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Summary

Prohibitin, an evolutionarily conserved gene situated on chromosome 17q21, 

was originally identified as a gene with antiproliferative properties. Studies of a Japanese 

population have shown prohibitin to be somatically mutated in a proportion of breast 

tumours. The gene has not heretofore been shown to have an association with inherited 

forms of breast or other cancers. In this thesis the technique of denaturing gradient gel 

electrophoresis (DGGE) was developed to analyse the complete coding sequence of the 

prohibitin gene from fragments generated by the polymerase chain reaction (PCR). This 

was achieved by examining the melting profiles of different regions of the prohibitin 

sequence with the melt map program MELT87. Four overlapping fragments were 

designed and subsequently amplified by reverse transcription PCR thus enabling analysis 

of the prohibitin cDNA sequence by DGGE. A further five fragments were developed for 

analysis of prohibitin from genomic DNA. These five fragments were generated for 

exons 3-7 inclusive. By investigating the prohibitin gene in this way a total of 5 novel 

mutations were identified; one missense mutation in exon 3 (Arg43Leu), one silent 

mutation in exon 5 (Leul45Leu) and three intronic base substitutions, two in intron 6 

and one in intron 3. Nucleotide alterations were determined by sequencing of PCR 

products.

Both of the coding sequence variants affected the recognition sites of restriction 

endonucleases. This afforded a straightforward technique by which a large population 

could be screened for the nucleotide differences. The missense mutation, Arg43Leu, was 

found in six unrelated individuals among 221 women with primary breast cancer and who 

were not selected for a family history of the disease. The Arg43Leu allele was found in



one individual from a control group of 200 women who did not have breast cancer and 

who had no first or second degree relatives with the disease. Four of the six patients with 

this novel prohibitin variant had at least one relative with breast cancer. For three of the 

six cases analysis of the extended family members verified that the mutation was not de 

novo and in these families there was a significant association between the Arg43Leu 

allele and cancer. Sites involved were breast and colon in females and colon, prostate and 

kidney in males. Further information on the family history of the remaining three patients 

was incomplete or unobtainable. In one individual with colon cancer where both normal 

and tumour tissue was available, the tumour sample showed loss of heterozygosity for 

the wildtype prohibitin allele.

A study of 119 formalin-fixed paraffm-embedded normal tissue samples from 

individuals with colon cancer revealed one further person with the Arg43Leu allele. 

Haplotype analysis using 8 dinucleotide repeat markers on chromosome 17q21 indicates 

that the correlation of Arg43Leu with cancer is independent of BRCAl. In conclusion, in 

some families the novel Arg43Leu variant of the prohibitin gene, or a very tightly-linked 

gene, appears to be associated with cancer development at multiple sites.



CHAPTER 1 

GENERAL INTRODUCTION



GENERAL INTRODUCTION

1.1 iDtroduction

Breast cancer is an extremely common disease affecting women. In America and 

Western Europe between one in eight and one in twelve women develop breast cancer 

during their lifetime (American Cancer Society, Cancer Facts & Figures, 1995). A feature 

of the high incidence of female breast cancer is that approximately 10-15 % of breast 

cancers are associated with a positive family history of the disease (Weber et a i, 1993). A 

positive family history has long been known to be associated with an increased risk of 

breast cancer (Broca, 1866 cited in King et a l, 1993; Anderson 1974; Ottman et a i,

1983; Sattin et al., 1985). Claus et al. (1990) showed that, in addition to a positive family 

history of breast cancer in first degree relatives, age at onset of disease was the strongest 

indicator of a possible genetic predisposition to breast cancer, with the risk of breast 

cancer to a mother or sister of a case increasing as age at onset of the case decreased. In 

another report, however, Mettlin et al. (1990) found that among patients aged 55 years, or 

older, greater risk was associated with diagnosis of breast cancer in a first degree relative 

at an older age. Evidence for the existence of a rare autosomal dominant allele segregating 

with increased susceptibility to breast cancer was provided by Claus et al. {\99\). The 

allele appeared to confer particularly high risk at young ages. Most studies have shown 

that the relative risk to first degree relatives of individuals with breast cancer without 

selection for age at diagnosis or laterality of disease is between 2 and 3 (Slattery and 

Kerber, 1993).

There is much statistical and empirical evidence that genes are involved in 

predisposing to the development of breast cancer but identifying such genes has been

1



fraught with epidemiological difficulties. Families with multiple cases of breast cancer may 

not have a genetic predisposition to the disease and families with an inherited susceptibility 

may contain sporadic cases of the disease, not due to an inherited predisposition. In 

families with predisposing mutations the penetrance is not necessarily complete in carriers 

and age at onset of disease can vary widely amongst affected family members. The genes 

involved in hereditary breast cancer which have been identified to date have been found in 

families containing a large number of affected individuals diagnosed at a young age (Miki 

etal., 1994; Wooster e? a/., 1995).

1.2 Genes Involved in Inherited Breast Cancer

1.2.1 BRCAI: Linkage to Chromosome 17q21

ITie first evidence of the existence of a gene predisposing to early-onset breast 

cancer was reported by Hall et al. (1990). Linkage analysis was carried out on 23 families 

with 183 polymorphic markers in families with multiple cases of women with breast 

cancer. No other cancers were included. They estimated that 40 % of the families were 

linked to D17S74, a marker which is located on chromosome 17q21 (Figure 1.1). In this 

original study families with early-onset disease were defmed as those with an average age 

at diagnosis of breast cancer of 45 years of age or less. Confirmation of linkage to 17q21 

came from Narod et al. (1991), who reported the same chromosomal region for families 

with multiple cases of breast and ovarian cancer, though no association between positive 

linkage and age at onset of disease was found in this study. This breast and ovarian cancer 

locus was named BRCAI in a report by Solomon and Ledbetter (1991).

The region of chromosome 17q which was initially linked to BRCAI was over 50 

cM in length. A number of groups narrowed this region by genotyping the families for an

2
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increasing number of markers in the region. Hall et al. (1992) defined an 8 cM interval, 

using 11 markers, which they described as being “very likely to include the disease gene 

BRCAl”. In a collaborative linkage study of 214 breast or breast-ovarian families the 

strongest linkage evidence was obtained with the marker D17S588 (Easton et al., 1993a). 

The predisposing gene was determined as being proximal to D17S588 and distal to 

D17S250, a length of 8.3 cM in males and 18.0 cM in females, thus confirming the results 

of Hall et al. (1992). In all of these studies there was evidence of genetic heterogeneity for 

‘breast-only’ cancer families. Further studies reduced the locale of BRCA1 to less than 4 

cM (Bowcock et al., 1993) and then to a minimal region of 1-2 cM proximal to D17S78 

and distal to D17S776 (Simard et at., 1993; Goldgar et al., 1994; Albertsen et al., 1994). 

The BRCA I gene was finally isolated by positional cloning methods and predisposing 

mutations were detected which confirmed that it was the gene associated with breast 

cancer susceptibility (Miki et al., 1994).

1.2.2 BRCA2: Mapping to Chromosome 13ql2

Not all breast-only cancer families were linked to the 17q21 locus and this 

indicated that ftirther genes remained to be detected which predisposed to early-onset 

breast cancer. A second breast cancer susceptibility gene, BRCA2, was mapped to a 6 cM 

region of chromosome 13ql2-13 by Wooster et al. (1994) between the markers D13S289 

and DI3S267, on the basis of meiotic recombinants in early-onset breast cancer cases 

fi'om linked families. A combination of recombinants fi'om other families, the use of 

additional markers in the region and the discovery of a homozygous somatic deletion in a 

pancreatic cancer (Schutte et al., 1995) precipitated the identification of the BRCA2 gene 

and germline mutations of the gene (Wooster et al., 1995). Mutations in BRCA2 confer 

roughly the same lifetime risk of female breast cancer as BRCAl of between 70-90 % 

(Ford et a l, 1998). This value for the lifetime risk has been based on mutations found in

3



large families with many affected individuals. Families that share these same mutations or 

other mutations in BRCA 1 or BRCA2 but which result in a smaller number of affected 

family members are not included. Consequently, this value for the lifetime risk may be an 

overestimation. The genes BRCAl and BRCA2 were predicted to account for 

approximately 70-80 % of inherited breast cancers (Szabo and King, 1995), whilst the 

remaining 20-30 % of high-risk families have no detected mutations in either BRCAl or 

BRCA2. Together BRCAl and BRCA2 account for 6-10 % of breast and ovarian cancers 

unselected for family history (Szabo and King, 1997). The findings of more recent studies 

show that the estimates for high-risk families due to BRCAl and BRCA2 are decreasing 

and possibly the majority of families with five or fewer cases of breast cancer and no 

ovarian or male breast cancer cases are not due to either BRCAl or BRCA2 (Ford et al., 

1998).

1.2.3 Association of Familial Breast Cancer and Other Cancers

Families with mutations in either BRCAl or BRCA2 are at an increased risk of 

other cancers apart from female breast cancer. BRCAl accounts for nearly 80 % of 

families with both female breast and ovarian cancer whereas the BRCA2 gene confers a 

lower risk of ovarian cancer but a higher risk of male breast cancer than BRCAl. When 

the risk of other cancers was examined in BRCAl families a significant excess of colon and 

prostate cancers were found but no significant excess or deficiency of any other cancer 

(Ford et al., 1994). An increase in the frequency of prostatic cancer, pancreatic cancer and 

possibly ocular melanoma has been reported for BRCA2 carriers (Szabo and King, 1995; 

Phelan etal., 1996).
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1.2.4 Germline Mutations in BRCAI and BRCA2

The BRCAI and BRCA2 genes share a number of features which make the search 

for mutations and their significance more difficult to determine. Both genes have a 

complex genomic organisation spanning approximately 70 kb of genomic DNA and long 

coding sequences with a large central exon, exon 11, (4, 932 bp for BRCA2 and 3, 426 bp 

for BRCAI) (Figure 1.2). The BRCAI gene has 5, 592 nucleotides and 22 coding exons, 

and BRCA2 is 10, 443 nucleotides long encoded by 26 exons (Miki et al., 1994; Tavtigian 

et al., 1996). Other similarities include AT-rich coding sequences which code for highly 

charged proteins and both have translational start sites in exon 2. Neither gene shows 

significant homology to other known genes ahhough a number of motifs have been 

identified for both genes. BRCAI has a RING finger motif and both BRCAI and BRCA2 

have putative granin consensus sequences (Holt et al., 1996; Jensen et al., 1996).

A wide range of mutation-detection techniques have been used to screen the gene 

completely or partially for mutations in both BRCAI and BRCA2. These include direct 

sequencing, the protein truncation test, heteroduplex analyses, SSCP and DGGE 

(Shattuck-Eidens et al., 1995; Gayther et al., 1997). No single technique can easily detect 

all mutations and both genomic DNA and cDNA are required for a comprehensive 

screening of either gene. The majority of mutations identified to date are nonsense, 

regulatory, alteration of spUce sites or frameshift, all of which result in a truncated protein 

or no product at all.

Couch and Weber (1996) reported that of the 254 mutations identified in BRCAI 

by July 1996, 132 were unique with 81 % of these mutations being small deletions, 

insertions, nonsense point mutations, spUce variants or regulatory mutations, resulting in 

absence or premature termination of the BRCAI protein (Figure 1.3). Four percent were 

described as disease-associated missense mutations and 15 % of the described aherations 

were of unknovm biological significance. This data is collected and pubhshed by the
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Figure 1.2. Diagrammatic representation of the genomic organisation of BRCAl and BRCA2. BRCAl is the upper figure in blue, BRCAl 

is the lower figure in red.
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Figure 1.3. Germline mutations that have been reported in the BRCAl gene. The numbers refer to the exons of the gene;
there is no exon 4 (Figure adapted from Collins, 1996; mutations described by Szabo and King, 1995; Couch et al., 1996).



Breast Cancer Information Core (BIC) for mutations/polymorphisms in the BRCA1 gene 

(http://www.nhgri.nih.gov/Intramural_research/Lab_transfer/Bic), a similar database does 

not exist for BRCA2 mutations/polymorphisms and the percentage of each type of 

mutation varies between studies depending on the techniques used, ascertainment of 

individuals and regions screened.

The selection of families for screening of the BRCAl and BRCA2 genes for 

mutations, however, has been biased towards families with a large number of affected 

individuals diagnosed at an early age. Therefore the mutational spectrum may be weighed 

towards mutations that cause maximum disruption of the functional protein and result in a 

high penetrance level. The level of penetrance may also be influenced by environmental 

factors or other genes that modify the effect of BRCAl. For example, the 185delAG 

mutation in BRCA I has been found at approximately equal frequencies in Iraqi/Iranian and 

Ashkenazi Jewish families with ovarian cancer (Modan et a i, 1996) yet both breast and 

ovarian cancer incidence are significantly lower for Iraqi/Iranian women than for 

Ashkenazi Jewish women (cited in Szabo and King, 1997). The comparison of women 

carrying 185delAG who develop cancer with those who are disease-free could identify 

factors, genetic or environmental, that contribute to the development of the disease. The 

determination of the full range of mutations awaits screening of the general population, 

families with a small number of affected individuals and cases of breast cancer where a 

family history is negative for other breast cancer cases. A functional test for BRCAl and 

BRCA2 will be required before all mutations can be interpreted as being disease- 

associated or not.
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1.2.5 Somatic Mutations in BRCAl and BRCA2

Following the identification of the breast cancer susceptibility genes, BRCAl and 

BRCA2, several studies investigated the frequency of somatic mutations in these genes.

The hereditary breast/ovarian cancer gene BRCA1 is located on 17q21, near the prohibitin 

gene (PHB). The chromosomal region 17q21 displays loss of heterozygosity (LOH) in 

sporadic breast and ovarian cancers and breast tumours unselected for family history with 

frequencies ranging from 30-70% (Eccles et a i, 1990; Sato et a i, 1991; Futreal et a i, 

1992; Jacobs et al., 1993; Cropp et al., 1994; Beckmann et al., 1996). Similarly somatic 

loss of markers for the BRCA2 region, RB was simultaneously lost, has been found in 25- 

30 % of sporadic breast tumours (Cleton-Jansen et al., 1995) and in other tumour types 

(Foster a/., 1996).

Several studies investigating whether or not LOH specifically affects the BRCAl 

and BRCA2 loci have been conducted. These have taken the approach of screening a 

number of breast and/or ovarian tumours which were unselected for family history of 

disease but which exhibited LOH at the locus. The results described to date for BRCAl 

and BRCA2 are analogous. An examination of the BRCAl coding region for mutations 

revealed no somatic mutations in primary breast and ovarian tumours selected on the basis 

of allehc loss at the BRCAl locus (Futreal et al., 1994) but in two other studies 

approximately 9 % of sporadic ovarian tumours were shown to have somatic BRCAl 

mutations (Merajver et al., 1995; Hosking et al., 1995). Four of the five somatic 

mutations discovered in these sporadic ovarian tumours result in a premature truncation of 

the BRCAl reading frame and the fifth alteration is a missense mutation in the zinc-finger 

motif (Merajver et al., 1995; Hosking et al., 1995). For BRCA2 a single missense 

mutation was identified from 70 primary breast tumours and no mutations in 55 primary
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epithelial ovarian carcinomas (Lancaster et al., 1996). Therefore neither BRCAl or 

BRCA2 are frequently inactivated in sporadic tumours by somatic mutational events.

Several reports have indicated that LOH of 17q does not reflect somatic 

inactivation of BRCAl but may indicate the presence of other tumour suppressor genes on 

chromosome 17 (Futreal et al., 1994). Certainly a number of LOH studies of sporadic 

breast and ovarian tumours have detected deletion of regions distal and proximal to 

BRCAl (Jacobs et al., 1993; Saito et al., 1993; Cropp et al., 1993, 1994). Cropp etal.

(1993) identified three distinct regions on chromosome 17q affected by LOH, the most 

proximal of these includes the prohibitin region. Selection of tumours for LOH of 17q21 

and mutational analysis of BRCAl has not identified a high percentage of positive cases 

(Futreal et al., 1994; Merajver et al., 1995; Hosking et al., 1995), suggesting again, that 

other genes in the region are inactivated by the LOH identified.

1.2.6 Risk of Breast Cancer for BRCAl and BRCA2 Mutation Carriers

The risk to female carriers of developing breast cancer for specific mutations in the 

breast cancer susceptibility genes BRCAl and BRCA2 has been estimated through linkage 

studies. The penetrance can be calculated by maximisation of the LOD (logarithm of the 

odds) scores. Therefore, for genes that show a variable penetrance between families, the 

estimation does not apply to all possible mutations. Using this method the estimated breast 

cancer risk conferred by a mutation in BRCA /  is 51 % by age 50 and 85 % by age 70, 

with the estimated risk of either breast or ovarian cancer being 95 % by age 70 (Easton et 

al., 1995). For BRCA2 the lifetime risk is similar to that found for BRCAl but has an older 

distribution of ages at onset (Schubert et al., 1997). The estimated breast cancer risk 

conferred by a mutation in BRCA2 is 28 % by age 50 and 84 % by age 70 (Ford et al., 

1998). One-hundred and thirty-two distinct mutations in BRCAl have been reported to 

date from over 300 families (Couch and Weber, 1996). In an examination of analyses of



inherited mutations in BRCAl and/or BRCA2 in high-risk families (those with either at 

least three female relatives with breast cancer or at least two affected relatives if one case 

is either ovarian cancer or male breast cancer) from Finland, France, Holland and Belgium, 

Hungary, Iceland, Israel, Russia, Sweden and Denmark, and the United States, BRCAl 

mutations were found to be present at 1.5-2.0 fold excess to mutations in BRCA2 in each 

region except Iceland (Szabo and King, 1997). Comparing these findings to other studies 

the authors felt that this represented a true difference in BRCAl- versus 5/?C42-mutation 

frequency and was not due to ascertainment bias. The percentage of familial male breast 

cancer due to BRCA2 has been estimated to be about 19 % from a combination of results 

from studies in the United States (Couch et al., 1996b; Friedman et a i, 1997; Serova et 

al., 1997).

The penetrance of identical mutations varies considerably as does the heterogeneity 

of ovarian and breast cancer risk between families. Two of the most common mutations in 

BRCAl are 185delAG and 5382insC, which account for approximately 11 % of all 

mutations reported thus far (Couch and Weber, 1996). For the 185delAG mutation 

expression of the phenotype has been shown to range from early-onset bilateral breast 

cancer and ovarian cancer to later onset of breast cancer, although the overall penetrance 

remains similar for all these families (Friedman et al., 1995). In a study of 30 males 

diagnosed with breast cancer in Iceland, 12 were found to carry the same frameshift 

mutation in BRCA2, 999del5, but 3 of them had no family history of breast cancer 

(Thorlacius et al., 1996). Also in this study, three other families with this frameshift 

mutation did not have any cases of male breast cancer. These findings indicate that the 

same mutation can result in different cancer phenotypes and that the variable expression 

indicates an effect from modifying genes or environmental factors.

It has been suggested that the location of BRCAl mutations is correlated with the 

incidence of breast and ovarian cancer (Gayther et al., 1995). Mutations that occur in the
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first two-thirds of the gene and produce a truncated protein, result in a higher risk of 

ovarian cancer relative to breast cancer than when the truncating mutation occurs in the 

last one-third of the gene. In an analysis of families with mutations in BRCA2 a high 

proportion of ovarian cancers were found to cluster in a 3.3 kb region of exon 11 (Gayther 

et al., 1997). Mutations outside this region are found in families with a greater ratio of 

breast to ovarian cancers. Further genotype-phenotype associations will require analysis of 

the distribution of mutations along the complete genes from a larger number of individuals 

with breast and/or ovarian cancer.

1.2.7 Genetic Heterogeneity of Familial Breast Cancer

Despite original estimates predicting that 80 % of families with at least one case of 

ovarian cancer and nearly 50 % of breast-only cancer families were likely to be linked to 

BRCAI (Easton et al., 1993a; Narod et al., 1995), more recent studies have found that 

only between 20-25 % of high risk families have identifiable BRCAI mutations (Szabo and 

King, 1997). High risk families have been classified as those with at least 3 females with 

breast cancer or at least 2 cases if one case is either ovarian cancer or male breast cancer 

(Szabo and King, 1997). The number of high risk families due to mutations in BRCA2 is 

substantially less than that due to BRCA1 mutations in all geographical regions examined 

except Iceland. This probably represents the relative contribution of each gene to the 

number of high risk families rather than a bias due to ascertainment. Numerous studies 

have screened high risk families for mutations in BRCAI and BRCA2 but have failed to 

find mutations in either gene in roughly 30 % of families (Serova et al., 1997; Ramus et 

al., 1997; Hakansson et al., 1997; Schubert et al., 1997). Serova et al. (1997) did not find 

any mutations in BRCAI or BRCA2 in 15 out of 23 families that were specific for female 

breast cancer even though, for those analysed, 7 had positive LOD scores for BRCAI or 

BRCA 2 and only 3 of the 15 had negative LOD scores. Many possible explanations for
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this low detection rate of mutations in BRCAl and BRCA2 have been proposed. These 

include not detecting mutations that involve large insertions or deletions, aherations that 

affect the regulatory aspects of the genes or that the case screened from the high risk 

family was a sporadic case. Even if this is the situation for some families the results to date 

suggest that there are other major breast cancer susceptibility genes.

1.2.8 Other Genes Associated with an Inherited Predisposition to Breast Cancer

Whilst the genes BRCAl and BRCA2 are predicted to account for a large 

percentage of breast cancer families, germhne mutations of BRCAl are predicted to 

account for just 1-2 % of all breast cancers and aroimd 3 % of ovarian cancers. Apart 

from these highly-penetrant examples, a small number of other specified genes have also 

been associated with an inherited predisposition to breast cancer. These include the p53 

gene located on chromosome 17p, the ataxia-telangiectasia gene, A TM, the gene for 

Cowden syndrome, PTEN/MMACl, the gene for Peutz-Jeghers syndrome, LKBl, the 

oestrogen receptor gene, the HRASl locus and the androgen receptor gene.

Germline mutations of p53 are associated with the Li-Fraumeni syndrome (LFS), a 

classification used to describe families with a proband aged under 45 years with a sarcoma 

having a first degree relative under 45 years of age with any cancer and an additional first 

or second degree relative under 45 years of age in the same lineage with any cancer or a 

sarcoma at any age (Li et at., 1988). Germline mutations in p53 are also associated with 

the Li-Fraumeni-like syndrome (LFL), a description of families with incomplete Li- 

Fraumeni syndrome (Pearson et a i, 1982; Birch et at., 1994), although around 30 % of 

LFS and a higher percentage of LFL families are not due to germline mutations in p53 

(Varley et at., 1997). To date 114 germline mutations ofp53 have been reported (Varley 

et at., 1997) but the numbers are too small to determine whether penetrance and 

phenotypic expression are influenced by the type of germline mutation. Transitions and
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transversions represent 66 % and 21 % of germline p53 mutations respectively, with the 

remainder being deletions, insertions or splice variants. The spectrum of tumours within 

the Li-Fraumeni syndrome includes acute leukaemia, premenopausal breast cancer, brain 

and adrenocortical tumours, as well as bone and soft-tissue sarcomas (Li et al., 1988). 

Premenopausal breast cancer is particularly common in Li-Fraumeni families. Other 

cancers that have been described at a higher frequency in Li-Fraumeni families are 

melanoma, germ cell tumours, Wilms’ tumours, gastric carcinomas, pancreatic cancers and 

lung cancers (Hartley et al., 1987; Strong et al., 1987; Hartley et al., 1989; Varley et al., 

1997).

Ln 3 studies women with breast cancer who had been either, in one case completely 

unselected or, in the other two studies, selected for early age at onset were examined for 

germline mutations of p53 (Borresen et al., 1992; Prosser et al., 1992; Sidransky et al.,

1992). Two germline mutations were found in the unselected group of 167 women and 

one in each of the other two studies of a total of 262 women. In each of the four cases the 

individual had a strong family history of breast and other cancers. For two of these cases 

there was a family history suggestive of a Li-Fraumeni-like syndrome. On this basis, 

germline mutations ofp53 in women presenting with breast cancer would appear to be a 

rare occurrence, yet a small but significant number, 1 %, of breast cancers in women 

between the ages of 30 and 40 years occur in Li-Fraumeni families (Easton et al., 1993b). 

In two of the four reports described above only exons 5-8 of the 11 exons that comprise 

the p53 gene were analysed. The coding region spans exons 2-11 and it is estimated that 

over 20 % of all mutations remain undetected due to analysis by many groups of only the 

core domain of exons 5-8 (Greenblatt et al., 1994).

Ataxia-telangiectasia (AT) is an autosomal recessive disorder distinguished by 

progressive cerebellar ataxia and oculo-cutaneous telangiectasia. The disorder is 

associated with an increased risk of lymphomas and leukaemias in individuals homozygous
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for a mutation in the AT gene (ATM) (Swift et al., 1991). Studies of AT family members 

resulted in the hypothesis that individuals who are heterozygous for an A TM mutation are 

at an increased risk of developing breast cancer. In one study an A TM mutation was 

shown to be associated with an increased risk of breast cancer in both homozygotes and 

heterozygotes (Stankovic et a l, 1998). Recent attempts to define the risk of breast cancer 

in female A TM heterozygotes have been made using two different approaches (Athma et 

al., 1996; Fitzgerald et al., 1997). In one, the estimated risk to heterozygotes was 

calculated to be nearly four times that for the non-carriers (Athma et al., 1996). This 

estimate was determined by following identified A TM mutations in relatives of those with 

AT. In the other study ̂  7M mutations were found in 2/401 women with early-onset 

breast cancer and in 2/202 controls. From this they concluded that there was no evidence 

for an increased risk of breast cancer to heterozygotes (Fitzgerald et al., 1997). It has been 

pointed out that in terms of confidence intervals the data from these reports are consistent 

with no increased risk to heterozygotes but also consistent with an increased risk of up to 

seven fold (Bishop and Hopper, 1997). This paradox is due to the small number of 

mutation carriers found in one study and the small number of breast cancers examined in 

the other study. As a result the precision of the estimated risk is reduced and the variable 

of chance plays a greater role.

Cowden syndrome is an autosomal dominant disorder associated with the 

development of hamartomas and benign tumours in a variety of tissues, including the 

breast. Women with Cowden syndrome have been reported to be at an increased risk of 

breast cancer and this has been supported by the identification of germline mutations in the 

PTENIMMACl gene which is located in the Cowden syndrome critical interval on 

chromosome 10 (Tsou et al., 1997). In a mutational analysis of 54 unselected primary 

breast cancers two mutations were identified (Rhei et al., 1997). One was a somatic 2-bp 

deletion in a sporadic breast cancer and the second was a 4-bp deletion in a breast cancer
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patient with a clinical history consistent with Cowden syndrome. Another syndrome, 

Peutz-Jeghers syndrome, is due in most cases to the presence of germline mutations in the 

LKBl gene on chromosome 19p. The syndrome is described by intestinal hamartomas with 

a greater risk of cancer types, including breast cancer. Mutation of the LKBl gene does 

not, however, appear to be associated with the development of sporadic breast cancer 

(Bignell et a i, 1998). One gene that has been associated with the development of sporadic 

breast cancer is prohibitin (Sato et a i, 1992). The authors identified 3 cases of somatic 

mutation in the coding sequence from an initial sample of 23 sporadic breast cancers which 

showed LOH on 17q or had developed in patients 35 years of age or younger. Two were 

missense mutations and one was a 2 base pair deletion which created a Irameshift resulting 

in a premature stop codon 70 base pairs downstream. The tumour with the frameshift 

mutation did not possess a normal allele suggesting that the PHB product may be 

associated with development and/or progression of breast cancer.

The oestrogen receptor locus on chromosome 6q is frequently lost in tumours and 

has been proposed as a candidate gene for inherited breast cancer (Fuqua et a i, 1993). In 

two families where linkage has been shown against BRCAl and BRCA2, breast cancer is 

coinherited with the oestrogen receptor (Zuppan et a i, 1991; Szabo and King, 1995). 

Although the total lod score for these families is 3.7 (1.8 and 1.9 for the two families), no 

mutations of functional significance have as yet been identified. Unlike the oestrogen 

receptor, mutations in the androgen receptor have been identified that are responsible for 

inherited predisposition to breast cancer. In this report the mutations predisposed to male 

breast cancer in men with the rare, X-linked Reifenstein syndrome (Wooster et al., 1992).

From epidemiological studies an association between certain rare variants of the 

HRASI minisatellite locus and an increased risk of breast cancer was identified (Krontiris 

et a l, 1993). The locus is within the 3' untranslated region (UTR) of the HRAS oncogene 

on chromosome 11. The rare alleles are associated with a relative risk of 2.0 for breast
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cancer which translates to the population as a whole as an attributable risk of about 9 %. 

The way in which these variant alleles increase the risk of cancer has not been determined 

but it may be due to interference with the regulation of gene expression.

Genes that predispose to breast cancer in a less penetrant maimer than BRCAl and 

BRCA2 are likely to resuU in relatively unremarkable family histories but may in total 

account for a larger number of breast cancers. The existence of low penetrance genes 

could explain a substantial percentage of all cancers and would therefore be of great 

importance. At the lower end of the penetrance scale such genes may not confer a 

detectable increased risk to relatives, thus making these genes very difficuU to detect.

1.3 Somatic Genetic Aberrations in Breast Cancer

1.3.1 Introduction

Multiple genetic aberrations have been identified by molecular genetic analysis of 

tumours from both sporadic and inherited cases that may represent important steps in 

tumourigenesis. These aberrations range from single nucleotide point mutations and 

structural chromosomal changes to gross change in chromosome copy number, termed 

aneuploidy (Devilee and ComeUsse, 1994). The most common and extensively covered 

aberrations are gene amplification and loss of heterozygosity. The amplification of genes 

provides a mechanism whereby the tumour cells gain an increased level of expression of 

dominantly acting oncogenes whilst loss of heterozygosity indicates that loss of function 

of tumour suppressor genes is also important for the process of tumourigenesis. The 

determination of the genes affected by these aberrations is fimdamental to understanding 

the genetic pathways involved in breast carcinogenesis.
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The evolution of somatic genetic aberrations underlying the progression of breast 

cancer is not fully understood. This is, in part, due to the relatively small amount of 

information available from premalignant and preinvasive breast lesions. The histological 

stages of breast carcinogenesis are not clearly defined as is the case with colorectal 

carcinogenesis for which the critical genetic steps from premalignant lesions to primary 

tumours and metastases have been identified (Fearon and Vogelstein, 1990). Therefore, 

the genetic aberrations important for breast tumour initiation and progression have been 

difficult to distinguish from those of background genetic instability of the tumour DNA. 

Breast cancers can be distinguished on the basis of invasive carcinoma or non-invasive 

carcinoma. The most common mvasive type is infiltrating ductal carcinoma whilst the two 

most important non-invasive carcinomas are ductal carcinoma in situ (DCIS) and lobular 

carcinoma in situ (LCIS). Benign lesions are also found which have some of the signs of in 

situ carcinoma (atypical hyperplasia). It would appear that most invasive carcinomas are 

preceded by a carcinoma in situ although it has also been postulated that a direct transition 

from normal epithelium to mahgnancy can occur (Ponten et al., 1990).

1.3.2 Flow Cytometry and Cytogenetic Analysis of Breast Tumours

Flow cytometry has been used extensively to examine the DNA content of breast 

carcinomas. Between 60 -80 % of breast tumours present clear evidence of an aneuploid 

DNA content by image and flow cytometry (Kallioniemi et al., 1987; Beerman et al., 

1990). The most frequently observed aneuploid state is that with a hypotetraploid DNA 

content. A single aneuploid stemline is usually observed with flow cytometry but multiple 

aneuploid stemlines have been identified in 10-15% of cases (Devilee et al., 1994). This 

clearly shows that intratumour genetic heterogeneity exists and that this is likely to be 

underestimated when only a small number of tumour samples are analysed. In two studies
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40-60% of primary tumours showed multiple DNA aneuploid tumour cell populations 

(Beerman et al., 1991; Bonsing et al., 1993).

The identification of genetic aberrations in breast cancer from cytogenetic studies 

is limited given the many technical difficulties. Of the tumours that have been karyotyped 

the most common abnormalities are changes affecting whole chromosomes and nearly all 

chromosomes are affected at different frequencies. Cytogenetic studies reveal that the 

majority of tumours are composed of more than one stemline and the resultant karyotypes 

are a composition of these. This is in agreement with cytometric analysis showing 

intratumour heterogeneity.

Comparative Genomic Hybridization (CGH) is a recently developed molecular 

cytogenetic method used to screen entire genomes to determine their DNA-sequence 

copy-number variation (KaUioniemi et al., 1992). CGH identifies regions of increased or 

reduced DNA-sequence copy-number by the intensity of flourescence of tumour DNA, or 

any test genome, and normal reference DNA hybridized to normal metaphase 

chromosomes; in this analysis no specific probes or prior knowledge of chromosomal 

aberrations is required. The genetic imbalance is quantified by digital image analysis of the 

difference in fluorescence intensity ratio. One significant advantage of CGH over other 

techniques for the detection of genetic aberrations in tumours, such as karyotyping, is that 

genomic DNA is the only source material required and DNA extracted from archived 

tumour specimens can be used (Reid et al., 1995). The activation of oncogenes and the 

inactivation of tumour suppressor genes are frequently associated with DNA 

amplifications and deletions respectively. Consequently CGH is an important process by 

which chromosomal regions containing tumour-associated genes can be identified.

