more blood-sampled cases than cHEK2-negative
families (3.8 versus 3.2; data not shown). Although not a statistically significant dif-
ference, this indicates that the odds of detecting the variant is dependent on the
number of blood-sampled breast cancer cases in a family.

In the 15 cHEK2*1100delC-positive families we defined the youngest carrier breast
cancer case as the index patient. Under the null hypothesis of complete random
Mendelian inheritance, we predicted that 12.9375 of the 54 affected relatives would
be carrier of the variant. We observed 12 carriers, so that the null hypothesis could
not be rejected. We performed LOH analysis in 89 archival breast tumor tissues from
88 breast cancer cases from these 71 families, at four markers mapping to either side
of cHEk2 (Table 2). LOH at cHEK2 was found in 11 tumors, 3 of which derived from
2 CHEK2*1100delC carriers. In all 3 of the tumors, we could demonstrate that the lost
allele was derived from the nontransmitting parent (data not shown). Although the
1100delC variant occurred 2.7 times more frequently among cases showing LoH at
CHEK2, this difference was not statistically significant (2 = 1.239; df = 2; P = 0.538).
A tissue microarray with 111 tumors from 111 cases was stained with a mouse mo-

noclonal antibody against the human cHEK2 protein. Examples of obtained staining
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Fig. 2. Inmunohistochemical staining of chek2 in human breast tumors on a tissue microarray.

The samples shown are from four different tumors and represent the four different scoring categories used
here. A and B, absent protein expression in a tumor from a chek2*1100delC carrier. Note the scattered strongly
staining normal epithelial cells as positive internal control (B). C-F, represent tumors from noncarriers. C and
D, weak protein expression. E, moderate protein expression. E, high expression. Magnification x25 in A, C, E,
and F. and x100 in B and D.
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TABLE 3

Chek2 protein expression according to 1100delC carrier status and LOH

Variable CHEK2 protein expression Total
Absent Weak Moderate Strong
CHEK2 +* 12 2 1 0 15
CHEK?2 - 3 41 27 5 76
LOH +¢ 3 7 o 0 10
LOH suspected! 7 12 8 1 28
LOH - o 11 14 2 27
LOH unknown’ 4 9 5 1 19

* CHEK2 +, carriers of the 1100delC variant.

® CHEK?2 -, noncarrier.

¢ LOH+, at least one proximal and one distal marker showed AIF 1.70 without interruption by a marker
showing an AIF < 1.70.

4 LOH suspected, one distal or proximal marker showed an AIF < 1.70 while the closest marker on the other
side of CHEK2 was uninformative.

¢ LOH -, no LOH was found.

fLOH unknown, one of the reactions failed.

patterns are shown in Fig. 2. As noted in a previous study*® there was considerable
variability in the percentage of normal cells that were positive. CHEK2 protein ex-
pression was absent in 12 of 15 tumors from cHEK2*1100delC carriers (80.0%;
Table 3). False-negative staining was considered unlikely, because in 6 of 12 tumors
from cHEK2*1100delC carriers the stromal component stained normally.

Notably, the one tumor showing moderate protein expression was an in situ carci-
noma (Dcrs) from a patient from family RuL154 (Fig. 1). In comparison, only 3 of 76
tumors (3.9%) from noncarriers showed an absent CHEK2 protein expression (2=
52.709; df = 3; P < 0.001). For 37 tumors, protein expression and LoH data were avai-
lable. CHEK2 protein expression was absent in 3 of 10 tumors with CHEK2-LOH, 2 of
which were from cHEK2*1100delC carriers. The other 7 tumors with cHEK2-LOH all
showed a weak CHEK2 protein expression. In comparison, all 27 of the tumors, which
retained heterozygosity at cHEK2, showed some degree of protein expression (2 =
15.879; df = 6; P = 0.014). The mean age of diagnosis of the first primary tumor of
CHEK2*1100delC carrier patients was not significantly different from that in noncar-

riers (48.3 versus 50.6 years; P = 0.30). However, any age difference may have been
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masked by our selection for early onset breast cancer. Indeed, in a Kaplan-Meier
analysis the age of onset distribution between the two groups was different (p <
0.0001). It is unlikely that this effect is confounded by differences in tumor grade
because the percentage of grade III tumors was higher in noncarriers than in carriers
(22 of 81 versus 1 of 9). A Cox-regression analysis revealed an odds ratio of 2.1 (95%
confidence interval, 1.393-3.166; P < 0.001) for carriers to develop breast cancer
relative to noncarriers (derived from cHEK2*1100delC positive and cHEK2*1100delC
negative families). Among the 237 genotyped breast cancer patients in our cohort,
35 (14.8%) were known to have had a second primary

breast cancer. Five of these (14.3%) were positive for the cHEK2 variant. Of the 202
patients with one primary breast cancer, 22 tested positive (10.9%). This difference
was not statistically significant.

DISCUSSION

We found the cHEK2*1100delC variant in 11.4% of the breast cancer cases belonging
to a highly selected group of families. This prevalence was substantially higher then
reported previously by others. Two earlier studies> ¢ selected familial breast cancer
cases from families that were not linked to BRcA1 or BRCA2, and found a prevalence
of 5.1% and 5.5%, respectively. The families we studied are highly selected in several
ways. First, they contain at least 3 breast cancer cases diagnosed before age 60 (the
average number of breast cancer cases per family was 5.4). Second, they were selec-
ted against cases of ovarian and male breast cancer. Third, they all tested negative for
mutations in BRcA1 and BRca2. On the basis of population incidence, the odds that
3 cases in a family occur under 60 by chance alone are very low, and, thus, they li-
kely have a genetic basis. Hence, in this group of families we suspect an enrichment
of a gene (or genes) other than BRca1 and BrRca2 that may confer substantial breast
cancer risks.’> However, because we and others> ¢ found no or weak evidence for
cosegregation between cHEK2*1100delC and breast cancer, CHEK2 is an unlikely can-
didate for such a gene. It is possible that other, more high-risk mutations in cHEK2
exist that could account for these cases, but this has thus far not been substantiated
by more comprehensive mutation scanning of the gene (9, 10, 20, 21). A more likely
explanation for the data presented here is a model in which cHEK2*1100delC inter-
acts with an as yet unknown rare gene (or genes) to confer breast cancer risks com-
parable with those conferred by BRca1 or Brcaz. Selecting for families caused by
this rare gene would also enrich for cHEK2*1100delC carriers, which would act like

a modifier of the breast cancer risk. The cHEk2 Consortium, studying families of
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Dutch, German, United Kingdom, and North American origin, found the preva-
lence of the 1100delC variant to increase in families with 4 cases,® but the Finnish
study found the highest prevalence among non-Brca1/2 cases with a moderate fa-
mily history.® We also found weak evidence for increasing prevalence of
CHEK2*1100delC among families with a more extensive family history of breast can-
cer. Even among populations with an apparently overall lower prevalence of the
1100delC variant,® this enrichment is observed. The higher allele frequency in Nor-
thern Europe as opposed to North America might be due to a founder effect of
cHEK2*1100delC. The proposed risk modifying effect of cHEK2*1100delC is also sup-
ported by our finding that carriers in our families develop breast cancer systemati-
cally earlier than do noncarriers. Although this may be a peculiarity of this selected
group of patients, a similar age-effect has been noted for genetic variants in AR,
HRAS1, RADS1, and AIB1 in carriers of BRCA1 or BRCA2 mutations.?> 2> 2425 Alternati-
vely, breast cancer in these families has a polygenic basis involving multiple interac-
ting low-penetrance alleles,® one of which is the cHEK2*1100delC variant. The
CHEK2*1100delC is approximately twice as prevalent among unselected breast can-
cer cases than among controls, suggesting it is a low-risk allele in its own right.>¢ In
keeping with this, we found that cHEK2*1100delC is associated with breast cancer,
but it was unable to explain the majority of breast cancer cases in these families. A
role for CHEK2 inactivation in breast tumor development is nonetheless supported
by the highly significant association we found between cHEK2*1100delC carrier sta-
tus and an absence of protein expression in the breast tumors. This confirms results
obtained by others® " irrespective of minor differences in interpretation of immuno-
histochemical staining patterns among these studies. It would also explain the
slightly earlier age of onset of breast cancer in 1100delC carriers, as these individuals
only need to inactivate the wild-type allele whereas noncarriers would need to inac-
tivate both copies of the gene. Paradoxically, the breast tumors of cHEK2 carriers do
not significantly more frequently show LoH at cHEK2. Hence, LoH may not be the
only mechanism inactivating the wild-type allele, although the association between
LOH and an absent protein expression we observed does indicate it is involved in
some cases. Alternative mechanisms include promoter hypermethylation®” and so-
matic mutations, but the roles of both appear to be marginal in breast cancer.> >
Conceivably, other components of the pathway(s) regulating the expression and/or
stability of CHEK2 protein are disturbed in these cases. An association with bilateral
disease, but only a marginal trend toward earlier age of diagnosis was reported in
one study.® In our cohort of cases we found an association between CHEK2 carrier
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status and earlier age of diagnosis but not between carrier status and multiple pri-
mary tumors. This could be a peculiarity of the selected families. Conceivably, many
cases not carrying the CHEK2 variant are carriers of another gene defect that predis-
poses them strongly to develop breast cancer. In combination with a long retrospec-
tive follow-up time, this may have masked the subtle effect of crHEk2 on risk. In
conclusion, we find a strong association between cHEK2*1100delC prevalence and
breast cancer family history. Our results provide support for the hypothesis that this
variant modifies the cancer risk conferred by an as yet unknown gene (or genes).
Given the cancer occurrence in the families described here, this gene is expected to
cause breast cancer risks comparable with those conferred by BRca1 and BrcA2. At
this point it is in our opinion not appropriate to offer a predictive test for cHEK2 in a
clinical setting. The exact relative risk conferred by cHEK2*1100delC is not clear, but
likely modest in comparison with BRca1 and BrRcaz2. In addition, estimates of breast
cancer risk are difficult to make in these families, because the type of interaction
(multiplicative or additive) and the role of other factors are presently unknown. Se-
lecting for families with at least one carrier of the cHEK2*1100delC might reduce the
genetic heterogeneity likely to exist among non-Brca1/Brcaz2 families and facilitate

the mapping of this breast cancer susceptibility gene by classical linkage analysis.
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ABSTRACT

The known susceptibility genes for breast cancer, including BRca1 and Brca2, only
account for a minority of the familial aggregation of the disease. A recent study of 77
multiple case breast cancer families from Scandinavia found evidence of linkage
between the disease and polymorphic markers on chromosome 13q21. We have
evaluated the contribution of this candidate ‘Brca3’ locus to breast cancer suscepti-
bility in 128 high-risk breast cancer families of Western European ancestry with no
identified BRcA1 or BRcA2 mutations. No evidence of linkage was found. The esti-
mated proportion (a) of families linked to a susceptibility locus at D13S1308, the
location estimated by Kainu et al. [(2000) Proc. Natl. Acad. Sci. USA 97, 9603-9608],
was o (upper 95% confidence limit 0.13). Adjustment for possible bias due to selec-
tion of families on the basis of linkage evidence at BRcA2 did not materially alter this
result (a = o, upper 95% confidence limit 0.18). The proportion of linked families
reported by Kainu et al. (0.65) is excluded with a high degree of confidence in our
dataset [heterogeneity logarithm of odds (HLOD) at a = 0.65 was —11.0]. We con-

clude that, if a susceptibility gene does exist at this locus, it can only account for a
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small proportion of non-Brca1/2 families with multiple cases of early-onset breast

cancer.

INTRODUCTION

Several genes are known to predispose to breast cancer. In the context of large mul-
tiple case families, the BRca1 and BRcA2 genes are numerically the most important,
accounting for most families segregating both early-onset breast cancer and ovarian
cancer. However, as many as 60% of families with site-specific female breast cancer
cannot be explained by Brca1 and Brcaz.* Moreover, population studies have
demonstrated that these genes only account for 15% of the overall familial risk of
breast cancer.>* Even after allowing for other susceptibility genes that confer increased
risk in the context of familial cancer syndromes, including Tp53 (Li Fraumeni), PTEN
(Cowden), and aATMm (ataxia telangiectasia), at least 80% of familial breast cancer risk
is not explained by known genes, suggesting that other important susceptibility
genes remain to be mapped. Outside the context of these specific syndromes, known
genes other than BRCA1/BRcA2 do not appear to account for a substantial proportion
of high-risk breast cancer families. Linkage analysis in a set of 56 families with 3 or
more cases of breast cancer yielded no evidence for a significant role of PTEN,
although an attributable fraction of up to 35% could not be ruled out in a family set
of this size.> However, direct mutation testing of the PTEN gene in a subset of these
families has failed to identify any mutations, lending further support to the linkage
results indicating that this locus is unlikely to account for a significant fraction of
hereditary breast cancer.

To date, few additional candidate breast cancer susceptibility loci have been identi-
fied in families not attributable to any of the known genes. A potential susceptibility
locus on chromosome 8p12-8p22 was identified through targeted linkage analysis
of aregion of frequent loss in breast tumors.*” However, our analysis of a larger fam-
ily series did not support the contribution of a putative gene at this locus to more
than a small proportion [HLOD = 0.03, a= 0.03, upper 95% confidence limit (cL)
0.30] of high-risk families.®

These findings illustrate the difficulties inherent in efforts to identify additional sus-
ceptibility genes for a disease with high population prevalence. First, breast cancer is
a genetically heterogeneous disease, and it is likely that there are multiple genes re-
maining to be identified among non-Brca1/BRCA2 families, with any one account-
ing only for a small proportion of such families. Second, in moderate-size families

with a mixture of cases diagnosed at early and late ages, chance familial clustering of
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cases may confound linkage-based approaches. Finally, penetrances of additional
breast cancer susceptibility genes are likely to be lower than those associated with
BrRcA1 and BRcA2.? Thus, analysis of a large family series with stringent selection
criteria is required to achieve sufficient statistical power for unambiguous localiza-
tion of novel susceptibility loci and meaningful evaluation of candidate genomic
regions. To surmount these obstacles, our international collaborative group [Breast
Cancer Linkage Consortium (BcLc)] has accrued, and continues to accrue, a collec-
tion of families appropriate to address the problem.

Recently, Kainu et al.*® reported evidence for a novel breast cancer susceptibility lo-
cus on chromosome 13q21. They studied 77 families with multiple cases of breast
cancer from Finland, Sweden, and Iceland in which no germline BRcA1 or BRCA2
mutations had been identified. Families were not specifically selected for early onset
disease, nor were they excluded if one or more cases of ovarian cancer were present.
Initial analysis by comparative genomic hybridization (cGH) of tumors from 23 of
these families and 14 others not analyzed further by linkage identified loss of 13q21-
31 as a frequent and early event. Consistent loss of 13921 in all five tumors from one
family delineated a minimal region of haplotype sharing in these individuals as the
target locus for a susceptibility gene. However, no evidence was presented for spe-
cific loss of the wild-type allele in these tumors, as would be expected for the under-
lying genetic model (inactivation of a tumor suppressor gene).

Genetic linkage analysis using 23 microsatellite markers from this region revealed
supportive evidence of linkage to breast cancer. A maximum multipoint HLOD of
3.46 was found at marker D13S1308, with an estimated 65% of families linked. This
marker lies ~25 cM distal to BRca2 on chromosome 13q. Simulation studies to ac-
count for the possible confounding of linkage results by the proximity of these loci
indicated that the linkage was unlikely to be the result of unidentified BRcA2 muta-
tions in a subset of families. However, the evidence for linkage was confined to a
single pair of tightly linked markers (D1351308/D13S51296) in this region, with link-
age evidence dropping off quite rapidly surrounding this peak; indeed markers
flanking a 2.1-cM region surrounding this peak yielded negative two-point LoD
scores at recombination fractions up to 20%.

We present results from our attempt to confirm this linkage result through analysis
of our series of 128 breast cancer families. In the remainder of this article, we refer
to this locus as ‘BrRca3, the quotation marks serving to emphasize the uncertainty

regarding the existence and location of one or more such susceptibility loci.
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TABLE 1

Summary of the families used in the 13q21 analysis

Age of diagnosis Number of breast cancer cases in family
<3 3 4 5 >5
<50 years 51 48 19 5 5
<60 years 0 58 39 14 17
All cases: 0 26 36 25 41
Cases sampled/ genotyped 26 68 20 9 5
METHODS
Families.

Families were ascertained from cancer genetics or oncology centers in Europe (Uni-
ted Kingdom, Germany, Spain, Netherlands, France, and Israel), the United States,
Australia, and Canada. One family was from Mexico. All families were Caucasian
except the Mexican family that was of mixed European-Amerindian descent. Only
families in which at least three women were diagnosed with breast cancer under age
60 years were eligible for the study. We excluded families in which cases of either
ovarian cancer or male breast cancer were observed, because these phenotypes are
strong predictors of BRCA1 or BRCA2 mutations.” Within these 128 families a total of
650 women were affected with breast cancer (median 5 per family); 56% of these
cases were diagnosed under age 50. Samples from 409 affected individuals and 293
unaffected relatives were available for genotyping. Table 1 shows the characteristics
of the families in more detail.

Entries are the number of families with the specified number of breast cancer cases
of the indicated diagnostic criteria and sample availability.

Exclusion of BRCA1 and BRCA2.

Atleast one breast cancer case from each family was screened for mutations in BRca1
and Brcaz2, including all coding exons and splice junctions; in general, the sampled
case with the youngest age at diagnosis was screened. This screening was performed
using a variety of methods, including heteroduplex analysis (HDA), conformation
sensitive gel electrophoresis (CsGE), and direct sequencing. Families from The Nether-
lands were also screened for the large genomic rearrangements that are known Dutch
founder mutations, as these would not be detected by standard pcr-based screening
methods. Other families were also tested for population-specific mutations, where
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TABLE 2

Summary of markers used in the analysis

Marker Map position,cM | Centers typed Multipoint LOD score
Homogeneity Heterogeneity
(alpha = 0.65)
S1444 23.3 I — —
S1700 23.5 I — —
S260 23.7 S,L,I —-40.65 -14.25
S171 25.1 S -36.07 -13.04
S1493 25.8 I -33.83 -12.42
S267 26.9 S -30.79 -11.51
S1293 26.9 I -30.79 -11.51
S153 45.6 S -32.54 -9.35
5788 45.6 I -32.54 -9.35
S1317 51.0 L -33.88 -10.35
S1262 51.0 I -33.88 -10.35
S1308 52.6 S,L,I -38.00 -11.03
S1296 52.6 LL -37.64 -10.93
S1291 53.2 L -35.00 -10.06
S8o0 55.3 1 — —
S166 55.3 S — —

I-IARG; S - ICR, Sutton; L — Leiden University. Based on published marker locations from Marshfield

Medical Research Foundation (http://research.marshfieldclinic.org/genetics/). Note that BRCA2 is at position

24.8 on this map.

appropriate. Overall, we estimate that, taken together, these methods have an aver-

age sensitivity of 0.70."

Genotyping.

Genotyping was carried out at the International Agency for Research on Cancer (62

families), Institute of Cancer Research (49 families), and University of Leiden (17

families). Genotypes were generated for 16 microsatellite markers within a 32-cM

region of chromosome 13q21 spanning both Brcaz and the putative ‘Brca3’ locus

(see Table 2). Not all centers genotyped all markers; Table 2 gives details on which
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loci were genotyped at each center. Microsatellite repeats were amplified from
peripheral blood lymphocyte genomic pNa by standard methods using published
primer sequences (The Genome Database, http://gdbwww.gdb.org/). Pcr conditions
were specific to each genotyping center, as was fragment analysis. Internal consist-
ency of allele sizing was achieved at each center by incorporating samples with
known allele sizes on each gel. A common DNA sample (CEPH-1347-02) was typed to
ensure consistency of allele sizing between centers. Allele frequencies were calcu-
lated separately for each center from the pedigree genotypes by using DOWNFREQ
software, Version 1.1 (available through http://linkage.rockefeller.edu/soft/).

Statistical Analysis.

We performed standard parametric linkage analyses, essentially identical to our pre-
vious analyses of linkage in breast cancer families (e.g., refs. 1, 5, and 8) and to the
analysis conducted by Kainu et al.* These analyses assume the model of susceptibil-
ity to breast cancer based on the segregation analysis of Claus et al.® Under this
model, susceptibility to breast cancer is conferred by a dominant allele with popula-
tion frequency of 0.003. The risk of breast cancer by age 80 is assumed to be 0.80 in
carriers and 0.08 in noncarriers. Risks are modeled in seven age categories (<30,
30-39, 40-49, 50-59, 60-69, 70-79, and 80+) as described in Easton et al.*?

Multipoint linkage analyses were carried out using the programs GENEHUNTER (V.
2.0-B; ref. 13), VITESSE,** and FASTLINK.'> GENEHUNTER was used where possible
because it can analyze large numbers of polymorphic loci simultaneously and hence
all of the markers we used could be incorporated into a single analysis. However, 33
families were too large to be accommodated by GENEHUNTER without discarding
informative individuals. For these families we computed multipoint LOD scores by
using either VITESSE (29 families) or FASTLINK (four families with multiple found-
ers). The analyses assumed the intermarker distances as shown in Table 2.

We used the multipoint LoD scores for each family to compute heterogeneity Lob
scores, using the standard admixture model, and hence estimated the proportion of
families (a) linked to the putative ‘BRCcA3’ locus by maximizing the heterogeneity
LoD score. A 95% confidence interval for awas derived by computing the values of
the heterogeneity LoD score that were within 0.83 (corresponding to a Z value of
1.96) of its maximum value. Ninety-nine percent confidence intervals were also
computed.

Because the putative ‘BRCA3’ locus on 13q21 is linked to BrRca2, we performed a
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further analysis to allow for the possibility that preferential selection for families
unlinked to BRcA2 may have biased the results against linkage at ‘BrRca3’ In this
analysis, we computed multipoint heterogeneity LoD scores at the candidate ‘Brca3’

locus, conditional on the LoD scores at BRCA1 and BRCA2, according to the formula:

_a1(1—F‘1)1°LOD1(91)+az(1_”2)10LOD2’3(62) —
+a310L0D213(63)+1—Ctl—a2—a3
LoD (6,) = log

ql( 1_H'1) 10LOD1(61)+q2( 1_p2) 10L0D2(62)

+01310L0Dz(es)+1—om1—0L2—0L3

In this formula a, a,, and o, are the proportions of families meeting the eligibility
criteria that are linked to BRcA1, BRCA2 and ‘BRCA3; respectively, and  is the sensi-
tivity of BRCA1/2 mutation screening. For the purposes of these analyses, a and o,
were set to 0.15 and p to 0.7. LoD (6 ) and LoD (6)) are the LOD scores at BRcA1 and
BRCA2, respectively, whereas LOD2;3(92) and LOD2;3(93) are the LOD scores at BRCA2
and ‘BRCA3; respectively, based on markers typed at both loci; Lop,(6)) is the LoD
score for ‘BRCA3’ calculated using only markers at BRcaz. This calculated LoD score
is the likelihood for the linkage data at ‘BrRca3’ conditional on the existing linkage
and mutation evidence at BRcA1 and BRcCAz2, and hence corrects (albeit conserva-
tively) for any bias in the ‘Brca3’ evidence produced by exclusion of families linked

to BRCA2.

RESULTS

Total LoD scores were strongly negative throughout the 8-cM interval between
D13S153 and D13S1291 (Table 2 and Fig. 1). At the location of ‘Brca3’ estimated by
Kainu et al.,** D13S1308, the total LoD score was —38.00. Based on the admixture
model, the estimated proportion of linked families (a) was o, with an upper 95%
confidence limit of 0.13. The estimated a was also zero for all possible positions in
the interval D13S153-D13S1291. Of the 128 families, only four had a multipoint
LoD score of greater than 0.5 at D13S1308, the highest of which was 0.67 (one ad-
ditional family achieved a LoD score of 1.55 at a more distal marker, D13S800).
Twelve families achieved LoD scores less than —1 at D13S1308.

We reanalyzed the data conditioning on the genotyping data at BRcA1 and BrRca2. In
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Figure 1. Multipoint LoD scores for the 128 families analyzed are shown graphically. The solid line represents
scores obtained under the assumption of homogeneity; the dashed line assumes the proportion of linked fami-
lies (a) to be 65%, as estimated by Kainu et al.**; and the dotted line represents the 95% upper confidence inter-
val (a = 0.13).

this analysis the total LoD score was —25.08. In the heterogeneity analysis based on
these conditional LoD scores, the estimated proportion of families linked to ‘BrRca3’
was again o, with an upper 95% confidence limit of 0.18. In the 95 families that could
be analyzed with GENEHUNTER, we also analyzed the data by using the nonparamet-
ric method* to evaluate haplotype sharing among affected women. Again, no sig-

nificant evidence of linkage was found (data not shown).

