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Abstract

The primary concern was the creation of a BRCA2 down-regulated cellular model

and, subsequent to this, the study of BRCA2 function through use of this model.

Previous studies had suggested that complete 'knock-out' of the BRCA2 product was

lethal, therefore, an alternative antisense strategy was applied.

Following creation of a vector capable of expressing a lkb BRCA2 antisense product

in a mammalian background, the human breast cancer cell lines MDA-MB157 and

MDA-MB231 were stably transfected. Native BRCA2 levels were examined and

shown to be reduced in the BRCA2 antisense transfected cell lines.

Further work demonstrated that these transfected cell lines showed a reduced growth

rate and increased serum dependence in vitro. In a xenograft environment the

transfected cell lines showed increased tumourigenicity. The cell lines also showed a

slight increase in ionising radiation sensitivity.

At the morphological level the antisense-transfected cells showed a more elongated

structure and a more organised structure at higher densities. This was investigated by

phase contrast microscopy and electron microscopy.

Finally, work was also carried out using transient exposure to BRCA2 antisense

oligonucleotides, which confirmed many of the findings from the primary study.
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1 Breast cancer: an introduction

1.1 World-wide levels

Breast cancer is now the most common malignancy among women, with 795,000

new cases world-wide diagnosed in 1990 (Parkin et al., 1999; Pisani et al.,

1999a; Pisani et al., 1999b; Pisani et al., 1999c) and the cause of death in

314.000 cases in the same year (Parkin et al., 1999; Pisani et al., 1999a; Pisani et

al., 1999b; Pisani et al., 1999c). Interestingly the developed countries account

for a far higher proportion of these cases, with a world age standardised rate

(ASR(W)) (Appendix A for definition) of 56.40, compared to the world level of

32.97 and the underdeveloped countries level of 20.33 (Parkin et al., 1999; Pisani

et al., 1999a; Pisani et al., 1999b; Pisani et al., 1999c). This difference is even

more pronounced when figures are not standardised for age, with 80 new cases

per 100,000 people in the developed world and only 15.9 per 100,000 people in

the developing countries.

1.1.1 Reasons for variation

Reasons behind this difference are manifold. Longevity has undoubtedly had a

major effect, the average life span in developed countries such as the U.K. was

80 for women, in comparison to Ugandan women who have a life expectancy of

40 (World Health Organisation, 1999) (Table 1). As most women in Uganda,

for example, would be expected to be deceased prior to entering the higher risk

age groups for breast cancer, this will have a significant effect on the crude

figures. Additive to this are reproductive trends in the developed countries

which have led to an ageing population (increased relative longevity\ decreased
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relative fecundity). This puts more of their population within these higher risk

age bands, in comparison to the young populations (decreased life span\

increased fecundity) normally seen in developing countries (Table 2).

WHO member states Female Life Female probability of dying
(grouped by WHO defined Expectancy per 1000)

geographical areas) (Years) Under age 5 Age 5 to 59 Birth to 59

Africa 69 154 428 582

The Americas 76 31 109 140

Eastern Mediterranean 65 102 172 274

Europe 77 23 95 118

Southeast Asia 64 97 189 286

Western Pacific 73 50 100 150

Table 1: Table shows the average life expectancy and death rates amongst females
under 5 years of age and from 5 to 59 years of age, in the year 1998. Figures are for
the 6 major geographical areas as defined by the WHO. Figures are based on The
World Health Report 1999: Making a Difference' (World Health Organisation, 1999).

Age standardisation of the figures does, however, still highlight a large

differential in the incidence. Variation in the level of prevention and treatment

of other causes of mortality may play a role in these differences. Secondly

breast screening programmes, higher levels of awareness in population and

improved data collection of breast cancer cases in the developed world, are also

likely to play a role. Finally the influence of environmental factors and the

possibility of racial differences in susceptibility, cannot be overlooked.
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Areas

Population (millions) Age distribution
(% of total population)

Total a 9 <15 15-65 >65

Eastern Africa 195.8 97.4 98.4 46.4 50.8 2.8

Middle Africa 70.5 34.7 35.8 46.1 50.7 3.2

Northern Africa 143.0 72.3 70.7 40.9 55.5 3.6

Southern Africa 42.2 21.0 21.3 38.9 56.9 4.2

Western Africa 181.1 89.9 91.3 45.6 51.6 2.8

Caribbean 33.5 16.7 16.8 31.2 62.4 6.4

Central America 113.1 56.5 56.6 39.4 56.8 3.8

South America 293.0 146.0 147.0 65.8 21.4 12.8

Northern America 277.8 135.7 142.1 21.6 66 12.4
East Asia: China 1155.3 595.9 559.4 27.5 66.9 5.6

East Asia: Japan 123.5 60.7 62.9 18.4 69.6 12.0
East Asia: Other 72.5 36.3 36.3 26.8 68.2 5.0
South East Asia 442.3 220.2 222.1 36.7 59.3 4.0

South Central Asia 1243.3 640.6 602.7 38.1 57.9 4.0

Western Asia 149.1 76.9 72.2 38.5 57.6 3.9

Eastern Europe 310.4 147.0 163.3 22.9 66.4 10.7
Northern Europe 92.3 45.0 47.3 19.4 65.4 15.2
Southern Europe 143.1 70.0 73.1 19.4 67.6 13.0

Western Europe 176.0 85.4 90.5 17.8 67.8 14.4

Australia/New Zealand 20.2 10.1 10.2 22.1 66.8 11.1
Melanesia 5.2 2.7 2.5 40.2 57.1 2.7

Micronesia/Polynesia 1.0 0.5 0.5 40.6 56.1 3.3

Table 2: Table shows the age and sex distribution for various geographical areas, note
that age distribution is not sex specific. Developed areas have been highlighted.
Figures are based on I ARC data from 1990 (Parkin et al., 1999)

1.1.2 Scottish Breast cancer

Britain has the dubious distinction of having one of the highest incidences of

breast cancer in the world (fig. 1), with Scotland having the highest rate, of the

British Isles (ASR(W) of 72.7 for the period 1988-1992 (Harris, 1998).

Alarmingly, in Scotland, the rate of new breast cancers showed a 27.4% rise in

the European age standardised rate (ASR(E)) (Appendix A for definition), during

the period 1986 to 1995 (Harris, 1998). The increase, in part, may be explained

by the introduction of a national breast screening programme in 1988. This

resulted in an apparent sharp increase in incidence rates, amongst the screened

3



age group (50-64 years old), due to earlier detection of prevalent cases (fig. 2).

These rates are, however, now levelling off (Brewster et al., 1996).

figA : Incidence of breast cancer for 25 countries with highest rate of breast cancer.

Average figures are also included for world, developed countries and underdeveloped
countries (highlighted). The U.K., togther with individual figures for Scotland and,
England and Wales have been highlighted. Figure based on IARC data from 1990
(Parkin et al., 1999) and on data from Harris (1998) for both the Scottish and
England/Welsh values from 1988-92 and 1988-90 respectively.

1.2 Age and hormonal status as factors

1.2.1 Age association

Breast cancer has a characteristic age specific incidence curve, although in places

such as Britain where a breast screening programme exists, this is somewhat

distorted (fig.3). The disease is uncommon before age 30; thereafter the

incidence rises rapidly with age, doubling approximately every 10 years, until the
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menopausal years at which point there is a marked flattening effect on the

age-incidence curve although incidence rates still increase with age (McPherson

et al., 1994).
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fig.2 : Incidence of breast cancer amongst age groups 35-44 ( ■), 45-54 ( ■),
55-64 ( ), 65-74 ( ■), 75-84 ( ■) for 1986 to 1995. Data are from Harris (1998) .

1.2.2 Hormonal status

The flattening effect on the age-incidence curve appears to be associated with a

reduction in circulating oestradiol concentrations by an order of magnitude, as a

result of the menopause(Collaborative Group on Hormonal Factors in Breast

Cancer, 1997). Strong evidence for this is shown in studies of women of similar

age and childbearing history, differentiated only on the basis of menopausal

status, who show a marked reduction in risk associated with the post-menopausal

cases (Collaborative Group on Hormonal Factors in Breast Cancer, 1997).

5



400

350

300

I 250
©"
©

I 200
o>
Q.
a)

ts 150
a:

100

50

0

fig.3 : Incidence of breast cancer related to age at diagnosis. Values are cases per

100,000 Scottish females. Age groups targeted by breast screening programme have
been highlighted. Data is from Harris (1998) relating to the period 1986 to 1995.

This reduction in risk does not differ significantly between cases of natural

menopause and bilateral oophorectomies at the same age (Collaborative Group

on Hormonal Factors in Breast Cancer, 1997), a fact strongly corroborating this

correlation between hormonal status and risk.

Corroborative again is the fact that women who have undergone a bilateral

oophorectomy before the age of 35 show a 60% reduction in risk, compared to

women who have a natural menopause (McPherson et al., 1994).

Finally, by implication and from observation, early first menarche is also a

contributory risk factor (Gao et al., 2000; Tovar-Guzman et al., 2000; Sharpe et

al., 2000)

Age at diagnosis
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1.3 Risk factors

1.3.1 Environmental factors

Excluding age and hormonal status, risk factors fall into three groups,

environmental, life style and genetic background. Environmental factors in

respect to breast cancer are extensive, complicated and often areas of dispute,

within the literature. They include exposure to ionizing and electromagnetic

radiation (Laden et al., 1998), possibly xeno-oestrogens in the form of pesticides

and pollutants (Raloff, 1993) (although this is a matter of some dispute) and

various other factors.

1.3.2 Lifestyle

1.3.2.1 Contraceptive pill -

Life style is also an important factor in breast cancer risk. Use of the

contraceptive pill increases the risk to some groups, such as nulliparous

individuals in their early 20's who have an increased risk of premenopausal

breast cancer. These risks may extend to postmenopausal women, although this

cannot be properly determined at the moment due to lack of exposed women in

this age group. In addition there may be an effect on early stage carcinogenesis,

which would not be evident for a considerable period. In contrast there appears

to be no increase in risk in women who have used oral contraceptives in their late

20s for spacing pregnancies (McPherson et al., 1994).

1.3.2.2 Hormone replacement therapy -

The trend towards hormone replacement therapy (HRT) has also had some

impact on the frequency of breast cancer incidences. A study (Collaborative
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Group on Hormonal Factors in Breast Cancer, 1997) combining and reanalysing

approximately 90% of the world-wide epidemiological evidence on the

relationship between HRT and breast cancer risk, observed a small but notable

increase in risk associated with HRT. This risk was seen to increase by a factor

of 1.023 for each year of use and in women using HRT for 5 years or longer the

average increased relative risk was calculated to be 1.35. No detectable increase

in risk was observed 5 years after cessation of treatment.

The increased risk associated with HRT was also noted to be comparable to that

of delayed menopause. In the case of non-users of HRT the risk, of breast

cancer, increased by a factor of 1.028 for each year older at menopause.

1.3.2.3 Reproductive history -

Reproductive history is also an important factor. Nulliparity and primiparity

later in life increase the risk of breast cancer. In women who have their first

child after the age of 30, the risk of breast cancer is about twice that of women

who have their first child before the age of 20. The highest risk group being

those who have a first child after the age of 35; these women appear to be at even

higher risk than nulliparous women. Finally an early age at birth of a second

child further reduces the risk of breast cancer, although multiple births are

thought to nullify the protective effect of parity and, in fact, increase the risk

(Kuh, 1995; McPherson et al., 1994).
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1.3.2.4 Breastfeeding -

Breast feeding of infants is an area of some debate, with regards to modification

of breast cancer risk. Overall, the evidence with respect to breast feeding

remains inconclusive, with results indicating either no association or a rather

weak protective effect against breast cancer. It may be that this protective effect

is increased by prolonged breast feeding, although the evidence also suggests that

this protective effect lasts only through the premenopausal period (Lipworth et

al., 2000; Tovar-Guzman et al., 2000).

It has been hypothesized that the apparent protective effect of breast feeding may

be due to elevated breast cancer risk among women who discontinue breast

feeding or who take medication to suppress lactation; however, the evidence is

limited and should be interpreted with caution (Lipworth et al., 2000).

The reason for the protective effect, if any of breast feeding is unknown. A note

of caution must be applied, however, as it has been postulated that the protective

effect may be at the expense of an increased risk to the infant, through the

expulsion of carcinogens in the milk (Lipworth et al., 2000).

1.3.2.5 Diet-

The evidence for the role of diet in breast cancer is inconclusive. While there is

a positive correlation for fat and alcohol consumption in a population's diet with

breast cancer, the true relationship between these factors and breast cancer does

not appear to be particularly strong or consistent, with observational

9



epidemiological studies reporting only weak or unobservable association (Wu et

al., 1999; Velie et al., 2000; Trentham-Dietz et al., 2000; Kinney et al., 2000).

A possible link to diet can be seen in the trend in western Europe, towards earlier

menarche, thought to be as a result of the high fat and low fibre diet, prevalent in

these countries (Stoll, 1998a). This would result in an increased risk of breast

cancer, as described above. Interestingly there is some evidence that certain

fatty acids, actually have a protective effect (Stoll, 1998b).

One factor in this dietary fat debate, which may have confounded previous

studies and may in part account for the variation between southern and northern

European populations, is the variation in risk associated with subtypes of fat.

Several studies have now reported that while no risk was shown for higher

dietary fat intake, an increased risk could be seen associated with the level of

saturated fats compared to mono- and polyunsaturated fats (Velie et al., 2000; La

Vecchia et al., 1998).

As in the case of dietary fat, the risk associated with alcohol may be higher than

some epidemiological studies have suggested. This is due to the observation

that high alcohol intake may be associated with an increased risk of ductal but

not lobular carcinoma in situ (Trentham-Dietz et al., 2000), hence giving an

apparently lower association in studies of total breast cancer.
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1.3.2.6 Body mass index -

With respect to actual body mass, increased body-mass index is associated with

an increased risk of breast cancer. This is most likely to be due to the increased

levels of circulating oestradiols associated with the increased body mass. This

differential being largely due to the adipose tissue becoming the main site of

oestrogen production after the menopause (Collaborative Group on Hormonal

Factors in Breast Cancer, 1997).

In premenopausal women the effect of body-mass index on the relative risk of

breast cancer appears to be non-contributory in most studies (Collaborative

Group on Hormonal Factors in Breast Cancer, 1997), although some people have

reported a reduction in risk associated with increased body-mass index

(McPherson et al., 1994). One potential explanation for this reported reduction

in risk may be the lower rate of cell division seen in the breast tissue of obese

premenopausal women.

1.3.2.7 Socio-economic status -

A link to socio-economic status has been shown. In contrast to many other types

of cancer, breast cancer is more common in less deprived sections of the

population {figA) (McLaren, 1998). The reason for this difference in incidence

rate is unclear, although nulliparity, later primiparity and late age at menopause;

more commonly seen in higher socio-economic groups, may be factors. (Harris,

1998; Scottish Breast Screening Programme Report, 1997; Kogevinas, 1997;

Kelsey et al., 1993).
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Least deprived Most deprived

fig.4 : Incidence rates of breast cancer with relation to socio-economic status, using
Carstairs deprivation categories. Data are from Harris (1998) for period 1986-1995.

1.3.3 Genetic background

A final important risk factor, to individuals, has proven to be genetic

background, although migrant studies do suggest that on a population scale,

environmental factors are more influential (Parkin, 1989; Hanley, 1995;

McPherson etal., 1994).

In approximately 5-10% of the population the influence of genetic background

on breast cancer risk is, however, significantly higher (Ottman et al., 1986; King

etal., 1983; Go etal., 1983; Goldstein etal., 1987; Goldstein etal., 1990;

Newman et al., 1988; Skolnick et al., 1990). In these cases, a predisposition to

breast cancer has been inherited, as a result of germline mutations in certain

critical gene(s) (King et al., 1983; Go et al., 1983; Goldstein et al., 1987;

Goldstein et al., 1990; Newman et al., 1988; Skolnick et al., 1990).
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2 Heritable Breast Cancer

2.1 Family clustering

Clustering of breast cancer in families has been recognised since roman times

(Ellisen et al., 1998), and clearly documented more than 100 years ago by the

French surgeon Paul Broca (Broca, 1866). Definitive proof, however, of

heritability as a factor and identification of some of the underlying genes are

relatively recent advances.

Initial studies addressed the issue of the true risk of breast and other cancers in

relatives of breast cancer cases (Ottman et al., 1986; Schwartz et al., 1985;

Ottman et al., 1983). In the case of Schwartz et al. (1985) the primary focus

being early onset cancers (20 to 54 years old), particularly with reference to

steroid hormones, such as the contraceptive pill. The two studies by Ottman et

al. (1983, 1986) were directed towards determining the risk to relatives of breast

cancer patients. In all of the above surveys, cases were chosen without bias

towards family history. It has been suggested (Ottman et al., 1983; Schwartz et

al., 1985; Ottman et al., 1986), however, that some skewing of results may occur

as a result of diagnosed breast cancer patients having more knowledge of the

disease incidence in their family than control groups.

The first two studies (Ottman et al., 1983; Schwartz et al., 1985) observed

several key points. Both studies determined that there was an increased risk to

the mother and sisters of probands, although the actual risk levels varied between

the studies, presumably as a result of population variation. The studies also

13



linked the age of onset of the index case to the risk of cancer in the first degree

relatives, findings supported by later observations that familial breast cancer

tends to show early onset.

In cases where the proband was diagnosed before age 40, the risk to first degree

female relatives was substantially higher and commonly showed the same early

onset disease phenotype.

It was also noted by both studies that the risk was increased in cases where more

than one first degree relative was affected, an observation also backed up by

Anderson et al. (1974) and Petrakis et al. (1982).

Studies were also carried out using cases which had reported a family history of

the disease at diagnosis (Anderson, 1977; Anderson, 1976; Anderson, 1972;

Anderson, 1974), to examine the characteristics of the disease in 'high-risk'

groups and the relative risk to family members. Amongst other observations, it

was shown that risk to first degree relatives could also be associated with disease

characteristics, such as age of onset. In addition, relatives of patients with

bilateral breast cancer were observed to have an even higher risk of manifesting

the disease, than those with unilateral breast cancer.

The second study by Ottman et al. (1986) acted to confirm observations made in

all of the above studies and also went on to notice a socio-economic link to the

risk factors, suggesting environmental factors may affect the familial component

of the disease.

14



2.2 The search for a breast cancer gene(s).

The above studies show clearly that familial history of breast cancer,

substantially increases the risk of further cases in female relatives; however, the

studies do not address the underlying mechanism. The causal factor(s) could be

a single gene, an array of genes, each modifying the risk, or have no genetic basis

and be simply attributable to a shared environment; or any combination of the

above. In order to fill this gap, several groups attempted to investigate the

underlying mechanism (King et al., 1983; Go et ah, 1983; Goldstein et al., 1987;

Goldstein et al., 1990; Newman et al., 1988; Skolnick et al., 1990).

The classical approach to this problem, is a study of the trait across several

families, looking for the transmission patterns between generations. In the case

of breast cancer, however, application of the technique is confounded by the high

numbers of sporadic cases. There is also the likelihood that variation in the

'penetrance' of the putative gene(s), would lead to variable age of onset within

families. This may also result in the failure of susceptible individuals, to

develop cancer during their lifetime. The problem faced by these groups

therefore, is one of defining unequivocal cancer families and identifying all

carriers of the putative gene within the selected family.

The underlying problem of'variable penetrance', means that many individual

families are required to obviate misclassification of individuals as

carrier/non-carrier. In the case of the first study (Go et al., 1983), the 18 breast

cancer families studied proved to be insufficient for determining the underlying
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genetic mechanism, however, a genetic basis for the susceptibility was very

strongly indicated in 16 of the 18 families. Importantly this study also suggested

co-transmission of susceptibility to breast cancer and ovarian cancer, although

the limited numbers restricted confirmation of this.

In 1988 a significantly larger study was carried out (Newman et al., 1988). The

sample group consisted of 1,579 breast cancer cases, diagnosed before age 55

and unselected for family history. Data collected from the 1,579 probands in the

studied group, together with information on their first degree relatives, was used

to investigate the pattern of breast cancer occurrence, by complex segregation

analysis.

Modelling of the data allowed ascertainment of the mode of transmission, by

analysis of each model's likelihood. It was found that a fully dominant

susceptibility allele model, produced the 'best-fit' for the supplied data, although

co-dominance could not be disproved, or proved, due to the rarity of the

genotype (Lalouel et al., 1983).

A risk assessment study (Schwartz et al., 1985) showing that lifetime risk for

women, with an affected mother and sister can reach 50%, consistent with an

autosomal dominant gene, appeared to corroborate the findings. In addition a

study by Goldstein and Amos (1990), came to the same conclusions, with the

addendum that a recessive autosomal gene may be sufficient in the case of

postmenopausal ductal cancer.
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2.3 The hunt for BRCA1 and BRCA2.

2.3.1 BRCA1.

Following the conclusion, from the epidemiological studies, that a single (or few)

dominantly acting genes, were sufficient to account for most familial breast

cancer (Lalouel et al., 1983; Goldstein et al., 1990; Schwartz et al., 1985;

Newman et al., 1988) , a determined search was initiated.

In 1990, a potential gene was mapped to within approximately 0.1 recombination

units on 17q21 (Hall et al., 1990) and a concerted effort made to identify the

gene. Several potential candidates already existed in this region, including

EGFr, hox2 and wnt3 and it was initially hoped, that the susceptibility gene was

one of these. Subsequent refining stages (Bowcock et al., 1993; Chamberlain et

al., 1993; Simard et al., 1993; Goldgar et al., 1994), however, led to a narrowing

of the region to 600 kilobases (Neuhausen et al., 1994), eliminating most of the

'known genes' as candidates (Easton et al., 1993; Simard et al., 1993; Tonin et

al., 1993) and initiating a search for this novel gene. Following a very

competitive race to identify the new gene, termed BRCA1 (BReast CAncer 1), it

was eventually cloned in 1994 by Yoshio Miki and colleagues (Miki et al.,

1994).

2.3.2 BRCA2.

Interestingly, prior to the cloning of BRCA1, there was already evidence for an

other breast cancer gene(s). Linkage to 17q21 was strongest for families with a

high incidence of ovarian cancer and younger mean age of breast/ovarian cancer

onset, hence its classification as an 'early-onset breast/ovarian cancer syndrome'.
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In contrast, families containing members with male breast cancer, did not show

linkage, even in families with 'early-onset' disease (Narod et al., 1991; Hall et

al., 1990).

A subsequent study (Easton et al., 1993), involving an international

collaboration, looked at 214 affected families. While the study implicated

BRCA1 in almost all families, in which there was susceptibility to both female

breast and ovarian cancer, linkage to BRCA1, in families showing multiple cases

of breast cancer alone, could only be shown in 45% of families. Subsequently, a

study by Stratton et al. (1994) showed lack of linkage to BRCA1 for families

with inherited susceptibility, to both male and female breast cancer. The study

used 22 families all of which contained at least one instance of male breast

cancer and the resulting evidence against linkage to BRCA1, (lod score- 16.63)

with the best estimate of the proportion of linked families being 0% (95% CI

0-18%), was very strong. The conclusion reached by this group was that there

must be a gene(s), other than BRCA1, which predisposes to early-onset breast

cancer in women and which confers a higher risk of male breast cancer.

As a result of these previous studies, Wooster et al. (1994), carried out a search

for other genes, that may predispose to breast cancer. This involved carrying out

a genomic linkage analysis, using 15 families, containing multiple cases of early

onset breast cancer, unlinked to BRCA1. The linkage analysis mapped BRCA2,

to a 6 centiMorgan genetic interval, 13ql2-13. Assuming genetic heterogeneity

the evidence for this region was overwhelming, with a LOD score of 11.65.
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Variation in the phenotype of BRCA1 and BRCA2 was noted. While both

genes conferred a high risk of early onset breast cancer in females, BRCA2

appeared to be unlinked to ovarian cancer and strongly associated with male

breast cancer.

Subsequent research by the same group, refined this region to a 600kb interval

and its eventual cloning and sequencing by the latter part of 1995 (Wooster et al.,

1995). It was not, however, until March 1996 that the full sequence became

available, as a result of work by Tavtigian et al. (1996).

3 Genes involved in breast cancer

While it is now thought that BRCA2 and BRCA1 account for approximately

90% of all multicase breast cancer families (i.e. more than 5 individuals

affected), other genes are also known to be involved (Table 3). Here we discuss

p53, ATM and Rad51 as examples of these genes, but more importantly due to

their association with BRCA2 and BRCA1, as will be detailed later. Note that

p21 and GADD45 are discussed in assocication with p53 and that the RAD51

discussion is extended to other members of this group.
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AIB1 EMS1 KRAS2 PTP1B
AKT2 ERBB2 LMYC PTPRF

APC ERBB3 M6P/IGF2r RAD51
APS ESR1 MCC RBI

ATM FCC1 MDM2 SNCG

BCL1 FCC2 MET SRC

BCL2 FGF3 MYC TFAP2C

BRCA1 FGF4 NF2 TGFa
BRCA2 FGFR1 NME1 THRA

CCND1 FGFR2 NRAS TP53
CDKN2 FGFR4 PGR TSG101

COL18A1 GH1 PHB Urokinase
CTSD GRB7 PLAT Vimentin
DCC HRAS PLG WNT10B
EGF IGF1R PRL

EGFR KIT PTH

Table 3: Alphabetical list of genes thought to be involved in breast cancer. Detailed
references are not listed here, but may be found at
http://tyrosine.biomedcomp.com/4d.acgi$tsrchname?Name=%40&topic=BCIR.

3.1 p53

3.1.1 The gene

From its discovery in mice (DeLeo et al., 1979) the p53 gene has played a

critical role in much of oncology research, leading to Science magazine naming

it 'Molecule of the Year' for 1993. It is now recognised, as the most commonly

mutated gene, so far identified in human cancers (Hollstein et al., 1991;

Greenblatt et al., 1994). These sites including the colon(Baker et al., 1989),

lung(Nigro et al., 1989; Takahashi et al., 1989), breast(Varley et al., 1991;

Mackay et al., 1988; Nigro et al., 1989), ovary(Marks et al., 1991),

bladder(Sidransky et al., 1991), the brain(Nigro et al., 1989; Sidransky et al.,

1991), the blood (Felix et al., 1992) etc.
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Mapping of the human gene was achieved in 1985 (Mcbride et al., 1986;

Mcbride et al., 1985), with p53 being assigned initially to chromosome 17 and

then to 17pl3. A later study refined this further to 17pl3.105-12 (Van Tuinen et

al., 1987).

The p53 gene encodes a 393 amino acid protein (TP53) (Vogelstein et al., 1992).

The protein acts as a transcription factor, activating genes involved in key

components of a cells life, including those regulating cell cycle checkpoints,

DNA repair, cell growth, differentiation, apoptosis and senescence (Levine,

1997). In summary its role in the cell is one of maintaining genome integrity

and an appropriate balance between cell division and apoptosis, Lane et al. have

described it as the 'guardian of the genome' (Lane, 1994).

3.1.2 P53 control

Its importance to stable, normal, growth is evidenced by its role being obviated,

altered or negated in 60% of human tumours (Gottlieb et al., 1996). It is

inherent in this, however, that while this gene is extremely important, its role

must be tightly regulated as its potential for deleterious effects if mutated or lost

are extensive. As a result of this, the cell has a number of regulative pathways,

several of which are often working simultaneously, with inherent redundancy, to

ensure adequate control in any circumstance.

During normal cell growth, levels of p53 are negligible, with the protein

displaying a very short half-life in the cell (Oren, 1992). This rapid degradation

appears to be the main method of limiting p53 activity in the cell and is thought
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to be due to degradation by calpain, and the ubiquitin-proteasome complex

(Pariat et al., 1997; Kubbutat et al., 1997). The main difference between

ubiquitin-dependent and calpain-dependent p53 degradation is the calcium

requirement of calpain. It has, therefore, been suggested that, as intracellular

levels of calcium are regulated by mechanisms normally activated following

growth factor-dependent stimulation of cell proliferation and cell-cycle entry;

calpain may be involved during proliferation, with ubiquitin being constitutively

activated in the cell (Chiarugi et al., 1999). While it is known that these two

proteins degrade p53, it is yet to be determined whether this occurs in the nucleus

or cytoplasm, a fact of some importance in a protein primarily regulated by rapid

degradation. This area of research is complex and extensive, with many varying

opinions. Briefly, it has been shown that interaction with proteins involved in

nuclear export are required for degradation suggesting a cytoplasmic event (Lain

et al., 1999a; Stommel et al., 1999; Tomoda et al., 1999; Freedman et al., 1998;

Roth et al., 1998). Alternatively, accumulation of p53 on application of

proteasome inhibitors is primarily in the nucleus. One possible explanation

would be the rapid importing of undegraded p53. Alternatively, the complexing

with nuclear export factors may move p53 to nuclear compartments where active

proteasomes have accumulated (Lain et al., 1999b).

The ubiquitination and subsequent degradation of p53 apparently involves the

protein group JNK, 2 members of which have so far been identified (JNK1 and

JNK2) (Hibi et al., 1993). This was first investigated by Fuchs et al (Fuchs et

al., 1998), based on evidence of an association with p53, suggesting strongly that

a link existed. It was seen that the amount of p53-JNK complex was inversely
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correlated to the p53 level and that a peptide corresponding to the JNK binding

site on p53, efficiently blocked ubiquitination of p53. Similarly, p53 lacking the

JNK binding site exhibited a longer half-life than wildtype p53.

A further check on the activity of p53, is the MDM2 gene (Freedman et al.,

1999). This 491 amino acid protein binds p53 at the amino terminal

transcriptional domain and blocks its transcriptional activity, by blocking the

association of the transactivation domain of p53 with the transcriptional

machinery (Oliner et al., 1993; Momand et al., 1992). Furthermore, its

association with p53, leads to the ubiquitination and subsequent degradation of

p53 (Honda et al., 1999).

JNK-p53 and MDM2-p53 complexes are preferentially found in G0/G1 and

S/G2M phases of the cell cycle respectively, suggesting that these two control

mechanisms are independent regulators of p53 stability (Fuchs et al., 1998).

3.1.3 Activation of p53

In response to a range of genotoxic stimuli, including certain oxidative

compounds, ionising radiation etc, as well as various stresses that do not

necessarily involve genotoxic insult (Lane, 1998), p53 accumulates in the

nucleus (Pariat et al., 1997). This move to the nucleus extends the half-life of

the p53 from minutes to hours or even days (Pariat et al., 1997). A good

example of this are normal fibroblasts, exposed to cisplatin, which show

detectable levels for at least 20 days, in surviving cells(Fritsche et al., 1993).

Accumulation of p53 occurs as a result of the p53's increased stability, however,
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it is also heavily dependent on continued gene expression. Interestingly mutants

showing an increased p53 half-life, and not carrying the main calpain recognition

sequence (PEST i.e. proline/glutamic acid/serine/threonine), are still susceptible

to calpain degradation (Pariat et al., 1997). This would imply that movement of

the protein into the nucleus, rather than reduced proteolysis is the main factor in

p53 stability. This is, supported, to a degree, by the fact that most p53 mutants

show a strong tendency to nuclear localisation.

It is intuitive to suggest that as the need for p53 is vital and immediate, its

nuclear localisation should not be limited to one point in the cell cycle. This

appears to be the case, as application of specific cell cycle inhibitors, such as

mimosine, aphidicoline or nocodazole, do not affect the process (Chiarugi et al.,

1999).

Following localisation to the nucleus, p53 will selectively bind to specific DNA

sequences and alter the expression of several cell cycle checkpoint related genes,

including MDM2 (Wu et al., 1993), GADD45 (Kastan et al., 1992) and p21

(WAF1/CIP1) (Eldeiry etal., 1993).

