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Summary

Breast cancer is the most common female malignancy and a major cause of
death in middle-aged women. It results from genetic and environmental
factors leading to the accumulation of mutations in essential genes, BRCA1
and BRCA2. To date, germline mutations in the BRCA1 and BRCA2 genes
in patients with early-onset breast and/or ovarian cancer have not been
identified within the Iranian population.

This study was set for two main purposes, in first for a cohort study of
selected population (Iranian women) with early-onset breast cancer and
secondly to evaluate and improve upon existing mutation detection
techniques with respect to the BRCA genes.

With the collaboration of two main centres for cancer research and
treatment in Tehran-Iran, clinical information, family history and
peripheral blood were obtained from 96 unrelated families for scanning of
germline mutations in the BRCA1 and BRCA2 genes. These sets of
samples consists of 104 women under the age of forty-five, 88 patients
affected with early-onset breast cancer or ovarian cancer and 16 unaffected

individuals with strong family history of breast and/or ovary cancer.
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BRCALI exons 11 and BRCA2 exons 10 and 11 by the Protein Truncation
Test (PTT) and BRCAT1 exons 2, 3, 5, 13 and 20 and BRCA2 exons 9, 17,
18 and 23 with the Single Strand Conformation Polymorphism (SSCP)
assay were analysed on genomic DNA amplified by polymerase chain
reaction.

Ten sequence variants were identified: five are frameshift (putative
mutations-four novel); three missense changes of unknown significant and
two polymorphisms, one seen [BRCA2 (IVS16-14T>C)] commonly in both
Iranian and British population.

Identification of these novel mutations suggests that any given population
should develop a mutation database for its breast cancer screening. The
pattern of mutations seen in the BRCA genes does not appear to differ from
other populations studied. Early-onset breast cancer (less than 45 years)
and a limited family history is sufficient to justify mutation screening with
a detection rate of over 25% in this group, whereas sporadic early-onset
breast cancer (detection rate less than 5%) is unlikely to be cost-effective.
To address the penetrance and mutation spectrum of germline mutation of
the contributed genes within Iranian population further studies should be

performed.

Meta-PCR technique was evaluated for its implication of BRCA genes
scanning. Three distinct sets of BRCA gene fragments were selected to
assemble with different approach for downstream analysis: the first set
consisted of BRCA1 exons 2, 20 and BRCA2 exon 18 and their subsequent
analysis by Protein Truncation Test; the second set comprised BRCA1
exons 2, 20, 23 and 24 and their subsequent analysis by direct sequencing;
and the last one contained six key coding regions from the BRCA genes,

the 5’ and 3’termini of exon 11 from both BRCAl and BRCA2 genes and
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exons 2 and 20 from BRCA1. Downstream analysis of Meta-PCR products
by Protein Truncation Test was used rather than direct nucleotide
sequencing because the total assembled above fragments size (~2.8kb) is
sufficiently big to ignore analysing by the latter approach. PTT and direct
sequencing were chosen because of their high sensitivity and specificity.

These three trials were performed successfully suggesting that it may be
possible to assemble the entire of coding regions of BRCA1 and BRCA?2

genes in a multi-step procedure.
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TS Tumour suppressor
pl Micro litre

uM Micro mole

Wt Wild type

All other abbreviations are explained in the text, or are the same as the

internationally set out rules in “Biochemical Nomenclature and Related
document”(1978)
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Chapter 1

1 Introduction

1.1 Cancer is the natural end-state of multicellular organisms
The evolution from a normal somatic cell to a malignant tumour takes
place within the life of an individual, and has to start afresh with each new
individual. However, an individual with a sound anti-tumour mechanism
transmits it to its offspring, where it continues to evolve. A billion years of
evolution have endowed us with sophisticated overlapping mechanisms to
protect us against tumours, at least during our reproductive life. Potential
tumour cells are either repaired and brought back into line, or made to kill
themselves (apoptosis). No single mutation can escape these mechanisms
and convert a normal cell into a malignant one. Long ago, studies of the
age-dependence of cancer suggested that on average 6-7 successive
mutations are needed to convert a normal cell into an invasive carcinoma
[']. In other words, only when half a dozen independent defences are
disabled by mutation can a normal cell progress into a malignant tumour.
The chance of a single cell undergoing six independent mutations is
negligible, suggesting that cancer should be vanishingly rare. However,
two general mechanisms exist that can allow the progression to happen

(Box 1.1).
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Box 1.1

Two ways of making a series of successive
mutations more likely

Turning a normal cell into a malignant cancer cell requires perhaps six
specific mutations in the one cell. If a typical mutation rate is 107 per gene
per cell, it is extremely unlikely that any one cell should suffer so many
mutations (which is why most of us are alive). The probability of this
happening to any one of the 10" cells in a person is 10 x 10 *, or 1 in 10”.

Cancer nevertheless happens because of a combination of two mechanisms:

e Some mutations enhance cell proliferation, creating an expanded target
population of cells for the next mutation (Figure 1.1)

e Some mutations affect the stability of the entire genome, at either the
DNA or the chromosomal level, increasing the overall mutation rate.