The technique of CGH has been used extensively to study breast carcinomas in 

recent years (Isola et al., 1994; KaUioniemi et al., 1994; Muleris et al., 1994; Isola et al., 

1995; Reid et al., 1995; Couijal and Theillet, 1997; Nishizaki et al., 1997; Schwendel et
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al., 1998). Kallioniemi et al. (1994) were first to use CGH to examine breast cancer, both 

cell lines and primary tumours. In total they identified 26 chromosomal regions, ranging 

from very small regions to whole-arm or whole-chromosomes, which showed 

amplification. Seventy-eight percent of the amplification events occurred at loci that were 

previously unknown to be amplified in primary breast tumours. The subsequent studies 

have revealed a complex pattern of gains and losses of many chromosomes in breast 

carcinomas. The most common regions of DNA copy-number increase have been on Iq,

3q, 6p, 8q, 1 Iq, 12q, 17q and 20q. DNA losses have commonly been found for 3p, 6q, 8p 

and 16q. The regions of amplification on chromosomes 8q, 11 q and 17q have been shown 

to include the oncogenes MYC, cyclin D1 and ERBB2 respectively (Kallioniemi et al.,

1994; Reid et al., 1995; Couijal and Theillet, 1997; Schwendel et al., 1998). The target 

genes located on the additional regions of increased DNA copy-number are unknown. The 

increased copy-number at 20q has become recognised as one of the most common genetic 

aberrations in breast cancer only since the application of CGH analysis (Kalhoniemi et al., 

1994). Recently a candidate target gene on 20q, AIBl (amplified in breast cancer-1), has 

been identified which is amplified in approximately 10% and overexpressed in 64% of 

primary breast tumours (Anzick et al., 1997).

1.3.3 Gene Amplification

Amplification of specific chromosomal regions is associated with the activation or 

over-expression of the target gene within the amplification unit. Molecular analysis of 

primary breast tumours has shown that amplification of three chromosomal regions, 8q24,

1 lql3 and 17ql2, is centred on the knovm oncogenes MYC, cyclin D1 (CCNDl) and 

ERBB2 respectively. The MYC gene has been found to be over-expressed, by gene 

amplification or regulatory means, in 6-23% of breast cell lines or breast tumours (Escot et 

al., 1986; Mariani-Costantini et al., 1988; van de Vijver, 1993). MYC codes for a protein
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which, when dimerised to other proteins, transcriptionally activates genes that promote 

progression of the cell cycle (Amati et al., 1992; Kretzner et a i, 1992). Patients with MYC 

amplified tumours have been shown to have a very poor prognosis (Bems et a l, 1992a, 

1992b).

ERBB2 was originally identified as a result of transfection studies with DNA from 

chemically induced rat neuroglioblastomas (Schechter et a i, 1984). This gene was named 

neu and was shown to be related but distinct from the proto-oncogene c-erbB. Two other 

groups also isolated erbB-xdaXtd genes and named them HER-2 and c-erbB-2 (Coussens 

et al., 1985; Semba et al., 1985). Comparisons of sequence analysis and chromosomal 

mapping studies identified all three {neu, HER-2 and c-erbB-2) as the same gene, ERBB2. 

Importantly, King et al. (1985) determined that the same gene was amplified 5-10 fold in a 

breast cancer cell line. ERBB2 is a member of the tyrosine kinase family and is closely 

related to the gene encoding the epidermal growth factor receptor gene, ERBBl. The 

prognostic significance of the amplification of ERBB2 has been the focus of much interest 

since it was reported to be amplified in 30% of human breast cancers and an important 

predictor of disease recurrence and death for patients with axillary node-positive disease 

(Slamon et al., 1987). Amplification rates of ERBB2 from several studies range from 10- 

46% with an overall rate of 20% (Slamon et al., 1989; Clark and McGuire 1991). The 

correlation between amplification and clinical outcome, however, has not been 

conclusively confirmed as some reports claimed that amplification of ERBB2 is not related 

to clinical outcome (Ali et a i, 1988; Zhou et al., 1989). In their follow-up to the Slamon 

et al. (1987) study, Clark and McGuire (1991) stated that amplification of the ERBB2 

gene did not correlate with either disease-free or overall survival in patients with primary 

breast cancer. Their results for 185 node-positive patients were not significant in
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multivariate analysis and that while ERBB2 amplification may be of biological importance 

it would only be of marginal use as a prognostic factor for predicting clinical outcome.

The chromosomal region 1 lql3 is amplified in 15-20% of breast tumours 

(Lidereau et al., 1988; Theillet et al., 1989, 1990). Amplification of this region in breast 

cancer is associated with poor prognosis, lymph node involvement, and oestrogen and 

progesterone receptor positivity (Borg et al., 1991; Bems et al., 1992c; Schuuring et al.,

1992a). This region contains several candidate genes as the target for amplification. Two 

of these genes, identified as genes activated by mouse mammary tumour virus, are 

members of the fibroblast growth factor family, FGF3 (INT-2) and FGF4 {HSTl), which 

lie 40 kb apart on chromosome region 1 lql3 (Casey et al., 1986; Yoshida et al., 1988). 

Both are amplified in primary human breast cancers (Zhou et al., 1988; Theillet et al., 

1989) but they are transcriptionally silent in normal breast tissue and breast tumours and it 

would appear that they are merely carried on the amplification unit with the actual 

oncogene(s) (Liscia et al., 1989; Theillet et al., 1989). The search for genes present on the 

1 lql3 amplicon that are co-amphfied and overexpressed in all tumours with the 1 lql3 

amplification precipitated the identification of the genes CCNDl and EMSl (Schuuring et 

al., 1992b). Cyclin Dl, which is encoded by CCNDl, promotes progression through the 

G1 phase of the cell cycle by regulating the activity of two cyclin-dependent protein 

kinases, CDK4 and CDK6 (Scherr 1993). EMSl is involved in regulating the interactions 

between components in the adherens junctions (Schuuring et al., 1993). The complex 

pattern of amplification of the 1 lql3 region suggests that there are several foci of 

amplification which confer a selective advantage to the tumour cells, both CCNDl and 

EMSl fulfil the criteria as key oncogenes on 1 lql3 (Schuuring, 1995).
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1.3.4 Loss of Heterozygosity (LOH)

Knudson’s “two hit” hypothesis for the functional inactivation of a tumour 

suppressor gene describes how the first hit is recessive and may be carried in the germline 

or be acquired somatically and is often a point mutation (Knudson, 1971). The second 

mutation, always occurring at the somatic level, affects the remaining normal allele and 

usually involves a chromosomal mechanism resulting in the loss of genetic material. In a 

tumour, a reduction from heterozygosity to hemi- or homozygosity by this process is 

known as loss of heterozygosity (LOH) and can be determined by investigating 

polymorphic markers which allow the distinction of paternal and maternal chromosomes. 

The genetic mechanisms proposed by Knudson have been identified for numerous tumour 

suppressor genes and as a consequence, frequently observed LOH at specific 

chromosomal regions is indicative of the presence of a tumour suppressor gene. Therefore 

deletion of genomic regions may be important in the initiation and progression of breast 

cancer due to the inactivation of tumour suppressor genes.

The analysis of all chromosomes by LOH in a series of tumour specimens is termed 

allelotyping (Vogelstein et al., 1989). In breast cancer LOH is very common and occurs in 

nearly all chromosomes (Devilee and Comelisse, 1994). Those exhibiting the most 

frequent losses include chromosomes 1, 3p, 6q, 8p, 1 Iq, 13q, 16q, 17, and 22q (Devilee et 

al., 1989; Sato et al., 1990; Devilee and Comelisse, 1994). Only a small number of 

tumour suppressor genes, eg. RBI and p53, are currently known to be located on these 

chromosomal regions. Loss of chromosome 17pl3, the chromosomal location of p53, is 

one of the most frequent in breast carcinomas (Coles et al., 1990; Anderson et a l, 1992). 

Mutation of the p53 gene has been observed in up to 50% of breast tumours (Osborne et 

al., 1991; Coles et al., 1992) and is associated with a poor prognosis (Thor et al., 1992; 

Allred et al., 1993). Chromosomal regions 1 lq22-23.1 and 1 lq25-ter show frequent 

allelic loss in sporadic breast cancer (Koreth et al., 1997) and patients with primary breast
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cancers with LOH of 1 lq23 have a more aggressive post-metastatic disease course than 

patients without these deletions (Winquist et al., 1995). LOH on chromosome 17 has been 

particularly well studied and multiple regions of LOH have been identified (Cropp et al., 

1993). BRCAl and p53 are Ukely to be two of the target genes for LOH on chromosome 

17 but other genes such as NME, MDC and prohibitin (PHB) may also be targets for 

LOH. The NMEl gene at chromosome 17q23 encodes components of a protein whose 

loss has been associated with metastasis (Steeg et al., 1988) and the MDC gene has been 

shown to be somatically rearranged in 2 primary breast tumours (Emi et al., 1993). Thus 

determining the genes involved the LOH events is as complex as identifying those 

targetted in gene amplification.

1.3.5 Genetic Evolution of Breast Cancer

The molecular genetic events underlying breast carcinogenesis are not completely 

understood and describing any pathway of evolution suffers from the limited information 

available from precursor lesions as well as the genetic heterogeneity of the disease. Data 

from a cytogenetic and flow cytometric study indicates that the initial events in the process 

of tumourigenesis include structural chromosomal aberrations (LOH and gene 

amplification) and losses of whole chromosomes (Dutrillaux et al., 1991). This net loss of 

material leads to a state termed hypodiploid which refers to a cellular DNA content less 

than that found in normal cells. It has been proposed that this state then gives rise to 

hyperdiploidy, the most common chromosomal abnormality in breast tumours, by a 

process of endoreduplication (Devilee and Comelisse, 1994). Alternatively, 

endoreduphcation may be an early event in tumour development and only after this step do 

chromosomal gains and losses influence tumourigenesis (Ewers et al., 1984). 

Hypotetraploid DNA content is the most common form of hyperdiploidy with near

diploid, triploid, tetraploid and hypertetraploid tumours constituting 5-15% of aneuploid
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breast cancers each. Only 1-2 % of breast cancers persist as hypodiploid (Devilee et a i,

1994). These hypodiploid tumours often show the presence of endoreduplicated subclones 

and suggests that progressive chromosomal loss in hypodiploid tumours increases the 

likelihood of endoreduplication (Dutrillaux et al., 1991). The resultant hyperdiploid clone 

would then have a growth advantage due to a gene dosage effect rather than the gain of 

important structural rearrangements. Recent investigations of ductal carcinoma in situ 

(DCIS) of the breast by CGH have identified a variety of gains and losses of chromosomal 

regions which may help to pinpoint specific events involved with disease initiation or 

progression (James et al., 1997). Although the number of samples studied was small, it 

was clear that fewer gains/losses were observed than in invasive carcinomas and that the 

aberrations were similar to those found in invasive breast cancer. Similarly, the study of 

hypodiploid breast cancer has shown gains and losses of chromosomal regions common to 

those found in invasive carcinomas indicating that they share a common genetic evolution 

pathway where structural chromosomal aberrations precede gross DNA ploidy changes 

(Tanner et a i,  1998). Further evaluation of preinvasive and premalignant lesions may help 

to elucidate the genetic aberrations essential to the initiation and progression of breast 

cancer.

1,4 Tumour Suppressor Genes

1.4.1 Deflnition of a Tumour Suppressor Gene

Many of the genes associated with inherited cancer syndromes, including BRCAl 

and BRCA2, have been classed as tumour suppressor genes. What defines a tumour 

suppressor gene? No single characteristic is sufficient to define a tumour suppressor gene 

but three features are central to our current understanding. Firstly, the presence in the
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tumour of loss-of-function mutations of both alleles of the gene. Secondly, there should be 

gene inactivation in inherited as well as sporadic tumours and thirdly, the wild type allele 

should have the ability to rescue the tumour phenotype in vitro. Many tumour suppressor 

genes such as RB, p53, WTl, APC and p i 6 fulfil these criteria. Yet BRCAl and BRCA2 

are rarely mutated in sporadic breast tumours. Also, the tumour suppressor genes that 

predispose to Hereditary Non-Polyposis Colorectal Cancer (HNPCC), hMLHl and 

HMLH2, are involved in mismatch repair and create a mutator phenotype and are unlikely 

to restore finite proliferation by their reintroduction. To date tumour suppressor genes 

have been found to act as a crux in pathways that regulate prohferation. differentiation, 

apoptosis and the response to DNA damage.

1.4.2 RB as a Paradigm of a Tumour Suppressor Gene

The retinoblastoma gene (RB) predisposes to retinoblastoma, a cancer of the eye in 

children arising irom cells of the embryonal neural retina, and was the first tumour 

suppressor gene to be isolated. The retinoblastoma gene has been used as a paradigm of 

the tumour suppressor gene. Approximately 10 % of cases have a family history of the 

disease and are termed famihal, with the remaining 90 % occurring at an older age and 

being sporadic, a term used when there is no family history. Given these observations, 

Knudson proposed that all types of retinoblastoma require two rate-limiting genetic hits 

(mutations) that are present in every retinoblastoma cell (Knudson, 1971). By extension 

the hypothesis proposes that both alleles of a tumour suppressor gene need to be 

inactivated in order to contribute to oncogenesis. In the case of an individual with a 

germline defect in one allele, regarded as the first hit, only a second somatic hit in the 

normal allele is required to lead to the development of cancer. This second mutation often 

proceeds via a chromosomal mechanism resuhing in the loss of the wild-type allele and is 

detectable as loss of heterozygosity (LOH) of polymorphic DNA markers in the vicinity of
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the gene. Such LOH is therefore interpreted as evidence for the presence of a tumour 

suppressor gene close to the deleted markers. Confirmation of the first hit came from 

studies of alleles of the esterase D gene, mapped to chromosome region 13ql4, which 

were linked to famihal predisposition to retinoblastoma (Sparkes, 1983). The second hit 

was confirmed to be in the other allele at this locus by loss of heterozygosity analysis 

which involved loss of sequence fi'om the chromosome not carrying the affected 

retinoblastoma locus (Benedict et al., 1983; Cavanee et a i,  1983; Cavanee et a i, 1985). 

With the subsequent cloning of the RB gene, Knudson’s proposals were corroborated by 

detecting a single germline mutation in children with an inherited predisposition and two 

somatic mutations in sporadic cases (Friend et al., 1986; Yandell et al., 1989; Hogg et a i, 

1993). This demonstrated that inactivation of the gene alone by loss-of-ftinction mutations 

caused the development of both famihal and sporadic cancers.

Another fundamental characteristic of tumour suppressor genes is that 

reintroduction of a wild type gene into cells lacking the functional tumour suppressor 

product would reverse the tumour phenotype. This proposal comes fi'om studies where 

cancer cells were fused with non-transformed cells and the mahgnant phenotype was 

suppressed. This has been shown for RB, whereby introduction of an intact chromosome 

13 into cells lacking a functional RB has prevented cells from prohferating (Stanbridge, 

1992). From the studies outlined above RB has become the model for a tumour suppressor 

gene.

1.5 The Cell Cycle

The cell cycle can be described in terms of four different stages, G1, S (DNA 

synthesis) phase, G2 and M (mitosis) phase (Figure 1.4). The cell cycle ends with 

completion of M phase and is followed by G1 progression, S phase, 02  progression and
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then M phase, if the conditions are propitious for a further cell cycle. When the cell is not 

involved in a cell cycle it enters a quiescent stage known as GO. The fundamental task of 

the cell cycle is to ensure that during the S phase chromosomes are replicated once and 

during the M phase that identical chromosomal copies are segregated equally to two 

daughter cells. These events form an ordered developmental sequence that ensures that 

each newly divided cell receives a full complement of the hereditary material. Therefore it 

is critical for the cell to ensure that these episodes occur in the correct order and at the 

correct time. This is maintained by a number of complex controls acting at different stages.

Under normal circumstances the S phase always occurs after the M phase of the 

previous cell cycle. This ensures that G2 cells do not enter another S phase which would 

result in a second round of DNA replication and therefore a change in cell ploidy. For cells 

to enter S phase they must complete progression through 01. Cells entering 01 from 

mitosis require serum mitogens continuously until several hours before onset of the S 

phase; after this point they become relatively serum independent. This point is termed the 

restriction point (Pardee, 1989). Having passed the restriction point the cell is commited 

to a complete cycle through to the end of the M phase although this can be affected by 

DNA damage or metabolic disturbances.

1.5.1 CycUns, Cyclin-Dependent Kinases and the Gl/S Transition

Positive regulators of the cell cycle include a group of related proteins called the 

cyclins (D, E, A, B). The cyclins are the positive regulatory subunits of a class of related 

protein kinases named cyclin-dependent kinases, CDKs. At least 10 different cyclins and 7 

CDKs are known and can form at least 15 different cyclin-CDK complexes (Lew and 

Reed, 1992; Sherr, 1993). Having been stimulated to enter the cell cycle from quiescence 

(GO phase), the first group of cyclins to be expressed are the D-type cyclins. There are 

three D-type cyclins (D1, D2 and D3) and they are, in part, expressed in a cell-type
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specific manner with most cells expressing D3 and either D1 or D2. Acting as growth 

factor sensors, the expression of the D-type cyclins depends on mitogenic stimulation 

rather than on the cell’s position in the cycle (Sherr, 1993). The induction of these cyclins 

is part of the delayed early response to growth factor stimulation whereas the immediate 

early response genes include c-fos, c-jun and c-myc. Once expressed, the D-type cyclins 

form active kinase complexes in mid- and late G1 with their catalytic partners, CDK4 and 

CDK6 (Sherr, 1993).These complexes then phosphorylate key substrates that are required 

for the progression of the cell cycle and their catalytic activity continues as long as there is 

mitogenic stimulation. Removal of such extracellular stimuli results in cessation of cyclin 

D synthesis and the cell exits the cycle. If this occurs before the restriction point the cell is 

incapable of entering the S phase (Matsushime et a i, 1991) but loss of cyclin D1 activity 

later in the cell cycle is without effect (Quelle et a i, 1993; Baldin et ai, 1993).

The expression of cyclin E comes after the synthesis of cyclin D1 in G1, is 

normally periodic and reaches a maximum at the 01 - S phase transition (Dulic et al., 

1992; KofF et a i, 1992). The catalytic partner of cyclin E is CDK2. Over-expression of 

both cyclin D1 and cyclin E causes a reduction in the G1 interval greater than that caused 

by over-expression of either one alone, indicating that they regulate different processes in 

the G1 - S phase transition (Resnitzky and Reed, 1995). Cyclin A is induced shortly after 

cyclin E and forms a complex with CDK2 in S phase and CDC2 in late S and G2 phase. 

Cyclin A is thought to regulate entry into S phase, inactivation of cychn A by antibody 

injection blocks entry into S phase (Girard et al., 1991; Pagano et a i, 1992). The mitotic 

cyclin, cyclin B, regulates mitosis in association with CDC2 (Dunphy, 1994). Cyclin B is 

induced in S phase, cyclin B - CDC2 complexes accumulate towards M phase and then 

cyclin B rapidly degrades during mitosis.
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1.5.2 Regulation of CDKs

The cyclins are expressed in a cell cycle-dependent manner and in this way they 

control the activation of their associated CDKs. CDK activity also depends upon both 

negative and positive phosphorylations, and can be affected by at least two famihes of 

CDK inhibitory proteins (CKls).

Phosphorylation of specific residues of CDKs is required for the activation of its 

kinase activity by making their catalytic pocket accessible for the protein substrate 

(Jeffrey et al., 1995). This phosphorylation is controlled by a CDK Activating Kinase 

(CAK) which requires cycUn H for its activity (Makela et al., 1994; Fisher and Morgan, 

1994). CAK phosphorylates cyclin-CDK2, cyclin-CDC2 and cychn D2-CDK4 complexes. 

CDKs are also regulated by another phosphorylation event through the wee-l/mik-I 

related protein kinases (Dunphy, 1994).

The CDK inhibitors (CKIs) can be divided into two groups, those that associate 

with a complex containing a cyclin, a CDK and the prohferating cell nuclear antigen 

(PCNA) (Xiong et al., 1992; Zhang et at., 1993) and those that act as competitive 

inhibitors of D-type cyclins by binding to CDK4 and CDK6 (Serrano et al., 1993; Hirai et 

al., 1995; Hannon and Beach, 1994). The first group includes the proteins p2l'^“’’ , p27'^’ 

and p57'^^. The first of these to be identified, p21^“*', binds to and inhibits a wide variety 

of cyclin-CDK complexes including cyclin D-CDK4, cychn E-CDK2 and cychn A-CDK2 

(Harper et al., 1993; Gu et al., 1993; Xiong et al., 1993; El-Deiry et al., 1994; Noda et 

al., 1994). p2l‘̂ “’* expression is controlled, to a certain extent, by p53 (El-Deiry et al.,

1994). DNA damage results in the increase of p53 levels, which in turn induce synthesis of 

p2 icipi increase of p2l‘̂ “’' levels inhibits cyclin-CDK kinase activity and allows time 

for DNA repair to take place before the cell enters the S phase. As is the case for p21^“’*, 

p27*^\ inhibits a wide variety of cycUn-CDK complexes (Polyak et a l, 1994; Toyoshima 

and Hunter, 1994). Levels of p 2 7 ^ ‘ are high in quiescent cells and low during the cell
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cycle. Residual p27™' is sequestered by cyclin D-CDK complexes thus removing 

repression of cyclin E-CDK2 and cyclin A-CDK2 activity in cycling cells (Toyoshima and 

Hunter, 1994).

The second group of CKIs are specific polypeptide inhibitors of CDK4 and CDK6, 

but not other CDKs, and are known as the FNK4 proteins. The four known INK4 proteins 

are p 1 p 1 p 1 and p 19 ”̂ ' ’̂ . By binding to and inhibiting CDK4 and 

CDK6 they can cause a G1 phase arrest thus indicating that they are potent inhibitors of 

cell cycle progression (Serrano etal., 1993; Hirai et al., 1995; Hannon and Beach, 1994).

1.5.3 Ceil Cycle Checkpoints

O f ftmdamental importance to the understanding of the initiation of cancer and its 

progression is how specific checkpoints operate within the cell cycle and what are the 

consequences of their failure. Checkpoints interrupt cell cycle progression when damage 

to the genome or spindle is detected, or when cells have failed to complete an event. Three 

checkpoints have been described. These are the DNA damage checkpoint, a spindle 

checkpoint and a spindle pole body duplication checkpoint. The DNA damage checkpoint 

involves either excision repair pathways that mend modified bases, or breaks in the DNA 

that are repaired by non-homologous end joining or by the creation o f new telomeres. The 

DNA damage checkpoint occurs at three different stages o f the cell cycle. One is at the 

G l/S transition, a second ensures successful progression through the S phase and a third 

at the G2/M transition (Paulovich et al., 1997). Many of the genes involved at one arrest 

point are also required for arrest at the other stages. Failure o f one or more checkpoints to 

arrest the cycle at any of these stages o f the cell cycle is usually found in cancer cells. The 

consequences of a failed DNA damage checkpoint depend on the type of damage and on 

the stage of the cycle at which it presents.
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To avoid replicating damaged DNA the DNA damage checkpoint at the Gl/S 

stage arrests the cells by responding to certain types of damage and whilst they still have a 

G1 DNA content. During this period time is allowed for DNA to be repaired before 

proceeding into the S phase of the cell cycle. Again, in response to DNA damage, the rate 

of DNA replication during the S phase can be slowed so as to allow repair to take place. 

Cells at the S phase risk not completing replication and misincorporating bases. The 

consequences of not arresting the cell cycle in response to DNA damage at either of these 

stages is determined, in part, by the type of DNA damage and the effect that replicating 

the damaged template incurs. For the case of double-stranded breaks there is a high risk of 

loss of heterozygosity, DNA amplification, chromosome loss/gain and chromosomal 

rearrangement or truncation. Also base mismatches that are not repaired by the mismatch 

repair system or other lesions that are not corrected result in the fuation of the mutation 

after replication or subsequent repair synthesis. Initial lesions may also result in the 

formation of secondary lesions.

For G2/M transition the DNA damage checkpoint is activated only by double

stranded breaks and progression from 02 to M is dependent on an intact genome. At this 

stage failure to arrest and create a delay in which to repair the damage can result in 

chromosomal loss, creation of a truncated chromosome or lead to chromosomal 

rearrangement and gene amplification. The DNA damage checkpoint appears to react to 

DNA damage that would cause the most serious consequences if allowed to continue on 

to the next stage of the cell cycle.

1.5.4 Genes that Control the Cell Cycle and Tumour Suppressor Genes

Two of the most extensively investigated tumour suppressor genes, p53 and the 

retinoblastoma gene, RB, play a critical role in the maintenance and regulation of the cell 

cycle. The p53 protein is a transcription factor that increases the transcription of several
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genes that have a variety of p53-dependent functions in the cell (Ko and Prives, 1996). 

Among the products of these genes is p21, which can inhibit cyclin-cyclin-dependent 

kinases (cyclin-CDKs), bind CDKs and cyclins and arrest the cell cycle. The human 

MDM2 protein, the product of an oncogene, is also transcriptionally activated by p53 but 

inactivates p53 mediated transcription and creates an autoregulatory loop with p53 activity 

(Levine, 1997). The RB gene product acts as a signal transducer that connects the cell 

cycle “clock” with the transcriptional machinery. In this way Rb controls the expression of 

many genes that are involved in governing the progression of the cell cycle.

Central to the regulation of the Gl/S transition in the cell cycle is the pi 6- 

cyclinDl-CDK4-Rb pathway. Once p53 is activated, by DNA damage, it initiates the 

transcription of p 2 / . p21 then interacts with the p 16-cyclin D1 -CDK4-Rb pathway by 

binding to the cyclin D1-CDK4 complex. A single p21 bound per complex allows CDK 

activity but if two molecules of p21 bind per complex then CDK activity is inhibited and 

cell cycle progression is halted. Both pi 6 and p21 are inhibitors of cyclin-dependent 

kinases. p21 is also capable of binding to PCNA and by doing so stops some of its 

functions and prevents DNA replication. Hence p53 is central to cell cycle regulation. Rb 

also connects with the pathway but at a stage further downstream in the process. The 

cyclin D1-CDK4 complex’s main function is the regulation of the retinoblastoma protein 

by phosphorylation. The cyclin-dependent kinase, CDK4, is directed by cyclin D1 to the 

retinoblastoma protein, which it then phosphorylates. The majority of the retinoblastoma 

protein is hyperphosphorylated during the last hours of G1 as compared to the under 

phosphorylated form in the preceding period of G1. Only under favourable conditions is 

Rb phosphorylated, thus allowing completion of the cell cycle. By existing in either the 

hyperphosphorylated or hypophosphorylated state Rb can then regulate E2F-DP 

transcription factor complexes which go on to regulate genes that are required for the S 

phase of the cell cycle. Once Rb is phosphorylated, E2F-DP proteins are released from the
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Rb complex therefore relieving their repression or activating their transcription. Rb 

remains in the hyperphosphorylated form until it emerges from the M phase of the cell 

cycle.

p53 has also been associated ŵ ith the G2/M phase checkpoint and the GO/Gl/S 

phase transition. Mutation of p53 could result in genomic instability at the G2/M phase 

checkpoint and experiments with mutant p53 by Del Sal et al. (1995) suggest that p53 

acts at the GO/Gl/S phase transition by direct protein-protein signalling and not as a 

transcription factor.

1.5.5 Cancer and Genes Involved in the Cell Cycle

The pi 6-cyclin D1 -CDK4-Rb pathway is central to the regulation of the cell cycle 

and alteration or mutation of its constituent genes and gene products has provided a great 

insight to the understanding of human malignancies. In retinoblastomas, small cell lung 

carcinomas, sarcomas and bladder carcinomas loss of the Rb function is ascribable to 

mutations in the RB gene (Horowitz et al., 1990). In small cell lung carcinomas where 

normal Rb and pi 6 expression were investigated, the carcinomas lacking normal Rb 

expression had the wild type pi 6 gene product but those lacking the pi 6 protein had 

normal levels of Rb (Otterson et al., 1994). pi 6 is deleted in many cancers such as 

glioblastomas and pancreatic carcinomas (Jen et al., 1994; Schmidt et al., 1994; Caldas et 

al., 1994) and is turned off by heavy methylation in some cancer cells (Levine, 1997). The 

cyclin D1 gene is amplified and overexpressed in oesophageal cancer, squamous cell 

carcinomas and about 16 % of breast cancers (Lammie etal., 1991; Jiang et al., 1992). 

The CDK4 gene has also been found to be mutated or amplified, as in glioblastomas 

(Schmidt er a/., 1994).

Mutation of the p53 gene is found in over 50 % of all human cancers (Hollstein et 

a i, 1994) although some tumour types never appear to acquire p53 mutations (Lutzker
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and Levine, 1996). The selection of p53 mutations in tumours is predominantly for 

mutations located in regions that are involved in sequence specific DNA binding. The 

combination of selection and environmental mutagens produces the mutational spectrum 

seen for p53 in human cancers.

1.6 The Prohibitin Gene {PHB)

1.6.1 Isolation and Identiflcation of the Prohibitin Gene {PHB)

The genes that negatively regulate cell proliferation are of vast importance to the 

processes of development and cancer. Such antiproliferative activity has been 

demonstrated in a variety of cell or tissue types (Stanbridge, 1992). The existence of an 

antiproliferative activity was demonstrated in human diploid fibroblasts (HDF) by fusion of 

dividing and non-dividing, senescent HDF. This resulted in inhibition of cell division in the 

dividing cells (Norwood et al., 1985). Microinjection of poly (A) enriched RNAs from a 

number of sources, including non-dividing T cells, normal rat liver and senescent HDF, 

have all been shown to inhibit DNA synthesis in dividing cells (Lumpkin et al., 1985; 

Lumpkin et al., 1986; Pepperkok et al., 1988). By fractionating rat and human liver 

mRNA on a sucrose gradient and using the fractions in microinjection studies a peak of 

inhibitory activity was associated with mRNA transcripts of 2 kb in length (Lumpkin et al., 

1985; Pepperkok et al., 1988). Nuell et al. (1989) subsequently isolated cDNA clones 

associated with this inhibitory activity by differential hybridization to RNA from normal 

liver as opposed to RNA from regenerating rat liver. The cDNAs from these clones were 

used to identify their cognate RNA which were then tested for antiproliferative activity by 

microinjection assays. From these experiments a single clone of 122 bp was determined to 

code for part of a growth inhibitor and was designated as “prohibitin”. It was fiirther
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shown that the prohibitin mRNA could inhibit DNA synthesis in normal fibroblasts in 

culture (McClung et al., 1989).

A prohibitin cDNA sequence with a complete open reading frame was 

subsequently isolated from a rat intestine cDNA library (Nuell et al., 1991). The clone was 

predicted to code for a protein of 272 amino acids and a molecular weight of 

approximately 30 kDa. Prohibitin was shown to be an intracellular protein which is 

expressed in all rat tissues tested and its mRNA has the ability to block DNA synthesis in 

cancer cells. Based on the observation that regions of the rat prohibitin gene are highly 

conserved with the Drosophila gene Cc, a PCR product from a region of the human 

prohibitin gene was generated. This product was then used to screen both human cDNA 

and genomic cosmid and phage libraries to isolate the whole coding sequence of the 

human prohibitin gene (Sato et al., 1992). As with the rodent prohibitin gene, the human 

protein was predicted to have 272 residues and was expressed in all tissues examined.

1.6.2 Amino Acid Composition

TTie human prohibitin gene shares a 99.6 % identity with the rat prohibitin gene at 

the amino acid level and is 90.3 % identical at the nucleotide level (Sato et al., 1992). 

Most of the differences at the nucleotide level are third position changes and the only 

amino acid substitution is a conservative change of the phenylalanine residue at codon 107 

for a tyrosine residue. A high level of conservation at the amino acid level is seen for the 

prohibitin gene in all species that have been examined. The human sequence is 75 % 

identical to Drosophila and 52 % identical to yeast at the protein sequence level. The ftill 

or partial gene sequence of homologues of the prohibitin gene have been detected in a 

wide range of other species. These include yeast (McClung et al., 1995), rat (Nuell et 

a/., 1991), mouse (Terashima et al., 1994), Drosophila (Eveleth and Marsh, 1986), 

Arabidopsis thaliana and Nicotiana tabacum (tobacco) (Snedden and Fromm, 1997) and
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a selection of mammals (Matsuyama et al., 1997). Homology to prohibitin has even been 

found in sequences from the ancient cyanobacterium Synechocystis (Coates et al., 1997). 

The mouse, rat and human prohibitin proteins contain 272 amino acids, the Drosophila, 

Arabidopsis, tobacco and yeast proteins have 276, 277, 280 and 287 amino acids 

respectively (Figure 1.5). The differences are explained by a small number of amino acids 

at the amino and carboxy-terminals of the protein, in the case of yeast this constitutes a 

region of 13 amino acid residues close to the C-terminal of the protein and 2 additional 

amino acids at the amino-terminus. Such a high level of conservation in many different 

organisms suggests that throughout evolution prohibitin has remained an important gene.

Computer-generated models of the secondary structure of the prohibitin protein by 

McClung et al. (1995) indicate a number of features of note. A hydrophobic a-helix is 

predicted to be present at the amino-terminus. This is followed by an internal P-sheet 

region and then another a-helical region is predicted towards the carboxy-terminus.

Ikonen et al. (1995) noted that if the 18 amino-terminal residues are plotted on a helical 

wheel they resemble a mitochondrial targeting signal which forms an amphiphilic a-helix 

after insertion in lipid membranes. This agreed favourably with their report that prohibitin 

is localised to the mitochondria. Prohibitin also contains a number of possible sites for N- 

glycosylation, 7V-myristolation, tyrosine sulfation, and phosphorylation by protein kinase C 

and casein kinase II. The significant alteration in mobility of the protein that would be 

induced by iV-glycosylation and 7V-myristolation is not seen when the prohibitin protein is 

analysed by two-dimensional Western blots (McClung et al., 1995), indicating that these 

sites may not be active. Three isoforms were, however, detected by this method and these 

could be explained singularly or by a combination of; phosphorylation, sulfation and/or 

mono(ADP-ribosyl)ation. Prohibitin has been isolated from cultured rat ovarian granulosa 

cells in a phosphorylated and unphosphorylated form of 28 kDa (Thompson et al., 1997). 