It is of note that p53 activates the expression of the MDM2 gene, whose protein

product, as detailed above, inhibits p53 transcriptional activity and targets it for

degradation, allowing a negative feedback control loop to be created (Midgley et

al., 1997).
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As stated above the p53 protein acts as a 'decision maker' when the cell is

stressed by certain insults. If damage repair is not adequate then p53 moves the

cell into apoptosis or cellular senescence. Sufficient time for this repair to occur

and/or for the cell to begin terminating, is achieved by p21 (Waga et al., 1994;

Bunz et al., 1998; Eldeiry et al., 1993).

3.1.4 The role of p21

Induction of the expression of p21/Wafl/Cipl is often considered one of the

most important roles of p53. The role of this gene is one of growth arrest at the

Gl/S phase of the cell cycle by regulating CDK2 (known to associate with

cyclins A, D and E) (Eldeiry et al., 1993; Harper et al., 1993; Kastan et al., 1991)

(Gudas et al., 1995; Bae et al., 1995; Eldeiry et al., 1994; Zhan et al., 1993).

This arrest of the cell cycle will continue until resolution of the problem either by

repair or, if this is impossible, by moving the cell into apoptosis. The

mechanisms involved in determining p53's decision and the method of moving

the cell into apoptosis, are wide ranging and not yet fully understood. In

summary, however, the movement of cells into apoptosis may be a response to

either sequence specific transactivation (SST), or SST-independent methods,

although in normal cases both will occur. SST by p53 targets genes such as bax,

a protein already known to posses potent pro-apoptotic properties (Kelekar et al.,

1998; Miyashita et al., 1995), cell surface death receptors, such as CD95 (Reinke

et al., 1997; Owenschaub et al., 1995) and DR5 (Wu et al., 1997), etc.

SST-independent mechanisms include the down-regulation of MAP4 (Murphy et

al., 1996), PS1 (Roperch et al., 1998) etc and the activation of the caspases

(Thomberry et al., 1998) etc.
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In certain cases cells do not undergo apoptosis, but instead will move into an

intermediate state of cellular senescence through a prolonged G0/G1 arrest

(Linke etal., 1997; Noda etal., 1994).

In summary the mechanisms involved in these processes are complex and depend

on cell type and type of cellular stress.

3.1.5 The role of GADD45

GADD45, is extremely interesting as it bridges the gap between two major roles

of p53, namely its role in cell-cycle arrest and in DNA damage repair.

GADD45 is a nuclear protein widely expressed in normal tissues and in

particular quiescent cells (Kearsey et al., 1995), with expression highest in the

G1 phase of the cell cycle and greatly reduced during S-phase (Kearsey et al.,

1995). Interaction with p21 has been shown, suggesting a role in cell-cycle

arrest. In addition to this, however, an interaction with PCNA, a protein

involved in DNA replication and repair, has also been shown (Chen et al., 1995),

suggesting a role for GADD45 in regulating DNA repair. Finally GADD45 is

also known to induce apoptosis through activation of the JNK/SAPK kinase

pathway. If all these functional roles are confirmed, GADD45 must be

considered a major protein in the DNA 'damage repair' pathway.
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3.1.6 P53 and DNA damage repair

p53's role in DNA damage repair is seen both at an indirect level by control of

genes involved in repair, but also at a direct level. Critically this includes an

association with the BRCA1 and BRCA2 genes and will be discussed in detail

later (see section 4.4.3).

3.2 Ataxia telangiectasia and the ATM gene.

Ataxia telangiectasia (AT) was first described in 1926 (Syllaba et al., 1926), and

named as such in 1957 (Boder et al., 1957). The two most obvious symptons

are cerebellar ataxia, typically affecting the individual between 10 and 14 months

and telangiectasia (dilated blood vessels) in the eyes and face between 4 and 6

years. Truncal ataxia will manifest and progression will normally condemn

patients to be in a wheel chair within 11 years.

In addition to these symtoms several other less obvious effects of this syndrome

have now been shown, including defects of the immune mechanism, hypoplasia

of the thymus, gonadal dysfunction etc (Miller et al., 1967; Zadik et al., 1978;

Gatti etal., 1991; Boder, 1985; Schuller et al., 1981;Tsuge et al., 1987; Woods

etal., 1992).

Initial studies suggested that there were four complementation groups in ataxia

telangiectasia, designated A to D (Jaspers et al., 1982; Gatti et al., 1988; Sanal et

al., 1990), and led to the assumption of four different loci being involved. Later

work, however, located the ATM (ataxia telangiectasia, mutated) gene to 1 lq23

(Gatti et al., 1988; Sanal et al., 1990) and linked all four complementation
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groups to it (Gatti et al., 1993). The ATM gene was eventually cloned in 1995

by Savitsky et al. (1995).

The gene encodes a 370kDa protein with a carboxyl-terminal sequence

homologous to the catalytic domain of phosphotidylinositol 3-kinases (Hunter,

1995), placing it within a family of (phosphatidyl 3-kinase)-like proteins.

Although ATM is predominantly confined to the nucleus (Brown et al., 1997;

Chen et al., 1996b; Lakin et al., 1996; Watters et al., 1997), ATM protein also

appears in cytoplasmic vesicles in certain cell types (Oka et al., 1998; Watters et

al., 1997) where it associates with p-adaptin (Lim et al., 1998). ATM protein

levels and localisation are also known to remain constant throughout all stages of

the cell cycle. (Brown et al., 1997).

3.2.1 ATM function

One of the most important roles of ATM appears to be its interaction with p53.

Initial evidence for this interaction existed prior to the mapping of ATM, when it

was noted that the Gl/S checkpoint was absent in AT patients cells (Painter et

al., 1982). Later work noted that following exposure to gamma irradaition p53

levels would increase by 3 to 5 fold, but that this effect could not be seen in AT

cells (Kastan et al., 1991; Kastan et al., 1992).

Of note is the fact that while the activities of ATM can be stimulated by ionising

radiation and various radiomimetic chemicals, ultra violet light (U.V.) irradiation

has no effect (Banin et al., 1998; Canman et al., 1998).
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The action of ATM on p53 is one of phosphorylation of serine 15 leading to

stabilisation of the p53 protein. Following exposure to ionising radiation

enhanced phosphorylation of p53, by the ATM protein, occurs in a

manganese-dependent manner and will not occur in AT cells (Banin et al., 1998;

Canmaneta/., 1998).

This interaction between p53 and ATM was reported by Khanna et al. (1998) to

be direct and involving 2 regions in ATM, one at the N terminus and the other at

the C terminus, corresponding to the phosphotidylinositol 3-kinase domain.

This study also provided further proof of the role of ATM in p53

phosphorylation by ectopic expression in ataxia telangiectasic cells of normal

ATM and abrogation of phosphorylation in normal cells by addition of ATM

antisense.

Phosphorylation of serine 15 may not, however, account fully for p53

stabilization by ATM. A study by Khosravi et al. (1999) showed that after

treatment of cells with ionizing radiation or a radiomimetic chemical, but not UV

radiation, MDM2 is phosphorylated rapidly in an ATM-dependent manner. This

suggests that in response to DNA double strand breaks (DSBs), ATM may

promote p53 activity and stability by mediating simultaneous phosphorylation of

both partners of the p53-MDM2 autoregulatory feedback loop.

As mentioned above, the ATM protein also binds to (3-adaptin (Lim et al., 1998),

one of the components of the AP-2 adaptor complex, which is involved in

clathrin-mediated endocytosis of receptors. The finding of an association of
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ATM with P-adaptin in vesicles indicated that ATM may also play a role in

intracellular vesicle and/or protein transport mechanisms. The interaction may

help explain how mutations in the ATM gene cause the pleiotropic nature of the

ataxia-telangiectasia phenotype.

Certainly this dual functionality is not unthinkable. The large size of the ATM

protein and its localization to multiple subcellular areas, clearly suggesting that

ATM may have more than one function.

3.2.2 ATM and malignancy

The observation that lymphoreticular malignancy was the second most common

cause of death in AT patients, led to further examination of the effect of this

disorder on malignancy rates (Morrell et al., 1986). It was determined that AT

patients showed between a 61 fold and 184 fold increase in malignancies over

the general population.

A study of obligate carriers (Swift et al., 1987) showed a marked increase in the

incidence of cancer (relative risks of 2.3 for men and 3.1 for women), although

this was not seen in all cancers with a decrease in colon and rectal cancers as

compared to spouse controls. While a protective effect is unlikely this variation

does suggest a site specific role in cancer.

The rate of breast cancer in AT heterozygotes has been studied by several groups

and appeared to show an increased risk in these individuals (Athma et al., 1996;

Swift et al., 1991; Borresen et al., 1990; Pippard et al., 1988; Swift et al., 1987).
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Of these studies Athma et al. (1996) provided perhaps the most compelling

evidence for an increased risk. Using genotyping technology, and the

statistically powerful, unbiased, index-test method for testing gene-disease

associations (Swift et al., 1990), a 3.8-fold increased risk,in women, of breast

cancer compared to non-carriers was shown. It was determined that the

likelyhood of this result arising by chance, was extremely low, with a p-value of

0.0001.

3.3 Rad51, associated members and homologous

recombinational repair.

Damage to the genome through insult by genotoxic chemicals, ionising radiation,

U.V. irradiation etc.; will lead to genomic instability and potentially cell lethality

if uncorrected. As a result all living cells are equipped with a plethora of repair

mechanisms.

Both DSBs and interstrand cross-links (ICLs) are particularly lethal lesions

because they alter both strands of a DNA molecule. The methods employed to

repair this include non-homologous end joining and homologous recombinational

repair (HRR). The relative importance of these mechanisms to cells can be seen

in the cellular sensitivity to ionising radiation, which in higher and lower

eukaryotes can be largely correlated to the cell's ability to repair DSBs.

A highly penetrant mutation of XRCC1, in CHO cells, which causes substantial

defects in the single strand break repair mechanisms of the cell, elicits only a 1.6

fold increased sensitivity to ionising radiation (Thompson et al., 1990).
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Mutation in the XRCC5/ku80 gene, which affects cellular ability to repair DSBs

by end-joining, increases sensitivity in the order of 6-fold (Jeggo, 1997). A

100-fold increase in sensitivity can be seen, however, in erccl or xpf mutants,

involved in HRR (Hoy et al., 1985). This variation in sensitivity would imply

that these latter mutations produce more absolute defects in repair. This and

other evidence would suggest that HRR is physiologically an essential pathway,

dealing with both endogenous and exogenous DNA damage (Chu, 1997; Jeggo,

1997).

Much of the current knowledge in this field comes from study of Saccharomyces

cerevisiae (S. cerevisiae), in which ionising radiation sensitivity and meiotic

defects are associated with mutations in the RAD52 epistasis group (for review

see Kitazono et al., 1998; Lehmann, 1998). The group consists of RAD50-55

and RAD57 (Game, 1993), RAD59 (Bai et al., 1996), XRS (Ivanov et al., 1992)

and MRE11/RAD58 (Ajimura et al., 1993). All of these genes, with the

exception of RAD53 which is involved in checkpoint functions, control mitotic

recombination.

Two independent approaches have recently provided evidence that mammalian

cells rely on a HRR pathway to maintain the genomic stability and repair DNA

damage. The first strand of this has been the identification of human and mouse

genes based on similarity to the yeast recombinational repair genes. The second

being the characterisation of genes found to complement radiation sensitive

mutants whose phenotypes point strongly toward recombinational defects.
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These two paths have now merged as exemplified by the identification of a

family of RAD51-like proteins whose members are conserved across vertebrates.

It must be noted at this point, however, that while the HRR pathway is conserved

between bacteria and primates, the biochemical details of mammalian HRR

appear to differ substantially from those in yeast in terms of molecular

mechanism of strand transfer and its regulation.

Human and mouse homologues of the three most critical members of the

RAD52-epistasis group, with regard to the repair of DSBs (Game, 1993), exist.

RAD51 (Shinohara et al., 1993), RAD52 (Muris et al., 1994) and RAD54

(Kanaar et al., 1996), however, differ in their level of conservation. While the

human RAD51 protein (HsRad51) shows approximately 68% identity to the

yeast Rad51 (Shinohara et al., 1993) and a low but significant, similarity to the

Escherichia coli (E.coli) RecA gene (Yoshimura et al., 1993), Rad52 and Rad54

are far less conserved, with human and mouse homologs of Rad52 showing 30%

identity to the yeast RAD52 (Muris et al., 1994) and 50% in the case of Rad54

(Kanaar et al., 1996). Of note also is the fact that both the S.cerevisiae RAD51

gene (scRad51) and RecA are known to act as central players in recombination

by forming filaments on DNA and mediating strand transfer (Shinohara et al.,

1992; Sung etal, 1995).

Cloning of human DNA sequences that functionally complement mammalian

mutant cell lines, hypersensitive to killing by DNA damaging agents, identified

the XRCC (X-ray repair cross complementing) series. The genes are involved in

DSB repair (e.g XRCC4, XRCC5/Ku80 (Jeggo, 1997), single strand break repair
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(XRCC1) (Thompson et al., 1990) and other as yet unknown functions (XRCC9)

(Liu et al., 1997). Two other XRCC genes ( 2 and 3) (Cartwright et al., 1998b;

Liu et al., 1998) were recently identified as bearing similarity to the Rad51 group

of genes. The level of similarity to hsRad51 and scRad51 is, however, only 20%

in comparison with the 68% sequence identity, previously stated, between

hsRad51 and scRad51. It seems likely that these genes, while having a common

origin, have developed separate functionality (paralogs).

Searches for other paralogs of Rad51 in sequence databases identified a further

three, highly diverged, members of the Rad51-like family: Rad51B (otherwise

known as hRec2 or R51H2) (Albala et al., 1997; Cartwright et al., 1998a),

Rad51C (Albala et al., 1997) and Rad51D (otherwise known as R51H3)

(Cartwright et al., 1998a; Pittman et al., 1998). Interestingly the most highly

conserved region includes the ATP binding regions, Walker A and B (Walker et

al., 1982). As these are present in all paralogs the implication would be that all

family members may possess ATPase activity.

In S.cerevisiae, Rad55 and Rad57 are relatively weakly conserved paralogs of

Rad51, and it is notable that no highly conserved mammalian homologs of these

two have been found. In addition, each of the five human mitotic Rad51-like

family members shows as much similarity to Rad57 as to Rad51 itself (20-30%

identity). The reason for this larger Rad51 family in higher eukaryotes is as yet

unknown, but it can be speculated that the vertebrate paralogs act as accessory

factors, similar to the Rad55-Rad57 complex (Sung, 1997), to promote filament

formation and exchange mediated by vertebrate Rad51.

34



The relative importance of the Rad51 protein to higher eukaryotes can be seen in

its critical nature, with regard to cell viability, during cell proliferation.

Knockout mice for this gene show early embryonic lethality, with arrest

occurring at the egg cylinder stage (E5.5) (Lim et al., 1996). These mice

exhibited chromosome loss in the very limited metaphase figures found, and high

ionising radiation sensitivity in the cultured embryonic stem cells, from this

strain (Lim et al., 1996). Use of antisense oligonucleotides (oligos) in mouse

cells also showed an increase in ionising radiation sensitivity (Taki et al., 1996).

This is in stark contrast to the non-essential nature of this gene in yeast.

DSB repair in higher eukaryotes is not yet fully understood and it is perhaps

helpful to look at the yeast model. HRR repair in yeast requires, in particular,

the proteins RAD51, RAD52, RAD54, RAD55 and RAD57 (Game, 1993). Of

these proteins, RAD51 has been shown to encode the major strand-transfer

protein (Sung and Robberson, 1995). Other members of this group have been

shown to interact, with RAD51, either directly in the case of RAD52, RAD54

and RAD55 or in an indirect manner RAD57 (Clever et al., 1997; Hays et al.,

1995), although it is unknown whether these all act simultaneously. A

suggested model of the HRR mechanism in S.cerevisiae is shown in fig.5.
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fig.5: A suggested model of HRR of a DNA DSBs (right): a broken molecule with

exposed 3' ends is shown at the top right ( g), which associates with an unbroken
homologous molecule ( g), and undergoes strand exchange followed by re-synthesis
(dashed lines) and resolution, (left): the recombination proteins associated with the
strand exchange step in the yeast S.cerevisiae (similar relationships have been found
for homologues of some of these proteins in humans). Arrows indicate known physical
associations between the proteins, but the order of addition is still speculative. Figure is
based on a figure by Thacker et al. (1999)

The RAD55-RAD57 heterodimer and the RAD52 protein are implicated in

assisting RAD51 (complexed with RPA, the single stranded DNA (ssDNA)

binding protein trimer) bind to ssDNA. A recently proposed model (Hays et al.,

1998) suggests that RAD52 interacts first with RPA, followed by RAD52

interaction with RAD51 to assemble RAD51 and associated proteins onto

ssDNA to initiate HRR.

The role of RAD54 has been suggested to be as an ATP-driven motor that

disrupts protein-DNA interactions (Pazin et al., 1997), to enhance chromatin

accessibility during DNA repair. Certainly it can be seen that RAD54 protein

increases the rate of RAD51 -dependent pairing of ssDNA and double stranded

DNA (dsDNA) homologous molecules in vitro (Petukhova et al., 1998). It

36



should also be noted that RAD54 contains a potential DNA helicase domain,

although it does not appear to have helicase activity.

Several aspects of hsRad51 mirror those of the better understood scRad51. The

human homolog will bind to dsDNA or ssDNA, exhibits DNA-dependent

ATPase activity, forms helical nucleoprotein filaments on ssDNA and mediates

homologous pairing and strand exchange between DNA molecules.

Finally some interpretation of Rad51's possible roles can be seen in the

complexes it is thought to form. Together with those already mentioned it is

also seen to complex with p53 (Sturzbecher et al., 1996), c-Abl (a cytoplasmic

and nuclear protein tyrosine kinase that has been implicated in processes of cell

differentiation, cell division, cell adhesion, and stress response) (Yuan et al.,

1998). It also is thought to complex with UBL1 and UBE2I, which are

themselves potentially associated with ubiquitin (Shen et al., 1996). Finally

Pir51, a protein of unknown function, but which has been shown to bind RNA,

ssDNA and dsDNA (Kovalenko et al., 1997). The most interesting interaction,

however, is with BRCA2, as detailed below (see section 4.4.3.1.2).

4 BRCA1 and BRCA2

While BRCA1 and BRCA2 are not detectably related by sequence, paradoxically

they are extremely similar in a number of aspects (Tavtigian et al., 1996). This

similarity justifies the discussion of these two genes in tandem. While

substantive review of BRCA1 is carried out here, the major emphasis is on

BRCA2, being as it is, the specific area of study.
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4.1 General structure

4.1.1 BRCA1

The BRCA1 gene (fig.6) is located on human chromosome 17q21. The gene is

adenosine/thymidine (AT)-rich and approximately 81kb in length, with 24 exons,

only 22 of which are coding exons, exons 1 and 24 being non-coding. The

encoded protein has a predicted size of 220kD (1,863 amino acids) and is highly

charged. BRCA1 also, however, encodes several isoforms of varying lengths,

primarily as a result of alternative splicing of exons 1 and 11, although the

relevance of these splice variants is not yet fully understood (Fetzer et al., 1998;

Cui et al., 1998a; Cui et al., 1998b; Wilson et al., 1997; Wang et al., 1997).
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fig.6 : Scale representation
of BRCA1 cDNA, with exons

numbered. Splice variants
are represented below and
are as follows (A) full length
including exon 1, found in
placenta; (B) standard full
length transcript located in
most tissues; (C) exon 9 and
10 lacking; (D) exon 5
lacking; (E) exon 9-11
lacking; (F) exon 11 splice
variant BRCA1A672-4095;

(G) BRCA1-M1b; (H)
complex variant without
exon9, 10 and most of 11,
however containing a short
region at the start of exon 11.
A-E (Miki eta!., 1994); F
(Thakuref a/., 1997); G
(Wilson etal., 1997); H
(Wang et at., 1997)
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4.1.2 BRCA2

While the BRCA1 gene is extremely large, it is dwarfed by the BRCA2 gene (see

fig.l) which encodes a highly charged protein of 390kD (3,418 amino acids)

(Tavtigian et al., 1996; Wooster et al., 1995), with only one alternative isoforms

so far detected (Zou et al., 1999). This alternatively spliced protein lacks exon3,

but has only been reported to date by one group and, therefore, its existence is

open to question. The gene itself contains 27 exons, exonl being non-coding

and, as in the case, of BRCA1 is AT-rich.

The two genes show certain parallels in their structure, such as their large size

(seefig.l), the sequence being AT-rich, their exonl being non-coding and the

genes encoding a highly charged protein. It is, however, the parallels in their

exonic structure, which are perhaps of most note. BRCA2 exons 10 and 11

account for over 50% of the mRNA, with exon 11 accounting for approximately

50% of the gene (see fig.l). In the case of BRCA1, exonl 1 again, codes for

more than 50% of the mRNA, although exonl 0 is not of notable size (fig.6).

While these parallels are intriguing, it is unclear what, if any, importance can be

assigned.

40



fig.7 : Scale representation of
BRCA2 cDNA, with exons

numbered. Below are

representations of the relative
size of several genes in
comparison to the upper
BRCA2 diagram.
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4.2 General Features

4.2.1 Conservation.

Another intriguing area of similarity between the two genes is the low level of

interspecies identity, in comparison to other genes involved in cancer. Levels of

amino acid identity between man and mouse for genes such as NF1 , WT1 and

Rbl; are 98%, 95% and 91% respectively (Bignell et al., 1997). These are in

stark comparison to an identity of 59% shown between the murine and human

BRCA2 and 58% in the case of BRCA1 (Lane et al., 1995; Sharan et al., 1997a).

Further comparisons of BRCA2 with other species, using exonl 1, for which data

were available, showed similar results (Table 4)(Bignell et al., 1997), no such

study exists for BRCA1, however some interspecies comparison has been carried

out (Table 5).

Human Monkey Pig Dog Hamster Mouse

Human 100 93 62 70 57 58

Monkey 100 61 68 58 58

Pig 100 64 50 49

Dog 100 54 54
Hamster 100 72
Mouse 100

Table 4: Percentage identities between the translation of exon 11 of the BRCA2 genes
from human, monkey, pig, mouse, dog and hamster. Table is based on data from
Bignell et al. (1997)

Human Dog Rat Mouse
Human 100 58 58

Dog 100 69
Rat 100 81

Mouse 100

Table 5: Average percentage identities between the BRCA1 protein from human,
mouse, dog and rat (not all comparisons available). Table is based on data from
Bennett et al. (1999)and Abel et al. (1995b).
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The reason behind these low identity levels is likely to be a higher rate of

evolution in the genes. Underlying this is the implication that much of the gene

is either spacing DNA, in which flexibility can be given in precise amino acids or

'junk' DNA, of no specific function. Alternatively, some areas may have

become redundant and open to higher rates of mutation as a result.

Critically, the inherent message in this low interspecies identity is that areas

which do show conservation can be more clearly seen and their importance to the

gene given more significance.

4.2.2 Species specificity

While interspecies conservation is generally low, certain areas of the genes are

highly conserved such as the BRC repeats (see section 4.4.3.1.1). Interestingly

while these show interspecies conservation between mammals, no equivalent

sequences have been found in other organisms (Bignell et al., 1997) (Miki et al.,

1994). It may be that this simply reflects species diversity, resulting in an

inability to find the equivalent genes or that BRCA1 and BRCA2 are uniquely

mammalian. If BRCA2 is uniquely mammalian, however, the question of why

mammals had to evolve such a gene must be addressed. In addition, the

evolution of what would appear to be an almost entirely novel gene, an event

uncommon in nature and particularly in mammals, must be questioned.
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4.2.3 Extrapolation of function by similarity to known genes

Following the cloning of BRCA2 and BRCA1, searches were made to determine

if either one bore similarity to other gene(s) in the database. Unfortunately,

neither gene showed substantive similarity to anything else in the database,

including each other, thus hampering study by extrapolation of function. This

has placed critical importance on comparison with other species.

4.3 Expression Pattern

To further elucidate BRCA1 and BRCA2 protein function, several studies have

looked at expression of both proteins within the body and at the subcellular level.

4.3.1 Embryogenesis

At the whole tissue level, extensive studies on the murine Brcal and Brca2, by

Rajan et al. (1997) and Marquis et al. (1995), showed a great deal of similarity in

the expression pattern of both proteins, in both a spatial and temporal sense.

Sections 4.3.1 to 4.3.5 are a summarised review of their findings.

During embryogenesis Brca2 mRNA was seen to be at its highest level of

expression at the El3.5 sample time point, although detectable levels of

expression were seen in the E6.5 and El 8.5 time points. It can also be seen that

levels of Brca2 at El 8.5 are slightly higher than at E6.5. This pattern of

expression is mimicked by Brcal, although levels at E6.5 and El8.5 are

apparently more equivalent. Spatial studies using 35S labelled antisense

molecules to Brcal and Brca2 on El3.5 embryos showed extensive expression of

the mRNA's (fig.8). The highest levels were expressed in the foetal liver,
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midgut, ventricular layer of the brain and the germinal neuroblastic epithelium of

the developing eye in both cases. The equivalent study using El8.5 embryos

showed widespread expression of both genes, as in the above case {fig. 8).

Intense organ specific expression of Brca2 mRNA was seen in the liver, lung,

bowel, salivary gland, thymus, tooth bud, brown adipose tissue, skin olfactory

epithelium, and ventricular layer of the brain. This spatial pattern, and relative

levels, was almost indistinguishable from that of Brcal with the exception of

regions of the brain and spinal cord, which exhibited Brca2, but not Brcal,

expression.

It is of note that Brca2 and Brcal are both expressed during times of intense

growth and in areas showing the highest rates of growth. This is in contrast to

the expression of p2lWAF1/clP1 mRNA, used as a control in this study (fig.8),

whose expression is mainly restricted to terminally differentiated cell types, such

as skeletal muscle, cartilage etc.
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//g.8 : Brca2 and Brcal mRNA expression patterns within the murine embryo. (A) In situ
hybridization analysis of Brca2 and Brcal mRNA expression in Day 13.5 mouse

embryos. Bright-field and dark-field photomicrographs of serial frozen sections from
Day 13.5 mouse embryos hybridized to antisense 35 S-labelled probes for Brca2 (a and
b) or Brcal (c). (B) Bright-field and dark-field photomicrographs of serial frozen sections
from sagitally sectioned Day 18.5 mouse embryos hybridized to 35 S-labelled antisense
probes for Brca2, Brcal, or p21 WAF1/CIP1 , as indicated, bf, brown adipose tissue; bl,
urinary bladder; bo, bowel; di, diaphragm; fv, fourth ventricle; hf, hair follicle; ht, heart; li,
liver; lu, lung; Iv, lateral ventricle of brain; mv, mesencephalic vesicle; md, roof of
midbrain; mg, midgut; oe, olfactory epithelium; po, pons; re, respiratory epithelium; sc,

spinal cord; sg, submandibular gland; sk, skin; st, stomach; tb, tooth bud; th, thymus; to,
tongue; vl, ventricular layer of brain. Photomicrographs are reproduced with the kind
permission of Chodosh, L.A. (Rajan eta!., 1997).

4.3.2 Adult tissue

While expression in the embryo/foetus is of interest, arguably it is of more

importance to determine its expression in the adult as this is where its effects are

most commonly seen.
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Northern analysis of various human tissues showed expression in the testis and

thymus, with lower but detectable levels in the spleen, small intestine and

placenta, for both Brca2 and Brcal.

Expression in the mouse was shown to be similar. High levels of expression

were seen in the testis, with moderate levels in the thymus, spleen and ovary and

detectable levels in the breast and other tissues for both genes.

In a more detailed look at specific organs by in situ hybridization, Brca2

expression in the breast was principally seen in the epithelium. In the ovary this

expression was predominantly follicular with the highest levels of expression in

the granulosa cells in developing follicles and relatively lower levels in stromal

cells. Brca2 mRNA expression in the duodenum was found predominantly in

the basal epithelial cell layer located at the bottom of the intestinal crypts, areas

known to contain rapidly dividing cell types undergoing differentiation. In the

uterus Brca2 expression was observed at highest levels in the glandular portions

of the endometrium with moderate levels of expression seen throughout the

stroma. As above this expression was closely mirrored by Brcal, as was its

expression in the testis, thymus, prostate, liver and spleen. In addition

confirmation of the above observations on expression in the brain was sought and

showed expression of Brca2 but not Brcal in the brain. Additional variation in

the expression patterns of these genes was found in the stomach by in situ

hybridisation. While both Brcal and Brca2 expression in the stomach were

found principally in the basal epithelial cell layer at the base of the mucosal

epithelium, significant expression of Brca2, but not Brcal, was also observed in
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the more differentiated epithelial cells migrating towards the tips of the gastric

villi.

Again it can be noted that Brca2 and Brcal expression in the adult, as with the

case of the embryo/foetus, is widespread and more strongly associated with

rapidly proliferating cell types undergoing differentiation.

Two organs are of particular interest with regards to these two genes. The testis,

due to the high level of expression seen here and its status as an area involved in

rapid proliferation and differentiation. The second being the breast, where most

of the deleterious phenotypic effects are seen, particularly in the case of Brca2.

4.3.3 Testis

In the murine testis, analysis of differentiation is facilitated by the fact that, while

in adult mice the various differentiating cell types appear simultaneously, during

the first round of spermatogenesis which occurs during the first few weeks of

life, cell types characteristic of each of the stages of differentiation appear

synchronously and sequentially as enriched populations (Janca et al., 1986;

Nebel et al., 2000). A progressive rise in Brca2 expression is seen from day 12

of post-natal development and reaches its azimuth by approximately four weeks

of age, and is maintained at this level throughout life. This is at variance with

Brcal mRNA expression, which was essentially constant during this same period

of postnatal development. This variation in expression is of interest and

potentially reflects variation in regulation or function of these genes, particularly

in relation to androgen-responsive tissues.
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4.3.4 Breast

In the breast, expression was shown to be complex, varying quantitatively and

spatially during various stages of life. During mammary gland development

expression of Brca2 is seen predominantly in the epithelial cells, although lower,

detectable levels, are seen in the stromal portion of the gland. This observation

is fairly intuitive, as breast cancer in BRCA2 carriers normally originates in the

mammary epithelium.

Observation of adult expression in the breast is complicated by the fact that

maturity, fertility status and parity effect breast cancer risk, both in heritable and

spontaneous cases. Expression levels in 2,5,10 and 15 week old murine females,

were, therefore, measured using virgin females. In the 2 and 5 week old

immature females, expression levels of Brca2 and Brcal, were seen to be

significantly higher than in the 10 and 15 week old mature females. Consistent

with this is the observation that expression in immature females is higher in the

terminal end buds, an area showing high rates ofproliferation and differentiation,

than in the adjacent ducts. These ducts disappear by the completion of ductal

morphogenesis and parallel the reduction in expression.

4.3.5 Breast during pregnancy

Early in pregnancy levels of Brca2 elevate sharply in the mouse, conspicuously

mirroring a period during which alveolar buds begin the process of rapid

proliferation and differentiation to form mature, milk producing alveoli. This
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association was in part confirmed by the observation that expression is mainly in

the developing alveoli, in contrast to the adjacent epithelial ducts.

Following this initial rise, expression levels begin to drop about 14 days of

pregnancy and continue to fall during the rest of the pregnancy (gestational

period is approx. 20 days), reaching its nadir during lactation and early

post-lactational regression.

Parity, in early life, is known to be a protective factor against breast cancer and

risk increases in late primigravida. It is of interest, therefore, that levels of

Brca2 in the mammary glands of parous animals, four weeks post-lactational,

were significantly higher than in age matched virgins; these levels being in fact

higher than in the immature virgins detailed above.

Brcal expression mirrors Brca2 in many respects with regard to mammary gland

development. It is predominantly expressed in epithelial cells during postnatal

development (Lane et al., 1995; Marquis et al., 1995) and its expression is

upregulated during puberty, pregnancy and as a result of parity. The level of

expression was noted to diverge, however, from that of Brca2. During early

pregnancy the magnitude of the rise in Brcal expression is approximately twice

that of Brca2.