Discussion

Our results clearly conflict with those reported by Kainu et al.* Using a set of multi-
ple case female site-specific breast cancer families analyzed for a similar set of mark-
ers within the candidate region and subjected to comparable statistical analysis, we
found no evidence of linkage to 13q21. The proportion of linked families (65%) re-
ported by Kainu et al.* is excluded with a high degree of statistical significance (the
heterogeneity LOD score at a= 0.65 was —11.03 in our dataset). This is true even after
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a conservative correction for possible bias due to potential exclusion of families
linked at the BRcA2 locus (conditional LoD at a= 0.65 was -7.64). In addition, under
both unconditional and conditional analyses, the estimated proportion of linked
families was o, with upper 95% confidence intervals of 13% and 18%, respectively,
indicating that if there is a susceptibility locus on 13q, it is likely to account for only
a minority of breast cancer families. The paper of Kainu et al.** did not provide con-
fidence limits on their estimated proportion of linked families. However, based on
their LoD scores given under homogeneity and 65% heterogeneity, and assuming
confidence intervals that are symmetrical about the best estimate, we have estimate
a lower 95% confidence limit for a of 0.31. Thus the 95% confidence limits for the
two studies do not overlap. Moreover, even when using a more stringent criteria of
99%, the upper confidence limit for our estimated proportion of linked families is
0.19 for the unconditional analysis and 0.26 for the analysis conditioning on Brca2
markers, further indicating a minor role, if any, for this locus.

There were some differences in selection criteria between the two studies. Our study
was restricted to families in which at least three cases of breast cancer were diag-
nosed below age 60, whereas Kainu et al.* included families with three cases diag-
nosed at any age. Thus, our families may be more heavily selected for genes confer-
ring high risk. It is perhaps noteworthy that the initial hypothesis-generating family
analyzed by comparative genomic hybridization (cGH) in Kainu et al.*> would not
have qualified for our study because only two of the five cases were diagnosed under
age 60. However, in the subset of 51 families with less than three cases diagnosed
under age 50 (Table 1), there is also considerable evidence against linkage to this
locus (multipoint LOD = —8.06; HLOD = 0; upper 95% CI for a = 24%; HLOD for a of
65% = —3.57). Thus it is unlikely that difference in age criteria can explain the differ-
ences in results between the two studies.

An additional difference in selection criteria was exclusion of families with any cases
of ovarian cancer in our series, given the close association of this disease with BrRca1
and Brcaz. Although no BRca2 mutations were identified in the family set of Kainu
et al., the combination of detection methods applied to screening families have de-
tection sensitivities of =0.70.>** Thus, although simulated linkage results allowing for
up to 25% of the families in the dataset of Kainu et al.”* being due to undetected
BRCA2 mutations only exceeded the observed maximal lod score in 1 of 3,000 repli-
cates, it is not known to what extent the seven families with ovarian cancer contri-
buted to the observed overall LoD score.

The families in our study were drawn from Western Europe, or in descendent popu-
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lations in North America and Australia, whereas the families studied by Kainu et
al.** were from the Nordic countries. Although we have not specifically examined the
ethnic origins of each family in our set, it is anticipated that the set of families from
the United States and Canada (n = 43) are more ethnically heterogeneous, although
most, if not all, are of Western European origin. Only a small minority of all of the
families in our set are likely to be of Scandinavian origin, most notably the families
ascertained in Minnesota, Seattle, and other parts of the Midwest, which have a high
concentration of families descendent from emigrants of Sweden and Norway. One
might speculate that the difference in the results observed is due to a population
specific founder effect i.e., an excess of some specific mutation in ‘BRCcA3’ in the
Nordic populations.

We believe this to be unlikely. The different Nordic populations have different popu-
lation histories and do not originate from a single small founder population. Al-
though closely related, the Swedish, Icelandic, and (to a lesser extent) Finnish popu-
lations are also genetically similar to English and Dutch populations.'” If the observed
linkage were due to a susceptibility allele that had reached a high frequency in the
Swedish and Finnish populations, this allele would also be expected to occur at a
detectable frequency in the British and Dutch families. On the other hand, if the
linkage is the result of several different mutations in the candidate ‘Brca3’ gene, the
expectation would be that (as in the case of BRcA1 and BRcA2) mutations would also
occur in the British, Dutch, and other populations, albeit the set of mutations might
be different. Under either model, we would have expected to observe similar evi-
dence of linkage in our families. Indeed, even when the prevalence of a population
specific founder mutation has led to a specific susceptibility gene accounting for the
majority of families of a hereditary cancer syndrome [e.g., BRca2 in the Icelandic
population accounting for 61.4% of breast cancer families'®; >50% of hereditary non-
polyposis colon cancer (HNPcc) families in the Finnish population attributable to
two specific MLH1 mutations*], these same genes account for a substantial fraction
of families with the same cancer syndrome in other populations (breast cancer re-
viewed in*°; HNPCC"Y).

We conclude therefore that any contribution of a locus at chromosome 13q21 to fa-
milial breast cancer is likely to be small in breast cancer families of European origin.
Further linkage studies in large series of multiple case families, or targeted associa-
tion studies in large series of breast cancer cases and controls, will be needed to

identify remaining genes underlying familial aggregation of the disease.
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CHAPTER 4
MOLECULAR PROFILING

4.1. CHARACTERIZATION OF FAMILIAL NON-BRCA1/2
BREAST TUMORS BY LOSS OF HETEROZYGOSITY AND
IMMUNOPHENOTYPING
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ABSTRACT

Purpose

Since the identification of BRcA1 and BRCA2, there has been no major breast cancer
susceptibility gene discovered by linkage analysis in breast cancer families. This has
been attributed to the heterogeneous genetic basis for the families under study. Re-
cent studies have indicated that breast tumors arising in women carrying a BRCA1
mutation have distinct histopathological, immunophenotypic and genetic features.
To a lesser extent, this is also true for breast tumors from BRcA2 carriers. This indi-
cates that it might be possible to decrease the genetic heterogeneity among families
in which Brca1 and BRca2 have been excluded with high certainty (Brcax families)
if distinct subgroups of BRcax-related breast tumors could be identified.

Experimental Design

Loss of heterozygosity analysis with at least one marker per chromosomal arm (65
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markers) was used to characterize 100 breast tumors derived from 92 patients from
42 selected BrRcAx families. In addition, the immunophenotype of 10 markers was
compared to that of 31 BRcA1- and 21 BRcA2-related breast tumors.

Results and conclusions

The Brcax-related tumors were characterized by more frequent LOH at 22q relative
to sporadic breast cancer (p<o0.02), and differed significantly from Brcai- and
BrcA2-related tumors in their positivity for Bcl2. However, cluster analyses of the
combined data (LoH and immunohistochemistry) did not result in subgroups that
would allow meaningful sub classification of the families. On chromosomes 2, 3, 6,
12, 13, 21 and 22 we found markers at which LoH occurred significantly more fre-
quent among the tumors from patients belonging to a single family than expected on
the basis of overall LoH-frequencies. Nonetheless, linkage analysis with markers for
the corresponding regions on chromosomes 12, 21 and 22 did not reveal significant
LOD’S

INTRODUCTION

A positive family history remains one of the most important risk factors for breast
cancer, with first-degree relatives of patients having an approximately 2-fold elevated
risk. About 15% of all patients have a first-degree relative with breast cancer, and
although germ-line mutations in BRca1 and BrRcA2 account for a substantial propor-
tion of these cases,* these mutations explain only 20-25% of the overall excess fami-
lial risk.>* Mutations in other genes such as Tp53 and PTEN are involved in rare mul-
ti-cancer syndromes and contribute very little to this risk. Mutations in BRca1 and
BRCA2 are strongly associated with families with at least 4 cases of breast cancer di-
agnosed before the age of 60 and one or more cases of ovarian cancer or male breast
cancer.! However, in families with 4 or 5 cases of breast cancer, and no ovarian or
male breast cancer cases, BRCA1 and BRCA2 mutations were significantly less fre-
quent. Because such a familial clustering is unlikely to have occurred by chance, this
has been taken as evidence that other breast cancer susceptibility genes must exist.*
After the identification of BRcA1 and BRcA2, several chromosomal regions have been
implicated by linkage analysis to harbor a breast cancer susceptibility gene. In parti-
cular, linkage has been found with markers for 8p12-22 and 13q21,>° but although
mutations in BRca1 and BRcA2 were excluded, these studies comprised either small
or heterogeneous groups of families. Accordingly, these linkage results have proven
difficult to replicate by others in independently collected sets of families.”® It has
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been argued that the inability to detect genetic linkage is largely due to a heterogene-
ous genetic basis for the families under study.

It is now well established that breast tumors arising in women carrying a BRCA1 mu-
tation have distinct histopathological, immunophenotypic and genetic features.>*
This is also true for breast tumors from BRcA2 carriers, although to a lesser extent.
These findings indicate that it might be possible to subgroup the breast tumors de-
rived from patients from families in which Brca1 and Brcaz have been excluded
with high certainty (from now on called BRcax families). This could possibly de-
crease the genetic heterogeneity within this group of families, and thereby increase
the statistical power to detect linkage. Here, we used loss of heterozygosity and im-
munohistochemical analyses to characterize 100 breast tumors derived from BrRcAx
families. The BRcax-related tumors were characterized by more frequent LoH at 22q
relative to sporadic breast cancer, and differed significantly from Brca1- and Brca2-
related tumors in their positivity for Bcl2. However, cluster analyses of the combined
data (LoH and immunohistochemistry) did not result in subgroups that would allow
useful sub classification of the families.

MATERIALS AND METHODS

Family selection

The families were ascertained through the Clinical Genetic Centers in Leiden, Rot-
terdam, and Nijmegen, as well as through the Netherlands Foundation for the De-
tection of Hereditary Tumors (STOET). Families were eligible if there were at least
three cases of breast cancer diagnosed before the age of 60 from whom genotypes
could be determined (N=216) or inferred (N=20). Families with cases of ovarian
cancer or male breast cancer were excluded, and occurrences of other types of can-
cer were ignored. Pathological reports or medical reports were retrieved where avail-
able. Blood samples and paraffin-embedded tumor tissues were collected after obtai-
ning written informed consent. The institutional ethical committees of all of the
hospitals involved approved this study.

In total we collected 100 breast tumors derived from 92 patients from 42 selected
BRcAx families. Nine of these 100 breast tumors belong to 8 cHEK2*1100delC muta-
tion carriers.’s Although the families under study were not tested for mutations in
other breast cancer susceptibility genes (such as p53, E-cadherin and pTEN), they did
not show the phenotypic characteristic belonging to these cancer syndromes. We

also collected 40 paraffin-embedded tumor samples from sporadic breast cancer
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cases unselected for family history or age, and from 31 BRcA1-mutation carriers and

21 BRCA2 mutation carriers.

BRCA1 and BRCA2 mutation Testing

In each family, the youngest breast cancer patient from whom a blood sample was
available was tested for mutations in the BRca1 and Brcaz genes (and for many fa-
milies the next youngest as well). The joint Clinical Genetic Centers applied a vari-
ety of methodologies. The largest central exons (exon 11 in BRCA1 and BRCA2, exon
10 of BRCA2) were scanned by protein truncation tests.’*” The small exons were
scanned for mutations by denaturating gradient gel electrophoreses (DGGE) or direct
sequencing. All of the laboratories specifically assayed the presence of large founder
deletions in BRcA1 by deletion junction-pcr.*® The entire coding sequences of BRCA1
and BRcA2 were investigated by conformation-sensitive gel electrophoresis (CSGE) in
families that were incompletely scanned at the time of ascertainment.” Since 2002,
each center offers full sequence analysis and DGGE covering the entire coding regi-
ons of both genes, and Multiple Ligation-dependent Probe Amplification (MLPA) to
detect large deletions/duplications in BRcA1.>°

Histology

Paraffin embedded tumor tissues were obtained and the breast tumors were histolo-
gically classified according to the wHo criteria.” An expert pathologist (H. Morreau,
MD) assessed type of invasive cancer, histological grade, presence of in situ compo-
nent and the presence of lymphocyte infiltrate. Age of the patient at time of diagno-
sis was available from pathological and medical reports.

LOH Analysis

On the respective H&E stained sections the areas of highest tumor density were se-
lected. Four to six tissue cores (0.6 mm in diameter, Beecher Instruments, Silver
Spring, MmDp) were punched from the designated area using a biopsy needle. bNa was
isolated from these punches as described previously.’” These punches generally con-
tain >50% tumor cells. Normal pNA was isolated from the blood samples. For the
LoH-analysis we used 65 fluorescence-labeled microsatellite markers selected from
Weber Screening Set 6 and covering all chromosome arms.** Selection criteria were
allele product-sizes below 250 bp (because PCR success rates with DNA isolated from
paraffin-embedded material drops sharply with larger amplimers) and position in
the telomeric half of a chromosome arm (because this will also detect mitotic recom-
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bination events***4). The pcR-products were visualized on an ABI PRISM 3700 DNA
Analyzer (Applied Biosystems) and analyzed with the Genotyper software version
3.7 NT (Applied Biosystems). The sporadic breast tumors were analyzed only for the
six different markers on chromosome 22 and marker D11S15901 on chromosome
11, and the BrcA1-related breast tumors were analysed only for D4S1562 and
D5S1471. Allelic imbalance was defined as the ratio of allele intensities in the nor-
mal versus the tumor pDNA. An AIF (Allelic imbalance factor) of 1.70 or above was
scored as ‘LOH’* A technical limitation in the interpretation of the allelic imbalance
factor is the possible contamination of tumor pNa with non-malignant pNa. Al-
though a biopsy needle to punch tissue cores does not prevent contamination with
non-malignant cells, in 80% of the tumor DNA samples we detected at least one ATF
>5.0, which is only achievable when relatively high proportions of tumor cells are
present in the sample.*

Tissue-microarray (TMA)

Breast cancer tissue microarrays were prepared as described previously.”” From each
case three tissue cores were assembled in the T™MA. In total 4 TMA blocks were con-
structed. Three blocks with BRcax samples and one block with tumors samples from

BRCA1 and BRCA2 mutation carriers.

Immunohistochemistry scoring

Immunohistochemical staining was performed by the labeled Streptoavidin biotin
method (pako, Glostrup, Denmark) with a heat-induced antigen retrieval step.
One pathologist (HM) and one researcher (RA0) evaluated the immunohistochemi-
cal staining results. The percentage of stained nuclei, independent of the intensity,
was scored for ps53, ER, PR, and Cyclin D1. In the same way, the percentage of cells
with cytoplasmic staining was scored for Bcl2. Her2/Neu was assessed in accordance
with the paxo HercepTest guidelines with a score of < 1 considered negative. Cyto-
keratin 5/6, Cytokeratin 7 and Cytokeratin 19 were scored according to the presence
or absence of membranous expression in the invasive component. The Chek2
staining pattern was scored as described earlier.’s For p53 we used four different
categories on the basis of any level of nuclear staining; 1) negative, 2) <25%, 3) 25-
75% and 4) >75% positive nuclei. For ErR and PR, a case was considered positive when
> 10 % of the nuclei stained above background. For Cyclin D1 the cut off limit was
30%. For bcl2 the cut off limit was 70%.
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Statistics

Proportions were compared using chi-square statistics. Familial aggregation of Lox
status at a marker was tested using a score statistic.® This statistic tests for the pre-
sence of an additive genetic effect. For this analysis A1F’s between 1.3 and 1.7 were
regarded as missing. Empirical p-values were computed by permutation of the Lon

status among relatives of the same family.

Cluster Analysis

For the hierarchical cluster analysis we used the software programs Cluster and
TreeView. The data was normalized, mean centered and average linkage clustering
was applied. We renumbered the LoH data of 100 tumors as follows; ATIF’s>1.70 were
scored as ‘1’ (LOH), AIF’s between 1.0 and 1.29 (retention of heterozygosity) as ‘-1,
ATFs between 1.3 and 1.7 as ‘0, and homozygotes as missing. The immunohistoche-
mical data for the different markers was scored as ‘1" when considered positive and

‘-1” when considered negative.

Linkage analysis

Genotypes were generated for 19 microsatellite markers on chromosome 12, 5 on
chromosome 21, and 12 on chromosome 22. The markers were derived from Link-
age Mapping Set version 2 (Applied Biosystems), and amplified from peripheral
blood lymphocyte genomic pNA by standard pcr methods. bNA from CEPH 1347-02
was typed as reference to ensure consistency of allele sizing. Allele frequencies for
parametric linkage analyses were calculated based on one randomly chosen indivi-
dual from each family. Multipoint linkage analyses were carried out using the pro-
gram GENEHUNTER version 2.1-B.* We used a model in which susceptibility to breast
cancer is conferred by a dominant allele with a reduced penetrance and a population
frequency of 0.003.3>** The risk of breast cancer by age 8o was assumed to be 0.85 in
carriers and 0.096 in non-carriers. Risks are modeled in seven age categories (<30,
30-39, 40-49, 50-59, 60-69, 70-79, and 80+) as described.>* We used the multipoint
LoD-scores for each family to compute heterogeneity LoD scores, using the standard
admixture model, and hence estimated the proportion of families (a) linked to the
putative ‘BRCAX locus by maximizing the heterogeneity LoD score. Non-parametric

linkage analyses were carried out by the program MERLIN version 0.9.12b 32.
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TABLE 1

Histologic description of the different groups analyzed

% BRCAx Control BRCA1 BRCA2
(n=100) (n=40) (n=31) (n=21)
Ductal carcinoma in situ 1 o] 4.8
Ductal carcinoma 81 85 100 95.2
Lobular carcinoma in situ 1 0
Lobular carcinoma 10 5
Colloid carcinoma 1 2.5
Other 1 5
Unknown 5 2.5
Grade 1 20.7 29.4 [ 5
Grade 2 50 41.2 12.9 45
Grade 3 29.3 29.4 87.1 50
P < 0.0002* P <o0.02** P <.0002***

DCIS, ductal carcinoma in situ; LCIS, lobular carcinoma in situ
*, grade of BRCA1 tumors versus grade of BRCAx tumors; **, BRCA1 versus BRCA2 tumors;

> BRCA1 versus control tumors.

RESULTS

Histology

A total of 100 paraffin-embedded breast tumor samples could be retrieved from 92
patients from 42 early onset breast cancer families (BRcax-families, defined as ha-
ving at least 3 cases diagnosed before the age of 60, and no cases of ovarian or male
breast cancer). We previously found 8 patients to carry the cHEK2*1100delC muta-
tion, representing 9 of these 100 breast tumors.*s

The histological characteristics of this group of breast cancers, as compared to spo-
radic breast tumors (N=40) and the breast tumors from BrRCA1 (N=31) and BRCA2
(N=21) mutation carriers are listed in Table 1. The most common histological type in
all groups was infiltrating ductal carcinoma. Contrary to earlier suggestions,* lobu-
lar carcinoma was not significantly more often found in the BRcax tumors relative to
sporadic cancers. The BRcA1 tumors were of higher grade than BrRcax tumors
(p<0.001) and the BRcA2 tumors (P= 0.01). Most of the BRcAx tumors were of grade
II, and there was a trend towards grade being lower than that of BRcA2 tumors

(p=0.07), which is consistent with previously reported results.>*"33
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Immunohistochemistry

Three tissue microarray (TMA) blocks were constructed with 98 of the 100 BRcAx
tumors, and one with 31 BRCA1 and 21 BRcA2-related breast tumors. All tumors
were stained with antibodies against ER, PR, P53, Bcl2, Her2/Neu, Cyclin D1, CHEK2,
the basal cytokeratin 5/6 and the luminal cytokeratins 7 and 19, the immunobhisto-
chemical markers most commonly studied in BRCA1/2-associated breast carcinomas
(Table 2). BRcax tumors were significantly different from BrRca1 tumors for ER
(p<o.001), PR (p=0.002), Her2/Neu (p=0.02), Cyclin D1 (p=0.02), Bcl2 (p<o.001),
and the basal ck5/6 (p=0.0015) staining. There were also significant differences be-
tween the BRCA1 and BRCA2 tumors for ER (p=0.002), Her2/Neu (p=0.02) and the
basal ck5/6 (p<o0.001) staining. BRcAx tumors differed significantly from both Brca1
and Brca2 tumors only for Bcl2 (p<o.001), while for ck5/6 this difference was bor-
derline significant (P=0.09). As expected, the 9 tumors from crEK2*1100delC car-
riers were significantly more often negative for CHEK2 staining than BRCA1, BRCA2,
and BRcAx tumors. Interestingly they are also significantly more often negative for
luminal ck19 staining than BRcax (P=0.0008) and BRCA1 (P=0.006) tumors.

We combined the results of the luminal marker (ck19) together with the basal mar-
ker (ck5/6) expression to subdivide the BRCAx breast tumors into four different cel-
lular phenotypes: ‘luminal’ (only expression of the luminal marker), ‘basal’ (expres-
sion of the basal marker and no expression of the luminal marker), ‘mixed’
(expression of the basal marker and expression of the luminal markers) and ‘null’
(no expression of basal and luminal markers).>* In this subdivision ck7 was not in-
cluded, because of the high percentage of tumors that stained positive in all groups.
The results demonstrate that a high proportion of BRcax breast carcinomas express
the mixed phenotype or have a pure luminal phenotype (Table 3). The BRcA1 tumors
are more often of the mixed phenotype compared with BRcax tumors (P= 0.0017)
and with BRca2 tumors (p=0.0007). No significant difference was seen between the
BRCA2- and BRcAx-tumors. The cHEk2*1100delC related tumors showed a trend
towards the null phenotype. Among the BRcax tumors, the mixed tumors were more
often positive for Her2/Neu relative to the luminal group (p=0.02), and the pure lu-
minal tumors are more often grade III than the tumors with a null phenotype

(P=0.006) (data not shown).
Genome-wide loss of heterozygosity (LOH)

The 100 BRCAX tumors were analyzed for LoH with 65 polymorphic markers repre-

senting all chromosomal arms. Of the potential 6,500 pair-wise normal/tumor com-
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TABLE 2

Immunohistologic results

BRCAx % | BRCA1% | BRCA2% | CHEK2 % P
P53
o] 16.5 63 78.9 22.2
<25% 62.6 3.7 10.5 77.8
25-75% 99 74 5.3 o
>75% 11 25.9 5.3 o
ER
Negative 33 85.7 41.2 44.4 0.0000009* o0.017F
Positive 67 14.3 58.8 55.6 0.002%
PR
Negative 43.5 78.6 61.1 33.3 0.002%
Positive 56.5 21.4 38.9 66.7 0.01F
Her2Neu
Negative 74.5 96.1 72.2 77.8 0.02*
Positive 25.5 3.9 27.8 22.2 0.02%F
Cycline D1
Negative 71.3 92.3 87.5 88.9 0.02%*
Positive 28.7 7.7 12.5 11.1
Bcl2
Negative 39.1 88.9 94.1 33.3 0.000005% 0.0009F
Positive 60.9 11.1 5.9 66.7 0.00003@ 0.0009e
CHEK2
Negative 13 22.3 16.7 66.7 0.047
Positive 53.3 37 38.9 22.2 0.003#
Strong pos 33.7 40.7 44.4 11.1 0.02e
Cytokeratin 5/6
Negative 54.3 19.2 76.5 55.6 0.0015%  0.04%
Positive 45.7 80.8 23.5 44.4 0.0002F
Cytokeratin 7
Negative 3.3 3.8 o] 11.1
Positive 96.7 96.2 100 88.9
Cytokeratin 19
Negative 27.9 11.1 33 66.7 0.0008F
Positive 72.1 88.9 67 33.3 0.006#

ER estrogen receptor, PR progesterone receptor,
* BRCA1 versus BRCAx tumors, ¥ CHEK2 versus BRCA1 tumors, # BRCA1 versus BRCA2 tumors,
o BRCAXx versus BRCA2 tumors, « CHEK2 versus BRCA2 tumors, # CHEK2 versus BRCAx tumors.
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TABLE 3
Immunophenotype distribution based on the expression of the basal basal
cytokeratin 5/6 and the luminal cytokeratin 19

% Luminal Basal Mixed Zero

BRCAx (n=91) 35.2 8.8 36.3 19.8

BRCA1 (n=27) 14.8 7.4 74.1 3.7

BRCA2 (n = 16) 43.8 6.3 18.8 31.3

CHEK2 (n=9) 11.1 22.2 22.2 44.5
P=o0.0017* P =o0.00073**

* BRCA1 versus BRCAx tumors
** BRCA1 versus BRCA2 tumors

parisons, 1,698 (26.1%) failed due to PCr problems of either the tumor DNA or nor-
mal pNa. Of the remaining 4,802, 1,220 (25.4%) were homozygous (not informative).
Thus, in total 3,582 (55.1%) informative AIF’s could be calculated. Using an A1F of 1.7
or greater as cut-off for LoH, the mean percentage of LoH among the markers was
30% (£6.3%), which is similar to the overall average LOH rate calculated from 151
published LoH studies of breast cancer.’> LoH frequencies of 40% or greater were
found at 1941, 4p16, 11922, 11q23.3, 16p13, 1624, 17p12, 21q22, 22q11 and 22q13
(Figure 1), with the highest frequency found at D22S445 (59%). Whereas many of
these chromosomal sites have also been highlighted in analyses of sporadic breast
tumors, we did confirm that the percentage of LoH at D22S445 and D22S315 was
significantly higher in BRCAx versus the sporadic breast tumors (respectively P<0.02
and p=0.035)(Figure 2). We also confirmed the high levels of allelic imbalance at 4q
(7 of 12 informative cases) and 5q (4 of 9 informative cases) in BrRca1-related
tumors.3*

In 28 families we were able to assess LOH in at least 2 breast tumors from 2 patients.
We tested whether there were loci at which Lon was found significantly more often
within families than expected on the basis of overall LoH frequency at this locus in
all our families. This was found for markers D2S125 (p=0.007), D3S2409 (p=0.045),
D6S1552 (p=0.03), D12S2070 (p=0.02), D13S285 (p=0.02), D21S1255 (p<0.001)
and D22S315(p=0.01). Of note, marker D225445 did not show this familial cluste-
ring (p=0.35).
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Figure 1. Percentages Loss of heterozygosity (LOH) for the different chromosomes.
The numbers above the graph represent the different chromosomes. A tumor was scored positive for LOH

when having an AIF > 1.70.
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Figure 2
Percentages Loss of heterozygosity (LOH) found for the different microsatellite markers on chromosome 22

and 11. The black columns represent the BRCAx tumors and the grey columns the sporadic tumors.