A number of other observations of a phosphorylated form of prohibitin have been made
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(1) M G  SQQA A V S F L S N L A K A A F G L G T A A T V L N T S L F T V D G G E R 40
(2) M G  SSQA A V S F L T N V A R A A F G L G I  S A T V L N S S L Y T V D G G Q R 40
(3) M A A K V F E  S I G K F  G L A L A V A G G V V N S  A L Y N V D A G H R 35
(4) M A A K V F E  S I G K F  G L A L A V A G G V V N S  A L Y N V D A G H R 35
(5) MS N S A K L I D V I T K V A L P I  G I  I A S G I  Q Y S M Y D V K G G S R 37
(6) M A A Q F  F N R I G Q M G L G V A V L G G V V N S  A L Y N V E G G H R 35

AV I FD RF R G VMD Q T VGEGTHF LI P I L Q R PH I F D I R TK P H T 80
AV I FD R FR G VI D D T VGEGTHF LV P W L Q K PF I F D I R TR P H T 80
AV I FD R FR G V Q D I  V VGEGTHF LI P W V Q K PI I F D C R SR P R N 75
AV I FD R FR G V Q D I  V VGEGTHF LI P w V Q K PI I F D C R SR P R N 75
AV I FD KI N G VK Q Q V VGEGTHF LV P w L Q K AI I Y D V R TK P K S 77
AV I FD RET G I K E N V VGEGTHF FL P W V Q R PI I F D I R SO P R N 75

F S SI S G T KDLQ M V N L T L  R V LS R P E V S R L P Y I F Q T L G L E Y D 120
F S SVS G T KDLQ M V N L T L  R V LS R P E V A R L P A I F K T L G L E Y D 120
V P VI T G S KDLQ N V N I T L  R I LF R P V A S Q L P R I Y T S I G E D Y D 115
V P VI T G S KDLQ N V N I T LR I LF R P V A S Q L P R I F T S I G E D Y D 115
I A TNT G T KDLQ M V S L T LR V LH R P E V L Q L P A I Y Q N L G L D Y D 117
V P VI T G S KDLQ N V N I T LR I I Y R P I P D Q L P K I Y T I L G Q D Y D 115

EKVLPSI G N E V L K A V V A Q F N A D Q L L T E R P H V S AL VRES L I 160
EKVLPSI G N E V L K A V V A 0 F N A D Q L L T E R P Q V s AL VRES L I 160
ERVLPSI T T E I L K S V V A R F D A G E L I T Q R E L V s RQ VSDD L T 155
ERVLPSI T T E I L K S V V A R F D A G E L I T 0 R E L V s RQ VSDD L T 155
ERVLPSI G N E V L K S I V A 0 F D A A E L I T Q R E I I s QK IRKE L S 157
ERVLPSI A P E V L K A V V A Q F D A G E L I T Q R E M V s QR VSQE L T 155

RA K D F N I V L D D V AI T H L SY G V E F S R AVE Q KQ V AQQ E A E R 200
RA K D F N I V L D D V AI T H L SY G A E F S K AVE Q KQ V AQQ E A E R 200
RA A T F G LI L D D V SL T H L TF G K E F T E AVE A KQ V AQQ E A E R 195
RA A T F G LI L D D V SL T H L TF G K E F T E AVE A KQ V AQQ E A E R 195
RA N E F G I K L E D V SI T H M TF G P E F T K AVE Q KQ I AQQ D A E R 197
RA K Q F G FI L D D I SL T H L TF G R E F T L AVE M KQ V AQQ E A E K 195

S K FV V M KA D Q E RR A AV I R AEG E S E A A Q LI S D A TA KA G M GL
S K FV V M KA E Q E RR A AI I R AEG E S E A A K LI S D A TA AA G M GL
A R FV V E KA E Q Q KK A AI I S AEG D S K A A E LI A N S LA TA G D GL
A R FV V E KA E Q Q KK A AI I S AEG D S K A A E LI A N S LA TA G D GL
A K FL V E KA E Q E RQ A SV I R AEG E A E G A E Cl S K A LA KV G D GL
A R FV V E KA E Q Q KL A SI I S AEG D A E A A G LLA K S FG EA G D GL

240
240
235
235
237
235

I EL R R I EA S R E I A S T L A R SPN  V A Y LP G G Q - - - S M L FALN R 277
I EL R R I EA S R E V A A T  M A  K T P N  V A Y LP K Q G ----- N M L LGLN ASRV 280
I EL R K L EA A E D I A Y Q L S R SRN I T Y LP A G  Q ----- S V L LQLP Q 272
I EL R K L EA A E D I A Y Q L S R SRN I T Y LP A G  Q - - - S V L LQLP Q 272
LLI R R L EA S K D I A Q T L A N SSN  V V Y LP S Q H (13) S L L LNI G R 287
VEL R R I EA A E D I A Y Q L S R SRG V A Y LP S G Q - - - S T L LNLP STIAQ 276

Figure 1,5. Comparison of prohibitin amino acid sequences: (l)=Arabidopsis, (2)=Tobacco, 
(3)=Mouse and Rat, (4)=Human, (5)=Yeast, (6)=Drosophila. Identical amino acids in all 6 
sequences are boxed in red. Sequence analysis from Snedden and Fromm, 1997, and Lamers and 
Bacher, 1997.



(McClung et al., 1995). Whether prohibitin is modified in other ways is currently 

unknown.

1.6.3 Subcellular Location

Early reports suggested that prohibitin existed in 2 different forms, one in the 

nucleus and one in the cytoplasm, and that it is associated with a large protein complex of 

about 500 kDa (Wood et al., 1991). The bulk of the protein was reported to be in the 

cytoplasm (Nuell et al., 1991). Several reports have since described diverse locations for 

prohibitin within the cell. Whilst investigating the identity of proteins that are 

intracellularly associated with mIgM and mIgD in mouse B lymphocytes, Terashima et al. 

(1994) found 3 proteins of 32, 37 and 41 kDa, that are associated with the membrane 

bound IgM (mIgM) antigen receptor complex but not with the mIgD complex. The 32 

kDa protein was identified as prohibitin on the basis of its amino acid sequence and the 37 

kDa protein was named as a B-cell receptor associated protein, BAP37. Terashima et al. 

(1994) concluded that prohibitin and BAP37 are intracellular proteins that associate with 

the transmembrane domain of mIgM in B cells. They also found prohibitin and BAP37 in 

protein complexes of ~ 120-200 kDa but did not comment on any possible interaction 

between prohibitin and BAP37 in these complexes. Coates et al. (1997) reported that 

prohibitin and BAP37 are physically associated although the mode or mechanism of their 

interaction with each other and/or separate proteins was not shown.

A second location for the prohibitin protein was found when it was localised to 

mitochondria. This was demonstrated by expressing rat prohibitin with a carboxy-terminal 

c-Myc epitope in baby hamster kidney cells and visualising the proteins by using a Myc- 

antibody (Ikonen et al., 1995). The mitochondrial location for prohibitin has been 

confirmed in rat liver, Drosophila (McClung et al., 1995; Dell’Orco et al., 1996) and 

human, rodent and Xenopus laevis cell lines (Coates et al., 1997). The mitochondrial
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location was also confirmed in plants by Snedden and Fromm (1996). In these experiments 

the majority, but not aU, of the prohibitin protein localised to the mitochondria. The region 

of localisation within the mitochondria was narrowed to the mitochondrial iimer membrane 

by Western blot analysis after the mitochondria had been fractionated into constituent 

matrix and inner and outer membranes (McClung et a i, 1995). Such varying cellular 

locations as the mitochondria and the plasma membranes of B cells suggest that prohibitin 

is a protein that can exert its function(s) at distinct levels. Lamers and Bacher (1997) 

concluded that the cellular location of prohibitin is determined by the differentiation and 

activation state of the cell, although the possibility that either of the observed locations 

was incorrect was not ruled out. They also stated that the alternate locations may, in part, 

be explained by the finding that prohibitin exists almost exclusively in large complexes in 

the detergent lysates of fibroblast and B cell lines and is rarely found uncomplexed.

1.6.4 Chromosomal Location

The human prohibitin gene was localised to chromosome 17q21-q22 by probing 

EcoK\ digested genomic DNA from 33 mouse-human hybrid cell lines with a fragment of 

the human prohibitin genomic DNA (White et a i, 1991). No discordance was seen 

between prohibitin and a location on human chromosome 17. Sato et al. (1992) 

determined the gene location as 17q 12-21 by fluorescent in situ hybridization and, by 

comparison to the previous location of 17q21-q22, assigned the gene to the chromosomal 

region 17q21.

Southern blot analysis of genomic DNA indicated that the prohibitin gene could be 

a member of a gene family. Screening of a human genomic cosmid library and a human 

fetal-brain cDNA library with a human prohibitin cDNA insert as a probe revealed five 

cosmid clones carrying sequences homologous to the prohibitin gene (Sato et al., 1993). 

Four of these were intronless pseudogenes whilst the fifth was identified as the fiinctional
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prohibitin gene. The four pseudogenes {PHBPl-4) are located on chromosomes 6q25,

1 Ipl 1.2, lp31.3 and 2q21 respectively and were found to deviate in sequence from the 

functional prohibitin gene in the regions examined. For example, the DNA sequence of 

PHBPI contains 84 nucleotide substitutions, one single base pair deletion and one three 

base pair deletion in the region of PHBPI corresponding to the coding sequence of the 

functional prohibitin gene. The large number of nucleotide substitutions and base pair 

deletions identified in PHBPI and the other pseudogenes indicate that they are unlikely to 

be functional. Furthermore, sequence analysis of the 5' region of PHBPI shows that it 

does not contain the transcriptional regulatory elements seen in the functional PHB gene. 

Finally, PHBPI is flanked by AT-rich sequences, a feature which has been reported for 

other processed pseudogenes (Vanin, 1985). From this analysis Sato et al. (1993) 

concluded that the prohibitin gene family consisted of only one functional PHB gene on 

17q21 and four untranscribed pseudogenes.

A protein which shows a 50.4 % similarity to prohibitin at the amino acid level 

was, however, discovered as one of the three proteins isolated by Terashima et al. (1994). 

This 37 kDa protein (BAP37), later named prohibitone, was revealed to be very closely 

related to prohibitin (Figure 1.6) (Lamers and Bacher, 1997). Homologues of BAP2>1 have 

now been identified and sequenced in organisms ranging from yeast, C.elegans, 

Drosophila, Arabidopsis and human. The chromosomal location of BAP31 has yet to be 

determined. These homologues, as is the situation for PHB, are highly conserved through 

evolution. The identification of these two very similar and highly conserved genes leaves 

open the possibility that they constitute members of a multi-gene family of evolutionarily- 

conserved genes.
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M A Q N L K D L A G R L P  A G P  R G  MG T A L K L L L G A G A V A Y G V R E S V  40 
..................................................M A A K V F E S I G K F G L A L A V A G G V V N S A L  27

F T V E G G H R A I  F F N R I  G G V Q Q D T I  L A E F H F R I P W F Q Y P I I Y  80
Y N V D A G H R A VI  F D R F R G V Q D I V V G E G T H F  L I P W V Q.  K P I I F 67

D I R A R P R  KI  S S P T G S K D L Q M V N I S L R  V L S R P N A Q E L P  S MY 120 
O C R S  R PR N V PV I T G S K D L O N V N I T M I L F R ^ V A S Q L P R I F  107

Q R L G L D Y E E R V L P S  I V N E V L K S V V A K F N A S Q L I T Q R  A Q V S  160 
T S I G ED_Y D E R V L P S I T T E I L K S  V V A R F D A G E L I T O R E L 147

L L I  R R E L T E R A K D F S L I L D D V A I  T E L S F S R E Y T A  A V E A K Q  200 
R Q V S D D LT E R A A T F G L I L D D V S L T H L T F G K E F T E  A V EA K Q 187

V A Q Q E A Q R A Q F L V E K A K Q E Q R Q K I V Q A E G E A E A A K M  L G E A  240
V A O O E A  E R_A R F V V E K A  E Q Q K K A A I  I S  A E G  D S K A A  E L I A N S 227

L S K  - N P G Y I K L R K I  R A A Q N I S K T I  A T S Q N R I  Y L T A D N L V L  280 
L A T A G D G L I E  L R K L E ^  E D I A Y Q L S R S R N I  T P A G Q S VJL 267

N L Q D E S F T R G S D S L I K G K K  299
L Q L P Q .......................................................  272

Figure 1.6. Amino acid sequences of the human prohibitin and BAP37 proteins. Human 
prohibitin is the lower strand. Identical residues are in bold and underlined.



1.6.5 Gene Structure

The human prohibitin cDNA sequence isolated by Sato et al. (1992) is 1024 

nucleotides in length and has 7 exons, 6 of which code for the prohibitin protein which is 

composed of 272 amino acids. Further sequence analysis extended information concerning 

the 3' untranslated region (UTR) (Jupe et al., 1995) whilst the 5’ regulatory region of the 

human prohibitin gene has been cloned and sequenced independently by two groups (Sato 

et al., 1993; Altus et al., 1995). Comparison of these two independent sequences shows 8 

base differences and 3 single base insertions. A comparative analysis of the rat and human 

promoter sequences revealed a conserved region of 350 base pairs, as shown in Figure 1.7 

(McClung et al., 1995). Seven regions upstream of the first exon are particularly highly- 

conserved. These include regions resembling the consensus sequence for a CCAAT box 

and an Spl site. The CCAAT box is located approximately 64 bases 5' of the first 

transcription start site identified in rat, a similar position to that found in most genes. The 

Spl site is represented as a “GC box” matching that of the consensus sequence and a 

second Spl site is found in intron 1. A site resembling a region of the SV40 enhancer that 

binds regulatory proteins found in nuclear extracts fi'om HeLa and lymphoid cells is also 

present. Two inverted repeats and two more regions which showed high sequence identity 

between the rat and human sequences are also present but have no known transcriptional 

function. Sato et al. (1993) found no typical TATA box sequence but did identify a TATG 

sequence which may be used to initiate transcription; however the fianctional significance 

of this is unclear as multiple initiation sites for transcription in the 5' regulatory sequence 

have been identified and the proposed TATA box (TATG sequence) is present in the first 

exon of many of these transcripts (McClung et al., 1995).

The intron-exon boundaries of the human prohibitin gene were sequenced (Sato et 

a/., 1993) and are identical to those of the rat prohibitin gene (Altus et al., 1995).

Variation in the length of all the introns is found between the two species which contribute
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region 1

GACTCG

inverted repeat

GCACGTGC ATATATTA CCAAGG C ACTACAAC CCCCGAAAGGCTC

GCACGTGC ATT TAGCC CCAGAA A ACTACAGC CCCCAAAAGGCTT

IR (contd.)
GCGGC AAC AT CCCATCCGTTCTC ACC ACT C AG AAA CG GG TTTCCTGAACA

GCGGC AAC AT CCTCG CGTTGATC ACCAAAGAG AAA AC GC TTTTCTCCGCG

inverted repeat

GCCC GT T GTTGCATAACCTTTTGGGAGTTGTAGT T GA CCTCAGAAA A CCA

GCCC GC C GCTGCATAGCCTTTTGGGAGTTGTAGT T CA TCTGCT AAG A CCG

region 2

CAGAGTCCGCAGAAGACGGC AAAA CACGT

CAGAACCAGGGTGAGGTTCT AAGC CACCC CT CACAGCCTCT

TTC CCAGAA TG CACTTCCTCG

GCTT

TCCA

region 3 region 4 region 5

CACCAAT TAAAGGATC GGATCTTG AAG A - - GGGCGGGG

CACCAAT AGGAAGCGT GGATCTTG GAA AGC GGGCGGGG

GAAAGGAG

CAGAGA - -

first exon

GAGCTGCCTG GCGCACGCGC AGTATGC GAGGCTGAGGAATTCATGTGGAG

...................... GCTCATG CGC AGTATGT GTGGTTGGGGAATT CATGTGGAG

first exon (contd.) region 6

GT CAGAGTGGAAACAG g t a a g c g t g g t a g g g g c g g  

1 1 1 1 1 1 1

GT CAGAGTGGAAGCAG g t g a g a a t  g g a g
I 1 1 1 1 M
g g g g c g g

tg t a g g c c t c t g t t t  

ca a a g g c t c g t t t c t

Figure 1.7. The conserved 350 base pair region spanning the 5' -ends of the rat and 
human prohibitin genes. The human sequence is the lower strand. Regions 1 and 4, 
and the inverted repeats, do not match any knovm consensus sequences. Regions 2 
and 3 resemble a transcriptional control protein binding site in the SV40 enhancer and 
the CCAAT box consensus sequence respectively. Regions 5 and 6 resemble the 
GC box bound by the Spl transcription factor. Intron 1 sequence is presented in lower 
case letters (McClung et al., 1995).



to the overall increase in size of the genomic DNA sequence of the rat gene as compared 

to that of the human prohibitin gene. The length of the exons in the rat and human genes 

are conserved with the exception of exon 1 where alternative transcriptional initiation sites 

are found. Translation of the prohibitin protein begins in exon 2 in rat, human and 

Drosophila. The seventh exon is the largest of the 7 exons and codes for 70 of the 272 

amino acids in the rat and human proteins. Exon 7 contains a long 3' UTR that possesses 

two polyadenylation signals (AATAAA) positioned 737 base pairs apart. These sites result 

in two mRNA transcripts that differ in size by approximately 700 bp and which are 1.2 kb 

and 1.9 kb in length (Nuell et al., 1991). Both are observed in rat and humans, are 

expressed in all tissues and cell lines examined and code for the same protein of ~30 kDa 

(McClung et al., 1989; Nuell et al., 1991; Liu et al., 1994; Dell’Orco et al., 1994).

The original identification of prohibitin as one of a number of antiproliferative 

mRNAs from rat liver detected a single prohibitin mRNA of 1.9 kb, since the probe used 

in those experiments was comprised of a part of the sequence that is only present in the 

1.9 kb mRNA (McClung et al., 1989). Nuell et a/. (1991) observed two mRNA transcripts 

in rat cells and human fibroblasts, one of 1.2 kb and one of 1.9 kb, both with a poly(A) tail 

of about 200 bases. Different-sized mRNA transcripts, however, have been detected in rat 

germ cells (Choongkittawom et al., 1993) but not in any other cells analysed from rat or 

human. The alternate-sized transcripts of 1.5 kb and 0.7 kb were detected in rat germ cells 

along with the 1.2 kb transcript but not the longer 1.9 kb transcript. Additionally a 

transcript of 1.6 kb was reported at some stages of spermatogenesis and was also present 

in the uterus. The authors did not determine if the variant length transcripts were due to 

alternative splicing, polyadenylation or degradation of larger transcripts. However, 

analysis by Western blots identified only the ~30 kDa prohibitin protein in all the cells 

examined.
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The level of expression of the 1.2 kb and 1.9 kb transcripts varies between tissue 

types and the ratio of 1.2 kb to 1.9 kb is different from one tissue type to the next. During 

the cell cycle endogenous prohibitin mRNA and protein levels fall as the cells enter S 

phase from G1 and rise as they enter G2 then fall again during M phase, ahhough 

throughout the cell cycle the levels only vary by 3-4 fold (Roskams et al., 1993). The 

protein levels in each tissue type generally parallel the amount of mRNA expressed in each 

cell. Contrastingly, for all immortalised cells analysed the level of mRNA expression is 

elevated as is the protein level when compared to that of normal cells (Jupe et a l, 1995; 

Jupe et al., 1996b). The elevated mRNA expression is ahnost exclusively due to the 1.9 kb 

transcript. Levels of the 1.2 kb transcript remain virtually the same in normal and 

immortalised cells. The higher expression of the 1.9 kb mRNA and protein is a feature that 

has been associated with human tissues that have increased cellular proliferation or have 

proliferative potential (Liu et al., 1994; McClung et al., 1995; Jupe et al., 1996b). This 

creates the paradoxical situation whereby the levels of a messenger RNA with 

antiproliferative activity are increased in cells that are proliferating. It also conflicts with 

the initial isolation of a partial prohibitin mRNA which was found to be more highly 

expressed in normal liver as compared to regenerating liver (McClung et al., 1989). In 

general the expression levels of prohibitin mRNA and protein in either normal or 

immortalised cells do not appear to change significantly during the cell cycle except in the 

case of rat testis where the prohibitin gene is expressed differentially (Roskams et al.,

1993; Choongkittawom et al., 1993). Only one study has investigated the levels of 

prohibitin mRNA expression directly from tumour tissue (Asamoto et al., 1994). In this 

case the steady state level of prohibitin mRNA was found to be increased in rat bladder 

carcinomas as compared with that of normal rat bladder or hver. No comment was made 

on the relative levels of expression of the 1.2 kb and 1.9 kb transcripts.
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1.6.6 Prohibitin and the Cell Cycle

Another gene postulated to be involved in the regulation of the cell cycle is 

prohibitin. The first prohibitin cDNA clone was originally isolated from mRNA found in 

normally-nonproliferating tissues from intact animals. Prohibitin was demonstrated to have 

antiproliferative activity when microinjected into human diploid fibroblasts (HDF) which 

had been stimulated to enter the cell cycle (McClung et a i,  1989). Further microinjection 

studies of the prohibitin message at different times during the cell cycle showed that the 

antiproliferative activity was specific to a point in the transition from GO to S phase in the 

cell cycle (Roskams et a i,  1993). Prohibitin’s involvement in cell cycle regulation is 

unlikely to be orchestrated by altering the expression of PHB mRNA or protein as the 

levels of both alter only slightly throughout the cell cycle (Lumpkin et al., 1985; Roskams 

et a i,  1993; Liu et a i,  1994). It may be mediated by a post-synthetic modification such as 

phosphorylation or a small molecular weight post-translational modification. These 

proposed modifications could explain the prohibitin isoforms that have been detected by 

two-dimensional Western blot analysis in rat liver and HDF (McClung et al., 1995).

1.6.7 Functional Activity

The functions of prohibitia are currently unknown but several studies of its cellular 

location and properties indicate that it may be involved in processes as diverse as 

senescence, development, tumour suppression and regulation of the cell cycle. The 

majority of the prohibitin protein appears to locate to the mitochondria (Ikonen et ai,  

1995). Subcellular fractionation techniques ftirther localised the protein to the inner 

membrane of the mitochondria. Prohibitin was not detected in the nuclear fraction, or in 

the cytosol, showing that it is not soluble (McClung et al., 1995). A previously identified 

inner mitochondrial protein of 32 kDa, which controls Ca^  ̂efflux from the mitochondrial 

matrix, has its activity regulated by mono(ADP-ribosyl)ation (Richter and Kass, 1991).
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This protein is similar to prohibitin in so far as prohibitin is a protein of approximately 30 

kDa, it is associated with the mitochondrial inner membrane and a mono(ADP-ribosyl)ated 

protein has been shown to coincide with prohibitin by Western analysis. In mitochondrial 

energy metaboUsm, ATP generation can be activated by high concentrations of Ca^ .̂ 

Regulation of this process is determined by the abihty to control the release of Ca^  ̂from 

the mitochondrial matrix. Microinjection of prohibitin mRNA into cells thereby causing 

inappropriate/overexpressed levels of the protein could lead to the alteration of ATP levels 

at critical times during the cell cycle and this may explain the observed antiproUferative 

activity.

In contrast to the mitochondrial location of prohibitin, Terashima et al. (1994) 

showed that prohibitin and another very similar protein, BAP37, were non-covalently 

associated with the mIgM antigen receptor of B lymphocytes in mice. Hence they 

proposed the most likely location for prohibitin to be in or adjacent to the plasma 

membrane. This location for prohibitin appears to be unique to B cells or possibly 

haemopoietic cells. In these experiments proteins that coprecipitated with mIgM were 

identified but other cellular locations for prohibitin were not investigated. It was 

hypothesized that the different biological effects observed after antigen bindiug to either 

mIgM or mIgD could be explained by signals transduced through the association of 

prohibitin and BAP37 to mIgM but not mIgD. They also speculated that prohibitin could 

have a role in the internalisation of the IgM B-cell receptor and that a signal, possibly 

mediated through prohibitin, could initiate programmed cell death or apoptosis. 

Interestingly, the mitochondria have also been suggested to have a role in the control of 

apoptosis and members of the Bcl-2 family of proteins, which are associated with the 

mitochondria, possibly promote this by regulation of mitochondrial Ca (Baffy et a l,

1993; Zamzami et al., 1996).
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One process that may be shared by prohibitin at these two distinct localities is that 

of Ca^  ̂ fluxes. Dolmetsch et al. (1997) have demonstrated that differential gene 

transcription in B lymphocytes is achieved by amplitude modulation (AM) of the Ca^’ 

signalling system. When B lymphocytes respond to the arrival of an antigen at the B-cell 

receptor (BCR), this external information is translated into internal messengers such as 

Ca^^. The BCR uses Ca^  ̂to control separate cellular processes by using an AM form of 

signalling. The association of prohibitin and the BCR could provide a means of moderating 

the level of Ca^  ̂signals.

Other observations that PHB is essential for cellular function have been described 

for the homologues of prohibitin found in Drosophila and yeast (Eveleth and Marsh,

1986; Franklin and Jazwinski, 1993). In Drosophila the prohibitin homologue Cc is 

expressed throughout embryogenesis, at pupariation and in adults. Homozygous mutations 

in Cc have been shown to be lethal in late larvae or during the progression to the pupae 

(Eveleth and Marsh, 1986). Therefore prohibitin appears to be of critical importance and 

essential during development in Drosophila. The connection between prohibitin and the 

developmental processes is supported by its detection as a differentially expressed mRNA 

in rat seminiferous epithelium (Choongkittowom et al., 1993). In rat testis, prohibitin 

levels are high before and after S phase in spermatocytes but low during S phase and 

absent in M phase. This expression pattern correlates with prohibitin as a negative 

regulator of proliferation and differentiation of germ cells.

1.6.8 Mutational Analysis

The initial investigation for mutations in PHB was prompted by reports of its 

antiproliferative activity, its location on chromosome 17q21 and the resulting postulation 

that it might be a tumour suppressor gene. At the time PHB was a candidate gene for 

inherited susceptibility to breast cancer in families with early-onset of disease that had
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been linked to chromosome 17q21. Several studies have looked for somatic and/or 

germline mutations of the prohibitin gene in a variety of cancers, including breast, ovary, 

lung and liver (Sato et a i, 1992; Sato et a i, 1993; Tokino et a i, 1993; Cliby et a i, 1993). 

To date, mutations in the coding sequence have only been found in tumours of the breast 

(Sato et a i, 1992; Sato et al., 1993). In total 4 somatic mutations have been identified 

which affect the coding sequence of PHB (Sato et a i, 1993). The RNase protection assay 

was used to screen 120 primary breast tumours which had shown loss of heterozygosity 

(LOH) for the long arm of chromosome 17 and/or had been derived from patients younger 

than 35 years of age. One tumour from a 35 year old woman contained no normal 

prohibitin protein since one prohibitin allele had been lost by deletion whilst the other 

allele carried a frameshift mutation resulting in a premature stop codon 70 base pairs 

downstream of the mutation.

Three of the four known somatic mutations of the prohibitin gene are missense 

mutations and were identified in tumours which had exhibited LOH for the long arm of 

chromosome 17. The age at diagnosis for two of these women was over 35 years whilst 

the age of the third woman was not given (Sato et al., 1993). In the absence of a 

functional test for the protein certain criteria may aid in deciding if a missense mutation is 

Ukely to have a deleterious effect or not. The criteria that have been used to distinguish 

cancer-predisposing alleles from common polymorphisms, in the germhne, in a known or 

putative tumour suppressor gene include (1) truncation or non-conservative amino acid 

substitution in the protein caused by a DNA sequence variation; (2) cosegregation of the 

allelic variant with the disease; (3) low frequency of the variant in control chromosomes 

and (4) conservation or similarity of the altered amino acid across species (Friedman et ai, 

1994a; Stoppa-Lyonnet et a i, 1997). Two of the three missense mutations occur at 

residues that are conserved in all species in prohibitin and BAP37. These are a valine at 

codon 88 which is replaced by an arginine residue and an arginine at codon 214 which is
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replaced by a valine residue. Both constitute non-conservative substitutions. Valine is an 

aliphatic hydrophobic amino acid whilst arginine is a positively charged basic residue. The 

third substitution is a conservative change which results in an arginine at codon 105 being 

replaced by histidine. This arginine residue is conserved amongst mammals but not in any 

other species examined. From the criteria outlined above, two out of the three amino acid 

substitutions identified in sporadic breast tumours fit the criteria for deleterious mutations.

1.7 Replicative Senescence

Normal cells are described as having a finite replicative life span as they cannot 

divide indefinitely. The process that limits the proliferative potential of cells is called 

replicative senescence and was first identified in human fibroblasts in culture (Hayflick,

1965). Although most proliferatively-competent cells in mammals do undergo senescence, 

there are three exceptions; (1) the germline, (2) certain stem cells and (3) many malignant 

tumours which appear to have cells that have an immortal replicative life span. This third 

example suggests that replicative senescence is a tumour suppressive mechanism that is 

lost in tumour cells.

Once a cell has completed a finite number of divisions, cell growth is arrested with 

a G1 DNA content. This growth arrest is permanent, the cell cannot enter S phase under 

any stimuli, and indicates that cells in replicative senescence express inhibitors which act in 

a dominant way. The cell in replicative senescence represses positive-acting, growth- 

regulatory genes that are important for G1 progression. These include E2F and Rb, which 

is constitutively hypophosphorylated (Stein et a i, 1990). In contrast to the situation for 

positive growth regulators, negative growth regulators such as pi 6 and p21 are 

overexpressed (Noda et ai, 1994; Hara et al., 1996) and possibly other growth inhibitors 

not yet identified (Campisi, 1997). Their overexpression inhibits the CDKs which then
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maintain Rb in an underphosphorylated form in senescent cells. Along with the arrest of 

cell proliferation, senescent cells have two other remarkable phenotypes. The first is 

resistance to apoptosis and the second is differentiated gene expression, the effects of 

which vary between cell types. This second phenotypic change is not well understood and 

may be a result of the senescence-associated growth arrest.

Characteristics that suggest replicatively senescent differentiated cells are not 

conducive to tumour formation include the following: cells that have a finite replicative life 

span are considerably less likely to form tumours than immortal cells that are replicating. 

Although being immortal does not necessarily go hand in hand with tumour formation, it 

does allow muhiple cell divisions during which deleterious mutations can be acquired 

which may lead to tumourigenesis. Two genes that are responsible for establishing and 

maintaining replicative senescence are the tumour suppressor genes RB and p53. If either 

of these genes is lost in human fibroblasts the life span of the cells is increased but they 

eventually undergo senescence. When both genes are absent human fibroblasts become 

genomically unstable and either die or become immortal. Thus, p53 and RB are essential 

for the normal replicative senescence of cells. These fmdings suggest that replicative 

senescence may have evolved to diminish tumourigenesis.

Experiments by Franklin and Jazwinski (1993) in yeast identified prohibitin as 

being a longevity-assurance gene that affects replicative lifespan. This was demonstrated 

by deleting or overexpressing the prohibitin gene in yeast haploid cells. In yeast prohibitin 

is differentially expressed during the life span and interacts with RAS2, a gene that extends 

cell longevity and that is also differentially expressed during the yeast life span (Jazwinski, 

1996). In human diploid fibroblasts (HDF) this direct relationship between prohibitin and 

cell life span has not been reported but Liu et al. (1994) have suggested a possible 

involvement for prohibitin in senescence of HDF. They showed that approximately 10 % 

of the total prohibitin protein present in younger cells but not in older cells was post-
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synthetically modified, possibly by phosphorylation. This could allow a mechanism 

whereby prohibitin may function as an antiproliferative protein in senescent populations.

Senescence, or fmite proliferation, is considered to be a dominant phenotype. 

Conversely, cellular immortalisation is recessive (Pereira-Smith and Smith, 1983). This 

was concluded from the observation that when proliferating normal cells are ftised wdth 

immortal tumour derived cells the majority of resultant hybrid cells eventually undergo 

senescence. Also, ftision studies between different immortal human tumour cells frequently 

produced hybrid cells that underwent senescence. Subsequent experiments identified 4 

complementation groups, A, B, C and D, involved in immortalisation (Pereira-Smith and 

Smith, 1988) which suggests that senescence can occur by a number of pathways. Normal 

human chromosomes 4, 1 and 7 have been shown to reverse immortality for cell lines from 

the complementation groups B, C and D, respectively (Ning et al., 1991; Ogata et al., 

1993; Hensler et al., 1994). A gene on chromosome 4, Mortality Factor 4 (MORF 4), has 

recently been identified which induces senescence in cell lines from complementation 

group B whilst having no effect on cell lines from the other complementation groups 

(Pereira-Smith, 1998).

It has been proposed that immortalisation results from the aUeration of processes 

(or genes) related to a normal cell’s ability to create or react to an inhibitor of DNA 

synthesis. Hence the involvement of prohibitin, an inhibitor of the initiation of DNA 

synthesis, in cellular immortalisation was examined. Prohibitin mRNA was demonstrated 

to be capable of blocking cell cycle progression in cell lines from the complementation 

group B when microinjected into cells. What part PHB plays in this process is still unclear 

as the senescence gene(s) associated with complementation group B have previously been 

shown to be located on chromosome 4 (Ning et al., 1991) and prohibitin is located on 

chromosome 17. A possible explanation is that prohibitin’s activity is downstream in the
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senescence pathway associated with the gene(s) on chromosome 4. These findings suggest 

that prohibitin may have a senescence-related tumour suppressor activity.

1.8 Techniques used to Screen for Unknown Mutations

The detection of mutations in identified genes is a critical step in linking the gene 

to a particular disease phenotype. With the development of the polymerase chain reaction 

(PCR) (Mullis et al., 1986) the number and range of mutation-detection techniques has 

grown. The choice of technique for mutational analysis requires weighing up its 

disadvantages against its advantages and how they might apply to the gene to be screened. 

In general, screening techniques are based on either enzymatic or chemical cleavage of 

mismatched bases in a duplex molecule, or on comparison of the electrophoretic behaviour 

of wild type and mutant DNA/R>JA sequences.