This variation in expression levels in the mammary gland, an organ known to be

strongly influenced by sex hormones, suggested a role for oestrogen and

progesterone. It was noted that in ovariectomized mice, levels of Brca2 and
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Brcal were significantly lower, than in sham operated controls. In addition it

was also noted that treatment with 17p-oestradiol and progesterone resulted in a

rapid increase in levels although, consistent with previous observations, the rise

in Brca2 was not as large as that seen in Brcal. As will be detailed later, these

hormones are now known to be indirect in their action and increased expression

is predominantly related to increases in proliferation, as a result of these

hormones' actions.

Comparison of the expression levels of these two genes in female and male

mammary tissue produced intriguing results. As expected, the levels of

expression in the female mammary tissue were higher than in the male. This is

likely to be related to the higher amount of epithelium in the female and the

proliferation during post-natal development. Of particular interest, however, is

the fact that the ratio of female to male levels of expression was much higher for

Brcal and it is tempting to correlate this with the incidences of male breast

cancer seen in BRCA2 families.

4.3.6 Intracellular expression

Knowledge of the spatial and temporal expression of BRCA2 and BRCA1 at the

subcellular level, is critically important in elucidating the function of these

proteins within the cell. Initial problems were, however, encountered,

particularly in the case of BRCA1 (Coene et al., 1997; Jensen et al., 1996) as a

result of non-specific antibodies, excessive concentrations of antibodies etc

giving aberrant results (detailed review in Monteiro et al., 2000). Interestingly,

another major reason for this confusion regarding BRCA1 was the presence of
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splice variants, lacking the nuclear localisation signal, which remain in the

cytoplasm (Wilson et al., 1997).

4.3.6.1 Nuclear Proteins -

Substantial evidence now exists, however, to suggest that the two proteins are

normally localised to the nucleus. Critical to this model has been the

identification of putative nuclear localisation signals in the proteins (Chen et al.,

1996a; Thakur et al., 1997; Yano et al., 2000).

4.3.6.1.1 BRCA1:

In the case of BRCA1 two groups have independently identified nuclear

localisation signals (Chen et al., 1996a; Thakur et al., 1997) (Table 6). Chen et

al. (1996a) reported that the nuclear localisation signals at amino acids 503 to

508 and 606 to 615 are crucial for nuclear localization, as site directed

mutagenesis of these sites result in cytoplasmic localization of BRCA1. A third

site, from amino acid 651 to 656, was identified as also being a putative nuclear

localisation signal, but was not critical. Confirmation of the role of amino acids

503 to 508 can be taken from a report by Thakur et al. (1997) that residues 501 to

507 are critical. This group, however, also reported that mutants lacking

residues 607 to 614 are nuclear, a result at odds with those of Chen et al.. These

discrepancies may, in part, be explained by the different types of mutation

employed (site-directed as compared to deletion) and do not deflect from the

identification of these putative nuclear localisation signals as evidence that

BRCA1 is a nuclear protein.
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Further evidence for this nuclear localization has also come from

immunofluorescence (Thomas et al., 1996; Rao et al., 1996) and biochemical

fractionation (Ruffner et al., 1997; Zhang et al., 1997; Wilson et al., 1997;

Aprelikova et al., 1996).

Finally there is an increasing amount of indirect evidence, both from BRCA1 's

interactions with various proteins and from functional studies, although this will

be discussed later.

4.3.6.1.2 BRCA2:

As in the case of BRCA1 two independent groups have identified putative

nuclear localization signals in BRCA2 (Yano et al., 2000; Spain et al., 1999)

(Table 6). The study by Spain et al. (1999), identified three putative nuclear

localization signals within the final 156 residues of BRCA2. Of these three

regions, deletion analysis showed that one was apparently non-functional, while

the other two appear to be functional, but show redundancy with regard to each

other. Interestingly, of these two, the nuclear localization signal at residues

3263 to 3269 is well conserved between human, rat and mouse, whereas the

region 3381 to 3385 is not.

An independent study(Yano et al., 2000), published shortly after that of Spain et

al., identified a nuclear localization signal at residues 3266 to 3269,

corroborating the earlier observations. They also identified a second nuclear

localisation signal, however, at residues 3311 to 3315, an observation variant

from the previous study. The reason for this discrepancy is unknown, but may
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result from variation in the cell lines used by the respective studies. Critically,

however, both groups have identified at least one region which appears to be a

nuclear localization signal.

Again, as in the case of BRCA1, there is also direct evidence from

immunofluorescence studies for this nuclear location (Bertwistle et al., 1997), as

well as indirect evidence from its interactions with various proteins and from

functional studies, although this will be discussed later.

(A) BRCA1:
Residues Sequence Reference
503-508 KRKRRP (Chen et al., 1996a)
606-615 PKKNRLRRKKS (Chen et al., 1996a)
651-656 KKKKYN (Chen et al., 1996a)
501-507 KLKRK (Thakur et al., 1997)
607-614 KKNRLRRK (Thakur et al., 1997)

(B) BRCA2:
Residues Sequence Reference

3263-3269 KNCKKRR (Spain et al., 1999)
3381-3385 RLKRR (Spain et al., 1999)
3266-3269 KKRR (Yano et al., 2000; Spain et al., 1999)
3311-3315 PIKKK (Yano et al., 2000; Spain et al., 1999)

Table 6: Putative nuclear localisation signals for the (A) BRCA1 and (B) BRCA2
proteins.

4.3.6.1.3 Failure to move to the nucleus:

It is worthy of note that in BRCA2, unlike BRCA1, the position of the nuclear

localisation signals results in their loss in every known disease-linked truncation

mutation. This implies that, in all of these cases, the protein remains in the

cytoplasm. As its functions appear to be those of transcription and DNA
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damage repair, which require a nuclear location, this may, therefore, be the major

cause of loss of function.

4.3.7 Temporal expression

4.3.7.1 Oestrogen -

One initial, and understandable, suggestion was that Oestrogen may be a positive

regulator of BRCA2 and BRCA1 expression, as has been previously mentioned

(see section 4.3.5). This theory has certain attractions, such as the peaks of

oestrogen expression in breast tissue, which occur in puberty and pregnancy (see

section 4.3.5), coinciding with sharp increases in BRCA2 and BRCA1

expression during puberty and in the early stages of pregnancy. In addition

BRCA2 related cancers are mainly in the breast and, in the case of BRCA1,

breast and ovary, both regions being intimately involved with oestrogen levels.

At the cellular level oestrogen in also known to profoundly effect the

proliferation and differentiation of breast ductal epithelial cells, the most

common origin of breast cancers (Shi et al., 1994).

Evidence for this hypothesis came from studies which found that BRCA1 (Gudas

et al., 1995; Spillman et al., 1995; Spillman et al., 1996; Raj an et al., 1997) and

BRCA2 (Rajan et al., 1997) showed elevation in expression co-ordinately with

oestrogen in oestrogen receptor positive cell lines.

While this hypothesis had merit and studies appeared to confirm it, later studies

have shown that the effect is indirect (Marks et al., 1997; Vaughn et al., 1996b).

While it is true that oestrogen will elevate the levels of BRCA2 and BRCA1, it is
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perhaps more true to say that oestrogen will increase the levels of proliferation

and differentiation of specific cell types within the tissue. This increase in

proliferative rate is the direct effector in increased BRCA1/BRCA2 expression.

4.3.8 Cell cycle regulation.

The concept of BRCA2 and BRCA1 expression being regulated in a cell-cycle

dependent manner was first suggested by Vaughn et al. (1996a) and led to

several studies being centred on the temporal expression pattern of BRCA2 and

BRCA1, with regard to the cell cycle (Chen et al., 1996c; Vaughn et al., 1996b;

Gudas et al., 1996; Wang et al., 1997). BRCA1 mRNA and protein levels were

shown to be upregulated at the Gl/S junction and maintained at relatively high

levels in S and M phases (Chen et al., 1996c; Vaughn et al., 1996b; Gudas et al.,

1996). A subsequent study by Wang et al. (1997) extended this work to include

BRCA2 and observed an identical pattern of expression. This study, however,

extended observation to the G2/M border and showed high levels of BRCA2 and

BRCA1 transcripts, relative to those seen in S-phase (fig.9).
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fig.9: Cell cycle (top) and expression levels of BRCA1 and BRCA2 during the cell cycle
(bottom). Diagram is based on paper by Wang et al. (1997)

This up regulation of BRCA2 and BRCAI at both the Gl/S and G2/M borders

and throughout the S and M phases of the cell cycle, may imply a role for these

genes in controlling, and/or the monitoring of, some aspect of the cell cycle. As

such, observation of the temporal expression of these two genes, has in some

respects, proved more educative than study of the genes, themselves and

demonstrates the usefulness of such studies. It may also be noted that the

temporal expression of BRCA2 and BRCAI, at the subcellular level, again

emphasises the similarities between these two proteins and suggested a common

role/combined role, now well evidenced.
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4.4 Functions and functional domains

4.4.1 Transcriptional based regulation

4.4.1.1 BRCA2-

4.4.1.1.1 c-jun:

A search by Milner et al. (1997) for areas within the BRCA2 gene which showed

similarity to known genes, and hence potentially to imply from this BRCA2

function, found a region (residues 60 to 105) with sequence similarity to the

activation domain of c-Jun. Specifically the similarity overlaps the 8 region of

c-Jun, a region containing the binding site of the Jun N-terminal kinases, JNK

and JNK2 (Derijard et al., 1994). It was, therefore, put forward by Milner et al.

that BRCA2 may act as a transcriptional activator.

A construct of this area (residues 23 to 105) linked to the lexA DNA-binding

domain, was shown to be capable of activating transcription in yeast. In

addition constructs linked to the GAL4 DNA-binding domain in two different

mammalian cell lines (U20S and NmuMG), were used to further delineate the

important areas within this region. In summary it was shown that while the

c-Jun homology region contributes to the activation potential it has relatively

little independent activity, whereas the adjacent region (residues 18 to 60) retains

significant, although reduced, activation capacity. It was suggested, therefore,

that residues 18 to 60 represent a primary activation region while the residues 60

to 105 are an auxiliary activating region.
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It was also shown in this study that this activity is under the inhibitory control of

regions immediately up and downstream of the sequence, referred to as IR1 and

IR2 (residues 1-18 and 105-125 respectively). It should be noted that this form

of regulation is not unique and has been seen in a number of transcription factors

(Dennig et al., 1996; Brown et al., 1995).

Evidence for this putative role for BRCA2 is relatively strong, particularly with

the finding of a large BRCA2 deletion mutation in a Swedish breast/ovarian

cancer family. This mutation does not lead to a truncation of the protein, but

rather an in-frame deletion of exon3 and while this does not prove the putative

transcriptional role, it does support the importance of this region (Nordling et al.,

1998).

Finally the high level of human/mouse conservation in this area again strongly

upholds the importance of this region and, therefore, existence of this putative

site and its putative function.

4.4.1.1.2 P/CAF:

Another potential role for the BRCA2 protein in transcriptional regulation, is the

modulation of acetylation of histones. The basis of this model is its interaction

with the protein P/CAF, mediated by residues 290-453 of the BRCA2 protein

(Fuks et al., 1998).

P/CAF is a transcriptional co-activator of 832 amino acids, that associates with

the p300/CBP complex (Yang et al., 1996), which in turn is known to bind to
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many sequence-specific factors involved in cell growth and/or differentiation,

including c-jun (Arias et al., 1994). P/CAF has intrinsic histone acetyl

transferase activity with core histones and nucleosome core particles (Yang et

al., 1996), which would indicate that P/CAF plays a direct role in transcriptional

regulation, by modulating the local structure of chromatin and making it more

accessible to transcriptional enzymes.

Finally it should also be noted that as BRCA2 binds P/CAF, this will in turn lead

to the complexing with p300/CBP, which itself has histone acetylase activity. A

model, therefore can be proposed wherein BRCA2 recruits these histone

acetylases to a transcription complex involving BRCA1, RNA helicase A and the

RNA polymerase II holoenzyme (see section 4.4.1.2.3) (seefigAO).

BRCA2 is also thought to be involved in DNA damage repair, as will be detailed

later. It is, therefore, tempting to suggest that this acetylation complex may play

some role in DNA damage repair, which requires chromatin remodelling before

and after removal of lesions.

4.4.1.2 BRCA1 -

4.4.1.2.1 Carboxyl teiminus:

One of the earliest observation of transcriptional activity by BRCA1 was that of

Monteiro et al. (1996) who showed that the c-terminal region of the BRCA1

protein, comprising exons 16-24 (residues 1560-1863) was capable of activating

transcription, when fused to the GAL4 DNA binding domain, in both yeast and
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mammalian cells. Furthermore, he showed that the presence of various

mutations within this region would ablate this function.

4.4.1.2.2 BRCT domains:

The observation of a moderate similarity existing between a 202 amino acid

c-terminal BRCA1 region and the analogously located region in a p53 binding

protein , 53BP1 by Koonin et al. (1996) led to the discovery of an important

motif, BRCT, common to many proteins. The BRCT domain has now been

identified in more than 40 different proteins, many of which are involved in

DNA damage repair and/or cell-cycle regulation (Bork et al., 1997; Callebaut et

al., 1997). In addition, in many of these cases the BRCT domain is used as a

site for protein-protein interaction, suggesting that its main role may be in

allowing heterodimeric proteins to form.

In BRCA1 two BRCT domains exist at the COOH terminal (approximately

residues 1650 to 1730 and 1760 to 1850 respectively).

4.4.1.2.2.1 CtIP and the BRCAl/CtIP interaction

Attempts to identify proteins which may use the BRCT domain of BRCA1 to

form heterodimeric complexes were carried out, based on the activities of other

BRCT motif containing proteins. A protein CtIP was identified by Yu et al.

(1998) as binding to BRCA1 both in vitro and in vivo, previously identified as a

polypeptide which binds the CtBP transcriptional co-repressor (Schaeper et al.,

1998).
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Wong et al. (1998) confirmed the above observations and further defined the

region of interaction on BRCA1 as residues 1602 to 1863. It was also noted by

this group that a germline mutation, which removes the last 11 amino acids from

the C-terminus of BRCA1, abolished not only the transcriptional activation

function (see section 4.4.1.2.1) of BRCA1, but also its ability to bind CtlP.

Co-immunoprecipitation studies have now shown that the BRCAl/CtIP and

CtlP/CtBP interactions are not exclusive, but rather lead to a complex being

formed including BRCA1, CtlP and CtBP (Li et al., 1999).

The CtlP protein itself is predominantly a nuclear protein, with a subset of the

endogenous pool of CtlP polypeptides existing in a protein complex with

BRCA1 and BARD1 (BARD1 detailed in section 4.4.2.3). Its CtlP expression,

interestingly, varies with cell cycle progression in a pattern identical to that of

BRCA1. In contrast to BRCA1, however, the Gi/S induction of CtlP expression

is mediated primarily by post-transcriptional mechanisms.

4.4.1.2.3 RNA helicase A:

The transcriptional repression of CtlP may in part be due to its competitive

binding to the binding site for RNA helicase A, which is also known to bind at

the BRCT domains (Anderson et al., 1998). This 140kD protein is thought to be

involved in the unwinding of RNA and/or DNA, which would allow access by

various critical factors. This would in itself suggest a role for BRCA1 in

transcriptional regulation, however, RNA helicase A also binds the RNA
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polymerase II holoenzyme complex (Nakajima et al., 1997) and, as such, appears

to incorporate BRCA1 into this complex (/zg.10).

fig.10: The figure suggests a possible architecture for the transcriptional complex.
BRCA1 co-purifies with the RNA Pol II holoenzyme and interacts with RNA helicase A
and known transcriptional regulators. BRCA2 interacts with P/CAF, and hence its
associated p300/CBP, both of which possess histone acetylase activity. BRCA2 might
recruit these histone modifiers to the transcription complex. Acetylation of histones
facilitates access of the transcription complex to the DNA. The complementary
deacetylation of histones, facilitated by BRCA1, is not shown here. Figure is based on
one by M.C King (Welcsh ef a/., 2000).

4.4.1.2.4 BRCAl and histone deacetylation:

While BRCA2, as detailed above (see section 4.4.1.1.2) binds components with

histone acetylation activity, in contrast, evidence exists that BRCAl binds

components of the histone deacetylase complex (Yarden et al., 1999). It was

shown that the histone deacetylases HDAC1 and HDAC2 can bind to BRCAl

via the BRCT domains, suggesting another means of transcriptional control by

BRCAl. It is not known, however, whether this control involves sequestering of

the histone deacetylases from the promoters i.e. upregulation or whether BRCAl

actively deacetylases critical histones i.e. downregulation.

BRCAl is also thought to be involved in DNA damage repair, as will be

discussed in detail later. For this reason, as in the similar case of BRCA2 above
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(see section 4.4.1.1.2), it is possible to suggest that histone deacetylases may play

some role in DNA damage repair, as part of a multiprotein complex.

Finally, it is worthy of note that BRCA2 binds histone acetylases, while BRCA1

binds histone deacetylases, suggesting a possible on/off switch in the same

multiprotein complex.

4.4.1.3 Transcriptional targets ofBRCA1 and BRCA2 -

Several putative targets for transcriptional activation by BRCA1 have been

suggested in the literature. Of particular interest are the reports of GADD45

(Harkin et al., 1999) (see section 3.1.5), p21 (Somasundaram et al., 1997) (see

section 3.1.4) and MDM2 (Nadeau et al., 2000) (see section 3.1.2), as targets of

BRCA1 transcriptional activation. As such BRCA1 may represent an alternative

and parallel pathway to that of p53, although in normal circumstances, it

probably acts as a co-activator of p53 targeted genes. It is worthy of note,

however, that the regulation of MDM2 by BRCA1 represents a potential method

of regulating p53 expression.

As yet no transcriptional targets have been found for BRCA2, however, it is

possible to suggest that BRCA2 may play a part in many of those ascribed to

BRCA1, if they are, as suggested, complexed at this point. In addition the

apparent transcriptional abilities of BRCA2 (see section 4.4.1.1.1) suggest that it

may be capable of independent transcriptional activation (i.e not complexed with

BRCA1). Identification of these targets must be considered a matter of some

importance.
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4.4.2 Non-transcriptional based regulation

4.4.2.1 Hyperphosphorylation by A TM -

Recently it has been demonstrated that the BRCA1 -associated protein CtIP

becomes hyperphosphorylated and dissociated from BRCA1 upon exposure to

ionizing radiation (Li et al., 1999). Interestingly this phosphorylation event

requires the protein kinase ATM (discussed in section 3.2). ATM

phosphorylates CtIP at serine residues 664 and 745 and it was observed that

mutation of these sites to alanine residues, will abrogate this dissociation of

BRCA1 from CtlP.

Li et al. (1999) suggested that ATM, by phosphorylating CtIP upon exposure of

the cell to ionizing radiation, may modulate BRCA1-mediated regulation of the

DNA damage-response GADD45 gene, thus providing a potential link between

ATM deficiency and breast cancer.

4.4.2.2 The Ringfinger domain and regulation by ubiquitination -

One of the earliest discoveries following the cloning of the BRCA1 gene, was the

presence of a ring-finger domain near the N-terminus (residues 1-112) of the

protein (Miki et al., 1994), a motif common to several proteins.

Ring fingers are zinc-binding domains defined by a conserved pattern of

cysteines and histidines that mediate protein-protein or protein-DNA

interactions. These domains are seen in many unrelated proteins that form

macro-molecular complexes and in some cases proteins which facilitate
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ubiquitination (Lorick et al., 1999). Interestingly the BRCA1 ring-finger and

adjacent domains (residues 1-788 of the murine sequence) have been shown to be

ubiquitinated in vitro, in the presence of ubiquitin-conjugating enzymes. It is

feasible, therefore, that the BRCA1 ring-finger might function with, or even as, a

ubiquitin-protein ligase to target proteins for degradation by proteosomes. It

may be hypothesised, based on the known functions of another ring-finger

protein, c-Cbl (Joazeiro et al., 1999), that BRCA1 may be involved in the

ubiquitination of critical cellular growth factors. Hence, its loss, would lead to

an increase in the steady-state levels of proteins that stimulate proliferation.

4.4.2.3 BARD1 and the BRCA1/BARD1 interaction -

The ring finger domain is also shared by BARD 1, a protein of which very little is

known, other than that it complexes with BRCA1. In fact it was by use of a

yeast two hybrid system, using BRCA1 as the bait, that the protein was first

identified (Wu et al., 1996).

The protein has been localised to 2q, near D2S295 (Wu et al., 1996) and the

genomic sequence identified (Thai et al., 1998), encoding two major transcripts

of 5.9 and 4.4kb.

Of interest is the fact that in addition to its ability to bind BRCA1 in vivo and in

vitro, BARD1 also contains the ring finger motif and the BRCT domain,

although as yet their importance or role in BARD 1 is not known.
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Recently a putative role for BARD1 has been suggested by its interaction with

the cleavage stimulation factor, CstF-50. CstF-50 is a polyadenylation factor,

involved in the complex system of mRNA polyadenylation. The interaction

with BARD1 inhibits polyadenylation in vitro and potentially in vivo, where the

interaction has also been shown. In addition it has been shown that BARD1 is

also capable of binding the RNA polymerase II enzyme. It can, therefore, be

suggested that BARD 1-mediated inhibition of polyadenylation may prevent

inappropriate RNA processing during transcription, perhaps at sites of DNA

repair.

Of some importance is the observation that the steady state levels of BARD 1,

unlike those of BRCA1, remain relatively constant during cell cycle progression

(Jin et al., 1997). It may be said that while BARD1, unlike BRCA1, is not cell

cycle regulated in the traditional sense, it co-localizes with BRCA1 only during

the S-phase of the cell cycle, despite being constitutively expressed. This cell

cycle dependent co-localization of BARD1 and BRCA1 would, therefore, appear

to indicate a role for BARD1 in BRCA1-mediated tumour suppression.

4.4.2.4 Summary oftranscriptional and non-transcriptional based regulation

by BRCA1 and BRCA2 -

If either BRCA1 or BRCA2 plays a role in regulation of gene expression, it

would seem likely that it is as part of a multiprotein complex (fig. 10), including

both proteins, together with several important other co-factors, such as P/CAF

and RNA helicase A.
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Whether these two proteins are also capable of regulation independently is not

fully known, although the putative role of BRCA1 in ubiquitination of proteins,

may be one way. In the case of BRCA2 the possible association with JNK may,

again be a possibly independent mechanism.

4.4.3 DNA damage repair and the domains involved

4.4.3.1 BRCA2 -

4.4.3.1.1 Brc_repeats:

Eight internal repeat sequences (BRC repeats) were identified independently by

two groups (Bork et al., 1996; Bignell et al., 1997), following comparison of the

BRCA2 gene sequence, using dot matrix analysis (Sonnhammer et al., 1995)

with itself (figA 1). The BRC repeats are all found within exonl 1 (5' portion)

and consist of eight copies of a 26 amino acid sequence (Bignell et al., 1997).

BRCl S F R T A

BRC2 G F Y S A

BRC3 F F Q T A

BRC4 G F H T A

BRC5 A F Y T S

BRC6 A F R I A

BRC7 I F S T A

BRC8 G F S T A

Consensus T A S G K H

E H N i K K s K M F F K H
T E A L Q K A V K L F S fl
K E L F N K I V N F F D Q
K E S L 0 K V K N L F D E

Q T S L L E A K K W L R E

H E T I K □ V K D I F T D

D A S L Q N A R Q V F S E

E S S n H IES v K G V ta E E

E3 I a i

fig.11: Alignment of the eight human BRC repeats . A BRC consensus sequence is
shown at the bottom of the figure. The consensus sequence is based on comparison of
the eight BRC repeats in human, monkey, pig, dog, hamster and mouse (i.e. 48
repeats). All positions are scored for identity only, a single letter shows positions where
the residue is present in >60% of the motifs, two letters show positions where both of the
residues are present in 30-60% of the motifs and non-conserved residues are blank.
The figure is based on one by Bignell et al. (1997).
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Interestingly these repeats are an excellent example of the role of conservation in

determining functional domains within BRCA2 (see section 4.2.1). Comparison

of exon 11 in six mammalian species showed that conservation was higher in

these regions than in surrounding areas. This conservation suggests that

evolutionary pressure has preserved these sites and hence implies their

importance to BRCA2 function.

While these repeats are highly conserved on an interspecies level, the degree of

this varies considerably. BRC6 shows the extreme of this with only 31%

identity between man and mouse, compared to values of 85% seen in BRC7.

Insertions and deletions are also present in BRC6, such that the length of motif

varies between species. BRC3 and 5 also show lower levels of identity (62 and

59% respectively) which brings them to levels just higher than the surrounding

level of 58%. The implication may be drawn from this variation in

conservation, therefore, that some redundancy by duplication exists.

One clue as to the role of the BRC repeats came from the fact that the gaps

between the individual motifs, which vary from approximately 60 to 300 amino

acids, are reasonably well conserved between mammals, suggesting that these

regions may act as essential spacers of the BRC repeats. Furthermore, there are

multiple elements of secondary structure within each motif, which may indicate

formation of globular domains.
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4.4.3.1.2 BRCA2/Rad51 interaction:

At least one function, and perhaps the only role of the BRC repeats, appears to

have been elucidated in the guise of the formation of a complex with the DNA

damage repair gene, RAD51 (Sharan et al., 1997a; Mizuta et al., 1997)

(discussed in section 3.3).

An association between BRCA2 and RAD51 was first shown by two

independent groups. At the in vitro level an interaction was evidenced by use of

a yeast two-hybrid system, using the human genes (Mizuta et al., 1997) and the

murine equivalent (Sharan et al., 1997a). This interaction was also proved to

exist at the in vivo level by dual transfection of a cDNA (relating to the

c-terminal portion of BRCA2) tagged with GFP and a RAD51 construct, in

CHO-K1 cells. After staining with a fluorescent RAD51 antibody, the two

proteins were observed to form several large nuclear foci (Mizuta et al., 1997).

In the murine system it was determined that the minimum regions of interaction

in RAD51 and BRCA2 were residues 1 to 43 and 3,196 to 3,232 respectively

(Sharan et al., 1997a). It was observed that deletion of part of the BRCA2

region (residues 3,213-3,226) would ablate the interaction and that human/mouse

identity for this region was 72% (100% in the case of the removed residues), well

above the surrounding 59%identity. In the case of RAD51, association is again

lost if this region is removed and a human/mouse identity level of 95% exists for

this region. Furthermore the N-terminal region is also responsible for

RAD51/protein interactions in yeast, (Donovan et al., 1994) suggesting that this

region has a conserved function from yeast to mammals.
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Finally it should be noted that the BRCA2 site, identified by Sharan et al., may

not be directly involved in the BRCA2/Rad51 interaction, but may simply alter

the folding of the protein and thus prevent the interaction with the BRC repeats.

In addition it must be noted that this work relates to the murine BRCA2 and

RAD51 genes. In fact common opinion is now more strongly in favour of the

BRC repeats being the area of direct interaction, as a result of several

corroborative studies (Wong et al., 1997; Chen et al., 1999; Chen et al., 1998;

Yuan et al., 1999).

The first study to suggest the BRC repeats as the area of interaction (Wong et al.,

1997) used a yeast two-hybrid system to locate regions of the human BRCA2

gene, involved in the interaction. Initial results suggested an area which

included most of the BRC repeats and led to the use of individual BRC repeats in

the yeast two-hybrid system. It was found that BRC repeats 1 to 4,7 and 8 were

able to bind RAD51, however, no binding was seen for BRC5 and BRC6. It is

noteworthy that BRC5 and BRC6 show the lowest levels of conservation

between man and mouse, although the artificial conditions of the yeast 2-hybrid

assay may have altered protein folding and produced a false negative result.

Interaction of the two proteins, in vitro, was also looked at using different

segments of the Rad51 protein, cloned as glutathione S-transferase fusions and

radiolabeled BRCA2 segments. It was found that in this case all 8 BRC repeats

would bind RAD51. Furthermore, it was found that the minimal region of

RAD51 required comprised residues 98 to 339, a region highly conserved among
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prokaryotic and eukaryotic species. BRC3 was the only repeat looked at in this

context and it was concluded that the minimal region encompasses the entire

consensus sequence. It is of note that this region is different from that identified

by Sharan et al. (1997b), although this discrepancy may simply be due to

interspecies variation.

An independent study (Chen et al., 1998) later confirmed this result using the

same yeast two-hybrid screening and glutathione S-transferase fusion proteins.

Interestingly they found that only BRC1 to 4 fusion proteins would bind RAD51

in vitro.

Finally, it is a matter of some note that the only viable mouse 'knock-out' models

of BRCA2 so far produced (Connor et al., 1997; Friedman et al., 1998) (see

sections 4.4.4.2.2 and 4.4.4.2.2.3) are truncated downstream of the BRC repeats.

This is in contrast to the embryonic lethal 'knock-outs', first tried, which did not

preserve this region. It is, therefore, tempting to consider this as evidence of the

importance of this region and of the role of DNA damage repair by BRCA2.

4.4.3.2 BRCA1 -

The precise role which BRCA1 plays in DNA damage repair is not properly

understood and more complex at present than that of BRCA2, as a result of the

wide diversity of putative functions and interactions, with varying levels of

supportive evidence.
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4.4.3.2.1 BRCA1/Rad51 interaction:

A possible interaction between BRCA1 and Rad51 was reported prior to that of

an interaction with BRCA2 (Scully et al., 1997). Co-localization of the two

proteins was observed, suggesting an interaction and the hypothesis further

strengthened by the co-immunoprecipitation of RAD51 and BRCA1.

It was, however, the locating of a RAD51 interaction domain on BRCA1 to

residues 758-1064, which appeared to give the strongest evidence for this

interaction (Scully et al., 1997). Interestingly this region bears no sequence

homology to the BRC repeats of BRCA2.

Despite this evidence, while a direct interaction between BRCA1 and RAD51

may exist, the stoichiometry of RAD51 binding by BRCA1 is low and it is

possible that no direct interaction occurs (Venkitaraman, 2000).

Certainly work by Yuan et al. (1999) demonstrated that while RAD51 could be

induced to form foci in BRCA1 deficient tumour cells, that did not occur in the

BRCA2 mutated Capan-1 cells.

4.4.3.2.2 Rad50 and BRCA1:

BRCA1 is, however, thought to associate with hRAD50, in a complex not

involving BRCA2 (Zhong et al., 1999). In turn hRad50 is known to form a

complex with hMrel 1 and p95/nibrin, suggesting that BRCA1 is important to the

DNA damage repair mediated by the hRad50-hMrel l-p95 complex (Zhong et

al., 1999).

73



The exact role of this complex is not fully understood, however, studies of the

S.cerevisiae equivalents have suggested that RAD50 and MRE11 are required for

the initial processing of DSBs, generating 3'-single-stranded ends.

4.4.3.3 PCNA -

Proliferating cell nuclear antigen (PCNA) is a, highly conserved, pivotal protein

in DNA replication (Zuber et al., 1988), DNA repair (Johnson et al., 1996) and

possibly cell-cycle control (Luo et al., 1995). The protein has a trimeric ring

structure that can slide bidirectionally along the duplex DNA (Kelman, 1997)

and form a platform for association with a variety of proteins (Mossi et al., 1997)

(Levin et al., 1997). In particular an interaction between PCNA and DNA

polymerase 8 and s (Kelman, 1997) is well established. In this case PCNA acts

as a processivity factor by tethering the polymerase catalytic unit to the DNA

template for rapid and processive DNA synthesis. PCNA has also been found to

interact with various other proteins, critically including some involved in DNA

damage repair and is thought to participate in both nucleotide excision repair and

mismatch repair (Johnson et al., 1996). Certainly the upregulation of PCNA

expression in response to mitogens or genotoxic stress is consistent with this role

(Coates et al., 1995).

Interestingly PCNA also directly binds two p53 inducible, and critically BRCA1

inducible, proteins GADD45 (Smith et al., 1994; Jin et al., 2000) and p21(Xiong

et al., 1992; Li et al., 1999), and these interactions may regulate PCNA

dependent DNA replication and repair (Li et al., 1994; Waga et al., 1994). It
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may be suggested, therefore, that PCNA integrates the cellular processes that

regulate DNA replication and repair.