Because cancer depend on these two mechanisms, they always develop in

stages, starting with tissue hyperplasia or benign growths, while malignant

tumour cells usually advertise their genomic instability by their bizarre

karyotypes.

Mutation no. 1 Mutation no. 2 Mutation no. 3

O,
C O,
Selective growth  Selective growth Continuing  Malignant
of clone with of clone with evolution by tumor
mutation no. 1 mutations 1+2 natural selection

Figure 1.1: Multi stage evolution of cancer
Each successive mutation gives the cell a growth advantage, so that it forms an
expanded clone, thus presenting a larger target for the next mutation.

Accumulating all these mutations nevertheless takes time, so that cancer is
mainly a disease of post-reproductive life, when there is little selective

pressure to improve the defences still further [*].
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1.2 Mutations in cancer cells typically affect a limited

number of pathways
Cancer is a multifactorial disease involving the interplay of environmental,

hormonal, and dietary risks in addition to genetic predisposition.

However, progression of a single cell from a normal to a neoplastic state
always involves a series of genetic changes that alter either the regulation
or the function of a variety of different genes. Such genes may play roles in
a number of overlapping physiologic processes, including genome
maintenance, cell cycle control, apoptosis, contact inhibition, invasion and
metastasis, or angiogenesis [’]. These cancer genes are often classified in

two main categories, oncogenes and tumour suppressor genes.

1.2.1 Oncogenes
Oncogenes are a class of genes that play a role in the growth of cells but

when overexpressed by mutation, amplification, translocation, or other
means, they can foster the growth of cancer, uncontrolled by the normal
signalling pathways of the cell. Oncogenes typically encode for proteins
that stimulate mitosis or inhibit apoptosis [* °]. The classic definition of an
oncogene is a cancer-causing gene carried by an acute transforming
retrovirus that has a normal counterpart (homologue) referred to as a proto-
oncogene [*]. Cancer-causing oncogenes were identified and generally
named based on the virus in which they were originally carried. For
example, SRC is an oncogene from the Rous sarcoma virus, SIS from the
Simian sarcoma virus, RAS from the Rat sarcoma virus, and so forth [%].

In the 1970s it was discovered that oncogenes and proto-oncogenes encode
proteins involved in signal transduction, the orderly and specific
transmission of growth-regulatory messages from outside the cell to the

machinery controlling replication inside the cell’s nucleus [7].
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When signalling growth in a normal orderly fashion, oncogenes are termed
proto-oncogenes. Mutations and other alterations of the proto-oncogenes
turn them into oncogenes, which are unresponsive to outside influences,
leading to a permanent activation of the pathway promoting cellular
division and growth, thus leading to cancer.

Oncogene mutations are dominant at the cellular level. In other words, they
produce an effect when only one allele is altered, regardless of the presence
of the corresponding wild-type protein. Most oncogenes are altered in
somatic and not germline cells. The notable exception is the RET gene.
Mutations in this oncogene can be inherited and can cause multiple

endocrine neoplasia type 2, medullary thyroid cancer, and/or Hirschsprung

disease [*°].

1.2.2 Tumour suppressor genes
Tumour suppressor (TS) gene products inhibit events leading towards

cancer. Such genes exert their influence predominantly at or before DNA
synthesis in S phase of the cell division cycle. Some TS gene products
prevent cell progression, some steer deviant cells into apoptosis, and others
(Mutator genes-DNA replication repair genes) keep the genome stable and
mutation rates low by ensuring accurate replication, repair and segregation
of the cell’s DNA in G2 phase for mitosis. By definition, both alleles of a
TS gene must be inactivated to change the behaviour of the cell [*'].

The distinction between these two categories is that tumour progression 1s
promoted by over-expression or gain of function in oncogenes but by non-
expression or loss of function in tumour suppressor genes.

Loss-of-function mutations are much more common than gain-of-function
mutations in inherited predisposition, presumably because the loss of

function is masked by the remaining normal allele during development
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(except in the recessive DNA-repair deficiencies), whereas a gain-of-

function cancer-promoting mutation might well be lethal M.

1.2.2.1 Loss-of-function genetic events
Tumour suppressor mutations are also known as loss of function mutations,

because they inactivate the protein and act in a recessive manner, i.e., they
are silent in the presence of the corresponding wild-type protein. The first
evidence for loss-of-function genetic changes came from studies of
children's cancers, in particular retinoblastoma. Like many cancers,
retinoblastoma occurs in an inherited and a sporadic form. Knudson [“]
described the distribution of age at diagnosis in inherited and sporadic
cases. In inherited cases the distribution was consistent with a requirement
for one further event for tumour formation. This event occurred with
constant probability over time. In sporadic cases, the age distribution was
more complex, and consistent with a need for two events. The inference
was that in either case, two rate-limiting events were needed to form the
tumour, and that in inherited cases one of these was already present in the
germline. Comings et al, 1973 [™] suggested that the two events might
affect the two alleles of a single gene, implying that their effects would be
recessive at the cellular level. Subsequently, in some inherited cases, a
germline deletion was found on chromosome 13, implying that loss of a
gene in that region might be the first event. This led to biochemical and
molecular studies, which showed that tumour development did indeed
require loss of both copies of that region of chromosome 13 [*]; using the
chromosomal deletions as signposts, the Rb gene was ultimately cloned and
found to be mutated in both copies in the tumours. Rb is thus the prototype
of the class of tumour-suppressor genes ['°] where, in contrast to