Cluster analyses

We attempted to use the LoH data of 98 tumors in a hierarchical non-supervised
clustering analysis by scoring ATF’s>1.70 as ‘1), AIF’s between 1.00 and 1.29 (retention
of heterozygosity) as ‘-1’ and AIF’s between 1.30 and 1.70 and homozygotes as ‘mis-
sing’ in the software package ‘Cluster’ Although the tumors were separated into two
groups, these were not readily discernable on the basis of any single marker or com-
bination of markers, nor did the tumors derived from the same family or the
cHEK2*1100delC carriers cluster together (data not shown). Adding the immuno-
phenotyping and histological typing data did not resolve this.

Linkage analysis

We performed a linkage analysis in 55 families, complying with our selection crite-
ria, for chromosomes with either a conspicuous LOH score (#22, at D225445) or for
which Lon showed significant familial clustering (#12, #21). For chromosomes 2, 3,
6 and 13 there were too few families for which linkage and Lon data could be com-
bined to be statistically meaningful. The highest multipoint LoD score at chromo-
some 21 over all 55 families was -6.37 between markers D21S1256 and D21S1914.

At the same locus, the non-parametric LOD (NPL) score was 1.72. Assuming hetero-
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Figure 3

Heterogeneity logarithm of odds (HLOD) and nonparametric linkage scores (NPL) for chromosome 21; Al-
pha, the proportion of linked families calculated by the program GENEHUNTER; HLOD-LOH21, HLOD found
for the 9 families in which the tumor of at least one patient showed LOH at marker D21S1255; NPL-LOH21,
NPL-scores found for the 9 families in which the tumor of at least one patient showed LOH at marker

D21S1255.

geneity, we found a non-significant heterogeneity LoD (HLOD) score of 0.80 (al-
pha=o0.25). Selecting the 9 families in which the tumor of at least one patient showed
LOH at marker D21S1255 decreased both the NPL and HLOD scores (Figure 3). Simi-
lar results were obtained for chromosome 12 (data not shown). In agreement with
the absence of linkage, we were unable to detect consistent loss of the same parental
allele on either #12 or #21 in the tumors from these families.

For chromosome 22, the highest multipoint LoD score was —11.34 between markers
D22S303 and D22S315, and under the admixture model the estimated proportion of
linked families was o. When selecting the 12 families in which the tumor of at least
one patient showed LoH at marker D225445, the peak multipoint LoD score under
heterogeneity was 0.06 (alpha=o0.2) between marker D22S303 and D22S315 (27 <M
proximal of D22S445).
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DISCUSSION

We have analyzed 100 breast tumors from patients strongly selected for a particular
familial background for loss of heterozygosity and immunophenotype analysis. To
our knowledge, this is the first study analyzing LoH at all chromosome arms in such
an extended and highly selected group of familial tumors. The main purpose of the
study was to detect patterns of LoH and/or immunophenotype that would define
distinct subgroups of tumors, on the basis of which we would then be able to stratify
the families from which they derive. This is one approach to address the genetic he-
terogeneity problem, which is commonly believed to be the main reason for the in-
ability to detect further moderate- to high-risk breast cancer susceptibility genes.+3”
For this reason, we have selected cases from families with a high probability of segre-
gating a breast cancer susceptibility gene, but with a minimal residual probability
that this is BRCA1 or BRCA2.

In many families we collected tumor tissues from two or more patients, allowing us
to analyze whether certain genetic, immunohistochemical and morphological fea-
tures were more prevalent within families than predicted by chance. We did indeed
observe this for LoH with several markers, but not for any of the immunohistochemi-
cal markers. However, linkage analysis in the total group of 55 families did not pro-
duce significant LoD scores for any of these chromosomes, nor did linkage analysis in
subgroups of families selected on basis of these LoH results. This suggests that Lon
analysis of familial cases is unlikely to facilitate the detection of new breast cancer
susceptibility loci by linkage analysis. It remains possible, however, that families in
which multiple breast tumors show LoH at the same locus are caused by a shared ge-
netic defect on another chromosome. A genome-wide linkage search in our families
should address this. For example, it has been reported that breast tumors from fami-
lies linked to BRca1 show more frequent LOH on 4q and 5q relative to sporadic breast
cancer, which we have confirmed here.’*** Hence it might have been possible to de-
tect linkage to BRCA1 among the families in which several tumors show LoH on 4q or
5q, rather than among families only selected on clinical phenotype. Although our
LOH analysis covered all chromosome arms, certain LOH events may have escaped
detection because of the limited number of markers we have used. LoH analysis with
microarrays with 10,000 sNP’s could indicate shared LoH regions with more accuracy,
as was found for lung cancer.”® LoH analysis with polymorphic markers detects any
imbalance in parental chromosomes, including trisomy,* so that our ‘LOH’ scorings
in fact reflect a wide range of different chromosomal aberrations. To distinguish be-
tween these, LoH data should be combined with (array-)cGH. This might be relevant
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because we do not know at this stage whether other breast cancer susceptibility genes
act according to Knudson’s two-hit inactivation model.>*# It is conceivable, as was
found for the MET oncogene in hereditary papillary renal carcinomas,* that trisomy
(or copy-number gain) of the mutant allele contributes to susceptibility.

A better resolution for subgroup analysis of the tumors might be achieved by global
gene expression analysis. Many different studies describe the possible classification
of the heterogeneous group of sporadic breast cancers in distinct subtypes using
microarray techniques.*>* Five different subtypes (one basal-like, one ERBB2-over-
expressing, two luminal-like, and one normal breast tissue-like subgroup) have been
recognized.* These tumor subtypes may represent different biological entities and
might originate from different cell types. Four distinct phenotypes (pure luminal,
mixed luminal/basal, pure basal and null) have been defined by immunostaining
1944 sporadic breast tumors with antibodies for both the luminal and basal pheno-
types.** These subgroups were significantly different in their biological features and
clinical course of the disease. In addition, another study** showed that the expression
patterns from 15 fresh frozen tumor samples from 7 non-Brca1/2 families clustered
within their respective families, suggesting an underlying common genetic basis.
The recently developed DasL-assay technique,* which makes gene expression analy-
sis possible in archival paraffin-embedded tissues, may extend this observation to
larger numbers of cases.

The hypothesis that genetic predisposition to breast cancer might preferentially give
rise to certain subtypes is also supported by histopathological findings in BrRca1 re-
lated tumors. These are generally of higher grade, show pushing margin growth pat-
terns and high lymphocyte infiltration in comparison to sporadic cases.** They are
also more often estrogen receptor (ER), progesterone receptor (PR) negative, Bcla-
negative, p53-mutated and negative for Her2/Neu amplification (our data, and
refs**»4). In gene expression profiling, a basal-like gene expression pattern has been
associated with BRca1 carriers.”> We found most BRcA1 tumors (81.5%) to belong to
the pure basal or mixed phenotype category, based on cytokeratin 5/6 and cytokera-
tin 19 expression, as opposed to the BRcA2 tumors which were mostly (75%) of the
luminal or null phenotype. Intriguingly, BRcAx tumors were almost equally distribu-
ted over both categories. However, we noted that different tumors within the same
family frequently belonged to different phenotype categories, indicating that it is
unlikely that the basal/luminal phenotype is genetically determined in these cases.
The morphological and immunohistochemical results from Brcax breast carcino-

mas and those arising in BRcA1 and BRCA2 mutation carriers are similar to those
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recently reported by others.>*## Only Bcl2 displayed a significant difference bet-
ween BRCAX tumors and BRCA1- or BRCA2-tumors (both p<o.0001), but the propor-
tion of positive BRcAx tumors is not conspicuously different from what is observed
in series of unselected sporadic breast tumors.® In general, the patterns of immu-
nostaining and LOH in BRcAx tumors closely resemble those of sporadic breast tu-
mors, with the possible exception of the ‘mixed’ phenotype (as defined by cytokera-
tins 5/6, 19) and LOH at chromosome 22. Two recent studies*s° have used classical
CGH to analyze a small number of BRcax-related breast tumors. Both these studies
too found chromosomal aneuploidy patterns broadly resembling those of sporadic
breast tumors, but did not identify chromosome 22 as a frequent target for aneu-
ploidy. Conversely, regions on chromosome 8 and 19, identified by cGH,* were not
observed by us. It should be noted, however, that a direct comparison of the BRcax
cases in these studies and ours is difficult due to differences in the applied selection
criteria for BRcAx families. For example, the occurrence of ovarian cancer was not
used to exclude families in the cGH studies,**° increasing the probability that some
are caused by undetected mutations in BRCA1.

Thus, in our families a clustering of sporadic, or sporadic-like breast cancer is seen.
Yet, it has been argued that such familial clustering is unlikely to occur by chance but
instead is more likely to have a genetic basis.* Therefore, if our families indeed have
a genetic basis, our results suggest that this basis is the same as that for sporadic
breast cancer. Analyses of genetic models to explain familial breast cancer have indi-
cated that, after correction for BRca1 and BRcA2, the polygenic model incorporating
multiple interacting low penetrance genes is the most likely explanation.*s* Such
genes are also suspected to explain a substantial proportion of sporadic breast can-
cer. If more detailed analyses of this group of patients by high-resolution array-cGu
or gene expression profiling confirms that these tumors resemble sporadic tumors
very much, than this is in agreement with the idea that the remainder of familial risk
to breast cancer is caused in a polygenic way. Finding these genes will be a challenge
for years to come, but family studies will remain valuable in this regard because one
is enriching for genetic susceptibility,** as was convincingly shown with the identifi-
cation of the cHEK2*1100delC variant.’ss>
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ABSTRACT

Only about 25% of familial breast cancer is explained by mutations in BRca1 and
BRCA2, fewer by moderate penetrance genes like P53, PTEN, CHEK2, ATM and PALB2
and an unknown fraction by common variants of genes with low penetrance.
Evidence suggests that additional dominant breast cancer genes exist and these are
referred to as Brcax. Clinical presentation of families with highly increased
incidence of breast cancer that are non-BRCA1/BRCA2, suggests dominant inheritance
of such high penetrance breast cancer genes. Because cancer genes often confer a

specific clinical presentation (e.g. age of onset, sex-ratio, tissue spectrum) it seems
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useful to initiate their discovery by such clinical criteria. An earlier study of BRcax
/ non-BRCA1/2 breast cancer families aimed to enrich for a common genetic defect
by setting stringent inclusion criteria, failed to identify new breast cancer suscepti-
bility loci. Motivated by results of BRca1 and BrRcA2 breast tumors that have charac-
teristic array-cGH signatures (array-cGH ‘phenotypes’), we study BrRcax breast
tumor by array-cGH and show that BRcax tumors are distinct from sporadic con-
trols but are otherwise still heterogeneous. This provides a possible explanation for
the lack of high LoD scores in these patients and would be consistent with more
than one BRcax sub-type and therefore more than one BRcax gene. We propose
approaches that can be employed to further sub-stratify BRcax families based on
array-CGH data.

INTRODUCTION

The majority of excess familial breast cancer risk is unexplained. We now know that
the underlying genetics of breast cancer susceptibility is very complex. BRca1® and
BRCA2* were the first breast cancer genes identified due to the combination of high
penetrance (carriers have substantially increased risk) with large affected families
for confirmative co-segregation analyses. These two genes have been widely studied
and their collective contribution to hereditary breast cancer incidence is now
estimated at perhaps 20-25%.>* The other 75% of hereditary cases are likely caused
by a multitude of unknown risk factors and are attributable to recessive genes, com-
binations of genes or to common variants of genes conferring only slightly elevated
risks.> Yet, analyses of BRca1 and Brcaz allele frequencies and penetrance, and
especially patterns of familial clustering of breast cancer suggested the existence of
additional, dominant high penetrance breast cancer genes, referred to as either
‘BRCAX or ‘BRCA3’7 A linkage study on 149 BrRcax families, including those in the
present study, failed to identify sufficiently high LoD scores to guide positional
cloning of the gene(s) in these families® which led the authors to conclude that
perhaps more than one risk conferring locus was involved. Because similar to most
breast tumors, BRcax breast tumors present with genomic instability,>*° we per-
formed array-cGH of BRcax breast tumors to catalogue possible distinct and recur-
rent CGH profiles. We compare BRCAX array-cGH profiles with those of Brcai,
BRcA2 and sporadic tumors and describe possible similarities and particularities
among BRCAX breast tumors and propose an approach for further analysis of BRcax
families.
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MATERIALS AND METHODS

Patients and tumor specimens

Family selection, tumor collection and immunohistochemistry have been described
in Oldenburg et al.® Control tumors were selected to have no evidence of familial
risk for breast or ovarian cancer and were on average as young (45.5) as the BRcax
patients (52.5) years. All control samples were selected from the institute’s archival
tissue bank and are described in detail elsewhere.’* Of 92 patients from 42 BrRcax
families**> we isolated high-quality pNa from 58 unique tumor samples from 27 dif-
ferent families to perform array-cGH as before.”* Immunohistochemistry was per-

formed as described, for BRcax® and for sporadic controls.*

Array-CGH

DNA from each tumor and a reference of pooled pDNA from seven healthy females was
used in ~1 Mb genome-wide BAC array-cGH. Automated hybridizations were per-
formed for 72 hrs, followed by automated washes and drying as described.* Arrays
were scanned with an Agilent DNA microarray scanner. Signal intensities were deter-
mined with Imagene software and raw data processing involved only median pintip
(c.q. sub-array) normalization. Array-cGH profile log2 ratios were used in unsuper-
vised hierarchical clustering using Matlab software (v.7.0.1, The Mathworks, Natick
MA, USA).

RESULTS

Array-CGH of BRCAX tumors

Of a previous collection of BRcAx invasive breast tumors encompassing 84 FEPE
blocks,® we isolated genomic tumor pNa of sufficient quality from 58 unique cases
from 27 different families to perform automated array cGH. Forty-eight invasive
ductal sporadic breast carcinomas (1pc) with similar age of incidence were used for
comparison.

Array-cGH copy number alterations (CNA’s) were interpreted as gains when log2
ratios were > 0.2 and losses when log2 ratios were < -0.2. Counts of aberrations for
each of the 58 Brcax and 48 sporadic control breast tumors are shown in figure 1.
The average number of BAC’s reporting CNA in BRCAX tumors was 1063 (sd = 442)
and in sporadic controls 816 (sd = 386). This difference was statistically different in
a two-sided, unpaired t-test (P = 0.003). We conclude that on average BRCAX tumors
have (1063/816) 130.3% aberrant clones compared with sporadic tumors.
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BRCAX array-CGH aberrations in comparison with BRCA1 and sporadic controls
Figure 1 is a frequency plot of array-cGH gains and losses in BRCAX versus control
breast tumors (figure 1a) versus BRca1 tumors (figure 1b) and versus BRca2 tumors
(figure 1c). Continuous cGH data consisted of 3248 measurements (BAC probes)
from chromosome 1p-tel to Xg-tel. All cGH data were segmented*® before counting
outlier frequencies as a fraction of each tumor class showing a gain (log2 ratios >
0.2) or loss (log2 ratios < -0.2) for all 3248 positions measured. Gain and loss fre-
quencies (0-1) are plotted on the left y-axis. The p-values for the differences between
the tumor classes were computed by two-sided Fisher exact testing and plotted in
green (differential gains) or red (differential losses). Longer sticks correspond with
smaller p-values and therefore more significant regions (figure 1).

The comparison between BrRcax and sporadic tumors shows multiple regions of dif-
ferential gains and losses (figure 1a). Differential gains are prominent on chromo-
some 2q-ter, 6p, 8p, 11p 12p 14q, 17p, 179, 19p;, 199, and along the entire Chromo-
some 22. Differential losses are prominent on 1p, 1q, 49, 59, 99, 13q, 14q, 154, 19cen,
21p and Xp. Despite these differences there is also abundant overall similarity bet-
ween BRCAX and sporadic breast tumor array-cGH profiles. For example, frequent
aberrations observed in both classes are gain of chromosome 1q and 8q. Significant
differential gains and losses depend highly on which tumor classes are compared
(figure 1a, b, and ¢). A comparison of differential recurrent aberrations between
BRCAX and Brca1 (figure 1b) or BRcax and Brcaz (figure 1c) resulted in different
sets of significant regions. Figure 1b shows for instance regions that are known to be
highly specific to BRca1 tumors such as3p, 3q and 5cen.’® Aberrations in these three
regions in BRcA1 tumors (figure 1a, black line) were more frequent then in BRcAx
tumors (blue line), and thus more characteristic for BRcA1 tumors. Other significant
differential cGH results in figure 1 include chromosome 13p loss, which is more fre-
quent in BRCA2, while a region on 12p towards the centromere appeared as gain in
approximately 30% of BRcax tumors, which was not found in controls, BRca1 or

BRCA2 tumors.

Array-cGH aberration banding (Pearson banding)

Another analysis that highlights the specific gains and losses of BRcAx tumor array-
CGH profiles is shown in figure 2. We calculated Pearson correlation coeflicients of
the log2 ratios between all possible pairs of BAC’s per tumor class per chromosome.
These Pearson coefficients are plotted in the three top panels as heat-maps. The Pear-
son heat maps detect Pearson-stable regions (‘bands’) with great sensitivity (as ‘oran-
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Fig. 1A. BRCAX (blue) versus CONTR(black)
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Figure 1. Significantly different cGH aberrations in BRcax tumors (blue) and control tumors (black). The top
panel shows Chromosomes 1 through 8, and the bottom panel Chromosome 9 through X. The x-axis repre-
sents all 3248 probes on Chromosomes 1 through X and vertical black lines indicate centromers. On the y-axis
are the frequencies of aberrations (|logzratio| > 0.2) in 58 BRcAX tumor CGH profiles (blue) and 48 sporadic
control tumors (black). Vertical green bars correspond to between-class gain significance as determined with
a two-sided Fisher exact test (p-value scale on right y-axis, ranging from P =0.05 at the X-intercept to 0.00 at
the top and bottom, i.e. all depicted bars are significant at the 5% level). Similarly, red bars indicate significance

for differential losses between BRcax and sporadic tumors. (class X > Class X in figure).
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ge’ blocks). Below each Pearson heat map, we plotted the log2 ratio heat-maps for the
same chromosomes (other chromosome figures are given as supplementary data).

Figure 2a-2e. Pearson correlations (top panels) and cGH log2 ratios (bottom panels) in whole chromosomes
13, 16 and 22. The top panels have all BAc clones for that particular chromosome on both the x and y-axis. The
bottom panels show chromosome centromers if present (arrow) while individual samples are stacked and
sorted along the y-axis. This vertical sorting in the lower panels samples is performed per class, based on sam-
ple-to-sample complete correlation clustering. Color scales were set to saturate at -1 and 1 for correlation (red-
blue-orange) and log2 ratios (red-white-green). Horizontal axes not plotted to scale but depend on the number

of features on each particular chromosome.

Fig. 2a Chromosome 21
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Figure 2A shows results of 58 BRcAx tumors, flanked by 28 Brca1 and 49 sporadic
control tumors. The majority of BRcax tumors show loss of 21p and gain of 21q but
the reverse pattern can be discerned also. Both other classes have quite different cca
profiles with more scattered patches of gains and losses. This is reflected in the three
correlation panels with more distinct p and q ‘blocks’ of high correlation for BRcax

tumors compared with the two other classes.
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Fig. 2b Chromosome 12
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Figure 2B shows chromosome 12. Here BRCA1 tumors seem the most homogeneous of
the three classes plotted. While Brcax and sporadic control cGH data (lower panels)
might look somewhat similar and heterogeneous, the correlation panels indicate that
BRCAX tumors have more off-diagonal high-correlation regions. This means similarity
between dis-continuous segments of chromosome 12, for example BAC’s 1~20 with
60~80. This could suggest intra chromosomal rearrangement joining these regions in
Brcax tumors. The BRcax cGH log2 ratios further indicate that this class is hetero-

geneous, with at least several different types of profiles for this chromosome.

Fig. 2c Chromosome 22
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Chromosome 22

Figure 2C shows the results for chromosome 22. It seems to suggest two types of
BRCAX tumors, namely those with gain and those with loss of the entire chromoso-
me, but also a few tumors with more complex rearrangements. This heterogeneity
among BRCAX tumors could not be seen in Figure 1, which presents average data for

whole tumor classes.

Fig. 2d Chromosome 13
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Figure 2D shows chromosome 13. Pearson correlations are high throughout this
chromosome for BrRcax samples (top middle) but vary considerably across this
chromosome in the BrRca1 class (top left). We conclude that BRcax tumors have fe-
wer transitions from gain to loss or vice versa and thus have a more stable chromo-
some 13 compared with BRcA1 tumors. Interestingly, there are a few BRcax tumors

with different chromosome 13 profiles.

Chromosome 16

Figure 2E shows chromosome 16. Aberrations of Chromosome 16p are more varia-
ble in BrRca1 (top left, more blue) compared with either BRcax (middle) or controls
(right). The BrRcax class showed a unique recurrent loss (red in lower panel) between
clone 61 and 7o that was inversely correlated to the log2 ratios (top middle, red cor-
relations) of BAC clones 1 ~ 40 on the same chromosome. This means that a gain of

16p seems to co-occur with loss of another specific region of 16q only among Brcax
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Fig. 2¢ Chromosome 16
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tumors. Overall BRcAX array-cGH profiles for this chromosome are quite similar to
sporadic controls. This is consistent with Figure 1 that already indicated no signifi-

cant differences for chromosome 16 between BRCcAx and sporadic tumors.

Heterogeneity of BRCAX tumor array-CGH profiles

We have shown that cGH profiles of BRcax tumors are different from those of spora-
dic controls and from Brca1 and Brca2 tumors. However this does not mean that
BRCAX tumor profiles are homogeneous. Although BRcAx tumors were selected with
stringent inclusion criteria,® we lack understanding of the genetic factor(s) that cau-
sed their apparent familial excess risk and the possibility remains that BRcax fami-
lies represent more then one risk factor that might associate with distinct BRcax
array-CGH sub-phenotypes. We therefore investigated the extent of heterogeneity
among these 58 BRcax tumors by unsupervised hierarchical clustering (complete
linkage Pearson correlation of whole cGH profiles). Figure 3A uses all 3248 loga ra-
tios for all autosomes and chromosome x. Patients are never hybridized in sex mis-
match since the normal reference pool is also female bna. The hierarchical trees in
Figure 3A and B show clustering of the 59 BRcax and 49 sporadic tumor samples,
respectively. These dendrograms indicated that the ‘within class’ heterogeneities are
comparable between sporadic and BRcax tumors and that there are no major branch
points to suggest obvious distinct BRcAx array-cGH subtypes. Then we co-clustered
all sporadic and BRcax tumors in figure 3C together with their immunophenotypes,
and found that individual tumors did not mix randomly. Both BrRcax and sporadic
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Figure 3. Unsupervised Hierarchical Cluster of brcax and Control tumor cgh profiles.