This regulation by GADD45 and p21 is very important as it also suggests an

additional mechanism whereby p53 and the BRCA1/BRCA2 complex could

restrict movement through the cell cycle by reducing/eliminating DNA

replication. Interestingly it has also been suggested that competition for PCNA

by repair mechanism may also reduce/eliminate DNA replication (Cox, 1997).

4.4.3.4 Summary ofDNA damage repair -

In brief the process of DNA damage repair, now thought to be one of the major

roles of both BRCA1 and BRCA2 is complex and still requires extensive study.

At the most basic level a model would involve BARD1, BRCA1 and CtIP bound

in a complex, together with BRCA2 and its bound RAD51, which would move to

the site of DNA damage as identified by the presence of PCNA. ATM would be

required to phosphorylate BRCA1, an event required prior to moving to the

damage site and is also likely to phosphorylate CtlP. This would result in the

removal of the CtIP from the complex and hence allow transcriptional activation

of DNA damage repair genes such as GADD45, by BRCA1 (fig. 12).

This is, however, a gross simplification and even this simple model may be

inaccurate. In actual fact any model is likely to include a dynamic interchange

of various components, several complementary or parallel systems and

transcriptional regulation of a multitude of components.
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As yet it is unknown definitively which components, known to bind to BRCA2

and BRCA1, are part of this complex, what their exact roles are, if they are active

only as parts of another complex such as BRCA1/RAD50 etc.

Importantly, as BRCA2 and BRCA1, are not the main damage repair systems in

many cells, it will be necessary to define the interaction, if any, between the

BRCA proteins and p53, for instance.

f/g.12: This model suggests
a macromolecular complex
consisting of BRCA1,
BRCA2 and RAD51, which
functions to repair DNA
damage. In response to
DNA damage, the complex
relocates to chromosomal

regions undergoing DNA
replication marked by PCNA.
It should be noted that this

also involves the

phosphorylation of both CtIP
and BRCA1 as shown in the

figure.
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4.4.4 Murine models

4.4.4.1 Brcal models -

4.4.4.1.1 Embryonic lethal models:

Following the discovery of the murine Brcal gene (Abel et al., 1995), attempts

were made by several groups (Gowen et al., 1996; Hakem et al., 1996; Liu et al.,

1996a; Ludwig et al., 1997; Shen et al., 1998) to produce a homozygous mutated

('knock-out') Brcal murine model.

In all cases these 'knock-outs' mutants were embryonic lethal between E5.5 (5.5

days post coitum) and El3.5, with phenotypic variation between mutants also

being observed.

The first such reported attempt was that of Gowen et al. (1996) who observed

lethality between E10 and El 3. The primary site of anomaly was the neural

tube, with mutants presenting with varying degrees of spina bifida and

ancencephaly. In addition, these mutant embryos showed both increased

cellular proliferation and cell death in the rhombencephalon neuroepithelium.

In contrast the later study by Hakem (Hakem et al., 1996) showed earlier

lethality, with death and resorption occurring by E7.5. Mutant embryos were

shown to be poorly developed, in comparison to normal embryos. At E6.5 this

ranged from embryos which were less than half the size of their normal

counterparts and showed no clear boundary between the embryonic and

extra-embryonic regions, to ones which resembled egg-cylinders.
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This failure to develop was also seen at the histological level and showed a

similar range of phenotypes. At E6.5 the most normal embryos showed epiblast,

no detectable primitive streak, a very thin visceral and parietal endoderm and a

proamniotic cavity. They also had a poorly organised extra-embryonic region,

with no compact diploid core of trophoblast cells. At the other end of this

phenotypic spectrum few ectoderm cells were seen and no extra-embryonic

region was present.

Similar observations were also made by Liu et al. (1996a) using their own

'knock-out' embryos, with embryonic lethality occurring by E8.5. E5.5

embryos were observed to be at least 50% smaller than their normal counterparts

and failed to form egg-cylinders. It was noted, however, that these embryos

displayed embryonic and extra-embryonic tissue This continued with E6.5

mutant embryos showing increasing levels of cellular disorganisation and

starting to degenerate. Finally they observed that E7.5 mutant embryos were

severely developmentally retarded and showed no sign of mesoderm

differentiation.

In the study by Ludwig et al. (1997) a 'knock-out' embryo was produced with

similar phenotype to that of Liu et al. (1996a) and Hakem et al. (1996). At E5.5

the embryos were smaller than normal and a pro-amniotic cavity was seen in

only one case. By E6.5 embryos were only half of the expected size with a

poorly defined embryonic/extra-embryonic border, with the embryonic portion

being disproportionately small. In E7.5 embryos, it was noted that the

mesoderm layer was not readily visible. At E8.5 a wider range of phenotypes
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was observed. This ranged from one containing only giant cells, through one

showing a distinct chorion, with no observable embryonic mesoderm, to one with

a well developed extra-embryonic region and fairly well developed embryonic

portion . It must be noted, however, that even this embryo was severely reduced

in size and not as developmentally advanced as normal age-matched embryos.

At the final observed stage (E9.5) the range of phenotypes was similar to E8.5.

The final such embryonic lethal Brcal 'knock-out' study was carried out by Shen

et al. (1998). Embryonic lethality occurred between E7.5 and E9.5 accompanied

by gross abnormalities, as in previous studies. Interestingly at E6.5 no apparent

lethality or abnormalities were observed, a fact at odds with the other studies.

Differences did become apparent by E7.5, however, mutants were smaller than

normal embryos and bore more similarity to E6.5 embryos in their

developmental stage. At E8.5, about 33% were dead and the remainder were

small and resembled normal E7.5 embryos. In histological sections,

extra-embryonic structures were significantly developed, whereas embryonic

portions lagged behind. By E9.5 50% of embryos were dead with the remainder

being abnormal and small and showing an aberrant axial mesoderm.

4.4.4.1.1.1 Similarities and reasons

Certain characteristics appear to be common to all these 'knock-out' mice in

particular the reduction in size detailed in every case. It is plausible to suggest

that this is due either to the failure of cells to divide and/or enhanced apoptosis.

A reduction in growth rate does appear to occur in these mice (Hakem et al.,
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1996; Liu et al., 1996a), although no significant increase in apoptosis was

observed (Liu et al., 1996a).

This reduction in growth rate associated with Brcal null embryos led to the

suggestion that Brcal may be involved in cell cycle regulation and, as such, was

an important step forward. Our present knowledge of this gene suggests,

however, that this reduction in growth is as a result of the accumulation of DNA

damage, resulting in the cells senescing or going into apoptosis. This is of

course at odds with the lack of observable apoptosis, however, this may simply

be due to low levels of apoptosis and/or the detection methods utilised.

This concept can also be used to explain the developmental retardation detailed

in several of the studies, which is likely to relate to senescence or apoptosis in

critical cells.

Less clear, however, are the reasons behind the failure to form mesoderm in

many of these cases and the differential seen between the embryonic and

extra-embryonic portions with regard to size and differentiation.

Finally, it is worthy of note, that in all three cases the onset of the mutant

phenotype, closely mirrors the onset of Brcal expression(Marquis et al., 1995).
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4.4.4.1.2 Conditional ^knock-out' mutation:

Following the failure to produce a 'knock-out' murine model of Brcal, Xu et al.

(1999) attempted to produce a murine model, with the mutation only seen in the

secretory epithelia of the adult mammary gland.

To produce this spatial and temporal specific 'knock-out' mutation, the Cre/lox

recombination system was applied (Sauer, 1998). In this case, recombination

was placed under the control of the whey acidic protein (Wap) promoter, known

to be active almost exclusively in mammary epithelial cells (Wagner et al., 1997)

and mainly during late pregnancy and lactation (Hennighausen et al., 1982;

Burdon et al., 1991).

Xu et al. (1999) engineered mice carrying a Brcal-null allele, an allele

containing the loxP sequences flanking exon 11 of the Brcal gene and the

Wap-Cre transgene. Expression of Cre resulted, therefore, in the loss of exonl 1

from Brcal, almost exclusively in the mammary epithelia, peaking at the end of

pregnancy and continuing at a lower level during lactation.

4.4.4.1.2.1 Mammary tissue

Development of the mammary gland proceeds in distinct stages. Ductal

elongation and branching occurs mainly during puberty, whereas alveolar

proliferation and differentiation takes place during pregnancy (Hennighausen et

al., 1998).
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Observation of the conditional mutants during the gestation period, using whole

mount preparations, showed a reduced mammary gland size in P8.5 mice,

compared to control animals. In PI6.5 animals the ductal tree had extended

throughout the fat pads, with substantial alveolar development, in control

animals. This was in contrast to their observation of less than 80% filling of the

fat pads by the ductal tree in the conditional mutants. This incomplete filling of

the fat pads was not improved upon throughout the rest of the gestation period.

Abnormal ductal morphogenesis was also observed in the conditional mutants at

other stages of development, including lactation and involution. Despite these

abnormalities, however, dams were able to nurse their litters.

4.4.4.1.2.2 Apoptosis

The role of apoptosis in the restricted development of the conditional mutants

was explored by Xu et al.. They noted that apoptosis levels were low in the

control animals, but was seen extensively in three out of six conditional mutants

studied. In addition they also noted that the level of apoptosis could be

correlated with the amount of recombination, which had occurred, clearly

suggesting that the Brcal conditional 'knock out' was the major contributory

factor.

4.4.4.1.2.3 Tumour formation

Histological examination, in females of 2 to 10 months, revealed no tumour

formation, although hyperplastic regions were found in several of the conditional

mutants and in none of the control mice. In older mice, 10 to 13 months,
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mammary tumours were found in two of the thirteen conditional mutants

examined.

The late onset of these tumours carries the implicit possibility that the tumours

are unrelated to the conditional mutation and instead result from normal ageing

effects on the genome, resulting in the loss/mutation of critical genes. p53 is an

obvious candidate for non-BRCAl related tumour formation and, as such, p53

status was assesed by a combination of semi-quantitative PCR and FISH

analysis. These methods revealed loss of a region in several of the tumours,

which included the p53 gene, suggesting that the conditional mutant is

insufficient to produce tumours, without the additional loss of p53.

To further investigate this, Xu et al. introduced a p53 null allele into the

conditional 'knock-out' mice. It was found that in these mice 8 out of 11

females developed tumours before 8 months, with no tumours forming in any of

the control animals. This would, again, suggest that p53 loss is either an

absolute requirement or required for acceleration of tumour formation, in Brcal

animals.

4.4.4.1.3 Viabl Brcal ^knock outs':

To date only one viable 'knock-out' murine model has been produced (Cressman

et al., 1999). The group attempted to produce mice with a homozygous

mutation in both Brcal and the p53 genes. In their initial crosses p53_/" animals

were produced at the expected rate, however, no mice homozygous for the

BRCA1 mutation were seen either in the normal, heterozygous or homozygous
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p53 mutated background. Only after subsequent expansion of these colonies

were three individuals, homozygous for the p53 'knock-out' and with only the

mutated Brcal, identified (two males and one female).

All three animals were severely growth retarded and it was noted that in the

double 'knock-out' mice the skin appeared thinner and more transparent.

Histological analysis showed that abnormalities were primarily confined to the

epithelia of the parotid, mammary and prostate glands.

4.4.4.1.3.1 Mammary tissue

In the double mutant it was noted that while the primary ducts were easily

identifiable, branching was substantially reduced in comparison to an age

matched p53_/~ virgin female. In addition, the end buds of the double mutant

appeared underdeveloped and the fat pad in the region of the end bud contained

finely dispersed cellular material. Histological analysis also showed that the

ducts were fewer and more dilated in the double mutants, compared to the p53"/_

mice.

4.4.4.1.3.2 Testicular tissue

In studying the testicular tissue of the mutant animals, Cressman et al. noted that

the double mutant mice were infertile. The testes were seen to be smaller in

these two mice, and the seminiferous tubules were narrower and contained fewer

cells. Spermatagonia were observed as being apparently normal, however,

almost no spermatocytes were seen and no spermatids or spermatozoa were

present. Further to this, sections were stained with an antibody for HSP70-2,
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which is expressed in cells entering meiosis. Some cells were shown to stain

with this antibody, suggesting that cells were moving into meiosis, however, the

very low numbers of spermatocytes and absence of spermatids and spermatazoa,

suggest that meiotic failure occurs during prophase I of meiosis in these double

mutants. Interestingly no significant increase in apoptosis was seen in the

seminiferous tubules, suggesting that the meiotic cells were simply moving into a

senescent state.

4.4.4.2 Brca2 models -

Despite the problems encountered in producing a Brcal 'knock-out' mouse,

attempts were made to do the same with the murine Brca2 gene (Sharan et

al., 1997a).

4.4.4.2.1 Embryonic lethal models:

Initially three groups, independently produced 'knock-out' mice, however as in

the case of Brcal (see section 4.4.4.1.1) these proved to be embryonic lethal

(Ludwig et al., 1997; Sharan et al., 1997b; Suzuki et al., 1997).

Sharan et al. (1997b) produced mice heterozygous for a deletion in exonl 1 of the

Brca2 gene, resulting in loss of amino acids 626 to 1,437. Breeding of these

heterozygous mice failed to produce any homozygous mutant animals,

suggesting that the mutation is embryonic lethal in homozygotes.

Histological analysis of embryos during development led to the observation that

at E6.5 embryos appear normal, however by E7.5 the mutant phenotype is
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exhibited. At this stage of development, normal embryos have undergone

primitive streak formation. Mesoderm is produced and cells start to migrate into

extraembryonic ectoderm to form structures such as amnion chorion and

allantois. In contrast, the mutant class of embryos were observed by Sharan et al

to resemble E6.5 embryos with very little morphologically visible mesoderm. It

was noted, however, that differentiation of embryonic ectoderm into mesoderm

was occurring, due to the presence of Brachyury gene expression in the posterior

end of the mutant embryo. The embryonic ectoderm of both the mutant and

normal embryos was observed to consist of a pseudocolumnar layer of cells, with

few dividing cells present. The embryos also had a well developed layer of

extra-embryonic ectoderm. The amniotic cavity was seen to form and amniotic

folds consisting of only the extraembryonic ectoderm layer, were present. In

addition to the absence of amnion, mutant embryos completely lacked allantois

and chorion. The visceral and parietal endoderm did, however, appear to be

normal except for the overall reduction in size.

The study by Suzuki et al (Suzuki et al., 1997) involved the introduction of two

inframe deletions in the 5' region of exonl 1. As with the above study there was

a failure to produce animals homozygous for the mutation, suggesting embryonic

lethality.

Gross anatomical analysis of embryos showed that at E5.5 a size differential

existed. At E6.5 mutant embryos were half the size of their normal littermates

and with the embryonic/extraembryonic border poorly defined. It was also

noted that the reduction is size was largely due to the embryonic portion, with the
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extraembryonic portion appearing relatively normal. This size differential

between the normal and mutant embryos continued and was further emphasised

by E7.5, where it was also noted that some embryos had commenced resorption.

Resorption of mutant embryos was seen in most cases by E8.5 by Suzuki et al,

although some had formed a head fold, a primordial neural tube, allantois and

expanded yolk sac. Almost total embryonic lethality could be seen by E9.5,

with the remainder reported to be in resorption.

Histological analysis of some of these stages further defined the phenotype of the

mutant embryos. Suzuki et al observed that at E6.5 Brca2 mutant embryos

could be grouped into two phenotypic classes. The less severely affected mutant

embryos had both ectoderm and endoderm and formed a primitive streak.

Embryos in the more severe class showed only epiblast, no detectable primitive

streak, poorly defined visceral and parietal endoderm and a proamniotic cavity.

As in the previous study, Brachyury expression was assessed to determine if

mesoderm was being formed. It was found from this, that the least severely

deformed mutants expressed the protein, although expression was disorganised.

The more severely deformed did not, however, express detectable levels.

By E7.5, only some of the Brca2 mutant embryos were organised into the three

embryonic layers. In addition they observed that the amnion was very thin or

absent.

The final study addressed here is in fact detailed in the same paper (Ludwig et

al., 1997) as that of the Brcal 'knock-out' by the same group, detailed above (see
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section 4.4.4.1.1). In the case of Brca2, a stop codon was inserted in exonl 1 and

heterozygous mice produced. The embryonic lethality seen in the homozygous

mutants of the previous two studies, was mirrored here. Histological analysis of

the mutant embryos at E6.5 showed a slight reduction in size, compared to the

normal embryos, in two out of four embryos examined. This reduction in size

was disproportionate between the embryonic and extraembryonic regions, the

former being more severely reduced. In addition, these shorter embryos had an

expanded pro-amniotic cavity.

Brca2 mutant embryos at E7.5 displayed head folds and were clearly three

layered egg cylinders with mesoderm present in the amniotic folds and in the

disproportionately reduced embryonic region. The amniotic folds were,

however, not fused and the proamniotic cavity/ectoplacental cavity were not

totally separated.

By E8.5 normal embryos had turned and contained somites, in contrast to the

mutant embryos which were much smaller and lacked somites. In addition it

was noted that the development of the amnion was poor, with a loose

mesodermal layer and, in one of the mutant embryos looked at, the proamniotic

canal persisted.

The last stage studied by Ludwig et al, E9.5, displayed a reduced embryonic

region, although head folds, a large allantois and expanded yolk sac were seen.

In one embryo three to four somites were seen and in another a beating heart was

observed.

88



4.4.4.2.1.1 Similarities in three studies

One of the most obvious phenotypes observed in these 'knock-outs' is the

reduction in size, as seen in the case of Brcal 'knock-out' mice above (see

section 4.4.4.1.3). It is, again, feasible to suggest that this is due either to the

failure of cells to divide and/or to undergo apoptosis. A reduction in growth rate

has certainly been documented in all three studies, however, as in the case of

Brcal no significant levels of apoptosis were documented (Suzuki et al., 1997).

Again as in Brcal, interpretation of these observations seemed to suggest a role

for Brca2 in cell cycle regulation, either direct or indirect.

The similarity in the results seen between Brcal and Brca2 'knock-outs' were of

great significance as they suggested either parallel functions, a common pathway

or that they form a complex, which now appears to be the correct interpretation.

Finally, as in the case of the Brcal mice, it is of note that onset of phenotype

mirrors closely the onset of detectable expression of Brca2 (Rajan et al., 1997).

4.4.4.2.2 Viable Brca2 xknock-out' murine mutants:

The first group to produce a viable 'knock-out' mutation in Brca2 was that of

Connor et al. (1997). Mice heterozygous for a 'knock-out' mutation in Brca2,

resulting from the insertion of a PGK-neor expression cassette at nucleotide

6038, were interbred to produce animals homozygous for the mutation. In stark

contrast to the previous studies, Brca2~/_ individuals were born and many
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survived weaning and reached adulthood. Cumulative genotyping of the litters

revealed that the ratio of +/+:+/-:-/- were 1:1.93:0.23, a result significantly

different from the expected Mendelian ratio of 1:2:1, suggesting that the

'knock-out' mutation is still embryonic lethal in the majority of cases. Analysis

of embryos at El 7.5, however, showed the expected numbers for the three

genotypes, suggesting that the lethality is just before or just after birth.

In the El7.5 it was noted by Connor et al. that the embryos were approximately

half the weight of their normal siblings and that this differential continued during

nursing, weaning and in adulthood. Histopathological analysis of El 7.5

embryos showed that while all organs were present in the mutant embryos, they

were significantly developmentally immature. In addition, some tissues showed

improper differentiation; the skin, for example, showing a number or anomalies

such as abnormal epidermal layering with a virtual non-appearance of the

stratum corneum layer, poor stratification in the stratum spinosum and an

ill-defined basal layer.

At the gross anatomical level it was also noted that approximately 60% of the

mutant adults had, to varying degrees, a distinctive kink in the tail. It was

suggested that this may be linked to the abnormal development of skeletal

structures, including the ribs and sternum, seen in El4.5 embryos.

4.4.4.2.2.1 Spermatogenesis

Adult male Brca2 ~ mice proved to be infertile. The seminiferous tubules

appeared to be completely devoid of germ cells and contain cellular debris. This
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absence of spermatocytes would, therefore, seem to suggest that the block in

spermatogenic cell development is prior to meiosis. Interestingly, the ovaries of

adult Brca2_/~ females were reduced in size, appeared to be degenerating and had

no obvious follicles.

4.4.4.2.2.2 Thymic lymphomas

No homozygous individuals survived beyond 5.5 months of age. Within this

time frame no normal or heterozygous animals were observed by Connor et al. to

develop any tumours or illness. In the mutant animals, however, several male

and female animals, developed thymic lymphomas. These tumours completely

lacked the cortical-medullary organisation of the normal thymus and appeared to

be composed of uniform lymphoblastic-type cells.

4.4.4.2.2.3 Another viable mouse line

Friedman et al. (1998) also produced viable Brca2 'knock-out' mice. In this

case truncation of the protein was more severe than the above case resulting in a

predicted protein of 1492 amino acids.

While embryonic lethality was seen at different time points throughout the

gestation period, in embryos homozygous for the truncated Brca2, some neonates

were born. Survival of these neonates was limited, with a 90% death rate,

however, 10 homozygotes survived birth and 5 survived into adulthood.
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As in the above case (see section 4.4.4.2.2) defects were observed in the axial

skeleton and infertility due to lack of germ cells was observed in both males and

females. In addition embryonic growth retardation was also observed.

4.4.4.2.2.4 Thymic lymphomas

The five Brca2 mutant mice that survived weaning were observed to develop

thymic lymphomas between 12 and 14 weeks of age. Histological analysis of

the tumour revealed it to be composed of lymphoblastic cells, either expressing

CD4 or CD8, rather than the CD4/CD8 double expressing cells, normally seen in

wild type mice.

4.4.4.2.2.5 Comparison of viable Brca2 'knock-outs'

Comparison of the two successful attempts at producing a viable Brca2

'knock-out' and comparison of these with the unsuccessful attempts, elucidates

several key points.

The most significant observation is that embryonic survival correlates strongly

with the site of mutation, with regard to the BRC repeats (fig. 13). In the case of

Friedman et al. while some embryos survive there is a high level of embryonic

lethality. This is in contrast to Connor et al. where lethality is seen just prior to

and just after birth, with most not surviving weaning. In both cases, however,

mature 'knock-out' mice were produced, allowing the suggestion that these two

studies resulted in hypomorphic alleles, with the BRC repeats appearing to be

critical to embryonic survival. Furthermore, the less severe phenotype seen in
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the Connor et al. study, may correlate with the higher number of BRC repeats

included in the putative protein.

As the BRC repeats are the site of RAD51 interaction with the Brca2 gene this

gave credence to the idea of Brca2 as a gene critical to DNA damage repair.

BRC ri
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fig. 13: Summary of putative termination points in engineered Brca2 from the several
studies, attempting to produce Brca2 'knock-out' mice. N-terminal fragment sizes of
(A)450 (Suzuki etal., 1997), (B)626 (Sharan etal., 1997b), (C)978 (Ludwig etal., 1997),
(D)1,492 (Friedman ef a/., 1998) and (E)2,014 amino acids (Connor eta/., 1997) are

putatively expressed by the respective studies. Phenotypes are also shown for these
studies, with regard to lethality levels, and positions relative to the BRC repeats in mice.

4.4.4.2.2.6 Implications of a cytoplasmic location

It has been suggested (Spain et al., 1999) that in light of the cytoplasmic

localization of human BRCA2 truncation mutants (see section 4.3.6.1.3), it

would be of interest to determine the subcellular localization of the truncated

mutant forms of murine Brca2 putatively expressed in the viable 'knock-out'

mutant strains above. The hypothesis being that their viability, as compared to

previous embryonic lethal mutations (Sharan et al., 1997b; Suzuki et al., 1997;

Ludwig et al., 1997; Connor et al., 1997), may in part, be due to different

positioning of the nuclear localisation signal in the murine gene, leading to its

inclusion in the truncated gene, in the case of viable strains. It is certainly the
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case that at least one of the nuclear localisation signals in humans is not

conserved in the murine protein. Ultimately, it will be interesting to determine

whether there is any functional significance to change(s) in NLS positioning that

may have occurred during the course of evolution.

4.4.4.2.2.7 Thymic lymphomas/validity of model

Clearly in humans the BRCA2 gene is most strongly associated with breast

cancer. In both these models, however, a lack of tumour formation or formation

of thymic lymphomas, a tumour rarely associated with human BRCA2, is the

observed outcome. The models validity must, therefore, be partly challenged, on

the basis of interspecies differences.

4.4.4.3 Heterozygous mice are normal in Brcal and Brca2 -

Finally it is of note that in humans heterozygosity in BRCA2 or BRCA1 is

strongly associated with breast cancer risk. In these murine models, however,

no increased risk appears to exist and this must again lead to questioning of the

validity of a murine model to study BRCA2 and BRCA1.

4.4.5 Cellular models

4.4.5.1 BRCA1 -

Thompson et al. (1995) were the first to produce a cellular model, with BRCA1

expression inhibited by the use of antisense oligos. They observed accelerated

growth of normal and malignant mammary cells, treated transiently with the

antisense oligos. In the case of non-mammary epithelial cells, however, they

detected no effect on growth rate, using the antisense oligos.
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This work was later corroborated and extended by Rao et al. (1996). In this case

NIH3T3 cells were stably transfected with a plasmid coding for the antisense

BRCA1 mRNA. Western blot analysis was used to show a decrease in BRCA1

expression in the transfected cell lines.

They observed an accelerated growth rate, as in the above case, however, they

also determined that the cell lines had become more anchorage independent. In

addition they also found that the transformed cell lines could grow both in low

serum (in vitro) and as xenografts in nude mice, neither of which the parental

lines could do.

Finally a study in 1998 by Husain et al. (1998) demonstrated that antisense

inhibition of BRCA1 results in a decreased proficiency in DNA repair and an

increased rate of apoptosis. They did not, however, confirm or deny the

conclusions of the previous studies. This study is of some importance, however,

as it supports the hypothesis that BRCA1 is a DNA damage repair gene.

4.4.5.2 BRCA2 -

In the case of BRCA2 the only study which has produced a reduction in levels of

BRCA2 in vitro, is one in 1998 by Abbott et al. (1998). In this case, an

antisense BRCA2 oligo was designed to hybridize to the translation initiation site

of the human BRCA2 gene and a large decrease in native mRNA was shown, on

application.

95



Study of these antisense treated cells was limited to treatment with the

DSB-causing agent mitoxantrone. They observed that a range of cell lines

exposed to the antisense oligo and mitoxantrone were significantly less able to

repair DSBs.

4.4.5.3 Why no 'knock-out' models? -

It should be noted that all of the above cases use antisense as a means of reducing

BRCA1 or BRCA2 expression. The absence of any cellular models based on

mutations induced by homologous recombination is pertinent as all attempts to

do this were found to be lethal.

The likelihood is that reduction of BRCA2/BRCA1, rather than total loss, is the

only possible way of producing these models. Support for this view can be

taken from the fact that, while somatic mutations in BRCA1 are very rare, a

reduction in BRCA1 mRNA is seen in many of the sporadic cases of both breast

and ovarian cancer (Ozcelik et al., 1998; Yoshikawa et ah, 1999; Zheng et ah,

2000).

4.4.6 Objectives

As much of the above knowledge of BRCA2 was unknown at the time of

commencing this study, it was felt important to create a suitable model for

manipulating BRCA2 expression as a means of studying this gene. No cellular

or animal 'knock-out' models of BRCA2 existed. It was suspected, however,

that the failure to produce a 'knock-out' murine model or cellular model for

BRCA1, was likely to extend to BRCA2.
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Some success had been achieved using antisense as a method of abrogating

BRCA1 expression in cells (Rao et al., 1996; Thompson et al., 1995) and it was

felt that application of this to the BRCA2 gene may be successful.

It was hoped that production of this model system would allow investigation of

the effects of reduction in BRCA2 levels, on the phenotype of human breast

epithelial cell lines, particularly its effect on the growth rate of the cell lines, their

morphology, behaviour in culture, tumourogenicity in xenograft models and

radiation sensitivity.

A stable model was produced expressing BRCA2 antisense under the control of a

CMV promoter in two breast cancer cell lines. Various aspects of the phenotype

were investigated, as briefly outlined above, and are detailed in later sections.
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5 Materials and Methods.

5.1 Tissue Culture

5.1.1 Cell lines

Cell lines used were MDA-MB-231 (ATCC code HTB-26) and MDA-MB-157

(ATCC code HTB-24) (Appendix D for details of both cell lines).

5.1.2 General maintenance

5.1.2.1 Maintenance -

Normal maintenance of cell cultures involved medium being replaced in flasks

every three days and passaging of cultures (see section 5.1.2.3) at approximately

80-90% confluence.

Cells were normally grown in 75cm2 disposable filter-capped flasks (Nunc), with

occasionally growth in 125cm flasks (Nunc). The incubator was a 5% C02

gassed incubator (LEEC), maintained at 37°C.

All manipulations were carried out, with full sterile precautions, in a category II

laminar flow cabinet.

5.1.2.2 Medium -

Cells were grown in Dulbecco's Modified Eagle Medium (D-MEM) (lOOOmg/L

D-Glucose and L-Glutamine 580mg/L) (Life Technologies), with the addition of

50pg/ml Penicillin, 50IU/ml streptomycin (Life Technologies) and 10% heat

inactivated fetal calf serum (Life Technologies).
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5.1.2.3 Trypsinisation protocol -

(Protocol for the passaging of adherent monolayer cultures by trypsinisation (based on a protocol
from Freshney et al. (1994)).

All medium was removed from the tissue culture flask and discarded. PBS was

then added at 5ml/25cm2 of flask surface area and then decanted, to remove

traces of medium.

Trypsin was added at 3ml/25cm2 of flask surface area. The flask was left for 20-

25 seconds before the trypsin was completely removed, ensuring that the

monlayer was not detached from the flask ( a process assisted by using trypsin at

4°C).

The flask was then incubated at 37°C for varying times, depending on cell type,

and observed at intervals, until cells were seen to have rounded up.

Medium was added (3ml/25cm2) to the flask, and cells brought into suspension

by a mixture of moving the medium around the flask and pipetting the medium

onto the surface. Pipetting of the medium onto the surface also dispersed

clumps, ensuring that the suspension contained only single cells.

Between 1/2 and 7/8 of the cell suspension was removed (dependent on the rate

of re-growth required) and the excess discarded, used for seeding new flasks,

used in experiments or stored in liquid nitrogen.
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Sufficient medium was then added to bring the flask volume to 15mls.

5.1.2.4 Freezing, storage and thawing -

Cells were prepared for storage by centrifugation of the trypsinised cells, in

medium, at 600g for 7 minutes. The supernatant was discarded and the cell

pellet gently resuspended in 1ml of foetal calf serum and placed in a cryogenic

vial, and 50-100pl of dimethyl-sulphoxide (Sigma) added. The cell/serum mix

was then slowly frozen, in a polystyrene container, at -70°C overnight, before

being moved to a liquid nitrogen cell storage container.

Thawing of these stored cells was done rapidly, in a water bath at 37°C.

Thawed cells were then diluted with 5mls of standard medium and cultured,

initially, in a 25cm2 tissue culture flask.

5.1.3 Transfection

5.1.3.1 Stable transfection ofadherent cells -

(Protocol based on manufacturer's guidance for Lipofectamine (Life Technologies))

A six well tissue culture plate (Nunc) was seeded with 3xl06 cells per well in

2ml of normal medium and cultured until approximately 80% confluent. Note

that a sufficient number of wells should be cultured, to allow 2 wells per required

plasmid and an additional 2 wells for negative controls.

A sterile 11 Ommx 16mm conical test-tube (Nunc) containing 1 OOpl of serum free

medium (no antibiotics etc), for each plasmid required, was set up and 2pg (in

1 Opl of H20) of each plasmid added to the respective tube. Note that for the
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negative control lOpl of H2O was applied. A 110mmxl6mm conical test-tube

(Nunc) was also set up for each plasmid, containing 1 Opl of lipofectamine

(Gibco BRL) and lOOpl of serum/antibiotic free medium.