Enzyme cleavage involves heteroduplex formation between any transcribed RNA 

and RNA or DNA (Myers et al., 1985a). The technique is not PCR-based and requires 

cloning. The efficiency of detection is only 60-70 % but precisely locates the mutation and 

does not involve use of hazardous chemicals. The techniques of chemical cleavage or 

modification of mismatched bases are capable of detecting 100 % of mutations and their 

location (Cotton et al., 1988). These techniques have found most use in the screening of 

large genes. They are, however, arduous with many steps involving hazardous chemicals.

The techniques based on electrophoretic behaviour include single-strand 

conformation polymorphism (SSCP) analysis (Orita et al., 1989; Hayashi et al., 1992), 

heteroduplex analysis (White et a l, 1992) and denaturing gradient gel electrophoresis 

(DGGE) (Fischer and Lerman, 1983; Myers et al., 1985b; Sheffield et al., 1989). SSCP 

and heteroduplex analysis are both frequently used because they are easily established 

techniques which are simple to use and can detect mutations in a relatively short period of
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time. The efficiency of detection is about 80-90 % for fragments around 200 bp in length 

but the efficiency drops for longer fragments and requires a variety of electrophoresis 

conditions. DGGE is a non-radio active technique that theoretically can detect 100 % of 

mutations. The technique is most suited to fragments of 200-600 bp and is the best 

technique for routine screening of such fragments. The initial setting up and design of gel- 

running conditions is time-consuming and requires effort but the technique is then 

relatively uncomphcated.

1.9 Summation

Prohibitin is located on chromosomal region 17q21, a region that frequently 

undergoes LOH in sporadic breast tumours and in tumours from individuals with a family 

history of the disease (Borg et al., 1994). This loss of heterozygosity is associated with 

regions of 17q other than that occupied by the breast cancer susceptibility gene, BRCAl, 

suggesting that other tumour suppressor genes are located in the region (Cropp et al., 

1993; ComeUs et al., 1993). Futhermore, BRCAl is rarely found to be somatically 

mutated in sporadic tumours, supporting the premise that additional genes on 17q are 

involved in the development of breast cancer (Futreal et al., 1994; Merajver et al., 1995; 

Hosking et al., 1995). Evidence indicating that prohibitin is a tumour suppressor gene that 

is involved with the development of breast cancer has come from a study of primary breast 

tumours in Japan (Sato et al., 1992). In a number of tumours both prohibitin genes were 

somatically inactivated.

Although the functions of prohibitin are not known, prohibitin transcripts have 

been shown to possess antiproliferative activity by inhibiting the progression of the cell 

cycle in HDF and HeLa cells. This antiproliferative activity has been postulated to f\mction 

as a tumour suppressor activity in cellular senescence and may act by post-synthetic
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modification. Prohibitin is also a highly conserved gene and is expressed in all human 

tissues examined (McClung et a l, 1995). In view of the above observations we undertook 

the analysis of the prohibitin gene in a cohort of breast cancer patients.
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CHAPTER 2 

MATERIALS AND METHODS



2.1 Individuals Included in these Studies

2.1.1 Patient Population

Patients with breast cancer diagnosed at any age, who presented to the Department 

of Oncology, St. James’ Hospital, Dublin for new evaluation or ongoing management 

were eligible to participate. All participating patients provided consent, 15 ml of peripheral 

blood for total RNA and genomic DNA isolation and completed a questionnaire. The 

questionnaire asked the consenting patients for information on all their 1 st, 2nd and 3rd 

degree relatives pertaining to their date of birth, date of death, cancer, site of cancer, age 

at diagnosis and any other serious illnesses.

Genomic DNA samples from the patients were assigned a three digit case number 

prefixed by the letter D, or L if the patient was diagnosed with breast cancer at 50 years of 

age or older eg. D123, LOIO. Total RNA samples were also assigned a three digit case 

number and this was prefixed by the letter R eg. R056. This case number was also used to 

describe the corresponding cDNA sample. For the 6 families identified in these studies the 

family members are identified by their unique identification code given in their family 

pedigree.

2.1.2 Control Population

Women without a previous history of breast cancer and without a known 1st or 

2nd degree relative with breast cancer were asked to participate in the study in order to 

provide a comparative group to the breast cancer population. Consenting controls 

provided either 5 ml of peripheral blood or a mouth swab of buccal cells for DNA 

isolation. Controls were frequency matched with the breast cancer population for being 

under 50 years of age or 50 years of age or older. Genomic DNA samples from the control 

population were given a three digit number prefixed by the letter C or K eg. C l28, K057.
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2.2 Collection and Storage of Peripheral Blood

Peripheral blood was collected in 5 ml tubes (VACUETTE® greiner labortechnik) 

containing lithium heparin to prevent coagulation. All the peripheral blood samples used in 

these studies were collected by the staff of the phlebotomy unit or nurses of St. James’ 

Hospital, Dublin. In exceptional circumstances blood samples were acquired from 

individuals living in England and Australia by Diane Averill of the Cancer Research 

Campaign Section of Molecular Carcinogenesis, Institute of Cancer Research, U.K. and 

the individual’s General Practitioner, respectively. All of these individuals were related to 

women in the breast cancer population used in these studies. The tubes were then stored at 

-20 °C or -70 °C before isolation of genomic DNA or total RNA.

2.3 Isolation of total RNA, cDNA Synthesis and Isolation of Genomic DNA 

2.3.1 Isolation of total RNA from Peripheral Blood

Peripheral blood, 5 ml, stored at -70 °C was thawed, transferred to a 20 ml 

universal container and centrifuged at 3, 500 r.p.m. for 5 minutes. The pellet was retained 

and total RNA extracted by a guanidinium-thiocyanate pheno 1-chloroform method as 

described by Ausubel et al. (1988). The resuhing nucleic acid solution was then treated 

with RQl RNase-Free DNase (Promega) according to the manufacturer’s instructions. 

Great care was taken to ensure that all solutions used were free from ribonucleases; all 

solutions used in the preparation of the total RNA were treated with Di-Ethyl 

Pyrocarbonate (DEPC). Where applicable the solutions and eppendorf tubes used in the 

extraction or storage of RNA were autoclaved following the treatment with DEPC.
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2.3.2 Reverse Transcription of mRNA

Reverse transciption of mRNA was performed under the following conditions: A 

30 ^1 reaction volume contained 100 ng total RNA, 300 U Moloney-Murine Leukaemia 

Virus Reverse Transcriptase, 10 mM DTT, 1 X First Strand Buffer (Gibco BRL), 0.5 ^g 

Oligo (dT) 15 Primer, 20 U rRNasin and 1 mM of each dNTP (Promega). cDNA synthesis 

was carried out at 37 °C for 1 hour. Aliquots of the resultant cDNA were then used in the 

polymerase chain reaction (PCR). The complete process is referred to as reverse 

transcription- PCR (RT-PCR).

2.3.3 Isolation of DNA from Peripheral Blood

Peripheral blood stored at -20 °C or -70 °C was thawed and centrifiiged at 3, 500 

r.p.m. for 5 minutes. The supernatant was poured off and the pellet retained. Genomic 

DNA was extracted from the pellet as described by Rossiter et al. {\99\) m an extraction 

buffer containing 10 mM Tris-HCl (pH 7.5), 400 mM NaCl, 2mM Na2 EDTA, SDS at a

concentration of 0.8 % (w/v) and 100 ^g/ml proteinase K. The extracted genomic DNA 

was redissolved in dH20 at a concentration of -0.2 ^g/^l and stored at -20 °C.

2.3.4 Isolation of DNA from Buccal Cells

Buccal cells were collected on a cytology brush (Cytosoft™ Cytology Brush, 

Medical Packaging Corporation) and replaced in the original packet. The following 

protocol was then used to isolate genomic DNA from the cells. The brush was removed 

from the packet and the brush head cut off and placed in a 1.5 ml eppendorf tube. Five 

hundred microUtres of 50 mM NaOH was added to the tube and vortexed for 1 minute. 

The tube was heated at 95 °C in a water bath for 10 minutes, followed by the addition of 

50 |il of IM Tris pH 8 and then vortexed for 30 seconds. Then 200 |il of Instagene™ 

Matrix (Bio-Rad) were added to the sample and the tube was incubated at 56 °C for 30
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minutes in a water bath. The Instagene™ Matrix (Bio-Rad) is used to absorb cell lysis 

products that could interfere with the subsequent DNA manipulations ie. PCR. The tube 

was removed from the water bath and vortexed for 10 seconds, followed by heating at 100 

°C for 8 minutes and vortexed again for 10 seconds. Finally the brush head was removed 

from the eppendorf tube using sterile forceps. The tube was then spun for 3 minutes at 

12,000 rpm and the supernatant transferred to a new tube for use in the PCR.

2.3.5 Isolation of DNA from Formalin-Fixed Paraffin-Embedded Tissue

Three 5 fim thick sections were cut from the formalin-fixed paraffin-embedded 

tissue using a Leitz 1512 microdissector and placed in a sterile 1.5 ml eppendorf tube. 

Sections were then dewaxed and incubated overnight at 55 °C in 150 ^1 of 50 mM Tris 

pH 8.5, 1 mM EDTA pH 8.0, 0.5 % Tween 20 and 200 ^ig/ml of proteinase K (Innis et 

al., 1990). This was followed by a phenol, chloroform-isoamyl alcohol (25: 24: 1) 

extraction and a chloroform-isoamyl alcohol (24: 1) extraction of the solution (Sambrook 

ei al., 1989). The DNA was resuspended in 50 ^1 of sterile dH20 and stored at -20 °C.

2.3.6 Microdissection of Tumour Tissue

The microdissection of tumour tissue from formalin-fixed paraffm-embedded 

material was performed by Orla Sheils (Department of Histopathology and Morbid 

Anatomy, Trinity College Dublin) according to the protocol described by Pan et al.

(1994).
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2.4 Denaturing Gradient Gel Electrophoresis (DGGE)

2.4.1 Introduction

The technique of Denaturing Gradient Gel Electrophoresis (DGGE) exploits the 

effect of helicity, partial melting and complete melting with dissociation of the strands, on 

the mobility of DNA when electrophoresed through a polyacrylamide gel. The term 

"melting" when applied to double stranded DNA indicates the transition from a double 

stranded, helical structure to a single stranded, nonhelical or random coU conformation. In 

a partially mehed state the molecule moves much more slowly through the pores in the 

denaturing gradient gel than when it is present in a fully helical structure or as completely- 

dissociated single strands.

It is when the molecule is present as a partially melted structure that its 

electrophoretic mobility is affected. DGGE utilises this characteristic to separate DNA 

sequences which differ by as little as a single base substitution. It is proposed that the 

partially melted molecule can be viewed as having a large number of ends as compared to 

the double-helix or single-stranded DNA molecule, which is viewed as having only two 

ends (Lerman, 1982). The numerous ends of the partially mehed molecule enter several 

pores within the polyacrylamide gel. Unless all the ends of the molecule enter the one 

pore, which is unlikely, the molecule will become retarded. The double-heUx can easily 

migrate through the one pore and avoids being retarded. In the case of DGGE (which is 

run at a temperature of 60 °C) increasing concentrations of urea and formamide in the 

polyacrylamide gel are used to produce denaturing conditions equivalent to a temperature 

gradient of 60-100 °C. A range which is sufficient to cause the denaturation of any DNA 

molecule.

Mehing occurs in a cooperative way within discrete regions of contiguous base 

pairs as the DNA molecule passes through a relatively small increase in temperature. Such
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regions are termed domains and any alteration to the base stacking changes the 

thermodynamic melting properties of the domain. For an example, this means that 

replacing a dA-dT base pair with a dT-dA base pair affects the stacking interactions and 

consequently alters the melting behaviour of the domain. As the temperature continues to 

rise, melting proceeds as several domains of discrete transition from the double heUx form 

to the random, non-helical conformation. Alterations can be detected in a domain as long 

as melting of the domain with the highest melting temperature has not occurred. Melting 

of the domain with the highest melting temperature results in complete strand dissociation. 

This consequently produces the two native single strands and these are no longer retarded 

in the gel in the same way as partially melted molecules.

The separation of molecules by DGGE is dependent on the sequence of the 

molecule and not its length. The degree of mobility retardation, however, is roughly- 

determined by the length of the melted and unmehed regions. DGGE is a highly sensitive 

technique which provides for ease of detection of sequence alterations, reproducibility of 

bands within the gel and reliabihty of results (Abrams et ai, 1990; Blanquet et al, 1993; 

Stoppa-Lyonnet ef a/., 1997).

2.4.2 Computational Tools

Two computer programs have been designed to aid in the planning of DGGE 

experiments for double stranded DNA fragments where the sequence of the DNA to be 

analysed is known (Lerman et al, 1984; Myers e ta l,  1985c). These programs are known 

as MELT and SQHTX and both were originally written in Fortran 77 by Leonard Lerman 

(Lerman and Silverstein, 1987). The Macintosh version of the MELT program was 

translated by E. Hovig (University of Oslo) and provided for this work by L. Lerman and 

E. Hovig.

57



2.4.3 MELT: The Melting Map Program

The MELT program calculates the temperature, T, at which each base pair, in a 

given sequence, has a probability, 71, o f  being in a helical state. At a 7t value o f  0.5 or a 50 

% helicity, the corresponding temperature is known as the melting temperature (Tm) o f a

domain. For any DNA sequence a plot o f  T versus base position in the sequence for a set 

value o f  % is known as a melt map. MELT can be used to calculate Tm values

corresponding to the probability o f a molecule being 5 %, 25 %, 75 % and 95 % melted. 

The MELT calculations are based on the theory that only two possible states exist for the 

base pairs. These states are either stacked helical or unpaired random conformation. Other 

types o f  interaction between the two strands when in the original helix or separated are not 

considered.

The program requires two input files before initiating a run. The first contains the 

DNA sequence to be analysed and the second is the setup file called M87 (Figure 2.1).

The relevant details o f the sequence to be analysed are inserted into the setup file. These 

include; the length o f the sequence, the position o f the first and last base, the starting 

temperature o f the calculation (taken as 60 °C since the top o f the gel is immersed in 

recirculating buffer at 60 °C), the temperature increments used to reach the highest 

melting domain in the sequence (set at 0.2 °C for all calculations) and the format and name 

o f the sequence file.
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1, 480 1 ‘MMIN (position of first base), MEND (position of last base)’
60.0 2 ‘TFNIT (initial temperature)’
0.2 3 ‘TSTEP (increments in temperature)’
200 4 ‘NMN (total number steps of rise in temperature)’
‘pro2gc’ 5 ‘sequence file which consists of letters A, T, G, C.’
‘(5(10a, Ix))’ 6 ‘format of sequence file’
‘pro2gc’ 7 ‘output file root (prefix), precisely six characters’

Figure 2.1. Example of the setup file M87.

MELT also provides a variety of other useful information on the characteristics of 

the sequence being examined, which is presented in the files pbr, dtht, coop and dsklg. The 

pbr file gives the number of nonhelical, melted, base pairings at each temperature. 

Therefore if the complete fragment is melted then this number will equal the number of 

bases in the fragment. The output of dtht shows the change in the fraction of nonhelical 

bases at each temperature increment. The file coop, coherence, represents the amount of 

close coupling in the melting transition. The inverse of this figure represents the breadth of 

temperature interval over which a base pair changes from fully helical to fully melted. The 

log of the dissociation constant (Kd) for complete strand separation at each temperature is

given in dsklg. This fmal output file is particularly important in the design of experiments 

as the Tm of the domain of interest should be at least 0.5 °C lower than the temperature at 

which the log Kd is equal to -5. This ensures that the domain melts before there is 

complete strand dissociation.

The MELT program predicts the melting properties of a known DNA sequence 

and these computational analyses have been substantiated by a considerable number of 

empirical results (Fischer et al., 1983; Myers et al., 1985c; 1985d). This information can
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then be used to determine the choice of primers for regions of the sequence which can be 

used for mutational screening by DGGE.

2.4.4 SQHTX: Program for the Prediction of Mobility and Displacement of

Molecules in a DGG

The program SQHTX can be used in collaboration with the MELT program to 

establish the optimum electrophoresis conditions to obtain the maximum resolution in a 

gel of DNA fragments differing by a single base change. The SQHTX program is used to 

calculate the effect on the mobility of a molecule for a base change at every base pair in 

the molecule for a series of stipulated electrophoresis times. ITie change in stability for a 

base change has a set value although this value may be considerably different in real terms. 

The displacement between the wild type sequence and the variant sequence is calculated as 

a temperature difference which can be converted to a difference in denaturant 

concentration.

The set up file of SQHTX is called SETSQHT and requires an input of 16 lines of 

information regarding the sequence to be analysed and electrophoresis and gel parameters. 

These include identification of the first and last bases of the sequence, initial and end 

temperature of the gel, increments in temperature (usually 0.2 °C), the time interval 

between calculations for gel running times and an output file name for the displacement 

results.

An example of the output of SQHTX, the displacement file, is shown in Figure 2.2. 

The top row is a list of electrophoresis times, in hours (1.00...2.00...), which start and 

increase at intervals specified in SETSQHT (usually 1 hour). The column on the left of the 

figure, headed SITE, indicates the base position in the sequence (2...22...42...) and this 

number increases at an interval also previously specified in SETSQHT (in this example the 

interval is 20 base pairs). The calculated differences in the temperature reached by the wild
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SITE 1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 9.00 10.00
2 -0.03 -0.04 -0.04 -0.04 -0.04 -0.05 -0.06 -0.07 -0.07 -0.07

22 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

42 -0.00 -0.00 -0.00 -0.00 -0.01 -0.02 -0.04 -0.09 -0.17 -0.27

62 -0.00 -0.00 -0.01 -0.02 -0.05 -0.09 -0.16 -0.25 -0.38 -0.50

82 -0.00 -0.00 -0.01 -0.01 -0.03 -0.06 -0.11 -0.19 -0.31 -0.45

102 -0.00 -0.00 -0.00 -0.00 -0.00 -0.01 -0.02 -0.08 -0.19 -0.34

122 -0.00 -0.00 -0.00 -0.00 -0.00 -0.01 -0.02 -0.06 -0.17 -0.32

142 0.00 -0.00 -0.00 -0.00 -0.00 -0.00 -0.00 -0.00 -0.02 -0.06

162 0.00 0.00 0.00 0.00 0.00 -0.00 -0.00 -0.00 -0.00 -0.03

182 0.00 0.00 -0.00 -0.00 -0.00 -0.00 -0.00 -0.00 -0.02 -0.06

202 -0.00 -0.00 -0.00 -0.00 -0.00 -0.00 -0.01 -0.02 -0.04 -0.09

222 -0.00 -0.00 -0.00 -0.00 -0.00 -0.00 -0.01 -0.02 -0.04 -0.10

242 0.00 -0.01 -0.11 -0.21 -0.27 -0.32 -0.36 -0.39 -0.42 -0.43

262 -0.00 -0.22 -0.59 -0.75 -0.81 -0.83 -0.83 -0.83 -0.81 -0.77

282 -0.01 -0.25 -0.62 -0.76 -0.80 -0.81 -0.81 -0.80 -0.78 -0.74

302 -0.11 -0.52 -0.72 -0.70 -0.67 -0.64 -0.62 -0.61 -0.59 -0.55

322 -0.32 -0.69 -0.73 -0.62 -0.54 -0.51 -0.49 -0.48 -0.46 -0.43

342 -0.58 -0.76 -0.61 -0.45 -0.39 -0.36 -0.35 -0.34 -0.33 -0.30

362 -0.56 -0.55 -0.36 -0.25 -0.22 -0.20 -0.20 -0.19 -0.18 -0.17

62.65 64.33 65.43 66.15 66.74 67.28 67.80 68.30 68.78 69.23

Figure 2.2. SQHTX output file.



type homoduplex and the heteroduplex for a single base mismatch are given in the 

columns beneath each time interval (+/- 0.00 indicates no difference). The number at the 

foot of each of these columns corresponds to the temperature reached for the wild type 

sequence after the length of gel running time indicated at the head of the column has 

elapsed eg. 65.43 °C after 3 hours. The program assumes that there is a Unear gradient of 

denaturant. A displacement value of 0.2 is taken as significant in terms of visuaUsing a 

difference on the denaturing gradient gel. For the example in Figure 2.2 this equates to the 

ability to detect a base difference in the region of nucleotides 322-362 after 1 hour, 

nucleotides 262-362 after 2 hours and nucleotides 242-362 after 4 or more hours. 

Similarly after 10 hours of electrophoresis a single base difference can be detected at any 

position between nucleotides 42-122. Finally, as with MELT, the log of the dissociation 

constant as a function of temperature is given for values of -4 to -8. The analysis of any 

fragment is possible up to the temperature where complete strand dissociation takes place; 

this temperature is taken as the log of the dissociation constant for a value of -5.

2.4.5 Perpendicular DGGE

Denaturant gradient gels can be used in two different orientations. Both types of 

gel are constructed and electrophoresed using the same equipment. In one of these 

configurations the gradient of denaturant in the gel is perpendicular to the direction of 

electrophoresis and these are termed perpendicular gels. In a perpendicular gel the 

denaturant concentration increases linearly across the gel. The sample is loaded as a single 

aliquot in one well spanning the full denaturant range at the top of the gel. This ensures 

that during electrophoresis each DNA molecule migrates along a line of uniform 

denaturant concentration and that some of the sample is present at all concentrations of 

denaturant. At the 0 % or low denaturant concentration edge of the gel, the DNA sample 

migrates as a double stranded molecule at a velocity, determined by its length, equivalent
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to that in a standard non-denaturing polyacrylamide gel of equivalent concentration. The 

loading dye used with these molecules allows an estimation of migration distance in the gel 

and therefore the length of time required for electrophoresis.

Figure 2.3 is an example of a perpendicular gel for a section of the prohibitin gene. 

Migration is from top to bottom and the denaturant concentration increases from left to 

right. The fragment generates a reproducible sigmoidal curve with an abrupt inflection, the 

position of which, in terms of denaturant concentration, is characteristic to the fragment 

under scrutiny. This effect on mobility is the resuh of the retardation of the sample in the 

gel caused by the molecule being in a mehed or partially melted state. The amplified 

fragment in Figure 2.3 contains a polymorphism in its lowest melting domain. The melting 

occurs between a concentration of 40-60 % denaturant and multiple bands are seen in this 

region of the curve due to the different alleles which affect the mehing temperature of the 

domain. Strand dissociation occurs at -65 % denaturant; where the DNA becomes single 

stranded a discontinuity in the curve is evident in the gel.

The rise in the contour seen in Figure 2.3 is not always so steep and may also be 

composed of more than one mobihty transition. Figure 2.4 shows the “profile” of a 

fragment with 2 melting domains; melting of domain one occurs at between 35-45 % 

denaturant and the second domain melts at between 50-65 % denatiu-ant. Single base 

differences between otherwise identical fragments cause a shift in the inflection to the left 

or right thereby indicating that the melting temperature of the fragment has increased or 

decreased (Figure 2.3). Therefore by this method of perpendicular DGGE the number of 

mehing domains and the breadth of their melting temperatures are revealed.
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65%

I

40% -► 60%

30% 80%

Figure 2.3. Perpendicular Denaturing Gradient Gel of an amplified fragment 
with a polymorphism. The denaturant concentration ranges from 30 - 80% 
with melting of the lowest melting domain occurring between 40 - 60% 
denaturant. Strand dissociation is indicated at -65% denaturant concentration. 
The direction of electrophoresis is shown as being perpendicular to the 
denaturant concentration.



35% ----------- ► 45%

50% ---------------------------- ► 65%

Figure 2.4. Perpendicular Denaturing Gradient Gel showing an amplified 
fi'agment with two melting domains. The denaturant concentration of the gel 
ranges from 20 - 70% with the first domain melting at between 35 - 45%. The 
second domain melts at between 50 - 65% denaturant.



2.4.6 Parallel DGGE

The second type of denaturant gradient gel involves application of an electric field 

parallel to the direction of the denaturant gradient. This is termed parallel denaturant 

gradient gel electrophoresis. For parallel DGGE the denaturant increases in concentration 

from the top to the bottom of the gel. The range of denaturant concentration in the parallel 

gel is determined from the denaturant concentration at which the inflection of the 

sigmoidal curve for the fragment is found in the perpendicular gel. A number of wells can 

be formed at the top of the parallel gel allowing multiple samples to be screened at any one 

time. As the sample migrates through the gel it encounters a linearly increasing denaturant 

concentration. When the sample fragment reaches the denaturant concentration that is 

equivalent to its melting temperature (which corresponds to the begiiming of the inflection 

seen in the perpendicular gel) its mobility becomes reduced (Figure 2.5). Continued 

electrophoresis causes further reduction in the mobility of the sample and increased 

focusing of the band in the gel. Sequence variants are identified as having altered 

migrational distances in the gel as compared to a wild type sequence. This is observed for 

even very small differences in melting temperatures between the sequences.

In the case of a DNA fragment which is amplified from an individual who is 

homozygous for a particular sequence a single band represented by two identical 

homoduplexes is seen in the parallel gel. For an individual who is heterozygous for the 

amplified segment, for example a single base substitution in one allele, two different 

homoduplexes are produced. The homoduplexes migrate as two separate bands in the 

parallel gel. For certain base alterations the melting temperature of the domain may not be 

altered significantly enough for the difference to be detected by the parallel gel. However, 

during the polymerase chain reaction two heteroduplexes are also formed by the armealing 

of the complementary strands of the two alleles. A fiirther denaturing and annealing step at 

the end of the PCR is included to maximise the proportion of heteroduplex molecules.
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These heteroduplexes contain base mismatches which cause them to be less stable than the 

analogous homoduplexes. As a result of this decreased stability the heteroduplexes melt at 

much lower temperatures (corresponding to much lower denaturant concentrations) in the 

parallel gel and 2 extra bands can be seen positioned above the homoduplexes in the gel. 

These additional bands increase the sensitivity of the technique for the detection of 

sequence differences which cause minimal change in the temperatures of individual 

domains and may not be detected by shifts in the migration of the homoduplexes.

2.4.7 Generation of Higher Melting Domains with a GC-clamp

As described above, when a molecule migrates through a parallel gel the domain 

with the lowest melting temperature melts first and the molecule becomes retarded in the 

gel because its electrophoretic mobility is severely affected. Further melting of the highest 

melting domain causes complete strand dissociation into single strands which are no 

longer retarded in the gel due to sequence specific mobility. Thus, only detection of base 

changes within the lower melting domains is possible. Melting is a property of the entire 

fragment and the inclusion of a region of guanines, G, and cytosines, C, has been shown to 

manipulate the melting pattern such that this G, C dense region becomes the highest 

melting domain (Sheffield et a l, 1989). This "GC-clamp" overcomes the situation where 

the sequence of interest could not be screened for base alterations because it was originally 

in the highest melting domain of the fragment.

The polymerase chain reaction can be utilised to attach a GC-clamp, usually 

composed of 25-65 Gs and Cs, to the 3' or 5' end of the PCR product. This is done by 

incorporating the GC-clamp sequence to the 5' end of one of the primers at the time of its 

synthesis. The effect of such an addition can be evaluated through the use of MELT 

software. Therefore the manipulation of primer sequences in conjunction with the use of
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MELT software allows the design of PCR products which contain a single low melting 

domain.

2.4.8 Preparation and Electrophoresis of Denaturing Gradient Gels

Denaturant Gradient Gels (DGG) are prepared by mixing two solutions, which 

differ in denaturant concentration, with a gravitational gradient maker. This ensures that a 

linear gradient is formed in the gel. The gradient always ranges, either horizontally for 

perpendicular gels or vertically for parallel gels, from the low concentration of denaturant 

to the higher concentration. Solutions of 0 % denaturant and 100 % denaturant have a 

concentration of 6.5 % acrylamide (37.5:1 acrylamide:bisacrylamide) (BDH) in 1 X TAE 

buffer (40 mM Tris acetate, 20 mM sodium acetate, 1 mM EDTA pH 7.4). The 100 % 

denaturant contains 40 % formamide and 7 M urea. These two stock denaturant solutions 

are combined to obtain the upper and lower denaturant concentration limits of the gel.

A 12 ml volume of each of the resultant denaturant solutions is then mixed with 

80 ^1 of 10 % APS and 7.5 ^1 of TEMED and the gel poured using the gradient maker. 

Gels were allowed to set for a minimum of 1 hour before electrophoresis. The PCR 

products were mixed 1:1 with a loading solution (20 % Ficoll, 10 mM Tris-HCl, pH 7.8, 1 

mM EDTA, pH 8, 0.1 % Bromophenol Blue) and 15 ^1 of the mixture was loaded per 

lane for a parallel DGG. The samples were then electrophoresed through the gel at 150 V 

at a constant temperature of 60 °C in 1 X TAE buffer (‘The Denaturing Gradient Gel 

Electrophoresis System” was supplied by C.B.S. Scientific Company, Inc., Del Mar, 

California, U.S.A.). The gels are run vertically and are completely immersed in the 

recirculating buffer. The buffer is kept at a constant 60 °C and only in sequences of 

exceptionally high As and Ts does the melting temperature drop to temperatures below 60 

°C. Electrophoresis rurming time was determined for each fragment. Following 

electrophoresis the gels were stained with Ethidium Bromide (0.5 ^g/ml) for 10 minutes
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and then washed with double distilled H2 O. The gels were visualised on a UV 

transilluminator and documented by polaroid photography or a video gel-documentation 

system (UVP).

2.4.9 Excision of Bands from Denaturing Gradient Gel for use in PCR

Using a sterile blade the fragment band of interest was excised from the 

Denaturing Gradient Gel which had been stained with Etidium Bromide and visualised 

using a UV transilluminator. The thin gel slice was placed in a sterile 1.5 ml eppendorf 

tube and 40 ^1 of sterile deionised H2 O added. The tube was then placed in the -70 °C 

freezer for 1 hour, removed and thawed at room temperature, replaced in the -70 °C for 1 

hour, removed and thawed at 4 °C overnight and from this solution 1 ^1 was removed and 

used in the PCR (Andersson et al., 1993).

2.5 The Polymerase Chain Reaction 

2.5.1 Introduction

The polymerase chain reaction (PCR) amplifies DNA sequences in a selective way 

and generates large amounts of a discrete DNA product which corresponds to the original 

target site (MuUis et al., 1986). PCR is a technique for the in vitro enzymatic amplification 

o f a specific segment o f DNA, which since its introduction has been employed in an 

enormous number o f applications and experiments.

As is well known, the required constituents for amplification of a specific segment 

o f DNA by the polymerase chain reaction are: deoxyribonucleoside triphosphates 

(dNTPs), a DNA polymerase, 2 single-stranded oligonucleotide primers, a DNA template 

(genomic DNA or cDNA) and a buffer containing magnesium. The primers are designed
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to hybridise to opposite strands of the DNA and are oriented so that synthesis of the new 

strands extends across the DNA towards the other primer. Both the primers and the 

dNTPs are suppUed in vast excess so as to allow repeated synthesis. For most reactions 

the polymerase chain reaction can be described in terms of a cycle that is composed of 3 

steps (denaturing, armeahng and synthesis) and which is performed 25-40 times. In the 

first step the DNA template is denatured by heating the sample to between 90-95 °C. 

During the second step the sample is cooled to an optimal temperature for the pair of 

primers to aimeal to their complementary DNA sequences and the third step allows 

synthesis of the new strands by the DNA polymerase in a 5' to 3' direction. In the first 

cycle synthesis continues past the sequence complementary to the other primer. However, 

following the second cycle products are created that are exactly the length from one 

primer end to the other primer end. In the subsequent cycles the quantity of this product 

increases exponentially, producing a several million fold amphfication of the desired DNA 

segment for a standard PCR of 25-40 cycles.

2.5.2 Nested PCR Analysis of Prohibitin from cDNA

cDNA was ampUfied in a 50 ^1 reaction volume using the standard conditions of 

50 mM KCl, 10 mM Tris-HCl, pH 9.0, 1-3 mM MgCl2 (Promega), 0.1 % Triton® X-100

(Union Carbide Chemicals and Plastics Co., Inc.), 0.2 mM each dNTP (Promega), 1 U 

Taq polymerase (Promega) and 15 pmol of each primer (1A and 3B) (Figure 2.6) under 

the following parameters: initial denaturation of 5 minutes at 94 °C followed by 25 cycles 

at 94 °C for 1 minute, 56 °C for 1 minute, 72 °C for 1 minute and ended with an extension 

at 72 °C for 5 minutes. An aliquot of 0.5 |al was then used in a second round of the PCR 

for 35 cycles using the reaction conditions as described above but with the primer pairs 

corresponding to the specific fragments (Table 2.1). All products from the PCR were 

analysed by the electrophoresis of a 5 |.xl sample of the PCR product through a 2 %
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23 bp 115 bp 162 bp 143 bp 117 bp 106 bp 368 bp

Exon 1 Exon 2 Exon 3 Exon 4 Exon 5 Exon 6 Exon 7

lA --------330 b p ....................... IB
Fragment 1

2A -------------------------424 b p ----------------------------- 2B
Fragment 2

3A ------------296 b p ---------  3B
Fragment 3

4A —  118 b p —  4B 
Fragment 4

Figure 2.6. Schematic representation of PHB cDNA showing the location of the primers 1A-4B used to generate Fragments 1-4. 
Exons are represented by blue boxes, forward primers by red arrows and reverse primers by green arrows.



Primer
Name Primer sequence (S' - 3')

Amplified
Product
Name

1A (forward) TGTGGAGGTCAGAGTGGAAGCAG Fragment 1
1B (reverse) 40 (GC) - TGCGCAGTGTGATGTTGACATTC

2A (forward) 
2B (reverse)

50 (GC) - GTGCCAGTCATCACTGGTAGC 
CTCAGCAGAGATGATGGCCG

Fragment 2

3A (forward) 
3B (reverse)

60 (GC) - GGAAAAGGCTGAGCAACAGA 
20 (GC) - GCAGAAGGAAGGCTGTGT

Fragment 3

4A (forward) 
4B (reverse)

CCACAGCCCCGATGATTCTT
30 (GC) - AGAGATCTGAAGTGATTTTACC

Fragment 4

Table 2.1. Primers used for amplification and DGGE of PHB cDNA.



agarose gel which contained Ethidium Bromide (0.5 ^ig/ml). The products were then 

visualised on a UV transilluminator and documented.