oncogenes, loss of function is required for tumourigenesis.
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For some tumour suppressor genes, loss of function of the first allele is
usually a somatic event; for others, a deleterious predisposing allele is

usually inherited ['°]. BRCA1 gene falls into the second category.

+é éa— N —_— — Tumor
Mutation Mutation \

Somatic cell in normal person  Rare somatic cells in normal person; Founder cell of tumor
all somatic cells in person with
familial retinoblastoma

Figure 1.2: Knudson’s two-hit hypothesis (Diagram adapted from Ref 2)
Suppose there are one million target cells and the probability of mutation is 10
per cell. Sporadic retinoblastoma requires two hits and will affect 1 person in 10000
(10°x 10 = x 10 = 10""), while the familial form requires only one hit and will be
quit highly penetrant (10° x 10°=>1).

1.2.3 Gatekeeper and caretaker genes
The 'classical' tumour suppressors, termed 'gatekeepers' by Kinzler and

Vogelstein [* °

], which subsequently have been called 'caretakers' genes
involved in DNA repair and genome integrity and that are responsible for
the fidelity of information transfer. Loss of function mutations in these
genes lead to a general genetic instability that has long been recognised as a
feature of cancer cells. Gatekeepers are genes that directly regulate tumour
growth by inhibition or by promoting cell death. Both copies of the gene
must be altered to develop cancer. In contrast, inactivation of a caretaker
gene does not initiate a tumour directly. Cancer occurs indirectly; caretaker
gene inactivation leads to genetic instability that results in increase in the
likelihood that surviving mutations in all genes, including the gatekeeper
class. Mutation in caretaker genes would not be expected to lead to
sporadic cancers very often, as four mutations would be required (two

caretaker alleles and two gatekeeper alleles).
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Kinzler and Vogelstein (1997) proposed that the BRCAl and BRCA2
genes should be added to the list of caretaker genes. Consistent with this
hypothesis, mutations in BRCA1 and BRCA2 gene are rarely found in

sporadic cancers [15].

1.3 Breast Cancer
1.3.1 History

Familial clustering of breast cancer was first reported in the Roman
medical literature of 100 A.D. ['* '7]. In 1886, Paul Broca a French surgeon
reported breast cancer in 10 members of his wife’s family (in her pedigree
at 4 generations)['®]. Since then, many studies have shown an increased
risk of breast cancer in relatives of breast cancer cases, compared to the
general population. It has been revealed that risk of breast cancer in
relatives’ increases with the decreasing age of the index case. The risk is
also higher for women with several affected relatives in the family than

those with one affected relative [ *°).

1.3.2 Breast cancer definition
Breast cancer is a disease in which breast cells proliferate abnormally. The

diagnosis of breast cancer is established histologically. Breast cancer may
present as a breast lump, thickening, or skin change. Non-palpable cancers
may be detected by mammography. A biopsy is necessary to confirm the
diagnosis and determine the type of cancer present. When breast cancer
cells metastasise from the original tumour and enter the blood stream or
lymphatic system, they can form secondary tumours in other parts of the
body. Bilateral cancer 1s diagnosed when separate primary breast cancers
arise in each breast; multifocal breast cancer is diagnosed when breast
cancer 1is present in more than one site in the same breast. Breast cancer is
staged from 0 to IV, where 0 is a non-invasive tumour, Stage I is a small
locally invasive tumour without lymph node involvement, Stage II is a

10
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medium-sized tumour with or without nodal metastases, Stage III cancer is
a locally advanced cancer, usually with axillary node metastases, and Stage
IV cancer has already metastasised to distant sites [*']. The survival rate is
dependent upon the stage at which breast cancer is diagnosed.

Approximately 5% of benign breast biopsies reveal both excessive cell
growth (hyperplasia) and cells that are abnormal (atypia). A diagnosis of

atypical hyperplasia increases the risk for future breast cancer.

1.3.3 Breast cancer classification
Breast cancer has been subdivided into two main types, early-onset and

late-onset, a division that is based on an inflection in the age-specific
incidence curve around age 50. Mutation of one gene, BRCAI, is thought
to account for approximately 45% of families with significantly high breast
cancer incidence and at least 80% of families with increased incidence of
both early-onset breast cancer and ovarian cancer [**] Figurel.3.