The two sets of tubes detailed above were combined for each plasmid, mixed

gently, and left for 45 minutes at room temperature to allow DNA-liposome

complexes to form.

Prior to the end of the 45 minute incubation all medium was removed from the

cultured cells and serum/antibiotic free medium used to wash the cells, to remove

any traces of serum.

Following the incubation 0.8ml of serum/antibiotic free medium was added to

each liposome/DNA mix above and mixed gently. Separate wells of the

prepared cells were then overlayed with the mixes.

The cells were then incubated at 37°C for five hours before complete removal of

the complex and addition of 2mls of standard serum-containing medium.

72 hours after the start of the transfection protocol the cells were passaged (see

above for normal trypsinisation protocol, section 5.1.2.3, using 2ml of PBS,

0.5ml trypsin for 30 seconds and 2ml medium) 1:10 and grown in 30mm tissue

culture plates in 2ml of standard medium containing Geneticin®G-418 sulphate

(Life Technologies) (see section 5.1.3.3).

101



5.1.3.2 Selection ofdrug concentration for selection -

Untransfected cells were established as per transfection protocol above. Varying

concentrations of Geneticin®G-418 sulphate (Life Technologies) were applied in

the medium. The interval between replacements of the medium was also varied

from 2 to 3 days.

5.1.3.3 Selection ofclones -

To establish the maximum tolerated dose of drug, transfected clones were

selected using Geneticin®G-418 sulphate (Life Technologies) at an active drug

concentration of 909.6pg/ml (concentration determined experimentally, see

section 6.2.2.1 for details. Complete replacement of the medium was carried out

on alternate days to ensure a constant level of G418.

5.1.3.4 Picking colonies -

Following selection, discrete clones (of approximately 100-200 cells) were

selected and removed from the plate as detailed below.

Colonies were identified under an inverted microscope and marked using a felt-

tip marker on the underside of the plates. Medium was then removed and the

plate gently rinsed with PBS.

Autoclaved borosilicate glass cloning cylinders (internal diameter 8mm or 6mm

as required) (Bellco Glass Inc.) were dipped in similarly autoclaved silicone

grease using sterile forceps, ensuring that the grease coated the bottom of the

cylinder. The cylinder was then placed around the desired clone.
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20|_il of trypsin was added to the inside of the cloning ring and left for three

minutes. lOOpl of medium was then applied and pippetted 3-5 times to dislodge

cells. The medium/cells were then removed and added to separate wells of a 6

well plate and a further 2 mis of medium added.

Following clonal expansion the cells, they were trypsinised and added to a 25cm

flask and then further expanded to a 75 cm2 flask.

5.1.4 Growth and serum dependence curves

5.1.4.1 Growth curves -

Cell lines were seeded into 96-well plates, using lOOpl of standard medium, with

triplicate wells containing 10 , 5xl04 and 103 cells/well. Six additional wells

were given lOOpl of serum-containing medium, as controls. All other empty

wells were given lOOpl of DMEM, to reduce the drying edge effect. Ten sets of

plates were made and assayed for cell growth using the MTT assay after 8 hours

and then every 24 hrs for the first 5 days and thereafter every 48 hrs.

Cells were fed every two days, with replacement of medium being carried out

only on those cells not being assayed that day.

Note that medium was removed using a fine bore needle, attached to an aspirator,

to avoid cells being dislodged/removed. Application of medium was with a

mutiwell-micropipetter and care was taken to avoid disruption to cell layers.
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5.1.4.2 Serum dependence curves -

Establishment of cells was as for growth curves, with medium being removed

after 8 hours and replaced with medium containing 0.25%, 0.5%, 1%,2%, 4%

and 10% serum. Note that wells were gently washed with PBS twice prior to

adding reduced serum medium, to remove traces of 10% serum.

In addition, note that medium was removed using a fine bore needle, attached to

an aspirator, to avoid cells being dislodged/removed. Application of medium

was with a mutiwell-micropipetter and care was taken to avoid disruption to cell

layer.

5.1.4.3 MTT assay -

Freshly prepared stocks of MTT at 5mg/ml were made and filtered through a

0.2pm filter. lOpl of the MTT was added to each well in a 96-well plate,

already containing lOOpl of medium and the plates wrapped in aluminium foil

and returned to the incubator. Plates were left for 4hrs and then all medium

removed using a 25 gauge needle attached to a pump. lOOpl of 0.04N HC1

acidified isopropanol was added to each well to dissolve the crystals and the

plates read in a Dynatech plate reader at 570nm.
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5.1.5 Antisense oligos

5.1.5.1 Antisense oligos -

Oligonucleoties were purchased from Oswel DNA Service and incorporated a

phosphorothioate backbone. The control oligonucleotide has a mixed

composition to better detect non-specific effects.

BRCA2 antisense CCCTCTCTTTGGATCCAATAGGCAT

Control oligo NNNNNNNNNNNNNNNNNNNNNNNNT

5.1.5.2 Antisense protocol -

5.1.5.2.1 Parental cell lines:

MDA-MB231 and MDA-MB157 were seeded into 96-well plates, using lOOpl of

standard medium, with duplicate wells containing 104, 5xl04 and 105 cells/well

for each cell line. Four additional wells were given lOOpl of serum containing

medium, as controls. All other wells were given lOOpl of DMEM, to reduce the

edge effect. Six sets of plates were made and assayed for cell growth using the

MTT assay after 12 hours and then every 24 hrs, for both cell lines.

The above experiment was also simultaneously carried out using medium

containing 2, 4 or 8pM concentrations of either the antisense phosphorothioate

oligo or the control phosphorothioate oligo (see section 5.1.5.1). A summary of

this experimental layout is seen in table 7.
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Replicate Cell line Antisense BRCA2 Control oligo
oligo

2p,M 4pM 8pM 2pM 4p,M 8pM
1 MDA-MB231
2 MDA-MB231 V
3 MDA-MB231 V
4 MDA-MB231 V
5 MDA-MB231 V
6 MDA-MB231 V
7 MDA-MB231 V
8 MDA-MB157
9 MDA-MB157 V
10 MDA-MB157 V
11 MDA-MB157 V
12 MDA-MB157 V
13 MDA-MB157 V
14 MDA-MB157 V

Table 7: Shows the experimental layout for antisense phosphorothioate oligo. growth
assay on parental cell lines (MDA-MB157 and MDA-MB231). Each replicate consists of
duplicate wells containing 104, 5x104 and 105 cells/well of the respective cell line.

Cells were fed every two days, with replacement of medium being carried out

only on those cells not being assayed that day.

Note that medium was removed using a fine bore needle, attached to an aspirator,

to avoid cells being dislodged/removed. Application of medium was with a

mutiwell-micropipetter and care was taken to avoid disruption to cell layer.

5.1.5.2.2 All cell lines:

The above experiment (see section 5.1.5.2.1) was duplicated using only

104cells/well and an oligonucleotide concentration of 4pM in all wells. All cell

lines (antisense, control and parental) were used.
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5.2 Molecular techniques

5.2.1 Extraction techniques

5.2.1.1 DNA extraction -

5.2.1.1.1 Nucleon DNA extraction kit:

DNA extraction was carried out using the Nucleon DNA extraction kit (Scotlab)

as per the manufacturers instructions.

In summary the protocol involved collection of cells, followed by lysis using an

sodium-dodecyl-sulphate based solution. The cells are then deproteinised using

a sodium perchlorate solution and the DNA extracted using chloroform and

Nucleon® resin. The DNA is finally precipitated in absolute ethanol and air

dried before resuspension in H2O.

5.2.1.1.2 Promega wizard genomic DNA purification kit:

Extraction was also carried using wizard genomic DNA purification kit

(Promega) as per the manufaturers protocol.

In summary this involved collection of cells, followed by nuclear lysis by Nucei

lysis solution. The nuclear lysate was treated with RNase and then cellular

proteins effectively removed by precipitation using Protein Precipitation Solution

and decanting of the DNA containing supernatant. The DNA was precipitated in

isopropanol, washed in 70% ethanol and air-dried, before being resuspended in

water.
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5.2.1.2 RNA extraction -

5.2.1.2.1 Qiagen RNeasy mini kit:

Total RNA extraction was carried out using the Qiagen RNeasy mini kit,

according to the manufacturers protocol.

In summary the protocol involves harvesting cells (using a low g force during

centrigugation to avoid cell disruption and subsequent release of RNases),

followed by cell lysis using a guanidinium-isothiocyanate based solution, before

adsorption of RNA to a column membrane. Contaminants are removed by

various washes, as detailed in the manufacturers protocol, and then the RNA is

eluted in RNase free water.

5.2.1.2.2 Promega SV Total RNA isolation system:

Extraction was also carried out using the SV Total RNA isolation system

(Promega).

In summary this protocol again involves gentle harvesting of the cells (see

section 5.2.1.2.1), followed by cell lysis, using a guanidinium-isothiocyanate/ (3-

mercaptoethanol based solution. The RNA is then precipitated using 95%

ethanol and bound to the membrane of a spin column, before DNA is removed

by application of DNase. The column is then washed using various washes, as

detailed in the manufacturers protocol, before the RNA is eluted in RNase free

water.
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5.2.1.3 Spectrophotometry readings ofRNA/DNA concentration -

RNA/DNA samples were spectrophometrically analysed at 260nm (A, of

DNA/RNA peak absorbence) and 280nm(A of protein peak absorbence) in a

quartz cuvette using a 1 in 100 dilution of the RNA/DNA sample (i.e 4pi of

RNA/DNA sample added to 396pl of double-distilled water). The

spectrophotometer was zeroed against an identical cuvette containing 400pl of

double-distilled water.

Note that in the case of RNA, DEPC treated water was used.

Concentrations were calculated using the formulas below :

Single stranded RNA : Cone, (pg/ml) = x dilution factor

Double stranded DNA : conc x dilution factor

5.2.2 Bacterial

5.2.2.1 Bacterial Strains -

E.coli DH5a (Life Technologies) was used for cloning of the BRCA2 antisense

plasmids.

5.2.2.2 Bacterial Transformation -

Bacterial transformations involved the use of pre-chilled 5ml tubes. 2pl of

ligated plasmid was added to the tube and lOOpl of the E.coli strain DH5a

overlayed, then mixed gently. The mixture was then put on ice for 20 minutes

after which the mixture was placed in a water bath, at 42°C for 2 minutes. After
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removal from the water bath 900pl of S.O.C medium (Life technologies) was

added and the mixture left in a shaking incubator at 37°C for 1.5 hours to allow

the ampicillin resistance gene present in the plasmid, to be expressed, before

being plated on agar containing 50pg/ml ampicillin (Life technologies).

5.2.2.3 Restriction digests -

All restriction digests were carried out as per manufacturer's directions and were

done either with single restriction enzymes or double restriction enzymes,

depending on reaction requirements of the enzymes (Promega).

Buffer was removed, when required, between individual restrictions by use of a

micron30 microconcentrator as per the manufacturer's protocol (Amicon).

5.2.2.4 Miniprep -

5.2.2.4.1 Alkaline lysis miniprep:

(Protocol based on one taken from Current Protocols in Molecular Biology 2000)

Sterile LB medium (5ml) was inoculated with a single bacterial colony and

incubated in a shaking incubator, at 37°C, overnight to allow maximum bacterial

growth. Following this, 1,5ml of the medium containing bacteria was

centrifuged for 20 seconds at 16,1 lOg and all supernatant removed. The pellet

was then resuspended in 1 OOpl of GTE (Appendix B) and incubated at room

temperature for 5 minutes. 200pl of 0.2M NaOH/ 1%SDS solution was added

and mixed gently, using finger tapping and then placed on ice for 5 minutes.

After this time 150pl of K-acetate solution was added and the mixture vortexed
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at full speed for 2-5 seconds, in order to ensure that the solution was mixed. The

solution was then centrifuged at 16,110G for 3 minutes to pellet cell debris and

chromosomal DNA. The supernatant was removed to a fresh tube and 0.8ml of

95% ethanol added. The mixture was left for 2-3 minutes to allow DNA

precipitation to occur and then spun at 16,110G (at room temperature) to pellet

plasmid DNA and RNA. The supernatant was discarded and the pellet washed

in 1ml of 70% ethanol and finally vacum dried. Once all ethanol had evaporated

the DNA was resuspended in 30pl of water and stored at -20°C.

5.2.2.4.2 Wizard kit:

Minipreps were also carried out using the Wizard plus SV minipreps kit

(Promega) as per the manufacturers protocol.

In summary this protocol involved pelleting of an overnight culture, its

resuspension and lysis in an sodium-dodecyl-sulphate based solution. This was

followed by removal of protein by application of a protease solution and transfer

onto the membrane of a spin column, susequent washes to remove contaminants

and elution of the plasmid DNA using water.

5.2.2.5 Maxiprep -

Maxipreps were carried out using the Qiagen Maxi-prep kit (Qiagen) following

the manufacturers protocol.

In summary this involves pelleting of an overnight culture and resuspension in a

solution containing RNaseA to remove RNA content. Cell lysis is done using an
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SDS/NaOH based solution. This is then followed by precipitation of DNA,

proteins, cell debris and SDS, by addition of potassium acetate and the

contaminants pelleted by centrifugation. The supernatant is applied to a column

and remaining contaminants removed by various washes, as detailed in the

manufacturers protocol. The plasmid DNA is then eluted from the column and

precipitated in isopropanol before being air dried and resuspended in water.

5.2.3 PCR etc

5.2.3.1 Reverse transcription -

Amplification of 1 pg of total RNA was carried out by reverse transcription in a

25pl reaction containing lxfirst strand buffer (supplied with MMLV-RT

enzyme), dNTP's mixture containing ImM of each dNTP (Promega), lOmM

DTT (supplied with MMLV-RT enzyme), 2pM oligo-dT primer (15-mer) (Life

Technologies) and 1000 units of MMLV-RT (Life Technologies).

The reaction mixture was held at 42°C for 90minutes in a thermal cycler and the

reaction stopped by inactivation of the MMLV-RT at 95 °C for 5 minutes, after

which time the reaction mixture was placed on ice until used in the subsequent

PCR reaction (delay between these two procedures was minimised).

5.2.3.2 Polymerase chain reaction -

PCR reactions were done in a total volume of 50pl, with 5 pi of the appropriate

DNA. The reaction mixture also had the following components, PCR buffer

(supplied with Taq enzyme), dNTP's mixture (ImM of each dNTP (Promega)),
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lOpM forward primer, 10pM reverse primer, 1.25mM MgCl2 (supplied with Taq

enzyme) and one unit of Taq polymerase (Promega).

PCR reaction were done using variations, in annealing temperature and cycle

number, of the following program: 95°C for 5minutes, followed by X cycles of

95°C for 30seconds, Y°C for 30seconds, 72°C for 1 '30seconds. Following this

the cycler was held at 72°C for a further 7 minutes before being held at room

temperature until retrieved.

5.2.3.3 PCR primers -

B2/S1-H3 ACTCCGGCCAAAAAAGAACT
B2/ASl-Sall TTCCAAATCCATGACTTGCA
B2/ASl-Sal2 GCGTTTGCTTCATGGAAAAT
B2/ASl-Sal3 AGGAGTCCTCCTTCTGTGAGC

B2-Misc IF CACCTAAAGAGACTTTCAATGCAAG
B2-Misc 1R CCTGCATTCTTCAAAGCTACAG

Standard SP6 primer GTATTCTATAGTGTCACCTAAAT
Standard T7 primer TAATACGACTCACTATAGGG

Pcdna3.1-sl TATAGGGAGACCCAAGCTGG
Pcdna3.1-asl GAGGGGCAAACAACAGATG

B2ins-sl AGAATTTAGAAGTGGACAGG
B2ins-asl GAAAGGAAGGGAAGAAAG

10b ATCTGAAGTGGAACCAAATGATAC
lOd GTGGATATTAAACCTGCATTCTTCAA

lib CTAGCTCTTTTGGGACAATTCTGAGG
lid TCATTGTCTGAGAAAAGTTC

1 in AAAAATATTAGTGTCGCCAAAGAG

Hq AATGACTGAATAAGGGGACTGAT

Gaps CTTCATTGACCTCAACTACATG

Gapr ATGGCATTGGACTGTGGTCAT
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5.2.4 BlotS

5.2.4.1 Northern -

As per protocol in Current Protocols in Molecular Biology (2000)

5.2.4.2 Southern -

As per protocol in Current Protocols in Molecular Biology (2000)

5.3 Animal work

5.3.1 Animals

Nude mice were bred on site from male mice, homozygous for the nude mutation

and female mice heterozygous for the nude mutation. The genetic background is

that of the CD-1 mouse strain.

5.3.2 Xenografting

Cell lines were grown and trypsinised as per normal methods. Cell numbers

were established using a coulter counter and 5xl06 cells in 3OOpil of standard

medium injected sub-cutaneously (carried out by Mrs. Tina Briscoe, as the

author does not hold a Home Office licence) into 3 nude mice per cell line.

Measurement of tumour growth was carried out bi-weekly by eye. Animals

were maintained, normally, by a qualified animal technician.
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Mice were sacraficed after 180 days or when tumours reached a diameter of

5mm, which ever stage occured first. Tumours were then removed, sections

removed for histology and remaining tumour flash frozen in liquid nitrogen.

5.4 Histology

5.4.1 Wax embedding

For embedding mouse tumour tissue the following protocol was observed. The

tumour section was cut into fragments of approximately 7-10mm and immersed

in formalin for 48hours then transferred to 70% ethanol for 24 hours. Tumour

fragments were then passed through the following stages: 96% ethanol (2x90

minutes), 100% ethanol (2x1 hour), 100% ethanol/chloroform (1:1 v:v) (90

minutes) chloroform (135minutes), chloroform (overnight), paraffin wax (3x45

minutes). The tumour fragments were then embedded in paraffin wax.

5.4.2 Harris' Haematoxylin and Eosin staining

Dewaxed sections were rinsed in alcohol and then in water. Following this they

were stained with Harris' haematoxylin (see appendix B) for 10 minutes, then

washed and 'blued' in running tap water for 1 minute. Samples were then

differentiated in acidified alcohol (1% hydrochloric acid in 70% alcohol) for 10

seconds and again washed and 'blued' in running tap water for 5 minutes. Eosin

stain (see appendix B) was then applied for 4 minutes and then washed in tap

water, before being dehydrated and mounted.
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5.4.3 Electron microscopy

Fixation of mouse tumour samples was carried out immediately following

dissection (delay can lead to poor fixation). Samples were cut very small (1-

2mm) with a clean scalpel blade (one per tumour sample) and fixed in

glutaraldehyde buffer for 30-40 min in a glass fixation vessel. The samples

were then washed in cacodylate buffer for 1 minute before being further fixed in

osmium buffer for 30-40 minutes and finally washed again in cacodylate buffer

for 1 min. The samples were then dehydrated in a series of ethanol solutions

(50%, 70%, 80% and 90%) for 10 minutes each. Samples were further

dehydrated in 100% ethanol for 40 minutes (2x20 min.) and stained in uranyl

acetate 1, in the dark, overnight.

Following overnight staining samples were put in propylene oxide for 60 minutes

(3x20 min). Samples were then placed in propylene oxide/resin mix 1 (2:1) for

1 hour to allow infiltration of the resin into the sample, followed by a further

hour in propylene oxide/resin mix 2 (1:2). Finally samples were embeded in

resin and left to 'cure' for 48 hours at 60°C before being sectioned and put on

copper grids. Finally the grids were stained with uranyl acetate 2 for 20 minutes

and lead citrate for 5 minutes.

At all stages help and guidance was supplied by Mr. John MacKie.
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6 Experimental Programme.

6.1 Antisense cloning

6.1.1 Background

As previously discussed (see section 4.4.6) an antisense strategy was deemed to

be a feasible system for producing a reduced level of BRCA2 in the cell, while

avoiding the lethal nature of a total 'knock-out' of the genes expression. There

are three 'antisense' strategies commonly used, here I discuss there mechanisms

together with the advantages/disadvantages implicit in each system.

6.1.1.1 Hammerhead Ribozymes -

Hammerhead ribozymes are RNA structures initially found in some plant
9+ •

viruses, (Matthews, 1991) which are capable of Mg -catalysed autocatalytic

self-cleavage, at a defined position of their RNA genome. While the natural

ribozymes cleave only in cis, it is possible to make them cleave in trans

(Uhlenbeck, 1987) at specified locations. It is, therefore, possible to design a

hammerhead ribozyme against practically any target RNA sequence.

The advantages of this system are that ribozymes are basically self-contained

systems, capable of cleaving the target RNA irreversibly, unlike the other two

methods to be discussed (see section 2.1.1.2 and 2.1.1.3). In addition it is

possible to express the ribozyme in mammalian cells (Little et al., 1995),

removing problems associated with production cost, and the variations in in vitro

cellular uptake and distribution seen in antisense oligos, as will be discussed (see

section 6.1.1.2).
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The major disadvantage of this system, however, is the need to express sufficient

amounts of ribozyme in the system. Studies have shown that an estimated

200-fold excess of cytoplasmic ribozyme, over substrate, is required for efficient

cleavage (Cotten et al., 1989; Cameron et al., 1989).

6.1.1.2 Oligonucleotides -

It is possible to generate small DNA oligos whose sequence is the antisense of

part of a targeted gene's RNA. When these are introduced into the cell they

bind the target genes RNA and terminate translation by a number of mechanisms.

It is, however, of note that while multiple methods (Root-Bernstein et al., 1998)

by which an oligo may terminate the activity of an RNA species to which it binds

are possible, examples of biological activity have been reported for only three of

these mechanisms. These are inhibition of RNA splicing, interference with the

translation mechanism and the induction of degradation of the RNA by RNaseH

(Chiang et al., 1991; Kulka et al., 1989; Agrawal et al., 1988).

The first two mechanisms depend on blocking the interaction of certain proteins

with the tar get mRNA. In the case of inhibition of splicing, it is thought binding

of the oligo blocks the binding of spliceosomes, which are required for splicing,

leaving the RNA unable to excise its introns. Again, in the case of translational

arrest the proposed model is one of blockage of the translation initiation site,

from the translation machinery. The final method involves RNaseH activation,

an enzyme that degrades the RNA strand of an RNA/DNA duplex.
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6.1.1.2.1 Nuclease activity and phosphorothioates:

To be an effective antisense agent, oligos should have a combination of the

following properties: first, they should be stable against nucleases; second, they

should be efficiently taken up by cells; and third, they must have strong and

selective affinity for the target sequence.

Antisense oligos containing natural phosphodiester linkages are taken up

efficiently by cells and hybridize selectively to target nucleic acids with strong

affinity. They are, however, very sensitive to digestion by nucleases, leading to

their rapid degradation in the cell (Sands et al., 1994). To overcome this

problem, various analogs of oligos have been synthesized and studied as

antisense agents (Varma, 1993; Milligan et al., 1993; Wagner et al., 1993;

Marshall et al., 1993). Of these, phosphorothioate oligos (De Clercq et al.,

1969), were among the first and still most widely used analogs. They avoid this

rapid degradation by nucleases, as a result of the replacement of one of the

non-bridging oxygens of the inter-nucleotide phosphodiester linkage by sulphur

(fig-14).
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f/g.14: Chemical structure of a

oligodeoxynucleotide analogue, displaying
the phosphorothioate backbone. This is
produced by replacement of one of the
non-bridging oxygens of the inter-nucleotide
phosphodiester linkage by sulphur.
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Phosphorothioates have a slightly lower melting point than the natural form.

This can be partly compensated for by using oligos of 17 to 20 bases in length

(Monia et al., 1992), although invasion of double stranded regions in RNA is still

difficult (Lima et al., 1992). Cellular uptake of phosphorothioate oligos is also

favourable compared to the natural form (Clarenc et al., 1993), but is influenced

by temperature, cell type, culture conditions, cell density, oligo sequence and

oligo length (Clarenc et al., 1993). Of note is the fact that once within the cell

they show a broad distribution (Clarenc et al., 1993). Finally phosphorothioate

oligos are capable of activating RNaseH (SaisonBehmoaras et al., 1997), a

property not seen in many such analogs.

Additional complicating factors in the use of phosphorothioate oligos include

numerous cases of binding to proteins. These include serum albumin, penicillin
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(Crooke et al., 1996; Joos et al., 1969), transcription factors, DNA polymerase

etc, all of which are of obvious importance and complicate observations.

Critically, phosphorothioates also bind to RNaseH when in an RNA/DNA duplex

and the duplex serves as a substrate for RNaseH, as previously stated (Gao et al.,

1992). It must be noted, however, that at higher concentration the oligo will

bind RNaseH as a single strand and act as competitive inhibitor of its activity

(Crooke et al., 1995).

6.1.1.2.2 Toxicity:

Toxicity must also be considered in a system such as this, which binds a variety

of proteins and hence may affect the normal functioning of the cell. Significant

cytotoxicity, however, does not appear to occur below 1 OOpM concentrations in

the wide variety of cell lines looked at by Crooke et al. (1993). Additionally,

with a few exceptions, no significant affect on macromolecular synthesis was

observed at concentrations below lOOpM, by this group. There is, however, a

substantial body of evidence to suggest that oligos will stimulate the cell's

immunogenicity (Colby, 1971) and in particular that the phosphorothioate

backbone is immuno-stimulatory in itself (Crooke et al., 1996).

6.1.1.2.3 Transient nature:

Finally the transient nature of this manipulation is an important consideration.

This has implications on such things as variation in results between plates etc,

due to cellular uptake as a result of small variations in cell density etc. In

addition it limits the ability to compare with previous experimental data for the

121



same reason. The method also has limitations for in vivo analysis of human cell

lines by xenotransplantation etc. Finally, the need for continuous supply of the

oligo, during a range of experiments, has obvious financial implications,

particularly due to the expense of the phosphorothioate modification.

In conclusion this method is complex and difficult to provide with sufficiently

good controls, due to variation in uptake, as a result of sequence etc. In addition

it is expensive and restrictive for certain techniques. The method is, however,

potentially quick and relatively simple and while results must be carefully

analysed, they are of some use. It is for this reason that this method is employed

here as a parallel and confirmatory system, as will be detailed later (see section

6.7).

6.1.1.3 Antisense RNA -

The final antisense method is, as in the case of the 'hammerhead' ribozyme,

based on naturally occurring events, although in this case the method is

employed by a vast range of organisms, both prokaryote (for review see Inouye,

1988) and eukaryote and includes several viruses as well.

In prokaryotes, regulation by anlisense RNA occurs at the level of translation.

The antisense transcript hybridizes to the sense transcript and blocks access of

the translational machinery to the 5'-end of the sense transcript. This leads to

reduced levels of protein synthesis. In eukaryotes, however, cellular

compartmentalization has allowed the development of a range of strategies with

regard to RNA duplex formation.
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Naturally occurring antisense RNAs in higher eukaryotes (see Table 8 for

examples) may be grouped into molecules capable of forming short RNA

duplexes (less than 100 bp) and molecules capable of forming long duplexes. In

addition, they may also be grouped into those which form duplexes in the

cytoplasm and those which form duplexes within the nucleus. Each of these

scenarios may involve distinct fates for the molecules involved, as well as

distinct consequences to the cell.

Gene Reference

c-myc (Dean et al., 1983)
N-myc (Krystal et al., 1990)

p53 (Dony et al., 1985)
WT1 (Campbell et al., 1994)

eIF-2a (Silverman et al., 1992)

Table 8: Examples of some eukaryotic genes with reported complementary transcripts.
References are for human source in all cases, except p53 for which the human
equivalent has not been reported, a murine reference is given instead.

Only a few examples of regulation of expression by short RNA antisense

molecules have been documented and will not be discussed here, for review

(Kramer, 1996; Smith etal., 1997).

6.1.1.3.1 Long duplex RNAs:

Naturally occurring long antisense transcripts are usually transcribed from the

same locus as sense RNAs, but in the opposite direction and overlapping the

region of sense transcription. Interestingly, unlike prokaryotes, these antisense

RNA molecules can regulate expression in several different ways.
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6.1.1.3.2 Duplexes formed in the nucleus:

Inhibition of splicing in pre-mRNA appears to be a fairly common role for

antisense RNA (Krystal et al., 1990). In these cases it is supposed, that the

antisense transcript is able to block the binding site for spliceosomes. These are

required for splicing and leave the RNA unable to excise its introns, as in the

case of the oligos above (see section 2.1.1.2).

Another potential method, although less well documented, is that of inhibition of

mRNA export from the nucleus (Okano et al., 1991). The model suggests that

as mRNAs must undergo several post-transcriptional processing steps (i.e.

5'-capping, pre-mRNA splicing and 3'-cleavage/polyadenylation) within the

nucleus prior to export to the cytoplasm (Cole et al., 1997), that antisense

molecules, which are usually incomplete sequences, will in most cases not be

fully processed and therefore will normally be retained in the nucleus. It is has

been suggested, therefore, that duplex formation between the sense and antisense

strands will block export of the sense strand. The exact mechanism involved in

this is not fully understood, due to the poor understanding of mRNA

nucleocytoplasmic export. It is thought, however, that the binding of the

antisense molecule blocks the binding of proteins critical to the export of mRNA

and in this way is similar to the inhibition of splicing above.

6.1.1.3.3 Induced mRNA instability:

The final potential mechanism is that of induction of mRNA instability and is

likely to be a contributory factor in all cases of antisense regulation. This is also
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the most complex of the systems and includes several distinct systems, with

potentially many more as yet unknown systems. Some aspects are detailed here.

6.1.1.3.3.1 Double stranded RNase

The existence of a double stranded RNase(s) within the nucleus of the cell is a

matter of some speculation. Wu et al. (1998) showed that chimeric antisense

oligos consisting of 2'-methoxy 5'- and 3'-flanking sequences, on either side of

an oligoribonucleotide gap, when pre-incubated with sense RNAs and treated

with cytosolic or nuclear extracts from T24 human bladder carcinoma cells,

would show cleavage at the region of RNA-RNA hybridisation. Bass et al.

(1987), however, observed that double stranded RNA (dsRNA), when

microinjected into Xenopus oocyte nuclei, persisted for at least 16 hours. This

would suggest that, at least in this system, dsRNAs are not rapidly destroyed

within the nucleus.

6.1.1.3.3.2 Helicases

In theory, dsRNAs could be resolved within the cell by the action of helicases

that unwind the two strands. A number of proteins which contain intrinsic RNA

helicase activity have been identified (Staley et al., 1998). There is, however,

no evidence that any of these factors act upon long duplexes within the nucleus.

Rather, a primary function of such proteins is in the rearrangement of RNA/RNA

interactions during RNA processing (Staley et al., 1998). Importantly,

unwinding of duplexes might indeed be a common fate of most or all nuclear

antisense RNA interactions. This fate, however, might be achieved through the

action of another family of enzymes, the ADARs.
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6.1.1.3.3.3 ADARs: Adenosine deaminases that act on dsRNA.

It is now thought that most, if not all, duplex RNA are acted upon by a member

of a class of enzymes, known as adenosine deaminases, the ADARs (Bass et al.,

1997). It is of note that the ADAR activity is confined almost exclusively to the

nucleus, although it was reported recently that a cytoplasmic form of this

deaminase may be induced by interferons (IFNs) (Liu et al., 1996b).

ADAR1 was the first ADAR enzyme found (Rebagliati et al., 1987) and initial

reports suggested that this enzyme was a dsRNA-specific unwindase, but this

proved not to be the case. Instead ADARs catalyze the conversion of

adenosines to inosines, within dsRNA, by hydrolytic deamination (Wagner et al.,

1989). The resultant RNA contains inosine/uracil base pairs, which make the

RNA duplex unstable and may lead to partial or complete unwinding. No

co-factors are required for this reaction, although it is unknown whether a metal

ion is required and interestingly only dsRNA is a suitable substrate.

Importantly, and of some interest in adenosine-to-inosine editing, is the fact that

inosines are recognized as guanosines, by the cellular translation machinery.