For all PCRs, from either cDNA or genomic DNA, a negative control reaction 

which did not contain any template was set up. Specific PCR controls for the detection of 

genomic DNA contamination of the cDNA were also set up. For each cDNA sample a 

segment of the P-actin gene was generated by PCR. The primers were chosen so that the 

product generated from the |3-actin cDNA template differed in size from that produced 

from the 3-actin genomic DNA template. This distinction is achieved by designing primers 

from exon sequence which amplify a product that also contains intron sequence, therefore 

the genomic DNA product is larger than the cDNA product. The primers used were; 

forward primer 5' TAC CTC ATG AAG ATC CTC A 3' and reverse primer 5' TTC GTG 

GAT GCC ACA GGA C 3', these amplify a fragment of 267 bp from cDNA and a 362 bp 

fragment from genomic DNA (Nakajima-Iijima et al., 1985; Stark et a i, 1993; Taylor and 

Heasman, 1994). The human genome has a number of processed P-actin pseudogenes 

which do not possess intron sequence (Leavitt et al., 1984). Consequently, contaminating 

traces of genomic DNA could result in the co-amplification of a product equivalent in size 

to that generated from the cDNA. Therefore, good laboratory practice as well as 

treatment of each total RNA sample with RQl RNase-Free DNase (Promega) is essential 

to prevent contamination of the cDNA sample with genomic DNA.

2.5.3 PCR Analysis of Prohibitin from Genomic DNA

Genomic DNA (0.1 ^g) was amplified in a 50 ^1 reaction volume under the 

standard conditions set out above in section 2.5.2 using the required set of primer pairs 

(Table 2.2). The reaction consisted of an initial denaturation of 5 minutes at 94 °C 

followed by 35-40 cycles at 94 °C for 1 minute, 55-58 °C for 1 minute, 72 °C for 1 minute 

and ended with an extension at 72 °C for 5 minutes. For the amplification of products used
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Primer Amplified
Name Primer Sequence (5* - 3’) Product

Name

5 A (forward) 
5B (reverse)

TTATGACATGTCATTGTCCT
40 (GC) - CTAAGATTCCATATCAAGCTG

Fragment 5

6A (forward) ACACTTGTTTTCCTACAGTGG Fragment 6
6B (reverse) 45 (GC) - GGCAGGTCAGGTTAATGAGG

7A (forward) 45 (GC) - CCTCATTAACCTGACCTGCC Fragment 7
7B (reverse) AGGCACCTAAACGAGAACTGC

8A (forward) 
8B (reverse)

GTGCTGTCGAAGCAATCACAC 
40 (GC) - CTCTGGAACCAATTGCAGAAG

Fragment 8

9A (forward) 
9B (reverse)

40 (GC) - TAGCCATCAGGAGGAAGTAAAC 
AGTTGGCAATCAGCTCAGCTG

Fragment 9

Table 2.2. Primers used for amplification and DGGE of PHB genomic DNA.



for DGGE the reaction was followed by denaturation at 94 °C for 20 minutes and a 1 hour 

incubation at the relevant annealing temperature to ensure maximum heteroduplex 

formation.

2.5.4 Microsatellite Analysis

The polymorphic markers D17S855, D17S951, D17S579, D17S791, D17S1827, 

D17S943, D17S588 and D17S1820 were chosen from the Genome Database (GDB) 

(Anderson et al., 1993; Gyapay et al., 1994; Dib et al., 1996; personal communications 

cited in the GDB) and were supplied by Research Genetics, Inc., AL, U.S.A.. PCR was 

performed, using 10 pmoles of each primer (Table 2.3) under the following conditions 

containing approximately 100 ng genomic DNA in 50 mM KCl, 10 mM Tris-HCl, pH 9.0,

1.5 mM MgCl2 (Promega), 0.1 % Triton® X-100 (Union Carbide Chemicals and Plastics

Co., Inc.), 0.2 mM dTTP, dATP and dGTP, 0.05 mM dCTP (Promega), and (a-p32) 

dCTP (Amersham) at 1 pCi/reaction and 1 U of Tag DNA Polymerase (Promega) in a 

final volume of 25 |j 1. Amphfication conditions, for all the polymorphic markers, consisted 

of denaturation at 94 °C for 5 minutes, followed by 35 cycles of 1 minute at 94 °C, 1 

minute at 56 °C, 1 minute at 72 °C, followed by a 5 minute extension at 72 °C in a PTC- 

100™  Programmable Thermal Controller (MJ Research, Inc.). The resuhant products 

were diluted 1:1 with loading buffer (98 % Formamide, 10 mM EDTA, 0.025 % Xylene 

Cyanol, 0.025 % Bromophenol Blue), heated at 94 °C for 5 minutes and rapidly cooled on 

ice prior to loading on the gel.

A 5 III sample of the PCR product was electrophoresed through an 8 % 

polyacrylamide gel, containing IX TBE and 7 M Urea, at 35 - 40 mAmps for 3 - 4 hours. 

Gels had been polymerised and cross-linked with 250 jil of 10 % APS, 25 ^1 of TEMED 

and left to set overnight. Gels were vacuum dried at 80 °C (Slab Gel Dryer, Savant) and
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Locus Symbol Primer Sequence (5* - 3') Fragment 
Size (bp)

Forward GGATGGCCTTTTAGAAAGTGG
D17S855 143-155
Reverse ACACAGACTTGTCCTACTGCC

Forward GGCCTCCCAAACTGCTT
D17S951 170-188
Reverse TCTACCCCGATGAGCCA

Forward AGTCCTGTAGACAAAACCTG
D17S579 111-133
Reverse CAGTTTCATACCAAGTTCCT

Forward GTTGGCTCCAGTTATTCCCC
D17S791 165-199
Reverse GCTCGTCCTTTGGAAGAGTT

Forward GTGAGTGGAGATTGCACC
D17S1827 130-148

Reverse CACTGGGCTAAGGCTGT

Forward TGACTGTAGCCCTCACCC
D17S943 181-199
Reverse TTCCAACCATCGTTTGTGTA

Forward CCTGGTCTAGGAAGAGTGTCA
D17S588 154-174
Reverse GTGTAAGCATCTGTGTATACTAC

Forward CATGAGGTCTTCCAGAAGG
D17S1820 260-278

Reverse AACACACTTGCTGATGTGC

Table 2.3. Microsatellite primer sequences.



exposed to film (AGFA, Medical X-Ray Film, 35x43 cm) for 1 - 48 hours at room 

temperature or at -70 °C with an intensifying screen for optimum exposure.

2.6 Restriction Enzyme Reactions

PCR products were digested under the conditions described by the suppliers 

(Gibco BRL, New England Biolabs and Boehringer Mannheim). Briefly, 5 ^1 of PCR 

product were digested in a total reaction volume of 10-20 ^1 with 1 unit of enzyme/^g of 

product, 1 X digestion buffer and incubated at the relevant temperature for 2 - 16 hours.

2.7 DNA Sequence Analysis

PCR products were generated for sequence analysis for Fragments 5, 7 and 8 from 

genomic DNA and for Fragment 1 from a cDNA template. The primers used for these 

PCR reactions were the same as those used to generate the PCR products for DGGE 

analysis except that the GC-clamp regions were not included (Table 2.4). For Fragment 1 

PCR products with an altered electrophoretic mobility were excised from a DGG and used 

to generate more of the variant PCR product (section 2.4.9). After amplification of the 

specific PCR product the fragments were purified using the Wizard PCR Prep DNA 

Purification System (Promega), by this method dNTPS and primers are removed. The 

DNA was then quantitated by measuring the absorbance at 260 imi.

The sequencing reactions for the fragments generated from genomic DNA, were 

performed using the ABI PRISM™ Dye Terminator Cycle Sequencing Ready Reaction 

Kit with Amplitaq®DNA Polymerase, FS. For each reaction the following reagents were 

mixed in a labelled 0.5 ml eppendorf tube: 8.0 pil Terminator Ready Reaction Mix, 3-6 |j,l 

PCR product at a concentration of 10-30 ng/|ul, 3.2 pmole Primer (Forward or Reverse)
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Amplified 
Product Name

Forward Primer (5 ’ - 3') Reverse Primer (5 ’ - 3*)

Fragment 1 (-GC) TGTGGAGGTCAGAGTGGAAGCAG TGCGCAGTGTGATGTTGACATTC

Fragment 5 (-GC) TTATGACATGTCATTGTCCT CTAAGATTCCATATCAAGCTG

Fragment 7 (-GC) CCTCATTAACCTGACCTGCC AGGCACCTAAACGAGAACTGC

Fragment 8 (-GC) GTGCTGTCGAAGCAATCACAC CTCTGGAACCAATTGCAGAAG

Table 2.4. Piimers used for the amplification of fragments 
for DNA sequence analysis.



and deionised H2 O was added for a final reaction volume o f 20 fxl. The tubes were then 

transferred to the thermal cycler and the following cycling parameters were followed: 25 

cycles o f 10 seconds at 96 °C, 5 seconds at 50 °C, 4 minutes at 60 °C. After the 25 cycles 

the tubes were held at 4 °C. The products then required an ethanol precipitation protocol 

to remove the dye terminators from the solution. For each reaction a 1.5 ml eppendorf 

tube was labelled and the following reagents added: 2.0 |al 3M sodium acetate, pH 5.2, 

and 50 | 1̂95% ethanol. The entire 20 |il of the sequencing reactions was transferred to the 

1.5 ml eppendorf tubes, vortexed and placed on ice for 10 minutes. 'ITie tubes were then 

spun for 30 minutes at maximum speed. The supernatant was removed and the pellet was 

washed with 250 |al o f 75% ethanol. Pellets were then dried using a vacuum centrifuge. 

These samples were then resuspended in a loading buffer containing deionised formamide 

and 50 mM EDTA at a ratio of 5:1 formamide to EDTA and analysed on the ABI 373 

(Applied Biosystems Division, Perkin Elmer) by David Noone of the Department o f  

Genetics, T. C. D.

The Original TA Cloning® Kit (Invitrogen) was used to clone the PCR products 

that had been generated from cDNA templates. By this method the PCR product is Ugated 

into pCR II, a linearised plasmid vector, and transformed into One Shot (INV aF )  

competent cells. The plasmid is then isolated and the cloned insert can be sequenced.

Taq polymerase has a non-template-dependent activity which adds a single 

deoxyadenosine (A) to the 3' ends of PCR products. The pCR™II vector has single 3' 

deoxythymidine (T) residues which allows PCR products to be effectively ligated with the 

vector. The hgation reaction was set up using the following procedure: 1 |̂ 1 of fresh PCR 

product (preferably less than 1 day old because the single 3' A-overhangs on the PCR 

products are removed over time, thus reducing the efficiency o f the hgation reaction) was 

added to 1 îl lOX Ligation Buffer (composed o f 60 mM Tris-HCl, pH 7.5, 60 mM 

MgCl2 , 50 mM NaCl, 1 mg/ml bovine serum albumin, 70 mM P-mercaptoethanol, 1 mM
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ATP, 20 mM dithiothreitol, 10 mM spermidine), 2 pil pCR™II vector (25ng/|.d), 5 îl 

sterile dH20 and 1 |j,l T4 DNA ligase (4.0 Weiss units). This reaction was then incubated 

at 14 °C overnight. The pCR™II vector, sterile dH20 and 1 OX Ligation Buffer are 

supplied in the Original TA Cloning® Kit (Invitrogen).

Once the Hgation reaction has been completed the pCR™II vector containing the 

insert can then be transformed into One Shot™ (IN V aF) cells. The Original TA Cloning® 

Kit (Invitrogen): IN V aF One Shot™ Kit contains; SOC Medium (composed o f 2% 

Tryptone, 0.5% Yeast Extract, 10 mM NaCl, 2.5 mM KCl, 10 mM MgClj, 10 mM 

MgS0 4  and 20 mM glucose), 0.5 M (3-mercaptoethanol and INVaF’ cells. Prior to 

transformation Luria-Bertani (LB) agar plates have to be prepared. LB medium, pH 7.0, is 

composed o f 1.0% Tryptone, 0.5% Yeast Extract and 1.0% NaCl dissolved in dH20. For 

the LB agar, 15g/Utre o f agar was added to the LB medium and the solution was 

autoclaved for 20 minutes at 15 Ib/sq. in. After autoclaving, the solution was allowed to 

cool to -5 5  °C and ampicillin was added at a concentration o f 50 |iig/ml (the pCR™II 

vector has an ampicillin resistance gene which allows for its selection and maintenance in 

E. coli). The plates were then poured, left to harden and once set inverted and stored at 4 

°C.

The pCR™II vector contains a lac promoter and a lacZa  fi-agment, the lac 

promoter is required for bacterial expression o f the lacZa  ft'agment (the first 146 amino 

acids o f 3-galactosidase). Complementation in trans with the Q fragment gives active p- 

galactosidase and results in the growth o f blue colonies in the presence o f X-Gal (5- 

bromo-4-chloro-3-indolyl-P-D-galactoside). The PCR product inserted during the hgation 

reaction is positioned so as to interrupt the reading frame o f the lacZ  gene (Figure 2.7). 

This results in the formation o f  white colonies and allows for the selection o f colonies 

containing inserts. X-Gal is prepared at a concentration o f 40 mg/ml in
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M13 Reverse Primer

CAG GAA ACA GCT ATG AC C ATG ATT ACG CCA AGC TAT TTA GGT 

GAC ACT ATA GAA TAC TCA AGC TAT GCA TCA AGC TTG GTA CCG 

AGC TCG GAT CCA CTA GTA ACG GCC GCC AGT GTG CTG GAA TTC

GGC TT PCR PRODUCT AAG CCG AAT TCT GCA GAT AT CCA TCA 

CAC TGG CGG CCG CTC GAG CAT GCA TCT AGA GGG CCC AAT TCG 

CCC TAT AGT GAG TCG TAT TAC AAT TCA CTG GCC GTC GTT TTA C

M13 Forward Primer

P lac lacZa

Ampicillin 
Resistance Gene

Kanamycin 
Resistance Gene

Figure 2.7. Map of the plasmid vector pCR™II. The sequence of the multiple cloning 
site is shown with a PCR Product inserted. The M l3 reverse and forward primer sites 
are indicated in the green boxes. The lac promoter {P lac) and lacZa fragment are 
located on either side of the PCR product insertion site. Ampicillin and Kanamycin 
resistance genes are shown as red boxes.



dimethylformamide. To the LB agar plates with ampicillin, 40 |l i 1 of X-Gal was added, 

spread evenly over the surface of the plates and allowed to dry.

For each transformation reaction 2 |xl of 0.5 M (3-mercaptoethanol was added to 

50 1̂1 of One Shot™ INVaF' competent cells and mixed gently (lysis is caused by pipetting 

up and dov^). From the ligation reaction, 2 |al were taken and mixed gently with the 

competent cells. This was then kept on ice for 30 minutes before being heat shocked at 42 

°C for 30 seconds. The vials were then removed and placed on ice for 2 minutes before 

450 |Lil of the SOC medium (at room temperature) was added. The vials were then shaken 

horizontally at 37 °C for 1 hour at 225 rpm and placed on ice. The LB agar plates 

containing ampicilUn and X-Gal were then labelled and both 50 |.il and 200 |ul from each 

transformation vial were spread on separate plates. Once all the liquid was absorbed the 

plates were inverted and incubated at 37 °C for at least 18 hours. Following this 

incubation the plates were transferred to a 4 °C fridge to allow for full colour development 

of the colonies.

To determine the presence and orientation of the insert in the pCR™II vector, 10 

“white” colonies were picked using sterile wooden tooth picks (the “white” colonies may 

have a light blue colour or appear white with blue centres. This is caused by a leaky 

expression of the lacZ fragment or a partial disruption of lacZ by the insert). The colonies 

were then grown overnight in 2-5 ml LB broth containing 50 |4.g/ml of ampicillin. The 

plasmid was then isolated (Ausubel et al., 1988) and analysed by restriction endonuclease 

digests (section 2.6) to determine the size and orientation of the insert. Plasmids 

containing inserts of the correct size were sequenced by David Noone of the Department 

of Genetics, T. C. D. with the ABI 373 (Applied Biosystems Division, Perkin Elmer). The 

sequencing reactions were performed with Ml 3 forward and reverse primers. The 

pCR™II vector contains these sites on either side of the PCR product insertion site.
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CHAPTER 3 

DGGE ANALYSIS OF PHB FROM cDNA



3.1 Aim of the Study

As described earlier the importance of prohibitin to the cell can be implied from a 

number of observations and results from varying organisms and experimental systems. 

Prohibitin is an evolutionarily conserved gene with homologues found in all organisms 

examined. It is expressed in all tissues and cell lines tested. Evidence has been collated 

indicating a role for prohibitin in regulation of normal cell cycle progression, senescence, 

development and tumour suppression. Support for the concept that prohibitin may be a 

tumour suppressor comes from several sources. Prohibitin was originally detected as part 

of a strategy to isolate genes with antiproliferative activity (McClung et a i,  1989). Its 

antiproliferative activity was ftuther demonstrated by the inhibition of DNA synthesis in 

normal human diploid fibroblasts and cancer cells (Nuell et a l, 1991). Tumour suppressor 

genes represent a subset of genes that negatively regulate cell prohferation and are defined 

by the connection between the loss of their activity and the development of neoplasia. 

Prohibitin may have such an association since a probable loss-of-function mutation and 

three missense mutations have been found in the prohibitin gene in sporadic breast 

tumours (Sato et a i, 1992; Sato et a i, 1993). PHB was localised to chromosome 17q21 

and generated intense interest since BRCA1 had been mapped to this region. This 

chromosomal region is postulated to contain one or more tumour suppressor genes in 

addition to BRCAl (Futreal et al., 1994). As discussed, the fimctions of prohibitin and its 

relationship with the development of breast cancer are currently unknown. Therefore the 

detection of germline mutations in prohibitin in women with breast cancer provides an 

opportunity to determine prohibitin’s role and its place, if one exists, in the pathway to 

carcinogenesis.

In this study the prohibitin gene was analysed for germline mutations in women 

diagnosed wdth breast cancer. The women selected from the patient population {Materials 

and Methods: section 2.1.1) were all diagnosed premenopausally with breast cancer. This
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group was chosen because women who develop breast cancer at an early age are 

considered to have a greater likelihood of carrying a germline mutation in a gene that 

predisposes to breast cancer than women diagnosed with breast cancer at an older age.

The patients were divided into two groups, those with a family history of at least one first 

or second degree relative with breast cancer and those with no family history of breast 

cancer, termed sporadic cases. The aim of the study was to determine if germline 

mutations of the prohibitin coding sequence could be a causative factor in the onset of 

premenopausal breast cancer.

To screen the PHB gene for mutations, the complete coding sequence was 

amplified by RT-PCR as four overlapping fi-agments. The four fi-agments of the gene were 

then screened for mutations using Denaturing Gradient Gel Electrophoresis (DGGE) for 

each individual. Several factors influenced the choice of mutation detection technique; 

prohibitin has a relatively small coding sequence, the full coding sequence was known and 

the somatic mutations identified to date only involved alterations of one or two bases. 

Given the type and rarity of mutations it was regarded that a proven highly-sensitive 

technique for detecting mutations should be chosen. Therefore DGGE was selected for its 

fidelity in mutation detection, capable of detecting 100 % of single base substitutions and 

insertions or deletions of a small number of bases (Abrams et al., 1990). Once set up 

DGGE can be used to screen a large number of samples in a relatively short time. It was 

also selected as it does not involve the use of radioactive substances or the hazardous 

chemicals required for other non-radioactive mutation detection methods.
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3.2 Results

3.2.1 Fragment and Primer Design for DGGE Analysis of the PHB cDNA

The starting point for analysing the PHB sequence by DGGE was to generate a 

melting profile for the prohibitin cDNA sequence. The melting behavior of the whole 

coding sequence, as well as some of the 5' UTR and 3' UTR, of the prohibitin gene (Sato 

et a i, 1993) was analysed by the computer program MELT (Figure 3.1) (Lerman and 

Silverstein, 1987). MELT predicts the melting behaviour of any given nucleotide sequence 

and its predictions have been corroborated by a large body of evidence from 

electrophoretic experiments (Fischer et a i, 1983; Myers et a i, 1985c; 1985d). Figure 3.1 

represents in a graphical format the information contained in the output file of MELT for 

the complete prohibitin gene. This is a plot of the numerical position of the nucleotide 

within the sequence analysed against the temperature at which the sequence is calculated 

to have a 50 % probability of being in a helical state. Such a graph is termed a melt map or 

the melting profile of the sequence.

The melting of neighbouring base pairs, as the temperature is gradually increased, 

is closely coupled over a substantial number of bases despite the individual base pairs 

having differing stabilities. The cooperative melting of between roughly 50-300 contiguous 

bases represents what is termed a “melting domain” or “domain”. The base pairs 

comprising a domain all melt within a narrow temperature interval and each domain is 

generally separated from other domains on either side by a noticeable difference in melting 

temperature. For the nucleotide sequence of prohibitin the melt map can be seen to have a 

number of significant characteristics (Figure 3.1). The first -320 bases melt as a single 

domain at 73.5 °C. This is followed by a sharp rise in melting temperature of nearly 3 °C 

in less than 10 bases marking the end of the first domain. At this point another region of
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Figure 3.1. Melt map of the prohibitin cDNA sequence.
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-350 bases melts as a second domain at 76.5 °C. These first two domains correspond 

almost exactly to the first 6 exons of the prohibitin gene.

The remainder of the melt map represents exon 7 and part of the 3' UTR of the 

gene. Starting at around nucleotide position 675, the end of the second domain, the 

sequence melts progressively over an increasing temperature without any domains of 

significant length for about 150 bases. This region has a high GC content of 61.2 %. The 

melting temperature then rises sharply over a short sequence of bases before a small 

incremental rise to the highest melting temperature of the sequence at 82.5 °C due to a GC 

content of 75 % for this region. This point roughly coincides with the end of the coding 

sequence of the gene. Finally for the last 125 bases, the 3' UTR, there is a dramatic fall in 

melting temperature due to the high AT composition (56.8 %) of the 3' UTR sequence as 

compared to the lower AT concentration in the previous part of the sequence (43.6 %).

This first melt map gives a rough guide as to which regions of the sequence could 

be amplified together for analysis by DGGE. The melt map outlined indicates that the first 

two domains defmed above should be analysed as individual fi'agments (Fragments 1 and 

2) and the rest of the sequence separated into two further domains (Fragments 3 and 4), 

one with a high melting temperature profile and the other a low melting temperature 

ft-agment. The next step in the process is to analyse shorter regions of the sequence 

separately. When only the first 330 bases are processed by MELT several features of the 

way in which double stranded DNA melts can be highlighted. Figure 3.2 shows the melt 

map for these 330 bases (Fragment 1). Here the configuration of the melt map is quite 

different to that when the 330 bases were analysed as part of the complete prohibitin 

sequence, again emphasising the cooperative nature of the process. The initial 110 bases 

now melt at a higher temperature and are succeeded by a fall in temperature of nearly two 

degrees. The ensuing 200 nucleotides then melt over a progressively lower temperature. It 

can be seen that the 700 bases removed fi’om the prohibitin sequence were having a
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profound effect on the melting behaviour of the first 330 bases and that, without them, the 

thermodynamic characteristics of the domain are severely altered.

As has been shown the melting behaviour of a given sequence is determined not 

only by the neighbouring bases of any particular nucleotide but is a property of the whole 

sequence. To rectify the melting behaviour of the first 330 bases a strategy has been 

developed whereby a sequence can have additional bases added onto either end which then 

influence the melting behaviour in a predictable way. This strategy utilises the technique of 

the polymerase chain reaction, PCR. In order to perform a PCR from any DNA sequence 

specific primers are made that recognise the desired target sequence. When the primers are 

synthesised additional bases can be included at the 5' end of the primer. For the scenario 

described here it is advantageous that the sequence of interest is modified such that it 

forms a single domain of abnost uniform melting temperature. This is accomplished by 

adding a number of G and C bases to the 5' end of the primer (Sheffield et al., 1989). The 

PCR then generates products with this “GC-clamp” included at one end of the fragment.

As the energy required to disrupt hydrogen bonds between G:C residues is greater than 

between A;T residues, the addition of a G;C stretch has the effect of raising the 

temperature required to dissociate the two strands. Adding a GC-clamp to the sequence 

alters the melting pattern of the entire fragment. Figure 3.3 shows the 330 bases with and 

without the addition of a GC-clamp. The 330 bases now melt as a single domain of 

uniform temperature whilst the region incorporating the GC-clamp melts at a significantly 

higher temperature. This ensures that the lower melting domain can dissociate and thus be 

analysed by DGGE whilst the GC-clamp prevents the two strands from dissociating 

completely.

The required length of the GC-clamp is determined by the melting temperature,

Tm, of the domain and the log of the dissociation constant, Kd, for the complete strand. In 

general, as long as the temperature for a Kd of less than -5 is above the Tm then it is
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Figure 3.3. Melt maps of Fragment 1 with and without a GC-clamp.



regarded that the partially melted molecule will remain stable in the gel. This has been 

substantiated in a number of experiments (Lerman and Silverstein, 1992). By increasing 

the length of the GC-clamp the stabiUty of the molecule increases when in a partially- 

melted state in the gel.

Having completed analysis of the design of a pair of primers for the first 330 bases 

of the sequence a second overlapping domain was designed. A similar approach was used 

for the second domain, this time a GC-clamp was attached to the 5' primer and a small 

GC-clamp of 10 bases was attached to the 3' primer. This ensured that the complete 

sequence of interest was confined to a single melting domain. Figure 3.4 shows the second 

domain with and without the GC-clamp (Fragment 2). The rest of the sequence required a 

greater amount of analysis due to the range of temperature over which the sequence was 

predicted to melt. The relatively high melting temperature of bases 700 to 900 compared 

to the lower melting temperatures of bases 900 to 1020 created a situation where the 

inclusion of a small number of bases fi'om either region affected the melt map significantly. 

This situation was resolved by introducing a GC-clamp at both ends of a PCR fragment 

(Figure 3.5), for a third domain (Fragment 3), which corrected for the inclusion of a 

second lower melting domain at the 3' end. The fourth domain was then designed with a 

smaller GC-clamp as the melting domain constituted the last 148 bases of the sequence 

(Fragment 4).

The melt maps described and illustrated in figures 3.1-3.5 were constructed using 

calculations predicting that 50 % of the DNA molecule is in a helical state. MELT also 

produces calculations for conditions where 5 %, 25 % and 95 % of the molecule are in a 

helical state. These are important as they establish the temperature interval over which a 

domain melts. In Figure 3.6 three meh maps for Fragment 1 at 5 %, 50 % and 95 % are 

illustrated on the one graph. The region shown corresponds to the single melting domain 

and does not include the GC-clamp region of the fi'agment so as to emphasise the small
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temperature difference between the melt maps. The melt maps show that at a Tm of 112 

°C 95 % of the molecule is still in a helical state and as the temperature increases the 

proportion of the molecule in a helical state decreases until at nearly 74 °C only 5 % of the 

molecule is in a helical state. Only for long domains with narrow melting bandwidths is the 

50 % contour an accurate guide to melting. Hence considerable time and effort were 

applied to the construction of fragments with an almost constant mehing temperature.

The alteration of Tm by mutations within a sequence can be simulated by 

modifying the sequence being analysed by MELT. Figure 3.7 depicts the melting profiles 

of Fragment 1 for the wild type sequence and a single A to G base substitution at position 

133. In this case the Tm of the altered sequence has increased relative to that of the wild 

type sequence due to a single base change in a sequence of 330 bases. Each fragment was 

analysed in this way for various single base substitutions near the 5' and 3' ends of the 

particular sequence as well for at least two other sites within the sequence. Sequences 

with a large number of consecutive Gs and Cs or As and Ts were particularly well 

scrutinised. For example the A at position 133 in Fragment 1 is in the middle of a 9 bp A/T 

sequence. A change in Tm was seen for base substitutions throughout the sequences and 

these simulations are an important step in determining primer selection as it establishes, in 

theory, that a base change anywhere in the lowest melting domain can be distinguished 

from the wild type sequence.

The melting profiles of 4 overlapping fragments were determined and primers for 

PCR amplification were designed. The overlapping nature of the fragments means that the 

primer sequences for one fragment did not form the primer sequence for the neighbouring 

fragment. In this way the complete coding sequence was contained in the four fragments 

and was subject to analysis by DGGE. A review of the MELT analysis shows that 

Fragment 1 contains exons 1, 2, and 3 (284 nucleotides screened), Fragment 2 contains 

exons 4, 5, 6 and some of 7 (379 nucleotides screened). Fragment 3 contains exon 7 and
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the 3' UTR (258 nucleotides screened), and Fragment 4 contains the remainder of the 3' 

UTR (76 nucleotides screened). Therefore by using MELT, primers were designed which 

enabled all of the coding sequence, 27 bases of the 5' UTR and 158 bases of the 3’ UTR (a 

total of 980 base pairs) of the prohibitin gene to be amenable to screening for nucleotide 

changes by DGGE.

3.2.2 DGGE Analysis of the cDNA of PHB

Fragments 1, 2 and 3 were amplified together in a first round PCR and then each 

fragment was individually amplified in a second round nested PCR. This nested PCR 

strategy was necessitated by the inclusion of GC-clamps on both primers used for 

Fragments 2 and 3. When the two primers with GC-clamps were used in the same PCR for 

either Fragment 2 or 3 it was found empirically that the amount of product yielded was 

considerably less than when using only one primer with a GC-clamp, as for Fragments 1 

and 4. This reduction in quantity of final product is probably due to the formation of 

“primer dimers” which result from the regions of complementarity in the GC-clamps 

annealing to each other instead of the target sequence.

Each fragment was subjected to electrophoresis on a perpendicular denaturing 

gradient gel (DGG), {Materials and Methods: section 2.4.5), of 30 %-80 % for 3 hours. 

An estimate of the percentage denaturant required can be calculated from the Tm 

predicted by MELT and the equation:

Melt Map Temperature. Tm (°C) - 60 ”C = x % gradient 

0.3°C/% gradient

This confirmed that each fragment had only one lower melting domain (Figure 3.8) and 

revealed the range of denaturant over which the fragment melted. Figure 3.8 shows the 

three sections corresponding to the different stages that a fragment with a single low 

melting temperature domain being electrophoresed through a gradually increasing
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Stage 3 Stage 2 Stage 1

80% <--------------------------------------------------------------------- 30%

Figure 3.8. Perpendicular Denaturing Gradient Gel of a fragment with a single melting 
domain. Stage 1: PCR product (case # R039) is double stranded and migrates through 
the gel without being retarded; Stage2: The lowest melting domain of the PCR product 
melts and the mobility of the fragment is reduced; Stage 3: The lowest melting domain 
of the PCR product is completely melted but the fragment remains intact even at the 
highest denaturant concentraions due to the GC-clamp.



concentration o f denaturant finds itself. In the first stage the PCR product is a double 

stranded fi'agment and travels through the low concentration of denaturant without being 

retarded. Subsequently, as the denaturant concentration increases the lowest melting 

domain begins to melt and the electrophoretic mobility of the fi’agment is reduced causing 

the fi'agment to be retarded in the gel. The lowest melting domain melts completely over a 

small increase in denaturant concentration and causes the fragment to become severely 

retarded in the gel. This second stage represents the range of melting temperatures 

predicted by MELT for the interval between the melt maps for a 5 % and 95 % hehcal 

state. The third section of Figure 3.8 represents the molecule with a completely melted 

lower domain but with the higher domain, in this situation represented by the GC-clamp, 

remaining double stranded even at very high denaturant concentrations.

The optimal electrophoretic run times for each fragment were determined by 

performing time courses using parallel DGGs. These were performed by loading a sample 

of each fragment at time intervals of 1 hour. The optimal time was determined by the time 

at which fragment retardation occurred in the gel. An example of a time course DOG is 

shown in Figure 3.9. For the first hour the fragment migrates through the gel without 

being significantly retarded and does not form a focused band. After 2 hours the rate of 

migration has decreased considerably. Over the next 3 hours the fragment is only capable, 

if at all, of migrating through a very small distance in the gel. Details of DGGE conditions 

for each fragment are given in Table 3.1.

The design of these experiments took into consideration the existence of four 

intronless pseudogenes PHBl-4, located on the chromosomal regions 6q25, 1 Ipl 1.2, 

lp31.3 and 2q21 respectively, as well as the fixnctional PHB gene on 17q21 (Sato et a l,

1993). From sequence analysis it is presumed that none of the processed pseudogenes are 

functional and therefore they do not produce an mRNA transcript which could be reverse 

transcribed into cDNA. PHBl is 91.3 % identical to PHB at the nucleotide level and any
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Figure 3.9. Parallel Denaturing Gradient Gel time course. Lane 1; Fragment 
migrates through gel without being retarded; Lane 2: Fragment mehs and 
migration becomes slower. The band becomes more focused at this stage; 
Lanes 3-5: Migration of the fragment is severely retarded with minimal 
migration through the gel. The direction of electrophoresis is shown as being 
parallel to the denaturant concentration.