(A) Unsupervised complete correlation clustering of 58 BRCAX tumor array-cGH profiles is performed in Mat-
lab (The Mathworks, Natick MA, USA) using log2 ratios for 3248 probes from chromosome 1-X. Vertical
distances represent the similarity distance calculated across all 3248 probes. (B) Similar to A, shows 48 spora-
dic breast tumors. (C) BRcAx tumors and sporadic tumors co-clustered. BRcAx are blue, sporadics are yellow.
Immunohistochemical staining scores are given as no staining (grey), positive staining (black) or missing data
(hatched). The bottom legend indicates the BRca1-likelihood score in our BrRca1 classifier't. Red = ‘Brca1-like,
grey = undecided, yellow = ‘sporadic-like.
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tumors remained clustered in just eight sub-clusters, five of which (I-V) contained
only BRcax tumors and three clusters contained all sporadic cases plus one BRCAX
tumor.

DISCUSSION

Selection of BRCAX tumors

Because the breast cancer gene(s) in BRcAx families is (are) unknown, BRCAX is so-
lely defined by clinical criteria, including a negative test for known breast cancer

genes like BRcA1 and 2. In our study, a nation-wide collection of such BRcAx tumors
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from selected families® was analyzed by array-cGH. These families had > 3 breast
cancers below 60 years, and no ovarian or male breast cancer, and are more strin-
gently selected compared with earlier BRcAx reports that have not excluded ovarian
cancer,'>7*® that included samples with less then 70% tumor cells also,* or included
6 (of 18) families with just 2 cases of breast cancer.’ The abovementioned differences
may impact on risk factor stratification and therefore limits a comparison with our
study. Approximately half of the samples (13 families) in this study were analyzed
before in a linkage analysis of BRcax families** and failed to map significant LoD
scores leaving these families and their tumors largely uncharacterized at the geno-
mic level. The current cGH analysis has revealed a high degree of heterogeneity
among these 58 BRcax samples, which could explain why the previous linkage ana-

lysis was unsuccessful.

BRCAX characteristic aberrations

The most significant differential chromosomal losses (< log2 ratio -0.2) between
BRCAX and sporadic tumors were found on chromosomes 1, 4, 5, 13, 14, 15, 19, 21,
X, and gains (> log2 ratio 0.2) on 2, 6, 8, 10, 11, 12, 14, 17, 19, 20, and 22. Notably,
all these aberrations were more frequent in the BRcax class than in the sporadic
class. This is consistent with the results in Figure 1 showing that BRcax tumors have
~30% more aberrations then sporadic breast cancers and also with results that indi-
cate more genetic instability in hereditary compared with sporadic cases.** Chromo-
some 22 gain among BRCAX tumors seems unique since we have not observed this
high frequency gain in either sporadic, BRcA1 or BRcA2 breast tumors. It will be of
interest to unravel the role of chromosome 22 in BRCAX tumors.*

BRCAX heterogeneity

An elusive but crucial aspect of BRcax families is whether or not different risk fac-
tors were co-selected by the clinical criteria used. We realize that this ‘catch-22 will
only end with identification of the risk factor(s) and therefore we hope to facilitate
their identification by providing a possibly relevant stratification based on array-
CGH profiles. At this time it remains impossible to predict whether 1HC, array-cGH

or any other method will provide such stratification.
Could BRCAX tumors be false negative BRCA1 tumors?

The possibility of false negative BRca1 diagnoses among the BRcAx tumors analyzed

is low because these families, and individuals included in this study have tested ne-
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gative for BRcA1 and BRcA2 in routine screening. Furthermore, a prognostic CGH
study in HBOC families with the highest Evans’ scores (i.e predicted to have BrRcA1
mutations)* found very few BRcAa1 mutations. Finally, one might argue that sensiti-
vity of the BRcA1 CGH classifier has not been estimated in elaborate studies, but it has
detected one previously unclassified BRca1 variant M1775K.23

Future directions

Heterogeneity among tumors is difficult to quantify. Figure 3C serves as a hypothesis
generator with respect to the question whether one or multiple BRcAX genes exist. It
seems to indicate that certain tumor array-cGH profiles are more similar to each
other compared with the rest but knowing which split(s) in the dendrogram might
coincide with separate risk factors can only be tested by further analysis of multiple
tumors from multiple BRcax families and is currently in progress.

Due to the patient selection, we now have a dataset comprised of multiple tumors of
multiple BRcax families that will allow us to further analyze whether breast tumor
profiles are more similar within families. This has proven difficult in this preliminary
analyses perhaps due to the fact that not all genomic alterations recur with the same
frequency, and because array-cGH profiles have unknown contributions from ran-
dom (experimental and sampling noise) and a non-random (true) cNV’s. Recent
studies have estimated 26% ‘phenocopies’ in breast cancer in breast cancer families.>
Therefore, it seems that equal weighing all log2 ratios, and more importantly inclu-
ding all BRcax tumors without excluding phenocopies, will be inappropriate to de-
fine such ‘family intrinsic profiles. We hypothesize that further studies of Brcax fa-
milies based on cGH profile similarities, could contribute to the identification of the
(perhaps multiple) BRcax loci.
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ABSTRACT

Mutations in known breast cancer susceptibility genes account for a minority of the
familial aggregation of the disease. To search for further breast cancer susceptibility
genes, we performed a combined analysis of four genome-wide linkage screens,
which included a total of 149 multiple case breast cancer families. All families inclu-
ded at least three cases of breast cancer diagnosed below age 60 years, at least one of
whom had been tested and found not to carry a BRCA1 or BRCA2 mutation. Evidence
for linkage was assessed using parametric linkage analysis, assuming both a domi-
nant and a recessive mode of inheritance, and using nonparametric methods. The
highest LoD score obtained in any analysis of the combined data was 1.80 under the
dominant model, in a region on chromosome 4 close to marker D4S392. Three
further LoD scores over 1 were identified in the parametric analyses and two in the
nonparametric analyses. A maximum LOD score of 2.40 was found on chromosome
arm 2p in families with four or more cases of breast cancer diagnosed below age 50
years. The number of linkage peaks did not differ from the number expected by
chance. These results suggest regions that may harbor novel breast cancer suscepti-
bility genes. They also indicate that no single gene is likely to account for a large
fraction of the familial aggregation of breast cancer that is not due to mutations in
BRCA1 OF BRCA2.
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INTRODUCTION

Breast cancer aggregates in families, with the disease being approximately twice as
common in the first-degree relatives of cases as in the general population (Collabo-
rative Group on Hormonal Factors in Breast Cancer, [2001]). The higher risk to
monozygotic twins of breast cancer cases than to dyzygotic twins of cases suggests
that most of this familial clustering is likely to have a genetic basis (Peto and Mack,
[2000]). However, although several important breast cancer susceptibility genes
have now been identified, most of the familial aggregation of breast cancer remains
unexplained.

In the 1990s, two important breast cancer susceptibility genes, BRca1 (MIM 113705)
and BRcA2 (MIM 600185), were identified by linkage studies in multiple case families
(Miki et al. [1994]; Wooster et al. [1995]). Germline mutations in these genes confer
high lifetime risks of breast cancer and ovarian cancer, together with smaller risks of
some other cancer types (Antoniou et al. [2003]; Thompson and Easton, [2004]).
Mutations in these genes are common in families with multiple cases of breast or
ovarian cancer, and are present in most families with at least six or more cases (Ford
etal. [1998]). Population-based studies have estimated that BRca1 and BRca2 muta-
tions account for 15% of the excess familial risk of breast cancer (Peto et al. [1999];
Anglian Breast Study, [2000]; Dite et al. [2003]). Mutations in two other genes, TP53
and PTEN, also confer high risks of breast cancer, but only in the context of rare syn-
dromes. Mutations in the AT and cHEK2 genes confer more moderate (approxima-
tely twofold) risks of breast cancer (cHEKk2 Case-Control Consortium, [2004];
Thompson et al. [2005]), although some mutations in ATM may confer higher risks.
In total, the known susceptibility genes have been estimated to account for no more
than 25% of the familial aggregation of breast cancer (Easton, [1999]), suggesting

strongly that other susceptibility genes remain to be identified.

BRCA1 Or BRCA2 mutations are found in the majority of families with six or more
cases of breast cancer cases consistent with dominant inheritance (Ford et al. [1998]).
This suggests strongly that further susceptibility genes are likely to confer smaller
risks than BrRca1 and BRCA2 mutations, but the number and characteristics of such
genes remains unknown. One model, suggested by a recent segregation analysis
(Antoniou et al. [2004]), proposes that there are a large number of such genes, each
conferring only small risks of the disease. If true, such loci could not be identified
through linkage studies. However, it is also possible that there are further loci

conferring more substantial risks that could be detected by linkage. To evaluate this
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possibility, we have conducted a genome-wide linkage analysis in multiple case

breast cancer families that are unlikely to be segregating BRCA1 or BRCA2 mutations.

MATERIALS AND METHODS

As a basis for this linkage study, we sought to identify informative families with a low
probability that they contained mutations in BRcA1 or BRcA2. Families were collec-
ted independently by four groups, principally through family cancer clinics or
epidemiological studies of breast cancer. All families were of Caucasian ancestry.
The recruitment of the families used in the study took place over the last 15 years,
but all families were regularly updated with regard to their cancer status. All groups
obtained appropriate Institutional Review Board approvals. Specific sources of re-
cruitment were as follows:

Australia: Families were identified through the Kathleen Cuningham Foundation
Consortium for Research into Familial Breast Cancer (kConFaB), which is a natio-
nal multidisciplinary consortium for research on familial breast cancer (GJ Mann,
unpublished). Several families were initially ascertained through the Australian
Breast Cancer Family Registry (ABCEs); these kindreds were recruited as part of a
population-based case-control-family study and all were recruited via a diagnosis of
breast cancer in the proband under the age of 40 years (Hopper et al. [1999]).
IARC: Families were ascertained by a collaborative group of investigators from the
USA, Canada, Australia, and France. Netherlands: The Dutch families were ascer-
tained through the Clinical Genetic Centers in Leiden and Rotterdam, and through
the Netherlands Foundation for the Detection of Hereditary Tumors (STOET).
United Kingdom: All but 17 of the families were ascertained through clinical gene-
tics centers in the United Kingdom. Two families were initially ascertained in the
Netherlands, six from centers in the USA, and nine from Heidelberg, Germany.

Initially, all families had to satisfy the following criteria: (1) at least three women
diagnosed with breast cancer below age 60 years, all of whom were related such that
they could share a single allele identically by descent, (2) no case of ovarian cancer
or male breast cancer in a blood relative (since these phenotypes are strongly predic-
tive of the presence of BRcAa1 or BRCA2 mutation), and (3) DNA samples available for
genotyping from at least three women affected with breast cancer, or from children
of affected women such that the genotypes of at least three affected women might be

inferred (in the latter case, at least two children of an affected women needed to be
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TABLE 1
Summary of families by group

Group Number of families Number of
Number of cases Cases of breast | genotyped
of breast cancer cancer diagnosed | individuals

below age 50 years|
Total 3 4 5 6+ <4 4+

Australia 21 4 6 6 5 17 4 127

IARC 26 7 8 6 23 3 122

Netherlands 22 3 6 5 8 15 7 79

UK. 80 25 24 18 13 70 10 395

Total 149 39 41 37 32 125 24 723

available). In addition, to minimize the probability that the family segregated a
BRCA1 Or BRCA2 mutation, DNA from at least one affected individual was screened
for mutations across both genes, by a method that examined the entire coding se-
quence and splice junctions. Whenever possible, for families with five or more cases
of breast cancer, a second affected individual was screened. Subsequently, we col-
lected detailed information on the method of mutation screening for each family, as
well as genotype data on at least three microsatellite markers flanking the Brca1 and
BRCA2 loci. Families with insufficient mutation screening (14 families) or linkage
data (a further 6 families) were not included in further analyses. Finally, we estima-
ted the residual probability that the index-affected individual carried a BRcA1 and or
BRCA2 mutation, based on the assumed mutation detection sensitivity, the family
history and linkage data at BRca1 and Brcaz (see statistical methods). Thirteen
families, where this probability exceeded 15%, were excluded from all analyses
presented here. Characteristics of the 149 families included in the analysis are sum-
marized in Table 1.

Genotyping

To evaluate linkage to BRca1 and BrcAz2, the following markers were used in various
combinations in the four family sets: D17S800, D17S855, D17S951, D17S1322,
D17S250 (for BRCA1); D13S260,D13S171, D13S1700, D13S267 (for BRCA2). At least
three markers were analyzed at each locus in each family.

119



The entire coding sequences of BRca1 and BrcAz2 in each family were screened for
mutations using several methods at the different centers. These include conforma-
tion sensitive gel electrophoresis, single strand conformational analysis, protein
truncation test, DNA sequencing, and denaturing gradient gel electrophoresis. All of
the Netherlands and United Kingdom and three of the 1aARc families were addition-
ally screened for large deletions and insertions using deletion junction-pcr, multi-
plex ligation probe amplification (MLPA), or Southern analysis.

For the genome-wide linkage search, the Applied Biosystems Linkage Mapping Set
MD1o was analyzed on ABI 3700 DNA sequencers, either on contract at the Austra-
lian Genome Research Facility (Australian families) or at the Wellcome Trust Sanger
Institute (1arc), Netherlands and United Kingdom families). Genotypes were called
automatically using Genotyper or Genemapper software and were then checked ma-
nually by at least one individual. Additional markers were used to investigate poten-

tial regions of interest in subgroups of the family set.

Statistical Analysis

To compute the residual probability that the index case carried a BRcA1 and BRCA2
mutation, we first used the Breast and Ovarian Analysis of Disease Incidence and
Carrier Estimation Algorithm (BoaDICEA) model (Antoniou et al. [2004]) to calcu-
late carrier probabilities based on the pedigree and the mutation testing that had
been performed. This model allows for the effects of BRca1 and Brca2 and the
combined effects of other genes in a polygenic component, and is implemented in
MENDEL (Lange et al. [1988]). For this purpose, the sensitivity of mutation screening
was assumed to be 70% for BRca1 and 80% for BRcA2 (mutation sensitivities estima-
ted from linked families in the Breast Cancer Linkage Consortium dataset; D.Eas-
ton, unpublished data). For samples that had been fully screened for large-scale rear-
rangements by MLPA, the BRCA1 sensitivity was assumed to be 80%. The carrier
probabilities were then adjusted to allow for linkage data at the BRca1 and Brcaz
loci. Multipoint LoD scores were computed using Fastlink (Cottingham et al. [1993]),
based on at least three markers tightly linked to each locus. The residual BrRca1 car-

rier probability was then given by:

p,10LOD:

(p,10LOP1+p 10L0D2 4 1-p - p )
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and similarly for BrRca2, where p1 and p2 are the BRca1 and BRcA2 probabilities
generated by BOADICEA and LoD1 and LoD2 are the multipoint LOD scores at the
BRCA1 and BRrcAz loci.

To conduct a combined linkage analysis, we first constructed a single linkage map
incorporating all markers typed at any center. This map was based on the sex-
averaged linkage map generated by deCODE (Kong et al. [2002]). For markers that
were not present on the deCODE map, we interpolated their position between flan-
king markers, either using estimates from other linkage maps or based on their
physical position in the human genome sequence relative to flanking markers. Al-
lele frequencies for each marker were estimated by averaging over all typed indivi-
duals, separately for each center.

Evidence for linkage was assessed using both parametric and nonparametric (allele
sharing approach) analyses. For the parametric analysis, we first assumed a model in
which susceptibility to breast cancer is conferred by a dominant susceptibility allele
with population frequency 0.003 that confers a cumulative breast cancer risk of 80%
by age 80, when compared with 8% in noncarriers. This model is based on that
derived from the segregation analysis of (Claus et al. [1981]) and has been used in
most previous breast cancer linkage analyses. As in previous analyses, risks were
modeled in seven age-categories (<30, 30-39, 40-49, 50-59, 60-69, 70-79, 80+) and
implemented by using 14 liability classes, with separate classes for affected and un-
affected individuals (Easton et al. [1993]). Since this model would have reduced po-
wer to detect a recessive susceptibility allele, we also analyzed the data under a reces-
sive model. Under this model, the risks to carriers and noncarriers were identical to
those under the dominant model, but the allele frequency was assumed to be 0.08.
All analyses were carried out in the program GENEHUNTER (Kruglyak et al. [1996]),
except for one large family (EUR60) that could not be run because the number of
individuals exceeded the limits of the program, and where pruning the family would
have lost a significant amount of information. For this family, analyses were run in
vITESSE (O’Connell and Weeks,[1995]) for autosomes and FasTLINK (Cottingham et
al. [1993]) for the X chromosome. This family separates into two distantly related
branches, and these were treated as two distinct families (EUR60a and EUR60D) in the
analysis.

For the GENEHUNTER analyses, multipoint LoD scores were calculated for locations
at 1 cM intervals along each chromosome, using all markers for that chromosome.
For the vITESSE and FASTLINK analyses, multipoint LoD scores based on every pair

of adjacent markers and the disease locus were calculated. The LoD score for each
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TABLE 2
Maximum LOD scores by chromosome under the dominant, recessive,

and nonparametric analyses

Chromosome Position Model HLOD or NPL LOD
score*

All families
2 17 Dominant 1.21 0.18
2 16 NPL 1.10
4 79 Dominant 1.80 0.18
5 196 Recessive 1.04 0.41
14 44 NPL 1.56
22 41 Dominant 1.15 0.06

4+ cases dx < 50

2 17 Dominant 2.38 0.50
4 66 Dominant 1.57 0.28
10 89 Dominant 1.12 0.35
22 41 Dominant 1.43 0.12

* HLOD, heterogeneity LOD score under dominant or recessive model;
NPL, nonparametric LOD score (see Materials and Methods).

family at each position was based on an average of the LoD scores from all analyses
relevant to that position. The multipoint LoD scores for each family at each position
were then used to generate heterogeneity LoD scores (HLODs) based on the standard
admixture model under which a certain proportion of families are assumed to be
segregating a susceptibility allele at that locus (Ott, [1983]).

The nonparametric (allele sharing) analyses were conducted using the program
GENEHUNTER-plus (Kong and Cox,[1997]), using the all scoring function (Whitte-
more and Halpern,[1994]). Analyses were conducted separately for each of the four
centers and the results files combined. Nonparametric LoD scores were then gene-
rated using the program asm, using the exponential scoring option and equal

weighting of families.
RESULTS

Table 2 summarizes all linkage peaks with LoD scores greater than 1 in the combined

dataset, for the whole family set and for analyses restricted to families with four or
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TABLE 3
Maximum HLOD scores by chromosome and group, under the dominant model

Chrom Australia IARC Netherlands UK TOTAL
1 0.78 (134) 0.54 (7) 0.12 (108) 0.41 (20) 0.22 (9)
2 1.07 (17) 0.57 (7) 0.28 (253) 0.68 (27) 1.21 (17)
3 0.62 (38) 0.72 (101) 0.08 (30) 0.68 (107) 0.93 (102)
4 1.02 (35) 2.02 (73) 0.08 (189) 0.92 (79) 1.80 (79)
5 0.91 (170) 0.43 (42) 0.15 (5) 0.15 (104) 0.13 (170)
6 0.65 (89) 0.72 (171) 0 0.04 (189) 0.04 (94)
7 0.37 (103) 0.19 (46) 0.03 (57) 0.86 (170) 0.20 (171)
8 0.62 (39) 0.12 (50) 0 0.35 (13) 0.07 (42)
9 0.48 (121) o 0.70 (81) 0.07 (64) 0.01 (113)
10 0.53 (89) 0 0.16 (138) 0.04 (20) 0.12 (102)
11 0.50 (0) 0.89 (26) 0.47 (95) 0.01 (22) 0.42 (0)
12 0.57 (161) 0.15 (119) 0.43 (150) 1.04 (3) 0.43 (150)
13 0.86 (67) 0.15 (99) o 0.19 (108) 0.0 (99)
14 0.44 (44) 0.93 (37) 0.20 (44) 0.49 (116) 0.79 (44)
15 0.0 0.11 (26) 0 1.30 (9) 0.41 (21)
16 0.13 (0) 0.14 (14) 0 0.27 (25) 0.0 (3)
17 1.17 (93) 0.09 (103) 0.12 (41) 0.64 (115) 0.60 (103)
18 0.20 (49) 0.01 (89) 0.07 (16) 0.79 (18) 0.49 (17)
19 0.0 0.2 (54) 0.0 (32) 0.21 (86) 0

20 0.34 (58) 1.40 (73) 0 2.06 (8) 0.70 (2)
21 0.84 (51) 0.54 (45) 0o 0.22 (15) 0.94 (51)
22 0.03 (0) 0.01 (11) 0.28 (15) 1.52 (40) 1.15 (41)
X 0.06 (188) 0.25 (18) 0.65 (135) 0.11 (123) 0.06 (122)

* Numbers in parentheses indicate position (cM).

more breast cancer cases diagnosed below age 50 years. Tables 3-5 give the highest
LoD scores for each chromosome by group, for each of the three analyses. Figure 1
gives the maximum scores for all chromosomal locations for the three analyses in
the combined dataset.

In the parametric analysis under the dominant model, the highest HLOD was 1.80 on
chromosome arm 4q, close to D4S392. Positive scores were obtained at this location
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TABLE 4

Maximum HLOD scores by chromosome and group, under the recessive model

Chrom Australia IARC Netherlands UK Total

1 0.18 (4) 0.70 (68) 0.29 (16) 0.64 (228) 0.37 (4)
2 0.67 (0) 0.62 (171) 0.13 (54) 0.66 (124) 0.64 (172)
3 0.17 (150) 0.0 (95) 0.09 (30) 0.51 (5) 0.07 (30)
4 0.57 (80) 0.31 (51) 0.12 (132) 0.30 (108) 0.15 (115)
5 0.70 (170) 0.26 (47) 0.44 (11) 0.88 (200) 1.04 (196)
6 0.10 (35) 0.63 (120) 0.02 (120) 0.27 (138) 0.37 (121)
7 0.25 (181) 0.14 (23) 0.95 (18) 1.03 (166) 0.25 (171)
8 0.40 (23) 0.61(97) 0.02 (97) 0.96 (27) 0.95 (27)
9 0.37 (18) 0.02 (113) 1.36 (80) 0.19 (159) 0.06 (33)
10 0.34 (102) 0.22 (1) 0.02 (111) 0.71 (102) 0.76 (102)
11 0.27 (116) 0.19 (104) 0.03 (89) 0.27 (133) 0.23 (116)
12 0.86 (24) 0.31 (115) 1.29 (170) 0.56 (36) 0.14 (61)
13 0.16 (69) 0.16 (121) 0.0 0.12 (22) 0.0 (113)
14 0.33 (44) 0.90 (36) 0.0 0.10 (36) 0.46 (36)
15 0.02 (108) 0.29 (0) 0.28 (23) 0.21 (0) 0.08 (0)
16 0.41 (122) 1.16 (92) 0.0 0.37 (46) 0.66 (50)
17 0.38 (86) 0.20 (103) 0.15 (94) 0.74 (30) 0.55 (103)
18 0.63 (115) 0.0 (108) 0.0 0.94 (1) 0.19 (18)
19 0.0 0.0 0.65 (33) 0.69 (97) 0.03 (37)
20 0.0 0.0 0.06 (62) 0.98 (7) 0.0

21 0.01 (33) 0.12 (43) 0.03 (55) 0.08 (56) 0.08 (55)
22 0.28 (8) 0.04 (4) 0.36 (15) 0.13 (56) 0.33 (21)
X 0.32 (188) 0.88 (117) 0.37 (45) 1.27 (188) 0.63 (120)

* Numbers in parentheses indicate position (cM).

in the Australian, 1ARc, and United Kingdom series, but not in the Dutch dataset.
Two other HLODSs over 1 were found, on 2p (1.20, close to marker D2S2211) and on
chromosome 22 (1.15, between D22S278 and D225283). The latter result is predo-
minantly due to a single family, EUR60, which includes 18 breast cancer cases and is
the most informative family in the dataset. One branch of this family (Eur6ob) ge-

nerates a LoD score of 2.62. Seven women with breast cancer in this family, all belon-
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TABLE 5

Maximum nonparametric scores by chromosome and group

Chrom Australia IARC Netherlands UK Total

1 0.37 (89) 0.49 (75) 0.06 (171) 0.04 (271) 0.23 (83)
2 1.22 (17) 0.86 (4) 0.10 (129) 0.83 (28) 1.10 (16)
3 0.54 (112) 0.59 (100) 0.04 (30) 0.72 (106) 0.71 (102)
4 0.24 (35) 2.15 (73) 0.04 (131) 0.03 (170) 0.32(73)
5 0.68 (169) 1.31 (47) 0.15 (9) 0.20 (205) 0.28 (205)
6 0.29 (90) 0.56 (172) 0.0 0.0 0.0

7 0.72 (104) 0.72 (46) 0.24 (22) 0.58 (122) 0.42 (122)
8 0.61 (39) 0.26 (43) 0.0 0.70 (0) 0.36 (21)
9 0.02 (45) 0.00 (34) 0.74 (81) 0.06 (66) 0.02 (31)
10 0.30 (138) 0.06 (111) 0.0 0.06 (103) 0.04 (102)
11 1.00 (117) 0.14 (152) 0.98 (95) 0.16 (130) 0.38 (133)
12 0.20 (161) 0.38 (117) 0.41 (150) 1.65 (31) 0.76 (150)
13 0.17 (76) 0.43 (106) 0.00 (99) 0.23 (109) 0.12 (109)
14 0.68 (98) 0.69 (44) 0.71(37) 0.21 (37) 1.56 (44)
15 0.0 0.02 (15) 0.02 (23) 0.99 0 0.0

16 0.24 (50) 0.13 (51) 0.0 0.33 (101) 0.09 (85)
17 0.75 (93) 0.57 (55) 0.03 (86) 0.62 (29) 0.19 (5)
18 0.23 (121) 0.74 (18) 0.11 (99) 1.31 (14) 0.85 (15)
19 0.08 (24) 0.04 (63) 0.17 (32) 0.40 (86) 0.01 (16)
20 0.10 (60) 1.34 (74) 0.0 2.22 (8) 0.46 (0)
21 0.21 (34) 0.02 (43) 0.00 (55) 0.0 0.0

22 0.26 (3) 0.15 (3) 0.65 (15) 0.00 (50) 0.00 (0)
X 0.32 (141) 0.67 (116) 0.51 (28) 0.01 (120) 0.35 (137)

* Numbers in parentheses indicate position (cM).

ging to branch EUR60D, carry the cHEK2 1100delC variant (Meijers-Heijboer et al.
[2002]). When both branches of this family were removed, the maximum HLOD on

chromosome 22 reduced to 0.06.