This conversion results in an inability to code for a translational stop codon,

therefore, all adenosine-to-inosine changes are missense 'mutations'.

Critically this editing system impacts on the concepts of nuclear double stranded

RNases and nuclear retention of mRNA (see sections 6.1.1.3.2 and 6.1.1.3.3.1).

Work with the polyomavirus showed that RNA duplexes can be relatively stable
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and accumulate in the nucleus. As a result of the 'editing' these transcripts are

not detected by standard hybridisation probes, leading to misleading results

(Kumar et al., 1997). It, therefore, seems unlikely that double stranded RNases

are active in the nucleus and furthermore supports the concept of nuclear

antisense RNA, leading to nuclear retention of target transcripts.

6.1.1.3.3.4 Duplexes formed in the cytoplasm

Most naturally occurring antisense RNA, probably acts within the nucleus

(Cornelissen, 1989). This is mainly due to the inability of most antisense RNA

to be exported from the nucleus. It is tempting, however, to suggest that the

failure of the cell to develop a method of exporting these molecules, allowing the

possibility of regulation by inhibition of translation, by blockage of the

translation initiation sites, results from the selective advantage gained by treating

all cytoplasmic dsRNA as viral. This is possible even in single stranded RNA

viruses, as dsRNA is often formed as a replicative intermediate (Lee et al.,

1994), however, it is unclear whether any dsRNA is formed in the cytoplasm by

DNA viruses.

Certainly it is the case that even one molecule of double stranded RNA in the

cytoplasm is sufficient to induce the synthesis of IFNs (Marcus, 1981). These

IFNs are multifunctional cytokines that modulate host immunological functions

and can inhibit tumour cell growth and virus multiplication. As this pathway is

thought to be activated only by viral systems, however, it will not be discussed

here (for review see Kalvakolanu et al., 1996).
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6.1.1.3.4 Antisense RNA as a technique:

Much can be taken from the study of natural RNA antisense when considering

the use of antisense to regulate genes artificially. Primarily its existence in the

normal running of the cell, suggests that a protocol involving the stable

transfection of a plasmid designed to express long antisense RNA transcripts,

should be effective. Certainly, this system has been successfully used by a large

number of groups (Liao et al., 2000; Hsu et al., 2000; Levy et al., 2000; Kaul et

al., 2000). In addition, while knowledge of the mechanisms employed in this

process are not as well studied as those of the antisense oligo system, it is likely

that the same mechanisms used by the native antisense will apply.

This system also has various other advantages over the use of oligos, such as the

total lack of any cellular immune reaction, all activity being nuclear. In

addition, following successful stable transfection, cells can usually be treated in

the same way, as the parental strain. This also means that the method is less

restrictive than the alternative oligo method, with regard to subsequent

manipulations. Finally the financial aspect may also be considered, as this

system bears no additional costs over that of the cell culture. It is for these

reasons that this method was used as the primary system of reducing BRCA2

expression in the target cell lines.

6.1.1.4 Plasmid selection -

In order to carry out this antisense strategy, it was initially necessary to produce a

plasmid which carried the required BRCA2 fragment, in an antisense orientation.
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In addition the said plasmid would also have to be capable of expression in

mammalian cells and allow selection.

The plasmid pcDNA3.1 (-) (fig. 18) was selected as it is specifically designed for

high-level stable and transient expression in mammalian hosts. Expression in

the mammalian cell is via the human cytomegalovirus immediate early (CMV)

promoter, capable of high-level expression. Selection potential is afforded by

the presence of a Neomycin resistance gene. It should be noted, however, that

the Neomycin resistance gene also affords protection against Geneticin G-418

sulphate and that this was used as the selective agent.

An additional advantage is the commercial availability of the above plasmid,

already containing the chloramphenicol acetyltransferase gene (CAT) as an insert

(pcDNA-CAT). As CAT is an E.coli gene, its expression in mammalian cells

should have no affect, other than non-specifically, and as such can be used as a

control against non-specific effects of expression in human cells.

6.1.2 Protocol: Construction of a plasmid expressing antisense

BRCA2

The first objective was the production of a plasmid capable of expressing

BRCA2 antisense RNA in human cell lines, at sufficiently high levels.

RNA isolated from the human breast cancer cell line MCF-7, showed three clear

bands, relating to the three subunits of rRNA, hence showing successful

extraction of undegraded RNA. Subsequent to this, RT-PCR of the RNA using
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three sets of primers designed to amplify a region of BRCA2 between base 155

and either 1030, 1241 or 1885(Genbank accession number AA938167), with the

addition of a Hindlll recognition site on the forward primer and a Sail

recognition site on the reverse primer, was carried out.

The PCR products were digested with Hindlll and Sail and the predicted

fragment sizes, of 893, 1086 and 1749 bases respectively, were confirmed in the

results of analysis of the products on an agarose gel (fig. 15).

Due to a change in the preferred vector, to the plasmid pcDNA3.1(-), which does

not have a Sail site in its multiple cloning site, the vector was digested with

Hindlll and Xhol, the Xhol digestion producing similar sticky ends to Sail. This

was also run on the same gel and gave a single clean band of the right size

(5357bp's) (fig.\5).

893bp 1086bp pcDNAS.l AHindlll

2,322bp
2,027bp

fig. 15: 1% agarose gel showing the PCR products from RT-PCR of MCF-7. Lanes 1-3
show products of amplification, after digestion with Hindlll and Sail, between base 155
and either 1030, 1241 or 1885 of the BRCA2 gene, respectively. Lane 4: pcDNA3.1(-)
digested with Hindlll and Xhol. Lane 5: XHindlll size markers.

Following gel purification of the linearized pcDNA3.1 (-) plasmid and PCR

fragments, ligation of the three BRCA2 sequences into pcDNA3.1 (-), was
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attempted and the resulting 'ligated' plasmids transformed into competent E.coli

DH5a bacteria.

pcDNA3.1(-) is engineered to incorporate an ampicillin resistance gene and

transformed colonies were, therefore, selected for on ampicillin infused agar

plates.

When properly ligated, the plasmid DNA should contain an additional PvuII site

and, hence, an additional band of 572 base pairs, on PvuII digestion. No insert

was, however, demonstrated by this procedure in any of the selected colonies.

An alternative ligation was carried out using the T tailed vector, pGEM-T Easy

(fig. 18) and DH5a bacteria transformed with the ligated plasmid. This plasmid

is supplied by the manufacturer pre-cut and with 3' terminal thymidines added to

both ends. These 3'-thymidine overhangs allow ligation of PCR products into

the plasmid as a result of the tendency of certain polymerases to add single

deoxyadenosines, independent of the template, to the 3'-ends of the amplified

fragment (Clark, 1988). This allows an alternative approach, which does not

rely on successful cutting of the DNA by the restriction enzymes. Finally in

addition to an ampicillin resistance gene, pGEM-T Easy also has its multiple

cloning site, within the a-peptide coding region, of the enzyme P-galactosidase.

Insertional inactivation of the a-peptide allows the recombinant clones to be

directly identified by colour screening, as well as ampicillin resistance, on plates

containing ampicillin and Isopropyl-(3-D-Thiogalactoside (IPTG). Only white

colonies were picked and mini-prepped.

131



Following digestion with Sail, products of the expected size, if the ligation had

occurred correctly, were seen in one clone, carrying the 1086bp DNA insert.

Subsequent restriction of the ligated pGEM-T Easy with Hindlll and Sail, and its

ligation into a Hindlll/Xhol restricted pcDNA3.1 (-), was carried out and the

product transformed into DH5a bacteria. The bacteria were then grown on

ampicillin infused agar plates, to select for transformed colonies containing the

correctly engineered plasmid. Colonies were seen to develop on the plate and

were subsequently picked and mini-prepped.

Restriction of the plasmid DNA, with PvuII, gave bands corresponding to an

insert in clones asp4, asp8 and asp9 (fig. 16). The clone asp4 was selected for

further experiments and is hereafter referred to as B2asp (BRCA2 anti-sense

plasmid) (fig. 18). At this point it should also be noted that the BRCA2 insert is

in an antisense orientation, as a result of the chosen restriction sites. For a

summary of the cloning strategy refer to fig. 17.

fig. 16: 1% agarose gel showing appropriate PvuII digestion, if insert is present, in lanes
5, 9 and 10. The presence of the lower band indicates insert present. Upper two
bands are seen in all digestions. Lane 1: kHindlll size markers.
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ugaHnr■■Mr '^Ki

pcDNA3.1(-

pcDNA3.1(-

*Failure^k
other 2

1086bp
insert

fig. 17: Diagram outlines the cloning strategy applied in the production of B2asp. (1)
Production of cDNA by RT-PCR; (2A) attempted restriction and ligation of cDNA with
pcDNA3.1(-); (2B) attempted restriction and ligation of cDNA with pGEM-T Easy; (3A)
failure of ligation; (3B) successful ligation of 1086bp insert; failure of other two cDNAs;
(4) restriction to remove insert, linearization of pcDNA3.1(-); (5) successful ligation of
1086bp insert with pcDNA3.1(-) i.e. B2asp. For details see text.
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pcDNA3.1
(-)

T7

♦
■W

Pmel

Apal
Xbal
Xhol
NotT

BstXI
EcoRV
EcoRI
BstXI
BamHI
A.sp7181
Hindll
Afin
Pmel T7

J_
Nhel
Pmel
Atra

A.sp7181
Kpnl

BamHI
BstXI

EcoRV
BstXI
NotI

fl ori

"Amp1
lacZt

Easy

ffg.18: Representation of the four plasmids discussed in this thesis. (A) pcDNA3.1 (-)
(Invitrogen); (B) B2asp; (C) pcDNA3.1-CAT (Invitrogen); (D) pGEM-T Easy (Promega).
Cloning sites are detailed, with restriction sites used in creating B2asp highlighted
(plasmids A and B). Note that Xhol is 'crossed-out' in plasmid B, as this site is in fact
chimeric.

Sequencing of this plasmid was carried out using an automated sequencer, to

ensure that the insert was correct. It was found to be the antisense strand for the

desired region of BRCA2 mRNA.

6.1.3 Discussion

The failure to directly ligate the RT-PCR fragments into pcDNA3.1(-) was

problematical, but not unexpected. The difficult nature of restriction using

RT-PCR products as a template is undoubtedly a factor, however, the need to

successfully digest PCR products near the ends of the template, presents an even

more significant problem. Several enzymes require varying amounts of flanking
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DNA around the recognition site in order for it to be properly presented within

the restriction enzyme. A study of various restriction enzymes showed that a

flanking sequence of at least 3 bases is required (Moreira et al., 1995) and the

primers used here were designed with this in mind. It has been suggested,

however, that enzymes such as Sail, may require a flanking sequence of greater

than 20 bases to ensure complete digestion. The likelihood is therefore that

ligation was hampered by incomplete digestion of the RT-PCR products.

While variation in the quantity and length of the restriction reactions may have

abrogated this problem and allowed ligation of the RT-PCR products to

pcDNA3.1(-), the problems associated with identifying successful restriction in

templates not significantly altered by the digestion meant that repeated ligations

and subsequent testing would be required. The presence, therefore, of a plasmid

(pGEM-T Easy) which circumvents this problem was appreciated and applied.
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6.2 Transfection

6.2.1 Background

6.2.1.1 Transfection method -

Following the production of a clone containing the BRCA2 gene fragment in the

correct orientation, it was necessary to put the plasmid into the selected cell lines.

Further to this it was also necessary to select those cells which had incorporated

the plasmid into their genome, allowing its replication and hence, by definition,

those which were stably transfected.

Several methods exist for transfecting cells, such as the calcium phosphate

mediated system, which is simple, effective and still widely used. It is,

however, hampered by its inherent cytotoxicity and variations in calcium

phosphate/DNA sizes, which causes variation among experiments (Luo et al.,

2000). Another common option is electroporation which, while one of the most

efficient gene transfer methods, is limited by the high mortality of cells after

high-voltage exposure and difficulties in optimization (Luo et al., 2000). The

final and probably most commonly used method is that of liposome mediated

transfection.

This method has several advantages, including a relatively high efficiency of

gene transfer and a wider range of cell lines, which can be successfully

transfected, than the calcium phosphate method. In addition the liposomes are

capable of transferring DNA ranging in size from a few bases to several

kilobases. This transfection is either transient or stable, a characteristic not seen
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in all transfection methods. Finally, unlike electroporation, this method requires

no specialised equipment and the liposomes are readily available commercially.

Of the commercially available systems Lipofectamine™ was chosen and used in

the transfection of MDA-MB231. In the case of MDA-MB157 the alternative

liposome system SuperFect™ was used. This was in response to the higher

transfection efficiency promised by this product and the ability to use antibiotics

while transfecting. There was no implication that different systems would be

appropriate to different cell lines.

6.2.1.2 Cell Lines-

The cell lines for these experiments, MDA-MB231 and MDA-MB157 (see

Appendix D), were chosen based on several factors. Primarily they are both

breast ductal epithelial cell lines, the most common site of breast cancer in both

sporadic and familial cases. In addition they have been in existence since 1976

and detailed extensively throughout the literature. The cell lines will grow

relatively well in typical medium, are fairly well differentiated and are also both

capable of in vivo growth, in nude mice. Finally, no mutations in BRCA2 have

ever been documented for either cell line.

It is of note, however, that MDA-MB231 is known to contain a point mutation in

its p53 gene resulting in endogenous expression and nuclear localization,

although its activity is nullified by the mutation (Bartek et al., 1990).

MDA-MB157 was initially chosen to counterpoint MDA-MB231 on this feature,
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however, it was later discovered in the literature, that while the gene is

unmutated, no gene product can be detected (Bartek et al., 1990).

6.2.2 Protocol: Transfection of antisense and control plasmids

6.2.2.1 MDA-MB231 -

Stable transfection of the cell line MDA-MB231 proved problematical, in view
(R)

of the natural drug resistance of the cells to the selective agent Geneticin G-418

sulphate. This led to untransfected control cells surviving and in fact replicating

successfully at the suggested maximum drug concentration levels.

Following analysis of the cell line MDA-MB231 's natural resistance to the drug

Geneticin®G-418 sulphate, it was determined that an active drug concentration of

909.6pg/ml, on a feeding regime of alternate days, was sufficient to cause

complete cell death of an initially 80% confluent cell culture, within two weeks.

Stable transfection of the cell line with B2asp and pcDNA3.1 (-) was successfully

carried out, using a lipid based system and Geneticin®G-418 sulphate selection

as discussed above. Total cell death was seen in the untransfected control cells,

while 'islands' of cells formed (clones) in several plates for each transfected

plasmid. This period of formation ranged in time from a few days to several

weeks, in the case of some antisense cell lines. Individual clones, with only one

clone per plate being selected, were isolated and expanded for both plasmids as

detailed in table 9.
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This process was repeated at a later date with the transfection of B2asp and

pcDNA3.1 (-) plasmids, as done in the previous case. In this case, however, the

plasmid pcDNA3.1(-) containing the CAT gene as an insert (pcDNA-CAT)

(fig. 18), was also transfected as a control against non-specific effects of

expression in cells (see section 6.1.1.4). Again individual clones, with only one

clone per plate being selected, were isolated and expanded for the 3 plasmids as

detailed in table 9.

Transfected First transfection Second transfection

plasmid experiment experiment
pcDNA3.1 (-) 3 7

B2asp 5 6

pcDNA-CAT 12

Table 9: Outline of results from transfections of MDA-MB231. Values refer to the

number of clones selected and expanded from each transfection, and for each plasmid.

6.2.2.2 MDA-MB157 -

Following initial investigations of the transfected cell lines based on

MDA-MB231, it was decided to extend the study to another cell line.

As such, stable transfection of the cell line MDA-MB157 with plasmids B2asp,

pcDNA3.1(-) and pcDNA-CAT was successfully carried out, as in the case of

MDA-MB231. Total cell death was seen in the untransfected control cells and

clones isolated and cultured for all plasmids, as detailed in table 10.

Transfected plasmid Transfection

pcDNA3.1 (-) 3

B2asp 3

pcDNA-CAT 5

Table 10: Outline of results from transfections of MDA-MB157. Values refer to the

number of clones selected and expanded from each transfection, and for each plasmid.
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6.2.3 Discussion

Of note in this section is the need to select only one colony per plate. Clearly

there is a possibility that cells may be shed and re-adhere, forming a new

apparently distinct colony. Use of both the original and satellite colony could,

therefore, potentially give misleading corroborative results.
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6.3 Validity of cell lines.

6.3.1 Background

The primary concern in the case of all the 'putatively' transfected cell lines, was

to establish the presence of the correct vector. Further to this it was necessary to

determine whether those transfected with the B2asp vector, were successfully

expressing the antisense mRNA.

6.3.2 Protocol: Presence and expression of plasmid

6.3.2.1 Presence ofplasmid -

The presence of the antisense DNA was shown initially using primers designed

to amplify from inside the inserted region, across the insert/pcDNA3.1(-) border

to an area outside the multiple cloning site (primers B2ins-f and B2ins-r)(/ig.l9).

The rationale behind this was that only a plasmid containing the proper B2asp

insert would act as a suitable template.
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Xmins^ ^^liVlCS-tx^ \^2ins-jp/
BRCA2 antisense insert IY1CS

651 TAGCGGTTTG ACTCACGGGG ATTTCCAAGT CTCCACCCCA TTGACGTCAA TGGGAGTTTG TTTTGGCACC

721 AAAATCAACG GGACTTTCCA AAATGTCGTA ACAACTCCGC CCCATTGACG CAAATGGGCG GTAGGCGTGT

791 ACGGTGGGAG GTCTATATAA GCAGAGCTCT CTGGCTAACT AGAGAACCCA CTGCTTACTG GCTTATCGAA

861 ATTAATACGA CTCACTATAG GGAGACCCAA GCTGGCTAGC GTTTAAACGG GCCCTCTAGA CTCGACGCGT

931 TTGCTTCATG GAAAATTTTT TTCCTAGTCT TGCTAGTTCT TACTTTTTGT AGATTTTTTG TTCTACATTT

1001 AGAAAAACAT AATGAAAAAC TATCTTCTTC AGAGGTATCT ACAACTGTTT CATATACTTC ATCTTCTAGG

1071 ACATTTGGCA TTGACTTTCC AATGTGGTCT TTGCAGCTAT TTACTTTAAA TGAATTCCCT GATGTTTTTC

1141 CAAATCCATG ACTTGCAGCT TCTCTTTGAT TTGTGTTTTC ACTGTCTGTC ACAGAAGCGA TAAATCTATC

1211 ATTTTTCTTC AGACTTTCAT CATGATTGGA AAAATAGCTT TTCACATTAG CAGTAGTATC ATGAGGAAAT

1281 ACAGTTTCAG ATGCTTCTTC ATTTCTGACT ATGAGCACAG TAGAACTAAG GGTGGGTGGT GTAGCTAAAG
1351 AACTTGACCA AGACATATCA GGATCCACCT CAGCTCCTAG ACTTTCAGAA ATATGTTTTG GTGTCTGACG

1421 ACCCTTCACA AACTTTGGTG TATGAAACAA ACTCCCACAT ACCACTGACT TATCTCTTTG TGGTGTTACA
1491 TGTGTACATT GTAGAACAAC AGGACTTTCA CTAAGACAAG AATTTAGAAG TGGACAGGAA ACATCATCTG

1561 CTTGATCCAT TTTAGTTTTC ACTGTGCGAA GACTTTTATG TCTACTATTG GGAACATTCC TTCCTAAGTC
1631 TAATTTGAAT TTATCTAATT CTTTTACAGG AGATTGGTAC AGCGGCAGAG TCAGCCCTTG CTCTTTGAAT
1701 ATTATTGGAG TTGAAGCCAG CTGATTATAA GATGGTTTCC TTTGTGGAGT TTTAAATAGG TTTGGTTCGT
1771 AATTGTTGTT TTTATGTTCA GATTCTTCTG CAGGTTCAGA ATTATAGGGT GGAGCTTCTG AAGAAAGTTC

1841 TTCAAACCAA TTAAGACTTA TTGGTCCTAA ATCTGCTTTG TTGCAGCGTG TCTTAAAAAT TTCAAAAAAT

1911 GTTGGCCTCT CTTTGGATCC AATAGGCATT TTTACCTACG ATATTCCTCC AATGCTTGGT AAATAAGTCC

1981 GCTCCAGAGG TGCAGTTCTT TTTTGGCCGG AGTAAGCTTA AGTTTAAACC GCTGATCAGC CTCGACTGTG

2 051 CCTTCTAGTT GCCAGCCATC TGTTGTTTGC CCCTCCCCCG TGCCTTCCTT GACCCTGGAA GGTGCCACTC

2121 CCACTGTCCT TTCCTAATAA AATGAGGAAA TTGCATCGCA TTGTCTGAGT AGGTGTCATT CTATTCTGGG

2191 GGGTGGGGTG GGGCAGGACA GCAAGGGGGA GGATTGGGAA GACAATAGCA GGCATGCTGG GGATGCGGTG
2261 GGCTCTATGG CTTCTGAGGC GGAAAGAACC AGCTGGGGCT CTAGGGGGTA TCCCCACGCG CCCTGTAGCG

2301 GCGCATTAAG CGCGGCGGGT GTGGTGGTTA CGCGCAGCGT GACCGCTACA CTTGCCAGCG CCCTAGCGCC

2401 CGCTCCTTTC GCTTTCTTCC CTTCCTTTCT CGCCACGTTC GCCGGCTTTC

f/'g.19: Positions of the primers used to assay the presence of the appropriate plasmid in
transfected cell lines. Note that the diagram is specific for B2asp, however, with regard
to 3.1 MCS primers the insert is unimportant. Upper part shows position of primers with
respect to each other. Lower part shows primers with regard to position within
sequence. Blue text: BRCA2 insert sequence in antisense orientation; red text: multiple
cloning site; black text: additional parts of pcDNA3.1(-).

In the case of MDA-MB231 an insert was detected in four of the antisense cell

lines (231BR1, 231BR2, 231BR3, 231BR4) but not in the fifth (231BR5),

created during the first transfection experiment (fig.20). Those from the second

transfection experiment remain untested as they were not required for subsequent

work.

Similar testing of the MDA-MB157 transfected cell lines, showed the presence

of the B2asp in 2 of the 3 antisense cell lines (157BR1 and 157BR2) (fig. 20).
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fig.20: Gel shows results of PCR using primers B2ins-f and B2ins-r. Templates are
those cell lines shown by previous identical PCRs to contain the insert, empty lanes are
controls as detailed following. (1-4) 231BR1-231BR4; (5-6) 157BR1-157BR2; (7)
MDA-MB231; (8) MDA-MB157; (9) 231CAT1; (10) 157CON1; (11) plasmid B2asp.
Marker lane is 1 kb DNA ladder (Promega).

As these primers did not allow the detection of all three transfection plasmids,

however, a second set of primers were used, designed to amplify the multiple

cloning site of the plasmid (primers 3.1 MCS-f and 3.1 MCS-r) (fig. 19). The size

of the resulting PCR fragments should differ according to which insert was

present. On that basis all three of the pcDNA3.1 (-) transfected cell lines from

the first transfection experiment of MDA-MB231 contained the correct plasmid

and four of the pcDNA-CAT (MDA-MB231) transfected cell lines, again

contained the correct plasmid (fig.21).

In the case of MDA-MB157 one cell line was found to contain the correct

pcDNA3.1(-) plasmid and two cell lines contained the appropriate pcDNA-CAT

plasmid (fig.21).

Finally the results of the analysis of the B2asp transfected cell lines were

corroborated by this 'insert-size' assay (fig.21).
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f/'g.21: Gel shows results of PCR using primers 3.1MCS-f and 3.1MCS-r. Templates
are those cell lines shown by previous identical PCRs to contain the insert, empty lanes
are controls as detailed following. (A) plasmid pcDNA-CAT; (B) plasmid pcDNA3.1(-);
(C) plasmid B2asp; (1) MDA-MB231; (2)MDA-MB157; (3-5) 231CON1-231CON3; (6)
157CON1; (7-10) 231CAT1-231CAT4; (11-12) 157CAT1-157CAT2; (13-16) 231BR1-
231BR4; (17-18) 157BR1-157BR2. Marker lane is 1 kb DNA ladder (Promega).

Sothern blotting was carried out on some of these cell lines, using PCR

fragments, amplified using primers bordering the multiple cloning site (see

fig. 19), and a probe internal to the insert. All results corroborated previous

finding and an example is shown infig. 22.

fig.22: Sothern blot of PCR products (see text for detail) from cell lines 231BR1-231BR3
(right) and plasmid B2asp (left). Intervening space consisted of MDA-MB231 and
231CON1-231CON3. Probe was B2ins-f (see ft'g.19).

6.3.2.2 mRNA expression -

Subsequent analysis involved amplification by RT-PCR of the mRNA, expressed

by the transfected plasmids, using the B2ins and 3.1MCS primers as detailed

above (fig. 19). The template was total RNA from the cell lines assayed above

and the potential problem of DNA contamination was removed by DNase

treatment.
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Results seen were identical to those above, with transcription detected in

231BR1-231BR4 and 157BR1-157BR2 , using both the B2ins and 3.1MCS

primers. In the case of 23ICON 1-231CON3, 157CON1, 231 CAT 1-231CAT4

and 157CAT1-157CAT2, transcription of the appropriate mRNA was detected

using the 3.1MCS primers. It should be noted that those cell lines which gave

negative results for the presence of plasmid had been discontinued and, therefore,

where not included in this assay.

6.3.3 Discussion

The appropriate plasmids were shown to be both present and expressing the

appropriate mRNA. Experimental material thus consisted of 2 parental lines, 4

MDA-MB231 and 2 MDA-MB157 derived antisense lines, 3 MDA-MB231 and

1 MDA-MB157 derived pcDNA 3.1 (-) transfected lines and finally 4

MDA-MB231 and 2 MDA-MB157 derived pcDNA-CAT transfected lines.

Finally, it should be noted that the nomenclature used here, for the ease of the

reader, is not that used during the project. Thus, transfected cell lines are given

simple consecutive numbers rather than the more complex clone designations

used during the project.
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6.4 Assessment of changes in native BRCA2 expression

6.4.1 Background

Clearly any BRCA2 variant model of this type can not be evaluated unless a

reduction in native BRCA2 mRNA or protein can be demonstrated.

Three methods were employed to determine whether a reduction in native

mRNA existed, relative to the control cell lines; Northern blotting, slot (or dot)

blotting and semi-quantitative RT-PCR.

6.4.1.1 Northern blotting -

This technique is widely used and widely understood, however, a brief outline

highlighting some key points is given here.

Specific sequences in RNA preparations can be detected by blotting and

hybridization analysis, using techniques very similar to those originally

developed for DNA. Fractionated RNA is transferred, from an agarose gel to a

membrane support (Northern blotting). The resulting blots are studied by

hybridization analysis with labelled DNA or RNA probes. Northern blotting

differs from Southern blotting largely in the initial gel fractionation step. As

most RNAs are single-stranded, in almost every case they are able to form

secondary structures by intramolecular base pairing and must, therefore, be

electrophoresed under denaturing conditions, to achieve adequate separation of

bands. This denaturation is achieved either by adding formaldehyde to the gel

and loading buffers or by treating the RNA with glyoxal and dimethyl sulphoxide

(DMSO), prior to loading.
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Fractionation in an agarose-formaldehyde gel is thought to be the quickest and

most reliable method for Northern analysis of specific sequences, in RNA

extracted from eukaryotic cells (Current Protocols in Molecular Biology 2000).

This was, therefore, the method employed for Northern blotting.

6.4.1.2 Semi-quantitative RT-PCR -

An inherent problem associated with Northern blots and slot blots is their lack of

sensitivity in detecting low copy number RNA species. RT-PCR was adapted,

from its basic role, for use in either a quantitative or semi-quantitative fashion, to

overcome this low sensitivity ofNorthern analysis. In addition, as the method

relies on amplification of only part of the target gene as a rule, RNA degradation

is better tolerated.

For such quantitative and semi-quantitative studies, controls need to be

introduced to overcome the intrinsic variations in RT and PCR efficiencies, from

sample to sample. These controls can be either competitive or non-competitive,

in nature. In competitive PCR, in addition to the template being studied, a

known RNA template is added. This template is added at defined concentrations

and is designed to hybridise to the same primers, as the primary template, but

produce a product which can be differentiated from the endogenous one by

restriction pattern or size (Gilliland et al., 1990). Generation of such constructs

is often very complex and normalization to the amount of a ubiquitously

expressed constitutive mRNA (non-competitive PCR), such as p-actin or

GAPDH is commonly used as an alternative (Zhao et al., 1995). As cellular
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RNA content varies, however, during the cell cycle and during different stages of

differentiation (Crissman et al., 1985), such standards can not always be relied

on.

In this study a non-competitive strategy was applied, despite the problems

outlined above. The problem of GAPDH variation, between samples, was

limited by the identical genetic background of the parental, pcDNA3.1(-),

pcDNA-CAT (henceforth often grouped as control cell lines) and B2asp

(henceforth normally referred to as the antisense cell lines) transfected cell lines.

In addition, as MDA-MB157 and MDA-MB231 are long established cell lines,

problems with variation in expression levels, associated with differentiation,

were also minimised. Lastly, as the RNA was extracted from a non-confluent

culture and not enriched for any part of the cell cycle, variation during the cell

cycle is also effectively removed as a factor.

It has been suggested that non-competitive PCR gives quantitative results, only

during the exponential phase of the reaction (Wang et al., 1989). If the PCR is

allowed to move into the plateau phase, it is thought that, at best, only a

semi-quantitative measurement may be possible. This, therefore, means that

efforts must be taken to identify the period of exponential growth for the

template and primers. In addition as the PCR products levels are too low during

the exponential growth period, for non-radioactive methods of visualization to be

applied, isotopic incorporation must be used.
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6.4.2 Protocol: Detection of changes in native BRCA2 levels

6.4.2.1 Northern analysis -

6.4.2.1.1 Production of probes:

In order to compare the level of BRCA2 native mRNA in the control and

antisense cell lines and hence determine the efficacy of the transfected antisense

DNA, Northern blotting was attempted. This necessarily included the design

and production of probes able to detect the BRCA2 gene transcript and, to

control for loading efficiency, the GAPDH gene transcript.

RT-PCR was applied to total RNA from the parental cell line MDA-MB231,

using primers which amplified BRCA2 cDNA from base 1293 to base 1973 (the

product of which is henceforth called CIO) and from base 2207 to base 2888 (the

product of which is henceforth called CI 1). These regions are necessarily

outside the antisense region of B2asp, as the probe is double stranded and would,

therefore, also detect the constitutively expressed antisense mRNA. In addition

primers were designed and used to amplify the first 435 base pairs of the human

GAPDH gene (the product of which is henceforth called CGAP).

The successfully amplified regions were then ligated into the plasmid

pGEM-T Easy (fig. 18), the plasmids being henceforth referred to as pCIO, pCl 1

and pCGAP, and subsequently cloned. Plasmid DNA extracted from individual

clones was restricted with EcoRI in the case of pCl 1 and pCGAP and run on an

agarose gel (fig. 23). The presence of the correct insert results in the loss of a

band of 18 base pairs and the creation of a band at 702 base pairs, in the case of

pCl 1, and 455 base pairs in the case of pCGAP. Restriction of the plasmid
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pC 10 was done using Ndel. In this case, the presence of the C10 insert results in

loss of a band at 3701 base pairs and the creation of bands at 215 base pairs and

3486 base pairs. Results from the agarose gel run, displayed the appropriate

restriction pattern.(fig. 24).

*1,000
"

750

fig.23: Gel shows results of restriction analysis. (A) pCGAP plasmids restricted with
EcoRI. (B and C) Identical restrictions of pC11 with ECoRI. Marker lane is 1 kb DNA
ladder (Promega).

M 3,000
^ 2,500
^2,000

fig.24: Gel shows results of restriction analysis of pC10. Lanes (A) and (C) display the
affirmative result, although bands at 215bp are faint and, to assist, are marked. Lane
(B) displays the negative result. Marker lane is 1 kb DNA ladder (Promega).