Amplified
Product
Name

Product Size 
(bp)

Range of DGG 
Concentration (%)

Total DGG 
Electrophoresis 
Time (Hours)

Fragment 1 330 3 0 - 8 0 5

Fragment 2 424 3 0 - 8 0 6

Fragment 3 296 5 0- 1 0 0 4

Fragment 4 118 2 0 - 7 0 3

Table 3.1. Denaturing Gradient Gel (DGG) conditions for fragments 
amplified from PHB cDNA.



r
contamination of the cDNA with genomic DNA could cause false positives with regard to 

identifying sequence alterations in PHB. Figure 3.10 shows a DGG of PCR products 

generated for Fragment 1 from both the cDNA and genomic DNA of two unrelated 

individuals with breast cancer. This photograph shows that the PCR products generated 

from cDNA (case # R024 and case # R034) produce a single band retarded in the DGG at 

the same position. The presence of a single band and absence of heteroduplex bands 

indicates that the single band represents two homoduplexes with identical sequences. The 

sequences amplified from the corresponding genomic DNA of these two unrelated 

individuals with breast cancer (case # D132 and case # D029) appear quite different on the 

DGG from the PCR products generated from the cDNA. For both samples amplified from 

genomic DNA more than one band is present, a single focused band (homoduplexes) and 

above each of these, two slightly diffuse bands (heteroduplexes). All are retarded in the gel 

at a much lower denaturant concentration than the PCR products generated from cDNA. 

The heteroduplexes indicate that, for each sample, the single focused band represents two 

homoduplexes with differing sequences which are retarded at the same position in the 

DGG. From the position of the homoduplexes in the DGG it is clear that the two samples 

do not share a common pseudogene sequence. The inability to distinguish two 

homoduplexes for each sample on the DGG may be due to a very small difference in the 

melting temperature between the pseudogene sequences or that the denaturant 

concentration required to separate the two alleles has not yet been reached.

Figure 3.10 demonstrates that the PHB pseudo gene sequences amplified from 

genomic DNA differ from the sequence of the functional PHB gene and that these 

differences are detectable by DGGE. For these two individuals the sequence differences 

between the functional PHB and the pseudogenes aUer the melting temperature of the 

fragment significantly whereas for other cases the melting temperature may differ to a
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Figure 3.10. Parallel Denaturing Gradient Gel comparing amplified 
fi'agments fi'om cDNA and genomic DNA. Lanes 1-2:  Fragment 1 amplified 
fi’om the cDNA of two unrelated individuals (case # R024 and case # R034); 
Lanes 3 - 4 :  Fragment 1 amplified fi’om the genomic DNA of the two unrelated 
individuals in Lanes 1 -2 respectively (case # D132 and case # D029). Lane 5: 
No PCR product loaded.



lesser degree. Therefore it is important that genomic DNA is not co-amplified when 

performing a PCR from the cDNA.

3.2.3 Detection of Nucleotide Changes in the Coding Sequence of PHB in Women

with Breast Cancer

Exons 1 to 7 and 158 bases of the 3' UTR from 60 unrelated women, who were 

diagnosed premenopausally with breast cancer, were ampUfied by the PCR from cDNA 

and screened for polymorphisms by DGGE. Of the 60 women, 25 (mean age at diagnosis: 

40.12 years of age, standard deviation =10.17) did not have any first or second degree 

relatives with a history of breast cancer. The other 35 women (mean age at diagnosis:

41.54 years of age, standard deviation = 7.03) had at least one first or second degree 

relative with a history of breast cancer. Table 3.2 gives the family history of the 35 women 

with an affected first or second degree relative in more detail.

In this study one individual displayed a variant band in a heterozygous state in 

Fragment 1 (Figure 3.11). The aberrant band was excised from the DGG and reampMed 

under the original PCR conditions with the same primer sequences that had been used to 

generate Fragment 1 except that the 3' primer no longer contained the GC-clamp 

{Materials and M e t h o d s 2.4.9 and 2.7). The product was then cloned using the 

TA cloning kit {Materials and Methods: section 2.7) and sequenced with Ml 3 primers as 

the plasmid vector contains Ml 3 priming sites either side of the PCR product insertion 

site. The fragment was also sequenced from a healthy control in a sunilar process. The 

sequence analysis (Figure 3.12) of the aberrant band revealed a G to T transversion, which 

produces a missense mutation at codon 43, in exon 3, vdth an arginine residue being 

replaced by a leucine amino acid residue (Arg43Leu). This sequence variant results in the 

creation of a site for the restriction enzyme 5^1 (Figure 3.13), thus affording a convenient 

mechanism of screening for the alteration. The individual carrying this germline sequence
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Cases of Breast (Br), Number of Families: Number of Families:
Ovarian (Ov), Breast- Total = 35 (first, Total = 35 (first and 

Ovarian (BrO) and second and third second degree
Bilateral Breast (BiBr) degree relatives) relatives)

_______ Cancer_________________________________________________
Br BiBr Ov BrO
> 4  2 1
2 1 2  1 0
4 2 1
3 1 1 0
3 1 1 0
3 6 8
2 1 1 2
1 2  1 1
2 1 2  1
2 1 1 1
2 15 16
1 1  1 2
1 1 1  2

Table 3.2. History of cancer in the 35 women with an affected relative.



Figure 3.11.

Lane 1 
Lane 2

1 2

Heteroduplexes

Homoduplexes

Parallel Denaturing Gradient Gel of Arg43Leu allele.

Heterozygous individual for Arg43Leu allele (case # R086). 
Homozygous indivdual for wild type allele (case # R116). The 
shadow above the wild type homoduplex band is a characteristic 
of electrophoresis of PCR products through a Denaturing 
Gradient Gel.



Figure 3.12. Sequence analysis o f  the Arg43Leu allele. Sequence analysis was 
performed with the Original TA Cloning® Kit and on the ABI 373. (A) Wild type 
sense strand sequence (case # R116) (B) Arg43Leu sense strand sequence (case # 
R086) (C) Wild type antisense strand sequence (case # Rl 16) (D) Arg43Leu antisense 
strand sequence (case # R086). The arrows indicate the position of the base difference 
on the sequence trace diagram.



variant was diagnosed with breast cancer at 51 years of age and had a family history of 

breast cancer with her mother being diagnosed at 59 years of age.

Arg

c c  (i  T g g Wild Type Sequence

c C ]

r

[ T g g Arg43Leu Sequence

Leu

C C ( V t) (^ /t ) G G Styl recognition Sequence

G G (%)(%) C C
t1

Figure 3.13. Creation of the Styl restricton site by the Arg43Leu allele.

3.2.4 Segregation of the Arg43Leu Allele in Family 1

To determine if the Arg43Leu allele co segregated with cancer in Family 1 (Figure 

3.14) blood and tissue samples were collected from as many family members as possible. 

The presence or absence of the Arg43Leu variant was confirmed by DGGE, restriction 

enzyme digest and/or sequencing of PCR products. The PCR product which was used in 

the restriction enzyme digests was amplified from genomic DNA with primers designed 

for sequences in intron 2 and intron 3. In this way no pseudogene sequences would be co-
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Figure 3.14. Pedigree of Family 1. Age at diagnosis, death or present age is shown 
when known. The Arg43Leu allele is indicated as being present (+) or absent (-) for 
those that have been tested. Affected individuals are illustrated by blackened symbols. 
Br = breast cancer, Co-R = colo-rectal cancer.



amplified as they do not possess any intron sequences. The sequences of the primers used 

were, forward primer Exon3F: 5' AGT GAC TOC TTA GTT TOC AGC TAG 3' and 

reverse primer, Exon3R; 5' GCA GTA GTC TAG TCA TTC CTA TG 3’. The size of the 

PCR product generated using these primers is 477 bp.

It is important when performing restriction endonuclease digests to confirm that 

the enzyme is active under the given reaction conditions and that digestion has taken place 

where recognition sequences are present. One way of doing this is by including a 

recognition sequence for the restriction endonuclease in the PCR product generated. This 

can be achieved by designing a recognition sequence for the enzyme within one of the 

primers, or if convenient, a nearby recognition sequence can be included within the 

sequence amplified. Another approach would be to include a second PCR product within 

the same digestion reaction that has a known recognition sequence for the restriction 

endonuclease. Comparison of the PCR products before and after the digestion reaction 

would then be used to assess the performance of the enzyme and determine if the enzyme 

had cleaved the PCR product of interest. In this study, and all other restriction 

endonuclease digests, the PCR product for each individual was generated on three 

separate occasions and a digestion reaction performed on each of these in order to 

ascertain the presence or absence of the restriction endonuclease recognition sequence. 

The nearest 5/Vl recognition sequence, to the one created by the Arg43Leu variant, in the 

prohibitin genomic DNA sequence is several hundred base pairs downstream of exon 3. 

For some family members genomic DNA was extracted fi'om formalin-fixed paraffin- 

embedded (FFPE) tissue. Considering the size of the PCR product required to incorporate 

the downstream recognition sequence this option was not pursued.

Only tissue in the form of FFPE sections was available fi'om family members 11:1 

(mother), 11:3 (maternal aunt) and 111:1 (sister) for analysis fi'om genomic DNA. Blood
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samples were obtained from family members 111:5, 8, 9 (siblings), and IV; 1 (niece) for 

analysis by cDNA and genomic DNA.

Family members III: 1, diagnosed with an adenocarcinoma of the large bowel at 59 

years of age, 11:1, diagnosed with an infiltrating ductal carcinoma at the age of 59,111:5, 

unaffected at 49, and IV: 1, daughter of family member III: 1 and unaffected at age 36 are 

all carriers of the Arg43Leu variant. The other 4 relatives tested did not have the variant 

allele and were all unaffected by cancer at ages 36, 46, 48 and 80. The other 5 brothers of 

the index case were unavailable for testing and were all reported, by the other family 

members, to have no history of cancer.

3.2.5 Loss of Heterozygosity (LOH) Analysis of Tumour Samples

Of the three cancers presented in Family 1 normal and tumour tissue was only 

available from the index case’s sister (Individual 111:1) who had bowel cancer. 

Microdissection of the normal and tumour tissue was performed as described {Materials 

and Methods: section 2.3.6). Following microdissection of the normal and tumour tissue 

and amplification of exon 3 by PCR, with the primers described in section 3.4.4, the PCR 

products were digested with the restriction endonuclease S'/yl (Figure 3.15). Three bands 

are present when the PCR product from the normal tissue is digested, a single ftiU-length 

product (477 bp) indicating the wild type sequence and two smaller products (262 bp and 

215 bp) resulting from the sequence variant product being cleaved in two by 5^1. When 

the PCR product amplified from the tumour tissue is digested no full-length product is 

seen, only the two smaller products resulting from the digestion of the sequence variant 

product, thus demonstrating loss of heterozygosity for the prohibitin allele Arg43Leu. The 

negative image from the photograph of the agarose gel exhibited in Figure 3.15 strikingly 

shows the loss of the wild type allele in the tumour tissue when digested with the 

restriction endonuclease 5^1. This amplification and digestion of the tumour tissue was
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non-canitr T T N N
uncut cut uncut out uncut cut

Figure 3.15. Analysis of the PCR Products of exon 3 from Tumour and Normal tissue 
when digested with the restriction endonuclease Styl. Lanes 1-2: Amphfied and 
digested PCR products of an individual without the Arg43Leu allele (case # DO 17); 
Lanes 3-4: Amphfied and digested PCR products of Tumour (T) tissue from Family 1: 
111:1; Lanes 5-6: Amphfied and digested PCR products of Normal (N) tissue from 
Family 1: IIL1; Lane 7: 100 bp size marker.



repeated three times and on each occasion no full-length product or only a small 

percentage of the full-length product remained undigested, indicating that the 

microdissected tumour tissue did not contain a significant proportion of non-neoplastic 

cells.

3.3 Discussion

This work represents a comprehensive screening of the complete human prohibitin 

gene (PHB) coding sequence for germline mutations in 60 women with breast cancer by 

Denaturing Gradient Gel Electrophoresis (DGGE) (thirty-five women with breast cancer 

and a family history of breast cancer, and twenty-five women with breast cancer but no 

reported family history of breast cancer). In this study the index cases were selected on the 

basis of having been diagnosed premenopausally with breast cancer. Age or menopausal 

status were otherwise not used as criteria for classification of a family history of disease. 

Previous studies attempting to detect germline or somatic mutations of prohibitin in breast 

cancer have either selected women with breast cancer diagnosed at <40 years of age 

(Tokino et a l, 1993) or breast tumours with evidence of LOH on chromosomal region 

17q and/or breast cancer in patients 35 years old or younger (Sato et a l, 1992; Sato et a l, 

1993). No germline alterations affecting the exon sequences of PHB were detected in 

these studies. Sato et al. (1993) used the RNase protection assay to screen 120 primary 

breast tumours and discovered 4 somatic mutations affecting the PHB coding sequence. 

Since mutations appeared to be very rare, a technique that showed maximum sensitivity 

was required to screen PHB for germline alterations. DGGE analysis was chosen because 

it is the most sensitive screening method for detecting point mutations and deletions or 

insertions of a small number of nucleotides. It has also been widely used to screen genes 

involved in genetic diseases (Blanquet et al., 1993; Stoppa-Lyonnet et a l, 1997).



In this investigation sequence alterations were identified in 1/60 women with breast 

cancer or 1/35 women with a family history o f breast cancer and 0/25 women with 

sporadic breast cancer. Not surprisingly, due to the low frequency of the Arg43Leu allele 

and the small numbers screened the difference in the incidence o f mutation between the 

two groups does not reach statistical significance. The woman carrying the Arg43Leu 

variant was diagnosed with an infiltrating ductal carcinoma at 51 years of age and 

represented the oldest affected individual in the population screened. Her mother, the only 

other family member affected by breast cancer, was diagnosed at 59 years o f age with a 

poorly differentiated invasive adenocarcinoma.

The DNA sequence alteration was a single base substitution and resulted in an 

arginine to leucine amino acid change at codon 43 (Arg43Leu) in exon 3 o f PHB. This is 

the first documented germline alteration o f the PHB gene. PHB is a highly-conserved gene 

through evolution. Rat and mouse prohibitin genes are identical and only differ from the 

human PHB by a single conservative amino acid substitution at codon 107 in exon 4. As 

described, homologues o f prohibitin have been found and sequenced in a wide range of 

species (Eveleth and Marsh, 1986; Nuell et al., 1991; Sato et al., 1992; Terashima et a i ,  

1994; McClung et al., 1995; Snedden and Fromm, 1997). In Arabidopsis thaliana, 

Nicotiana tabacum, rat, mouse and human the arginine residue corresponding to the 

human codon 43 is conserved in all 5 species. In Drosophila and yeast the arginine residue 

is replaced by the neutral, polar amino acids threonine and asparagine respectively. The 

germline alteration identified here, Arg43Leu, replaces the positively charged, polar 

arginine residue with the aliphatic hydrophobic amino acid leucine, a non-conservative 

change. The effect o f substituting amino acids with such different characteristics on the 

structure and/or function o f the prohibitin protein is unknown. From the predicted 

secondary structure codon 43 resides in the middle of a p-sheet but does not coincide with 

any putative sites of post-translational modification (McClung et a/., 1995) or residues
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involved in a possible signal sequence. However, the amino acid, leucine, is more 

commonly found in a-helices than P-sheets.

As stated before, PHB is a highly conserved gene and is 99.6 % identical to the 

mouse and rat sequences at the protein level. A study of protein sequence conservation 

between orthologous mouse and human sequences shows that these vary between 36-100 

% identity, with an average value of 85 % (Makalowski et a l, 1996). Of the 1196 protein 

sequences included in the study only 27 were 100 % identical at the protein level, 

including the very-slowly evolving genes such as the actins and histones. Therefore, on 

this scale of measurement prohibitin is one of the most highly conserved genes known. 

Interestingly BRCAl was amongst the most divergent proteins between mouse and human 

with only 57.2 % identity for its protein sequence. The low divergence rate between the 

mouse and human prohibitin genes may indicate that germline alterations are largely 

unfavourable and would therefore be uncommon in humans.

The spectrum of somatic mutations in PHB, as currently known, was identified 

from a Japanese population (Sato et al., 1992; Sato et al., 1993). In total, 3 missense 

mutations and one 2 base pair deletion which consequently produces a premature stop 

codon have been documented. In both studies tumours that exhibited LOH for 17q and/or 

were diagnosed in women <35 years of age were selected. The results of our study, the 

identification of a single missense mutation, Arg43Leu, in exon 3 in 120 chromosomes, 

indicate that germline mutations in prohibitin are not common. The findings of Tokino et 

al. (1993), who did not detect any germline mutations in PHB in women diagnosed with 

breast cancer at <40 years of age, are in agreement with these results. Tokino et al. (1993) 

did not fmd any germline mutations in exons 4, 5, 6 and 7 of 76 women. Additionally 

exons 2 and 3 were sequenced in 9 women with an affected first degree relative with 

breast or ovarian cancer. Therefore, Tokino et al. (1993) concluded that prohibitin is not 

an early-onset breast cancer susceptibility gene. Given our results, the Arg43Leu allele
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would be unlikely to be found in such a small population. Moreover, if the Arg43Leu 

variant predisposes an individual to breast cancer at a later age of onset of disease then, 

due to the ascertainment criteria used, the other studies may have selected against the 

presence of the mutation in their populations regardless of the number of individuals or 

tumours studied.

The missense mutation, Arg43Leu, in exon 3 cosegregates with the 3 individuals 

affected by cancer in Family 1. With only a small number of individuals in the family 

affected by cancer there are several possible explanations as to why such a segregation 

pattern is observed. Firstly, the Arg43Leu allele may represent a cancer-predisposing 

mutation that is associated with a late age at onset of disease. Most known cancer 

susceptibility genes have been identified by linkage studies of famihes with large numbers 

of individuals affected at a young age and for genes which possess highly penetrant 

mutations. Genes that have less penetrant alleles are less likely, by definition, to cause 

large numbers of cancers within a family, llie  difficulty of detecting genes with less- 

penetrant mutations by linkage analysis is increased by the occurrence of sporadic cases of 

cancer. Also, the existence or exclusion of genetic heterogeneity is difficult to estabUsh. 

Therefore the prohibitin allele, Arg43Leu, may be an example of a mutation in a cancer 

susceptibility gene which has a lower penetrance with a later average age at onset of 

disease. Evidence in support of this idea comes from the discovery of loss of 

heterozygosity (LOH) in one of the tumours in Family 1. LOH is the molecular genetic 

hallmark of tumour suppressor inactivation and has been observed for the bowel cancer, 

the one tumour where both normal and tumour tissue samples were available.

Secondly, for many common cancers, first degree relatives of patients are at an 

increased risk for cancer at the same site of around two- to five-fold that in the general 

population (Houlston et al., 1991; Goldgar et al., 1994). Such population-based 

calculations of risk include individuals with an inherited predisposition and those that
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develop cancer due to nongenetic influences. The mother and daughter in Family 1 both 

have breast cancer and this may be due to the increased risk associated with diet, lifestyle 

or other environmental factors, or to a predisposing gene. Breast and bowel cancer are the 

second (~17 %) and fourth (~6 %) most common cancers respectively to affect Irish 

women (National Cancer Registry figures for 1994). The figiires include non-melanoma 

skin cancer. The age at onset o f disease for all 3 women is, not surprisingly, older than the 

average age at onset o f disease found in families that have been selected for muhiple cases 

of either cancer type as these tend to contain cases at a younger age at diagnosis.

Therefore distinguishing between a rare mutation that causes a later age at onset o f disease 

and a chance clustering of common cancers associated with the allele is particularly 

difficuh.

Thirdly, the PHB allele may be tightly linked to another gene which is actually 

responsible for cancer susceptibility. An example illustrating such a case was that o f a 

missense mutation in the adenovirus El A enhancer binding protein on 17q21 which was 

found to CO segregate with cancer in a breast cancer family. A later report, however, 

showed that the family also carried a nonsense mutation in exon 11 of another gene 

located at 17q21, BRCAl, which is assumed to be responsible for the development o f 

disease (Friedman et al., 1994b). The missense mutation in the adenovirus El A enhancer 

binding protein was therefore in linkage disequilibrium with BRCA1.

In conclusion, the results from these preliminary investigations suggest that if 

mutations in PHB are involved in inherited forms o f breast cancer they are rare and may be 

associated with a later age at onset of disease.
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CHAPTER 4

DGGE ANALYSIS OF PHB FROM cDNA AND GENOMIC DNA



4.1 Introduction

The results from chapter 3 inferred that germline mutations in PHB may result in 

hereditary breast cancer which manifests at an older age and/or at a lower level of 

penetrance than that identified for mutations in tumour suppressor genes which are 

currently known to predispose to breast cancer. The detection of highly-penetrant, early- 

onset, breast cancer susceptibility genes has resulted from the selection criteria used in 

such studies; usually 3 or more affected first or second degree relatives with at least one 

being diagnosed before 50 years of age. In practice, however, families with more 

individuals affected at a young age have been found to be at greater risk o f having a 

predisposing mutation.

To examine the hypothesis that germline mutations o f PHB predispose to a later 

age at onset of disease and/or a lower degree of penetrance the coding sequence and the 

splice sites o f PHB were screened by DGGE in a larger population o f women with breast 

cancer who were selected using broader criteria. The mutational analysis o f PHB from 

genomic DNA allowed for detection of mutations that would not be detected by screening 

the cDNA. Women with breast cancer were selected on the basis o f having at least one 

first, second or third degree relative affected by breast cancer at any age. Individuals were 

ascertained on this basis to increase the likelihood o f detecting mutations which result in a 

late age at onset o f disease and a smaller number of affected individuals in a family.

93



4.2 Results

4.2.1 Fragment and Primer Design for DGGE Analysis of the PHB Genomic

DNA sequence

The genomic clone sequence of the human prohibitin gene, as published by Sato et 

al. (1993), encompasses 3.5 kb of genomic DNA sequence and contains 7 exons coding 

for 272 amino acids. In comparison, the genomic organisation of the human prohibitin 

gene is illustrated as being over 8 kb in length (McClung et a l, 1995). Although this 

sequence has not been published it contains the same 7 exons and codes for the same 272 

amino acids as reported by Sato et al. (1993). The difference in size appears to be 

explained by an increase in the length of the intron sequences. The two genomic DNA 

sequences are in full agreement for information concerning the exon-intron junctions 

(Altus etal., 1995).

Following the same procedural steps as were performed for the cDNA sequence, 

the genomic DNA sequence was analysed for melting profiles and fragment design by 

MELT (Lerman and Silverstein, 1987). Four pairs of primers were designed to amplify 

products which contained exons 3, 4, 5 and 6 and their corresponding splice 

acceptor/donor sites. Exons 1 and 2 were not amplified from genomic DNA due to the 

lack of sequence information surrounding each exon as supplied from the human genomic 

clone sequence. A fragment was also designed to incorporate a region of exon 7 and its 

splice acceptor site. Due to the complex melting profile of exon 7 (as described in Chapter 

3: section 3.2.1) two fragments were required in order to screen the full exon for sequence 

differences by DGGE. However, both primers for the second fragment are located in the 

exon sequence and due to the existence of processed pseudogenes of PHB not all of exon 

7 was analysed from genomic DNA; this may have resulted in the amplification of 

pseudogene sequences as well as the functional prohibitin gene sequence which would
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compromise detection of alterations of the PHB sequence. For each fragment only one 

primer required the attachment of a GC-clamp to its 5' end to ensure that the sequence of 

interest was contained solely in the lowest melting domain (Sheffield et a i,  1989).

4.2.2 DGGE analysis of Genomic DNA

Following generation of the products by PCR each fragment was subjected to 

electrophoresis on a perpendicular denaturing gradient gel (DOG) of 30 %-80 % for 3 

hours. From this the optimal denaturant conditions for the 5 fragments were defmed. The 

electrophoresis times for each fragment were then determined by performing time courses 

using parallel DGGE. Reduced electrophoretic mobility of the fragment in the DGG 

indicated that melting of the lowest melting domain had occurred. As at least one primer 

from each primer pair was designed from intron sequence, possible contamination by 

coamplification of a prohibitin pseudogene sequence was obviated; the processed 

pseudogenes do not possess introns. Details of DGGE conditions for each fragment 

amplified from genomic DNA are given in Table 4.1.

4.2.3 Detection of Nucleotide Changes in PHB in Women with Breast Cancer

In this study 72 women with breast cancer and at least one first, second or third 

degree relative with breast cancer were screened for sequence alterations in PHB (Table 

4.2). This included the 35 women with a family history who were described in chapter 3. 

Using genomic DNA as a template, the sequence of exons 3, 4, 5, 6 and the first 53 bases 

of exon 7 along with their corresponding intron/exon borders, were investigated by 

DGGE in all 72 women. The cDNA sequence was also analysed by DGGE from the 

additional 37 women who were not part of the group screened as described in chapter 3. 

Two different single base substitutions were found in the PHB coding sequence in a total 

of 5 individuals. The first was the previously reported Arg43Leu variant in exon 3 which
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Amplified Product Size Range of DGG Total DGG
Product (bp) Concentration ( ”/o ) Electrophoresis
Name____________________________________________ Time (Hours)

Fragment 5 357 3 0 -  80 4

Fragment 6 349 3 0 - 8 0 7

Fragment 7 221 3 0 - 8 0 5

Fragment 8 310 3 0 - 8 0 5

Fragment 9 210 3 0 - 8 0 5

Table 4.1. Denaturing Gradient Gel (DGG) conditions for fragments 
amplified from PHB genomic DNA.



Cases of Breast (Br), O varian (Ov), 
Breast-Ovarian (BrO) and Bilateral 

Breast (BiBr) Cancer

Number of Families: Total = 72 
(Family = first, second and third 

degree relatives)

Br BiBr Ov BrO
>4 2
2 1 2 1
4 5
3 1 1
3 1 1
3 14
2 1 5
1 2 1
2 1 2
2 1 1
2 36
I 1 2
1 1 1

Table 4.2. History of cancer in the 72 women with an affected relative.



was found in 4 individuals. The other was found in exon 5 in a single individual. Three 

previously unreported intronic polymorphisms, in a total of 11 individuals, were also 

discovered. Of these new polymorphisms 2 are in intron 6 and 1 is in intron 3. A single 

polymorphism in intron 5, previously described by Tokino et al. (1993) was detected by 

DGGE in either a heterozygote or homozygote state in 37 women.

The Arg43Leu allele was confirmed to be carried by 4 women by DGGE analysis, 

restriction enzyme digestion and sequence analysis. The average age at diagnosis of the 4 

women is 49.3 years as compared to an average age of 44.3 years for those without the 

variant allele. The single alteration detected in Fragment 2 which corresponds to the PCR 

product for exon 5 was sequenced and found to be a G to C base substitution at the third 

position of codon 145 (Figure 4.1). No amino acid change resulted fi'om the base change 

and therefore PHB Leul45Leu is a silent polymorphism. The Leul45Leu variant does, 

however, create a cleavage site for the restriction enzyme Sa d  and allows for a simple 

screening procedure of a large number of individuals. The individual carrying this germline 

mutation was diagnosed with breast cancer at 44 years of age. Her family history showed 

a maternal aunt who was diagnosed with breast cancer at 44 years of age.
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Leu

g a g  C T G Wild Type sequence

g a g  C T C Leul45Leu Sequence

Leu

G A G  C T C S a d  recognition sequence

Figure 4.1, Creation of the Sad  restriction site by the Leul45Leu allele.

DGGE analysis of Fragments 5 and 8 detected 4 variant bands that were not 

present in the fragments amplified from their corresponding cDNA. Sequencing of PCR 

products revealed that the 4 polymorphisms were found in the intervening sequences, one 

in intron 3, one in intron 5 and two in intron 6. The polymorphism in intron 3, observed in 

6 women, is located 127 bases downstream of the 3' end of exon 3 and substitutes a T for 

a C. The polymorphism in intron 5, which was detected in 37 women, is 12 bases 

upstream of the 5’ end of exon 6 and is one of the polymorphisms originally described by 

Tokino et al. (1993). The polymorphism replaces a C with a G and produces a cut site for 

the restriction enzyme BsmA\. Of these 37 women, 27 were heterozygous for the site 

whilst the other 10 were homozygotes. The intron 6 polymorphisms are located (1) 71 

bases and (2) 118 bases downstream of the 3' end of exon 6 (Figure 4.2) and both are G to 

A transitions (Figure 4.3). Three women were heterozygous for both the polymorphism in 

intron 3 and the second polymorphism in intron 6. Table 4.3 summarises the findings for
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Figure 4.2. Parallel Denaturing Gradient Gel demonstrating intron 5 and
intron 6 variants.

Lane 1: Homozygous wild type (case # D116)
Lane 2: Heterozygous wild type and intron 6 polymorphism (2)

(case # D118)
Lane 3: Homozygous intron 5 polymorphism {BsmAX*'  ̂)(case # DlOl)
Lane 4: Heterozygous intron 5 polymorphism {BsmAV'^ ) and intron 6

polymorphism (1) (case # D008)
Lane 5: Heterozygous wild type and intron 6 polymorphism (1)

(case # D162)



A/G

(A) I

C/T

(B) I

G/A

(C) i (D) 1
g c  t g  n g  t g g c

220
6  C T G G G  T G G C  

>00

Figure 4.3. Electropherograms o f intron 6 polymorphisms. Sequence analysis was 
performed with the ABI PRISM™ Dye Terminator Cycle Sequencing Ready Reaction 
Kit with Amplitaq®DNA Polymerase, FS, and on the ABI 373. (A) Forward sequence 
analysis o f heterozygous intron 6 polymorphism (2) (case # D 118). (B) Reverse 
sequence analysis o f heterozygous intron 6 polymorphism (2) (case # D118). (C) 
Forward sequence analysis of heterozygous intron 6 polymorphism (1) (case # D162). 
(D) Forward sequence analysis of homozygous wild type intron 6 (case # D116). The 
arrows indicate the position of the base difference on the sequence trace diagram and 
N represents A, T, G or C.



the intronic polymorphisms described above. None of these polymorphisms were found in 

association with the Arg43Leu allele.

4.2.4 Screening of Women with Breast Cancer for the Arg43Leu and Leul45Leu

Alleles

To assess the frequency of the Arg43Leu and Leul45Leu alleles in the breast 

cancer population a total of 221 women diagnosed with breast cancer at any age were 

screened for the variant alleles. This was accomplished by restriction enzyme digestion of 

PCR generated sections of exon 3 with Styl for the Arg43Leu allele and of exon 5 with 

Sac\ for the Leul45Leu allele. The breast cancer population consisted of 141 women with 

no reported family history of breast cancer, 8 women with a family history of breast cancer 

but who had not given a blood sample at the time of selection for screening of PHB by 

DGGE, and the 72 women with a family history who had already been screened, as 

described above, for nucleotide changes in PHB by DGGE.

Of these 221 women a total of 6, including the 4 previously identified, carried the 

Arg43Leu allele. The two newly found cases were both women without a reported family 

history of breast cancer, 2/141 (1.4 %), and were diagnosed at 44 years of age and 47 

years of age. This compares to 4/80 (5 %) of the women with a reported family history.

No other carriers of the Leul45Leu polymorphism were detected in this population. A 

control group of 200 women with no reported family history of breast cancer were also 

screened for the two alleles. From this control population one 27 year old women was 

identified as having the Arg43Leu substitution and none had the Leu 145 Leu variant (Table 

4.4).
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Polymorphisms Number of Cases

intron 3 polymorphism and 3
intron 6 polymorphism (2) ^

intron 3 polymorphism *' 3

intron 6 polymorphism (1) 2

intron 6 polymorphism (2 )" ' 3

BsmAV' 35

BsmM 27

BsmlKV 10

Table 4.3. Incidence of intron polymorphisms.

Allele Name Age at Diagnosis of 
Breast Cancer

Family History of 
Breast Cancer

Arg43Leu 51 Yes
Arg43Leu 41 Yes
Arg43Leu 53 Yes
Arg43Leu 51 Yes
Arg43Leu 44 No
Arg43Leu 47 No
Leul45Leu 44 Yes
Arg43Leu Unaffected at 27 No

Table 4.4. Summary of individuals identified with Arg43Leu or Leul45Leu.



4.2.5 Screening of Women with Breast Cancer for the EcoRX Polymorphism

An EcoRX polymorphism in PHB was originally discovered by White et a/. (1991) 

by a Southern hybridization analysis of EcoKX digested genomic DNA. It was not until 

Tokino et al. (1993) attempted to clone an amplified segment containing exons 2 and 3 

that the EcoKX polymorphism was found to be within intron 2. A PCR product of 

approximately 1.5 kb which contained intron 2 was generated for the 72 women with a 

family history of breast cancer who had been screened for mutations in PHB using DGGE 

(the primers used were EcoRF: 5' ATG GAG GGA CAG TGG GTC A 3' and EcoRR: 5' 

TCC CTA CCA CAA TGT CCT GC 3'). The product was then cut with the restriction 

enzyme EcoKX and the presence or absence of the EcoR\ recognition site was determined 

(Figure 4.4). The £coRl site was found to be genetically distinct to the polymorphism in 

intron 5 which affects the target site for the restriction enzyme BsmA\. Each chromosome 

examined possessed either the EcoKX site or the BsmA\ site. Therefore, the 10 women 

who were homozygous for the BsmA\ site (^5mAl *̂ )̂ were homozygous for not having 

the EcoR\ site (^coRT' ') and the 27 women who were heterozygous for the 5smAlsite 

{BsmKV *) were also heterozygous for the £coRl site (£coRl *̂ ). Table 4.5 details the 

various genotypes identified.

4.2.6 Segregation of the Arg43Leu Allele in Families 2-6

In Family 1 the Arg43Leu allele cosegregated with all the cases of cancer in the 

family (Figure 4.5). The pattern of allelic segregation was now investigated as far as 

possible in the other 5 families. Families 2, 3 and 4 contained at least 2 confirmed cases of 

female breast cancer whereas in Families 5 and 6 the only reported cases of breast cancer 

were the index cases themselves.

Family 2 constituted the largest family in this study with 11 members providing 

samples for DNA analysis and 11 members with a confirmed cancer (Figure 4.6). The
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Figure 4.4. Restriction endonuclease, £coRl, digestions of PCR products containing 
intron 2. Lane 1: 100 bp size marker; Lane 2: Individual homozygous for the EcoK\ 
recognition sequence (case # D009); Lane 3: Individual heterozygous for the EcoK\ 
recognition sequence (case # DO 17); Lanes 3-4: Individuals homozygous for the wild 
type sequence (case # D027 and case # D129).