Late-onset breast cancer is often familial in origin, although the risks in
relatives are not as high as those for early-onset breast cancer [* 2*]. The
percentage of such cases that are due to genetic susceptibility is unknown.
Breast cancer is considered a multifactorial disorder caused by both non-
genetic and genetic factors. It has been categorised into three groups:

Hereditary, familial and sporadic ["%].
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Figure 1.3: Breast Cancer mutation types

e Late onset, Sporadic, somatic mutation, ~90%- 95%
e Early onset, Hereditary, germline mutation, ~5%-10%
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The majority of Breast & Ovarian cancers are sporadic
in nature and occurs after menopause

1.3.3.1 Hereditary breast and ovarian cancer
Hereditary breast and ovarian cancers are suspected in an individual who

has a family history of breast cancer or breast and ovarian cancer consistent

. ' i i , 26, 27
with autosomal dominant inheritance [*> **?

]. Other features include an
early age of onset (diagnosis before menopause) that is considered a
cardinal of inherited susceptibility, increased incidence of bilateral disease,
and, occasionally, the occurrence of male breast cancer. Hereditary breast
cancer is believed to account for 5-9% of all breast cancers ['* **%].
Women and men normally possess two copies (alleles) of BRCA1, one on
each copy of chromosomel7. Women who inherit one mutated copy of the
BRCAI1 gene from either parent are at a much greater risk of developing
breast and ovarian cancer. This is because a cell with one mutated allele
does not have a "backup" if the other allele is damaged or otherwise lost.
That is, mutations in these genes can be passed down from either mother or
father, and each male or female offspring has a 50% chance of inheriting
susceptibility (Figure 1.4).
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Half of all women who carry mutations therefore have inherited
susceptibility from their fathers. That means a woman can carry a BRCA
mutation even if there is little or no history of breast or ovarian cancer on
her mother's side of the family. For this reason, it is important to assess
both the paternal and maternal sides of the family when evaluating a

woman's risk of hereditary breast and ovarian cancer.

Figure 1.4: Mendelian pedigree patterns of BRCA1 and BRCA2 gene
inheritance

Key = woman [ = man

= cancer diggnasis = daceusad
Father with hereditary o o

BRCA1 or BRCAZ mutation
HEREDITARY

Br, 42T
Br.a7Q@—1_]

Ov soé t]

v é Br, 45
, * 9 * SPORADIC
Bb
50% chance of inheriting mutation,
regardiass of childs gender

@ 0 O U

Diagrams adapted from http://www.myriad.com/med/brac

1.3.3.2 Familial breast cancer
The terms familial breast cancer and hereditary breast cancer are frequently

interchanged. The latter refers to cancer that occurs when the family history
suggests a highly penetrant major gene for breast cancer, characterized by
early age of onset, high incidence of bilateral disease and association with

other tumours. This is distinct from familial breast cancer, which implies
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that one or more first-degree relatives have had breast cancer and some
familial factors are thought to underlie development of the disease and dose

not fit to the hereditary breast cancer definition [*°].

1.3.3.3 Sporadic breast cancer
In contrast to the above, sporadic breast cancer is associated only with

acquired or somatic mutations that occur during a person's lifetime. An
individual 1s the only one with breast cancer among her family and has no
family history of breast cancer in her two generations [**?’]. Since 30-70%
of sporadic breast and ovarian cancers exhibit LOH on chromosome
17q12-g21, it was expected that somatic BRCA1 mutations would exist in
breast and ovarian tumours [30]. However no BRCA1 somatic mutations

have been described in sporadic breast cancer.

1.3.4 Genetic syndromes
Less than 1% of all breast cancer is associated with the genetic syndromes:

Cowden syndrome (adenomas and follicular cell carcinomas of the thyroid
gland, polyps and adenocarcinomas of the gastrointestinal tract, and
ovarian carcinoma), Li-Fraumeni syndrome (childhood leukaemias, brain
tumours, adrenal carcinomas and soft tissue sarcomas), Peutz-Jeghers
syndrome (characterized by hamartomatous polyps in the small bowel and
pigmented macules of the buccal mucosa, lips, fingers and toes), Wemer's
syndrome, and xeroderma pigmentosum [*']. However, patients with these

disorders may have a high breast cancer risk.

1.3.5 Breast cancer formation
Cancer results from the accumulation of mutations in genes that regulate

cellular proliferation. These mutations can occur early in the process of
malignant transformation or later, during progression to an invasive