When analyses were restricted to families with at least four cases of breast cancer
diagnosed below age 50, the maximum HLOD on 2p rose to 2.38. HLODs over 1 in this
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Figure 1.

Maximum HLOD’s by location for the dominant model (red line), the recessive model (blue line),

and maximum nonparametric LoD scores (yellow line).
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TABLE 6

LOD scores greater than 1.5 in individual families, under the dominant model

Study center Family Chromosome Position LOD score
Australia 699003 2 67 1.67
IARC 2191 4 61 1.84
IARC 2191 20 70 1.80
IARC MAYO151 3 95 1.52
IARC MAYO151 11 43 1.59
Netherlands RUL153 11 88 1.67
UK EURG6oa 15 24 1.50
UK EURG60b 4 79 1.91
UK EUR60b 22 41 2.62

subset were also found on chromosomes 4 and 22 close to the peaks in the overall
analysis, and a further peak on chromosome 10 (HLOD 1.12) was also identified.

In addition to the aforementioned loci, an HLOD of 2.06 was found on 20p (at 8 cM)
in the United Kingdom family set. There was, however, no evidence of linkage in the
families from the other groups. LoD scores greater than 1.5 in individual families are
summarized in Table 6. Of the eight scores, three contribute to the linkage peaks on
chromosomes 2 and 4 found in the overall dataset. In addition two families showed
linkage on chromosome 11. These peaks were however separated by over 40 cM and
there was no evidence of linkage to this region in the overall analysis.

In analyses under a recessive model, only one locus reached a HLOD of greater than
1 (1.04 on 5q). In the nonparametric analysis, the highest peak was on chromosome
14 (LOD 1.56 at position 43). The only other LoD over 1 was on chromosome 2 (LOD
1.10, position 16), almost coincident with the peak in the analysis under the domi-
nant model.

DISCUSSION

The analyses of 149 families reported here represented by far the largest genome-
wide linkage screen for breast cancer susceptibility loci. The only other report since
the identification of BRca1 and BrcA2 was that by (Huusko et al. [2004]), who stu-

died 14 BRCA1/2 negative breast cancer families from Finland. Other reports have
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examined specific loci on chromosome arms 6q, 8p, and 13q (Zuppan et al. [1991];
Kerangueven et al. [1995]; Seitz et al. [1997]; Kainu et al. [2000]; Rahman et al.
[2000]; Thompson et al. [2002]).

The rationale for the genome-wide linkage searches is that there exist further breast
cancer genes in which alleles confer high risks. The pattern of familial risks indicates
that such alleles are likely to be dominant, and we therefore considered the para-
metric analysis assuming a dominant model to be the primary analysis. To provide
some protection against model misspecification, we also conducted analyses under
a recessive model and using an allele sharing approach. These approaches, however,
identified no further strong linkage signals.

Under the dominant model, we found three regions with HLODs in excess of 1, but
none with HLODs over 2. Of these linkage peaks, one on chromosome 22 is explained
entirely by a single family (EUR60). This family is the most informative in the study,
containing 18 breast cancer cases. Seven cases of breast cancer have been shown to
carry the cHEK2 variant 1100delC (Miejers-Heijboer et al. [2002]). Since CHEK2 is
located on chromosome 22, one might hypothesize that the linkage signal is a reflec-
tion of the segregation of this variant. However, the breast cancer risk conferred by
cHEK2 1100delC is only twofold, and this would not be expected to generate strong
linkage evidence. Furthermore, the LOD score in the larger branch of EUR60 at CHEK2
itself is only 0.3. Thus, it remains unclear whether the linkage signal on chromosome
22 reflects the effect of cHEK2 1100delC together with chance segregation, or whe-
ther there is an additional susceptibility allele segregating in this family. If the latter
is true, given the lack of any linkage evidence from other families, susceptibility
alleles at this other locus must be rare.

The strongest linkage signal in our set was found on the short arm of chromosome
4. This score was also, in part, due to EUR60 (LOD score 1.91 in the larger branch),
although some evidence of linkage remained when EUR60 was excluded. The third
linkage peak was on 2p (HLOD 1.2). This evidence increased (HLOD 2.4) when
analyses were restricted to families with at least four cases of breast cancer diagnosed
below age 50 years.

Huusko et al. ([2004]) reported evidence for linkage to markers on 2q32 in 14
Finnish breast cancer families, with a maximum LOD score of 3.20 close to D2S2262.
We found no evidence of linkage in this region (maximum HLOD under the domi-
nant model 0.0, = 0.0; nonparametric LOD = 0.05). Huusko et al. ([2004]) found one
other LoD score over 1 under a dominant model, at D9S283 (1.12). Again, we found

no evidence for linkage in this region. Similarly, Zuppan et al. ([1991]) found
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evidence of linkage to the estrogen receptor gene on 6q in two families. In our study,
we found no evidence of linkage to this region (HLOD = o for both the dominant and
recessive models).

Theoretical calculations indicate that, for a fully informative marker map, the ex-
pected number of regions with LoD scores of greater than 1 and 1.5 will be 5 and 2,
respectively (Lander and Kruglyak,[1995]). These predictions are not strictly com-
parable to our analyses, since our marker sets are not fully informative. Nevertheless,
they indicate that the number of linkage peaks is not clearly in excess of the number
that might be expected by chance and, therefore, that the observed peaks may reflect
the play of chance rather than true susceptibility loci.

Under the admixture model, the estimated proportion of families linked to the loci
are 0.18, 0.18, and 0.06 for chromosomes 2, 4, and 22, respectively. Such estimates
can be misleading, since they are highly dependent on the genetic model that is as-
sumed, and the true model is unknown. However, they indicate that, even if one or
more of these linkage peaks is ultimately shown to harbor a true susceptibility locus,
its contribution to the familial aggregation of breast cancer is likely to be modest.
Moreover, under the assumed parametric dominant model, 87% of the genome
achieved an HLOD of -1 or lower if the proportion of linked families was assumed to
be 0.3, and 66% of the genome achieved an HLOD <-2, indicating that such a locus
was unlikely to have been missed elsewhere in the genome.

The failure to detect strong linkage signals might reflect extensive locus hetero-
geneity, whereby the disease is only linked to a particular locus in a small proportion
of families. Under this scenario, greater power might be achievable by considering
subsets of families from more homogeneous populations where genetic hetero-
geneity might be reduced. We were able to examine this to a limited extent by per-
forming separate analyses of the families in each of the four study sets. Since the
Australian families were largely of British and Irish origin, these two groups might
be considered comparable. The Dutch population exhibits distinct founder muta-
tions for many diseases and this group is, to an extent, genetically distinct, while the
1ARC families originated from many sources and are genetically heterogeneous. In
the event, no strong linkage signals were observed either in the Dutch set or in the
combined United Kingdom/Australian set. In particular, the linkage peaks identi-
fied in family EUR60 were not supported by linkage evidence in other Dutch fami-
lies. The linkage peak on chromosome 2 did, however, become somewhat stronger
when the Dutch families were excluded.

The failure to detect strong evidence for linkage may also reflect disease heterogene-
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ity. Recent studies have demonstrated that breast tumors can be categorized into
groups on the basis of CGH profiles and expression patterns, and that these patterns
differ between BRCA1, BRCA2, and non-BRCA1/2 familial breast cancer (Hedenfalk et
al. [2001],[2003]; Gronwald et al. [2005]; Macguire et al. [2005]). These observations
raise the possibility that mutations in other breast cancer susceptibility genes are as-
sociated with distinct tumor profiles. If so, incorporating tumor characteristics into
the analyses could identify linkage signals that are not evident using breast cancer as
a whole as the disease end point.

The positive signals found in this study indicate the most promising locations for
further high-risk susceptibility genes, and would be worth following up in further
families. Our results also indicate, however, that many genes are likely to be involved
in breast cancer predisposition, with no gene accounting for a large fraction of the
familial aggregation, and that alternative strategies will probably be necessary to
identify them.
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ABSTRACT

Breast cancer accounts for 20% of all female cancers. Many risk factors have been
identified but a positive family history remains one of the most important risk fac-
tors, with first-degree relatives of patients having a 2-fold elevated risk. Known breast
cancer susceptibility genes such as BRca1 and Brca2 explain only 20-25% of this
risk, suggesting the existence of other breast cancer susceptibility genes.

Here we report the results of a genome-wide linkage scan in 55 high-risk Dutch
breast cancer families with no mutations in BRca1 and BrcAz2. In addition we per-
formed cGH-analyses in 61 tumors of these families and 31 sporadic tumors.
Twenty-two of these cancer families were also included in the previous linkage study
by the Breast Cancer Linkage Consortium.* Three regions were identified with para-

metric HLOD scores >1, and three with non-parametric LoD scores >1.5. Upon
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further marker genotyping for the candidate loci, and the addition of another 30
families to the analysis, only the locus on chromosome 9 (9q21-22, marker D9S167)
remained significant, with a non-parametric multipoint LoD score of 3.96 (parame-
tric HLOD 0.56, a=0.18). With cGH-analyses we observed preferential copynumber
loss at BAC RP11-276H19, containing D9S167 in familial tumors as compared to
sporadic tumors (P<o.001). Five candidate genes were selected from the region
around D9S167 and their coding regions subjected to direct sequence analysis in 16

probands. No clear pathogenic mutations were found in any of these genes.

INTRODUCTION

Breast cancer is the most commonly occurring cancer among women, accounting
for 22% of all female cancers and the cumulative lifetime risk for a woman to develop
breast cancer is approximately 1 in 10.> Many risk factors have been identified but a
positive family history remains among the most important ones established for
breast cancer, with first-degree relatives of patients having an approximately 2-fold
elevated risk.? This risk increases with the number of affected relatives and is greater
for women with relatives affected at a young age, bilateral disease or a history of be-
nign breast disease.** It is currently estimated that approximately 20-25% of this risk
is explained by known breast cancer susceptibility genes, mostly those conferring
high risks, such as BRca1 and Brca2.° This suggests that other susceptibility genes
remain to be found, although it is not entirely clear which genetic model explains the
remainder of familial risk best.”® Depending on the population investigated, some of
the risk could still be due to rare, moderately penetrant autosomal dominant effects,
a common recessive effect, or a polygenic model. Recently the Breast Cancer Link-
age Consortium (BcLc) published the results of a genome-wide linkage search for
new breast cancer susceptibility genes in 149 high risk breast cancer families.* The
highest LoD score obtained was 1.80 under the dominant model, for a region on
chromosome 4. A maximum heterogeneity-Lob (HLOD) score of 2.40 was found on
chromosome arm 2p in a subset of families with four or more cases of breast cancer
diagnosed below age 50 years.* Other studies scanning for linkage were also unable
to detect significant lod scores, but were much smaller in terms of number of fami-

lies included.>
The failure to detect strong linkage signals might reflect extensive locus heterogen-

eity, whereby multiple susceptibility loci each explain only a small proportion of fa-

milies. Greater statistical linkage power might be achieved by considering subsets of
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families from more homogeneous populations in which the number of such loci
might be reduced. We have here performed a search for linkage in a set of 55 breast
cancer families of Dutch origin that are unlikely to be segregating BRCA1 or BRCA2
mutations. The cumulative lifetime risk of developing breast cancer in the Nether-
lands is about 1 in 9 women, which ranks among the highest worldwide. Founder
effects at several major breast cancer loci have been detected in the Dutch popula-
tion,">+ as well as for many other disease genes. The assumption of reduced genetic
heterogeneity for breast cancer susceptibility in the Netherlands is therefore not un-
realistic. No significant lod scores were obtained in parametric analyses under a do-
minant or recessive model. Non-parametric (allele-sharing) analysis identified a lo-
cus on chromosome 9q21 with a multipoint NPL-score of 3.96 (marker D9S167), but
no clearly pathogenic mutations were detected in 5 candidate genes flanking this
marker in 16 probands from families putatively linked to chromosome 9.

MATERIALS AND METHODS

Family collection

The families were ascertained through the Clinical Genetic Centers in Leiden, Rot-
terdam, and Nijmegen, as well as through the Netherlands Foundation for the De-
tection of Hereditary Tumors (STOET). The families were eligible for inclusion if
there were at least three cases diagnosed with breast cancer before the age of 60, no
cases of ovarian cancer, and no cases of male breast cancer." Polymorphic marker
information had to be retrievable for at least three cases under 60, either by direct
genotyping of blood samples, or by inferring from genotyped spouses and children.
The resulting 55 families constituted our ‘linkage search group’ (208 genotyped
breast cancer cases). Twenty-two of these families were also included in the genome-
wide linkage search conducted by the BcLc.! Another 30 families (119 breast cancer
cases), were designated ‘linkage conformation group, because they were selected on
the same cancer phenotype, but differed slightly from the search group in that they
did not meet the genotype or age of onset criteria. Thus, there were 4 families with
two genotyped cases diagnosed before the age 60, and one diagnosed at the age 60,
18 families with three or more cases under 60, of which only two were genotyped,
3 families with three or more cases under 60, of which only one was genotyped, and
5 families with two genotyped cases diagnosed before 60, one of whom is a bilateral
case (with both primaries diagnosed before age 60). To meet the ‘three cases’ sam-
pling criteria in these families, we also genotyped cases diagnosed above 6o if they

had donated a blood sample (67 breast cancer cases).
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Paraffin-embedded tumor samples and pathological reports or medical reports were
retrieved where available. Blood samples were collected after obtaining written in-
formed consent. The institutional ethical committees of all of the hospitals involved
approved this study.

BRCA1 and BRCA2 mutation testing

In each family, the youngest breast cancer patient from whom a blood sample was
available was tested for mutations in the BRca1 and Brcaz genes (and for many fa-
milies the next youngest as well). The joint Clinical Genetic Centers applied a vari-
ety of methodologies. The largest central exons (exon 11 in BRCA1 and BRCA2, exon
10 of BRCA2) were scanned by protein truncation tests.’> The small exons were
scanned for mutations by denaturating gradient gel electrophoreses (DGGE) or direct
sequencing. All of the laboratories specifically assayed the presence of large founder
deletions in BRcA1 by deletion junction-pcr.*? The entire coding sequences of BRCA1
and BRcA2 were investigated by conformation-sensitive gel electrophoresis (CSGE) in
families that were incompletely scanned at the time of ascertainment.*® Since 2002,
each center offers full sequence analysis and DGGE covering the entire coding regi-
ons of both genes, and Multiple Ligation-dependent Probe Amplification (MLPA) to
detect large deletions/duplications in BRcA1."7

Linkage analysis

For the genome-wide linkage search, the Applied Biosystems Linkage Mapping Set
MD1o, consisting of 416 microsatellite markers at ~10 cM average spacing, was ana-
lyzed on an ABI3700 DNA sequencer. Additional markers were used to investigate
the region of interest on chromosome 9. Genotypes were called automatically using
Genemapper software and were then checked manually by two individuals. bNa
from CEPH 1347-02 was typed as reference to ensure consistency of allele sizing. Al-
lele frequencies for parametric linkage analyses were calculated based on one rand-
omly chosen individual from each family. Multipoint linkage analyses were carried
out using the program GENEHUNTER version 2.1-B."* We used a model in which sus-
ceptibility to breast cancer is conferred by a dominant allele with a reduced pene-
trance and a population frequency of 0.003.*** The risk of breast cancer by age 80
was assumed to be 0.85 in carriers and 0.096 in non-carriers. Risks are modeled in
seven age categories (<30, 30-39, 40-49, 50-59, 60-69, 70-79, and 8o+) as descri-
bed.> Under the recessive model, the risk to carriers and noncarriers were identical

to those under the dominant model, but the disease allele frequency was assumed to
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be 0.08. We used the multipoint LoD-scores for each family to compute heterogeneity
LOD scores, using the standard admixture model, and hence estimated the propor-
tion of families (a) linked to the putative ‘BRcAx’ locus by maximizing the hetero-
geneity LOD score. Non-parametric linkage analyses were carried out by the pro-
gram GENEHUNTER version 2.1-B and MERLIN version 0.9.12b.> Both the singlepoint

and multipoint settings were used, as well as both the ‘pairs’ and ‘all’ setting.

SNP-genotyping

Four single nucleotide polymorphisms were initially selected from an approximately
65-kb region surrounding D9S167. More recently, however, these sNP’s were re-
positioned 1.74 Mb distal of this marker by the human genome sequencing effort.
We then selected 4 other sNp’s, immediately adjacent to D9S167 and covering about
17 kb within the 48-kb linkage disequilibrium-block around marker D9S167 (www.
hapmap.org). These were rs12335588 (hapmap position 82,996,423), rs10867942
(83,002,124), rs11139937 (83,011,568), and rs11139938 (83,011,664). Marker
DgS167 is at hapmap position 83,013,562. Primers were designed in such a way that
the polymorphism would create or destroy a restriction site.22 PCR-products were
digested by the appropriate restriction enzyme, and analysed on a 2.5% agarose gel.
Results were scored by two observers independently. Data from all 8 sNP’s were used
to reconstruct haplotypes around D9S167.

Chromosome 9 copy number analysis

We performed array-cGH-analysis of 61 paraffin-embedded tumor samples from 58
patients from 27 families, using a method described previously.*** Similar material
from 31 sporadic cases served as control. These arrays contain approximately 3,500
BAC clones, of which 13 derive from an 8-cM region of interest on chromosome 9.
The BAC’s were considered to report copy number gain if the ratio of tumor derived
genomic DNA compared to normal DNA exceeded 0.2 on a *log-scale, and copy num-
ber loss if the signal was below —o.2. The full dataset describing gains and losses on
all chromosomes in this patient material will be described elsewhere (Van Beers et

al., manuscript in preparation).

Sequence analysis of candidate genes
All known genes in an 14-cM interval D9S175-D9S167-D9S283 were retrieved from
Ensemble (release 42). The cellular functions of these genes - in as much as they

were known — were retrieved from oMIM. A literature search was then performed by
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TABLE 1

Maximum LOD scores in 55 breast cancer families by chromosome under the
dominant, nonparametric and recessive model.

Chromosome Position Model HLOD or Alpha
NPL LOD score

1 226 Dominant 1.40 0.12
4 64 NPL 1.26

6 164 NPL 1.94

6 164 Recessive 1.52 0.53
7 90 NPL 1.25

9 30 NPL 2.22

9 86 NPL 2.34

9 88 Recessive 1.18 0.47
9 90 Dominant 1.24 0.43
15 114 Dominant 1.19 0.29
15 114 NPL 1.12

21 22 NPL 1.72

Generated with the Genehunter software package. Position (cM) based on deCode map.
HLOD, heterogeneity LOD score (dominant and recessive models);
NPL, nonparametic (allele sharing) LOD score.

Alpha is the proportion of linked families in the admixture model.

a computer-program dubbed ‘Anni}, which can find functional associations between
large numbers of genes and other biomedical concepts (in this case ‘breast cancer’)
from free-text literature.>> For each gene, a profile of related concepts was construc-
ted that summarizes the context in which the gene is mentioned in literature. In
addition, all genes from the region were analyzed by software termed ‘Prioritizer’>
On this basis, 5 genes (of the 14 annotated genes with a known function in an approx
5-cM region around D9S167) were selected for direct sequence analysis in a set of 16
DNA samples from breast cancer patients from 16 different families. These families
were selected because analysis of genotype data with the program ‘Haploview’> had
indicated that all patients share a haplotype in this region. Candidate genes were
analyzed by DNA sequence analysis on the AB13730 Prism Genetic Analyzer (Applied
Biosystems, Foster City, CA)and the Mutation Surveyor® software package.
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TABLE 2

Haplotypes around D9S167
All families Complete sharing Near complete sharing?
D9S167 | Number of | Number of | Number of | Number of | Number of | Number of | Total nr. of
allele (bp)| families' | haplotypes*| families | haplotypes | families | haplotypes | haplotypes*
313 11 7 2 1 2 2 2
317 25 19 3 2 3 3 4
319 20 11 2 2 1 1 3
321 29 22 6 6 2 2 7
323 9 8 2 1 o [ 1
325 15 12 3 2 [¢] 0 2
327 5 7 1 1 1 1 1
329 2 2 o 0 1 1 1
331 9 9 1 1 [¢] o 1
333 3 3 o 0 1 1 1
335 13 14 4 4 1 1 5
337 3 3 1 1 o o 1
Totals 25 21 12 12 29

' Total number of families (sharing and non-sharing)
* Total number of different haplotypes in the complete set of families
3 Families with > 80% sharing, excluding families with complete sharing

+ Total number of different haplotypes in families with > 80% sharing

RESULTS

Genome-wide linkage scan

We performed a genome-wide linkage analysis with 416 microsatellite markers, with
an average spacing of approximately 10 cM in the group of 55 linkage search fami-
lies. The highest heterogeneity LoD-score generated by GENEHUNTER under a para-
metric dominant model was 1.40 on chromosome 1 at position 226 cM (Table 1,
Figure 1). Two other regions with HLOD-scores greater than 1.0 were identified on
chromosome 9 (HLOD=1.23 at position 9o cM) and 15 (HLOD=1.19 at position 114
cM). Under a recessive model HLOD-scores >1.0 were found on chromosome 6 (164
cM) and 9 (88 cM). With non-parametric linkage analysis (NpL) we identified seven
regions with a NPL-score higher than 1 (chromosome 4, 6, 7, 9, 15 and 21). The hi-
ghest NpL-score found was on chromosome 9 (NPL=2.34, 86 cM, P=0.015). A se-
cond, distinct region on chromosome 9 had an NpL-score of 2.23 (30 ¢cM, P=0.019).
This second region also showed a HLOD-score >1 under the dominant model. To
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evaluate these linkage signals further we genotyped an additional 30 families (con-
firmation group) for the microsatellite markers on chromosome 1, 6, 9, 15, and 21 at
which the peak LoD scores were observed. For all these loci the evidence for linkage
decreased, except for the locus on chromosome 1, for which the HLOD increased to
1.46 (a=0.13, P=0.39). The locus at position 86 cM on chromosome 9 decreased only
slightly (NPL= 1.98, P=0.028) and the HLOD was 0.56 (4=0.18).

We then also generated Lop-scores using the method of Kong and Cox with the
MERLIN software package, because this method is less conservative when marker
information is not complete (Figure 1). The multipoint LoD-score at position 86 cM
on chromosome 9 was 3.06 (P=9x10-°) at marker D9S167 in the 55 families, and
increased to 3.96 (P=10-°) when the other 30 families were added to the analysis. The
single-point LoD-score over all 85 families for D9S167 was 4.63 (p=10-°). To evalu-
ate this region on chromosome 9 further we genotyped 4 additional microsatellite
markers, i.e., D9S1843 and D9S1674 proximal of D9S167, and D9S1865 and
D9gS1812 distal of it, defining a 9.4 cM-region. With these additional markers the
multipoint LoD-score calculated by MERLIN at D9S167 in the 85 families declined to
3.02, while those at D9S1843 and D9S287 were below 1.5 (Figure 2). This defined the
linked region to be between the markers D9S1674 and D9S287 (~15.7 cM).