Prohihitin Genotype Number of Patients

EcoK V  , BsmPA''^ 24

EcoRT B s m W 26

EcoRV \  BsmA\ ' 6

EcoKV  BsmAV , Sac\ ' ^ 1

EcoRV BsmAl \  5 ( v l ' 4

f'coRl ' BsmAV \  intron 6 1
polymorphism (1 )' ’

EcoRV \  BsmAV', intron 6 1
polymorphism (1 )*'

fi'coRr \  B s m A V intron 6 3
polymorphism (2)"'

EcoR V  "̂, BsmAV ', 3
intron 6 polymorphism (2 )^^ intron 3 ' ’

EcoR V  \  BsmAV ', intron 3 " ' 2

£ ^ co R l^ Bsm AV  intron 3 1

Total 72

Table 4.5. Summary of PHB genotypes.



1:2

11:3
dSO's

11:2
d80

11:1 
Br 59

11:4

111:9 111:10
46 Br51

111:7 111:8
d 49  48

111:2 111:3 111:4 111:5111:1
Co-R 59

111:11

1V:1
36
+

Figure 4.5. Pedigree of Family 1. Age at diagnosis, death or present age is shown 
when known. The Arg43Leu allele is indicated as being present (+) or absent (-) for 
those that have been tested. Affected individuals are illustrated by blackened symbols. 
Br = breast cancer, Co-R = colo-rectal cancer.
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index case in this family was the youngest individual with the Arg43Leu allele and cancer, 

o f any type, in all 6 families. Two sisters o f the index case were unaffected at 42 and 45 

years of age and did not carry the Arg43Leu variant. Individuals that had the Arg43Leu 

allele include the proband’s mother, who had a liver biopsy suggesting a primary stomach 

or colon cancer at 63 years o f age although cholangiocarcinoma could not be entirely 

ruled out. The maternal uncles 111:2 and 111:3 with renal cell carcinoma at 69 years of age 

and prostate cancer at age 69 respectively were also carriers o f the Arg43Leu variant. A 

blood or tissue sample was not available for DNA analysis from the maternal uncle, 111:5, 

who was diagnosed at 65 years o f age with bowel cancer. Five unaffected maternal aunts 

were screened for Arg43Leu; 3 were carriers (111:7, 11, 12) and 2 were not (111:9, 10). A 

daughter, IV:9, o f the maternal aunt, 111:7, had cervical cancer at age 27 but no blood or 

tissue could be procured for examination. Interestingly, from analysis o f their genomic 

DNA, the maternal uncle, 111:2, and the maternal aunt, 111:12, were found to carry only the 

Arg43Leu variant and were therefore homozygous or hemizygous for the allele. Other 

confirmed cancer cases included the maternal grandfather, bowel at age 65, and the 

maternal grandmother’s sisters who had breast cancer at 33 and 40 years of age 

respectively. Both the maternal grandmother and grandfather could be carriers o f the 

Arg43Leu allele. The maternal grandmother’s brother was reported to have had a renal 

cell carcinoma but the age at diagnosis was not known. Neither of the grandparents or 

their siblings could be assessed for the Arg43Leu variant as they all lived in the U.S.A. and 

personal contact could not be made with them.

For Family 3 only 3 siblings of the proband were available for testing for the 

presence of Arg43Leu (Figure 4.7). Formalin-Fixed Paraffin-Embedded (FFPE) tissue 

from the sister with breast cancer, diagnosed at 33 years of age, was obtained (U.C.H., 

London, U. K.) for extraction o f genomic DNA and restriction enzyme analysis. The 

family history was otherwise unremarkable. Blood samples were given by the other sister
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and brother who were both unaffected. None of the siblings carried the sequence variant, 

therefore it could not be determined if the sequence variant was inherited or de novo.

In Family 4 nine individuals, including the proband, were screened for the missense 

mutation Arg43Leu (Figure 4.8). Of these nine, 2 of the 3 with cancer were positive for 

the Arg43Leu variant, 4 of the 5 unaffected individuals were positive for the Arg43Leu 

variant and 3 did not carry the sequence variant. One paternal uncle, 111:5, with the 

Arg43Leu allele had an adenocarcinoma of the large bowel at the age of 55. The father of 

the index case is an obligate carrier but was unaffected by cancer at the time of his death 

from a cerebral-vascular accident at 58 years of age.

Four other unaffected carriers were identified, 2 brothers of the proband, aged 53 

and 54, 1 sister, aged 45, and a paternal aunt aged 61. The two other cases of breast 

cancer in Family 4 are a paternal aunt, 111:4, diagnosed at 45 and her daughter, IV:3, 

diagnosed at 52. The daughter, IV:3, did not have the Arg43Leu variant, nor did her 

brother but determination of the paternal aunt’s status could not be ascertained as no 

tissue sample could be traced due to the date of surgery (early 1970’s) and closure of the 

hospital in which the operation was performed. Both paternal grandparents had cancer; the 

grandmother had cancer of the rectum at 63 years of age and the grandfather had bowel 

cancer at 70 years of age but neither could be tested for the Arg43Leu variant. Several 

cases of other cancers, including cancer of the cervix and bowel, were reported in the 

siblings of the paternal grandmother but ascertainment by hospital records or confirmation 

by personal contact could not be achieved.

For Family 5 the index case had 2 primary cancers, breast cancer diagnosed at the 

age of 44 and AML-M4Eo (Acute Myelomonocytic Leukaemia with eosinophilia) at 45 

years of age (Figure 4.9). Only one unaffected sister could be tested for the allele and she 

proved to be negative. The one other cancer reported for this family was a brain tumour in
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the paternal aunt at 57 years o f age but no death certificate could be ascertained to verify 

this report.

In Family 6 the proband did not have any siblings and was of Eastern European 

descent and now living in Ireland. As a consequence the only accurate information 

regarding family history is limited to that o f her parents. Her father had stomach cancer at 

69 years o f age and her mother was unaffected. Neither could be tested for the Arg43Leu 

allele.

4.2.7 Statistical Analyses

The data analysis looked at the difference in mutation level for the Arg43Leu allele 

in cases (6/221) and controls (1/200). The small numbers of individuals in each group 

meant that exact permutation tests were applied. Using Barnard’s unconditional test for 

the difference of two binomial proportions the exact test is significant at the 7 % level. 

There is also a first order o f magnitude difference between the proportion of the 

Arg43Leu variants in cases (0.027) and that in the controls (0.005).

In the six famihes identified, apart from the 6 index cases, 3 women with breast 

cancer were screened for the Arg43Leu allele but only 1 o f these 3 women was a carrier of 

the variant allele. Consequently, within these families, a significant association between the 

Arg43Leu variant and breast cancer was not found. Given the low incidence of breast 

cancer but considerable number of all cancer types in the famihes, the likehhood of family 

members inheriting the Arg43Leu allele and having cancer o f any type was analysed. The 

probands were excluded from this analysis on the basis that they were not independent 

observations because they had been selected for cancer and the Arg43Leu allele. In 

Famihes 1, 2 and 4 the inheritance of the Arg43Leu allele had been estabUshed by 

detection of the allele in a parent or aunt or uncle of the proband. In Famihes 3, 5 and 6 

the variant allele was only found to be carried by the proband and the possibility that the
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variant had arisen de novo could not be excluded. Therefore, in the families where 

inheritance of the variant allele had been established, the significance o f the association 

was examined for seven cases, six of which were carriers.

These seven cases are; Family 1 members II: 1 and III: 1; Family 2 members III: 1, 

111:2 and 111:3 and Family 4 members 111:4 and 111:5. In Family 4, the aunt (111:4) o f the 

proband has been showm by haplotype analysis o f her daughter (IV:3) {Chapter 6: section 

6.2) not to have inherited the Arg43Leu allele. Therefore her daughter (IV:3), who also 

had breast cancer, was not included in the analysis as she could not have inherited the 

Arg43Leu variant fi'om her mother.

Based on the a priori hypothesis that the Arg43Leu allele is associated with cancer 

a one-sided exact test can be performed. The probability of each one of the seven cases 

possessing an Arg43Leu allele is calculated based on the genotype, if known, of the 

closest relative through whom the proband relationship is mediated. For the individuals in 

Families 1 and 2 the probability o f having the Arg43Leu allele, (+), is 0.5 and for Family 4 

this probability is 0.25. The probability of not having the Arg43Leu allele, (-), is then 1 

minus 0.5 or 1 minus 0.25. For each of the seven individuals there are 2 possible 

outcomes, either (+) or (-), which means that there are a total o f 128 (2 )̂ possible 

outcomes. Six of the seven individuals are (+) and one is (-), therefore only 8 outcomes 

are as significant or more significant than the observed. These outcomes can be 

represented as +++++++, -++++++, +-+++++ etc for the seven individuals. The 

probability for each o f these outcomes is calculated by multiplying the individual 

probabilities together ie. for +-+++++ the probability is 0.5 x 0.5 x 0.5 x 0.5 x 0.5 x 0.25 x 

0.25 = 0.001953. The sum of the probabilities for all 8 outcomes is 0.0234. This is the 

probability, p = 0.0234, that an association as large as that found between cancer and the 

Arg43Leu variant has occurred by chance.

103



4.3 Discussion

In chapter 3 an exhaustive analysis o f the PHB coding sequence was undertaken. 

However, other mutations can occur outside of the coding sequence that affect the protein 

product. Approximately 6 % of mutations identified in BRCAl an d ^P C  are splice site 

mutations (Harris, 1996). Therefore the initial study was expanded to examine both the 

intron/exon borders as well as the full cDNA sequence o f PHB for base changes. Women 

with breast cancer diagnosed at any age and whose family history included a first, second 

or third degree relative with breast cancer were included in addition to those chosen as 

having a family history of breast cancer in the initial study. Using a wider set o f selection 

criteria increased the probability o f including women who may be predisposed to breast 

cancer through the inheritance of a disease-causing allele of lower penetrance.

This comprehensive mutational study resulted in the discovery of three more 

women with the Arg43Leu variant in exon 3 and one woman with the silent polymorphism 

LeuI45Leu in exon 5. Three new polymorphisms, one in intron 3 and two in intron 6, 

were also discovered. Further analysis o f sporadic breast cancer cases revealed two 

additional women with the Arg43Leu variant. The analysis of PHB from genomic DNA 

did not include exons 1 and 2 and their exon-intron junctions, although exon 2 was 

analysed from cDNA. Exon 1 is only 23 nucleotides in length and is transcribed but is not 

translated. To exclude the possibility that functionally significant sequence alterations are 

present in these regions the sequence surrounding exons 1 and 2 would need to be 

determined to allow for analysis by DGGE.

Examination o f the families o f the 6 index cases found to carry the Arg43Leu 

variant identified a total of 36 people who could be tested for the Arg43Leu allele. In one 

“family”, Family 6, only the proband was screened. DNA was available from 14 

individuals with cancer in the 6 families and 12 o f these were found to carry the Arg43Leu 

variant. If the index cases are removed, since they were selected on the basis o f having
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Arg43Leu and cancer and are therefore not independent observations, then Arg43Leu 

segregates with 6 out of 8 cancers. The average age at diagnosis o f breast cancer for the 7 

women in the families is 49.6 years and for the other cancers is 63 years. In Families 1 and 

2 the Arg43Leu variant cosegregates with every affected person analysed. In Families 3, 5 

and 6 only the index case has the Arg43Leu allele and as a result it cannot be determined 

whether the variant occurred de novo or was inherited in these families.

Examination o f the difference between the mutation level of the Arg43Leu variant 

in women with breast cancer (6/221) and the control group (1/200) reveals a p-value of p 

= 0.07. Although this does not reach the recognised statistically significant level o f p = 

0.05, it does indicate a possible association between the Arg43Leu variant and breast 

cancer. The control individual that was identified as carrying the Arg43Leu allele is 27 

years of age and, given our results, is unlikely to have developed a cancer at this age even 

if the Arg43Leu variant does confer susceptibility to cancer. Selection o f the controls 

required that there was no reported family history of breast cancer in first or second 

degree relatives.

Statistical analysis of the three families, in which the Arg43Leu variant has been 

shown to be inherited, was carried out for the affected relatives o f the probands. This 

revealed a statistically significant association for the Arg43Leu allele with cancer (p = 

0.0234). This level o f significance shows that the probability of the observed association of 

Arg43Leu with cancer occurring by chance is remote. Interpretation of this association 

must be viewed in the context that analyses could not be performed with the inclusion of 

all the families and that the significance o f the findings is based on a small number of 

individuals with any type of cancer. Of the seven individuals included in this analysis only 

one had breast cancer and the Arg43Leu variant.

Five o f the family members from the six families with Arg43Leu had cancers at 

sites apart from the breast and 2 more were possible carriers of the Arg43Leu variant. No
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mutations (somatic or germline), to date, have been identified in PHB from a variety of 

other tumours. No mutations ŵ ere identified in tumours of the ovary, liver and lung, with 

over 30 samples of each primary malignancy being examined (Sato et a i, 1993).

Mutations were not detected in exons 4 and 5 of 20 epithelial ovarian tumours selected for 

LOH of the PHB chromosomal region (Cliby et al., 1993) and no mutations in 7 rat 

bladder tumours and 10 rat bladder cell lines were found (Asamoto et a i, 1994). The 

other cancers in the family members with Arg43Leu or who are obUgate carriers of the 

sequence variant include 5 cases of colorectal cancer, 1 renal cell carcinoma, 1 prostate 

cancer, and 1 AML-M4Eo (Acute Myelomonocytic Leukaemia with Eosinophilia). If the 

range of cancers in these families is caused by the Arg43Leu variant in PHB, it would 

appear to indicate that PHB represents a tumour suppressor gene associated with a broad 

spectrum of cancers.

The PHB gene in cultured human cell lines has been scrutinised for mutations in all 

exons using single stranded conformational polymorphism analyses (Jupe et a i, 1996b). 

Using this approach only the BsmM restriction enzyme site polymorphism in intron 5 was 

detected. The authors also reported that the human immortalised cells classified as 

belonging to complementation group B but not those of the other complementation 

groups. A, C and D, are sensitive to the antiproliferative activity of wild type prohibitin 

mRNA transcripts (Pereira-Smith and Smith, 1988; McClung et a l, 1995; Jupe et a l, 

1995). The group B cells examined were homozygous for the EcoK\ site (EcoRT "), 

discussed in section 4.2.5 (named the B allele by Jupe et al., 1996a), but all other cell lines 

examined in complementation groups A, C and D were E'coRl heterozygotes or were 

homozygous for the absence of the EcoKX site (named the non-B allele by Jupe et ai, 

1996a). More extensive analysis of 22 human breast cancer cell lines from the B 

complementation group found that 17/22 (77.3 %) were homozygous for the B allele and 

5/22 (22.7 %) were homozygous for the non-B allele (Jupe et al., 1996b). Most notably.
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however, none were heterozygous. This is in contrast to the unpublished results for 

normal cell lines where about 50 % were reported to be heterozygous (Jupe et a l,  1996b). 

This led the authors to suggest that loss o f heterozygosity may explain to a degree why 

some o f the cell lines were not heterozygous for the EcoKX polymorphism.

Seventeen out of the 22 human breast cancer cell lines were homozygous for the B 

allele and most of the cell lines were created from tumours in women diagnosed at ages 

older than 50 years o f age. Therefore the B allele may have an association with an allele 

that causes late age at onset o f disease. From our results 35 (48.6 %) o f the 72 women 

screened by DGGE are homozygous for the B allele, twenty seven (37.5 %) are 

heterozygous for the B allele, and 10 (13.9 %) are homozygous for the non-B allele. In the 

72 women screened in this study no association was found between age at diagnosis and 

the B allele. For the Arg43Leu allele, however, 5 out of 6 o f the index cases are 

homozygous for the non-B allele, whilst the sixth is a heterozygote.

Terashima et al. (1994) described 3 proteins of 32, 37 and 41 kDa, that are 

intracellularly associated with the mIgM antigen receptor complex o f B cells. The 32 kDa 

protein was identified as prohibitin and the 37 kDa protein as being very closely related to 

prohibitin on the basis o f its amino acid sequence. The authors stated that due to the high 

sequence similarity and the high degree of conservation of the central region of the protein 

that both have a similar flmction and belong to a conserved gene family. Both prohibitin 

and BAP37 were estimated to be present at an equimolar ratio with mIgM which led the 

authors to suggest that the two proteins might form a dimer. Coates et al. (1997) 

identified a series of repeated leucine residues and a predicted coiled coil region in 

prohibitin and BAP37 (Figure 4.10) corresponding to residues 55 to 218 o f the human 

prohibitin protein sequence. Of the 14 leucine residues present in this portion of the human 

prohibitin sequence 11 are conserved in the human BAP37 protein. Nine are conserved in 

yeast. Drosophila, mammals and Arabidopsis in prohibitin and BAP37. On two occasions
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Figure 4.10. Amino acid sequence homology of the central region of prohibitin and 
BAP37. Upper strand is the prohibitin sequence. The human prohibitin sequence is 
from residues 55 to 218 and the human BAP37 sequence is from residues 69 to 232. 
Identical amino acids are boxed and the conserved leucine residues are high-lighted 
in red (adapted from Coates et a i ,  1997).



the leucine residues are replaced conservatively by iso leucine or methionine in the 

corresponding PHB and B A P ll  genes. At the other 3 positions non-conservative changes 

are only found in the BAP37 sequences. These 3 positions may represent amino acids of 

differing functional or structural significance between the two proteins whilst the other 

leucine residues correspond to regions o f flmctional identity. Therefore it is quite striking 

that the variation Arg43Leu involves the creation o f a leucine residue. The Arg43Leu 

variant lies outside the aforementioned region o f prohibitin but may cause a premature 

structural interaction with the remaining leucine residues. The silent Leul45Leu 

polymorphism would seem to be an unlikely candidate to cause a conformational change. 

One possible mode of interaction would be the incorporation o f a less abundant tRNA, 

which may result in a slower translation of product. The effect o f this would not become 

apparent until loss of the wild type allele occurred.

The functional impact o f a missense mutation is often due to alteration o f a site or 

structure that is involved with contact or interaction with another protein or DNA 

sequence. The p53 protein has four main functional domains and the sequence specific 

DNA binding domain is most fi'equently mutated in cancer cells. Nearly 80 % of p53 

mutations are missense with 40 % of those being found at 6 residues in this DNA-binding 

domain. The identification o f the type of association that prohibitin has with BAP37 could 

reveal the critical structural areas of both proteins and aid in determining how they 

function. The identification of two individuals in Family 2 with only the Arg43Leu allele, 

one diagnosed with cancer o f the prostate at 69 years o f age and the other an unaffected 

female at 54 years o f age, suggests that the altered prohibitin protein can function 

adequately under normal cirumstances. In yeast prohibitin is known to interact with other 

proteins in different systems, including Ras and mitochondrial proteins, and may have 

similar properties in the human. Thus prohibitin may require the alteration o f several other 

genes or proteins before an effect of the Arg43Leu variant is realised.
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CHAPTER 5

STUDY OF THE ARG43LEU ALLELE IN COLON CANCER



5.1 Introduction

In chapter 4 a number of individuals with bowel cancer were identified as carrying 

the Arg43Leu allele and in the tumour tissue from one case LOH analysis had showoi that 

the wild type allele had been lost. This prompted an investigation into the frequency of the 

variant in a population with cancer of the colon. The presence of mutations in PHB in 

colon cancer had not been examined before. The chromosomal region of 17q21 has been 

analysed in colorectal tumours by Leggett et al. (1995). They demonstrated by allelic loss 

on chromosome 17q that the smallest region of overlap of deletions, not including p53 on 

17p, contained prohibitin.

The consent of all the individuals involved in the breast cancer studies had been 

obtained by interview and required a mouth swab or blood sample for DNA analysis. In 

order to gather a large number of people with colon cancer and collect a sample for 

extraction of DNA, a different approach was used. In this study, sections from formahn- 

fixed paraffin-embedded tissue blocks which corresponded to non-malignant tissue were 

used to extract DNA. In order to assure anonymity, random codes were assigned to the 

cut sections so that any section could not be traced directly to the person it had originated 

from. This study was sanctioned by St James’ Hospital Research Ethics Committee.

5.2.1 Selection of Patients with Colon Cancer

Patients attending St. James’ Hospital and who were newly diagnosed with colon 

cancer in 1994 or 1995 were selected for inclusion in this study. The selection of patients 

was not biased for gender, age at diagnosis, type of tumour or any other criteria. In order 

to maintain anonymity between the laboratory and the patient. Dr. Maeve Doyle compiled 

information, where available from the medical records, pertaining to 170 patients. The 

final number of individuals included in the study was reduced to 119 due to practical and 

technical concerns.
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A list of the pathology numbers for the patients was drawn up and the specimens 

relating to the normal tissue, as determined by histopathology reports, were selected. 

Tissue samples were dissected and each was assigned a random three digit code. A copy 

of the random codes and the histopathology numbers was kept separate from the patients’ 

personal details. By this method the anonymity of the individual was strictly maintained.

5.2.2 Individual Results

Genomic DNA was extracted from the dissected tissue samples and exon 3 of the 

prohibitin gene was amplified by PCR (the primers used were 3A: 5' TTA TGA CAT 

GTC ATT GTC CT 3' and REV3: 5’ AGT GAT GAC TGG CAC ATT AC 3', generating 

a product of 182 bp). The amplified products of these PCRs were analysed for the 

presence of the Arg43Leu allele by incubation with the restriction enzyme S ty \. Details 

from 170 patients were originally collected but due to the number of cases where either 

only maUgnant tissue from the biopsy was available or tissue blocks were not available or 

the extracted DNA was of poor quality a total of 119 patients were screened for the 

Arg43Leu variant. From this screening one individual was found to carry the Arg43Leu 

allele. This patient was identified as a man diagnosed at 78 years of age with an 

adenocarcinoma of the ascending colon. The medical chart recorded that he had no 

personal medical history of note and that there was inadequate information to determine 

the history of cancer in family members.

The personal history of cancer for the 119 individuals was documented and is 

listed in Table 5.1. Eleven reported a previous malignancy and 2 reported 2 previous 

malignancies. Three of those with a previous cancer also had a family history of cancer.
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Site of Cancer Num ber of Incidences

Basal Cell Carcinoma 2
Basal Cell Carcinoma and Breast 1

Bladder 1
Breast 1

Breast and Lung 1
Chronic Lymphocytic Leukaemia 1

Oesophageal 1
Prostate 1

Squamous Cell Carcinoma 1
Testicular 1

Table 5.1. Personal history of cancer for individuals with colon cancer, 
as given in their medical records.



5.3 Discussion

This study shows that the Arg43Leu variant occurred in only one person from the 

group of 119 individuals examined. The result (1/119) represents less than 1 % of the 

colon cancers screened and is over 3-fold less common than the Arg43Leu allele in the 

breast cancer population screened (6/221). However, in those families analysed for 

segregation o f Arg43Leu, breast cancer occurred over 3 times more often than colon 

cancer in carriers of the variant allele. In this regard, the incidence o f the Arg43Leu allele 

in the population with colon cancer is consistent with that derived from the families shown 

to have inherited the sequence variant. To establish the significance o f these findings much 

larger numbers, outside the scope o f this work, would be required. With the small number 

o f cases these results are difficult to interpret, however, they may suggest that the 

Arg43Leu variant o f PHB is not a major contributor to the number of colon cancer cases 

but they do not exclude a causative association.

The selection of individuals with colon cancer for screening of the Arg43Leu allele 

included affected men and women who had not been selected for family history of disease 

or age at diagnosis. The National Cancer Registry of Ireland has published its first figures 

for the incidence and type o f cancer in the Irish population for 1994. In 1994, 559 females 

and 592 males in Ireland were diagnosed with colon cancer. This represented 6.15%  of all 

cancers affecting females and 6.27 % of all cancers affecting males. For both sexes colon 

cancer was the fourth most common type of cancer after skin, breast and cancer of the 

cervix in females and after skin, prostate and lung cancer in males. In developed countries 

colorectal cancer is the second and third highest cause o f death from maUgnancy in males 

and females respectively. Therefore, the discovery of ftirther genes which predispose to 

the development o f colon cancer could be of benefit mainly towards a greater 

understanding of the disease.
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For common cancers, such as colorectal cancer, first degree relatives of patients 

are at an increased risk for cancer at the same site (St. John et a i, 1993). Several genes 

have already been identified which contribute to the increased risk of colorectal cancer in 

these families. These genes are predominantly associated with one of two syndromes. 

Familial Adenomatous Polyposis (FAP) and Hereditary Non-Polyposis Colorectal Cancer 

(HNPCC). The gene for FAP was linked to chromosomal region 5q, then cloned and 

termed the APC, adenomatous polyposis coli, gene (Joslyn et al., 1991). HNPCC has 

recently been found to be the result of mutation in any one of a number of mismatch repair 

(MMR) genes on chromosomes 2, 3 or 7 (Fishel et al., 1993; Leach et al., 1993; Bronner 

et a i, 1994; Papadopoulos et al., 1994; Palombo et al., 1994). The majority of germline 

alterations are found in the hMSH2 and hMLHl genes and only 3 germline mutations have 

been found in hPMSl and hPMS2 (Liu et a l, 1996). Both syndromes are represented by a 

near-complete penetrance of the phenotype if the allele is inherited but account for only 5- 

10 % of all colorectal cancers. The existence of lower penetrance genes may be 

responsible for a larger number of cases and small familial clusterings of colorectal cancer.

Over 90 % of colorectal cancers are diagnosed over the age of 50 years (Peltomaki 

et a i, 1993; Kim et al., 1994). The genes currently known to predispose to colon cancer 

contribute to a large percentage of early-onset colon cancers but a smaller number of 

tumours found in individuals over 50 years of age. The “Amsterdam” criteria for HNPCC, 

as defined by the International Collaborative Group on HNPCC, include having at least 

one family member affected before 50 years of age (Vasen et a l, 1991). Therefore, the 

identification of a gene which predisposed to even a small percentage of colon cancers of 

later age at onset of the disease could contribute to as many cases as one of the genes 

responsible for early age at onset of disease.

An estimated 20-25 % of all colorectal cancers are associated with a family history 

of the disease (Bonelli et a i, 1988). Between 5-10 % of all cases of colorectal cancer are
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due to HNPCC and another 0.2% are due to FAP (Lynch et a/., 1993). If these frequencies 

are found in the population in this study (n=l 19), between 24-30 individuals would be 

expected to have a family history o f disease and 6-12 would either have HNPCC or FAP. 

The results o f our study indicate that the incidence of the Arg43Leu allele in the colon 

cancer population is small and appears, from the breast cancer control group, not to be 

significantly difiFerent from the frequency in the normal population. By comparison to the 

expected number o f affected individuals due to an inherited predisposition in one of the 

known colon cancer susceptibility genes the Arg43Leu allele is present at an equivalent 

frequency to individuals with FAP.

The significance of this result is difficult to evaluate since information pertaining to 

the patient’s family history is inadequate. Pedigree construction is central to exploring the 

possibility that there is a genetic susceptibility and assessing risk to unaffected members of 

the family. The age o f the individual identified, 78 years old, suggests that the cancer is 

sporadic but without a described family medical history an inherited predisposition cannot 

be ruled out. The average age at diagnosis o f colon cancer in Ireland in 1994 was 70 years 

in males and 72 years in females. In the families analysed for segregation o f the Arg43Leu 

allele the youngest individual affected with colon cancer was 55 years o f age and several 

elderly relatives were reported to have malignancies affecting the bowel. From these 

results an association between the Arg43Leu allele and the development o f colon cancer is 

unlikely although it does not exclude the possibility that carriers of the Arg43Leu variant 

are predisposed to a late age at onset of colon cancer.
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CHAPTER 6

HAPLOTYPE ANALYSIS OF THE ARG43LEU ALLELE



6.1.1 Introduction

The discovery of the Arg43Leu allele and the finding that it cosegregates with 

cancer in some families raises a number o f intriguing possibilities. If the allele is associated 

with an increased risk o f disease, then either the allele is a disease-causing mutation or it is 

in linkage disequilibrium with another mutation that causes the disease. The Arg43Leu 

allele may have arisen in one of two ways. Firstly, Arg43Leu may have arisen only once 

and the allele present in all those identified in these studies is identical by descent. 

Alternatively, it may have arisen independently on a number o f occasions. In a number of 

instances the same mutation in BRCAI has been discovered in multiple families and this 

has usually been considered to represent a single mutational event. However, for the 

185delAG mutation, haplotype analysis has indicated that it has arisen independently in at 

least two families (Xu et a i ,  1997). For a recent mutation the disease will be associated 

with marker alleles spanning a larger chromosomal area than that for a more ancient 

mutation. In the case of linkage disequilibrium the effect disappears within a few 

generations o f the founding mutation unless the marker alleles are very tightly linked. 

Therefore, the aim o f this study was to determine the haplotype o f carriers o f the 

Arg43Leu allele using polymorphic markers on chromosome region 17q21. From this 

information it was hoped to ascertain if Arg43Leu arose once or multiple times, to 

establish the smallest common region that is inherited with Arg43Leu in the individuals 

with cancer and to rule out other genes located on 17q21 which are knovra to be involved 

in cancer predisposition.
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6.1.2 Microsatellite DNA

The abihty to map genes responsible for inherited diseases has been accelerated 

with the identification of DNA polymorphisms located throughout the genome. The first 

type of these were single base pair changes that altered, thereby creating or removing, the 

recognition site for restriction enzymes. The pattern o f restriction fragment length 

polymorphisms (RFLPs) was used successfully to map genes for long established cancer 

syndromes such as famiUal adenomatous polyposis (Bodmer et al., 1987). A disadvantage 

with RFLPs is their lack o f informativeness, as in most cases the RPLP has only two 

alleles. Therefore an individual can only possess one o f three possible variations; 

homozygous wild type, homozygous variant or heterozygous. Jeffreys et al. (1985) then 

made a significant breakthrough by identifying hypervariable “minisatellites” that 

constituted short, tandemly repeated DNA sequences that were highly variable within and 

between individuals. Following the identification o f minisatellites came the discovery of 

repetitive dinucleotide sequences (Weber and May, 1989). These “microsatellites” are 

most often composed of repeated CA dinucleotides and are found throughout the genome. 

The highly polymorphic nature o f micro satellites, their frequency in the genome and the 

advent o f the polymerase chain reaction as a means o f ampUfying the repeat has made 

them the choice of marker in linkage studies, especially the identification of genes involved 

in cancer syndromes.

6.1.3 Location of Prohibitin

The prohibitin gene {PHB) was located to the chromosomal region 17q21 by Sato 

et al. (1992). At the time, prohibitin was one of a number of candidate genes for the early- 

onset breast/ovarian gene BRCAl which had been linked to this region of chromosome 

17q by the marker D 17S74 (Hall et al. 1990). Bowcock et al. (1993) then mapped 

BRCA 1 to an interval o f <4 cM which excluded PHB and a number of other candidate
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genes. A high-density map of chromosome 17q places PHB at between 76 cM and 77 cM, 

over 6 cM distal to the location of BRCAl at 70 cM (Anderson et a i, 1994). A 

considerable number of markers have now been identified within and around the genomic 

DNA sequence of BRCAl in comparison to other regions in the human genome which 

have not been as well-mapped for polymorphic markers.

6.2 Results 

6,2.1 Markers

A total of 34 DNA samples were available for haplotype analysis from the 

probands identified as carriers of the Arg43Leu allele and their relatives. The haplotype 

analysis was performed using 8 polymorphic markers that covered a region of 

chromosome 17q21 from the BRCAl internal repeat, D17S855 (Figure 6.1), to the 

micro satellite repeat D17S1820 (Figure 6.2) which is located 9 cM distal to D17S855. 

Figure 6.3 shows the order of these markers on chromosome 17 as published in the 

Genome Data Base by Genethon. Distances in cM are sex-averaged distances for the 

chromosomal location of the polymorphic markers. No markers were available for the 

chromosomal region at 74 cM and 75 cM. All the markers are CA-repeat polymorphisms 

and generate PCR fragments that range from 121 bp to 280 bp in size. The polymorphic 

markers were chosen for their high percentage of heterozygosity and location relative to 

BRCAl and PHB. The size of the alleles was determined by use of a control sequence 

from bacteriophage M13mpl8, a single-stranded circular DNA of 7.3 kb (USB) (Figure 

6.4).
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1 2 3 4 5 6 7 8

Figure 6.1. Examples of the micro satellite alleles for D17S855

Lane 1: Family 3 IV 2 alleles 2, 6
Lane 2: Family 2 111 11 alleles 1,3
Lane 3: Family 2 III 7 alleles 3, 5
Lane 4: Family 2 III 12 alleles 4, 5
Lane 5: Family 2 III 2 alleles 1,4
Lane 6: Family 2 III 9 alleles 1,3
Lane 7: Family 2 III 10 alleles 1, 3
Lane 8; Family 2 IV:3 alleles 1,4



1 2 3 4 5 6 7 8

3, 6 6, 8 6, 8 6, 8 3, 10 3 ,10  8, 10 8, 10

Figure 6.2. Examples of the micro satellite alleles for D 17S1820

Lane 1: Family 2 IV:3 alleles 3, 6
Lane 2: Family 2 III 3 alleles 6, 8
Lane 3: Family 2 III 10 alleles 6, 8
Lane 4: Family 2 III 9 alleles 6, 8
Lane 5: Family 2 III 2 alleles 3, 10
Lane 6: Family 2 III 12 alleles 3, 10
Lane 7: Family 2 III 7 alleles 8, 10
Lane 8: Family 2 III 11 alleles 8, 10
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Figure 6.3. Order of micro satellite markers on chromosome 17



1 2 3 4  5 6  7 8 9  10

G A T C D17S943 D17S951

G - 2 0 6  

A -200

G -  193

G -  186

G -  179

G -  172

G -  165

Figure 6.4. Control sequence and micro satellite alleles 
forD17S943 andD17S951

Lanes 1-4;  G/A/T/C - Control sequence from bacteriophage Ml 3mpl 8
Lane 5; Family 3: IV:4 alleles 5, 6
Lane 6: Family 2: IIL9 alleles 2, 4
Lane 7: Family 4: IV;8 alleles 1, 3
Lane 8: Family 3: IV:3 alleles 6, 6
Lane 9: Family 5: in:6 alleles 2, 6
Lane 10: User Control alleles 1,3



6.2.2 Haplotype Sharing in Affected and Unaffected Family Members

Five members of Family 1 were typed for the 8 micro satellite repeats, these 

included the 3 affected individuals in the family, the maternal aunt (11:3) and one of the 

proband’s sisters (III;9) (Figure 6.5). The haplotype shared by both the individuals with 

breast cancer is not common to either of the unaffected relatives. The haplotype for the 

sister with colon cancer (111:1) is derived from a tissue block composed of predominantly 

tumour tissue. The amount of normal tissue present in the FFPE block was very small and 

the quantity of DNA extracted was insufficient for haplotype analysis. For the 4 markers 

D17S855, D17S951 (Figure 6.6), D17S579 and D17S1827, only one allele is observed. 