carcinoma. The earliest mutations occur in the germline, as in the case of
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cancer-prone families. In these instances, the inheritance of a mutated allele
is commonly followed by the loss of the second allele from a somatic cell,
leading to the inactivation of a tumour-suppressor gene and triggering
malignant transformation. A classic example is hereditary retinoblastoma,
in which there is inheritance of a mutant germline RB1 allele (a tumour-
suppressor gene) followed by somatic mutation of the normal RB1 allele
['* * 3] Genes important to the development of cancer regulate diverse
cellular pathways, including the progression of cells through the cell cycle,
resistance to programmed cell death (apoptosis), and the response to signals
that direct cellular differentiation [’]. Moreover, the inactivation of genes
that contribute to the stability of the genome itself can favour the
acquisition of errors in other genes that regulate proliferation [** *|. Errors
in DNA that arise during normal replication of the molecule (nucleotide
mismatches) or that are induced by ionising radiation or genotoxic drugs
can cause mutations in coding sequences or breaks in double-stranded
chromosomal DNA. If the nucleotide mismatch is not repaired before a
round of DNA replication occurs, that mutation is transmitted to daughter
cells. An unrepaired break in double-stranded DNA can cause a mitotic
catastrophe when the cell attempts to segregate broken chromosomes.
Genes that sense damaged DNA and cause the arrest of the cell cycle allow
time for the molecular defect to be repaired. These genes operate at several
specific "checkpoints” in the cell cycle as a means of ensuring genomic
integrity before DNA is synthesized. The most critical checkpoint gene yet
identified that is related to cancer in humans is the tumour-suppressor p53.
This gene is not essential for cell viability, but it is critical for monitoring

damage to DNA. Inactivation of p53 is an early step in the development of

many kinds of tumours [** *’} (Figure 1.8 and 1.9).
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1.3.6 Predisposition Genes
1.3.6.1 Breast Cancer 1 gene (BRCA1- OMIM 113705)
In 1990, the first breast cancer susceptibility

gene, BRCAI1, was localised using linkage
¥ analysis to chromosome 17¢21 [**] Figure

he| | £

The following year, it was demonstrated that

several ovarian cancer families exhibited

linkage to the same locus. In 1994, Miki and

associates [*] described a large gene named

BRCAI1, consisting of 22 coding exons

iz distribute over approximately 100 kb of

Figure 1.5: The BRCAI

genomic DNA. BRCA1 contains 24 exons,
gene maps to chromosome 17

the first of which is non-coding; exon 4
consists of a repetitive sequence of the Alu family that is omitted from
most transcripts; and exon 11 contains 3.5-kb of the entire 5.6-kb coding
sequence. The transcript is abundant in testis, thymus and is also present in

breast and ovary tissue [*’].

BRCA1 codes for a protein of 1863 amino acids, producing a protein of
about 220 kilo Dalton (kDa). It is normally located in the nucleus and
contains phosphorylated residues [‘“’]. It contains only two recognizable
protein motifs, a RING finger domain near the N-terminus (exons 2-5)
comprising residues 1-112 of BRCA1 [*], and a BRCT domain at the
carboxyl terminus, two tandem copies of a motif (designated the BRCT
domain), which are located at residues 1699-1736 and 1818-1855 [*'].
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1.3.6.2 Breast Cancer 2 gene (BRCA2- OMIM 600185)
Mutations in BRCA1 were estimated to be

responsible for approximately 45% of breast
cancer families and for the majority of
. breast/ovarian cancer families [**]. Therefore
in 1994 Stratton et al excluded a major role
of BRCAl in male breast cancer
susceptibility.

It was postulated that the majority of

remaining breast cancer families would also

be due to mutations in other gene and led to

it the identification of BRCA2 gene on

Figure 1.6:The BRCA2 gene
maps to chromosome 13

chromosome 13q12-13 (Figure 1.6).

The new gene, BRCA2, was localised to a region of approximately 6 ¢cM
between D135289 and D13S267 on chromosome13 [* >4,

BRCAZ2 is a large gene consisting of 26 coding exons distributed over 70kb
genomic DNA, encoding a protein of 3418 amino acids making a 384 kDa
protein. Both BRCA1 and BRCA2 genes have large exons 11 (3426 and
4932 base pairs, respectively) and a translational start site is located in exon
2 [%]. The BRCA?2 protein is normally located in the nucleus and contains
phosphorylated residues [*]. The BRCA2 protein has no recognizable
structural motifs and no apparent relation to the BRCAI1 protein.
Nonetheless, the BRCA1 and BRCA?2 proteins appear to share a number of
functional similarities that may suggest why mutations in these genes lead

to a specific hereditary predisposition to breast and ovarian cancer.

Like BRCA1, BRCA2 is expressed in most tissues, in breast and thymus,
but the highest level of transcript was found in testis [*]. The higher
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contribution of BRCA2 gene to male breast cancer suggests that these two

genes may have different functions.

1.3.7 BRCA 1 and BRCA2 gene functions
The breast cancer susceptibility genes BRCA1 and BRCA2 encode

multifunctional proteins, the mutant phenotypes of which predispose both

: 38, 39, 43
to breast and to ovarian cancer [ 4

]. Tumourigenesis in individuals
with germline BRCA mutations requires somatic inactivation of the
remaining wild-type allele [*]. Thus far, the following important biological

roles for BRCA1 and BRCA2 have been demonstrated.