Haplotype analysis

To aid haplotyping around DgS167, we genotyped 8 sNP’s, 4 of which immediately
proximal of D9S167 in a ~48-kb LD-block, and 4 covering a 65-kb region about 1.7
Mb distal of D9S167. We analyzed haplotype-sharing in each family with the pro-
gram ‘Haploview’> In 32 families all genotyped patients shared an allele at DgS167,
but in 5 families this allele was on a different haplotype, indicating that the shared
alleles were not identical by descent (IBD). In another four families not all patients
were succesfully genotyped at D9S167, but in two of those the patients shared a ha-
plotype from D9S1674 to D9S1812, suggesting allele-sharing at D9S167. Thus, in 25
families all patients shared an allele at D9S167 IBD (Table 2), in total comprising 10
different alleles (range: 1 — 6 families per allele) on 21 different haplotypes. In 50
families there was no sharing of an allele among genotyped patients (in 3 families the
marker data did not allow phasing of the haplotypes). In 12 of these 50 families,
more than 80% of the patients shared the same haplotype (4 out of 5 patients in 5
families, 5 out of 6 in 4 families, and 6 out of 7, 7 out of 8, 8 out of 10 in 1 family
each). Again, 8 different D9S167-alleles were shared on a total of 12 different haplo-
types (Table 2). Overall, the 12 different DgS167-alleles found to be shared either
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Figure 1. HLOD scores by chromosome for the dominant model (blue line), as computed by GENEHUNTER,

and nonparametric LoD scores (red line), as computed by MERLIN, in 55 breast cancer families.

4.5

/

/
S/
///\/

D9S175 D9S1674 D9S 1:843 D9S167 D9S1865

N

0.5
D9S1812 D9S283 D9S287
! ! A o
a ) - 3 2 S ] S
S © = I N S < o«
~ ~ ] - ] (=) =)} 3

Fig. 2. Nonparametric LOD scores as computed by Merlin, in all families (blue line), and with additional
markers (red line). The dashed lines represent the -1 LoD interval.
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completely or almost completely, did so on 29 different haplotypes. Although,
depending on the number of markers considered around D9S167, a suggestive core
haplotype could sometimes be discerned between two or more haplotypes (data not
shown). These results support the NPL scores for D9S167, but also indicate extensive
allelic heterogeneity for this sharing, as well as genetic heterogeneity across families

because not all families contribute to the NPL score.

Candidate gene analysis

We selected five genes from the region between markers D9S1843 and D9S283, on
the basis of their presumed cellular function (see Materials & Methods). These inclu-
ded UBQLN1, RASEF, DAPK1, TLE1, and GADD45Y. The entire coding regions of these
genes were sequenced in 16 patients from 16 families displaying complete haplotype
sharing at D9S167. Nineteen variants were found in one or more patients (Table 3),
11 of which were known snP’s. For several variants we detected homozygotes for
both alleles, making them unlikely candidates for susceptibility alleles. Of all the
exonic variants found, there was only one missense change, in TLE1 in one family.
This variant did not co-segregate with disease. Three of the 6 intronic variants were
known sNP’s, and none were predicted to affect the nearest splice-site. The latter was
also found for all the neutral exonic changes. We conclude that no clear disease-re-

lated changes were detected in this screen.

CGH-analysis

Copy number changes of the linked region on chromosome 9 were investigated in
61 tumors from 27 families by examing the intensity ratios of the 13 BAc clones re-
presenting this region on the array (Table 4). We were able to compare the results of
22 tumors from 10 families that displayed complete sharing of a 8-cM haplotype
around D9S167 in all patients (‘linked tumors’), with 39 tumors from 17 families
without such haplotype sharing (‘unlinked tumors’). A high proportion of linked
tumors (55%) showed copy number loss at a BAC RP11-276H19 containing the
Gas1 gene and DgS167, and none showed gain. However, this was not statistically
different from the unlinked tumors in which 31% showed copy loss at this BaAc. We
did observe a significant difference in the percentage of BRcAx tumors with loss of
this BAC as compared to sporadic tumors (average *log ratio of —0.208 as compared
with a log ratio of 0.088 for control tumors). This difference has a two-tailed un-

paired t-test p-value of 0.00039.
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TABLE 3

Gene changes detected in sequence analysis of 5 candidate genes

Gene name | Gene Change Exon / Times found | Known SNP | Splice-site Co-
intron | heterozygous' prediction® | segregation’

DAPK1 ¢.393C>T, p.His131His Exon 4 1 No No change NI

TTCA(G/A)GAT, 143481A>AG, Exong9 | 1 (and 2 minor No No change NI
p-267GIn>Gln homozygotes)

8.144573A>AG Intron g | 7 (and 3 minor | rs3118846 | No change NI
homozygotes)

g.150139G>AG Intron 14 4 rs2274607 | No change NI

¢.1608C>T, p.Asp537Asp Exon 16 13 rs3818584 | No change NI

c.1830G>A, p.Gly610Gly Exon 18 2 No No change NI

2.201463G>T Intron 23 3 rs3128495 | No change NI

¢.3597C>T, p.Arg1200Arg Exon 26 10 rs3118863 | No change NI

TLE1 c.983C>T, p.Thr328Met Exon 12 1 No No change No

¢.1101A>G, p.Pro367Pro Exon 13 1 No No change NI

GADD45G | c.102+65G>C Intron 1 4 rs3138502 | No change NI

c.157-18_19delCC;-18_19insCTAG | Intron 2 2 No No change No

RASEF ¢.785C>T, p.Arg262Cys Exon 5 10 1s4146960 | No change NI

c.1202+57_61delGTAAA Intron 9 6 No No change No

c.1731 T>G, p.Asps577Asp Exon 13 1 rs34303676 | No change NI

€.2223+18A>T Intron 17 1 No No change No

UBQLN1 €.1494C>T, p.Ser498Ser Exon1o | 5(and 1 minor | rs2781004 | No change No
homozygote)

c.1590C>A, p.Leus3oLeu Exon 1o | 7 (and 1 minor | rs7866234 | No change No
homozygote)

c.1617+17G>A Intron 10 8 rs9314722 | No change No

* Out of 16 patients tested

* Using splice-prediction programs NNSPLICE version 0.9 by Neural Network (www.fruitfly.org/seq_tools/

splice.html), NetGene 2 Server version 2.42 by CBS Software Package Manager (www.cbs.dtu.dk/services/

NetGene2) and Alex Dong Lis SpliceSiteFinder (http://violin.genet.sickkids.on.ca/~ali/splicesitefinder.

html)

3 NI = Not investigated
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TABLE 4
Results of array-CGH analysis for 13 BACs in the region 9q21-q22

9q-linked tumors* 9q-nonlinked tumors?
BAC Mb gene gain loss inc gain loss inc
RP11-66D1 83 TLE1 5% 14% 81% 13% 23% 64%
RP11-432M2 84 9% 0% 91% 26% 3% 72%
RP11-541F16 84,7 RASEF 5% 10% 86% 0% 5% 95%
RP11-439A18 85,3 | UBQLN1/HNRPK 32% 7% 62% 13% 13% 74%
RP11-590M22 86,3 18% 0% 82% 23% 5% 72%
RP11-172F7 87,1 64% 23% 13% 59% 18% 23%
RP11-280P22 87,9 41% 7% 52% 31% 5% 64%
RP11-276H19 88,8 GAS1 0% 55% 45% 8% 31% 62%
RP11-423013 88,9 0% 18% 82% 0% 8% 92%
RP11-40C6 89,3 9% 10% 81% 15% 13% 72%
RP11-249H20 89,4 DAPK1 9% 15% 76% 13% 3% 85%
RP11-65B23 89,6 CCRK 18% 17% 65% 26% 10% 64%
RP11-8B23 91,7 GADD45 5% 29% 67% 0% 28% 72

' Group of 22 breast tumors from 10 families in which all genotyped patients shared a haplotype around
DgS167;

* Group of 39 breast tumors from 17 families without sharing of a haplotype around D9S16;.
gain, ratio tumor/normal > 0.2 on a 2log-scale; loss, ratio tumor/normal less than 0.2 on a 2log-scale;

inc, inconclusive (ratios between —o.2 and 0.2)

DISCUSSION

The analysis reported here represents the largest single-center genome-wide linkage
search for new susceptibility loci in non-BrcA1/2 breast cancer families to date. The
rationale for this study was that there exist further breast cancer genes which confer
moderate to high risks (6,28). The patterns of familial clustering in the families that
we selected for our study suggest that such alleles are likely to be dominant. Initial
suggestive linkage peaks observed in a ‘linkage search’ group of 55 families were sub-
sequently confirmed and confined to a locus on chromosome 9 in a total set of 85
families. Linkage evidence was most apparent using allele-sharing analyses with the
Merlin package, with a single point non-parametric lodscore of 4.63 and a multipoint
score of 3.96 at marker D9S167. These NPL scores represent the highest for any single

locus in a linkage search after the identification of BRcA1 and BrcAz, but they are dif-
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ficult to compare with previous studies because these have mainly analysed marker
data with the more conservative GENEHUNTER software. Under a parametric domi-
nant model, however, the HLOD at D9S167 was 0.56 (a=0.18), indicating that even
though the allele-sharing at D9S167 was significant in the total set of families, most
families did not support linkage to this locus. Indeed, we noted complete allele-
sharing among patients among 25 of the 85 families (29%) at DgS167, and suggestive
incomplete sharing in 12 other families (14%). We observed extensive haplotype
heterogeneity around shared alleles at D9S167. One explanation for this is that there
is a gene (or genes) near D9S167 in which multiple rare variants confer substantially
increased risks to breast cancer. The low HLOD score at this marker is probably due to
the small number of families demonstrating complete haplotype sharing among the
patients in conjunction with the fact that for most families and patients the (founder)
parents were unavailable for genotyping. In the MERLIN analysis, the overall informa-
tion content at D9S167 in the 85 families was 42%, which is in agreement with simu-
lation studies with microsatellite maps of ~10 cM and incomplete parental geno-
types.? Further genotyping of the region at much higher resolutions could therefore
help to identify regions with more consistent allele-sharing.

Recently the Breast Cancer Linkage Consortium published the results of a genome
wide linkage search for breast cancer susceptibility genes,* which included 149 mul-
tiple case non-BRrRCA1/2 breast cancer families. The highest LoD score under the do-
minant model was 1.80, for a region on chromosome 4. Although several other sug-
gestive LOD scores were reported, the number of linkage peaks did not differ from
the number expected by chance and therefore these peaks probably reflect the play
of chance rather than true susceptibility loci. In agreement with the BcLc-study we
found no evidence for linkage to markers on 2q32," 3p26,° 8p12-22,33* 10q23.32-
q25.3,"* 11q23,*° 13q21% and 22q13.1,>>* which were all previously suggested to har-
bour susceptibility loci. But we also did not find any evidence for linkage on the re-
gions reported by the BcLc-publication. The inability to detect strong linkage signals
may be a reflection of extensive locus heterogeneity.

The BcLC analysis® included 22 Dutch families that were also part of the 55 families
investigated here. The NPL score near the D9S167 locus in that study was 0.74, and
although this was the second highest score for the Dutch families, there was no evi-
dence for allele-sharing at this locus in the other 127 families collected in that study,
derived from Australia, United Kingdom, USA, Canada and France. Of the 22 Dutch
families, 10 showed allele-sharing at D9S167, but 2 of these on different haplotypes.

It is possible that our linkage study might have achieved greater statistical power
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because the families derive from a more homogeneous population (i.e., with reduced
genetic heterogeneity). The Dutch population exhibits distinct founder mutations
for several known cancer susceptibility genes,'>'+3*3¢ and therefore could be conside-
red, to an extent, to be genetically distinct.” Although a strong founder effect at the
9q-locus seems less likely, given the diversity of shared haplotypes, such an effect has
also been observed at BRcA1 in the presence of extensive allelic heterogeneity.'>*3

In a genome-wide scan for linkage in 14 Finnish breast cancer families,* the second
highest HLOD peak was found at D9S283, just 5 cM distal of D9S167. D9S167 was
also shown to be linked (with a multipoint parametric LoD score of 3.02) to ocular
melanoma in three Danish families’® with multiple cases of ocular malignant mela-
noma, cutaneous malignant melanoma and other malignancies, including breast
cancer. In addition, D9S167 was in the center of a small chromosomal deletion in a
case of acute myeloid leukemia.® These results suggest there is a gene in this region
that can be linked to cancer susceptibility. Further evidence that the 9q21 region
may be involved in a subset of the familial form of breast cancer comes from our
observation that over 50% of BRcax tumors putatively linked to 9q21 show copy-
number loss at this locus, as opposed to 5-25% in sporadic breast tumors.** Others
did not observe excess copy-number losses of 9q in familial non-BrcA1/2 breast tu-
mors using classical cGa,’** although these patients were selected under different
criteria than our cases. We previously reported* that ~30% of the same set of BRcAx
tumors showed loss of heterozygosity (or allelic imbalance) at a marker for 9q34,
which is not significantly higher than found in sporadic tumors.# Because that
marker is a long distance away from D9S167, it is possible that some of the copy-
number losses in the BRcAx tumors are tightly localized around 9q21.

The number of genes between D9S1843 and D9S283 presently annotated is 49. We
performed sequence analysis of 5 of these to search for possible susceptibility alleles.
No clear pathogenic changes were found in any of them. For all genes an apparent
link with tumorigenesis could be made, such as a Ras GTPase motif in the RASEF-
gene (closest to D9S167), transcription regulation (TZE1), or involvement in apop-
tosis (DAPK1) or stress response (GADD45Y).** However, a direct link with breast
cancer has not yet been established for most of these candidates. In sporadic breast
cancer, the expression of RASEF at mRNA-level is apparently not reduced.’® TLE1 has
been suggested to play a role during epithelial differentiation*® and tumor progres-
sion through inhibition of the Wnt-cTNNB1 signaling pathway.*® papk1 and GAD-
D456 are frequently targeted by inactivation through promotor hypermethylation in
leukemias, lymphomas and a number of epithelial cancers.*+
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In conclusion, through linkage analysis we have identified a region on 9q21 which
shows significant haplotype sharing among patients belonging to non-Brcai/2 fa-
milies with at least three cases of breast cancer diagnosed before age 60. However, we
observed extensive haplotype diversity at the shared locus, but have not yet identi-
fied sequence variants in candidate genes that could explain these results. There was
some suggestion that the somatic genetic changes at this locus differ from that seen

in sporadic breast tumors, which will have to be confirmed in larger series.
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CHAPTER 6

DOES THE BRCAX GENE EXIST?
FUTURE OUTLOOK

Genetic research aimed at the identification of new breast cancer susceptibility genes
is at an interesting crossroad. On the one hand, the existence of extended kindred’s
with many cases of (early-onset) breast cancer, in which a role for BRca1 and Brca2
has been excluded with high certainty, strongly suggests that there are still BRcA1/2-
like genes to be found.”> On the other hand, the absence of significant linkage signals
in a set of 149 non-BrRCA1/2 breast cancer families indicates that if such a locus exi-
sts, it is unlikely to explain a major proportion of non-Brcai/2 families.>> Are
further ‘classical’ linkage studies therefore futile?

Before dismissing linkage analysis entirely, one should realize that the linkage results
published to date do not permit a formal exclusion of the possibility that there are
multiple genes causing breast cancer risks comparable to BRCA1 or BRCA2, i.e., BRCA3,
BRCA4, etc., but that their individual mutation frequencies are so low that each will
explain no more than 10% of the families under study. The statistical power required
to significantly resolve that kind of genetic heterogeneity was not achieved by any of
the published linkage studies to date. Even in the largest study of 149 families, only
24 families had four or more cases of breast cancer diagnosed under 50 and 74 had
four or more cases diagnosed before the age of 60 (ref. 235 and D. Easton, personal
communication). For comparison’s sake, previous studies addressing genetic hetero-
geneity analyzed more than 200 such families.”>*** If four or five of those were in fact
linked to a hypothetical BRca3 locus, one would have to be extremely fortunate with
the informativity of the genotyped markers and patients to detect a significant
linkage peak. For this reason, the Breast Cancer Linkage Consortium is now under-
taking a study with the aim to obtain linkage data on at least 250 breast cancer fami-
lies. Even though it might appear as if classical linkage approaches are running out
of steam with regards to their potential to detect new breast cancer susceptibility
loci, our claim on chromosome 9 proves that it’s still possible to identify new breast
cancer risk loci with classical linkage when genetic heterogeneity is reduced. In our
case we selected families from the Dutch population, which is known to harbor
many founder mutations for different diseases and therefore this group is, to an ex-
tent, genetically distinct. In addition, studies from different populations all show

different susceptibility loci.>»**3*23¢264 So, these loci might reflect population specific
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effects. Our obtained linkage result suggests a region on chromosome 9 that may
harbor a novel breast cancer susceptibility gene. However, if such gene exist in this
region it’s likely that it will account for only a limited fraction of the non-Brca1/2
families, especially in populations other than the Dutch.

Nowadays other new bioinformatics tools are being developed to improve linkage
power. A promising option is to integrate chromosome segregation data with data
obtained from functional genomic approaches such as large-scale, high-throughput
molecular profiling technologies.**s

Molecular profiling of global gene expression has already enabled the subclassifica-
tion of breast cancer into prognostically relevant subgroups,*»**® and has demonstra-
ted to be capable of identifying cases who are very likely to be BRCA1 gene carriers.+>>%7
Similar results have been obtained by using array-cGH with tumor bNA.>52% On this
basis, one could hypothesize that breast tumors with the same genetic etiology (be-
cause of a shared familial predisposition) will also be more likely to share a molecu-
lar signature. This could provide means to eliminate phenocopies from the linkage
analysis, or to assign a liability to each patient as to how much her tumor resembles
a typical BRcax-related cancer. This will require sufficient resolution both in terms of
number of probe sets, and the number of cases and controls to be analyzed, because
initial results seem to suggest that BRcAax-related tumors resemble sporadic breast
tumors in terms of somatic genetic and immunohistochemical make-up.#725%260
However, when comparing BRCAx-breast tumor array-CGH profiles with profiles
of control samples we showed that there are multiple regions of differential gains and
losses. Unfortunately, the dendrogram of BRCAx tumors indicated that there are no
major branch points to suggest obvious distinct BRCAx CGH subtypes. Interesting
though was the observation that when sporadic and BRCAx tumors were clustered
together a non-random distribution occurred. Both BRCAx and sporadic tumors
remained clustered in just eight sub clusters, five of which contained only BRCAx
tumors and three clusters contained all sporadic cases plus one BRCAx tumor (van
Beers/Oldenburg submitted, Cancer Research). Although, it was not possible to dis-
tinguish different groups within the BRcAx tumors at this point, it deserves further
exploration.

Another intriguing possibility is to exploit gene expression patterns in normal cells
of cases (such as lymphocytes or skin fibroblasts). This method relies on the fact that
messenger RNA’s with premature stop codons (i.e., nonsense mutations, which con-
stitute a frequent class of mutations underlying inherited disease) are efficiently de-

graded by the conserved nonsense-mediated decay pathway. The number of genes

152



displaying consistently lower expression in normal cells of familial cases versus con-
trols can be substantially reduced by comparing their genomic location to chromo-
somal segments shared among family-members identical-by-descent. An example
of this approach is the recent identification of AIP as a susceptibility gene for pituitary
adenoma in a Finnish founder population.*

Also, the discovery of micro-RNA’s opens many new doors in cancer research (see
the excellent review by G.A. Calin and C.M. Croce**). Micro-rRNA’s (miRNA) are a
family of 19-25-nucleotide non-coding small RNA’s that function as gene regulators
and are involved in crucial biological processes, including development, apoptosis,
proliferation and differentiation through pairing with target messenger RNA’s
(mRNA) of protein-coding genes. Perfect pairing of miRNAs to mRNAs leads to
degradation of the mRNA, whereas less strict sequence complementarity results in
translational repression. Recently, it has been shown that miRNAs can function
either as tumor suppressors or oncogenes and the genomic abnormalities found to
influence the activity of miRNAs are the same as those previously described for pro-
tein-coding genes, such as chromosomal rearrangements, genomic amplification or
deletions and mutations. The role of miRNAs in tumor formation is strongly sup-
ported by the observation that the coding sequence of 50% of the known miRNAs,
frequently situated in introns of coding genes, are located inside or close to fragile
sites and minimal regions of LoH, minimal regions of amplification and common
breakpoints associated with cancer. In addition, miRNA expression profiles showed
that miRNAs are differentially expressed in normal and tumor samples (the expres-
sion in tumor tissue seems generally lower than in normal tissue) and that their ex-
pression fingerprints correlate with clinical and biological characteristics of tumors.
In breast cancer the expression profile of a set of 15 miRNAs correctly predicted the
nature of the breast cancer sample analyzed with 100% accuracy. Furthermore the
expression of miRNAs was correlated with specific breast cancer pathological fea-
tures such as estrogen-receptor status, tumor stage, vascular invasion, proliferation
index and clinical features such as prognosis and response to therapy. Unfortunately,
to date no attempt has been made to use miRNA expression profiles for subclassifi-
cation of the heterogeneous group of familial breast cancer. It might be worthwhile
to explore this possibility.

Obviously, the success of all of these approaches is dependent on the amount and
quality of the information from the pedigrees under study and the availability of
biological samples from the patients. The analysis of gene expression profiles of tu-
mors still relies heavily on the availability of frozen tissue samples. Logistically, these
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are particularly difficult to obtain from multiple affected family-members, which
explains why so few of such studies have appeared in the published literature.
Notwithstanding these developments, attention is now shifting rapidly toward the
whole genome association studies in population-based breast cancer cases and con-
trols.>” In a typical association study, the frequency of a genetic variant in affected
individuals (cases) is compared to that in individuals without the disease (con-
trols).>”>> Allelic association is present when the distribution of genotypes differs in
cases and controls. Most association studies are based on candidate genes that en-
code proteins thought to be involved in carcinogenesis, such as those involved in
apoptosis, cell-cycle control, or DNA repair. Within candidate genes, variants for
which a functional connotation can be inferred are preferably tested for association
with disease. In this way, variants in TGFf1 and casp8 have been identified as breast
cancer susceptibility alleles (see chapter 2, sections 3.2.2. and 3.2.3.).

Association studies are the only alternative to family-based linkage analyses for de-
tecting alleles that confer low to moderate disease risks.”>*’* Even though risks are
low, such alleles have the potential of explaining a substantial proportion of disease
heredity, depending on their population frequency. There are several examples of
common variants that contribute to common diseases,>”>*’¢ but none of them could
have been detected by linkage analysis. For example, the P12A variant in the PPARG-
gene, which affects the risk of type 2 diabetes, would only be detected using linkage
studies of over one million affected sib pairs.>””

Mutations in the currently known high risk breast cancer genes are common in fa-
milies with a large number of cases of breast and/or ovarian cancer,”s but they have
been estimated to explain at best 20-25% of the overall excess familial risk*”® and less
than 5% of the total breast cancer incidence.” The proportion of breast cancer that
can be attributed to genetic factors is not clear, but several studies have suggested it
to be much larger than 5%. A large twin study has estimated that up to 30% of all
breast cancer has a genetic basis,””® while a study of the incidence of contralateral
breast cancer has even suggested that the majority of all breast cancer occurs in a
small minority of women who are susceptible for it.>** It is unlikely that further
BRcA1/2-like genes, if they are detected, will be capable of accounting for these at-
tributable risks, because their allele frequencies are already predicted to be rare.
More common alleles with moderate effects could do so, but it is not clear how many
of such alleles exist and how much of the genetic predisposition to breast cancer can
be attributed to them. Assuming relative risks in the order of 1.3 - 1.5, the remainder

of excess risk could equally well be explained by a few hundred common variants
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(with frequencies of >1%) or thousands of rare variants.?”* Such a polygenic model
has in fact been supported by segregation analyses in non-Brca1/2 families (chapter
2, section 4.2). Under this model, many low to moderate risk cancer susceptibility
genes cause breast cancer predisposition, together with environmental risk factors,
in a multiplicative or additive way, with no single gene accounting for a large frac-
tion of the familial aggregation. Individuals carrying few such alleles would be at
lower or equal population risk compared to those carrying multiple such alleles.
Conversely, there will also be alleles that protect against the development of cancer
(such as casp8, chapter 2, section 3.2.3).