This case had previously been shown to exhibit loss of heterozygosity for PHB {Chapter 

3: section 3.4.5). None of the alleles for these four markers were the same size as either of 

the maternal (11:1) alleles and the LOH described had shown that the maternal allele was 

retained and the paternal allele was lost. Two of the markers, D17S855 (Figure 6.7) and 

D17S1827, exhibit alleles that are shorter than the alleles described by Genethon and are 

not found in any of the other individuals investigated. This may indicate genomic 

instability as an explanation for the observed alleles at the 4 markers. Genomic instability is 

characterised by the expansion or contraction of short repeated DNA sequences,

“microsatellite instability” (Ionov et a i,  1993), a feature of the inactivation of MMR 

genes. Genetic instability has been shown to be due to the products of the mismatch repair 

genes and is well described for colorectal cancers in individuals over 50 years of age 

where no other family member is affected (Liu et al., 1995). An alternative explanation for 

the observed findings would be that the incorrect sample was used for the micro satellite 

analysis of these markers. Resolution of these issues would require DNA extracted from a 

normal tissue sample for this case (111:1) or a DNA sample from the individual’s father 

(11:4). Unfortunately neither o f these were available for micro satellite analysis.
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D17S579 ? 2 2 2
D17S791? 2 2 2
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D17S588 8 4 6 4 6 4

D17S1820 5 3 4 2 4 3
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Figure 6.5. Pedigree of Family 1 with haplotype of 17q markers. Age at diagnosis, 
death or present age is shown when known. The Arg43Leu allele is indicated as being 
present (+) or absent (-) for those that have been tested. Affected individuals are 
illustrated by blackened symbols. Br = breast cancer, Co-R = colo-rectal cancer, ? = 
allele not determined, (#) = allele inferred from offspring, ?/? = allele present but origin 
cannot be determined.



1 2 3 4 5 6 7 8 9

Figure 6.6. Micro satellite alleles for D17S951.

Lane 1: Family 1: IIL9 
Lane 2: No product 
Lane 3: Family 1: IILl 
Lane 4: Family 1:11:1 
Lane 5: Family 1:11:3 
Lane 6; Family 5: IILl 
Lane 7: Family 5:111:6 
Lane 8: Colon study case 
Lane 9: Control case

alleles 5, 6

alleles ?, ? 
alleles 6, 6 
alleles 1,2 
aUeles 2, 3 
alleles 2, 6 
alleles 1,2 
alleles 3, 6



Figure 6.7. Micro satellite alleles for D17S855.

Lane 1: Family 1: III;9 aUeles 4, 3
Lane 2: No product
Lane 3; Family 1; IILl alleles ?, ?
Lane 4: Family 1:11:1 alleles 1, 3



Family 2 is the largest family for which DNA was available for haplotype studies 

(Figure 6.8), with a total of 11 individuals being typed for the polymorphic repeats. 

Somewhat surprisingly, given the rarity of the allele, Arg43Leu is found on two distinct 

haplotypes in this family. Two individuals, the maternal aunt, 111:12, and the maternal 

uncle, III;2, are Arg43Leu homozygotes. Haplotype 1 is shared by 5 individuals, the index 

case, IV: 1, her mother, 111:1, both affected maternal uncles, 111:2 and ITI:3, and one 

unaffected maternal aunt. III: 12. In the case of the maternal uncle, 111:3, with renal cell 

carcinoma a recombination event below D17S943 does not aher the status of the 

prohibitin allele. Haplotype 2 is shared by 4 family members, one affected maternal uncle, 

111:2, and 3 unaffected maternal aunts, 111:7, -11, -12. In two of these cases, 111:2, -11, the 

haplotype has resulted from a recombination event that occurred distal to D17S791. The 

recombination event may have occurred distal to D17S1827 but the parent was 

homozygous for this allele and as such no information can be gained.

For Family 3 all 4 members that were screened for Arg43Leu were typed for the 8 

polymorphic markers (Figure 6.9). Although both affected individuals, IV:2 and IV:3, 

share one chromosome this does not carry Arg43Leu as only the proband has the 

Arg43Leu allele. Therefore the proband’s other chromosome represents the Arg43Leu 

associated haplotype and it only segregates with one cancer in this family. The 2 other 

relatives, IV:4 and IV:5, share identical haplotypes for both chromosomes, neither of 

which is shared by the index case.

In Family 4 nine of the family members were analysed for their haplotypes (Figure 

6.10). The index case, IV:8, and her 3 siblings, IV:10, -11, -14, carry the Arg43Leu 

variant and all 4 share the same haplotype at the 8 marker loci for this chromosome. The 

index case’s other chromosome is common to herself and 2 of her siblings whilst the other 

brother has inherited the other maternal chromosome. The other 2 family members that 

carry Arg43Leu, III: 1 and 111:5, share the same markers as the other carriers in the family.
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Br 41 42 45

- / +  - / -  - / -

D17S855 3 4 3 1 4 | 1
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D17S791? 7 14 17 3 a 17

D17S1827 5 10 5 5 6 m5
D17S943 5 5 5 4 5 | 4
D17S588 8 4 8 8 51 8

D17S1820 2 3 2 6 3 ^ 6

Figure 6.8. Pedigree of Family 2 with haplotype of 17q markers. Age at diagnosis, 
death or present age is shown when known. The Arg43Leu allele is indicated as being 
present (+) or absent (-) for those that have been tested. Affected individuals are 
illustrated by blackened symbols. Br = breast cancer, Co-R = colo-rectal cancer, Ki = 
renal cancer, Pro = prostate cancer, ? = allele not determined, (#) = allele inferred from 
offspring.
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Figure 6.9, Pedigree of Family 3 with haplotype of 17q markers. Age at diagnosis, 
death or present age is shown when known. The Arg43Leu allele is indicated as being 
present (+) or absent (-) for those that have been tested. Affected individuals are 
illustrated by blackened symbols. Br = breast cancer, (#) = allele inferred from 
offspring.



111:1
61
+ /-

D17S855 5 
D17S951 2 
D17S57912 
D17S79113 

D17S1827 3 
D17S943 3 
D17S588 ? 

D17S1820 3

11:9 
Co-R 
d 70

D17S855 ? ir '}

D17S951? 9

D17S579 ? 7

D17S791? 7

D17S1827? ?
D17S943 ? 9

D17S588 ? 9

D17S1820 ? JL 9

11:4
Co-R
d63

111:3
68
- / -

111:9
Lg

4 |
2 |

71
i |
s i

(1)
(6)

(14)
(3)
(?)
(3)
(7)
(8)

(3) 
(2) 
(14) 
(11)
(4) 
(4) 
(7) 
(3)

IV:3 
Br 52

- / -

D17S855 4 |  
D17S9512I 
D17S579 2 [  
D17S7913? 

D17S1827?! 
D17S943 4 r  
D17S5881 1 

D17S1820 8Si

IV:5
55
- / -

111:5 
Co-R 55 

+ / -
9
2

12
13
3
3
9
9

111:8
(158
+ /-

(5)
(2)

(12)
(13)

(3)
(3)
(8)
(3)

(?)
(?)
(?)
(?)
(?)
(?)
(?)
(?)

111:10

(1)
(1)

(12)
(15)

(1)
(1)
(7)
(6)

(3)
(2)
(14)
(16)
(7)
(3)
(2)
(3)

i i A
W

IV:8
1_1

IV: 10
1—1 

IV: 11 IV:14
Br51 55 53 45

+/- +/- +/- +/-
1 4 | 3 5 1 5 3 5 1 5 1
6 2 2 2 1 2 2 2 1 2 1
14 2 | 14 12 12 12 14 12 12 12 1
3 3 S 11 13 15 13 16 13 15 13 1
9 1 % 4 3 1 3 7 3 1 3 1
3 4 | 4 3 1 3 3 3 1 3 1
7 1 | 7 8 7 8 2 8 7 8 7
8 8^ 3 3 6 3 3 3 6 3 6

Figure 6.10. Pedigree of Family 4 with haplotype of 17q markers. Age at diagnosis, 
death or present age is shown when known. The Arg43Leu allele is indicated as being 
present (+) or absent (-) for those that have been tested. Affected individuals are 
illustrated by blackened symbols. Br = breast cancer, Co-R = colo-rectal cancer, ? = 
allele not determined, (#) = allele inferred from offspring.



For the paternal uncle, III;5, the alleles for D17S855, D17S588 and D17S1820 were not 

determined. The cousins of the index case, IV:3 and IV:5, do not have the Arg43Leu 

associated haplotype. From these haplotypes it can be deduced that the maternal aunt with 

breast cancer, 111:4, does not have the Arg43Leu associated haplotype. By this analysis it 

has been shown that the Arg43Leu allele is only associated with breast cancer in the index 

case in Family 4.

Two individuals from Family 5 were typed and shown to share one chromosome. 

The Arg43Leu allele was therefore associated with the other chromosome (Figure 6.11). 

The other proband identified from the breast cancer population as carrying the Arg43Leu 

allele was typed but the chromosomal order could not be determined as no relatives were 

screened. The individual identified in the colon cancer study was also typed for all markers 

as was the single individual identified from the control group. Phase discrimination of the 

PHB alleles with respect to the haplotypes was not possible for these individuals.

6.3 Discussion

The purpose of this study was to establish the haplotype of the individuals who had 

been identified as carrying the Arg43Leu allele, and their relatives, and to determine the 

smallest common region shared by the carriers. By examining the haplotypes of the 

carriers a number of inferences can be made about the Arg43Leu allele and other genes 

located in the chromosomal region typed. Firstly, the haplotype analysis of those with the 

Arg43Leu allele showed no common haplotype when viewed over all 8 polymorphic 

markers. Only affected individuals are informative for recombinant events, the 

recombinant events in Family 2 locaUsed the possible disease-causing locus associated 

with the Arg43Leu allele to a region proximal to the marker D17S588.
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Figure 6.11. Pedigree of Family 5 with haplotype of 17q markers. Age at diagnosis, 
death or present age is shown when known. The Arg43Leu allele is indicated as being 
present (+) or absent (-) for those that have been tested. Affected individuals are 
illustrated by blackened symbols. Br = breast cancer, AML = acute myelomonocytic 
leukaemia, ? = allele not determined.



The haplotype for the two markers nearest to PHB, D17S1827 and D17S943, 

which are located in the chromosomal region between the markers D17S791 and 

D17S588, was not shared by any of the carriers of Arg43Leu when compared between 

families. When examined individually, common alleles are found for D17S1827 between 

Family 5 and haplotype 1 in Family 2 (Figure 6.12). Common alleles are also found for 

D17S943 between Family 3, Family 4 and haplotype 2 in Family 2, and between Family 1 

and Family 5. In these cases the alleles described for D17S943 represent two of the most 

common alleles in the population. For those with the Arg43Leu allele but where no DNA 

from relatives was available it is possible that they share the same two alleles at D17S1827 

and D17S943 as well as Arg43Leu. These three individuals are (1) the individual identified 

from the colon cancer study, (2) the woman from Family 6 of Russian descent with breast 

cancer and (3) the individual identified from the control group. However, without 

haplotype analysis from relatives of these individuals the chromosomal order cannot be 

verified.

Secondly, it is not apparent whether the Arg43Leu variant is the result of a number 

of independent mutations or the consequence of a founder effect. If the sequence variant 

has arisen multiple times then it would appear more likely than not to be the causative 

factor in the cancers described. The association of the Arg43Leu allele with cancer may 

also be due to linkage disequilibrium with another closely linked allele. In the case of a 

founder mutation, the Arg43Leu variant could be causative of the disease or very closely 

linked to either another gene or a mutation in the prohibitin gene outside of the coding 

sequence which is involved in altering the regulation of the gene. The identification of a 

carrier of Arg43Leu of Russian descent can be viewed as contributing to either possibility. 

A founder mutation would imply that Arg43Leu is an ancient mutation that has migrated a 

great geographical distance and that the shared haplotype would be confined to a very 

small chromosomal region, thus indicating that Arg43Leu is a strong candidate as the most
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IV:1 111:6 111:10
Proband Family 2 Proband Family 5 Proband Family 1

Haplotype 1
D17S855 4 3 4 1 1 4
D17S951 2 1 6 2 6 5
D17S579 8 7 12 2 15 3
D17S791 13 14 17 3 13 16

D17S182710 5 10 7 1 8
D17S943 5 5 4 3 4 3
D17S588 4 8 13 1 4 6

D17S1820 3 2 8 8 3 4

• • o
IV:2 IV:8 111:7

Proband Family 3 Proband Family 4 Maternal Aunt Family 2 
Haplotype 2

D17S855 2 6 5 1 5 3
D17S951 4 6 2 1 1 I
D17S579 12 14 12 12 14 2
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D17S1827 6 7 3 1 5 7
D17S943 3 3 3 1 3 2
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Colon Study Proband family 6 Unaffected Control

D17S855 2 4 1 3 4 3
D17S951 1 2 1 2 6 3
D 17S57912 15 ? 7
D17S791 3 14 14 17 17 15

D17S1827 7 9 7 6 7 7
D17S943 3 6 3 4 3 2
D17S588 7 8 1 15 7 4

D17S1820 3 8 3 4 9 1

Figure 6.12. Haplotypes associated with Arg43Leu. For Famihes 1-5, the Arg43Leu 
aUele is associated with the left hand column. For the proband from Family 6, the 
unaflfected control and the individual from the colon study, phase discrimination was 
not possible.



probable cause of the cancers. The most common BRCAl allele in Russia is 5382insC and 

it is also the most common allele in Europeans as a whole, including a number of British 

families (Szabo and King, 1997). The 5382insC allele is thought to have originated in the 

Baltic region approximately 38 generations ago (Neuhausen et al., 1996). If the Arg43Leu 

carried by the woman o f Russian descent is independent o f the other cases then it would 

suggest that it is causative but without an examination o f the allele frequency in the 

Russian population it may represent a chance association with cancer. This raises the 

possibility o f investigating other populations for Arg43Leu and determining if the allele is 

associated with cancer in these groups.

Thirdly, the haplotypes show that the affected families do not share a common 

BRCAl allele. No recombinant events between the intragenic BRCAl marker, D17S855, 

occur in affected individuals in any of the families, and only in one unaffected individual. 

Therefore it cannot be excluded that in some o f the families different BRCA 1 mutations 

are responsible for the cancers, although this would seem unlikely, considering the 

distance between PHB and BRCAl and the high penetrance of known BRCAl mutations, 

which is not seen in the families with Arg43Leu.

In order to determine if the Arg43Leu alleles are identical by descent or have 

arisen on separate occasions a smaller region around the PHB locus would need to be 

typed with a higher density o f markers. In chapter 4 several RFLPs were described that 

allowed for the distinction of at least 7 PHB genotypes. In 5 out of 6 of the index cases 

with the Arg43Leu allele an association was identified with the less common BsmKV  

polymorphism and in the sixth case it could not be resolved. This suggests that the 

Arg43Leu allele was more likely to have arisen once or that it has coincidently occurred 

on the same PHB genotype a number o f times. In conclusion, if the Arg43Leu allele is 

associated with cancer then the cancer predisposition is most likely due to the Arg43Leu 

variant itself or a very tightly-linked alteration in another gene.
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GENERAL DISCUSSION

Most breast cancers are sporadic and by definition are the result of somatic 

mutation but a proportion of incidents, estimated to be between 5-10 %, are caused by an 

inherited mutation in the germline which predisposes the carrier to the disease. Such 

germline mutations result in family histories of disease that indicate an autosomal 

dominant pattern of inheritance. The disease itself, however, is recessive and requires, with 

the exception of dominant-negative mutations, a loss-of-fimction in both alleles to 

establish the cancer phenotype. The recent identification of two breast cancer susceptibility 

genes, BRCAl and BRCA2, has been shown to explain the majority of families with a 

strong family history of breast and/or ovarian cancer. BRCAl and BRCA2 were isolated by 

an approach based on the genetic analyses of families with muhiple cases of breast cancer 

with a high incidence of early age at onset. Therefore the estimated penetrance of all 

disease-associated alleles found in such pedigree-based studies was very high, between 70- 

90 % for breast cancer by age 70 (Ford et a l,  1998). Recent fmdings suggest that, in 

Europe, up to 4 % of women diagnosed with breast cancer before the age of 50 will carry 

BRCAl or BRCA2 mutations (Foulkes, 1998). The findings that not all families with 

multiple cases of breast cancer are linked to these genes, along with other evidence, 

suggests that there is at least one other gene that predisposes to famiUal breast cancer. 

Other families with breast cancer and less-penetrant mutations may exist and as a 

consequence may contribute to a substantial proportion of breast cancer cases.

The human prohibitin (PHB) gene located on chromosome 17q21 was the focus 

for this thesis. PHB was proposed as a candidate gene for BRCAl but was ruled out at an 

early stage by Bowcock et al. (1993). Further LOH studies, however, determined that 

other tumour suppressor genes are most likely present in the region (Futreal et al., 1994). 

Experimental observations of prohibitin in a number of different fields of investigation 

indicated that prohibitin could be a tumour suppressor gene which may be involved in the 

development of breast cancer (Sato et al., 1992; McClung et a l,  1995). In this thesis a
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germline mutational analysis of the PHB gene by denaturing gradient gel electrophoresis 

(DGGE) was undertaken in a population of 72 women diagnosed with breast cancer.

These women also had a family history of breast cancer in a first, second or third degree 

relative. Among the famihes of the 72 women, 33 had 3 or more cases of breast or ovarian 

cancer and 39 were composed of only the index case and one other relative with breast 

cancer. Women with a family history of breast cancer have a greater likeUhood of being 

predisposed to the disease than individuals with no affected relatives.

In this group of 72 women, four were identified as carriers of the Arg43Leu 

variant in exon 3 and one woman carried the silent polymorphism, Leul45Leu in exon 5. 

Both sequence variations create cleavage sites for restriction endonucleases. This provided 

a convenient and relatively quick method for determining their presence in a large number 

of individuals. A total of 221 women with breast cancer were screened for both of these 

alleles and 2 fiulher women with the Arg43Leu variant were identified. Neither of these 

women had a family history of breast cancer ahhough one did have a second primary 

malignancy, AML-M4Eo. The information pertaining to the family history of the other 

woman was limited to her first degree relatives. As well as the two novel coding sequence 

variants, three new intronic sequence variants were identified which are not predicted to 

affect normal splicing.

The G to T transversion which produces the Arg43Leu missense mutation was 

present in 6/221 (2.7 %) breast cancer patients unselected for family history or age at 

onset. A similar frequency of 3 % has been reported for the common founder mutations 

185delAG in BRCAl and 6174delT in BRCA2 in a series of 268 Ashkenazi Jewish women 

with breast cancer who were also unselected for family history or age at onset (Fodor et 

a i, 1998). The hfetime risk of developing breast cancer in Ashkenazi Jewish carriers of 

either of these mutations was calculated to be 36 %, a figure much lower than the 

estimates of 70-90 % risk of breast cancer based on studies of families at high risk of 

breast cancer (Ford et al., 1998). The risk, however, is still approximately three times the 

overall risk for the general pubUc. A study in Iceland of the common founder mutation
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999del5 in BRCA2, which occurs in 0.6 % of the general population and 7.7 % of 

unselected female breast cancer patients, estimated that the risk of breast cancer for female 

carriers was 37.2 % at age 70 (Thorlacius et al., 1998). All of these studies support the 

fmding that the lifetime risk for carriers of BRCAl or BRCA2 mutations of developing 

cancer is considerably lower than the estimates based on high-risk breast cancer families.

The Arg43Leu allele frequency in the breast cancer population is over 5-fold 

greater than that of the control group. Statistical analysis of the difference between the 

mutation level of the Arg43Leu variant in women with breast cancer (6/221) and the 

control group (1/200) revealed a p-value of p = 0.07. The significance of this association 

may be greater given the young age of the control carrier relative to the age at onset of 

disease for those with the Arg43Leu allele. Analysis of the association of the Arg43Leu 

variant with cancer in 3 families revealed a significance of p = 0.0234. Both of these 

results support the hypothesis that the Arg43Leu allele is associated with an increased risk 

of cancer. The value of p = 0.07, however, is not statistically significant and the value of p 

= 0.0234 is based on 3 out of 6 families in which a de novo Arg43Leu allele could be 

excluded. Limiting information and samples were available for the other 3 families. Only a 

small number of cancers were reported in these 3 families and the one case of breast 

cancer, not inclusive of the index cases, did not have the Arg43Leu variant. In the six 

famiUes studied the predominant cancer, excluding breast cancer, was colorectal cancer. 

The study of normal tissue Irom individuals with colon cancer revealed a frequency for the 

Arg43Leu allele similar to that found in the control population. This would suggest that 

the cases of colorectal cancer in the families studied are not due to the Arg43Leu 

haplotype. It is important, therefore, to view an association between the Arg43Leu variant 

and breast or other cancers in the above context.

Haplotype analysis performed using microsateUites shows that Arg43Leu is present 

on different extended haplotypes for each of the index cases. This does not clarify if the 

variant has arisen on a number of occasions or that a founder mutation occurred a 

significant number of generations previously. A founder mutation would resuh in a
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haplotype that is identical by descent but which does not extend very far from the 

Arg43Leu allele. A denser micro satellite map covering a narrow region, less than 1 cM, 

would be required to discriminate between a founder mutation or multiple events. The 

polymorphisms discovered in this work indicate that the Arg43Leu appears to be present 

on a common PHB genotype. Consequently an association between Arg43Leu and the 

development of cancer would most likely be due to the Arg43Leu variant, another 

prohibitin alteration outside of the regions analysed or a very tightly-linked gene.

The Arg43Leu amino acid substitution is a non-conservative alteration of a 

hydrophilic residue with a hydrophobic residue. The structural impact of this change on 

the protein and any subsequent functional alterations are unknown for the Arg43Leu 

variant. The known range of mechanisms by which germline mutations predispose to 

cancer is expanding. A functionally silent missense mutation in the coding region of the 

APC gene results in a moderately increased risk of colorectal cancer (Laken et al., 1997). 

The mutation, II307K, was found in individuals with a less well-defmed family history of 

colorectal cancer and causes hypermutabihty in the surrounding region of the gene. The 

mutation was present at 6 % in the general Ashkenazi Jewish population and as such 

represents the most common cancer-associated polymorphism, known so far, in a specific 

population.

Pedigree analysis of the families with the Arg43Leu allele in this study showed a 

variation in age at diagnosis of cancer, cancer types and the number of affected individuals 

in each family. In the Icelandic population the only discemable BRCA2 mutation, 999del5, 

is associated with both high-risk and low-risk famihes. Previous study of the 999del5 

mutation had shown that 25 out of 61 carriers of this mutation had no first or second 

degree relatives with breast cancer (Thorlacius et al., 1997). Such variation between 

families and risk to individuals with the mutation may be explained by the existence of 

modifying genes or environmental factors. For individuals with a BRCAl mutation the risk 

for ovarian cancer was 2.11 times greater when also carrying one or two rare HRASl 

alleles, as compared to BRCAl carriers with only the common HRASl alleles (Phelan et
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a i, 1996). The II307K variant of APC may also be a genetic modifier of risk in BRCA 

heterozygotes (Redston et a l, 1998). Based on the assumption that Arg43Leu is having 

an effect, similar elements may be involved that affect the risk of cancer for the family or 

individual.

The 3 novel intronic sequence variants identified in this study are all single base 

substitutions that do not affect the splice site donor/acceptor sequences and are found in 

association with the EcoKV  RPLP in intron 2. Reports have proposed that introns have 

gene regulatory roles which result in susceptibility to cancer (Malkinson and You, 1994). 

Intronic mutations that do not directly affect the splice site donor/acceptor sequences have 

been found to be associated with cancer. An intronic deletion of 36bp in intron 5 of p53 

causes the skipping of exon 6 which results in the translated mRNA producing an inactive 

truncated protein (Voglino et al., 1997) and a single germline base substitution in intron 6 

ofp53 has been shown to be associated with paediatric malignancies characteristic of 

those found in the Li-Fraumeni syndrome (Avigad et al., 1997).

As discussed earlier the fimctions of prohibitin are unknown and its cellular 

location is that of a mitochondrial protein as well as having an association with the mIgM 

of B cells. The 3' UTR of eukaryotic mRNAs has important biological functions and can 

control gene expression by affecting the localisation, stability and translation of mRNAs 

(Jackson, 1993; Decker and Parker, 1995). This regulatory potential may explain the 

localisation of prohibitin as a mitochondrial inner membrane protein and a mlgM- 

associated protein. The antiproUferative activity of the wild type prohibitin 1.9 kb 

transcript has been shown to be effective in normal cells and immortahsed human cells 

belonging to complementation group B but not groups A, C and D (Jupe et al., 1996a). 

The wild type prohibitin 1.9 kb mRNA has a longer 3' UTR than the 1.2 kb message and 

functional assays by Jupe et al. (1996a) showed that the antiproliferative activity is due in 

part to the 3' UTR exclusive to the 1.9 kb transcript. Jupe et al. (1996b) have identified 

sequence variants in this region of the 3' UTR of PHB in 3 cell lines derived from breast 

tumours that belong to complementation group B. In one cell line, SK-BR-3, thirty
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mutations were detected in this region whilst in the other two cell lines (MCF-7 and BT- 

20) only one or two mutations were found, with one mutation from each of these cell lines 

also being found in SK-BR-3. One breast cancer cell line which was homozygous for the 

non-B allele (BT-549) and not in complementation group B w'as also screened for 

mutations in the 3’ UTR but its sequence did not differ from the wild type sequence. Jupe 

et al. (1996b) concluded that the 3' UTR could act as a ^ra^5-acting RNA regulator and 

that in breast cancer cell lines homozygous for the B allele sequence alteration of the 3' 

UTR causes functional impairment. The small number of breast cancer cell Unes 

investigated for the B/non-B allele and mutations in the 3' UTR requires further study to 

confirm an association between the two.

In this study the Arg43Leu variant was found to be associated with the non-B 

allele. Therefore there is no a priori reason to suggest that the association between cancer 

and the Arg43Leu allele is due to mutation in the 3' UTR. The 3' UTR of PHB is less 

highly-conserved than the coding sequence (Snedden and Fromm, 1997) and the base 

substitutions present in the breast cancer cell lines MCF-7 and BT-20 may represent 

common polymorphisms in linkage with the B allele. Other undetected coding or non

coding sequence alterations may be responsible for the loss of antiproliferative activity.

The fmding that the Arg43Leu allele is associated with the non-B aUele supports the 

hypothesis that prohibitin may fimction as a tumour suppressor in more than one way; at 

both the RNA transcript and the protein level, assuming that Arg43Leu is having an effect.

An alternative pathway by which prohibitin could apply its antiproliferative activity 

is by regulating Ras. In yeast the RAS2 gene is involved in longevity and extends the life of 

the cell by overexpression (Jazwinski, 1996). Further examination of mutants of RAS2 and 

PHBl and their effect on longevity showed that they interact. The pathway so determined 

places PHBl upstream of RAS2 and Phblp may act as a GTPase activating protein (GAP) 

to down-regulate Ras2p activity. Ras proteins are fimctionally active when bound to GTP 

and regulate cell growth as well as differentiation and are often mutated in tumours 

(McCormick, 1995). Franklin and Jazwinski (1993) presented data showing that the
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lifespan of the cell is extended by 30 % when PHBI is deleted in haploid cells but 

shortened by 20 % when PHBI was overexpressed. Hence this provides an engaging 

pathway through which prohibitin would perform its antiproliferative role.

The work of Coates et al. (1997) would appear to contradict these lifespan 

findings, they found that in the situation for haploid cells deleted for PHBI the mean and 

maximum lifespan are reduced. Lack of prohibitin protein in the cell may have severe 

implications for the lifespan of the cell. Cells lacking either PHBI or PHB2, or both, were 

constructed and their mean and maximum lifespan compared to that of the wild type. The 

double mutants showed a significant decrease in mean and maximum lifespan whereas the 

cells deleted for either PHBI or PHB2 showed an intermediate value for the mean and 

maximum lifespan. For the double mutants characteristic signs of premature ageing were 

noted as opposed to cells dying early. Although the results of Jazwinski (1996) and Coates 

et al. (1997) appear irreconcilable both show that the consequences of functional 

alterations to the prohibitin gene, its product or other genes interacting with prohibitin are 

important to longevity and further substantiate that prohibitin could fimction as a tumour 

suppressor.

In the yeast, Saccharomyces cerevisiae, loss of function of either prohibitin,

PHBI,  or the prohibitin-reialed gene, PHB2, in cells with mitochondrial DNA deleted led 

to alteration of the mitochondrial morphology (Berger and Yaffe, 1998). Coates et al. 

(1997) described how deletion of PHBI and PHB2 in the same cell reduced the 

mitochondrial membrane potential by -80 % compared to that of cells with the wild type 

genes. From these observations it can be concluded that, in yeast, prohibitin is involved 

with mitochondrial fimctions including mitochondrial inheritance and the regulation of 

mitochondrial morphology. The interaction of prohibitin with mtDNA encoded and 

nuclear encoded mitochondrial proteins provides one mechanism by which prohibitin could 

function as a growth regulator. This may involve regulation of the levels of ATP generated 

within the cell thus determining whether a cell has a sufficient energy supply for cell 

division.

128



The prohibitin sequences of yeast and human are highly conserved and 

subsequently the interactions identified in yeast are possibly similar to those in the human 

cell. The human mitochondrial DNA (mtDNA) genome encodes 13 polypeptides all of 

ŵ hich are present in the mitochondrial energy-generating pathway, oxidative 

phosphorylation. The enzyme complexes involved in oxidative phosphorylation are located 

within the mitochondrial inner membrane. The nuclear genes contribute a further 300-400 

mitochondrial proteins required for mitochondrial structure and fimction. Every cell 

possesses hundreds of mitochondria and thousands of mtDNAs, therefore mtDNA 

mutations can occur in all tissue types and be somatic or germline in origin. The human 

mtDNA has a very high mutation rate, reported rates vary between 10 times that of 

nuclear genes to more than two orders of magnitude higher than that observed in nuclear 

sequences, both in vitro and in vivo (Wallace, 1992; Khrapko et a l, 1997). This rate of 

sequence evolution is due to both to a high mutation rate and a high mutation fixation rate.

The association between the alteration of mtDNA and cancer has been 

documented, albeit, on a relatively small number of occasions (Baggetto, 1993). The age- 

related accumulation of somatic mtDNA mutations, deletions and point mutations, is 

paralleled by the decrease in the capacity for oxidative phosphorylation. To date no 

advantageous mtDNA mutations have been detected. Germline mtDNA mutations are 

associated with an array of degenerative diseases such as Alzheimer disease, Leber 

hereditary optic neuropathy (LHON) and myoclonic epilepsy and ragged-red fibre disease 

(WaUace, 1994).

An increased mtDNA mutation rate has been observed in colorectal and gastric 

tumours as compared to their paired normal tissue (Alonso et al., 1997) and the 

mitochondria of colonic tumours have been found to be altered in structure and function 

(Modica-NapoUtano et al., 1989). In leukaemia, Boultwood et al. (1996) described the 

observation that mtDNA is always ampUfied in AML. This may be an attempt to increase 

ATP production due to the demands for energy precipitated by the proliferative state 

(Gattermann and Aul, 1997). To identify the genes involved in the progression of human
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breast cancer, differential gene expression in two mammary carcinoma cell lines was 

investigated (Schiemann et al., 1998). The results showed that tumour progression is 

mediated by transcriptional regulation of mitochondria-related genes as well as cell cycle- 

related proteins. Such empirical evidence is of interest considering (1) the possible 

association of the Arg43Leu allele with breast and colorectal cancer in the families in this 

study; (2) the index case in Family 5 with AML-M4Eo and breast cancer and (3) 

prohibitin’s interaction with mitochondrial proteins that are required for mitochondrial 

inheritance and morphology.

In this thesis 5 novel germline mutations of the human PHB gene have been 

identified. Two of these are coding sequence variants and the other three are intronic base 

substitutions. One of the coding sequence alterations, Arg43Leu, is found at an increased 

frequency in the breast cancer population as compared to controls. This association is not 

statistically significant (p=0.07) but in the three families where the Arg43Leu allele was 

demonstrated not to be the result of a de novo mutation it was significantly associated 

with the development of breast and other cancers. No association, however, was found 

between the Arg43Leu variant and a population with colorectal cancer. If the colorectal 

cancers in the three families are not due to the Arg43Leu variant then there is no evidence 

for an association of the Arg43Leu variant with cancer. Haplotype analysis has determined 

that if an association between the Arg43Leu variant and cancer exists, then it is unlikely to 

be due to BRCAl and that prohibitin or a very tightly-linked gene would be the most 

probable causative factor. If the hypothesis that the G to T transversion resulting in the 

Arg43Leu missense mutation predisposes its carriers to cancer is correct then this must be 

reconciled with the fmdings that prohibitin is a mitochondrial and mIgM-associated protein 

which functions upstream of Ras and has antiproliferative activity. Future studies of the 

expression and the cellular localisation of the prohibitin variants in normal and tumour 

tissue may help to resolve the pathways involved.
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