1.3.7.1 Role in genomic maintenance and DNA repair
A variety of lines of evidence now point to BRCA1 and BRCA2 genes as

being directly involved in the DNA repair process. The involvements of
BRCAI1 and BRCA2 gene in complexes that activate double-strand break
repair and initiate homologous recombination links the maintenance of

genomic integrity to tumour suppression [ * ¥

]. Therefore, mutations
that result in loss of BRCAl or BRCA2 function might lead to an overall
decrease in a cell’s ability to repair damaged DNA, resulting in increased

somatic mutation, abnormal chromosomal segregation and aneuploidy.

BRCA2 and RADS1 mteract and co-localize in a BRCA1-BRCA2-RADS1

47, 50
complex |[

]. Eukaryotic RADS1 proteins are homologues of bacterial
RecA and are required for recombination during mitosis and meiosis and
for recombinational repair of double-strand DNA breaks [*'].

Multiple changes occur in BRCA1 in response to DNA damage. It
undergoes distinctive phosphorylation that differs from the phosphorylation
during the G1-S transition [**]. RAD51, BRCAI and BARDI collectively

relocate to chromosomal regions of DNA replication, marked by the
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proliferating cell nuclear antigen, PCNA [**]. Phosphorylation of BRCAL
34
l.

in response to DNA damage is dependent on ATM |
Several experiments suggest a role for p53 (TP53) in the development of
BRCAIl and BRCA2 tumours in mice. BRCAl or/and BRCA2 knockout
mice can be partially rescued by crossing with a p53 knockout strain
suggesting that these genes interact with the p53 mediated DNA damage
checkpoint [*°]. Therefore, the available evidence indicates that BRCA
genes serve as a "gatekeeper," like p53, helping to maintain genomic
integrity [*]. When this function is lost, it probably allows for the
accumulation of other genetic defects that are themselves directly
responsible for cancer formation. Possible models for the involvement of

BRCA1 and BRCA2 in response to DNA damage are shown in Figure 1.8.

1.3.7.2 Role in development and normal cell proliferation
BRCAI and BRCA2 are required for a normal proliferative burst in early

embryogenesis, as revealed by the phenotypes of knockout mice [*> 5], and
are upregulated with proliferation of breast epithelial cells during puberty,
pregnancy and lactation [*’]. In order to study the function of BRCAI,
homozygous knockout mice have been developed. In most cases, the
complete loss of function of BRCAIl results in embryonic lethality
characterized by a lack of cell proliferation [** % %°]. Cells derived from
mouse embryos lacking BRCA genes are defective in their repair of DNA

damage [56, 61, 62]'

Embryos deficient for BRCA1 exhibit phenotypic variation and die
between 5.5 and 13.5 days of gestation [*> ** *]. BRCA2-deficient embryos

die between 8.5 and 9.5 days of gestation [

]. Homozygous mice
harbouring a mutation truncating BRCA2 in exon 11 die prenatally or

perinatally; however, the few that survive to adulthood develop thymic
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lymphomas at 12—-14 weeks of age [63]. Heterozygous BRCA1 and BRCA2
mice develop normally, are fertile, and do not appear more susceptible to

mammary tumours.

1.3.7.3 Role in cell cycle regulation
BRCA1 gene contains only two recognizable protein motifs, a RING finger

domain near the N-terminus, (exons 2-5) comprising residues 1-112 [*] and
a BRCT (BRCAI C-terminal) domain at the C-terminus [*/].

RING fingers are cysteine-rich sequences that coordinate the binding of
two zinc ions and are found in a number of diverse proteins. This type of
domain may facilitate both protein-protein and protein-DNA interactions
[**]. The RING finger in BRCA1 appears to specifically interact with
another similar RING finger protein known as BARD1 (BRCA1-associated
RING domain 1) that was identified based on this interaction [*]. Both
BARDI and BRCAL1 also share another conserved sequence known as the
BRCT domain, a phylogenetically conserved sequence found in proteins
involved in DNA repair and cell cycle regulation [*"®].

Exon 11 of BRCA2 includes BRC repeats, consisting of eight copies of a
30-80 amino acid sequence, which are conserved across mammalian
BRCA?2 proteins and which interact with RAD51 [*’]. Their conservation
and interaction with RADS1 suggest that these repeats might be important
for BRCA2 function (Figure 1.7).

Transcriptional activation NLS

Figure 1.7: Schematic structural and functional features of BRCA2 gene

A domain within BRCA1 amino acids 758-1064 interacts with RADS1. Four of the
eight BRC repeats of BRCA2 interact with RADS1. (Diagram adapted from Piri L.
Welcsh. Insights into the functions of BRCA1 and BRCA2. Trend in Genetics. 2000,
vol 16, No. 2).