The major problem haunting association studies is the lack of reproducibility by
other, independent studies.>”s® Thus, most studies are too small and probable report
false positive results due to chance (type 1 error), which depends on the level of sig-
nificance used. Unfortunately, the levels of significance appropriate in other contexts
(p=0.05 or P=0.01) can be highly misleading in association studies.?”° By using more
stringent levels of statistical significance this false positive rate can be reduced. Al-
ternatively failure to confirm associations might be the result of heterogeneity in risk
between populations due to for example interacting lifestyle and environmental fac-
tors. Also, strikingly little research has been performed on combinations of poly-
morphisms. It is still possible that polymorphisms not associated with breast cancer
when studied separately, are associated with breast cancer when studied in combina-
tion with other polymorphisms. For example, recently a significant trend in risk
with increasing numbers of variant alleles for 25 SNP’s in BRCA1, BRCA2, ATM, TP53
and cHEK2 was observed>®" whereas common polymorphic variants in these genes
separately are unlikely to increase breast cancer risk.**

In addition, a lack of association of a candidate sNP does not necessarily rule out the
presence of another important variant in the same gene. For any given gene of inte-
rest, there might be tens or even hundreds of different sequence variants.

A large genome-wide association study, which would involve millions of sNp’s with
the use of stringent significance levels, would be ideal to identify common breast
cancer susceptibility genes. However, the number of cases to be genotyped depends
on the allele frequency of the variant and the disease risk conferred by it. For relative
risks in the order of 1.5, allele frequencies in the range 10% — 40% will require at least
a thousand cases and controls to be genotyped>°*”* in order to have 90% power to
detect associations at a significance level of 10 Much larger numbers are required
for allele frequencies in the 1% — 10% range. This is presently not feasible at the going

costs per genotype per sample. Fortunately, it is not necessary to genotype all pos-
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sible sNP’s to detect an association, because the alleles of sNp’s that are physically
close to each other tend to be correlated with each other (tag sNp mapping). This
phenomenon is called linkage disequilibrium (LD).2*3% The ability of one sNp to
report on another depends on the strength of LD between them. The general consen-
sus is that an r* >0.8 (r* is a measure of correlation between a pair of variables*?) is
sufficient for a tag sNP to obtain a good coverage of untyped common sNP’s. It has
been estimated that 200,000 — 500,000 tagging sNP’s will be needed to adequately tag
all snp’s with a minor allele frequency of 5% or more.?**>¥

Accumulating the data necessary to choose such sNP’s is one of the main goals of the
human HapMap project.*7** The existence of LD can also be exploited to examine
candidate genes by haplotype analysis, whereby the haplotypes are defined by a set
of tagging sNP’s. Any common variant in the gene that increases disease risk will
then be detected as an increase of the particular haplotype on which this variant re-
sides. This approach has been used to investigate a possible involvement of common
variation in cyp19 and BRCA2 genes.*2°

In addition, it has been proposed that the power to detect associations may be incre-
ased by genotyping familial cases rather than sporadic population-based cases,>">*
an effect which was indeed observed for the cHEK2*1100delC variant.'7>'7¢ It seems
therefore the most efficient to perform a whole-genome scan for association in a
small sample of cases that are enriched for susceptibility. These could be familial
cases or early-onset bilateral breast cancer cases, but one could also select cases en-
riched for other risk factors with a strong genetic component such as breast density*
or cellular radio sensitivity.>3

The recent publication by the Breast Cancer Association Consortium proved the
success of this strategie.** In the first stage a panel of 266,722 sNP’s (selected to tag
known common variants across the entire genome) was genotyped in 408 breast
cancer cases with a strong family history of breast cancer and 400 controls. In the
second stage 12,711SNP’s (approximately 5% of those typed in stage one) were selec-
ted on the basis of the significance of the difference in genotype frequency between
cases and controls and genotyped in 3,990 invasive breast cancer cases and 3,916
controls. In the third stage 30 of the most significant SNp’s were tested in 21,860 cases
and 22,578 controls. This resulted in five novel loci strongly associated with breast
cancer with a significance level ranging from 2 X 107¢ to 3 x 10 of which four con-
tain plausible causative genes; FGFR2, TNRC9, MAP3K1 and Lsp1. The five sNp’s that
reached an overall p-value <107 showed an increased breast cancer risk of the minor

allele in a dose dependent manner, with higher risk of breast cancer in homozygous
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than in heterozygous carriers. It is notable that none of the confirmed associations
reached genome wide significance after stage 1 and only one reached this level after
stage 2, emphasizing the critical importance of study size in genetic association stu-
dies.

This study has also demonstrated conclusively that some of the variation in breast
cancer risk is due to common alleles, as these five identified susceptibility alleles are
very common. So, a high proportion of the general population is carrier of at risk
genotypes. For example 14% of the UK population are homozygous for the rare al-
lele. However, the increased risks associated with these alleles are relatively small.
On the basis of UK population rates, the estimated breast cancer risk by age 70 years
for rare homozygote’s at the SNP in FGFR2 is 10.5%, compared to 6.7% in heterozygo-
te’s and 5.5% in common homozygote’s. It is likely that there are still other common
variants to be identified as casp8 D302H, which showed strong evidence of associa-
tion in a previous large study'’> was missed, because it did not reach the threshold
for testing in stage 2. Also the excess of association (P<0.05) after stage 2 is consistent
with the existence of many such loci. In addition, because the coverage for sNp’s with
minor allele frequency’s <10 % was low, many low frequency alleles have probable
been missed. How much of the overall familial risk these alleles will be able to ex-
plain remains to be seen. It has been argued on the basis of evolutionary arguments
that the role of rare alleles (i.e., frequencies <<1%) in causing late-onset disease such
as cancer could be substantial.*> Detecting this class of variants by current genetic
approaches is impossible. Probable it will require genome-wide studies with more
complete coverage (perhaps total genome sequencing) and using much larger num-
ber of (familial) cases and controls. Over the next decade, progress with the identifi-
cation of common low risk variants will teach us how substantial this fraction is.
The proposed polygenetic model would not only be capable of explaining large but
rare autosomal dominant-like familial clusters of (early-onset) breast cancer, but
could also explain substantial proportions of the total breast cancer incidence.?® It
has been estimated that, should we be able to characterize all the relevant risk factors
in all women of a given population, 50% of all breast cancer would occur in 12% of
women with the highest risk profile.?¢ From a health care perspective, the identifi-
cation of these risk factors is therefore of great practical importance. Not only to
define the cancer risk for women and their family members in order to make ade-
quate decisions on surveillance and preventive strategies, but also for the develop-
ment of gene targeted therapy. For example PARP [poly(aDP-ribose) polymerase]

inhibitors may represent a novel way of selectively targeting BRCcA2- or p53-deficient
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breast cancer cells. Probably due to the additional inhibition of PARP activity an in-
crease of unrepaired bNa damage occurs, causing a shift from DNA repair to apopto-
sis.297°3°

Due to the low risk of the newly identified genes and sNp’s and the existence of more
low risk alleles to be identified it is too early to include these in predictive genetic
testing at this stage. However, as further susceptibility alleles are identified over the
next years, combinations of such alleles together with other breast cancer risk factors
may become sufficiently predictive to be important clinically. And ideally, a chip
with all risk alleles for predictive genetic testing is constructed in the near future to

test women at risk.

158



CHAPTER 7
SUMMARY

CHAPTER 1

In chapter 1 the aims and outline of this thesis is described.

CHAPTER 2

In chapter 2 (introduction; based on a publication in Critical Reviews in Oncology
and Hematology, May 2007) an outline of genetic aspects of breast cancer is given.
However, before proceeding it is necessary for the layman to understand more about
the mechanism causing cancer and thus about breast cancer. The human body is
composed of cells. Each cell has a core (or nucleus) containing the major part of
genetic information, bNA molecules, stored in 23 pairs of chromosomes. One set of
chromosomes is derived from the father and one set of chromosomes is derived
from the mother. Thus hereditary material is presented in duplicate, originating
from both parents. bNA-molecules are constructed from a multiple of four building
stones adenine (a), cytosine (C), guanine (G) and thymine (T). Selected regions of
DNA, the genes, serve as template for synthesizing RNa-molecules, which in turn are
utilised as a blueprint for creating proteins. The term protein stems from the Greek
word ‘proteios’ meaning from highest rank’ reflecting the important role of proteins
in different cellular functions, such as for instance transcription, transport, signaling
and storage. All through our life cells divide themselves for replacement or multipli-
cation (cellular proliferation), whereby genetic materials are copied and passed on.
However, during this process changes may occur in the pNa (somatic mutations)
supplying a new cell with a possible specific benefit. If through this mutation this cell
is more capable of multiplying itself, such a cell will be inclined to dominate the or-
ganism. By comparison: any organism that shows hereditary variation in reproduc-
tive capacity will evolve by natural selection. Organisms that reproduce itself in a
manner superior to the environment will come to dominate others. As tumors are
distinguished by an unrestrained growth of cells, they do have through natural selec-
tion an advantage with respect to other cells. So humans actually have a natural in-
clination to change into tumors. However, tumors are incapable of having babies and
care for them. Therefore strong genetic control mechanisms have developed over a
trillion years of evolution, preventing a person, at least during his reproductive years,

of changing into a tumor. Potential tumor cells are repaired and brought to heel or
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forced into cell death (apoptosis). Experience nevertheless teaches us that tumors
actually may develop during life. This is only possible when multiple defence mecha-
nisms of the cell are halted. So in order to alter a cell into a tumor a number of suc-
cessful mutations are required, especially in genes that enhance cell proliferation,
also referred to as ‘gatekeeper’-genes, through which a greater cell population does
develop for the ‘next’ mutation, as well as in genes that affect the stability over the
complete genome (on DNA or chromosome level), through which mutation frequen-
cy may increase, so-called ‘caretaker’ — genes, e.g. DNA-repair-genes.

Among women, breast cancer is the most frequently occurring type of cancer (22%
of all female cancers). The number of patients with breast cancer annually increases
worldwide with approximately 1 million. Cumulative lifetime risk for Dutch women
is 9%. Several risk factors for breast cancer are known, of which positive family his-
tory for breast cancer is one of the most important. This indicates that hereditary
factors play an important role in the development of breast cancer. First-degree fam-
ily members (mother, sisters and daughters) of breast cancer patients run twice as
high a risk for breast cancer. This risk increases with the number of breast cancer
patients in the family, the age breast cancer manifests itself, the younger the patient
the higher the risk, the occurrence of bilateral breast cancer and a history of benign
breast disorders. At this moment approximately 10% of all breast cancers is accoun-
ted for by germline mutations, meaning: already present in the fetal cells at concep-
tion, in known breast cancer predisposition genes. These genes can roughly be di-
vided into high-risk genes (BRCA1, BRCA2, PTEN, TP53, LKB1/STK11 and cDH1) with
a lifetime risk of over 4 times the average and in low to moderate increased-risk
genes (CHEK2, TGFf31, CASP8, BARD1, BRIP1, PALB2 and ATM). High-risk genes are the
principal cause of frequent occurrence of breast cancer within specific families and
are mostly found through linkage studies where within families searches are made
for loci on the genome shared among breast cancer patients, assuming a specific
statistical model (hereditariness, allelfrequency and penetration). A ‘Logarithm of
0Odds’ (Lop-score) greater than 3 on a specific locus is interpreted as a significant
finding and indicates that at that locus a possible breast cancer susceptibility gene
may be discovered.

Low to moderate increased-risk genes however cannot be identified by linkage ana-
lysis because the genotype-phenotype relation is much weaker. The most common
method of identifying these genes is the association study in which allelfrequency of
specific variations in (candidate) genes is compared between a great number of

breast cancer patients and a control group.
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At this moment BRcA1 and BRcA2 account for the major part of families with more
breast cancer patients, patients with cancer of the ovaries and/or male breast cancer
patients, but to a lesser degree for families where female breast cancer is the only
occurring form of cancer.

BrcA1 and BRCA2 are both viewed as ‘caretaker’-genes and play a significant role in
spotting and repairing bNa-damage. The hereditary path of mutations in both genes
takes place in a classical autosomal dominant way; meaning children from a person
with a germline mutation in either gene have a 50% chance of inheriting this muta-
tion. Functionally at the cellular level however, these mutations are recessive. In
BRCA1 and BRCA2 associated tumors one mutant copy of the gene (allele) is inherited
through the germline. Inactivation of the other allele is obtained on somatic level
during life (in the epithelium of the mammary gland). Carriers of a mutation in
other high risk cancer predisposition genes TP53 (Li-Fraumeni syndrome), PTEN
(Cowden syndrome), cpH1 (HDGC-syndrome) and LkB1/sTK11 (Peutz-Jeghers syn-
drome) are also associated with a highly increased breast cancer risk, however germ-
line mutations are very rare and are not found in breast cancer patients without
other associated features of these disorders.

Clinical experience however teaches us that there still are many hereditary encum-
bered breast cancer families without a mutation in BRca1 or BRcaz2. The hypothesis
is that there should exist other high-risk genes that may be identified through link-
age research. The power of linkage research depends heavily on information rende-
ring of the families to be screened and the number of still to be discovered predispo-
sition genes (heterogeneity of the disorder). Alas, after the discovery of BrRca1 and
BRCA2 in the mid nineties, no new high-risk breast cancer predisposition gene was
discovered through linkage research. One of its meanings could be that heterogeneity
among families is greater than expected and the up-to-now completed research in-
cluded too few families for reaching a significant Lob-score.

Our research aimed at attempting to identify new high-risk breast cancer predispo-
sition genes through genome-wide linkage analysis. In collaboration with the Breast
Cancer Linkage Consortium (BcLc) 150 Dutch, English, French and Australian
BRCA1/2 negative families were selected with a minimum of 3 breast cancer patients
diagnosed under the age of 60, without cancer of the ovaries or male breast cancer
patients. Next to that we collected from 55 Dutch families as much paraffin imbed-
ded tumour samples as possible, to endeavour reducing heterogeneity within the
selected families. Research in BRca1 (and to a lesser extent also BRCA2) related tu-

mours has demonstrated these tumours to distinguish themselves from sporadic
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(viz.: non-hereditary) and BRca1/2-negative tumours as regards to histopathology,
array-CGH profile, micro-array profile and immunohistochemistry. This may possi-
bly be the case with BrRca3, 4 etc. (BRCAX).

CHAPTER 3

Chapter 3.1 (publication in Journal of Medical Genetics. 2004) describes one of the
families we thus selected. This family carried apart from breast cancer an unexpec-
tedly great number of other types of cancer, among them melanomas, lung cancer,
intestinal cancer and oral squamous cell carcinoma. In this family a mutation was
found in the p16-gene (p16-Leiden mutation), associated with an increased risk of
melanomas. Seeing much breast cancer also occurred in this family and as other
researchers already suggested that p16 possibly played a role in the etiology of breast
cancer, we examined the role of p16 in the development of (breast) cancer within this
family, supplemented with a survey of four additional breast tumours from p16-
Leiden positive patients from four different families. We concluded there to be no
clear connection between carriers of a p16-Leiden mutation and the development of
breast cancer, seeing most (4 out of 5) breast cancer patients within the family quo-
ted above did not carry the mutation and 3 out of four of the additionally selected
breast tumours showed immunohistochemically no elimination of the p16 gene.
However we did find a connection between the development of lung cancer and oral

squamous cell carcinoma and carriers of the p16-Leiden mutation.

During our search for new breast cancer predisposition genes the international
research area in this field, didn’t stand still. H. Meijers-Heijboer et al. identified the
CHEK2*1100delC variation as a low-risk breast cancer predisposition gene (relative
risk: 2.0).

Chapter 3.2 (publicized in Cancer Research, in 2003) describes the role of this varia-
tion within our selected families. Selection of breast cancer patients with a strong
familiar burden clearly shows an increased occurrence of this variation as opposed
to sporadic breast cancer patients. In 15 out of 71 families (21%) minimum one
breast cancer patient with this variation was found. It was remarkable that within
these families no apparent co-segregation of this variation with breast cancer was
established. However, patients carrying this variation developed breast cancer at a
younger age than patients without this variation. With this research we were also the
first to demonstrate that cHEK2*1100delC carrier is coupled with an absent immu-

nohistochemical staining in tumour cells. Our results support a model whereby an
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increase from breast cancer risk possibly may be explained by an interaction be-
tween CHEK2*1100delC and a still to be identified new breast cancer predisposition

gene or genes (oligogenetic/polygenetic model).

In the mean time a Scandinavian Group claimed a possible breast cancer predisposi-
tion gene to be discovered on the long arm of chromosome 13 (13q21).

Chapter 3.3 is a manuscript published in Proc Natl Acad Sci U.S.A in 2002, where we
refute this. In this research the Breast Cancer Linkage Consortium demonstrated
that in a group of 128 high-risk families there is no association between breast cancer

and 13q21 (heterogeneity LoD score: -11).

CHAPTER 4
In this chapter we describe an attempt to decrease heterogeneity within our families

through tumor features.

Chapter 4.1 is a manuscript published in Clinical Cancer Research in 2006. Recent
studies demonstrated that BRca-1-related tumors show a specific histopathological,
immunohistochemical and genetic profile. This shows that it may be possible to de-
crease heterogeneity within our families, should several subgroups be identified with-
in BRcax-related tumors. To this aim 100 BRCAx-tumors were investigated and exa-
mined for ‘Loss of heterozygosity (Lon). Here LoH-frequencies higher than 40%
were found on 1q41, 4p16, 11q23.3, 16p13, 16424, 17p12, 2122, 22411 and 22q13,
with the highest frequency on 22q13 (59%). Except for areas on 22q, these loci had
been found in sporadic breast tumors as well. It was possible to examine LOH in
minimum 2 tumors from different patients in each of 28 families. Here we found
markers on chromosome 2, 3, 6, 12, 13, 21 and 22 (however not on 22q13) on which
LOH occurred significantly more frequently in tumors from patients belonging to the
same families than one would expect based on total LoH-frequencies. Albeit, linkage
analysis for markers on corresponding areas for chromosome 12, 21 and 22 returned
no significant LoD-scores. Immunohistochemically BRcAx tumors were significantly
more often positive for bcl2 than BRcA1 tumors (p=0.000005) and than BrRcA2 tu-
mors (p=0.00003). This actually was also the case for cHEK2*1100delC tumors. It was
also noticeable that cHEK2*1100delC tumors were significantly more often negative
for cytokeratin 19 staining compared to BRcA1 (P=0.0008) and the remainder of
BRCAx tumors (P=0.006). Alas cluster analysis for combined data (Lon and immu-

nohistochemistry) did not return any useful sub groups for use in linkage analysis.
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Chapter 4.2 is a manuscript submitted for publication describing results found using
array-CGH in 58 BRCAx tumors compared to 48 sporadic tumors. BRCAx tumors ge-
nerally show more significant copy number changes than sporadic tumors (P=0.003).
BRCAx tumors show significantly more loss of genetic material on chromosome 1p,
1q, 49, 59, 99, 134, 144, 15q, 19cen, 21p and Xp and an increase on chromosome
2q-ter, 6p, 8p, 11p, 12p, 14q, 17p, 17q, 19p, 19q and of more areas on chromosome
22 with regard to sporadic tumors. Increase on chromosome 22 appears to be spe-
cific for BRcax tumors, as this is not found in either BRCA1, BRCA2 or sporadic tu-
mors. Using unsupervised hierarchical clustering an attempt was made in grouping
58 BRCAx tumors in more homogeneous sub groups for possible linkage analysis.

Unfortunately no evident sub groups were found, however when BRcAx tumors to-
gether with sporadic tumors were clustered it was noticeable that no random fusion

developed. BRcax and sporadic tumors cluster separately.

CHAPTER 5

Chapter 5.1 was published in Genes Chromosome and Cancet, 2006. The manuscript
describes results from the genome-wide linkage search performed by the Breast
Cancer Linkage Consortium. The idea behind this research was that there still exist
high-risk genes. In 149 high-risk families (22 originating from the Netherlands) a
LoD-score of 1.80 was found under a dominant model on chromosome 4. A maxi-
mum 2.40 LOD-score on chromosome 2p was found, when only families with more
than 4 breast cancer patients, diagnosed at less than 50 years of age were analysed.
Neither were significant LoD-scores found under a recessive model and through
nonparametric methods. The number of linkage peaks traced didn’t differ from what
could be expected based on coincidence. This research is by far the most extensive
linkage research published up to now. Results suggest the heterogeneity among the
families is high and possibly this may be solved by extending the set of families. At
the moment the Breast Cancer Linkage Consortium is therefore trying to increase
this number to 250 families or more. This may also mean that the marker set used is

insufficiently informative.

Chapter 5.2 has recently been submitted for publication. The Dutch population is
known for the fact that for many genetic disorders specific mutations occur that are
less apparent in other populations. Therefore one could consider the Dutch popula-
tion as being an unique genetic population. In order to evaluate the possibility that
genetic heterogeneity among breast cancer families could be decreased through
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selecting a more homogeneous population, we performed a linkage search among 85
Dutch families. 22 of these families were also included in the linkage search executed
by the Breast Cancer Linkage Consortium. Assuming a dominant as well as a reces-
sive model no significant LoD-scores were found. With nonparametric methods
however on chromosome 9q21 a significant LoD-score was identified (for marker
Dgs167 the NPL-score being 3.96; P=0.00009). This suggests that at this locus a
possible breast cancer predisposition gene is located. However, should this be the
case only a small part of BRcax families may possibly be accounted for. This will
definitely be the case in non- Dutch populations.

CHAPTER 6

This chapter consists of a general discussion. Genetic research aimed at identifi-
cation of breast cancer predisposition genes finds itself on interesting crossroads.
On the one hand the existence of families with more (young) breast cancer pa-
tients without a mutation in BRCA1 or BRCA2 suggests that there must still be
genes that cause a BRCA1 or BRCA2 comparable high breast cancer risk. On the
other hand the absence of a significant linkage peak in a group of 149 high-risk
families without BRcA1 or BRCA2 mutation made it clear that should such a gene
exist, it can possibly only explain a small part of these families. There is a chance
of the existence of more high-risk genes, but the individual contribution is too
small to identify using current methods. This could be solved by extending the
set of families or by grouping families in more homogeneous sub groups using
tumor features (biomarkers) or by selecting families from a more homogeneous
population. Using LoH, cGH and immunochemistry we made a first attempt at
grouping families through biomarkers. Unfortunately this didn’t lead to identifi-
cation of a new gene. However, the first result obtained from cGH especially, in-
dicates this needs further exploration.

Selecting families from a more homogeneous population also yielded an in-
teresting result, namely the identification of chromosome 9q21 as a possible
locus for a new breast cancer predisposition gene. Should this be the case the
gene involved will mainly play a role in the Dutch population, as in other inter-
national linkage studies this locus did not occur.

Mutations in the currently known high risk breast cancer genes are common in
families with a large number of cases of breast and/or ovarian cancer, but they
have been estimated to explain at best 20-25% of the overall excess familial risk
and less than 5% of the total breast cancer incidence. The contribution of genetic
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factors in the etiology of breast cancer isn't quite clear. Several studies indicate
that the possible role of genetic factors may be much higher than 5%. A large
twin study has estimated that up to 30% of all breast cancer has a genetic basis,
while a study on the incidence of bilateral breast cancer even suggested that the
greatest part of breast cancer occurs in a small minority of women who are sus-
ceptible for it. It is unlikely that these attributable risks can completely be con-
tributed to high-risk genes, as it was already suggested that should they indeed
at all exist, mutations in these genes are very rare. Therefore the idea arose that
frequently occurring low-risk variants and/or rare low-risk variants combined
with each other may play a part. Such a polygenetic model is indeed supported
by segregation analysis in non-Brca1/2 related families. In this model several
combinations of more low-risk to moderate-risk cancer predisposition genes,
together with environmental factors may explain families. Because such genes
cannot be identified through genome-wide linkage analysis one sees at the mo-
ment a shifting taking place to genome-wide association studies. The problem of
these studies is the great number of breast cancer patients and control patients
required (in the order of 20,000 patients and an equal number of controls), this
being very costly. As demonstrated for the cHEK2*1100delC variant, an enrich-
ment for low-risk to moderate-risk variants occurs when high-risk families are
selected. Therefore it appears to be very efficient to first perform a genome-wide
study in a small group enriched with breast cancer predisposition. These may be
familial cases but also for instance bilateral breast cancer patients or persons
with other risk factors with a strong genetic component such as breast tissue
density. Next, variants significantly associated with breast cancer may be typified
in a great (multicentre) case-control study.