Plasmid DNA from clones apparently containing the plasmids pCIO, pCl 1 and

pCGAP were sequenced. In all three cases at least one of the sequenced clones

was shown to contain the correct insert.
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Finally the CIO, CI 1 and CGAP regions were excised from the plasmid by

restriction with NotI, whose two restriction sites flanked the inserts.

6.4.2.1.2 Northern blotting:

Despite the initial success in producing suitable probes for the Northern blotting,

adequate results proved elusive using this technique, despite various efforts, a

summary of which is given here.

RNA was successfully run and blotted, as evidenced by the clear presence of

undegraded 28S and 18S bands on the gel and its loss, following transfer to the

membrane (fig. 25). This was on occasion checked by staining with ethidium

bromide, although as this precludes further study, gels were normally visualised

briefly under short wave length U.V. light in the absence of ethidium bromide.

fig.25: tRNA 28S and 18S bands.

CIO, CI 1 and CGAP probes were labelled with 32P, by application of a random

oligonucleotide priming protocol, and subsequently used to probe the Northern
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blot. Detection was, however, poor and non-specific, a phenomenon also seen

when the alternative system of slot blotting was applied to the problem (fig. 26).

fig.26: Slot blot of pCGAP plasmid DNA, pcDNA 3.1-CAT plasmid DNA and pC10
plasmid DNA. Probe applied was the C10 probe, labelled using the random
oligonucleotide priming protocol. Left-hand slot blot contains 1.140(ig of plasmid DNA,
following samples are 1:2 serial dilutions.

An alternative approach was attempted, involving the production of a labelled

RNA probe, using SP6 RNA polymerase in vitro transcription., which was

antisense in sequence to the native mRNA. This type of probe had the added

benefit of not excluding probes within the region bound by the B2asp RNA, its

single stranded nature allowing it to be specific to the sense strand. The B2asp

plasmid was, however, unsuitable for production of an RNA probe by this

method, as it does not include an SP6 site. Additional cloning work was,

therefore, carried out involving the excision of the BRCA2 section and its

ligation into the plasmid pGEM-7zf which contained the required site. This

process was carried out successfully and tested by sequencing of the plasmid.

These new probes had a higher activity due to the increased incorporation

possible by this method, however, they were again found to be insufficient to
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produce adequate results on Northern blotting and, therefore, an alternative

strategy was required.

6.4.2.2 Semi-quantitative RT-PCR

Semi-quantitative RT-PCR was eventually applied to this problem, in an attempt

to increase the sensitivity of the assay, a valuable property of this technique.

Primers were designed to amplify a region spanning exons 10 and 11, of the

BRCA2 cDNA, a region just upstream of the 'antisense' region. The

exon-spanning nature of the primers, excludes the possibility of DNA

contaminants affecting the results of the assay, as any such product would be

significantly larger than the predicted product size. In addition, primers were

also designed to amplify a 435 base cDNA region, of the housekeeping gene

GAPDH (used as a non-competitive control in this assay (see section 6.4.1.2)).

These primers were again designed to span several exons, for the reasons

detailed above.

The two primers were combined and used to amplify MDA-MB231 total RNA,

under various conditions, in order to identify those which gave the required

products, with no additional bands, when run on an agarose gel (fig.27). This

was particularly necessary, as any additional non-specific bands may effect

results It should be noted at this point that no amplification of genomic DNA

appeared to occur during these initial studies, suggesting that DNA

contamination is minimal or non-existent. Certainly, it is the case that total
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RNA was extracted using a protocol which includes a DNase treatment and,

therefore, DNA contamination was not expected.

M 750

M 500

M 250

fig.27: RTPCR products of (1 and 2) BRCA2 primers and (3 and 4) GAPDH primers.
Primers were run in seperate reactions in this case. Marker lane is 1 kb DNA ladder
(Promega).

Subsequently a range of RT-PCRs, for each of the cell lines, were carried out

using the system above, with cycle numbers ranging from 28 to 40, in order to

ensure that data were only taken during the period, wherein the PCR reaction is

in its exponential phase of growth. It should also be noted that as product levels

would be too low to observe by other methods, at the lower PCR cycle numbers,

dCTP in the reaction was labelled with 32P. Products were analysed on an

acrylamide gel and developed using phosphoimager technology. This use of a

phosphoimager had the additional advantage of allowing a more direct

measurement of radiation emission from each of the bands.

It was determined that the PCR reactions, for both BRCA2 and GAPDH, were in

their exponential phase between cycles 32 and 36, although this period may be

extended on either side. Initial assessment was by observation and then
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confirmed by calculation of R-values for the data (for more detail read on the

Pearson product moment correlation coefficient), for an example of such an

analysis see fig. 28.

This same process was then repeated for all cell lines, the cycle numbers assessed

extending on both sides of the period defined above, to ensure that exponential

growth was occurring in all cases and that individual 'PCR cycle number' results

conformed with those adjacent to it.

Cycle number

Cell line / Primer R-valuc
MDA-MB15 7/GAPDHprimers 0.999
157BR1/GAPDH primers 0.919
MDA-MB157/BRCA2 primers 0.966
157BR1/BRCA2 primers 0.977

fig.28: Densitometric levels for, ( )MDA-MB157/GAPDH primers; ( )157CAT1/GAPDH
primers; ( )MDA-MB157/BRCA2 primers; ( )*57CAT1/BRCA2 primers, as a function
of PCR cycle number. (Insert) Re-plotting of data for cycles 32 to 36 with trend lines
applied using the least squares fit method. Axis labels and key are the same as larger
graph, although the plot is semi-logarithmic. (Table) R-values for above data.
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While this extended study proved useful; for direct comparison of native BRCA2

levels in each of the cell lines it was simpler to assess the levels at one specific

point in each data set.

GAPDH levels were noted to be relatively stable. To remove any effects as a

result of loading efficiency, initial template concentration etc, BRCA2 levels

were, however, determined for a given GAPDH value (Table 11). It should be

noted that as it is unlikely that GAPDH values would achieve identical values at

any specific time point, that this data is based on the equations of trend lines

applied to the data for cycles 32 to 36, using the least squares fit method, and all

were seen to have high R-values.

Cell line Native BRCA2 levels
relative to parental line

MDA-MB231 1
231 CAT1 1.12
231 CAT2 0.987
231 CAT3 1.5
231 CAT4 0.99
231 CON1 1.12
231 CON2 0.989
231 CON3 0.8
231 BR1 0.598
231 BR2 0.64
231 BR3 0.651
231 BR4 0.667

Cell line Native BRCA2 levels
relative to parental line

MDA-MB157 1
157CAT1 0.897
157 CAT2 0.93
157CON1 1.12
157 BR1 0.768
157 BR2 0.674

Table 11: Levels of native BRCA2

mRNA, relative to the respective
parental cell line, as measured by
densitometry of RT-PCR bands using
phosphoimager technology. Note that
levels are those at which a level of 3000

units was achieved for the GAPDH

control RT-PCR product.

An evident reduction in native BRCA2 levels can be seen to have occurred in the

antisense cell lines of both MDA-MB157 and MDA-MB231. These reductions

range from a 23.2% (157BR1) to 40.2% reduction (231BR1), relative to the

parental cell line. In the case of the control cell lines (excluding the parental
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line) the maximum reduction seen is one of 20% (231CON3) and in the case of

231CAT3 an increase of 50% is seen in native levels. These values are,

however, extremes and most of the control cell lines show levels similar to those

of the parental lines.

6.4.3 Discussion

This was perhaps the most problematical part of the studies detailed herein,

however, it is also a clear illustration of the reasons behind the introduction of

quantitative and semi-quantitative RT-PCR.

The primary problem associated with the Northern analysis, was one of getting a

suitably specific probe, with a sufficiently high activity, to produce meaningful

results. In the case of the RT-PCR analysis, despite its inherent problems

discussed above (see section 6.4.1.2), amplification of the RNA, combined with

the fact that no probe was required and the high 32P incorporation possible,

produced clear results.

The clear reduction in native BRCA2 levels in the antisense cell lines, with

respect to the control cell lines, indicates that the antisense strategy was effective.

It should be noted, however, that while reduction was seen to occur, that the level

of reduction is relatively low. Three possible explanations, to explain this

situation, are readily evident. The most obvious, that this is the maximum

amount of reduction possible given the expression rate of the plasmid etc, is

feasible. The CMV promoter is, however, a strong promoter and as the
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transfection protocol will normally allow a significant amount of plasmid

incorporation to occur, this should not be a major rate limiting factor.

A far more interesting suggestion involves some cells experiencing a greater

reduction in BRCA2 levels, bringing the cell below a critical level and resulting

in lethality. This is, however, based on an unknown critical level which may be

significantly lower than those levels achieved.

The final suggestion is based on a sub-lethal change in the growth rate of the

antisense cell lines, which were observed to grow at a far slower rate (detailed

later in section 6.5), suggesting a situation wherein those cells showing lower

BRCA2 expression grew too slowly and were, therefore, never picked and

expanded.

6.4.3.1 Overestimation ofeffective mRNA

It should also be noted that as the RT-PCR protocol is based on detecting only a

fraction of the total BRCA2 mRNA, that the observed levels may underestimate

the actual reduction in intact translatable mRNA. In particular, it is feasible to

suggest that BRCA2 mRNA is degraded/altered primarily within the site,

corresponding to the antisense BRCA2 RNA. mRNA altered in this region

would not be detected by this protocol, but may result in an untranslatable

BRCA2 message.
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6.5 Growth rate

6.5.1 Background

Changes in growth rate associated with loss of genes involved in cancer have

been reported on many occasions (Wosikowski et al., 2000; Komatsu et al.,

2000). It was, therefore, a logical area of analysis in the newly derived cell

lines, particularly as at the time of carrying out this assay it was thought that

BRCA2 functioned as a tumour suppressor, therefore, a reduction in BRCA2

levels might lead to an increased growth rate. In addition, Thompson et al.

(1995) had previously reported an increased growth rate as a result of a reduction

in BRCA1 levels by application of antisense. The catalyst for this analysis was,

however, the observations made by myself during routine cell expansion and

maintenance, that the antisense cell lines appeared to grow at a decreased rate,

compared to the control cell lines, an observation at odds with the current

wisdom.

The MTT assay (Mosmann, 1983) has been used in many studies to measure

growth rate of cells. In brief, the technique is a colorimetric assay that measures

the reduction of 3-(4,5-dimethylthiazol-2-yl)-2,5,-diphenyl tetrazolium bromide

(MTT) by mitochondrial succinate dehydrogenase. The MTT enters the cells

and passes into the mitochondria where it is reduced to an insoluble, coloured,

formazan product. The cells are then solubilised with an organic solvent, such

as isopropanol, and the released, solubilised formazan reagent is measured

spectrophotometrically. An additional advantage of this system lies in the fact

that, reduction of MTT can only occur in metabolically active cells and will,

therefore, discount non-viable cells from the assay.
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6.5.2 Protocol: Measurement of in vitro growth rate

Growth rate analysis.

Analysis of the growth rates of the control and antisense cell lines were assayed,

using the MTT assay, to determine if any differences existed in this aspect of the

phenotype.

The growth curves for the MDA-MB231 (fig.29-31) and MDA-MB157

(fig.32-34) derived cell lines showed a steady rise, with no apparent saturation

point being reached over the time of the assay, for any of the three initial cell

densities (icd) (lxlO4, 5xl04, lxlO5 cells/well (c/w)) studied.

At the completion of the assay a range of final viable cell densities were

observed, although, two distinct groupings could be seen in both the

MDA-MB157 derived cell lines (157der) and MDA-MB231 derived cell lines

(23 lder), for all icd. In all cases the antisense cell lines were seen to have

grown to a lower cell density, in comparison to the control cell lines, over the

same period.
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fig.29: (Upper graph) Graphic representation of results of MTT assay against time for
the cell lines MDA-MB231, 231CON1-231CON3, 231CAT1-231CAT2, 231BR1-231BR4.
Initial cell concentrations are 1x104 cells/plate.

Key: MDA-MB231( );®31CON1( );£31CON2( ); 231CON3( );§31CAT1( );g31CAT2( );B
231 BR1( );®31BR2( );i31BR3( ); 231BR4( ).
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fig.30: (Upper graph) Graphic representation of results of MTT as say against time for
the cell lines MDA-MB231, 231CON1-231CON3, 231CAT1-231CAT2, 231BR1-231BR4.
Initial cell concentrations are 5x104 cells/plate.

Key: MDA-MB231( );*31CON1( );fl31CON2( );231CON3( );i31CAT1( );#31CAT2( );a
231BR1( );*31BR2( );g31BR3( );231BR4( ).
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fig.31: (Upper graph) Graphic representation of results of MTT assay against time for
the cell lines MDA-MB231, 231CON1-231CON3, 231CAT1-231CAT2, 231BR1-231BR4.
Initial cell concentrations are 1x105 cells/plate.

Key: MDA-MB231(b); 231CON1(b); 231CON2( ); 231CON3(H); 231CAT1(B); 231CAT2 (g);
231BR1(b); 231BR2(b); 231BR3( ); 231 BR4( ).

fig.Z2: (Upper graph) Graphic representation of results of MTT assay against time for
the cell lines MDA-MB157, 157CON1, 157CAT1-157CAT2, 157BR1-157BR2. Initial cell
concentrations are 1x104 cells/plate.
Key: MDA-MB157(«); 157CON1(b); 157CAT1( ); 157CAT2(«); 157BR1(b); 157BR2 (B).
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fig.33: (Upper graph) Graphic representation of results of MTT assay against time for
the cell lines MDA-MB157, 157CON1, 157CAT1-157CAT2, 157BR1-157BR2. Initial cell
concentrations are 5x104 cells/plate.

Key: MDA-MB157("); 157CON1("); 157CAT1( ); 157CAT2(% 157BR1(% 157BR2 (■).
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fig.34: (Upper graph) Graphic representation of results of MTT assay against time for
the cell lines MDA-MB157, 157CON1, 157CAT1-157CAT2, 157BR1-157BR2. Initial cell
concentrations are 1x105 cells/plate.
Key: MDA-MB157(«); 157CON1(«); 157CAT1( ); 157CAT2(B); 157BR1(«); 157BR2 (■).
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6.5.3 Discussion

A clear distinction appears to exist between the growth rates of the antisense cell

lines and those of the respective control cell lines, when comparing the growth

curves for each.

6.5.3.1 Feeding regime effects -

It is noticeable in all of these growth assays that the lines undulate to some

extent, it is strongly possible that this is due simply to the feeding protocol

(alternate days). This would lead to higher levels of essential components at

some time intervals and hence higher possible activity in the mitochondria,

leading to a slightly higher level of formazan production. Certainly this

undulation effect is more pronounced at higher cell densities, where use of the

available serum is quicker. A similar, and much more evident effect, is seen at

low serum concentrations as discussed later (see section 6.6).

6.5.3.2 Interpretation -

Several factors are liable to be involved in this growth assay and it is important

to consider these factors when interpreting the results.

6.5.3.2.1 Plating efficiency:

One potential reason for the observed reduction in the growth rates of the

antisense cell lines, as compared to the corresponding control cell lines, may be a

lower plating efficiency. This may result from an increased sensitivity to

trypsin, leading to a higher level of cell death during the seeding process, or a

lesser ability to properly re-establish on seeding etc. In both these cases it is
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possible to suggest that a lower level of DNA damage repair, in the antisense

lines, could be responsible.

6.5.3.2.2 DNA damage and cell cycle control:

The role of DNA damage repair rates in this assay must be considered,

particularly as this appears to be one of the major roles of the BRCA2 gene.

Clearly if DNA damage repair was impaired by reduction of the BRCA2 protein

then the antisense cell lines would take longer to move through the cell cycle,

thus reducing the growth rate. Alternatively, this loss of damage repair may

result in many of the cells moving in to senescence and hence growth rate would

be reliant on a smaller number of cells, in the case of the antisense cell lines.

Finally while it bears no relevance to the conclusions above, it is worthy of note

that the initial reasoning behind this growth assay was partly based on the

concept of BRCA2 as a tumour suppressor gene. For this reason the results

from the 231der assay were in stark contrast to those expected.

6.5.3.2.3 Apoptosis or growth rate:

The relative effects of apoptosis and growth rate on the results of this growth

assay must also be considered. Clearly it is feasible to assume that a situation

may exist, where division rate is identical, but increased apoptosis/senescence

would reduce the overall growth rate. The relative effects of these two factors

can not be easily identified, however, the lack of any apparent apoptotic cells or

cell detritus in the medium suggested that apoptosis was not a major factor.
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6.5.3.2.4 Range of results:

Finally, it interesting to notice that while a distinction appears to exist between

the growth rates of the antisense and control cell lines, the range of results is

wide. This may highlight an aspect of the antisense transfection protocol,

namely the variation in the amount of antisense being expressed between the cell

lines.
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6.6 Serum dependent growth rate.

6.6.1 Background

As in the case of the growth rate assay above, a great deal of precedent exists for

assaying the effects of low serum concentration on growth rate (Takahashi et al.,

2000), when studying tumour suppressor genes (as BRCA2 was at first thought

to be). The cell lines assayed above for growth were also,therefore, assayed for

their growth rate, using the MTT assay, in reduced serum medium. Several

different serum concentrations were assessed (4%, 2%, 1%, 0.5%, 0.25%),

although only the 0.5% serum containing medium will be detailed here. The

reasoning behind this choice of 0.5% as an example of effects of serum on the

phenotype is that this is the lowest serum concentration at which the effects are

not too severe, but at which the effects on the phenotype are evident. It should

also be noted that this assay was carried out only at an icd of lxlO4 c/w, as this

was considered an optimum cell density for this assay.

6.6.2 Protocol: Measurement of serum dependent growth rate

Results from this assay were not dissimilar to the results observed for the

standard growth assay, as detailed above (see section 6.5). A fundamental, and

intuitive, observation was the lowering of the growth rate across all cell lines,

however, the pattern of antisense lines grouped lower than the control cell lines

still held (fig.36-37).

The reduction in growth rate was quantitatively shown by plotting the gradients

of trend lines applied to the data by the least squares method (fig. 36-37), as
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above (see section6.5). These results also confirmed the grouping pattern seen

in the data.

R-values were calculated (fig.36-37), as in the case of the standard growth assay,

which showed high levels for all control cell lines, however, low values were

seen in the case of the antisense cell lines, particularly in the 23 lder cell lines

and most obviously in the case of 231BR2.

168



10

Parental and
control cell
lines

BRCA2
antisense
cell lines

1.2—1

fig.36: (Upper graph) Graphic representation of results of MTT assay against time for
the cell lines MDA-MB231, 231CON1-231CON3, 231CAT1-231CAT2, 231BR1-231BR4
at a serum concentration of 0.5%. Initial cell concentrations are 1x104 cells/plate. For
key to colours see lower graph. (Lower graph) Graphic representation of gradients for
trend lines calculated for the MTT assay results above, using the least squares fit
method. Figures within bars are R values for trend lines (for more detail read on the
Pearson product moment correlation coefficient).
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fig.37: (Upper graph) Graphic representation of results of MTT assay against time for
the cell lines MDA-MB157, 157CON1, 157CAT1-157CAT2, 157BR1-157BR2 at a serum

concentration of 0.5%. Initial cell concentrations are 1x10^ cells/plate. For key to
colours see lower graph. (Lower graph) Graphic representation of gradients for trend
lines calculated for the MTT assay results above, using the least squares fit method.
Figures within bars are R values for trend lines (for more detail read on the Pearson
product moment correlation coefficient).
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6.6.3 Discussion

The results of the low serum growth assay above, closely mirror the results seen

in the normal growth assay (see section6.5), as expected. Several points about

the results are, however, of note. The data can be seen to undulate strongly,

particularly in the case of the antisense cell lines. This is not surprising as the

effects of the feeding regime on the MTT assay results, already discussed above

(see section 6.5.3.1) are obviously far more manifest in a low serum

environment. Finally it is of note that the 157der antisense cell lines have a

higher growth rate, than there 231 der counterparts. It is unknown, however,

whether this is as a result of the lower reduction in BRCA2 in the 157der (see

section 6.4.2.2) or as a result of their different genetic backgrounds.

6.6.3.1 Variation in growth rate -

This discussion is, however, secondary to the more critical point in this assay of

whether the reduction in serum concentration has effected the antisense cell lines

to a greater extent than the respective control cell lines. It should be noted at

this point that this assay was carried out in parallel with the normal growth

assays above and as such the assay at an icd of lxlO4 c/w {fig.29), is considered

with the 10% serum level for comparison.

A comparison of the relative reduction in gradient between 10% and 0.5% serum,

for each cell lines (fig. 38), showed a significantly larger decrease in the gradients

of the antisense cell lines compared to the respective control cell lines.
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Unfortunately as a result of the low R-values seen in the antisense cell lines, at

the 0.5% serum concentration level, this comparison can not be wholly relied on

and must instead only be considered corroborative. Instead the overall effect of

reduction in serum concentration, may be better determined, by looking at the

relative effect of serum concentration, on the percentage increase in cell numbers

during the experiment (fig. 39).

In this case results have been calculated for the full growth assay and by

excluding either 1 or 2 time points at the end of both the 10% and 5% growth

assays (the same in both cases). The reasoning behind this is the variation in the

result as a result of fluctuations in the initial data. This is particularly evident in

the case of 231BR1, which shows an apparently aberrant low result as compared

to the surrounding time points, and 231BR3 which shows a grossly over elevated

result in one case (note that this highlighted time point exceeds the height of the

graph, see figure legend for detail). Again, however, it can be seen that the

antisense cell lines show a greater sensitivity to the reduction in serum

concentration, than their respective control cell lines, in most of the cases.
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fig.38: (Upper)Graphic representation of the percentage relative reduction in the
gradient seen for each MDA-MB231 derived cell line at 10% and at 0.5% serum
concentration. (Middle) Equation for calculating upper and lower graph. (Lower)
Graphic representation of the percentage relative reduction in the gradient seen for each
MDA-MB157 derived cell line at 10% and at 0.5% serum concentration.

% relative reduction
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in gradient Gradient of trend line at 10% serum

(GTL: Gradient of trend line)
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fig.39: (Upper and lower) Graphic representations of the percentage change, of the
percentage increase in cell line density, during the course of the assay at 10% and 0.5%
serum concentration growth curves, for MDA-MB231 and MDA-MB157 derived cell lines.

(—) Full period included; ( ) last time point excluded; ( ) last two time points
excluded. Note that highlighted data exceeds height of graph. (Middle) Equation used
to calculate the upper and lower graph.
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6.7 Effect of antisense oligonucleotides on growth rate

6.7.1 Background

While the production and study of a stabily transfected BRCA2 antisense

expression system and its subsequent study is the main purpose of this study; it

was felt that a brief attempt to look at the growth patterns of the cell lines

MDA-MB231 and MDA-MB157, exposed to BRCA2 antisense oligonucleotides

(see section 6.1.1.2 for details on oligos), may prove useful in corroborating the

phenotypes observed in the main system.

The oligo used in this study incorporated a phosphorothioate backbone and was

designed to be complementary to the first 25 bases of BRCA2 mRNA, starting at

the AUG initiation codon. In addition, another phosphorothioate oligo was

included in this study, in which all bases were degenerate, to act as a control,

particularly with respect to the toxic effects of oligos (Table 12) (see section

6.1.1.2.2).

BRCA2 antisense CCCTCTCTTTGGATCCAATAGGCAT

Control oligo NNNNNNNNNNNNNNNNNNNNNNNNT

Table 12: Sequence of BRCA2 antisense and control phosphorothioate oligos.

6.7.2 Protocol: Antisense oligonucleotide effected growth rate

6.7.2.1 Parental cell lines -

Initially only the parental cell lines MDA-MB231 and MDA-MB157 were

exposed to the antisense and control oligo to establish the optimum icd and oligo

concentration.

175



icd's of lxlO4, 5xl04, lxlO5 c/w were used, as in the case of the above growth

and serum assays and oligo concentrations of 2,4 and 8pM were applied (based

on values used for other oligo studies). The period of the assay was shorter (5

days) than the growth curves above, as the effect was evident in this period and

as oligos bear a considerable cost burden, cost could be legitimately included in

the experimental design.

The results (Jig. 40) show a clear grouping into 4 respective groups. Interestingly

and happily, the control oligo grouped well with the cells exposed to no oligo,

suggesting that the non-specific toxic effect is low. A slight reduction in growth

rate could be seen, in the case of cells exposed to 2pM concentrations of the

antisense oligo. The effect was, however, far more evident at both the 4 and

8|uM antisense concentrations. The cells exposed to the 8pM antisense

concentration, actually show a slight reduction in cell density during the period

of the assay.

Data for the icd's of 5x104 and lxl05c/w are not shown here, as the results

showed little reduction in the growth rate.

6.7.2.2 All cell lines -

Subsequent to the above initial study, a second growth assay was carried out

(/ig.41-42), incorporating the three plasmid transfected cell line types. The

reasoning behind this second assay, was to determine the combined effects of the

plasmids and the more artificial method of phosphorothioate oligos.
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This second assay used an icd of 3xl04c/w, to bring initial MTT assay values

higher, and with an oligo concentration of 4nM, as this proved to be effectual,

but less extreme than the 8nM concentration.

The cell lines looked at in this experiment were limited, due to the cost inherent

in the use of phosphorothioate oligos. This was considered acceptable, as the

main purpose of this assay was simply corroborative and as such the phenotype

of each cell line did not have defined, in the context of this assay.

0.2

fig.40: (Upper) Graphical representation of results of MTT assay against time for the cell
lines MDA-MB231 and MDA-MB157, in serum containing 0, 2, 4 or 8nm of antisense
oligo or control oligo. Initial cell concentrations are 1x104 c/w.
Key: MDA-MB231(^; MDA-MB157(tf; MDA-MB231/2nM antisense oligo( ); MDA-
MB157/2nM antisense oligo(^; MDA-MB231/4nM antisense oligo(B); MDA-MB157/4nM
antisense oligo(^; MDA-MB231/8nM antisense oligo(^); MDA-MB157/8nM antisense oligo
(0; MDA-MB231/2nM control oligo( ); MDA-MB157/2nM control oligo( ); MDA-
MB231/4nM control oligo( ); MDA-MB157/4nM control oligo( ) ; MDA-MB231/8nM control
oligo( ); MDA-MB157/8nM control oligo( ).

3

Days
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3

Days

fig.41: {Upper) Graphical representation of results of MTT assay against time for the cell
lines MDA-MB231, 231CON1, 231CON2, 231CAT1, 231CAT2, 231BR1 and 231BR2.
Serum contained either no oligo or a 4nM concentration of antisense oligo or control
oligo. Initial cell concentrations are 3x104 c/w.
Key: Treated with no oligo. MDA-MB231(B); 231CON1(B); 231CON2( ); 231CAT1(B);
231CAT2(b); 231BR1(«); 231BR2(b); Treated with control oligo: MDA-MB231(a);
231CON1(ss); 231CON2( );231CAT1( ); 231CAT2( ); 231BR%); 231BR2( ); Treated
with antisense oligo: MDA-MB231( );231CON1( ); 231CON2(a); 231CAT1<b); 231CAT2
(«);231BR1( ); 231 BR2( ).

Days

fig.42: {Upper) Graphical representation of results of MTT assay against time for the cell
lines MDA-MB157, 157CON1, 157CAT1, 157CAT2, 157BR1 and 157BR2. Serum
contained either no oligo or a 4nM concentration of antisense oligo or control oligo.
Initial cell concentrations are 3x104 c/w.
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Key: Treated with no oligo: MDA-MB231p ); 231CON1p ); 231CAT1( ); 231CAT2f« );
231BR1P ); 231BR2P ); Treated with control oligo: MDA-MB231p ); 231CON1( );
231CAT1( ); 231CAT2( ); 231 BR1( );231BR2( ); Treated with antisense oligo: MDA-
MB231P); 231CON1( );231CAT1( ); 231CAT2( );231BR1p );231BR2fs ).

Again as in above assays the 231der and 157der, act as corroboration of each

other, with the results basically mirrored in each. It was seen that the plotted

data can be separated into 4 individual groupings. The top two groupings

include both those exposed to no oligo and those exposed to the control oligo.

The pattern expected from previous assays, for the oligo free cell lines, is again

seen and is duplicated by those exposed to the control oligo. The lower two

groupings consist of those exposed to the antisense oligo, one containing only

control cell lines and a lower one consisting of the antisense cell lines.

6.7.3 Discussion

The results of this growth assay were encouraging, as they demonstrated the

same growth patterns existing, on application of the antisense oligo, as that seen

in the main study. This does, however, obviate the need for any lengthy

discussion on the results observed.

The non-specific toxicity of the oligos is worthy of some note. While many

have reported that this can be a major factor in using oligos (Matsukura et al.,

1995; Spiller et al., 1992), in this instance toxicity was very low. Certainly this

agrees with the observations of Crooke et al. (2000), who suggested that

non-specific toxicity was negligent at levels below 100pM.

Finally, it is interesting to note that subsequent to this assay being carried out, an

almost identical oligo (Table 13) was reported by Abbott et al. (1998). In this
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case no growth rate assay was carried out, however, a definite reduction in native

BRCA2 levels was shown.

BRCA2 antisense oligo CCCTCTCTTTGGATCCAATAGGCAT

BRCA2 antisense oligo
(Holt et al.)

TTGGATCCAATAGGCAT

Table 13: The oligo sequences used in this study and that of Abbott et al. (1998).
Sequences are written 5' to 3' and are aligned.
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6.8 In vivo growth rate

6.8.1 Background

While in vitro analysis is both highly productive and the results informative, the

findings seem counter-intuitive if BRCA2 is considered simply as a tumour

suppressor, restricting cell growth. Further information is, therefore, required on

the tumourogenicity of antisense transfected cell lines, as measured in a

xenograft system.

Xenografting cell lines into host animals by subcutaneous injection has been

used on many occasions and its usefulness amply demonstrated (Abbott et al.,

1998).

6.8.1.1 Choice ofhost animals

The choice of animal was limited, as xenograft rejection is a problem in most

animal hosts. In this case nude mice were used, as they are known to accept

these cell lines (data from ATCC). Alternatively, Scid mice might have been

employed (data from ATCC), however, nude mice were readily available for

study, through the collaboration of Dr. Riches, Dr. Peddie and Mrs. Briscoe.

6.8.2 Protocol: Measurement of xenograft growth rate

6.8.2.1 First in vivo growth assay

The in vivo growth characteristics of the antisense transfected cell lines,

compared to the respective control cell lines were tested. 3xl06 cells were

injected into each of 3 nude mice per cell line, for all of the 23 lder. This was by

necessity carried out by either Mrs. Tina Briscoe or Dr. Claire Pedee, as the
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expense involved in obtaining an animal licence for this procedure, was not felt

to be appropriate given the limited need.

Results from this first xenograft experiment were in some respects disappointing,

with tumour formation being seen in only 6 mice, over the 180 days of the

experiment (Table 14). In the case of the parental cell line, for which growth in

nude mice has been documented, only one of the three showed any signs of

tumour growth, reaching a diameter of 3mm. This tumour was, however, seen

to recede and disappear within 35 days of its appearance.

With the control cell lines, only one mouse was seen to develop tumours out of a

total of 9. The tumour, derived from the 231CON1 cell line, grew to 5mm

before being removed, although this took 141 days to develop.

Mixed results were seen in the case of the antisense cell lines, with tumour

formation seen in 4 of the 12 mice injected (note that one mouse was sacrificed

immediately after injection, due to injury). Tumour growth in the 231BR1

injected mice was of particular note, as growth was seen in all three. In addition

this growth was achieved after a shorter period, than those seen in mice injected

with the control cell lines. Rapid growth was again seen in one of the 231BR3

injected mice, although no growth was seen in the other mouse, the third mouse

being sacrificed too early for tumour growth to be seen. Tumour growth was

absent in 231BR2 and 231BR4 injected mice.
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Cell line
No. of mice

forming
tumours

Days i
reac

or tumo

l diamel
ur to

er: Comments
3 mm 4mm 5mm

MDA-MB231 1 124 Tumour fully resorbed within 35
days of appearance

231BR1 3 72,36,43 75,78 89 Failure to reach 5mm diameter in
other 2 mice results from sacrifice
of mice, prior to attaining larger
size.