RADS1
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1.3.7.4 Roles in transcriptional regulation
BRCA1 and BRCA2 play a role in transcriptional regulation, in that

BRCA1 complexes with RNA polymerase II and both BRCA1 and BRCA2
interact with transcriptional regulators [ 77" 73]

Disease-associated mutations that truncate the BRCAIl C-terminus are
inactive in transcriptional activation assays. Full-length BRCALI is also an
activator of transcription: when co-transfected with p53, it induces
transcription of reporter genes cloned down-stream of the promoters of p21
and MDM?2, an oncogene that serves as a negative regulator of p53 [ ™].
BRCAI1 protein-truncating mutations that lack the extreme C-terminal
portion of the transactivation domain do not induce transcription of
reporters, suggesting a relationship between transcriptional regulation and
tumour suppression. It is not yet clear whether BRCA1 and/or BRCA2
interact directly with p53 to regulate transcription. When BRCA1 and p53
are co-transfected into cells, their interaction modulates p53-mediated
transcription []. BRCAIl also appears to stimulate p53-dependent

transcriptional activation from the p21 promoter [ "4].
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Figure 1.8: Role of BRCA1 and BRCA2 gene in DNA repair

This model suggests that a macromolecular complex consnstmg of BRCA1, BRCA2,
BARDI and RADS51 functions to repair damaged DNA [*]. In response to DNA
damage, the complex relocates to chromosomal regions undergoing DNA replication
marked by proliferating cell nuclear antigen (PCNA). DNA damage results in
distinctive phosphorylation of BRCA1 and dissociation of BRCA1 and CtIP. The
complex might be involved in an S-phase, DNA-damage cell cycle checkpoint.
Inactivating mutations (grey) in BRCA1 or BRCA2 would lead to accumulation of
DNA damage and checkpoint activation, including activation of p53 and upregulation
of p21.

Inhibition of cyclin-dependent kinases by increased levels of p21 would lead to cell
cycle arrest. Other genes regulated in response to p53 activation are believed to
participate in p5S3-mediated apoptosis. In addition, loss of BRCA1 or BRCA2 function
leads to inability to repair damaged DNA. When damage occurs to crmcal checkpoint
genes, such as p53, checkpoints cannot be activated and cells prollferate[ 9. (Diagram

adapted from Piri L. Welcsh. Insights into the functions of BRCA1 and BRCA2. Trend
in Genetics. 2000; Vol. 16, No. 2).
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1.3.8 Future directions
As Figure. 1.8 suggests, genetic instability caused by loss of BRCALI or

BRCA2 could trigger mutation, including mutations in checkpoint genes
such as p53 [*]. In this scheme, mutant p53 would overcome incomplete
proliferation and lead, instead, to uncontrolled proliferation and invasive
growth.

Rapid proliferation of breast epithelial cells during puberty and pregnancy
offer the ideal opportunity for somatic mutation, including loss of a
BRCAI or BRCA2 allele. In this context, somatic mutation of BRCA1 or
BRCA2 virtually always involves the loss of a large genomic region,
whether the loss is of the remaining wild-type allele in a BRCAI or
BRCA2 tumour, or the somatic loss of BRCA1 and BRCA2 in sporadic
breast cancer.

But why do some breast and ovanan epithelial cells with complete loss of
BRCAI1 or BRCAZ2 function survive, whereas embryonic cells with loss of
BRCAI or BRCA2 function die?

It might be that BRCAl —/— or BRCA2 -/~ breast epithelial cells are
protected by their hormonal environment, especially during puberty,
pregnancy and lactation. That is, the growth stimulatory effects of
estrogenic hormones might tip the balance in favour of growth rather than
death of some mutant cells. However, the rare surviving BRCAl —/-
BRCA2 —/— cell would be defective in DNA repair, and hence accumulate
mutations at many sites, including in checkpoint genes. As expected,
BRCAI and BRCA2 tumours harbour multiple aberrations and mutations

in many genes [76].

These new insights raise important questions about the genetic events that
lead to breast cancer. Why should breast epithelial cells be more

susceptible than other types of cells to the consequences of the genomic
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instability caused by loss of function of the BRCA1 or/and BRCA2 genes?
In addition, why should breast cancer develop in carriers of a mutant germ-
line BRCAI allele after the somatic loss of the second BRCAI1 allele,
whereas BRCALI 1is rarely if ever inactivated in patients with sporadic

breast cancers?

This argument suggests that tissue specificity of BRCA1 and BRCA2
tumourigenesis might be attributable both to the hormonal environment of
breast and ovarian cells, especially during proliferative bursts, as well as to

tissue-specific expression of as-yet-unknown genes.

1.3.9 Cellular expression of BRCA1 and BRCA2 gene
In normal cells, BRCA1 and BRCA2 are nuclear proteins [** . BRCAI

protein expression is reduced or absent in most sporadic, advanced (grade
111) ductal breast carcinomas ["']. BRCA1 and BRCA2 mRNA and protein
are preferentially expressed during the late Gl-early S phase of the cell

78, 19

cycle | ]. BRCA1 function is regulated by phosphorylation: it is

hyperphosphorylated during late G1 and S phases by an endogenous kinase
activity with dephosphorylation occurring at M phase [*).