It may be clear that identification of these genes is of great importance seen from
the perspective of health care. Not only for the assessment of (breast) cancer risk
for women and their families and thus to attain adequate decisions regarding
preventive strategies (check-up, preventive surgery and chemo prevention) but
also for the development of therapies aimed at deviations of these genes.
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CHAPTER 8
SAMENVATTING

HOOFDSTUK 1
In hoofdstuk 1 wordt het doel en de aanpak van dit onderzoek beschreven.

HOOFDSTUK 2

In Hoofdstuk 2 (introduction; gebaseerd op de publicatie in Critical Reviews in On-
cology and Hematology, mei 2007) wordt een overzicht gegeven van de genetische
aspecten van borstkanker. Alvorens hier verder op in te gaan is het voor de leek
noodzakelijk om meer te begrijpen over het mechanisme van het ontstaan van kan-
ker en dus ook borstkanker. Het menselijke lichaam is opgebouwd uit cellen. In de
cel zit een celkern met daarin het overgrote deel van de genetische informatie (DNA
moleculen), opgeslagen in 23 paar chromosomen. Het erfelijk materiaal is dus in
tweevoud aanwezig, afkomstig van vader en atkomstig van moeder. bNa-moleculen
zijn opgebouwd uit een veelvoud van vier bouwstenen (adenine (a), cytosine (c),
guanine (G) en thymine (T). Geselecteerde regio’s van het pNa (genen) dienen als
sjablonen voor het synthetiseren van rRNA-moleculen, die op hun beurt gebruikt
worden als blauwdruk voor het vormen van eiwitten (proteinen). De term proteine
komt van het Griekse woord ‘proteios’ wat betekent ‘van de hoogste rang’ waarmee
de belangrijke rol van eiwitten in de diverse cellulaire functies, zoals transcriptie,
transport, signalering, en opslag wordt weerspiegeld. Gedurende ons leven delen
cellen zich ter vervanging of ter vermenigvuldiging (cellulaire proliferatie), waarbij
het genetische materiaal wordt gekopieerd en doorgegeven. Bij dit proces kunnen er
echter veranderingen optreden in het pNa (somatische mutaties) die een bepaald
voordeel kunnen geven aan de nieuwe cel. Indien door de verandering de cel beter
in staat is zich voort te planten/te vermenigvuldigen zal deze de neiging vertonen
om het organisme te gaan domineren. (ter vergelijking: een organisme dat zich beter
kan voortplanten zal door natuurlijke selectie gaan domineren over de anderen).
Daar tumoren worden gekenmerkt door een ongeremde groei (voortplanting) van
cellen hebben ze dus door natuurlijke selectie een voordeel t.o.v. de andere cellen.
Dus eigenlijk hebben mensen van nature de neiging om in tumoren te veranderen.
Echter, tumoren zijn niet in staat om baby’s te krijgen en deze te verzorgen. In de
biljoen jaren van evolutie zijn op het niveau van het gehele organisme daarom sterke
genetische controle mechanisme’s ontwikkelt om te voorkomen dat een persoon (in

elk geval in zijn reproductieve jaren) in een tumor verandert. Potentiéle tumor cellen
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worden of gerepareerd en terug in het gareel gebracht of gedwongen om zelfmoord
(apoptose) te plegen. Desondanks leert de ervaring ons dat tumoren weldegelijk
kunnen ontstaan. Hiervoor is het echter noodzakelijk dat meerdere van de verdedi-
gingsmechanismen van de cel worden stil gelegd. Dus, om een cel te veranderen in
een tumor cel zijn meerdere succesvolle mutaties nodig in met name genen die de
celproliferatie bevorderen (ook wel ‘gatekeepers’-genen genoemd), waardoor er een
grotere populatie van cellen ontstaan voor de ‘volgende’ mutatie en genen die effect
hebben op de stabiliteit van het gehele genome (op bNa of chromosomaal niveau),
waardoor de mutatie frequentie kan toenemen (ook wel ‘caretaker’ -genen genoemd,

bv DNA-repair-genen).

Onder vrouwen is borstkanker de meest frequent voorkomende vorm van kanker
(22% van alle vormen van kanker bij vrouwen). Jaarlijks komen er wereldwijd on-
geveer 1 miljoen borstkanker patiénten bij. Het cumulatieve lifetime risico op borst-
kanker voor Nederlandse vrouwen is 9%. Er zijn meerder risicofactoren voor borst-
kanker bekend waarvan een positieve familieanamnese voor borstkanker de
belangrijkste is. Dit geeft aan dat erfelijke factoren een grote rol spelen bij het ont-
staan van borstkanker. Eerstegraads familieleden (zussen, moeder, dochters) van
borstkanker patiénten hebben ongeveer een tweemaal zo hoog risico op borstkanker.
Dit risico neemt toe met het toenemen van het aantal borstkanker patiénten in de
familie, de leeftijd waarop de borstkanker tot uiting komt (hoe jonger de patiént des
te hoger is het risico), het voorkomen van tweezijdig borstkanker en een voor-
geschiedenis van goedaardige borstaandoeningen. Op dit moment wordt ongeveer
10% van alle borstkanker’s verklaard door reeds vanaf de geboorte aanwezige muta-
ties (kiembaan mutaties) in bekende borstkanker predispositie genen. Deze genen
kunnen grofweg verdeeld worden in hoogrisico genen (BRCA1, BRCA2, PTEN, TP53,
LKB1/STK11 en cDH1) met lifetime risico hoger dan 4 en laag tot matig verhoogd
risico genen (CHEK2, TGFf31, CASP8, BARD1, BRIP1, PALB2 en ATM). De hoogrisico
genen zijn de voornaamste oorzaak van frequent voorkomen van borstkanker
patiénten binnen bepaalde families en zijn voornamelijk gevonden door middel van
koppelingsonderzoek (Linkage analyse), waarbij binnen families gezocht wordt naar
gebieden op het genoom die gedeeld worden tussen borstkanker patiénten, onder
aanname van een bepaald statistisch model (overerving, allelfrequentie en penetran-
tie). Een ‘Logaritme of Odds’ (Lop-score; een maat voor waarschijnlijkheid) groter
dan 3 op een bepaald gebied wordt gezien als een significante bevinding en geeft aan

dat op dat gebied mogelijk een aan borstkanker gerelateerd gen te ontdekken is.
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De laag tot matig verhoogd risico genen kunnen echter niet op deze manier geiden-
tificeerd worden doordat de genotype-fenotype relatie (relatie tussen afwijkingen in
genen en het tot uiting komen van de ziekte) een stuk zwakker is. De meest gang-
bare methode om deze genen te identificeren is de associatie studie, waarbij de al-
lelfrequentie van bepaalde varianten in (kandidaat) genen wordt vergeleken tussen

een groot aantal borstkanker patiénten en een controle groep.

Op dit moment verklaren BRCcA1 en BRCA2 het grootste gedeelte van families met
meerdere borstkanker patiénten, eierstokkanker patiénten en/of mannelijk borst-
kanker patiénten, maar in veel mindere mate in families waarin vrouwelijk borst-
kanker de voornaamst voorkomende vorm van kanker is. BRca1 en BRCA2 worden
beiden gezien als ‘caretaker’-genen en spelen een belangrijke rol bij het signaleren en
repareren van DNA-schade. De erfgang van mutaties in beide genen geschiedt op een
klassieke autosomaal dominante wijze (kinderen van een persoon met een kiem-
baan mutatie in een van beide genen hebben 50% kans deze te erven). Functioneel
zijn deze mutaties echter recessief. In BRCA1 en BRCA2 geassocieerde tumoren is één
mutant allel via de kiembaan geérfd. Inactivatie van het andere allel wordt op soma-
tisch niveau (in het epitheel van de borstklier) verkregen gedurende het leven.
Draagsters van een mutatie in een van de andere hoogrisico kanker predispositie
genen TP53 (Li-fraumeni syndroom), pTEN (Cowden syndroom), cCDH1 (HDGC-syn-
droom) en LxB1/sTK11 (Peutz-Jegher syndroom) worden ook geassocieerd met een
sterk verhoogd borstkanker risico, echter kiembaan mutaties zijn zeer zeldzaam en
worden niet gevonden bij borstkanker patiénten zonder de andere geassociecerde
stigmata van deze aandoeningen.

De ervaring uit de kliniek leert ons echter, dat er nog veel sterk belaste borstkanker
families zijn zonder een mutatie in BRca1 of BRca2. De hypothese is dan ook dat er
nog andere hoog risico genen zouden moeten bestaan, die mogelijk met linkage
onderzoek geidentificeerd kunnen worden. De kracht van linkage onderzoek hangt
echter sterk af van de informativiteit van de te onderzoeken families en het aantal
nog te ontdekken predispositie genen (de heterogeniteit van de aandoening). Helaas
is na de ontdekking van BRCA1 en BRCA2 halverwege de jaren 9o geen nieuw hoog-
risico borstkanker predispositie gen middels linkage onderzoek meer gevonden. Dit
zou onder andere verklaard kunnen worden doordat de heterogeniteit onder de
families groter is dan werd verwacht en de tot nu toe uitgevoerde onderzoeken te
weinig families bevatte om tot een significante LoD-score te komen. Ons onderzoek

had als doel om d.m.v. genoomwijd linkage analyse nieuwe hoogrisico borstkanker
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predispositie genen te identificeren. In samenwerking met het Breast Cancer Link-
age Consortium (BcLC) zijn hiervoor 150 Nederlandse, Engelse, Franse en Austra-
lische BRCA1/2 negatieve families geselecteerd met minimaal 3 borstkanker patiénten
gediagnosticeerd onder 60 jaar, zonder eierstokkanker patiénten of mannelijke
borstkanker patiénten. Daarnaast hebben wij uit 55 Nederlandse families zoveel
mogelijk in paraffine ingebedde tumor samples verzameld, om te pogen de hetero-
geniteit binnen de geselecteerde families te verminderen. Onderzoek in BrRca1 (en
in mindere mate ook BRCA2) gerelateerde tumoren heeft namelijk uitgewezen dat
deze tumoren zich onderscheiden van sporadische en BRCA1/2-negatieve tumoren
qua histopathologie, array-cGH profiel, micro-array profiel en immunohistochemie.
Wellicht is dit ook het geval voor BRCA3, 4, etc (BRCAX).

HOOFDSTUK 3

Een van de families die wij voor dit doel geselecteerd hebben bevatte naast borst-
kanker een onverwacht groot aantal andere vormen van kanker, waaronder huid-
kanker (melanomen), longkanker, darmkanker en kanker in de mondholte (oral
squamous cell carcinoma). In deze familie werd een mutatie in het P16 gen gevonden
(P16-Leiden mutatie), welke geassocieerd is met een verhoogd risico op melanomen.
Aangezien er ook veel borstkanker in deze familie voorkomt en andere onderzoekers
reeds gesuggereerd hadden dat het P16 gen mogelijk een rol speelt in de etiologie
van borstkanker, hebben we onderzoek verricht naar de rol van P16 bij het ontstaan
van borstkanker binnen deze familie, aangevuld met vier additionele borsttumoren
van P16-Leiden positieve patiénten uit vier verschillende families. Met dit onderzoek
zijn wij tot conclusie gekomen dat er geen duidelijk verband was tussen dragerschap
van een P16-Leiden mutatie en het ontstaan van borstkanker, aangezien de meeste (4
van de 5) borstkanker patiénten binnen de hierboven beschreven familie de mutatie
niet bij zich droegen en 3 van de vier additionele geselecteerde borsttumoren
immunohistochemisch geen uitschakeling van het P16 gen lieten zien. Wel werd er
een verband tussen het ontstaan van longkanker, kanker in de mondholte (oral
squamous cell carcinoma) en dragerschap van de P16-Leiden mutatie aangetoond.
(Hoofdstuk 3.1: publicatie in de Journal of Medical Genetics, 2004).

Tijdens onze zoektocht naar nieuwe borstkanker predispositie genen stond het in-
ternationale onderzoeksveld niet stil op dit gebied. Zo identificeerde H. Meijers-
Heijboer de crEk2*1100delC variant als een laagrisico borstkanker predispositie

gen. Hoofdstuk 3.2 (publicatie in Cancer Research, in 2003) beschrijft de rol van deze
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variant binnen de door ons geselecteerd families. Het selecteren van borstkanker
patiénten met een sterke familiaire belasting laat duidelijk een verrijking zien van
deze variant ten opzichte van sporadische borstkanker patiénten. In 15 van 71
families (21%) werd minimaal één borstkanker patiént met deze variant gevonden.
Opvallend was echter dat er binnen de families geen duidelijke co-segregatie van de
variant met borstkanker werd aangetoond. Echter, patiénten die de variant bij zich
droegen ontwikkelde borstkanker op jongere leeftijd dan patiénten zonder deze
variant. Ook toonde we met dit onderzoek als eerste aan dat cHEK2*1100delC
dragerschap gepaard gaat met een afwezige immunohistochemische kleuring in de
tumorcellen. Onze resultaten ondersteunen een model waarbij een verhoging van
het borstkanker risico mogelijk verklaard kan worden door een interactie tussen
CHEK2*1100delC en een nog te identificeren nieuw borstkanker predispositie gen of

genen (polygenetisch model).

Een Scandinavische groep claimde ondertussen dat er mogelijk een borstkanker
predispositie gen te ontdekken is op de lange arm van chromosoom 13 (13q21).
Hoofdstuk 3.3 is een manuscript dat werd gepubliceerd in Proc Natl Acad Sci U.S.A
in 2002 waarin we dit tegenspreken. In dit onderzoek toonde het Breast Cancer
Linkage Consortium aan dat in een groep van 128 hoog-risico families er geen

associatie is tussen borstkanker en 13q21 (Heterogeniteit Lob-score: -11).

HOOFDSTUK 4

In dit hoofdstuk beschrijven we een poging om d.m.v. tumorkarakteristieken de ver-
moedelijk aanwezige genetische heterogeniteit binnen onze families te verkleinen.
Hoofdstuk 4.1 is een manuscript dat werd gepubliceerd in Clinical Cancer Research
in 2006. Recente studies hebben aangetoond dat de BRca1-gerelateerde tumoren een
specifiek histopathologisch, immunohistochemisch en genetisch profiel vertonen.
Dit geeft aan dat het wellicht mogelijk is om de heterogeniteit binnen onze families
te verlagen, indien er verschillende subgroepen geidentificeerd kunnen worden
binnen de BRcax-gerelateerde tumoren. Voor dit doel werden 100 BRCAX-tumoren
immunohistochemisch onderzocht en onderzocht op ‘Loss of heterozygosity (LoH)’
Hierbij werden LoH-frequenties groter dan 40% gevonden op 1q41, 4p16, 11q23.3,
16p13, 16q24, 17p12, 2122, 22q11 en 22q13, met de hoogste frequentie op 22q13
(59%). Deze gebieden, behalve de gebieden op 22q waren reeds ook gevonden in
sporadische borsttumoren. In 28 families was het mogelijk om LoH te onderzoeken

in minimaal 2 tumoren van verschillende patiénten. Hierbij vonden we op chromo-
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soom 2, 3, 6, 12, 13, 21 en 22 (echter niet op 22q13) markers waarop LOH significant
frequenter optrad in tumoren van patiénten behorend tot dezelfde familie dan je zou
verwachten op basis van de totale LoH-frequenties. Helaas leverde linkage analyse
voor markers op de overeenkomende gebieden voor chromosoom 12, 21 en 22 geen
significante LoD-scores op. Immunohistochemisch waren de BRcAx tumoren signi-
ficant vaker positief voor bcl2 dan BRrRcA1 (P=0.000005) en BRCA2 tumoren
(P=0.00003), wat overigens ook het geval was voor de cHEK2*1100delC tumoren.
Ook viel op dat de cHEK2*1100delC tumoren significant vaker negatief waren voor
cytokeratine 19 kleuring t.0.v BRCA1 (P=0.0008) en het restant van de BrRcAx tu-
moren (P=0.006). Helaas leverde de cluster analyse voor de gecombineerde data
(LoH en immunohistochemie) geen bruikbare subgroepen op die gebruikt konden

worden voor linkage analyse.

Hoofdstuk 4.2 is een manuscript dat momenteel aangeboden is voor publicatie en
beschrijft de m.b.v array-cGH gevonden resultaten in 58 BRCAX tumoren in ver-
gelijking met 48 sporadische tumoren. The BRcAx tumoren laten in het algemeen
significant meer kopienummer veranderingen zien dan sporadische tumoren
(p=0.003). The BRCAx tumoren laten significant meer verlies van genetisch materiaal
zien op chromosoom 1p, 1q, 44, 59, 99, 1349, 14q, 15q, 19cen, 21p en Xp en toename
op chromosoom 2q-ter, 6p, 8p, 11p, 12p, 14q, 17p, 179, 19p, 199 en van meerdere
gebieden op chromosoom 22 t.o.v. sporadisch tumoren. De toename op chromo-
soom 22 lijkt vrij uniek te zijn voor BRCAx tumoren daar dit niet wordt gevonden in
zowel BRCA1, BRCA2 als sporadische tumoren. Met behulp van ongesuperviseerde
hiérarchische clustering werd een poging gewaagd de 58 BRCAX tumoren te groepe-
ren in meer homogene subgroepen voor eventuele linkage analyse. Helaas werden er
geen duidelijke subgroepen gevonden, echter wanneer de BRCAX tumoren samen
met de sporadische tumoren werden geclusterd viel op dat er geen willekeurige ver-
menging ontstond. De BRcax en de sporadische tumoren bundelen zich apart van

elkaar.

HOOFDSTUK 5

Hoofdstuk 5.1 werd in 2006 gepubliceerd in Genes Chromosome and Cancer. Het
manuscript beschrijft de resultaten van de door het Breast Cancer Linkage Consor-
tium uitgevoerde genoomwijde linkage onderzoek. De gedachte achter dit onder-
zoek is dat er nog hoogrisico genen bestaan. In 149 hoogrisico families (waarvan 22

uit Nederland atkomstig waren) werd onder een dominant model op chromosoom
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4 een LOD-score van 1.80 gevonden. Een maximale LoD-score van 2.40 op chromo-
soom arm 2p werd gevonden, wanneer alleen de families met meer dan 4 borst-
kanker patiénten, gediagnosticeerd onder 50 jaar werden geanalyseerd. Ook onder
een recessief model en middels nonparametrisch methodes werden geen significan-
te LoD-scores gevonden. Het aantal gevonden linkage pieken was niet anders dan je
op basis van toeval zou mogen verwachten. Dit onderzoek representeert verreweg
het uitgebreidste linkage onderzoek dat tot op heden is gepubliceerd. De resultaten
suggereren dat de heterogeniteit onder de families hoog is en wellicht is dit op te
lossen door de set families verder uit te breiden. Momenteel wordt hiertoe door de
BCLC een poging ondernomen (250 families). Ook kan het betekenen dat de gebruikte

markermap onvoldoende informatief is.

Hoofdstuk 5.2 bevat een manuscript dat momenteel is aangeboden voor publicatie.
De Nederlandse populatie staat bekend om het feit dat er voor veel genetische aan-
doeningen specifieke mutaties voorkomen die in andere populaties minder op de
voorgrond staan. Daarom zou je de Nederlandse populatie kunnen beschouwen als
een unieke genetische populatie. Om de mogelijkheid te evalueren dat de genetische
heterogeniteit onder borstkanker families te verkleinen is door een meer homogene
populatie te selecteren hebben we linkage onderzoek verricht in 85 Nederlandse
families. 22 van deze families waren ook geincludeerd in het linkage onderzoek
verricht door het Breast Cancer Linkage Consortium. Onder aanname van een
dominant en recessief model werden er geen significante LoD-scores gevonden.
Echter met nonparametrische methoden werd op chromosoom 9q21 een signifi-
cante LoD-score geidentificeerd (voor marker Dgs167 was de NPL-score 3.96
;p=0.00009). Dit suggereert dat er op dit gebied mogelijk een borstkanker pre-
dispositie gen ligt. Indien dit daadwerkelijk het geval is zal waarschijnlijk maar een
klein deel van de BRcax families hierdoor verklaard worden, zeker in andere dan de

Nederlandse populatie.

HOOFDSTUK 6

Dit Hoofdstuk bevat een samenvattende discussie. Genetisch onderzoek gericht op
de identificatie van borstkanker predispositie genen staat momenteel op een interes-
sant kruispunt. Enerzijds suggereert het bestaan van families met meerdere (jonge)
borstkanker patiénten zonder een mutatie in BRca1 of BRcA2 dat er nog genen
moeten zijn die een, met BRCA1 of BRcA2 vergelijkbaar hoog borstkanker risico ver-

oorzaken. Anderzijds heeft de afwezigheid van een significante linkage piek in een
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groep van 149 hoog risico families zonder een BRca1 of BRCA2 mutatie ons duidelijk
gemaakt dat indien zo'n gen bestaat het waarschijnlijk maar een klein gedeelte van
deze families kan verklaren.

Het is een mogelijkheid dat er nog meerdere hoogrisico genen bestaan maar dat de
individuele bijdrage te klein is om met de huidige verrichte studies te identificeren.
Dit zou opgelost kunnen worden door de set families uit te breiden of de families te
groeperen in meer homogene subgroepen, dmv het gebruik van tumorkarakteri-
stieken (biomarkers) of families uit een meer homogene populatie te selecteren. Met
behulp van LoH, cGH en immunohistochemie hebben wij een eerste poging onder-
nomen om middels biomarkers de families te groeperen. Helaas heeft dit tot nu toe
niet geleid tot de identificatie van een nieuw gen. Het eerste resultaat verkregen uit,
met name CGH, geeft aan dat dit nog verdere exploratie verdient.

Het selecteren van families uit een meer homogene populatie leverde eveneens een
interessant resultaat op, namelijk de identificatie van chromosoom 9q21 als een
mogelijk locus voor een nieuw borstkanker predispositie gen. Echter indien dit het
geval is zal het betreffende gen waarschijnlijk vooral een rol zal spelen in de Neder-
landse populatie, daar in ander internationale linkage studies dit gebied niet naar

voren is gekomen.

De schatting is dat de huidige borstkanker genen minder dan 5% van de totale borst-
kankerincidentie verklaren. Het aandeel van genetische factoren in de etiologie van
borstkanker is niet geheel duidelijk. Meerdere studies geven aan dat dit waarschijn-
lijk veel hoger is dan 5%. Een studie betreffende de incidentie van contralateraal
borstkanker suggereerde zelfs dat het grootste gedeelte van alle borstkanker optreedt
in een kleine minderheid van vrouwen die een verhoogde gevoeligheid hiervoor
hebben. Het is onwaarschijnlijk dat dit risico geheel is toe te schrijven aan hoogrisico
genen, aangezien reeds voorspeld is dat, indien ze tiberhaupt bestaan, mutaties in
deze genen zeer zeldzaam zijn. Het idee is daarom ontstaan dat meerdere frequent
voorkomende varianten met een laag risico en of zeldzamere varianten met een
matig risico in combinatie met elkaar een rol spelen.Zo'n poligenetisch model wordt
inderdaad ondersteund door segregatie analyses in niet BRCA1/2 gerelateerde
families. Onder dit model zullen verschillende combinaties van meerdere laag-tot
matig risico kanker predispositie genen, samen met omgevingsfactoren mogelijk de
families verklaren. Aangezien zulke genen niet middels linkage onderzoek geidenti-
ficeerd kunnen worden is er momenteel veel aandacht voor genoomwijde associatie
studies. Het probleem van deze studies is dat je zeer grote aantallen borstkanker
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patiénten en controles nodig hebt (in de orde van grote van 20.000 patiénten en een
even groot aantal controle personen), wat zeer kostbaar is. Zoals wij hebben aan-
getoond voor de cHEK2*1100delC variant, ontstaat er een verrijking van laag tot
matig risico varianten door het selecteren van hoogrisico families. Het lijkt daarom
zeer efficiént te zijn om eerst in een kleine groep personen dat verrijkt is voor borst-
kanker predispositie een genoomwijde associatie studie te verrichten. Dit kunnen
familiare gevallen zijn maar ook bijvoorbeeld bilaterale borstkanker patiénten of
personen met andere risico factoren met een sterke genetische component zoals
borstweefsel densiteit. Vervolgens kunnen de varianten die hierbij significant
geassocieerd zijn met borstkanker getypeerd worden in een grote (multicenter) case-
control studie. Inmiddels zijn de eerste laag tot matig risico genen op deze manier
ontdekt.

Het moge duidelijk zijn dat de identificatie van zulke genen uit het perspectief van
de gezondheidszorg van groot belang is. Niet alleen om het (borst)kanker risico voor
vrouwen en hun familieleden te kunnen inschatten en zo tot adequate beslissingen
te komen qua preventieve strategieén (controle, preventieve ingrepen en chemo-
preventie). Maar ook voor de ontwikkeling van therapieén gericht op de onder-

liggende gen afwijkingen.
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