231BR2 0
231BR3 1 50 68 96 One of the three mice sacrificed

shortly after injection of 231BR3
cells.

231BR4 0

231 CON 1 1 117 130 138
231CON2 0

231CON3 0

Table 14: Details of first in vivo growth assay.

6.8.2.2 Second in vivo growth assay

While the results seen in the above in vivo growth assay were of interest,

numbers were too small to allow firm conclusions to be drawn. A second

experiment was, therefore, carried out using 5 mice/per cell line and 5xl06

cells/mouse, in an attempt to produce significant numbers of tumours.

MDA-MB157 cell lines were not included in this experiment initially, while

assessment of the effectiveness of the increased cell numbers and mice was

ascertained. They were, however, later included and are detailed, for ease, as a

single experiment in the subsequent paragraphs.

Tumour formation, in this second experiment, was seen to be more universal.

Of more importance, however, was the distinct groupings which formed {figA3),

particularly in the nude mice injected with 231der.

Some problems were found in adequately describing the variation in tumour

formation and rates of formation in the mice. This included the absence of
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tumours in many of the control nude mice, over the experimental time frame and

as such no growth rate could be allotted to these mice. Tumour formation was,

however, seen in identically injected mice and, as such, a value must be applied

to achieve a suitable average value. To address this problem a value of 180days

was allocated to mice which did not form tumours over this period, as this is the

maximum time period for which it can be categorically stated that no tumour

formed, with the theoretical possibility of tumour formation after this period. In

actual fact many of these mice were assessed for longer than the 180 day period

and still formed no tumours. Deaths within the studied population were limited

and in such cases a value was allotted to these mice corresponding to the period

prior to their death. As such it should be noted that the results of this experiment

as graphically portrayed below, in some respects, are a gross underestimate of the

difference in growth rates.

A clear distinction was seen in the average times taken for tumours to form, in

both the MDA-MB231 and MDA-MB157 studies. In the case of the

MDA-MB231 study, the antisense cell lines show tumour formation in

significantly less time, than the control cell lines. This is less clear in the

MDA-MB157 study, where one of the antisense cell lines behaved like the

control cell lines, with respect to tumour formation and growth rate. In the other

antisense cell line, the distinction seen in the MDA-MB231 study, is again

evident.

The frequency of tumours is also worthy of note, with all MDA-MB231

antisense injected nude mice forming tumours. In the case of the MDA-MB157
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study this was duplicated in the 157AS1 cell line. This 100% tumour growth,

therefore, implies that significance can be applied to this event.

The growth pattern of these tumours, is also of note, with tumours being absent

or very small for an extended period of time, particularly in the case of the

control cell line, injected mice, which eventually formed tumours. Once tumour

growth was established, however, a rapid expansion of the tumour was seen even

in the control cell line injected mice, although again, the delay before rapid

growth was longer than for mice injected with antisense lines (data not shown).

The question of metastatic ability of the cell lines was considered in the mice,

which were all subjected to autopsy after sacrifice. Apart from one case of

possible metastasis to the liver, no other distant spread was observed in either

study. Some cases of movement in the subcutaneous plane were, however, seen

with secondary tumours forming, distinct from the initial tumour (/zg.44). It is

likely, however, that these merely reflect a secondary pool of cells, formed

during initial injection.
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fig.43: Graphs display the period of time required for tumour growth of (g ) 3mm, (g )
4mm and ( ) 5mm in nude mice for each cell line. Periods are based on an average
for 5 mice. Note that mice which formed no tumours have been included, see text for
detail.
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fig.45: Pictures of nude mice xenografted with
various antisense cell lines. (A) Standard tumour
growth seen in most of those mice which formed
tumours, tumour size is approximately 9mm in
diameter. (B) and (C) Tumours show elongation, a

bisecting line is evident in both cases and in the case

of (C) the two halves are almost distinct from each
other. (D) and (E) examples of the double tumour
formation seen in some of the mice.



6.8.3 Discussion

The results of this in vivo study are, in some respects, the most interesting of this

investigation into BRCA2. Whereas in both the main growth assay and the

antisense oligo assay, growth rates are reduced in the antisense cell lines, in this

case tumours form at a greater frequency and after a lesser period. This is,

however, better discussed in the context of the other experiments and, as such, is

covered more completely in the main discussion.
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6.9 Radiation survival assay.

6.9.1 Background

Clonogenic survival assays have a long established history with regard to

measurement of the radiosensitivity in cell lines (Fricker et al., 1996; West et al.,

1986). The assay is, however, labour intensive and is reliant on the ability of the

cell line to form colonies.

The MTT assay (Mosmann, 1983) (see section 6.5.1) has in recent years become

an alternative to this assay (Pauwels et al., 1996; Cross et al., 1987). Its

principal advantage being the fact that colony formation is not required. In

addition it is far less labour intensive and will only measure viable cells. A

comparison of the two assay types showed that the MTT assay compares

favourably with the detection rate of the clonogenic assay, although

discrepancies have been reported using higher doses of ionising radiation

(Slavotinek et al., 1994). In addition the MTT assay has been shown to produce

abberant results at high cell densities. Finally it has been reported that MTT

results begin to differ from those of the clonogenic survival assay after as little as

three days (Banasiak et al., 1999).

6.9.2 Protocol: Radiosensitivity as measured by cell vaibility

One of the most widely reported effects of BRCA2 loss appears to be an

increased sensitivity to double strand breaks. In order to test this hypothesis in

the 157der and 231der antisense cell lines, cells were exposed to either 0, 2, 4, 6
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or 8Gy's of ionising radiation, immediately before plating out in the growth

assay.

Several attempts were made to assay the effects of this exposure using the more

established technique of clonogenic survival. Unfortunately, despite various

changes made in the assay, suitably distinct colonies would not form in the

antisense cell line. This characteristic was displayed by both 157der and 23 lder

antisense lines (see section 6.10.1).

As the MTT assay does not require colony formation, it was used to determine

the radiosensitivity of these cell lines. In order to avoid the problems outlined

above, however, icd's of only lxlO4 and 5xl04c/w were used and radiation doses

of only 0, 2 and 4Gy were applied to the cells. In addition the length of the

experiment was limited to 5 days.

The results of this assay, as follows, are only those for the cells seeded at 1 x 104

c/w and exposed to either 0 or 4Gy. The remaining data are not shown here as

the results were not as clear cut.

At the most basic level the growth patterns displayed (fig.45-48) by this radiation

survival assay are in most cases those seen in the growth assay above (see section

6.5). The seperation seen between the antisense and control cell lines is,

however, much less as a result of the shorter duration involved and, in the case of

the 157der, given OGy no clear distinction can be seen. It should also be noted

that in the 23lder and 157der exposed to 4Gy error bars for the two groups
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merge, therefore, any distinctions are questionable. Comparison of the gradients

of the trend lines applied to the various growth curves do, however, show a clear

distinction between the antisense and control cell lines for all assays (/zg.45-48).

Finally, as expected, growth rates are reduced in those cells exposed to 4Gy in

comparison to the corresponding unexposed cells.
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figAS: (Upper graph) Graphic representation of results of MTT assay against time for
the cell lines MDA-MB231, 231CON1, 231CAT1-231CAT2, 231BR1-231BR2. Initial cell
concentrations are 1x104 cells/plate and cells were not exposed to ionising radiation.
For key to colours see lower graph. (Lower graph) Graphic representation of gradients
for trend lines calculated for the MTT assay results above, using the least squares fit
method. Figures within bars are R values for trend lines (for more detail read on the
Pearson product moment correlation coefficient).
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fig.46: (Upper graph) Graphic representation of results of MTT assay against time for
the cell lines MDA-MB231, 231CON1, 231CAT1-231CAT2, 231BR1-231BR2. Initial cell
concentrations are 1x104 cells/plate and cells were exposed to 4Gy ionising radiation.
For key to colours see lower graph. (Lower graph) Graphic representation of gradients
for trend lines calculated for the MTT assay results above, using the least squares fit
method. Figures within bars are R-values for trend lines (for more detail read on the
Pearson product moment correlation coefficient).

193



0

T

1

"i r

2 3

Days

-i 1

4 5

1.60-1

ffg.47: (Upper graph) Graphic representation of results of MTT assay against time for
the cell lines MDA-MB157, 157CON1, 157CAT1-231CAT2, 157BR1-231BR2. Initial cell
concentrations are 1x104 cells/plate and cells were not exposed to ionising radiation.
For key to colours see lower graph. (Lower graph) Graphic representation of gradients
for trend lines calculated for the MTT assay results above, using the least squares fit
method. Figures within bars are R values for trend lines (for more detail read on the
Pearson product moment correlation coefficient).
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fig.48: (Upper graph) Graphic representation of results of MTT assay against time for
the cell lines MDA-MB231, 231CON1, 231CAT1-231CAT2, 231BR1-231BR2. Initial cell
concentrations are 1x104 cells/plate and cells were exposed to 4Gy ionising radiation.
For key to colours see lower graph. (Lower graph) Graphic representation of gradients
for trend lines calculated for the MTT assay results above, using the least squares fit
method. Figures within bars are R values for trend lines (for more detail read on the
Pearson product moment correlation coefficient).
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% relative reduction
_ (GTL at 4Gy - GTL at OGy) x

in gradient Gradient of trend line at 4Gy

(GTL: Gradient of trend line)

18-,

f/g.49: Graphs depict the percentage reduction in gradient between respective cell lines
exposed to either no ionising radiation or 4Gy ionising radiation.
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6.9.3 Discussion

Clearly the principal factor in this assay was to determine whether a differential

existed between the antisense and control cell lines with regard to their

sensitivity to ionising radiation. Comparison of the percentage reduction in

gradient between OGy and 4Gy, for the antisense and control cell lines (fig.49),

i.e their radiation sensitivity, did not, however, show any clear differential

between the antisense and control cell lines.

Interestingly the cell lines showing the greatest sensitivity to ionising radiation,

231BR1 and 157BR2, also displayed the lowest levels of native BRCA2 (Table

11). It can be suggested, therefore, that BRCA2 reduction is a factor in radiation

sensitivity with regard to this antisense model. The fact, however, that

sensitivity in the other antisense cell lines is variable and shows no clear pattern

means that this must only be taken as a suggestion.

6.9.3.1 The role ofp53 mutations -

The cell lines MDA-MB157 and MDA-MB231 were chosen based on their p53

status. MDA-MB231 is mutated for the p53 gene at codon 280 (Bartek et al.,

1990) (a mutation normally associated with people from southern China and

Southeast Asia). The mutated p53 is known to accumulate in the nucleus, act in

a dominant negative fashion and have a half-life of several hours (Sun et al.,

1993; Bartek et al., 1990). In contrast MDA-MB157 is thought to carry the

unmutated p53 gene(Bartek et al., 1990). It was, however, subsequently

discovered that while no mutation had so far been detected, the levels of p53 in

MDA-MB157 are undetectably low(Bartek et al., 1990).
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p53, as has been previously detailed (see section 3.1), pauses the cell cycle while

damage is repaired and in more severe cases will induce apoptosis. The absence

of normal p53 will therefore result in unrestricted growth of the cells following

exposure. It is possible, therefore, to suggest that this may be the reason why

the radiosensitivity observed by other groups, may not have effected MDA-

MB157 or MDA-MB231. This is in part confirmed by the findings of

Hunakova et al. (2000), who found MDA-MB231 to be radiation resistant.
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6.io Phase contrast miscroscopv.

6.10.1 Protocol

Observations during normal cell maintenance of the MDA-MB231 transfected

cell lines quickly identified significant morphological differences between the

control cell lines and the antisense cell lines, in both 23lder and 157der. To

further study this the various control and antisense cell lines were cultured in

chamber slides and their morphology examined using phase contrast microscopy.

It should be noted that the cells were grown to a confluent state, as

morphological differences are more more apparent at this point.

In the case of the control cell lines for both MDA-MB231 and MDA-MB157, at

lower cell densities, cell morphology is fairly well differentiated with a defined

oval shape (fig.50 (Part A, D, F,)). As cell density increases, however, cells

become rounded and tight packing is seen, with very little or no intercellular

space visible (fig.50 (Part C, B, E-H, M-O)). In those few cells which retain any

evidence of phylopodia orientation of the cells appears to be random.

As suggested by previous observation the morphology of the antisense cell lines

was drastically different, from that of the control cell lines, when looked at using

phase contrast microscopy. In both 23 lder and 157der, cells were more 'spindly'

at lower densities than the control cell lines (fig.50 (Part I, P)). As cell density

increased, a temporary saturation point was achieved with no reduction in the

phylopodia. This period was then followed by an alligning of the cells (fig.50

(Part J, P, Q)), which eventually resulted in tightly packed cells in a 'tram-line'
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pattern (fig.50 (Part K, L, Q, R)). It should be noted, however, that while this

pattern was seen in all antisense cell lines, the length ofphylopodia varied.

6.10.2 Discussion

This change in morphology appears to be a genuine effect as it is seen in all of

the antisense cell lines. In addition the morphology was seen when cells were

grown in flasks and on coverslips etc, suggesting that the effect is not caused by

the plastic type etc.
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fig.50: Phase contrast microscopy of MDA-MB231 and MDA-MB157 derived cell lines
cultured in chmber slide. (A) MDA-MB231 cell line; cell density moves from low (left) to
medium (right). (B) cell line MDA-MB231 at high density. (C) cell lline 231CON1;
image is from edge of chamber and demonstrates range of densities with accompanying
morphology change. (D) 231CON3 low density. (E) 231 con2 high density. (F) 231
CAT 1 low density. (G) 231CAT2 medium cell density, moving to high density top right.
(H) 231CAT1 high density. (I) 231BR2 low density. (J) 231BR2medium density, some

aligning of cell bodies evident. (K) 231BR3 high denisty (L) 231BR1 high denisty cells
alligned in 'tram-line' pattern. (M) MDA-MB157 high density. (N) 157CON1 high
denisty. (O) 157CAT1 high density with lower density cells bottom left of picture.
(P)157BR1 low/medium density, no alligning of cells evident yet. (Q) 157BR2
medium/high denity, alligning of cells evident. (R) 157BR1 high denity clear alligning of
cells in 'tram line' pattern.
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6.11 Histologist's report

As a result of the specialised nature of histology, it was felt that the objective and

more experienced opinion of a histologist could prove useful in detailing the

apparent differences between the antisense and control cell lines. Several,

haematoxylin and eosin stained, tumour sections resulting from the nude mouse

xenografts were delivered to Dr. Morag McCallum and the following is a

paraphrased summary of her report on these sections. It should be noted that the

sections delivered were chosen for clarity, rather than with bias to expected

results and that both MDA-MB157 and MDA-MB231 del were represented in

the sample.

Of the tumour sections, containing xenografted control cell lines (fig. 51),

delivered, one was composed of polygonal, epithelial-looking cells with

eosinophilic cytoplasm and large open nuclei with prominent nucleoli. The

section showed a high mitotic rate, with all stages of mitoses represented.

Inflammatory reaction was confined to the periphery of the tumour. No central

degeneration was evident, despite the size of the tumour, suggesting that a good

blood supply was present

The second 'control cell line' tumour section was distinctly different from the

first, however, this may be due to there position within the tumour, this section

appearing to be from the periphery. The tumour cells were not in sheets and are

divided by numerous inflammatory cells. The presence of small dark nuclei in
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some of the cells may indicate that these are apoptotic. Many of the nuclei were

aberrant and few late stage mitoses were seen in the section.

The final 'control cell line' tumour section delivered (fig. 51), was the only one

carrying the pcDNA3.1-CAT plasmid. The cells were descibed as less

polygonal, with some more spindle cell areas. A focal area of necrosis was also

observed.

The first 'antisense cell line' tumour section delivered (fig. 51), was descibed as

being a spindle cell tumour with eosinophilic structureless hyaline material

between the tumour cells. The mitotic rate was not obviously lower than the

first control cell line detailed above. Inflammatory cells were observed at the

periphery of the tumour.

Spindle cells were again seen to predominate in the remaining three antisense

sections. One section displayed actively invading cells at the periphery, with

degeneration in the centre where there is a hyaline stroma and a thick hyaline

cuff round some of the vessels. The most epithelial looking cells were those

nearest to a vessel. The others were more spindle cell in appearance and

although many mitoses were seen, the foci of degeneration and formation of

eosinophilic stroma, suggests a much poorer blood supply.

The observations, made by Dr. McCallum, above are in many respects mirrored

by those made by myself (see section 6.10), regarding the differences in
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morphology, which appear to exist, between the control and the antisense cell

lines.
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A

B

fig.51 : Haematoxlin and eosin stained wax sections of tumour fragments developed
from xenografts of (A) 231CON2, (B) 231CAT4 and (C) 157BR1.
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6.12 Electron microscopy

6.12.1 Protocol

To determine if any other changes could be observed at the sub-cellular level,

tumour material from xenografted nude mice (see section 6.8) was viewed at

electron microscopy levels (seefig. 52).

Some evidence was found to suggest that in control cell lines the nucleus had a

more rounded appearance than those of the antisense cell lines. In the case of

the antisense cell lines more nuclei appeared to have a more elongated

appearance.

210



211



212



fig.52: Electron micrographs of nude mouse xenografts established from MDA-MB157
and MDA-MB231 derived cell lines. (A)231CON1. (B)157CAT1. (C)231CON1. (D)
231BR1. (E)157BR1. (F)231BR4. (G) 157BR2. (I)231BR3. (J) 157BR1.
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7 Discussion

7.1 Summary of thesis results

Despite some problems the production and study of a BRCA2 down-regulated

cellular model has been both successful, highly informative and, as will be

discussed later (see section 7.1.4) potentially may prove to be even more

informative if this PhD is followed by others.

Interestingly many of the observations made during this work, while often at

odds with the prevalent views at the time, now seem to be in agreement with a

broader overview of data on BRCA2 function.

7.1.1 Reduction in native BRCA2 levels

The primary aim was the reduction of native BRCA2 levels in the cell lines

chosen, namely MDA-MB157 and MDA-MB231. Levels were conclusively

proven to be reduced in these cell lines (see section 6.4), however, the reduction

in BRCA2 expression was more limited than expected. This may indicate that

lower levels of native BRCA2 are in fact lethal to the cell. Certainly it is the

case that no cellular knock-out model has so far been produced and in the case of

the viable murine knock-outs it is believed that a partially functional protein may

exist.

An alternative suggestion, somewhat akin to the previous, is that in at least some

clones produced in this project, expression may have been higher than a putative
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lethality level, however, the reduced growth rate shown to exist in this antisense

cellular model may have resulted in the failure of these cells to form colonies.

Additional evidence for these conclusions may be taken from the antisense oligo

study also carried out on the cell lines. Further reduction in growth rate was

seen with cumulative addition of antisense oligos to the antisense cell lines,

eventually resulting in minimal growth rates. In parental lines exposed to an

8nM concentration of the oligo, a negative growth rate was seen, i.e. apparent

cellular death.

Finally it should be noted that as the RT-PCR protocol is based on detecting only

a fraction of the total BRCA2 mRNA, the observed levels may underestimate the

actual reduction in intact translatable mRNA. In particular, it is feasible to

suggest that BRCA2 mRNA is degraded/altered primarily within the site

corresponding to the antisense BRCA2 RNA. Alteration of mRNA in this

region would not be detected by this protocol, but might result in an

untranslatable BRCA2 message.

7.1.2 Phenotypic change

7.1.2.1 Growth rate

BRCA2 antisense cell lines, from both 231der and 157der, show clear

phenotypic differences from the control cell lines. A major part in this

phenotypic change is the reduction in growth rate seen in the antisense

transfected cell lines. This reduced growth rate, also seems to mirror the growth

retardation seen in the BRCA2 knock-out animal models, both embryonic lethal
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and viable, detailed previously (see section 4.4.4). Finally the reduced growth

rate clearly corroborates the conclusions of several groups that BRCA2 rather

than being a tumour suppressor, as was first thought, is more likely to have a

'gatekeeper' function in the context of dsDNA damage repair (Deng et al., 2000;

Buchholz et al., 1999; Tutt et al., 1999).

7.1.2.2 Serum dependence and altered morphology

The cells also show an increased serum dependence and have a distinct more

spindle-shaped morphology. At the present moment it is only possible to

suggest reasons for these changes in morphology and serum dependence.

Certainly there are various instances in the literature of epithelial cells altering

their morphology to a more spindle cell appearance (Bakin et al., 2000; Fiorelli

et al., 1998; Lanari et al., 2001) and it may be that BRCA2 may play some part

in one of these processes. Of particular interest is the observation that

phophatidylinositol 3-kinase function is required for the TGF (3-mediated

epithelial to mesenchymal transition (Bakin et al., 2000). It may be suggested

that the ATM gene, known to be a phophatidylinositol 3-kinase like protein and

associated with the BRCA2/BRCA1 complex, may play a similar role.

7.1.2.3 In vivo growth rate

In contrast to the decreased growth rate in vitro seen in the antisense cell lines, in

nude mice they appear to be more tumorigenic, than their respective parent or

control cell lines.
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This apparent difference in growth rate between the in vivo and in vitro

environment is extremely interesting. It suggests that the tumorigenic potential

in nude mice, is not reliant simply on growth rate, but rather on some other

factor.

The suggested transcriptional activator role of BRCA2 (see section 4.4.1) may

give some indication of why the native BRCA2 protein reduction, leads to

increased tumorigenicity. It is feasible to suggest that BRCA2 may regulate

genes involved in angiogenesis etc, although as yet there is no evidence for this.

The morphological changes seen in these antisense cell lines do, however,

suggest that BRCA2 loss may affect cytoskeletal proteins. This, therefore, is

perhaps the most valid suggestion for a selective advantage for the antisense cell

lines with regard to tumour growth.

7.1.3 Radiation sensitivity

Finally, despite the observations of many groups that loss of BRCA2 results in an

increased sensitivity to double stranded DNA breaks (Connor et al., 1997; Tutt et

al., 1999), no such affect was observed in MDA-MB157 and MDA-MB231. As

has been detailed earlier, this may in part be due to the absence of normal p53 in

either of the cell lines, resulting in uncontrolled growth following exposure to

ionising radiation.

The fact, however, that growth is retarded in these antisense cell lines appears to

contradict this concept of a loss of the normal cell cycle pausing in response to

DNA damage repair. One possible explanation lies in the observation that, at
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the doses applied, only radiosensitive cell lines continue to show effects 24 hours

after exposure and that MDA-MB231 was radioresistant (Hunakova et al., 2000).

7.2 Validity of model

The question of validity of this cellular model must be addressed based on this

difference in growth rates between the in vivo and in vitro environment.

Alternatively it can be suggested that this difference validates the cellular model,

as it allows study of the reasons behind the decreased growth rate and in addition

allows questions to be asked on why this rate is inverted in the in vivo model.

In addition while animal models have now been developed (see section 4.4.4)

various discrepancies exist between the phenotypes observed and those seen in

humans. It can, therefore, be suggested that it is important to investigate this

gene in a human context. Furthermore, the animal models so far developed are

thought to express partial BRCA2 proteins (Connor et al., 1997), whereas the

alternative antisense strategy used here results in reduction of the whole protein.

7.3 Where this fits into current knowledge

The phenotype of the BRCA2 antisense down-regulated model initially was

unexpected in many respects, particularly with regard to the reduced growth rate

and increased serum dependence. This was, however, based on the principle of

BRCA2 as a tumour suppressor gene. It was, therefore, expected that reduction

in the levels of BRCA2 would lead to an increased growth rate and decreased

serum dependence, as had previously been observed in other case of tumour

suppressor knock-outs (Zohn et al., 2000).
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It has now become evident, however, that BRCA2 does not function in this way,

but rather as a 'caretaker' of the genome. In this context, the phenotype of the

antisense cell lines can be understood.

A hypothesis may be suggested wherein the antisense cells spend longer moving

through the cell cycle, as their dsDNA damage repair is impaired by the

reduction in BRCA2.

7.4 Questions still needing asked

While much is now known about the function of BRCA2, there is little

information on what genes may be affected by the BRCA2 protein. In this the

cellular model produced here may prove extremely informative. The technology

exists in the form of gene chip arrays to determine rapidly those genes whose

expression is altered in the antisense cell lines, with respect to the control cell

lines. Furthermore, as the control and antisense cell lines carry the same genetic

background, any alteration in gene expression patterns are likely to be linked to

the BRCA2 gene.
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Appendix A: Age standardised definition

Age Standarised rate (World/European) (ASR(W/E))- an age standardised rate is

a summary mesure of a rate that a population would have if it had a standard age

structure. Standardisation is necessary when comparing several populations that

differ with respect to age, because age has such a powerful influence on the risk

of cancer. The most frequently used standard populations are the world and the

european standard populations. The calculated incidence or mortality rate is

then called the world age standardised or european standardised incidence or

mortality rate. They are expressed as a rate per 100,000.

Age Group. European Standard World Standard

Population. Population.
0-4 8000 12000
5-9 7000 10000

15-19 7000 9000
20-24 7000 9000

25-29 7000 8000
30-34 7000 8000

35-39 7000 6000
40-44 7000 6000

45-49 7000 6000
50-54 7000 5000
55-59 6000 4000

60-64 5000 4000

65-69 4000 3000
70-74 3000 2000
75-79 2000 1000

80-84 1000 500
85+ 1000 500

Total 100000 100000
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Appendix B: Solutions

1st strand buffer for RT: 50mM Tris-HCl ,p.H. 8.3, 75mM KC1, 3mM MgCh

Cacodylate buffer: 0.1M cacodylate/2mM CaCkCpH 7.3)

Eosin: 1% eosin Y (yellowish) in TAP water.

Glutaraldehyde buffer: 2.5% glutaraldehyde in cacodylate buffer

GTE: 50mM glucose, lOmM EDTA (pH 8), 25mM Tris HCl(pH 8)

Harris' haematoxylin: Haematoxylin - 5g.; 100% alcohol - 50mls; Potassium
alum - 100g.; Distilled water - 1 litre; Mercuric oxide -

2.5g.; Glacial acetic acid - 40mls

(N.B Dissolve the potassium alum in the water by warming and stirring. Dissolve
the haematoxylin in the alcohol and add. Bring rapidly to the boil remove from
heat and add the mercuric oxide. Cool, add the acetic acid and filter. Ready for
use immediately.)

Loading buffer for agarose: 20% Ficoll 400, 0.1M NaiEDTA, pH 8.0, 1%
sodium dodecyl sulphate, 0.25% bromophenol

blue, 0.25% xylene cyanol

Osmium buffer: 1% osmium tetroxide in cacodylate buffer.

Promega PCR buffer: 20mM Tris-HCl, pH 8.4, 50mM KC1

Resin: The embedding medium is prepared by combining the following

components in a plastic beaker- MY753 24.50g, DDSA34.50g, Bibutyl

phthalate 1.25g.

TBE: 890mM Tris base, 890mM, 20mM EDTA, pH8.0

Uranyl acetate 1: 1% uranyl acetate in 100% ethanol.

Uranyl acetate 2: 2% uranyl acetate in 70% ethanol.
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Appendix Cl Abreviations

157der / 231der - MDA-MB157 / MDA-MB231 derived cell lines respectively

Antisense cell lines- B2asp transfected cell lines.

ASR(E/W)-European/World age standardised rate (see Appendix A)

AT- Ataxia telangiectasia or Adenosine/Thymidine as appropriate

ATCC-American Tissue Culture Collection

c/w- cells/well

Control cell lines- Parental cell line and pcDNA 3.1 (-), pcDNA-CAT

transfected cell lines.

DSB- double stranded break

dsDNA- double stranded DNA

dsRNA- double stranded RNA

E.coli- Escherichia coli

HRR- homologous recombinational repair

HRT-hormone replacement therapy

HsRAD51-human Rad51

icd- initial cell density

ICLs- interstrand cross links

IFN- interferon

oligos- oligonucleotides

S.cerevisiae- Saccharomyces cerevisiae

ScRAD51-Saccharomyces cerevisiae RAD51

ssDNA- single stranded DNA

SST-single strand transfer
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Appendix D: Cell lines

MDA-MB231 (ATCC code: HTB-26):

Organism: Homo sapiens (human)
Depositors: R. Cailleau
Tissue: Adenocarcinoma; mammary gland; breast; pleural effusion
Tumorigenic: In nude mice also in ALS treated BALB/c mice; forms

poorly differentiated adenocarcinoma (grade III)
Receptors Expressed: Epidermal growth factor (EGF); transforming growth factor

alpha (TGF-a)
Oncogene: wnt3 +; wnt7h +
Morphology: Epithelial
Comments: This is one of a series of breast tumour lines (ATCC codes

HTB-23 through HTB-26) isolated from pleural effusions
and characterized by R. Cailleau and associates in 1973.

Age Stage: 51 years

Ethnicity: Caucasian
Gender: Female
Growth Properties: Adherent

Antigen Expression: Blood Type 0; Rh-
Isoenzymes: Me-2, 1-2; PGM3, 1; PGM1, 1-2; ES-D, 1; AK-1, 1; GLO-

1,2; G6PDB.

Phenotype Frequency Product: 0.0229
Karyotype: The cell line is aneuploid female, with chromosome counts

in the near-triploid range. Normal chromosomes N8 and
N15 were absent. Eleven stable rearranged marker
chromosomes are noted as well as unassignable
chromosomes in addition to the majority of autosomes that
are trisomic.

BioSafety Level: 1

References: Brinkley BR et al. Variations in cell form and cytoskeleton
in human breast carcinoma cells in vitro. Cancer Res. 40:

3118-3129, 1980
Cruciger Q et al. Morphological, biochemical and
chromosomal characterization of breast tumor lines from

pleural effusions. In Vitro 12: 331, 1976
Cailleau R et al. Breast tumor cell lines from pleural
effusions. J. Natl. Cancer Inst. 53: 661-674, 1974
Cailleau R et al. Long-term human breast carcinoma cell
lines of metastatic origin: preliminary characterization. In
Vitro 14: 911-915, 1978
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MDA-MB157 (ATCC code: HTB-24):

Organism: Homo sapiens (human)
Depositors: R. Cailleau
Tissue: Mammary gland
Tumorigenic: In nude mice and in immunosuppressed BALB/c mice
Morphology: Epithelial
Comments: This is one of a series of breast tumour lines (ATCC codes

HTB-23 through HTB-26) isolated from pleural effusions
and characterized by R. Cailleau and associates in 1973.

Desmosomes, microvilli and tonofilaments were observed
at boundaries between cells.

Age Stage: 44 years
Ethnicity: Black
Gender: Female
Growth Properties: Adherent

Antigen Expression: Blood Type B; Rh-
Isoenzymes: PGM3, 1; PGM1, 1; ES-D, 1; Me-2, 1; AK-1, 1; GLO-1, 1-

2; G6PD, B

Phenotype Frequency Product: 0.0098
Karyotype: Modal number= 64 to 66 (originator). (PI2) Hypotriploid

with abnormalities including dicentrics, breaks, large
metacentric, submetacentric and subtelocentric markers

BioSafety Level: 1
References: Brinkley BR et al. Variations in cell form and cytoskeleton

in human breast carcinoma cells in vitro. Cancer Res. 40:

3118-3129, 1980
Cruciger Q et al. Morphological, biochemical and
chromosomal characterization of breast tumor lines from

pleural effusions. In Vitro 12: 331, 1976
Young RK et al. Establishment of epithelial cell line MDA-
MB-157 from metastatic pleural effusion of human breast
carcinoma. In Vitro 9: 239-245, 1974
Cailleau R et al. Breast tumor cell lines from pleural
effusions. J. Natl. Cancer Inst. 53: 661-674, 1974
Cailleau R et al. Long-term human breast carcinoma cell
lines of metastatic origin: preliminary characterization. In
Vitro 14: 911-915, 1978
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