A function of BRCA1 at the G1-S transition might be to arrest cell cycle
progression by binding hypophosphorylated retinoblastoma protein
(RB)[*]. In addition to a role at the G1-S transition, BRCAI might
regulate the G2-M checkpoint by controlling the assembly of mitotic
spindles and the appropriate segregation of chromosomes to daughter cells
[*3]. In a significant fraction of cells, centrosomes were amplified, resulting
in abnormal chromosomal segregation and aneuploidy.

Proteins that regulate the G2-M checkpoint, including p53 and RB,
localize to the centrosome (Figure 1.9).

BRCAL1 also localizes to centrosomes during mitosis [83]. Mutant BRCAL1
might induce genetic instability by disrupting regulation of centrosome
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duplication. Mutant BRCA2 might also lead to disruption of mitotic

checkpoints iy 1

DR@EHL

r.BRCN OBRCAZ ®RADST ®@BARD1 ®@p53 lpRBT

Figure 1.9: Expression of BRCAI and BRCA2 gene

Cellular levels of BRCA1 and BRCA2 proteins increase as cells progress through G1,
peak during S phase, and remain elevated during G2-M transition. BRCA1, BRCA2,
RADS51 and BARDI co-localize during S phase, forming punctate nuclear foci. During
M phase, BRCAI, p53 and retinoblastoma protein (RB) localize to centrosomes.
BRCA1 is hyperphosphorylated during late G1 and S phases, and dephosphorylated
during M phase. (Diagram adapted from Piri L. Welcsh. Insights into the functions of
BRCA1 and BRCA2. Trend in Genetics. 2000, vol 16, No. 2).

1.3.10 Loss Of Heterozygosity (LOH)
Loss of heterozygosity (LOH) is a term that refers to the loss of one allele.

When the first allele in a given gene is lost, that cell is said to be
heterozygous, ie, having two different forms or alleles. When the second
copy is lost through mutation, deletion, or other mechanism, this is referred
to as “loss of heterozygosity,” (commonly abbreviated as LOH). This allele
would normally function to suppress the development of a cancer. Loss of
this allele, also known as a tumour suppressor gene, allows unchecked cell
proliferation. Identifying loss of heterozygosity is an approach to
identifying the location of the tumour suppressor gene. Many cancer
genetic studies report LOH in tumour tissue when compared to normal
tissue, ie, places where the second copy of a relevant cancer susceptibility
gene has been lost. The significance is that sites of LOH indicate potential
TSG locations. Loss of heterozygosity in the region of BRCAI in
hereditary breast cancers suggests that BRCA1 is a tumour suppressor gene
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[**]. Loss of function of both alleles of a tumour suppressor gene is usually
required for expression of the associated tumourigenic phenotype.

The first mutation may occur as a somatic event, or in an inherited form in
the germline from a parent. In either case, the second mutation occurs
somatically and is usually extended over large genetic distances (loss of all
or part of chromosome). This is detectable as a loss of heterozygosity of
polymorphic DNA markers located at or close to the gene. When the first
inactivating mutation is present in the germline, the second hit deletes the
allele of the susceptible gene (plus nearby polymorphic markers) that has
been inherited from the normal parent. This model has been substantiated
in breast and ovarian cancers developing in individuals carrying BRCA1
|4 8] and BRCA2 gene mutations [*” %],

To date, however, only a handful of somatic mutations have been described

in sporadic breast and ovarian cancers [* *°

]. Such studies of mutational
inactivation of BRCAl and BRCA2 in sporadic disease suggest that
familial and sporadic breast and ovarian cancer may be fundamentally
different diseases at a molecular genetic level.

There is growing evidence that epigenetic silencing rather than mutation is

a common mechanism for loss of suppressor gene function.

1.3.11 Epigenetic pathway events
Epigenetic regulation of gene expression by methylation is an important

mechanism of the determination of cell fate in embryogenesis. It has been
shown that methylation of regions rich in cytosine-guanine doublets ('CpG
islands’) in the promoter region in somatic cells is a common mechanism of
epigenetic silencing of one or sometimes both alleles of tumour-suppressor
genes such as BRCA1 [ *|. It is unclear what determines whether a
particular gene will lose function by an epigenetic or a mutational

mechanism ['].
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Inheritance of methylation patterns in human DNA has also been described
[”]. It is possible that susceptibility to cancer may be influenced by
inherited variation in genes that regulate epigenetic silencing.

Hypermethylation in the BRCA1 promoter region has been associated with

11% of sporadic breast cancer and 5% of ovarian tumours [*].

1.3.12 Germline mutations in BRCA1 and BRCA2 gene
At present over 878 and 900 distinct mutations, polymorphisms and

variants throughout the BRCA1 and BRCA2 gene have been identified
respectively [**] (Figure 1.10). These variants are distributed along the
entire coding region of the BRCA1 and BRCA2 gene and more-than 58%
and 68% of them have been identified only once respectively [**] (See also
Appendix III, IV). BRCA1 somatic mutations have never been reported in
sporadic breast cancer [*°] although they have occasionally been found in

: - 89,90
sporadic ovarian cancers [ ).

4
‘ | Recurrent Nonrecurrent
t | =  Frame-shift or nonsense muta